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ABSTRACT: Previous studies of Co catalysts for H2 evolution
have shown opposite effects between the redox potentials of
Co centers and their catalytic properties such as the
overpotential and turnover frequency: Co catalysts with more
positive reduction potentials from structural modification
display insignificant changes in the overpotential for H2
evolution and require stronger acid for catalysis, and Co
catalysts with lower overpotentials show decreased turnover
frequency for H2 evolution. In order to explore the electronic
effects of a ligand scaffold on the catalytic properties for H2
evolution by a Co complex with a pentadentate ligand, N,N-
bis(2-pyridinylmethyl)-2,2′-bipyridine-6-methanamine (DPA-
Bpy), we replaced the pyridyls in DPA-Bpy with more basic
isoquinoline groups. In contrast to data from previously reported studies, in the current study, a Co complex with a more positive
reduction potential, resulting from the replacement of pyridyls with isoquinoline groups, leads to a lower overpotential and
higher turnover frequency for both electro- and photocatalytic H2 production in neutral aqueous solution.

■ INTRODUCTION

The potential use of H2 as a clean and renewable source of
energy requires the discovery of new catalysts for the
production of H2.

1 Catalysts for H2 production, especially
those based on earth-abundant metals such as Ni, Co, and Fe,
have been extensively studied over the past years.2 The design
of catalysts that operate in aqueous solution for the electro- and
photochemical production of H2 represents a great challenge
for future applications.3 For example, Co complexes based on
tetra- and pentadentate ligands have been reported for the
catalytic production of H2 in aqueous solution.3a,b,4

Previous studies of Co catalysts have provided important
insight into the structure−function relationship of catalytic
properties such as the overpotential and turnover frequency
(TOF) for H2 evolution.5 Structural modifications of Co
catalysts for H2 production demonstrated that the tuning of the
Co center to a more positive reduction potential with electron-
withdrawing groups results in an insignificant decrease in the
overpotential, while electron-donating groups on the axial
ligand trans to the Co−H species could greatly enhance the
catalytic current for H2 production because of the formation of
more basic Co−H species.5,6 For example, from voltammetric
simulations, Artero and co-workers reported an increase of 40-
fold and a decrease of 5-fold in the rate of H2 evolution by
cobaloxime catalysts when an electron-donating dimethylamino
and an electron-withdrawing N-tert-butylamido substituent
were introduced, respectively, in the para position of the axial
pyridine ligand.6a Furthermore, it has been shown that ligand

modification in Co-containing catalysts that lower the over-
potential leads to a decrease in the TOF for H2 evolution.

7

We reported the synthesis and characterization of mono-
nuclear Co complexes, [Co(DPA-Bpy)Cl]Cl (1a) and [Co-
(DPA-Bpy)(H2O)](PF6)3 (1b), where DPA-Bpy = N,N-bis(2-
pyridinylmethyl)-2,2′-bipyridine-6-methanamine, and investi-
gated the activity of 1b for electro- and photocatalytic H2

evolution in aqueous solution (Figure 1).8 Complex 1b
catalyzes electrolytic H2 evolution with an overpotential of
600 mV in a pH 7 buffer.
In comparison to pyridine, which has a pKa of 5.22,

isoquinoline is more basic with pKa of 5.46 because of the
resonance and inductive effects of the additional benzene
group.9 In order to investigate the electronic effects of a ligand
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Figure 1. Mononuclear Co complexes.

Article

pubs.acs.org/IC

© 2014 American Chemical Society 10094 dx.doi.org/10.1021/ic500840e | Inorg. Chem. 2014, 53, 10094−10100

pubs.acs.org/IC


scaffold and in an effort to improve the catalytic properties of
1b for H2 evolution, we replaced the pyridyls in DPA-Bpy with
more basic and more conjugated isoquinoline groups to yield
new Co complexes, [Co(DIQ-Bpy)Cl]Cl (2a) and [Co(DIQ-
Bpy)(H2O)](PF6)3 (2b), where DIQ-Bpy = N,N-bis-
((isoquinolin-1-yl)methyl)(6-(pyridin-2-yl)pyridin-2-yl)-
methanamine (Figure 1). In contrast to what has been observed
for cobaloxime catalysts, we report here that 2b displays much
higher activity than 1b in both electro- and photocatalytic H2
production. The more positive reduction potential of the Co
center in 2b results in a significantly lower overpotential and
higher TOF, as well as enhanced stability for electrolytic H2
evolution in neutral aqueous solution.

