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Increased long-term performance was found for photocatalytic H, production in a homogeneous combination of
[Re(NCS)(CO)3bipy] (1; bipy = 2,2'-bipyridine), [Co(dmgH),] (dmgH, = dimethylglyoxime), triethanolamine (TEOA),
and [HTEOA][BF,] in N,N-dimethylformamide, achieving TONg, up to 6000 (H/Re). The system proceeded by
reductive quenching of *1 by TEOA, followed by fast (k; = 1.3 x 108 M~" s~ ") electron transfer to [Co'(dmgH).] and
subsequent protonation (K) and elimination (ks, second-order process in cobalt) of H,. Observed quantum yields
were up to ~90% (H produced per absorbed photon). The type of acid had a substantial effect on the long-term
stability. A decomposition pathway involving cobalt is limiting the long-term performance. Time-resolved infrared (IR)
spectroscopy confirmed that photooxidized TEOA generates a second reducing equivalent, which can be transferred
to 1 (70%, ke =3.3 x 108 M~ s7) if no [Co"(dmgH),] is present.

Introduction

The long-term objective of this study is to find a photo-
catalytic cycle in a homogeneous solution for water splitting
to Hy and O, and is motivated by ongoing depletion of fossil
energy sources in the years to come. Commercially available
photovoltaic (PV) cells coupled to state-of-the-art water
electrolyzers split water in high yields, but at prices that do
not yet compete with H, produced by steam reforming of
natural gas or coal gasification." This intrinsic problem will,
however, be overcome as soon as prices for fossil fuels rise
significantly. Besides PV cells, the search for direct light-
driven processes represents an incentive in current research.
A particularly appealing one is the mimicking of natural
photosynthesis: photons are absorbed by a photosensitizer to
generate free electrons and holes. Ideally, the latter ones can
be used for water oxidation, while the electrons reduce water
(Scheme 1).

First literature reports about photocatalytic water splitting
in homogeneous solutions appeared around 1980 with the
pioneering work of Sutin and Lehn.>® They presented
systems that reduced protons to H, with [Ru(bipy);]*" as a
photosensitizer (PS) and a cobalt-based water reduction
catalyst (WRC). Cobalt macrocyclic complexes acted as
WRCs in some more recent reports about photocatalytic
proton reduction. Artero et al. applied [Co(dmgX),YZ]-type
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complexes (dmgH, = dimethylglyoxime, X = H" or BF,™,
Y = halogen, Z = pyridine derivatives) and [ReBr(CO);phen]-,
[Ru(diimine);]*"-, and [Ir(ppy)(diimine)]"-type PSs, with the
latter two complexes also with a covalent link to the axial
pyridine coordinated to cobalt, achieving up to 550 turnover
numbers (TONs; for H/Re and 275 for H,/Co) with the
rhenium system.** Eisenberg et al. focused on [Co(dmgX)--
YZ]-type complexes but with a platinum terpyridyl acetylide
or, more recently, xanthene-type PSs, achieving up to 2400
TONs (for H/Pt and 2200 for H,/Co) in the platinum
system.®” In our own work, [ReBr(CO);bipy] served as the
PS and [Co(dmgH),] as the WRC.® Bernhard et al. used
[M(bipy)s]*" (M = Co™ or Rh'™) as WRC in combination
with [Ir(ppy).(diimine)]* as the PS in MeCN or tetrahydro-
furan/water mixtures with TONs up to a respectable 5000
(for H/Ir and 2500 for H,/Rh).”'° Other more recent systems
were all based on [Ru(bipy)s]*"-type PSs and platinum,
palladium, or rhodium complexes as WRCs."' ™™ Besides
displaying low TONs (5—50), the homogeneous character of
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Scheme 1. General Representation of a Photocatalytic Relay for
Water Decomposition into H, and O, Proceeding via Reductive
Quenching of the Excited *PS by a WOC and Subsequent Reduction
of a WRC by PS™
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these latter systems was put into question.'? Great efforts
have been put into the development of water oxidation
catalysts (WOCs),"> 2% and the first examples of photocata-
lytic water oxidation reactions (to our knowledgze) were only
recently reported by Hill et al.>! and Sun et al.?

Our initial studies focused on the kinetics and short-term
performance of a homogeneous system using triethanola-
mine (TEOA) as the sacrificial electron donor, [ReBr(CO);-
bipy] as the PS, and [Co(dmgH),] as the WRC. We found
that reductive quenching of *PS by TEOA was followed bly
fast (kyp, = 2.5 X 108 M~' s7") electron transfer to [Co"'-
(dmgH),]. The resulting Co" species produced H, in a second-
order process in cobalt. The long-term performance of the
process was limited by [ReBr(CO);bipy]. The labile Br—
ligand was lost under photocatalytic conditions after a short
time of irradiation, thereby interrupting the cycle. We also
found that acetic acid had a negative influence on the long-
term performance of the system.

