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Abstract

This paper describes the synthesis, electronic and redox properties of three nickel(ll) and two
copper(ll) complexes, namely, [Ni(L')(CI)2].2H20 (1), [Ni(L®)(CI)2].H20 (2), [Cu(L?)(CIO4)ICIO, (3),
[Ni(L%)(Cl)2].H20 (4), and [Cu(L®)(ClO,4)]Cl04.2H,0 (5). Ligands L', L? and L® respectively contain a 1,2-
bis((pyridine-2-ylmethyl)-azaneyl)ethane framework decorated with electron donating methyl and
methyl/methoxy substituents. We observe a correlation between electron donating capability of the
ligands (L' < L? < L®) and the redox potential for the M"/M' couple (1 > 2 > 4 and 3 > 5). After thorough
identification of the spectroscopic and redox properties of 1 — 5, the reactivity of the complexes was
investigated towards proton and water reduction by means of electro and photocatalysis. These
species seemingly support H, evolution and display tunable catalytic properties achieved through the
presence of differentiated electron donicity. Evidence of degradation with nanoparticle conversion was
found to depend on the nature of both ancillary ligand and metal center.

Introduction

Coordination complexes containing 3d metal ions display rich redox and spectroscopic behavior
that is versatile on oxidation numbers and on ligand fields. These complexes offer the opportunity to
use such properties in order to tune specific reactivities that may allow for their use as molecular
catalysts. Therefore, when compared to heterogeneous materials,” 3d-based molecular catalysts
become very relevant for their unsurpassed tenability. Furthermore, they also present themselves as
affordable alternatives to less abundant 4d and 5d congeners in catalytic reactions such as H,
formation from water or protons."® Cobalt, nickel and copper complexes are of special interest for
hydrogen evolution reactions (HER), because they display accessible low oxidation states required
during the catalytic cycle.”" The general mechanism of H, production involves a one-electron
reduction from M" to M', followed by the transfer of two electrons to a H* to form a M"-H" hydride
species. Upon an additional one-electron reduction, a M"-H™ species is generated, which finally
interacts with another H* to yield H,, while the M" catalyst is regenerated.®'® Nonetheless, reaching the
energetically demanding M" oxidation state in nickel and copper catalysts is questionable, and the
reduction of [M"(L)] to [M'(L)] and to [M°(L)] or [M'(L")] is equally accessible.""??
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The nature of the ligands play a major role in a catalyst performance, as accessibility of
intermediates with different oxidation state might be preferred with certain ligand systems. Coordination
number, nature of the donor atoms (N, O, S, P), size and number of chelate rings and the presence of
electron-donor/acceptor substituents are among the main parameters that can be easily modified in a
catalyst to achieve water solubility, robustness and high efficiencies required for HER. So far, a
number of five-coordinate catalysts of cobalt, nickel and copper with N,O-donor ligands has been
investigated. >'%% It is expected that the chelate effect of such ligands minimizes degradation, while a
‘free’ coordination position is available for substrate binding. Despite several important
accomplishments, most catalysts lack solubility, lose efficiency, or decompose in water.

On the other hand, nickel and copper complexes with four-coordinate ligands are less common in
HER investigations.®'®?°?” Here, we describe a series of three nickel complexes, [Ni(L')(Cl)2].2H.0 (1),
[Ni(L?)(CI)2].H,0 (2), and [Ni(L%)(Cl),].H20 (4), and two copper complexes, [Cu(L?)(ClO4)]CIO, (3) and
[Cu(L®)(CI0,)]Cl04.2H,0 (5), with the 1,2-bis((pyridine-2-ylmethyl)-azaneyl)ethane framework (L") and
the equivalent counterparts containing methyl (L?) and methyl/methoxy (L%) substituents (Scheme 1).
The methyl and methoxide substituents have an inductive electron donor effect, which is expected to
increase the electron donating ability of the ligands in the order: L' < L2 < L3.%% Thus, the effects of
the ligands on electron density of the metal center, the redox behavior and reactivity of the complexes
towards HER were investigated.

OCH3 OCH3 —|+
Z Z 7z —|+ H3C Z CH3 H3C 7z CH3
| | | o o
H. N HsC. N HaC. N HsC. N HaC. N
N cl N
[N\rl\u“/CI [N\llxu"/CI [N\cl:u“ 0CIO, [ \l|\li”/ [ \ICu” 0CIO,
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[NI(L")CI5]2H,0 (1) [Ni(L2)Cl,]H,0 (2)  [Cu(L2)(CIO,)ICIO, (3)  [NI(L3)Clo]H.0 (4)  [Cu(L3)(CIO,)ICI04.2H,0 (5)

Scheme 1. lllustration of the 3d® nickel(Il) and 3d° copper(ll) complexes 1-5.

