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ABSTRACT: Two dirhodium(II) complexes, [RhII2(μ-
O2CCH3)2(bpy)2](O2CCH3)2 (Rh2bpy2; bpy = 2,2′-bipyr-
idine) and [RhII

2(μ-O2CCH3)2(phen)2](O2CCH3)2
(Rh2phen2; phen = 1,10-phenanthroline) were synthesized,
and their photocatalytic H2 production activities were studied
in multicomponent systems, containing [IrIII(ppy)2(dtbbpy)]

+

(ppy = 2-phenylpyridine, dtbbpy = 4,4′-di-tert-butyl-2,2′-
bipyridine) as the photosensitizer (PS) and triethylamine as
the sacrificial reductant (SR). There is a more than 6-fold
increase in the photocatalytic activity from Rh2bpy2 to
Rh2phen2 just using phen in place of bpy. A turnover number
as high as 2622 was obtained after 50 h of irradiation of a
system containing 16.7 μM Rh2phen2, 50 μM PS, and 0.6 M
SR. The electrochemical, luminescence quenching, and
transient absorption experiments demonstrate that RhIRhI is the true catalyst for the proton reduction. The real-time
absorption spectra confirm that a new Rh-based species formed upon irradiation of the Rh2phen2-based multicomponent system,
which exhibits an absorption centered at ∼575 nm. This 575-nm intermediate may account for the much higher H2 evolution
efficiency of Rh2phen2. Our work highlights the importance of N-based chelate ligands and opens a new avenue for pursuing
more efficient RhII2-based complexes in photocatalytic H2 production application.

■ INTRODUCTION
The conversion of solar energy into clean chemical fuel, such as
H2 production by photolysis of water, is considered to be one
of the feasible ways to solve the energy crisis.1−3 To achieve the
ultimate goal of the overall water splitting, many efforts have
been paid to optimize H2 and O2 evolution half-reactions
separately.4−8 For the reductive side of the water splitting, the
multicomponent system, involving a photosensitizer (PS) to
harvest sun light, a water reduction catalyst (WRC) to
overcome the activation energy for H2 production, an electron
relay (ER) to facilitate electron transfer from PS to WRC, and a
sacrificial reductant (SR) to recycle PS, has been extensively
and intensively studied for more than 3 decades.9,10 Recently, a
variety of combinations of molecular PS and WRC showed high
H2 production efficiencies.11−18 While the molecular PSs
utilized include organic dyes and transition-metal complexes,
the molecular WRCs explored so far are exclusively transition-
metal complexes, and Pt,6,16b Pd,16a Rh,9,10,18 Fe,13 Ni,14 and
Co8,11,12,15,17 predominate the central metals of these
complexes. Of them, rhodium complexes, e.g., [RhIII(bpy)3]

3+

(bpy = 2,2′-bipyridine), represent the earliest studied molecular

WRCs.19 Also, rhodium complexes are among the most
efficient molecular WRCs. By the proper combination of
[RhIII(dtbbpy)3]

3+ (dtbbpy = 4,4′-di-tert-butyl-2,2′-bipyridine)
with an IrIII-based PS and careful optimization of the reaction
conditions, Bernhard and co-workers developed a multi-
component water reduction system that achieves a turnover
number (TON) of over 5000 (22 h of irradiation).18 Rh is also
utilized as a WRC in a single-component system in which PS,
ER, and WRC are delicately integrated into one molecule.20,21

Brewer and co-workers recently reported a Ru−Rh−Ru single-
component system, showing an unusually high TON (1300
mol of H2 (mol of Rh)−1 with long-term photolysis).21c

Though Rh is in the catalogue of rare noble metals, it is still
appealing to develop highly active and stable Rh-based WRCs
to compensate for its weakness in cost.
Dinulear rhodium complexes with the structural character of

a Rh−Rh bond are extremely unique in photoinduced H2

production. As early as 1977, Gray and co-workers found that
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visible irradiation of an aqueous HCl solution containing
[RhI2(μ-BL)4]

2+ (BL = 1,3-diisocyanopropane) led to 1 equiv
of H2.