Addressing these two drawbacks, we present in this report
a substantially improved system. Replacing Br in [ReBr-
(CO);bipy] by [NCS]™ and acetic acid by [HTEOA][BF,]
increased the long-term stability significantly (TONg. up to
6000). Electron transfer between the reduced PS and Co'" was
very fast (k; = 1.3 x 10 M~ 's™"). The transfer of a second
reducing equivalent to the PS, tentatively assigned to origi-
nate from decomposition of TEOA, could be observed.
Potential rhenium decomposition pathways were identified
in a domain where the cobalt concentration was rate-limiting.

We confirmed a second-order process in cobalt for the final
formation of H, and a strong correlation between [HTEOA ]
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Figure 1. H, production rate (left scale, M) and TONg. (right scale, solid
lines) as a function of time with AcOH or HBF,, respectively, and with
X = Br or NCS™ (0.5 mM [ReX(CO);bipy], I mM [Co(OH,)s|(BF4),,
6 mM dmgH,, 1 M TEOA, 0.1 M acid, DMF, Ar, 476 nm).

and the initial turnover frequency (TOF) and the end TON,
respectively.

Results and Discussion

Influence of Acid and X in [ReX(CO);bipy] on H, Pro-
duction. Analysis of the reaction mixtures in the TEOA/
AcOH/[ReBr(CO);bipy]/[Co(dmgH),]/DMF system after
irradiation revealed the quantitative loss of Br™ in [ReBr-
(CO)sbipy]. The addition of a 10-fold excess of tetra-n-
butylammonium bromide ([TBA]Br) did not increase the
catalytic performance (see SI 1 in the Supporting In-
formation). Replacing acetic acid (pK, = 13—14)7 by
[HTEOA][BF,] (pK, = 7.5)* considerably increased
the long-term performance, although at lower rates (see
Figure 1). The axial bromide ligand now remained co-
ordinated to rhenium, as evidenced by high-performance
liquid chromatography (HPLC). Obviously, acetic acid
accelerates the loss of Br~ from [ReBr(CO);bipy], possi-
bly via formation of an acetate or a solvato complex.
Accordingly, comparative experiments were performed
with [Re(OH,)(CO);bipy][O3SCF;], where axial-bound
OH,; served as a leaving group. Indeed, we found catalysis
to proceed at a much lower, albeit a constant rate, as
found for [ReBr(CO)sbipy] after the initial burst in H,
production (see SI 1 in the Supporting Information). This
confirmed our hypothesis that loss of axial Br  in
[ReBr(CO);bipy] limited H, production in the previous
system. We hypothesized that the lower TOF for [Re(OH,)-
(CO)sbipy] ™ is due to a reduced overlap with the 476 nm
LED (Table 1 and SI 7 in the Supporting Information).
This assumption was supported by experiments with a
380 nm LED (see SI 5 in the Supporting Information),
where extinction of [Re(OH,)(CO);bipy]" and [ReBr(CO)s-
bipy] and H; production were almost equal.

To further evidence the influence of the axial ligand X,
we replaced [ReBr(CO);bipy] by [Re(NCS)(CO)sbipy]
(1). We found previously that 1 exerts a very high
stability®* while maintaining physicochemical properties
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Table 1. Physicochemical Properties of [ReX(CO);bipy] in DMF
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1

X Jmrer, nm (e, M~ 's7h Aphos, nm (P x 10%) kqteOA, X10°M™!s7! Eiq,"V Vo, syms” €M™
Br 375 (3110 £ 50) 600 (1.8 £ 0.11) 42.24+0.19 64.8+0.4 —1.235 2011
OH, 347 (sh; 3950 + 20) 590 (1.5 £ 0.07) 33.3£0.16 236+3.2 —1.080 2035
NCS 376 (2910 + 99) 602 (1.1 + 0.05) 2554022 92+1.2 ~1.185 2020

“@Reversible one-electron reduction potentials in V vs Ag/AgCl.  In KBr pellet.

Scheme 2. Sequence of Reactions (As Assumed) for TEOA upon Interaction with *PS
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Figure 2. Transient kinetic trace of 1 (integrated absorbance of CO
and NCS bands) in DMF with 1 M TEOA after excitation with A = 355
nm (black circles). Oscillation of the signal between ~150 and ~450 ns is
caused by amplifier ringing. Green line: Exponential fit of a second rise
from 200 ns to 18 us. Inset: Transient spectra measured at different delay
times. Bands pointing downward belong to CO and NCS vibrations of the
ground state of 1, positive bands to those of the reduced complex 1™

similar to those of [ReBr(CO);bipy] (Table 1). As is
evident from HPLC analysis, 1 proved to be very inert
toward [NCS]™ substitution in DMF. Comparative H,
formations are given in Figure 1. Further experiments
were done to clarify the kinetics in the modified system,
namely, the sequence of the catalytic cycle, the influence
of the concentration of both [HTEOA]BF,4] and [Co-
(dmgH),], and the long-term performance.

