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The photophysical properties of nanoporous J#0rfaces modified with two new Ru(H)bpt)—Ru(ll) and Ru-

(I —(bpt)—0s(ll) polypyridyl complexes are reported. These dyads have been prepared by a two-step synthetic
pathway. In the first step, [Ru(dcbp@l,], where dcbpy is 4/4dicarboxy-2,2-bipyridyl, was reacted with the
bridging ligand 3,5-bis(pyridin-2-yl)-1,2,4-triazole (Hbpt) to yield the mononuclear precursgRN@cbpy)-
(bpt)]-3H20. Subsequent reaction of this compound with either [Ru@@gly) or [Os(bpy}Cl;] yields the Ru-

(I —Ru(ll) and Ru(ll-0Os(Il) dyads. Electrochemical data, together with time-resolved transient absorption
spectroscopy and the investigation of the incident-photon-to-current-efficiency (IPCE), have been used to obtain
a detailed picture of the photoinduced charge injection properties of these dyads. These measurements indicate
that for the heterosupramolecular triad based on Ru(bpt)—Ru(ll), the final product species obtained upon
charge injection is Tigle)—Ru(Il)Ru(lll). For the mixed metal Ru(It) (bpt)—Os(ll) dyad, both metal centers

inject efficiently into the semiconductor surface and as a resulb(E)©Ru(l)Os(ll) is obtained as a single
charge-separated product.

Introduction This change in behavior is explained by the very fast, subpi-
cosecond charge injection from the excited state of the surface
bound compound into the valence band of the semicond8ctor.
In addition to this fast injection, the back electron-transfer
studies on photochemically driven supramolecular assembliesP 0C€5S 1S several orde_rs of magnitude slower than Fhe forward
electron-transfer reaction, and as a result, effective charge

havg been carried out n solution, but aIthough. the results separation is observed. This ability of the Fi€urface to assist
obtained from these studies have been very exciting, address-

o TR ; “~~in a long-lived charge separation has been one of the driving
ability and organization issues cannot be solved in the solution . . o
forces behind the work carried out in this area.

phase. For this reason, there is an increasing interest in the The photophvsical f molecular dvads h b
investigation of photochemically active molecular assemblies 1€ photopnysical processes ol molecular dyads have been
studied in great detafl The observation in solution is that while

bound to active solid semiconductor substrdt&his research fficient int tion bet lecul ; b
has been motivated by the development of practical photovoltaic emmcient interaction between molecular components can be
obtained, long-lived charge separation is much more difficult

cells based on sensitized nanocrystalline Ji€rfaces by - - . X
Grazel and co-workers. Their studies have shown that by the to obtain. These dyads studied normally incorporate a ruthenium-
combination of a solid substrate and a molecular component based photosensitizer covalently attached to metal centers, such
practical devices can producid "as Os(l1)> Re(l) 8 or Rh(lll),” or to organic electron acceptors
These studies have shown that although the basic photo_otrrdotn(r)rs, sfut%h arﬁi;m(ajtrrlr{l t\/lloloﬁardx ph?r?\?thl?Z'?%aTheTio
physical properties of the molecular components are maintained® uc# €s 0 FE.B e1 Ue alco ps'l'est' esf gate Iab |
upon immobilization of a molecular component on a semicon- are shown in Figure L. Lpon immobliization of a molecuiar
dyad on the surface, a heterosupramolecular triad is obtained.

ducting surface, the interaction with the surface can greatly n thi mblv. th lid substrate is an activ mponent
change the rate of the individual photophysical processes. For S assembly, the solid substrate 1S an aclive component,

example, when bound to TiOruthenium polypyridyl complexes
that are intrinsically photolabile in solution become photostable.

It has been recognized for some time that for the successful
design of molecular devices, the addressability and organization
of the molecular components have to be considered. Many
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Figure 2. Structure of the bridging ligand Hbpt and synthetic routes.

methanol (MeOH) (Aldrich), were of spectroscopy grade and were used
as received. 4,4Dicarboxy-2,2-bipyridine (dcb) was prepared by the
method of Okiet al!® The ligand Hbpt was available from earlier
studies. The complexe&is-[Ru(dcb}(Cly)],*! cis-[Os(bpy)Cl,]-2H,0,1?

and cis-[Ru(bpy)Cl;]-2H,0 were prepared according to literature
procedures.

