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The quantum yield of the photosubstitution of tris(1,10-
phenanthroline)ruthenium(II) increased steeply with the increase
in acid (HCl or CF3SO3H) concentration to reach a plateau at
the acid concentration higher than 0.1 mol dm_3, indicating the
protonation to a reaction intermediate of the complex, probably
to a nitrogen atom in the reaction intermediate with a monodentate

phenanthroline ligand.

The aromatic a-diimines, bpy (=2,2'-bipyridine) and phen (=1,10-phenan-
throline), have similar properties as ligands in coordination chemistry. The big-
gest difference between them is their rigidity. Thus, in thermal ligand substitu-
L.2) and [M(phen)3]2+

The acid dependence for the former has been related to the formation

tion, [M(bpy)3]2+ (M = V, Fe, and Ni) showed acid dependence
did not.2)
of the reaction intermediate with a flexible monodentate bpy ligand, while the

acid independence for the latter has been related to the inability of the rigid

2)

phen ligand to form such an intermediate in the tris complex: A strong steric

repulsion will occur between the rigid monodentate phen and the neighboring phen

3)

ligands in the intermediate. Recently Lilie et al. proposed a six coordinate

reaction intermediate of [Cr(phen)3(H20)]3+ with a monodentate phen ligand for the

photosubstitutution of [Cr(phen)3]3+ without any direct evidence for the interme-

4) The present paper reports a novel example of the acid dependence of the

diate.
photosubstitution of tris(1l,10-phenanthroline)ruthenium(II), which strongly sug-
gests the existence of the reaction intermediate with a monodentate phen ligand.

The [Ru(phen)3]2+ is very stable in solution in the dark: No changes in the

absorption spectrum of the complex were observed even after boiling in 1 mol dm—3
HC1l solution for hours. However, upon irradiation of Nz—purged acidic solution
(HCL or CF4S0,H; 0.01-0.5 mol am™?) of 2.5x107° mol dm™> [Ru(phen),](C10,), with

light (A = 436 nm) at 70 °C, the intensity of the emission spectra of the tris
complex in solution decreased monotonously with time of irradiation, indicating
the disappearance of the tris complex. The absorption spectrum of the solution
also changed; a profile of the spectral changes in HCl solution was very similar

>) The spectral changes in

to that observed for [Ru(bpy)3]2+ in HC1l solution.
[Ru(bpy)3]2+ system were previously related to the formation of [Ru(bpy)z(OHz)

[Ru(bpy), (OH )Cl]+, and [Ru(bpy),Cl ].5) In the photoreaction of [Ru(phen) ]2 in
2 2 2772 3

1%*
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HC1l solution [Ru(phen)2C12] precipitated, whereas in CF3SO3H solution no precipi-
tate was formed. These observation suggest the substitution of a phen ligand in
[Ru(phen)3]2+ with H20 and/or Cl~ in the acid solutions.

The substitution rate was expressed by the equation: (-d[Ru(phen)32+]/dt)t =
@tIO(l - lo—Atl)(el[Ru(phen)32+]/(At£)), where Qt is a quantum yield of the photo-
substitution at a time t, I0 is an incident light intensity with a unit of ein-
stein dm~> s_l, A, is the absorbance per cm at 436 nm of the solution irradiated,
2 (= 2 cm) is a light-path length of the solution, and ¢ is a molar absorption
coefficient of the tris complex at 436 nm. The concentration of the tris complex
in the solution was followed by measuring the emission intensity at 583 nm. The
substitution rate was obtained from the gradient at a time t of a curve of
[Ru(phen)32+] vs. irradiation time. The quantum yield, @t, thus obtained at a
time t for each run showed no dependence on irradiation time in the time range for
which the photoreaction was followed (for 0.5-1.3 half-lives). The fact indicated
that the contribution of the reverse reaction, i.e., recombination of the liber-

ated phen, to the quantum yield was negligible in the experimental condition.

