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Summary

Ru(bipyridine);%* racemizes on irradiation with visible light in aqueous
solution at neutral pH. The racemization, like the photodecomposition, has
a small quantum yield and occurs via the phosphorescing state. Chiral effects
are observed in the quenching reaction with Co(acetylacetonate);.

1. Introduction

Over the last decade there has been a rapid increase in the literature
published on the tris(bipyridine)ruthenium(II) (Ru(bipy)s2*) ion because of
its remarkable photochemistry. The absorption spectrum has intense bands
(€452 =1.29X 10* M2 cm ™ and eg5¢ = 7.67 X 10* M™! ecm™) [1]. This
characteristic absorption and the location of various excited states make
Ru(bipy)s?* a good candidate for use in solar energy research [2 - 4]. Sym-
metry labels and multiplicities of the excited states have been given elsewhere
[5]. ‘

Because this complex ion emits strongly and has a lifetime of approxi-
mately 0.6 us [6], it is ideal for studying the quenching effects of other
molecules on the luminescence { 7 - 9].

In addition the excited state of Ru(bipy)s2* exhibits considerable
photochemistry both of a permanent and of a transient nature. Examples of
its transient photochemistry are the oxidation to Ru(bipy);3* [10] and the
reduction of the nitrogen-substituted 4,4 '-bipyridine derivative in the absence
of ethylenediaminetetraacetic acid [11]. The permanent photochemistry
includes oxidation {12] and reduction [13] reactions as well as photosensi-
tization [14], photoaquation [15] and photoanation [16, 17] processes.

In these reactions Ru(bipy)z;%* is relatively inert and undergoes electron
transfer [10, 13] without loss of the bipyridine ligands. The optical activity
has been shown to have high thermal stability [18, 19]. Optical stability
during (thermal) oxidation has also been demonstrated [20]. It has been
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suggested recently that Ru(bipy);2™* is chiroptically stable to excitation [21].
That this is not the case is shown by the results of the present work.

The absorption near 450 nm in the spectrum of Ru(bipy)s2* has been
suggested to represent d » 7" transitions [5]. Intersystem crossing (ISC) to
a nominal triplet state 2CT occurs with unit efficiency [22].

3CT can return to the ground state through a number of routes. These
include phosphorescence, energy and/or electron transfer, the last being
either to or from another molecule. Energy transfer processes can give rise
to photochemistry of the quencher. An electron transfer quencher which is
acting as an acceptor causes reductive quenching and ruthenium(III) is
generated. Examples of such quenchers are Fe(CN)g3~, Fe3*, Co(acac)s,
Co(phen);3* and Eu(III) (acac = acetylacetonate, phen = 1,10-phenanthro-
line). Similarly 3*CT can gain an electron in oxidative quenching and ruthe-
nium(I) is the product. Examples of this type of quencher include Fe(CN)g%™,
Eu(II) and Ru(NHj3)s2* [7]. Quenching may lead either to a permanent
change or to a transient change. The latter occurs if the electron transfer is
rapidly followed by a thermal back electron transfer.

Photoracemizations of metal chelate complexes are not common. Four
racemizations of this kind which are known occur for Co(ox);3~ [23],
Cr(phen);3* [24, 25], Co(phen);3* [26] and Cr(en);3* [27] (ox = oxalato,
en = ethylenediamine). Although luminescence, rate and quenching studies
have been carried out on the racemization of Cr(phen)g3* [24, 25], the
mechanism has not been elucidated. Co(phen);®* becomes Co(phen)z** in
the presence of light and the labile Co(II) racemizes by a dissociative mech-
anism [26]. The mechanism for the racemization of Cr(en);3* is also not
known [27]. )

There is therefore little background information to suggest what mech-
anism the photochemical racemization of Ru(bipy)3;2* follows. The evidence
from our studies favours a common dissociative mechanism involving photo-
aquation and photoracemization.

2. Experimental

Tris(bipyridine)ruthenium(II) dichloride hexahydrate was used and had
been previously recrystallized. For the resolution of Ru( bipy)s2* the method
of Burstall [18] gave a low yield. A method similar to that of Dwyer and
Gyarfas [20] gave the best results. A mixture of 0.296 g (3.96 X 10
mol) of Ru(bipy)3Cl;-6H,0 and 0.131 g (4.03 X 10™* mol) of potassium
antimony tartrate was dissolved in 5 ml of hot water. On slow cooling to ice
temperature dark-orange crystals of approximate dimension 1 mm were
formed. The solution was vacuum filtered and the crystals were recrystallized
in the dark from 2.5 ml of water to give 85.4 mg of [(SbO)(C,H,0¢)] 2-
Ru(bipy);. Subsequent procedures were carried out either under red light or
in the dark. The product was dissolved in 20 ml of 10% NaOH and the
Ru(bipy);Br, was precipitated on addition to a solution of KBr. This mixture
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was heated until dissolution was complete and was then cooled slowly to
give flakey orange crystals which were filtered by suction. These were re-
crystallized from a KBr solution. A 5.47 X 10™* M solution of Ru(bipy)3Br,
gave a value for [a]3° of —798 + 80°. Co(acac); was prepared by the method
of Bryant and Fernelius [ 28]. The preparation of Co(phen);Cl; followed
that of Pfeiffer and Werdelmann [ 29].