Synthesis of Ng[Ru(dcb)z(bpt)] -3H20 (Ru). Hbpt (7.6 x 107 M)
Figure 1. Structures of heteronuclear dyads from refs7sthat have was heated under reflux in a basic solution of 2:1 ethanol/water (ca.
been adsorbed on TiO 20 mL) to which the [Ru(dchjCl2)] (7.5 x 10~* M) was added. The
mixture was further heated under reflux for-8 h, and the reaction

. : . was monitored by HPLC. The volume of the solution was reduced (ca.
and it is to be expected that the photophysical properties of the 10 mL) by rotary evaporation, and the product was precipitated by

heterotriad will be djfferent from those of the mo.lecular dyad lowering the pH to 2.7 with HCI (ca. 2 mL, 0.2 M). Purification was
in s:olutlon_. The studies of hete_rosupramolecular triads are aimed, pieved by dissolving the product obtained in water at pH 7 and
at improving our understanding of how the parameters that ytilizing column chromatography with Sephadex LH20 resin. Isolation
control electron injection into a semiconductor surface may be of the product after chromatography was achieved by adjusting the pH
manipulated by variations in the composition of the attached with HCI as before. UV/vis aqueous pH 8; Amax = 486 nm; loge =
molecular components. Another aspect of this work is to 3.84.*H NMR ([Dg]DMSO/NaOD 293 K): ¢ 8.82-8.75 (m, 4H, dcb-
investigate how the electron- and energy-transfer pathways inHe), 8.44 (d, 1H, H), 8.25 (d, 1H, H), 7.95 (t, 1H, H), 7.7-7.82
molecular assemblies are modified upon attachment to a solid (M, 8H, dcb-H and dcb-H), 7.65 (¢, 1H, H-), 7.45 (d, 1H, ), 7.28

substrate and to assess the likelihood of long-lived charge (t: 1H. Hs). 7.21 (t 1H, Hy). Yield = 75%. Elemental analysis for
separation over a substantial distance. 9 9 Nag[Ru(dcbpy}(bpt)]-3H.0 (Ru) calcd: C, 46.80; H, 3.46; N, 13.65.

. - . . Found: C, 46.77; H, 3.11; N, 13.29. MS: 814.27 lcd 813.72) fi
In this contribution, the photophysical properties of two H([):zz(szcbpy)g(prt)]# (cale ) for

d|nucle§1r ruthgnmm- and osmium-containing ponpyndyI COM- sy nthesis of Na[Ru(dch)s(bpt)Ru(bpy)s](PFe)s:5H,0 (RuRU).
plexes immobilized on nanocrystalline Tj@urf_acgs vv_|II be Nag[Ru(dchby(bpt)]-3H:0 (4 x 10 M) was heated under reflux in a
reported. The compounds are based on the bridging ligand 3,5-pasic solution of 2:1 ethanoliwater (ca. 40 mL) until dissolution
bis-(pyridin-2-yl)-1,2,4-triazole (Hbpt) (see Figure 2). Both occurred. To this was added [Ru(bgl2)]-2H0 (4 x 104 M) in a
homonuclear and heteronuclear ruthenium and osmium com-solution of 2:1 ethanol/water (ca. 20 mL). The resulting mixture was
plexes of this ligand have been studied in solution. Electro- further heated under reflux for 8 h, and the reaction was monitored by
chemical studies have shown that in the presence of theHPLC. The volume of the solution was reduced to ca. 10 mL by rotary
deprotonated bptbridge, the interaction between the two metal €vaporation, and the product was precipitated by lowering the pH to
centers is strong. Photophysical measurements have shown thag:/ With HCI (ca. 2 mL, 0.2 M). Purification was achieved by
for the mixed metal rutheniumosmium compound, efficient ~ C'sSolution of the complex in methanol/water containing NaOH (pH

. ca. 10) and utilization of column chromatography with Sephadex LH20
ener_gy tran_sfer ta"?s place frF’m the ruthenium center to theresin. Isolation of the product after chromatography was achieved by
osmium moiety. An important difference between the bpt-based j,sting the pH with HCI as before and isolating the complex as the
compounds and those shown in Figure 1 is that the bpt bridge

is very rigid and will not allow rotation around the linker. (10) OKi, A. R.; Morgan, R. JSynth. CommurL995 25, 4093.
. (11) Liska, P.; Vlachopoulos, N.; Nazeeruddin, M. K.; Comte, P t£&la
Experimental Part M. J. Am. Chem. Sod 98§ 101, 2591.
Materials. [RuClsH;0] (Oxkem Ltd) and 4/4dimethyl-2,2-bipy-  (2) puckinanam, b Dwyen F. P.; Goodwin, H. A Sargeson, A M

