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The quenchingfg) and subsequent cage-escape efficiengy fave been measured for three arene-linked
ruthenium trishipyridine complexes quenched by methyl viologen MV The bichromophoric complexes

are of the type [Ru(bpyl4-methyl-4-(2-arylethyl)-2,2-bipyridine)F*(ClO, ), where aryl= 2-naphthyl ([Ru]-
naphthalene), 1-pyrenyl ([Ru]-pyrene), and 9-anthryl ([Ru]-anthracene). The overall yield BfiMygiven

by the productyqc, Which depends both on specific solvent effects and on the nature of the quenched
excited state of the bichromophore, i.e., whether it is a metal-to-ligand charge tr&Mif€T) or aromatic

triplet state. In aqueous buffer the production of NM\s low for the three bichromophores<10%). In
methanol and acetonitrile MYV yields for [Ru]-anthracene and [Ru]-pyrene ar&0%, reflecting the arene
triplet character of the lowest excited state. This increase is due to an increase in the cage-escape efficiency
(1¢9) in these solvents. In contrast, for [Ru]-naphthalene the lowest excited stMe@T in character and

the yield of MV** in acetonitrile and methanol remairsl0%. NMR spectra of the linking ethane group
suggest that the bichromophores adopt different conformations in the different solvents, which could lead to
the observed differences e

1. Introduction SCHEME 1

The system comprising Ru(bpyj and methyl viologen * 2+ 2+ * 26 a2t
(MV2%) is one of the most thoroughly studied photoredox Rubpy), + MV k_dlfT {Ru(bpy)a MV}
systems for the storage of solar enetdyln the simplest case [
bimolecular oxidative quenchind) by MVt competes with
the normal radiative ka9 and nonradiative ka9 decay
processes of the Ru(bpy) excited state (Scheme 1). This
involves the following steps. The first step is diffusidgif)
of the triplet excited statéRu(bpy}?" and a ground-state MV
dication to form a contact pair within a solvent cage. This is
followed by electron transfer from tF&u(bpy)?+ excited state
to the MV2" dication to produce a charge-transfer pair of the
type{Ru(bpy}*"/MV**}. The resulting charge-transfer pair can
then either diffuse apark4) to give the solvent-separated redox \ \
products Ru(bpyf™ and MV** or undergo back-electron Krec Krxn
transfer kye) Within the solvent cage followed by separation to 2+ 2+ 3+ +
produce ground-state reactants. In the former case, the reduced Ru(bpy);" + MV <— Ru(bpy); + MV —
MV " diffuses to a catalytic site where two electrons are

combined with hydronium ions to produce dihydrogémnf. . )
A sacrificial electron donor is then used to regenerate the Ru- fact that the overall quantum yield of MV production ¢)
depends on the produgbsngnce In this expressionps* is

bpy)?" photosensitizer. In the absence of sacrificial donors, - X ;
(bpy)X®" p the quantum efficiency for the production of excited states)(

the solvent-separated redox products eventually recombine to" '™~ :
form the starting materialsk¢). Properties that have made 7a IS the fraction ofzihese th‘;tr undergo electron-transfer
Ru(bpy)}?* and its derivatives the photosensitizer of choice for dUenching fq = k[MV *"1/(ky[MV *T + kaa + knrad), andrce
studying photoinduced electron transfer reactions include their ' the cage-escape efficiency of the redox pmgl(: ked/ (kee +
strong absorption of solar radiation, their relatively long-lived Koe)- _Af[ high quench_er concentrationsjee IS the rate-
excited statest(~ 1 us), their favorable redox properties, and determl_n_lng step and its magnitude is determlne_d by the
the fact that many of these properties can be “fine-tuned” by COMPetition between cage escape of the redox fair.and
varying the number and composition of the complexing ligénds. back-electron transfer within the solvent' cage to regenerate the
However, despite the favorable energetics of the system, theground-state reactantge. We have previously shown that the

overall efficiency for dihydrogen production rarely exceeds 25% [ntrinsically low cage-escape efficiency of this two-component
even in those cases where there is sufficient?¥to quench system can be circumvented by incorporating an energy relay
(anthracene-9-carboxylate, AAinto the schem@10 In this