22 Nocera and Heyduk then developed a true
photocatalytic H2 production system, in which photolysis of a
mixed-valence dirhodium complex, [Rh0,II2(dfpma)3X2(PPh3)]
[dfpma = bis(difluorophosphino)methylamine, X = Cl or Br],
led to 27 equiv of H2 during the initial 3 h of irradiation in the
presence of 0.1 M HCl.23 Recently, Sakai and co-workers
realized H2 production photocatalyzed by a series of RhII−RhII
complexes in a multicomponent system in aqueous acetate
buffer (pH = 5).24 The molecular PS, ER, and SR in the
multicomponent system are Ru(bpy)3

2+, methylviologen
(MV2+), and ethylenediaminetetraacetic acid disodium salt,
respectively. Compared to Nocera’s compound, Sakai’s multi-
component system separates light harvesting from water
reduction, more convenient for property optimization. More-
over, the photoreaction was carried out in an aqueous medium
and a high concentration of acid is no longer needed. However,
the TON value is not high, only 4.5 after 6 h of irradiation for
[RhII2(μ-O2CCH3)4(H2O)2]. Only four dirhodium(II) com-
plexes have been examined as WRCs so far. There may be large
potential for such types of complexes to improve the catalytic
activity, considering the fact that the bimetallic complexes that
exhibit strong metal−metal interactions often afford new
properties that are not available in mononuclear complexes.
In this work, two dirhodium(II) complexes, [RhII2(μ-

O2CCH3)2(bpy)2](O2CCH3)2 (Rh2bpy2) and [RhII2(μ-
O2CCH3)2(phen)2](O2CCH3)2 (Rh2phen2; phen = 1,10-
phenanthroline), as shown in Scheme 1, were compared in
detail as WRCs in a multicomponent system, where [Ir-
(ppy)2(dtbbpy)] (ppy = 2-phenylpyridine; dtbbpy =4,4′-di-tert-
butyl-2,2′-bipyridine) acts as a PS and triethylamine (TEA) as a
SR. While MV2+ was a necessary component for Sakai’s system,
no ER was used in our cases, demonstrating the interesting role

of the combination of PS and WRC. More importantly, the
results reveal that a small structural change of the diimine
ligand is possible to generate a significant effect on the water
reduction activity, warranting further structure−activity studies
of such kinds of Rh-based complexes.

■ EXPERIMENTAL SECTION
General Procedures. RhCl3·3H2O was purchased from Jiuling

Chemical Shanghai and was used as received. 1,10-Phenanthroline
(phen) and 2,2′-bipyridine (bpy) were purchased from Alfa Aesar.
Complexes [Ir(ppy)2(dtbbpy)][PF6] ([Ir]),25 Rh2(μ-O2CCH3)4
[Rh2(OAc)4], [Rh2 (μ-O2CCH3)2(phen)2](O2CCH3)2 (Rh2phen2),
and [Rh2(μ-O2CCH3)2(bpy)2](O2CCH3)2 (Rh2bpy2)

26−28 were pre-
pared with literature methods. Triethylamine (TEA) and tetrahy-
drofuran (THF) were distilled prior to use. All other solvents were of
analytical purity and were used without further treatment. Distilled
water was used in all experiments.

1H NMR spectra were obtained on a Bruker DMX-400 MHz
spectrophotometer. The mass spectrometry (MS) spectra were
determined on a Q-Tof mass spectrometer (Waters). UV−vis
absorption spectra were recorded on a Shimadzu UV-1601
spectrophotometer.

[Ir(ppy)2(dtbbpy)][PF6].
1H NMR (400 MHz, acetone-d6): δ 8.87 (s,

2H), 8.23 (d, J = 8.1 Hz, 2H), 7.96 (dd, J = 16.6 and 6.3 Hz, 4H), 7.89
(d, J = 7.6 Hz, 2H), 7.78 (d, J = 5.4 Hz, 2H), 7.70 (dd, J = 5.9 and 1.9
Hz, 2H), 7.12 (t, J = 6.7 Hz, 2H), 7.02 (t, J = 7.5 Hz, 2H), 6.90 (t, J =
6.9 Hz, 2H), 6.33 (d, J = 6.9 Hz, 2H), 1.38 (d, J = 16.1 Hz, 18H). ESI-
MS: m/z 768.5 ([Ir(ppy)2(dtbbpy)]

+).
[Rh2(bpy)2(μ-O2CCH3)2](O2CCH3)2.

