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Visible-Light-Driven Photoreactions of [(bpy).Ru(Il)L]CI , in Aqueous Solutions (bpy=
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Visible-light-induced photoreactions of [(bpRu(Il)L]Cl, (bpy = bipyridine, L= trans-1,2-bis(4-(4methyl)-
2,2-bipyridyl) ethene) in aqueous solution are examined. From pH titrations, it is found that the Ru complex
is a stronger base Kg* = 6) in the excited state than in the ground stat€, @ 4). Photolysis of the [(bpyRu-

(INL] complex in solutions at pH 7 and 12 led to formation of species with increased emission quantum
yields,~55 nm blue-shift of the emission maximum to 625 nm, and disappearance of the absorption band at
330 nm, the latter arising from the olefinic bond of the L ligand. No spectral changes are observed in solutions
at pH =< 4. With the help of chromatography, mass spectroscopy, Raman spectroscopy, and NMR, photoproducts
formed at neutral pH have been analyzed. It is found that the major product is a dimer ofRb{h).],
dimerizing around the double bond. Photoreactions do not occur in the dark or in the aprotic solvent acetonitrile.
We propose that a Ru(lll) radical intermediate is formed by photoinduced excited-state electron and proton
transfer, which initiates the dimerization. The radical intermediate can also undergo photochemical degradative
reductions. Below pH 4, the emission quenching is proposed to arise via protonation of the monoprotonated
[(bpy)Ru(Il)LH] followed by electron transfer to the viologen-type moiety created by protonation. The products
of photodegradation at pkt 12 are different from those of pH 7, but the mechanism of the degradation at
pH > 12 was not elucidated.

I. Introduction

Polypyridine complexes of ruthenium have been studied
extensively for applications in energy conversioh,charge
separatior¥,; 1! luminescence sensifdgphotocatalysis and as
photochemical molecular devic&s!®> Metal-to-ligand charge
transfer (MLCT) states of these complexes play a major role in
their photochemical and photophysical processes. The charac-
teristics of the MLCT state can be altered by varying the
ligands®6 Ruthenium complexes containing rigid ligands with
extendedr-conjugation systems tend to have longer excited-
state lifetimes as a result of shorter bond displacements in the
excited staté’ Stilbene-like N-heterocyclic compounds represent . .
such a class of ligand&;1%and their photochemistry in aqueous Synthesis of L and the corresponding Ru complexes has_ been
solutions has been extensively studié®? These molecules reporteo! by Strouse et &.We report herg that the absorption
undergo photoaddition and photoreduction reactions involving @d emission spectra of aqueous solutions of (R ]2
radical intermediates, where the corresponding hydrocarbonseXh'b't S|gn_|f|can_t changes under visible-light |rre_1d|at|on. The
are unreactive. Transition metal complexes containing stilbene- Photochemistry is pH-dependent and occurred in neutral and
like ligands have been synthesized, and their photophysical and?@SiC aqueous solutions. Photoproducts were analyzed by
photochemical properties have been repofte€d:2’ Several chromatography, spectroscopy, and mass spectrometry. We
studies have shown that photoreactions including trais suggest_that a radical mtermedla_te_ansmg f_rom excited-state
isomerization occur under UV-light irradiation in organic protonatlon and electron transfer is |nvo_lved in the photoreac-
solvents. However, their photochemical properties in aqueous!i0ns and leads to the formation of the dimer of [(RQL]*"
solutions have not been explored. Another important feature of & the major photoproduct. At p 4, excited-state protonation
Ru complexes containing protonable ligands is their-abiase and electron transfer occur without any new photochemical
reactions in the excited stat®:35 Charge localization on the ~ Preducts.
ligand in the MLCT state can lead to pH-dependent lumines- || Experimental Section

cence properties. II.1. Materials. The [(bpy}Ru(Il)L](PFe). was synthesized

In this paper, we explore the photoreactions of (bl . . .
(L (bpy i Sz-bipydinep L= transPl 2-bis-(4-(4rmethy(l-2mza? as described elsewheté’” The chloride salt [(bpyRu(ll)L]-
§ ’ ’ ’ Cl, was prepared by treating a solution of thegPBalt in

bipyridyl)ethene, structure shown below) in aqueous solutions. Mg . I
pyridyl) ' ) q acetone with lithium chloride and recovered by filtration.

*To whom correspondence should be addressed. E-mail: dutta.1@ S0dium 1-heptanesulfonate monohydrate was purchased from
osu.edu. Phone: 614-292-4532. Fax: 614-688-5402. Sigma-Aldrich.