* To whom correspondence should be addressed. E-mail: Gerry.Wilson@ three-component  system, the initially excité&u(bpy}*"
MolSci.CSIRO.au. undergoes triplettriplet energy transfer to AAto form3AA~
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the photoexcited sensitizer quantitativéhy. This is due to the
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with yields approaching 100%3AA~ is then quenched by L L L
electron transfer to M%, again with yields of up to 100%. i

Using this strategy, we have achieved quantum yields for
hydrogen formation in excess of 85%. A mechanism that
accounts for the high yields of MV from this system has been
proposed in which the cage-escape efficiencies are related to
the degree of spinorbit coupling in the geminate redox pé&ir!

For the {Ru(bpy}*"/MV**} charge-separated pair the spin
multiplicity, which is initially triplet in character, quickly evolves
singlet character due to spiorbit coupling mediated by the
internal heavy-atom effect of the ruthenium nucleus. As a
consequence, the spin restriction for back-electron transfer is
lifted, the rate of back-electron-transfer becomes comparable
to the rate of cage escape of the redox products, and the yield
of MV*" is reduced. In contrast, for tHAA*/MV "} charge-
separated pair the spirorbit coupling is negligible and the Wavelength (nm)

original triplet character of the geminate pair is maintained. In Figure 1. Absorption spectra of [Ru]-naphthalene (- - -), [Ru]-pyrene
this case, back-electron transfer to form ground-state products(--+), and [Ru]-anthracene~) and the emission spectrum of [Ru]-Pyrene

is formally spin-forbidden and, as we have shown, the cage- (--) in degassed methanol.

escape efficiency of the redox products can be quite high. More

recent elaborations of this strategy have involved incorporating were used throughout, and solutions were thoroughly degassed
the energy relay chromophore (anthracene) directly onto the by bubbling with purified argon prior to use. Absorption spectra
sensitizer using a flexible link consisting of either-&CH,— were measured with a Cary-5E spectrophotometer, and emission
CH,— or —CH,—O—CH,— group213 |t was then expected spectra were measured with a Perkin-EImer MPF-44 fluorim-
that the following sequence of reactions would occur, resulting eter. In the steady-state quenching experiments the buildup of

Absorbance (A.U.)
(n'y) Aususiu| uoissiwg

300 400 500 600 700

in high yields of M\**. the methyl viologen radical cation (MV) versus time was
monitored using an HP 8453 diode array spectrometer. Samples
(bpy)2R1f+(bpy-X-Anth) + hy — were irradiated in situ using a 150 W Xe lamp dispersed through

a Bausch and Lomb monochromator (band-pas455 + 10
nm). Since the rate of MV production showed a dramatic
K solvent dependence, the intensity of the incident lig$)twas
(bpy),°RUZ* (bpy-X-Anth)— (bpy),RU* (bpy-X-*Anth) adjusted with neutral density filters in order to control more
(2 accurately the irradiation dose. Changes in Wi\vere
o monitored at 605 nm and were corrected for the different values
(bpy)zRu2+(bpy-X-3Anth)+ My 2= of lp and for the slightly different optical densities of the
" 3 o solutions at 455 nm~0.6). Irradiations were terminated when
{(bpy)RU" (bpy-X-"Anth)/MVZ'} (3) the optical density at 605 nm reached 0.1. Quenching experi-
v ments were carried out in acetate buffer (pH5.0) using
(bpy)lef+(bpy-X-3Anth) -4 ethylenediaminetetraacetic acid (EDTA) as the sacrificial donor
v 4 - and in acetonitrile, methanol, and water (pH 10) using
(bpy),RU* " (bpy-X-Anth")/MV "™ (4) triethylamine (TEA) as the sacrificial donor. For luminescent
" donors SterrrVolmer quenching constant&4y) were deter-
(bpy),RU?* (bpy-X-Anth*)/MV** e mined from plots of both#/zg) and (o/lg) versus [M\Z]. For
" ot [Ru]-anthracene, which is nonemittinégsy was determined
(bpy),RU " (bpy-X-Anth) + MV 2" (5) from plots of the intensity and/or lifetime of the anthracene
¢ triplet—triplet absorption signal measured at 420 nm versus
(bpy),RUE* (bpy-X-Anth")/MV " — [MV2*]. Procedures for measuring the transient absorption
" 3 N - spectra and decays have been given previddsfd NMR data
(bpy),RU"(bpy-X-"Anth") + MV (6) were measured with a Bruker Avance DRX 500 MHz spec-

