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Efficiency of singlet oxygen photosensitized by some ruthenium (II) bipyridyl complex ions in
aqueous media is reported in this study. Measurements were carried out in H,O and D,0. The
effect of deuterium isotope on the lifetime of *MLCT excited states of these complexes is
studied in H,O and D,0. Deuterium isotope effect was discussed in terms of the vibronic
coupling to the solvent in addition to charge transfer to solvent mechanism due to their
dependence on the oxidation potential of the sensitizer. Quenching Rate constants, kg, for
quenching of the *MLCT states of these ruthenium complex ions by molecular oxygen were
found to be in the range of (2.08 to 3.84) x 10° M' s™' in H,O and (1.69 to 3.48) x 10° M"! 5!
in D,O. Efficiency of singlet oxygen, Oz(lAg), production as a result of the *MLCT quenching
by oxygen, f,", is reported in D,O and found to be in the range 0.25 - 0.56. It has been found
that the lifetime of the excited state is longer in D,0, TOD, than in H,O, ‘EOH, which was
related to partial charge transfer to solvent in addition to vibronic coupling mechanism.
Mechanisms by which the excited states of these ruthenium complexes is quenched by
molecular oxygen that discusses the competition between charge transfer, non-charge
transfer deactivation channels or energy transfer assisted charge transfer deactivation

mechanism are reported.

Introduction

Singlet oxygen, OZ(lAg) which has relatively long lifetime is a
highly reactive species and powerful oxidant in photosensitized
oxidations, in photodynamic inactivation of viruses and cells, in
photodegradation of dyes and polymers'®. Recently, singlet
oxygen has been used in solar water disinfection utilizing
ruthenium complexes as photosensitizers’.

Ruthenium(II) bipyridine and related compounds have been
shown to be good photosensitizers of singlet oxygen despite the
charge transfer (CT) nature of the lowest excited state of these
compounds. The relatively long lifetime of the triplet metal-to-
ligand charge transfer states, ‘"MLCT, of many ruthenium(II)
coordination compounds, make these excited states susceptible
to quenching by oxygen in normal aerated fluid solutions and
subsequently have been shown to be good photosensitizers of
singlet oxygen despite the charge transfer (CT) nature of the
lowest excited state of these compounds.

This journal is © The Royal Society of Chemistry 2014

Quantum yields of singlet oxygen production photosensitized
by [Ru(bpy);]*" have been reported by Garcia-Fresnadillo et al.®
as 0.73 and 0.22 in CD;OD and D,0. They also reported k,
values and showed that the resulting efficiency of singlet
oxygen formation, f,", was unity for all the five Ru(Il)
complexes, containing polyazaheterocyclic ligands which they
investigated in methanol. However they observed that in D,0,
/T values ranged from 0.44 to 1.0 with f,T equal to 0.48 in the
case of [Ru(bpy);]°" in agreement with the earlier value of
Mulazzani et al.” Those complexes with the highest values for
kq tended to show the smallest T values, which these authors
suggested® was due to charge transfer interactions similar to
those reported'®'® for oxygen quenching of the triplet states of
organic compounds, where an inverse correlation between ky
and the resulting efficiency of singlet oxygen formation, f", is
firmly established for several classes of compounds.

In a series of papers,m'22 we investigated the quenching of the
SMLCTstates of ruthenium(II) substituted bipyridyl complexes
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in acetonitrile and in aqueous solution and found that the
quenching rate constant ky values are well below the diffusion
controlled rate constant, ky. We have previously'® showed for
ruthenium complexes of the form [Ru(diimine)(CN)4]* that the
quenching rate constants are in the range of 3.4-5.7 x 10° M's™!
while the efficiency of singlet oxygen production were in the
range 0.3-0.5 in D,O. We have also observed that solvent
deuteration (H,O to D,0) was found to have a pronounced
effect on the excited state lifetime and quenching rate constant.
It has also been observed that the effect of deuteration increases
as the number of cyano ligands increases in the complex. The
isotope effect in case of [RuL(CN),]*" complexes was found to
be higher than the homoleptic complexes, [RuL;]*" which is a
consequence of hydrogen bond formation with the cyanide lone
pair with stronger vibronic coupling in case of H,O than D,0'®.
Photosensitized generation of singlet oxygen by coordination
compounds is reported in a minority of singlet oxygen studies,
Despite the fact that
oxygen quenching of the excited triplet states is believed to be

and mostly in non-aqueous media'?.

