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Three new isomeric cobalt complexes of TPA (tris(2-pyridylmethyl)amine) based on methoxy substitution at
the ortho, meta and para positions, respectively, were constructed and their photocatalytic proton
reduction efficiencies were compared. It was found that there are good linear correlations with the
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distinguished itself from the others remarkably in all these comparisons, demonstrating the presence of

a steric effect besides the electronic effect. For other examined complexes, a stronger electron-donating
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Introduction

Sustainable energy sources and carriers are the key to over-
coming the approaching global energy crisis and climate
change."” Thanks to its high energy density and clean
combustion, hydrogen has become one of the most suitable
energy carriers.>” Photocatalytic water splitting makes the
production of hydrogen also a carbon-free process, and there-
fore has received enthusiastic attention.®® Progress has been
made in the past decades in the pursuit of efficient, robust and
low-cost water reduction catalysts.'** Among all these catalysts,
the polypyridyl cobalt complexes are particularly attractive due
to their easy-to-tune ligands and remarkable stability,*° and
have become a perfect platform to build the bridge between
structure and catalytic activity.**>*

In spite of the diverse molecular structures of the cobalt
complexes, their mechanisms for catalytic hydrogen evolution
are very similar,>® in which two key intermediates are inev-
itable, i.e. the low valence Co(1) and Co(ui) hydride interme-
diates.”””*” However, a full understanding of how electronic
effects of the ligands contribute to the overall catalytic activity
is still lacking.***° Opposite conclusions could be drawn in
different studies, for example, electron-withdrawing substitu-
ents brought a higher catalytic activity in some cases**™*> while
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substituent may lead to a higher hydrogen evolution efficiency, suggesting that the formation of a Co(in)
hydride intermediate is the rate-limiting step.

contrary results were obtained in others.**™*¢ In these studies,
different substituents were generally utilized. Besides elec-
tronic effects, these substituents may also elicit different
interactions with solvents and substrates, and complicate the
underlying mechanisms. It occurred to us that a substituent
may has a varied Hammett constants in terms of its substi-
tution positions,*” which may reveal the real electronic effect
while ruling out the unwanted interferences. Bearing this idea
in mind, we herein introduced a methoxy group into a TPA
(tris(2-pyridylmethyl)amine) ligand-supported cobalt complex
(C1), a catalyst has been intensively explored in CO, reduc-
tion,*®** water oxidation®® and water reduction.* A methyl
substituted analogue (C5) was also prepared for comparison
(Scheme 1). By varying the substitution position from para to
meta, the role of the methoxy group may change from an
electron donor to an acceptor.”” Along with this change, the
photocatalytic hydrogen evolution efficiencies of these
complexes showed a close correlation with the Hammett
constants of the substituents. Interestingly, the ortho-
substituted complex (C2) behaved abnormally, hinting at an
involvement of a steric effect.

+ Cr
a \_| C1 Ry=R,=R;=H
Ry A i CE Q C2 R1=OCH3 R2=R3=H
JC(:° C3 R,=OCH; Ry=R;=H
N—j N’ C4 R;=0CH; R=R,=H
C5 R3=CH3 R1=R2=H

Scheme 1 Structures of the examined cobalt complexes [Co(R-TPA)
ClCL
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Results and discussion