where X= —CH,—CH,— or —CH,—O—CH,—. trometer.

However, despite steps—B proceeding quantitatively, the
yields of MV** production are in most cases no different from
the yields when the parent Ru(bg’/) complex is used as the
photosensitizet® This is a surprising result, considerithe
should be much larger thatyet

Given the unique energetics of the current series of bichro-
mophores#*15we have chosen to reexamine the quenching of
Ru(bpy}?*-linked arene systems in order to determine which
processes are influential in determining the magnitude of MV
production.

(bpy),’Ru* (bpy-X-Anth) (1)

3. Results

The absorption spectra of the bichromophores in methanol
are shown in Figure 1. In each case the absorption spectrum
of the bichromophore complex is indistinguishable from the sum
of the spectra of its individual component chromophores. In
Figure 1 this is seen most clearly in the case of [Ru]-pyrene
and [Ru]-anthracene, which have distinctive absorption features
due to the pendant aryl group in the near-UV region. In the
case of [Ru]-naphthalene the effect is most noticeable in the
region of the strondBy, naphthalene absorption between 200
and 250 nm. The emission spectrum of [Ru]-pyrene is also

The synthesis of the perchlorate salts of the bichromophoresshown in Figure 1. The emission spectra of both [Ru]-
has been described previouddy Spectroscopic grade solvents naphthalene and [Ru]-pyrene are similar to that of Ru(ipy)

2. Experimental Section
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Figure 2. Effect of added M#" on the absorption spectrum of [Ru]- 3 e Ru(bpy)s
pyrene: neat [Ru]-pyrene in water); 2 x 103 M added M\2* (+++); ® 1.5L o [Ru]-naphthalene
8 x 1073 M (- - -) added M\Z*. Absorption spectrum of an 8 1073 o o [Ru]-pyrene
M solution of MV2+ (). The isosbestic point is indicated by an arrow. € o [Ru]-anthracene
g 1} .
i . . £
(Amax= 605 nm). Excitation spectfamonitored at the emission ]
maximum matched the absorption spectra. In contrast to the § 0.5 -1
other two bichromophores, [Ru-anthracene is nonemitting at @
room temperature, although anthracene phosphorescence isg o |- -
clearly observed at low temperatures (77'K)The effects of ]
) ) . o
adding different amounts of M to the absorption spectrum o NI EVEATIN AREVEN AVAUTEN ST AArAT AT AT
of an aqueous solution of [Ru]-pyrene are shown in Figure 2. 20 2 4 6 8 10 12 14
Also included for comparison is the absorption spectrum of Time (mins)

2+
MV, . . L . Figure 3. Steady-state production of MY versus irradiation time for
The steady-state production of MV/versus irradiation time  (a, top) e, = 455 nm and (b, bottom}ess = 605 nm. See text for

for solutions containing [Ru]-naphthalene, [Ru]-pyrene, [Ru]- details of sensitizer and quencher concentrations.
anthracene, and Ru(bpy) in water at pH 5 using EDTA as

sacrificial donor is shown in Figure 3a. Qualitatively similar G o LA B
results were obtained in aqueous solutions at4pHO0 using
TEA as the sacrificial donor. The results of analogous experi- ~ 50 a

