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ABSTRACT: Three new dyads consisting of a rhodamine
(RDM) dye linked covalently to a Pt diimine dithiolate
(PtN2S2) charge transfer complex were synthesized and used
as photosensitizers for the generation of H2 from aqueous
protons. The three dyads differ only in the substituents on the
rhodamine amino groups, and are denoted as Pt-RDM1, Pt-
RDM2, and Pt-RDM3. In acetonitrile, the three dyads show a
strong absorption in the visible region corresponding to the
rhodamine π−π* absorption as well as a mixed metal-
dithiolate-to-diimine charge transfer band characteristic of
PtN2S2 complexes. The shift of the rhodamine π−π*
absorption maxima in going from Pt-RDM1 to Pt-RDM3 correlates well with the HOMO−LUMO energy gap measured in
electrochemical experiments. Under white light irradiation, the dyads display both high and robust activity for H2 generation
when attached to platinized TiO2 nanoparticles (Pt-TiO2). After 40 h of irradiation, systems containing Pt-RDM1, Pt-RDM2,
and Pt-RDM3 exhibit turnover numbers (TONs) of 33600, 42800, and 70700, respectively. Ultrafast transient absorption
spectroscopy reveals that energy transfer from the rhodamine 1π−π* state to the singlet charge transfer (1CT) state of the PtN2S2
chromophore occurs within 1 ps for all three dyads. Another fast charge transfer process from the rhodamine 1π−π* state to a
charge separated (CS) RDM(0•)-Pt(+•) state is also observed. Differences in the relative activity of systems using the RDM-PtN2S2
dyads for H2 generation correlate well with the relative energies of the CS state and the PtN2S2

3CT state used for H2 production.
These findings show how one can finely tune the excited state energy levels to direct excited state population to the
photochemically productive states, and highlight the importance of judicious design of a photosensitizer dyad for light absorption
and photoinduced electron transfer for the photogeneration of H2 from aqueous protons.

■ INTRODUCTION

Light-driven water splitting into hydrogen and oxygen
represents a promising strategy for solar energy conversion to
meet future global energy demand in an environmentally
benign way.1−4 As the most desirable reaction in artificial
photosynthesis for storing solar energy in the form of chemical
bonds, water splitting is a redox reaction that consists of water
oxidation to O2 and aqueous proton reduction to H2. Due to
the overall complexity of water splitting, it has generally been
studied in terms of its two separate half-reactions.5−12 During
the past 30+ years, considerable progress has been made in
terms of mechanistic understanding and catalyst design of each
half-reaction through investigations involving sacrificial electron
donors (SEDs) for H2 generation and chemical oxidants for O2

formation.13−21 In this paper, we focus on the light-driven
generation of H2 from aqueous protons with a particular
emphasis on the light-absorbing system to drive the reductive
half-reaction.
Initial studies on light-driven H2 generation described a

multicomponent system consisting of Ru(bpy)3
2+ (bpy = 2,2′-

bipyridine) as the photosensitizer, methyl viologen (MV2+) as
the electron relay, a colloidal Pt catalyst, and a SED.22−26

Subsequent studies by Graẗzel determined that photoexcited
Ru(bpy)3

2+ was able to transfer an electron into TiO2 so that
platinized TiO2 nanoparticles (Pt-TiO2) were also able to
produce H2 in the presence of a chemical reductant.27−29 In
addition to Ru(bpy)3

2+ and its Ru(II) trisdiimine analogues,
metal complexes with long-lived triplet metal-to-ligand charge
transfer (3MLCT) excited states including Ir(III) d6 phenyl-
pyridine (ppy) complexes30−32 and Pt(II) d8 complexes such as
[Pt(tpy)(arylacetylide)]+ (tpy = terpyridine) were exam-
ined.33−35 While these metal complexes were decent photo-
sensitizers, they typically suffered from the major deficiency of
high energy 1MLCT absorptions (>2.6 eV, <480 nm) with low
molar extinction coefficients (ε < ∼15000 M−1 cm−1).
Compared to the Ru(II), Ir(III) and Pt(II) complexes

mentioned above, Pt(II) diimine dithiolate (PtN2S2) complexes
are notable in having substantially lower-energy charge-transfer
absorptions (610−650 nm), making them more interesting as
potential photosensitizers for proton reduction.36−39 Based on
spectroscopic, electrochemical and computational results, the
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HOMO (highest-occupied molecular orbital) in PtN2S2
complexes has mixed contributions from both Pt and dithiolate
orbitals, while the LUMO (lowest-unoccupied molecular
orbital) is diimine ligand-based.36 The charge-transfer absorp-
tion in the PtN2S2 complexes is thus a mixed metal−ligand-to-
ligand′ charge transfer (MMLL′CT). While more desirable
energetically, the 1MMLL′CT absorption in PtN2S2 complexes
still suffered from low molar absorptivity (ε < ∼ 10000
M−1cm−1). Two PtN2S2 complexes coupled with Pt-TiO2

exhibited decent stability under visible light irradiation (λ >
450 nm), but very limited TONs toward H2 generation were
obtained due to the weak absorptions.40

In contrast to the weak absorption of inorganic chromo-
phores, the molar extinction coefficients of some organic dyes
are an order of magnitude higher (∼105 M−1 cm−1), such as
Bodipy ((dipyrromethene)difluoroborate), Rose Bengal, Rhod-
amine B, Fluorescein, etc.41−43 However, the absorptions of
these organic dyes are usually π−π* centered and lacking
charge-transfer character. In addition, the organic dyes tend to
undergo photodecomposition under prolonged illumination.
One strategy to take advantage of both the strong absorptivity
of the organic dye and the charge-transfer character of PtN2S2
complexes is to covalently link them and use the organic dye as
an antenna to transfer the absorbed energy to the low-energy
1MMLL′CT transition. Following this strategy, Lazarides et al.
reported a Pt-Bodipy dyad (R = H), in which a Bodipy dye is
linked with PtN2S2 complex.44,45 Further modification of the
bipyridine ligand with diethyl-phosphate groups for binding to
TiO2 led to a Pt-Bodipy/Pt-TiO2 system that exhibited
significantly improved H2 generation activity relative to
PtN2S2 complex without Bodipy under green light irradiation
(λ = 520 nm).46,47

Despite the success of the Pt-Bodipy/Pt-TiO2 system in the
photogeneration of H2 from aqueous protons, it had several
drawbacks that impeded further improvement. The narrow
π−π* absorption of Bodipy only absorbed the green fraction of
visible light with moderate efficiency (ε ∼ 60000 M−1cm−1)
and the long-term stability of the Pt-Bodipy dyad was
questionable as the H2 production activity dropped substan-
tially at later stages of the experiment.46 A photosensitizer with
a wider and stronger absorption profile and greater stability
appeared to be highly desirable. In this paper, we describe the
synthesis, characterization and H2-generating studies of three
rhodamine-PtN2S2 dyads shown as Pt-RDM1, Pt-RDM2, and
Pt-RDM3 that differ only in the substituents on the rhodamine
amino groups (Figure 1). These dyads possess significantly
broader and enhanced absorptions compared to Pt-Bodipy.
Under white light irradiation, these dyads when attached to Pt-
TiO2 exhibit substantially higher rates and robustness for H2

generation from aqueous protons. The systematically varied Pt-
RDM dyads are also studied by ultrafast transient absorption
spectroscopy to correlate their relative activities and effective-

ness in H2 generation with the excited state dynamics to
highlight the importance of avoiding an unwanted low-energy
CS state for the development of more efficient photosensitizers
for light-driven H2 generation.