Results and Discussion

Synthesis and characterization

Ligands L' and L? were obtained by previously described procedures,*'**® while L® was synthesized by
treatment of N,N-dimethylethylenediamine with 2-chloromethyl-4-methoxy-3,5-dimethylpyridine
hydrochloride in dichloromethane. Complex [Ni(L")Cl,].2H,O (1) was synthesized by treating L' with
[Ni"(H,0)]Cl, in ethanol and the product was crystallized using diethyl ether vapor diffusion.
Complexes [Ni(L?)Cl;].H20 (2) and [Cu(L?)ClO4].CIO, (3) were synthesized by reported procedures.*’
Complex [Ni(L*)CI,].H,0 (4) and [Cu(L?)ClO4].Cl04.2H,0 (5) were synthesized by adding ligand L° to a
solution of [Ni"(H,0)]Cl, and [Cu"(H,0)sl(CIO,), in methanol respectively. The complexes were
characterized spectroscopically by FTIR and 'H-NMR methods, as well as by elemental analysis and
electron spray ionization mass spectrometry (ESI-MS). The ESI-MS spectra of complexes 1, 2, and 4
in MeOH showed m/z* peaks at 335.0, 363.2, and 479.3, respectively, for [Ni'(L")(CI)]", [Ni"(L®)(CI)]*,
and [Ni"(L®)(CI)]". For complexes 3 and 5, the m/z* peaks in MeOH were observed at 432.1 and 548.2
for the species [Cu"(L?)(ClO,)]" and [Cu"(L®)(CIO,)]", respectively. The NMR spectra of complexes 1, 2,
and 4 displayed broad peaks associated with paramagnetic species; hence they are not square planar
in geometry. The crystal structures of complex 2 and 3 were described elsewere,*'** The structure of 2
was solved by the late Ribak-Akimova®* and revealed the nickel center coordinated to L® and two
chloride anions in a distorted octahedral geometry. The two chloro atoms are cis to each other and
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trans to the ethane-1,2-diamine nitrogen atoms, while the two pyridine rings are mutually frans. One
water molecule was found in the second coordination sphere. Complex 3 was solved by one of us?®’
and shows a copper center in a distorted square-pyramidal geometry (t = 0.35), with four nitrogen
atoms of L? in the base of the pyramid and one oxygen atom from a weakly coordinated perchlorate
counterion in the axial site (Cu-O, 2.2459 A). Repeated attempts to obtain X-ray suitable single crystals
for complexes 1, 4 and 5 have been unsuccessful.

Electronic and electrochemical properties

The electronic absorption spectra of 1, 2, and 4 were recorded in MeOH due to the limited solubility in
MeCN (Table 1, Figures 1, S1, S2 and S4). The complexes show a pronounced band at 263 nm (¢ =
5600 - 8300 M'cm™) due to intraligand charge transfer. The molar absorptivity of this band increases
with the electron donating ability of the ligand with no change of the wavelength.

Table 1. UV-visible spectroscopic data for 1-5.

Complex A max, Nnm / (g, m* cm'1)
1° 263 (5689), 309 (133), 578 (7), 948 (13)
2° 263 (6600), 300 (202), 601 (7), 988 (12)
3° 262 (10500), 283 (4700), 620 (240)
42 263 (8266), 612 (6), 988 (12)
5° 262 (11616), 285 (5700), 620 (258)

(a) In methanol; (b) in acetonitrile

Complexes 1 and 2 show an extra intraligand charge transfer band at = 300 nm (¢ = 130 - 200 M"'cm™)
compared to 4. For 1, the absorption at = 300 nm appears as a well-defined band, while a shoulder is
observed for 2. Although complexes 1, 2, and 4 do not show obvious metal/ligand CT bands, two low-
intensity d-d transitions are observed at = 600 nm (e = 7, *T, € °A;) and = 950 nm (e = 12, °T, (F) €«
®A,).%* As a consequence of an increasing electron donating ability, the d-d bands for complex 1 at =
600 and = 950 nm are red shifted to = 610 and 990 nm, respectively in 2 and 4. Because the latter
complexes show similar shifts, it is possible to conclude that the most relevant way to affect such

change is by functionalizing the amine nitrogen atoms, leading to destabilization of the dtr-orbitals.
31,34,37
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Figure 1. UV-visible spectra of the complexes showing d-d transitions: (a) Complexes 1, 2, and 4 (MeOH, 1 x 10 M); (b)
Complexes 3 and 5 (MeCN, 2 x 10 M).

