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Introduction

One-dimensional (1D) nanostructured materials,
nanorods, nanowires, nanotubes, nanobelts and nanoribbons, US€ of
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Green synthesis of nanorod Ni(salen) coordination
complex by simple hydrothermal method

M. Mohammadikish”

One dimensional nanorods of Ni(salen) coordination compound were synthesized by facile
hydrothermal route in green solvent at various times and temperatures without any surfactant
or capping agent. The structure and morphology of the as-prepared complexes were
investigated by using elemental analysis, '"H NMR, Fourier transform infrared spectroscopy
(FT-IR), UV-Vis spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and thermogravimetric analysis (TGA). 'H NMR,
FT-IR and elemental analysis confirmed the formation of Ni(salen) complex. The SEM and
TEM images revealed that the products were nanorods with diameter of about 40-50 nm.
Comparison of the Ni(salen) complexes prepared by hydro-/solvothermal method in different
solvents (H,O, EtOH and CH5;CN), as well as Ni(salen) in reflux condition, illustrate that the
product of hydrothermal route has more purity. The reasonable growth mechanism for the
formation of Ni(salen) nanorods complex is also proposed.

Keywords: nanocomplex, nanorod, hydrothermal, Ni(salen)

wide range of potential applications as molecular magnets [6,
7], molecular wires [8—11], host-guest chemistry [12-15],
electrical conductors [16—18], and catalysis [19]. The potential
coordination complexes as materials for
nanotechnological applications would seem to be very

such as

have attracted much attention in the emerging fields of
nanoscience and nanotechnology because of their unique
physical and chemical properties, and their promising
applications in electronic and optoelectronic nanodevices [1—4].
Solvothermal synthesis is widely used as a mild and feasible
method in the preparation of 1D inorganic nanomaterials [5].
Metal coordination compounds have been widely studied as
they represent an important interface between material science
and synthetic chemistry. Preparation of metal coordination
compounds with different ligands and metal ions have led to a
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extensive as nanometer-scaled materials often exhibit new
interesting size-dependent physical and chemical properties that
cannot be observed in their bulk counterparts.

Over the past years, hydrothermal synthesis has rapidly
developed as a new bridge between coordination chemistry and
organic chemistry which represents a potential new direction
for the construction of metal-organic frameworks through
crystal engineering [20]. Under hydrothermal conditions, a
variety of synthetic pathways have been tested and completed
successfully including hydrolysis, oxidation, reduction and
substitution reactions of ligands [21].

Synthesis of coordination compounds under hydro-
/solvothermal conditions at relatively low temperatures of 100—
200 °C has received much attention due to the ability of
producing complexes with novel structures and properties.
Additionally, Schiff base coordination complexes are still of
great importance because of their simple preparation, diverse
chemical structures, wide applications such as catalysis,
biological modeling, material chemistry and molecular magnets
[22-27]. However, reports on the hydrothermal syntheses of
Schiff base coordination complexes are limited. Saghatforoush
et al. synthesized Ni-Schiff base [28] and Cu-Schiff base [29]
complexes by sonochemical and solvothermal methods. Liu et
al. used N-p-nitrophenylsalicylaldiminewith zinc acetate and
cadmium chloride respectively as precursors to synthesize Zn-

J. Name., 2013, 00, 1-3 | 1



CrystEngComm

Schiff base [30] and Cd-Schiff base [31] nanoribbons via
solvothermal routes. Bis(8-hydroxyquinoline) magnesium [32]
and bis(8-hydroxyquinoline) mercury [33] nanoribbons have
been synthesized via solvothermal method by Wang et al.
Although Schiff base derived from ethylenediamine and
salicyladehyde (salen) can be readily prepared, to the best of
our knowledge the hydro/solvothermal synthesis of their Schiff-
base complexes has not been reported. In this study, uniform
nanorods of Ni(salen) coordination compound were synthesized
by a simple hydrothermal process. The synthesis was
performed in aqueous solution without addition of any
surfactant or capping agent. Characterization of the prepared
material indicated that it consists of nanorods with the diameter
of 30-40 nm. Furthermore, the possible formation mechanism
was proposed which explains the crystal growth process well.

