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Photochromic nitrospiropyrans substituted with 2,2'-bipyridine (bpy), [Ru(bpy)s]?*, and [Os(bpy)s]** groups were
synthesized, and their photophysical, photochemical, and redox properties investigated. Substitution of the spiropyran
with the metal complex moiety results in strongly decreased efficiency of the ring-opening process as a result of
energy transfer from the excited spiropyran to the metal center. The lowest excited triplet state of the spiropyran
in its open merocyanine form is lower in energy than the excited triplet MLCT level of the [Ru(bpy)s]** moiety but
higher in energy than for [Os(bpy)s]**, resulting in energy transfer from the excited ruthenium center to the spiropyran
but inversely in the osmium case. The open merocyanine form reduces and oxidizes electrochemically more easily
than the closed nitrospiropyran. Like photoexcitation, electrochemical activation also causes opening of the spiropyran
ring by first reducing the closed form and subsequently reoxidizing the corresponding radical anion in two well-
resolved anodic steps. Interestingly, the substitution of the spiropyran with a Ru or Os metal center does not affect
the efficiency of this electrochemically induced ring-opening process, different from the photochemical path.

Introduction Photochromic molecules can also be incorporated into
larger systems to induce properties they do not possess by
themselves. One application that recently has attracted a lot
of interest is the possibility to use photochromic molecules
in energy transfer switching. This function can be achieved
by combining a remote chromophore with a photochromic

molecule that acts as an energy acceptor only in one of its

In recent years, much effort has been devoted to the
development of photochromic materials, which are systems
existing in two forms that can be interconverted using light
of different wavelengths as a stimulti$. The two forms
generally differ in their chemical and physical properties such
as, e.g., shape, color, and reactivity. The interest in these X
compounds arises from their potential application in molec- WO forms. In this way, energy transfer from the chromo-

ular electronics and data stordge first suggested by ~Phore to the photochromic moiety can be reversibly
Hirshberg in 1956. switched “on” and “off” by converting the photochromic part.

The two forms of the photochromic molecule can be
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Scheme 1. Simplified Energy Diagrams for the Proposed Switchable ~ Scheme 2. Photochromic Interconversion of a Typical Spiropyran

DBA System. Left: Long-Range Energy Transfer Occurs between the /
Donor (D) and Acceptor (A). The Bridge (B) Does Not Facilitate the / A
Process. Right: Efficient Energy Transfer Occurs between D and A N O O hv
through B O —_—
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the emission of the acceptor upon excitation of the donor.
In such a system, the bridge never becomes an energy trap,
and hence, excitation of the donor will not strongly affect
the state of the switch. Ideally, the excited state of the bridge
A more advanced approach is to implement the photo- that meQiates the energy transfer should pe nonrea(_:tive.
chromic molecule as a bridge between an energy donor andConversion of the bndge_ should. then b_e achieved by direct
acceptor, switching the energy transfer “on” and “off’ by ~€xcitation to a different, higher-lying excited state. Only then
reversibly converting the bridge. By using a luminescent ¢an true nondestructive readout be achieved.
acceptor, the state of the photochromic bridge can be Another property that can be used to control the efficiency
distinguished by changes in the emission. So far, two of the energy transfer is a large difference in the extent of
examples of such a system have been reported in thetonjugation over the bridge between the two forms of the
literature. In the first one, an anthracene energy donor and aPhotochromic molecule. Better conjugated bridges have a
Coumarin energy acceptor are linked by a photochromic lower attenuation factor, which resul@s in a higher energy
fulgide bridgel” Recently, we published a system in which tran_sfer rate. Ide.ally, the photochromlc moiety useq shquld
a [Ru(bpy}]?* energy donor and an [Os(bg}?)* energy exhibit both the dlfferencg in energy Ieve[s gnd in conjugation
acceptor are bridged by a dithienylcyclopentene molecular between the two forms in order to maximize the effects.
switch18 Both donor-bridge-acceptor (DBA) systems are Spiropyrans are among the most intensively investigated
based on the principle that in one state the lowest-lying classes of photochromic molecufész? Their photochromic
energy levels of the photochromic systems lies between thosgProperties were first recognized by Fischer and Hirshberg in
of the donor and the acceptor, thereby facilitating the energy 19527 It has been shown that irradiation of a spiropyran
transfer, while in the other state, the energy levels of the Molecule with UV light causes cleavage of the bond between
photochromic unit lie below those of the termini, so that the spiro-carbon and oxygen, forcing the molecule to open up
excitation energy is transferred to the photochromic bridge (S€& Scheme 2). At room temperature, the open form reverts
and no emission from the acceptor is observed. thermally to the closed one. The ring-closure process can also
A disadvantage of systems of this type is that, in the be induced photochemically, by irradiation with visible light.
trapping state, energy is transferred to the photochromic N the closed form, the conjugation of the molecule is
moiety that can consequently convert to the parent form. There-Proken over the spiro-carbon atom, the two perpendicular
fore, monitoring the occurrence or absence of energy transferhalves showing very little interactici* Consequently, the
cannot be used as a means for nondestructive readout, aglosed molecule is colorless. As soon as the@bond is
the electronic excitation affects the state of the system. ~ broken, the system adapts a planar merocyanine form
A better, and generally more elegant solution, concerns Stabilized byz-conjugation over the entire molecule.
the creation of a donerswitch—acceptor triad in which Instead of “naked” spiropyrans, numerous studies dealt
energy transfer from the donor to the acceptor occurs eitherwith so-called nitrospiropyrans having a nitro substituent in
only in one of the two forms, or in both forms, but the 8 position. The reason for this derivatization is that
significantly more efficiently in one of them. spiropyrans of this class show higher quantum yields for ring
One way to achieve this goal would be to create a system©Pening and their merocyanine open forms close thermally
in which in one state the energy levels of the photochromic Mmore slowly than their unsubstituted derivatives.
bridge lie above those of the donor and acceptor, and energy Ve decided to employ [Ru(bpaff " and [Os(bpyg]*" (bpy
transfer, if any, takes place by means of a super-exchange= 2:2-bipyridine) complexes and to couple them directly
mechanism, while in the other state, the levels of th.e bn.dge (19) Jortner, J.; Bixon, MElectron Transfer - From Isolated Molecules to
are between those of donor and acceptor, resulting in a™ " gjomolecules, Part Oneohn Wiley and Sons: New York, 1999; Vol.
hopping mechanism for the energy transfer (see Schere 1). 106. , - _
The state of the system can then be recognized by monitoring?® glj’r?"ﬂm‘ggugs'gﬂf’éﬂfhﬁomgd”;N,'E?'seef,‘l‘éfs i’;?s?grﬁggfdzggé; op
314-466, and references therein.
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(18) Jukes, R. T. F.; Adamo, V.; Hartl, F.; Belser, P.; De ColaChord. 165.
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Chart 1.

Selected Investigated Compounds and their Abbreviations
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to the well-known spiropyran photochromic system to
establish whether they fulfill the requirements for the
envisaged type of switchable DBA triads.

In this paper, we report the synthesis, electrochemical,
photophysical, and photochemical properties of nitrospiro-
pyrans functionalized with [Ru(bpyf* and [Os(bpyj]?*
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[Ru(bpy)2(2¢)] (PFs)2, Ru-2c (see Chart 1).A solution of 2¢c
(78 mg, 0.150 mmol) and [Ru(bpyl;]-2H,0O (57 mg, 0.150 mmol)
in 2-methoxyethanol/kD (10 mL; 95:5, v/v) was refluxed for 5 h
under an argon atmosphere. After cooling, the solvent was distilled

off under vacuum and the residue was treated with an aqueous
solution of 10% NHPF;. The precipitate was collected by filtration

and washed with water. The crude product was purified by plate

substituents. Their properties were compared to those of thegy,omatography (Sig, using a mixture of MeCN/MeOH/KN®

corresponding bpy-functionalized nitrospiropyran.

Experimental Section

Syntheses of metal complexes were carried out under a slight

positive pressure of argon. Chemicals and reagent grade product§

for syntheses were obtained from Fluka, Aldrich, and Acros
Chemicals and used without further purification. 1,3,3-Trimeth-
ylindolino-6'-nitrobenzopyrylospiranlc) was purchased from TCI
Europe. BYUNPF; electrolyte was recrystallized twice from absolute
ethanol and dried under vacuum at’80before use. Solvents for
syntheses and electrochemical experiments were distilled from
appropriate drying agents$,except dimethylformamide (DMF),

which was purchased as a dry solvent packaged under nitrogen

é

atmosphere, and used as such. All spectroscopic experiments wer
carried out in spectroscopic grade solvents purchased from Merck.
Purification with preparative plates was done using glass sheets
recoated with silica gel 60,5, with a layer thickness of 2 mm
purchased from Merck. Thin-layer chromatography (TLC) was
performed using aluminum sheets coated with silica gel §Q F
purchased from Merck.

The bpy-functionalized spiropyran ligart (see Chart 1) was
prepared following the protocol developed previou8lyThe
procedures for the syntheses of the metal precursors [Ru@iply)

H,0 and [Os(bpy)Cl;] were adapted from a general preparation
procedure for compounds [RuCly] (L = a-diimine)29:30

(26) Bercovici, T.; Heiligman-Rim, R.; Fischer, Elol. Photochem1969
1, 23-55.

(27) Armarego, W. L. F.; Chai, QRurification of Laboratory Chemicals
5th ed.; Elsevier: Amsterdam, 2003.

(28) Querol, M.; Bozic, B.; Salluce, N.; Belser, Polyhedron2003 22,
655-664.