Electron-Transfer Steps. To allow observation of the
eventual secondary electron-transfer processes following
the first, very fast reduction (kq; Scheme 2), step-scan IR
spectroscopy was applied to cover the time domain from
100 ns to 500 us. The kinetics of 17, originating from
reductive quenching of *1 by TEOA (Scheme 2, left side),
could thus be analyzed in more detail.® The first step after
excitation, i.e., quenching of the triplet metal-to-ligand
charge-transfer "MLCT) state of 1, is not resolved with
this method because its time scale is beyond the resolution
of the step-scan technique (~11 nsin DMF with[TEOA] =
1 M; Table 1).

A 1 mM solution of 1 with 1 M TEOA in DMF was pre-
pared and purged with Ar for 60 min before irradiation

HO A\ oo

kZ.e' |
—_— +
7 < H -H*, H,0 H H
OH OH

OH
PS/Co" PSCo!

HO\/\“/\/OH K2.e- HO\/\'N'MO

H* g

HO

and measurement. Figure 2 shows the kinetic trace of 1~
and difference spectra at various delay times after excita-
tion with 355 nm light. The IR bands at 1918, 2024, and
2092 cm ™! correspond to the asymmetric and symmetric
CO stretching vibrations and the NCS stretching vibra-
tion, respectively. These bands are bleached upon excita-
tion and subsequent reductive quenching of *1 by
TEOA. %% The corresponding vco transients of 1° are
found at slightly lower wavenumbers (1884 and 1999 cm™ "),
indicative of an increased back-bonding in 1~,%2%?7 while
vnes of 17 appears at 2103 cm ™', The kinetic trace of 1~
consists of two processes occurring at different time
scales. While the reductive quenching of the *"MLCT state
takes place within a few nanoseconds, the signal first rises
within the response time of the detector and amplifier,
reaching a first plateau after ~200 ns. Subsequently, a
second step of the signal with a first-order time constant
of 3.1 us was observed. The amplitude of the second step
is ~70% relative to the first one. Reductive quenching of
*1 with TEOA (amplitude: 100%) generates the nitrogen-
centered radical-cation TEOA** {N°*(CH,CH,OH);"}
(Scheme 2). H® abstraction at TEOA by TEOA""/depro-
tonation of TEOA®" by TEOA yields the carbon-centered
radicals (HOCH,C"H)N(CH,CH,OH), and/or (HOC"-
HCH,)N(CH,CH,0OH),, as shown before (Scheme 2,
right side).”®** Unlike the aminyl radical TEOA"", these
carbon-centered radicals are strong reducing agents>*>
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Figure 3. Transient kinetic traces for 1™ (integrated absorbance of CO
and NCS bands) in the presence of different concentrations of [Co-
(dmgH),] after excitation with A = 355 nm. Inset: Time constants of
the decay of 1™ as a function of the concentration of [Co(dmgH),]. Linear
fitting gives the rate for the forward electron-transfer reaction (1~
[Co'!(dmgH),] = 1 + [Co'(dmgH),] ). ™.

that prevent back electron transfer from 1. In addition,
they donate a second electron®® 31333336 5 1 with a yield
of ~70%, rationalizing the kinetic trace depicted in
Figure 2. An upper limit of ~40 uM for 1~ and, therefore,
for (HOCH,C "H)N(CH,CH,OH), and/or (HOC"HCH),)-
N(CH,CH,OH), after reductive quenching was calcu-
lated from the spectral overlap of 1 and the laser pulse
(355 nm and 2 mJ). Thus, after transfer of the second
electron, the concentration of 1~ is ~70 uM. Because of
the large excess of 1, its concentration can be considered
to be constant. The resulting pseudo-first-order kinetics
for transfer of the second electron gives a rate constant
of ke = 3.3 x 105 M ' s!. The yield of less than 100%
might result from other deactivation pathways such as re-
combination or disproportionation, which radicals typically
undergo.

In order to quantify the electron-transfer rates in this
new system, we kept all components constant (I mM 1,
1 M TEOA, and 0.1 M HBF,) but varied Co"' from 1.0 to
3.0mM in 0.5 mM steps. [Co(OH»)s](BF4), was dissolved
with a 6-fold excess of dmgH, to ensure the complete
formation of [Co'(dmgH),]. Transient kinetic traces of
1~ are shown in Figure 3. 1™ transfers its electron to
[Co"(dmgH),], thereby generating a Co' species. Because
of a large excess, the Co'' concentration remains almost
constant, which results in pseudo-first-order kinetics for
the decay of 1°. An exponential fit gave the following
lifetimes with increasing concentrations of Co": 8.9, 6.1,
4.2, 3.3, and 2.7 us. The corresponding rates depend
linearly on the Co" concentration, thus giving k; = 1.3 x
105 M~ ' s~ ! for the electron-transfer step (Figure 3). This
rate is in good agreement with a similar report in the
literature® and compares well with electron transfer be-
tween [ReBr(CO)3b1py] and [Co' (dmgHzg] (kipr=2.5x
105M~'s7").® From Table 1 and E(Co™") = —1.040 V,

