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Abstract

Seven homo- and hetero-bimetallic macromolecular complexes (BMCs) were prepared via an in-situ multi-step complexa-
tion reaction of Cu'l, Ni'' and Fe'!' metal centers with imine- oxime m-conjugated ditropic spacer (1,4-phenylene-bis(2,3-
butanedeimineoxime, L27). The structures of the obtained [M-L,-M] , [M'-L,-M'], [M-L,-M], and their p-oxo-[M-L,-Fe],
BMCs (M =Cu", Ni'l; M =Fe'"") were elucidated using different spectroscopic (UV-Vis, FT-IR), powder X-ray diffraction
(p-XRD) and microscopic (SEM) techniques. The SEM images indicate that the obtained BMCs exhibit nano/micro globu-
lar and rod-like textures. The electrical and magnetic characteristics of the obtained BMCs can be described as magneto-
semiconducting materials. The structural, electrical, and magnetic properties inherited in the prepared regime demonstrate
that the examined semiconducting n-spacer has clear ability to semi-conduct electron transport and delocalize spin leading
to antiferromagnetic coupling, thus offering a favorable magnetic exchange pathway between the paramagnetic metal sites.
However, ferromagnetic enhancement is observed in the p-oxo-[M-L,-Fe], BMCs where the p-oxo-bridge overplays the
role of the n-spacer. A magnetic responsive thin film was conveniently obtained by solvent casting of the p-oxo-[Ni-L,-Fe],
BMC in a transparent poly(methamethylacrylate) matrix.
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1 Introduction

Recent progress in the field of multi-functional materials has
shown that metal-organic based materials play an impor-
tant role in the development of electrochromic, electromag-
netic, optoelectronic and spintronic systems [1-25]. The
incorporation of metal centers into discrete, supramolecu-
lar ensembles, and polymeric organic architectures permit
their exploitation in a wide variety of stimulus-responsive
devices. The interplay between electronic charge transfer and
spin-delocalization in semiconducting ferromagnetic mate-
rials becomes essential for developing novel metal-organic
frameworks that exhibit spintronic phenomena [19-25].
Here, the correlation between these two phenomena can
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be examined by the proper choice of multi-dentate and the
metal centers (type, oxidation state, etc.) [26—-29]. The role
of m—conjugated coordinating ligands known as spacers to
facilitate charge carriers transport (electron/hole), energy
transfer and mediate spin delocalization through super-
exchange mechanism between similar (M-L,-M) and dis-
similar (M-L,-M’) paramagnetic metal sites is attracting
increasing interest [19-25]. In particular, the incorporation
of paramagnetic metal centers into delocalized m—conjugated
organic systems can modulate energy states of the m—sys-
tem by matching the HOMO-LUMO energy levels of the
spacer with redox levels of the metal sites [28]. This energy
state modulation affords novel materials with diverse elec-
tro-, photo- and magneto properties. In this context, photo-
magnetism, and its relevance to spin-current, energy transfer,
and energy inter-conversion have been in the focus of sev-
eral interesting academic and technological investigations
including solar energy (PV), photocatalysis, sensors, light
emitting diode (LED) and others [1, 5, 9-13, 30].

To date, the most studied ditopic ligands rely on the
use of pyridine-based (bi, ter- and oligo-pyridine), imine,
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aza-heterocyclic, dicarboxylate, 8-hydroxyquinoline
and other multidentate functionalities [2, 9, 11, 26-29].
However, oxime-based ditopic ligands are infrequently
addressed [31-34]. In this study, we present a ditopic
imine-oxime ligand (H,L) where the imine-oxime func-
tionalities are separated by an aromatic phenylene spacer,
Fig. 1. The present system is designed in such a way to
allow the magnetic sites incorporated within the back-
bone to interact via m—conjugated mediator (spacer)
having luminescence capabilities. The backbone of the
desired BMCs is composed of extended m-conjugated
molecular arrays of L2~ ligand connecting similar
[Cu"l-L,-Cu™], [Ni"-L,-Ni"], [CIFe"'-L,-Fe!'Cl], and
dissimilar [Cu'-L,-Fe'Cl], and [Ni'-L,-Fe"'Cl] BMCs.
The latter dissimilar two chloro complexes were further
used to generate p-oxo-[Cu'l-L,-Fe"], and p-oxo-[Ni'"-
L,-Fe!''] BMCs. In this system, the metal sites constitute
a crucial part of the structural backbone where the iso-
lated metal centers are weakly interacting via the n-spacer.
The obtained ditopic ligand and the corresponding BMCs
are characterized by spectroscopic (Uv—Vis, FT-IR, 'H-
NMR), mass spectrometric (MS), powder X-ray diffraction
(P-XRD) and scanning electron microscopic (SEM) tech-
niques. The ability of this imine-oxime spacer to mediate
charge transfer and spin—spin exchange between the metal
sites are examined by investigating their solid-state DC
electrical conductivity and static magnetic susceptibility/
moment characteristics. A magnetic thin film composed
of the p-oxo-[NiH-Lz—Fem] in polymethamethylacrylate
matrix is produced using solvent casting method and its
magnetic and photochromic properties are qualitatively
displayed. The incorporation of molecular/macromolecu-
lar magnetic species into elastic polymeric system offers
a crucial step for the advancements of magnetoelastic
membranes/ thin films. Such stimulus responsive magnetic
smart materials pave the road to applications in different
applied sciences and technology.