1H NMR (400 MHz, MeOD):
δ 8.34 (d, J = 5.5 Hz, 4H), 7.94 (dt, J = 15.4 and 6.9 Hz, 8H), 7.43−
7.37 (m, 4H), 2.56 (s, 6H), 1.88 (s, 6H). ESI-MS: m/z 318.1
([Rh2(bpy)2(μ-O2CCH3)2]

2+).
[Rh2(phen)2(μ-O2CCH3)2](O2CCH3)2.

1H NMR (400 MHz, MeOD):
δ 8.56 (d, J = 5.2 Hz, 4H), 8.28 (d, J = 8.2 Hz, 4H), 7.71 (s, 4H), 7.63
(dd, J = 8.2 and 5.3 Hz, 4H), 2.68 (s, 6H), 1.86 (s, 6H). ESI-MS: m/z
342.1 ([Rh2(phen)2(μ-O2CCH3)2]

2+).
H2 Evolution Studies. A total of 10 mL of a water/THF (2:8, v/v)

solution containing 0.05 mM [Ir(ppy)2(dtbbpy)]
+, 0.05 mM RhII2-

based catalyst, and 0.6 M TEA (835 μL) was put into a 40 mL glass
vial equipped with a rubber-septum-sealed outlet. After bubbling with
argon for 25 min, 3 mL of methane was injected into the reaction
vessel to serve as the internal standard for H2 quantification. Then the
vial was irradiated with visible light, which was obtained from a 1000
W solar simulator (Oriel 91192) using both a 350-nm-long pass glass
filter and a distilled water pool to cut off the UV and IR light. The
production of H2 was monitored and quantified by gas chromatog-
raphy on a Shimadzu GC-2014 (thermal conductivity detector, 5 Å
molecular sieve, 30 m × 0.53 mm column, N2 gas carrier).

Electrochemistry. The redox potentials were measured on an
EG&G model 283 potentiostat/galvanostat in a three-electrode cell
with a platinum-wire working electrode, a platinum-plate counter
electrode, and a SCE (saturated calomel electrode) reference
electrode. Cyclic voltammetry was conducted at a scan rate of 100
mV s−1 in an argon-saturated anhydrous dimethyl sulfoxide (DMSO)
solution containing 0.1 M tetra-n-butylammonium hexafluorophos-
phate (n-Bu4NPF6) as the supporting electrolyte.

Transient Absorption. Nanosecond transient absorption meas-
urements were performed on a LP-920 laser flash photolysis setup
(Edinburgh). Excitation at 420 nm with a power of 2.0 mJ pulse−1

from a computer-controlled Nd:YAG laser/OPO system from Opotek
(Vibrant 355 II) operating at 10 Hz was directed to the sample with an
optical absorbance of 0.4 at the excitation wavelength. The laser and
analyzing light beam passed perpendicularly through a 1 cm quartz
cell. The complete time-resolved spectra were obtained using a gated
CCD camera (Andor iSTAR); the kinetic traces were detected by a
Tektronix TDS 3012B oscilloscope and a R928P photomultiplier and
analyzed by Edinburgh analytical software (LP920). All samples used
in the flash photolysis experiments were deaerated for 30 min with
argon before measurements.

