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Abstract: The groundbreaking use of polyelectrolytes to
increase the efficiency of supramolecular photocatalysts in
solar H, production schemes under aqueous aerobic condi-
tions is reported. Supramolecular photocatalysts of the archi-
tecture [{(TL),Ru(BL)},RhX,]’" (BL = bridging ligand, TL =
terminal ligand, X = halide) demonstrate high efficiencies in
deoxygenated organic solvents but do not function in air-
saturated aqueous solution because of the quenching of the
metal-to-ligand charge-transfer (MLCT) excited state under
these conditions. The new photocatalytic system incorporates
poly(4-styrenesulfonate) (PSS) into aqueous solutions con-
taining  [{(bpy),Ru(dpp)},RhCLFt  (bpy =2,2"-bipyridine,
dpp = 2,3-bis(2-pyridyl)pyrazine). PSS has a profound
impact on the photocatalyst efficiency, increasing H, produc-
tion over three times that of deoxygenated aqueous solutions
alone. H, photocatalysis proceeds even under aerobic con-
ditions for PSS-containing solutions, an exciting consequence
for solar hydrogen-production research.

The development of stable water reduction photocatalysts
that perform efficiently in aerobic aqueous solutions is
a major challenge for solar energy researchers!! and few
successful systems exist to date.”) Early heterogeneous, multi-
component water reduction systems based on Ru chromo-
phores and colloidal Pt were limited by diffusion and
collisional quenching.”! Homogeneous systems that couple
a Ru chromophore to a reactive metal center have shown
increased electron-transfer efficiency.”! These supramolec-
ular complexes undergo photoinitiated electron collection
(PEC) to store multiple reducing equivalents to drive H,
production from water.”!

Supramolecular complexes, of the molecular architecture
[{(TL),Ru(BL)},RhX,]’", that couple two Ru"" chromophores
to a Rh electron collector through dpp bridging ligands were
the first reported systems to undergo PEC at Rh™ to form
intact Rh' species that function as active water reduction
catalysts (dpp =2.3-bis(2-pyridyl)pyrazine).*! The
[Ru,Rh,Ru] photocatalysts achieve high turnover numbers
(TON) in deoxygenated organic solutions but limited activity
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is observed in aqueous solution with activity fully suppressed
under aerobic conditions.!

Many factors contribute to decreased efficiency in aerobic
aqueous solutions, quenching of the triplet metal-to-ligand
charge-transfer ("MLCT) excited state of the Ru" chromo-
phore being a primary obstacle.*!! Efficient quenching of the
excited Ru" complexes in aqueous aerobic solutions is
attributed to energy transfer to O, as well as transfer of
energy to water through O—H stretching frequencies.!

Early studies of Ru" polypyridyl complexes demonstrated
that the addition of PSS to aqueous solutions increased the
luminescence and excited-state lifetime in both argon-purged
and air-saturated solutions.® PSS is a low-cost, water-soluble
polymer commonly used as an ion exchange medium (Fig-
ure 1 A). The polyelectrolyte contains a hydrophobic back-
bone and a negatively charged hydrophilic side group that

Figure 1. Structures of A) poly(styrenesulfonate) and B) [{(bpy),Ru-
(dpp)}.RhCLICls.

interacts strongly with positively charged photocatalysts.
Herein we report groundbreaking use of PSS to increase
efficiency of [Ru,Rh,Ru] supramolecular water reduction
photocatalysts in aqueous solutions, including H, production
under aerobic conditions.

The previously reported trimetallic complex [{(bpy),Ru-
(dpp)},RhCL|Cl5 [Ru,Rh,Ru] (Figure 1B) was synthesized
using a building block approach.”*¢! Electrochemical analyses
(see Figure S1 in the Supporting Information) for the photo-
catalyst give evidence for a Ru-based highest occupied
molecular orbital (HOMO) and Rh-based lowest unoccupied
molecular orbital (LUMO).* The Rh™ undergoes two
overlapping one-electron reductions to generate a Rh! species
that functions as the water reduction catalyst.[*!

The [Ru,Rh,Ru] complex is an efficient light absorber in
the UV and visible regions (Figure S2). Electronic absorption
transitions in the UV are assigned to dpp(m—mx*) and
bpy(n—mn*) intraligand (IL) transitions with Ru(dw)—
dpp(w*) and Ru(dw)—bpy(x*) MLCT transitions dominating

Wiley Online Library

die

Chemie

12819


http://dx.doi.org/10.1002/ange.201506567
http://dx.doi.org/10.1002/anie.201506567
http://dx.doi.org/10.1002/anie.201506567
http://dx.doi.org/10.1002/anie.201506567

12820 www.angewandte.org

Angewandte

Communications

Refative Emission Intensity

650 700 750 800 850 900 950 1000
Wavelength (nm)

Figure 2. Emission profile of [Ru,Rh,Ru] (10 um) in (red) aqueous
solution and (blue) 2.5 mm poly(4-styrenesulfonate). Spectra corrected
for PMT response (PMT = photomultiplier tube). Measured in pH 7
deoxygenated aqueous solutions at 23 °C.

in the visible. These spectral transitions are unperturbed in
the presence of PSS.

