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Stability vs. activity in electrocatalytic hydrogen
production and magnetic studies of mononuclear
labile Cu(II) and Ni(II) complexes†

Maria A. Bhatti, a Luca M. Carrella, a Carsten Streb, a Eva Rentschler *a and
Sriram Sundaresan *a,b

In this study, two new mononuclear Schiff base salen-derived complexes, [CuII(H2L
Me)]·1.5H2O (C1) and

[NiII(H2L
Me)]·3H2O (C2), were prepared from 2,6-bis(hydroxymethyl)-4-methylphenol H4L and character-

ised by single crystal X-ray diffractometry, infrared spectroscopy and elemental analysis. Electrochemical

studies in DMF with acetic acid as a proton source revealed catalytic hydrogen evolution activity for both

complexes, with C1 displaying higher activity, lower overpotential (η = 0.71 V), and a higher TOFmax of

452 029 s−1 compared to C2 (η = 0.89 V, TOFmax = 986 s−1). The stability of the compounds was tested

via controlled potential electrolysis (CPE) and rinse tests, indicating partial heterogeneous contributions to

catalysis from electrode-deposited species. These deposits were further analysed by SEM and EDX. To

rule out the possibility of nanoparticle formation, dynamic light scattering DLS analysis was performed.

Introduction

Climate change is one of the most significant threats to the
planet. As the global demand for energy increases year by year,
the urgent need to transition to sustainable energy sources
becomes more and more apparent. Among several renewable
alternatives, hydrogen, as a clean and versatile energy carrier,
holds an immense potential in decarbonizing various sectors,
including transportation and industry.1–4 However, the wide-
spread adoption of hydrogen as a fuel hinges on overcoming
challenges associated with its production, particularly the
reliance on costly and scarce catalyst materials. Platinum
group metals are so far the best-performing materials to cata-
lyse the hydrogen evolution reaction, however they are not
earth abundant and are expensive, which limits their large-
scale implementation for a sustainable future.5,6

Over the past two decades scientists have been intensively
looking for earth abundant and cost-effective catalyst alterna-
tives to replace the noble metal ions for this process. Some of
the recent reviews in the literature have nicely summarized the
homogeneous catalysts studied.7–9 Among other first row tran-
sition metals, cobalt has emerged as a particularly promising
candidate and has been extensively investigated both photoca-

talytically and electrocatalytically, including mechanistic
studies for hydrogen production, due to the availability of
various oxidation states such as +1, +2 and +3.7,9–11 However,
the cobalt supply chain presents significant environmental
and sustainability challenges and is classified as crucial
mineral by EU and USA. Moreover, the mining process of
cobalt also has ethical procurement challenges, including
poor working conditions and the involvement of child labour.
These issues have prompted the search for more sustainable
and ethically secure alternatives for a catalyst design. Catalysts
based on other 3d metals, including copper and nickel, are
comparatively less reported, but their raw materials can be
sourced from more sustainable and stable supply chain.8,12–15

The catalytic process can be performed both in homogeneous
as well as heterogeneous ways.16,17 One of the several advan-
tages of the homogeneous systems is their tunability and
possibility of structure function correlation studies.18–20 On
the other hand, homogeneous systems, especially with 3d
metal ions suffer from stability issues due to the labile nature
of the 3d metals and their rich redox properties.12,21

Literature demonstrates that the catalytic performance of
3d metal complexes, like copper and nickel, for the hydrogen
evolution reaction (HER) can vary depending on ligand
environment and geometry. While copper and nickel com-
plexes offer promise as sustainable alternatives to platinum-
group metals in electrocatalytic hydrogen evolution, they often
exhibit lower activity, stability and selectivity compared to
their noble metal counterparts, necessitating innovative
ligand designs and strategies to enhance performance.22†Dedicated to Prof. Sally Brooker (University of Otago) on her birthday.
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Furthermore, the open-shell nature and flexible oxidation
states of these metals can lead to undesired side reactions or
catalyst deactivation, complicating mechanistic understanding
and control.23 The catalyst design must be trivial to keep the
life cycle assessment (LCA) impact scores of the materials used
in the synthesis and testing to a minimum, as well as ensuring
the rightful use of biproducts generated. It is a multi-fold chal-
lenge to design a sustainable, cost-effective and stable catalyst
with enhanced activity using 3d metals, on par with platinum
group analogues.