charge transfer assisted energy transfer, studies in the most
polar aqueous solutions are very rare. However, in contrast to
organic compounds where the range of the excited state
energies and/or the oxidation potentials are wide enough for
each series of compounds to establish the contribution of the
charge transfer assisted energy transfer quenching mechanism;
the oxidation potential range for each similar series of
coordination compounds is very narrow. Interestingly
additional factors are involved in the study of oxygen
quenching of the excited states of coordination compounds such
as steric factors, charge transfer nature of the excited state and
the heavy atom effect of the central atom which are not
available for organic series of compounds. In addition the
majority of ruthenium complexes are water soluble, which
makes it easy to examine the effect of charge transfer
mechanism in this highly polar solvent. We have previously'®
investigated the mechanism of oxygen quenching of the excited
states of structurally similar series of [Ru(diimine)(CN),]*
complexes with oxidation potentials in the range from 0.74 to
0.93 V vs. SCE in water. Since very few reports in literature
were interested in the study of charge transfer effect on the
quenching by oxygen mechanism in aqueous media, in this
work, we extend our investigations on photosensitized
generation of singlet oxygen by a series of reuthenium (II)
complexes of ligands with variable steric parameters and
narrow range of both excited state energy and oxidation
potentials in aqueous media in order to investigate the steric
effect and charge transfer contribution on the mechanism of
their excited state quenching by molecular oxygen. Solvent
isotope effect and its dependence on the oxidation potential of

the studied complexes is also examined.

Experimental

Ruthenium complexes under study were kindly given by Prof
Paul Beer (Oxford University). D,O (Alrdich, 99.9%) was used
as supplied. Direct collection of the time resolved luminescence

2| J. Name., 2012, 00, 1-3

emission from singlet oxygen (lAg) at 1275 nm was made using
pulsed Nd:YAG laser (Brilliant) from Quantel with frequency
tripling (4ns FWHM at 355 nm) as an excitation source. The
emission was observed in right angle arrangement with Applied
Photophysics laser flash photolysis LKS.60 assembly in the
emission mode with a monochromator equipped with a
diffraction grating from Horiba Jobin Yvon (cat no. 53034110,
600 lines/mm and 1000um blaze) for emission in the infrared
region, adjusted at 1275 nm onto an air cooled Hamamatsu
H10330-45 NIR detector. The emission experiments at 1275
nm (20 averages) have been done with air saturated solutions in
D,0 at 25°C varying the excitation pulse energy by means of
attenuation filters. The absorbances of the sample solutions and
the reference [Ru(bpy)s;]*" with singlet oxygen quantum yield
of 0.25'® were optically matched and amounted to about 0.3 at
355 nm. Singlet oxygen luminescence intensity at zero time
was measured at different laser intensities and compared with
those obtained from optically matched solutions of [Ru(bpy);]**
in D,O as a standard thereby yielding relative @, values.

the
complexes measured with the LKS.60 system in the emission

Luminescence decay measurements of ruthenium
mode were signal averaged and fitted using a single exponential
function to give the decay constants of samples for nitrogen
purged, air saturated, and oxygen saturated solutions. Oxygen
concentrations were taken as 0.27 mM and 1.27 mM in air
saturated and oxygen saturated H,O and D,0.% Absorbance of
the aqueous solution of ruthenium complexes at the wavelength
of excitation did not exceed 0.1 at the wavelength of excitation.
Each experiment was repeated three times at least. Steady state
emission spectra were recorded with Schimadzu RF-5301 PC
spectrofluorophotometer. Absorption measurements were made
with Agilent 8453 single beam photodiode array spectrometer.
The structure of the relevant ligands are shown below:

I
0\\/0J

This journal is © The Royal Society of Chemistry 2012
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Results and Discussion

The absorption spectra in dilute aqueous solution of the
ruthenium(II) complexes under investigation are shown in
figure 1. The absorption bands in the range 400-550 nm for all
studied ruthenium complexes are due to the spin-allowed d(t,,)
— 7* transition forming the first excited singlet '"MLCT state.
The strong bands in the u.v. region are assigned as the 1 — m*
transitions of the ligands. The absorption maxima of the MLCT
band for all metal complexes studied are in the range from 454
nm to 465 nm and are listed in Table 1. It has been established

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 3
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that the metal to ligand charge transfer (MLCT) absorption
process produces mainly an excited singlet "MLCT state which
undergoes intersystem crossing populating the lowest *MLCT
state with unit efficiency®?*?°. The luminescence spectra of
some of the complexes are shown in Figure 2 and their band
maxima are given in Table 1 with their emission maxima in the
range from 595 nm to 619 nm. It can be seen from Table 1 that
the range of absorption and emission energies are very narrow
for the current set of complexes so are their oxidation
potentials.