(29) Dwyer, F. P.; Hogarth, J. W. Imorganic Synthese®cGraw-Hill:
New York, 1957; Vol. 5, pp 206207.
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solution (40:10:10; volume ratios; the KN®olution was prepared
by dissolution 1 g of KNO3 in 10 mL of H,O) as eluent. The
main red band was scraped off and washed out by acetone/186 NH
PFs. After adding water, the organic solvent was removed and an
range red powder was collected by filtration. Yield 95 mg, 54%.
H NMR (500 MHz, MeCN#s): 6 1.22 (s, 3H, H-C(9)), 1.35 (s,
3H, H—C(10)), 2.81 (s, 3H, HC(8)), 5.96 (d, 1H2J = 10.4,
H—-C(3)), 6.73 (dd, 2H3J = 7.3,3) = 7.1, H-C(8) and H-C(7)),
7.09 (d, 1H,%J = 9.9, H-C(4)), 7.38-7.42 (m, 5H, H-C(2V),
H—-C(2"), H—C(8"), H—C(8V) and H-C(8")), 7.61~7.62 (m, 1H,
H—C(2"), 7.67 (bd, 1THA) = 2.0, H-C(4")), 7.73-7.82 (m, 7H,
H-C(3V), H—C(3"), H—C(4), H—C(6), H-C(9"), H—C(9V) and
H—C(9")), 7.99 (ddd, 1H3J = 8.9,3] = 2.8, = 0.4, H-C(7)),

.03-8.07 (m, 5H, H-C(4V), H—C(4V), H—C(10"), H—C(10V)
and H-C(10)), 8.10 (d, 1H,A) = 2.8, H—C(5)), 8.48-8.51 (m,
4H, H—-C(1V), H—C(1Y), H—C(7V) and H-C(?7")), 8.68-8.70 (m,
2H, H—C(1") and H-C(7")). 13C NMR (125 MHz, MeCN#l): ¢
19.9, 25.9, 29.0, 52.9, 108.4, 116.1, 119.90, 121.5, 121.7, 121.8,
123.7,124.4,125.1,125.1, 125,2, 126.6, 127.2, 128.4, 128.4, 128.4,
128.9,129.5, 138.5, 138.6, 138.6, 138.8, 142.2, 150.6, 151.1, 152.0,
152.5,152.5,152.5, 152.6, 152.6, 157.9, 157.9, 157.9, 157.9, 158.2,
160.1. HRMS (ESI),m/z: [M - 2P|'_5]2Jr calcd for CioH4oNgO3-
Ru(102): 445.1128; found: 445.1127.

[Os(bpy)z(2¢)] (PFs)2, Os-2¢ (see Chart 1)A solution of 2¢c

(60 mg, 0.126 mmol) and [Os(bp@l] (72 mg, 0.126 mmol) in
ethylene glycol/HO (5 mL; 95:5, v/v) was refluxed at 158G for
4 h under an argon atmosphere. After cooling, the solvent was
distilled off and the residue was treated with an aqueous solution
of 10% NH,PFs. The precipitate formed was collected by filtration
and washed with water. The crude product was purified by plate

(30) Lay, P. A.; Sargeson, A. M.; Taube, H. Inorganic Syntheses
Shreeve, J. M., Ed.; Wiley: New York, 1986; Vol. 24, pp 29299.
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Scheme 3.
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Synthesis of the Spiropyran Ligand 2c and the Corresponding Metal CompRex2s and Os-2c
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chromatography (Sig), using a mixture of MeCN/MeOH/KN©

solution (40:10:10; volume ratios; the KN®olution was prepared
by dissolution 61 g of KNO3 in 10 mL of H,O) as eluent. After

Ru-2¢ (M = Ru)
Os-2c¢ (M = Os)

General Techniques.!H and*C NMR spectra were obtained
on Bruker Advance DRX-500 (500 MHz féH NMR and 125.75
MHz for 13C) and Bruker DRX-300 (300.11 MHz fdH NMR)

isolation and repeated precipitation with ammonium hexafluoro- spectrometers.

phosphate, a dark green powder was obtained. Yield 30 mg, 45%.

1H NMR (500 MHz, MeCNeél): 6 1.22 (s, 3H, H-C(9)), 1.35 (s,
3H, H-C(10)), 2.81 (s, 3H, HC(8)), 5.96 (d, 1H2J = 10.4,
H—C(3)), 6.75 (dd, 2H3J = 8.3,31 = 8.9, H-C(8) and H-C(7)),
7.09 (d, 1H,3) = 9.9, H-C(4)), 7.28-7.33 (m, 5H, H-C(2V),
H—C(2"), H—C(8"), H—C(8Y) and H-C(8")), 7.51-7.55 (m, 2H,
H—C(2") and H-C(4")), 7.64-7.71 (m, 6H, H-C(3V), H—C(3),
H—C(4), H-C(9"), H—C(9V) and H-C(9")), 7.74 (dd, 1H3J) =
8.2,4) = 2.0, H-C(6)), 7.83-7.90 (m, 5H, H-C(4V), H—C(4),
H—C(10"), H—C(10Y) and H-C(10")), 7.99 (dd, 1H3J = 8.9,4]
= 2.8, H-C(7)), 8.09 (d, 1H3] = 8.9,3] = 2.7, H-C(5)), 8.46-
8.50 (m, 4H, H-C(1V), H—C(1Y), H—C(7) and H-C(7")), 8.66-
8.68 (M, 2H, H-C(1") and H-C(7")). 3C NMR (125 MHz,

MeCN-d3): ¢ 19.9, 25.9, 29.0, 52.9, 107.3, 108.4, 108.4, 116.2,

Chemical shifts ¢) are given in ppm, using the solvent itself as
internal standard. The coupling constarisgre given in Hz. The
assignment of the NMR signals is referred to the carbon numbering
of molecules depicted in Scheme 3.

ESI and high-resolution mass spectra were recorded on a Bruker
FTMS 4.7T BioAPEXII spectrometer.

Spectroscopic and photophysical investigations of all compounds
were performed at 223 K using a cryostat to prevent the thermal
ring-closure reaction recovering the parent compound. When
possible, room-temperature measurements were also performed to
determine the effect of the temperature on the results. Transient
absorption and UV vis spectroelectrochemistry experiments were
performed exclusively at room temperature.

UV —vis absorption spectra were recorded on Hewlett-Packard

119.9,121.6,121.8,123.7,124.7, 125.3, 125.4, 125.4, 126.6, 127.08453 diode-array or software-updated Perkin-Elmer Lambda 5

128.8,128.9, 128.9, 128.9, 128.9, 129.0, 129.1, 129.5, 137.8, 137.8spectrophotometers, and steady-state emission spectra on a Spex
137.9, 137.9, 137.9, 137.9, 137.9, 138.7, 142.2,149.9, 151.2, 151.21680 spectrofluorimeter. Emission spectra were not corrected for
151.6, 151.6, 151.6, 151.7, 151.8, 159.7, 159.9, 159.9, 159.9, 160.0the photomultiplier response. Deaerated solutions were prepared
160.1. HRMS (ESI)wWz [M — 2PR]?" calcd for GgH4oNgOs- by the freeze-pump—thaw technique on a vacuum line. Lumines-
0s(192): 490.1414; found: 490.1414. cence quantum yields were determined for optically dilute solutions,

Inorganic Chemistry, Vol. 45, No. 20, 2006 8329
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using aerated solutions of [Ru(bg}gl, in H,O (pem = 0.028%1 measurement, using fresh solutions of Aberchrome §46+0.20

or [Os(bpy}](PFe)2 in MeCN (pem = 0.0035%2 as reference where  for 313 nm< A < 366 nm§* and Aberchrome 540Ry{ = 0.178-

appropriate. 2.40x 104 for 440 nm=< 4 < 550 nm¥° actinometers in toluene.
The electronic absorption spectralafand2o were constructed Cyclic and Osteryoung square-wave voltammograms b4

combining data from*H NMR and UV-vis absorption spec- M parent compounds in T® M BusNPF; electrolyte solution were
troscopies. ThelH NMR spectra of the parent closed-form recorded in a gastight single-compartment three-electrode cell
moleculeslc and 2c were recorded in THIg at 223 K. Subse- equipped with platinum disk working (apparent surface of 0.42
quently, the solution in the NMR tube was irradiated with UV light mmn?), coiled platinum wire auxiliary, and silver wire pseudoref-
while the solution was kept coldH NMR spectra were recorded  erence electrodes. The cell was connected to a computer-controlled
at regular time intervals. The concentration ratio between the openPAR Model 283 potentiostat. All redox potentials are reported
and closed forms in the solution was determined from the relative against the ferrocene/ferrocenium (Fc/JFeedox couple used as
integrals of the doublet signal for the proton in the positionf3 internal standargé3”

the closed form molecule)(6.00 for 1c and 6.06 for2c), and the Cyclic voltammetric measurements at low temperature were
doublet signal for the proton in the position & the open form performed by immersing the electrochemical cell into an acetone/
molecule § 6.25 forloand 6.31 for20). These particular proton  dry ice bath at ca. 210 K. Redox responseslofand 20 were
signals do not overlap with any other proton signal. After having obtained after having irradiated the precooled samplekcaind
achieved a significant degree of conversion, part of the solution 2¢ with UV light for a prolonged period, using a high-pressure
was quickly transferred from the cold NMR tuleed 1 cmquartz Oriel Hg lamp (model 6137) in combination with the appropriate
cell positioned inside a cryostat precooled to 223 K, using a cold band filter. The degree of conversion was determined by transferring
syringe. The quartz cell was partially filled with cold tetrahydrofuran part of the solution quickly from the cold electrochemical cell to a
(THF) to dilute the NMR solution to a concentration suitable for 1 cm quartz cell positioned inside a cryostat precooled to 223 K,
the recording of UV-vis absorption spectra. On the basis of the using a cold syringe. The quartz cell was partially filled with THF
ratio obtained from théH NMR measurements, the UWis spectra to dilute the solution to a concentration suitable for the recording
of the pure open-form photoproducts were constructed from the of UV —vis absorption spectra. From the obtained-tiks absorp-

recorded experimental absorption. tion spectrum, the ratio between open- and closed-form molecules
Nanosecond time-resolved absorption spectra were measureccould be determined.
using a setup described previoudlyThe irradiation source was a UV —vis spectroelectrochemical experiments were performed in

continuously tunable (466700 nm) Coherent Infinity XPO laser  an airtight optically transparent thin-layer electrochemical (OTTLE)
(2 ns fwhm). This system is normally operated at 10 Hz, but a cell3® equipped with a Pt minigrid working electrode (32 wires
repetition rate of 2 Hz was used to record the spectrkc@ind2c cmY) and Cak or quartz windows. The controlled-potential
to avoid a significant build-up ofo and 20, respectively, in the electrolyses were carried out with a PA4 potentiostat (EKOM,
solution. A 50% mirror is used to divide the probe light into sample Czech Republic).

and reference beams, which greatly improves the signal-to-noise  Estimated experimental errors in the reported data are as follows.

ratio. Absorption and emission maximia2 nm; emission lifetimes-8%;
Time-resolved emission studies in the nanosecond time domainemission quantum yield&20%; photocyclization quantum yields
were performed using the continuously tunable (4800 nm) +10%, electrode potentials5 mV.