■ EXPERIMENTAL SECTION
All chemicals were purchased from Sigma-Aldrich and Alfa-Aesar
except as noted. Other reagents such as 1-methylisoquinoline, CoCl2·
6H2O, and 2,2′-dipyridyl were used as received without further
purification. Milli-Q water (18.2 MΩ) was used in all experiments.
Syntheses of (bromomethyl)isoquinoline and 6-(aminomethyl)-2,2′-
bipyridine were carried out following literature methods.10 Co-
(CH3CN)6(PF6)2 was prepared using a reported procedure.11 The
synthesis of N,N-bis[(isoquinolin-1-yl)methyl][6-(pyridin-2-yl)-
pyridin-2-yl]methanamine (DIQ-Bpy) was accomplished as described
in the literature.12

UV−vis absorption spectra were measured with a HP-8452A diode-
array spectrometer. Electrospray ionization mass spectrometry (ESI-
MS) spectra were obtained from a Thermo Electron LCQ Advantage
liquid chromatograph−mass spectrometer. Elemental analyses were
done by Atlantic Microlab, Inc., Atlanta, GA. All of the experiments
were conducted under an Ar atmosphere unless noted otherwise. The
amount of H2 produced was determined by gas chromatography using
a HP 5890 series II gas chromatograph with a thermal conductivity
detector (molecular sieve 5 Å column).
Cyclic voltammetry (CV) measurements were performed with a

CH Instruments potentiostat (model 660) in 0.1 M tetrabutylammo-
nium hexafluorophosphate (Bu4NPF6) in acetonitrile using ferrocene
(Fc; E1/2 = 0.64 V vs SHE) as an internal reference.13 A 0.1 M
Britton−Robinson buffer or a 1.0 M pH 7.0 sodium phosphate buffer
was used with glassy carbon or a BASi controlled-growth mercury
electrode as the working electrode, Pt wire as the counter electrode,
and Ag/AgCl as the reference electrode in 3 M KCl and 0.1 M
NBu4PF6 in acetonitrile for aqueous and nonaqueous solution,
respectively. Following literature protocol, controlled potential
electrolysis was conducted in an H-type gastight dual-compartment
cell in a 1.0 M sodium phosphate buffer at pH 7.8b Faradaic efficiencies
of H2 production at a 50 μM catalyst were determined at applied
potentials of −1.2, −1.3, and −1.4 V vs SHE. The volume of H2
produced during electrolysis was determined by a gas buret. The
electrolysis experiments were performed at 22 °C, and the vapor
pressure of water at 22 °C (19.8 mmHg) was corrected in calculating
the current efficiency of H2 production.
Synthesis of [Co(DIQ-Bpy)Cl]Cl·H2O (2a·H2O). To a Schlenk

flask containing a degassed solution of DIQ-Bpy (0.2 g, 0.428 mmol)
in CH3CN (50 mL) was added dropwise a 50 mL CH3CN solution of
CoCl2·6H2O (0.102 g, 0.428 mmol) through an addition funnel. The
reaction mixture was stirred overnight at room temperature under an
Ar atmosphere. The resultant reaction mixture was filtered through
Celite under an Ar atmosphere using a cannula, and the solvent was
removed under reduced pressure. The resulting brownish-orange solid
was dissolved in a minimum amount of degassed methanol and
precipitated with degassed diethyl ether. After removal of ether, the
resulting precipitate was washed with ether a few times to yield
complex 2a as a brownish-orange solid (0.24 g, 94%). ESI-MS: m/z
561.11 (calcd m/z 561.30 for [Co(DIQ-Bpy)Cl]+). Anal. Calcd for
C31H25Cl2CoN5·H2O: C, 60.50; H, 4.42; N, 11.38. Found: C, 60.76;
H, 4.49; N, 11.29. Absorption maxima (λmax, nm): 305, 387 (br).