2.0 T T T T T T

Absorbance

0.0

400 450 500

350
Wavelength, nm

250 300 550

Fig. 1 The absorption spectra of the studied ruthenium (II) complex
ions in aqueous solution, numbers are as given in Table 1.

We have previously shown that the energies of the lowest

vibrational levels of the SMLCT states, Eq,, were determined
from the plot of the excitation energies £y, obtained by spectral
fitting for emission at 77 K versus the peak maximum energy
E., at room temperature for data collected from different
sources from which the linear fit Eyo = 209 + 1.08 E,, cm
results'®. E,, calculated values are listed in Table 1.
The luminescence decay of the excited state of the investigated
metal complexes in the presence and absence of oxygen were
fitted well by mono-exponential decays. Table 1 shows that the
lifetime, t,, of the excited *MLCT state in deoxygenated
solution for all complexes are 0.55+0.07 ps in H,O. Solvent
deuteration (H,O to D,O) was found to have a pronounced
effect on the excited state lifetime (Table 1) being 0.954+0.07 us
in D20

Luminescense intensity

0.0

600 650
Wavelength, nm

550 700

Fig. 2 Normalized Luminescence spectra of the studied ruthenium (II)
complex ions in aqueous solution, numbers are as given in Table 1.
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The effect of solvent deuteration on the lifetime of
ruthenium complexes has been discussed by several groups!'®?”
3%, Van Houten and Watts®’ found that the emission lifetime of
[Ru(bpy);]** doubles on changing the solvent from H,O to D,O
(0.58 to 1.02 us at 298 K). They explained the solvent O—H
vibrational modes’ ability to deactivate the lowest MLCT
states as due to the partial charge-transfer-to-solvent character
(CTTS) of the *MLCT state. They suggested that a significant
proportion of the excited state’s electron density is distributed
over the solvent cage, facilitating transfer of electronic energy
to solvent vibrational modes. On the other hand, Sriram and
Hoffman®® have found that the rate constants for the excited
states decay in pure H,0O, HDO and D,O for [Ru(bpy);]*"
depend on the fundamental vibrational frequencies of H,O,
HDO and D,O which led them to conclude that the excited
states decay occurs via vibronic coupling to the solvent;
however they did not exclude the idea that the excited state has
CTTS character in accordance with Van Houten and Watts
proposal. Cherry and Henderson? have shown for three
substituted bipyridyl Ru(Il) complexes of different emission
energies that the solvent isotope effect is caused exclusively by
the change of the non-radiative rate constant which is energy
gap dependent. The similarities of the solvent isotope effect for
the three complexes suggested that the CTTS is the same for all
three complexes. In addition to the qualitative assumption that
the deuteration effect of water is ascribed to the contribution
from the intramolecular vibration mode of the OH bonds®"?°,
Masuda and Kaizu®® have shown that the isotope effect on the
radiationless decay rate, k,, depends on the existence of a
specific interaction between the 7 electrons of the ligands and
the included water molecules in such way similar to the
reported interaction between water and benzene that was
ascribed to a hydrogen bond between the water proton and the «
electron of benzene**>*. Therefore, Masuda and Kaizu
proposed that electronic-to-vibrational (e-v) energy transfer
from Os(II) complex to the included water molecules take place
in which case the OH vibration of the included water acts as
energy accepting mode. It has also been found that; the isotope
effect in case of [RuL(CN),]* complex ions'® is higher than the
homoleptic complexes, [RuL;]*". This has been attributed to the
attenuation of the non-radiative decay pathways in D,O as a
consequence of hydrogen bond formation with the cyanide lone
pair with stronger vibronic coupling in case of H,O than D,O
since the fundamental vibrational frequencies of D,O are about
0.73 that of H,0?®. Table 1 shows that the ratio of t,°/ T,
varies from 1.5 for complexes with E,, of 1.36 V vs SCE and
increases as E,, decreases. Even though the variation in the
oxidation potential is not that wide; the observed change in the
ratio of 1,"/ 1,"" together with those previously reported by us'®
is clear enough to support the relation between t,"/ t," and the
oxidation potential which in favour of partial charge transfer to
solvent in addition to the vibronic coupling mechanism (figure
3). However, further studies are needed to cover a wider range
of the oxidation potential in order to obtain a quantitative
treatment of the deuteration effect.