Experimental

Materials and methods

All reagents and solvents were of analytical grade and were
used as received without further purification. The elemental
analysis was carried out on a Perkin-Elmer 2400. The electronic
spectra were recorded on Perkin-Elmer lambda 25spectrometer.
Fourier-transform infrared spectra were recorded using Perkin-
Elmer Spectrum RXI FT-IR spectrometer, using pellets of the
materials diluted with KBr. '"H NMR spectra were recorded on
a Bruker Avance 300 spectrometer. The'H NMR chemical
shifts in ppm are reported from tetramethylsilane (TMS) as
internal reference. X-ray diffraction patterns were recorded by a
Rigaku D-max CIII, X-ray diffractometer using Ni-filtered Cu
Ka radiation. Scanning electron microscopy (SEM) images
were obtained on KYKY-EM3200. Transmission electron
microscopy (TEM) images were obtained on a Philips EM 208
accelerating voltage of 100 kV.
(TGA) measurements were
performed on a Perkin Elmer Diamond thermogravimeter in the

instrument with an

Thermogravimetric  analysis
temperature range from room temperature to 800 °C at a
heating rate of 10 °C min™" in air.

General procedure for the synthesis of Ni(salen)

Nano Ni(salen)

In a typical synthesis, 0.75 mmol of Ni(NO;),.6H,O
dissolved in 30 mL H,O was added to 0.75 mmol of N,N'-
Bis(salicylidene)ethylenediamine dispersed in 70 mL H,O. The
resulting mixture stirred for 15 min and then transferred into a
teflon lined stainless steel autoclave with 150 mL capacity,
sealed and maintained at various times and temperatures. After
hydrothermal treatment, the autoclave cooled down to room
temperature. The red-orange precipitate was collected and
washed several times with distilled water and absolute ethanol.
In some experiments, in solvothermal process 30 mL of
C,H5sOH or CH;CN were used as solvent instead of water.

Bulk Ni(salen)
For comparison, 0.75 mmol of N,N'-
Bis(salicylidene)ethylenediamine and 0.75 mmol of

Ni(NO;),.6H,0O were dissolved in 30 mL methanol and
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refluxed for 2 hours. After evaporation of solvent fine crystals
of bulk-Ni(salen) were appeared, that was filtered and washed
with water and ethanol.

1- Ni(salen). 0.3 H>O: in reflux condition: red crystal (41%);
Elemental anal. Calc. for C;¢H4N,O,Ni: C, 58.16; H, 4.45; N,
8.48. Found: C, 57.78; H, 4.06; N, 8.60. '"H NMR (DMSO-de):
8 =17.89 (s, 2H, N=CH), 7.25 (dd, 2H, H**), 7.16 (dt, 2H, H>?),
6.69 (d, 2H, H""), 6.50 (dt, 2H, H*?), 3.41 (s, 4H, H*) ppm.
FT-IR (KBr, cm™'): 3420 (vo.u, m20), 3052, 3023 (Ve-Hoaromatio)s
2931 (Ve paliphatic)> 1623 (Ve-x), 1600, 1536, 1451 (vec), 1127
(Ve.0). UV-Vis (Amax, nm, DMSO): 340, 408.

2- Ni(salen). 0.1 H;0O: in 140°C-6h: red-orange (54%);
Elemental anal. Calc. for C;¢H4N,O,Ni: C, 59.13; H, 4.34; N,
8.62. Found: C, 58.82; H, 4.24; N, 8.61. '"H NMR (DMSO-dy):
8 =17.89 (s, 2H, N=CH), 7.23 (dd, 2H, H**), 7.16 (dt, 2H, H>?),
6.68 (d, 2H, H""), 6.50 (dt, 2H, H*?), 3.41 (s, 4H, H*) ppm.
FT-IR (KBr, cm"): 3426 (vo.n. 120)s 3053, 3025 (Vc-ti-aromatic)s
2931 (Ve paliphatic)> 1624 (ve-x), 1600, 1536, 1451 (vec), 1128
(Ve-0). UV-Vis (Amay, nm, DMSO): 334, 404.