Synthesis of [Co(DIQ-Bpy)(OH2)](PF6)3·2H2O (2b·2H2O). To a
solution of 2a (0.15 g, 0.25 mmol) in 20 mL of water was added
dropwise a solution of AgPF6 (0.22 g, 0.84 mmol) in 10 mL of water
under an Ar atmosphere. The reaction mixture was refluxed for 12 h.
After the precipitate was filtered through Celite, water was removed
under reduced pressure, and the residue was dissolved in a minimum
amount of methanol, washed with diethyl ether, and dried under
vacuum to produce a pinkish-yellow solid as complex 2b (0.19 g,
77%). 1H NMR (D2O, 500 MHz): δ 5.72 (s, 2H, bipyridyl methylene
H8), 6.03 (d, J = 16.8 Hz, 2H, axial isoquinoline methylene H1), 6.11
(d, J = 16.8 Hz, 2H, equatorial isoquinoline methylene H1), 6.74 (d, J
= 6.6 Hz, 2H, iq-H6), 7.39 (d, J = 7.9 Hz, 1H, bpy-H9), 7.70 (d, J =
6.6 Hz, 2H, iq-H7), 7.84 (t, J = 7.0 Hz, 2H, iq-H4), 7.90 (d, J = 8.2 Hz,
2H, iq-H2), 7.94 (d, J = 7.0 Hz, 2H, iq-H5), 8.08 (t, J = 7.9 Hz, 1H,
bpy-H10), 8.21 (t, J = 8.2 Hz, 2H, iq-H3), 8.22 (t, J = 4.9 Hz, 1H, bpy-
H14), 8.40 (d, J = 7.9 Hz, 1H, bpy-H11), 8.73 (t, J = 7.8 Hz, 1H, bpy-
H13), 8.84 (d, J = 8.1 Hz, 1H, bpy-H12), 8.98 (d, J = 4.9 Hz, 1H, bpy-
H15). ESI-MS: m/z 688.28 (calcd m/z 688.11 for [Co(DIQ-
Bpy)(OH)(PF6)]

+). Anal. Calcd for C31H27CoF18N5OP3·2H2O: C,
36.67; H, 3.08; N, 6.90. Found: C, 36.58; H, 3.13; N, 6.70. Absorption
maxima (λmax, nm): 305, 468.

General Procedure for Photocatalytic H2 Production. For
photocatalytic H2 evolution, each sample was prepared in a 130 mL
rectangular flask containing 10 mL of a 1.0 M pH 5.0 acetate buffer in
the presence of photosensitizer [Ru(bpy)3]Cl2 (0.5 mM) and
sacrificial electron-donor ascorbic acid (0.1 M). The reaction flask
was sealed with a septum, degassed under vacuum, and flushed with Ar
gas to remove any oxygen present in the flask. After the addition of a
catalyst (5.0 μM), the flask was degassed again before irradiation. The
samples were irradiated by LED light (Cree 3-Up XP-E, 450 nm) at
room temperature (22 °C) at constant stirring.

The photolysis experiment to investigate the decomposition process
by ESI-MS was carried out in a solution containing 50.0 μM 1b,
ascorbic acid (0.1 M), and [Ru(bpy)3]

2+ (0.5 mM) in a 1.0 M
ammonium acetate buffer (pH 5) under irradiation by LED light
(Cree 3-Up XP-E, 450 nm). Before and after photolysis at certain time
intervals, the photolysis solution was taken by a syringe and extracted
with dichloromethane. Upon removal of dichloromethane under
vacuum and dissolution in methanol, the resulting solution was
analyzed by ESI-MS.

Density Functional Theory (DFT) Calculations. All DFT
computations were performed using a pure functional: PBEPBE14

(the 1996 exchange and gradient-corrected correlation functionals of
Perdew, Burke, and Ernzerhof) via the Gaussian 0915 software package,
version C01. In basis set 1 (BS1), the Co atom used the effective core
potential and associated basis set of the Couty and Hall modified
LANL2DZ16 and all other atoms used the 6-31G (d′)17,18 basis sets.
All geometries are fully optimized and confirmed as minima by
analytical vibrational frequency calculations with PBEPBE/BS1. The
density fitting approximation, via the keyword AUTO, for the fitting of
the Coulomb potential was used for all computations. The SMD19

continuum solvation model via the self-consistent reaction field
(SCRF) keyword was used to approximate the solvation effects
associated with water as solvent. Computations of the solvation energy
were carried out from single-point calculations on gas-phase-optimized
geometries with default parameters. The thermodynamic Born−Haber
cycle was used to calculate the one-electron redox potentials of Co
complexes based on the computational results of reduced and oxidized
forms of Co complexes (Scheme 1).