■ RESULTS

Syntheses. To date, rhodamines have enjoyed wide
applications as imaging agents, sensors, and laser dyes,48−50

but their use as light-harvesting antennae in dyad systems
remains underexplored. This may be due to challenges
associated with the synthesis of these dyes, especially as part
of dyad and multicomponent light absorbers. The synthesis of
rhodamine dyes generally involves a condensation reaction
between an aldehyde substrate and two equivalents of 3-amino-
phenol derivatives under strong acidic condition.51,52 However,
the synthesis often suffers from low yields and difficulties in
purification process. In the present study, the syntheses shown
in Scheme 1 were carried out in 60% H2SO4 following
modification of the procedure reported by Burgess.53 That
procedure employed microwave radiation, but in our case,
simple heating of the reaction solution worked well for the
preparation of RDM1, RDM2, and RDM3 with yields ranging
from 35% to 80%. Because rhodamine dyes are cationic, they
are isolated as salts, the anion of which is sometimes ambiguous
as a consequence of both synthesis and workup steps.53 In
purification of the rhodamine dyes by column chromatography,
we observed several bright orange/red fractions that were
intermixed and essentially inseparable. Initially regarded as a
mixture of product and impurities, they were later identified as
the desired rhodamine dye with different anions. An anion
exchange reaction using NH4PF6 in methanol led successfully

Figure 1. Molecular structure of Pt-RDM1, Pt-RDM2, and Pt-RDM3.
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to isolation of the desired product as the PF6
− salt. Reaction of

the corresponding rhodamines with potassium tert-butoxide
and Pt(Pbpy)Cl2 in MeOH for 24 h at room temperature
produced the desired dyads Pt-RDM1, Pt-RDM2, and Pt-
RDM3 in moderate-to-good yields. Elemental analyses, mass
spectrometry, and 1NMR spectra (Figures S1 and S2) of the
isolated compounds are fully consistent with their formulations
in Scheme 1.
Photophysical Properties. Rhodamine dyes RDM1−3

exhibit a strong π−π* absorption (∼105 M−1 cm−1) in the
yellow−orange region of the visible spectrum along with a
higher energy vibronic shoulder (Figure 2a). A red shift of the
absorption maxima is observed for RDM2 and RDM3 relative
to RDM1 (7 nm shift for RDM2 and 26 nm shift for RDM3).
The dyes are strong fluorophores with fluorescence quantum
yields ranging from 0.7 to unity in acetonitrile (Figure S4 and

Table 1). The greater fluorescence quantum yields for RDM2

and RDM3 may arise from the restricted rotation of the amino

Scheme 1. Synthetic Procedure to Prepare Pt-RDM1, Pt-RDM2, and Pt-RDM3a

a(i) 60% H2SO4, 85 °C, 18 h; p-chloranil, RT, 1 h; NH4PF6, 3 equiv. (ii) Potassium tert-butoxide, MeOH, RT, 24 h.

Figure 2. (a) Normalized absorption (solid line) and fluorescence (dashed line) spectra of RDM1, RDM2, and RDM3 in acetonitrile. (b)
Absorption molar extinction coefficient of Pt-RDM1, Pt-RDM2, and Pt-RDM3 in acetonitrile. (c) Fluorescence of Pt-RDM1 relative to RDM1 in
acetonitrile when excited at 540 nm at room temperature.

Table 1. Photophysical Properties of Dyes RDM1−3 and
Dyads Pt-RDM1−3 in Acetonitrile

compd
Absmax,
nm ε, M−1 cm−1

Flmax,
nma ϕFl

a Phmax, nm
b

RDM1 558 99700 585 0.7 N/A

RDM2 565 93000 592 1.0 N/A

RDM3 584 119000 611 1.0 N/A

Pt-RDM1 549 119000 587 0.004 696,c 761d

Pt-RDM2 557 116000 590 0.01 716,c 765d

Pt-RDM3 576 128000 600 0.006 745,c 759d

aMeasured at room temperature. bMeasured at 77 K in EtOH/MeOH
= 4:1 optical glass. cExcited at 550 nm. dExcited at 650 nm.
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alkyl groups. A 27 nm Stokes shift is observed in the
fluorescence for all three rhodamines relative to the
corresponding absorption. None of the rhodamine dyes
RDM1−3 exhibit observable phosphorescence at room
temperature or 77 K.
The Pt-RDM1 dyad exhibits two main absorptions in

acetonitrile solution, including an intense rhodamine π−π*
transition at 549 nm (>105 M−1 cm−1) and a broad
1MMLL′CT absorption around 600 nm (Figure 2b). The
other dyads, Pt-RDM2 and Pt-RDM3, show similar absorption
features as Pt-RDM1, except for a red shift of the rhodamine
π−π* absorption as observed for the rhodamine dyes, while the
1MMLL′CT absorption remains unmoved. Relative to the
parent rhodamines, there is an 8 nm shift to higher energy for
the rhodamine π−π* transitions in the dyads. In the dyads, the
rhodamine π−π* absorption overlaps significantly with the
1MMLL′CT band, especially in Pt-RDM3, in which only a tail
of the charge transfer band is observable. These two transitions
in the dyads are better resolved in dichloromethane due to the
bathochromic shift of the 1MMLL′CT absorption that is well-
known for the PtN2S2 chromophore (Figure S3).36 In contrast
to the strong fluorescence of rhodamines, the fluorescence of
the corresponding dyads is significantly quenched (Figures 2c,
S4, and S5), consistent with the notion of efficient energy
transfer from the rhodamine 1π−π* excited state to the PtN2S2
1MMLL′CT state. No phosphorescence is observed for the Pt-
RDM dyads at room temperature. At 77 K, Pt-RDM dyads
display both rhodamine-centered fluorescence and phosphor-
escence when excited at 550 nm.54 The phosphorescence from
the rhodamine 3π−π* excited state is situated at lower energy
relative to the fluorescence, and red-shifts progressively from
696 nm in Pt-RDM1 to 745 nm in Pt-RDM3 (Figure S6).
When excited at 650 nm to the 1MMLL′CT state at 77 K, all
three Pt-RDM dyads exhibit PtN2S2-centered phosphorescence
at ∼760 nm from the 3MMLL′CT state.
Electrochemical Properties. The electrochemical proper-

ties of the rhodamine dyes RDM1−3 and the rhodamine-
PtN2S2 dyads Pt-RDM1−3 were assessed by cyclic voltamme-
try in acetonitrile (Table 2). RDM1 displays two reversible

redox processes, an oxidation at 1.50 V and a reduction at
−0.46 V vs NHE (Figure 3a). A second irreversible reduction
process is also present (Figure S7a). Relative to the redox
processes in RDM1, the corresponding redox processes in
RDM2 and RDM3 occur at increasingly negative potentials
with a larger shift for the oxidation than the reduction. As a
result, the potential gap between the reversible oxidation and
reduction decreases progressively from 1.96 V in RDM1 to 1.92
V in RDM2, and 1.84 V in RDM3. The potential gap reflects
qualitatively the energy gap between HOMO and LUMO and

is linearly correlated with the absorption and fluorescence
maxima (Figure S7b). It is also consistent with the lower energy
absorption and fluorescence maxima seen for RDM2 and
RDM3 relative to RDM1. The negative shift of the potentials
in RDM2 and RDM3 is thought to be related to the structural
changes in the rhodamine dyes. Unlike the free amino methyl
groups in RDM1, the electron-donating amino alkyl groups in
RDM2 and RDM3 are covalently linked to the xanthene core,
making the rhodamine more susceptible to oxidation and more
difficult to reduce.
The dyads Pt-RDM1−3 exhibit a total of four redox

processes within the acetonitrile electrochemical window. In
addition to the rhodamine centered oxidation and reduction, an
additional irreversible Pt-centered oxidation and reversible
bipyridine-centered reduction are present (Figure 3b), in
accord with the earlier report of the PtN2S2 chromophore.36