Scheme 1. Chemical Structures of the IrIII-Based PSs and
RhII2-Based WRCs
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■ RESULTS AND DISCUSSION
Photocatalytic H2 Production. The H2-evolving activities

of the RhII2-based catalysts were evaluated based on the TON
defined as the produced H2 molecule per catalyst molecule.
The multicomponent system was used in the H2-evolving
experiments, in which [Ir(ppy)2(dtbbpy)]

+ serves as a PS, the
dirhodium(II) complexes as WRCs, and TEA as a SR. As
shown in Table 1, each of the three components is necessary

for photocatalytic H2 production. It is worth noting that no ER
was used in our multicomponent system, quite different from
Sakai’s system, where MV2+ is a necessary component. The
presence of MV2+ even diminished the H2 evolution efficiencies
of our systems. Such a result presumably stems from the
different combinations of PSs and WRCs, suggesting that the
simultaneous structure optimization of PS and WRC is of
importance to evaluate their potentials. We also tried other
kinds of SRs, such as triethanolamine (TEOA; Table 1), but
none of them can outperform TEA. The reaction medium often
has a dramatic effect on the performance of the H2 evolution
system.18 The highest TON was obtained in a THF/water
mixed solvent with a volume ratio of 8:2, which was used
throughout the following H2 evolution experiments. Unless
otherwise noted, the concentrations of PS, WRC, and SR are 50
μM, 50 μM, and 0.6 M, respectively.
Figure 1 shows the time dependence of the TON values of

our multicomponent systems. The TON data after 20 h of
irradiation are presented in Table 2. In both cases of Rh2bpy2

and Rh2phen2, induction periods were observed. At the initial 3
h of irradiation, no appreciable H2 was detected, and then the
amount of H2 increased gradually with irradiation. Rh2phen2
proved to be the most active one of the examined catalysts,
having a TON of up to 379 after 20 h of irradiation, while the
TON values of Rh2bpy2 and Rh2(OAc)4 are only 62 and 16,
respectively.
In Sakai’s system, [RhII2(μ-O2CCH3)4(H2O)2] catalyzed the

H2 evolution more efficiently than Rh2(bpy)2. However, in our
cases, Rh2(OAc)4 is much inferior to Rh2bpy2 or Rh2phen2,
indicating the importance of the combination of PS and WRC.
The reaction medium may also play a role.
What is more worth noting is the more than 6-fold

enhancement in the catalytic activity from Rh2bpy2 to
Rh2phen2. Such a disparity in H2 production between the
two catalysts in otherwise identical conditions is remarkable
and unexpected. Understanding the underlying mechanism is
undoubtedly helpful for the further structure modification of
such types of catalysts.
We carefully examined the concentration effect of Rh2phen2

while maintaining PS and SR at 50 μM and 0.6 M, respectively
(Figure 2). In the presence of 16.7 μM Rh2phen2, the H2
production efficiency of the system reached the highest value;
i.e., 4.4 mL of H2 was obtained after 20 h of irradiation,
corresponding to TON of 1182 or TOF of 59.1 h−1. A further
increase of the concentration of Rh2phen2 led to a decrease of
the H2 production rate, a phenomenon also observed for other
Rh-based WRCs.18,24

The Rh2phen2-based multicomponent system exhibits good
long-term durability in H2 production. After 50 h of irradiation,
the TON reached 772 for the case in which both PS and WRC
are 50 μM, and the TOF (15.5 h−1) at 50 h experienced only a
small decrease compared to that at 20 h (19.0 h−1); see Figure
3. At lower concentration of WRC (16.7 μM), the H2
production rate maintained a higher value (Figures 2 and 3),
and the TON reached 2622 after 50 h of irradiation. A reduced
induction period (less than 1 h) was also observed in this case.
In contrast, at a lower concentration of PS, the H2 production
rate decreased dramatically, although the durability of the
system is still unaffected.

