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(Sub)picosecond transient absorption (TA) and time-resolved infrared (TRIR) spectra of the cluster [Os3(CO)o-
(AcPy-MV)J?* (the dication AcPy-MV = AcPy-MV?* = [2-pyridylacetimine-N-(2-(1'-methyl-4,4'-bipyridine-1,1'-diium-
1-ylethyl)](PFe),) (12*) reveal that photoinduced electron transfer to the electron-accepting 4,4'-bipyridine-1,1'-
diium (MV?*) moiety competes with the fast relaxation of the initially populated ozz* excited state of the cluster to
the ground state and/or cleavage of an Os—Os bond. The TA spectra of cluster 1>* in acetone, obtained by
irradiation into its lowest-energy absorption band, show the characteristic absorptions of the one-electron-reduced
MV** unit at 400 and 615 nm, in accordance with population of a charge-separated (CS) state in which a cluster-
core electron has been transferred to the lowest z* orbital of the remote MV?* unit. This assignment is confirmed
by picosecond TRIR spectra that show a large shift of the pilot highest-frequency v(CO) band of 1%* by ca. +40
cm™, reflecting the photooxidation of the cluster core. The CS state is populated via fast (4.2 x 10 s7%) and
efficient (88%) oxidative quenching of the optically populated ozt* excited state and decays biexponentially with
lifetimes of 38 and 166 ps (1.2:1 ratio) with a complete regeneration of the parent cluster. About 12% of the cluster
molecules in the osr* excited state form long-lived open-core biradicals. In strongly coordinating acetonitrile, however,
the cluster core-to-MV?* electron transfer in cluster 12* results in the irreversible formation of secondary photoproducts
with a photooxidized cluster core. The photochemical behavior of the [0s3(CO)10(ct-diimine-MV)J?* (donor—acceptor)
dyad can be controlled by an externally applied electronic bias. Electrochemical one-electron reduction of the MV?*
moiety prior to the irradiation reduces its electron-accepting character to such an extent that the photoinduced
electron transfer to MV** is no longer feasible. Instead, the irradiation of reduced cluster 1** results in the reversible
formation of an open-core zwitterion, the ultimate photoproduct also observed upon irradiation of related nonsubstituted
clusters [0s3(CO)o(a-diimine)] in strongly coordinating solvents such as acetonitrile.

Introduction reactions, considerable research efforts have been devoted

The control of electron-transfer reactions through specific to the design of supramolecular systems capable of mimick-
(non)covalent interactions is a general phenomenon in manying. at the molecular level, the functions normally performed
biological processes, such as respiration and photosynthesiddy @ natural system. As examples may serve light-harvesting
Aimed at understanding the fundamental principles under- antenna systemis? artificial reaction centers;** or molec-
lying the often remarkable quantum efficiency of these ular switches?
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Current attention is also paid to molecular-scale electronic Scheme 1. Reversible Interruption of the Electronic Communication
and photonic devices, the latter using absorbed light as thets’its‘“t’;%” EDggfgnyg] 2”&3;%%22;?;5 fﬁg”fg{;‘,:sswuﬁéﬁ?ﬁfcmar
energy sourcé® Their function relies on energy- or electron-  Component
transfer processes taking place between the different com-
ponents of the supramolecular assembly. Critical for their
effective functioning is the competition between productive
and nonproductive electron-transfer processes, where the
nonproductive one usually concerns fast back electron
transfer prior to the response of the system to the photoin-
duced charge separation. For example, photoexcitation of the
Ru'(a-diimine) chromophore in a Tig-Rh"—Ru' hetero-
triad results in stepwise charge separation, the first electron-
transfer step Tig-Rh"—*Ru" — TiO,—Rh'—RuU" having
an efficiency close to unity# Further charge separation via
electron injection into the semiconductor is, however, only
40% efficient because of a competing charge-recombination

rocess.
P . . L . Scheme 2. Reversible Interruption of the Electronic Communication
An important development in the multidisciplinary field  petween Donor (D) and Acceptor (A) Termini by Attachment of a

of molecular photonic/electronic materials is the construction Reducible Electron Trap (T) to the Cluster Junction
of high-performance “molecular-scale” comput&racor-
porating devices capable of high-density data transport close
to the speed of light. As photoinduced energy- and electron-
transfer processes can occur on the subpicosecond time scale,
the design of molecules performing switching (yes/no) and
other logical operations via optical inputs has received
considerable attention. Apart from the energy- or electron
transfer processes themselves, switching of physical proper-
ties may also result from coupled selective bond-breaking
or -making reactions. Reversible rearrangement processes in
transition metal clusters selectively triggered by external
stimuli such as light absorption or redox reactiér?
together with extensive possibilities to functionalize the

cluster core, make the molecular cluster systems (similar to functionalized metal nanoparticfé€2 or carborane skel-
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etong® promising candidates for connector elements in
nanoscale switchable junction devices. When a cluster is used
as the active switchable component, the significant structural
and electronic reorganization of the metal core triggered by
an external stimulus may reversibly interrupt the electronic
coupling between covalently bound donor and acceptor
termini (Scheme 1). Alternatively, changing the electronic
properties of the cluster junction by attachment of a redox
active probe group may influence the electronic coupling
between the donor and acceptor moieties in a similar way
(Scheme 2). It has been our aim to realize the latter assembly.
First of all, we have focused on the photochemical response
of a cluster core to the varied redox state of an acceptor
unit, examined without the donor and acceptor moieties
attached.

Herein we report the redox-controlled photochemical
reactivity of the novel cluster [QECO)o(AcPy-MV)]?* (the
dication AcPy-MV = AcPy-MV?" = [2-pyridylacetimine-
N-(2-(1'-methyl-4,4-bipyridine-1,1-diium-1-yl)ethyl)]-
(PRs)2) (12%) (Chart 1). The strongly electron accepting'4,4
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A Substituted [Og(CO)o(a-diimine)] Cluster

Chart 1. Schematic Structures of the Clusters §@Do(a-diimine)] Scheme 3. Synthesis of Clustet?"
and thea-Diimine Ligands Used in This Study — —\ o — —
o NO—CN—CHs _Br(CHalyNH, ' HBr_ N P e,
OC/,/' ?_‘\\\CO \ 7/ \ 7 MeCN, reflux, 3 days H2N—/_ \ /

? N
0C///,._ & 8 OQO = CHs | ethanol
/ l Ny \ / reflux, 30 min.

N o) piperidine
m ®_<CH3 e/ — @c AcP MV2+ (12+) Hy  H, CH, H;  Hg Ho  Hy
N N - N\ 7\ NQ—@ —CHs cPy- nnze _[053(CONO(MeCN),] /= Hw®\)j>_<j@_

N N—/_ [053(00)102125% MV)] <—a°et°ney o P\ N/ \N _/—N\ 7\ /N CHg

— CH, Hy Has:
O—Q iPr-AcPy
N N_< heating in vacuo at 450 K overnight and stored under The
supporting electrolyte BINPF; (Aldrich) was recrystallized twice

bipyridine-1,1-diium (viologen) unit is covalently linked to ~ from ethanol and dried in vacuo at 350 K overnight.
the imine nitrogen of the-diimine ligand. Synthetic Procedures All syntheses were performed under an

Picosecond transient absorption and time-resolved infrareginert atmosphere of dry nitrogen, using standard Schlenk techniques.

spectra were recorded to find out if photoinduced electron Tlhez Ztr?qri:ggthcc:mfﬁ]uer:ﬂsl L[llémb?th{:j:’rﬁpi’rildmﬁ;“”F'}":G ar;g
transfer to the remote viologen moiety and concomitant [1-(2- Y- yl-a,5-Ipy e 1(PFe)z,

. . the precursor [O$CO),o(MeCN),],%? and the reference cluster
formation of a charge-separated state can compete with the[Osg(CO)lo(iPr-Ach)]Zf’ were prepared according to published

fast decay of the initially populatesi7 excited state to the  procedures and identified By NMR and FTIR spectroscopies.
ground state and/or with the formation of biradical photo- The synthetic route toward clusté# is depicted in Scheme 3.
products’®?* Similar electron-transfer reactions were ob-  synthesis of [2-PyridylacetimineN-(2-(1'-methyl-4,4-bipyri-
served for several viologen-linked [Ru(bgly) complexe® 28 dine-1,2-diium-1-yl)ethyl)](PFe). (AcPy-MV2t). A mixture of

in the nanosecond time domain. In the second part, we [1-(2-aminoethyl)-1:methyl-4,4-bipyridine-1,1-diium](PFs), (385
will focus on the redox control of the charge separation mg, 0.76 mmol), 1-(2-pyridinyl)ethanone (0.2 mL, 1.8 mmol), and
in [OSg(CO)lo(ACPy-MV)]2+, with the aim to restore the piperidine (a few drops) in EtOH (10 mL) was refluxed for 1.5 h
photoreactivity of the ordinary [QEO)(a-diimine)] in the presencef@® A molecular sieves. After this period the solvent
clusters®2%-31 As a proper reference, we have chosen the Was removed_ in vacuo a}nd the residue was \{vashe_d \_A@'(h Q5t><_
structurally closely related cluster [@EO)A(Pr-AcPy)], 10 mL). The ligand was isolated as an off-white solid in 66% yield.