=
−Δ

−E
G

nF
SHErxn

rxn
(1)

where the change of the Gibbs free energy of the redox half-reaction in
solution, ΔGrxn, consists of the free energy change in the gas phase
(ΔGGP) and the solvation free energies of the oxidized and reduced
species (−ΔGOx,solv and −ΔGRed,solv, respectively). F is the Faraday
constant, namely, 23.06 kcal mol−1 V−1, and n is the number of
electrons in the reaction (eq 1). The experimental value21 for the
solvation of a proton in water (ΔGH

+
,solv,water = −265.9 kcal mol−1) was

used to account for the loss of a proton to solvent water. The
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experimental value,22 −6.28 kcal mol−1, was used as the gas-phase
Gibbs free energy of a proton (ΔGH

+
,GP). While the most frequently

cited experimental value for the absolute standard hydrogen electrode
(SHE) is 4.44 V, the PBEPBE/BS1 DFT-computed value for the
absolute redox potential of SHE is 4.02 V, and this value was used as a
reference for the redox potential of Co complexes.

■ RESULTS AND DISCUSSION
Synthesis and Characterization. Mononuclear Co

complexes 2a and 2b were prepared following the literature
method for the synthesis of 1a and 1b (Scheme 2).8b The
reaction of DIQ-Bpy with CoCl2·6H2O in acetonitrile led to the
formation of 2a as a brownish-orange powder, which can be
converted to 2b by refluxing with excess AgPF6 in aqueous
solution.8b,12 Both 2a and 2b have been characterized by UV−
vis, mass spectrometry, and elemental analysis.
The 1H NMR spectrum of 2b, as shown in Figure S1 in the

Supporting Information (SI), suggests the presence of a
diamagnetic low-spin CoIII center. The two isoquinoline groups
in 2b display the same NMR features, suggesting the presence
of Cs symmetry with a plane containing the tertiary amine and
the bipyridine group in solution. These structural features of 2b
are similar to those of 1b and agree with the optimized
structure of 2b from DFT computations (Figure 2).8b

Compared to the free DIQ-Bpy ligand, coordination of the
Co ion resulted in the downfield shifts of all three methylene
groups, H2−H5, and H6−H15 in 2b (Figure S1 and Table S1
in the SI).12 Complex 2a shows absorption at 305 nm and a
broad peak at 387 nm, while 2b displays absorption at 305 nm
and a less intense peak at 468 nm, characteristic of the
CoIIIOH2 form (Figure S2 in the SI). The pKa value of the
coordinated water in 2b was determined to be 5.9 by fitting the
UV−vis absorbance changes at 468 and 480 nm in the range of
pH 2−8.6 (Figure S3 in the SI).8a,b

Electrochemical Studies. The cyclic voltammogram of 2a
in CH3CN displays three reversible redox potentials at 0.30,
−0.90, and −1.36 V (vs SHE), assignable to CoIII/II, CoII/I, and
CoI/0, respectively (Figure S4 in the SI). One additional redox
event was observed at more negative potential at −1.56 V (vs
SHE), possibly arising from ligand-based reduction (Figure S4
in the SI). The DIQ-Bpy ligand displays an irreversible
reduction at −1.99 V (vs SHE) in the same region (Figure
S4c in the SI). Under the same conditions, 1a displays redox

potentials at +0.35, −0.94, −1.53, and −1.86 V, while the DPA-
Bpy ligand shows an irreversible reduction at −1.96 V (vs SHE;
Figure S5 in the SI).8b The reversibility of the CoIII/II couple of
both 1a and 2a indicates the possibility that the Cl ion remains
coordinated to the CoII center, as has been suggested from the
chloride effect on the activity of cobalt polypyridine complexes
for H2 evolution.

23

Because of the more basic isoquinoline groups, the CoIII/II

couple of 2a occurs at a less positive redox potential than that
of 1a. In contradiction to that predicted based on the more
electron-donating isoquinoline groups, the redox potentials of
both the CoII/I and CoI/0 couples of 2a are more positive than
those of 1a. Previous studies have shown that an extended
conjugated ligand could help to stabilize low-valent Co centers,
resulting in higher redox potentials of the Co center.2f

Therefore, except for the CoIII/II couple, the substitution of
pyridyls in DPA-Bpy with isoquinoline groups in DIQ-Bpy
results in positive shifts of the redox potentials of 2a.
The redox properties of 2b were investigated in aqueous

solution at different pHs. As shown in Figure S6 in the SI, the
Pourbaix diagram24 of the CoIII/II couple shows a pH-
dependent redox potential change from pH 6 to pH 11.8
with a slope of 49.9 mV pH−1, consistent with a proton-coupled
electron-transfer process (CoIIIOH + H+ + e− → CoIIOH2). At
pH < 6 and pH > 11.8, the CoIII/II couple remains nearly
unchanged, corresponding to the redox processes of CoIIIOH2
+ e− → CoIIOH2 and CoIIIOH + e− → CoIIOH, respectively.
From the Pourbaix diagram, the pKa values of Co