Schiff base ligands based on salen derivatives have attracted
significant interest in catalyst design over the past decade due
to their ease of synthesis and ability to readily coordinate with
a range of 3d metals and have been investigated for various
catalytic applications involving different 3d metals.24,25

Complexes based on cobalt, nickel and copper with salen
ligand derivatives are studied for both photo and electro-
catalytic HER reactions.7,26,27

In this work we report two new potential catalysts (C1-Cu(II)
and C2-Ni(II)) for HER based on a new Schiff base Salen ligand
derivate. The ligand design was planned to have free abstract-
able protons close to the metal centre to aid the catalytic
activity. However, during the complexation with the metal, the
hydroxy group were methylated from the solvent molecule.

Results and discussion
Synthesis and initial characterization

The ligand H4L was synthesised in two steps from commer-
cially available starting materials. First, 2,6-bis(hydroxy-
methyl)-4-methylphenol was oxidised in the presence of MnO2

in chloroform, yielding both monoaldehyde and dialdehyde
products (Fig. 1). These were then separated by column chrom-
atography. Subsequently, Schiff base condensation of two
equivalents of the monoaldehyde with ethylenediamine was
carried out (for detailed procedure, see the Experimental
section). The ligand was obtained in high yield as yellow solid
and was characterised using a range of techniques including
1H-NMR, 13C-NMR, 2D-NMR, Infrared spectroscopy, mass
spectrometry and elemental analysis. In the IR spectroscopy

the presence of prominent a CvN peak around 1628 cm−1

corresponding to imine formation and the absence of a signal
around 1690 cm−1 from the aldehyde clearly indicate the suc-
cessful formation of the desired Schiff base ligand. Additional
key peaks include O–H stretching around 3300 cm−1 and C–H
stretching vibrations around 2900 cm−1 as seen in Fig. S6. In
the 1H-NMR spectrum the presence of an imine signal at
8.35 ppm confirms the successful formation of the imine
(fully assigned spectra S3). The principal peak at 379.16 and a
secondary peak at 357.18 in the ESI mass spectra which corres-
ponds to [H4L + Na]+ and [H4L + H]+ further confirms the for-
mation of the desired ligand.

The synthesised H4L ligand was reacted with one equivalent
of hexahydrate perchlorate metal salt (copper (C1); nickel (C2))
and was heated in methanol for two hours under reflux. The
complex solutions were cooled down to room temperature and
were filtered before setting them for slow evaporation. The
complexes in both the cases were obtained as needles after
one to two weeks. Both complexes were characterised by single
crystal X-ray, infrared spectroscopy (Fig. S7 and S8), mass spec-
trometry (Fig. S12–S15) and elemental analysis. The character-
isation data revealed an in situ reaction has taken place
between the primary hydroxy group of the ligand and the
solvent molecule, leading to a rearrangement in the ligand
backbone and the formation of a new ether group as shown in
Fig. 1.

Crystal structure description

For the two complexes C1 and C2, which crystallise in needles,
X-ray structure data were obtained at 120 K.

Complex C1 crystallises in an orthorhombic crystal system
in the Pbcn space group with two formula units per unit cell.
Detailed crystallographic information can be found in
Table S1. The complex adopts a square planar geometry
(Fig. 2). The Cu–N distance is 1.938 (2) Å, the Cu–O distance
1.9013 (19) Å. The molecules are stacked in layers along the
c-axis, forming an ABAB sequence. The distance between each
layer is 3.425(1) Å (Fig. S9).

Complex C2 crystallises in monoclinic crystal system in the
C2/c space group, additional crystallographic information can
be found in Table S1. The complex also adopts a square planar
geometry. The Ni–N distance is 1.8427(18) Å and the Ni–O
bond length is 1.8488(15) Å. Similar to complex C1, the indi-
vidual molecules within the crystal lattice are arranged in
layers along the c-axis, forming an ABAB sequence. The
distance between each layer is determined to be 3.396 Å
(Fig. S10).