3- Ni(salen). 0.1 H,O: in 140°C-13h: red-orange (50%);
Elemental anal. Calc. for C;¢H4N,O,Ni: C, 58.81; H, 4.38; N,
8.57. Found: C, 59.20; H, 4.00; N, 8.68. "H NMR (DMSO-dy):
5 = 7.89 (s, 2H, N=CH), 7.25 (d, 2H, H*%), 7.16 (t, 2H, H*?),
6.69 (d, 2H, H""), 6.50 (t, 2H, H*?), 3.41 (s, 4H, H*®) ppm.
FT-IR (KBr, cm™'): 3433 (Vo m20), 3052, 3024 (Ve-Hoaromatio)s
2930 (Ve paliphatic)> 1624 (ve-x), 1601, 1536, 1451 (vec), 1128
(We-0). UV-Vis (Amay, nm, DMSO): 320, 407.

4- Ni(salen). 0.1 H,O: in 140°C-18h: red-orange (46%);
Elemental anal. Calc. for C;¢H4N,O,Ni: C, 59.13; H, 4.34; N,
8.62. Found: C, 59.16; H, 4.26; N, 8.67. '"H NMR (DMSO-de):
5 =7.89 (s, 2H, N=CH), 7.25 (d, 2H, H**), 7.16 (t, 2H, H>?),
6.69 (d, 2H, H""), 6.50 (t, 2H, H*?), 3.41 (s, 4H, H*®) ppm.
FT-IR (KBr, cm™'): 3433 (Vo m20), 3052, 3024 (Ve-Hoaromatio)s
2930 (Ve paliphatic)> 1624 (Vex), 1599, 1536, 1451 (vec), 1127
(We-0). UV-Vis (Amax, nm, DMSO): 336, 409.

5- Ni(salen). 0.2 H,O: in 140°C-24h: red-orange (50%);
Elemental anal. Calc. for C;¢H4N,O,Ni: C, 58.48; H, 4.42; N,
8.53. Found: C, 58.57; H, 4.25; N, 8.57. '"H NMR (DMSO-de):
8 =17.89 (s, 2H, N=CH), 7.25 (d, 2H, H**), 7.16 (dt, 2H, H>?),
6.69 (d, 2H, H""), 6.50 (t, 2H, H*?), 3.41 (s, 4H, H*®) ppm.
FT-IR (KBr, cm"): 3435 (Vo., 120)s 3051, 3023 (Vc-ti-aromatic)s
2929 (Ve paliphatic)> 1623 (ve-x), 1600, 1536, 1451 (vec), 1128
(ve.0). UV-Vis (Amax, nm, DMSO): 335, 409.

6- Ni(salen). 0.1 H,O: in 120°C-18h: red-orange (42%);
Elemental anal. Calc. for C;¢H4N,O,Ni: C, 58.81; H, 4.38; N,
8.57. Found: C, 59.20; H, 4.10; N, 8.64. '"H NMR (DMSO-de):
8 =17.89 (s, 2H, N=CH), 7.25 (dd, 2H, H**), 7.16 (dt, 2H, H>?),
6.69 (d, 2H, H""), 6.50 (t, 2H, H*?), 3.41 (s, 4H, H*®) ppm.
FT-IR (KBr, cm"): 3414 (vo.n, 120)s 3052, 3024 (V¢-i-aromatic)s
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2930 (Vc-Healiphatic)> 1624 (Ve=n), 1600, 1536, 1451 (vc=c), 1128
(vc.o). UV-Vis (Apa, nm, DMSO): 342, 408.