The pseudo-first order rate constant, kg, of complex
luminescence decay is given by

kobs = kO + kq[OZ] (1)

This journal is © The Royal Society of Chemistry 2012
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Table 1 Photophysical properties of the ruthenium complexes in aqueous media, wavelength of maximum absorption, A, Wavelength of maximum
emission, Aem, energy of the 0-0 transition, Eyo, oxidation potentials, E., and lifetimes (TOD andfoH) of the excited *MLCT states in D,O and H,0,
respectively.

Compound Agp/NM  Aep/nm Egg E,’ olus 7' /us "
/kJ mol! /V vs. SCE
1 [Ru(bpy),L)1(PF¢), 463 602 217 1.31 0.94 0.47 2.01
2 [Ru(bpy),L,)1(PF), 457 610 214 1.36 1.00 0.60 1.65
3 [Ru(bpy),L;)](PFs), 456 595 220 1.36 094  0.62 1.51
4 [Ru(bpy),L4)1(PF¢), 457 615 213 1.28 0.95 0.55 1.73
5 [Ru,y(bpy)sLs)](PFe)s 454 620 211 1.26 0.89 0.50 1.76
6  [Rus(bpy)sLe)](PFe)s 452 617 212 1.27 098 058 1.70
7 [Ruy(bpy)sL,)](PFe)s 454 619 211 1.26 0.95 0.53 1.78
8 [Ru(Ls);](PF¢), 465 600 218 1.41 0.97 0.65 1.50
*refs 19-20
where ky = 1/, is the intrinsic first order decay constant of the
3MLCT state in the absence of ground state oxygen. Values of
4 . . . . kg4, the rate constants for quenching by oxygen, were obtained
O current set as slope of equation (1) of k., data taken at different oxygen
o © O ref.16 concentrations in H,O and D,O (figure 4), are listed in Table 2.
34 0 . Table 2 shows that the quenching by oxygen rate constants in
H,O0, qu, are slightly higher than in D)0, qu . Values of the
- quenching rate constants in H,O and D,0O are much lower than
z.o 2 - that reported for the diffusion rate constant, kg, of 2.7x10' M
AP i | 's! in H,0'" and 2.2 x 10" M''s™ in D,0'°. Values of "/ k,°
O o are in the range of 1.02 to 1.23 which are close to the ratio of
the rate of diffusion in H,O and D,O (k/k,P=1.23)'°.
14 4
Luminescence emission signal at 1275 nm were found to
i J ' y ! compose of a fast component due to the NIR tail of the
0.6 0.8 10 12 14 16 luminescence of the excited state of the ruthenium complex,
E VvsSCE while the slow component results from the luminescence of

Fig. 3 Dependence of 1,°/7,"! on the oxidation potential.

singlet oxygen 02*(1Ag). To separate the decay profile of the
singlet oxygen signal from that of the fast component, fitting
was carried out over the longer times where the contribution

Table 2 Singlet oxygen quantum yield, @, the fraction of the *MLCT states quenched by oxygen, PTOZ , and the efficiency of singlet oxygen production
from the *MLCT states, f3", in air equilibrated D,O. The rate constants for quenching of *MLCT states of ruthenium(IT) complexes by oxygen, k, in H,O and
D0, and the relative contribution of CT mediated deactivation, pcr calculated using eqn 13 and the driving force of charge transfer interaction, AG™~ .

compound PP RV S LT Ve s AGT
o, (D0 H0) e D,0" H,0 /kJ mol”!