The redox potentials for both the Pt-centered oxidation and
bipyridine-centered reduction are essentially unchanged for Pt-
RDM1−3 and remain at 1.01 V and −0.70 V (vs NHE),
respectively. The rhodamine-centered redox processes in the
dyads show the same negative shift from Pt-RDM1 to Pt-
RDM3 as observed in the parent rhodamine dyes.
Despite the change in oxidation potentials, rhodamine

oxidation is always preceded by the oxidation of Pt for the
three dyads. In contrast, the change in RDM reduction
potentials causes the rhodamine reduction to cross the
bipyridine reduction from Pt-RDM1 to Pt-RDM3. As shown
in Figure 3b, in Pt-RDM1, these two reversible reductions are
well distinguished, with the RDM1 reduction at −0.60 V and
the bpy reduction at −0.71 V. In Pt-RDM2, these two
reductions completely overlap with each other and appear at
−0.70 V. Further negative shift of rhodamine reduction in Pt-
RDM3 causes the rhodamine reduction wave to become more
negative than the bipyridine reduction, resulting in the shoulder
that reappears at −0.75 V. The redox potentials for the two
reductions in Pt-RDM3 was determined by differential pulse
voltammetry. The relative shifts in rhodamine reduction
potentials are important in analyzing dyad effectiveness for
the photogeneration of H2 (vide infra).

Light-Driven H2 Generation. The Pt-RDM1−3 dyads
were attached on Pt-TiO2 nanoparticles to assess their ability to
promote H2 production. The method of attachment involved
sonication of 2.5 mL of X μM (X = 10, 50) acetonitrile
solutions of Pt-RDM1−3 dyads in the presence of 20 mg Pt-
TiO2 nanoparticles during which diethyl phosphonate ester
hydrolysis and dyad binding to the nanoparticles occur. The
dyad-attached Pt-TiO2 nanoparticles were collected by
centrifugation and mixed with 5 mL of 0.5/1.0 M AA aqueous
solution at pH = 4.0 for photochemical H2 production (Figure
S9). The absorption of the supernatant solution was measured

Table 2. Electrochemical Potentials of Dyes RDM1−3 and
Dyads Pt-RDM1−3 in Acetonitrile

compd E1/2
ox1, V E1/2

ox2, V E1/2
red1, V E1/2

red2, V

RDM1 1.50 N/A −0.46 −1.08a

RDM2 1.31 N/A −0.61 −1.20a

RDM3 1.15 N/A −0.69 −1.32a

Pt-RDM1 1.46 1.01a −0.60 −0.71

Pt-RDM2 1.31 1.01a −0.70 −0.70

Pt-RDM3 1.19 1.01a −0.70 −0.75
aThe peak potential is reported due to irreversibility.

Figure 3. Cyclic voltammograms of (a) RDM1−3 and (b) Pt-
RDM1−3 measured in 0.1 M TBAPF6 acetonitrile solution. Scan rate
= 0.1 V/s.
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to estimate the amount of dyad attached to the nanoparticles. A
commercially available white light LED was used as the light
source. The H2 production activity was monitored in real-time
using a pressure transducer fitted on the top of the vial, and the
amount of H2 produced was quantified with gas chromatog-
raphy (GC) after the photolysis using CH4 as an internal
standard (Figures S10 and S12).
When X = 50 μM, about 99% dye attachment was achieved

after sonication (Figure S8). The photochemical H2 production
experiment was performed in 5 mL 0.5 M AA aqueous solution.
The three dyad-systems Pt-RDM1−3/Pt-TiO2 exhibit notable
activity in the photogeneration of H2 at pH = 4.0 (Figure 4). In

40 h of white-light irradiation, 43.2, 52.5, and 60.0 mL H2

corresponding to 1.8, 2.1, and 2.5 mmol H2 were produced by
the respective dyad systems Pt-RDM1−3/Pt-TiO2, giving
turnover numbers (TON) of 14600, 17100, and 20000
(Table 3) with respect to the dye. It has been established

that the singly oxidized deprotonated AA• undergoes
disproportionation reaction to form AA and dehydroascorbic
acid (DHA),55,56 therefore each AA can provide two electrons
for H2 production. In the case of Pt-RDM3, all the AA was
consumed for H2 production.
After 40 h of irradiation, the rates of H2 generation decreased

substantially for all systems due to AA consumption as the
sacrificial electron donor. The spent AA solution was removed
following centrifugation and 5 mL 0.5 M fresh AA aqueous
solution was added to each system, which led to a resumption

of activity in H2 evolution for the Pt-RDM1−3/TiO2 dyad
systems that approached their respective initial rates (Figure 4).
Over the next 40 h, these systems exhibited activity for H2

production that mirrored their performance during the initial
40 h period with only modest declines in the overall rates (8%,
13%, 6%, respectively). Over the 80-h irradiation period, total
TONs of 27600, 32000, and 38800 were found for the systems
containing Pt-RDM1, Pt-RDM2, and Pt-RDM3, respectively.
In light of the fact that all the AA was consumed by Pt-

RDM3 when 5 mL of 0.5 M AA was used, the concentration of
AA was raised to 1.0 M while keeping the pH at 4.0. Under
white light irradiation for 40 h, the Pt-RDM1−3/Pt-TiO2

systems generated so much H2 that it exceeded the threshold
of the pressure transducer. After 40 h of irradiation, 3.2, 4.4,
and 5.0 mmol H2 were produced by Pt-RDM1−3/Pt-TiO2

system, corresponding to a TON of 29700, 35900, and 40000
for Pt-RDM1, Pt-RDM2, and Pt-RDM3, respectively. The
aqueous solution turned from colorless to yellow after the
photolysis due to the accumulation of DHA (Figure S11a). The
aqueous solution corresponding to Pt-RDM3 exhibited the
strongest absorption due to the highest DHA concentration
(Figure S11b), which was consistent with its largest TON.
Compared to the TONs in the presence of 0.5 M AA, the TON
for Pt-RDM1 and Pt-RDM2 increased by more than 100%
when 1.0 M AA was present (Table 3). In the case of Pt-
RDM3, all the AA was fully consumed again despite the
increase of AA concentration. After 40 h of irradiation, the AA
solution was replenished with 5 mL of 1.0 M fresh AA aqueous
solution, and the Pt-RDM1−3/Pt-TiO2 systems continued to
actively generate H2 under white light irradiation. Over the next
40 h, Pt-RDM1−3/Pt-TiO2 system managed to maintain 76%,
61%, and 81% of the initial TONs, giving rise to a total
respective TON of 52200, 57800, and 72400 for Pt-RDM1, Pt-
RDM2, and Pt-RDM3 over 80 h of irradiation (Table 3).
Given the truly notable activity of these dyads, the dye

loading was reduced by 80% by using 2.5 mL of 10 μM dyad
acetonitrile solutions for dye attachment. UV−vis absorption of
the supernatant suggested all the dyad were successfully
adsorbed on Pt-TiO2 nanoparticles. In the presence of 5 mL
of 1.0 M AA aqueous solution (pH = 4.0), 0.8, 1.1, and 1.8
mmol H2 was produced by Pt-RDM1−3/Pt-TiO2 system over
40 h of white light irradiation, corresponding to a respective
TON of 33600, 42800, and 70700 for Pt-RDM1, Pt-RDM2,
and Pt-RDM3 (Figures 5 and S12). The solution absorption
after the photolysis due to the generation of DHA is fully
consistent with the order of the TON for the three dyads
(Figure S13).
To date, a number of organic and inorganic photosensitizers

have been used in combination with Pt-TiO2 for light-driven
generation of H2, including Ru(II) polypyridyl complexes,57