H3C CH
/J \ HO\
N\ N N /N
oH Y

Fig. 1 Schematic structure of the imino-oxime ditopic ligand (H,L)

@ Springer

2 Materials and Methods

All chemicals and solvents were reagent grade and used as
received (triethylamine, Scharlau; 1,4-phenylenediamine,
Ferak-Berlin, GmbH; 2,3-Butanedionemonoxime, Jans-
sen Chimica; anhydrous FeCl;, CHEMEX; CuCl,.2H,0,
M&B; NiCl,.6H,0, M&B). Elemental analysis (C, N, H)
were performed using Euro-EA elemental analyzer. The
lattice water of crystallization was determined using a
Sartorius thermo-balance at 120 °C. UV-visible spec-
tra were recorded on a Shimadzu double beam UV-Vis
spectrophotometer UV-2550. FT-IR spectra were recorded
on a Nicolit Impact 410 FT-IR spectrophotometer (4000-
400 cm™!, KBr pellets). "H-NMR spectra were recorded
on a Bruker 400 MHz instrument in CDCl;. Powder X-ray
diffraction (P-XRD) was performed on a Philips X-ray
spectrometer (PW 1729, K, of Co source, A=1.789 A,
35 kV, 40 mA, 2 8=6-100°). The textural morphol-
ogy was investigated on a SEM-FEI Philips microscope
(sputter-coated with gold, Polaron E6100, 1200, 20 kV).
Mass spectral studies were done by ESI-MS on Agilent
Corporation Applied Biosystems, USA (API 3200 LC/
MS/MS system, triple quadrapole detector, Mass-Hunter
workstation software). Ionization was achieved electro-
spray ionization (acetonitrile/water) technique operating in
turbo-spray mode under negative mode in the case of the
H,L ligand but under positive ion mode conditions in the
case of the BMCs. The current—voltage (I-V) characteris-
tics were performed on compressed circular discs (7 ton/
cm?, 5 min, radius =6.51 mm, thickness 400-600 pm) of
0.10-0.20 g of dry fine powder, sandwiched between two
polished brass electrodes. The current passing through the
sample was measured using metravo electrometer (£ 0.1
nA) as a function of potential difference (0-120 V) using
Fluke and Philips digital multimeter. Magnetic suscepti-
bility measurements were carried out using a Sherwood
static magnetic susceptibility balance at room temperature.

2.1 Synthesis of the 1,4-Phe-
nylene-bis(2,3-butanedeimineoxime) Ditopic
Ligand (H,L)

1,4-phenylenediamine (5.41 g, 50 mmol, recrystallized
from benzene) was mixed with 2,3-butanedionemon-
oxime (10.10 g, 100 mmol) in 50 mL absolute ethanol.
The reaction mixture was heated in a water bath (70 °C,
30-60 min) after which the solvent was removed under
reduced pressure in a rotary-evaporator. The dark yellow
powder was collected, dried under vacuum (70 °C, 2-3 h.)
and stored in a closed container for further use. H,L-H,O:
Yield: 10.8 g (~70%). Color/state: dark yellow powder. M.
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Pt: 172-174 °C. Elemental analysis for [C,,N,O,H,3'H,0]:
found (calculated) %: C, 57.21 (57.53); N, 18.19 (19.18);
H, 6.89 (6.85). MS (m/z, relative intensity, assignment):
273,100%, [H,L-H]; 256, 20%, [H,L-H,O0]. '"H-NMR
(CDCl,, & ppm): 1.69 (t, 6H, imine CHj3), 2.21 (t, 6H,
oxime CHs), 3.97 (br, 2H, oxime), and 6.60-6.75 (m, 4H,
Ar-H).

2.2 Formation of the Homobimetallic [Cu"-L,-C
u"], [Ni"-L,-Ni"] and [CIFe"-L -Fe"'CI] BMCs

A solution of 0.01 mol of the corresponding metal salts
(1.62 g, FeCls; 1.71 g, CuCl,.2H,0; 2.38 g, NiCl,.6H,0)
dissolved in 25 mL ethanol was added to a solution of the
H,L ligand (2.74 g, 0.01 mol) dissolved in 25 mL ethanol
kept in a round bottom flask. The reaction mixture is then
subjected to sonication for about 6 h. during which excess
triethylamine (6.0 mL) base was added. The solvent was
removed under reduced pressure and the product was iso-
lated, washed with aqueous ethanol (20%), filtered off, vac-
uum dried (70 °C), and stored under vacuum for further use.

[Cu"-L,-Cu"]-4H,0: Yield: ~48%; Color/state: dark
brown powders; M. Pt: 146-148 °C.

[Ni'"-L,-Ni""]-3H,0: Yield: ~ 83%; Color/state: brown
powder; M. Pt: 251-289 °C decom.

Scheme 1 A reaction scheme
depicting the in situ multi-step
procedure used to construct
[M”-Lz-FemCl] heterometallic
BMCs (M"=cu", Ni'h)

(0]
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H2N—©—NH2 + H
Me Me

[CIFe"!.L,-Fe"'Cl]-6H,0: Yield: ~91%; Color/state:
dark brown powder; M. Pt:152-155 °C.

2.3 Formation of the Heterobimetallic [Cu"-L,-F
e'cl] and [Ni"-L,-Fe"'Cl] BMCs

This macromolecular complex was constructed through a
multi-step in situ procedure as shown in Scheme 1. In step I,
1,4-phenylenediamine (0.54 g, 5.0 mmol) was reacted with
2,3-butanedionemonoxime (0.51 g, 5.0 mmol) in 50 mL
ethanol (70 °C, ~ 30 min.) to form the first half of the imine-
oxime ligand. To this reaction product, the divalent metal
is introduced (CuCl,.2H,0, 0.86 g, 5.0 mmol; NiCl,.6H,0,
1.19 g, 5.0 mmol) followed by addition of triethylamine
(1.0 mL) as given in step II. The reaction was sonicated
for~ 1 h. to ensure complexation. This step is followed by the
addition of 2,3-butanedionemonoxime (0.51 g, 5.0 mmol)
in which the second part of the ditopic imine-oxime ligand
is attached, as shown in step III. Here, the reaction mixture
was sonicated (70 °C, ~30 min.) followed by the addition
of anhydrous FeCl; (0.81 g, 5 mmol) and triethylamine
(1.0 mL). The reaction mixture was further subjected to
sonication for 3—4 h. at 60-70 °C, step I'V. The final product
was precipitated by partial removal of ethanol under reduced
pressure, filtered, and washed with aqueous ethanol (20%) to
remove the Et;N-HCI salt. The resulting powder was dried
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under vacuum (70 °C, 3-4 h.) and stored in a closed con-
tainer for further use.
[Cu"-L,-Fe™C1]0.5H,0: Yield: ~78%; Color/state: dark
brown powder; M. Pt: 118-120 °C.
[Ni'-L,-Fe!"'C1]0.4H,0: Yield: ~50%; Color/state: dark
brown powder; M. Pt: > 350 °C.