ridine (Aldrich) were used without further purification. The solvents  (13) Sullivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem 1978 17,
for the spectroscopic measurements, acetonitrile (MeCN) (Aldrich) and 3334.
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PFs salt. Yield = 48%. Elemental analysis for h&u(dcbpy)}(bpt)-
Ru(bpy}](PFs)s:5H.O (RuRu) caled: C, 36.53; H, 2.49: N, 9.89.
Found: C, 36.52; H, 2.41; N, 9.47. MS: 408.37 (calcd 408.38) for
[(H2dcbpy}Ru(bpt)Ru(bpyy]®; 612.14 (calcd 612.58) for [(H
dcbpy}Ru(bpt)Ru(bpyj]?*; 685.22 (calcd 685.07) fdf(HxdcbpyyRu-
(bpt)Ru(bpy)]PFs} 2. UV/ivis aqueous pH= 8; Amax = 456 nm; loge
= 4.24.

Synthesis of Ng[Ru(dcb),(bpt)Os(bpy).](PFe)2-3H20 (RuOs). Nas-
[Ru(dcb}(bpt)]-3H.0 (4 x 10~* M) was heated under reflux in a basic

Xe lamp perpendicular to the laser beam. The excitation wavelength
was obtained by frequency doubling (532 nm). The 150 W Xe lamp

was equipped with an Applied Photophysics model 408 power supply
and Applied Photophysics model 410 pulsing unit (giving pulses of

0.5 ms). A shutter, Oriel model 71445, placed between the lamp and
the sample was opened for 100 ms to prevent PMT fatigue. Suitable
pre- and postcutoff and band-pass filters were used to minimize the
probe light and scatter light of the laser. The orientation of the films

was 45 with respect to the laser and probe light and was set up in

solution of 2:1 ethanol/water (ca. 40 mL) until dissolution occurred. such a way that the scatter light was reflected to the probe light. In
To this was added [Os(bp¥Tl2)]-2H,0 (4 x 10~* M) in a solution this way, we were also able to measure in the early time domain (

of 2:1 ethanol/water (ca. 20 mL) together with a small amount of zinc 50 ns) without measuring artifacts due to scatter light. The sampling
metal. The resulting mixture was further heated under reflux for 20 h, rate was kept at a relatively long time (intervals of 10 s) to prevent

and the reaction was monitored by HPLC. The zinc metal was removed electron accumulation in the conduction band of the semiconductor.

by gravity filtration, and the volume of solution was reduced to ca. 10
mL by rotary evaporation. The product was precipitated by lowering
the pH to 2.7 with HCI (ca. 2 mL, 0.2 M) and subsequently isolated as
the PR salt. Purification was achieved by dissolution of the complex
in methanol/water containing NaOH (ca. pH 10) and utilization of
column chromatography with Sephadex LH20 resin. Isolation of the
product after chromatography was achieved by adjusting the pH with
HCI as before and isolating the complex as the B&lt. Elemental
analysis for NglRu(dcbpy)}(bpt)Os(bpy)](PFs)2-3H.0 (RuOs) calcd:
C, 39.18; H, 2.68; N, 10.61. Found: C, 39.27; H, 2.99; N, 10.04. MS:
329.80 (calcd 328.57) for [(#dcbpyyRu(bpt)Os(bpy)**; 437.98 (calcd
438.09) for [(Hdcbpy)Ru(bpt)Os(bpy)3*; 656.70 (calcd 657.14) for
[(H2dcbpy)yRu(bpt)Os(bpy)?*; 729.78 (calcd 729.64) fof[(Ho-
dcbpy)}Ru(bpt)Os(bpyPFs} 2. UV/vis aqueous pH= 8; Amax = 471
nm; loge = 4.31.

Coating Procedures.Coating of the TiQ surface with the dye was
carried out by soaking the film f& h (transient absorption experiments)

and 24 h (incident-photon-to-current-efficiency (IPCE) measurements)

in a ca. 1x 104 M methanol solution of each of the complexes. After

The light was collected in a LDC Analytical monochromator, detected
by a R928 PMT (Hamamatsu), and recorded on a LeCroy 9360 (600
MHz) oscilloscope. The laser oscillator, Q-switch, lamp, shutter, and
trigger were externally controlled with a digital logic circuit, which
allowed for synchronous timing.

The absorption transients were plotted/e& = log(lo/l;) vs time,
wherel, was the monitoring light intensity prior the laser pulse &nd
was the observed signal at delay titnd’he same setup as described
above was employed for the time-resolved emission experiments, with
the exception that the probe lamp was not used.

Electrospray mass spectra were recorded using a VG Biotech Quattro
instrument. The samples were dissolved in MeCN/water mixtures and
injected with a flow rate of 1620 «L/min. The cone voltage was 20
V.