Homogeneous or Heterogeneous Catalysis. In any
homogeneous system where reducing conditions exist, care
must be taken to ensure that the catalytic activity originates
from an actual molecular species and not a colloidal metal
formed through catalyst decomposition.18 A mercury poisoning
test is a common approach to examining the contribution of
colloidal metal. However, the strong interaction between
mercury and Rh2bpy2 or Rh2phen2, as shown in Figure S1 in

Table 1. Selected Control Experiments of Rh2phen2-Based
Multicomponent Systems

PS
(mM) =
[Ir]

WRC (mM)
= Rh2phen2

SR (M) =
TEA

10 mL
solvent (8:2,

v/v)
TON (20 h
irradiation)

1 0.05 0.05 0.6 THF/water 379
2 0.05 0.05 0 THF/water 0
3 0.05 0 0.6 THF/water 0
4 0 0.05 0.6 THF/water 0
6 0.05 0.05 0.6 (TEOA) THF/water 46
5 0.05 0.05 0.6 pure water 3.3
7 0.05 0.05 0.6 CH3CN/

water
188

Figure 1. Time dependence of the photocatalytic H2 production of the
mu l t i component sy s t ems con ta in ing 5 .0 × 10− 5 M
[IrIII(ppy)2(dtbbpy)]

+, 0.6 M TEA, and a 5.0 × 10−5 M RhII2-based
catalyst in THF/water (8:2, v/v).

Table 2. Turnover Number (TON) and Turnover Frequency
(TOF) of the Multicomponent Systems Based on Different
Dirhodium(II) Complexes and Selected Kinetic and
Electrochemical Data

complex TONa
TOF
(h−1)a

quenching
rate

constants
(M−1 s−1)

ERhIIRhII/RhIIRhI
(V, vs SCE)b

ERhIIRhI/RhIRhI
(V, vs
SCE)b

Rh2(OAc)4 16 0.8 3.3 × 109 −0.85
Rh2bpy2 62 3.1 3.6 × 109 −0.75 −1.46
Rh2phen2 379 19.0 2.6 × 109 −0.79 −1.52

aThe data were obtained after 20 h of irradiation. bPeak potentials
were determined by cyclic voltammetry in an anhydrous and
deoxygenated DMSO solution.
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the Supporting Information, hindered the application of this
method in our cases.
Figure 4 shows the absorption spectral changes of the

multicomponent systems upon irradiation. After 3 h of
irradiation, the spectrum no longer underwent discernible
changes, in line with the induction periods observed in Figure
1, implying that both Rh2bpy2 and Rh2phen2 experienced some
variations to acquire catalysis capability.
In the case of Rh2bpy2, irradiation led to a continued baseline

increase of the absorption spectrum, suggesting the formation
of colloidal particles. The irradiation of the Ir-based PS solution
or TEA solution did not lead to any baseline increase in the
absorption spectrum, confirming that the colloidal species
stems from a rhodium catalyst rather than other components.
The colloidal rhodium formed during the induction period may
at least partly account for the catalytic activity of the Rh2bpy2-
based system that presented after the induction period.
In contrast, after the first 0.5 h of irradiation, the absorption

baseline of the Rh2phen2-based system remained unchanged. At
this moment, the catalytic activity of the system was still very
low. Thus, the much higher catalytic activity of Rh2phen2
presented after 3 h of irradiation does not likely originate

Figure 2. Dependence of the H2 production efficiency on the concentration of Rh2phen2. The concentrations of [Ir
III(ppy)2(dtbbpy)]

+ and TEA are
0.05 mM and 0.6 M, respectively.

Figure 3. H2 production of 10 mL of THF/water (8:2, v/v) solutions
containing [Ir(ppy)2(dtbbpy)]

+, Rh2phen2, and TEA (0.6 M) during
50 h of irradiation: (a) 50 μM [Ir(ppy)2(dtbbpy)]

+ and 16.7 μM
Rh2phen2; (b) 50 μM [Ir(ppy)2(dtbbpy)]

+ and 50 μM Rh2phen2; (c)
16.7 μM [Ir(ppy)2(dtbbpy)]

+ and 50 μM Rh2phen2.