2.4 Formation of the u-oxo-[Cu'-L,-Fe'"] and p-oxo
[Ni"-L,-Fe''] BMCs

1.00 g of the corresponding bimetallic [Cu"-L,-Fe"'C1] and
[NiH—Lz-FeIHCI] BMCs was added to a 10% ethanolic solu-
tion of NaOH (pH =8) at ambient conditions, Scheme 2. The
reaction mixture was sonicated for 3hrs. The products were
isolated as described earlier.

p-oxo-[Cu'l-L,-Fe!""]0.4H,0: Yield: ~82%; Color/state:
black powder; M. Pt: > 350 °C.

p-oxo-[Ni'-L,-Fe!']0.4H,0: Yield: ~93%; Color/state:
brown powder; M. Pt: > 350 °C.

2.5 Formation of Magnetic Thin Films

The obtained p-oxo-[Ni"-L,-Fe'] BMCs (0.25 g) was sus-
pended in about 3-5 mL of DMSO/THF (1:1 mixture vol/
vol) containing polymethylmethacrylate (0.50 g, PMMA).
The suspension was subjected to sonication (~70 °C, 2-3 h.)
to form a colloidal solution, which then casted on clean glass
plates, dried and aged (1-2 days, ~70 °C). The deposited
films were smoothly peeled off to finally afford translucent-
opaque microscopic films of ~ 100 um in thickness.
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Scheme 2 A reaction scheme depicting the formation of p-oxo[M™-
L,-Fe™] Extended BMCs (X =H,0; M"=Ni'l, Cu')
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3 Results and Discussion
3.1 Synthesis of BMCs

Schemes 1, 2 depict the synthetic strategies employed
for the preparation of the desired heterobimetallic
[MH-LZ-FeHICI] BMCs and their conversion into the
corresponding p-oxo-[M'-L,-Fe'] macro complexes
M"=cCu", Ni'"). To ensure a high level of metal dis-
tribution is achieved, a four-step in-situ procedure was
employed under continuous sonication [24]. This four-
step procedure is shortened in one-step method in the
case of the homometallic [CuH—Lz—CuH], [NiH—Lz—NiH], and
[CIFe"-L,-Fe!"'C1] BMCs. The obtained BMCs are solu-
ble in polar organic solvents such as CH;CN, DMSO but
partially soluble in CH,Cl,. The introduced p-oxo bridges
permit chain-chain cross-linking at the Fe'! sites allow-
ing the generation of new structural arrays of ladder-like
macro-conformation and ultimately unique morphology
(vide infra). The formation of the BMCs is clearly sug-
gested by the mass spectral data where the molecular ion
fragments due to [M"-L,-Fe"Cl)] and p-oxo-[M"-L,-Fe'"]
are observed. Inspection of observed m/z values and the
calculated molecular mass are consistent with the assigned
structure. The low intensity fragment clusters appearing
at high m/z values clearly indicate the existence of dimers
and trimmers. Unfortunately, no conclusion can be drawn
from the MS data concerning the degree of oligomeriza-
tion because the macromolecular complexes may undergo
degradation during the electrospray ionization process.

3.2 Electronic Spectroscopy

The electronic absorption spectral data of the prepared
ditopic ligand (H,L) and all the BMCs are listed in Table 1
and displayed in Fig. 2. The UV—-Vis. spectrum of H,L
displays two unresolved UV bands at 253 and 274 nm
assigned to n-n*and n-n* transitions with a minor low-
energy tail in 340—420 nm range. These UV transitions
split and undergo observable shift upon coordination in
[Cu"-L,-Cu", [CIFe'-L,-Fe'Cl] and [Ni'-L,-Fe''CI]
BMCs. However, the shape of these two bands undergo
minor changes in [Ni“-Lz-NiH] but becomes broad in
[Cu"-L,-Fe"ICI]. Interestingly, these two intense bands
merge in one band at 253-260 nm in the p-oxo-[M"-L,-
Fe'""] of both the Cu™ and Ni'" BMCs. Furthermore, the
molar absorptivity of the free ligand is typical for x-system
(e ~ 8.9 4 10* M~! cm™!) which upon coordinating the
metal ions undergo low-moderate decrease to reach a value
of & ~ 1.3-5.9,. 10*. This observation implies that this UV
band is mainly due to n-m* transition.
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Table 1 UV-Vis and FT-IR Bimetallic macromo- A (nm) ? v (ecm™hP

spectral data of the prepared lecular complexes

H,L, homo- and hetero- Yoy Ve Vc—non  Yc=nar ON-O

bimetallic macromolecular

complexes (BMCs) H,L 254;275%; 340, 3382;3300; 3213  3021;2820 1684; 1624  966; 885
[Cu"-L,-Cu"] 271%; 400%* 3378 3037; 2978 1600 1512 877;830
[Ni'-L,-Ni""] 284%; 320%* 3372 2954;2923 1606 1503 993; 854
[CIFe".L,-Fe"lCl]  271%; 302; 560** 3351 2938;2746 1619 1512 1002; 826
[Cu'-L,-Fe"'CI] 271%; 300; 524** 3357, 3201 2981;2938 1603 1503 973; 940
[Nill-L,-Fe''C1] 289%; 520%* 3357; 3201 3034;2984 1618 1572 995; 850
p-oxo-[Cull-L,-Fe'l]  253%; 385+ 3415 2968;2930 1566 1551  926;870
p-oxo-[Nil-L,-Fe™  260%; 340,,; 380%* 3435 2960; 2927 1588 1455 926; 860