I [Ru(bpy):L))(PFe) 003 042 036 025(0.35) 3.07+0.10(4.12)  3.49+0.15 086  -532
2 [Rulbpy)Lo)I(PFe) 0.14 041 032  034(0.38) 3.0440.10(3.39)  3.0940.10  0.82 456
3 [Ru(bpy).L3)](PFe), 023 043 031  0.53(043) 2.94+0.10(236)  3.47+0.15 075  -50.9
4 [Ru(bpy)La)}(PFe), 007 044 033  0.16(0.32) 3.1440.10(559)  3.49+0.15 090 516
5 [Rus(bpy)iLs)I(PFe)s 021 041 033  051(0.42) 3.48+0.15(2.80)  3.5940.15  0.77  -51.8
6 [Rus(bpy)sLo)l(PFe)s 024 043 037  056(0.43) 3.40£0.15(2.59)  3.84020  0.75 519
7 [Ruy(bpy)sL)I(PFo)s 021 044 038  048(0.42) 3.26£0.12(2.82)  3.66£020 077 521
8 [Ru(Ls)sl(PEo) 0.12 031 025  0.39(0.47) 1.69+0.07 (2.09) 2.08+0.10 0.71 -49.1

“Pyalues between parentheses are those calculated using Eqs 14 and 15, respectively (see text).

This journal is © The Royal Society of Chemistry 2012
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from the rapid component is minimal. Individual luminescence
traces (12 at least) were signal averaged and were fitted using a
single exponential function to yield the luminescence intensity
I, at t = 0. The luminescence intensity I, at zero time was
plotted against the laser intensity. The slopes obtained for these
straight line plots were compared with those obtained from
optically matched standard thereby yielding relative @, values.
The quantum yield of singlet oxygen sensitization is given by:

@, :(DTPTOZfAT @

where @1 is the efficiency of population of the lowest excited
*MLCT state, Py is the fraction of the *MLCT states quenched

by oxygen, and f7 is the efficiency of singlet oxygen
formation.

o _KalOs] 3)
T ko +k[0,]

The subscript T is used to represent the excited *MLCT state
for simplicity. It can be seen that values of PT02 is higher in
D,0 than in H,O (Table 2) in most cases due to the mostly
significantly smaller values of &, in D,O relative to H,O (table
D).

Since @1 for the ruthenium complexes is assumed to be
unity®?*2¢ it follows that:

) =h Tozf AT 4)
Values of ®, PP? and f," are listed in Table 2.

/10°s™

obs

k

1 T T
0.4

0.8 1.2
(0], mM

Fig. 4 Dependence of the observed decay rate constants on oxygen
concentrations in H,O, numbers are as given in Table 1.

Table 2 shows that k, values in H,O and D,O are very close
to 1/9 kg The search for quantitative explanation for the
observed inverse relation between k; and £iT values'™'® and
their dependence on the driving forces for energy and electron
transfer began several decades ago. Our systematic studies'®'?
with series of sensitizers of almost constant Et but systematic
variation of the oxidation potential E, revealed that increasing
CT interactions, i.e. decreasing E,, caused a strong increase of
kq and a decrease of /1" and that a CT and a non-CT (nCT)

6 | J. Name., 2012, 00, 1-3

pathways compete in the quenching of triplet states by O,
which both yield O,('A,) with different efficiency.'">?

In his very early pivotal work Kautsky proposed that oxygen
quenching of electronically excited states could yield the singlet
state of molecular oxygen and thereby account for some
photosensitized oxidations; an evidence of which came 30 years
later from the work of Foote and Wexler and Corey and
Taylor'. Since then there have been many attempts to elucidate
the mechanism of the interactions between electronically
excited states and oxygen under a variety of conditions (see for
example references 1-6).

The mechanism of quenching by oxygen of the triplet states
of organic compounds was first introduced by Gijzeman et.
al.’®, who stressed the importance of spin statistical factors.
This mechanism modified to include charge transfer complexes
of oxygen and the possibility of intersystem crossing between
the various quenching channels as proposed initially by Garner
and Wilkinson®’ to account for values higher than ky/9 reported
for several systems'>'*3374!  We have also proposed
competition between non-charge transfer assisted energy
transfer (i.e. also including the step labelled 'k, in scheme 1)
and charge transfer assisted quenching with and without energy
transfer'>',