(bpy)>Ru(IDL
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I1.2. Photolysis. The light source was a Xenon arc lamp
equipped with a water filter and a UV and 430 nm cutoff filter.
The power of the radiation incident on the substrate side of the
cell was measured by a Coherent 210 power meter and found
to be~150 mW/cn3. Spectral changes associated with irradia-
tion of samples were monitored with a UWis spectropho-
tometer (Shimadzu, UV-2501PC), and emission spectra were
measured using a Spex Fluorolog fluorimeter.

11.3. Resonance Raman Spectroscopyresonance Raman
spectra were obtained onl x 103 M samples in CHCN at
298 K. Raman Spectra were taken by a HORIBA-Jobin Yvon
HR800 spectrometer with excitation at 488 nm.

I1.4. High-Performance Liquid Chromatography (HPLC).
A Shimadzu series LC-10AT pump LC system and a Rheodyne
sample injector with 2@L and 100uL loops, and a Shimadzu
SPD-M10a diode array U¥Vvis detector were used. Separation
was achieved by means of reversed-phase ion-pair chromatog-
raphy3® Analytical separations were carried out on a Symme-
tryshield PR18 reversed-phase column (150 mn#.6 mm,
100 A, 5um, Waters Corporation), and semipreparative work
was done on a Sunfire reversed-phase column (250>mbd
mm, 100 A, 5um, Waters Corporation) with detection at
variable wavelengths. The mobile phase was comprised of water
(solvent A) and methanol (solvent B). Both A and B contained
5 mM sodium 1-heptanesulfonate as the ion-pairing agent.

For analytical assays, the flow rate was 1.0 mL/min, for
semipreparative work, 4 mL/min. Aqueous solutions of the metal
complexes containing the ion-pairing agent were then passed
through the column. The desired components were then eluted
with aqueous methanol (the larger the percent of methanol in
the mixture, the more facile the elution). The chloride salts of
photoproducts were prepared by dissolving the heptanesulfonate
salt in water, passing the solution through Dowex 1-X8 anion
exchange resin in the chloride form, and evaporating the
resulting solution to dryness.

11.5. Liquid Chromatography Mass Spectrometry (LC — i i e
MS). Experiments were performed on a Micromass LC-Tof Il Figure 1. (Sa) Absorption and (b) emission spectra of [(bRYLJ*"-2CI-
(Micromass, Wythenshawe, U.K.) mass spectrometer equipped(1.0 x 107> M, excitation wavelength is 450 nm) in water (p7.0).
with an orthogonal electrospray source (Z-spray) operated in For exact mass measurements, all spectra were combined,
posi[ive ion mode. Sodium iodide was used for mass calibration SmOOthed, and CentrOided, and internal calibration with mass
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for a calibration range afVz 100-2000. Optimal ESI conditions
were the following: capillary voltage 3000 V, source temper-
ature 110°C, and a cone voltage of 55 V. The ESI gas was
nitrogen. All ions transmitted into the pusher region of the TOF
analyzer were scanned ovefz 300—1000 wih a 1 sintegration
time. Data was acquired in continuum mode during the LC run.
The liquid chromatographic/autosampler system consisted of a
Waters Alliance 2690 separations module (Waters, Milford,
MA) and Symmetryshield PR18 reversed-phase column (150
mm x 4.6 mm, 100 A, 5um, Waters Corporation). The mobile
phase was comprised of 30% water and 70% methanol. Both

solvents contained 5 mM sodium 1-heptanesulfonate as the ion-

pairing agent. The mobile phase flow rate was maintained at
1.0 mL/min and was split postcolumn using a microsplitter valve
(Upchurch Scientific, Oak Harbor, WA) te-20 uL/min for
introduction to the ESI source.

11.6. Electrospray lonization Mass Spectrometry (ESI-
MS). All experiments were performed on a Micromass ESI-
Tof Il (Micromass, Wythenshawe, U.K.) mass spectrometer
equipped with an orthogonal electrospray source (Z-spray)
operated in positive ion mode. Sodium iodide was used for mass
calibration for a calibration range @fYz 100—2000. Samples
were prepared in a solution containing acidified methanol and
infused into the electrospray source at a rate-ef® mL mirm ™.

of sodium iodide clusters was used. Optimal ESI conditions were
the following: capillary voltage 3000 V, source temperature

110°C, and a cone voltage of 55 V. The ESI gas was nitrogen.
Data were acquired in a continuum mode until acceptable
averaged data were obtained.

I1.7. Nuclear Magnetic Resonance (NMR) Spectroscopy.
For HPLC-isolated photoproducts, NMR data were acquired at
a temperature of 298 K using a Bruker 400 MHz NMR
spectrometer.