Coherent Infinity XPO laser (2 ns fwhm) as the excitation source.
The emitted light was detected using a streak camera (HamamatstResults and Discussion

C5680-21) equipped with an M 5677 sweep unit over a range of .
300 nm, or at a single emission wavelength, using a combination SYNthesesThe reference compourtt, bpy-functional-

of an Oriel monochromator and a Hamamatsu P28 photomultiplier ized ligand2c, and corresponding complexes [M(bg2c)]

tube, from which the signal was recorded on a Tektronix TDS684B (M = Ru (Ru-2c), M = Os (0s-29) in their closed

(1 GHz, 5 GS s%) oscilloscope. spiropyran forms, as well as open merocyanine form
For sub-nanosecond time-resolved emission measurements, anoleculeloare depicted in Chart 1. Open-form compounds

single photon counting setup was used. The excitation source20, Ru-20, and Os-20 (not shown) are related to their

consists of a frequency-doubled (36840 nm, 1 ps, 3.8 MHz) corresponding closed forms as is to 1c.

output of a cavity dumped DCM dye laser (Coherent Model 700)  The preparation of ligan@c follows the previously devel-

that was pumped by a mode-locked Ar-ion laser (Coherent 486 oped protocdBand is outlined in Scheme 3. Thearyl benzo-

AS Mode Locker, Coherent Innova 200 laser). A microchannel plate phenone hydrazinéwas prepared by a Pd/BINAP (BINAP

photomultiplier (Hamamatsu R3809) was used as the detector. — (4)-2,2-bis(diphenylphosphino)-1.1-binaphthyl)-catalyzed
Photocyclization quantum yields were determined by monitoring cross-C(')upIing reaction of 4-(4—brorr;ophenyl)ia)RJyridine

the increase of the absorption of the photoproduct in the visible ) . . .
region upon irradiation. The photoconversion was kept below 10%. (3) with 2-(diphenylmethylene) hydrazine. The resulting hydra-

A high-pressure Oriel Hg-lamp (model 6137) in combination with Z0N€,4, was converted into indol produétvia an in situ
appropriate interference filters served as the irradiation source. The _
incidental photon flux was determined before and after each (34) Heller, H. G.; Langan, J. RI. Chem. Soc., Perkin Trans. 1981,

341-343.
(35) Glaze, A. P.; Heller, H. G.; Morgan, C. J.; Oliver, S. N.; Whittall, J.

(31) Nakamaru, KBull. Chem. Soc. Jprl982 55, 2697-2705. In Xth [IUPAC Symposium on Photochemistiyterlaken, Switzerland,
(32) Frank, M.; Nieger, M.; Vgtle, F.; Belser, P.; von Zelewsky, A.; De 1984; p 369.

Cola, L.; Balzani, V.; Barigelletti, F.; Flamigni, Unorg. Chim. Acta (36) Gritzner, G.; Kta, J.Pure Appl. Chem1984 56, 461—466.

1996 242 281-291. (37) Pavlishchuk, V. V.; Addison, A. Winorg. Chim. Acta200Q 298,
(33) Kleverlaan, C. J.; Stufkens, D. J.; Clark, I. P.; George, M. W.; Turner, 97—-102.

J. J.; Martino, D. M.; van Willigen, H.; Vlek, A., Jr.J. Am. Chem. (38) Krejak, M.; Dan&, M.; Hartl, F.J. Electroanal. Chem1991, 317,

Soc.1998 120, 10871-10879. 179-187.
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10 pound 1c, ligand 2¢, and complexe®Ru-2c and Os-2cin

i THF at 223 K are shown in Figure 1. Absorption maxima
8 't

and the corresponding molar absorption coefficieats,

are reported in Table 1. Absorption spectra of these materials

at room temperature and at 223 K do not differ significantly.
Going froml1cto 2c, the attachment of the bpy moiety to

the spiropyran in position 5 causes a blue-shift of the lowest-

: energy absorption band between 300 and 400 nm. The fact

LN . that the spectrum oRc is not simply the sum of the

' absorptions ofic and 2,2-bipyridine shows that the two

components interact electronically to a certain extent.

Figure 1. UV —vis absorption spectra of investigated compoubaié—), The complexation to the metal |on.to forRu-2c leads

2¢ (= — —), Ru-2¢ (-+) and0s-2¢(— - —) in THF solutions at 223 K. to the appearance of several absorption bands not observed

for 2c (see Figure 1). In analogy with the reference complex

Table 1. Absorption Maxima and Molar Absorption Coefficients of the [Ru(bpy)]2*, the bands at 291 and 459 nm are assigned to

Investigated Photochromic Compounds in Their Closed and Open S ’ |

Forma spin-singlet bpy-centeredI( ) and Ru-to-bpy charge-

transfer {MLCT) transitions, respectivel§?. There is a fairly

e/10*M" cm

T T T T
300 400 500 600 700
wavelength / nm

-1 — 1
Colmpound 455 ’;’;a;r(]zmo(;'“;i?\i) o) strong absorption of the spiropyran subunit in the-3300
C .9), .0), . . .
o 248 (1.0). 274 (0.8). 309 (1.0), 371 (2.2), 387 (2.1), nm region {ILsp). Cqmpared _tdc anc_iZc, thellL_sp ban(_JI in
574 (5.7) the metal complex is red-shifted. Since there is a minimum
2c 231 (3.6), 273 (3.4), 295 (2.7), 328 (3.0) absorption of the [Ru(bpy)?™ moiety in the area where the
?e%-zc ggi g% gg; gig igé 8‘8 590(6.2) spiropyran absor.bs, we can address th_e ph_otochromic part
Ru-20 291 (7.4), 391 (2.1), 461 (1.7), 603 (6.2) of the system fairly selectively by exciting into th#sp
Os-2c 294 (9.0), 373 (2.9), 490 (2.0), 591 (0.5) transition. On the other hand, the [Ru(bg}§) chromophore
Os-20 294 (8.8), 386 (3.4), 490 (1.9), 605 (6.7) can be excited selectively by irradiating into the lowest
a Conditions; in THF solution, at 223 K. IMLCT band.

Table 2. Photochemical Ring-Opening Quantum Yields Determined for The Os-2¢ Complex shows similar UMvis absorption
Investigated Compoundkz, 2cg Rul?zq agndoS-Z@ bands a&u-2c, with a shift of the'MLCT transitions toward

lower energy (see Figure 1). Additional weak and broad

compotind gaad - bands in the 550700 nm are assigned ¥MLCT transitions
%2 g:gi igz partially allowed as a result of the heavy-atom effect, typical
Ru-2¢ 6.5x 103 for [Os(bpy)]?"-type complexed? 42
Os-2¢ 4.9x10°° All investigated compounds are photoreactive, and the
aConditions: in deaerated THF, at 223 K, excitation waveledgih— electronic absorption spectra of the photoproducts are

334 nm.P Bubbling oxygen through the solution does not affect the reaction discussed in the next section.

quantum yield® No photoreaction upon excitation with 450 nm light. Photochemical Spiropyran Ring Openingrradiation of
hydrolysis/Fischer cyclization protocol, using toluene-4- all the studied compounds leads to spiropyran ring-opening
sulfonic acid monohydratg{TsOHH,0) as the hydrolysis  reactions with dramatic changes in the spectroscopic proper-
agent. A quaternary iodo salt was formed by alkylatio®of ties. All photochemical processes have been studied in
with methyl iodide. This salt turns reddish after storage in a deaerated THF at 223 K (see Experimental Section for
fridge, as a result of a conversion to 1,3,3-trimethyl-2- details), and the quantum yields are reported in Table 2.
methylene-5-(2,2bipyridin-4-yl) indoline @). The condensa- Upon irradiation with 334 nm light, the colorless solution
tion reaction between equimolar amounts of Fischer IBase of 1cin THF turns purple. An intense absorption band rises
and appropriate salicylaldehyde under basic conditions at 574 nm, and two smaller bands appear at 371 and 387
proceeds rapidly in boiling ethanol, and ligadis obtained nm. Going to room temperature, the lowest-energy band
in high yield. The corresponding mononuclear complexes shows a pronounced shift of the absorption maximum to 585
Ru-2c and Os-2c were synthesized by a complexation nm. The new absorption bands can be attributetbt®? The
reaction of ligand2c with the complex precursors [Ru- UV -—vis absorption spectrum dfo was obtained by com-
(bpyxCl,]-2H,0 and [Os(bpy)Cl,], respectively (see Scheme bining *H NMR and UV—vis absorption data (see Experi-
3). The crude product was purified by plate chromatography mental Section for details). The photostationary state reached
(Si0y), using a mixture of MeCN/MeOH/KN@solution (40: upon irradiation oflc with 334 nm light corresponds to
10:10; volume ratios; the KN©Qsolution was prepared by nearly 100% conversion tbo.
dissolution & 1 g of KNO3z in 10 mL of H,O) as eluent.
Each metal complex was obtained in a pure form as a (39 g:lfésw Q;,Bﬁ'é%%’r(}f"cﬁiﬂq?ﬂi“{ggé gznélz_igz”ﬁs-' Belser, P.; von
racemic mixture ofA/A isomers. Synthetic details for the  (40) pemas, J. N.; Crosby, G. A. Am. Chem. Socl971, 93, 2841
metal complexes are given in the Experimental Section. 2847. ,

UV—Vis Spectral Properties of Parent Spiropyran (41) Fujita, 1.; Kobayashi, HZ. Phys. Chem1972 79, 309-314.