Results

Both dinuclear compounds were prepared in a two-step
process as shown in Figure 2. Earlier work has shown that in

completion of the dye adsorption, the film was rinsed with an excess the mononuclear precursor obtained in the first reaction, the
of acetone and dried. The modified surfaces obtained in this manner Hbpt ligand is coordinated to the N2 position of the central
will be referred to asTiO,—Ru, TiO.—RuRu, and TiO,—RuOs, triazole ring of the bridge (Figure 2). A small amount of N4-
depending on the nature of the dyad. The measurements were performe¢oordinated material together with some dinuclear material is

directly after the preparation of the film.

Instrumentation. UV/vis spectra were recorded with a Kontron
Uvikon 860 spectrophotometer. Emission spectra were measured on
SPEX Fluoromax 2 spectrofluorimeter equipped with a Hamamatsu

R3896 tube. The emission spectra were corrected for the instrumental

response. The NMR spectra were recorded on a Bruker AMX 400.
HPLC was carried out on a Waters system equipped with a 990
photodiode array detector with a SAX anionic exchange column (8
mm x 100 mm) and 50:50 (MeCNA®D) 0.05 M phosphate buffer as
the mobile phase. The Tifilms were prepared as described by
Nazeeruddin et &t

For the IPCE measurement, the Fi®as deposited on conductive
fluorine-doped Sn®glass (LOF,~10 Q/0O0), while for the transient

removed by chromatographic technigdeSo, because for both
compounds the ruthenium carboxy grouping was coordinated

irst, both complexes are bound to the titanium oxide surface

by a carboxy-containing metal center coordinated to a pyridine
ring and the N2 nitrogen of the 1,2,4-triazole ring. Consequently,
the Ru(bpy) and Os(bpy) moieties are bound to pyridine and
the N4 atom of the triazole ring. Because of the presence of
various acidic protons, the exact composition of the compounds
in the solid state is often difficult to determine. They are obtained
as sodium salts, but the amount of sodium incorporated is not
always the same and may depend on the manner in which the
materials are precipitated. In our hands, the best results were

absorption measurement normal glass was used. Cyclic voltammetry 5ptained by precipitating the dinuclear metal complexes as PF

was carried out with an Autolab PG30 potentiostat using a three-

electrode configuration. The reference used was SCE, and Pt was use

as the counter electrode. The working electrode was a &li€xtrode

coated as described above. All measurements were carried out in

degassed (Ar) acetonitrile containing 0.3 M LiGIO

galts. Elemental analysis suggests that the mononuclear precursor

is isolated as a neutral molecule in which three of the carboxy
protons are replaced by sodium. The molecular composition of
the compounds is furthermore confirmed by mass spectral data.

Photoelectrochemical measurements were performed in a two- | h€ uncertainty in the composition of the compounds in the

electrode sandwich cell arrangement by using $hi0./dye as
photoanode (active area 0.59rand a Sn@Pt-coated glass as counter
electrode. The sandwich cell was filled with an acetonitrile solution
containing 0.3 M Lil and 0.03 M2l The current measurements were
performed with a Kontron DDM4021 digital multimeter. The excitation

source was a 150 W Xe lamp coupled to a 0.22 m monochromator.

Incident light flux was measured with a UDT-calibrated Si diode.

Nanosecond flash photolysis transient absorption spectra were measure

by irradiating the sample with-68 ns (fwhm) of a Continuum Surelight
Nd:YAG laser (10 Hz repetition rate) and using as probe light a pulsed

(14) Nazeeruddin, M. K.; Kay, M.; Rodicio, I.; Humphry-Baker, R.; Iy,
E.; Liska, P.; Vlachopoulos, N.; Gizel, M. J. Am. Chem. S0d.993
115 6382.

solid state does not however affect the measurements because
in all cases the protonation state of the compounds in solution
is controlled by the pH of the solutions.