IIIOH2 and
CoIIOH2 species can be derived as 5.9 and 11.8, respectively. At
pH 7, the CoIII/II couple of 2b has a redox potential of 0.14 V
(vs SHE), nearly the same as that of 1b (Table 1). When a
controlled-growth mercury electrode was used as the working
electrode, the cyclic voltammogram of 2b shows a redox
potential at −0.73 V (vs SHE), corresponding to the CoII/I

couple. The more negative potential at −0.82 V (vs SHE), after
the formation of CoI species, was tentatively assigned as the
CoIIIH/CoIIH couple (Figure 3), while we could not rule out
the possibility of the reduction of CoI to Co0 or ligand-based

Scheme 1. Thermodynamic Cycle20 Used To Calculate the
Redox Potentials

Scheme 2. Synthesis of Co Complexes

Figure 2. DFT-optimized structure of the cationic moiety of 2b. Color
code: yellow, Co; blue, N; red, O; gray, C; white, H.
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reduction. The formation of CoIIIH species from the
protonation of CoI has been proposed as a key intermediate
in the catalytic production of H2 by Co complexes.3f,7,25 Under
the same conditions, 1b displays redox potentials at −0.84 and
−0.96 V (vs SHE), corresponding to CoII/I and CoIIIH/CoIIH,
respectively (Figure S7 in the SI). Therefore, the replacement
of pyridyls with isoquinoline groups results in positive shifts of
110 and 140 mV for CoII/I and the proposed CoIIIH/CoIIH,
respectively. The more negative potentials of the CoIIIH/CoIIH
couples than those of the CoII/I couples of both 1b and 2b are
consistent with the potentials obtained from DFT computa-
tions (Table 1). When the Co complex is reduced, the gained
electron delocalizes over both Co and a ligand scaffold to yield
a structure with lower energy. The different effects of
isoquinoline groups on the redox potentials of the Co complex
2b result from the different distributions of the gained electron
on the whole structure. While the CoIII/II couple may be more
metal-based, there could be more contribution of the ligand in
the delocalization of added electrons in both the CoII/I and
CoIIIH/CoIIH (or CoI/0) couples.
The electrocatalytic production of H2 by 2b was investigated

using a mercury pool as the working electrode in an H-type
electrochemical cell.8b As shown in Figure 4, the cathodic scan
of 2b in 1.0 M sodium phosphate buffer at pH 7 shows an onset
potential at −0.90 V (vs SHE) with the simultaneous formation
of gas bubbles, suggesting electrocatalytic production of H2. No
significant current was observed at potentials more positive
than −1.5 V vs SHE in the absence of 2b (Figure 4). Under the
same conditions, 1b displays a lower current intensity than that
of 2b, demonstrating that 2b exhibits higher activity for the
electrolytic production of H2 (Figure 4). When a controlled-
growth mercury electrode was used as the working electrode,
we observed similar higher activity of 2b compared to 1b
(Figure S8 in the SI). The onset potential (−0.90 V vs SHE)
for 2b is more negative than the redox potential of the
proposed CoIIIH/CoIIH couple (−0.82 V vs SHE), indicating

that the formation of CoIIH may be required before H2
evolution.26

Overpotential for H2 Production. The overpotential for
the production of H2 is an important parameter to evaluate the
performance of various catalysts. However, there are no
established standard protocols to determine the overpotentials
for H2 production by molecular catalysts. Reported in the
literature, there have been a number of different ways to
determine the overpotential for catalytic H2 evolution,
including the use of onset, the half-maximum intensity, or the
peak potentials of a catalytic wave.27 From the charge buildup
over 200 s of bulk electrolysis at various potentials for H2
production by 1b, there is very little H2 production at
overpotentials less than 550 mV, while a significant amount
of H2 production could be observed at an overpotential of 600
mV.8b Following the same protocol, we carried out bulk
electrolysis for H2 production by 2b under the same conditions
as those of 1b. As shown in Figure S9 in the SI, no significant
amount of H2 production could be observed at overpotentials
less than 480 mV (−0.90 V vs SHE), and there is clearly H2
production at an overpotential of 530 mV (Figure S9 in the SI).
In a comparison to 1b, which catalyzes H2 production at an
overpotential of 600 mV, the substitution of pyridyls with
isoquinoline groups in 2b results in a significant decrease of 70
mV in the overpotential for H2 evolution in neutral aqueous
solution.8b