In Scheme 1, 'PE and 'C are used to represent the encounter

complexes [1’3(3M*...02,3Zg')*] and the charge transfer

complexes [(M®..0,%)] and 'P and ‘P represent the
precursor/encounter complexes 1(M...Oz*,lAg) and *(M... °0,,
3’Zg') respectively. Scheme 1, have been modified slightly by

us®® to include an extra step as shown with rate constant kll; to

account for possibility that the precursor complex 'P decays to
give P before dissociation to give singlet oxygen occurs. We
have previously®® suggested that complexes containing ligands
with extended conjugation and with low oxidation potentials
may physically quench singlet oxygen in the precursor complex
before dissociation can occur, an evidence of which have been
given by us for complexes with low oxidation potentials'®.
According to scheme 1 the first excited triplet state of the
sensitizer and oxygen in its ground state, O,(* %;), form in the
primary step of quenching an excited encounter complexes
(intermediates) with multiplicities 1, 3 and 5 with diffusion
controlled rate constant, k4. These excited complexes either
dissociate back again with rate constant k_4 or react forward via
the singlet encounter intermediate 'E to produce singlet ground
state sensitizer, S,, and Oz(lAg) or Oz(lZ;) or via the triplet
encounter intermediate, *E to produce Sy and 02(3Zg').

Rate constants for quenching via the singlet channel
resulting in energy transfer to oxygen with formation of singlet
oxygen kr, and quenching without energy transfer krg via the
triplet channel as expanded in Scheme 1 are given by:

fera = qufAT Q)
and
kro = qu (1'fAT) (6)

This journal is © The Royal Society of Chemistry 2012
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M* + 0, (CZ;) — ‘T E T(T> 3¢ —> P ——> M+0,(%,)
Al
KE kS
S/9k, LY
—> SE
—
kg
Scheme 1.

The free energy change to form ion pairs, AGcr, from excited
states with energy E( is given by the well-known equation by
Rehm and Weller*?. It has been shown that AGcr, the free
energy change for complete electron transfer from the sensitizer
to O,, is a useful qualitative measure of the strength of CT

interactions in the excited complexes involved.'02!-3543-44

AGCT = F(on - Ered) - EO-O +C (7)

where F, E, and E4 are the Faraday constant, the oxidation
potential of the sensitizer and the reduction potential of
molecular oxygen (-0.41V vs. SCE in water),*® and E, is the
excitation energy. Eqn 8 holds for the electrostatic interaction
energy, with the elementary charge e (¢* = 14.43 eV A) and the
relative permittivity of the solvent g.*°

2
e

¢ e(rt+r7) ®

with 7" = 6.5 A for [Ru(phen);]** and » = 1.7 A for oxygen*®
C =-2.1 kJ mol results for the solvent water.

Dependence of krp and kto on either the driving force for
energy transfer AG,g or the driving force for charge transfer
AGcr was found to be difficult due to the very limited range of
either the excited state energy, Eqg, or the oxidation potential of
the studied complexes, E,, (see table 1).

Schmidt®® has also developed a model (Scheme 2) that
quantitatively reproduces kinetic data on the sensitization of
singlet oxygen for sensitizers of various triplet energies in
solvents of strongly different polarities mostly based on our
very carefully measured data for the quenching of the excited
triplet states of biphenyl and naphthalene derivatives by oxygen
together with his data in CCl, for the same set of sensitizers.
This model differs from our earlier kinetic schemes'*"® mainly
by the fully established ISC equilibrium of the "*(T..’Z) nCT
complexes from which IC to lower-lying nCT complexes
1(Sp..'), (Sy..'A), and *(S,..’%) is controlled by the proposed
polynomial energy gap law (Eqn 12), which was not taken into
account in our earlier scheme'*'* and did not include the
formation of 02(3Zg’) in the nCT deactivation channel. In here
Schmidt's model will be used since it enables us to determine
the balance between non-charge transfer (nCT) and charge
transfer (CT) deactivation for every sensitizer without the
knowledge of oxidation potential and solvent polarity.

The overall rate constant kp of product formation is
calculated according to eqn 9 as:

This journal is © The Royal Society of Chemistry 2012
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According to Scheme 2, the individual rate constants k%z,
kytand k¥ of O,*('E,"), 02('Ay) and O,(’%,) formation can be
obtained using the following equation®” which are additively

composed of the nCT component, k. , and the CT component,
kgT :

fera=fa" ko = kir + kg

(10)

kro = (1- ko = k5 + k33 an
where f," is the overall efficiency of Oz(lAg) production either
directly or indirectly formed via the very fast internal
conversion from the short-lived upper excited 02(12‘;).

198 0 3z
ker T ket ket

NN

(%) TY) I(T,%) T/y)

X 1A
kA kg

'(Sp'x) 1(Se'%)

3z
AE

—L1Se'n) —_— 1(S'A)

Excited State Energy, kJ mol™!

