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ABSTRACT: The new bimetallic complex [(Ph,phen),Ru(dpp)- 2 ) Br Br
RhBr,(Ph,phen)](PF;); (1) (Phyphen = 4,7-diphenyl-1,10-phenanthro- "E { | R _}{4.,
line; dpp = 2,3-bis(2-pyridyl)pyrazine) was synthesized and characterized ¥ 8 1 {
. : i
to compare with the CI” analogue [(Ph,phen),Ru(dpp)- = ||| a cl
RhCl,(Ph,phen)](PFs); (2) in an effort to better understand the role 2 41\ A
of halide coordination at the Rh metal center in solar H, production w N~
schemes. Electrochemical properties of complex 1 display a reversible 0+
Ru™ oxidation, and cathodic scans indicate multiple electrochemical 200 velesg 700 . 10 20
avelength (nm) Time (h)

mechanisms exist to reduce Rh(III) by two electrons to Rh(I) followed

by a quasi-reversible dpp”~ ligand reduction. The weaker o-donating ability of Br™ vs Cl™ impacts the cathodic electrochemistry
and provides insight into photocatalytic function by these bimetallic supramolecules. Complexes 1 and 2 exhibit identical light-
absorbing properties with UV absorption dominated by intraligand (IL) 7 — 7#* transitions and visible absorption by metal-to-
ligand charge transfer (MLCT) transitions to include a lowest energy Ru(dz) — dpp(#*) '"MLCT transition (A% = 514 nm; € =
16000 M~ cm™). The relatively short-lived, weakly emissive Ru(dz) — dpp(7*) *MLCT excited state (z = 46 ns) for both
bimetallic complexes is attributed to intramolecular electron transfer from the *MLCT excited state to populate a low-energy
Ru(dz) — Rh(do*) triplet metal-to-metal charge transfer (*MMCT) excited state that allows photoinitiated electron collection.
Complex 1 outperforms the related CI™ bimetallic analogue 2 as a H, photocatalyst despite identical light-absorbing and excited-
state properties. Additional H, experiments with added halide suggest ion pairing plays a role in catalyst deactivation and
provides new insight into observed differences in H, production upon halide variation in Ru(II),Rh(III) supramolecular
architectures.

B INTRODUCTION molecular architectures assembled through coordinate covalent
linkage of molecular subunits,"*~'®

Supramolecular complexes that collect two or more reducing
equivalents via photochemical processes are termed photo-
initiated electron collectors (PECs). Complexes exist that
function as PECs but are not catalytically active due to
collection of reducing equivalents at a noncatalytic site."””>
The first use of a PEC to photocatalytically reduce H,O to H,
was reported for [{(bpy),Ru(dpp)},RhCL]**, possessing Ru
light absorber subunits linked through dpp BLs to a Rh
center.”* The trimetallic photocatalyst functions through
successive visible light excitations, reductive quenching by a
sacrificial electron donor, and electron collection at a reactive
metal permitted by low-lying Rh(do™)-based acceptor orbitals
to produce H, by reduction of H,0.**

Component modification via terminal ligand and/or halide
variation was studied in architectures of the form [{(TL),Ru-
(dpp)},RhX,]** (where TL = bpy, phen (1,10-phenanthro-
line), or Ph,phen; X = Cl~ or Br™).>*”*” Within this motif, the
TL = Phyphen and X = Br™ trimetallic complex is the highest
performing H, photocatalyst.”” Ph,phen is a superior TL due to

