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ABSTRACT: A series of novel Ir(IIl) luminophores con-
taining pendant pyridyl moieties that allow for adsorption
onto metal surfaces has been synthesized. These new
photosensitizer compounds have been evaluated for their
efficacy in hydrogen-producing photoreactions. The new
complexes are shown to significantly outperform the control
photosensitizers without adsorbing moieties.

he search for water-splitting photocatalytic systems con-

tinues to be of importance in the quest for sustainable solar
energy collection and storage.' * To this end, several catalytic
systems for solar hydrogen production have been developed.”'*
Previously, water reduction systems based on an Ir(III) bis-2-
phenylpyridine 2,2-bipyridyl photosensitizer architecture, col-
loidal platinum catalyst, and triethylamine as a sacrificial reduc-
tant have been developed in the Bernhard laboratory.">'*
However, it has been shown that the performance of this system
is limited by photolytic photosensitizer degradation.'* Specifi-
cally, the bipyridyl ligand dissociates from the complex, while the
Ir photosensitizer (PS) is in the reduced (PS™) state due to
electrons populating the antibonding LUMO. The free sites on
the metal are then occupied by coordinating acetonitrile solvent
molecules, forming an ineffectual light absorber. Previous tech-
niques for preventing this deactivation pathway have included
switching solvents from acetonitrile to weakly-coordinating
tetrahydrofuran and incorporating ligand architectures that pre-
vent dissociative deactivation pathways, such as the Irf(CANAN),
architecture.' It would be desirable, however, to reduce the
amount of time the photosensitizer spends in the singly reduced
state by increasing the rate of electron transfer from PS™. An
effective method of increasing electron-transfer rates in both
synthetic and biological systems is to spatially link electron
donors and acceptors.'®” Several groups have shown that ionic
metal complexes with pendant pyridyl moieties are able to adsorb
and form monolayers on platinum surfaces.'® >® Therefore, we
have designed a series of novel iridium photosensitizers with
pendant pyridine moieties, which allow these molecules to
assemble onto the colloidal platinum catalyst in the photolytic
water reduction systems.

Two different 2,2"-bypyridyl ligands with pendant pyridyl
moieties were chosen: 4,4':2/,2”:4" 4"'-quaterpyridyl (qpy) and
4,4'-bis(2-(pyridin-4-yl)ethyl)-2,2"-bipyridine (dethqpy). The
novel dethqpy ligand was synthesized by reacting 4,4’-dimethyl-
2,2'-bipridyl (dmbpy) with 2 equivalents of lithium diisopropyl-
amide. The resulting dilithiated complex was reacted with
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4-chloromethylpyridine to form the desired ligand. The qpy”’
and dpebpy”® ligands were synthezised according to literature proce-
dures. The dmbpy ligand was chosen as a control ligand to design
photosensitizers with photophysical properties similar to those of the
dethgpy compounds. These bipyridyl ligands were combined with a
series of five cyclometallating ligands that lead to diverse excited-state
energies: 2-p-tolylpyridine (tolpy), 2-phenylpyridine (ppy), S-methyl-
2-phenylpyridine (mppy), 2-(4-fluorophenyl)-S-methylpyridine
(fmppy), and 2-(3,4-difluorophenyl)-S-methylpyridine (dfmpy).
Chart 1 shows the structures of the ligands used to synthesize the
PS complexes in the [Ir(III)(CAN),(NAN)]" architecture.

The efficacies of the PS compounds for water reduction were
evaluated in parallel on our home-built 16-well photoreactor.'?
Photoreaction mixtures contained 1.00 gmol of PS, 0.500 y«mol
of K,PtCl,, 1.0 mL of triethylamine (TEA), 1.5 mL of H,0, and
7.5 mL of THF. The Pt salt has been shown to form a colloid
in situ."® The total electron turnover numbers for all 15 PS com-
pounds are graphed in Figure 1. The presence of pendant pyridyl
moieties on the qpy and dethqpy complexes leads to a dramatic
increase in catalytic activity of the system with respect to the
analogous dmbpy complexes. This increase in activity is apparent
despite arguably inferior photophysics of the complexes that
contain linking ligands.

Radiative quantum yields (¢,) for the photosensitizers were
measured at 450 nm in THF/H,O mixtures (85% THF by
volume) to mimic photoreaction conditions and are graphed in
Figure 2. The dmbpy complexes had the highest quantum yields
for all CAN ligands with the exception of dfmppy luminophores.
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Figure 1. Electron turnovers for the various Ir PS complexes. Photo-
reaction mixtures contained 1.00 ymol of PS, 0.500 #mol of K,PtCl,,
1.0 mL of TEA, 1.5 mL of H,O, and 7.5 mL of THF. Reactions were run
for 75 h.
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Figure 2. Comparison of the radiative quantum yields (¢,) for the various
PS complexes. Emission spectra were measured at 450 nm excitation, and
quantum yields were calculated relative to [Ru(bpy);]PFs.

