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Abstract: Two heteroleptic nickel oxothiolate complexes, namely [Ni(bpy)(mp)] (1) and [Ni(dmbpy)-
(mp)] (2), where mp = 2-hydroxythiophenol, bpy = 2,2′-bipyridine and dmbpy = 4,4′-dimethyl-2,2′-
bipyridine were synthesized and characterized with various physical and spectroscopic methods.
Complex 2 was further characterized by single crystal X-ray diffraction data. The complex crystallizes
in the monoclinic P 21/c system and in its neutral form. The catalytic properties of both complexes for
proton reduction were evaluated with photochemical and electrochemical studies. Two different in
their nature photosensitizers, namely fluorescein and CdTe-TGA-coated quantum dots, were tested
under various conditions. The role of the electron donating character of the methyl substituents
was revealed in the light of the studies. Thus, catalyst 2 performs better than 1, reaching 39.1 TONs
vs. 4.63 TONs in 3 h, respectively, in electrochemical experiments. In contrast, complex 1 is more
photocatalytically active than 2, achieving a TON of over 6700 in 120 h of irradiation. This observed
reverse catalytic activity suggests that HER mechanism follows different pathways in electrocatalysis
and photocatalysis.

Keywords: hydrogen evolution; nickel complexes; heteroleptic complexes; electrocatalysts; photocat-
alysts

1. Introduction

Hydrogen is considered to be the cleanest and most sustainable fuel which does
not emit CO2 upon combustion and is considered widely as the energy carrier of the
future [1–7]. From the investigators’ point of view two tasks are of importance: firstly the
fuel-to-electricity conversion efficiency in fuel cells [8], and secondly the synthesis of highly
active solar-driven or electrochemically driven systems for hydrogen production from
water [2–7,9,10]. The latter is driven by the bioinspired synthetic catalysts that mimic the
hydrogenases [11–13] and nitrogenases [14,15] which are involved in reductive processes
and are known to be rich with sulfur atoms coordinated to the metal centers [16]. The latter
is the active site of [NiFe] hydrogenases as deduced from crystallographic studies consisting
of a heterobimetallic (Scys)2-Ni(µ-Scys)2(µ-X)Fe(CO)(CN)2 (X = O2−, HO2

−, OH−) [17–23].
Nickel’s coordination number and structure in hydrogenases depends on its oxidative state,
from pseudotetrahedral in the reduced state to pseudosquare pyramidal in the oxidized
state [24]. Moreover, the redox activity happens on the nickel site from Ni(III) to Ni(II), as far
as no changes were observed in the oxidation state of Fe(II) [17–23]. Although many [NiII-
Fe] biomimetic complexes were investigated and provided the scientific community with
significant results [25–30], none was an efficient and spontaneous catalyst mainly because
the catalytic center was located on Fe metal ion. Recently, Brazzolotto et al. reported a
novel heterodinuclear NiFe complex that models the active site of [NiFe] hydrogenase.
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This complex indicates high catalytic rate of hydrogen evolution and is Ni-centered [31].
On the other hand, to enlarge scientists’ apprehension, a diversity of transition metal-
based systems has been investigated [1,8,32–35]. In this context, a series of complexes
with abundant [36,37] metal centers such as Fe [34], Ni [38,39], Cu [40,41] and Co [42,43]
has been synthesized in order to replace expensive metals such as rhodium [44] and
palladium as the metal center to well-known catalysts for hydrogen evolution [45–47]. The
necessity for active, environmentally friendly and inexpensive catalysts has led scientists
to engage various nickel complexes carrying non-innocent ligands as catalysts, as for
example dithiolenes [9,39,48] and thiolates [48,49] complexes. Recently, some Fe—thiolate
complexes were employed as hydrogen-evolving catalysts [50–52], whereas our group has
published some heteroleptic and homoleptic Ni(II) [53] and Cu(I) [54] complexes carrying
non-innocent ligand with S and N donor atoms. The latter plays a crucial role in the
reduction of H+. To further exploit these results but also to investigate the role of electron-
donating groups of the ligands in the catalytic activity of the complexes, we report, herein,
the synthesis and characterization of two novel nickel complexes, namely [Ni(bpy)(mp)]
(1) and [Ni(dmbpy)(mp)] (2), where mp = 2-hydroxythiophenol, bpy = 2,2′-bipyridine and
dmbpy = 4,4′-dimethyl-2,2′-bipyridine (Figure 1). Their hydrogen-evolving activity was
examined both by means of photochemical and electrochemical studies, with the latter to
shed light on the mechanism of hydrogen evolution. In the photochemical systems, two
different photosensitizers, namely fluorescein (Fl) and CdTe quantum dots (QDs), were
tested, both in a basic and acid environment.

Figure 1. Structures of the complexes 1 and 2.

2. Results and Discussion
2.1. Synthesis and Characterization

The synthesis of 1 and 2 was performed according to literature procedures for the
mononuclear heteroleptic Ni(II) complexes with slight modifications and isolated as sole
products [53,55–59]. The samples’ purities were confirmed by elemental analyses and high-
resolution mass spectroscopy. The molecular structure of 2 was resolved by X-ray diffrac-
tion.

The IR spectra of 1 and 2 (Figure S1) display sharp bands at 630 cm−1 and 635 cm−1,
respectively, corresponding to ρ (rocking out of plane) of the mp ligand [60]. The typical
νC-S stretching frequencies are observed at 1048 and 762 cm−1 for 1 [39], and at 1074 and
758 cm−1 for 2 Ref [39,61]; whereas the torsion frequencies of C-C and C-N of the bipyridine
ligands are displayed at 722 cm−1 and 731 cm−1 for 1 and 2, respectively [62]. The strong
peaks in the region between 1650 cm−1 and 1300 cm−1 are due to the νC-C and νC-H of
diimine ligands, suggesting their complexation to metal ion. The νNi-S and νNi-O stretching
frequencies are usually observed under 450 cm−1; thus they are not displayed in the given
IR spectra. The νC = C at 1438 cm−1 and 1460 cm−1 for complexes 1 and 2, respectively, are
in accordance with the dianionic form of the mp ligand [60]. The IR spectra fully support
the molecular structures given in Figure 1. The high resolution QToF electrospray mass
spectra in positive mode in CH3CN show ion peaks at m/z 339,010 and at 367,011 for 1 and
2, respectively, and isotope distribution patterns (Figure S2a,b) which are in accordance
with the proposed structure of both complexes. Figure 2 illustrates UV-Vis spectra of both
complexes in DMF indicating three transitions for 1 and two for 2. The transition bands
at 532 nm (ε = 2178 M−1cm−1) and 519 nm (ε = 4698 M−1cm−1) for compounds 1 and 2,
respectively, are assigned as ligand-to-metal charge transfer (LMCT) indicating a rather
high molar absorptivity compared to the homoleptic complexes. On the other hand, the
absorption band at 920 nm (152 M−1cm−1) for 1 and at 1020 nm (87 M−1cm−1) for 2 is
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attributed to a ligand-to-ligand charge transfer (LLCT) transition, namely from mp ligand
to bpy one [63,64]. Moreover, the CH3 substituents on bpy ligand cause a red shift to
these LLCT bands (2 vs. 1), as has already been observed in dithiolene complexes [9,65,66].
A third band appeared at 1008 nm for complex 1 with ε = 77 M−1cm−1. The low molar
absorptivity values of the LLCT bands further support the dianionic form of the mp
ligand [48,67,68].