Hydrogen gas is a highly desired alternative to carbon-based
fuels and can be formed via water splitting through solar energy
conversion schemes.' > To achieve artificial photosynthetic
processes such as water splitting, the field of inorganic
supramolecular chemistry shows promise with the design of
molecules capable of performing complex tasks.”® Supra-
molecular complexes, as described by Balzani, are intricate
molecules comprised of subunits that each contribute to the
overall task performed by the complex.® Photochemical
molecular devices (PMDs) are a subclass of supramolecular
complexes that carry out demanding photoinitiated processes
made possible by judicious choice of molecular subunits.
Transition metal complexes that absorb light and particigate in
excited-state reactions are ideal PMD candidates.”® A
prototypical light absorber, [Ru(bpy);]** (bpy = 2,2'-
bipyridine) is extensively studied in solar energy conversion
schemes due to desirable redox activity and stability, intense
UV and visible light absorption, a long-lived charge transfer
excited state, and rapid oxidative or reductive quenching
capabilities to afford electron transfer.'””*® Substituting one or
more polypyridyl terminal ligands (TL) (e.g, bpy in [Ru-
(bpy);]**) with a polypyridyl bridging ligand (BL) (e.g., dpp; Received: January 16, 2015
bpm = 2,2'-bipyrimidine) allows the construction of supra- Published: March 17, 2015
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increased visible light absorption, increased lifetime of the
SMLCT excited state, and enhanced driving force for H,
production relative to TL = bpy and phen analogues. The
weaker o-donating ability of X = Br™ vs CI” is thought to
contribute to more efficient generation of the Rh(I) active
catalyst following photoinitiated electron collection. However,
after one turnover of the catalyst, the same Ru(II),Rh(I),Ru(1I)
photocatalyst predominates regardless of halide identity, thus
not identifying the disparity in long-term catalyst stability when
the halide coordinated to Rh is varied. For each set of TLs in
the previously studied Ru(1I),Rh(III),Ru(1l) trimetallic series,
the light-absorbing properties do not change upon halide
variation, while the X = CI” analogues have larger quantum
yields of emission (®©°*) and longer excited-state lifetimes (7).
Smaller ®*" and shorter 7 in the X = Br~ analogues suggest
more efficient population of a low-lying metal-to-metal charge
transfer (*MMCT) excited state, an important parameter for
H,O reduction by these photocatalysts that leads to more
efficient H, photocatalysis.*>~>’

When the number of light-absorbing units is decreased from
two to one within Ru(II),Rh(II) supramolecules, a bimetallic
motif results. A balance of proper steric and electronic
components is required to achieve catalysis as demonstrated
with component modification in the Ru(II),Rh(III) bimetallic
architecture. The complex [(phen),Ru(dpp)RhC,(bpy)]**
undergoes PEC but does not serve as a photocatalyst for H,
production due to the lack of steric bulk at Rh, permitting
Rh(I)—Rh(I) dimerization which prevents species coordination
necessary to further the catalytic cycle.”® Complex
[(Ph,phen),Ru(dpp)RhCL,(Phyphen)]*" (2) containing a
bulky, weakly electron-donating Phyphen TL on Rh serves as
a photocatalyst for H, production, while [(bpy),Ru(dpp)-
RhCL(‘Bubpy)]** with a bulky, more strongly electron-
donating ‘Bu,bpy TL on Rh does not produce H, under
identical conditions.”® The disparity in photocatalytic activity is
attributed to the bulky TLs electronically modulating the lowest
unoccupied molecular orbital (LUMO) which is BL-based with
TL = ‘Bu,bpy and Rh-based when TL = Ph,phen, giving
evidence for the necessity of a lowest lying Rh-based acceptor
orbital to achieve H, photocatalysis.30 The Ru(II),Rh(I)
bimetallic complexes [(TL),Ru(dpp)Rh'(COD)] (TL = bpy
or Me,bpy (4,4'-dimethyl-2,2"-bipyridine); COD = 1,5-cyclo-
octadiene) serve as H, photocatalysts with steric protection
about the Rh(I) center provided by the COD ligand,®" further
demonstrating the importance of steric effects to produce H,O
reduction photocatalysts.

With knowledge of the relative orbital energetics and steric
requirements to achieve H, production photocatalysts, complex
1 was characterized and studied to better understand the role of
the nonchromophoric halide ligand in H, photocatalysis. The
synthesis, photophysical characterization, and H, production
studies are reported herein for this Ru(I),Rh(III) bimetallic
with comparison to the CI” analogue 2. The excited-state
properties will be explored to determine the impact of halide
ligand variation on @™ and 7 values for the bimetallic system.
On the basis of halide variation studies within related
Ru(II),Rh(III),Ru(1I) trimetallic architectures,* > complex 1
is predicted to outperform 2 as a photocatalyst for H,
production, and insight on the influence of halide identity on
catalytic function with regard to ion pairing will be discussed.
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B EXPERIMENTAL SECTION