Electrocatalytic hydrogen production

Cyclic voltammetry measurements were carried out on com-
plexes C1 and C2. The CV experiments were conducted using a
three-electrode system with a glassy carbon working electrode,
an Ag/AgNO3 reference electrode, and a platinum counter elec-
trode. The electrolyte solution consisted of tetrabutyl-
ammonium hexafluorophosphate as electrolyte (0.1 M) and
complex C1 or C2 (0.5 mM) in dried DMF. It was purged with

Fig. 1 Two-step synthesis scheme of ligand H4L and complexes C1 and
C2.
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argon for 20 minutes prior to the measurement. Unless other-
wise specified, all potentials mentioned are referenced to the
ferrocenium redox couple (Fc0/+). For [CuIILMe]·1.5H2O (C1)
distinct waves in the CV data are observed at E1/2 = −1.21 V
and E1/2 = −1.59 V, and are assigned to the CuIIL/CuIL and
LH4/LH4

− redox process, respectively.28 On the other hand,
[NiIILMe]·3H2O (C2) shows a single peak at E1/2 = −2.09 V,
corresponding to the NiIIL/NiIL redox process, and another at
E1/2 = +0.39 V, associated with the NiIIL/NiIIIL redox process
(Fig. 3).29 These assignments are in agreement with redox
waves observed for nickel complexes with salen type ligands
reported in the literature.28 The assignment for copper
complex processes were made based on the CV of the ligand
(Fig. S22).

The difference in anodic peak potentials of more than
100 mV indicates quasi-reversible redox processes. Scan rate
studies performed for both the complexes (Fig. S20 and S21)
revealed, as predicted for quasi-reversible processes, a shift in
peak potentials with increasing scan rates, accompanied by a
corresponding increase in current.

The electrocatalytic proton reduction activity of both com-
plexes C1 and C2 was evaluated in DMF under Argon atmo-
sphere with acetic acid as a proton source. The use of acetic

acid offers several advantages: (a) it is a weak acid (pKa = 13.5
in DMF) and therefore allows prolonged catalytic activity, and
(b) its polar nature reduces homoconjugation in DMF.30

The addition of acetic acid initiated the emergence of a
peak shaped non-reversible catalytic wave in the CV, as seen in
Fig. 4. In the absence of the catalysts C1 and C2 the electro-
catalytic reduction of acetic acid is kinetically very demanding,
with no significant increase in the electrolytic current observed
during the cathodic sweeping until −2.3 V (Fig. S23).

In the case of C1, the addition of acetic acid (Fig. 4 left)
results in the appearance of two pre-waves at −1.27 V and
−1.68 V, and an onset potential for HER is observed at −2.04
V, indicating the catalytic activity of the material. The pre-
waves, corresponding to the CV in the absence of substrate,
suggest that after the initial reduction process, further
reduction of the resulting species under more negative poten-
tials is required for catalytic hydrogen production to occur,
indicating a heterolytic HER mechanism.31 Similarly, for
complex C2, a pre-wave ahead of the actual catalytic wave can
be observed in the cyclic voltammograms (Fig. 4; right).29–31

After adding 60 mM acid, the catalytic current exceeds
100 μA for both C1 and C2. Furthermore, a crossing of the
catalytic waves can be observed for C2. This may indicate time-
dependent activation or structural changes of the catalyst.32

Based on the catalytic current maximum, preliminary findings
show that complex C1 is slightly more active than complex C2.
The Ecat/2, known from the literature as the potential at which
half the maximum catalytic current is achieved, is calculated
to be −2.2 V for complex C1 and −2.4 V for complex C2.

To evaluate the electrocatalytic activity, a foot-of-the-wave
analysis was employed, focusing on the region following the
onset potential of the HER catalytic wave.