(35) Kutal, C.; Corbin, A. J.; Ferraudi, G. Organometallics 1987, 6, 553~
557.
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Figure 4. Initial H, production rates as a function of [Co]. Inset: Initial
H, production rates as a function of [Co]; 0.5 mM 1, varying
{[Co(OH,)4](BF,),, 6 dmgH,}, 1 M TEOA, 0.1 M HBF,, DMF, Ar,
476 nm.

the corresponding backward electron transfer rate is
estimated as k_; ~ 4.1 x 10° M~ ' s7! (ARG = —14.3kJ
mol ™ Handk_ g~ 1.1 x 10°M™'s7' (ARG = —19.1k]J
mol™') for 1 and [ReBr(CO)3b1py] respectively, as was
expected for an electron transfer in the normal region
according to the Marcus theory. As found for similar
systems (PS = ruthenium, platinum, or iridium complex;
WRC = cobalt or rhodium complex),***” quenching of
*1 by cobalt occurs at a rate close to diffusion control (see
SI 8 in the Supporting Information; kq = 5 x 10°M~'s™!
in | M TEOA, DMF).*?® Because kqrpoa = 9.2 X 107
M~! s7! and [TEOA] = 1 M in all of our experi-
ments, negligible contribution from quenching by cobalt
is expected.

Cobalt Dependence. By systematically varying the
cobalt concentrations, we showed that H, evolution in
the original [ReBr(bipy)(CO)s]/acetic acid system oc-
curred along a second-order process in cobalt with
kops = 4 M~ ' 571 In the new and improved system, a
linear fitting of dH,/d? vs [CoJor gave kops= 25 M 157!
(Figure 4).

The second-order process was rationalized by a bimo-
lecular reaction of two cobalt hydrides as the rate- hmmn%
elementary step (eqs 1—3), as postulated elsewhere.’
Assuming a fast preequilibrium for eq 2 and with sub-
stitution of [Co'] for ¢[Co]or, Where ¢ s the fraction of Co'
with respect to [Col, €q 4 describes the relationship
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reasonable to consider also a direct electron transfer from (HOCH,C'H)-
N(CH,CH,0H), and/or (HOC*"HCH,)N(CH,CH,OH), to [Co"(dmgH),]
in addition to the transfer to 1. The former route becomes dominant for
higher concentrations of [Co'(dmgH),]. The direct transfer does not
alter the kinetic trace of 1°, provided that [Co'"] remains approximately
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Scheme 3. Schematic Representation of the Proposed Reaction Cy-
cles to H,

0.5H,
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between the rate of H, formation and the total cobalt
concentration.

Co'"+17 — Co' (k) (1)
Co' +HA" — Co™-H+A (K)) (2)
2Co"-H — 2Co" + Hy  (k3) (3)

L\ 2
% = kK’ (h_?:] ]> cz[co]wtz = kobs[co}totz (4)

A systematic variation of [HA "]/[A] would allow one to
identify k3K>%c?. This experiment is hardly possible with
acetic acid because it is not clear if AcOH or internally
generated [HTEOA] " did serve as the proton source. In
the present study, [HA*] /[ ] was fixed at 0.11 and k3 K>>¢?
thus equals 2025 M ™

We observed a very poor long-term performance when
cobalt became rate-limiting ([Co] < 0.4 mM). When the
reaction was run to completion under these conditions
(H, evolution ceased), a black precipitate formed, the
solution became colorless, and 1 could no longer be
detected by HPLC. When cobalt becomes rate-limiting,
complex 17, a strong reductant (—1.185 V vs Ag/AgCl)
with a lifetime well above 10 ms as determined by
transient IR spectroscopy in DMF/TEOA solutions,
accumulates in the solution (Scheme 3) While being
sufficiently long-lived to react with Co (’\‘16 us for
[Co"] = 0.5 mM withk, = 1.3 x 10°M 1, this radi-
cal has a chemistry of its own. In the complete absence of
cobalt but with [HTEOA]*, 3—5 equiv of H, and a black
precipitate were observed (end TONg, = 4 + 1), reveal-
ing a competitive, destructive pathway ending the cata-
lytic cycle.

Acid Dependence. Replacement of acetic acid by
[HTEOA][BF,4] substantially improved the long-term
performance. There are several reasons why acetic acid
affects H, production, namely, its interaction with the PS
(see before), but also its high pK, in DMF (pKa.acon =
13—14; pK, teoa = 7.5; bothin DMF),?* making it a less
likely proton source in eq 2. To quantify the role of
[HTEOA][BF,], its concentration was varied systemati-
cally from 0 to 0.2 M, while all other parameters were kept
constant (Figure 5). A distinct dependence was found for
the initial TOFs, reaching a plateau at [HBF4] = 0.1 M,
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Figure 5. Left scale: initial H, production rates. Right scale: total
TONR, as a function of [HBF,] (0.5 mM 1, 0.5 mM [Co(OH,)s](BF4),,
3 mM dmgH,, | M TEOA, DMF, Ar, 476 nm).