The current efficiency of H2 production by 2b was examined
from bulk electrolysis of 50 μM 2b at room temperature in a
1.0 M phosphate buffer at pH 7. At controlled potentials of
−1.4 and −1.3 V (vs SHE), the Faradaic efficiencies were
determined to be 99 ± 1% and 98 ± 1%, respectively, the same
as those obtained for complex 1b under identical conditions
(Table S2 in the SI). When controlled potential electrolysis was
carried out at −1.2 V, 2b shows a slightly lower current
efficiency of 96 ± 1%, while 1b shows a considerable decrease
to 84 ± 2%, suggesting that 2b is a more efficient catalyst for
electrolytic H2 production than complex 1b at lower applied
potentials (Table S3 in the SI). From the consumed charges
over 1 h of bulk electrolysis in the presence of 50 μM 2b at
−1.2 V (vs SHE) in a 1.0 M phosphate buffer at pH 7, the rate
for the evolution of H2 by 2b was calculated to be 1500 L of H2
(mol of cat)−1 h−1 (cm2 Hg)−1 (Figure 5) or a turnover number

Table 1. Experimental and Computed Redox Potentials of 1b
and 2b in Water at pH 7, E1/2, V vs SHE

CoIII/II a CoIII/II b CoII/I c CoII/I b
CoIIIH/
CoIIHc

CoIIIH/
CoIIHb

1b 0.15 0.09 −0.84 −0.68 −0.96 −0.74
2b 0.14 −0.03 −0.73 −0.59 −0.82 −0.73

aGlassy carbon electrode. bComputed redox potential. cMercury drop
electrode.

Figure 3. Cyclic voltammogram of complex 2b in a 1.0 M pH 7.0
phosphate buffer. Conditions: scan rate, 100 mV s−1; working
electrode, mercury; counter electrode, Pt wire; reference electrode,
aqueous Ag/AgCl.

Figure 4. Cathodic scan of a 1.0 M sodium phosphate buffer at pH 7.0
in the presence of 50 μM 1b (dashed line) or 2b (solid line) and in the
absence of catalyst (dotted line) (inset showing the enlarged window).
Conditions: scan rate, 100 mV s−1; working electrode, mercury pool;
counter electrode, Pt mesh; reference electrode, aqueous Ag/AgCl.
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(TON) of >300 mol of H2 (mol of cat)−1. Under the same
conditions, the rate of the evolution of H2 by 1b was calculated
to be 160 L of H2 (mol of cat)−1 h−1 (cm2 Hg)−1 (Figure 5), or
a TON of 30 mol of H2 (mol of cat)−1. Therefore, 2b is 9 times
as fast as 1b in electrocatalytic proton reduction in neutral
aqueous solution at an applied potential of −1.2 V (vs SHE).
When the controlled potential was conducted at −1.4 V (vs
SHE) in a 1.0 M phosphate buffer at pH 7, the rate for H2
evolution by 2b was calculated to be 4100 L of H2 (mol of
cat)−1 h−1 (cm2 Hg)−1, or a TON of 890 mol of H2 (mol of
cat)−1. Under the same conditions, we obtained a rate of 1800
L of H2 (mol of cat)−1 h−1 (cm2 Hg)−1 for the evolution of H2
and a TON of 400 for 1b during the first 1 h of electrolysis,
demonstrating that complex 2b is 2.2 times as fast as 1b at an
applied potential of −1.4 V (vs SHE; Figure S10 in the SI). As
shown in Figure S11 in the SI, complex 2b remains active for
more than 5 h in bulk electrolysis at −1.4 V vs SHE without a
significant decrease in activity, while complex 1b is active for
∼3 h, suggesting that 2b is a more stable catalyst than 1b in
electrolytic H2 production. The higher stability of 2b compared
to 1b could result from the more conjugated isoquinoline
groups that help to stabilize the lower valent Co center in 2b
compared to 1b.
Photochemical Studies. Photocatalytic H2 production by

2b was conducted following the literature method using
ascorbic acid (0.1 M) as the electron donor and [Ru(bpy)3]