Figure 2. UV-Vis spectra of complexes 1 (black) and 2 (red) in DMF.

Interestingly, both complexes are stable under air conditions in DMF solutions for at
least a period of 24 h, as shown by no changes in absorption spectra (Figures S3 and S4), in
contrast to the homoleptic mononuclear [Ni(mp)2]− [48,69].

Single purple crystals of 2, suitable for X-ray structure characterization were grown by
layering n-hexane onto a concentrated CH2Cl2 solution of the complex (Figure 3). Complex
2 crystallizes in the monoclinic P 21/c system. Selected bond lengths and bond angles of 2
are given below in Table 1.

Figure 3. ORTEP of 2. Thermal ellipsoids are drawn from 50% probability. Hydrogen atoms omitted
for clarity.

Table 1. Selected bond lengths (Å) and bond angles (deg) of complex 2.

Bond Å Angle Deg Angle Deg

Ni1-O1 1.834(4) O1-Ni1-S1 90.09(12) Ni1-O1-C14 119.2(3)
Ni1-S1 2.1588(16) O1-Ni1-N1 172.69(19) Ni1-S1-C13 96.19(18)
Ni1-N1 1.904(5) O1-Ni1-N2 90.13(18) Ni1-N1-C1 114.8(4)
Ni1-N2 1.908(5) S1-Ni1-N1 96.38(15) Ni1-N1-C15 127.4(4)
O1-C14 1.339(6) S1-Ni1-N2 176.02(14) Ni1-N2-C7 115.4(4)
S1-C13 1.767(5) N1-Ni1-N2 83.6(2) Ni1-N2-C8 126.3(4)
N1-C1 1.364(7)
N2-C7 1.358(7)

C13-C14 1.410 (7)
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The crystal structure of 2 displays the presence of neutral mononuclear moiety with
square planar geometry around the metal center. The Ni1-O1 and Ni1-S1 bond distances
are 1.834(4) Å and 2.1588(16) Å, respectively, and differ from the anionic forms of the
homoleptic [Ni(mp)2] [48,70,71]. The C-C distances in oxothiophenolate (mp ligand) show
a long-short alternation that was previously mentioned in thioquinone ligands [48,70,71].
Moreover, the 1.410 (7) Å C-C bond length is indicative of the dianion form of the 2-
hydroxythiophenol ligand, in accordance with the neutral charge of the complex 2. Fur-
thermore, the C13-S1 bond distance is longer than the corresponding one in the homoleptic
[Ni(2-hydroxythiophenol)2] anion and dianion [48,70,71].

The two complexes are obtained in their neutral forms and their 1H NMR spectra
in d6-DMSO exhibit sharp signals in the diamagnetic area (Figures S5 and S6). The ob-
served downfield shift of the chemical signals of the complexes compared to the free
ligands in the aromatic area of the spectra is in accordance with their coordination and
the structure of complexes 1 and 2 (Table S1). Moreover, after complexation the 1H of
methyl groups of ligand 4,4′-dimethyl-2,2′-bipyridine is upfield-shifted and observed at
2.47 ppm. On the free ligand this band is overlapped by DMSO one (at 2.6 ppm) [72]. On
the contrary, the homoleptic monoanionic complex, namely [Ni(mp)2]− has been reported
to be paramagnetic [48,56,57].

The electrochemical behavior of 1 and 2 was explored with cyclic voltammetry in
dry DMF and CH3CN in the presence of n-Bu4NPF6 (0.1 M) as supporting electrolyte.
Both complexes exhibit similar electrochemical behavior (Figure 4a,b), indicating a semi-
reversible wave. This wave corresponds to the reduction of Ni(II)/Ni(I) and appeared at
E1/2 = −1.82 V vs. Fc/Fc+ and E1/2 = −2.04 V vs. Fc/Fc+ in DMF and at E1/2 = −1.93
V vs. Fc/Fc+ and E1/2 = −2.21 V vs. Fc/Fc+ in CH3CN for 1 and 2, respectively [48].
The more negative values for this reduction of 1 (200 mV) and 2 (400 mV) relative to the
homoleptic monoanionic complex, [Ni(mp)2]− reflect a higher electron density at the metal
center and implies that complexes 1 and 2 are harder to be reduced than the corresponding
homoleptic [48,73,74]. The subsequent oxidative waves that occur during the anodic scan
are most likely due to byproducts of the 2-hydroxythiophenol ligand produced during
the cathodic scan, as observed in the literature [75–77]. To further support that these
byproducts only occur when going to very negative potentials, cyclic voltammograms from
−2.17 V to 0 V for 1 and from −2.25 V to 0.10 V for 2 (vs. Fc/Fc+) (just after Ni(II)/Ni(I)
potential) were obtained for both complexes. No anodic peaks appeared (Figure S7) except
one at −0.8 V for complex 2. This peak also disappeared when cyclic voltammogram was
obtained from −0.5 V to −1.7 V (just on the reduction process Ni(II)/Ni(I)).

Figure 4. Cyclic voltammograms of (a) 1 (10−3 M) in DMF (black) and in CH3CN (red), (b) 2 (10−3 M)
in DMF (black) and in CH3CN (red), 0.1 M n-Bu4NPF6, a glassy carbon as a working electrode, an
Ag/AgCl as a reference electrode and a Pt wire as a counter electrode. The scan rate was 100 mV/s.

Moreover, for elucidating if a second reduction process occurs for both complexes
at −0.22 V, we performed square wave voltammetry in DMF (Figure S8) and only one
main reduction process was observed attributed to Ni(II)/Ni(I) reduction. The hardly
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observed peak at −0.22 V (if true) can be attributed to the reduction of mp ligand [75]
or the [Ni(bpy)(mp)]o/[Ni(bpy)(mp)]−1 reduction centered in mp ligand since the non-
innocent character of mp ligand cannot be excluded and the diimine ligand can act as an
electron reservoir [78].