*The H,L in CHCI, (e ~ 8.9 , 10* M~! cm™1); * refers to n-m*/n-n*transition bands (e &~ 1.3-5.9, 10%), **
refers to LMCT band (e = 2.1-4.1, 10° M~! ¢cm™") of BMCs in DMSO

KBr pellets
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p-oxo-[Ni'-L-Fe'] p-oxo-[Cu'-L-Fel]
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Wavelength (nm) Wavelength (nm)

Fig.2 UV-Vis. absorption spectra of the prepared H,L ligand, and the corresponding homo- and hetero-bimetallic BMCs

Moreover, the prepared p—oxo-[M'"-L,-Fe!''] BMCs
exhibit well-defined visible band due LMCT band
(ligand-to-metal charge transfer) of moderate intensity
(e ~ 2.1-4.1, 10> M~! cm™!) in the visible region at
380-385 nm. This type of transition (LMCT) red-shifted
to 520-560 nm region in the bimetallic BMCs contain-
ing Fe'! centers but appears as shoulders at 320—400 nm
region in the case of the bimetallic [Ni'-L,-Ni"'] and
[CuH—LZ-CuH] BMCs. Here, the intense transitions due to
n-n*/n-n* and LMCT bands obscure the observation of
d-d transitions, Fig. 2.

3.3 FT-IR Spectroscopy

The formation of these BMCs is also supported by the FT-IR
spectral data. Figure 3 depicts the FT-IR spectra of the pre-
pared binuclear ligand (H,L), and corresponding homo-
and hetero-bimetallic BMCs recorded in the region 4000-
400 cm™! as KBr pellets. Characteristic FT-IR frequencies
and their assignments are presented in Table 1. The stretch-
ing frequencies of imine (vc_y), and oxime, (Vc_no. Un.0)
functionalities are of particular importance in the structural
elucidation of the imine-oxime backbone in the prepared
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Fig.3 FT-IR spectra of the prepared H,L ligand and the corresponding BMCs
ditopic H,L ligand and the corresponding homo- and hetero- Me Me Me Me
BMCs [31-34]. The observed broad bands in the spectra at
3400-3200 cm™" region can be conveniently assigned to the
stretching frequency (vq_y) of the coordinated and lattice / \ / \
water. The bands in the 1600-1500 cm™! regions are attrib- N N N N A~
uted to the imine (Vo_y) and oxime/oximate (V-_yo) stretch- \ / \\ M/
ing frequencies. Inspection of the effect of Cu'l, Ni'l and O'/ M o

Fe'' coordination on these frequencies shows that the imine
bands are shifted to lower values by 52—121 cm™' while the
oxime band shifts by 65-84 cm~'. These shifts are more
pronounced in the p-oxo bridged species (p-oxo-[M"-L,-
Fe'") where they become 73—-169 cm~! and 96-118 cm™!,
respectively. This substantial shift clearly indicates strong
attachment of the metal centers to the imine-oxime chelat-
ing moieties. Close examination of these peaks shows that
the oximate peak (v-_no) appears as a relatively broad or
split peak which reflects distorted octahedral geometries at
the metal centers due to mixed imine-oxime/di-imine liga-
tions shown in Fig. 4. The broadening/ splitting behavior
of the v-_y band is also observed but to a lower extent than

@ Springer

Imine-oxime Ligation Diimine Ligation

Fig.4 Expected ligation in imine-oxime complexes

those of v-_yo- This observation can be explained based-on
the fact that the imine groups are engaged in the extended
n-conjugation with the phenylene spacer imparting low skel-
etal flexibility. Indeed, this conclusion on the rigidity of the
skeletal structure is further supported by the bulk melting
points of these complexes where the p-oxo-[M'-L,-Fe'""]
BMC s exhibit high melting/decomposition temperatures
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(>350 °C). In fact, the observed structural rigidity should
have its own implication on the electrical and magnetic prop-
erties of p-oxo-bridge species, vide infra. Furthermore, the
FT-IR spectral data of H,L shows a strong peak at 966 cm ™!
and weak peak at 885 cm™'assigned to vy o. A close look
at the position of the first peak in the BMCs shows shits
to higher frequencies (973-1002 cm™") in homo- and het-
ero- BMCs except the p-oxo-[M"-L,-Fe''] where it shifts
to 926 cm™'.

3.4 Powder X-ray Diffraction (P-XRD)

Figure 5 depicts the P-XRD profiles of the H,L ditopic
ligand, the corresponding homo- and hetero-bimetallic
BMC:s. The diffraction peaks, interchain spacing distance,
crystallite size, and crystallinity percentage are summarized
in Table 2. Inspection of the P-XRD profile and diffraction
data of the H,L ligand shows that it displays multiple sharp

diffraction peaks superimposed on a broad amorphous
feature centered at 20 of 24.4°. The low crystallinity ratio
of about 23% as estimated from the area under the peaks
reflects the vitreous nature of the ligand system. Further-
more, the estimated interchain spacing distance of 4.2 A as
determined from Braggs Function (nA =2d sin ) demon-
strates that the ditopic ligands are held together by nonspe-
cific weak intermolecular interactions ascribed to H-bonding
of the oxime end groups and - stacking of the phenylene
spacer in agreement with the its low melting point (172-174
°C). The crystallite size as estimated from Scherrer's For-
mula (L =K Mpcos0) where L, K, A, B and 0 are crystallite
size, Scherrer constant, wavelength of X-Ray beam, width
at half-height in radian, and diffraction angle, respectively)
was relatively small (4.3 A).