The UV-visible spectra of complexes 3 and 5 were recorded in MeCN (Figures 1, S3 and S5) and
show a prominent band at 262 nm (¢ = 10500 - 11600 M™'cm™), which can be assigned to an
intraligand charge transfer. The molar absorptivity of this band increases with the electron donating
ability of the ligand. Another intraligand band appears as a shoulder at 285 nm (e = 4750-5580 M'cm’
') for both complexes. The weak broad absorption observed at 620 nm (e = 260 M"'cm™) in 3 and 5 is
attributed to d-d transitions of the 3d° Cu(ll) center.®®

To understand the effect of the electron donating groups on the redox activity of the complexes,
cyclic voltammograms were taken in MeCN (Figure S6, Table 2). Complexes 1, 2, and 4 exhibited
reduction waves at -1920, -2000, and -2170 mVgqe. respectively, assigned to Ni'/Ni' reduction **°
These potentials suggest that the more electron donating the ligand is, more negative the potential of
the Ni'"/Ni' couple will be.?* Therefore, the Ni'/Ni' process becomes harder to achieve in the order: 1 < 2
< 4. A similar trend was observed for the Cu'/Cu' processes, in which the Eq,; of 3 appears at -480
MVegre', Whereas the Eq, of 5 appears at -550 mVeqe.'. Likewise, as the electron donating capability of
the ligands increases, the potential for the Ni'/Ni" couple is expected to decrease. The processes
associated with the Ni"/Ni" oxidation were observed at 730, 640, and 700 mVgqr. for complexes 1, 2,
and 4.*? As expected, the potential for Ni"/Ni" oxidation decreases from complex 1 to 2. Nonetheless,
from complex 2 to 4, the potential increases. This result suggests that the p-OCHs3/(m-CHs),
substituents in the pyridines have a different impact on the oxidation potential of nominal Ni"/Ni".
Studies show that electron donating groups on the para position of the pyridine in polypyridine ligand
systems are capable of lowering the M"/MI" oxidation potential.*’** However, the m-methyl substituents
in 4 can increase the oxidation potential of the M"/M" process due to steric constraints.***® Thus, it is
possible that the steric effect of the meta-substituted methyl groups partially neutralizes the electron
donating effect of OMe groups at the para position of the pyridine arms. An opposite effect has also
been observed for cobalt and iron complexes with L' and L% The M"/M" potential became more
positive for the complexes with the methylated L? ligand, which has been assigned to the steric
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constraints caused by the CH; groups.*” In contrast to the nickel complexes, oxidation processes
associated with the Cu"/Cu" couple could not be observed in the CVs of complexes 3 and 5.

Table 2. Cyclic voltammetric data for complexes 1-5 in MeCN.

Complex M"™M/mVegrer MM/ mVecrc

1 Epa = 730 Epc =-1930
2 Epa = 640 Epc =-2000
3 -— E1/2= -480; AE= 70 ;]ipc/ipal=
0.42
4 Epa = 700 Epc =-2170
- E1/2= -550; AE= 110 ;|ipc/ipal=
0.43