. g (42) Decurtins, S.; Felix, F.; Ferguson, J.7d&l H. U.; Ludi, A.J. Am.
Compounds. Electronic absorption spectra of model com- Chem. Soc198Q 102, 4102-4106.
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is noteworthy, as the transition involved in the ring-opening
process is commonly localized on the pyran part of the
molecule3>3 Our results show that substitution of the
indoline half of the spiropyran with a group like bpy can
nevertheless have a pronounced effect on this process.
The photoconversion dRu-2cto Ru-20 gives rise to new
structured absorption bands at 391 and 603 nm (607 nm at
room temperature), while the composed band at 365 nm
disappears (see Figure 3). Therefore, the band at 603 nm is
assigned tdlL gp transitions inRu-20. The YLy, band at

g/10*M" cm”

300 400 500 600 700 i
wavelength / nm 291 nm and théMLCT band at 459 nm, which correspond

Figure 2. UV—vis absorption spectra in THF solution at 223 K 2if to eleCtroni_C transitions Iocaliz_ed on the [Ru(b@¥) moiety,
(-++), 2d20in the photostationary state upon irradiation with 334 nm light vary only little upon conversion.

(= = =, 90% conversion), ando (—, computed spectrum). Upon conversion of the osmium complex®s-2q new

bands rise at 386 and 605 nm (609 nm at room temperature),
while the band at 373 nm disappears. The bands at 294 and
490 nm, which correspond to transitions localized on the
[Os(bpy)]?" moiety, are again hardly affected by the
spiropyran ring-opening. It is interesting to note that ring-
opening occurs foRu-2c and Os-2c upon excitation into
thellL spbands in the 336400 nm region, while excitation
into theMLCT transitions around 460 nm does not induce
any photoreactivity.

The UV—vis spectra document that, for both the ruthenium
and osmium complexes, the photochromic spiropyran and

potential-energy surface. Upon relaxation to the ground state, eta-bpy subunits are electronically fairly independent, as
part of these precursor molecules turn back to starting also confirmed by the other results (see following sections).
compoundlc, while another part proceeds to forho.4445 The ring-opening quantum yields Bu-2c andOs-2care

In contrast to this, upon irradiation of spiropyrans that are more than 1 orde.r of ma@_l”'t”de lower than thaRof(see
not substituted with a nitro group, no intersystem crossing Table 2). We attrlbute_ this Qecrease to an energy-transfer
(ISC) to a triplet excited state takes place and the formation Process from the reactive spiropyran-localized excited states

of open-form molecules occurs exclusively from the singlet © the nonreactive metal-to-bpy CT states. This claim is
excited leveld5-4° That the triplet states are not populated further corroborated by emission and nanosecond transient

absorption data (see below). As a consequence of the low

ring-opening quantum yields fétu-2candOs-2c(see Table

2), it was experimentally not feasible to achieve a sufficient

degree of conversion inside the NMR tube to determine the

Similar results were obtained f@c. An intense band rises ratio. petween the closed and open forms with acceptable
precision from the'H NMR spectral changes recorded for

at 590 nm (599 nm at room temperature) and a smaller Onethese systems. Therefore, we may only assume that the molar
at 381 nm, while the band at 328 nm disappears (see Figure Y ' ' y only

2). Also in this case, the new bands arise from the formation gbsorpuc&n6%c())eff|uentshof thiil sp b;ndVSfRu-Zo ;’:mes—

of the open-fornRo. The electronic absorption spectrum of thoa?r&lij: assugrgslzei; rz;;;?]zg; 0;3 tﬁetr:ftgcr?r\zgxterc;f the
20, shown in Figure 2, was constructed as for Using the Ru(b ot % boviIZ+ moieti ' 02 |
computed spectrum, we have proved that prolonged irradia—[ u(bpy)]** or [Os(bpy)]* moieties to2o causes only a

. . . . : small red-shift of this band and does not affect its shape.
tion of 2cwith 334 nm light results in a photostationary state T )
corresponding to 90% conversion 26 to 20. Considering the short distance between the energy donor

For 2¢, the ring-opening quantum yield is almost four and acceptor moieties in this case, energy transfer is expected

times lower compared to that &t (see Table 2). This result to be an extremely fast process. “.1 recent experiments on
donor-acceptor systems that are either separated by a very

(43) Gamer. H.Phys. Chem. Chem. Phy2001, 3, 416-423. short spacer or dlrect!y coupled, 5e6nergy transfer is found to
(44) Ganer, H.; Atabekyan, L. S.; Chibisov, A. kChem. Phys. Let.996 occur within a few picoseconefs®® or even on the sub-

45) 265_0 5%}_?4@ Phys. Letil998 282 331390 picoseconef~>° time scale. Formation of the open-form
aner, n. em. yS. Le — .

(46) Lenoble, C.; Becker, R. 9. Photochem1986 34, 83—88.

Earlier studies at room temperature showed that the ring-
opening quantum yield dfc depends strongly on the polarity
of the solvent, decreasing from 0.83 in methylcyclohexane
to 0.24 in acetone and 0.12 in acetonitfeOur value in
THF of 0.24 fits well into the series. The quantum yield is
not influenced by the presence of oxygen. This property is
known for 8-nitrospiropyrans*4>Nevertheless, the forma-
tion of 1ofrom 1cwas shown to occur largely from a triplet
state?® The absence of oxygen-dependence for the ring-
opening quantum yield ofc has been explained by a fast
formation of an excited-state precursoriaf on the triplet

upon direct excitation of the system does not mean they are
not reactive, however. Using a triplet sensitizer, it was shown,
for these spiropyrans, that ring-opening can also occur from
a triplet excited state®

(47) Ernsting, N. PChem. Phys. Lettl989 159 526-531. (51) Tyer, N. W., Jr.; Becker, R. S. Am. Chem. Sod.97Q 92, 1289~
(48) Zhang, J. Z.; Schwartz, B. J.; King, J. C.; Harris, CJBAm. Chem. 1294.

Soc.1992 114, 10921-10927. (52) Tyer, N. W., Jr.; Becker, R. §. Am. Chem. Sod.97Q 92, 1295~
(49) Rini, M.; Holm, A. K.; Nibbering, E. T. J.; Fidder, H.. Am. Chem. 1302.

Soc.2003 125 3028-3034. (53) Tinland, B.; Guglielmetti, R.; Chalvet, Oetrahedrorl973 29, 665—
(50) Bercovici, T.; Fischer, EJ. Am. Chem. Sod.964 86, 5687-5688. 667.
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e/10* M em™

400

500

wavelength / nm

Figure 3. UV —vis absorption spectra in THF solution at 223 KRud-2c
(-++), Ru-2d/Ru-20 in the photostationary state upon irradiation with 334
nm light (~ — —, 32% conversion), anRu-20 (—, computed spectrum).

species from the first excited singlet state of a spiropyran

Curiously, in the preceding stuéino shift of the cathodic
wave was observed upon irradiation of nitrospiropyfan
both at room temperature and 231 K. It was therefore
concluded that the reduction (and thus the LUMO)lof
was also localized at the nitro group and that the reduction
potential was not affected by the photoinduced structural
changes. Theoretical calculations have shown, however, that
the LUMO of 1o is delocalized over a large part of the
molecule and only a fraction of the added electron density
in the corresponding radical anion resides on the nitro
group®® In our experiments in THF, the cyclic voltammetric
scan at 210 K did show a new quasi-reversible cathodic wave
upon photoconversion dfc to 10, which was shifted less
negatively by ca. 200 mV compared to the reductioriof
(see Figure 4). This wave is attributed to the reduction of

has also been found to occur on a time scale of only a few 10, This assignment is also in agreement with results of

picosecond4849.60-64 The formation ofRu-20 and Os-20

spectroelectrochemical experiments (see below). The change

from their respective closed forms is therefore expected 10 js reversible: wherio converts thermally to the closed form,

occur from the excited singlet state, in competition with
energy transfer to the metal center.
All the investigated compounds ultimately largely decom-

pose in the process of photoconversion to the open and

thermal reconversion to the closed form. This is indicated
by the significant decrease of the intensity of the lowest-
energy'lL sp absorption band in the UV region. We did not
study this photodegradation in detail.

Electrochemistry. Voltammetry. Cyclic and square wave

voltammetric measurements were performed on compoundst

1c, 10, 2¢, 20, Ru(2c), andOs(2c) The corresponding redox
potentials are listed in Table 3.