ments obtained using methanol as solvent are shown in Figure 3
3b. Inthese experiments the concentration of the photosensitizer‘E’
was adjusted to give an optical density of 0.6 at the excitation & a0l
wavelength (455 nm), which corresponded to a photosensitizer g
concentration of~3 x 107> M. The concentrations of the

electron acceptor (M%) and sacrificial donor (TEA) were kept

®
. , @ 20}
fixed at 2x 103 and 2x 1072 M, respectively. The results 8
of steady-state quenching experiments in acetonitrile were =
quantitatively similar to those obtained in methanol. 0 fiiv !
To check that the production of MV in the different solvents e 1
was not simply due to the relative electron-transfer efficiencies _10' — 0 — '1'0' — ‘2'0' — '3'0‘ o *40

of the different sacrificial donors, time-resolved production of .

MV*+ was measured for aerated solutions in the absence of Time (us)

sacrificial donors. Typical time-resolved absorption profiles for Figure 4. Time-resolved production of MV vs time for (a) [Ru]-
MV -+ following photoexcitation of [Ru]-pyrene in water and  pyrene in methanol, (b) Ru(bpg) in water, and (c) [Ru]-pyrene in
methanol are shown in Figure 4. The production of ¥¥br water. The transien_t at_Jsorption qf MMV(broken Iines)_was monitored
an aqueous solution of Ru(bg§) is also shown for comparison. at 633 nm. The solid lines are single-exponential fits of the decays.

g‘ d'thstzz eigpe.r'rgigf'Sg]rﬁepgoﬁ:s;njg'ﬁ;;.ggr;em;agoﬁavt\’g;% are the intensities at time zero, which we use to confirm the
1 giv pt ” xertatl steady-state production yields of MV

wavelength (350 nm) and the absorption of Mwas probed In the case where the excited-state donor is luminescent, the

with a helium—-neon laser at 633 nm. The solid lines in Figure . : - v
4 are single-exponential fits of the decays at 633 nm and arequenchlng constarky is determined from the Stern/olmer

shown as a visual aid only. In the absence of sacrificial donors relationship:

the decay of MV will depend on the efficiency of charge | . MV 2+]
recombination for the geminate ion pair (and hence their Dor (_0) = kq—
concentration) and also on the amount of dissolved oxygen in Iy \7q Krad T Korad

the solution. As a result, in the absence of sacrificial donors
the decay of MV" is expected to show a complex time ot
dependence. In any event the relevant information from Figure =1+ Kg[MV*] (7)



Quenching of Bichromophores J. Phys. Chem. A, Vol. 102, No. 26, 199&153

L A B B B S (3|0pe)7q'77ce'
2.5¢ . a
The primed values in eq 10 refer to Ru(bgy) and the
2 - unprimed values refer to the bichromophores. The derived rate
o constants and cage-escape yields are given in Table 1.
sk ﬂ The IH NMR spectra of the ethane linking group in [Ru]-
& pyrene measured in deuterated water, methanol, and dichlo-
1L o romethane are shown in Figure 6.
051 ] 4. Discussion
““—{23]]_'52;1':;'6“6 Despite the size of the spacer group, there is little, if any,
bt ——— Ru(bpy)s —t g_round-state interaction between the constituent parts of the
b [Rul-anthracene bichromophores as evidenced by the similarity betyveen the
3l o B absorption spectra of the complexes anq the absorption spectra
of the component chromophores. Previously, we have shown
that the photophysical processes of these bichromophores are
2.51 ] determined by the relative positions of the various singlet and
o o triplet energy leveld*15 For [Ru]-naphthalene, the excitation
o 2 n energy is localized entirely on the [Ru]-centefdCT state,
3 whereas for [Ru]-anthracene, the excitation energy is localized
1.5~ . on the anthracene triplet state. Consequently, the excited states
that are ultimately quenched in the experiments reported here
1 . can be described diRu]*-naphthalene and [Rulanthracene*,
respectively. In the special case of [Ru]-pyrene, I.CT
oglece s o V0 1 L and the lowest pyrene triplet state are in equilibrium and the
-2 0 2 4 6 8 excitation energy is localized approximately 15% on the [Ru]-
[MV2+] centeredMLCT state with the remaining 85% localized on the
Figure 5. Stern-Volmer plots of the bichromophores in (a) water and pyrene tnplei state. In pranIPIe, iherefor.e, quenching of [Ru]-
(b) methanol. pyrene can involve the participation of either the [Ru]-centred
SMLCT state or the pyrene triplet state.
wherelg (70), 14 (zg) are the emission intensity (lifetime) in the The increase in size in replacing the pendant naphthalene
absence and presence of the quencher, respectivel\ssrid chromophore by either an anthracene or a pyrene is relatively
the Sterr-Volmer quenching constant. The quenching tate  small in terms of the overall structure of these bichromophores.
can then be determined from Similarly, the solubilities of the three aromatic chromophores
in the different solvents are not expected to be too different.
Ksv We therefore expect solvation effects and other intermolecular
kq = T_o (8) interactions (e.g., effects of counterions, spectator ions, solvent,