Ill. Results

Figure 1 shows the absorption and emission spectra of
[(bpy).RuL]?>"-2CI" in distilled water. The electronic spectrum
consists of well-resolved bands-a287 and~330 nm assigned
to intraligandz—s* transitions of bpy and L, respectively, and
a band at~464 nm attributed to the MLCT transition. The
complex in neutral aqueous solutions has an emission maximum
at~680 nm (Figure 1b). Lifetimes were measured in acetonitrile
(PR~ salt) and in acidic pH. Biexponential fits were required
in CH3CN, with lifetimes of 710 (82%) and 256 ns (18%). At
pH ~ 3.2, three lifetimes of 765 (38%), 531 (44%), and 109 ns
(18%) were necessary for an adequate fit.

Ill.1. Acid —Base Reactions in the Ground and Excited
States.Acid—base equilibria are expected in both ground and
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Figure 2. (a) Absorption spectra of [(bpyRuL]?* (2.0 x 1075 M) in -2 0 2 4 6 8 10 12 14
aqueous solution as a function of pHE.55— 13). (b) Plot of change pH

in absorbance at 315 nm vs pH. Figure 3. (a) pH dependence of the emission spectra for [({Rwl]>+
) ) (2.0 x 1075 M) in water (excitation wavelength is 480 nm). (b) Plot of
excited states due to the presence of protonable nitrogens oremission intensity at 680 nm vs pH.

ligand L. Absorption spectra of [(bpyRuL]?" as a function of
pH are shown in Figure 2a (pH changes accomplished by addingsolutions was examined. In acetonitrile, no changes were
HCl or NaOH at an ionic strength of1.0 M NaCl). The observed in the absorption and emission spectra. In contrast,
spectral changes were reversible with pH. The MLCT absorption photolysis of [(bpy)RuL]?" in aqueous solutions resulted in
consists of two bands at 426 and a shoulder at 464 nm. Thesignificant spectral changes. Figure 5a shows the absorption
high-energy band remains constant as a function of pH, whereasspectra of [(bpy)RuL]?" as a function of irradiation time (7 h)
the low-energy band red-shifts t&500 nm as the pH is  in deionized water (pH- 7). The 330 nm band diminishes with
increased, which results in an overall broadening and flattening time, accompanied by an increase of the 254 nm band. Slight
of the band (Figure 2a). A plot of the absorbance-&815 nm decreases in intensities of 284 and 464 nm were also observed.
arising from ligand L versus pH shows an inflection point at Changes were also observed in the emission spectra (Figure
pH ~ 4 (Figure 2b), suggesting &R~ 4.0 for monoprotonation ~ 5b). The emission maximum exhibited arb5 nm blue-shift,
of the parent compound. and the intensity of the band increased by an order of magnitude
The emission spectra as a function of pH (excitation upon 7 h ofphotolysis. The spectral changes of [(IyR)L]%+
wavelength 480 nm) are shown in Figure 3a. A plot of inaqueous solutions are observed even with room light exposure
luminescence intensity at 675 nm versus pH shows two within a few hours. However, no spectral changes were observed
inflection points at pH~ 2 (sharp) and pH- 6. At pH 0 and if the solutions were maintained in the dark.
lower, the luminescence intensity of the complex is negligible.  To explore the effect of pH on the photoreactivity of the
The luminescence properties are reversible with pH. Stern complex, solutions at pk- 4 (acetate buffer, 0.01 M), pH 7
Volmer plots as a function of pH are shown in Figure 4 for (phosphate buffer, 0.01 M), and pH 12 (phosphate buffer,
two pH ranges of 410 and 0.55-4. The plot is linear only in 0.01 M) were studied. The photochemistry was monitored by
the acidic pH rangel{ values were taken at pH 10 and 3.8 the change in intensity ofmax of the emission peak. Figure 6
for the plots covering the basic and acidic range, respectively). shows that the rate of photochemical reactions depend on the
I11.2. Photolysis of [(bpy).RuL]2" in Aqueous Solutions. pH of the solution, with spectral changes occurring faster with
11.2.a. Spectroscopic Changdhe photochemistry of [(bpyRUL]2" increasing pH, but with no significant changes at gt or
upon irradiation by visible light in acetonitrile and aqueous pH < 4 (data not shown).
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Figure 5. Visible-light irradiation of [(bpy)RuL]>" (1.0 x 107> M)
in aqueous solution (pkH= 7) as a function of time: (a) absorption
spectra; (b) emission spectra (excitation wavelength is 450 nm).
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Resonance Raman spectra of samples obtained before and A PpH=12
after irradiation of aqueous [(bpRulL]?"-2CI- for 8 h were = 4x10° A N
recorded. After photolysis, the PFsalt was generated and g ]
Raman spectra were recorded using:CN as solvent, dueto & N e PH=7
the stronger fluorescence background observed in water (con-g 310" e * i
centration 1.0 mM). Figure 7 shows the Raman spectra obtained® | )
in resonance with the MLCT excitation. For [(bpRuL]%" g . ®
before irradiation, bands observed at 1171, 1216, 1332, 1427,3 210" A .
1541, and 1639 cnt are assigned to vibrations from the L & A b
ligand1” The major change after irradiation is the loss of ~ . A ®
intensity of the band at 1639 crhassigned to the-C=C— 10" ° 1
stretch. 5 pH=4