The quantum yield of the photosubstitution of [Ru(phen)3]2+ was drawn as a
function of [H+] in Fig. 1. It is evident
that in both HC1l-NaCl and CF3SO3H~CF3SO3Na _
systems the ¢ increased steeply with the in- 61 //,,i/”’__‘—*__—‘?
crease in the acid concentration to reach pla- //*
teaus in solutions of the acid concentration © 5 f+
higher than 0.1 mol dm_3. The acid dependence 2 4 ”,,,»—~*—‘—+_
of the ¢ indicates the protonation to a reac- 5 %/4»/’/¢
tion intermediate of the Ru complex. (A pro- 12 3
tonation to a liberated phen ligand cannot E
explain the acid dependence of the quantum 2#
yield, since the ¢'s were little influenced l
by the recombination of the liberated phen.) IO
Since the most plausible position of the pro- I ) ) ) ) ,
tonation in the intermediate must be a nitro- 0 01 02 03 04 05
gen atom in th§+ligand, the photosubstitution [Hq/moldnfa
of [Ru(phen)3] proceeds most probably
through an intermediate with a monodentate Fig. 1. Plots of the quantum
phen ligand. The acid dependence of the yields, ¢, vs. acid concentra-
photoreaction of the complex is in marked tion for the photosubstitution
contrast to the thermal ligand substitution of [Ru(phen)3]2+: O, CF3SO3H—
(aquation) of other tris 1,10-phenanthroline CF3SO3Na system; @, HCl-NaCl
complexes, [M(phen)3]2+ (M= V, Fe, and Ni), system (I=1.00 mol dm_3).
of which the first-order rate constant of the
reaction didn't show any acid dependence.z)

Since the photosubstitution of [Ru(bpy)3]2+ has been considered to proceed

through an intermediate with a monodentate bpy 1igand,5) the reaction of the com-

plex was carried out in HC1l solutions to compare with the results obtained here
]2+, shown in Fig. 2, are very

for the phen complex. The results for [Ru(bpy)3
2+

similar to those for the photosubstitution of [Ru(phen)3] in Fig. 1 and also to
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those for thermal substitution of [M(bpy)3]2+ (M= V, Fe, and Ni)1'2) for which the
reactions are widely accepted to proceed through a monodentate intermediate. The
results suggest again that the ligand substitution of [Ru(phen)3]2+ proceeded
through an intermediate with a monodentate phen ligand.

The following scheme was considered for the reaction mechanism:

+
[Ru(phen), 12" s H™ (2)
u(phen) == <OQ@> _ OH,g)

bis complex + phen bis complex + H+phen

In the scheme a protonation (path(2)) to the
nitrogen atom of the monodentate phen ligand in o5
the intermediate competes with a chelate ring
closure of the ligand (path(l)). Thus with the
increase in acid concentration, the ring clo-

20 J/

sure is suppressed more efficiently to result

in an increment of the quantum yield of the

®/10™* at 70 °C
o
~e

substitution.
In the photosubstitution of 5‘
[Ru(bpy);](SCN), in CH,C1l, solution a spectral L, . . . | ‘
evidence was obtained of a monodergi):ate interme- 0 ol 02 03 04 05
On the

other hand no direct evidence of the monodentate

diate with a lifetime of minutes. -3
[HCUl/mol dm

intermediate has been obtained for phen system.

However, the monodentate intermediate is con- Fig. 2. Plots of the quantum
sidered to exist at least for a very short pe- yields, ¢, vs. HC1l concen-
riod since, in the triplet d-d excited state tration for the photosubsti-
from which the photoreaction has been considered tution of [Ru(bpy)3]2+

to occur,S) the bond distance, Ru-N, between (I=1.00 mol dm—3, NaCl).

ruthenium(II) and nitrogen atom in the ligand is
expected to be appreciably longer than the M-N bond distances of [M(phen)3]2+ (M=
V, Fe, and Ni). (The Ru-N bond distance at the excited state is more than 0.2 )

longer7) than the Fe-N bond distances) in the electronic ground state of
[Fe(phen)3]2+.) The long Ru-N bond lessens the steric hindrance between the mono-
dentate phen and the neighboring phen ligands. In fact Ru(II) does form a tris

complex of a spin-singlet electronic state with a bulky 2,9-dimethyl-1,10-phenan-
throline,g) despite that Fe(II) cannot form a similar complex with the ligand.

A protonation may occur to a m-electron system of a ligand in the photoexcit-
ed triplet charge-transfer state (3CT)10) since in the 3CT state the excited

11)

electron is considered to localize on a phen molecule in solution resulting to

form an anionic radical of the phen ligand in the complex. No difference in the
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emission spectra, however, were observed for [Ru(phen)3]2+ between in 1.0 mol dm~3

3 Hcl solution (I=1.0 mol dm_3, NaCl).

NaCl solution and in 0.1 mol dm~
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