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Abstract

The sensitized photolysis of [Ru(NH,)¢]** by the organic dye rhodamine B and biacetyl was studied under conditions in which only the
sensitizer absorbs. The reaction products resulting from ammonia aquation and Ru(II) to Ru(IIl) oxidation are the same for direct and
sensitized photolysis. The energy transfer rate constant, calculated from the fluorescence quenching of rhodamine B, is similar to that estimated
from the limiting quantum yield of the photosensitized photoaquation of the complex. Both reactions originate from a common reactive low-
lying ligand-field (LF) state, which is also responsible for the direct photolysis reactions. This state, which leads directly to photoaquation,
seems to have a certain charge transfer to solvent (CTTS) character, which is responsible for the photo-oxidation products. Sensitization is
effective with rhodamine B (17 450 cm™ ') and biacetyl (19 000 cm™'), whereas no reaction is observed with neutral red {16 900 cm ™~ Y.
These results show that the excited state responsible for the photochemical reactions lies in the energy range between 16 900 cm™ "and 17 700

cm ™' and possesses spin—orbit character.
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1. Introduction

Extensive studies have been made of [Ru(NH;)sL]** and
[Ru(NH,),L,]**, where L represents a nitrogen-containing
aromatic heterocycle, such as pyridine (py) or substituted
pyridine (py-X) [1-19]. These compounds have been well
characterized, and their thermal [20-25] and photochemical
[1-19] reactivities have been investigated. Metal-to-ligand
back-bonding has been shown to make an important contri-
bution to the properties of these complexes. The low-spin d°
configuration of these complexes provides filled orbitals of
the right symmetry to interact with relatively low-energy,
unoccupied 7* orbitals of the ligand (L). A notable feature
of the UV-visible spectra of these complexes is the strong
absorption assigned to metal-to-ligand charge transfer
(MLCT) transitions 7™* < t5, [ 1-25]. The energies of these
transitions vary with the ability of the ligand to act as a 7
acceptor. Studies of complexes in which L is a substituted
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pyridine have shown that electron-releasing substituents
increase the energy of the transition, whereas electron-with-
drawing substituents decrease this energy [1-3,5-13,20-
23]. This is also the expected order for a charge transfer from
metal to ligand.

The photochemical behaviour of [Ru(NH;)spy] in
aqueous solution has been investigated at wavelengths cor-
responding to the Ru(II) to pyridine charge transfer band
[1-13,16-191. In this case, the photoaquation of both NH;
and pyridine shows low quantum efficiency and is ascribed
to a certain contribution of ligand-field (LF) character to the
lowest excited state. The thermal stability of both Ru(ID)-
and Ru(IIl)-ammine complexes seems to be inconsistent
with the large lability of the Ru—pyridine charge transfer state
[26-29]. Thus there is no reason to expect an MLCT excited
state of [Ru(NH;)spy]?* to undergo easy ligand substitu-
tion. On the other hand, LF states are strongly labile {26
291. In addition, [Ru(NH,)spy]>* complexes of substituted
pyridine, such as [Ru(NH3)s(formyl-py) ]?*, present very
little photosubstitution [ 11-13]. From these results, Malouf
and Ford [12] proposed the “‘excited state tuning’’ model.
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In this mudei, it is assumed .:at the reactive excited state
responsible for the photochemical behaviour of
[Ru(NH,)sL]?* is the lower energy LF state.

Recent energy transfer studies [ 18] from singletand triplet
donors to [Ru(NH;)spy]>* are consistent with the ‘‘excited
state tuning”’ model, and indicate that the LF excited state
precursor of the observed photosubstitution in this complex
lies near 16 900 cm . LF bands are observed for Ru(II)
complexes with saturated ligands [30,31] and for the isoe-
lectronic, but harder to oxidize, Rh(III) complexes with the
same ligands [32-34]. The case in which Ru(Il) is bonded
to saturated ligands is exemplified [31] by the
[Ru(NH,)¢]2* ion which has a low-intensity band at 390
nm. It should be noted that direct LF photolysis of the
[Ru(NH,)¢]2* ion in aqueous solution leads to a substitu-
tional behaviour (0.2 mol einstein™'), consistent with the
general observation that the LF excitation of low-spin d®
complexes leads to substitutional processes for heavier tran-
sition metals [30].

Since ammonia cannot participate in back-bonding, acom-
parison of the energies for both ammonia and pyridine on
Ru(II) should provide a direct measure of the contribution
of back-bonding to the interactior. of Ru(II) with the latter
base. In this context, the sensitization studies described here
for [Ru(NH,)¢]2* are designed to test the feasibility of
direct sensitization of the LF state, and to examine the effects
of back-bonding from Ru(II) to pyridine on the energy of
the MLCT state of the [Ru(NH;)py]>* complex ion.