The compounds obtained have been characterized both in
solution and when immobilized on T{OThe UV/vis spectra
in the visible region oRuRu andRuOsin aqueous solution at

H 7 are shown in Figure 3. Both compounds show ruthenium-

ased metal-to-ligand charge-transfer (MLCT) transitions in the
450 nm region, while for the osmium-containing compound,
an additional absorption feature is observed at 650 nm. This

(15) Buchanan, B. E.; Wang, R.; Vos, J. G.; Hage, R.; Haasnoot, J. G.;
Reedijk, J.Inorg. Chem 199Q 29, 3263.
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Figure 3. UV—vis absorption spectra of (ARuRu (—) and RuOs B
(- - -) in aqueous solution at pH 7 (room temperature) andT(i&),—
RuRu (=), TiO,—RuOs (---), and TiQ (-**) in MeCN (room
temperature).
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Figure 5. Cyclic voltammograms of (AYiO,—RuRu and (B)TiO ;—
- RuOs, with a surface coverage @f ~ 1.0 x 10** molecules cm?,
< measured in MeCN 0.3 M in LiCl9vs SCE at a scan rate of= 50
z mv s,
=
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Figure 4. Emission spectra of (ARuRu in aqueous solution at pH
=7 (=) (Amax= 670 nm) and pH= 3 (- - -) (Amax = 705 nm) and (B) \
RUOS (Amax= 770 nm) in aqueous solution at pH 7 (room temperature). j 0.014 L 0.03
latter absorption can be assigned to a transition from the osmium
center to theMLCT state. The mononuclear precursor shows 002 | 006
an absorption maximum at 495 nm. The emission spectra of ™ \ * e
the dinuclear compounds at pH 3 and 7 are shown in Figure 4. : : i . : :
At pH 7, RuRu shows an emission maximum at about 670 nm, 400 500 600 400 500 600
while at pH 3, a value of 705 nm is observed. RuwrOs at pH Wavelength (nm)
7, a single emission signal is observed withqax of 770 nm. Figure 6. Time-resolved transient absorption spectra in aqueous

These values are similar to those observed for the non-carboXyselution (pH 7, room temperature) of (RuRu atzq = 10, 100, 250,
analogues of these compounds, for which values of 650 andand 750 ns{ = 260 ns), top to bottom, and (BjuOs at 4 = 0, 15,

760 nm are obtained for the homonuclear ruthenium and 30, and 50 nsz(= 20 ns), top to bottom,dex. = 532 nm,P = 6.5
ruthenium-osmium compounds, respectivéfy.For Ru in mJ/pulse).

aqueous solution at pH 7, an emission maximum is observed at

690 nm. No major shift in the absorption features of the  The excited-state properties d®uRu and RuOs were
compounds is observed upon binding of the dyads to the TiO investigated both in solution and on TiOThe transient
surface. The heterosupramolecular triads do not however showabsorption spectra in agueous solution at pH 7 are shown in
any emission. Figure 6, while the equivalent measurements on,TiiOCHz-

The electrochemical properties of the immobilized compounds CN are shown in Figure 7. Figure 6 shows for both compounds
are shown in Figure 5. The figure shows two well-defined metal- & bleaching in the 4066500 nm region and foRuRu the
based oxidations at 108AE = 75 mV) mV vs SCE and 1380  formation of a new transient species at about 350 nmRe@s,

(AE =110 mV) mV vs SCE foRuRu, while for RuOs, values bleaching is also observed at 600 nm. In contrast, the @&da

of 660 (AE = 60 mV) mV and 13704E = 110 mV) mV were in Figure 7 do not indicate the formation of an absorption band
obtained. Again, these values are in agreement with thoseat 350 nm. However, for both compounds, a bleaching is
reported for the non-carboxy complexes, and they indicate thatobserved in the 466500 nm region and in addition at 600 nm
there is substantial interaction between the two metal cetfters. for the RuOs species. The IPCE of the compounds, as defined
The data also suggest that there are no major changes in then eq 1, is shown in Figure 8.

electrochemistry going from the solution phase to the ;TiO

surface. IPCEQ) =

1.24x 10° (eV nm) x photocurrentdensityA cm 2
(16) Hage, R.; Haasnoot, J. G.; Nieuwenhuis, H. A.; Reedijk, J.; de Ridder, -
D. J. A;; Vos, J. GJ. Am. Chem. Sod.99Q 112, 9245. wavelength (nm} photonflux W cm ™)

@)
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Figure 7. Time-resolved transient absorption spectra of the; Tiies
in MeCN/0.1 M LiOCl, (room temperature), covered with (A)O —

RuRu and (B) TiO,—RuOs at 74 = 10, 250, 500, 2000, and 5000 ns,
top to bottom fexc = 532 nm,P = 0.5 mJ cmi?).
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Figure 8. Incident-photon-to-current efficiency vs. the excitation

wavelength, IPCE(), for (W) TiO»-Ru and @) TiO »-RuRu measured
in 0.3 M Lil and 0.03 M b. The optical density of the photoanodes at
the adsorption maxima in the visible region was 0.9TdD ,-Ru and
1.1 for TiO»-RuRu.