Isotropic spectra were obtained with a Cary 11 spectrophotometer.
Circular dichroism (CD) spectra were run on a Jasco J20 spectrometer.

The apparatus used for lifetime measurements was similar to that
described by Demas and Flynn [30]. The nitrogen gas laser tube, about 50
c¢m long, was run at pressures between 110 and 125 Torr with the flow of
nitrogen (grade G Canadian Liquid Air) being controlled by a needle valve on
the nitrogen tank and being removed from the other end of the laser tube
with a rotary vacuum pump. The discharge was controlled by an external
spark gap and thyration. The nitrogen plasma produced an emission at
337 nm. The capacitors were charged to 12 kV by a Spellman model PN-15
0 - 15 kV high voltage power supply. The laser was housed in an aluminum
screen cage which was situated about 3 m from the detection apparatus to
reduce electrical noise. The detection system comprised a B&L monochro-
mator, with 5.36 mm slits and set at 600 nm, and an RCA 8645 photo-
multiplier. The signal from the multiplier was taken through a low capacitance
coaxial cable system with an effective resistance of 46.5 Q2. The signal was
amplified through a 7A16 plug-in unit and displayed on a Tektronics model
7904 oscilloscope and photographed. This system shows that the decay of
Rhodamine 6G in ethanol occurs in less than 10 ns.

Potassium ferrioxalate actinometry was carried out as described by
Calvert and Pitts [31].

Distilled water or a solution of the appropriate quencher of known
ionic strength was placed in a 1 cm spectrometer cell and the solid chiral
Ru(bipy)s?* as the dibromide salt was added. It was dissolved until the
optical density at 450 nm of the solution was near to but did not exceed 1.2.
The solution was then placed in a Zwickle flask and was degassed with
purified argon. The solution was delivered into the spectrometer cell which
contained a small magnetic stir bar and which had been swept out with
flowing argon. The isotropic and CD spectra were recorded after the cell had
been sealed by closing the stopcocks. Successive values of the CD absorption
were taken after irradiation at 458 nm to determine the rate of racemization.
After significant racemization had occurred the isotropic spectrum was again
recorded. The same solution was then used where possible for lifetime studles
in a front surface arrangement.

3. Resuits

3.1. Photoracemization
Irradiation of 5.5 X 10~® M A-Ru(bipy)s2* in neutral aqueous solution
at 458 nm resulted in a regular decrease in the intensity of the CD spectrum,
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with no change in the isotropic absorption intensity or spectrum. The racemi-
zation was followed quantitatively using the linear relation

In5A/8A¢ = kt 1)
where A (= Ag — A_) is the differential absorption for right- and left-handed
polarized light, and % is a constant for any determination mode at constant
intensity of the exciting light. The constant & can be related to the quantum
yield ¢,,. for racemization, values of which are given in Table 1 as a function
of temperature. We also remeasured the phosphorescence decay lifetimes
over the same temperature range; these are also presented in Table 1. All of
these results were obtained in thoroughly deoxygenated solutions.

Both lifetimes and photoracemization quantum yields were measured in
D,0. They are larger in D,O by factors of 1.77 and 1.83 respectively.

3.2. Quenching

In order to study their effect on the photoracemization, several
quenchers of Ru(bipy);2* luminescence were selected. These included
Co(phen)g3*, Fe?* (aqueous) and Fe(CN)g*™ which were used under the con-
ditions cited in the literature. As shown by the results in Table 2, however,
the literature quenching data could not be reproduced, possibly because of
the extremely large ionic strength effects associated with highly charged
donor—acceptor pairs. The data for the quenching of the photoracemization
together with those for the quenching of the lifetime are given in Table 2 in
the form of quenching rate constants k, defined by the usual Stern—Volmer
expression (2)

-

where 7, and ¢, are the lifetime and quantum yield in the absence of quencher.
Data are also given in Table 2 for the neutral quencher, the racemic
form of Co(acac);. Since the solubility of Co(acac)s in water is small, only
partial quenching of the Ru(bipy);2* luminescence could be achieved and
corrections had to be made for the fact that Co(acac); absorbs light appre-