7- Ni(salen). 0.2 H,O: in 160°C-18h: red-orange (50%);
Elemental anal. Calc. for C;¢H4N,O,Ni: C, 58.48; H, 4.42; N,
8.53. Found: C, 58.42; H, 4.23; N, 8.53. '"H NMR (DMSO-de):
& =7.88 (s, 2H, N=CH), 7.24 (d, 2H, H**), 7.16 (dt, 2H, H>?),
6.69 (d, 2H, H""), 6.50 (t, 2H, H**), 3.41 (s, 4H, H* ) ppm.
FT-IR (KBr, cm'): 3434 (vo.u, m20), 3052, 3022 (Ve-p-aromatic)s
2928 (Vc-Healiphatic)> 1624 (Ve=n), 1601, 1537, 1451 (vc=c), 1128
(vc.o). UV-Vis (Apa, nm, DMSO): 330, 402.

8- Ni(salen). 0.4 H,O: in 180°C-18h: red-orange (46%);
Elemental anal. Calc. for C,¢H4N,O,Ni: C, 57.85; H, 4.49; N,
8.43. Found: C, 58.03; H, 4.13; N, 8.34. '"H NMR (DMSO-dy):
5 = 7.88 (s, 2H, N=CH), 7.25 (d, 2H, H**), 7.16 (t, 2H, H>?),
6.69 (d, 2H, H""), 6.50 (t, 2H, H*¥), 3.41 (s, 4H, H* ) ppm.
FT-IR (KBr, cm™"): 3416 (Vo 120)s 3052, 3024 (Ve paromatic)s
2930 (Oc.paliphatic)> 1624 (ve-n), 1600, 1536, 1451 (ve—c), 1128
(vc.o). UV-Vis (Apa, nm, DMSO): 330, 402.

Results and discussion

The solid Ni(salen) complexes were synthesized with hydro-
/solvothermal treatment of salen ligand with nickel nitrate in
molar ratio 1:1 at different temperatures (120 °C, 140 °C, 160
°C and 180 °C), times (6h, 13h, 18h and 24h) and solvents
(H,O, C,HsOH and CH;CN).Structural and morphological
characterization of the complexes was carried out by elemental
analysis, '"H NMR, FT-IR, UV—Vis spectroscopies, and XRD,
SEM, TEM, TGA techniques.

Scheme 1

The elemental analysis results of the hydrothermal products
are in very good agreement with bulk complex that was
synthesized in reflux conditions; although the CHN results of
solvothermal reactions e.g. 140 °C-6h in ethanol and 140 °C-6h
in acetonitrile are somewhat different from calculated data.

The structure of the Ni(salen) complex is presented in
Scheme 1. The 'H NMR spectra of the bulk sample and all of
the nano complexes prepared in aqueous solution in different
temperatures and times are quite similar. For all of them, the
coordination of two phenolic oxygens to nickel center were
confirmed by the absence of 10-12 ppm signal, typical of
phenolic OH groups in ligand. The presence of one sharp
singlet for the two azomethine protons in 7.89 ppm clearly
suggested their equivalent environment in complex. The
aromatic proton signals were appeared in the 7.25, 7.16, 6.69
and 6.50 ppm for H**, H>*, H"" and H*® respectively. Also
the observed sharp singlet in3.41 ppmcan beassigned to the four
aliphatic hydrogens (H*®).For comparison, the "H NMR spectra
of samples 1 and 2 were shown in Fig. 1. For two solvothermal

This journal is © The Royal Society of Chemistry 2012
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samples (140 °C-6h in ethanol and 140 °C-6h in acetonitrile) all
of these signals exist as well as some impurities.
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Fig. 1."H NMR spectra of Ni(salen) prepared at (a) reflux, and (b)
hydrothermal conditions 140 °C-6h.

The FT-IR spectra of all complexes exhibited a broad band
around 3400 cm ' which is attributed to the lattice or
coordinating water molecules [34]. The spectra exhibited some
weak bands at 2800-3100 cm! that are related to aromatic and
aliphatic C—H stretching vibrations. The strong band at 1624
cm ' can be assigned to the stretching vibrations of the
azomethine groups which shifted to lower frequencies in the
complexes due to the coordination of nitrogens to the nickel
ion. The ring skeletal vibrations (vc—c) of the complex can be
observed in the region of 1450—1600 cm '. The band appeared
at 1128 cm' can be assigned to the phenolic C—O stretching
vibrations that undergo a shift toward higher wave numbers
with respect to the ligand [35]. Consequently, the FT-IR spectra
showed good evidences for the synthesis of the solid
complexes. The FT-IR spectra of samples 1 and 2 can be seen
in Fig. 2.