The spectra show that the IPCE is closely related to the

absorption spectra of the compounds. The highest value of

IPCE@) for both ruthenium complexes is obtained at their
absorption maximum of 470 nm. Interestingly, for the dinuclear
RuRu species, the IPCE obtained at this wavelength is 30%,
about half of that observed for the mononuclear ruthenium
compound (63%). FORuOs species, no appreciable photocur-

fficien f th I, experiments in the presen n n . . X
efficiency of the cell, experiments in the presence and abse C:?con3|derably larger at 110 mV for the ruthenium center. This

of a electron scavenger were employed. The quenching o
oxidized dye molecules by 0.3 M| yielding in the parent
complex an iodine radical and a TiQwanoparticle with an

electron excess, is shown in Figure 9 (trace 2 in parts A and

B). The concentration of lwas the same as that in typical cell
conditions, while the concentration of'Lions was kept constant
(0.3 M LiClOg4) with respect to the recombination experiments
(trace 1 in parts A and B). The scavenging of the oxidized form

of RuRu is completed after ca. 20 ns, whereas the quenching

of the oxidized form ofRuOs is much slower (compare trace
2 in Figure 9A and trace 2 in Figure 9B).

Discussion

Spectroscopy in Solution.To determine the energetics of

the molecular dyads, the group and excited-state properties of
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Figure 9. The microsecond decay kinetics measured at 480 nm of
(A) TiO2—RuRu and (B) TiO,—RuOs measured in the presence of
(1) MeCN/0.3 M LiOCk and (2) MeCN/0.3 M Lil fexc = 532 nm,P

= 0.3 mJ cnm?).

the dinuclear species were measured in solution. The absorption
features of the two dinuclear compounds in solution and when
immobilized on TiQ are very similar. This indicates that no
substantial differences in the excited-state levels are expected
upon immobilization. However, while both compounds emit
strongly in solution, no emission is observed on ZiQhe
emission maxima observed fRURu are pH-dependent, varying
from 670 to 705 nm when changing the pH from 7 to 3, a change
that is in agreement with protonation of the carboxy groupings.
This indicates that for thRuRu dyad, the emitting state is based
on the Ru(dcbpy)moiety. This is as expected from the relative
energies of théMLCT levels of the bpy and dcbpy centers.
So, upon excitation of the Ru(bpygenter, energy transfer to
the Ru(dcbpy) moiety is observed, leading to a single emission
for the molecular dyad in solution.

For RuOs, a single emission is observed at about 750 nm
which is clearly Os-based. This is confirmed by the fact that
this emission is not pH-dependent. So, upon excitation of the
Ru(dcbpy) moiety, efficient energy transfer to the osmium
center is observed. This is confirmed by the transient absorption
spectrum shown in Figure 6A. This spectrum shows the
formation of an Os(lll) center as indicated by the depletion at
600 nm. This is as expected and has been observed before for
Ru—0Os complexes.

Redox Chemistry.For theTiO ,—RuOstriad, the assignment
of the metal-based oxidations observed in Figure 5 is straight-
forward. Because Os polypyridyl complexes tend to have less
positive M(II/Il) redox processes than their ruthenium ana-
logues, the oxidation at 0.66 V can be assigned to the Os center
while the process at 1.37 V is assigned to the Ru(ll/Ill) redox

drocess. Interestingly, the peak-to-peak separation of the redox

waves is 60 mV for the osmium-based redox couple but

difference is most likely explained by the complicated multistep
acid—base chemistry of the carboxy ligands, which precludes
the measurement of accurate redox potentials.

For RuRu, the assignment is less simple. Earlier experiments
have shown that ruthenium polypyridyl centers bound to the
N4 atom of bpt are more difficult to oxidize than the analogues
coordinated to the N2 site by about 70 847 In addition,
because of the increasedacceptor properties of the carboxy
ligands, it is expected that the Ru(dcbpyhoiety is more
difficult to oxidize than the Ru(bpy)analogue. From earlier
studies on ruthenium(dcbpy) complexes containing pyridyltria-
zole ligands, it was estimated that the redox potentials of the

(17) Hage, R.; Prins, R.; Haasnoot, J. G.; Reedijk, J.; Vos, J. Ghem.
Soc., Dalton Trans1986 253.
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carboxy bpy analogues are between 100 and 150 mV highertransient absorption experiments shown in Figures 6 and 7, the
than those observed for their non-carboxylated parent com-absorbances dRuRu andRuOs are the same at the excitation
poundst® This suggests that there will be a very small difference wavelength of 532 nm. At this wavelength, both the ruthenium
between the metal-based oxidation potentials of the two and the osmium center will absorb. The surprising observation
ruthenium sites irRuRu. On the basis of a comparison with is that the amount of transient observed is the same in both
literature data, it is therefore not possible to predict the location experiments, because the amount of depletion observed is the
of the lowest oxidation potential. However, like fRUOSs, one same. In addition, a similar behavior for both triads is also
of the redox couples is much less reversible than the other andobserved in Figure 7. This strongly suggests that injection from
it is again the redox couple observed at 1.38 V vs SCE. This the osmium moiety to the oxide surface is complete. This is
suggests that the latter redox process can be attributed to thendeed confirmed by the absence of any emission.