TABLE 1

Racemization quantum yields of A-Ru-
(bipy)3 2% in deoxygenated aqueous solution

T (K) 10% ¢ 7 (ns)
276 0.52 -
284 - 690
289 - 677
296 2.88 657
310

- 507
313 9.33 -
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TABLE 2

Quenching constants for racemization and for luminescence of
A-Ru(bipy)s**

Quencher kq (rac) (M1 571) kq (lum) (M1 s™1)
Fe3* 2 1.3 x 10® 8.3 x 10®
Co(phen)g3* P 3.5 x 108 6.8 x 108
Fe(CN)g?~ P 3.3 x 108 1.14 x 10°
Co(acac)s © 5.7 x 10% 9.0 x 10%

“In 0.1 M NaClO4 and 0.01 M HC1O,.
5In 0.5 M NaCl.
°In HyO.

ciably at .458 nm. The quantum yields reported are those based on light
absorbed by the Ru(bipy)32* only. This correction is difficult to make
accurately because the concentration of Co(acac)z decreases continuously
during the run. It is found, however, that both the initial lifetime and the
racemization quantum yield are decreased proportionately by quenching.

The effects of relatively high concentrations of perchlorate ion were
also tested. Although the lifetime was virtually unaffected by the presence
of 0.20 M NaClO,, the racemization quantum yield was increased by a
factor of 1.46.

3.3. Induced optical activity

In the quenching of the luminescence and the photoracemization of
A-Ru(bipy)s2* by racemic Co(acac)s, the CD spectrum characteristic of
A-Co(acac)z appeared, grew and, as thereaction neared completion, decreased
again. The behavior of 5 A for the wavelength 470 nm and for the difference
640/580 nm (the maximum and minimum of the Co(acac)z CD spectrum) is
represented in Fig. 1, together with the isotropic absorbance of Co(acac)s,

time/sec

Fig. 1, Concentration changes during photolysis; , [A-Ru(bipy)g **] [A-Ru(bxpy)32+]
(x10%); A, [A-Co(acac)g ]-{A-Co(acac)g ] (X 10° ),D, [Co(acac)a] (X 103 ).
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as a function of irradiation time. The CD spectrum beyond 550 nm is just
that of Co(acac); itself with 64 = 0 at 622 nm [32]. The isotropic spectrum
in this region remains that of Co(acac);. Hence the cobalt product of the
reaction is optically inactive and does not absorb appreciably above 550 nm.

4. Discussion

The photophysical processes for Ru(bipy)s2* are now well established.
Intersystem crossing to the phosphorescent charge transfer state 3CT occurs
rapidly and with unit quantum efficiency. Although this is nominally a triplet
state, because of the large spin—orbit coupling there is considerable mixing of
the singlet and triplet states and spin is no longer a good quantum number.
The lifetime of the state in deoxygenated aqueous solution at room tempera-
ture (22 °C) is 650 * 50 ns but is markedly temperature and oxygen depen-
dent. Van Houten and Watts [33] have analyzed this temperature depen-
dence in terms of two states as

71=1.8 X 10% + 1013e75250/T (3)

Our data, derived from a limited range of studies, are in good agreement
with this equation.

The ratio ¢ /7 for the luminescence is independent of temperature and,
with ¢y5¢c = 1, represents the radiative rate constant of the emitting state,

Van Houten and Watts [15] have also demonstrated that Ru(bipy);2*
at above room temperature is subject to irreversible photodecomposition in
aqueous acidic solution. The reaction has only a small quantum yield in
0.1 M HCI, but this yield increases with temperature faster than does the
reciprocal lifetime of the phosphorescing state. Using eqn. (3) and the
quantum yield data they derive the following for the rate constant k, of the
photoreaction:

Ry =¢,/r=1.9X 1013 8030/T -

Although their data with 1 M HCI are limited, they give approximately the
same temperature coefficient as those derived in 0.1 M HCl. Van Houten and
Watts [15] have suggested that this reaction occurs via a ligand field state
lying 10.4 kcal mol™! above the lowest level of the ‘“‘triplet’’ charge transfer
state, which together with a further activation energy of 5.5 kcal mol™
gives a total apparent activation energy of 15.9 kcal mol™!. However, the
mechanism in which reaction occurs via the ‘‘triplet’® CT state with an acti-
vation energy of 15.9 kcal mol™* is kinetically indistinguishable from that
which involves the ligand field state. Further evidence for the participation
of a second state in the luminescence spectrum has been presented by other
workers [34].

4.1. Photoracemization
The quantum yield for photoracemization is small but is readily observ-
able even at below room temperature. Qur evidence supports a mechanism
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in which the “triplet’ state, or some other state in thermal equilibrium with
it, is responsible for the photoracemization. The substitution of DO for
H,O as the solvent nearly doubles the lifetime of the emitting state and also
doubles the racemization quantum yield. Thus solvent deuteration has no
apparent effect on the racemization rate constant itself.