I1l.2.b. Photolysis ProductsComponents present in the o Paa . | =
starting solution of [(bpyRuL]?*" as well as photoproducts 0 100 200 300 400 500
formed after visible-light irradiation in aqueous solutions were Time (mins)

analyzed by HPLC equipped with a photodiode array detector.
For the unphotolyzed solution of [(bpfRuL]?", chromatograms
obtained by monitoring species at 450 nm show two peaks with
a retention time of~5.3 min (peak A in Figure 8) and a minor  spectroscopic properties, andz values obtained by LEMS
component at~3.9 min (peak B). The absorption spectra of are presented in Table 1. LS analysis of species present
species related to each chromatographic peak are shown inin fractions A and B produced doubly charged ion peaks
Figure 9a. For species B, the band at 330 nm has lower intensitycentered aim/z = 389.1 assignable to [(bpRuL]?>" (calcd
compared to species A (Figure 9a). The retention times, 389.1 for [C4H3gNgRU?T). The LC—-MS data is identical to

Figure 6. Intensity of emission maximum during visible-light irradia-
tion of [(bpy)RuUL]?" (1.0 x 1075 M) at pH 4, 7, and 12.
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mass spectral data for as-synthesized [(EHRw)]>" obtained
by ESI-MS and shown in Figure 10a.

After 8 h of photolysis at neutral pH the HPLC trace (Figure
8b) shows that peak A has almost disappeared and peak B alon@®
with four new peaks C, D, E, and F are observed. The compound 8
represented in F is the major produet90%) with a retention
time of ~8.3 min and C, D, and E are minor components (total
amount <5%) with shorter retention times. Peak B is of the
order of 5%. The 330 nm band is completely lost in the species
in peak F (Figure 9b). By use of semipreparative chromatog-
raphy, the material in fraction F was isolated. The ESI-MS of
fraction F contains a triply charged ion peakmaz = 578.5
and a doubly charged ion peak at 389.1, as shown in Figure
10b. Them/z 578.5 peak is assigned to 1-heptanesufonic ion-
paired adduct of a dimer of [(bpyRuL]>" (calcdmyz 578.5 for Time(min)
[CagH3eNgRUIZ ]2 [C7H15SOs7]). We suggest that thevz 389.1 Figure 8. HPLC trace with detection at 450 nm of a solution of
peak arises from the monomer [(bpRUL]?* (calcdm/z 389.1) [(bpy)RUL]?* (1.0 x 10°* M) (a) before and (b) afteB h of photolysis
via fragmentation of the dimer during the MS measurement. in water (pH=7).

Mass spectra obtained from an aqueous irradiated solution of ) ) o )
[(bpy)2RUL]Z* (in the absence of ion-pair reagent) also shows We did not carry out detailed chara_\ctenzanon of this photo-
atriply chargedion peakafz561.11, assigned to jgsgNgRUP ] - product since the eventual application of [(bfAL** will
(calcd 561.11). The source of iodide is from sodium iodide bg in neutral or acidic solutions. However, comparisons of
added for electrospray ionization (MS shown in the Supporting Figures 8 and 11 clearly show that the photoproducts at-pH
Information). 7 and~13 are distinct f_rom each other, indicating different

Fractions C, D, and E could not be isolated by preparative Pathways of photochemical degradation.
chromatography due to the presence of small amounts of these . .
compounds in a high concentration of ion-pair reagents. Peak!V- Discussion
C eluting with a short retention time of 1.4 min had absorption  The interest in ligand L was motivated by studies that
bands at 245, 288, and 458 nm (Figure 9b). The absorption polypyridyl complexes of Ru with L are attractive candidates
spectrum of compound D which eluted with a retention time of as photosensitizers for artificial photosynthetic systéh®&uch
1.6 min is also shown in Figure 9b, with bands at 244, 292, compounds are reported to have lifetimes in excess of micro-
360, and 498 nm. Compound E eluting with a retention time of seconds and red-shifted emission bands, e.g., [Ru(dij?h)