. . . IH NMR (acetoneds, 293 K) (for numbering see Scheme 3):
where the alkyl-linked viologen unit is replaced by the 9.59 (.3 = 6.6 Hz, 2H. H), 9.36 (d.2) = 6.6 Hz, 2H, Hy), 8.87

isopropyl group (Chart 1). (d, 3] = 6.6 Hz, 2H, H), 8.81 (d,3) = 6.6 Hz, 2H, H), 8.66 (d,
Exper | Sect 3)= 4.5 Hz, 1H, H), 8.21 (d,3) = 8 Hz, 1H, H), 7.94 (dd ) =
xperimental Section 8 Hz,3) = 7.5 Hz, 1H, H), 7.56 (dd3) = 4.5 Hz,3) = 7.5 Hz,

Materials and Preparation. [Oss(CO)] (Strem Chemicals), ~ 1H., H), 5.41 (%) = 5.1 Hz, 2H, H), 4.74 (s, 3H, N-CHs), 4.36
4,4-bipyridine (Fluka), 1-(2-pyridinyl)ethanone (Acros), 2-bromo-  (t *J = 5.1 Hz, 2H, H), 2.49 (s, 3H, C-CHg). FAB* MS (m2):
ethylamine hydrobromide, piperidine (Aldrich), and ferrocene 631.1, [M+ NaJ"; 463.1, [M — PR]* (calcdmz 463.1); 318.2,
(BDH) were used as received. TrimethylamMexide dinydrate, ~ [M — 2PR]|".

MesNO-2H,0 (Janssen), was dehydrated prior to use by vacuum  Synthesis of [Og(CO)1o(AcPy-MV)] 2*(PFe), (12%). A solution
sublimation. Solvents of analytical grade (Acros, EtOH, MeOH, Of [Os3(CO)o(MeCN)] (220 mg, 0.24 mmol) and AcPy-MY/ (230
hexane, diethyl ether, Gi8l,, and acetonitrile; Aldrich, 2-chlo- Mg, 0.37 mmol) in acetone (25 mL) was stirred in the dark for 16
robutane (2-CIBu)) and spectroscopic grade (Acros, acetone) wereh. After this period the solvent was removed in vacuo. The crude
dried over sodium (EtOH, MeOH, D, hexane), Cafl(CH,Cl,, product was purified by column chromatography over aluminum
MeCN, 2-CIBu), and BO; (acetone) and freshly distilled under a  Oxide, using CHCI/MeCN gradient elution. Clustel®* was
nitrogen atmosphere prior to use. Neutral aluminum oxide 96-(70 Obtained as a deep red solid in 20% yield. lRGO); MeCN]:
230 mesh; Merck) for column chromatography was activated by 2089 (m), 2040 (s), 2002 (vs), 1986 (s, sh), 1964 (m, sh), 1948
(m, sh), 1893 (w) cm!. H NMR (acetoneds, 293 K) (for

(24) Vergeer, F. W.; Kleverlaan, C. J.; Stufkens, Dinhrg. Chim. Acta numbering see Scheme 3):9.57 (d,*J = 5.4 Hz, 1H, H), 9.50

2002 327, 126-133. (d,3J = 7.2 Hz, 2H, H), 9.39 (d,3J = 6.9 Hz, 2H, H), 8.89 (d,
(25) Kelly, L. A.; Rodgers, M. A. JJ. Phys. Cheni994 98, 6386-6391. 3] = 7.2 Hz, 2H, H), 8.78 (d,3) = 6.9 Hz, 2H, H), 8.54 (d,3) =
(26) g&lIIXOL A.; Rodgers, M. A. JJ. Phys. Chem1995 99, 13132~ 7.9 Hz, 1H, H), 8.19 (dd2) = 7.5 Hz,3] = 8.1 Hz, 1H, H), 7.58
(27) Yonemoto, E. H.; Riley, R. L.; Kim, Y. I; Atherton, S. J.; Schmehl, (dd,3J = 7.5 Hz,3]J = 5.7 Hz, 1H, H), 5.65 (ddd2J = 13 Hz,3]

R. H.; Mallouk, T. E.J. Am. Chem. S0d.992 114 8081-8087. = 4.2 Hz,3) = 3.9 Hz, 1H, Hy), 5.50 (ddd2] = 14 Hz,3) = 4.2
(28) Yonemoto, E. H.; Saupe, G. B.; Schmehl, R. H.; Hubig, S. M.; Riley, 37 271 — 37 —

R. L.; Iverson, B. L.; Mallouk, T. EJ. Am. Chem. S0d.994 116, Hz,%J = 3.9 Hz, 1H, Hys), 5.41 (ddd,AJ = 13 Hz,°J = 9.6 Hz,

4786-4795. 3) = 3.9 Hz, 1H, Hyg), 5.02 (ddd2) = 14 Hz,3) = 9.6 Hz,3) =
(29) Nijhoff, J.; Bakker, M. J.; Hartl, F.; Stufkens, D. J.; Fu, W.-F.; van 3.9 Hz, 1H, Hys), 4.75 (S, 3H, N-CHs), 3.08 (s, 3H, G-CHy).

Eldik, R. Inorg. Chem.1998 37, 661668. UV—vis (acetone): 373 (sh), 554 nm. FABAS (W2): 1482, (M

(30) Nijhoff, J.; Hartl, F.; Stufkens, D. J.; FraanjeQrganometallicsL999
18, 4380-4389.

(31) Nijhoff, J.; Hartl, F.; van Outersterp, J. W. M.; Stufkens, D. J.; (32) Zoet, R.; Jastrzebski, J. T. B. H.; van Koten, G.; Mahabiersing, T.;
Calhorda, M. J.; Veiros, L. RI. Organomet. Chen1999 573 121— Vrieze, K.; Heijdenrijk, D.; Stam, C. HOrganometallics1988 7,
133. 2108-2117.
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+ Na)*; 1315.5, (M — PR)" (calcd m/z 1315.0); 1170, (M— pulse® (150 fs fwhm). Tunable mid-IR outputs (15@00 cnr?
2PR)". fwhm, 200 fs) were generated by frequency-down conversion of
Spectroscopic Measurements=TIR spectra were recorded on  the signal and idler outputs of a white-light seeded, 800 nm pumped
Bio-Rad FTS-7 and Bio-Rad FTS-60A spectrometers (16 scans atBBO OPA in an AgGagcrystal. Second harmonic generation of
2 cnrt resolution), the latter being equipped with a dual-source the residual fundamental light (800 nm) provided 400 nm pulses,
rapid-scan 896 interferometer and a nitrogen-cooled MCT detector, Which were used to pump a second OPA, generating 500 nm
The sample compartment of the Bio-Rad FTS-60A spectrometer €xcitation pulses. The mid-IR beam generated by the first OPA
was modified to allow laser irradiation into a thermostated cell. Was splitinto reference and probe beams, using a 50% germanium
Electronic absorption spectra were recorded on a Hewlett-PackardPeam-splitter. The flow-through cell, consisting of two GaF
8453 diode-array spectrophotomefét NMR spectra on a Bruker ~ Windows separated by 0.23 mm spacers, was allowed to make
AMX 300 spectrometer, and fast atom bombardment (FAB) mass @ fastering movement perpendicular to the probe beam to avoid
spectra on a JEOL JMS SX/SX102A spectrometer. local heating and sample decomposition by the laser beams. Two
separate 64-element HgCdTe linear array detectors (MCT-13-64el
(Infrared Associates Inc.) and MCT-64000 preamplifiers (Infrared
Systems Development Corp.)) were used to detect the mid-IR
reference and probe signals. TRIR spectra comprising the whole
CO-stretching region (22601700 cnt!) were constructed by
t_precise overlap of three or four 150 chrwindows. Calibration of
the spectra was established by comparing the parent bleach positions

Photochemistry.The 514.5 nm line of a Spectra Physics model
2016 argon-ion laser was used for the continuous-wave irradiation
experiments. Low-temperature IR measurements were performed
with an Oxford Instruments DN 1704/54 liquid-nitrogen-cooled
cryostat equipped with Cakvindows. All photochemical samples
were prepared under a nitrogen atmosphere, using standard iner

i i 4 3
gas techniques. The cluster concentration was-100-4 mol dnr=. with the peak positions of the correspondin@O0) bands in the

Nanosecond transient absorption (ns TA) spectra were Obtainedregular FTIR spectra. The samples for the ps TRIR measurements
by irradiating the samples with 2 ns pulses of the 550 nm line paq an optical density between 0.8 and 0.9 at the excitation
(typically 4 mJ pulse!) of a tunable (426710 nm) Coherent wavelength.