carboxy center while the first redox process observed at 1.08 Considering that for the triads both metal centers are capable
V is assigned to the non-carboxy center. The difference betweenof absorption at 532 nm, two different reaction pathways need
the metal-based redox couplesRuRu is 300 mV. This value to be considered for each. THEO,—RuRu triad will be

is identical to that observed for the non-carboxylated parent considered first. Excitation of this triad can lead to two different
compound for which values of 1.04 and 1.34 V were obtaiffed. initial products as shown in reaction 2:

In the latter compound, the center with the lowest oxidation

state is coordinated to the N2 site of the triazole ring. Because TiO,—Ru(ll)Ru(ll) —

the difference in redox potentials between the two sites is the Tio,—*Ru(I)Ru(ll) + TiO,—Ru(ll)*Ru(ll) (2)
same, it is expected that the interaction between the two metal
centers in the two compounds is very similar. It is however expected that the second intermediate will within

From these considerations, the following picture emerges. {he nanosecond range be transformed into the first one. Injection
Upon excitation of thRuOs dyad, the emitting state is firmly o this state into the Ti@then takes place according to
based on the osmium site. Upon immobilization of this | e5ction 3:

molecular dyad to TiQ this metal center will not be directly

coupled to the oxide surface, so for tReOs dyad, the energy- Tio,—*Ru(I)Ru(ll) — TiO,(e)—-Ru(lll)Ru(ll)  (3)
transfer pathway is away from the surface. Excitation of the

RuRu dyad leads to an emission from a triplet state located at according to Figure 7, this injection is fast and within the laser
the carboxy ligands, a site that will be bound directly to the e <10 ns). According to the redox properties of the two
TiO2 surface. So in this case, the energy-transfer pathway is mojeties (see previous discussion), a final product species as

toward the surface. In both dyads, the lowest metal-based ghqyn in reaction 4 will be produced by electron transfer from
oxidation is based on the unit bound to the N4 atom of the {ha quter to the inner ruthenium center:

triazole ring, the unit that is not directly bound to the oxide

surface upon immobilization. For theuOs dyad, the difference TiO,(e)—Ru(lllRu(ll) — TiO,(e)—Ru(IRu(ll)  (4)

between the redox potentials of the two centers is expected to

be about 400 mV.. FoRuRu, a much smaller difference of A similar reaction sequence can be derivedTi® ,—RuOs.

less than 100 mV is however expected. _ Excitation of this triad at 532 nm will yield two species as shown
Electron Injection. A comparison of the absorption spectra i, reaction 5:

obtained for the heterotriads with those of the solution-based

dyads indicates that there are no major changes in the absorptiomoz_Rua|)OS(||) —

features upon attachment to the semiconductor surface. How- . .

ever, a comparison of Figures 6 and 7 shows clearly that the TiO,=*Ru(INOs(ll) + TiO,~Ru(ll)*Os(1l) (5)

excited-state behavior of the heterosupramolecular triad is

substantially different from that of the molecular dyad in

solution. There is no evidence for the formation of the dcbpy- ) . A

based radical anion, which is characteristic for the excited-state S!ution-based dyad. For the molecular dyad in solution, a well-

absorption spectrum, as observed in solution. Instead, strongd€fined osmium-based emission is observed, for the heterosu-

bleaches are observed at about 450 and 380 nm. These ar@'@molecular triad, no emission could be detected. The transient

assigned to bleaching of the Ru(ll) MCLT bands. This assign- ab_sorption da_ta indicate that inje_ction from the dyad into_ the

ment was confirmed by spectroelectrochemical measurement<Xide surface is fast{10 ns) (reactions 6 and 7). An alternative

(not shown). This observation is in agreement with the absence

of emission from botfRuRu and RuOs. This indicates that

for both triads, injection into the oxide surface is very efficient,

resulting in reduced Ti@and an oxidized dye. The absence of

an emission foRuRu is not all that surprising. It is generally

assumed that upon excitation of a Fidound ruthenium . ) .