etc.) to be similar for the three bichromophores. Furthermore,

Representative SterVolmer plots for the bichromophores in &Ny major differences in their quenching behavior should reflect
water and methanol are shown in parts a and b of Figure 5, differences in thgir energetigs. As a regult, this series prqyides
respectively. a_good opportunity to examine th_e relative quenching efficien-
In the case of the nonluminescent [Ru]-anthracene, a similar ¢ies 0f°MLCT and the aromatic triplet states by MVas well
treatment of either the intensity or the lifetime of the transient &S the role of spirrorbit coupling on the cage escape yield of
absorption signal monitored at 425 nm provides valueKfgr : o . .
andk,. The fractiory, of excited-state donors that are quenched =~ Quenching in Acetate Buffer. The overall yield of MV

can then be determined from the relationship (@mv"" = nqnce) for [Rul-naphthalene, [Ru]-pyrene, and [Ru]-
anthracene in acetate buffer is uniformly low5%). From a

KMV 2+] 1 . solar energy _conversion perspe_ctive, this is a rather disappointing
Ng= =1+ o 9) result, since it means that the yield of hydrogen production from
Kad T Korag T K[MV 7] Kgy[MV 7] the photoreduction of water would be greatly reduced using
these photosensitizers compared with that of the model system
Under conditions of steady-state illumination and in the presence of Ru(bpy}?" and MV2* (wherenqce ~ 25%)%8 ltis also a
of a sacrificial electron donor such as EDTA, Ru(bgy)is somewhat surprising result, considering the character of the
reduced back to the starting material and the concentration ofquenched excited states of the bichromophores is quite different.
the methyl viologen radical cation in solution increases (Figure Consequently, it is instructive to compare the relative contribu-
3). The rate of production of MV therefore depends on the tions of#q andsceto the overall yield of MV for the different
productypgtnqice By comparing the initial slopes for the linked — systems (Table 1). Considering first the quenching efficiencies
bichromophores (unprimed values) with that obtained for Ru- (1), it can be seen that the systems involviMLCT excited
(bpy)?™ (primed values) under otherwise identical conditions, states (i.e., [Ru]-naphthalene and Ru(Bpy) have consistently

1ce for the linked bichromophores can be evaludtedn eq lower quenching efficiencies than those involving predominantly
10, values fomq were obtained fronKsy (eq 9) and values for  the aromatic triplet state, e.g., [Ru]-pyrene. A possible excep-
7nee in the different solvents were 0.26 (watéi),25, (buffer)’ tion to this trend is the value of, observed for [Ru]-anthracene,

and 0.27 (methanoft which is considerably lower than what one would expect on
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TABLE 1: Quenching Data for the Bichromophores and the Model Complex in Different Solvents