2.1 min has bands at 242, 289, 350, and 484 nm (Figure 9b).in acetonitrile has emissiothax0f 732 nm and lifetime of 1150
The 330 nm band is absent in all these samples. ns as compared to [Ru(dmby" with a Amax of 642 nm and

Since no degradation of [(bpy3uL]?* was noted at pH- lifetime of 950 ns (dmb= 4,4-dimethyl-2,2-bipyridine)’

4, no analysis of the photoproducts was carried out. However, However, the emission quantum yields for complexes with the
at pH > 12, the photodegradation was more pronounced than L ligand were lower by an order of magnitude. A detailed study
at pH 7, and HPLC of the photoproducts was carried out for a has been carried out on a diruthenium species, coordinated via
sample photolyzed at pH 13.3. As shown in Figure 11, after 2 the free bipyridine part of the L ligand, [(dmi®u(L)Ru-

h of photolysis, the starting material has disappeared. A major (dmb)]*". On the basis of various spectroscopic techniques,
product peak is observed with a low retention time of 2 min; the electron in the excited state was proposed to be delocalized
the absorption spectrum shows that the 330 nm band is absentover the L ligand’ The binuclear Ru complex was found to

450 nm
m
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Figure 10. ESI-MS of (a) the starting compound [(bpRUL]J?>" (A)
and (b) 1-heptanesufonic ion-paired adduct of a sample isolated from
fraction F.

electron is localized on the most reducible ligdfidn cases
where the electron-localized ligand is protonable, the formation
of the MLCT state can cause significant changes in the excited-
state acie-base chemistry? Two apparent K*'s are evident
from the emission titration in Figure 3b, around 2 and 6.

The thermodynamicky*'s of the excited state can be derived
from the apparent ;*'s by two methods. If equilibrium is
established between the protonated and deprotonated forms
during the lifetime of the excited state, then the excited-state
lifetimes of the deprotonated and protonated forms can be used
to calculate z*. A second method, based on the Forster cycle,
uses the absorption energies of the acid and base, and a good
estimate of the 80 transition energy is required. At pH 3.2,
three lifetimes are observed. Two of these at 531 and 765 ns
are assigned ta 4+ and 7. for the lifetimes of mono and
unprotonated [(bpyRuL]?" species. The third species with a

photolysis studies were reported in aqueous medium. Elliott and lifetime of 109 ns could be arising from the minority component

co-workers have examined a ligand which is a dimer of-4,4
dimethyl-2,2-bipyridine, in whichN,N’'-dialkylation of one end

of the dimer leads to a diquat-modifed ligand, the other end
complexed to bis(bipyridine) rutheniufh® These complexes

of the monoprotonated cis form. Using the lifetimes of 531 and
765 ns, the two excited-stat&g’'s are calculated at 2.7 and
5.8. The Forster’s cycle calculation requires the transition energy
of the unprotonated and protonated forms for the triplet MLCT

without a double bond were photostable over a period of hours state!®3°Since this data is not available, we have not used this
exposed to room light, but after several days, the emission wasmethod.

increased, indicating photodegradatf®f.The photoproducts
were not analyzed.

IV.1. Acid —Base Chemistry of [(bpy}RuL] 2". The titration
data of [(bpy}RuL]>" shown in Figure 2a indicates that the
pKa for monoprotonation is+4, indicating that the bound ligand
L is a weaker base than pyridineKp~ 5.3). Also, evident in
Figure 2a is the red-shifting of the 464 nm band with protonation
indicating that conjugation extends over the entire ligand L, with
the two bipyridyl moieties in electronic communication through
the olefinic bond. The protonation-induced red-shifts are
consistent with previous experimerifadnd theoretical studié®
which showed MLCT bands exhibit red-shifts when nitrogen

atoms on the ligand are protonated or coordinated to electron

acceptors, e.g., BF

The emission titration data in Figure 3 provides information
about excited-state acitbase chemistry. Studies have shown
that in mixed-ligand Rupolypyridyl complexes, the excited

The larger value of Ig, for [(bpy).RuL]?" in the excited state
(2 units higher) compared to that in the ground state implies
that the coordinated L is stronger base in the excited state.
Increase in basicity of about5 pH units has been noted for
the *[Ru(bpy)(dpp)Ft complex (dpp= 2,3-bis(2-pyridyl)
pyrazine) due to electron delocalization on the dpp ligand in
the excited stat&’ An even more extreme example is [Ru(bpy)
(bpz)P" (bpz= 2,2-bipyrazine), with K, and pKz* being —0.15
and +8.2, respectively? The difference in K, and Kg*
depends on the ability of the electron in the excited state to
delocalize on the ligand. Examples are known whefg gnd
pKa* values differ by only 0.4 unit8!