The FOWA plots for C1 and C2, depicted in Fig. 5, were sub-
sequently fitted in their linear segments. The fitting yielded
the necessary slope, allowing the calculation of TOFmax as
452 029 s−1 for C1 and 986 s−1 for C2, which is therefore over
400 times less than the copper complex C1. It should be
emphasised, however, that the TOFmax value derived for C1
must be interpreted with caution. After electrolysis, analysis
revealed the formation of a heterogeneous Cu⁰ deposit on the
electrode surface following bulk electrolysis. As a result, the
high TOFmax estimated for C1 is unlikely to reflect the intrinsic

Fig. 2 X-ray crystal structures of complex [CuII(H2L
Me)]·1.5H2O (C1) and [NiII(H2L

Me)]·3H2O (C2).

Fig. 3 Cyclic voltametric study of complex [CuIILMe]·1.5H2O C1 (red)
and [NiIILMe]·3H2O C2 (green).
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activity of a purely molecular catalyst and may be significantly
inflated by contributions from heterogeneous copper species,
which will be discussed in detail in the following sections.

For a more visual comparison of the activity of both cata-
lysts, we employed Tafel analysis by plotting the logarithm of
the turnover frequency, log(TOF), against the overpotential η,
as shown in Fig. 6. The overpotential required for the catalytic
reaction to occur is calculated by subtracting the reduction
potential of acetic acid under given conditions from the
applied potential E. Based on the Nernst equation Dempsey
et al. have defined a relationship to calculate the thermo-
dynamic potential for proton reduction to dihydrogen in non-
aqueous solvents, for given standard potential E°

Hþ=H2
and acid

strength of the proton source pKa in the solvent of choice.32

EHA=H2 ¼ E°
Hþ=H2

� 2:303 � R � T
F

� pKa

With the given values for acetic acid in DMF the reduction
potential was calculated to be 1.46 V vs. Fc/Fc+.12,28 As expected
from the TOFmax values, we observe a significant difference
between the copper complex C1 (log(TOFmax) = 5.7) and the
nickel complex C2 (log(TOFmax) = 3.0). Furthermore, the over-
potential at which the catalytic reaction occurs highlights the

Fig. 4 Cyclic voltammograms of [CuIILMe]·1.5H2O (C1) (left) and [NiIILMe]·3H2O (C2) (right) in DMF (0.05 mM) with acetic acid (60 mM) at a scan rate
of 0.05 V s−1.

Fig. 5 FOWA plot of [CuIILMe]·1.5H2O (C1) (left) and [NiIILMe]·3H2O (C2) (right): i/ip plotted according to FOWA starting from onset potential of the
catalytic wave.

Fig. 6 Tafel plot: calculated log(TOF) plotted against applied overpo-
tential η for [CuIILMe]·1.5H2O (C1) (red) and [NiIILMe]·3H2O (C2) (green).
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superior catalytic performance of C1 in the hydrogen evolution
reaction, with η = 0.89 V.

Overpotentials are commonly used to compare the catalytic
activity with analogues from literature. Electrocatalytic hydro-
gen evolution reactions (HER) have been extensively studied,
with copper and especially nickel-based catalysts emerging as
prominent candidates due to their earth abundance and cost-
effectiveness. However, their catalytic performance varies sig-
nificantly depending on their composition and structure.
Further, when comparing overpotentials, the following factors
such as the pH, solvent and the reference electrode used to
measure and report the potential, must be considered.
Considering the above parameters, C1 and C2 seem to
compare well with the literature values for Cu and Ni ana-
logues reported by Zhao-Qing Liu and co-workers on an ana-
logue catalytic salen system. Their results showed overpoten-
tials of 0.61 V and 0.51 V vs. Fc+/0 in MeCN for salen derivative
nickel and copper complexes, respectively.27 Further, Shu-
Zhong Zhan and co-workers reported a salen derivated Cu(II)
catalyst with an overpotential of 0.82 V vs. SHE in H2O.