2. Experimental details
2.1. Chemicals

[Ru(NH;)6]** was prepared by boiling a solution of
RuCl;-nH,0 with NH,OH in the presence of zinc powder
according to the literature [ 30]. Rhodamine B ( Aldrich) was
recrystallized twice from ethyl ether and air dried. Neutral
red and biacetyl (2,3-butanedione) were obtained from
Aldrich and were used without further purification. Solutions
for photolysis and luminescence studies were prepared using
doubly distilled water containing NaCl (0.2 M) at pH 3.0
(HCl, 1073 M). Solutions were deaerated with argon pre-
viously passed through a chromous bubbler. Reinecke’s salt
[35] (NH,) [Cr(NH;),(SCN),] (Eastman) was converted
to the potassium salt by recrystallization from KNO; solution,
prior to being used for actinometry at 519 nm. Potassium (tris-
oxalate) ferrate(IIl), used in actinometry at 405 nin, was pre-
pared according to Calvert and Pitts [36].

2.2, Instruments

Monochromatic irradiation at 405 nm and 519 nm was
performed as described elsewhere [ 18]. The progress of the
photoreactions was monitored spectrophotometrically on an
HP modei 8452A diode array spectrometer. Emission spectra

were recorded with an Aminco-Bowman spectrofluorometer
model J4-8960A, with a high-pressure xenon lamp and an
IP28 type photomultiplier. Electrochemical data were
obtained using a PAR model 273 potentiostat/galvanostat, a
plotting system recorder and an IBM XT microcomputer.
Measurements were carried out in NaCl (0.2 M) at pH 3.0
(HCI, 10~ *M), using a cell containing AgCl/Ag ( — 17 mV
vs. saturated calomei electrode (SCE) ) as the reference elec-
trode, Pt wire as the auxiliary electrode and a glassy carbon
electrode with an area of 0.082 cm? as the working electrode,
at scan rates of 0.1 s~'. The concentrations of the solutions
were 1 X 1074 M for [Ru(NH;)¢}** and 1 X 10 =% M for the
dyes.

2.3. Procedures

Solutions for direct and sensitized photolysis of
[Ru(NH,)¢]** were prepared as follows. A weighed amount
of the complex was dissolved in a solution of approximately
1X 10~ M of the sensitizer in NaCl (0.2 M) at pH 3.0 (HC,
1973 M). The solutions were deaerated by bubbling with
argon prior to photolysis, and stirred during irradiation. The
solutions were photolysed up to approximately 5% conver-
sion in 1.0 cm or 0.5 cm path length cells at 25 °C. The
quantum yields of photo-oxidation of Ru(II) to Ru(III) and
photosubstitution of coordinated ammonia were obtained
from spectral data as described in Ref. [ 30]. Analogous sam-
ples were allowed to react in the dark, under the same con-
ditions as the photolysed solutions, in order to correct the
quantum yields.

3. Results
3.1. Absorption and emission data

Data on the absorption and emission spectra of rhodamine
B, neutral red, biacetyl and the acceptor [Ru(NH;)¢]** are
given in Table 1. The observed absorption bands of
[Ru(NH;)¢]%* at 275, 390 ard 310 nm correspond to the
charge transfer to solvent (CTTS) and LF transitions,
'T)g & 'Ajg and Ty, « 'A, respectively, according to Mat-
subara et al. [31]. The forbidden low-energy triplet LF band
(*T\g < 'Ay,) reported [18] to occur at 17 700 cm ™' was
not observed in solution. Biacetyl presents both fluorescence
and phosphorescence in aqueous solution. The ruthenium
complex does not emit in solution even at low temperature.

3.2. Direct photolysis of [Ru(NH,).J**

The photolyses in this work were performed using solu-
tions of [Ru(NH;)6]%* ((1-2) X 10~ *M) inNaCl (0.2 M)
at pH 3.0 (HCI, 107> M). Irradiation with 405 nm light
produced ammonia aquation (D,3=0.294+0.06 mol ein-
stein™') and Ru(Il) to Ru(Ill) photo-oxidation
(@o,=0.0351+0.004 mol einstein~'), in good agreement
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Table 1
Absorption and emission data of the sensitizers and [Ru(NH;)4}**