Figure 4. Absorption spectral changes of the multicomponent systems based on Rh2phen2 (a) and Rh2bpy2 (b) during photocatalytic H2 production.
0.05 mM [Ir(ppy)2(dtbbpy)]

+, 0.6 M TEA, and 0.05 mM dirhodium(II) catalyst in 10 mL of THF/water (8:2, v/v).
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from the colloidal rhodium as in the case of Rh2bpy2.
Noticeably, the irradiation, particularly in the period of 0.5−3
h, gave rise to the appearance of a new absorption band within
500−600 nm, having the absorption maximum at around 575
nm. After 3 h of irradiation, this new 575-nm-absorbing species
remained unchanged, while the system began to produce H2 at
a constant rate. Although the structure of this 575-nm
intermediate is unknown at present, one may expect that it is
this species that accounts for the significant difference in the
catalytic activities between Rh2bpy2 and Rh2phen2.
Another possibility should be taken into consideration also;

i.e., a specific interaction exists between the colloidal rhodium
and the phen ligands, which gives rise to this specific absorption
at 575 nm. We examined the effects of the phen ligand on the
catalytic activities of Rh2phen2, Rh2bpy2, and Rh2(OAc)4
systems. As shown in Figure 5a, the presence of phen at either
2 equiv (0.1 mM) or 10 equiv (0.5 mM) decreased the catalytic
activity of Rh2phen2 remarkably. Figure 6a shows the
corresponding absorption changes during the irradiation. The
addition of phen did not restrict the baseline increase, i.e., the
colloidal rhodium formation. If the 575-nm intermediate
originates from the interaction between the colloidal rhodium
and phen, the addition of phen will facilitate such an interaction
and increase the catalytic activity of the system. However, the
absorbance at 575 nm did not increase and the catalytic activity

of the system decreased, ruling out the origin of the 575-nm
intermediate from such an interaction. Instead, a new
absorption band centered at 390 nm was observed, suggesting
the formation of a new species, which may impair the catalytic
activity of the 575-nm intermediate.
Interestingly, the addition of phen enhanced the catalytic

activities of Rh2bpy2 and Rh2(OAc)4, particularly at 2 equiv, as
shown in Figure 5b,c. The insets of Figure 6b,c show the
emergence of the 575-nm absorption band. The ligand
substitution between bpy and phen or between OAc and
phen may contribute to the formation of the 575-nm
intermediate, which, in turn, improves the catalytic activity of
the system. However, the formation of the 575-nm
intermediate is obviously less efficient than the case of
Rh2phen2. Moreover, other species that have strong absorbance
around 400 nm appeared during irradiation, which might
interfere with the H2 production process. As a result, the
catalytic activities of the two systems are far less efficient than
that of Rh2phen2. In both cases, irradiation led to an absorption
baseline increase, in accordance with the formation of the
colloidal rhodium. If the 575-nm intermediate results from the
interaction of the colloidal rhodium and phen, the addition of
10 equiv of phen will improve the catalytic activity more
efficiently than the case of 2 equiv. The experimental
observation (Figure 5) precludes such a further possibility.

Figure 5. Effects of the free phen ligand on the photocatalytic H2 production of the multicomponent systems based on Rh2phen2 (a), Rh2bpy2 (b),
and Rh2(OAc)4 (c). The concentrations of [Ir(ppy)2(dtbbpy)]

+, TEA, and the catalyst are 0.05 mM, 0.6 M, and 0.05 mM, respectively. The
concentrations of the added phen are respectively 2 and 10 equiv with respect to the catalyst.
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Electrocatalytic H2 Production. The studies on the
electrocatalytic activities of the examined rhodium catalysts
may shed light on their photocatalytic activities. Figure 7 shows
the cyclic voltammograms of Rh2phen2 and Rh2bpy2 in DMSO.

For Rh2phen2, two redox couples are observed at −0.79 and
−1.52 V vs SCE, which are assignable to RhIIRhII/RhIIRhI and
RhIIRhI/RhIRhI processes, respectively. The addition of acetic
acid triggers the appearance of a catalytic reduction wave near
the redox potential of the RhIIRhI/RhIRhI couple, suggesting
that the RhIRhI species is the actual active species in proton
reduction. Similarly, the RhIIRhII/RhIIRhI and RhIIRhI/RhIRhI