General comparison between the P-XRD patterns of the
H,L ligand with those of the BMCs shows that the presence
of metal ions resulted in dramatic change in their structures.
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Fig. 5 P-XRD diffraction profiles prepared H,L ligand and the corresponding BMCs
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Table 2 Characteristic P-XRD

Bimetallic macromo- 26 (degrees)?

Interchain Crystal- Crystallinity

peaks, §hair}—chajn d—spacil.lg., lecular complexes sEacingb lite Size® (%)¢

crystallite size and crystallinity (A) A)

of the obtained imine-

oxime ligand (H,L), and the H,L 9.5,14.7,19.5, 24.4%,28.3,29.4,33.7,41.4 42 43 23

investigated binuclear BMCs [Cu"-L,-Cu"] 8.2, 28.4%,29.9, 34.2, 53.2 36 5.1 Negligible
[Ni'-L,-Ni"] 12.0, 26.6, 32.6, 34.8, 46.7*, 71.0, 78.5 3.2 4.4 ~5
[CIFe"-L,-Fe'Cl]  14.6,20.6, 25.1, 29.0%,29.3, 30.6, 51.0, 60.1 3.6 5.3 51
[Cu-L,-Fe™CI] 14.6,20.8, 25.3, 31.8%,38.8,41.4,50.2,51.2 3.3 45 42
[Ni'l-L,-Fe™Cl] 11.3,15.5, 30.0%, 30.2, 32.2, 34.6, 36.8 3.5 3.7 38
p-oxo-[Cu-L,-Fe']  20.2,37.9, 38.1, 39.5, 41.3%,43.7, 44.8, 47.5, 2.5 6.7 58

49.2,52.1,67.1,91.1

p-oxo-[Ni'-L,-Fe™]  19.7,32.2, 32.4, 34.6, 37.9, 38.6, 42.7%, 2.4 9.1 47

44.8,47.2,48.8,51.7,67.2,90.7

“The bold values refer to the broad diffraction peak

®Chain-chain distance (d-spacing) is calculated of the broad peak indicated with * using Braggs’ Law
(nA=2d sin 0), n=order of diffraction, A (A) is the wavelength of the X-ray beam, 0 is the diffraction angle

Crystallite size is calculated from Scherrer’s Formula (L =K A/fcosf) where L (crystallite size), K (Scher-
rer constant), A (wavelength of X-Ray beam),  (width at half-height in radian) and 0 (diffraction angle)

49% crystallinity is estimated from the ratio of the area under the sharp peaks to total area under the diffrac-

tion profile

Interestingly, the P-XRD profiles of [Cu"-L,-Cu'"'] and
[Ni'-L,-Ni'""] exhibit high amorphous structures unlike the
other BMCs which exhibit the coexistence of sharp crystal-
line peaks superimposed on broad amorphous diffraction
profile. This structural alteration is associated with moderate
reduction of the interchain spacing distance by ~0.6—1.0 A
in homo- and hetero- BMCs except p-oxo-[MH-Lz—Fem]
species where substantial interchain spacing reduction from
42 Ain H,L to 2.4-2.5 A is observed. These observations
are indicative of an increase in the overall structural com-
pactness of the crystal lattice especially in the p-oxo-[M-
L,-Fe'] species, Table 2.

A close look at the diffraction data of the p-oxo-[M"-L,-
Fe'™lj complexes and their chloro precursors [MH-LZ-FeHICl]
shows that the interchain separation distances undergo
further decrease of ~0.9-1.0 A upon the formation of the
p-oxo-bridge. This change in the interchain distances is also
accompanied by an increase in crystallinity with different
increase in the crystallite size as seen in the correspond-
ing Cu" (from 4.5-t0-6.7 A) and Ni" (from 3.7-t0-9.1 A)
species.

3.5 Textural Morphology

The obtained SEM micrograph images in Fig. 6 show that
the prepared macromolecular systems possess different tex-
tural morphologies. The SEM image of H,L ligand displays
interconnected macromolecular architecture with different
cavity shape and size (1-7 pm). The interconnected porous
morphology with channeling features suggests that these
materials can be thought of as potential candidates for gas
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storage [2, 6, 7]. Furthermore, the observed diffused bounda-
ries are in accordance with the vitreous nature seen in the
P-XRD of this ditopic ligand.

On the other hand, the homo-bimetallic of [NiH-Lz-NiH]
forms a cracked layer made of connected tiny particles
(0.8-3.6 pm) of irregular shape forming super lattice
structure. However, two SEM images are provided for the
[CuH-LZ-CuH] analog identified as A which refers to the
complex as isolated while B shows the texture after heat
treatment to~ 160 °C. In both cases, the particles adopt glob-
ular structure of ~ 500 nm in size before heat treatment which
upon heat treatment retains its globular nature but becomes
enlarged (500-1500 nm) and interconnected by a soft struc-
ture. This property is typical for polymeric structures. Unlike
these two homo-bimetallic, the [ClFeIH-Lz-FeIHCI] forms
randomly oriented rod-like structure of irregular shape and
size (2.5 X 12 pm).

However, the hetero-bimetallic [CuH-LZ-FemCI] adopts
rod-like structure (4.5 X 15 pum) while its p-oxo—[CuH-Lz-
Fe'"] adopts loose micro particles textures of irregular
shape (~2.5 pm) associated with tiny rod-like texture of
0.8 x7.5 pm dimension. Amazingly, the textural morphology
of the p—oxo—[NiH—Lz-Fem] and its [NiH—LZ-FeHICI] chloro
precursor while the precursor adopt nano-scale globular tex-
ture (150-400 nm) the p-oxo-[Ni'l-L,-Fe""] adopts relatively
long needle-like rods (0.1 X 30-50 pm) morphology. Inter-
estingly, the nano-rods are self-arranged in a highly ordered
fashion parallel to each other.