Infinity XPO laser. The probe light from a low-pressure, high-power Electrochemistry. Cyclic voltammograms (CV) of 16 M
E_G&G FX-504 Xe lamp was passed through the sample_ cell an_d cluster12* in 10-1 M BusNPF; electrolyte solution were recorded
dispersed by an Acton Spectra-Pro-150 spectrograph equipped withy, 5 gastight, single-compartment, three-electrode cell equipped with
150 g mnt* or 600 g mnt* grating and a tunable slit {1500.m), platinum disk working (apparent surface area of 0.422noviled

resulting h a 6 or 1.2 nnmaximum resolution, respectively. The  ,a4inum wire auxiliary, and silver wire pseudoreference electrodes.
data collection system consisted of a gated intensified CCD detectortha cell was connected to a computer-controlled PAR model 283

(Princeton Instruments ICCD-576EMG/RB), a programmable pulse ,qtentiostat. All redox potentials are reported against the ferrocene/
generator (PG-200), and an EG&G Princeton Applied Research forocenium (Fc/Ft) redox couple used as an internal stand4f.

model 9650 digital delay generator. IR and UV-vis spectroelectrochemical experiments were performed
Picosecond transient absorption (ps TA) spectra were recordedwith optically transparent thin-layer electrochemical (OTTLE)

using the setup installed at the University of Amsterdamart of cells®8:37 equipped with a Pt minigrid working electrode (32 wires

the 800 nm output of a Fisapphire regenerative amplifier (1 kHz, per cm) and CaFwindows. The potential during the thin-layer

130 fs, 1 mJ) was focused into &®l flow-through cell (10 mm; electrolyses was controlled by a PA4 (EKOM, Pglr@zech

Hellma) to generate white light. The residual part of the 800 nm Republic) potentiostat. The cluster concentration in the spectro-

fundamental was used to provide 505 nm (fourth harmonic of the electrochemical samples varied fromx110-3 mol dm3 (UV—

2020 OPA idler beam) excitation pulses with a general output of vis) to 5 x 10~2 mol dnv3 (IR).

3—5uJ pulse. After passing through the sample, the probe beam

was coupled into a 40@m optical fiber and detected by a CCD  Results and Discussion

spectrometer (Ocean Optics, PC2000). The chopper (RofinfLtd., .
= 10—-20 Hz) was placed in the excitation beam and provitied Synthesis of [Og(CO)1(ACPy-MV)]*" (1*). The novel

andlo, in dependence on its status (open or closed). The excited- Cluster [Os(COho(ACPY-MV)]?* (12%) was synthesized via
state spectra were obtained A = log(l/lg). Typically two a three-step reaction sequence (see Scheme 3). The IR
thousand excitation pulses were averaged to obtain the transient aspectrum of1?" in MeCN closely resembles that of the

a particular time delay. For the single-wavelength kinetic measure- reference compound [E€O)o('Pr-AcPy)] @),2° the v(CO)
ments, a second OPA was used to generate probe pulses at thbands being slightly shifted to larger wavenumbers. This
desired wavelength, while an amplified Si photodiode (New-Port, difference is attributed to a slightly decreasetack-bonding

818 UV/4832-C) was used for detection. The output of the Si toward the carbonyl ligands due to the reduced basicity of
photodiode was conducted to an AD-converter (National Instru- {pq AcPy-M\#* ligand. The!H NMR spectrum of12* in

ments, PCI 4451, 205 kS'3, which enabled the measurement of 5o 0ned. shows the characteristic resonances of the methyl

the intensity of each separate DUIsei Typically 50(.) excitation pUIIseSviologen unit and the ethylene linkage. In accordance with
were averaged to obtain the transient at a particular time delay.

Th mpl lutions for th TA m rements were pl I
3 sa. ple sq u;o s for the ps eaﬁu € edtsh de € pa.ce(|](33) Towrie, M.; Grills, D. C.; Dyer, J.; Weinstein, J. A.; Matousek, P.;

under nitrogen in 2 mm quartz cuvettes (!—le.ma) and had an optica Barton, R.; Bailey, P. D.. Subramaniam, N.: Kwok, W. M.; Ma, C..

density between 0.8 and 1.0 at the excitation wavelength. Phillips, D.; Parker, A. W.; George, M. WAppl. Spectrosc2003

; : ; 57, 367—380.
Picosecond time-resolved infrared (ps TRIR) spectra were (34) Pavlishchuk, V. V. Addison, A. Winorg. Chim. Acta200q 298

recorded using the Picosecond Infrared Absorption and Transient 97-102.
Excitation (PIRATE) facility at the Rutherford Appleton Labora- (35) Gritzner, G.; Kta, J.Pure Appl. Chem1984 56, 461—466.

33 ; ; ; ; (36) Krejak, M.; Dan&, M.; Hartl, F.J. Electroanal. Chem., Interfacial
tory 33 The laser system is based on a-$apphire regenerative Electrochem 1991, 317 179187,

amplifier (Spectra Physics/Positive Light, Superspitfire), operating (37) Hartl, F.; Luyten, H.; Nieuwenhuis, H. A.; Schoemaker, GABpl.
at 1 kHz repetition rate at ca. 800 nm, with energy efmJ Spectrosc1994 48, 1522-1528.
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A Substituted [Og(CO)o(a-diimine)] Cluster

Figure 1. Transient difference-absorption spectra of the reference cluster Figure 2. Difference-absorption ps TRIR spectra of RO o(Pr-AcPy)]
[Oss(COXo(iPr-AcPy)] in acetone measured at time delays of 1 ps (red color) in 2-CIBu at 2, 5, 15, 30, 50, and 500 ps after 500 nm excitation (ca. 150
and 70 ps (black color), respectively, after 130 fs fwhm excitation at 505 fs fwhm, 5xJ pulse’?).

nm, together with the ground-state electronic spectrum in acetone (dotted

line). Inset: Experimental (blue color) and fitted (black color) kinetic profile « . . e L. _
of the difference absorbance of 08O} (Pr-AcPy)] in acetone at 630 solvents. Theyz* transient decays with a lifetime, = 17