Materials. All chemicals were used as received unless otherwise
noted. The reagents RuCl;-3H,0, RhCl;-3H,0, RhBr;-3H,0,
trifluoromethanesulfonic acid (CF;SO;H), 4,7-diphenyl-1,10-phenan-
throline (Phyphen), and tetra-n-butylammonium chloride (Bu,NCI)
were purchased from Alfa Aesar. 2,3-Bis(2-pyridyl)pyrazine (dpp),
tetra-n-butylammonium bromide (Bu,NBr), N,N-dimethylaniline
(DMA), and Sephadex LH-20 were purchased from Sigma-Aldrich
Corp. Ammonium hexafluorophosphate (NH,PF,) was purchased
from Strem Chemicals, Inc. Tetra-n-butylammonium hexafluorophos-
phate (Bu,NPF¢) was purchased from Fluka. Spectral-grade
acetonitrile and N,N-dimethylformamide (DMF) were purchased
from Burdick and Jackson. Ethanol (100%) was purchased from
Decon Laboratories, Inc. Toluene, diethyl ether, methanol, and 80—
200 mesh adsorption alumina were purchased from Fischer Scientific.
Complexes [(Ph,phen),RuCl,] (1a),** [(Phyphen),Ru(dpp)](PF),
(1b),"** ‘and [(Ph,phen),Ru(dpp)RhCL,(Ph,phen)](PE); (2)*
were prepared as previously reported.

Synthesis. Complex [(Ph,phen)RhBr;(DMF)] (1c) was synthe-
sized similar to a previously reported method.** The starting materials
RhBr;-3H,0 (0.10 g, 0.26 mmol) and Ph,phen (0.09 g, 0.26 mmol)
were combined with 2 mL of DMF and heated in a 60 °C oil bath for
2 h. Upon cooling to RT, an orange solid was precipitated in diethyl
ether, dried under vacuum, and washed with water and diethyl ether
(0.15 g 021 mmol, yield = 77%). ESI-MS: [M + NH,'], m/z =
766.86. The chloride Rh monometallic, [(Ph,phen)RhCl;(DMF)],
was synthesized using the above method using RhCl;-3H,0 (0.10 g,
0.38 mmol) and Phyphen (0.13 g, 0.38 mmol). Upon synthesis and
purification, a yellow solid was collected (0.16 g, 0.26 mmol, yield
=70%). ESI-MS: [M + H'], m/z = 614.00.

Complex [(Ph,phen),Ru(dpp)RhBr,(Ph,phen)](PFy); (1) was
synthesized similar to a previously reported method.”® Complex 1b
(0.078 g, 0.061 mmol) was reacted with 1c (0.050 g, 0.067 mmol) in
1S mL of 2:1 (v/v) ethanol/water at reflux for 2 h. Upon cooling to
RT, the sample was added dropwise to 30 mL of an aqueous NH,PFq
solution to induce precipitation as a PF,~ salt. A maroon precipitate
was collected via vacuum filtration and washed with excess water and
diethyl ether. The crude sample was purified using Sephadex LH-20
size-exclusion chromatography with a 2:1 (v/v) ethanol/acetonitrile
mobile phase. A maroon band eluted first and was collected, rotary
evaporated, dissolved in a minimal amount of acetonitrile, and
reprecipitated in diethyl ether. A maroon solid was collected via
vacuum filtration and rinsed with excess diethyl ether (0.049 g, 0.024
mmol, yield = 48%). ESI-MS: [M — 2PF¢™]**, m/z = 870.05.

Mass Spectrometry. Samples were analyzed using electrospray
ionization time-of-flight mass spectrometry with an Agilent Tech-
nologies 6220 Accurate-Mass TOF LC-MS with a dual ESI
(electrospray ionization) source to obtain high-resolution mass
spectral data. The solvent used was HPLC-grade acetonitrile.