The dramatic transformation in the texture can be under-
stood by considering the interchain forces where the non-
specific H-bonding and n-w stack interactions that exist in
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the free ligand are replaced by different electrostatic/coor-
dinate bonds in the homo- and hetero BMCs. The presence
of an axial CI, H,0, OH or p-oxo-bridge enhances the pos-
sibility of the particles to further self-assemble and fold to
generate globular texture as in the case of [Ni'-L,-Fe"Cl] or
twist to afford low-dimensional helical arrays that appear as
rod-like textures as seen in the case of p—oxo-[Ni“-Lz-FeIH].
In fact, helical and rod-like textures are reported in several
metal-containing organic frameworks [26-28].

3.6 Magnetic Characteristics of the Prepared
of the Homo- and Hetero-bimetallic Macro-com-
plexes (BMCs)

The magnetic behavior of the prepared homo- and hetero-
bimetallic BMCs was investigated using a static magnetic
susceptibility method at room temperature. The obtained
magnetic data is summarized in Table 3. The obtained effec-
tive magnetic moment values ([ g) are compared with the
corresponding spin magnetic moment for magnetically non-
interacting metal ion pairs [M-L,-M"] using the isolated spin
states additive rule as given in Eq. 1. where pg;, = g[S
(S+ 1], S and g are the total spin of each of the magnetic
site and the gyromagnetic ratio ( 2.0023), respectively. The
Heg Values are compared to the corresponding Pgpin (v-r.2-M)

to deduce the type of M-M" magnetic interaction / coupling
across the w-spacer and p-oxo bridge.

pspin(M — L2 — M}) = pspin(M) + pspin(M }) (1)

The magnetic data in Table 3 show three interest-
ing observations for the homo- BMCs of [Cu'-L,-Cu""],
[Ni"-L,-Ni""], and [CIFe"-L,-Fe'"'Cl]. First, the [Cu"l-
L,-Cu"] exhibits low p.; of 1.98 BM relatve to the value
expected from pure spin state of 3.46 BM, thus resulting
in substantial magnetic quenching (-1.48 BM) leading to
strong antiferromagnetic coupling. Second, the observed
Heg Of 5.14 BM for the [Ni''-L,-Ni""] pair reveals that the
Ni' metal ions adapt distorted octahedral (O,) geometries
(d®, t2g6eg2) rather than the diamagnetic square planar geom-
etry (d®, tzgédzzz). The observed magnetic quenching of
(- 0.52 BM) suggests moderate antiferromagnetic interaction
between the magnetic sites. Third, the observed magnetic
response for the [CIFe™-L,-Fe"'Cl] pair of pg=3.29 BM
is unexpectedly low demonstrating that the Fe''' metal cent-
ers adapt low spin state (LS, d°, t2g5 » S=V2, i =1.73 BM)
in a distorted octahedral (O,) geometry rather than the high
spin states (HS, d°, t,.¢,>, S=5/2, g, =5.92 BM). This
implies that the Fe"! is strongly bound to the ditopic ligand
causing large crystal field splitting. Nevertheless, the low

Table 3 Gram magnetic susceptibility (),), effective magnetic moment (p.g), calculated spin magnetic moment (Rgpin (v-r.2-3r))> and M-M" mag-

netic interaction of the investigated binuclear BMCs

BMCs Xe (10%) (emu) M. Mass Mgt Hspin (M7L2—M‘)b Ap=peg—Hgpin M-M" Magnetic interaction’
g/mole (BM) (BM) (BM)
[Cu-L,-Cu"] 2.2 743.0 1.98 3.46 —1.48 Antiferromagnetic
Mag. Quenching [Cu"-Cu™]
[Ni"-L,-Ni"] 16.6 661.4 5.14 5.66 -0.52 Antiferromagnetic
Mag. Quenching [0, Ni"-0, Ni']
[ClFel“—Lz—Fe“lCl] 5.4 834.6 3.29 3.46 -0.17 Antiferromagnetic
Mag. Quenching [LS Fe™-LS Fe'™
[CullL,-Fe'CI] 4.5 788.8 2.92 3.46 - 054 Antiferromagnetic
Mag. Quenching [Cu'-LS Fe'M
[Ni"-L,-Fe™Cl1] 17.8 766.0 5.72 4.56 +1.16 Ferromagnetic
Mag. Enhancement, [OhNi“—LS Fe''l
p-O-[Cu'l-L,-Fe'"] 91.7 751.3 12.87 11.84 +1.03 Ferromagnetic
Mag. Enhancement [HS FeO-HS Fe'l]
p-O-[Nill-L,-Fe] 83.3 746.5 12.23 11.84 +0.39 Ferromagnetic

Mag. Enhancement

[HS Fe"-0O-HS Fe'

Mer=2.83 (xm X )2, Xm 18 the molar magnetic susceptibility per binuclear complex [M-L,-M'] at room temperature (300 K). x,, =X, X
M.Wt; Experimental literature values for single metal centers, d’ cu'=1.7-2.2 BM; d® Ni"=2.9-3.3 BM; d° (t2g3 egz) H.S Fe''=5.6-6.1 BM,