Synthesis and characterization

The ligands L2-L5 were obtained by the reaction between N,N-
bis(2-pyridinylmethyl)Jamine and methoxy- or methyl-
substituted 2-pyridinecarboxaldehyde according to the litera-
tures,* which were subsequently combined with equivalent
cobalt chloride hexahydrate to give four complexes C2-C5. All
complexes were characterized by 'H NMR (Fig. S37),
(Fig. S127), ESI-MS (Fig. S8-S11t), UV-vis absorption spectros-
copy (Fig. S137), elemental analysis and cyclic voltammetry.
The "H NMR spectra for all complexes were broaden up to
155 ppm which is consistent with a paramagnetic high-spin
state species as previously reported.* It is somewhat inter-
esting that there was a proton signal at —3 ppm for C2, which
may be attributed to the methoxy group in a shielding region of
the Co center.”® The ortho-position substitution should account
for this result, which allows the methoxy group to be in close
proximity to Co. For UV-vis absorption spectra, all the
complexes exhibited d-d transitions in the region of 450-
700 nm in acetonitrile, consistent with the reported analogous
cobalt complexes.*"** The molar extinction coefficients of these
d-d transitions at their absorption maxima ranged from 159 to
214 (Table S17), suggesting a five-coordination configuration for
all the Co(u) complexes in acetonitrile.***> Therefore, the DFT
structure optimization of all the complexes began with a five-
coordination configuration, and ended up in a most stable
trigonal-bipyramidal geometry as presented in Fig. 1. The
optimized structure of C1 is in good agreement with the crystal
data (CCDC 1529343) of an analogue [Co(TPA)CI|ClO, (Table
S571).* The Gibbs free energies of possible spin states of all the
complexes were calculated and compiled in Table S6,7 in which
the high-spin states show lower energy and therefore may be
true conditions of the Co center. The Co-N bond lengths of all
the complexes are also in line with other high spin Co(u)
complexes.*>***¢ It is worth noting that the Co-N1 bond lengths
have a close correlation with the Hammett constants of the
substituents (Fig. 2). The Hammett constants of meta-methoxy,
para-methoxy and para-methyl substituents are 0.12, —0.27, and
—0.17, respectively.”” It should be noted that the determination
of accurate Hammett constants of ortho substituents are diffi-
cult due to the steric effect. We set the Hammett constant of
ortho-methoxy as —0.27, a value similar to that of para-methoxy
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Fig. 1 Optimized structures of C1-C5 (a—e), hydrogens are omitted
for clarity.
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Fig. 2 A linear correlation between the optimized Co-N1 bond
lengths and the Hammett constants of the R substituents in [Co(R-
TPA)CICL (N1 is the N atom of the R-substituted pyridine).

just for clarity when compared with other complexes. An
electron-donating substituent would build a more basic ligand
to bind the metal center more strongly, leading to a shorter Co-
N1 bond. Surprisingly, though C2 carries the same substituent
compared with C3 and C4, the Co-N1 bond length of C2 is
much longer than them and the other two complexes (C1 and
C5) as well (Table S77), but in the optimized Co(u) species in
which the chloride atom is taken out (Fig. S337), the Co-N1
bond length in C2 becomes nearly the same as that in C4
(2.01187 A vs. 2.01102 A). Besides, we also noticed that the N1~
Co-Cl angle of C2 is much larger than the rest (Table S71),
suggesting a strong steric hindrance between the axial chloride
atom and the ortho-methoxy group. The following studies show
that such a steric effect had also a great impact on the hydrogen
evolution catalytic activity.

Electrochemistry studies

To get a clear picture of redox processes involved in photo-
catalytic proton reduction, cyclic voltammetry (CV) experiments
were performed in argon-saturated anhydrous acetonitrile for
all the complexes. A quasi-reversible wave and another more
negative irreversible wave were found in all the cathodic scans
(Fig. $191) which may be assigned to the Co™" and Co"° events,
respectively.®®* The peak currents of all the Co™" redox waves
increased linearly with the square root of the scan rate,
consistent with a diffusion-controlled process (Fig. S14-S187). A
linear correlation between these reduction potentials of C1-C5
and the Hammett constants of the substituents was also
observed as shown in Fig. 3. As expected, an electron-donating
substitution as in the cases of C4 and C5, signaled by a negative
Hammett constant of the substituent, may destabilize the low
valent states of the central metal ions, leading to a more nega-
tive reduction potential with respect to C1. In contrast, once
placed at the meta-position (C3), the methoxy group plays an
electron-withdrawing role as revealed by a positive Hammett
constant, and results in an easy reduction of the Co center.
Interestingly, the redox potentials of C2 were recorded at
—1.54 V for Co™ and —1.73 V for Co"°, both deviates far away
from the Hammett plots of its counterparts. This abnormal

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Hammett plots of Co"' (a) and Co"° (b) redox potentials of
complexes C1-C5.

behavior may be attributable to the steric effect also, which
gives rise to a much longer Co-N1 bond length as mentioned
above and thus weakens the electron-donating ability of the
ligand remarkably and eases the reduction of the Co center
greatly.