IV.2. Structural Identity of Photoproducts. The HPLC of
the starting material shown in Figure 8a has a major peak at A
(~95%) and is assigned to [(bpRRuL]?", based on the
electronic and mass spectra. We also suggest that this compound
is the trans form, in which the two “bpy” units in L are in trans
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TABLE 1: Retention Time, Spectral Properties, andm/z of the Chromatographic Peaks in Figure 8 and Proposed Structural
Assignments

retention time Amax
peak (min) (nm) m'z possible species
C 1.4 245, 288, 458 [(bpyRUPH(LH—OH)]
D 1.6 244,292, 360, 498 trans-[(bpy).RU?(H.0),]
E 21 242, 289, 350, 484 cis-[(bpy):RW?"(H20),]
B 3.9 244,288, 330, 463 389.1 cis-[(bpy).RUP*L]
A 5.3 242, 288, 330, 463 389.1 trans[(bpy):RU?"L]
F 8.3 243, 288, 458 389.1,578.5 [(bER)P L] 2 [C7H15SOs7]

configuration to each other. Since the more stable form of L is low retention time. For all these products, the absorption spectra
the trans isomer, it is reasonable to expect that [(Fyl]2+ show the lack of the 330 nm band.

is primarily the trans form’ However, besidesans{(bpy).Ru IV.3. Mechanisms of the Photochemical Reaction in
L]2" (peak A) in the HPLC, there is also a minor peak B, with  Aqueous Solutions.Spectroscopic and chromatographic data
the same mass spectral pattern as A, but a lower intensityindicate formation of several products after visible-light irradia-
absorption band at 330 nm (Figure 9a). We assign peak B totjon of [(bpy),RUL]?* in aqueous solutions at neutral and basic

the cis isomer of [(bpyRuL]?*. The weaker interligang—s* pHs, but no changes at acidic pH, and the discussion below
transition arises from the distortedconjugation system due  focuses on these observations.

to the constrained structure in the cis configuration. This is |\, 3 4. pH~ 7. Scheme 1 is the proposed mechanism in the
consistent with previous studies which showed that transition o tral pH range. In reaction 1 the MLCT excitation leads to

metal _complexes containing cis is‘?mef of_stilbgz?éla:,z-bis- electron localization on the L ligand in the excited stdt®
(4-pyridyle)ethylen® and other stilbene-like ligand$,had  giecirochemical studies have shown that L ligand is more easily

weaker intraligandr—x* transition bands compared to their o4 ced than bp§? Transient absorption studies measured in
trans isomers. Two lifetimes observed in acetonitrile at 710 and acetonitrile confirm that L has a radical anion charaéter.

256 ns are assigned to the trans and cis forms, respectively. It
is unclear how theis-[(bpy).RuL]?>" is forming. Ligand L was
purified andtrans-[(bpy),RuL]?* isolated by chromatography.
A possibility for the small amount ofis{(bpy)RuL]?" in the
unirradiated sample can be due to photoreactions induced b
room light during preparation and handing of the solutions.
Upon photolysis, the main product isolated (peak F) by
preparative HPLC is the photodimer of the [(bgRWL]>"
complex. Mass spectra (Figure 10b) of F shows a triply charged
ion peak atm/z 578.49 attributed to the ion-paired adduct of
the dimer (calculated value for fgHg/N16RWLS O] 578.49).
The complete disappearance of 330 nm band after irradiation
indicates the loss of the olefin bond and the conjugation between
the two bipyridine rings. The emission spectrum resembles
[(bpy)sRU?" and also supports the loss of the double bond.
The absorption spectra of D and E (Figure 9) match that o
trans and cis isomers of [Ru(bpii.0)]¢", respectivelyt1:42
Peak C is assigned to a photohydration OH adduct due to its

Reaction 2 represents the aelthse equilibrium in the excited
state. The increase of the electron density on L ligand leads to
an enhancement of basicity of in the excited stat&;{p~ 6).
Addition of the proton is expected to occur at the position with

yhighest electron density of radical anion, i.e., the nitrogen atoms.