nm, after 130 fs fwhm excitation at 505 nm. + 2 ps, similar to the bleach decay probed at 550 nm. At
tqy = 70 ps, the TA spectrum still shows the presence of the
the electron-accepting character of the viologen moiety, the ground-state bleach that diminished to 45% of the initial
signals of the AcPy protons are slightly shifted to lower field signal (Figure 1). Thex* transient partly converted during
compared to those of [GEO)('Pr-AcPy)]. The chelating  this time into a new species absorbing in the long-wavelength
coordination of the AcPy-M¥" ligand to the cluster core  region (606-800 nm). This reminiscent unresolved broad
(Chart 1) was further confirmed by the FABnass spectrum  absorption is characteristf&4for the biradical photoproduct
of 12%, [*Os(CO)—0s(CO)—"0s(Sv)(CO)(Pr-AcPy-)] (Sv = co-
Electronic Absorption Spectra of [Os(CO);o(AcPy- ordinating solvent). Thesz* transient decay has also an
MV)] 2* (12*). The UV—vis absorption spectrum of cluster ultrafast component, = 0.8+ 0.5 ps /7 ratio 3:1), which
12* exhibits a dominant lowest-energy band, with its probably corresponds to conversion of a part of the excited
maximum shifted from 554 nm in acetone to 576 nm in€H  cluster molecules into the biradicals from a nonrelaxet
Cly. Similar to [Og(CO)o(Pr-AcPy)]3#2° it belongs to excited stat@%24The limited quantum yield for the formation
several charge-transfer transitions from different orbitals of the acetone-stabilized biradicals has its origin in branching
of the triosmium core to the-diimine ligand, denoted as  between the decay to the ground state and crossing a barrier
0(0s—0s)— 7*(a-diimine). Irradiation into this band will  from the relaxed (“triplet”osr* excited state to a dissociative
therefore result in the population of the lowest* excited state. The barrier in acetone is probably lower compared with
state and weaken at least one of the—Qs(-diimine) 2-CIBu where the relaxegr* state of [Og(CO)o(Pr-AcPy)]
bonds* The small red shift of the lowest-energy band of Jives 25+ 2 ps and the concomitant ground-state recovery
12+ compared to [O£CO)o(Pr-AcPY)] @max = 536 nm in is more extensivé?-24
acetone) is attributed to a decreased energy of the lowest pjcosecond Time-Resolved IR Spectra of the Reference
n*(Ach)_ orbital dug to the attached electron-withdrawing  cjyster [Oss(CO)1o(Pr-AcPy)]. After irradiation into the
methyl viologen moiety. lowest-energy visible absorption band of RO (Pr-
Picosecond Transient Absorption Spectra of the Refer-  aAcpy)] in noncoordinating?-CIBu, the TRIR spectra at early
ence Cluster [Og(CO)1o(Pr-AcPy)]. The ps TA spectraof  time delays €3 ps) display instantaneous bleaching of the
[Os5(COo('Pr-AcPy)] in 2-chlorobutane (2-CIBu), dichlo-  parenty(CO) bands (Figure 2). At the same time, broad
romethane, THF, and MeCN have been reported in detail {ransjent absorption bands are observed with maxima around
elsewheré®?* Here we describe the measurements in 2089 and 2028 cnt (the maximum of the latter band is
acetone, as this solvent was also used for cluste(vide  estimated from the line shapes at the low- and high-frequency
infra). ' sides of the 2033 cnt bleach), together with small transient
Excitation of [Og(CO)o( Pr-AcPy)] with the 505 nm laser  pands at 1999, 1948, and 1891 ¢imall belonging to the
pulse resulted in the appearance of a bleach at 550 nmexcited state of [Q$COL(Pr-AcPy)]. Thus, the highest-
(Figure 1), which is close to the maximum of the ground- frequency ground-state band at 2083 énwhich partially
state lowest-energy absorption band of the cluster in acetoneyyerlaps with the corresponding transient feature, is clearly
(536 nm). At the time delas = 1 ps, the observed intense  shjfted to higher frequency (2089 ci) in the excited state.
transient absorption with an apparent maximum at 630 NM Thjs is in line with its predominaniz* characte#*38%°and
(Figure 1) belongs to then* excited state, based on the 3 slightly decreased-back-donation to the carbonyl ligands.
comparison with the reported ps TA spectra in the other on a longer time scale (up to 100 ps) the initially observed
. v(CO) bands decay and small remaining bands at 2068,
(38) Calhorda, M. J.; Hunstock, E.; Veiros, L. F.; Hartl,Eur. J. Inorg. 2018, 1999, 1985, and 1971 ciand a broad absorption

Chem.2001, 223-231. o )
(39) Bakker, M. J.; Calhorda, M. J.; Hartl, F. Manuscript in preparation. between 1950 and 1910 ctnindicate the formation of a
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long-lived primary photoproduct. In accordance with TA
experiments on [QCO)o('Pr-AcPy)] on the picosecond
time scale (vide supra), the latter photoproduct is assigned
to the open-structure biradicaldJs(CO)—0s(CO)—"Os-
(COX(Pr-AcPy")]. This assignment is further confirmed by
the close correspondence between the resulting ps TRIR
spectrum at the time delay = 500 ps and the reported ns
TRIR spectrum of [O£CO)1o(Pr-AcPy)] in 2-ClIBu atty =
40 ns? Upon decay of the excited-state absorption bands
also the parent bleaches fade away. The remaining TRIR
spectrum aty = 500 ps shows the parent bleaches at 2083
and 2033 cm! at ca. 40% of their initial intensity, which is
close to the 30% observed in the corresponding ps TA
experiment in the same solvefitAs the overlap between
the ground- and excited-stat¢CO) bands does not change
on the picosecond time scale, the parent-bleach recovery in
the TRIR experiments provides another proof that ca. 60%
of the excited molecules directly decays to the ground state.
Moreover, as the transient absorption bands do not shift, the
excited-state lifetime can be estimated by plotting the IR
intensities at 2043 and 2018 cfmgainst time, resulting in
monoexponential decays with lifetimes of 21.1 and 25.5 ps,
respectively. These excited-state lifetimes are also in good
agreement with the value obtairtéftom single-wavelength
TA experiments in 2-CIBu (25 2 ps).

Excitation of [Og(CO)Pr-AcPy)] instrongly coordinat-
ing acetonitrile results in ps TRIR spectra that are initially
very similar to those obtained in 2-CIBu. Again, the first
spectra after the excitation display instantaneous bleaching
of the parenv(CO) bands but the transient absorption bands
are significantly broader than in 2-CIBu due to interactions
of the solvent with the excited cluster. At longer time delays
(up to 100 ps) the excited-stat€CO) bands decay and, just
as in 2-CIBu, small remaining bands at 2058 and 2008'cm
together with a broad absorption between 1955 and 1895
cmt (cf. Figure 3a,b) indicate the formation of open-
structure biradicals (Scheme 4). The generally smaller
v(CO) wavenumbers for the biradicals in MeCN reveal
coordination of the solvent molecules that increases electron
density at the cluster core and theback-donation to
the carbonyl ligands. However, unlike in 2-CIBu, the
biradicalsare not the only photoproducts in MeCN. This is
concluded from the observation that the transient lowest-
frequency IR band (Figure 2) does not decay to the base-
line. Instead, its intensity increases on longer time scales,
resulting in a distinct band at 1877 cfat ty = 100 ps.
At the same time, an additional absorption band rises at
1965 cm'* (Figure 3b). Importantly, similar transien¢CO)
bands were observed at 1971 and 1983 ‘im rapid-scan
FTIR spectra of [O£CO)o(Pr-AcPy)] in MeCN on the time
scale of seconds, which were attributed to open-structure
zwitteriong~Os(CO)—0s(CO)—"0s(Sv)(CO)(a-diimine)]

Vergeer et al.
Scheme 4. Schematic Representation of the Photoprocesses of the
Reference Cluster [QECO)o Pr-AcPy)p
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Figure 3. Difference-absorption IR spectra of [€O0)o(Pr-AcPy)] (a)
in 2-CIBu atty = 500 ps after 500 nm excitation, (b) in MeCNtat= 100
ps after 500 nm excitation, and (c) in MeCNtat= 2.5 s after 532 nm
excitation. The asterisks denoi€CO) bands of the solvent-stabilized
biradicals, and the open circles MeCN-stabilized zwitterions.

ps time domain, being most likely formed directly from a
or* excited state (Scheme 4). This conclusion agrees with
the earlier reported ps TA data.

The ps TRIR spectra of [QEO)o(Pr-AcPy)] inweakly
coordinating acetone closely resemble those obtained in

(Sv = MeCNY® (see Figure 3c). The TRIR spectra of noncoordinating 2-CIBu, the open-structure biradicals being

[Oss(COY(iPr-AcPy)] in MeCN thus unambiguously prove, &t room temperature the only observable photoproducts
for the first time, that zwitterions are already present in the (Scheme 4). In line with the moderate coordinating ability
of the solvent, thev(CO) wavenumbers of the acetone-

(40) Bakker, M. J.: Hartl, F.: Stufkens, D. J.: Jina, O. S.. Sun, X.-Z.; George stabilized biradicals lie between those determined in non-
M. W. Organometallics200Q 19, 4310-4319. coordinating 2-CIBu and strongly coordinating MeCN,
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Figure 4. Transient difference-absorption spectra of clugéerin acetone ¢

measured at time delays 6@ (baseline), 1, 6, 36, and 91 ps, respectively, Figure 5. Kinetic profile of the difference_ab_sorbance of clustét in
after 130 fs fwhm excitation at 505 nm. acetone at 600 nm, after 130 fs fwhm excitation at 505 nm.