All the complexes exhibited a current enhancement near the
Co™ couple with the addition of acetic acid as a proton source
(Fig. 4), demonstrating that proton reduction started from the
formation of Co(1) species followed by an instant formation of
Co(m)-H species and ends up with hydrogen evolution. There
was only a minor current increase without the complexes as
shown in the control experiments (Fig. S20t), revealing the
source of the catalytic current. The control potential electrolysis
experiments were performed at —1.9 V (vs. SCE) in acetonitrile
for 1 h, the hydrogen in the cell was analyzed by GC and all the
complexes gave Faraday efficiencies close to 90% (Table S27).
The rinse test (Fig. S217) proved that there was no deposition of
catalytically active particles at the surface of glassy carbon
working electrode.

Photocatalytic H, evolution

The photocatalytic hydrogen evolution with C1 to C5 was eval-
uated under argon atmosphere in a solution of CH;CN/H,O
using a blue LED as light source. We chose [Ir(ppy).(dtbpy)]Cl
(ppy = 2-phenylpyridine, dtbpy = 4,4-di-tert-butyl-2,2'-bipyr-
idine) as photosensitizer (PS) and triethylamine (TEA) as
a sacrificial electron donor (SD). The gas at headspace of the
reaction vessel was analyzed by gas chromatography to monitor
the gaseous product. Based on a series of optimization experi-
ments (Fig. S22 and $237), an out-standing condition of 0.2 mM
PS, 0.3 M SD, and 10 uM cobalt complex in CH;CN/H,O (8 : 2, v/
v) was chosen for photocatalytic reactions. Control experiments
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Fig. 4 CVs of 1.0 mM C1-C5 (a—e) in anhydrous CH3CN with 0.1 M
TBAPFg as supporting electrolyte under an argon atmosphere in the
presence of various concentrations of acetic acid at a scan rate of
100 mV s,

indicated all components were required as presented in Table
S3.7 All the cobalt complexes exhibited photocatalytic activity
under these conditions and followed the order C4 > C5>C1 > C3
>> C2 (Fig. 5). The TONs of C1, C3, C4 and C5 showed a linear
relation again with the Hammett constant of the substituents
(Fig. 6), in which the catalytic activities would be enhanced by
an electron-donating substitution. As discussed above, an
electron donor may shift the reduction of the Co center to
a more negative potential, seems to be unfavorable for hydrogen
evolution. On the other hand, the electron donor may facilitate
Co(m)-H formation by enhancing the electron density of the Co
center and thus its protonation. The Hammett correlation
shown in Fig. 6 suggests that the formation of Co(m)-H is most
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Fig. 5 Photocatalytic H, production profiles of the multi-component
systems containing 0.2 mM [Ir(ppy),(dtbpy)ICl, 0.3 M TEA, 10 uM Co
complex in Ar-saturated CHzCN/H,O (8 : 2, v/v).
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Fig. 6 A linear correlation between the TON of C1-C5 and the
Hammett constants of the substituents.

likely the rate-determining step in catalytic hydrogen evolution.
C2 has the least negative reduction potentials among the
examined complexes, however, its photocatalytic activity fall far
behind others, demonstrating again the important role of the
Co(ur) formation. The behind reason may also lie in the steric
effect of the meso-methoxy group, which may hinder the
approaching of a proton towards the Co center, just like its
conflict with the axial Cl ligand mentioned above.

After 6 h irradiation, the hydrogen evolution stagnated in all
cases, only the addition of PS could restore the catalytic activity
(Fig. S24t), which indicates the inactivation originated from the
decomposition of PS. The mercury poisoning experiments were
performed to identify the catalytic activity stems from the cobalt
complexes instead of their decomposition products as the
mercury could adsorb or amalgamate with metal-particles.®” No
significant decays were found in all the control experiments
(Fig. S251), and no metal-particles were observed in dynamic
light scattering (DLS) measurements (Fig. S267), demonstrating
all these photocatalytic reactions are homogeneous.