Steady-state emission spectroscopy (Figure 2) provides
insight into the excited-state dynamics of the complex in the
presence and absence of polyelectrolytes. In organic solvent,
CH,CN, emission from the °‘MLCT excited state of
[Ru,Rh,Ru] (A =780 nm, quantum yield of emission,
@"=28x10"*) is greatly quenched compared to the
[{(bpy),Rul,(dpp)]*" model complex (@™ =1.4x10"%) due
to the presence of low-lying Rh(do)-based acceptor orbitals in
[Ru,Rh,Ru] that allow for electron collection on the catalytic
center through a metal-to-metal charge transfer (MMCT)
excited state (Figure 3).1! In deoxygenated aqueous solution
the *MLCT excited state is further quenched (@™ =1.4x
1073; Table 1).
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Figure 3. Simplified Jablonski-type state diagram for [Ru,Rh,Rul].

Table 1: Photophysical properties of [Ru,Rh,Rul].

Addition of PSS (M, =68300, PDI=1.18) to aqueous
solutions of [Ru,Rh,Ru] dramatically increases the emission
intensity from the *MLCT excited state (@™ =1.7x107*).
Consistent with previous studies on Ru chromophores,
addition of poly(vinyl sulfonate) (PVS), without a hydro-
phobic side group, does not alter the excited-state dynamics of
the [Ru,Rh,Ru] motif (Figure S3)! attributing the increased
@™ in the presence of PSS to strong interaction of the
chromophore with the hydrophobic polymer backbone which
decreases the vibrational non-radiative decay (k,) thus
increasing the radiative decay (k,).**"! The emission energy
(Amax’™) for the [Ru,Rh,Ru] photocatalyst shows a hypsochro-
mic shift in PSS (4.,=798 nm) consistent with decreased
solvent reorganization following excitation.” The lifetime
(r) of the *MLCT excited state for the photocatalyst in
aqueous solution is short-lived (z=14 ns) which increases
(35 ns) and becomes bi-exponential in the presence of 2.5 mm
PSS, suggesting the complex resides in multiple microenvir-
onments in PSS solutions (Figure S5).* The increased
SMLCT excited-state lifetime for the photocatalyst in the
presence of PSS is a promising result as the lifetime of the
excited state plays a major role in electron transfer to the
reactive metal center and photocatalytic efficiency.*"!

Stern—Volmer analysis of [Ru,Rh,Ru] using ascorbate
(HA™) as electron donor (Figure S4) shows decreased
quenching rates in the presence of PSS (k,=3.4x
10°m™'s™") relative to its absence (k,=2.4x 10" 's™"). The
higher k, in the absence of PSS is likely the result of pre-
association of the quencher with the photocatalyst in sol-
ution.* When PSS is present, coulombic repulsion of the
quencher by the negatively charged polymer along with
decreased mobility of the complex upon binding to the
polyanion most likely leads to the lower k,.[*"

Addition of PSS to deoxygenated aqueous solutions of
[Ru,Rh,Ru] results in the formation of aggregates, which are
not observed for the individual components. Morphology of
the aggregates was investigated using cryogenic transmission
electron microscopy (Cryo-TEM).'! The findings indicate
that globules of approximately 20 nm in diameter aggregate
to form larger structures on the order of 1-2 microns
(Figure 4), similar to porphyrin:PSS assemblies."” Dynamic
light scattering experiments were used to confirm aggregate
dimensions (Figure S6). Aggregate size and structure have
been shown to play an important role in electron-transfer
efficiency and could greatly impact quenching of the photo-
catalyst in solution.!"

Photolysis of [Ru,Rh,Ru] solutions using ascorbate buffer
(H,A/HA™) as sacrificial electron donor affords [{(bpy),Ru-
(dpp)},Rh'J*, consistent with previous studies.*! A hypso-

chromic shift of the low-energy Ru(dm)—dpp(7*)
transition is observed, consistent with photoreduc-
tion of the reactive metal center from Rh™-Rh'

a  (Figure 5).