Reactivity Studies

Electrocatalytic proton reduction: The catalytic activity of 1-5 was probed by cyclic voltammetry in
MeCN, in the presence of 0 to 10 equivalents of acetic acid as the proton source (Figure S7). For
complexes 1, 2, and 4, the current associated with the Ni'/Ni' couple increases with the increasing
amounts of acid. This behavior suggests that catalysis is related to the Ni'/Ni' reduction process.
Controlled experiments in the absence of the complexes (Figure S8) produced negligible catalytic
peaks at more negative potentials, validating the catalytic activity of the Ni' species. To support the
association between the catalytic peaks in the voltammograms and the H, production, bulk electrolysis
(BE) experiments were performed with 100 equivalents of acetic acid, using a Hg pool working
electrode (WE) at an applied potential of -1700 mVagagciin MeCN. For complexes 1, 2, and 4, turnover
numbers (TON) of 12, 10, and 4.5 were achieved with Faradaic efficiencies (% FE) of 81, 34, and 38
%, respectively, after 3 h catalysis (Figure 2). These results indicate a correlation between the Ni'"/Ni'
reduction process, TONs and Faradaic efficiencies. In other words, the increasing electron-donating
capability of the ligands leads to more negative potentials, which lower TONs and Faradaic
efficiencies. For the copper complexes 3 and 5, an increase in catalytic current after a successive
addition of acid aliquots was also observed, but at more negative potentials (= 2200 mVeyec'). The
increasing current of multiple reduction processes (Figure S7) suggest that ligand-based redox
processes may be involved.?’ Bulk electrolysis for 3 and 5 yielded TONs of 4 and 3 with faradaic
efficiencies of 32 and 27 % respectively. Despite the differences in electron-donating capabilities of L2
and L3 the catalytic activity of both complexes is similar, suggesting the generation of ligand-based
radicals that lead to catalyst deactivation under acidic conditions.
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Figure 2. Charge vs. time plot for 3 h BE in MeCN at -1700 mVagagci (a) for complexes 1, 2, and 4; (b) for complexes 3 and 5.
Catalyst (5 x 10 mol), acetic acid (100 equivalents), electrodes: Hg pool (WE), Ag/AgCI (RE), Pt wire (AE).

Electrocatalytic water reduction: The activity of complexes 1-5 as potential catalysts for water
reduction was evaluated by CV experiments in phosphate buffer (1 M, pH 7) using a mercury pool
working electrode.”*?! In the absence of the complexes, H, was generated at -1850 mVagagci. In the
presence of the nickel complexes, the peak associated with the H, production shifted anodically to
-1500, -1550, and -1600 mVagaqci (Figure 3a), respectively for 1, 3, and 4. Thus, these complexes are
catalytic towards water reduction, with onset overpotentials of 880, 930, and 980 mV. It seems that the
cathodic shift of the catalytic peaks correlates with the Ni'/Ni' reduction potentials, which is associated
with the increasing electron donating capability of the ligands in 1, 3, and 4. For the copper complexes,
the catalytic peak shifted to -1520 and -1600 mVagagci With onset overpotentials of 900 and 980 mV for
3 and 5, respectively (Figure 3b). The thermodynamic potential for H" to H, was taken as -617 mVagagci
in pH 7 aqueous solution.”®  In order to confirm the onset overpotential, BE experiments were
performed in phosphate buffer (1 M, pH 7) with a mercury pool working electrode. During the
experiments, overpotentials varying from 180 mV to 1200 mV were applied for three minutes at each
interval. Negligible charge consumptions were measured for complexes 1-5 below 780, 830, 880, 980,
and 930 mV, respectively (Figures S9-S13). Thus, the onset overpotential for the nickel complexes is
783 mV for 1, 830 mV for 2 and 980 mV for 4. For the copper complexes, the onset overpotential is
880 mV for 3 and 930 mV for 5. According to these results, a stronger electron donating capability of
the ligand leads to a higher onset overpotential.