Compound Ags (nm) (e (M7 'em™1)) Ay (NM) Aern (nM) Emission
Rhodamine B 554 (99 000) 520 578 Fluorescence
Neutral red 531 (24 000) 510 625 Fluorescence
Biacetyl 404 (9.0) 404 470 Fluorescence
. 525 Phosphorescence
[Ru(NH;)e)** 275 (640)
390 (35)
310 (<35)
1539 2 with the results of Matsubara and Ford [30] for photolysis
at longer wavelengths ( ®@,,=0.26 and &,, =0.035).
1214
W
o .3. Sensitiz ] 2+
3 250 . v 3.3. Sensitized photolysis of [Ru(NH ;)]
Q L . . .
§ 0.59 - The sensitization experiments were performed by irradia-
@ " ""’ tion at 520 nm where only the sensitizers absorb. The rho-
< 927 4 damine B concentration was 1X10°° M, and the
[Ru(NH;)6]?* concentration was varied in the range
-004 o prn pua 5% 107 %-3 X 10~ 3 M. The irradiation of solutions containing
WAVELENGTH (nm) both rhodamine B and the complex caused spectral variations

Fig. 1. Spectral changes of an aqueous solution of rhodamine B (1x10"*
M) and [Ru(NH;)]** (2x10~* M) in NaCl (0.2 M) at pH 3.0 (HCI,
10~* M) on irradiation at 520 nm.
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Fig. 2. Quantum yields of ammonia aquation (a) and Ru(li) to Ru(IlI}
oxidation (b) of {Ru(NH;),]>* photosensitized by rhodamine B.
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Fig. 3. Emission spectrum of biacetyl (0.30 M) in NaCl (0.2 M) atpH 3 0
(HCI, 107 M): (a) biacetyl alone; (b) in the presence of [Ru(NH:)s1*"
(56X 107 M).

which matched exactly those found in direct photolysis, i.e.
an increase in absorbance around 330 nm and a decrease at
300 nm, with an isosbestic point at 290 nm corresponding to
the conversion of [Ru(NH;)¢]1>* to [Ru(NH;)sCl]**. No
change was observed in the absorption band of rhodamine B
at 554 nm (Fig. 1).

The quantum yield of the photosensitized reaction
increased with increasing complex concentration, as can be
seen in Fig. 2. The limiting quantum yields of the sensitized
reactions (P,,,,) were obtained from the intercepts of the
double reciprocal plots. These values were 0.29 +0.09 mol
cinstein~' for photoaquation and 0.026+0.01 mol ein-
stein "' for photo-oxidation. The rate constant for energy
transfer, calculated from the product of the slope of the plot
for photoaquation and @, (using 7=10"" s), was
1.5X10" M~ 's™ L

3.4. Luminescence studies

Excitation at 510 nm of aqueous solutions of rhodamine B
resulted in an intense fluorescence emission band at 578 nm.
The emission intensity of the dye decreased with increasing
complex concentration. The fluorescence quenching data
yielded a Stern-Volmer quenching constant Ksy of 410M ™ !
which corresponds to an energy transfer rate constant of
2.0X 10" M~! s~! for the rhodamine B—[Ru(NH;)¢]*"
system. In contrast, the addition of 1 X 10™*-3X 10~ M of
the rutherium(I1) complex had no effect on the fluorescence
of neutral red.

Excitation of deaerated solutions of biacetyl (0.3 M) at
400 nm produced a low-intensity fluorescence band at 470
nm and a very intense phosphorescence band with a maxi-
mum around 525 nm. The phosphorescence of biacetyl was
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completely quenched in the presence of [Ru(NH;)e]**
(5.6 107* M), whereas the fluorescence was practically
unaffected by the complex (Fig. 3).

4. Discussion
4.1. The mechanism of the quenching process

There are several possibie mechanisms for energy transfer
in fluid solutions {37]:

1. donoremission followed by re-absorption by the acceptor;

2. collisional exchange energy transfer from the luminescent
state of the donor to the reactive excited state of the
complex;

3. excited state reversible electron transfer followed by
chemical generation of the excited state;

4. dipole-dipole Forster resonance energy transfer.

The observed rate constants for energy transfer from rho-
damine B and biacetyl to the [Ru(NH;)4]>* complex ion
are always higher than 10'"' M~! s, i.e. well above the
diffusional limit for reactions in aqueous solutions, indicating
that the energy transfer cannot involve collisional processes.
Therefore sensitization probably occurs via a Forster energy
transfer mechanism. Furthermore, as the sensitization of the
[Ru(NH;)¢]>* complex is obtained by quenching of the
rhodamine B fluorescence and biacetyl phosphorescence, no
spin restrictions seem to be present in the process, as predicted
for Forster-type energy transfer.