J. Name., 2012, 00, 1-3 | 3
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Fig. 2. FT-IR spectra of Ni(salen) prepared at (a) reflux, and (b)
hydrothermal conditions 140 °C-6h.

The electronic spectra of the Ni(II) complexes were similar
and revealed two broad peaks around 335 and 405 nm. The first
one can be assigned to the w-t* transition in the ligand and the
next band may be attributed to the d-d transition for nickel
complexes.

Fig. 3 shows XRD patterns of typical Ni(salen) complexes
prepared by the hydrothermal process and indicates the
crystalline nature of the products. The investigation of XRD
patterns shows that the experimental data are in good
agreement with the simulated XRD patterns obtained from
single crystal data [36] which shows the phase purity of these
compounds. All of the diffraction peaks were indexed by
comparison with the simulated XRD powder patterns [36]. The
higher intensity of (2 0 0) peak in 180 °C-18h revealed the
preferred growth at the {1 0 0} orientation with addition of the
time and temperature of the reaction.

The SEM images of Ni(salen) complexes are shown in
Figures 4-7. The SEM image of the complex synthesized in
reflux condition (Figure 4) indicated bulk sample without
characteristic morphology.

The time-dependent morphology evolution study was
conducted at 140 °C. Figure 4 indicates SEM images of
hydrothermal preparation at 140 °C and various times. These
images clearly reveal that the as-synthesized products are
nanorods with thickness of about 30-40 nm.

The product obtained after 6h is consisted of separated
nanorods (Fig. 5a,b). Extending the reaction time to 13h led to
agglomeration of the product and formation of some
nanoparticles (Fig. 5c,d). A mixture of nanorods and
nanoparticles were formed after 18 h (Fig. 5e,f). After 24 h, the

4| J. Name., 2012, 00, 1-3
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more agglomerated nanorods with smaller length were seen
(Fig. 5g,h).
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Fig. 3. XRD patterns of the as-prepared Ni(salen) at (a) 140 °C-6h (b)
140 °C-18h and (c¢) 180 °C-18h.

20.0 KX
Fig. 4.SEM images of bulk Ni(salen) sample prepared in reflux
condition.
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Fig. 5. SEM 1mages of Nl(salen) nano complexes prepared in H,O at
140 °C and various times; (a,b) 6h, (c,d) 13h, (e,f) 18h, (g,h) 24h.

KYKY-EM3:

In addition to the reaction time, the effect of reaction
temperature on the formation of the products was also studied
at 18 h. At 120 °C, a mixture of nanorods and nanoplates (with
thickness of 23 nm) were formed (Fig. 6a,b). When the
temperature was raised to 140 °C, nanorods and in less extent
nanoplates were produced (Fig. 6c,d). At 160 °C broken
nanorods and nanoparticles were seen (Fig. 6e,f). Some
agglomerated nanorods and nanoparticles were obtained at 180
°C (Fig. 6g,h). Therefore, it clearly shows that changing
temperature and time can affect the morphology of the obtained

nano complexes.

In addition to the reaction time and temperature, to
investigate the effect of solvent, some solvothermal reactions
were also carried out at 140 °C and 6h in H,O, C,HsOH and
CH;CN as solvent. In hydrothermal route, in the presence of
H,O separated nanorods were formed (Fig. 7a,b). In ethanol
just nanoparticles with average size of 47 nm were produced
(Fig. 7c,d) whereas in acetonitrile some nanorods with small
length as well as nanoparticles were obtained (Fig. 7e,f).

The TEM image (Fig. 8) of Ni(salen) nano complex at 140
°C-6h clearly reveal that the as-prepared nanorods
agglomerated to form bundles with small thickness.