The cyclic voltammogram ofcin THF at room temper-
ature shows a reversible cathodic waveEgt = —1.85 V
(v =100 mV s%), which becomes electrochemically quasi-
reversible at 210 K (see Figure 4). In the literature, a similar
cyclic voltammogram was reported fdic in DMF.%> No
cathodic wave was reported for a spiropyran lacking the nitro
substituent. The reduction dfc must therefore be largely
localized at the N@group.

(54) Mondal, J. A.; Ramakrishna, G.; Singh, A. K.; Ghosh, H. N.;
Mariappan, M.; Maiya, B. G.; Mukherjee, T.; Palit, D. K. Phys.
Chem. A2004 108 7843-7852.

(55) Welter, S.; Salluce, N.; Belser, P.; Groeneveld, M.; De Col&dard.
Chem. Re. 2005 249 1360-1371.

(56) Schoonover, J. R.; Dattelbaum, D. M.; Malko, A.; Klimov, V. I;
Meyer, T. J.; Styers-Barnett, D. J.; Gannon, E. Z.; Granger, J. C;
Aldridge, W. S.; Papanikolas, J. M. Phys. Chem. 2005 109,
2472-2475.

(57) Macpherson, A. N.; Liddell, P. A.; Kuciauskas, D.; Tatman, D.; Gillbro,
T.; Gust, D.; Moore, T. A.; Moore, A. LJ. Phys. Chem. R002
106, 9424-9433.

(58) Hania, P. R.; Heijs, D. J.; Bowden, T.; Pugzlys, A.; van Esch, J.;
Knoester, J.; Duppen, Kl. Phys. Chem. B004 108 71-81.

(59) Andersson, J.; Puntoriero, F.; Serroni, S.; Yartsev, A.; Pascher, T.;
Polivka, T.; Campagna, S.; Sundstrom, @®hem. Phys. Let2004
386, 336-341.

(60) Krysanov, S. A.; Alfimov, M. V.Chem. Phys. Letl982 91, 77—80.

(61) Kalisky, Y.; Orlowski, T. E.; Williams, D. JJ. Phys. Chem1983
87, 5333-5338.

(62) Lenoble, C.; Becker, R. 9. Phys. Chem1986 90, 62—65.

(63) Celani, P.; Bernardi, F.; Olivucci, M.; Robb, M. A. Am. Chem.
So0c.1997 119 10815-10820.

(64) Holm, A. K.; Rini, M.; Nibbering, E. T. J.; Fidder, HChem. Phys.
Lett. 2003 376, 214-219.

(65) zhi, J. F.; Baba, R.; Hashimoto, K.; Fujishima, Ber. Bunsen-Ges.
Phys. Chem1995 99, 32—39.

the wave disappears again.

A single irreversible anodic wave is observed far at
Epa= +0.68 V at room temperature areD.92 V at 210 K.
When 1c is converted tolo at 210 K, a new irreversible
anodic wave appears B, = +0.67 V, while the original
wave at+0.92 V becomes gradually diminished (see Figure
4).

To ensure that the differences between our results and
hose reported in the literatiffeare not due to a different
behavior ofLd/10in various solvents, we performed a control
experiment in DMF. In this solvent,o could be generated
by steady-state irradiation with UV light at a sufficiently high
concentration even at room temperature to observe the
appearance of a cathodic wavekgt = —1.38 V. The shift
of this wave compared tbcin DMF (see Table 3) is similar
to what was observed in THF at low temperature. The degree
of conversion was not high enough for the corresponding
anodic counterpeak or a new anodic waveXoto become
resolved. The most likely explanation for the discrepancy
between our results and the literafiris that in the earlier
study the degree of photoconversion achieved at room
temperature and at 231 K was insufficient to observe the
reduction wave forlo.

From the above observations, we can conclude that both
the reduction and oxidation dfo are thermodynamically
more feasible compared i@. The voltammetric data in THF
reveal that the HOMGLUMO gap of 10 (2.62 eV) is
smaller by~0.5 eV compared tdc (2.14 eV). Neglecting
reorganization energies, the lowest-energy electronic transi-
tion is expected around 470 nm ftoc and 580 nm forlo.

The value forlois in excellent agreement with the UWis
absorption data (see Table 1), but the lowest-energy absorp-
tion band oflc lies much higher (344 nm, 3.60 eV) than
predicted by the electrochemical data. Ab initio MO calcula-
tions have shown, however, that the-S S, transition of

1c has zero oscillator strength, and therefore, it is not

(66) Sheng, Y. H.; Leszczynski, Collect. Czech. Chem. Comm&04
69, 47—-62.
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Table 3. Reduction and Oxidation Potentials for Compounds under Study and Reference Comipounds

E1plV EiV EiV E1lV E1plV EipV AEYV
compound solvent T/K M SP-NQY+ SP-NQY~ (bpy?), (bpy? ) (bpy* Fc/Fch
[Rubpyll2t® MeCN 293  +0.89 -1.72 -1.93 —-2.18
[Os(bpy}¥]2*¢  DMF 293 40.35 -1.67 -1.85 —2.17
1c THF 293 +0.68 -1.85(0.17) 0.14
THF 210 +0.92 —1.64 (0.74) 0.19
DMF 293 +0.63! —1.68 (0.09) 0.08
1o THF 210 +0.67 —1.47 (0.21) 0.17
2c THF 293 +0.71 —1.81(0.1% 0.12
THF 210 +0.83(0.27) —1.63 (0.463 0.14
20 THF 210 +0.66! —1.32(0.22) 0.20
Ru-2¢ THF 293 9 +0.80 (0.10)  © -1.80(0.09) —2.01(0.12) —2.34(0.12)  0.08
THF 210  +0.90(0.08) +0.73(0.09) —1.67(0.08) —1.73(0.04) —1.89(0.06) —2.20(0.07) 0.04
DMF 293 g +0.81(0.07) —1.63 -1.75(0.07) —1.95(0.07) —2.21(0.07) 0.08
Os-2¢ THF 293  +0.33(0.06) +0.77 g -1.73(0.07) —1.93(0.15) -2.35(0.12)  0.08
THF 210  +0.32(0.06) +0.81 9 —-1.73(0.04) —1.90(0.05) —2.31(0.05)  0.05
DMF 293  +0.36 (0.08) 9 —1.60" -1.67(0.07) —1.87(0.06) —2.22(0.09) 0.08

2 Redox potentials (V vs Fc/F¢ were determined from cyclic and Osteryoung square-wave voltammetric gEBpsalues (cyclic voltammetry) are
given in brackets. Experimental conditions: Pt disk working microelectroge100 mV st (cyclic voltammetry)f = 30 Hz (s-w voltammetry)°? Reference
68. ¢ References 69,70, usirg, (Fc/Fc™) = +0.48 V vs SCE in DMFYE, . © The second cathodic stefc = —2.90 V at room temperature ane2.83
V at 231 K) is totally irreversible and is most likely not localized exclusively at the bpy mdidtye second, irreversible cathodic step is foun&gat=
—2.28 V, and is probably localized at the spiropyran moiétyot observed! E, . ' Peak potentials from square-wave voltammograms.

A4 16 18 20 22 24
potential / V vs. Fc/F¢

Q¢

T T T T ) ) T T T T T T T
1.2 1.0 0.8 0.6 -1.2 -1.4 -1.6 -1.8 -2.0 -2.2 -2.4

potential / V vs. FelFc

Figure 4. 1c(--+) and1d/lo (—, 40% photoconversion), scanned by cyclic voltammetry in THF solution at 210 K. Scan ¥atk00 mV s L. Inset: 1c
at 293 K.

observable in the U¥vis spectrunf’ Its position was and —2.20 V, respectively, and another cathodic wave

calculated at ca. 2.70 eV fdcin the gas phase. This value becomes resolved &,;, = —1.67 V (see Figure 5). This

is in much better agreement with our experimental estimate.wave belongs to the reduction of the nitro group of gwe
According to the calculations, the absorption band ot moiety. This assignment has been confirmed by-tiié

344 nm in fact corresponds to the symmetry-allowgd-S spectroelectrochemistry (see below). The fact that the reduc-
S; transition. tion of the nitro group and the first bipyridine reduction

Similar to 1c, reduction of2c is also reversible at room  overlap, suggests that the electronic interaction between the
temperature and becomes electrochemically quasi-reversiblemetat-bipyridine and nitrospiropyran moieties in the ground
at 210 K. The assignment to the reduction of the nitro group state is very limited.
is supported by the very close values of the reduction ForOs-2cin THF, the cathodic wave pattern is similar to
potentials (see Table 3). Upon conversiorfoto 20at 210 that of Ru-2c. At 210 K, three reversible cathodic processes
K, shifts of the first anodic and cathodic waves are observed, gre observed at1.73,—1.90, and—2.31 V. The reduction
similar to the differences in the potentials b and 1o. of the nitro group remains unresolved in this case. At room

For Ru-2cin THF at room temperature, three reversible temperature, these cathodic waves broaden and shift slightly
cathodic waves can be distinguishedat = —1.80,—2.01, to Eyp = —1.73,—1.93, and—2.35 V, respectively.
and —2.34 V, respectively. By analogy with the reduction  Because of the low ring-opening photoreaction quantum
of [Ru(bpy)]*,*® these three waves are assigned to the yie|ds, it was experimentally not feasible to determine the
sequential reduction of the three bipyridine units at the eqox potentials oRu-20 and Os-2a We can reasonably
ruthenium center. We do not observe a resolved wave for 55sme that the Rtbpy-based redox steps will not be much
the reduction of the nitro group. At 210 K, the three affected by the spiropyran ring-opening. This assumption is
bipyridine reductions shift slightly t&;, = —1.73,—1.89, supported by the negligible shift of the lowest-enefigy. CT