reflecting a slight increase in the-back-donation to the  oxidative quenching of the initially populatetk* excited
carbonyl ligands compared to 2-CIBu. The spectra at early state?*38 A similar situation exists for MLCT/CS states in
time delays again display broad transient absorptions due toseveral [Ru(R-bpyfbpy-MV)]*" complexes, where a methyl
the on* excited state (see Figure 6a) and are used as aviologen unit (M\2") is covalently linked at the 4-position
reference in the TRIR experiments with clust&rin acetone  of one of the 2,2bipyridine (bpy) ligand$>2842 The
described below. Differently from the situation in 2-CIBu bleached lowest-energy absorption band of clusk&r
(vide supra) and in agreement with the results of the ps between 450 and 650 nm is obscured by the stronger
TA measurements, the bleaches of the parent clusterabsorption of the MV transient in this region (Figure 9
[Os:(CO)(Pr-AcPy)] in acetone decayed &t= 500 ps (left part); vide infra). On a longer time scale (up to 300
merely to 60% of their initial intensity. The quantum yield ps), the transient absorption due to the temporarily reduced
of the solvent-stabilized biradicals can therefore be estimatedMV** unit decays biexponentially witk87% regeneration
to amount to 0.6 in acetone but merely 0.4 in 2-CIBu. These of parent clusted?". The latter process corresponds to the
values determined from the ps TRIR spectra are more back electron transfer from the reduced viologen moiety to
accurate than those from the ps TA experimert8.45 and the oxidized cluster core.
>0.30, respectively) due to the partial overlap of the parent  The kinetics of the viologen-localized CS state was studied
bleach at 550 nm with the absorptions of iwe* excited in more detail by evaluation of absorbardane profiles.
state and the biradical photoproduct in the latter case. Provided population of the CS state indeed takes place via
Picosecond Transient Absorption Spectra of the Dyad  fast decay of the optically populated* excited state (vide
[Os3(CO)10(AcPy-MV)] 2t (121). Picosecond transient ab- infra), the forward electron-transfer rate constagt¢an be
sorption (ps TA) spectra of clustel®™ in acetone were  derived from a single-exponential fit to the latter process.
obtained by excitation at 505 nm and detection of the spectralUnfortunately, an extensive overlap between the transient
changes in the wavelength region 48850 nm. Kinetic absorption band in the visible, belonging to thve* excited
profiles were probed at 560 nm in 200 fs intervals up to 10 state (cf. the reference spectrum in Figure 1), and the
ps and at 600 nm in 5 ps intervals up to 750 ps. The TA characteristic composed absorption of the methyl viologen
spectra measured at-91 ps after the 130 fs laser pulse are radical catioA! (Figure 4 ¢4 = 6 ps); cf. Figure 9 (left part))
depicted in Figure 4. The kinetic profile df*, probed at prevents the lifetime of thesw* excited state to be
600 nm, is shown in Figure 5. determined accurately by the TA spectroscopy. However,
The TA spectrum at the pumyprobe time delayy = 1 as the absorbaned¢ime profile of 12, probed at 560 nm,
ps (Figure 4) shows an intense absorption at ca. 400 nm andshows no further increase of the absorption due to the
a broad long-wavelength absorption with a maximum at viologen radical cation (M¥) after 10 ps, the viologen-
about 615 nm. The observed absorption bands are characlocalized CS state is most likely formed completely within
teristic for the one-electron-reduced methyl viologen (MV  this period. On the basis of this assumption, the rate constant
unit*! and are therefore attributed, in accordance with the k; is estimated to have a lower limit of 4 10** s™*. As the
results of the picosecond TRIR experiments (vide infra), to photoinduced forward electron-transfer reaction is much
a charge-separated (CS) state in which an electron has beefaster than the decay of the CS state, the back-electron-

transferred from the cluster core to the lowestorbital of transfer rate constankg) may be obtained from the decay
the viologen moiety. Within the first 6 ps, the TA spectra kinetics of the 606 nm band (Figure 5). The latter band
show increasing absorbance in the region 5600 nm. decays biexponentially with lifetimes of 38 3 ps (55%)

These spectral changes correspond to the continued populaand 166+ 9 ps (45%) that correspond to back-electron-
tion of the viologen-localized CS state, most likely via transfer rate constantg = 2.6 x 10'° and 6.0x 10° s},

(41) Kosower, E. M.; Cotter, J. LJ. Am. Chem. Sod 964 86, 5524~ (42) Lomoth, R.; Hapl, T.; Johansson, O.; HammarstrpL. Chem. Eur.
5527. J. 2002 8, 102-110.
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@ absorptions due to the excited state Bf. As for the
I AOD = 0.0020 \/ reference cluster [QE&CO)(Pr-AcPy)] (Figure 6a), the
highest-frequency band df* at 2088 cm? shifts to larger
(o) IAOD=0.0015 t | wavenumbers by ca. 11 crhin the excited state. In fact, at
\V/ tqy = 1 ps (Figure 6b), two broad transient absorption bands
(©) are observed on the high-frequency side of the 2088'cm
/—\ bleach at 2099 and 2121 chrespectively. Within less than
10 ps, the transient absorption bands in the termif@b)
region sharpen up and slightly shift (by ca. 6o higher
frequency. These spectral changes are attributed to early
(e) relaxation processes (vibrational cooling and solvatfarfy.
On the same time scale, the 2121 ¢rand further develops
at the expense of the 2099 chband, being gradually shifted
to 2127 cm? and reaching its maximum intensity at ca. 10

Figure 6. (a) Difference-absorption ps TRIR spectrum of the reference ps. On a Ionger time scale (Up to 500 pS), the 2127%m

[0s5(CONo(Pr-AcPy)] in acetone a = 3 ps after 500 nm excitation (ca.  Pand also decays while the parent cluster largely recovers.
150 fs fwhm, 5uJ pulse?) and (b-e) difference ps TRIR spectraof cluster ~ The position of the 2099 cm band, shifted to larger

12* in acetone at (b) 1, (c) 2, (d) 5, and (e) 15 ps after 500 nm excitation wavenumbers by ca. 11 crhwith respect to the highest-
(ca. 150 fs fwhm, 5J pulse?). - .
frequency ground-state band, is in good agreement with that
respectively. The biexponential kinetics could reflect a of the highest-frequency transien(CO) band at 2093 crm
dynamical coupling between tler* and CS states (Scheme  in the TRIR spectrum of [QCO)o( Pr-AcPy)] attq = 3 ps
4; vide infra) that are not in thermal equilibrium, the (Figure 6a). The 2099 cm band is therefore assigned to
distribution between them being time-dependent. Population 1** in its ozr* excited state, the shift to larger wavenumbers
of the onr* state also results in some ©©s(AcPy) bond  resulting from a decreasedback-donation to the carbonyl
homolysis and formation of corresponding solvent-stabilized ligands due to depopulation ofOs—0Os) bonding orbital.
open-core biradicals, similar to the behavior of the reference Upon decay of the 2099 crhband, the/(CO) band at 2121
cluster [Os(COXo(Pr-AcPy)] (vide supra). As their life- cm™* further develops and shifts to larger wavenumbers by
time extends to the msus time scale (cf. 677 ns for ca. 40 cm* relative to the highest-frequency ground-state
[Oss(COXo('Pr-AcPy)] in acetone), the formation of the band. This large shift is consistent with formal one-electron
biradicals accounts for the 13% residual absorbance in Figureoxidation of the cluster core. Indeed, similar IR spectral
5 observed after the decay of the CS state to the groundchanges are observed upon electrochemical oxidation of the
state {y = 700 ps). related clusters [QECO)o(a-diimine)] (vide infra).
Picosecond Time-Resolved IR Spectra of the Dyad [@s In line with the photooxidation of the cluster core, the
(CO)1o(AcPy-MV)] 2* (121). The transient UV-vis spectra  transient 2121/2127 chband is ascribed t#** in a charge-
provide only limited information about the forward electron- separated (CS) excited state where an electron has been
transfer kinetics and the pathways to the CS state (major)transferred from the cluster core to the remote viologen unit.
and the open-core biradicals (minor). For this reason, the As the latter band grows in at the expense of the 2099'cm
primary events after the photoexcitation of clusiét in band, the TRIR spectra clearly prove that the population of
acetone with 500 nm light were studied with picosecond the CS excited state takes place via a fast decay of the initial
time-resolved infrared (ps TRIR) spectroscopy. The ps TRIR ox* state. This observation corresponds with the ps TA
spectra were recorded at several purpmbe delays between — spectra of1?* (vide supra). The relatively small shift (11
0 and 500 ps. Representative difference-absorption TRIRcm™*) of they(CO) bands in thexr* excited state compared
spectra are shown in Figure 6 and compared with those ofto the value for the CS state (40 chcan be explained by
the reference cluster [GI€O) (' Pr-AcPy)] in 2-CIBu (Figure the electron-donating capacity of the temporarily reduced
2) and acetone (Figure 6a). Due to the low symmetry of both a-diimine ligand, partly compensating for the electron
decacarbonyl clusters, their ground-state IR spectra displaydeficiency at the triosmium core. In the CS state, the electron
a complicatedv(CO) band pattern. Extensive overlap be- residing on thex-diimine moiety has been transferred to the
tween the bleached(CO) bands of the parent complexes remote viologen acceptor site, leaving the cluster core
and the transient absorption bands of their excited statesformally one-electron-oxidized. Importantly, the TRIR data
precludes the determination of the excited-state CO-stretchingalso prove that there is hardly any direct nonradiative decay
frequencies to a large extent. Therefore, only the well- .
separated highest-frequeneC0) bands at about 2085 cin (43) g)sv;rsutsky, J. C.; Baronavski, A. B. Chem. Phys1996 105 9864—
can be used to monitor the changes in the electron density(44) Yang, H.; Snee, P. T.; Kotz, K. T.; Payne, C. K.: Harris, CJBAM.