To confirm that the catalytic peaks observed in the cyclic voltammograms (Figure 3) are associated
with the reduction of water to H,, BE experiments were performed at -1700 mVagagci in phosphate
buffer (1 M, pH 7). Under these conditions, the nickel complexes 1, 2, and 4 gave TONs of 950, 528,
and 147 with Faradaic efficiencies of 96, 82, and 82 %, respectively, after 3 h of catalysis (Figure 4a).
Under the same conditions, the copper complexes yielded TONs of 840 and 230 with Faradaic
efficiencies of 72 and 64 % for 3 and 5, respectively (Figure 4b). UV-visible absorption spectra
recorded before and after catalysis (Figure S14) revealed that a significant change in the spectral
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features was observed for complexes 1, 2, 3 and 5, suggesting that decomposition takes place during
the catalytic cycle. These changes were not observed for complex 4.
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Figure 3. Cyclic voltammograms of the complexes in water (pH 7, 1 M phosphate buffer); (a) For complexes 1, 2, and 4. (b)
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Figure 4. Charge vs. time plot for 3 h BE in phosphate buffer (pH 7) at -1700 mVagagci (a) for complexes 1, 2 and 4. (b) for
complexes 3 and 5. Catalyst (0.2 x 10° mol), Electrodes: Hg pool (W), Ag/AgCI (R), Pt wire (A).
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Photocatalytic water reduction: Complexes 1-5 were tested for hydrogen generation in water/EtOH
(1:1) at pH = 12, using green light (520 nm), fluorescein (1 x 10> M) as the photosensitizer and
triethylamine (TEA 5 % v/v) as the sacrificial electron donor.?® The nickel complexes yielded turnover
numbers of 310 for 1, 365 for 2 and 196 for 4, while the copper complexes 3 and 5 yielded TONs of
128 and 98, respectively, in a 24 h period. The pH variations from 10 to 13 revealed an optimal
performance at pH 11 for 1, 3 and 5 and at pH 12 for 2 and 4. The influence of the catalyst
concentration (1 - 30 x 10° M) on photocatalysis was evaluated for the nickel complexes using
fluorescein (1 x 10° M) and TEA (5% v/v) constant concentrations in water/EtOH (1:1) at pH 11 for
complex 1 and pH 12 for complexes 2 and 4. The higher TONs (5640 for 1, 5120 for 2, and 4970 for 4,
in 24 h) were observed for the lowest concentration of the catalyst (1 x 10°® M) (Figure 5a). Similar
behavior was observed for the Cu complexes when the concentration varied from 5 - 60 x 10° M,
yielding TONs of = 1000 in 24 h for both 3 and 5 (Figure 5b). As observed previously for the
electrocatalysis experiments, a correlation between the TONs and the electron donating capability of
the ligands was observed for the nickel but not for the copper complexes.

Decomposition of the catalysts during the photocatalysis experiments to form metal colloid was
evaluated by adding 0.1 mL of elemental mercury to the reaction vessel.”" It has been established that
nanoparticles lose catalytic activity via Hg poisoning. As such, if the catalysis is molecular no change
should be observed in presence of Hg. On the other hand, if catalytic activity is solely due to active
nanoparticles, generation of hydrogen should cease upon addition of the metal. Interestingly, the
catalytic activity of 1 and 2 has decreased to ~ 50%, while that of 4 decreased only marginally (~ 10%).
Decomposition of 1 and 2 takes place during the catalytic cycle (see UV-visible data on Figure S14).
This decomposition is likely linked to the formation of nanoparticles that get deactivated in presence of
Hg. Compound 4 seems to be a genuine molecular catalyst.

These results indicate that partial catalyst conversion takes place. Nonetheless, the continued
catalytic activity in the presence of elemental mercury suggests that molecular-based photoconversion
of water into dihydrogen takes place in some extent. In contrast to the nickel complexes, no hydrogen
generation was observed for complexes 3 and 5 in the presence of Hg, which indicates that copper
metal particles are the catalytic active species.
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Figure 5. Variation of the photocatalytic TONs with concentration for 1-5.
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Density Functional Theory Evaluation of Decomposition Pathways: The catalysts were
investigated by DFT calculations. The B3LYP density functional was used as it provides reliable results
for 3d metal-containing water/proton reduction catalysts.' '> 2% 2! |n addition, the B3LYP-calculated
structures for 2 and 3 match nicely with the available crystallographic structures (Tables S1 and S2).
For complex 3 shown in Figure 6 a four-coordinate Cu" center was used as a simplified model. Upon 1-
electron reduction, the Cu' species 3A is generated with Cu-L bond distances significantly elongated
(Cu-N2 = 2,53 A and Cu-N3 = 3.36 A). Additionally the N1-Cu-N4 angle becomes highly distorted
(157.7°) in 3A. Solvation and dissociation of the ligand L? might follow to form a pseudo-tetrahedral 3B
species. As shown in Figure 6, this process is energetically accessible. The Cu' species, obtained from
the reduction of Cu" in water, can also disproportionate to Cu® and agglomerate to form nanoparticles,
leading to the decomposition of the molecular catalyst.

2+ 1+
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N/ \ 7/ \./ \ 7 B
N2 N3 N2 N3
AN 4 . S
Jeu! e, _cul
Z N1 N4 ™ Z>N1 N4
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N\

Free Ligand 3B

Figure 6. DFT calculated mechanistic pathway for the decomposition of Cu catalyst 3 in water.