Electrochemistry. Cyclic voltammograms were obtained using a
Bioanalytical Systems (BAS) Epsilon electrochemical analyzer. In a
three-electrode, one-compartment cell, 0.1 M Bu,NPF in spectro-
photometric-grade CH;CN was the supporting electrolyte solution.
The working electrode was a platinum disk, and the auxiliary electrode
was a platinum wire. The Ag wire pseudoreference electrode was
calibrated against the ferrocene/ferrocenium (FeCp,/FeCp,") redox
couple as an internal standard (0.46 V vs Ag/AgCl) at the end of each
set of scans.*® Cyclic voltammograms were obtained at a scan rate of
100 mV s~

Electronic Absorption Spectroscopy. Electronic absorption
spectra were obtained using a Hewlett-Packard 8453 diode array
spectrophotometer. Using a sampling interval of 1 nm, measurements
were obtained in a wavelength range of 190—1100 nm. Measurements
were carried out in a 0.2 or 1 cm path length quartz cuvette (Starna
Cells, Inc, Atascadero, CA) in RT spectral-grade acetonitrile.
Extinction coeflicient measurements were performed in triplicate.

Steady-State and Time-Resolved Emission Spectroscopy.
Steady-state emission spectra were measured using a QuantaMaster
Model QM-200-45E fluorimeter from Photon Technologies Interna-
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Figure 1. Building block synthetic scheme for the preparation of 1. “Reference 32. "Reference 33.

tional, Inc. Spectra were obtained using a 1 cm path length quartz
cuvette, and RT measurements were taken in deoxygenated spectral-
grade CH;CN. The excitation source was a water-cooled 150 W xenon
arc lamp, and the emission spectra were obtained at a 90° angle with a
thermoelectrically cooled Hamamatsu R2658 photomultiplier tube
operating in photon counting mode with 0.25 nm resolution. The
quantum yields of emission were measured relative to [Os(bpy),;]**
(@™ = 462 x 107%).% Low-temperature emission spectra were
collected in a 4:1 (v/v) ethanol/methanol solution cooled to 77 K
using liquid N, in a finger Dewar to form the rigid glass matrix.
Emission spectra were corrected for PMT response using the
manufacturer-supplied correction file.

The excited-state lifetimes were measured using a Photon
Technologies International, Inc. PL-2300 nitrogen laser with an
attached PL-201 tunable dye laser. The excitation monochromator was
set to 540 nm, and emission from the sample was detected at a 90°
angle from the excitation source by passing through an emission
monochromator set to 780 nm with a Hamamatsu R928 photo-
multiplier tube operating in direct output mode. The signal was
recorded using a LeCroy 9361 oscilloscope, averaging the results of
300 sweeps.

The rate constants for intramolecular electron transfer (k,) for 1
and 2 were found by calculating the rate constants for radiative decay
(k.) and nonradiative decay (k,,) utilizing [{(Ph,phen),Ru},(dpp)]*,
the model bimetallic complex that lacks a MMCT excited state.””*"

Photolysis Experiments. Experiments carried out to measure H,
production employing photocatalysts 1 and 2 were performed similar
to previously reported methods.* Stock catalyst solutions prepared in
DMF were combined with water in the photolysis reaction cell that
was sealed with a 10 mm airtight septum. The catalyst in the DMF/
water mixture was deoxygenated with Ar for approximately 10 min
prior to injecting the separately deoxygenated DMA electron donor.
The final volume of the photocatalytic solution was 4.5 mL (130 uM
photocatalyst, 0.62 M H,0, 1.5 M DMA, 0.11 mM [DMAH']-
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[CF;SO;7]) with a headspace volume of 16.0 mL. For designated
experiments, a total concentration of 260 yM Bu,NX (Bu,N
tetrabutylammonium; X = Br~ or CI”) in DMF solution was present in
the photolysis solution keeping other concentrations consistent with
previous experiments. The solution was photolyzed using a 470 nm
LED array constructed in our laboratory (LED array light flux = 2.36 +
0.05 X 10" photons/min).>” HY-OPTIMA 700 in-line process solid-
state H, sensors from Hjscan (Valencia, CA) were connected using an
airtight septum to the reaction cell to monitor H, production in real
time. The reported value for H, production is an average of three
experiments.

B RESULTS AND DISCUSSION

Synthesis. Using a building block method, individual
molecular components were prepared systematically to produce
the target molecule 1 (Figure 1). Complex la was prepared by
reacting 2 equiv of the bidentate terminal ligand, Ph,phen, with
RuCl;-3H,0.>* The highly luminescent [Ru(Ph,phen);]**
impurity was removed using alumina adsorption chromatog-
raphy. Next, the labile CI™ ligands were removed under reflux in
the presence of a bis-bidentate BL to assemble 1b.>* The new
Rh(III) monometallic 1c was prepared in high yield by reacting
RhBr;-3H,0 with Ph,phen in DMF, and purification was
achieved by washing with water.>* The monometallic
precursors 1b and lc were reacted in a 2:1 (v/v) ethanol/
water solution to produce the new bimetallic complex 1 which
was precipitated by metathesis in an aqueous NH,PF; solution.