A Absorbance
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i i i Chem. So0c2001, 123 4204-4210.

in the cI.uste.r core upon population of the exuted. state. (45) Dougherty. T. B.; Heiweil. E. I, Chem. Phys1994 100 4006~
After irradiation into the lowest-energy absorption band 4009,

of cluster1?*, the TRIR spectra at early time delays3 (46) I2350ugherty, T. P.; Heilweil, E. Xhem. Phys. Letfl994 227, 19—

pS) dlsplay Instantaneous bleaChmg of the pane(ﬁIO) (47) Liérd, D. J.; Bushy, M.; Matousek, P.; Towrie, M.; ¥k, A., Jr.J.

bands together with the appearance of broad transient = Phys. Chem. 2004 108 2363-2369.
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from the relaxedz* excited state to the ground state, which Scheme 5. Qualitative Excited-State Potential Energy Curves and
would compete with the electron transfer. This is inferred Protoreactivity of Clustei®" in Acetone

from the observation that the ground-state bleach at 2038
cm* only shows a minor decrease in signal intensity within
the first 5 ps after excitation. This behavior is in contrast
with the nonradiative decay of 40% of [€O)(Pr-AcPy)]
molecules in theyz* state to the ground state (vide supra),
demonstrating the efficiency of the subsequent electron
transfer to the viologen moiety.

To get more insight into the kinetics of the CS state, the
well-separated transient(CO) band at 2121 cmt was
selected for Gaussian curve fitting. The same procedure was
repeated with the 2099 crhband characterizing thesz*
excited state, even though with a limited precision due to
the low intensity of this band. Spectral fitting, while fixing
the width of these two bands, enabled us to determine the
peak areas. From the dependence of the peak area of the ’

2121 cmt band on the time delay, both the rise time (21

0.2 ps) and lifetime (7% 10 ps) of the CS state have been (CHz).—MV?%)](PFs), (Sv = acetone). On the basis of a
derived. The rise time of the CS state compares well with comparison between th&A values observed fot*" and

the decay time of the 2099 crhband. Theon* excited- those obtained after irradiation of an isoabsorptive solution
state lifetimer = 2.1 ps in acetone was used to determine of [Oss(CO)o(Pr-AcPy)], the amount of biradicals formed
the forward electron-transfer rate constanticcording to  from theos* excited state ofi** is reduced by approximately
eq 1, where et = 17 & 2 ps is theor* excited-state lifetime 80%. Assuming similar molar absorbances for both biradi-
of the reference cluster [I€O).o(Pr-AcPy)] under the same  cals, the quantum yield for the biradical formation out of
experimental conditions. 1?* is calculated, using the value for [€O)o(Pr-AcPy)]

The resulting valuek; = 4.2 x 10 s! is in good in acetone (0.6, as estimated from the ps TRIR spectra), to
agreement with the lower limit of & 10 s derived from  be approximately 12%. The latter value is in excellent
the ps TA experiments (vide supra). The lifetime of the CS agreement with the observed shortening ofdh# excited-
excited state also compares reasonably well with the resultstate lifetime from 17 ps for [QE&CO)o('Pr-AcPy)] to 2.1
obtained from the TA measurements. ps for 12" in this solvent. On the basis of this result, we
conclude that approximately 88% of the molecules decay
rapidly to the lower-lying CS state.

The decay processes for the optically excited cluster
in acetone are depicted in terms of the qualitative potential
energy curves in Scheme 5. In agreement with the results of
the TRIR experiments, irradiation into the lowest-energy
absorption band ofl?* leads to the population of an*
excited state, in which one electron has been transferred from
the cluster core to the lowest*(o-diimine) orbital. From

oc*

pot

ki= 1l — 1z, 1)
Nanosecond Transient Absorption Spectra of the Dyad
[Os3(CO)1o(ACPy-MV)] 2+ (121). Excitation into the lowest-
energy transition of the reference cluster @O)(Pr-
AcPy)] in non- or weakly coordinating solvents (2-
chlorobutane, toluene, THF, acetone) results in homolytic
splitting of an Os-Os(-diimine) bond and concomitant
formation of open-structure biradicat©s(CO)—0s(CO)— this excited state, a minor part (12%) of the cluster molecules
*Os(Sv)(CO)(a-diimine™)] (Sv = solvent). To find out if produces biradicals detectable in the residual TA and TRIR
similar biradical photoproducts are formed from the relaxed spectra {3 = 500 ps), whereas the major part (88%)
om* excited state of clusterl>t, nanosecond transient undergoes fast decay to the charge-separated (CS) state.
absorption (ns TA) spectra of the latter cluster were recorded Photochemistry of the Dyad [Og(CO)1o(AcPy-MV)] %"
in acetone. The ns TA spectra were obtained by irradiating (12*) in Coordinating Acetonitrile. Nanosecond TA spectra
clusterl?* by the 550 nm line of a tunable Coherent Infinity of cluster 12" were also recorded in coordinating MeCN.
XPO laser and monitoring spectral changes in the wavelengthContrary to the situation in acetone, the TA spectra obtained
region 356-800 nm. The TA spectra recorded directly after in MeCN did not indicate the presence of solvent-stabilized
the laser pulse reveal a weak bleaching between 430 andbiradicals. Instead, strong bleaching was observed between

615 nm due to disappearanceldf and very weak transient

absorptions below 430 nm and in the long wavelength region.

On longer time scales (up to 1) the transient species
almost completely converts back to the parent clugtér

As the ns TA spectra ofi?" closely resemble those of
[Os:(CO)(Pr-AcPy)] in acetoné? the observed transient

400 and 600 nm due to the disappearanc&ofIn addition,
fairly intense transient absorption bands arose at 390 nm and
at about 630 nm, already within the laser pulse. These
transient features closely resemble those observed in the TA
spectra ofl?" in acetone on the picosecond time scale and
are accordingly attributed to the absorption of the methyl

absorptions are accordingly assigned to the open-structureviologen radical cation (M¥). This assignment implies that

biradical [fOs(CO)—0s(CO)—"0s(Sv)(CO)AcPy—

irradiation of 12" in MeCN results in electron transfer from
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Table 1. Electrochemical Data for Clustd?™ and Its Reduction

0107 1% Product3
<
] 0.08+ A clustep Ei (V) AE, (MV)© Epa(V)
. oA 8 12+ -0.77 90 (80) +0.15 (irr)
S 0.6 ‘ 1t —-1.18 90 (80)
H ‘ 2200 2100 2000 1900 1800 1 —-161 100 (80)
§ 0.04 Wavenumbers (cm”) 1 —-1.92 (|rr)j
aConditions and definitions: 16 mol dnr3 solutions in MeCN
0.02 (containing 101 M BusNPFRs) at 293 K; Pt disk microelectrode; = 100
mV s™% redox potentials vEi, (Fc/Fch); AE,, peak-to-peak separation
for a redox coupleE, » anodic peak potential for oxidation of cluster;
0.0(;00 2150 2100 2050 2000 1950 1900 1850 1800 1750 chemical irreversibility denoted by irb.Assignments given in the main
, text. ¢ AE, for the Fc/F¢ internal standard in parenthes8&, ¢, cathodic
Wavenumbers (cm”) peak potential for reduction of clustér.
Figure 7. IR spectral changes accompanying photolysis of cluster Table 2. IR »(CO) Wavenumbers of Clustd?* and Its Reduction

in MeCN at 293 K iy = 514.5 nm). Inset: IR spectra obtained upon  p qqcta
(A) photooxidation of12* and (B) electrochemical oxidation of [@s
(COQo('Pr-AcPy)] in a thin-layer electrochemical cell. clusteP v(CO) (cnT?)