Quenching of the excited state by protonation has been observed

for Ru polypyridyl complexes containing ligands with proton-

able siteg830.35The product | formed in reaction 2 as a result
of protonation and electron localization is a radical with structure
shown in Scheme 1 (I). The SteriWolmer plot in Figure 4b
indicates that emission quenching is indeed occurring with pH,
but the nonlinear nature of the plot suggests that other reactions
are also occurring. Inspection of Figure 3a shows a shoulder at

625 nm, and there could be formation of minor amounts of

f photoproducts that influence the emission data. In aprotic

solvents, such as acetonitrile, no photoreaction was observed

under visible-light irradiation, since intermediate A does not
get protonated.

SCHEME 1
pH=7
1 hv -
g \ [(bPy)2RUZ*(C1CoN1N)l — “[(bpY)oRU*(C1CoNNy) ] U]
oy ] A
Ya) . - .
<+ [(PYRRUP(C1CaNIND) 3+ HY——= [(bpy),RU®*(C1CoN{HN,)] @
S |
© ) . bet
2 [(bPY)RU™ (CICNIHN] ——2= [(bPY)2RUZ*(C1CoN:N,)] @)
= -
,.g 4 1
. A
_é’ [(bpy)2RU**(C1CoN4HNy)] (s_>) [(bpy)2RUZ*(C4N4N2Co-CoNoN1C1RuZ*(bpy)s]  (4)
A cheme 2
300 400 500 600 ! F
h
Wavelength(nm) I + HoO - degradation products (5)
0 2 4 6 8 10 12 14 (bpy)Ru¥ "
Time (min)
Figure 11. HPLC trace with detection at 450 nm of a solution of SNH
[(bpy)RUL]?" (1.0 x 1073 M) after photolysis in pH 13.3 solution for 2N,

2 h (the inset shows the absorption spectrum of the major peak at 1.85
min). 1 F
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SCHEME 2
\_ N~ “Ru2'(0pY);
(bpy)zRuZ;
N\
X -
HN4 ~
N2
A A
-H* |
b R 3+’N b R 2+—N
(bpy)2 ul (bpy)2 ul_
N3
! F
Several groups have studied the photochemisttyanfs-1,2- induced by electron transfer (ET) from excited sensitiZ&rg’

bis(4-pyridyl)ethylene (BPE) in aqueous solutidfi£? In these These studies suggested a radical-type intermediate was pro-
studies, it was proposed that a radical intermediate (shown duced, which has a single-bond charaé#én all reported cases
below) is involved in photoreactions. The formation of the with the involvement of a radical intermediate, trans isomer was
radical intermediate is via hydrogen abstraction by nitrogen and found to be the dominant product.

subsequent rearrangeméhthe ligand L has a similar structure Reaction 3 represents deprotonation followed by back ET to
as BPE and species | has a proposed structure similar to thegenerate [(bpgRUL]?". Reaction 4 describes the reaction of |
radical intermediate shown below. with the parent compound to form the dimeric product F, as
shown in Scheme 2. It may be unexpected that dimerization
- . - will occur since a low concentration of the monomer was used
N CHCH NH (<1075 M). A previous study on the photolysis of the methio-
\ / _ dide salt of 4-stilbazole salt noted that the dimer of the salt

was the major produét It was proposed that given a long

Photoaddition reactions of 1,2-bishipyridyl ethylenes at the Organic entity with a charge at one end, aggregates might be
double bond were proposed to proceed through a radical €xpected to be formed in the aqueous solution, and thus
intermediate localized on the C atom of the double bond which dimerization mlght result from reactions OCCUrring within these
is stabilized by protonation of the pyridine nitrog&@nPulse ~ aggregates, though the exact mechanism was not exartined.
radiolysis and laser flash photolysis studiegrahs-1,2-bis(4- The mass spectral data of F is consistent with a dimer containing
pyridyl)ethylene (M) in aqueous solution show that upon @ cyclobutane ring. Studies of styrene radical cations (terminal
attachment of an electron to M, the product formed |sMH Oleﬂn) and anethole (internal Olefin) have shown that the
with the electron localized on one of the ethylenic carbons, and dimerization can occur via the [2 1] cycloaddition reactions
protonation of the pyr|dy| nitrogen, similar to the structure of the cation radical with a neutral molecule via a concerted
proposed for | in Scheme . The product formed upon reaction*®%0 In the case of stilbene, dimerization is also
quenching of photoexcited Ru(bg§) by N-methyl-4-3-styryl) observed, but to & ando complex, and the cyclobutane ring
pyridinium halide leads to an intermediate with the electron formation has not been reported, since the higher temperature
delocalized over the-styryl group® stables complex dissociates to the monomer radical cation and