Table 2. HPLC Analysis of Free dmgH, and 1 during Catalysis (See Also SI 2 in
the Supporting Information)”

irradiation time, h dmgH,, % 1, % TOFg., H/Re/h TONg., H/Re

0 100 100 56 0
16 80 100 32 670
55 0 80 10 1380

120 0 0 0 1850

“1 M TEOA, 0.1 M HBF,, 0.5 mM 1, 0.5 mM {[Co(OH,)¢](BF,),,
6 dmgH,}, DMF, Ar, 476 nm.

indicating rate-limiting protonation of [Co'] (eq 2) for
[HBF4] < 0.1 M. Slow H, formation was observed even in
the absence of acid. Obviously, HBF, is not the sole
proton source because the photocatalytic oxidation of
TEOA generates two protons, compensatmg for the for-
mal H™ loss by H, formation (see Scheme 2).**#! In fact,
for most experiments, more H, was produced than pro-
tons added in the form of HBF,, thus underscoring the
importance of proton release upon decomposition of
TEOA*" (Scheme 2, right side).

Besides the acid-dependent TOFs, the acid concentra-
tion had a marked influence on the final TONg.. At
[HBF4] = 0.2 M, the initial TOF (TOF,;) compares well
with the fastest one at 0.1 M, but the final TONg, was
only ~25% of the maximum TON at 50 mM HBF, (2000
H/Re). At low [HBF,], the final TONg, correlated well
with TOF;,;. Analyzing the solutions after H, formation
ceased, we found that dmgH, and 1 disappeared. A
continuous analysis of the reaction with 0.1 M HBF, first
revealed the disappearance of dmgH,, followed by sub-
sequent decomposition of 1 (Table 2).

The time-dependent concentrations, as shown in Ta-
ble 2, imply a slow decomposition of the cobalt catalyst as
the primary reason for the decay of the TOF over time.
This deactivation pathway occurs slowly and is indirectly
evidenced by the consumption of free dmgH». The fact
that H, production ceased quite abruptly after 120 h is
also in support of this interpretation (see SI 2 in the
Supporting Information). To corroborate this hypothe-
sis, we quantified the TON as a function of the dmgH,
concentration (see SI 3 in the Supporting Information).

(41) Sun, H.; Hoffman, M. Z. J. Phys. Chem. 1994, 98, 11719-11726.
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Figure 6. H, production rate (left scale, @) and TONRg, (right scale,
black line) as a function of time (30 uM 1, 0.5 mM [Co(OH,)¢](BF,),,
3 mM dmgH,, 1 M TEOA, 20 mM HBF,, DMF, Ar, 380 nm).

The addition of more than 4—6 equiv of dmgH, did not
significantly change the rate of H, formation. However,
TONg, increased steadily with increasing [dmgH>], sup-
porting dmgH, consumption to be the TON-limiting
process. It was postulated before that [Co™-H], in a slow
reaction, undergoes intramolecular hydride shift to the
coordinated oxime moiety of dmgH to give a hydroxyla-
mine derivative.*?

Long-Term Performance. Long-term stability with the
new system is among the best reported so far (TONg, up
to 2000), but catalysis still slowed down over time. In
these long-term experiments, a substantial part of TEOA
was sacrificed (up to 50% for 2 electrons per TEOA).
According to our analyses, decomposition of [Co(dmgH),]
dominates the rate decrease and long-term stability.
Depletion of TEOA, as a substrate in the process, contri-
butes to the activity loss but not to the long-term perfor-
mance because the addition of TEOA up to the original
concentration at a late time point did not increase TOF or
final TONs. Consequently, when the concentration of 1
was decreased to 30 uM and upon irradiation with a 380
nm high-flux LED, TONg.’s up to 6000 were observed
(Figure 6 and SI 4 in the Supporting Information) while
less than 10% TEOA (for 2 electrons) was consumed.
These high TONg.’s can only be achieved if decom-
position of 1 is not limiting. The fact that TON¢, (H»
per cobalt) never exceeded ~1000 (~200 per dmgH,) was
a further strong indication for decomposition of [Co-
(dmgH),] to be the responsible factor for performance
limitation.