The dethqpy quantum yields are similar to those of the dmbpy
compounds but slightly lower. This is to be expected: the greater
conformational freedom of the dethqpy ligand increases the
likelihood of nonradiative decay in these complexes. In contrast,
the larger 7 system of the qpy ligand leads to dramatic changes in
the photophysical properties compared to those of the dmbpy
and dethqpy complexes. The quantum yields are generally
reduced and the phosphorescence is red-shifted relative to those
of the dmbpy and dethqpy compounds. Nevertheless, the qpy
and dethgpy complexes significantly outperform the dmbpy
complexes in hydrogen evolution reactions. It is likely that this
increase in performance can be attributed to the spatial linking of
the photosensitizer to the platinum colloid surface, but the very
low concentration of platinum in the photoreactions makes
analysis of the colloidal surface unfeasible. Such a PS/colloid
ensemble would render the electron-transfer step no longer
diffusion dependent. As a consequence, the photosensitizer is
more likely to transfer its reducing electrons to the colloidal
catalyst, and the aforementioned decomposition of the reduced
Ir complex through ligand dissociation will be prevented.
Figure 3 shows kinetic traces for hydrogen evolution reactions
of the [Ir(ppy),(NAN)]" complexes. The [Ir(ppy),(dethgpy)]*
and [Ir(ppy).(qpy)]” compounds have longer catalytic lifetimes
and a 4-fold increase in turnover numbers compared with
[Ir(ppy).(dmbpy)]™. A second control molecule, incorporating
4,4'-diphenethyl-2,2’-bipyridine (dpebpy) as its ancillary ligand, was
chosen. Ir(ppy).(dpebpy)” was analyzed for hydrogen production.
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Figure 3. Representative kinetic traces of hydrogen evolution photo-
reactions containing [Ir(ppy),(NAN)]" photosensitizers with both Pt
and Rh catalysts. Photoreactions contained 1.00 #mol of PS, 1.0 mL of
TEA, 1.5 mL of H,O, 7.5 mL of THF, and either 0.500 ztmol of K,PtCl,
(solid lines) or 0.50 umol of [Rh(bpy),Cl,]Cl (dashed lines). Error bars
represent 10 (n = 6), centered around the average turnover number at
that time point.

This compound was evaluated because it has the same structure
as the [Ir(ppy),(dethgpy)]” photosensitizer but omits the
nitrogen heteroatoms in the pendant aromatic rings. This com-
plex allows for a structural analogue of the dethqpy complex but
without the adsorbing moiety. The [Ir(ppy),(dethqpy)]” com-
plex shows a 2-fold increase in hydrogen evolution relative to
[Ir(ppy),(dmbpy)]*, but it is, in turn, outperformed by the
complexes with pendant pyridyl groups. It has been shown,
however, that metal complexes with large aliphatic and aromatic
groups can adsorb onto metal surfaces due to London disper-
sion and hydro9phobic interactions, without adsorbing nitro-
gen moieties.” It is possible that the performance of the
Ir(ppy),(dpebpy)” photosensitizer is due to this weaker adsorp-
tion effect.

The error bars on the kinetic traces represent one standard
deviation (n = 6) above and below the mean hydrogen evolution
of the reactions after 10, 20, 30, and 40 h. While some of the
photosensitizers showed considerable variance between reac-
tions, the relative hydrogen production of the different photo-
senstizers remained the same. The complexes with pendant
pyridyl groups consistently outperformed the control molecules.

Figure 3 also shows kinetic traces for reactions in which the
platinum catalyst has been replaced with 0.50 mol of [Rh(bpy),-
Cl,]Cl, which has been shown to act as a molecular catalyst for
water reduction.’ With this molecular catalyst, the pendant pyridyl
moieties do not provide a clear advantage over the control PS in
terms of reaction rate or catalytic lifetime. In the case of the
molecular rhodium catalyst, the linking pyridyl moieties do not
bind to the catalyst as they do with the colloidal catalyst. In this
case, the electron-transfer step of the hydrogen production
reaction will still be diffusion dependent, and a large increase
in hydrogen production is not observed relative to the control PS.

In order to confirm that water was acting as the proton source
in the hydrogen evolution reactions, photoreactions were carried
out with the [Ir(ppy),(NAN)]" complexes, using the same
conditions as above but substituting D,O in place of the water.
Analysis of the photoreaction headspaces is summarized in
Table 1. The large percentage of D, in the products of all three
reactions confirms that water is reduced in the reactions.
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Table 1. Analysis of Products from the D,O Photoreactions

[Ix(ppy)2(dmbpy)]*  [Ir(ppy).(dethqpy)]™ [Ir(ppy)2(qpy)]”

9% H, 5.1 7.6 52
9% HD 22.4 350 28.6
% D, 72.5 574 662
total % D 83.7 74.9 80.5

The rates of the photoreactions carried out in H,O and D,0O
were compared. Differences in reaction rates were observed but
found to be within experimental error, and no conclusive kinetic
isotope effect could be determined.

In conclusion, we report the synthesis of a series of novel
iridium photosensitizer complexes. These compounds incorpo-
rate pendant pyridyl moieties to allow the complexes to adsorb
on platinum surfaces. These photosensitizers were evaluated in
water reduction photoreactions and were found to exhibit higher
stability than photosensitizers that exhibited similar photophy-
sical properties but lacked adsorbing moieties.