— absorption in the UV-vis absorption spectra of the metal
©7) googaogiges;lygg?, R.;LaManna, G.; Fomili, S.Chem. Phys. Lett. 5 mplexes upon conversion to the open form (see Figure 3
(68) Sutin, N.; Creutz, CAdv. Chem. Ser1978 168 1—27. and Table 1).
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absorbance

T T T
-1.4 -1.6 -1.8 -2.0 -2.2 -2.4 -2.6

T T T
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wavelength / nm

1

potential / V vs. FolFd

Figure 5. Cathodic region oRu-2c, scanned by cyclic voltammetry in
THF solution at 210 K. Scan rate= 100 mV s%, b

Spectroelectrochemistry.In the literature, UV-vis spec-
troelectrochemical experiments wiflt were performed in
DMF at 231 K. The one-electron-reduced species was
identified by'H NMR spectroscopy as ring-closed species
1c~."t A cyclic voltammogram recorded at a scan rate of
60 mV st showed that the reduction Gt to 1¢~ was not
a reversible process. Instead of the anodic counter peak, two
new anodic waves appeared on the reverse voltammetric
scan, the first one lying more than 1.5 V more positively 300 400 500 600 700
than the original cathodic wavéFrom this potential shift, wavelenath / nm
we conclude that the molecular structureslofand 1c~ c
must differ in some way. The electrolytic oxidation bdf*~ |
was claimed to result directly in the formation 6 that f
could be converted tdc thermally or by irradiation with
visible light’* Smooth recovery oflc~ was monitored by
UV —vis spectroscopy when the electrode potential was
stepped back to the cathodic wave laf

Our results in THF indicate that the smooth electrochemi-
cal interconversion betwedt~ andlois an oversimplifica- 0
tion. Gradual reduction dfc at room temperature within an . . . . .
OTTLE cell, monitored by UV-vis spectroscopy, resulted 300 400 500 600 700
in the appearance of the electronic absorption spectrum of wavelength / nm
1c (see Figure 6a), in accordance with the literafiirglso Figure 6. UV —vis spectral changes in THF solution at 293 K accompany-
in THF, this process is not reversible on the time scale of "9 (3 reduction ofic to 1c”, (b) oxidation of1C " to yet unassigned

. - species B1, and Jooxidation of B1 producindlo. Electrolysis within an
the experiment, and the reverse oxidation takes place at agTTLE cell.
much higher electrode potential than the reductioriof
The reverse thin-layer cyclic voltammogram displayed two band disappeared in time due to thermal conversiofoof
distinct anodic waves, similar to the cyclic voltammogram 10 1c, and the starting spectrum &t was recovered.
in DMF reported in the literaturé During the first anodic As two well separated anodic steps are required to oxidize
step, howeverlc~ was oxidized to give an unassigned o©One-electron-reducett’™ to neutrallo, both oxidations must
product B1 instead of paredt, or 10 expected on grounds formally consume 0.5 electron. We therefore ascribe Bl
of the reported anodic behaviGrThis process was charac- tentatively a “dimeric” structure, existing of one neutral and
terized by decreasing intensity of the characteristic absorptionone singly reduced nitrospiropyran molecule, to account for
band at 450 nm of the reduced BOchromophore irLc, the fact that clear electrochemical reduction and oxidation
accompanied by a gradual blue-shift of the absorption Of this species is needed to produce the known “monomeric”
maximum (see Figure 6b). Several isosbestic points in the structureslc™ andlo, respectively. A detailed study of this
UV —vis spectra point to inherent stability of B1 that could intriguing redox behavior and structural assignment of B1
be converted smoothly back t~ by reduction close to ~ Wwas, however, beyond the scope of this investigation.
the cathodic wave ofc. During the second reverse anodic ~ T0 ensure that the differences between our spectroelec-
step (oxidation of B]_), an absorption band grew around 580 trochemical data and those in the literature re7[§(mte not

nm, which revealed the formation &b (see Figure 6c). This ~ caused by a different redox behavior &€ in various

solvents, we also studiett in DMF at room temperature.
(68) gaj!, T.; Aoyagui, gJ. E:ectroana:. gﬂemlgﬁ 28‘ 401—0410- The cyclic voltammogram we recorded bd at 100 mV s?
glg Sall, T Aoyagul, 3. Slectroanal. 1 ?:ms;ﬁna r Phsochem.  Tesembles closely that reported in the literature. The irrevers-

Photobiol. A: Chem1995 92, 91-97. ible cathodic wave ofcto 1c~ was found aE,.= —1.72

absorbance

absorbance
-—
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Figure 7. UV—vis spectra in THF solution at 293 K of neutr2t (—), Figure 8. UV-—vis spectra in DMF solution at 293 K étu-2c (—), and
one-electron-reduce2t~ (+++), unassigned species B2 produced by reverse the corresponding one-electron-reduced,(two-electron-reduced( — —),
oxidation of2ce~ (— — —) and a mixture o2cd/20 formed in the course of three-electron-reduced-(- —) and four-electron-reducee-(-- —) species.
the oxidation of B2 € « —). Electrolysis within an OTTLE cell. Electrolysis within an OTTLE cell.

V vs Fc/Fc¢. A small anodic counter peak persisted down
to a scan rate of 50 mV-&. On the positive potential sweep,
two irreversible anodic waves were observed-8t26 and
0.07 V, respectively.

In the course of spectroelectrochemical experiments with
1o in DMF at room temperature, a qualitatively identical
picture was observed as in THF. Howevéag, formed by
the stepwise oxidation afc~ and B1, converts thermally
to 1cin DMF at a much lower rate than in THF. A similar .
solvent dependence was observed for photogenetatestbe 300 400 500 600 700
above). This slow kinetics in DMF allowed us to study the wavelength / nm
redox behavior oLoat room temperature also. In agreement Figure 9. UV—vis spectra in DMF solution at 293 K dtu-2c (—), the
with the conventional cyclic voltammogram of the photo- §g§§2§°§§'29_ O_n)e,;?clyedcutcr:%rc]i_rt?;‘ the ?eigres?;(?gatio(;gﬁ_ggf‘fg’ﬁg?
generated compound,o formed by the electrolytic cycle  mixture ofRu-2¢Ru-20formed in the course of the oxidation of B3 ¢ —).
within the thin-layer spectroelectrochemical cell is reduced Electrolysis within an OTTLE cell.
at a less negative electrode potential tHan During the  the thin-layer cyclic voltammogram, in line with the con-
reduction oflo, the characteristic low-lying band at 580 nm  yentional cyclic voltammetric scan in THF at 210 K (see
disappears and the resulting BVis spectrum strongly  Figure 5) and in DMF (see Table 3). The UVis spectral
resembles that of product B1. As further evidenced by the Changes accompanying the conversionRaf-2¢c to one-
thin-layer cyclic voltammogram and the UWis spectra,  electron-reduced speciédu-2c¢~ (see Figure 8) resemble
this species can be subsequently reduced to e or in main features those registered frand2c~ (see Figure
oxidized directly tolo, in accordance with the separate redox 7). The subsequent three cathodic steps result in-u¥
coupleslc/Bl and Bllo observed in THF (see above). spectral changes similar to those observed for [Rug@y)

Electrochemical reduction dfcin THF results in UV~ Importantly, the sharpz* (IL »py) band at 285 nm progres-
vis spectral changes similar to those observed upon reductiorsively completely disappeared as the result of the reduction
of 1c (see Figure 7), confirming its localization on the of the bpy ligands ifRu-2c at the second to fourth cathodic
nitrospiropyran moiety and not on the 2[#pyridyl sub- waves. These waves are fully reversible on the spectroelec-
stituent’? Identical to 1c, the reduction of2c is not a trochemical time scale of minutes, differently from the initial
reversible process on the spectroelectrochemistry time scalereduction. Based upon these results, the first cathodic wave
and oxidation of2c~ to form 20 occurs in two separate s assigned to the reduction of the nitrospiropyran moiety,
anodic steps, involving an unassigned redox intermediate B2.followed by three reductions of the bpy ligands. The
This species is assumed to be structurally similar to oxidation of Ru-2c~ at the scan reversal initiated directly
intermediate B1 involved in the redox cycle bf/1o. beyond the first cathodic wave occurred again in two steps,

Electrochemical reduction dRu-2c in THF within the identical to the anodic behavior @~ and1c~. The first
OTTLE cell resulted in diminished intensity of all absorption oxidation process resulted in the formation of yet unassigned
bands in the UW-vis spectrum, most likely as a result of species B3 that converted (at least partiallyRio-20in the
poor solubility of the reduced product in this solvent. second anodic step (see Figure 9). This complex is thermally
Therefore, the UV-vis spectroelectrochemical experiment unstable in DMF and transforms quickly Ru-2c, which
with Ru-2c was performed in DMF. In the latter solvent, prevented the study of its redox behavior at room temper-
four well-separated cathodic steps could be distinguished inature.

absorbance

(72) Krejak, M.; Vleek, A. A. J. Electroanal. Chem1991, 313 243- (73) Heath, G. A.; Yellowlees, L. J.; Braterman, P.CGhem. Commun.
257. 1981, 287—-289.