[Pt(tpy)(arylacetylide)] type complexes,33,47 selenorhod-
amine,58 anthraquinone dye,59 donor-π-acceptor type dyes,60

etc. Among all the reported molecular photosensitizers, Pt-
RDM3 exhibits the highest TON for light-driven generation of
H2.
Compared to the Pt-Bodipy dyad, the Pt-RDM dyads exhibit

significantly improved activity and stability for H2 production.
46

The improved performance most certainly arises from the
enhanced absorptivity of Pt-RDM1−3. The broader and
stronger absorption of the Pt-RDM dyads allows harvesting
more photons over the irradiation period, thus supplying more
injected electrons from the excited states for proton reduction.
The enhanced stability of Pt-RDM1−3 is closely related to the

Figure 4. Light generated hydrogen production using systems
containing 2.5 mL 50 μM dyads Pt-RDM1−3 as photosensitizers on
20 mg Pt-TiO2 nanoparticles in 5 mL of 0.5 M AA aqueous solution
(pH = 4.0).

Table 3. Hydrogen Production Activity and Parameters for
Systems Containing 2.5 mL of 50 μM Pt-RDM1−3 Dyads on
20 mg Pt-TiO2 Nanoparticles

compd attachment % AA, M time, h H2, mmol TONdye

Pt-RDM1
99%

0.5

40 1.8 14400

40−80 1.7 13200

Pt-RDM2
99%

40 2.1 17100

40−80 1.9 14900

Pt-RDM3
99%

40 2.5 20000

40−80 2.4 18800

Pt-RDM1
87%

1.0

40 3.2 29700

40−80 2.4 22500

Pt-RDM2
97%

40 4.4 35900

40−80 2.7 21900

Pt-RDM3
97%

40 5.0 40000

40−80 4.1 32400
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stability of rhodamine under experimental conditions at pH =
4.0. Rhodamines are strongly resistant to acidic conditions,48,61

as the conditions of their synthesis attest (see above).
Ultrafast Transient Absorption. Ultrafast transient

absorption studies were undertaken to provide insight into
the causes of the relative effectiveness of the Pt-RDM dyads. All
three dyads and the parent rhodamine dyes were examined and
showed similar excited-state dynamics. The excited state
dynamics of RDM3 and Pt-RDM3 will be discussed in detail
and those of RDM1, RDM2, Pt-RDM1, and Pt-RDM2 can be
found in the Supporting Information. In Figure 6, the transient

absorption spectra (TA spectra) and single wavelength kinetics
for RDM3 are shown. The TA spectra of RDM3 show a
ground state bleach (GSB) (550−580 nm) of rhodamine
absorption, a stimulated emission (SE) appearing at the low-
energy side of the bleach (570−680 nm), and an excited state
absorption (ESA) that appears around 440−460 nm. After an
ultrafast solvent reorganization and vibrational cooling, the
RDM 1π−π excited state decays back to the ground state with a
lifetime of several nanoseconds that exceeds the temporal
window of our instrumental setup (Figure 6b). The presence of

an isosbestic point with ΔOD = 0 around 520 nm (Figure 6a)
is consistent with simple 1π−π* to ground-state relaxation
dynamics and the absence of additional pathways in the decay
of the excited state population.
Figure 7 shows the TA spectra of Pt-RDM3 dyad after 650

nm laser excitation to the 1MMLL′CT state. Immediately upon

photoexcitation, a GSB appears at 620−660 nm, along with a
prominent dispersive feature that shows up at 540−620 nm,
which is consistent with a red-shift of the RDM3 ground state
absorption due to a nearby large excited-state dipole emanating
from the 1MMLL′CT excited state.45 Global kinetic fits reveal
two time constants for excited state relaxation, 1.9 and 21.1 ps,
which are attributed to ISC from 1MMLL′CT to the
3MMLL′CT state and subsequent vibrational relaxation,
respectively. After ∼20 ps, the spectrum remains roughly
constant for the duration of the experiment, consistent with the
long-lived nature of the 3MMLL′CT state.
Upon 550 nm pulsed laser excitation to the rhodamine

1π−π* excited state, the Pt-RDM3 dyad shows an instanta-
neous TA spectrum that resembles that of free RDM3 (Figure
8a). The initially formed TA spectrum undergoes an ultrafast
reorganization in <1 ps. On the same time scale, singlet energy
transfer (SEnT) from the rhodamine 1π−π* to the PtN2S2
1MMLL′CT state takes place, evident in the loss of the
rhodamine GSB and SE along with the appearance of a new
GSB of the 1MMLL′CT absorption at 600−670 nm. Global
kinetic fits (Figure 8b) indicate that the ultrafast reorganization,
SEnT, and subsequent ISC happen with two time constants of
304 fs and 1.1 ps. After that, the TA spectra evolve with two
more time constants of 13.7 and 187 ps before establishing the
final long-lived 3MMLL′CT state.
In order to fully understand the excited state dynamics of Pt-

RDM3, decay associated spectra (DAS) were generated based
on global fitting (Figure 9; see full description of methodology
in the Experimental Section). As seen in Figure 9, the 304 fs
DAS is consistent with an ultrafast reorganization of excited

Figure 5. Light generated hydrogen production using systems
containing 2.5 mL of 10 μM dyads Pt-RDM1−3 as photosensitizers
on 20 mg Pt-TiO2 nanoparticles in 5 mL of 1.0 M AA aqueous
solution (pH = 4.0).

Figure 6. (a) TA spectra of RDM3 at indicated time delays, and (b)
kinetic traces of RDM3 at selected wavelength, in acetonitrile after
pulsed laser excitation at 550 nm.