2.2. Electrocatalytic Proton Reduction

Complexes 1 and 2 were examined with respect to their electrocatalytic activity to-
wards proton reduction (Figure 5 and Figures S9–S16). Cyclic voltammograms were
obtained in DMF solutions using 0.1 M n-Bu4NPF6 as supporting electrolyte, a glassy
carbon as a working electrode, platinum wire as a counter electrode and Ag/Ag+ as a ref-
erence electrode. All the potentials in this study were given vs. Fc/Fc+ and trifluoroacetic
acid was used as the proton source (pKa = 6.0 in DMF) [79].

Figure 5. Electrocatalytic hydrogen production of the complex (a) 1 (10−3 M), (b) 2 (10−3 M) in DMF
with TFA as a proton donor, 0.1 M n-Bu4NPF6, a glassy carbon as a working electrode, an Ag/AgCl
as a reference electrode and a Pt wire as a counter electrode. The scan rate was 100 mV/s under Ar.

For complex 1, continuous addition of 0 to 8 equivalents of trifluoroacetic acid resulted
in the appearance and growth of a catalytic H2 wave. For both complexes, with low TFA
concentrations, the catalytic wave appears on the top of the Ni(II)/Ni(I) couple (Figure 5a,b)
with a Ecat/2 to be equal to −1.52 Vand −1.66 V for 1 and 2, respectively, indicating a
proton-coupled electron transfer (PCET) process [80]. The Ecat/2 was measured at the
middle of the catalytic waves for 1 mM TFA concentration. At higher TFA concentrations,
the original catalytic waves shifted to more negative potentials, −2.02 V and −2.20 V for
1 and 2, respectively. In fact, in the case of complex 1, the catalytic wave grew after the
reduction Ni(II)/Ni(I) process in high TFA concentration; a phenomenon that was not
observed for catalyst 2. These differences indicate either an ECEC process for 1 (where E
stands for an electron transfer and C for a chemical reaction) [9,39,81] or the new catalytic
wave can be attributed to electrocatalytic hydrogen evolution by Ni(I)-H species; which is
the catalyst and where 1 is a pro-catalyst [82]. Of course, physicochemical factors that affect
the CVs, as already has been referred to by others, cannot be excluded [80]. Additionally,
the reversibility of the (NiI/NiII) couple was lost upon addition of TFA, supporting the
hypothesis that protonation takes place after the reduction of catalyst [64,83], especially at
high TFA concentrations.

The observed inversion of currents (Figure 5) when going beyond −2.7 V could indi-
cate the formation of a more active catalytic species for proton reduction. In fact, the second
reduction process at about −2.5 V for 1 and −2.8 V for 2 could be attributed to Ni(I)/Ni(0)
or more likely to a ligand-based reduction [(bpy•−)NiI(mp)]2− since mp ligand is already in
its dianion form and Ni-bpy complexes are reduced at about−2.5 V. This current inversion
was not observed when early return potentials were applied (Figure S10), indicating that
the observed catalytic wave was not due to the formation of [(bpy•−)NiI(mp)]2− [84].

Bulk electrolysis experiments were performed to confirm the hydrogen evolution
using a graphite rod as a working electrode at 1.66 V and at −1.74 V for catalyst 1 and 2,
respectively. The evolved hydrogen was quantified by GC analysis and data are given in
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Table 2. The faradaic efficiencies at 58% and 73% for 1 and 2, respectively, were determined
at the beginning and at the end of each experiment, indicating that the catalysts were
rather stable during the electrocatalytic process. The overpotential of catalysts 1 and 2 was
calculated at 0.58 V and 0.72 V, respectively, based on the formula η = |(Eref-Ecat/2)| [85],
where Eref stands for the reduction potential of TFA in DMF and equals to −0.94 V [39].
Moreover, the linearity in the coulometry experiment that was performed vs. Fc/Fc+ in
DMF solution with 10 mM TFA indicated that catalysts were stable (Figure S9).

Table 2. Bulk electrolysis experiments for H2 evolution for complexes 1, 2, [Ni(mp2)]−.

Complex Overpotential
(mV)

Faradaic
Efficiency TON/3 h TOF (h−1)

1 580 58% 4.63 1.54

2 720 73% 39.17 13.1

[Ni(mp2)]− 690 59% 14.3 4.76

To evaluate the catalytic activity of 1 and 2, analogous bulk electrolysis experiments
were performed with solutions of the homoleptic [Ni(mp)2]−1 complex (Table 2). From
these data, it is obvious that 2 is a better electrocatalyst, supporting the hypothesis that
the electron density on the metal ion can be modulated by the electron donor affinity of
the ligands.

Bulk electrolysis was performed for a 3 h period with catalyst concentrations [1] =
0.4 mM at −1.66 V, [2] = 0.2 mM at −1.74 V and [[Ni(mp2)]−] = 0.2 mM at −1.7 V. TONS
and TOF were determined by bulk electrolysis experiments at a DMF solution (80 mL)
containing 0.1 M n-Bu4NPF6.

To further elucidate the mechanism that takes place during electrocatalysis, cyclic
voltammograms were conducted, keeping the TFA concentration constant at 40 mM in a
solution of DMF with 0.1 n-Bu4NPF6 and at 100 mV/s scan rate. Addition of 0.6 to 2.4 mM
of catalyst resulted in different action of the catalysts (Figures S10 and S11). The catalytic
wave shifted at more positive potential for complex 1 and more negative for 2. Although
their ic/ip were different (8.5 for 1 and 11.9 for 2), both depended linearly on the catalyst
concentration, suggesting a first order dependence (Figures S10 and S11-inset) [86].