26

While salen-type ligands have been widely studied, non-
salen ligand systems have also shown promising activity. For
copper-based HER electrocatalysts, Brooker and co-workers
reported a square planar [CuIILEt] BF4 complex exhibiting an
overpotential of 230 mV in MeCN with acetic acid, with stable
performance attributed to a homogeneous mechanism.12 The
imine-type nickel complex by Le et al. requires higher overpo-
tentials (590 mV in DMF with acetic acid), but shows mechan-
istic features such as ligand-centered electron transfer that can
be exploited for catalyst design.33

In comparison, our copper complex C1 exhibits an overpo-
tential of 0.71 V and the nickel complex C2 an overpotential of
0.89 V under the tested conditions, which are within the range
of reported values for both salen and non-salen copper and
nickel complexes. These results suggest that the new ligand
framework employed here provides competitive activity, and
further optimization could yield even lower overpotentials.

Control potential electrolysis (CPE) and quantification

To further investigate the catalytic activity of C1 and C2, con-
trolled potential electrolysis was carried out using a glassy
carbon electrode (d = 0.3 cm, A = 0.07 cm2). As shown in Fig. 7,
the plain acid in the absence of catalyst shows very low activity,
whereas both complexes C1 and C2 show good catalytic activity
with a charge accumulation of 1.42 C for C1 at −1.95 V and
1.12 C for C2 at −2.05 V over two hours. Control experiments
were conducted with a freshly prepared electrolyte solution
after electrolysis (Fig. 7) to check the homogeneous nature of
the catalytic activity in C1 and C2. In the case of C1, the rinse
test carried out at −1.95 V showed some activity, with a charge
accumulation of 0.70 C over two hours. The rinse test for the
nickel complex C2 revealed a charge accumulation of 0.75 C at
−2.05 V over the same two-hour period. To further explore the
nature of the electrode deposition and its influence on cata-
lytic performance, additional measurements were conducted
for both complexes at several different potentials (S24–S29).

To rule out the possibility of nanoparticle formation during
the electrolysis the reaction solutions of both complexes were
analysed by Dynamic Light Scattering (DLS) technique after
two hours of CPE and no nanoparticles were detected
(Fig. S46). The morphology and composition of the deposited
material were further analysed by SEM and EDX analysis,
which will be discussed below.

To quantify the amount of hydrogen produced during elec-
trolysis, the evolved gas was collected in a sealed cell and ana-
lysed using gas chromatography. The total volume of hydrogen
generated over the electrolysis period was recorded, and the
corresponding charge passed was noted from the electro-
chemical data.

For complex C1, the total amount of hydrogen evolved after
two hours was 4.21 μmol, corresponding to a faradaic
efficiency of 75%, calculated based on the total charge passed
during electrolysis (Q = 1.07 C). The average hydrogen pro-
duction rate was therefore 2.11 μmol h−1. For the rinse test,
after the initial electrolysis, the electrode was rinsed, then
immersed in a fresh electrolyte solution without the catalyst,
and electrolysis was performed again under identical con-
ditions. The hydrogen evolution during this rinse test was
1.22 μmol, corresponding to a faradaic efficiency of 83%, indi-
cating that some catalytic species, likely deposited on the elec-
trode surface during the initial electrolysis, remain active in
the absence of the homogeneous catalyst in solution. These
results imply that while the homogeneous catalyst plays a role,
the electrode-bound deposit also contributes to the overall
activity observed during the initial electrolysis.

Similarly, for complex C2, the total hydrogen evolved was
2.73 μmol, with a faradaic efficiency of 87%, and an average
production rate of 1.37 μmol h−1. Compared to complex C1,
which achieved a greater total hydrogen evolution, C2 operates
more efficiently in terms of electron utilization, which directly

Fig. 7 Charge transferred during control potential electrolysis at −1.95
V for C1 (red solid line) and −2.05 V for C2 (green solid line). After the
electrolysis of C1 and C2 the glassy carbon electrode was gently rinsed
with DMF, and electrolysis was repeated in a freshly prepared electrolyte
solution with 60 mM acetic acid but with no addition of catalyst. The
dotted lines are the rinse test (red C1 and green C2).
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correlates with the relative stability of the complexes. C1
appears to form electrode-bound deposits that retain catalyti-
cal activity, while C2 remains more homogeneous and poten-
tially more stable under the same conditions.