LS (1) Fe'=1.8-2.1 BM

buspi“(M_Lz_M-)is spin magnetic moment for magnetically non-interacting metal ion pairs calculated using isolated spin states additive rule;
Hopin=2[S (S+D]"2 g is the gyromagnetic ratio=2.0023; p,, for [Cu'-L,-Cu"|=1.73+1.73 BM; [Cu"-L,-Fe"" Cl]=1.73+5.92 BM (HS
Fe, 1.73+1.73 BM (LS Fe™); p-O-[Cu™-L,-Fe™=5.92+5.92 BM (HS Fe™- HS Fe™); [Ni"-L,-Ni"]=2.83+2.83 BM; [Ni'-L,-Fe
Cl]=2.8345.92 BM (HS Fe'™), 2.83+1.73 (LS Fe™); p-O-[Ni"-L,-Fe™ =5.92 4+ 5.92 (HS Fe'- HS Fe™)

“Hefr > Mpinov-L2-vr)(Magnetic enhancement, ferromagnetic coupling), Peg < Hopin (v-L2-vr)(Magnetic quenching, antiferromagnetic coupling)

dSpin-spin interaction in these bimetallic macromolecular complexes
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Fig.6 SEM images of prepared
H,L ligand and the correspond-
ing BMCs

T p-0-[CuL,-Fel] §

—— 10 pum —]

magnetic quenching of (- 0.17 BM) suggests poor antifer-
romagnetic coupling between the [Fe''-Fe!"!] centers.

Since the magnetic sites in these BMCs are not located
in close proximity to permit super exchange magnetic inter-
actions as in -oxo, cyano and azido systems, the spin—spin
interaction should have taken place via spin delocaliza-
tion mechanism over the n-conjugated spacer [35-37]. In
these homo-BMCs the phenylene n-spacer allows different
degrees of antiferromagnetic interaction as indicated by Ap.
Since the spin—spin communication between the metal cent-
ers occur through the HOMO levels of the n-spacer, one
can attribute the degree of magnetic coupling to the level of
matching between the HOMO levels of the n-spacer and the
redox energy levels of the metal sites involved [28]. The high
antiferromagnetic interaction observed for [Cu"-Cu""] shows
that the employed imine-oxime nt-spacer facilitate spin delo-
calization in contrary to the inadequate magnetic exchange
pathway seen in [Fe"Fe!!'].

A close inspection of the magnetic data of the het-
ero-bimetallic chloro derivative of [CuH—LZ—FeIHCI] and
[Ni'L,-Fe"'C1] BMCs shows that the Fe'" centers in both
BMC:s retain their LS state while they exhibit different

@ Springer

M-M" interactions. Here, the m-conjugated spacer in
[Cu'-L,-Fe"'CI] allows magnetic quenching of (= 0.54)
BM leading to aantiferromagnetic interaction on contrary
of the [Ni'-L,-Fe"'Cl] analog where substantial magnetic
enhancement is observed (+ 1.16) BM leading to ferro-
magnetic coupling. This unexpected observation invokes
the notion that the spin mediating n-conjugated spacer
utilizes different exchange orbitals for spin delocalization
phenomenon.

On the other hand, the p-oxo—[CuH-Lz-Fem] and p-oxo-
[Ni'l-L,-Fe''] exhibit large magnetic moments of 12.87
and 12.23 BM, respectively unlike their chloro precur-
sors. The observed large values exceed what is expected
for spin delocalization over the n-spacer in [M'-HS Fe''l]
pairs. The observed high p g values of 12.87 and 12.23
BM allows super-exchange mechanism pathway to oper-
ate through the short p-oxo bridged Fe'' centers on adja-
cent backbones causing the electronic configuration to
adapt spin state in [HS Fe-Q-HS Fem], Scheme 2. Here,
magnetic enhancements of (Ap=1.03 and 0.39 BM) is
observed in the p-oxo-[Cu'-L,-Fe"] and p-oxo-[Ni'-L,-
Fe'!'], respectively.
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Furthermore, the appreciable chain-chain separation of
3.2-3.6 A as calculated from P-XRD combined with weak
intermolecular forces makes one to conveniently conclude
that the observed magnetic interaction is intramolecular in
nature in the homo- and hetero bimetallic macromolecular
complexes unless they are cross-linked via short bridge as
p-oxo, p-cyano and p-azido. Indeed, for efficient molecular
magnets the magnetic sites should be linked in a proximity
through small bridges [2, 29, 36, 38].

3.7 D.C. Current-Voltage (I-V) Characteristics

The electrical characteristics of the prepared BMCs was
examined by passing a DC current through their compressed
discs in a wide voltage range of 0—120 V. The current—volt-
age (I-V) data was divided and analyzed into a low volt-
age (0-20 V) and a high voltage (20-120 V) regime [24,
25]. The linear correlation between I and V in both voltage
regimes can described by ohm’s Law (I=G V) where the
slope gives the conductance (G) from which conductivity
(o) can be calculated (G=(o x A)/L, where A and L are
the area and thickness of the compressed disc). Typically,
electronic conduction processes occur in the low-voltage
regime (<20 V) whereas at high voltage ionic conduction
becomes operative which is not the case in the prepared
BMC materials [24]. Here, it is evident from the DC data in
Table 4 and the linear plots in Fig. 7 that the bi-nucleating
ligand displays semiconducting properties (245107 S.m™1)
with relatively large bandgap indicating ohmic conduction
mechanism over the entire voltage range. In other words, the
charge transfer is electronic with no contribution from the
H™ of the oxime groups (= NOH).

Table 4 Solid state conductance (G), and conductivity (o) of the pre-
pared H,L ligand, and the homo- and hetero-bimetallic macro com-
plexes (BMCs)

BMCs Conductance Thickness (L)  Conductivity
G)* mm (o)
siemens Sm™!