kq (x10°)
complex solvent Ksv, L mol™t To, US L molts~? d[MV**]/dt g Tce Nalce
Ru(bpy} buffert 615 0.640 0.96 0.090 0.55 025 0.14
wateP 296 0.593 0.50 0.136 0.37 026 0.10
methanol 210 0.667 0.31 0.060 0.30 627 0.08
[Ru]-naphthalene buffer 698 0.530 1.32 0.042 0.58 0.11 0.06
water 240 0.525 0.46 0.096 0.38 0.18 0.07
methanol 260 0.785 0.33 0.055 0.34 0.22 0.07
[Ru]-pyrene buffer 3630 2.175 1.67 0.037 0.88 0.065 0.06
water 1325 2.058 0.64 0.093 0.72 0.09 0.06
methanol 2027 4.940 0.41 0.523 0.80 0.88 0.70
[Ru]-anthracene buffer 705 230.0 0.003 0.024 0.58 0.06 0.03
methanol >10 350.0 0.28 0.705 0.99 0.96 0.95

a Acetate buffer, sacrificial dono= EDTA, pH = 5. ® Sacrificial donor= TEA, pH = 10. ¢ Reference 79 Reference 11.

TTTT 7 T T T Ty T T T v T Ty T T T TPy e Ty oI Ty reaTT
I I [ I I I I Water
2+ My 2+ MV 2+
MNWW 2 \'4 W *\/ '
- . A
3 S
>
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£ Methanol . .
N My 2+ My 2+
CD, Cl, e v
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*
4 3.8 36 34 3.2 [Ru] :éi )éi
shift (ppm) MV2+ MV [Ru] (Ru)
Figure 6. H NMR spectra of for [Ru]-pyrene in (a)£ and (b) Ck- Oyt S10% Oyt ~70% Oyt =~ 95%
OD.

Figure 7. Schematic representation of the quenching process in
the basis of its aromatic triplet-state character. Sikge for different solvents.

[Ru]-anthracene was determined from quenching of the an-

thracene triplettriplet absorption spectrum (which has large We believe the quenching behavior of the bichromophores
associated experimental errors), there is a correspondingly largds the result of two separate effects. The first effect involves a
uncertainty in the determination dfsy. Consequently, we  conformational change in the bichromophores. This arises from

believe that the actual quenching efficienoy,, for [Ru]- the minimization of unfavorable hydrophobic interactions

anthracene is closer to 90%. between the pendant aromatic chromophores and hydrophilic
If we now consider the cage-escape efficiengy)(in acetate solvents. As a result, the bichromophores adopt different

buffer, we see that there is a large decreasejdnfor the conformations in different solvents. This is shown schematically

bichromophores compared witfie of the model system Ru- in Figure 7. Taking [Ru]-pyrene as an example, if the
(bpy)2t/MV 2+, Once again, this change is most noticeable for bichromophore were to prefer a conformation in which the [Ru]
systems where the quenched species is an aromatic triplet statecenter and the pyrene chromophore are anti- with respect to
In this case, the cage-escape yields for [Ru]-anthracene andthe linking ethane group, then, to a first approximation, the
[Ru]-pyrene decrease by a factor of 4 compared with that of methylene protons of the ethane group should experience similar

the model system. Unfortunately, this reductiomigis more chemical environments. The region of the NMR spectrum
than enough to overcome the increase observeg for these featuring the methylene protons of the spacer group for [Ru]-
systems, and as a result, the overall yield of W¥or [Ru]- pyrene in deuterated water, methanol, and dichloromethane is

anthracene and [Ru]-pyrene in acetate buffer is a disappointingly shown in Figure 6. In dichloromethane a symmetrical splitting
low 5%. In the case of [Ru]-naphthalene, which, like the model pattern consisting of two triplets is observed, indicating the near
compound, has @8MLCT lowest excited state, the decrease in equivalence of the methylene protons. It appears that in this
the cage escape yield is not as dramatic. In this case  solvent the bichromophore prefers an “extended” anti conforma-
decreases by a factor of 2 compared with the model system.tion. This is also in agreement with its high solubility in this
However, when combined with its inherently low quenching solvent. The methylene proton splitting pattern gets progres-
efficiency, the overall production yield of MV for [Ru]- sively more complicated as the solvent is changed. In methanol
naphthalene in acetate buffer is also rather lovg%. To the triplet centered at 3.82 ppm becomes a multiplet of eight
summarize, although the overall yields of M\for the three peaks, whereas in deuterated water the triplet at 3.44 ppm
bichromophores are very similar, this similarity arises from the becomes a multiplet of nine peaks. As a result, we conclude
fortuitous combination ofyq andce to ¢mv-+, which is based that different rotamers of the bichromophore are favored in
on the different properties of tiMLCT and aromatic triplet different solvents. Analogous NMR spectra were obtained for
states. [Ru]-naphthalene in the same solvents. The second effect
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contributing to the overall quenching behavior of the bichro- SCHEME 2
mophores is the formation (in acetate buffer) of a weak ground-
state complex between the bichromophores andM¥gain,