Surface analysis of the working electrode after electrolysis

To better understand the nature of the catalytic species
involved in HER, the working electrode surfaces were analysed
following controlled potential electrolysis (CPE) of both com-
plexes C1 and C2. SEM imaging (S32–S33) revealed the for-
mation of aggregated, spherical structures on the electrode
surface in both cases (Fig. 8).

EDX analysis was performed on both complexes C1 and C2
at three different representative regions on the working elec-
trode: (i) a region of a bare, uncoated glassy carbon electrode,
(ii) the edge of the deposited area, and (iii) in the centre of the
deposited region. As anticipated, the bare region of the elec-
trode showed almost no elements apart from carbon from the
glassy carbon electrode (Fig. S42–S45 and Tables S12–S13). At
the edge of the deposition surface carbon still dominated,
with some amounts of Cu (19.5%) for C1 and barely any Ni
(0.1%) for C2, along with traces of nitrogen and oxygen
(Fig. S38–S41 and Tables S10–S11). The central regions of the
deposit for C1 contained significantly higher copper content
(54.9%), while the corresponding region for C2 revealed only
0.4% nickel (Fig. S34–S37 and Tables S8–S9).

This clearly indicates that the complex has decomposed
upon electrodeposition during catalysis, most likely to elemen-
tal Cu0 with some traces of Cu2O species, both of which are
known to be very active for hydrogen production from the
literature.34,35 In contrast, the low nickel content detected for
C2 indicates limited deposition and therefore higher homo-
geneous stability compared to C1. However, the rinse tests
reveal these nickel-derived deposits to be catalytically active,
accumulating charges comparable to the ones accumulated by
the deposition of C1, contributing to the overall HER process.

Despite the superior catalytic performance of the copper
complex, as indicated by its lower overpotential and signifi-
cantly higher TOFmax, the deposition observed in SEM/EDX
and the high activity collected on the rinsed electrode suggest
a transformation into heterogeneous species, highlighting its
lower stability under homogeneous catalytic conditions. On
the other hand, the nickel complex, though less active overall,
demonstrated greater stability under catalytic conditions, as
shown by the minimal deposition. Dynamic light scattering
(DLS) measurements performed on the post-electrolysis solu-
tions confirmed the absence of nanoparticles, affirming that
all catalytic activity arose either from the molecular complex in
solution or from species deposited on the electrode surface.

Conclusion

In this paper we report the multistep synthesis of 2,6-bis
(hydroxymethyl)-4-methylphenol ligand H4L and two corres-
ponding complexes [CuII(H2L

Me)]·1.5H2O (C1) and
[NiII(H2L

Me)]·3H2O (C2). The complexes were synthesised and
characterised by various techniques. Structural analysis
revealed square planar geometries for the central metal ions
and layered molecular arrangements for both complexes.
Electrochemical investigations demonstrated that both C1 and
C2 exhibit catalytic activity for hydrogen evolution in DMF
with acetic acid, with C1 showing slightly higher activity and
lower overpotential compared to C2. Controlled potential elec-
trolysis confirmed that the catalytic processes involve both
homogeneous and heterogeneous contributions, as evidenced
by rinse tests and surface deposit analyses. Surface characteriz-
ation via SEM and EDX indicated that the complexes undergo
transformation during electrolysis, forming metallic copper
and likely nickel deposits on the electrode surface, which con-
tribute to catalytic activity. Importantly, DLS measurements
ruled out nanoparticle formation in solutions. To preserve the
homogeneous catalytic activity and increase the stability,

Fig. 8 SEM images of deposition on glassy carbon plate after 3 h bulk electrolysis for copper complex [CuIILMe]·1.5H2O (C1) (left) and [NiIILMe]·3H2O
(C2) (right).
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ongoing work focuses on immobilising the complexes on the
working electrode prior to testing. Studies are also being
undertaken to recover the heterogeneous deposit for reuse in
the preparation of new catalytic material.