complex, injection from the molecular component to the oxide 'ather than into the semiconductor, as observedR00Os in

surface occurs at the femtosecond time scale. Such a fastSelution, resulting in Ti@-Ru(l1)*Os(ll). Furthermore, the
injection, resulting in the charge-separated state, is more formation of the charge-separated state ;H@u(I)Os(Ill) in

favorable than population of the emitting triplet state. The reaction 7 is not trivial. Because energy or electron transfer from

absence of emission frolRuOs is less straightforward. As *QOs(Il) to the ruthenium center is energetically not favorable,

already pointed out above, the energy-transfer pathway leadsthe absence of any osmium-based emission indicates that remote
’ injection into the semiconductor from the osmium center is likely

away from the TiQ surface to the osmium center. In the
to occurlc

(18) Lees, A. C.; Evrard, B.; Keyes, T. E.; Vos, J. G.; Kleverlaan, C. J.;  1he redox chemistry shown in Figure 5 suggests that for both
Alebbi, M.; Bignozzi, C. A.Eur. J. Inorg. Chem1999 12, 2309. these products, the final species is expected to be(€)ORu-

At this stage, the behavior observed for the mixed metal triad
becomes significantly different from that observed for the

TiO,—*Ru(I)Os(Il) — TiO(e)—Ru(Il)Os(ll)  (6)
TiO,—Ru(I)*Os(Il) — TiO,(e)-Ru(I)Os(lll) ~ (7)

process for reaction 6 is energy transfer to the osmium moiety
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(INOs(lNN). This can be formed from the Ru(lll) intermediate for this are not clear at present. The decreased efficiency may
produced in reaction 6 as shown in reaction 8: be caused by the increased size of the molecular component.
The extinction coefficient oRuRu at its absorption maximum
TiO,(e)—Ru(IOs(I) — TiO,(e)—Ru(I)Os(lll)  (8) is roughy twice that oRu (see Experimental Part). Because
the optical densities offiO,—RuRu and TiO,—Ru in the
Charge Separation.One of the aims of studies involving  experiments carried out were approximately the same and
solid components is to reduce the rate of back reaction. In nature,because one may assume that the molecular siRuBu is
membranes are used to promote the forward and to slow theabout twice that oRu, it is clear that for the surface modified
charge recombination. For the two triads, the charge recombina-with the dinuclear compound only half as many adsorbed species
tion reactions are shown in reactions 9 and 10: are present. This is consistent with the decrease in ICPE

observed. Experiments are underway to further investigate this
TiO,(e)~Ru(INRu(lll) — TiO,—Ru(I)Ru(ll)  (9) observation.

TiO,(e)—Ru(Il)Os(l1l) — TiO,—Ru(I)Os(ll)  (10) Conclusions

The results reported in this paper show that upon immobiliza-
Figure 9 shows clearly that these processes are slow and takeion of a molecular dyad onto a solid substrate a substantial
place on the microsecond time scale. Considering that thedifference is observed between the photophysical processes
injection is faster than 10 ns, i.e., faster than the excited-stateobserved for the heterotriad and those observed for the dyad in
lifetime, a considerable degree of charge separation is obtainedsolution. The data also strongly indicate that direct injection
in these heterosupramolecular triads. Clearly, the incorporationfrom moieties not directly bound to the oxide surface can be
of a solid substrate is very beneficial in this respect. The efficient. Importantly, for theTiO,—RuOs triad studied, no
assemblies obtained therefore clearly behave as heterosupramassmium-based emission is observed and injection from both the
lecular systems. ruthenium and the osmium centers is faster than the laser pulse.

The last aspect to be considered is the incident-photon-to- An interesting observation is also that upon irradiatiofic ,—

current-efficiency data shown in Figure 8. The action spectra RuOs, only one final product, Ti@-Ru(l1)Os(lll), is obtained.
for the immobilized ruthenium complexes follow closely the In view of the potential of these modified surfaces as molecular
absorption spectra as expected. FdD ,—RuOs however, no devices, this is an important feature. More detailed studies are
photocurrent was obtained. This is not unexpected and can beunderway to differentiate between the direct and the indirect
explained by the oxidation potential of the osmium center which injection processes.
is too low to allow for effective scavenging of Os(lll) by.l
Kinetically, this is evident from Figure 9 which shows that in
the presence of iodide, the re-formation of Ru(Il)Ru(ll) from
Ru(IRu(l11) is much faster than that of Ru(l1)Os(l1l) from Ru-
(INOs(lll). One interesting observation is that the IPCE for
TiO>—RuRu is about half of that observed for the assembly
incorporating the mononuclear specié® ,—Ru. The reasons  1C0102743
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