Figure 7. (a) TA spectra of Pt-RDM3 at indicated time delays, and
(b) kinetic traces of Pt-RDM3 at selected wavelengths, in acetonitrile
after pulsed laser excitation at 650 nm.
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states. The 1.1 ps-DAS shows a loss of rhodamine GSB, ESA
and SE, therefore it is assigned to the SEnT process from
rhodamine 1π−π* state to the PtN2S2

1MMLL′CT state. The
subsequent ISC process from the 1MMLL′CT state to the
3MMLL′CT state is also convoluted in this 1.1 ps DAS
spectrum. The 13.7 ps DAS shows a recovery of rhodamine
absorption at 580 nm and PtN2S2 absorption from 600 to 670
nm. The feature of simultaneous recovery of both the
rhodamine and PtN2S2 absorption in this DAS spectrum
cannot be explained by processes involving only the
1π−π*/3π−π* and 1MMLL′CT/3MMLL′CT states, suggesting
the participation of additional state(s) in the excited state
dynamics. Based on electrochemical data, a charge separated
(CS) state formulated as RDM(0•)

−Pt(+•) lies below the 1π−π*
state in energy and the 13.7 ps DAS is indeed consistent with

charge recombination of the RDM(0•)
−Pt(+•) state to the

3MMLL′CT state. The relative energies of dyad excited states
are discussed in detail below. This analysis suggests that the
RDM(0•)

−Pt(+•) state is formed along with the SEnT process in
1.1 ps. The subsequent 187 ps DAS shows a loss of rhodamine
GSB, and is attributed to triplet energy transfer (TEnT) from
the 3π−π* to the 3MMLL′CT state. It appears that the
electronic coupling between rhodamine and the PtN2S2
complex is sufficient to cause both ground-state absorption
bands to be bleached when the molecule occupies the 3π−π*
state. During the TEnT process, the rhodamine ground-state
absorption recovers while the PtN2S2-centered absorption
remains bleached, evident in the absence of change in the
187 ps DAS after 600 nm. Finally, the last DAS that remains for
the duration of the experiment exhibits the dispersive feature
centered at 583 nm, and is consistent with the relaxation of the
3MMLL′CT state to ground state.
The excited state dynamics of Pt-RDM3 are summarized in

Figure 10. When excited to the 1MMLL′CT state, the excited

states undergo an ISC process to the long-lived 3MMLL′CT
state before relaxing to the ground state. When excited to the
rhodamine 1π−π* state, the excited state relaxation is more
complex, and involves SEnT to the 1MMLL′CT state,
formation of the RDM(0•)

−Pt(+•) CS state, and population of
the 3π−π* state. All three states eventually end up in the same
3MMLL′CT state through ISC, charge recombination, and
TEnT process, respectively, which is crucial for H2 generation.

■ DISCUSSION

Despite the structural similarity of the Pt-RDM dyads, the H2

production results differ significantly among the dyads. Under
various experimental conditions, systems having the Pt-RDM3
dyad always display the highest TONs for the generation of H2,
followed respectively by those of Pt-RDM2, and Pt-RDM1. To
eliminate that the cause of the variation in TONs is simply due
to differences in the absorbed photons for each dyad from the
white LED emission light source, the absorbed photons by Pt-
RDM1−3/Pt-TiO2 systems were quantified. The white light
LED emission profile is shown in Figure S19. The detailed
method of quantification is described in the Experimental
Section. Based on the calculation, the ratio of absorbed photons

Figure 8. (a) TA spectra of Pt-RDM3 at indicated time delays, and
(b) kinetic traces of Pt-RDM3 at selected wavelengths, in acetonitrile
after pulsed laser excitation at 550 nm.

Figure 9. DAS of Pt-RDM3 after pulsed laser excitation at 550 nm in
acetonitrile. The ground state absorption spectrum is presented in the
top panel as dashed lines.

Figure 10. Excited state relaxation pathways of Pt-RDM3 in
acetonitrile when excited at 550 (green lines) and 650 nm (red
lines), CR = charge recombination. ISC is labeled in both green and
red because it is involved in excited state relaxation at both excitations.
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for Pt-RDM1: Pt-RDM2: Pt-RDM3 is 1.0:0.96:0.99, and
1.0:0.96:1.01 when the dyads in 2.5 mL of 50 μM and 10 μM
solutions are attached on Pt-TiO2, respectively (Figure S20).
This means that the number of absorbed photons is roughly the
same for the three Pt-RDM dyads and that the substantial
difference in TONs for the dyads can not be explained by the
differences in the photons absorbed by them.
To explain the different TONs for the Pt-RDM dyads, it is

worth revisiting their excited state dynamics in acetonitrile.
Despite the complex excited-state dynamics described above,
the excited states of the three dyads all appear to relax to the
3MMLL′CT state eventually, no matter whether initial
excitation is to the 1π−π* or the 1MMLL′CT excited state
(Figures 11a, S15, and S17). Since the long-lived 3MMLL′CT

state is responsible for electron injection into TiO2 (and
therefore H2 generation), the efficiency of relaxation of the
excited states to the 3MMLL′CT state is central to under-
standing the relative activity of the dyad systems for H2

generation.
Like the 1MMLL′CT state, the TA spectra of the

3MMLL′CT state shows a dispersive feature, consistent with
a red-shift of the rhodamine ground-state absorption caused by
the presence of the large excited-state dipole of the nearby
PtN2S2 chromophore. Given the structural similarity of the Pt-
RDM dyads, the amplitude of the dispersive feature is directly
correlated with the yield of the 3MMLL′CT state. A higher
amplitude of the dispersive feature corresponds to a higher
yield of the 3MMLL′CT state, and vice versa. Figure 11b shows
the TAS at 1800 ps for Pt-RDM1, Pt-RDM2, and Pt-RDM3
after pulsed laser excitation at 550 nm. The spectrum is scaled
to account for the difference in absorption at the excitation
wavelength for the three dyads. After taking into account the
difference in extinction coefficient of the 1π−π* absorption of
RDM1−3, the relative amplitude of the dispersive feature
indicates a ratio of ∼0.6:0.8:1 for the yield of the 3MMLL′CT

state for Pt-RDM1:Pt-RDM2:Pt-RDM3, indicating that Pt-
RDM3 has the largest triplet yield out of the three dyads. The
trend in the yield of 3MMLL′CT state is coincident with the
TONs in H2 production results, therefore providing a rigorous
basis for the different H2 generation activity for Pt-RDM1, Pt-
RDM2, and Pt-RDM3.
The yield of the 3MMLL′CT state is directly related to the

excited state energy levels of the dyads. As shown in Figure 12,

the energies of the excited states are given relative to the
ground state based on experimental data. The 1π−π* excited
state energies of the Pt-RDM dyads are taken from the
intersection of the tangent line of the high-energy side of the
room temperature fluorescence band with the wavenumber axis
(Figure S21).62 The 3π−π* and 3MMLL′CT state energies are
obtained following the same method based on the phosphor-
escence of the Pt-RDM dyads when excited at 550 and 650 nm
at 77 K, respectively (Figure S6). The 1MMLL′CT state
energies are taken from the absorption onset of the Pt-RDM
dyads (700 nm). The energies of the CS states are calculated
using the Rehm−Weller eq (eq 1), in which E°(A/A•−)
represents the first reduction potential of the acceptor and
E°(D•+/D) represents the first oxidation potential of the donor,
and ΔGw accounts for the Coulombic potential energy change
during electron transfer, eq 2, in which rDA is the distance
between donor and acceptor.63 Note that in the RDM(0•)

−

Pt(+•) CS state, ΔGw is 0, because either the rhodamine or the
PtN2S2 moiety has zero charge before or after charge
separation.54
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As seen in Figure 12, the energies of the 1MMLL′CT and
3MMLL′CT states remain the same for all three dyads, the
rhodamine-centered 1π−π* and 3π−π* states decrease in
energy, while the RDM(0•)

−Pt(+•) CS states increase in energy
from Pt-RDM1 to Pt-RDM3. As a result, the RDM(0•)

−Pt(+•)

CS state is well below the 3MMLL′CT state in Pt-RDM1,
whereas it is isoenergetic to the 3MMLL′CT state in Pt-RDM2,
and above the 3MMLL′CT state in Pt-RDM3. The driving
force for the charge recombination from the RDM(0•)

−Pt(+•)

CS state to populate the 3MMLL′CT state is −0.1, 0, and 0.04

Figure 11. (a) Normalized TA spectra of Pt-RDM3 in acetonitrile at
1800 ps delay after pulsed excitation at 550 nm (solid red) and 650 nm
(dotted purple). (b) TA spectra of Pt-RDM1 (red), Pt-RDM2
(green), and Pt-RDM3 (blue) at 1800 ps after pulsed excitation at 550
nm. The spectra are scaled to account for difference in absorption at
the excitation wavelength.