Experimental

All chemicals were purchased from Alfa Aesar, Deutero, Fisher
Chemicals, TCI, Sigma-Aldrich, and Acros Organics and used
without further purification. Solvents were dried according to
the literature known procedures and used freshly distilled.36

Dry DMF was purchased from Sigma Aldrich. NMR spectra
were recorded at room temperature with a Bruker Avance DSX
400 and analysed with the program MestReNova.36 All elemen-
tal analysis (Elementar vario EL Cube: C, H, and N) were
measured at the microanalytical laboratories of the Johannes
Gutenberg University Mainz. X-ray diffraction data were col-
lected with STOE STADIVARI at the Johannes Gutenberg
University Mainz. The structures were solved with ShelXT37

and refined with ShelXL37,38 implemented in the program
Olex2.39 The X-ray cif file data are deposited on the Cambridge
CCDC database with identification numbers 2409307 and
2409308. All the cyclic voltammetry and electrolysis measure-
ments were carried out with a PARSTAT MC Multichannel
Potentiostat. The quantification experiments were carried out
with the Shimadzu GC2030 gas chromatograph equipped with
a barrier ionization discharge (BID) detector. High-purity
helium (He, 99.999%) was used as carrier gas.

Ligand synthesis

Synthesis of 2-hydroxy-3-(hydroxymethyl)-5-methyl-
benzaldehyde. The synthesis of 6-(hydroxymethyl)-5-methyl-
benzaldehyd was performed as described by Ru-Gang Xie
Wang et al.40 2,6-bis(hydroxymethyl)-4-methylphenol (5.00 g,
30 mmol, 1.00 eq.) was added to 500 ml of chloroform.
Manganese dioxide (16.00 g, 184 mmol, 6.13 eq.) was added to
the cloudy, slightly pink reaction solution in small portions
over nine hours. The black reaction mixture was stirred over-
night at room temperature and then filtered over Celite, result-
ing in a brown to yellow solution. The solvent was removed
under reduced pressure and the product was purified and sep-
arated from the dialdehyde by column chromatography (Rf =
0.15 (n-hexane/EtOAc = 72/28) TLC: PF-30SIHPF0040-coloumn;
26.0 mL min−1; 1 bar; injection valve mode, Dryload,
PF-DLE-F0004.) and obtained as a white solid in moderate
yields (3.04 g, 18.3 mmol, 61%). 1H-NMR (CDCl3, 400 MHz) δ/
ppm: 2.37 (s, 3H, H 4); 4.76 (s, 2H, H 2); 7.32 (d, 2.2 Hz, 1H, H
3); 7.43 (d, 2.3 Hz, 1H, H 5); 9.89 (s, 1H, H 6); 11.21 (s, 1H, H
1). IR ν̃ (cm−1): 3170 (w), 1626 (s), 1567 (m), 1457 (m), 1388
(w), 1333 (w), 1293 (m), 1271 (m), 1243 (m), 1224 (w), 1182 (w),
1082 (ss), 1002 (m), 963 (m), 918 (m), 868 (m), 813 (m), 761
(m), 621 (ss), 535 (m), 440 (m), 406 (s).

Synthesis of H4L ligand. The Ligand was synthesised as
described by Mahammad Ali et al.41 2-hydroxy-3-(hydroxy-
methyl)-5-methylbenzaldehyde (2.45 g, 14.70 mmol, 1 eq.) was