Compared to related trimetallic complexes of the form
[{(TL),Ru(dpp)},RhX,]*" (TL = terminal ligand; X = CI~ or
Br7),”* Ru(II),Rh(III) bimetallic complexes discussed
herein are more synthetically challenging to prepare because
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of the need for a Rh(II) precursor containing only one
bidentate ligand, Ph,phen in this system. Rh(III) prefers to
form bis-chelated species, as with cis-[ (NN),RhX,]* complexes
(NN = bidentate polypyridyl ligand; X = CI~ or Br);>**
thus, mild conditions were necessary to prepare precursor lc
for the target bimetallic species. The new complex 1 was
characterized using ESI-MS, electrochemical analysis, electronic
absorption spectroscopy, and time-resolved and steady-state
emission spectroscopy.

Electrochemistry. Complex 1 was analyzed using cyclic
voltammetry to provide insight into the frontier orbital
energetics and redox-active nature of the supramolecule and
related precursors (Figure 2).

ISpA

2 1 0 -1

Potential (V) vs. Ag/AgCl
Figure 2. Cyclic voltammogram of 1 measured at RT under Ar in 0.1
M Bu,NPF, in CH;CN performed at 100 mV s™' using a Pt disc
working electrode, Pt wire auxiliary electrode, and Ag wire

pseudoreference electrode with ferrocene internal standard and
referenced to Ag/AgCl.

Table 1 lists electrochemical data for bimetallic complexes 1
and 2 and the monometallic synthon 1b.

Table 1. Summary of Electrochemical Data

complex” E ), (V) assignment

1 +1.597 Ry
—0.38° Rh"!Br,, Rh''Br
0.7 Rh'"'Br,
—-0.98 dpp®~

2b +1.597 Ru!/1
_0.376 Rhm/HCJZ, RhH/ICI
-0.77 Rh"'Cl,
-0.96 dpp¥/~

1b° +1.407 Ru™™
-1.02 dpp®~
-1.37 Ph,phen®~
-1.56 Ph,phen®~

“Measured at RT under Ar in 0.1 M Bu,NPF, in CH;CN performed
at 100 mV s™! using a Pt disc working electrode, Pt wire auxiliary
electrode, and Ag wire pseudoreference electrode with ferrocene
internal standard and referenced to Ag/AgCl PReference 30.
“Reference 33. “E s, = E° for reversible process. “E;, of quasi-
reversible process. }EPC of irreversible process.

Anodically, a reversible, one-electron couple (E;,, = +1.59 V
vs Ag/AgCl) is assigned as Ru™, Coordination of the
electropositive Rh(III) subunit to 1b perturbs the electro-
chemical properties, evidenced with a more positive potential
for the Ru™™ couple in the bimetallic complex resulting from
Ru(dr) orbital stabilization to make oxidation of the system
more difficult.®®
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Cathodically, electrochemical assignment is complicated by
the nearly isoenergetic Rh(do*)- and dpp(7*)-based molecular
orbitals. The electrochemical mechanism for complex 1 is best
described using multiple pathways and is ex}glained in detail in a
separate recent publication by our group.®® The first cathodic
wave (E,° = —0.38 V) is assigned as overlapping Rh™"Br, and
Rh'Br reductions. The second cathodic wave (E,S=—0.73 V)
is assigned as Rh"/'Br, and exists for the fraction of complex
that does not undergo halide loss prior to the second Rh-based
reduction. A third, quasi-reversible reduction (E,,, = —0.98 V)
is assigned as dpp®~ and provides evidence for higher lying BL-
based orbitals relative to Rh-based orbitals. A similar electro-
chemical mechanism exists for the CI™ bimetallic analogue 2
with the rate of halide loss modulating cathodic differences due
to the increased o-donating ability of CI~ vs Br™.>° Ph,phen
terminal ligand and second dpp reductions are overlapping and
occur beyond the first dpp reduction. Cyclic voltammetry
establishes a Ru-based HOMO (highest occupied molecular
orbital) and Rh-based LUMO for both bimetallic systems,
important features for photoinitiated electron collection at Rh.