Figure 12. Energy level diagram of Pt-RDM1 (red dotted), Pt-RDM2
(green dashed), and Pt-RDM3 (blue solid) in acetonitrile.
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eV for Pt-RDM1, Pt-RDM2, and Pt-RDM3, respectively,
making the population from the CS state to the 3MMLL′CT
state thermodynamically uphill in Pt-RDM1. In this regard, it
appears likely that some portion of the excited-state population
in Pt-RDM1 and Pt-RDM2 relaxes directly to the ground state
through the RDM(0•)

−Pt(+•) state, rather than relaxation to the
photochemically productive 3MMLL′CT state, giving rise to
lower 3MMLL′CT state yields for these two dyads and hence,
lower H2 production activity. Unfortunately, the convoluted
TAS kinetics with multiple excited-states dynamically evolving
on many different time scales makes direct observation of the
CS state formation and its recombination difficult to confirm.

■ CONCLUSION

Three rhodamine-PtN2S2 dyads, Pt-RDM1−3, have been
synthesized and studied as photosensitizers for white light-
driven generation of H2 from aqueous protons. Pt-RDM1−3
exhibit strong and broad absorption in the visible region of the
spectrum with the major absorption characteristic of the
rhodamine dye. When linked to Pt-TiO2 via phosphonate
attachment, the systems containing Pt-RDM1−3 show notable
activity and excellent robustness for H2 production under white
light irradiation. Within the three dyads, Pt-RDM3 displays the
highest TON, followed by Pt-RDM2, and then Pt-RDM1.
Ultrafast transient absorption spectroscopy results indicate the
excited states of Pt-RDM1−3 relax to the same 3MMLL′CT
state of the PtN2S2 chromophore, regardless of whether the
excitation is to the rhodamine 1π−π* state or the PtN2S2
1MMLL′CT state. The yield of the 3MMLL′CT state decreases
progressively in going from Pt-RDM3 to Pt-RDM1, due to a
charge separated state, RDM(0•)-Pt(+•), that delivers some of
the excited state population to ground state in Pt-RDM1 and
Pt-RDM2. The trend in 3MMLL′CT state yield correlates well
with that in H2 generation, providing a viable explanation for
highest H2 production activity observed for the Pt-RDM3
photosensitized system. This study highlights the importance of
excited state dynamics in dyad photosensitizers based on linked
light absorber-charge transfer moieties in effecting photo-
chemical generation of H2 and represents a new path for
exploring rhodamine dyes as antennas for light-driven electron
transfer applications.

■ EXPERIMENTAL SECTION

Materials. Acetonitrile (Fisher Chemical, HPLC grade), dichloro-
methane (Fisher Chemical, >99.9%), methanol (Fisher Chemical,
>99.9%), acetone (Fisher Chemical, 99.7%), sulfuric acid (H2SO4,
J.T.Baker, 93%), 3-(dimethylamino)phenol (TCI, >97%), 8-hydrox-
yjulolidine (TCI, >97%), 1-methyl-1,2,3,4-tetrahydroquinolin-7-amine
hydrochloride (Oxchem, >95.0%), p-chloranil (Alfa Aesar, 97.0%),
potassium hydroxide (KOH, Mallinckrodt, 87.8%), sodium hydroxide
(NaOH, Fisher Chemical, 99.3%), ammonium hexafluorophosphate
(NH4PF6, Sigma-Aldrich, >98.0%), tetrabutylammonium hexafluor-
ophosphate (TBAPF6, Sigma-Aldrich, >99.0%), anhydrous magnesium
sulfate (MgSO4, Fisher Chemical), potassium tert-butoxide (Sigma-
Aldrich, >98.0%), and ascorbic acid (AA, EMD Chemicals, >99.0%)
were used as received. 2-Oxobenzo[D][1,3]dithiole-5-carbaldehyde,64

7-hydroxy-1-methyl-1,2,3,4-tetrahydroquinolin,65 Pt(Pbpy)2Cl2
46

(Pbpy = 4,4′-bis(diethylphosphonate)-2,2′-bipyridine), and Pt-TiO2

nanoparticles (Pt: 0.5% in wt) were synthesized following literature
procedures.46

Synthesis. General Procedure for the Preparation of Rhodamine
Dyes. One equivalent of 2-oxobenzo[d][1,3]dithiole-5-carbaldehyde
and 2 equiv of the corresponding 3-amino-phenol were dissolved in 10
mL of dichloromethane, and the solvent was removed on rotary
evaporator before 10 mL ice cold 60% H2SO4 was added. The mixture

was stirred until the solid was fully dissolved, and the solution was
heated at 85 °C for 18 h. The reaction mixture was cooled to room
temperature before 2 equiv of p-chloranil was added, and the mixture
was stirred for another 1 h at room temperature. After that, the pH of
the solution was adjusted to pH = 7 using 10 M KOH aqueous
solution. The mixture was extracted with dichloromethane (30 mL ×

3), dried with anhydrous MgSO4, and concentrated to dryness on
rotary evaporator. The crude product was loaded onto a silica gel
column using dichloromethane/MeOH = 15:1 (v:v) as eluent. After
removing a fast-moving dark brown impurity, the eluent was changed
to dichloromethane/MeOH = 8:1 (v:v) and the long bright orange/
red band comprising three to four different bands were collected
altogether. The solvent was removed, and the solid was redissolved in
minimum amount of MeOH, followed by the addition of 3 equiv of
NH4PF6 in 2 mL of DI water. The afforded suspension was stirred for
30 min, filtered through a medium frit, rinsed thoroughly with DI
water, and dried in vacuo. The solid was purified by a silica gel column
using dichloromethane/MeOH = 20:1 (v:v) as eluent. The first red
orange band was collected, concentrated to dryness to afford the
desired product as purple or blue solid.