Solvent Jnac s [nM]E A8 [nm]E @ [x 1042 7 [ns]®
CH,CN 516 780 2.8 38 -
H,0 518 845 0.14 14

H,O (2.5 mm PSS) 518 798 1.7 350 0.74

Interestingly, in deoxygenated solutions, com-
- plete photoreduction to the active Rh' species in the
absence of PSS requires 4.5 h but decreases to only

[a] Measured in deoxygenated H,O at RTusing a 1 cm quartz cuvette. [b] Referenced
to Os(bpy)s*". [c] a = pre-exponential factor. [d] Additional decay component of

63 ns (¢=0.26) was observed.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

2 h in the presence of 2.5 mum PSS. Photolysis in air-
saturated aqueous solutions greatly increases the
photoreduction time to 20 h in the absence of the
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Figure 4. Cryo-TEM of aggregate formation between PSS (0.5 mm) and
[Ru,Rh,Ru] (120 um) in aqueous solution.
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Figure 5. Electronic absorbance of [Ru,Rh,Ru] (65 um) during photo-
reduction in deoxygenated aqueous solutions containing 1.1 M H,A/
HA™. Spectra measured in 15 min intervals over 4 h.

polyanion but only requires 4 h to reach completion in the
presence of PSS (Figure S7). The increased photoreduction
rate to the active Rh' species in PSS solutions is a promising
result and may provide insight into H, photocatalysis for these
systems.

In pH4 H,A/HA™ (1.1m), [Ru,Rh,Ru] functions as
a photocatalyst to produce H, from water upon photolysis
with visible light (470 nm). The catalytic efficiency of the
complex is greatly reduced in deoxygenated aqueous solu-
tions, achieving only 15 TON compared to 30 TON in CH;CN
using N,N-dimethylaniline (DMA) as sacrificial reductant.”
Upon the addition of PSS to deoxygenated aqueous solutions,
substantially enhanced photocatalytic activity is observed,
achieving up to 46 TON after 10 h of irradiation (Figure 6). H,
production in the presence of 2.5 mm sodium p-toluenesulfo-
nate (TS) was similar to aqueous solutions without PSS,
indicating that the styrene sulfonate unit must be in the
polymeric form to impact catalyst efficiency. Control experi-
ments confirmed H, production was only achieved in the
presence of the photocatalyst.

To investigate the impact of polyelectrolytes on catalyst
function in the presence of O, (Table2), photolysis was
carried out in air-saturated aqueous solutions. In solutions
without PSS or in those containing TS, H, production is not
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Figure 6. H, production of [Ru,Rh,Ru] in deoxygenated pH 4 H,A/HA™
a) without catalyst, b) [catalyst] =65 um, [TS]=2.5 mwm, c) [cata-
lyst] =65 pm, d) [catalyst] =65 pm, [PSS]=2.5 mm.

Table 2: H, production of [Ru,Rh,Ru] in the presence and absence of PSS
under argon-purged and air-saturated conditions.

Complext!  Solution®! Purge  H,[umol] TONH

(65 pm]

[Ru,Rh,Ru]  2.5mM PSS  argon  15.040.5 4642
[Ru,Rh,Ru]  2.5mM TS argon 3.9+0.3 12£1
[Ru,Rh,Ru]  H,0 argon 49+0.5 15+1
[Ru,Rh,Ru]  2.5mM PSS air 9.8+04 30+1
[Ru,Rh,Ru]  2.5mM TS air none detected  none detected
[Ru,Rh,Ru]  H,O air none detected  none detected

[a] Solution volume 5 mL containing 65 um catalyst. [b] 1.1 m H,A/HA™
(pH 4). [c] Turnovers per Rh catalyst center.

observed, even after 24 h of irradiation. However, upon the
addition of 2.5mm PSS, photocatalytic water reduction
proceeds even in the presence of O,, achieving 30 TON
after 10 h of irradiation. The increased O, resistance in the
presence of PSS is attributed to increased local ionic strength
near the polyanion which decreases O, solubility.®"!

The addition of PSS to aqueous solutions of [Ru,Rh,Ru]
has a profound impact on the photophysics and H, production
of the supramolecule. Quenching of the *MLCT excited state
is greatly decreased in PSS solutions because of the strong
interaction between the polypyridyl ligands and the hydro-
phobic backbone of the polymer resulting in an increased @
and 7 for the supramolecule, favorable for photocatalyst
functioning. Cryo-TEM studies show evidence for aggregate
formation between the photocatalyst and PSS which may
greatly impact electron-transfer efficiency as well as quench-
ing of the *MLCT excited state. An unprecedented increase in
photocatalyst activity was observed in aqueous solutions
containing PSS, producing over three times as much H, fuel as
that without PSS. A photocatalytic system resistant to high
levels of O, has also been achieved with addition of PSS,
taking advantage of the decreased O, solubility due to high
local ionic strength near the polyanion. The increased
efficiency and O, resistance observed with the addition of
a low-cost, abundant polyelectrolyte is a promising method to
optimize hydrogen-evolving catalysts is easily incorporated

www.angewandte.org

Chemie

12821


http://www.angewandte.org

12822 www.angewandte.org

Angewandte

Communications

into many other photocatalytic schemes. Current work is
focused on investigating electron transfer processes using
transient absorption techniques.
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