8336 Inorganic Chemistry, Vol. 45, No. 20, 2006



Properties of Nitrospiropyrans

Table 4. Emission Maxima Amay), Lifetimes (), and Quantum Yields¢n) of the Investigated Photochromic Compounds in Their Open and Closed
Formg

compound Amadnm T/ns @334 @450 @600

1o 651 71 = 0.057 (0.74) 4.8¢ 1072 b 4.8x 102
7,=0.163 (0.26)

20 660 71=0.070 (0.75) 5.8¢ 102 b 5.7x 1072
7= 0.166 (0.25)

Ru-2c 634 218 (aer) 1.& 1072 (aer) 1.6x 1072 (aer) b
973 (deaer) 6.% 102 (deaer) 6.9 1072 (deaer)

Ru-20 655 71 =0.077 (0.89) 9.4x 1073d 6.3 x 1073d 4.7x 1072
7,=0.221 (0.11)

Os-2c 765 29 (aer) 2.% 1078 25x 1073 24x 1073
34 (deaer)

Os-20 765 29 (ae® 2.2x 1073e 25x 1073e 2.4x 103e
34 (deaer)

aExperimental conditions: in THF, at 223 RDoes not absorb at this wavelengttData refer only to the analysis of the short-lived component in the
emission decay trace of a mixture Rfi-2¢/Ru-20. The long component was assignedRo-2c. 4 Value extrapolated from the spectrum Ru-2¢/Ru-20
in the photostationary stateNo change was observed upon conversion from @se2cto Os-2d0Os-20in the photostationary state.

The UV—vis spectroelectrochemical experiment performed
with Os-2cin DMF revealed the same redox behavior as
described folRu-2c (see Table 3). The U¥vis spectra of
the different redox products are depicted in Figure S1
(Supporting Information). On the basis of these results, we
can conclude that the modification &€ with the attached
metal center irRu-2c andOs-2cdoes not interfere with the
reduction/reoxidation pathway to form the open merocyanine
structure. These metalated nitrospiropyran compounds un- .
dergo efficient electrochemically induced conversion to the 600 50 700 750 800 850 900
merocyanine open form, in contrast with the low reaction wavelength /nm
guantum yields of the photochemical transformation. Figure 10. Emission spectra in THF solutions at 223 Kiaf(-++) and20

Finally, it should be noted that the electrochemical (7). Excitation wavelengilex; = 334 nm.
formation of the open-form compounds at room temperature
is not a clean process. For all the investigated nitrospiropyran
compounds, repeated reduction/reoxidation cycles result in
a significant irreversible change in the shape of thepIL
absorption band, indicative of spiropyran decomposition.

//au.

. . . . 3 650 700 750 800 850 900

Luminescence Properties Emission maxima, quantum s wavelength / nm

yields, and lifetimes at 223 K in THF are reported for all B

investigated compounds in Table 4. For the closed forms of

the investigated compounds, there is no significant difference E

in emission characteristics going from room temperature to e

223 K. We could not confirm this behavior for the corre- 500 550 600 650 700 750 800 850 900

sponding open forms, as they are thermally unstable at room wavelength / nm

temperature. Figure 11. Emission spectra in air-equilibrated THF solution at 223 K of
Both 1c and 2c are nonemissive. After conversion 1o Ru-2c (--+), andRu-2d/Ru-20 in the photostationary state-§. Excitation

wavelengthlexc = 450 nm. Inset: emission spectrum in air-equilibrated

and2o, respectively, emissions appears with a maximum at THF solution at 223 K ofRu-20. Excitation wavelengttiexc = 600 nm.

651 nm forloand 660 nm foRo (see Figure 10). This result
is in agreement with characteristic emission properties of

¢ - 29,7475 Ru-2c is followed by energy transfer to the lower-lying
open-form spiropyran®.’+

i W q hich d ) h MLCT excited states. The efficiency of this process must

Di e_ren_ty r(imGéZan 2¢, w '?:_ 0 noltleml_It_I;{U-ZE as dbe close to unity because, if a significant amount of energy
;':eﬁgtljsgntﬁe emisgirgn(?)z(?l d I%usrewell)és tﬁese?rlmczgsi?)?] was lost by internal conversion to the ground state or by
lifetime (see Table 4), point to its origin in a Ru-to-bpy population of other trapping excited states not communicating

3MLCT excited staté? Neither the emission quantum yield with the MLCT states, this would result in a lower emission
nor the shape of the emission band depends on the excitatiofduantum yield for the Ik excitation compared to the MLCT

wavelength. This means that population of thedltate of ~ €Xcitation. The experimental result is consistent with the

nanosecond transient absorption data (see below) and with

(74) Balny, C.; Douzou, P.; Bercovici, T.; Fischer, Bol. Photochem. the fact that the photochemical ring-opening quantum vyield
1969 1, 225-233. for excitation into the spiropyran-centered bands is more than

(75) Kholmanskii, A. S.; Dyumaev, K. MRuss. Chem. Re 1987, 56, .
241-266. 10 times lower forRu-2c compared tdc.
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The dependence of the emission quantum yielRwf20
on the excitation wavelength can be understood by consider-
ing open-form spiropyrans as strictly singlet emitt&r€By
exciting Ru-20 with 600 nm light, the emissivéL sp level

1/a.u.

o 00 o4 o8 12 16 o 00 04 o8 12 16 is populated directly. Excitation with 450 nm light, however,
time / ps time / ps leads to population of the Ru-to-bpWILCT state, followed
Figure 12. Emission decay traces Biu-2c (left) andRu-2¢/Ru-20 (right) by fast ISC to the’MLCT state. Consequently, excitation

in air-equilibrated THF solution at 223 K. Excitation wavelendth. =

450 . energy must be transferred from this state to the lower-lying

emissivellL sp level. This can occur by means of drBter

Upon conversion ofRu-2c to Ru-20, the emission  €nergy transfer mechanism, for which conservation of spin
triggered by excitation at 450 nm gradually shifts to longer i not required. The’MLCT state of the [Ru(bpy)*
wavelengths, while its intensity slightly decreases (see FigureCOMPplex is not a pure triplet, however, but has been estimated
11). This shift can be explained by assuming thaRin20 to contain up to 10% singlet character, as a result of-spin
the YL sp excited states lie lower in energy than #\LCT orbit coupling’®7” It has been shown that, because of the
levels. Irradiation into théMLCT band at 450 nm induces ~ SPin—orbit coupling, energy transfer from tABLCT state
energy transfer to thHL sp excited states foRu-20. From  ©f [Ru(bpy)]*” to a singlet excited state of an organic energy
the emission measurements tmand 20, we know that the ~ acceptor is also possible by means of a Dexter energy transfer
open nitrospiropyrans show fluorescence around 660 nm, i.e.Mechanism, for which the spin conservation rules apply.
at a slightly lower energy than the rutheniudMLCT We can suggest that due to the coupling between the donor
emission. When a partially converted sampleRof-2c is and acceptor units and the expected orbital overlap the most
irradiated with 600 nm light, thereby selectively exciting the Ikely mechanism is the Dexter one. Only part of the
open formRu-20 and directly populating the lowest 4k excitation energy will _be transferred to tHﬁ_.sp level,
excited states below the MLCT states, indeed an emission0Wever, while part of it flows from theVILCT directly to
is observed with a maximum at 655 nm (see Figure 11, inset).the nonemissivélL splevels. Therefore, the emission quan-

Clear evidence for this change in the luminescence naturetum yleld“ upon .dlre,(,:tl”_sp excna}tmn ofRu-20 is higher
. . L R than the “sensitized” quantum vyield.
can be obtained readily by monitoring the emission lifetimes ) )
upon conversion oRu-2¢ to Ru-20. The [Ru(bpy)]?*- Alternatively, energy transfer may occur directly from the
. 1 1 . " .

type *MLCT emission typically lives hundreds of nanosec- _MLCT 10 the ‘ILsp levels, in compefition with ISC.
onds in aerated conditiod&,while the open forms of Recently, it ha; peen shovyn that singlet-state energy transfer
spiropyrans have emission lifetimes in the sub-nanosecondfror‘n,a polypyridine ruthenium center can compete with ISC,
time domaint. provided the energy-donor and -acceptor are close enough

. . . to each othe?? As in Ru-20, the energy donor and acceptor
If we monitor the emission oRu-2c in the nanosecond 9y b

time d : tial d is ob d4 with are very closely coupled, also in our case, part of the
'me domain, a monoexponential decay 1S observed, wi excitation energy may be transferred from #éLCT to
= 218 ns in air-equilibrated and = 973 ns in deaerated

i . the emitting*IL sp states directly. For a [Ru(bpy+-type
THF. Convertmg?u_-Zg toRu-20,a short-hved componen_t system, ISC has been determined to be an extremely fast
appears in the emission decay profile. The relative weight

fthe latt (i ith i ) > process, however, occurring with a half-life of 100 fs or
otthe fatter component increases with Increasing CoNVersion . s¢7980This means energy transfer should occur at a unlikely

(see Figure 12). . o high rate in order to achieve a population of tHesp
A single photon-counting (SPC) study with picosecond gygficient to account for the observed emission quantum

time resolution has revealed that the emission lifetime of yield, Therefore, we do not believe that this mechanism plays
the short component is very similar to thoselaf and 20 an important role for our system.

(see Table 4). Hence, we can conclude that the emission of ComplexOs-2cemits at 765 nm, with a lifetime of 29 ns

Ru-2o originates from the loweslLsp state. The biexpo- j air-equilibrated THF and 34 ns in deaerated THF. The
nential nature of the emission decay i, 20, andRU-20  gnission clearly originates from an Os-to-GiLCT state.
(see Table 4) can be understood by considering the openyhen converted t®s-2q there is no change in the emission
form of the spiropyran species to exist as a mixture of cparacteristics (spectral shape, position, lifetime, intensity)
conformers having different emission lifetimes. upon excitation at 450 nm. Also when exciting with 600 nm
Irradiation of a mixture oRu-2c andRu-2owith 600 nm  |ight, we only observe emission from the osmium center,
light, thereby selectively exciting directly into the lowest excit-  regardless of the degree of conversion. This indicates that

ed state oRu-20, which has'lL spcharacter, yields an emis-  in Os-2o0energy must be transferred from thespllevels to
sion with a quantum yield of 4.% 102. This value is very

similar to the quantum yields dfo and 20 (see Table 4). (76) Kober, E. M.; Meyer, T. Jinorg. Chem.1982 21, 3967-3977.