potentials of Rh2bpy2 locate at −0.75 and −1.46 V vs SCE,
respectively. Upon the addition of acetic acid, reduction current
enhancement occurred also at the second reduction potential,
implying that the proton reduction active species is also RhIRhI

for Rh2bpy2.
These results demonstrate that both Rh2bpy2 and Rh2phen2

should accept two electrons prior to participating in the proton
reduction in the multicomponent photocatalytic H2 production
systems. As shown below, the initial photoreaction in our
photocatalytic systems is the reduction of the excited Ir-based
PS by TEA. The redox potential of [Ir]/[Ir]− couples was
measured to be −1.45 V vs SCE. It is then clear that the
collection of the second electron from the reduced PS is not a
downhill process, although the collection of the first electron is
thermodynamically favorable. As a result, Rh2bpy2 and
Rh2phen2 need to transform to a new species that can accept
two electrons from the reduced PS to catalyze the proton
reduction.
The inhibitory effect of MV2+ (with a reduction potential at

−0.68 V vs SCE30) on the catalytic activities of Rh2bpy2 and
Rh2phen2 might also be due to the more negative reduction
potentials of the complexes or the 575-nm intermediate (in
particular, the second reduction potential), which makes MV2+

serve as an electron trap rather than a ER in the multi-
component system. The low reduction potentials of Rh2bpy2
and Rh2phen2 would limit the choice of a PS and lower the
driving force for electron transfer from PS to WRC.
Accordingly, our future effort will be on the design and
synthesis of dirhodium complexes with less negative reduction
potentials. On the other hand, the omission of an ER such as
MV2+ may simplify the system and mitigate the energy loss
occurring in multistep electron-transfer processes, thus
enhancing the electron-transfer efficiency.

Luminescence Quenching and Transient Absorption.
To realize H2 production, a precondition is the photoinduced
electron transfer between PS, WRC, and SR (no ER in our
cases). Thus, the luminescence quenching of the Ir-based PS by
Rh2phen2, Rh2bpy2, and TEA was investigated.
As shown in Figure S2 in the Supporting Information, τ0/τ

was plotted as a function of the quencher concentration, where
τ0 and τ are the luminescence lifetimes of PS in the absence and
presence of a quencher, respectively. Fitting the data by way of
the Stern−Volmer equation (eq 1) allows for determination of
the dynamic quenching rate constants 3.6 × 109 M−1 s−1 for
Rh2bpy2, 2.6 × 109 M−1 s−1 for Rh2phen2, and 2.6 × 107 M−1

s−1 for TEA (Table 2). The luminescence quenching is mainly
due to the single electron transfer from the excited PS to the
Rh-based catalyst. As mentioned above, to achieve the catalytic
activity, the Rh-based catalyst should accept two electrons.
Consequently, there is no correlation between the quenching
rate constants and the H2 evolution efficiencies. For example,
although Rh2bpy2 quenches the luminescence of the Ir-based
PS more efficiently than Rh2phen2, its catalytic activity is much
lower than that of Rh2phen2.

τ τ τ= + k/ 1 [Q]q0 0 (1)

Figure 6. Absorption spectral changes of the multicomponent systems
based on Rh2phen2 (a), Rh2bpy2 (b), and Rh2(OAc)4 (c) during
photocatalytic H2 production in the presence of the free phen ligand.
0.05 mM [Ir(ppy)2(dtbbpy)]

+, 0.6 M TEA, and 0.05 mM dirhodium-
(II) catalyst in 10 mL of THF/water (8:2, v/v). The added phen is
either 2 or 10 equiv with respect to the catalyst.
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Although the quenching rate constants of the catalysts are 2
orders of magnitude larger than that of TEA, reductive
quenching (i.e., electron transfer from TEA to the excited
PS) dominates in our system because of the much larger
concentration of TEA (0.6 M) than that of the catalysts (5 ×
10−5 M). Therefore, in our multicomponent systems, the main
electron donor is the reduced PS rather than the excited PS for
the catalysts. Transient absorption spectra are in line with this
conclusion (Figure 8). The transient absorption spectrum of Ir-