H,L 7.041078 0.458 24,107

[Cu-L,-Cu]  4.5,107 0.771 2641078

[Ni'-L,-Ni""] 1.1,107 0.687 57,1077

[CIFe"- 6.5,10710 0.664 3.2,107°

L,-Fe'lC1]

[CullL,-FeICI]  1.1,1077 0.791 6.551077

[Ni'LL,-Fe''Cl]  9.5,1078 0.479 34,107

p-O-[Cull-L,- 8.5,1078 1.063 6.8,1077

Fem]
p-O-[Ni'-L,- 9.5,1078 0.665 48,107
Felll]

aRadius 6.51 mm, Area (A) for all samples is 1.33x 107 m?

b6=G . (L/A), L (thickness, m), A (area, m?); 6=10""°-10° (insula-
tor), 1075-10% (semiconductor), 10>~10® Sm™'(conductor)
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Fig.7 I-V plot in the low voltage (0-20 V) and high voltage regimes
(20-120 V) for the prepared H,L ligand and the corresponding homo-
and hetero- BMCs

Similarly, the observed linear relation is also evident in
all BMCs thus indicating electronic conduction no contribu-
tion from ionic conduction. The absence of ionic participa-
tion clearly suggests that the ligated Cl in [Cu"-L,-Fe'"Cl],
[Ni'l-L,-Fe'Cl] and [CIFe"!-L,-Fe''Cl] is held tightly within
the coordination sphere of the Fe'''. A close inspection of
the Fig. 7 and electrical conductivity data in Table 4 shows
that the homo- BMCs [CuH-L2-CuH] and [ClFeIH—Lz-FeIH]
exhibit lower conductivity than the free backbone ligand
(H,L) of about 1-2 order of magnitude. The role of para-
magnetic metal centers in hindering electron hopping across
the backbone is evident in both the low and high conduc-
tion regimes. Interestingly, the p-O-[Cu'’-L,-Fe'""] in the low
voltage regime behaves like these two BMCs but rapidly
jump 5-8 V to behave like the other four BMCs showing
relatively higher conductivity of about 1 order than the bi-
nucleating ligand backbone.

A close look at the minor role of metal types and their
oxidation state in homo- and hetero-bimetallic on charge
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hopping invokes the notion that electronic transport pro-
ceeds by hopping between the n-conjugated segments in
the backbone. In other words, this conclusion applies in the
homo-metallic BMCs where charge hopping occurs between
similar electronic states as well as in the hetero-metallic
where the charge transport proceeds by electron hopping
between different energy states. Furthermore, despite the
large increase in magnetic properties, chain-chain packing
variation and morphology modifications seen in p-oxo-[M!-
L,-Fe'"] species relative to their chloro precursors, no clear
enhancement/ hindering in their electrical conductivity is
observed. This observation clearly suggests that intramo-
lecular electron hopping predominates with no practical
conduction between the chains [24, 34].

3.8 Flexible Magneto-responsive Thin Films

The magnetic behaviors of soluble discrete molecular and
macromolecular ferromagnetic materials provide crucial
components in the development of magnetic thin films,
membranes, ferro-fluids and other magnetic composites
[37-40]. In this respect, paramagnetic metal-containing
macromolecular systems constitute a relatively new class
of materials for applications in stimuli-responsive magnetic
and photomagnetic thin films and spintronic devices. These
magnetic systems are generally fabricated by dispersing very
fine magnetic particles into polymeric materials to afford the
desired composite. Such dispersion process often results in
aggregation /agglomeration of the magnetic particles lead-
ing to the deterioration of the magnetic properties especially
when exposed to heat. In addition, the insolubility of the
magnetic particles limits the threshold amounts that can
be dispersed and therefore the magnetic properties of the
magneto composites. These two major disadvantages can be
overcome when using soluble molecular/ macromolecular
magnets such as the one described here.

The ferromagnetic behavior, and appreciable solubility
of the p-oxo-[M"-L,-Fe''] (where M"=Cu", Ni'! in polar
organic solvents motivated us to form magnetic thin films
by solvent casting from DMSO/THF containing polymeth-
ylmethacrylate (PMMA). The solubility, well-organized
rod texture and compatibility of the p-oxo-[Ni'-L,-Fe'""]
ferromagnetic material with the transparent PMMA matrix
gave us a hand on forming magnetic microscopic thin films
(~100 pm). Optical microscopic inspection of the obtained
thin films shows some clustering of un-dissolved particles.
The responsive functional properties of the obtained film
were preliminarily examined by looking at its the magnetic
characteristic in response towards stimulus Lab magnet
and exposure to intense LED light, Fig. 8. This thin film
exhibits a reversible brown-green photo-chromic property in
LED light that may be tentatively attributed to introducing
tetragonal distortion at the Ni'' sites in p-oxo-[Ni'-L-Fe'!]

@ Springer

Fig.8 Photograph of a thin film of p-oxo-[Ni-L,-Fe] magnetic
BMC in PMMA matrix and its photochromic properties (color
change from brown-green in UV light)

particles. These stimulus responsive properties are currently
under further detailed investigation.

4 Conclusions

The ability of n-conjugated ligands to form macromolecu-
lar complexes offer versatile metal-organic network systems
to examine multi-functional properties in materials. Deep
understanding of the ability of n-conjugated organic spacers
to transport electronic charge and control spin delocalization
between paramagnetic metal centers is essential for develop-
ing new spintronic devices. The structural, optical, electri-
cal, and magnetic properties inherited in the prepared regime
demonstrate that the examined semiconducting m-spacer
has clear ability to delocalize spin thus offering a favorable
magnetic exchange pathway between the paramagnetic metal
sites. Their solubility in polar organic solvents gives this
class of macromolecules an advantage over the dispersion
method in the fabrication of magneto-flexible membranes/
thin films as preliminarily demonstrated in this study. Our
work is currently extended to exploit p—oxo—[FeH—Lz-Fem]
magnetic BMC in making magneto elastic thin films/ mem-
branes. Herein, the appreciable photo absorption in the UV
region of this magnetic thin films allow further examination
of their photo-magnetism.
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