Moreover, scan rate dependent cyclic voltammograms of 1 and 2 recorded from 0.1
V/s to 1.2 V/s in DMF and Cottrell plots of peak currents versus the square root of scan
rate (jc vs. v1/2) showed the linearity between ic/ip with v1/2 (Figures S12 and S13) [87],
indicating the molecular nature of the catalysts [54,88,89]. The molecular structure of both
catalysts was further documented by rinse tests (Figures S6 and S14) [39]. Thus, 3-step
rinse test experiments were performed with the following procedure [39]: initially, a cyclic
voltammogram was obtained in the presence of 12 mM TFA and the complex (black). Next,
a linear sweep voltammetry experiment was performed from 0 V to −2.5 V because it had
been reported that it can reveal the deposition of NiS in the glassy carbon electrode [90].
After that, the working electrode was rinsed with DMF and immersed again in a solution of
TFA with no catalyst. Cyclic voltammetry was then conducted in order to examine whether
the catalysis was due to the complexes in solution (red). Thus, the working electrode
was poised for 3 min at a constant potential of −2 V vs. Fc/Fc+ and cyclic voltammetry
was conducted (blue). The received cyclic voltammograms (Figures 6 and S14) indicated
a little enhancement of the catalytic wave in the absence of the catalysts. All the above
results support the hypothesis that homogeneous catalysis occurs at the surface of the
electrode, under the applied experimental conditions in this work. In addition, UV-Vis
spectroscopy in the absence of applied current was used to monitor the stability of 1 and
2 upon increasing amounts of TFA. (Figures S15 and S16). As observed, the stability of
LLCT absorption at ~1000 nm suggests that a ligand protonation is rather improbable,
whilst the decrease of the MLCT band could be attributed to a protonation on the metal
sites of 1 (or 2) in the ground state, supporting a CEC mechanism [9,39,80]. Moreover, as
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[(bpy•−)NiI(mp)]2− reduction takes place in more negative potentials than the catalytic
wave for both complexes (vide supra) protonation on bpy moiety has to be excluded.

Figure 6. Rinse tests for 1 in the presence of 12 mM of TFA: (black) cyclic voltammogram in the
presence of catalyst (10−3 M); (red) cyclic voltammogram in the absence of catalyst vs. Fc/Fc+ after
linear sweep voltammetry; (blue) cyclic voltammogram in the absence of catalyst vs. Fc/Fc+ after
3 min potential application (glassy carbon working electrode).

2.3. Photocatalytic Hydrogen Evolution

As both complexes were found to be active electrocatalysts, they were also tested
for their catalytic action in light-driven hydrogen evolution photosystems. Thus, two
different photosensitizers (PS) were used, namely CdTe quantum dots (QDs) coated by
thioglycolic acid (TGA) in an aqueous medium (TGA-CdTe QDs) and fluorescein (Fl),
in mixed solvent DMF:H2O and were illuminated with white LEDs (λ > 400 nm). Five
well-known TGA-CdTe QDs were synthesized following literature methods [91], namely,
QDs-A, QDs-B, QDs-C, QDs-D and QDs-E by controlling the reaction time of the synthetic
route at 15 min, 30 min, 1 h, 3 h and 13 h, respectively. Their size was from 35 nm to 70 nm
and their characterization was performed by comparing their UV-Vis and emission spectra
with the literature ones [91]. The emission peaks of QDs shifted from 497 nm to 631 nm.
Their absorption maxima in DMF: H2O are given in Table S2 and their emission spectra in
Figure S17.

In the first set of the photocatalytic experiments containing TGA-QDs as PS and 1, 2
as catalysts with a solvent system of DMF:H2O (1:2), two different electron donors were
added, triethanolamine (TEOA) at pH = 10.55 and ascorbic acid (AscOH) at pH = 4.5 and
the obtained data are given in Tables S3 and S4, respectively. The given pHs refer to the final
pH of the solution after the dissolution of the corresponding electron donor. The absorbance
and emission spectra of QDs-TGA were also obtained after the addition of the TEOA or
AscOH (Figures S18 and S19). As can be noticed, an increase in the fluorescence intensity
of quantum dots with the addition of ascorbic acid took place, which may be due to its
interaction with the coat of the QDs, namely, the thiolyglycolic acid. The differently sized
CdTe-QDs were evaluated, keeping the ratio of the solvents and the concentrations of QDs
and catalysts unchanged. When TEOA was used as electron donor, the highest TONCat was
967 obtained for QDs-A for complex 1 and 103 obtained for QDs-E for complex 2 (Tables S3
and S4, Figures S20 and S21). Replacing TEOA by AscOH, the amount of evolved hydrogen
was impressively increased for both complexes under the same conditions with 6781 and
4057 TONcat for complex 1 and 2, respectively (Figures 7 and 8). Moreover, the QDs with
the smallest size except for QDs-E, in a system with catalyst 1, had the lowest catalytic
activity revealing the catalytic activity and size relation due to a reduced surface charge
density [92,93]. It is worth noticing that in all cases, when QDs are used as photosensitizer,
there is an increase of the catalytic activity at around 24 and 80 h. This observation, if it
is not a systematic error, is difficult to be explained, especially since the received UV-Vis
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spectra indicate that the system is rather stable after 120 h of irradiation (Figures S22
and S23).

Figure 7. Light-driven hydrogen production from a system containing complex 1 at 5 × 10−6 M,
ascorbic acid (AscOH) (0.1 M) in DMF: H2O 1:2 at pH 4.5 with differently sized thioglycolic acid
(TGA)-coated CdTe quantum dots (QDs) at 40.0 µM A (blue), B (orange), C (grey), D (yellow), E
(light blue) upon irradiation for 120 h at 25 ◦C and 1 atm.

Figure 8. Light-driven hydrogen production from a system containing complex 2 at 5 × 10−6 M,
AscOH (0.1 M) in DMF: H2O 1:2 at pH 4.5 with differently sized TGA-coated CdTe QDs at 40.0 µM A
(blue), B (orange), C (grey), D (yellow), E (light blue) upon irradiation for 120 h at 25 ◦C and 1 atm.

The TGA CdTe-QDs system was evaluated in terms of the catalysts’ concentration
from 10−4 to 10−6 with the best results to be taken for 5 × 10−6 M of both the catalysts.
Unfortunately, higher concentrations could not be used for solubility reasons. Furthermore,
the electron donor’s concentrations (AscOH and TEOA) seemed not to affect the catalytic
activity of the systems (Tables S3 and S4).