taking [Ru]-pyrene as an example, we observe a distinct change

in the absorption spectrum of [Ru]-pyrene following the addition

of MV2" (Figure 2). The pyrene absorption band at 337 nm
decreases and broadens slightly, and an intense new band/ gp
shoulder appears below 320 nm. An isosbestic point associated
with these changes is also observed at 323 nm. We attribute 6
these spectral changes to the formation of a weak ground-state ’
complex between the methyl viologen dication and the pendant gp*
aromatic group in the bichromophore. Similar (albeit weaker)
spectral changes are observed for [Ru]-anthracene. We were
unable to identify analogous changes in the absorption spectrum

of [Ru]-naphthalene presumably because of the weak absorption

of the naphthalene chromophore at wavelengths greater thanye gifferent excited states should take place relatively inde-
310 nm. Since no change to the Ru(kBy)bsorption spectrum  pendently of the adjacent chromophore. This is shown sche-
has been reported for solutions of Ru(bﬁy)_and MVZF it _matically in Figure 7.
appears that the presence Qf an aromatic chrqmophore 1S Considering théMLCT nature of their excited states, it is
necessary for such qomple{(atlon to occur. Work is currently surprising to find that both [Ru]-naphthalene and Ru(py)
in progress to de.te.r.mlne the importance of factors s.uch as Spacefaye very similar quenching and cage-escape efficiencies in
length and flexibility on ground-state complexation and its methanol and acetonitrile. This is due to the more extended
subsequent effect on quenching processes of the bichro-gyycture of [Ru]-naphthalene in methanol, which allows the
mophores. [Ru]-centered3MLCT state to be quenched with minimal
As expected, the formation of ground-state complexes resultsinfluence from the tethered naphthalene group. The result is
in enhanced yields of quenching for bichromophores having an increase by a factor of 2 in the cage-escape efficiency for
lowest excited states that are localized on the aromatic chro-[Ru]-naphthalene in methanol compared with that in buffer
mophore (i.e., [Ru]-pyrene and [Ru]-anthracene) (Table 1). solution. The small differences between [Ru]-naphthalene and
However, this increase in the quenching efficiency cannot be Ru(bpy)?" are possibly due to minor steric and/or shielding
fully exploited owing to the conformational constraints described effects of the pendant naphthalene chromophore. However, for
above. In aqueous acetate buffer it appears that the aromatidooth these complexes the moderate values observeg, ond
chromophores are in a conformation that brings them close to 77ce result in an overall value fopwy-+ that is still quite low,
the ruthenium center owing to the unfavorable hydrophobic <10%. It is also worth noting that even if the cage-escape
interactions (Figure 7). As a result, during the quenching Yields were quantitative, the overall yield of MVwould not
process the aromatic triplet state and M\are sufficiently close ~ €xceed~30% in either of these systems. This low yield of
to the ruthenium center for it to affect the spiarbit coupling ~ cage-escape for the geminate pairs is in agreement with earlier
of the redox pair. Since the redox pair initially has triplet Work on other®MLCT-based systems. The situation is quite
character, back-electron transfer is formally spin-forbidden. different When_the excitation is Iocaliz_ed either fully or partially
However, spir-orbit coupling induced by the heavy ruthenium on_the aromatic chromophore. In thls case bo_th the quenching
nucleus lifts the spin restriction to back-electron transfer, and €fficiencies and the cage-escape yields are high0f6). Not
as a result, the rate of back-electron transfer increases and ther&UrPrisingly, the highest combined yield was found for [Ru]-