RDM1. For RDM1, 153 mg of the 2-oxobenzo[d][1,3]dithiole-5-
carbaldehyde (0.78 mmol) and 215 mg of 3-(dimethylamino)phenol
(1.57 mmol) were dissolved in 10 mL of ice cold 60% H2SO4; 155 mg
of RDM1 was obtained as a purple solid. Yield = 34%. 1H NMR (400
MHz, CDCl3) δ 7.77 (d, J = 8.1 Hz, 1H), 7.56 (s, 1H), 7.41 (d, J = 7.2
Hz, 1H), 7.35 (d, J = 9.5 Hz, 2H), 6.93 (d, J = 9.4 Hz, 2H), 6.88 (s,
2H), 3.33 (s, 12H). ESI-MS: m/z = 433.7 (calcd. for
[C24H21N2S2O2]

+: 433.6).
RDM2. For RDM2, 100 mg of the 2-oxobenzo[d][1,3]dithiole-5-

carbaldehyde (0.51 mmol) and 165 mg of 7-hydroxy-1-methyl-1,2,3,4-
tetrahydroquinolin (1.02 mmol) were dissolved in 10 mL of ice cold
60% H2SO4; 255 mg of RDM2 was obtained as a purple solid. Yield =
80%. 1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 8.1 Hz, 1H), 7.50 (s,
1H), 7.37 (d, J = 8.1 Hz, 1H), 6.89 (s, 2H), 6.71 (s, 2H), 3.59 (t, J =
5.5 Hz, 4H), 3.25 (s, 6H), 2.80−2.68 (m, 4H), 2.04−1.93 (m, 4H).
ESI-MS: m/z = 485.8 (calcd. for [C28H25N2S2O2]

+: 485.7).
RDM3. For RDM3, 60 mg of the 2-oxobenzo[d][1,3]dithiole-5-

carbaldehyde (0.30 mmol) and 116 mg of 8-hydroxyjulolidine (1.57
mmol) were dissolved in 10 mL of ice cold 60% H2SO4; 119 mg of
RDM3 was obtained as a blue solid. Yield = 58%. 1H NMR (400 MHz,
CDCl3) δ 7.75 (d, J = 8.1 Hz, 1H), 7.45 (s, 1H), 7.32 (d, J = 8.1 Hz,
1H), 6.75 (s, 2H), 3.57−3.49 (m, 4H), 3.04 (t, J = 6.2 Hz, 2H), 2.72
(t, J = 5.9 Hz, 2H), 2.13−2.06 (m, 2H), 2.03−1.94 (m, 2H). ESI-MS:
m/z = 537.8 (calcd. for [C32H29N2S2O2]

+: 537.7).
General Procedure for the Preparation of the Pt-RDM Dyads.

The rhodamine dye and 1 equiv of potassium tert-butoxide were
dissolved in anhydrous MeOH under N2 atmosphere. After stirring for
15 min at room temperature, 1 equiv of Pt(Pbpy)Cl2 was added and
the mixture was left to stir under N2 for 24 h at room temperature.
The solvent was removed on a rotary evaporator, and the crude
product was purified by column chromatography using dichlorome-
thane:acetone = 7:1 (v:v) as eluent. After removing a bright orange
band, the purple product was collected. The solvent was removed to
afford the product as a purple solid.

Pt-RDM1. For Pt-RDM1, 100 mg of RDM1 (0.17 mmol), 39 mg of
tert-butoxide (0.35 mmol), and 120 mg of Pt(Pbpy)Cl2 (0.17 mmol)
were dissolved in 20 mL of anhydrous MeOH, and 100 mg of product
was obtained. Yield = 49%. 1H NMR (500 MHz, CDCl3) δ 9.52 (s,
1H), 9.45 (s, 1H), 8.55 (d, J = 13.5 Hz, 2H), 7.91−7.86(m, 2H), 7.63
(d, J = 8.1 Hz, 1H), 7.58 (d, J = 9.4 Hz, 2H), 7.43 (s, 1H), 6.87−
6.83(m, 5H), 4.35−4.21 (m, 8H), 3.31 (s, 12H), 1.42 (q, J = 7.0 Hz,
12H). ESI-MS: m/z = 1029.0 (calcd. for [PtC41H47N4S2O7P2]

+:
1 0 2 9 . 2 ) . E l em e n t a l A n a l y s i s : c a l c d . ( f o u n d ) f o r
PtC43H51N4S2O7P3F6Cl4 (Pt-RDM1·2CH2Cl2), %: C, 38.43 (38.02);
H, 3.83 (3.78); N, 4.17 (4.09).

Pt-RDM2. For Pt-RDM2, 60 mg of RDM2 (0.095 mmol), 22 mg of
tert-butoxide (0.20 mmol), and 65 mg of Pt(Pbpy)Cl2 (0.095 mmol)
were dissolved in 10 mL of anhydrous MeOH, and 30 mg of product
was collected. Yield = 26%. 1H NMR (400 MHz, CDCl3)

1H NMR
(500 MHz, CDCl3) δ 9.61−9.41 (m, 2H), 8.57 (d, J = 13.7 Hz, 2H),
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7.91−7.84 (m, 2H), 7.63 (d, J = 7.9 Hz, 1H), 7.39 (d, J = 1.7 Hz, 1H),
7.14 (s, 2H), 6.81 (dd, J = 7.9, 1.8 Hz, 1H), 6.70 (s, 2H), 4.40−4.17
(m, 8H), 3.58 (t, J = 5.9 Hz, 4H), 3.24 (s, 6H), 2.72 (t, J = 5.9 Hz,
4H), 2.04−1.93 (m, 4H), 1.42 (q, J = 7.0 Hz, 12H). ESI-MS: m/z =
1081.1 (calcd. for [PtC45H51N4S2O7P2]

+: 1081.3). Elemental Analysis:
calcd. (found) for PtC47H55N4S2O7P3F6Cl4 (Pt-RDM2·2CH2Cl2), %:
C, 40.44 (39.96); H, 3.97 (4.02); N, 4.01 (3.83).
Pt-RDM3. For Pt-RDM3, 100 mg of RDM3 (0.15 mmol), 34 mg of

tert-butoxide (0.30 mmol), and 102 mg of Pt(Pbpy)Cl2 (0.15 mmol)
were dissolved in 20 mL of anhydrous MeOH, and 53 mg of product
was collected. Yield = 28%. 1H NMR (400 MHz, CDCl3) δ 9.52−9.47
(m, 2H), 8.55 (d, J = 13.6 Hz, 2H), 7.91−7.83(m, 2H), 7.60 (d, J = 8.0
Hz, 1H), 7.34 (s, 1H), 7.01 (s, 2H), 6.76 (d, J = 8.0 Hz, 1H), 4.35−
4.20 (m, 8H), 3.55−3.47 (m, 8H), 3.03 (t, J = 6.1 Hz, 4H), 2.69 (d, J =
5.8 Hz, 4H), 2.13−2.08 (m, 4H), 2.00−1.94 (m, 4H), 1.41 (q, J = 6.9
Hz, 12H). ESI-MS: m/z = 1133.2 (calcd. for [PtC49H55N4S2O7P2]

+:
1 1 3 3 . 4 ) . E l em e n t a l A n a l y s i s : c a l c d . ( f o u n d ) f o r
PtC51H59N4S2O7P3F6Cl4 (Pt-RDM3·2CH2Cl2), %: C, 42.30 (42.06);
H, 4.11 (4.28); N, 3.87 (3.86).
Characterization. 1H NMR spectra were recorded on a Bruker