The decomposition pathway for 1 is depicted in Figure 7. The calculated results indicate that the
high spin Ni" catalyst can undergo a one-electron reduction at -2.43 Veqr.'. The loss of chlorides in the
Ni' complex is thermodynamically favored by AG = 30 kcal/mol. For the resulting complex 1B, a
pyridine-Ni bond breaks and a water molecule coordinates to the nickel center, giving rise to 1C. This
process is accessible at room temperature and energetically uphill by only AG = 7 kcal/mol. Therefore,
a significant concentration of 1C may be present in the reaction mixture. The formation of a hydrogen
bond with the coordinated water molecule in 1C may facilitate the reduction of the uncoordinated
pyridine at a potential of -2.35 Vgyr.". Then, the electron rich uncoordinated pyridine can accept a
proton from the coordinated water molecule to generate 1D, which is unproductive for hydrogen
evolution.
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Figure 7. DFT calculated deactivation pathway for the Ni complex 1 in water.
Conclusions

This study evaluates the effect of electron donating groups on the spectroscopic, redox behavior, and
reactivity of nickel and copper complexes. The ligand design was chosen in order to identify the
peculiarities of four-coordinated systems that are water-soluble. The redox potential for the M'"/M'
process became more negative, as a consequence of an increasing electron donating capability of the
ligands (L'< L?< L%). The reactivity of the complexes acting as catalysts in proton and water reduction
also reflected the variations in electron density. In the electrocatalytic proton reduction experiments,
the TONs of the nickel complexes decreased with the increasing electron donating capability of the
ligands. Interestingly, ligand variation did not have the same effect on the copper complexes; this may
be associated with the deactivation of the catalysts under acidic conditions. The potential of the
catalytic peak, and thus the onset overpotential in the electrocatalytic water reduction experiments also
became more negative with the increasing electron donating capabilities of the ligands for both nickel
and copper complexes. In these experiments, both TON values decreased in the order 1 >2 >4 and 3
> 5. During photocatalytic water reduction, the TONs decreased with an increase of the catalyst
concentration for both nickel and copper complexes. Moreover, the TON values only correlate with the
electron donating effect of the ligands for the nickel complexes (TON: 1 > 2 > 4), and at the lowest
concentrations of the complex. Thus, these results suggest that catalyst deactivation is also
concentration-dependent. In fact, the addition of Hg to the BE experiments revealed a decrease in the
catalytic activity of 1 and 2 by ca. 50 % indicating that both molecular and nanoparticle H, generation
are operational. For compound 4, however, Hg poisoning led to negligible deactivation fully supporting
molecular-based catalysis. This result shows that deactivation and decomposition of molecular
catalysts can be mitigated by means of appropriate tuning of the electronic and steric properties of the
ligand. For the copper complexes, H, evolution was not observed in the presence of Hg, suggesting
that copper particles are the catalytically active species in the photocatalytic water reduction
experiments. These results provided strong evidence that ligand functionalization affects efficiency and
robustness of the catalysts.

Experimental Section

General. Reagents and solvents were used as received from commercial sources. 'H-NMR spectra
were recorded in a Mercury FT-NMR 400 MHz instrument using CDCI; or CD3;CN as the solvent.
Electron spray ionization mass spectrometry (ESI-MS) data was obtained in a triple quadrupole
Micromass Quattro LC equipment. The elemental analysis (C, H, and N) was performed using an
Exeter analytical CHN analyzer by Midwest Microlab, Indianapolis, IN, USA. UV-visible spectra were
recorded in acetonitrile, methanol or pH 7 phosphate buffer solutions and obtained in a Varian Cary 50
spectrophotometer in the range of 200 to 1650 nm with quartz cells at room temperature. Values of €
are givenin M cm™.

Synthesis

Synthesis of the ligands: Ligands L' and L?were reported elsewhere and synthesized accordingly.
Ligand L® was synthesized by following a similar route. A solution of potassium carbonate (2.55 g, 18.4
mmol) in water (10 mL) was added dropwise to a solution of 2-chloromethyl-4-methoxy-3,5-
dimethylpyridine hydrochloride 2.03 g (9.15 mmol) in 10 mL of water. Addition of potassium carbonate
resulted in the formation of a very thick white precipitate. More water (50 mL) was added into the
reaction mixture that was stirred at room temperature for additional 30 minutes. Then, the product was
was extracted with dichloromethane (3 x 20 mL). The combined dichloromethane layer was treated