The possibility of *‘trivial’’ sensitization can also be elim-
inated because the [Ru(NH;)¢)** complex does not absorb
appreciably at the emission wavelengths of the sensitizers
(see Table 1).

In addition to the high quenching rate constants, a revers-
ible electron transfer process, i.e.

*Dye + [Ru(NH;)6]** — *{Dye ™ | [Ru(NH;)¢]*}

- Dye+ *[Ru(NH;)¢}1**
(n

can be ruled out on thermodynamic grounds {37]. The ener-
gies of reductive quenching of the excited singlet states of
the dyes by the Ru(II) complex can be evaluated as 1.66 V
for rhodamine B and 2.58 V for neutral red, using 0.21 V for
the oxidation of the complex and 1.45 and 2.37 V for the
reduction of the excited dyes. The potentials involved in the
electron back-transfer reactions are 0.50 and 0.06 V for rho-
damine B and neutral red respectively. Although the photo-
reduction of the dye by the complex is possible, the energy
involved in the electron back-transfer (0.50 and 0.06 V) is
not sufficient to excite the Ru(II) complex.

Furthermore, the photochemical stability of the dyesin the
presence of the complex (no spectral changes during photol-
ysis and the same products in the photosensitized and direct
photolysis of the complex) demonstrates that an electron
transfer pathway for energy transfer is not a probable expla-

nation for the observed reactions. Thus the sensitization
experiments demonstrate that the dominant quenching mech-
anism for [Ru(NH;)¢]?* is energy transfer.

4.2. The excited states involved in the photoreaction

The direct photolysis of [Ru(NH;)¢]** at wavelengths
above 400 nm, which mainly reach the lowest spin-atlowed
excited LF state, leads almost exclusively to ammonia aqua-
tion (,,=0.29), although some photo-oxidation is also
observed (P, =0.035). Similar quantum yields are obtained
from rhodamine B photosensitization of [Ru(NH;)¢]2*,
indicating a common reactive state in both cases. As the
energy provided by the sensitization of rhodamine B (17 450
cm™") or biacetyl (19 000 cm ') is lower than that of the
state reached by direct photolysis (approximately 24 000
cm '), the reactive state should be of lower energy than the
'T,, state, probably the corresponding triplet, or a spin-orbit
state derived from it ("°T,,). The energy estimated for this
triplet is 17 700 cm ~' [ 18], but it is not observed in absorp-
tion experiments. The actual reactive state will be somewhat
lower due to the mixing of the states with different spin, as
shown by the sensitization by rhodamine B (17450 cm ™)
(Fig. 4).

The similarity between the values of @y, and the product
yields from direct photolysis indicates that intersystem
crossing between the lowest energy LF singlet excited state
reached by irradiation and the reactive state occurs with
nearly unit efficiency, i.e. @~ 1.0, and that the reaction
mechanism passes through the same reactive state. In addi-
tion, it can be seen that the k. value estimated from the
quenching of rhodamine fluorescence is similar to that
obtained from the limiting quantum yield of photoaquation,
indicating that the sensitization reaction excites directly the
T, state. A smaller yield of photo-oxidation is also found
(about 10%), as in direct photolysis, originating from the
CTTS character of the reactive state.

When irradiating [Ru(NH;)4]?* at shorter wavelengths
(214-280 nm), photo-oxidation predominates over photoa-

E
CTTS (FC)
r
(FC)
biacetyl = ILF (Cale)
hodamine s 3F (Calc)
neutralfed 3F(RS)
Sensitizers Complex

Fig. 4. Energy levels for the [Ru(NH,)4)>* ion and the sensitizers: FC,
Franck-Condon (vertical) energies; Calc, calculated energies; R S ., reactive
state.
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quation and, at 280 nm, the observed quantum yields are
&,,=0.25 mol einstein~' and ®,,=0.04 mol einstein "'
[30,31]. This proves that the reactive state in this case must
be different from that for long-wavelength irradiation. The
absorption of the complex ion found at 275 nm corresponds
tn 2 CTTS band with rather high energy (approximately
36 300 cm '), and it is assumed that this is the reactive state
which leads to the oxidation of the complex ion. In a manner
parallel to that postulated for the reactive state for photoa-
quation, this state includes a certain LF character responsible
for the small photoaquation quantum yield.

4.3. Energy of the reactive LF excited state of
[Ru(NH_;)6]2 *

Considering that the singlet state of rhodamine B (17 450
cm™') is quenched by the complex, whereas no quenching
of neutralred (16 900cm ™ ') is observed, it can be concluded
that the energy of the sensitized excited state precursor of the
photoaquation reaction of [Ru(NH;)¢]** lies between
16 900 and 17 700 cm .