One reason for examining the quenching of photoracemization by
electron transfer quenchers was to determine the possible intermediacy of
either Ru(I) or Ru(IIl) in the racemization pathway. There is a considerable
difference in the rate of quenching of the racemization compared with that
of emission, which may indicate some involvement of other oxidation states
of ruthenium in the racemization. The data obtained using Co(acac)s as
quencher, which we consider the more reliable because of the absence of
ionic strength effects, give comparable values of the quenching constant for
racemization and of lifetimes (Table 2).

The temperature dependence of the racemization was analyzed by
formulating its rate constant k,,. as

KRiac = Prac/T i (5)
When |n &,,. is plotted against 1/T, the straight line obtained gives
Rrac = 2.0 X 104e7960/T (6)

The activation energy is thus 15.8 kcal mol™? which is, within experimental
error, the same as that in eqn. (4) for the photochemical reaction, but having
a pre-exponential factor larger by one order of magnitude.

Since the product identified by Van Houten and Watts [15] contains a
one-ended bipyridyl, and since we find the same activation energy for
racemization as they find for the reaction, a mechanism involving a five-
coordinate intermediate would seem to be appropriate for both systems.
Such an intermediate could be achiral or could rapidly undergo inversion
between the two enantiomeric forms. In the absence of an appreciable H*
concentration and at temperatures below 50 °C, the one-ended bipyridyl in
the five-coordinate intermediate would simply recoordinate and racemiza-
tion would be the only process observed. At low pH, however, the one-
ended bipyridyl would be sufficiently stabilized by protonation to allow a
counter-ion such as Cl~ or a solvent molecule to enter the sixth position,
leading to a stable six-coordinate species but still retaining a one-ended
bipyridyl.

With this mechanism in mind, i.e. taking into account an achiral inter-
mediate in both the racemization and photodecomposition pathways, we
then studied the racemization in ethanol. In this case photodecomposition
occurred with substitution of the counter-ion into the coordination sphere
[17, 35]. The sample photoracemized and photodecomposed in a ratio of
about 10:1. During the racemization and decomposition the CD spectrum
observed, as 54 (see eqn. (1)), remained that of Ru(bipy)s2* and §A was
zero for wavelengths beyond 575 nm. We conclude from the latter data that
the decomposition product, i.e. Ru(bipy);Br; since the chiral bromide salt
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was used, is completely racemic. This result supports the suggestion that
decomposition and racemization have a common achiral intermediate which
is formed from the 3CT state of Ru(bipy)s2*.

4.2, Induced optical activity

The quenching of Ru(bipy)s2* luminescence by Co(acac); leads to
reduction of the cobalt to a Co(II) species and presumably to oxidation of
the acetylacetonate [36] . Excited Ru(bipy)s2* acts as an electron donor in
the quenching reaction to form Ru(bipy)z3*. This is a transient ion since
there is no permanent decrease in the Ru(bipy);2* concentration.

Our experiments demonstrate clearly that the quenching reaction leads
to the generation of optical activity in the initially racemic Co(acac),
quencher [37]. Thus the two stereoisomers of Co(acac)g interact with
A-Ru(bipy)s?* at different rates. The Co(acac); isomer which is in excess is
shown by its CD spectrum and by the assignment of Jonas and Norden [32]
to be the A isomer. Therefore the interaction of excited A-Ru(bipy);%* with
A-Co(acac)z has a larger rate constant than that from reaction with the A
isomer.

From an analysis of the data in Fig. 1, the efficiencies of various
processes for the Ru(bipy)s;2®*—Co(acac); system can be estimated. The
quenching rate constant is (7.1 + 1.8) X 108 M~? 57!, A fraction (0.04) of
the quenching leads to disappearance of Co(acac)s, in agreement with the
literature value for ¢ of 0.02 [34]. Nevertheless this obviously accounts for
only a small fraction of the total quenching that is occurring. From work
with potassium poly(vinyl sulfate) in solution [36], the major part of the
quenching occurs by an electron transfer from Co(acac); to “Ru(bipy)s2*,
followed by a reverse electron transfer within the solvent cage to give the
reactant species in their ground states [36] . Since no result except quenching
is obtained, we can only conjecture what the role of the chirality of the
donor and the acceptor is on the bulk of the quenching reaction.

For that part of the reaction which leads to Co(II), however, we have a
quantitative measure of this effect. It is small and amounts to a ratio of the
rate constant of A-Ru(bipy)s2*-A-Co(acac)s to that of A-Ru(bipy)s2*—
A-Co(acac)z of 1.03. In this case any attempt to measure the chiral influence
on quenching by comparing the rate constants of the resolved stereoisomers
would not succeed.
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