For comparing the catalytic performance of 1 and 2 with the similar homoleptic Ni
complexes [48], a second set of photocatalytic experiments were conducted. This time,
fluorescein (Fl) was used as PS and TEOA as a sacrificial electron donor at pH = 10.55. The
optimized concentrations of 1 and 2, PS and TEOA, together with the mixed solvent ratios,
TONs and TOFs, are summarized in Tables S5–S8. Under optimal conditions, H2 was
efficiently evolved, achieving a maximum of 4697 TONcat and 195.7 h−1 TOF for complex
1 and 1705.3 TONcat and 71 h−1 TOF for 2 after 24 h of irradiation (Tables S5–S8). Under
the same conditions, the homoleptic complex of [Ni(mp)2]− achieved about 1450 TON
in 24 h when Fl was used as photosensitizer and TEOA as electron donor. Further, when
QDs-TGA-B were used as PS, the homoleptic complex [Ni(mp)2]− as catalyst and AscOH
as electron donor, about 3841 TONs were achieved in 120 h (Table S9). These data fully
support the hypothesis that the heteroleptic complexes 1 and 2 are more efficient catalysts
for the light-driven HER. Furthermore, 1 and 2 are more active catalysts compared to the
neutral heteroleptic [Ni(2-amnt)(3,4-daba)], where 3,4-daba = 3,4-diamino benzoic acid and
2-amnt = o-aminobenzenethiolate (2-amnt)) that acts as a molecular homogeneous catalyst
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reaching at 834 TONs in a similar system [53]. A series of controlled experiments were
performed in order to confirm that light-driven evolved hydrogen is due to the presence of
the catalysts 1 and 2. Thus, under the same experimental conditions as above, a series of
solutions in DMF/H2O with no catalyst were illuminated (λ > 400 nm). These solutions
were: (i) NiCl2 hexahydrate in the presence of fluorescein with TEOA, (ii) CdTe QDs with
TEOA and (iii) CdTe QDs with AscOH. The same experiments were also performed in
the dark (Table S10). In neither experiment was evolved hydrogen identified by used
GC methods.

The long-term stability of the catalytic systems was tested not only by the produced
hydrogen but also by receiving the UV-Vis spectra of the photocatalytic systems before and
after illumination for 120 h (Figures S22 and S23) The MLCT bands were almost the same,
indicating the stability of the catalyst under the experimental conditions.

Additionally, mercury poisoning test was engaged to check whether colloidal Ni was
formed during irradiation and acted as the catalyst for hydrogen evolution [33]. Addition
of Hg had no upshot on the catalytic systems (Table S8 entries 5,6,11,12) designating that
the complexes acted as molecular catalysts.

Although complex 2 is a better electrocatalyst than 1, not only by means of more
TOFs but also for the higher Faradaic efficiency, it is obvious from the obtained data that
1 is the best catalyst in the light-driven reactions. Probably this is due to the electron-
donating methyl groups that drew electron density towards Ni atom and as a consequence
incommoded its reduction by Fl. In addition, this difference in catalytic activity between
electrocatalysis and photocatalysis may be stressed by kinetic factors as the duration of the
catalytic experiments differ [94].

The quenching of the excited Fl* by both catalysts and the received quenching con-
stants by Stern–Volmer analysis (equals to 4.04 × 102 M−1 and 2.87 × 102 M−1 for 1 and
2, respectively) indicate that the excited chromophore provides the potential needed for
their reduction (Figures S24 and S25). In fact, the Ksv values indicate that this reduction is
more favorable for complex 1. However, as the electron donors concentration is 5 orders of
magnitude higher than the concentration of the catalysts, the reductive quenching must
predominate. This is in accordance with previous studies [95].

From all the above-given data, it seems that the photocatalytic process follows an
electron–chemical mechanism (ECEC), where C corresponds to protonation. Thus, proto-
nation takes place after catalyst’s reduction from Fl−, a path that is thermodynamically
more favorable for catalyst 1, since it owns the less negative potential. At this point, the
role of the non-innocent character of the mp ligand has to be taken into consideration as
well as the capability of bpy ligand to act as an electron reservoir. This could suggest a
ligand protonation process. To get more insight into the electrocatalytic and photocatalytic
mechanisms, DFT calculations are under investigation for the heteroleptic complexes 1 and
2 and the homoleptic analogous complexes.

3. Materials and Methods
3.1. General Information

Standard Schlenk techniques under argon were used, unless indicated otherwise. All
starting materials and solvents were commercially available (Sigma Aldrich (Darmstadt,
Germany), Merck (Darmstadt, Germany), Alfa Aesar (Heysham, Lancashire, UK) and
Panreac Applichem (Barcelona, Spain)) at analytical grade and of spectroscopic grade
for absorption and emission spectra; N,N-dimethyl formamide was purified and dried
for the electrochemical techniques [96]. Water was of Milli-Q grade. TGA-CdTe QDs
were prepared as reported previously [91] and the A-E notation in Table S3 refers to the
refluxing time.

A double beam Shimadzu UV1900 UV-Vis Spectrometer (Shimadzu, Hesse, Germany)
at 25 ◦C was used for absorption spectra. IR spectra in KBr pellets were recorded with a
2.0 cm−1 resolution using a Shimadzu IR Affinity-1 (Shimadzu, Hesse, Germany). Elemen-
tal analyses were conducted on a Perkin-Elmer model 240 C elemental analyzer (Instabul,
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Turkey). 1H NMR spectra were measured on a Bruker 400 NMR (Leipzig, Germany).
High-resolution mass spectrometry were received in Q-ToF electrospray (Maxis Impact,
Bruker Daltonics) (Leipzig, Germany) and were analyzed with mass accuracy of <5 mDa
and identification with the theoretical isotopic profile <200 mSigma.

3.2. Synthesis

Synthesis of complex 1: The synthesis is a modification for the homoleptic com-
plexes [59,97]. A warmed ethanolic solution of NiCl2.6H2O (2.37 g, 10 mmol) was added
dropwise to a 50 mL ethanolic solution of 2,2′-bipyridine (1.56 g, 10 mmol). The color
of the mixture turned to light blue after an hour of stirring, and a microcrystalline solid
precipitate emerged. The latter was filtered, washed with ethanol (20 mL), and dried under
vacuum. A suspension of the obtained [Ni(2,2′-bipyridine)]Cl2 (0.57 g, 2 mmol) in 120 mL
sonicated ethanolic solution was mixed with an aqua solution of 2-hydroxythiophenol (0.25
g, 2 mmol) and KOH (0.22 g, 4 mmol), and was stirred for 3 h. The resulting reddish-brown
precipitate was filtered and washed with 10 mL of ethanol. The yield was 72%. Anal. Calcd
for C16 H12 N2 Ni O S: C, 56.68%; H, 3.57%; N, 8.26%; S, 9.46%. Found: C, 56.34%; H,
3.52%; N, 8.41%; S, 9.32%. FT-IR peaks KBr: 1048 (s, νC-S), 762 (s, νC-S), 722 (ϕ, C-C and
C-N), 630 (ρ, mp ring). NMR peaks DMSO-d6: δ(multiplicity, coupling constants, integral),
ppm 6.27 (t, 3JH-H = 7.17 Hz, 1 H), 6.35 (d, 3JH-H = 7.89 Hz, 1 H), 6.56 (t, 3JH-H= 7.26 Hz, 1
H), 6.91 (d, 3JH-H = 7.34 Hz, 1 H), 7.45 (t, 3JH-H = 5.80 Hz, 1 H), 7.69 (t, 3JH-H = 6.29 Hz, 1 H),
7.95 (t, 3JH-H = 7.40 Hz, 1 H), 8.24 (t, 3JH-H = 7.59 Hz, 1 H), 8.41 (m, 3JH-H = 7.78 Hz, 2 H),
8.55 (d, 3JH-H = 4.55 Hz, 1 H), 8.70 (d, 3JH-H = 3.79 Hz, 1 H). ESI, positive in CH3CN, m/z:
theoretically calculated: 339.009, found: 339.0109.