dissolved in 45 mL of methanol and ethylenediamine (0.44 g,
7.35 mmol, 0.50 eq. 0.49 mL) dissolved in 5 mL of methanol
was added over a few minutes. The reaction mixture was
stirred for two hours under reflux conditions and stored over-
night in the refrigerator. The yellow precipitate was isolated in
high yields through vacuum filtration and finally dried in the
air (2.03 g, 6.45 mmol, 88%). 1H-NMR (CDCl3, 400 MHz) δ/
ppm: 2.29 (s, 6H, H 1,1 0); 3.96 (s, 4H, H 13,130); 4.73 (s, 4H,
H 10,100/13); 7.01 (s, 2H, H 7,7 0); 7.14 (s, 2H, H 3,3 0); 8.35 (s,
2H, H 8,8 0); 9.89 (s, 2H, H 9,9 0); 11.21 (s, 2H, H 11,110). 13C
{1H}-NMR (CDCl3, 101 MHz) δ/ppm: 20.3 (C 1,1 0); 59.5 (C
10,100); 61.9 (C 13,130); 118.0 (C 6,6 0); 127.6 (C 4,4 0); 128.3
(C 7,7 0); 130.9 (C 2 0, 9 0); 132.7 (C 3,3 0); 157.3 (C 5,5 0);
166.5 (C 8,8 0). IR ν̃ (cm−1): 3303 (w); 2912 (w); 2860 (w); 1628
(w); 1600 (w); 1460 (w); 1444 (w); 1373 (w); 1333 (w); 1249 (w);
1211 (w); 1163 (w); 1096 (w); 1074 (w); 1041 (w); 1005 (w); 955
(w); 876 (w); 864 (w); 847 (w); 792 (w); 755 (w); 746 (w); 719 (w);
649 (w); 606 (w); 581 (w); 568 (w); 467 (w). Elemental Analysis
calculated for H4L·3.5H2O: C, 57.27; H, 7.45; N, 6.88; found: C,
57.46; H, 6.69; N, 6.42.

Complex synthesis

Synthesis of [CuII(LMe)]·1.5H2O (C1). H4L (0.18 g,
0.50 mmol, 1.00 eq.) was dissolved in methanol (15 mL) and
Cu(ClO4)2·6H2O (0.19 g, 0.50 mmol, 1.00 eq.) was added while
stirring, whereupon the previously yellow solution turned dark
brown. The reaction mixture was stirred at 80 °C for two hours
and then filtered while hot. After one week of slow evaporation
violet, needle-like crystals were formed. IR ν̃ (cm−1): 2968 (m),
2857 (m), 2797 (m), 1632 (ss), 1544 (s), 1440 (s), 1382 (s), 1335
(m), 1318 (s), 1268 (m), 1240 (m), 1226 (m), 1188 (m), 1171
(m), 1091 (ss), 1043 (s), 1006 (m), 962 (m), 944 (s), 895 (s), 856
(s), 804 (s), 781 (s), 657 (m), 622 (m), 601 (m), 571 (m), 563 (m),
541 (m), 504 (s), 485 (m), 455 (m), 433 (m). Elemental analysis
calculated for C22H26CuN2O4·1.5H2O: C, 56.00%; H, 6.29%; N,
6.19. Found: C, 55.86; H, 6.18; N, 5.92%.

Synthesis of [NiII(LMe)]·3H2O (C2). H4L (0.178 g, 0.5 mmol)
was dissolved in methanol (15 mL) and Ni(ClO4)2·6H2O
(0.183 g, 0.5 mmol) was added while stirring, whereupon the
previously yellow solution turned orange. The reaction mixture
was stirred at 80 °C for two hours and then filtered while hot.
After a week of slow evaporation orange, needle-like crystals
were obtained. IR ν̃ (cm−1): 2855 (m), 1620 (m), 1545 (s), 1443
(m), 1382 (m), 1307 (m), 1269 (m), 1226 (m), 1189 (m), 1169
(m), 1089 (s), 1019 (m), 941 (s), 890 (m), 855 (s), 811 (m), 777
(m), 725 (m), 631 (m), 594 (m), 564 (m), 524 (m), 406 (ss).
Elemental analysis calculated C22H26N2NiO4·3H2O: C, 53.36%;
H, 6.51%; N, 5.66%. Found, C; 53.16%, H, 6.37; N, 5.91.
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Data availability

All the processed data supporting the findings of this study are
available within the article and supplementary information
(SI). Supplementary information is available. See DOI: https://
doi.org/10.1039/d6dt00175k.

All the raw data files supporting this publication are avail-
able from the Figshare at https://doi.org/10.6084/m9.fig-
share.28046039 and https://doi.org/10.5281/zenodo.17279986.

CCDC 2409307 and 2409308 contain the supplementary
crystallographic data for this paper.42a,b
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