The thermogravimetric (TG/DTG/DTA) curves of Ni(salen)
nano complex at 140 °C-6h are presented in Fig. 9. From
thermogravimetric investigation it is possible to observe that
the thermal decomposition occurs in three steps. The complex
is hydrated and lost water in the first weight loss and afterwards

This journal is © The Royal Society of Chemistry 2012
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the organic ligand residue is burned in two steps to left the
metallic nickel in the final step. The complex completed the
decomposition about 500 °C.

From the DTA curve it is obvious that the loss of water is
endothermic. An intense exothermic decomposition peak was
observed for organic residue burning about 460 °C.

KYKY-EMI2 SN:0539

.
o
‘. -

s "; -
Fig. 6 SEM images of Nl(salen) nano complexes prepared in HZO at
18h and various temperatures; (a,b) 120 °C, (c,d) 140 °C, (e,f) 160 °C,

(g,h) 180 °C.

({8

Fig. 7. SEM images of N1(salen) nano complexes prepared at 140 °C-6h
and varioussolvents; (a,b) H,O, (c,d) EtOH, (e,f) CH;CN.
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Fig. 8. TEM image of Ni(salen) nano complexes prepared at 140 °C-6h
in H20
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Fig.9. TGA, DTG and DTA curves of Ni(salen) nano complexes
prepared at 140 °C-6h in H,O.
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Scheme 2. Schematic illustration of a proposed mechanism for the formation of the Ni(salen) nanorods.

Based on the morphology evolution, the possible formation
mechanism of nanorods Ni(salen) complex has been proposed as a
sequential two-step growth mechanism, heterogeneous complex
nucleation and directional growth route (Scheme 2). In the
hydrothermal condition, the soluble Ni** cation reacted with salen
ligand to form insoluble Ni(salen) nucleus. This hydrothermal
reaction can be ascribed to the precipitation transformation process
in H,O, which the formation of more insoluble Ni(salen) was the
driving force for this reaction. During the early stage, the Ni(salen)
nucleates heterogeneously due to the fact that the energy barrier for
this heterogeneous nucleation is lower than that for the nucleation in
solution [37] In the initial stage, large quantities of small primary
nanocrystals were formed by nucleation under the hydrothermal
condition. Because these small primary nanoparticles were unstable
due to their high surface energy, they tend to aggregate rapidly and
grow to rod-like nanostructures, probably driven by the oriented
aggregation [38,39]. Then the nanorod gradually assembled to
nanorod array through oriented attachment, in order to reduce the
surface free energies to reach the thermodynamically stable
structures.

According to the reported crystal structures [36, 40], Ni(salen) has
tetragonal crystal lattice with {100}, {010} and {001} faces. The
nanorods of Ni(salen) complex is the result of the faster growth rate
along <010> direction. In all reported crystal structures, the<100>
and/or <010> directions are the favored directions for crystal
growth.Under the hydrothermal condition, the nuclei start to
assemble together and spontaneously aggregate into nanorods to

6 | J. Name., 2012, 00, 1-3

minimize their surface area through the process known as oriented
attachment [41]. As the reaction time prolonged, the Ostwald
ripening process dominated, then the nanorods with smooth surface
were generated.

Furthermore, the hydrothermal reaction time and temperature also
affect the quality of the nanorods. If reaction time is less than 6 h at
140 °C, the uniform and regular Ni(salen) nanorods obtained. When
reaction time or temperature was increased, the prepared Ni(salen)
nanorods are broken and short nanorods or nanoparticle can be seen.

Conclusions

In summary, Ni(salen) nanorods were successfully prepared in
a one-step process by a simple hydrothermal route. SEM and
TEM analysis showed that the nanorod size is controllable, with
thickness about 30-40 nm. It has been found that the variations
in reaction temperature and times have no significant effect on
the shape and morphology of nano complexes but the change in
solvent is effective. The morphology of Ni(salen) nanorods can
be controlled by the faster growth rate along <010> direction.
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