31-33
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with anhydrous sodium sulfate, filtered and the solvent was removed by rotary evaporation. The
collected light brown oil was dissolved in dichloromethane (10 mL). The 2-(chloromethyl)-3,4-
dimethoxypyridine solution in dichloromethane was added dropwise to a solution of N,N-
dimethylethylenediamine 0.471 mL (5.34 x 10 mol) in the same solvent (15 mL). An aqueous solution
of 1 M sodium hydroxide (10 mL) was slowly added into the solution and stirred for an additional 60 h
at room temperature. After 60 h of stirring followed by the rapid addition of a second fraction of
aqueous 1 M sodium hydroxide (10 mL, 1 x 10?mol), the product was extracted with dichloromethane
(3 x 25 mL). The combined organic layers were dried over anhydrous sodium sulfate and filtered. The
excess solvent was evaporated under vacuum to afford a brown colored viscous oil (yield: 1.84 g, 89
%). "H NMR (500 MHz, Methanol-d,) & 8.10 (s, 2H, pyridine ring), 3.78 (s, 6H,-O-CHs-Py), 3.59 (s, 4H,
benzylic -CH,-Py), 2.57 (s, 4H, -CH,-CHy-), 2.28 (s, 6H, CH3-Py), 2.24 (s, 6H, CH3-Py), 2.17 (s, 6H, N-
CH3); ™C NMR (126 MHz, Methanol-d;) 3 164.81 (s, pyridine), 156.38 (s, pyridine), 147.27 (s, C-H
pyridine), 126.89 (s, pyridine), 125.84 (s, pyridine), 61.67 (s, N-CH»-Py), 59.03 (s, Py-O-CHj3) 55.06 (s,
-CH,-CH3-), 41.56 (s, N-CH3) 11.92 (s, CH3-Py), 9.87 (s, CH3-Py)

Synthesis of the metal complexes: [Ni(L")(Cl)2].2H,0O (1) was synthesized with a slight modification of a
reported procedure.** A solution of [Ni"(H,0)]Cl, (0.12 g; 0.50 mmol) in ethanol (2 mL) was heated to
70°C for 15 min and added to the solution of L' (0.12 g; 0.50 mmol) in ethanol (2 mL). The resulting
blue solution was cooled to room temperature and slow evaporation with diethyl ether yielded blue
color crystals (yield: 60%). ESI-MS in MeOH: m/z* = 335.0 for [Ni"(L')(CI)]'. Anal. calc. for
C14H2CIoNgNiO2: C, 41.22; H, 5.44; N, 13.73 %. Found: C, 41.18; H, 5.51; N, 13.48 %. The synthesis
of [Ni(L?)(Cl)2].H,0 (2) and [Cu(L?)(ClO,)].CIO, (3) is reported elsewhere.®' For complex 2, ESI-MS in
MeOH: m/z* = 363.25 for [Ni'(L%)(CI)]*. Anal. calc. for C1gH24CI,N4NiO: C, 45.98; H, 5.79; N, 13.40 %.
Found: C 46.20; H 5.74; N 13.83 %. For complex 3, ESI in MeOH: m/z* = 432.12 for [Cu'(L?)(CIO,)]".
Anal. calc. for C4gH22Cl,CuN4Og: C, 36.07; H, 4.16; N, 10.52 %. Found: C, 36.31; H, 4.25; N, 10.48 %.
Complex [Ni(L*)(Cl),].H,O (4) was prepared by adding the ligand L* (0.198 g; 0.512 mmol in 3 mL
methanol) dropwise to a stirring solution of [Ni"(H20)s]Cl, (0.122 g; 0.512 mmol) in methanol (5 mL). A
dark green solution was obtained upon addition. The solution was stirred for 15 min at room
temperature. Evaporation of solvent gave a dark green powder (yield: 91 %). For complex 4, ESI-MS in
MeOH: m/z* = 479.33 for [Ni"(L*)(CI)]*. Anal. calc. for CxHssCloN4NiOs. C, 49.47; H, 6.79; N, 10.49 %.
Found: C, 49.36; H, 6.65; N, 10.77 %. Complex [Cu(L?)(ClO4)].Cl04.2H,0 (5) was synthesized by
adding ligand L* (0.20 g; 0.51 mmol in 3 mL methanol) dropwise to a solution of [Cu"(H,0)s](CIO,),
(0.19 g; 0.51 mmol in methanol). The solution was stirred for 5 min at room temperature. A blue solid
was obtained once the solvent was evaporated under vacuum (yield: 41 %). For complex 5, ESI-MS in
MeOH: m/z* = 548.25 for [Cu'(L®)(ClO,)]*. Anal. calc. for CyHs4Cl,CuN4O¢o: C, 38.58; H, 5.59; N,
8.18 %. Found: C, 38.51; H, 5.34; N, 8.09 %.