B ASSOCIATED CONTENT

© Supporting Information.  Detailed experimental and spec-
troscopic procedures; excited-state lifetimes of PS; and synthesis and
characterization of the dethgpy ligand and novel iridium com-
pounds. This material is available free of charge via the Internet at
http://pubs.acs.org,

Bl AUTHOR INFORMATION

Corresponding Author
bern@cmu.edu

B ACKNOWLEDGMENT

The authors thank Dr. Neal McDaniel for many useful
discussions. S.B. acknowledges support through an NSF CAREER
award (CHE- 0949238). NMR instrumentation at CMU was
partially supported by NSF (CHE-0130903 and CHE-1039870).

B REFERENCES

(1) Balzani, V.; Credi, A.; Venturi, M. ChemSusChem 2008, 1,26-58.

(2) McDaniel, N. D.; Bernhard, S. Dalton Trans. 2010, 39,
10021-10030.

(3) Tinker, L. L.; McDaniel, N. D; Bernhard, S. J. Mater. Chem. 2009,
19, 3328-3337.

(4) Ciamician, G. Science 1912, 36, 385-394.

(S) Allen, J. Acc. Chem. Res. 1995, 28, 141-145.

(6) Cline, E. D.; Adamson, S. E.; Bernhard, S. Inorg. Chem. 2008,
47,10378-10388.

(7) Fujishima, A.,; Honda, K. Nature 1972, 238, 37-38.

(8) Graetzel, M. Acc. Chem. Res. 1981, 14, 376-384.

(9) Kiwi, J; Kalyanasundaram, K; Gratzel, M. Struct. Bonding
(Berlin) 1982, 49, 37-125.

(10) Moradpour, A;; Amouyal, E,; Keller, P.; Kagan, H. Nouv. J.
Chim. 1978, 2, 547-549.

(11) Pingwu Du, J. S.; Luo, G.; Brennessel, W. W.; Eisenberg, R.
Inorg. Chem. 2009, 48, 4952-4962.

(12) McCormick, T. M.; Calitree, B. D.; Orchard, A.; Kraut, N. D.;
Bright, F. V.; Detty, M. R,; Eisenberg, R. J. Am. Chem. Soc. 2010,
132, 15480-15483.

(13) Curtin, P. N; Tinker, L. L.; Burgess, C. M; Cline, E. D;
Bernhard, S. Inorg. Chem. 2009, 48, 10498-10506.

(14) Tinker, L. L.; McDaniel, N. D.; Curtin, P. N,; Smith, C. K;
Ireland, M. J.; Bernhard, S. Chem.—Eur. J. 2007, 13, 8726-8732.

(15) Tinker, L.L.; Bernhard, S. Inorg. Chem. 2009, 48, 10507-10511.

(16) Balzani, V.; Scandola, F. Supramolecular Photochemistry;
Ellis Horvath Limited: Chichester, 1991.

(17) Metz, S.; Bernhard, S. Chem. Commun. 2010, 46, 7551-7553.

(18) Acevedo, D.; Abruna, H. D. J. Phys. Chem. 1991, 95,9590-9594.

(19) Acevedo, D.; Bretz, R. L,; Tirado, J. D.; Abruna, H. D. Langmuir
1994, 10, 1300-1305.

(20) Chaffins, S. A.; Gui, J. Y.; Kahn, B. E.; Lin, C. H; Lu, F.; Salaita,
G. N,; Stern, D. A,; Zapien, D. C.; Hubbard, A. T.; Elliott, C. M.
Langmuir 1990, 6, 957-970.

(21) Forster, R. J; Keyes, T. E. J. Phys. Chem. B 1998, 102,
10004-10012.

(22) Forster, R. J.; Keyes, T. E.; Majda, M. J. Phys. Chem. B 2000,
104, 4425-4432.

(23) Forster, R. J; Pellegrin, Y.; Leane, D.; Brennan, J. L.; Keyes,
T. E. J. Phys. Chem. C 2007, 111, 2063-2068.

(24) Tirado, J. D.; Abruna, H. D. J. Phys. Chem. 1996, 100,
4556-4563.

(25) Forster, R.J,; Figgenmeier, E.; Loughman, P.; Lees, A.; Hjelm,
J.; Vos, J. G. Langmuir 2000, 16, 7871-787S5.

(26) Hudson, J. E,; Abruna, H. D. J. Phys. Chem. 1996, 100,
1036-1042.

(27) Morgan, R. J; Baker, A. D. J. Org. Chem. 1990, 55, 1986-1993.

(28) Bos, K. D.; Kraaijkamp, J. G.; Noltes, J. G. Synth. Commun.
1979, 6, 497-504.

(29) Campbell,J. L. E.; Anson, F. C. Langmuir 1996, 12, 4008-4014.

11821 dx.doi.org/10.1021/ja201514e |J. Am. Chem. Soc. 2011, 133, 11819-11821