Dependence on Photon Flux, Quantum Yield, and Col-
loids. The rates of H, formation depended linearly on the
photon flux as determined by actinometry (see SI 5 in the
Supporting Information). Quantification of the quantum
yields should be addressed with care because of two
systematic uncertainties, namely, the second electron
released upon oxidation of TEOA and absorption of
the reduced cobalt catalyst. The former uncertainty po-
tentially gives an upper limit of @y, = 200%, whereas
the latter alters the observed @y, as a function of the
wavelength and can only be eliminated if the concentra-
tion and extinction of the reduced cobalt catalyst are

(42) Simandi, L. I.; Szeverenyi, Z.; Budozahonyi, E. Inorg. Nucl. Chem.
Lett. 1975, 11, 773-777.
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known. The observed quantum yield for a standard ex-
periment (0.5 mM 1, 0.5 mM [Co(OH,)g](BF4)2, 3 mM
dmgH,, 1 M TEOA, 0.1 M HBF4, DMF, Ar, 380 nm) was
found to be ®yy/ny380nm ~ 90% (observed H/absorbed
photon), as compared to @yy/n, 330nm ~ 40% (observed H/
absorbed photon) for the original [ReBr(CO)sbipy]/
acetic acid system (0.5 mM [ReBr(CO)sbipy], | mM
[Co(ac)>,(H>0)4], 6 mM dmgH,, 1 M TEOA, 0.1 M
AcOH, DMF, Ar, 380 nm). We previously reported an
observed quantum yield of 26%, which was obtained in a
different setup at 415 nm, thus at different optical den-
sities in cobalt.® If the yield of the second electron released
by (HOCH,C"H)N(CH,CH,OH), and/or (HOC"HCH,)-
N(CH,CH,OH), (see the section Electron-Transfer
Steps) is taken into account, the quantum yield reduces
to 90%/1.7 ~ 50%.

To exclude colloids as catalytically active species, as
established for similar systems with noble metal WRC
catalysts,'' "% it was of special interest to assess a
homogeneous reaction in the present system. Evidence
for homogeneous H, formation with [Co(dmgH),] was
already received from light scattering,® from mercury
poisoning experiments,® and, indirectly, from electroche-
mical studies.**** The squared dependence of H, forma-
tion in [Colo as reported herein is not expected for a
heterogeneous system. Because Hg” is known to poison
colloidal catalysts, qualitative poisoning studies as re-
ported in the literature for other systems were
performed.”**¢ If a colloidal species would be the source
of H, formation, the addition of elemental mercury would
affect the long-term performance. In a test experiment, two
solutions (0.5 mM 1, 0.5 mM [Co(OH,)g](BF4)>, 3 mM
dmgH,, 1 M TEOA, 0.1 M HBF,4, DMF, Ar, 476 nm)
were irradiated for 13.5 h with or without Hg" (200 uL
and 2500 equiv relative to rhenium and cobalt, respse-
ctively). Mercury was then removed and the experiment
continued (see SI 6 in the Supporting Information). The
shapes of the curves [H]/s vs time were identical, with
or without mercury, being in agreement with a homo-
geneous process.

Conclusion

Photocatalytic systems for H, formation based on
[ReX(bipy)(CO);] as the PS and [Co(dmgH),] as the H,
evolution reaction catalyst are alternatives to the widely
studied ruthenium systems. Identifying the deactivation
pathways in such a system is key for the development of
long-term stable systems. The loss of the axial Br™ ligand in
the PSis one of these pathways. Exchanging Br~ with [NCS] ™

(43) Du, P.; Schneider, J.; Fan, L.; Zhao, W.; Patel, U.; Castellano, F. N.;
Eisenberg, R. J. Am. Chem. Soc. 2008, 130, 5056—.

(44) Razavet, M.; Artero, V.; Fontecave, M. Inorg. Chem. 2005, 44,4786~
4795.

(45) Paklepa, P.; Woroniecki, J.; Wrona, P. K. J. Electroanal. Chem. 2001,
498, 181-191.

(46) Anton, D. R.; Crabtree, R. H. Organometallics 1983, 2, 855-859.

(47) Because our reaction flasks were irradiated with an LED from below,
effective photon flux in the mercury experiment was lower than that without
mercury (reflected in the lower TOF but identical shape of the curve in SI 6 in
the Supporting Information). If mercury would poison our catalysts, one
would par contra expect that catalysis would not take place at all or come to a
stop shortly after the start. To further confirm the hypothesis about the
reduced photon flux, mercury was removed after 13.5 h and the experiment
continued. H, production now indeed proceeds at rates identical with those
in an experiment in which no mercury was added in the first place.
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and replacing AcOH by [HTEOA]" with noncoordinating
[BF,4] ™ asthe counterion increased the efficiency considerably
in terms of both the quantum yield and final TON, thus
underlining the crucial importance of X . With the new and
very stable PS [Re(NCS)(bipy)(CO)s], the stability of [Co-
(dmgH),] became performance-limiting, most likely because
of an intramolecular hydride shift of [Co'™-H] to a coordi-
nated oxime moiety. To further improve this system requires
thus stabilization of the cobalt complex toward hydride shift
or an increase in the rate of H, formation with respect to the
hydride shift, while keeping further physicochemical para-
meters intact. Detailed studies about the decomposition
pathways of the cobalt complex are underway.