Extrapolation of the emission data for a mixtureRaf-2c and (77) Kober, E. M.; Meyer, T. Jinorg. Chem.1984 23 3877-3886.
. L. . (78) Mandal, K.; Pearson, T. D. L.; Krug, W. P.; Demas, J.JNAm.
Ru-20 yields an emission quantum yield fétu-20 upon Chem. Soc1983 105, 701-707.

excitation with 450 nm light of only 6.3« 1073, which is (79) DamraEer, N. H.; Cerullo, G.; Yeh, A;; Boussie, T. R.; Shank, C. V,;
significantly lower compared to the value determined for 600 g, McCusker, J, KeSclenceldgn 27 54 57 Okadd, Am. Chem.
nm excitation. S0c.2002 124, 8398-8405.
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Figure 13. Transient absorption difference spectrum b in air- Figure 14. Transient absorption difference spectrum 2¢ in air-

equilibrated THF at 293 K, with a step size of 30 ns between frames. equilibrated THF at 293 K, with a step size of 30 ns between frames.
Excitation wavelengtiiexc = 334 nm. Inset: The final frame of the transient  Excitation wavelengtiiexc = 334 nm. Inset: The final frame of the transient
absorption spectrum~) and the steady-state difference spectrum between absorption spectrum~) and the steady-state difference spectrum between
loandlc (--*). 20 and2c (--+).

the lowest emittingMLCT state, which has been estimated
to contain up to 30% singlet charactéf’ From these results,
we can conclude that, in contrast Ru-20, the lowest
SMLCT excited state of0s-2olies below the lowestIL sp
level.

Nanosecond Transient Absorption SpectroscopyNano-
second transient absorption spectroscopic studies have been
performed in order to gain more insight in the excited-state
processes. Reference compoudrexcited at 334 nm initially

displays two absorption bands at 435 and 579 nm (see Figure 300 400 500 600 700 800
13). Under aerated conditions, the 435 nm band decays and wavelength / nm
the 579 nm band grows, both with lifetime= 230 ns. Also, Figure 15. Transient absorption difference spectra Rfi-2c in air-

a new band arises at 381 nm with= 190 ns. The 381 and equ!libr_ated THF at 293 K, with a step size of 30 ns between frames.
. . . . Excitation wavelengtilexc = 450 nm.
579 nm bands, once they reach their maximum intensity, do
not decay on the time scale of the experiment. Within the (see Figure 14). Two absorption bands appear directly after
fitting error, the three lifetime values are assigned to the sameexcitation at 440 and 630 nm. The one at 440 nm decays
process. The temporal development in the spectrum iswith a lifetime of 210 ns under aerated conditions. The decay
therefore attributed to the decay of an excited-state speciesof the band at 630 nm is similar, but the lifetime could not
and the formation of a photoproduct. be determined precisely due to a strong overlap with a new
It is known that irradiation of.cresults in the appearance band growing at 594 nnt (= 210 ns). In analogy téo, the
of two transient absorption bands in the nanosecond time440 and 630 nm absorption bands are ascribed to an open-
domain, one around 430 nm, the other around 570 nm; thering species in a triplet excited state. Upon decay of this
exact maxima of these bands depending on the solventtriplet excited state2o in the ground state is formed,
used?®628They decay with the same rate and have been characterized by absorption bands at 385 and 594 nm.
assigned to a triplet excited state where the spiropyran ring Figure 15 shows the transient absorption spectrufRuef
is already opefi>62 Our observations in THF comply with  2c obtained atlex. = 450 nm. The transient triplet-state
this description. species observed fdrc and2c was not found. Instead, the
The last frame of the transient absorption spectrum is spectrum shows the bleach of the MLCT absorption band at
virtually identical to the ground-state difference spectrum 464 nm, accompanied by an absorption band below 425 nm
betweenlo and 1c (see Figure 13, inset). Therefore, the and unresolved absorption in nearly the whole region above
absorption bands in this frame can be assignetbtm the 500 nm, with a break between 600 and 650 nm. This pattern
ground state. Since the 579 nm absorption band of theis characteristic of a ruthenium-to-bpMLCT excited staté?
precursor triplet state overlaps strongly with that of the The excited-state species decays to the ground staRe-of
ground-state species, the rise in time observed for this bandlc monoexponentially, with lifetimes of 200 and 960 ns in
is the result of the decay of the triplet excited state and the the presence and absence of oxygen, respectively. These
simultaneous growth of the more intense ground-state values are in excellent agreement with the excited-state

absorption. lifetimes determined from the emission measurements, again
The nanosecond transient absorption spectrum generategupporting theMLCT nature of theRu-2c luminescence.
by 334 nm irradiation oRc is very similar to those of.o The spectral shape of the transient absorption spectrum does

not change during the decay. After the decay of the excited-

(81) Ernsting, N. P.; Arthenengeland, J..Phys. Cheml991, 95, 5502—
5509. (82) Miedlar, K.; Das, P. KJ. Am. Chem. S0d.982 104, 7462-7469.
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Scheme 4. Simplified Energetic Schemes for (Ru-2c and (b)Ru-20
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Scheme 5. Simplified Energetic Scheme f@®s-20 localized on the spiropyran moiety, in competition with this
3 energy transfer process.
IMLCT e Based on the presented experimental results, a qualitative
\ energy diagram foRu-2c is depicted in Scheme 4a. The
S 2 e energies of the lowedMLCT and3MLCT states of the [Ru-
‘é SMLCT (bpy)] 2+_ frggment are derived _from the UWis absorption _
5 and emission spectra, respectively. The energy of the spiro-
T pyran S level is taken from theoretical calculations in the
emission ¢ | hv hv' literature®” The data indicate that theyS> S; transition has
zero oscillator strength and that the IBvel is the lowest
0 So intraligand excited state that is optically accessible. Its energy

has been derived from the UWis absorption spectrum. The

state species, an absorption at 650 nm remains, which doe§nergy of the intraligand ilevel is not known exactly, but

not decay in time (see Figure 15). We do not know the origin s discussed above, it must lie between thar®i*MLCT

of this strange feature. levels. Formation oRu-20 then occurs from thélL states
When exciting with 334 nm light, the observed transient 1N competition with ISC and energy transfer to the MLCT

absorption spectrum is very similar to that obtained for the '€vels.

excitation at 450 nm. The only difference is a an additional ~ The energetic scheme f@s-2cis qualitatively the same,

weak absorption observed around 600 nm in every frame,only the MLCT excited states are lower in energy than the

which does not decay on the microsecond time scale. Thiscorresponding levels dRu-2c.

absorption band can be attributed to a minor amouiRwf Scheme 4b shows a qualitative energy diagramRor

20 formed within the first frame. 20. The energy of the loweslL level has been derived from
For Os-2¢ the nanosecond transient absorption spectra arethe emission spectrum. The position of #LCT absorp-

very similar to those oRu-2c, showing a bleach of the  tion band does not shift with conversion, and the energy of

MLCT absorption bands at 489 and 597 nm, an absorption the 3MLCT level should not be affected either. Also in this

band below 435 nm, and unresolved absorptions above 690case, the intraligand;Tevel is not known exactly, as already

nm. This pattern can be assigned to an osmium-to-bpy chargejiscussed in the emission properties, it must lie between the
transferMLCT, excited staté The3MLCT lifetime of Os- SMLCT of the ruthenium and that of the osmium (1:62

2cis 29 ns in air-equilibrated THF, once again in excellent 1 gg ev).
agreement with the lifetime obtained from the emission

For Os-2q the energy diagram is quite different (see
measurements. a gy diag q (

Scheme 5). From the U¥vis absorption spectrum, we can

The facts that fof botiRu-2c andOs-2conly the excited conclude that also in this case the lowest intraligand singlet
states corresponding to the metal-based components argite is lower in energy than tHMLCT state. However,

observed, independent of the excitation wavelength, and thatthe fact that forOs-20we observéMLCT emission with
the shape of the spectrum does not change with time confirm - .
the same quantum efficiency as 0s-2cshows that in this

that, upon excitation of the systems to higher-lying optically case theéMLCT state is the lowest-energy excited state of

accessible excited states, energy is transferred tMhE&T th tem. As this state h rial sinalet character. ener
states on a sub-nanosecond time scale, and that the photo- € system. A this stal€ has partial Singlet characler, energy

1 )
reaction must take place from the excited singlet states > transferred to théMI_‘CT from the_ ”.‘SP I_e vels directly,
and no open-form spiropyran emission is observed, even

(83) Creutz, C.. Chou, M.; Netzel, T. L.. Okumura, M.: Sutin, NAm upon direct excitation to the lowelt. level of the spiropyran
Chem. Soc198Q 102, 1309-1318. subunit.
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Conclusions the spiropyran is used as the bridging ligand between a donor
and acceptor moiety to obtain large differences in the

and [Os(bpy)]2* metal complexes with photochromic ni- efficiency of energy transfer from donor to acceptor between

trospiropyrans into one molecule, described their photo- the two forms. ) .
physical, photochemical, and electrochemical behavior and 1€ closed spiropyran species can also be converted
compared that with the free ligand and a reference compound £lectrochemically to the corresponding open merocyanine
The photochemical ring-opening process is less efficient form by reduction and subsequent two-step reoxidation
for the metal complexes than for the noncoordinated ligand. mvolvmg an unldeqt|f|ed |nterrr.1ed|ate'strgpture. Interestingly,
In the closed-form ligand, both the fast singlet-state and the € €fficiency of this process is not significantly affected by
slower triplet-state ring-opening processes can occur. Inthe metalation of the spiropyran moiety.
contrast, these processes are quenghed in the metal complexes Acknowledgment. The assistance of Hendrik J. van
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