Synthesis of complex 2: The synthetic route is the same as above. The ethanolic
solution of NiCl2.6H2O (2.37 g, 10 mmol) was mixed and stirred with a 50 mL ethano-
lic solution of 4,4′-dimethyl-2,2′-bipyridine (1.84 g, 10 mmol). The obtained [Ni(4,4′-
dimethyl-2,2′-bipyridine)]Cl2 (0.73 g, 2 mmol) was mixed with an aqueous solution of
2-hydroxythiophenol (0.25 g, 2 mmol) and KOH (0.22 g, 4 mmol), and was stirred for 3 h.
The resulting purple precipitate was filtered and washed with 20 mL of ethanol. Crystals
of 2 suitable for X-ray crystallography were grown by layering a dichloromethane solution
with n-hexane. The yield was 78%. Anal. Calcd for C18 H16 N2 Ni O S: C, 58.89%; H,
4.39%; N, 7.63%; S, 8.73%. Found: C, 58.74%; H, 4.12%; N, 7.64%; S, 8.78%. FT-IR peaks KBr:
1050 (s, νC-S), 758 (s, νC-S), 731 (ϕ, C-C and C-N), 635 (ρ, mp ring) NMR peaks DMSO-d6:
δ(multiplicity, coupling constants, integral), ppm 2.47 (s, 6 H), 6.25 (t, 3JH-H = 7.31 Hz, 1 H),
6.31 (d, 3JH-H = 7.95 Hz, 1 H), 6.54 (t, 3JH-H = 7.53 Hz, 1 H), 6.88 (d, 3JH-H = 7.42 Hz, 1 H),
7.51 (d, 3JH-H = 7.54 Hz, 2 H), 8.26 (d, 3JH-H = 8.18 Hz, 2 H), 8.31 (s, 2H). ESI, positive in
CH3CN, m/z m/z: theoretically calculated: 367.0409, found: 367.0425.

Synthesis of TGA-coated CdTe QD’s [91]: In a stand-up flask, a molar ratio of
Cd2+/TGA/TeO3

2− 1:1:0.2 in pH = 10.5. (0.2 mmol, 0.53 g) Cd(CH3COO)2*2H2O was
dissolved into 50 mL distilled water. After adding TGA (0.2 mmol, 15 µL), the pH was
adjusted to 10.5 with 1 M NaOH. The resulting solution was stirred for 5 min before the
addition of K2TeO3 (0.04 mmol, 0.15 g) dissolved in 50 mL distilled water. Next, 80 mg
NaBH4 was added and the solution was stirred for 5 min more, before starting to reflux
at 100 ◦C under air. Through controlling the reaction time, CdTe QDs with desired PL
emission spectra can be obtained. A = 15 min, B = 30 min, C= 1 h, D = 3 h, E = 13 h. The
synthesized QD’s were controlled by their emission spectra which compare well with the
literature with no further measurements.

3.3. Cyclic Voltammetry

A VersaSTAT 3 Potentiostat Galvanostat (Houten, Netherlands) and the VersaSTAT
software were used for the cyclic voltammetry (CV) measurements. The CV measurements
were received using a three-electrode single-compartment cell with a glassy carbon working
electrode, Ag/AgCl reference electrode and Pt counter-electrode at room temperature and
under N2. The used solvent was N, N-dimethylformamide (DMF) in the presence of
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0.1 M tetrabutylammonium hexafluorophosphate (n-Bu4NPF6) as a supporting electrolyte.
Ferrocenium/ferrocene (Fc+/Fc) redox couple was used as an internal potential reference.
A 12.85 M stock solution of TFA was prepared in DMF with 0.1 M n-Bu4NPF6 for the acid
concentration dependence studies. The latter were performed using a stirred and degassed
solution of 1 mM catalyst and 3–10 µL aliquots of the stock solution. Bulk electrolysis and
chronocoulometry experiments were conducted in a gastight 140 mL flask using the same
potentiostat as before. Complex 1 (C = 0.4 mM) was added to 80 mL of 0.1 M n-Bu4NPF6
and 10 mM TFA in DMF. A graphite rod was used as working electrode, Ag/AgCl as
a reference electrode and Pt as a counter-electrode at room temperature. The latter was
separated from the working electrode by a glass frit. The flask was degassed by Ar for
20 min. Using a Hamilton gas tight syringe, an amount of the gas mixture in the headspace
was removed in certain periods and injected into the GC (Bruker, Karlsruhe, Germany).
The produced hydrogen was quantified through the curve fitted to the H2 volume vs. the
area of GS peak.

3.4. X-ray Crystallography

A purple prism specimen was used for single-crystal X-ray diffraction data collection.
The crystal, mounted on a cryoloop, was cryoprotected in paraffin oil, and an Oxford
Cryosystems low-temperature device (Cryostream 800) was used for flash-freezing it in a
nitrogen gas stream at 120(2) K. Intensity data were collected on a Bruker D8-VENTURE
diffractometer (Leipzig, Germany), using a Cu Kα radiation (λ = 1.54178 Å). The SAINT pro-
gram (Madison, WI, USA) [98] was used for data collection and integration and absorption
effects were corrected using the Multi-Scan method (SADABS) [99] within the Bruker APEX
3 suite. SHELXT [100] was used for solving the structure by the intrinsic phasing method
and it was refined by full-matrix least-squares against F2 using SHELXL-2014/7 [101]
through the SHELXLE GUI [102]. Details are given in Table 3. The crystallographic in-
formation file with embedded structure factors has been deposited into the Cambridge
Structural Database (CSD) under the deposition number CCDC: 2024839.

Table 3. Crystal data and structure refinement details for complex 2.