Experimental Section

All chemicals were of reagent grade and were used without
further purification. Spectroscopic-grade DMF, Co(BF,),-
6H,0, and coumarin I were purchased from Acros. Electro-
chemical-grade [TBA](PFy), [TBA]Br, TEOA, [Et,OH](BF,),
[Co(ac)>(H»0)4], dmgH», phenanthroline, and ethanol were
purchased from Fluka. Water was doubly distilled before use.
Synthetic reactions were carried out under N, or Ar using
standard Schlenk techniques. HBF, in the text refers to
[HTEOA](BF,), synthesized from TEOA and [Et,OH]-
(BF,).* The syntheses of 1, [ReBr(CO);bipy], [Re(OH,)(CO)s;-
bipy](TflsO), [Co(dmgH),], and K;[Fe(ox);] have been des-
cribed in the literature.*>*

Luminescence measurements were performed on a Perkin-
Elmer LS50B fluorescence spectrometer with Ar-purged so-
lution samples in 1 cm cells. Luminescence lifetime measure-
ments were performed on an Edinburgh Instrument F900
equipped with an F900 ns flash lamp filled with H; (operating
at 0.4 bar and a frequency of 40 kHz). Luminescence quan-
tum yields were determined relative to coumarin I in ethanol
(0.64)* according to a literature procedure.

UV —vis spectra were measured using a Cary 50 spectro-
meter with solution samples in 1 cm quartz cells. If necessary,
cells with silicon septa lids were used to keep samples under an
inert-gas atmosphere during measurements.

IR spectra were recorded on a Bio-Rad FTS-45 spectro-
meter with samples in compressed KBr pellets.

Electrochemical measurements were carried out in DMF
containing 0.1 M [TBA][PF¢] as the conducting electrolyte. A
Metrohm 757VA Computrace electrochemical analyzer was
used with a standard three-electrode setup of glassy carbon
working (i.d. = 3 mm) and platinum auxiliary electrodes and
an Ag/AgCl reference electrode. All potentials are given vs
Ag/AgCl and are referenced with Fc/Fc™ at +500 mV.

HPLC measurements were performed on a VWR La-
Chrome Elite using a Nucleodur C18 gravity column oper-
ated in an oven (L-2350) at 40 °C and a PDA detector (L-
2450). The gradient was as follows: A = 0.1% TFA, 10%
MeOH, and H,O; D = MeOH; flow rate = 0.5 mL min~%;
0—5min, 100% A; 5—15min, 0—100% D; 15—18 min, 100%
D. Control runs before and after catalysis were systematically
performed using 10 uL of the reaction solution in DMF.
Under these conditions, dmgH, gave a broad peak at 6.4 min
and 1 a defined peak at 17.04 min.

Gas chromatograms were recorded using a Varian CP-3800
gas chromatograph with Ar as the carrier gasand a3 m x 2
mm packed molecular sieve 13X 80-100 column. The gas flow
was set to 20 mL min~'. The oven was operated isothermally

(48) Ono, H.; Seki, R.; Tkeda, R.; Ishida, H. J. Mol. Struct. 1995, 345,
235-243.

(49) Olmsted, J. J. Phys. Chem. 1979, 83, 2581-2584.

(50) Williams, A. T. R.; Winfield, S. A.; Miller, J. N. Analyst 1983, 108,
1067-1071.
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at 100 °C. An Ar flow of usually 21.6 mL min ' [adjusted with
a manual flow controller (Porter, 100) and referenced with a
flowmeter (MS Wil GmbH)] was passed through the reaction
mixture and into the gas chromatograph, where 100 L gas
samples were automatically injected in defined time intervals
(usually 5 min) using a 6-port—2-position valve from Vicci.
The gases were detected using a thermal conductivity detector
(Varian) operated at 150 °C. H, production rates were
calibrated by introducing a known flow of pure H, by a single
syringe pump (70-2208 from Harvard Apparatus, using a
2.5 mL Hamilton GASTIGHT #1002 syringe and a Teflon
tube) to the 60 mL Schlenk containing 1 M TEOA in DMF.
Plotting of the peak area for H, versus the used flow rates of
H, gave linear fits. The slopes of these fits depended linearly
on the Ar flow through the solution. Varying the Ar flow thus
allowed the detection of smaller H, production rates, altho-
ugh at a higher response time (10 min for 21.6 mL min ™).

Photochemical measurements were carried out in a 60 mL
septum-capped Schlenk tube containing a Teflon stirrer at
500 rpm. A total of 10 mL of a solution containing the
respective mixture in DMF was prepared, wrapped in black
foil, and degassed using an Ar-purged Schlenk line. The
mixture was equilibrated under 1.5 bar of Ar pressure for
15 min and then transferred to a dark room for illumination.
The light source was either a 380 or 476 nm high-flux LED
from Rhopoint Components Ltd. (OTLH-0280-UV or
OTLH-0010-BU, respectively; CPC reflector for Shark
LED; irradiated directly from below; current control at
usually 200 mA; iv/s = 1.75 x 1077 and 2 x 107" mol s~ ',
respectively). If necessary, the radiant flux was varied by
adjustment of the current through the LED. The radiant flux
at different currents was calibrated using actinometry. A
constant flow of usually 21.6 mL min~ ' of Ar was passed
through the solution and into a six-port valve at the gas
chromatograph, where 100 L gas samples were injected into
the gas chromatography/thermal conductivity detector (GC/
TCD) gas analyzer in defined intervals. Integration of the
production rate versus time gave the total amount of H,
produced.