Catalytic mechanism

To better understand the mechanism of photocatalytic H,
evolution, luminescence quenching experiments were per-
formed to investigate the electron transfer process, and DFT
calculations were used to analyze the intermediates for a ratio-
nalized and complete catalytic cycle. As shown in Fig. S27-S32,
an emission peak of the PS centered at 597 nm upon excitation
at 420 nm were quenched by all the complexes efficiently, with
a bimolecular quenching constant an order of magnitude
higher than that of TEA (Table S47). However, the concentration
of TEA was much higher (0.3 M vs. 10 uM) than the complexes,
thus the PS* was quenched by TEA mostly and underwent
a reductive quenching process as shown in Scheme 2. After the
formation of PS* upon irradiation, the PS* is quenched by TEA
first and gets an electron to transform into PS™, a highly active
species®® which could provide an electron to reduce Co(u) to
a Co(1) species. Then the chloride ligand of the unstable Co(1)
species may dissociate and leave an open axial coordination site
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Scheme 2 A possible photocatalytic H, evolution mechanism cata-
lyzed by C1-C5.

for proton access as demonstrated by the elongated Co-Cl bond
length (Table S81) and irreversible Co™" reduction peaks, and
the Co-Cl bond dissociation would lower the energy. In
contrast, if a pyridyl arm dissociates from Co(i), no Gibbs free
energy reduction will be observed as shown in Table S9.1 The
following protonation brings another important intermediate,
the Co(m) hydride species which exhibits a trigonal-bipyramidal
geometry (Fig. S341). Subsequently, the Co(u) hydride would be
reduced into Co(u) hydride, accompanying the combination
with another proton to form H-H bond and then release of a H,
molecule. Finally, the returning of a chloride ligand regenerates
the initial complex and complete the catalytic cycle.

Based on this mechanism, we calculated the Gibbs free
energy changes of the key intermediates for complex C1 and
presented an outline in Fig. $35.F The reduction from Co(u)-Cl
to Co(1)-Cl and the subsequent dissociation of the chloride
ligand (—2.04 k] mol™") are both downhill in energy and
therefore a thermodynamically allowed process. In sharp
contrast, the following protonation of the Co() species is an
energy uphill process (8.03 k] mol ') and thus most likely the
rate-limiting step. As a result, we compared the energy changes
occurred in the Co(m) hydride formation of all the complexes.
As shown in Table S10,7 the Gibbs energy change or the net
energy barrier of this step may be reduced more efficiently with
a stronger electron-donating substituent, which on one hand
can enhance electron density of the Co center and thus facilitate
proton contact and on the other hand can stabilize the high
valent Co(m) state. In the case of C2, both the less negative Co™"
reduction potential and the longer Co-N1 bond length lead to
a poor electron-donating ability of L2. Besides, the unusual N1-
Co-H angle in its Co(m) hydride intermediate (Table S117)
indicates that there is a steric hindrance between the axial H
atom and the ortho-methoxy group, which makes the proton-
ation of the Co(1) species more difficult and results in the lowest
catalytic activity of C2.

Conclusions

In summary, except for the steric effect found in C2, the overall
hydrogen evolution catalytic activities of other examined

© 2021 The Author(s). Published by the Royal Society of Chemistry
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complexes follow a clear electronic effect of the substituents, i.e.
stronger the electron-donating ability of a substituent, higher
the catalytic activity of the corresponding complex is. Such
a rule is obviously in operation when the formation of Co(ur)
hydride is the rate-limiting step.

Experimental section
Materials

TBAPF (tetrabutylammonium hexafluorophosphate) used as
supporting electrolyte was purchased from Adamas-Beta, prior
to use, it was recrystallized from cold ethanol and then dried
under vacuum overnight. Water used in all experiments was
Milli-Q ultrapure water. All the other reagents were purchased
form InnoCHEM and used without further purification.