based PS exhibits two bands centered at 365 and 480 nm,
respectively, attributable to the excited PS in the triplet
multiplicity.29 The addition of TEA leads to remarkable spectral
changes, showing three bands centered at 393, 504, and 536
nm, respectively, assignable to the reduced PS. A further
addition of the Rh-based catalyst does not alter the spectrum
profile but decreases the spectrum intensity, in accordance with
electron transfer from the reduced PS to the catalyst. We also
measured the transient absorption spectra of the multi-
component systems that had been irradiated for 20 h. The
obtained spectra are similar to that of the mixture of Ir-based
PS and TEA (Figure S3 in the Supporting Information),
vindicating further that the initial and predominant photo-
reaction is the reductive quenching of the excited PS by TEA.

Photostability. In order to identify the chemical nature of
the 575-nm intermediate, we examined the photoinduced
products of Rh2bpy2 and Rh2phen2 in argon-saturated THF/
water (8:2, v/v) in the absence of Ir-based PS and TEA. As
shown in Figure S4 in the Supporting Information, both
Rh2bpy2 and Rh2phen2 are not stable upon irradiation.
However, no 575-nm band as well as baseline increase was
found, suggesting neither the 575-nm intermediate nor the
colloidal rhodium formed. After irradiation for 3 or 9 h, Ir-
based PS and TEA were added to construct the multi-
component systems; however, no H2 evolution was detected.
These results indicate that the 575-nm intermediate is the
photoproduct of Rh2phen2 in the presence of PS and TEA,
where the photoinduced electron transfer between them may
play a key role.

Overall Mechanism of H2 Evolution. A mechanism for
the photocatalytic H2 production of the multicomponent
system based on Rh2phen2 may be put forth as in Scheme 2.

Figure 7. Electrochemical properties of Rh2phen2 (a) and Rh2bpy2 (b) in DMSO in the presence of various concentrations of acetic acid.

Figure 8. Transient absorption spectra of the solutions containing Ir-
based PS only (a), Ir-based PS and TEA (b), and Ir-based PS, TEA,
and Rh2phen2 (c), recorded after a 200 ns delay of the laser irradiation
at 420 nm.

Scheme 2. Proposed Photocatalytic H2 Production Mechanism for the Multicomponent System Containing an Ir-Based PS, a
TEA-Based SR, and a Rh2phen2-Based Catalyst
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Upon irradiation, the excited PS ([Ir]*, most likely in the
triplet excited state due to the ultrafast intersystem crossing of
the Ir-based complexes) is reduced to [Ir]− by TEA. Then,
electron transfer from [Ir]− to Rh2phen2 favors the latter to
experience some structure variation to form the 575-nm
intermediate, by which the H2 evolution is catalyzed. For
Rh2bpy2, no active species similar to the 575-nm intermediate
forms during irradiation, and the low H2 evolution efficiency
partly results from the colloidal rhodium.
The observed disparity in the photocatalytic activity between

Rh2bpy2 and Rh2phen2 must come from the different diimine
ligands used. Before identification of the nature of the 575-nm
intermediate, any convincing explanation is difficult to reach.
We believe further exploration of such types of dirhodium(II)
complexes bearing other kinds of diimine ligands will be helpful
in understanding the underlying mechanism and the develop-
ment of more efficient photocatalytic H2 production systems.

■ CONCLUSION
In summary, the H2 evolution catalysis activities of two
dirhodium(II) complexes, Rh2bpy2 and Rh2phen2, were studied
in a multicomponent system, using [IrIII(ppy)2(dtbbpy)]

+ as a
PS and TEA as a SR. Both RhII2-based catalysts are greatly
superior to the Rh2(μ-O2CCH3)4 model complex. More
importantly, there is more than a 6-fold increase in the
photocatalytic activity from Rh2bpy2 to Rh2phen2 just using
phen in place of bpy. The results clearly highlight the
importance of N-based chelate ligands for the dirhodium(II)
compounds. Further work is underway to develop new RhII2-
based catalysts for better understanding the mechanism and
higher photocatalytic H2 production efficiency.
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