Quantum yields were determined in a 1 cm quartz cell using
a 380 nm LED (OTLH-0280-UV, Rhopoint Components
Ltd.) in series with an iris and a lens to ensure linear photon
flux. The cells were filled with 2 mL solutions as follows:
0.5mM 1 (1 — T = 0.957 £ 0.0033) and [ReBr(CO);sbipy]
(1 — 7 = 0971 £+ 0.0028), 0.5 mM {[Co(OH,)s](BF,4),, 6
dmgH,} and 1 mM {Co(ac)>»(H,0),], 6 dmgH,}, 1 M TEOA,
and 0.1 M HBF, for AcOH, DMF, and Ar, respectively. The
total H, was determined by manual sampling of 20 4L of
head-space gas through a septum and subsequent injection
into a GC/TCD system as described above. The photon flux
as determined by actinometry was4.81 +0.13 x 10" mols™ .
It was corrected for the respective fractions of light absorbed.
The H, production rates measured were (2.18 + 0.082) x
1072 and (1.01 + 0.069) x 10~° mol s~ ! for 1 and [ReBr-
(CO)sbipy], respectively.

Actinometry for the quantum yield determination was
performed in a 1 cm quartz cell containing 2 mL of 9 mM
K;[Fe(ox);] in 0.1 N H,SOy as the chemical actinometer and
was irradiated as described in quantum yields (1 — 7 for
K;[Fe(ox);] > 0.999). For calibration of the photon flux in
the standard setup, a setup identical with that for H, produc-
tion (LED from below, varying current, 60 mL Schlenk,
stirred, Ar flow of 21.6 mL min_ ') was used with 10 mL of
a 9 mM K;[Fe(ox)s] in 0.1 N H,SO,4 as the chemical actin-
ometer. Analysis of irradiated solutions: after a certain time
at a certain LED current, 100 uL of the irradiated solution
was added to 100 uL of a 5 mM solution of phenanthroline
in H,O, agitated, and left in the dark for 30 min. After this,
50uL ofa 600 mM NaOAc/360 mN H,SO,4 buffer and 750 uL.



6460 Inorganic Chemistry, Vol. 49, No. 14, 2010

of H>,O were added and absorption at 511 nm was determined
relative to a solution that was not irradiated. Conversion to
photon flux as a function of the LED current was achieved by
using E[Fel(phen),].511nm — 10750 £ 76 M_1 CIII_1 and NEell—Fell =
1.18 and 0.925 for 380 and 476 nm, respectively.>!

Time Resolved Step-Scan FTIR Spectroscopy. The kinetics of
the electron transfer from reductively quenched 1~ to cobalt
were measured through time-resolved step-scan IR spectro-
scopy. The system consists of a FT-IR spectrometer (Bruker
Vertex 80 V) equipped with a PV mercury—cadmium—telluride
detector and a frequency-tripled Nd:YAG laser generating pulses
of ~2 mJ per <10 ns at 355 nm with a repetition rate of 10 Hz
used for sample excitation. The nominal time resolution that is
reached with this setup is about 100 ns. The sample was con-
tinuously pumped through a 200 um cell with 19.5 mL min~ ",
giving an exchange rate for the probe volume of 14.5s™ " in our
case. A small sealed reservoir (¥~ 3 mL) was included between
the peristaltic pump and the sample cell to minimize pulsation
inside the latter. To avoid any interference of the pumping
system with the aggressive sample mixture, a calcium fluoride
sample cell with Teflon tubing was used. For sealings and the

(51) Hatchard, C. G.; Parker, C. A. Proc. R. Soc. London A 1956, 235,
518-536.
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peristaltic pump tubing, chemically resistant perfluoroelasto-
mers (ChemSure) were chosen. The samples were prepared by
mixing all components except for [Co(OH,)s](BF4), in the form
of standardized solutions in DMF, followed by filtration
through a Teflon syringe filter (0.2 um pore size). The solution
was then purged for 30 min, after which Co(BF,), was added as
a degassed solution in DMF. The measurements were started
after an additional 30 min of purging, while the sample was
already pumped through the flow cell. After the measurements,
all samples were checked via static IR spectroscopy, entirely
showing negligibly small degradation caused by irradiation at
355 nm.
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Supporting Information Available: H, formation as a function
of the bromide concentration, in a typical experiment, as a
function of the [Co]/[dmgH,] ratio, at low [1], and as a function
of photon flux, with added mercury and quenching rates of *1 by
different cobalt complexes. This material is available free of
charge via the Internet at http://pubs.acs.org.