Empirical Formula C19 H18 Cl2 N2 Ni O S

Formula weight 452.02

Temperature 120(2) K

Wavelength 1.54178 Å

Crystal system Monoclinic

Space Group P21/c

Unit cell dimensions
a = 8.2538(18) Å

b = 18.097(4) Å, β = 96.238(7)◦

c = 12.863(3) Å

Volume 1909.9(7) Å3

Z 4

Density (calculated) 1.572 Mg/m3

Absorption coefficient 5.148 mm−1

F(000) 928

Crystal size 0.320 × 0.200 × 0.100 mm3

Theta range for data collection 4.233 to 66.592◦.

Index ranges −9 < =h < = 9, −21 < = k < = 21, −15 < = l < = 15

Reflections collected 22,231
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Table 3. Cont.

Empirical Formula C19 H18 Cl2 N2 Ni O S

Independent reflections 3313 [R(int) = 0.1037]

Completeness to theta = 66.592o 98.3%

Refinement method Full-matrix least-squares on F2

Data/Restraints/Parameters 3313/180/291

Goodness-of-fit on F2 1.061

Final R indices [I >2σ(I)] R1 = 0.0852, wR2 = 0.2529

R indices (all data) R1 = 0.0994, wR2 = 0.2701

Largest diff. peak and hole 0.593 and −0.773 e·Å−3

3.5. Photocatalysis

A typical photocatalytic experiment was performed as follows: a mixture of a photo-
sensitizer, TEOA and the catalyst was dissolved in various analogies of DMF: H2O of 10 mL
total volume. The solution was in a 15 mL vial and after being degassed by argon bubbling
for 20 min, was sealed with an airtight rubber septum. Two VT 4922 visible-light LEDs
(λ > 400 nm) at 20 mV, each one of them was used for the irradiation of the solution. The
latter was magnetically stirred and maintained at 25 ◦C during irradiation for at least 72 h
(unless otherwise stated). A HAMILTON gas tight syringes 1700 series was used for the
collection of the gas in the top-space of the vessels. The produced hydrogen was analyzed
into a Bruker’s 430-GC gas chromatograph carrying a thermal conductivity detector (TCD)
and a 5 Å molecular sieves column. The GC was operated under the following conditions:
carrier gas: nitrogen, oven temperature 70 ◦C, detector temperature 150 ◦C, injector tem-
perature 80 ◦C. Varian’s Galaxie software was used for the analysis of the chromatograms
whereas the quantitative analysis of the evolved hydrogen was performed by an external
standard method, described before from our Lab [95]. In brief, calibration for quantitative
analysis of hydrogen was performed by diluting known volumes of pure hydrogen in
a vial used in our photosystems, which contained the same volume of DMF:H2O as in
photocatalytic experiments. The calculation of the produced hydrogen was performed
through the curve fitted to the H2 volume vs. the area of GS peak.

4. Conclusions

In this study, we presented the synthesis and characterization of two nickel heteroleptic
complexes, namely [Ni(bpy)(mp)] (1) and [Ni(dmbpy)(mp)] (2), by modifying literature
procedure. Complex 2 was characterized by X-ray diffraction studies. Both compounds
were employed as electrocatalysts in DMF media with TFA resulting in 1.5 h−1 TOF and
13.1 h−1 TOF for 1 and 2, respectively. Electrochemical studies showed that a possible PCET
process took place for hydrogen evolution for both complexes at least in low concentration
of TFA. In higher TFA concentration the two catalysts behaved in a different way, with
complex 1 preferring an ECEC mechanism. Both complexes 1 and 2 acted as homogeneous
molecular catalysts for light-driven hydrogen evolution. Their activity depended on the
used photosensitizers and electron donors. Their highest efficiency was achieved by
using TGA-coated CdTe QDs as PS, reaching 6781 TONs. The methyl substituents on
the bpy moiety affected the catalytic activity of the complexes, with the non-substituent
complex (1) the most active catalyst in the photocatalytic systems. The latter suggests a
different mechanism, namely ECEC, for the photocatalytic process for both complexes.
For comparison reasons, the homoleptic [Ni(mp)2]− was synthesized and tested under
the same experimental conditions. The received data reveal that this complex was a less
active catalyst for light-driven hydrogen evolution reaction. The experiments indicated
that heteroleptic complexes are a promising group of compounds, acting as molecular
catalysts for photocatalytic and electrocatalytic hydrogen evolution. An extensive DFT
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study is underway in order to fully understand the mechanistic pathway for HER both
for electrocatalysis and photocatalysis for these complexes as well as for the homoleptic
[Ni(mp)2]− complex. The role of the donating ability of the ligands has to be revealed for
a rational design of new catalysts for HER.