Caution: Although we have not experienced any issues, perchlorate salts are potentially
explosive and should be handled in small quantities and with extreme care.

Electrochemistry and bulk electrolysis. The electrochemical behaviors of the complexes were
investigated with a BAS 50W potentiostat/galvanostat. Cyclic voltammograms were obtained at room
temperature in acetonitrile containing 0.1 M of n-BusNPFs as the supporting electrolyte under argon
atmosphere. The electrochemical cell employed three electrodes: glassy-carbon (working), platinum
wire (auxiliary) and Ag/AgCl (reference). The ferrocene/ferrocenium redox couple Fc/Fc* (E° = 401 mV
NHE) was used as the internal reference. Peak to peak potential separations (AEp = |Epc — Epal) and
liba / ipc| Values were measured to evaluate the reversibility of the redox processes.

Catalysis. Electrocatalysis was performed in the custom-made air-tight H-type cell under inert
conditions. The cell was comprised of two compartments separated by a frit. The working (mercury
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pool) and reference (Ag/AgCl) electrodes were placed on one side of the frit, while the auxiliary
electrode (coiled 12 inch Pt wire) was placed on the other side. During electrocatalysis, the cell was
purged with N, gas for 10 min., followed by a sampling of the headspace gas (1 x 10 L) to ensure an
O, free environment in the gas-chromatograph. For water reduction (phosphate buffer medium) 1 x 10
®M of 1-5 was used; for proton reduction (acetonitrile medium), 5 x 10° mol of 1-5 was used. The
volume of the phosphate buffer/acetonitrile used for electrocatalysis was 20 mL. The amount of
hydrogen generated was determined in a Gow-Mac 400 gas chromatograph (GC) equipped with a
thermal conductivity detector, and a 8 ft x 18 in., 5 A molecular sieve column operating at a
temperature of 60 °C. Nitrogen was used as a carrier gas at a flow rate of 30 mL.min™". The amount of
H, produced was quantified using a calibration curve of mol of hydrogen versus peak area. Turnover
numbers and the Faradaic efficiency of the metal complex were calculated from the amount of H,
released and the charge consumed.

Computational Methods. Electronic structure calculations were carried out with the Gaussian 09
software package® using B3LYP density functional.**>* The SDD basis set and effective core potential
% were used for Ni and Cu atoms and the 6-31G(d,p) basis set ***” was used for the other atoms.
Solvation effects in water were incorporated by using the implicit SMD solvation model % and were
included during structure optimization. All the optimized structures were confirmed as minima by
harmonic vibrational frequency calculations and the converged wave functions were tested for the SCF
stability. The zero-point energy and thermal corrections were included for the calculation of the free
energies. The standard states of 1 M concentration were considered for all the reactants and products
for calculating the free energies of reactions. The calculation of the reduction potentials of the
complexes included zero-point energy and thermal corrections and standard thermodynamic equation
AG = -nFE was used. The calculated potentials were referenced to a value of Eq; = 3.99 V for the
ferrocene/ferrocenium couple calculated under our level of theory.

Photocatalysis. Samples for photocatalysis were prepared in 15 mL vials with gas-tight screw caps
and septa. All samples were protected from light before use. The amounts of Ni catalyst and
fluorescein were varied depending on the conditions used. The pH of the solutions was adjusted using
NaOH and HCI as measured with a pH meter. The total volume of the samples was 10.0 mL. During
the photocatalytic process, the cell was purged with N, gas for 5 min followed by a sampling of the
headspace gas (1 x 10™ L) to ensure an O, free environment in the gas-chromatograph. The amount of
hydrogen generated was determined by a Gow-Mac 400 gas chromatograph. Nitrogen was used as
the carrier gas at a flow rate of 30 mL/min. The amount of H, produced was quantified using a
calibration curve of moles of hydrogen versus peak area. All of the photocatalytic samples were placed
in a water jacketed cell at 20 °C for irradiation with green light (green light emitting diode at 520 nm).
For the Hg poisoning test, the minimum required amount of mercury was used to inhibit the catalysts,
and this result supports the presence of molecular catalysis.
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The ligand substituents have a major effect on the redox potentials, catalytic
efficiency and robustness of the complexes in HER
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