- . : 12- 2089 (m), 2040 (s), 2002 (vs), 1986 (s, sh), 1964 (sh), 1948 (sh),
the cluster core to the viologen moiety, producing the 1893 (W)

relatively long-lived CS state. On longer time scales (up to 1+ 2087 (m), 2038 (s), 1999 (vs), 1984 (s, sh), 1962 (sh), 1898 (w)
1 ms), however, no regeneration of the parent cluster was 1 2085 (m), 2036 (s), 1998 (vs), 1981 (s, sh), 1959 (sh), 1898 (w)
observed, the intensity of the absorption bands attributed to ¥~ 2050 (MW), 2011 (m), 1972 (vs), 1952 (s, sh), 1863 (w)

the MV** moiety even having increased. As the latter spectral @ Conditions: 5x 10-3 mol dnr® solutions in MeCN (containing 10
changes most likely reflect accumulation of a long-lived yA?sL:SﬂEZBr)]tgtgizvgei N t'h”esr:qt;ir:etggtcl“o” within an IR OTTLE cef
photoproduct, continuous-wave (CW) irradiation experiments

were performed to get more insight into the nature of the for MV** in the ns TA spectra ot?" in MeCN, the blue-

latter species. colored photoproduct is proposed to result from an electron-
Upon continuous-wave irradiation with the 514.5 nm line transfer reaction similar to that observed in acetone, one
of an argon-ion laser, the solution of clustéf in MeCN electron being again transferred from the cluster core to the

turned blue (due to the MYV absorption). The photogener- viologen moiety. However, differently from the CS state of
ated species showed IRCO) bands at 2137 (w), 2123 (w), 1?* in acetone, the photoproduct in MeCN does not regener-
2083 (w), 2071 (sh), 2053 (m), 2020 (vs), 1990 (s), 1956 ate the parent cluster, even on the time scale of minutes.
(w), and 1932 (w) cm* (see Figure 7). It is noteworthy that  This behavior clearly reflects the influence of the solvent:
the photoproduct is fairly stable at room temperature and in contrast to acetone, the MeCN molecules coordinate strong
could be formed in relatively high yields (up to 85%). The enough to prevent the back electron transfer, inducing a
shift of the »(CO) bands to much larger wavenumbers secondary thermal reaction of the photooxidized cluster core
compared with parent clustel®™ points to significantly in the “locked” CS state.

decreased-back-bonding toward the carbonyl ligands and  Electrochemistry of the Dyad [Og(CO)1(AcPy-MV)] 2"

is consistent with the formal one-electron photooxidation of (12"). Cyclic voltammetric and IR/UV-vis spectroelectro-
the cluster core. In fact, the abovéCO) pattern (Figure 7,  chemical studies of the cluster [080O)(AcPy-MV)]?*
inset A) closely resembles that obtained separately by (12") were performed to identify the reduction steps and to
irreversible electrochemical oxidation of the reference cluster investigate whether the electron-trapping function of the
[Os3(CO)o('Pr-AcPy)] in MeCN Ep o= +0.16 V vs Fc/Ft) viologen moiety may be switched reversibly by an external
(Figure 7, inset B). Although research is in progress to assign potential bias. The redox potentials of clusiét and its

the oxidation product(s), a preliminary spectroelectrochemical reduction products are presented in Table 1, and the cor-
study of a series of clusters [€§€O),o(o-diimine)] revealed respondingv(CO) wavenumbers are collected in Table 2.
that the shift of the/(CO) bands to larger wavenumbers upon  The cyclic voltammogram af?* in MeCN shows at room
oxidation is dependent on thediimine ligand used. [Infact,  temperature two fully reversible cathodic wavesEap =

the MeCN solution after the oxidation contains a mixture —0.76 V and—1.17 V vs Fc/F¢ (peaks Rand R in Figure

of at least two different species, the ratio being dependent8) together with a nearly reversible third cathodic step at
on the coordinating solvent and the oxidation method ap- E;», = —1.60 V (peak R). In accordance with the results of
plied (bulk electrolysis, thin-layer electrolysis, chemical the IR and U\~vis spectroelectrochemical experiments (vide
oxidation, etc.).] Notably, reverse reduction of the oxidation infra) and the redox potentials reported for related viologen-
product(s) of [OgCO)o('Pr-AcPy)] in MeCN results in  linked a-diimine systemg>-2842the first two cathodic steps
nearly complete regeneration of the parent cluster. Theserepresent consecutive one-electron reductions of the viologen

results indicate that, upon oxidation, the clusters{(O®)o- unit, producing radical catiod*™ and neutral clusted.
(a-diimine)] undergo a reversible structural change, with the Further reduction ofl at the potentialE(Rs) yields the
a-diimine coordination being retained. corresponding radical aniolr~. The unpaired electron in

On the basis of the results of the continuous-wave 1~ is most likely localized on thea-diimine ligand,
irradiation and the observed transient bands characteristicconsistent with the comparable reduction potentials of the
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Current (uA)

E (V) vs Fc/Fc"

Figure 8. . Cyclic voI_tammogramlof clustet?” at T = 293 K. Condi- Figure 10. IR spectra of12* (red) and the series of its one-electron
tions: 1073 M cluster in MeCN/101 M BusNPFs; Pt disk microelectrode reduction productd** (black), 1 (blue), and1*~ (green) in MeCN at 293

(0.42 mnt apparent surface area);= 100 mV s*. K. Note that the spectrum df~ is a difference spectrum.

0.6

stepwise reduction ofi®" at room temperature produces
radical cationl** and neutral clustet with nearly identical
f IR »(CO) patterns, the bands being shifted to lower frequency
by merely 2 and 4 crr, respectively, compared to the parent
cluster (Figure 10). On the other hand, a previous study has
shown that formation of radical anions [£PSO)o(a-
diimine)]~ (a-diimine = e.g., 2,2-bipyrimidine), with the
l added electron largely localized on thediimine ligand,
results in a much larger(CO) shift of ca. 15 cm' to smaller
wavenumbers compared with the parent clustéRapid
reduction ofl (within 1 min) in the OTTLE cell allowed
spectroscopic detection of radical anidm that has a
v(CO) pattern nearly identical with that df thev(CO) bands
being however shifted by ca. 280 cnt! to smaller
wavenumbers (Table 2). This shift confirms that the third
, . added electron i~ is localized on thex-diimine ligand.
reference clusters [QE€O)('Pr-PyCa)] Pr-PyCa= o-No- The thermal stability of radical aniott~ at room tempera-
N'-pyridine-2-carbaldehyd-isopropylimine) i, = —1.69 ture is, however, limited; it reacts further before the reduction
V vs Fc/Fc)* and [Os(COho('Pr-AcPy)] Brz = —1.76 V of parent clusterl is completed. Radical aniod'~ is
Vs FC/F_‘f)- ) nevertheless considerably more stable than its analogues
The first two reduction steps of clustéf™ were conve- [Os3(CONo(Pr-PyCa)™ and [Os(CO)o(Pr-AcPy)}~ that
niently followed in situ by UV-vis spectroscopy, using an |iye merely seconds at fairly low temperatu@és.
OTTLE cell (Figure 9). Exhaustive electrolysis-a0.76 V Photochemistry of One-Electron-Reduced [O£CO):o-
in MeCN resulted in the appearance of the characteristic (ACPy-MV*")] (1%). The results of the combined cyclic
bands* of the methyl viologen radical cation (MV) at 398 \5jtammetric and IR/UV-vis spectroelectrochemical studies
nm and around 600 nm. At the same time, the absorption o c|yster12+ clearly prove that the first two reduction steps
band of M\#* at 256 nm disappeared. During the subsequent ¢5, 12+ are |ocalized on the viologen unit. As already the
reduction of1*", the intense band at 398 nm slightly shifted st one-electron reduction of M7 significantly reduces
to higher energy while its high-frequency shoulder at 376 ji5 glectron-accepting character, we investigated in the next
nm increased significantly in intensity. The broad absorption step whether the photochemical behavior1®f could be
band of1*" around 600 nm disappeared, leaving behind a conirolled by an externally applied electronic bias. To
less intense absorption band at 543 nm. The-Wié spectral  yrqperly address the effect of this external stimulus and to
changes accompanying the second reduction step are in goof;qye whether the characteristic photochemistry of the
agreement with the one-electron reduction of the *MV 4 qinary [0g(CO)(a-diimine)] clusters can be restored, the
moiety to neutral MVA! As fre_e MV itself does not absqrb photoreactions of clustér* (with the viologen moiety one-
above 500 nnf; the absorption band of at 543 nm is  gjectron-reduced prior to photoexcitation) were studied in
attributed to a transition having a predominant cluster core- gcetone at 240 K and in coordinating MeCN at room
to-7*(AcPy) character. The corresponding lowest-energy temperature. Under the selected experimental conditions, the
absorption band of nonreduced clustér lies at a slightly  ¢ysters [05(COYo(-diimine)] form solvent-stabilized zwit-

lower energy, viz. at 558 nm (Figure 9). _ terions that regenerate the parent cluster on a time scale of
IR spectroelectrochemistry also proves that the first two

cathodic steps occur at the remote viologen unit. In particular, (48) van Outersterp, J. W. M. Ph.D. Thesis, University of Amsterdam, 1995.