Supplementary Materials: The following are available online at https://www.mdpi.com/2073-434
4/11/3/401/s1; Figure S1: IR spectra of complexes 1 and 2; Figure S2: a. HRMS of the Complex 1. b.
Compass IsotopePattern window of Complex 1. Figure S2a,b display the mass spectrum of the ions
on which the identification of 1 was performed. Also, the theoretical mass spectrum (in green color) of
the desired m/z and its isotopes were depicted (Figure S2b). At the Compass Isotope Pattern window,
the theoretical mass spectrum and isotope profile of that compound. c. HRMS of the Complex 2. d.
Compass IsotopePattern window of Complex 2. Figure S2c,d display the mass spectrum of the ions
on which the identification of 2 was performed. Also, the theoretical mass spectrum (in green color) of
the desired m/z and its isotopes were depicted (Figure S2d). At the Compass Isotope Pattern window,
the theoretical mass spectrum and isotope profile of that compound.; Figure S3: Spectroscopical study
of complex 1 in DMF via the use of UV-Vis spectra without irradiation; Figure S4: Spectroscopical
study of complex 2 in DMF via the use of UV-Vis spectra without irradiation; Figure S5: 1H-NMR
spectrum of complex 1 in Dimethyl Sulphoxide-d6; Figure S6: 1H-NMR spectrum of complex 2 in
Dimethyl Sulphoxide-d6; Figure S7: Cyclic voltammograms of a. 1 (10−3 M) in DMF (black) and b. 2
(10−3 M) in DMF (red), 0.1 M n-Bu4NPF6, a glassy carbon as a working electrode, an Ag/AgCl as
a reference electrode and a Pt wire as a counter electrode. The scan rate was 100 mV/s.; Figure S8:
Square wave Voltammetry in DMF of complex 1 (black) and complex 2 (red), with 0.1 M n-Bu4NPF6,
a glassy carbon as a working electrode, an Ag/AgCl as a reference electrode and a Pt wire as a
counter electrode. Pulse amplitude 50 mV, step potential 20 mV; Figure S9: Chronocoulometry for
bulk electrolysis vs. Fc/Fc+ of DMF solution with 10 mM TFA, with complex 1 at −1.66 V (black),
with complex 2 at−1.74 V (blue) and with the absence of catalysts at−1.74 V (red). 0.1 M n-Bu4NPF6,
a graphite rod as a working electrode, an Ag/AgCl as a reference electrode and a Pt wire as a counter
electrode was used; Figure S10: CVs in DMF with 0.1 M n-Bu4NPF6 containing 40 mM TFA with
0.6 mM 1 (black), 1.2 mM 1 (red), 1.8 mM 1 (blue), and 2.4 mM 1 (pink) at u = 100 mV/s. Inset ic/ip =
f[1]; Figure S11: CVs in DMF with 0.1 M n-Bu4NPF6 containing 40 mM TFA with 0.6 mM 2 (black),
1.2 mM 2 (red), 1.8 mM 2 (blue), and 2.4 mM 2 (pink) at u = 100 mV/s. Inset ic/ip = f[2]; Figure S12:
Scan rate dependent cyclic voltammograms of catalyst 1 recorded from 0.1 V/s to 1.2 V/s in DMF
and Cottrell plots of peak current versus the square root of scan rate. CVs were collected in DMF
with 0.1 M n-Bu4NPF6 as supp. electrolyte using a glassy carbon (work elec.), platinum wire (count
elec.) and Ag/Ag+ (ref. elec.). All the potentials were referenced vs. Fc/Fc+; Figure S13: Scan rate
dependent cyclic voltammograms of catalyst 2 recorded from 0.1 V/s to 1.2 V/s in DMF and Cottrell
plots of peak current versus the square root of scan rate. CVs were collected in DMF with 0.1 M
n-Bu4NPF6 as supp. electrolyte using a glassy carbon (work elec.), platinum wire (count elec.) and
Ag/Ag+ (ref. elec.). All the potentials were referenced vs. Fc/Fc+; Figure S14: Rinse tests for 2 in the
presence of 12 mM of TFA: (black) cyclic voltammogram in the presence of catalyst (10−3 M) (red)
cyclic voltammogram in the absence of catalyst vs. Fc/Fc+ after linear sweep voltammetry, (blue)
cyclic voltammogram in the absence of catalyst vs. Fc/Fc+ after 3 min potential application (glassy
carbon working electrode); Figure S15: UV-Vis spectrum of the complex 1 (10−3 M) in DMF with
addition of TFA 0–1eq; Figure S16: UV-Vis spectrum of the complex 2 (10−3 M) in DMF with addition
of TFA 0–0.8 eq.; Figure S17: Emmision spectra of CdTe-QDs TGA coated in H2O. QD-A (black),
QD-B (red), QD-C (blue), QD-D (pink), QD-E (deep blue); Figure S18: UV-Vis spectra of CdTe-QD A
in DMF/H2O 1:2 without an electron donor (black), with AscOH 0.5 M (red), with TEOA 0.5 M (blue);
Figure S19: Emission spectra of CdTe-QD C in DMF/H2O 1:2 without an electron donor (black),
with TEOA 0.5 M (red), with AscOH 0.5 M (blue); Figure S20: Light-driven hydrogen production
from a system containing complex 1 at 5 × 10−6 M, TEOA (0.5 M) in DMF: H2O 1:2 at pH 4.5 with
different sized TGA-coated CdTe QDs at 40.0 µM A (blue), B (red), C (green), D (purple), E (light
blue), F (orange) upon irradiation for 120 h at 25 ◦C and 1 atm; Figure S21: Light-driven hydrogen
production from a system containing complex 1 at 5 × 10−6 M, TEOA (0.5 M) in DMF: H2O 1:2 at
pH 4.5 with different sized TGA-coated CdTe QDs at 40.0 µM A (blue), B (red), C (green), D (purple),
E (light blue), F (orange) upon irradiation for 120 h at 25 ◦C and 1 atm; Figure S22: UV-Vis spectra of
complex 1 (10−4 M) in DMF: H2O 1:2 with CdTe QDs-C 40 µM and AscOH 0.1 M, t = 0 h (black), t =
48 h (red), t = 120 h (purple); Figure S23: UV-Vis spectra of complex 2 (10−4 M) in DMF: H2O 1:2 with
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CdTe QDs-C 40 µM and AscOH 0.1 M, t = 0 h (black), t = 48 h (red), t = 120 h (purple); Figure S24:
Emmision spectra of Fluorescein (0.3 mM) in DMF/H2O 1:2 (black)and with the addition of 1–8
eq. of complex 1; Figure S25: Emmision spectra of Fluorescein (0.3 mM) in DMF/H2O 1:2 (black)
and with the addition of 1–10 eq. of complex 2; Figure S26. Cyclic voltammograms of 2 (10−3 M) in
DMF (black) with the Multiple Cycle scan method and 2 (10−3 M) in DMF (red) with the Single Scan
method, with 0.1 M n-Bu4NPF6, a glassy carbon as a working electrode, an Ag/AgCl as a reference
electrode and a Pt wire as a counter electrode. The scan rate was 100 mV/s; Table S1: 1H-NMR shift
sin ppm for 1, 2 and the free ligands; Table S2: Absorption maxima of CdTe-QDs TGA coated in
DMF: H2O 1:2; Table S3: Study of the photocatalytic hydrogen production via the use of Complex 1
with CdTe QDs TGA coated as PS, TEOA and AscOH as electron donor, in a solvent system DMF:
H2O; Table S4: Study of the photocatalytic hydrogen production via the use of Complex 2 with CdTe
QDs TGA coated as PS, TEOA and AscOH as electron donor, in a solvent system DMF: H2O; Table
S5: Study of the photocatalytic hydrogen production via the use of Complex 1 and 2 with different
concentrations of the complexes with fluorescein as PS, TEOA as electron donor in a solvent system
DMF: H2O; Table S6: Study of the photocatalytic hydrogen production via the use of Complex 1 and 2
with fluorescein as PS with different concentrations of Fl, TEOA as electron donor in a solvent system
DMF: H2O; Table S7: Study of the photocatalytic hydrogen production via the use of Complex 1 and
2 with fluorescein as PS, TEOA as electron donor with different concentrations of TEOA, in a solvent
system DMF:H2O; Table S8: Study of the photocatalytic hydrogen production via the use of Complex
1 and 2 with fluorescein as PS, TEOA as electron donor, in a solvent system DMF: H2O with different
solvent ratios and with additions to the photocatalytic system; Table S9: Study of the photocatalytic
hydrogen production via the use of Complex [Ni(mp2)]−; Table S10: Control Experiments.
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