It is interesting that the energy range for sensitization of
[Ru(NH;)¢]?" is the same as that found [ 18] for the sen-
sitization of the reactive excited state of [Ru(NH;)spy]**.
Similarly, the reflectance spectrum of solid
[Ru(NH,)spy}>* presents a broad shoulder with a maxi-
mum around 385 nm, close to the absorption maximum for
[Ru(NH;)¢]** at 390 nm. These observations lead to the
question of back-bonding effects for pyridine on the MLCT
energy in [Ru(NH;)spy]**.

Since pyridine is a poorer o-donor than ammonia, it is also
expected to be a weaker field ligand [38]. The failure to
observe a wavelength displacement of the LF absorption band
between the complexes with these two ligands may be asso-
ciated with the mr-acceptor ability of pyridine. Thus the results
of absorption and sensitization of [Ru(NH;)s]*" and
[Ru(NH;)spy]®* seem to reflect an approximate cancella-
tion of the expected opposing influences of the pyridine
ligand o-donor and w-acceptor abilities in the ground and
excited states.

In support of the above arguments, the absorption and
emission spectra of other d® metal complexes give results
similar to those observed for the Ru(II) complexes. For the
low-spin d® complexes [ML]**, two spin-allowed LF bands
are expected ('Ty < 'A,; and 'Toy«'A,,), whereas for
[ML,py]®>* systems with nearly C,, symmetry, these bands
correspond to the 'E, (A, < 'A,) and 'E, ('B, < 'A,) sym-
metries respectively [32,39]. However, band splitting in the
latter case is often undetectable and the observed Ap,,
depends on the average LF. For example, the absorption
maxima for [Rh(NH;)¢]?* and [Rh(NH;)spy]>* areat302
and 305 nm respectively, indicating that pyridine is placed
near to ammonia in the spectrochemical series [33]. Simi-
larly, LF emission from [Rh(NH;)¢l** and
[Rh(NH;)spy]®* shows comparable energies (16 400 and
16300 cm™' respectively) [32]. When comparing the

results for NH; and pyridine ligands in Ru(II) and Rh(III)
complexes, it must be considered that the same spectral
behaviour is obtained for both metals, notwithstanding that
Rh(1IT) complexes do not exhibit back-bonding interactions.
This proves again that the back-bonding effects in Ru(Il)-
pyridine interactions are not important.

Qualitatively, it is possible to take the difference in energy
between the reactive excited states of {Ru(NH;)¢]%* and
[Ru(NH;)spy]>* ions, i.e. 17 700 — 16 900 =800 cm ', as
the approximate contribution of the back-bonding of the pyr-
idine ligand in the Ru(II) complex. This value indicates that
the back-bonding effect for pyridine is small in the excited
state and suggests that it will not be large for the ground state.
The back-bonding contribution in [Ru(NH,)spy]1>* and cis-
and trans-[Ru(NH;),(py),]>* complexes has been esti-
mated to be 1200 cm ™' by molecular orbital calculations
based on symmetry and overlap arguments [39]. Thus, evi-
dence from experimental data and theoretical calculations
leads to back-bonding energies of the order of 1000 cm ™!
for both the excited and ground states, proving that these
effects are not very important in the Ru(II)-pyridine inter-
action. Recently published calculations, using ZINDO-95
[40], of the relative contributions of the 7w(py)—dmand dm—
7 (py) interactions are consistent with these results.

5. Conclusions

The sensitized photolysis of [Ru(NH;)¢]** leads to prod-
ucts and quantum yields similar to those for direct photolysis.
The high photoaquation quantum yields obtained in the sen-
sitization experiments and the observation of @ysc -~ ;.0 indi-
cate that transitions between the CTTS and LF manifolds are
restricted. It is proposed that the reactive state reached after
irradiation at wavelengths corresponding to the LF absorption
bands of [Ru(NH;)¢]>" is the lowest energy LF state. The
small oxidation quantum yield observed is ascribed to the
small CTTS character of this state.

Sensitization is effective with rhodamine B (17 450
cm ') and biacetyl (19 000 cm ~'), whereas no reaction is
observed with neutralred (16 900cm ~ '), demonstrating that
the excited state responsible for the photochemical reactions
lies between 16 900 and 17 700 cm ™.

The energy of the reactive state of [Ru(NH;)¢]*" is in
the same range as that found for the sensitized photoreactions
of [Ru(NH;)spy]>* [18]. A simple consideration which
may be used to accommodate these results is that back-bond-
ing effects are small for pyridine and, therefore, the smaller
o-donor ability of pyridine is largely compensated by the
increase in the #-acceptor ability.
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