0.5+
0.44 W\

0.3

Absorbance —=

0.2
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0.0
T T T T T T T T T T
200 300 400 500 600 700 300 400 500 600 700 800
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Figure 9. UV-—vis spectral changes accompanying the first (left) and
second (right) one-electron reduction step of clugkérin MeCN at 293
K.
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0.06 moiety (38 sf° This difference cannot be explained by
1 electronic reasons, as [#€O)(a-diimine)] clusters form
0.04+ longer-lived zwitterions when using more electron-accepting
o-diimines (2,2-bipyrimidine,z = 9.0 s in MeCN, vs 2,2
% 0.02 bipyridine, 7 = 5.6 s in MeCNY? In the case ofl**, the
g 0,00 reduced zwitterion lifetime is tentatively ascribed to a
£ | Coulombic destabilization of the zwitterion by the cationic
h 0.02- viologen moiety (MV*). Alternatively, previous photo-
] isomerization studies of this type of clusters have shown that
-0.044 the position of the chelating-diimine ligand may change
. concomitantly with the OsOs bond cleavage producing the
2150 2100 2050 2000 1950 1900 1850 1800 zwitterion3® Steric hindrance of the MeCN coordination
Wavenumbers (cm™) caused by the movement of the AcPy ligand with the

Figure 11. Difference-absorption rapid scan IR spectra of one-electron- viologen sidearm may also contribute to the shorter zwitterion
reduced clustet*™ in MeCN, measured at time delays of 1, 2, 4, and 6 s lifetime.

after the 488 nm laser excitation. . .
Most importantly, the rapid-scan IR results have shown

seconds or shorter (Scheme 4). In line with this behavior, that the photochemical behavior at" changes upon the

CW irradiation of1** in acetone and MeCN did not induce ©One-electron reduction of the viologen unit and, indeed, can
any significant photochemical conversion. To decide whether P& controlied by an external potential bias. Similar control
the negligible photoreactivity was caused by the inertness ©f the photochemical or photophysical behavior by reduc-

of the populated excited state or by a rapid and complete tion of a remote electron-acceptor unit has been reported for
ot ) .
back reaction of transients to the parent cluster, the photo-tRU(PPY}*"—€lectron acceptgrdyads bearing reversibly

reactions of 1'* were followed with rapid-scan FTIR reducible v@ologef‘? or p—qu.inone units'? _For example,

spectroscopy in the (sub)second time domain. After the the quenczzrlng o;the emittingMLCT ex_cned state.of a

complete one-electron reduction & in an OTTLE cell, {Ru(bpy)**—=MV*'} dyad, Whef‘? the viologen mc_nety IS

the productl* was irradiated fo4 s by anargon-ion laser covalently attached to the 4-position of one of the bipyridine

(488 nm, 300 mW) and the following IR spectral changes ligands, changes its nature from oxidative to reductive upon

) _ ; it 42

in the CO-stretching region were monitored on the time scale the one-electron reduction of the MVunit )

of seconds to minutes. The difference IR spectrd bfin In summary of the redox-controlled photochemistryLof

MeCN, measured 06 s after the laser pulse, are depicted in coordinating media (Scheme 6), irradiation of the reduced
L 1 .+ . . . _ .. .

in Figure 11. The difference-absorption IR spectra recorded form (1_ ) results in _spllttmg of an OSOS(.OL diimine) bond

directly after the photoexcitation df* in acetone (240 K) anq ult_lmate formation of sol.vent—stabnlzed open-structure

and MeCN display instantaneous bleaching of the parent zwitterions detectable by rapid scan FTIR spectroscopy. As

(CO) bands (negative signals) together with two transient the structural chgnge upon the zwitterion formation IS
bands at 1970 (s) and 1873 (m, br) ¢mThe observed completely reversible, the read-out of the reduced state is

transient absorption bands closely resemble those observed ondestructive. Upon irradiation of the oxidized forii

upon irradiation of [OSCOo(Pr-AcPy)] in MeCN (com- rapid electron transfer to the remote viologen site is observed,

pare Figures 3¢ and 11) and are accordingly ascribed to theresultlng in photooxidation of the cluster core. Notably, the

solvent-stabilized zwitteriom Ds(CO)—0s(CO)—+Os(Sv)- :E}faereﬁ)é?:frisc;:rr:ﬁ(\,:: C(I)?(is;agg:e2??&1;83)33'2:2;;;5@6&
(COX(AcPy-MV*1)] (Sv = acetone, MeCN). Both the :

While in acetone this electron-transfer process results in the

Sormation of a short-lived CS state that almost completely

comp(;e'ije.relaeréel\zatlon Off thhehparentl_ilutiter.tﬁs thebstpg thrjaregenerates the parent cluster, irradiatiorlsf in MeCN
recorded In VetV were of higher quallty than those oblaine gives rise to the formation of a long-lived charge-separated

in acetone, the lifetime of the so_lvent-_stabilized zwitterion photoproduct that does not thermally regenedate
(r ~ 6 s) could only be determined in the former, more
strongly coordinating solvent. Conclusions

The formation of zwitterions upon irradiation af* is
indicative of a greatly diminished driving force for the
oxidative quenching of thesr* excited state by the reduced
viologen moiety. In contrast to the results faf*, the
photoinduced electron transfer to the latter unit is therefore
no longer feasible. Instead, one-electron reduction of the
viologen unit restores the “original” photochemical behavior
observedP for the reference cluster [QE€O) o Pr-AcPy)].
The lifetime of the zwitterion formed upon irradiation bf
(6 s) is, however, significantly reduced compared to that of (49) Goulle, V.; Harriman, A.; Lehn, J-M.. Chem. Soc., Chem. Commun.
its nonsubstituted derivative lacking the electron-accepting 1993 1034-1036.

Transient absorption and time-resolved IR spectroscopies
on the picosecond time scale document that irradiation of
cluster 12" in coordinating solvents induces an ultrafast
electron transfer from the cluster core to the remote viologen
moiety. This process results either in a short-lived CS state
(acetone) or in a stable charge-separated photoproduct
(acetonitrile), depending on the coordinating ability of the
solvent. The occurrence of the electron transfer and the
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Scheme 6.
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concomitant structural change upon light excitation can be In extension of this research, the involvement of transition
controlled by the redox state of the viologen moiety. metal clusters in (supra)molecular systems capable of signal
Electrochemical one-electron reduction of the viologen unit generation and selective transfer is not only challenging but
lowers its electron-accepting ability to such an extent that may also find important applications in the field of molecular
the photoinduced electron transfer to the latter unit is no nanoelectronics. It is also noteworthy that the observed

longer feasible. Instead, irradiation of redudetresults in

selective one-electron photooxidation of the cluster core may

the formation of zwitterions, the common photoproducts for provide interesting novel activation pathways, thereby open-
the clusters [O£CO)o(a-diimine)] in strongly coordinating  ing a new and stimulating research area in the field of cluster

solvents.

In general, the thorough understanding of the photochemi-
cal behavior of the reference cluster f3O).o(Pr-AcPy)]
has allowed us to design the [f08O0),«(a-diimine-MV)]?*
(donor-acceptor) dyad where the photoreactivity can be
controlled electrochemically by changing the oxidation state
of the MV unit. However, as the MV unit is actively involved
in the cluster photochemistry, the system cannot be regarde

as a molecular redox switch.

chemistry (catalysis).
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