Electronic Absorption Spectroscopy. Complex 1 is an
efficient light absorber in the UV and visible regions of the
electromagnetic spectrum. Figure 3 shows the electronic

600 700

500
Wavelength (nm)

200 300 400
Figure 3. Electronic absorption spectra of 1 (black line), 2 (blue line),
and 1b (gray line), displaying the difference in light absorption upon
coordination of a Rh™Br,(Ph,phen) moiety. Spectra were obtained in
RT CH;CN in a 1 cm quartz cuvette.

absorption spectra of the new Ru(II),Rh(III) bimetallic
complex 1 overlaid with 2 and the monometallic precursor
1b to illustrate the influence halide variation at Rh as well as
coordination of an electropositive metal to the Ru(Il) light
absorber has on the light-absorbing properties, with tabulated
data in Table 2.

The UV is dominated by intraligand ('IL) = — =x*
transitions, with A" = 278 nm (107000 M™' cm™) for
Phyphen 7 — 7* transitions and A** = 365 nm (24 000 M~
cm™") for dpp 7 — 7* transitions. In the visible, singlet metal-
to-ligand charge transfer ("MLCT) transitions dominate with
Ru(dz) — Phyphen(z*) CT transitions occurring at higher
energy (2 = 414 nm; 17000 M~! cm™!) than Ru(dz) —
dpp(7*) CT transitions (A" = 514 nm; 16000 M~' cm™).

When compared to precursor 1b, complex 1 possesses a red-
shifted Ru(dz) — dpp(z*) CT transition due to stabilization of
the dpp(7*)-based molecular orbitals upon coordination to a
second electropositive metal center.”> The energy of Phyphen
IL transitions is unaffected by coordination of the Rh(III)
subunit; however, the extinction coefficient increases due to an
additional chromophoric Ph,phen ligand. Comglex 1 displays
nearly identical light-absorbing properties to 2.” This trend is
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Table 2. Summary of Light-Absorbing Properties

complex” A (nm) &x 107 (M~ cm™!) assignment

1 278 10.7 Phyphen 7 — 7*
365 2.4 dpp 7 — #*
414 1.7 Ru(drz) — Phyphen(z*) CT
514 1.6 Ru(dz) - dpp(z*) CT

2t 278 10.7 Ph,phen 7 — 7*
365 2.6 dpp 7 — 7*
414 17 Ru(dz) — Phyphen(z*) CT
514 1.6 Ru(dz) - dpp(z*) CT

1b° 274 84 Phyphen 7 — 7*
309 34 dpp 7 — #*
424 1.8 Ru(dz) - Phyphen(z*) CT
474 1.7 Ru(dr) — dpp(#*) CT

“Measured at RT in CH;CN in a 1 cm quartz cuvette. “Values
consistent with those in ref 29. “Values consistent with those in ref 33.

expected because the component varied is a nonchromophoric
ligand.

Steady-State and Time-Resolved Emission Spectros-
copy. The emissive nature of the lowest lying Ru(dz) —
dpp(7*) *MLCT excited state of complex 1 provides a probe
into the excited-state dynamics of this complex. Variation of the
halide coordinated to Rh in complexes 1 and 2 from Br™ to CI™
does not impact the excited-state properties (Figure 4),
tabulated in Table 3 with comparison to the monometallic
precursor 1b.

Relative Emission
Intensity

750 800 850
Wavelength (nm)

600 700
Figure 4. Emission spectra of 1 (black line) and 2 (blue line). Spectra

were obtained in RT CH;CN in a 1 cm quartz cuvette and were
corrected for PMT response.

Complexes 1, 2, and 1b undergo excitation to a 'MLCT
excited state followed by intersystem crossing to populate a
SMLCT excited state with unity efficiency. Upon coordination
of a second electropositive metal in the Ru(II),Rh(III)
bimetallic architectures, Rh(do*)-based acceptor orbitals
become accessible to facilitate population of a low-energy
SMMCT excited state. Deactivation from the *MMCT excited
state can occur through nonradiative decay (k,’) back to the
'GS or through a photochemical reaction (k) (Figure S).