is a concomitant decrease in the cage-escape yield (Scheme 1 anthracene where the excitation is fully localized on the long-
In the case of [Ru]-naphthalemg was also found to decrease ived anthracene triplet state. In this case the ion pair undergoes

with respect to the parent complex. In this case the increase inPoth quench+i|jg a_md cage escape with almost unit efficiency to
hydrophobicity of the bichromophore due to the proximity of produce MV™ in yields of approximately 95%. For [Rul-pyrene

the pendant aromatic hydrocarbon might induce the viologen on the other hand, about+15% .Of the initial excitation energy is
radical cation to remain longer within the geminate-pair solvent localized on the Ru(bpy}*” moiety. This lowers the overall

cage. This could be due either to a specific MMaphthalene yield of gv-+, since both the overall quenching of thdLCT

: M 0 o
interaction or to the solubility of M¥* in the different solvents. i?r:(raégi\,:tli?/: Isr(;r(lzlzrsigtlgslgg\(l;(a}tgf@i&g&é@g?grzzut\geai?d
In either case, increasing the lifetime of the geminate ion pair P

increases the chances of back-electron transfer occurring Whichas a nonproductive funnel back to the ground state. As a result,
. ) ' for [Ru]-pyrene is~80% compared with~100% for [Ru]-
in turn decreases the production of MV 7q for [Rul-pyr 1S 2 pared wi . [Ru]

anthracene and the overall yield of MVfor [Ru]-pyrene is
Quenching in Methanol and Acetonitrile. An entirely  reduced to~70%. No evidence was found for any ground-

different type of behavior is observed for the bichromophores state complexation between the bichromophores andtv

in organic solvents such as methanol and acetonitrile. First, these solvents. In this case the large increasgifor these

the NMR spectra of the bichromophores in these solvents aresystems is attributed to the lifetime of the aromatic triplet state,
quite different from those measured in aqueous solvents (Figurewhich for [Ru]-*pyrene is 4.94s and for [RuJ2anthracene is

6). Furthermore, the bichromophores are also considerably more350us. Finally, using time-resolved absorption spectroscopy,
soluble in these solvents than in aqueous buffer. We interpretwe have been unable to observe the radical cations of either
this to mean that in methanol and acetonitrile the bichro- anthracene or pyrene at any time following the laser pulse during
mophores prefer conformations that tend to maximize the quenching of these bichromophores. To summarize, for [Ru]-
distance between the two chromophores; i.e., they prefer a moreanthracene, quenching of the bichromophore in methanol
“extended” or “anti’-like structure. As a result, quenching of involves the following sequence of events (Scheme 2). Pho-
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toexcitation of the aromatic chromophore (step 1) produces the efficiency of MV** is always<10% irrespective of the solvent.
excited singlet state, which undergoes extremely rapid singlet This is a reflection of the low quenching and cage-escape
singlet energy transfeki;’) to the [Ru] center with close to  efficiencies of the redox pair. In contrast, where the lowest
unit quantum yield (step 2). This is followed by intersystem excited state is an aromatic triplet state, the production efficiency
crossing to theéMLCT state, again, with unit quantum yield. of MV** can be as high as 100% in organic solvents. When
The alternative pathway faMLCT formation involves direct the excitation energy is in equilibrium between the excited states,
excitation of the [Ru]-centeredMLCT staté followed by the efficiency of MVV* production reflects the partitioning of
intersystem crossing to tiLCT state. In either case the the excitation energy between the two states.

SMLCT state thus formed undergoes triptdtiplet energy

transfer (step 3) back to the aromatic chromophcb@t)(to Acknowledgment. The authors thank P. Gurr for careful
produce the anthracene triplet state. The efficient production Synthesis of some of the ligands and I. Willing for NMR analysis
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