The presence of the cis isomer of [(bgRUL]?" both in the the parent compound, instead of forming the cyclobutane®ing.
initial material and upon photolysis can be understood based\We are unsure of the exact mechanism for formation of F, but
on the structure of I. Since the bond order of the olefin decreaseson the basis of the previous olefin radical cation promoted
in 1, there is possibility for rotation around the-C bridge dimerization propose Scheme 2. The cycloaddition reaction
bond. In the case of [Ru(bpy)]™ complexes with L being followed by deprotonation and internal ET to the Ru(lll) will
4-stilbazole § = 1, 2), irradiation of the MLCT band leads to  result in the observed photoproduct, F.
photostationary states with primarily the trans isomer and minor  Besides F, several other species were also found in the HPLC.
amounts of the cis isomer of the coordinated 4-stilbazole ligand. These include an OH adduct based on its shorter retention time
The excited state was described as oxidized metal-radical anionand absorption spectrum. The shortening of retention time is
4-stilbazole ligand? In fact, cis-trans isomerization of stiloene-  due to the increased polarity caused by the hydroxyl gf8up.
like ligands has been reported to occur via a radical intermediateProducts D and E are assigned to trans and cis isomers of [Ru-
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SCHEME 3 coupled electron-transfer quenching shown in Scheme 1 is not
pH<4 expected and formation of a Ru(lll) intermediate is unlikely.
hv _ The photodecomposition leads to a very different HPLC profile
[(bPY)2RU?*(C1CoN1 *HN)] — “[(bpy)2Ru**(C1CoN1*HN) ] M at pH 13 as compared to pH 7 (Figure 11), suggesting a different
_ +- pathway of photochemical decomposition at very basic pH. The
“[(bPY)2RU (C1CoN1*HNR) T + HY —= [(bpy)oRu3*(C1CoaN1HNoH)  (2) UV —vis spectrum of the major product observed in HPLC
. bet M indicates that the double bond in L is no longer present. We
[(bpy)sRUP*(C1CaN{HNGH)] —  [(bpy)2RUZ*(C1CoN1*HNR) () have not explored further the mechanism of degradation at basic
-H* pH since the application of these photosensitizers is expected

in neutral or acidic solutions.

(bpy)RUY V. Conclusions

N
Significant changes of absorption and emission spectral
+ characteristics of [(bpyRuL]?" in aqueous solutions under
visible-light irradiation were observed. The photoreactions
exhibited a pH dependence with no reaction below pH 4 and
increasing spectroscopic changes under more basic conditions.
M With the use of spectroscopic, chromatographic, and mass

b H.0)12+ The disappearance of the 330 nm band due to spectrom_etric methpds, prodl_Jcts from p_hotor_e_action at n(_autral
Ehgygzléfiaic)]group is alsop?n accord with the structure of these pH were isolated, with the major product identified as the dimer

o0 ) . .
products. Reaction 5 in Scheme 1 describes the photolytically .Of [(bpy)leuL] - The meChan'Sm .proposed mvo]ves a radical
driven degradation of | (containing Ru(lll)) to form these intermediate formed via protonation in the excited state and

products. The thermal and photochemical reduction of Ru- electron localization on the double bond and explains the
(bpy)*+ With water has been studids3This chemistry is very observed solvent and pH effects, the spectroscopic data, and

complex, with about 10% of the complex being converted to a pat_hways to observ;d products. Below pH 4 no photode_gra—
number (10) of Ru-containing species and the rest as Ru- dation of [(bpy)R_’uL] was observ_ed and emlssmn_quenchmg
(bpy)?". Degradation of the bpy ligand as well as £0 occurred by an internal ET to a viologen-type moiety formed

formation was observed. In the dark, the rate of Ru(gpy) upon excited-state protonation.
reduction increases dramatically with pH. Upon illumination
with visible light, the rate of disappearance of Ru(kpy)is
increased, with similar end products as in the thermal reaction.
The reaction of photoexcited *Ru(bpy) with water is reported
to be extremely rapid, 2&imes more rapid than the ground-
state reaction with OH (basic solutions}?2

IV.3.b. pH=< 4. At pH 4 or below, there were no spectral
changes upon photolysis of [(bpRuUL]?", indicating that no
photoproducts were forming. The proposed reactions involved
in the photochemistry of [(bpyRuUL]?" at pH < 4 are shown
in Scheme 3. The SterrVolmer plots for pH 6-4 (Figure 4a)
indicate that emission quenching of the excited state occurs by

; i ; ; (1) Kalyanasundaram, KCoord. Chem. Re 1982 46, 159-244.
reaction with protons. The bimolecular quenching rate constant (2) Lin. C.: Sutin, N.J. Am. Chem. S0d975 97, 35433545,
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