'MLCT

Energy

Figure 5. Simplified Jablonski-type state diagram for 1 and 2. 'GS =
singlet ground state; ki, = rate of intersystem crossing; k, = rate of
radiative decay; k, = rate of nonradiative decay; k, = rate of
intramolecular electron transfer; k., = rate of photochemical reaction.

Variation of the halide coordinated to Rh in complexes 1 and
2 from Br~ to CI” produces identical steady-state and time-
resolved emission properties in RT acetonitrile (1°™ = 780 nm,
D™=13x10%7=46ns k =28 % 10°s7}, k, = 52 % 10°
s7"), indicating equivalent rates of population of the low-lying
SMMCT excited state (k, = 1.6 X 107 s!) when the halide
coordinated to Rh is Br~ or CI". Compared to the bimetallic
model complex [{(Ph,phen),Ru},(dpp)]** that lacks a
SMMCT excited state,”” complexes 1 and 2 display quenched
emission of the *MLCT excited state to validate MMCT
excited-state population required for photocatalysis. At 77 K in
a rigid glass matrix, intramolecular electron transfer is impeded,
providing further validation for RT *MLCT excited-state
quenching in these Ru(II),Rh(III) bimetallic systems.

In analogous motifs, quantum yield and excited-state lifetime
values are influenced by halide identity.”>~>" Smaller ®*™ and
shorter 7 in such systems with Br™ ligands coordiated to Rh
suggest more efficient population of a low-lying *MMCT
excited state (faster k) that contributes to enhanced
photocatalytic activity in the Br~ trimetallic system. Despite
identical excited-state properties and k,, values for the Br™ and
CI” bimetallic supramolecules, complex 1 is still photocatalyti-
cally superior. Thus, complexes 1 and 2 provide an ideal forum
to study the impact of halide identity on photocatalytic H,
generation when excited-state properties are identical.

Photocatalytic H, Production. H, production experi-
ments were carried out to determine the role of halide variation
in the Ru(II),Rh(III) supramolecular photocatalyst system. The
ClI” bimetallic analogue 2 is a photocatalyst for H,O
reduction.”” The bimetallic complex undergoes light-assisted
collection of reducing equivalents at Rh to produce an intact
Ru(II),Rh(I) species that is the proposed active photocatalyst.
With the substitution of Br~ for CI™ halides shown herein to
not greatly perturb spectroscopic and electrochemical proper-
ties, it is not surprising that 1 also serves as a photocatalyst for
H, production (Figure 6A).

Table 3. Summary of Photophysical Data

RT* 77 K*
complex 2™ (nm) o™ (107%) 7 (ns) k (10° s7") k. (10°s71) ke (107 s71) 2™ (nm) 7 (us)
1 780 1.3 46 2.8 5.2 1.6 706 1.6
2 780 1.3 46 2.8 5.2 1.6 706 1.8
1b° 664 350 820 43 1.2 607 54

“Measured at RT in CH3CN deoxygenated with Ar in a 1 cm quartz cuvette.
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YMeasured in 4:1 ethanol/methanol at 77 K. “Reference 33.
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Figure 6. Hydrogen production profiles for 1 and 2 in Ar-
deoxygenated DMF solvent. (A) (Black open circles) 1; (blue open
circles) 2. (B) (Black filled circles) 1 with 260 uM Bu,NCI; (blue filled
circles) 2 with 260 yM Bu,NBr. Systems contained 130 uM
photocatalyst, 0.62 M H,0, 1.5 M DMA electron donor, and 110
4M [DMAH*][CF,S0;].

When photolyzed for 20 h with 4 = 470 nm light in DMF
(N,N-dimethylformamide) solvent in the presence of H,O and
DMA (N,N-dimethylaniline) electron donor, complex 1
produces 36 =+ 3 umol of H, (62 + S TON = turnover
number = mol H, produced/mol catalyst), an increase in H,
production compared to 2, 23 + 1 ymol of H, (40 + 2 TON).
DMEF was chosen as the solvent for these photocatalytic studies
because its weaker ligating ability leads to enhanced photo-
catalysis.>” The improved photocatalytic ability of 1 relative to
2 is a unique result considering that the two complexes have
identical excited-state properties (@°™ and 7), values that are
different in analogous Ru(II),Rh(III),Ru(1l) trimetallic supra-
molecules.”* ™" Therefore, the discrepancy in H, production
between the Ru(II),Rh(III) bimetallic systems described herein
cannot be ascribed to differences in excited-state properties.