Avance 500-MHz spectrometer and referenced to the residual 1H in
CDCl3 solvent. Elemental analyses were performed using a
PerkinElmer 2400 Series II Analyzer. Mass spectrometry was
performed on a Shimadzu LCMS and an LTQ VELOS Thermo
LCMS (positive mode). UV−vis absorption spectra were recorded on
a Cary 60 UV−vis spectrophotometer, using a 1 cm path length quartz
cuvette. Electrochemical measurements were performed with a CHI
680D potentiostat in an Ar-purged acetonitrile solution, using a
platinum disk working electrode, a platinum-wire auxiliary electrode,
and a saturated calomel reference electrode. Ferrocene was added as
an internal reference. All measurements were performed with 0.1 V/s
scan rate using 0.1 M TBAPF6 as the supporting electrolyte.
Steady-State Photoluminescence. Steady-state photoluminescence

spectra were recorded on a Spex Fluoromax-P fluorometer and
corrected for instrument response. The intensity was integrated for 0.1
s at 1 nm resolution and averaged over 3 scans. All solutions were
purged with N2 for 20 min prior to measurements. Quantum yields
were measured using [Ru(bpy)3](PF6)2 in acetonitrile as the standard
(φPL = 0.062) with the optically dilute method.66 The photo-
luminescence spectra at 77 K were collected in a liquid N2-frozen
optical glass (EtOH/MeOH = 4:1 (v:v)).
Ultrafast Transient Absorption. The instrumentation for this

experiment has been described elsewhere.67 In brief, pump pulses were
produced from a home-built noncollinear parametric amplifier
(NOPA) centered at 550 and 650 nm with a pulse energy of 80
and 100 nJ per pulse, respectively. The pulse spectrum was measured
to have a fwhm of 12 and 14 nm for 550 and 650 nm, respectively.68,69

The probe beam was created by focusing of the fundamental 800 nm
beam through a sapphire crystal to produce a white light continuum
spanning 425−785 nm. The white light spectrum was filtered using a
dye solution (NIR800A, QCR Solutions Corp) to block residual 800
nm light by placing it in the white light path before the sample.
Solution samples with an absorbance of ∼0.1−1.1 at the pump
wavelength were prepared in a 2 mm fused-silica cuvette, purged with
argon for 20 min and sealed with an airtight septa. The samples were
translated vertically at ∼2 mm/s to refresh the illuminated area.
Absorption spectra were obtained after each experiment to ensure that
no degradation occurred during the experiment. TA signals were
collected at magic angle polarization via rotating the pump pulse
polarization 54.7° from that of the probe.
Global fitting was performed using the Glotaran software package.70

The kinetics were modeled as a convolution of the Gaussian
instrument response function with a linear combination of n
exponential functions with wavelength dependent amplitudes:

∑λ λ τ= −
=

I t A t( , ) ( ) exp ( / )
i

n

i i

1 (3)

The decay associated spectra, Ai(λ), correspond to the amplitude of
transient absorption change occurring with each time-constant, τi, and

can be used to decipher what photophysical relaxation is occurring
with that time-constant. Coherent artifacts around Δt = 0 were fit by
including short duration spikes in the fit. The long-time offset signal
was modeled as an exponential with a fixed 1 μs time constant to
accommodate for a long-lasting triplet that shows no loss in amplitude
for the duration of the experiment (1.8 ns). Fitting of single
wavelength kinetics was also performed with a series of exponentials
convoluted with the instrument response function (IRF). The IRF was
determined from optical Kerr effect (OKE) signals obtained with a 1
mm glass slide and found to be 100 fs for both excitation wavelengths.

Attachment of Dyad on Pt-TiO2 Nanoparticle. Pt-TiO2 nano-
particles were normally stored at 80 °C in an oven to stay dry. Here,
20 mg of Pt-TiO2 nanoparticles was mixed with 2.5 mL of X μM (X =
50, 10) dyad solution in acetonitrile at room temperature. The
suspension was sonicated for 10 min in the dark, before storing in the
dark overnight. The colored dyad-attached Pt-TiO2 particles were
collected by centrifugation at 7500 rpm for 10 min. UV−vis absorption
of the supernatant was measured to quantify the amount of dye
attachment. After drying in the air, to the dyad-attached Pt-TiO2

nanoparticles was added 5 mL of X M (X = 0.5, 1.0) AA aqueous
solution (pH = 4.0), the suspension was sonicated for 1 min and
transferred to a 40 mL glass vial. After that, the suspension was
sonicated for an additional 3 min prior to being placed in the
photochemical H2 production setup.

Replenishment of AA Aqueous Solution. After 40 h of light-driven
H2 production, the suspension was transferred to a centrifuge tube and
centrifuged at 7500 rpm for 10 min. The used AA aqueous solution
supernatant was removed using a pipet, and the dyad-attached Pt-TiO2

nanoparticles were rinsed with CH3CN. Following centrifugation
(7500 rpm for 10 min), the dyad-attached Pt-TiO2 nanoparticles were
then air-dried. To these nanoparticles was added 5 mL of either 0.5 or
1.0 M AA aqueous solution (pH = 4.0), and the suspension was
transferred to a 40 mL glass vial for another round of light-driven H2

production.
Light-Driven H2 Production. The 40 mL sample vials (Figure S9)

were placed in a temperature-controlled block at 15 °C and each vial
was sealed with an airtight cap fitted with a pressure transducer and a
rubber septum. The samples were then purged with a mixture of gas
containing N2/CH4 (79:21 mol %). The methane present in the gas
mixture serves as an internal reference for GC analysis at the end of
the experiment. The samples were irradiated in a customized 16-well
photolysis apparatus with Philips LumiLEDs Luxeon ES Cool White
(400−800 nm) 700 mA LEDs from underneath, mounted on a 20 mm
Star CoolBase atop an orbital shaker. The light power of each LED
was set to 300 mW and measured with an L30 A thermal sensor and a
Nova II power meter (Ophir- Spiricon). The light was irradiated on an
area of ∼5 cm2, corresponding to a light intensity of (∼60 mW/cm2).
The pressure changes in the vials were recorded using a Labview
program from a Freescale semiconductor sensor (MPX4259A series).
At the end of the experiment, the headspaces of the vials were
characterized by gas chromatography to ensure that the measured
pressure change was a consequence of hydrogen generation and to
confirm the amount of hydrogen generated. The amounts of hydrogen
evolved were determined using a Shimadzu GC-17A gas chromato-
graph with a 5 Å molecular sieve column (30 m, 0.53 mm) and a
thermal conductivity detector and were quantified by a calibration plot
to the internal CH4 standard.

Quantification of Absorbed Photons. The emission profile of the
white light LED which was measured using a fiber optics (Ocean
Optics USB4000 with a CCD diode array detector) is shown in Figure
S19. The absorbed photons of the dyad-attached Pt-TiO2 nano-
particles in 5 mL of AA aqueous solution were calculated at each
wavelength using the following equations:

λ

λ λ= ×

absorbed photons( )

LED emission profile( ) absorptance( )
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λ

λ ε λ

= −

= × ×

λ−absorptance ( ) 1 10 ;

Abs( ) ( ) concentration pathlength

Abs( )

The path length was ∼1 cm (Figure S9) when 5 mL of AA was
present. The concentrations of the TiO2-bound dyad are estimated as
25 and 5 μM based on the use of 2.5 mL of 50 and 10 μM dyad
solutions for attachment to Pt-TiO2. UV−vis spectra of these solutions
after centrifugation to remove the dyad-bound-Pt-TiO2 indicated
essentially quantitative dyad binding to TiO2. The extinction
coefficient of the dyad in acetonitrile was used as a close estimate
for that of the dyad on Pt-TiO2. Absorptance describes the fraction of
absorbed light at a specific wavelength.71 The respective absorptance
of 25 and 5 μM Pt-RDM1−3 dyads are shown in Figure S20a and c,
and the corresponding absorbed photons are shown in Figure S20b
and d. The total number of absorbed photons for each dyad was
obtained by integrating the area underneath the curve in Figure S20b
and d.
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