2+

(0.5 mM) as the photosensitizer.8b Previous studies have shown
the effects of pH on the activity of H2 production when
ascorbic acid was used as the electron donor, with an optimal
pH of 4 for photocatalytic H2 production by 1b.8b,c,28 The
influence of the pH on the activity of H2 evolution by 2b was
investigated in the pH range of 3−7. As shown in Figure S12 in
the SI, the best pH for photocatalytic H2 evolution by 2b (5.0
μM) was observed at pH 5, with a TON of 1690 mol of H2
(mol of cat)−1. In order to determine if nanoparticles produced
from the decomposition of 2b are responsible for the activity of
H2 evolution, we added 1 mL of mercury to the reaction flask
containing 10 mL of reaction solution in an acetate buffer at pH
5.0. As shown in Figure S13 in the SI, the addition of mercury
results in no significant change in the photocatalytic production
of H2 by 2b, suggesting that 2b is a molecular catalyst for H2
production.
Under neutral conditions, 2b (5.0 μM) catalyzes H2

production with a TON of 830 in a 1.0 M phosphate buffer
at pH 7.0, ∼2 times that produced by 1b (390) under the same

conditions (Figure 6). Therefore, 2b is a more active catalyst
than 1b for photocatalytic H2 production under neutral
aqueous conditions (Figure 6).

Our previous study showed that the photocatalytic activity of
H2 production by 1b depends heavily on the concentration of
1b, with increased TONs at lower concentrations of 1b.8b To
investigate the concentration effect on H2 production, we
carried out photolysis at different concentrations of 2b ranging
from 0.5 to 50 μM at pH 5.0. As shown in Figure S14 in the SI,
2b catalyzes H2 production with a TON of ∼600 mol of H2
(mol of cat)−1 at 50 μM 2b. When the concentration of 2b was
lowered to 0.5 μM, the TON increased significantly to 5400
mol of H2 (mol of cat)

−1, suggesting that the concentration of
2b also has a significant effect on the photocatalytic activity for
H2 production (Figure S14 in the SI).
We have shown before that both 1b and a photosensitizer are

required to resume photocatalytic H2 production after cessation
of the H2 evolution process.8b As observed in the case of 1b, no
significant amount of H2 was produced after the addition of
either 2b or [Ru(bpy)3]

2+ in the same amount as that used in
the photocatalytic reaction. Both 2b and [Ru(bpy)3]

2+ are
required to resume activity for H2 production, suggesting the
decomposition of both 2b and [Ru(bpy)3]

2+ during photolysis
(Figure S15 in the SI).
To provide insight into the process of decomposition during

photolysis, we monitored the photocatalytic H2 production
catalyzed by 1b using mass spectroscopy. As shown in Figure
S16a in the SI, the ESI-MS spectrum of the photolysis solution
before irradiation (0 min) shows peaks at m/z 285.08,
corresponding to [Ru(bpy)3]

2+ (calcd m/z 285.06), and
peaks at m/z 461.17 and 485.16, corresponding to the
chloride-bound form of [Co(DPA-Bpy)(Cl)]+ (calcd m/z
461.06) and the acetate-bound species of [Co(DPA-Bpy)-
(OAc)]+ (calcd m/z 485.13), respectively. During the course of
photolysis, a new peak at m/z 473.17 continues to increase in
intensity (Figure S16b in the SI, 60 min). The peak at m/z
473.17 is consistent with the formation of [Ru(bpy)2(OAc)]

+

(calcd m/z 473.06) species, resulting from the replacement of
bpy by an acetate ion. During photolysis, the substitution of
bpy in [Ru(bpy)3]

2+ by an acetate ion, leading to the formation
of [Ru(bpy)2(OAc)]

+ species, has been reported as a major
pathway for the photodecomposition of [Ru(bpy)3]

2+.29 After
150 min of photolysis, the peak at m/z 473.17 appeared with
the highest intensity (Figure S16d in the SI), suggesting the
formation of [Ru(bpy)2(OAc)]

+ as the main reason for
decomposition of the [Ru(bpy)3]

2+ photosensitizer.