With knowledge that H, production is impacted by halide
variation in Ru(II),Rh(III) bimetallic supramolecules possess-
ing identical light-absorbing and excited-state properties, the
influence of halide was further investigated. Upon reduction of
Rh by two equivalents, two halide ligands are lost to produce
the square planar Rh(I)-containing supramolecule, yet these
halides still seem to play an important role in photocatalysis.
The close proximity of the halide ion to the metal complex,
made possible by ion pairing in low-dielectric solvents such as
DMEF, may alter catalyst function by providing a high local
concentration of halide ion to hinder interaction of the Rh(I)
center with H,O due to halide recoordination.

Interestingly, when H, experiments were carried out adding
two equivalents (260 yM) of the opposite halide to the
photolysis solutions for each photocatalyst, accounting for two
equivalents of halide lost, both systems demonstrated identical
photocatalytic activity (Figure 6B). Using photocatalyst 1, 260
uM Bu,NCI (tetra-n-butylammonium chloride) was added to
the photolysis solution, producing 21 + 2 umol of H, (36 + 3
TON) after 20 h photolysis. Conversely, 260 yM Bu,NBr
(tetra-n-butylammonium bromide) was added to the photolysis
solution utilizing photocatalyst 2 and produced 23 =+ 2 umol of
H, (39 + 4 TON) after 20 h. These experimental conditions
allow for equal concentrations of Br~ and CI™ in solution
following generation of the active Ru(II),Rh(I) catalyst.

Complex 1 showed a decrease of 20 TONs with added CI~
relative to the H, experiment with no added halide, while
complex 2 only showed a decrease of ~1 TON upon added
Br™. A local high concentration of halide ion promotes halide
recoordination to the catalytically active Rh(I), impeding its
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interactions with H,O and affording lower H, yields.
Recoordination of the halide via formation of an ion-paired
complex between the halide and the photocatalyst is probable
and has been shown as a deactivation pathway for other
homogeneous transition metal catalysts.*" The added CI™ more
negatively affects catalysis relative to added Br~, demonstrating
that the more o-donating Cl” ligands can ion pair more
strongly with the photocatalyst and inhibit catalyst function. By
contrast, bulkier and less strongly o-donating Br~ addition does
not impact catalysis as significantly, consistent with a
comparatively weaker ion pair formed between Br~ and the
photocatalyst and supporting increased H, production in Br~
analogues of Ru(II),Rh(III) photocatalysts.

B CONCLUSION

The new complex 1 was synthesized and characterized to
explore the impact of halide variation on spectroscopic and
electrochemical properties as well as on photocatalytic H,
production capabilities relative to the previously reported CI™
bimetallic supramolecule. Cyclic voltammetry of complex 1
provides evidence for a Ru-based HOMO and a Rh-based
LUMO which are requirements for H,O reduction photo-
catalysis via photoinitiated electron collection at Rh. The
complex absorbs light in the UV with ligand 7 — #* transitions
and in the visible with Ru(dz) — ligand(z*) 'MLLCT
transitions (ligand = Ph,phen or dpp). Radiative decay from
a *MLCT excited state shows a relatively low quantum yield of
emission and short excited-state lifetime due to population of a
low-energy *MMCT excited state, necessary behavior for
electron collection at the Rh site to achieve active H,
photocatalysts. With light absorption in the visible and
collection of reducing equivalents on a Rh-based LUMO,
complex 1 is a photocatalyst for H,O reduction and displays
enhanced activity compared to the CI™ analogue 2. Added
halide experiments indicate that ion pairing deactivates the
catalyst due to the local concentration of halide ion in
proximity to the photocatalyst, with the more o-donating CI~
ligands more negatively influencing photocatalysis relative to
Br™. These results are significant because they provide
remarkable evidence showing that halide identity impacts
catalysis even after halides are dissociated to form the Rh(I)-
containing photocatalyst. Studies are ongoing in our laboratory
to examine potential catalytic intermediates that involve ligand
variation at the Rh center as the complex cycles from Rh(III) to
Rh(I) to produce H, from H,O.
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