3(S0’E) Y 3(Sp°E) mte

non Charge Transfer, nCT  Charge Transfer, CT

Scheme 2

The balance between charge transfer (CT) and non-charge
transfer (nCT) deactivation can easily be described via the
quantity pcr which is defined as the relative contribution of
charge transfer deactivation referred to the overall deactivation
of the excited state by O,. If the sensitizer triplet energy is
known, the absolute contribution of the nCT path to
deactivation kX = kg + k3%, is calculated by the polynomial of
Eqn (12) via the corresponding excess energies AE which was
originally derived for systems with minimal charge transfer
contribution (E,, > 1.8 V vs SCE) in CCl,,*® however, recent
treatment of Schmidt to a wider range of data including ours for
biphenyl and naphthalene derivatives in different solvents
showed that the equation can be used for deactivation in other
solvents.*

log(kFe/m /57) =9.05 + 9x10°AE - 1.15x10*AE* + 1.15x107  (12)
AE® +9.1x10™"AE*
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The absolute contribution of the pcr path is simply ¥ k&7 = kp —

kXe. Thus, pcr is obtained by Eqn (13), if the excited state

energy, Ey.o, and k, are known™
_ZkgT _ kp — X kér

Dct = kp kp

(13)

Since kp = X kig /(1 — per) and ¥ kér = per X kg /(1 — per) hold
true, Eqs 14 and 15, which express the quantities f,T and kq in
dependence of pct can be derived (for details see ref 49):

g7 = K@ —per) + per ¥ ki /4 (14)
’ S ki
kp % kie/(1 = pcr) (15)

U7 k_g + X kbp/(1 = per)

where Y kaz =Y kit + X ki5. Eqs 14 and 15 can be used to
calculate values of pcr via experimental data of f,* and kq. The
optimum value of pcr is obtained for each sensitizer by
variation of pcr until the sum of the squared differences of
calculated and experimental £, and ky data reaches the
minimum. Calculated values are shown between brackets in
Table 2 next to the experimental values. Errors in the calculated
values for f," and k4 obtained for the current set of compounds
are within the same range as those reported previously by us'®
for a larger set of ruthenium (II) complexes in aqueous media.
However we found that the error is getting higher as the
experimental values of /" is getting smaller.

The satisfying agreement of calculated and experimental data
has only been obtained when taking the rate constant of back
dissociation of the encounter complexes as k4 = 3xkyxM, where
M is the unit mole per liter similar to those obtained for
[RL(CN)4]* complex ions reported previously by us'¢, whereas
with non-ionic sensitizers in organic solvents k4 = k4xM was
used®. This different behaviour could indicate that dissociation
of a charged encounter complex in water is faster than
dissociation of an uncharged encounter complex in an organic
solvent.

Despite the relatively high value of pcr (Table 2), transient
absorption measurements using nanosecond laser flash
photolysis equipment gave no evidence for [RuL;]*"or ion pairs
involving the [RuL;]*" ion being produced following oxygen
quenching of the excited states of these [RuL;]*" ions in water
under our experimental conditions. In addition, the dependence
of the photosensitization outputs, i.e., fo" and kq values on the
steric factors is not clear for the current set of complexes.
However, despite the narrow range of the oxidation potential of
the current set of complexes, the dependence of f," on the
derived value of pcr is very pronounced as shown in Figure 5.
In contrast, the dependence of the quenching rate constant qu
on pcr was not clear which is again confirms the importance of
intersystem crossing between charge transfer complexes
considered in scheme 1 and not included in scheme 2.
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Fig. 5 Dependence of the experimental values of f,* on the derived
value of pcr.

Ruthenium (II) bipyridyl complexes have shown interesting
similarities and interesting differences when compared with
organic sensitizers of singlet oxygen. The mechanism of the
excited state quenching by molecular oxygen and singlet
oxygen thereby produced using ruthenium (II) bipyridyl
complexes is much more complicated than the study with

organic sensitizers; more variables are participating

simultaneously, such as excited state energy, oxidation

potential and steric factors vary in the case of ruthenium
complexes whereas for each series of the organic sensitizers
only the oxidation potentials change significantly. Further work
is ongoing with a series of compounds which has a greater
variation in E and in E,, and less steric variation than those
reported here in order to further understanding of the quenching
mechanism in case of coordination complexes.
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