Figure 5. Controlled potential electrolysis at −1.2 V (vs SHE) in the
presence of 50 μM 1b (dotted line) or 2b (solid line) and in the
absence of catalyst (long dashed line) in a 1.0 M sodium phosphate
buffer solution at pH 7.0. Condions: working electrode, mercury pool;
counter electrode, Pt mesh; reference electrode, aqueous Ag/AgCl. Figure 6. Photocatalytic H2 production over time in a 1.0 M

phosphate buffer at pH 7.0 with 0.1 M ascorbic acid, 0.5 mM
[Ru(bpy)3]

2+, with 5.0 μM 1b (open circle) and 2b (solid circles) and
a control experiment in the absence of catalyst (solid triangle).
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Over the course of photolysis, the peaks at m/z 461.17 and
485.16 also decreased in intensity. Before photolysis, while
there is a tiny (negligible) peak at m/z 368.17 assigned to the
free ligand DPA-Bpy (calcd m/z 368.19; the molecular mass of
DPA-Bpy is 367.19), the intensity of the m/z 368.17 peak
continues to increase over time (120 and 150 min in parts c
and d of Figure S16 in the SI, respectively), suggesting
dissociation of the Co ion from the DPA-Bpy scaffold. After
150 min of photolysis, the peak of DPA-Bpy has much higher
intensity than the Co complexes at m/z 461.17 and 485.17
(Figure S16a in the SI). Therefore, dissociation of the Co ion
from the ligand scaffold may be the main reason for catalyst
decomposition during photolysis. We obtained similar results
for the decomposition process of H2 evolution catalyzed by 2b.
Catalytic Mechanism. Over the past several years, a

number of mechanisms have been proposed to account for the
catalytic production of H2 by Co complexes.3f,4b,6a,f,7,25a,26a We
have carried out DFT computations to provide insight into the
possible mechanism for H2 production catalyzed by 2b. From
the calculated structures of possible intermediates involved in
H2 evolution (Tables S4 and S5 in the SI), we investigated the
thermodynamic free-energy changes of eight possible mecha-
nisms (Scheme S1 in the SI), showing that all paths are possible
(Figure S17 in the SI). Electrochemical studies of H2 evolution
by 2b have shown that the onset potential for the formation of
H2 lies after the redox event following the formation of CoI

species, which we tentatively assigned as the reduction of
CoIIIH to CoIIH (Figure 3). Scheme 3 shows a plausible
mechanism for H2 evolution by 2b, involving the reduction of
CoII to yield the CoI species and the formation of CoIIIH from
the binding of a proton to CoI. Further reduction of CoIIIH to
CoIIH, followed by the binding of another proton, leads to the
evolution of H2 and regeneration of CoII species.
During the catalytic evolution of H2, reduction of the Co

center and the binding of protons to the reduced Co center are
key steps in determining the overpotential and TOF for H2
evolution by Co complexes. While structural modifications of
the ligand scaffold could result in Co centers with more positive
reduction potentials favorable for reduction, the resulting
reduced Co species are less favorable for protonation reactions,
e.g., the binding of a proton to CoI and the subsequent
protonation of CoIIH species shown in Scheme 3. Because of
the opposite effects between the redox potentials and the
basicity of the metal centers, previous studies on the structure−
function relationship of metal catalysts for H2 production have
shown that tuning of the redox potentials of the metal centers
through ligand modifications results in very little change in the
overpotential for H2 production.6c Metal catalysts with more
positive reduction potentials require stronger acids for
protonation and the evolution of H2 because the metal centers
are less nucleophilic with more positive reduction potentials.5,6f

An electrochemical study of the redox potentials of 1b and 2b
demonstrated that the replacement of pyridyls in 1b with
isoquinoline groups in 2b leads to a positive shift of 110 mV for
the CoII/I couple and 140 mV for the proposed CoIIIH/CoIIH
couple, a favorable result for reduction of the metal centers,
therefore, with lower overpotential for H2 production. The pKa
study of 2b and 1b showed that the pKa value of the
coordinated Co−OH2 in 2b (5.9) is higher than that of 1b

(5.0), suggesting that the Co center in 2b is more nucleophilic
than that of 1b and therefore favorable for the binding of a
proton to the reduced Co center. Because of the more basic
isoquinoline groups in 2b, the CoIIH intermediate of 2b may be
more basic and more favorable for protonation than the CoIIH
species of 1b, explaining why 2b has a lower overpotential and a
faster rate in the evolution of H2 than 1b.

■ CONCLUSIONS
In conclusion, we have demonstrated that the replacement of
pyridyls in DPA-Bpy with isoquinoline groups in DIQ-Bpy
results in positive shifts of the redox potentials of the Co center
in 2b and a significant improvement in catalytic H2 evolution
under neutral conditions. Compared to 1b, 2b catalyzes the
evolution of H2 with lower overpotential, higher TON and
TOF, and increased stability in the electrolytic production of
H2. Further detailed mechanistic studies of H2 production
catalyzed by 2b and the modification of the ligand scaffold to
optimize the activity for H2 evolution are in progress.
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