Instruments

"H NMR and **C NMR spectra were obtained on a Bruker DMX-
400 MHz spectrometer. ESI-MS spectra were taken on a Brucker
APEX IV(7.0T) FT_MS. Elemental analysis results were obtained
on a vario MICRO cube. UV-vis absorption spectra were recor-
ded on a Shimadzu UV-2450 spectrophotometer. Fluorescence
emission spectra were run on a Hitachi F-4600 fluorescence
spectrophotometer. IR data was collected on Varian Excalibur
3100.

Photocatalytic H, evolution

Hydrogen production experiments were performed in a home-
made reactor. Typically, a 5 mL of CH;CN/H,O (8 : 2, v/v) solu-
tion containing 0.2 mM [Ir(ppy).(dtbpy)|PFs, 10 puM cobalt
complex, and 0.3 M TEA was irradiated by an LED light source (1
=455 nm + 10 nm, 40 W) after bubbling with argon for 25 min
to remove the oxygen and 3 mL of methane was injected as the
internal standard. The headspace samplings were monitored
and quantified by GC-2014 gas chromatography equipped with
a thermal conductivity detector (TCD) and a TDX-01 packed
column, argon gas as carrier.

Electrochemistry experiments

All the cyclic voltammetry measurements were performed in
a home-made three-neck electrode cell at temperature of 30 °C
with a standard three-electrode system on an EG&G model 283
potentiostat/galvanostat, where a 3 mm glassy carbon working
electrode, a 1 x 1 x 0.1 cm platinum-plate counter electrode,
and a SCE (saturated calomel electrode) reference electrode
were placed in 10 mL argon-saturated dry CH3;CN containing
0.1 M n-BuyNPFs as the supporting electrolyte. Controlled
potential electrolysis (CPE) were performed under same condi-
tions with stirring during the experiments.

Luminescence quenching experiments

A CH;CN/H,0 (8 : 2, v/v) solution containing 10 uM [Ir(ppy).(-
dtbpy)]Cl was degassed with argon for 25 min. Fluorescence
spectra were collected when 0 to 250 pL of solutions containing
calibrated amounts of quenchers were added. The bimolecular

© 2021 The Author(s). Published by the Royal Society of Chemistry
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quenching rate k, constant was calculated by the luminescence
intensities of the solution in the absence or presence of
quencher according to the Stern-Volmer equation.

I/l =1+ kqto[ 0] (1)

In this equation, I, and I are the emission intensities of the Ir
complex without or with the quencher. The triplet excited state
lifetime of the Ir complex is 0.557 ps,* [Q] is the concentration
of the quencher.

DFT calculations

The main text of the article should appear here with headings as
appropriate. The DFT calculations were performed with the
Gaussian 09 (G09)* using the B3LYP®*> density functional. The
LANL2DZ%* basis set was used for cobalt atom and the 6-
31+g(d) basis set was used for H, C, N, O and Cl atoms. All the
optimized structures characterized by vibrational
frequency analysis calculations using the same level of theory to
confirm as minima. The 6-311+g(d,p) basis set was used for all
the atoms to obtain more accurate single-point energy calcula-
tion results. The solvent effect of water was evaluated using the
SMD continuum solution model.*® The London interactions are
considered through Grimme-D; dispersion correction.®”

The Gibbs free energy changes were calculated by eqn (2), in
which Gy, designates the Gibbs free energy in the aqueous
sphere while Gy, is Gibbs free energy in the gas sphere. The
AGs,y 18 solvation free energies from 1 M gas sphere (24.5 L
mol ! at 1 atm, 298.15 K) to 1 M in water solution. The AG”" is
the correction for the free energy change from the standard
state gas phase (1 atm, 298.15 K) to the standard state aqueous
phase which was calculated as AGY”" = 1.89 kcal mol~*. The
Gibbs free energies of proton and electron were obtained from
previously reported values.*®

were

Gsol = Ggas + AGsolv + AGO/* (2)
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