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Size effects on the luminescence quenching of Tb>* by Ru(II)
tetraammines with alkyl trans-phosphane ligands
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Abstract

The luminescence quenching of *Tb>* by tetraammines of Ru(ll) complexes with phosphane ligands of the type ifrans-
[Ru(NH,)4(P(OR);),](PF), with R =CH;, C;Hs, 'C3H5, C4Hs, 'C,Ha, is studied in aqueous solution. The results indicate that the quenching
process occurs by collisional energy transfer with possible formation of a photoactive triplet ligand-field excited state of the Ru(II) complex
which undergoes NH, photoaquation. The observed luminescence quenching rate constants are within the range 1.1 (R="'C;H,) to 3.3
(R=CH;) X 10"M~" s~ ' depending on the type of alkyl chain in the phosphane ligand. Bulky substituents on the P ligand reduce the rate
of luminescence quenching by inducing steric factors and consequently increasing the pair contact distance for collisional energy transfer.
For n-alkyl phosphane ligands, this size effect on the quenching rate constant is well correlated with the ligand cone angle 8. © 1997 Elsevier

Science S.A.
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1. Introduction

Photo-induced energy and electron transfer in transition
metal complexes has been a topic of constant investigation
in recent decades, with several applications in the fields of
photocatalysis, solar energy conversion, and molecular elec-
tronics [ 1-4]. Most of the progress in this field, specially in
supramolecular photochemistry, has been supported by
important advances in synthetic methods.

Synthesis of new complexes of Ru(Il) based on photola-
bilization reactions of ligands have been recently proposed
as alternative routes to thermal reaction [5]. Tetraammines
of Ru(Il) with trans-phosphane ligands are of particular
interest in photochemistry studies because these complexes
do not usually show an overlap between ligand-field (LF)
and charge-transfer (CT) bands, allowing a selective elec-
tronic excitation to form LF excited states. Furthermore, the
trans-[Ru(NH;) ,(P(OR);),]>* ions do not emit when irra-
diated on their LF absorption bands. Photoreactivity towards
ligand substitution in this class of Ru complexes has been
ascribed to the presence of a lower energy triplet excited state
with ligand-field (°LF) character [5,6].
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In this paper, the luminescence quenching of the Tb**
(°D,) excited state by a series of Ru(II) complexes with
trans-phosphane ligands having different alkyl chains is
investigated in terms of two possible reaction pathways:
photo-induced electron transfer or energy transfer between
the terbium ion and the ruthenium complex. The effect of tie
quencher molecular structure on the kinetics of the collisional
quenching is analyzed. Applications in photosensitized
ligand substitution are also discussed.

2. Experimental details and methods

The synthesis and characterization of the trans-
[Ru(NH;)4{P(OR);),](PF,). complexes with R=CH,,
C,H,, iC;H,, C4Hy, ‘C,H,, have been described previously
[7]. Ether, ethanol, and acetone (Aldrich) were distilled
under reduced pressure before use. All other materials were
reagent grade and were used without further purification.
Ruthezium trichloride (RuCl; - 3H,0) was the starting mate-
rial for the sy nthesis of the ruthenium complexes. Terbium
chloride hexahydrate (Alfa-Ventron) was dried in a desic-
cator. Trifluoracetic acid (Merck, spectroscopic grade) was
used as purchased. All aqueous solutions were prepared using
doubly distilled water.
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Fig. 1. Corrected steady-state emission spectrum of | mM Tb** in aqueous
solution containing 1 mM trifluoracetic acid/dimethyl ketone (1:1) at 298
K.

Half-wave oxidation potentials of the complexes in an
aqueous solution of 1 mM trifluoracetic acid/dimethyl ketone
(1:1) at 298 K were determined by cyclic voltammetry using
a PARC model 170 electrochemical system. The electro-
chemical cell was of the three-electrode type formed by a
saturated calomel electrode (SCE), a platinum wire (auxil-
iary electrode) ~nd a working glassy-carbon electrode. The
solvent mixture used in the electrochemical measurements
was the same as that employed with the samples of ruthenium
complexes in the presence of terbium chloride in the lumi-
nescence quenching experiments. The pH of the samples was
determined using a digital Corning pH meter model 130.

UV-visible absorption measurements were performed at
room temperature with a HP 8451- A spectrophotometer. The
analysis of the electronic absorption spectra of these com-
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plexes based on a d® low-spin ien of D, symmetry has been
published previously [5b].

Corrected steady-state emission spectra of the | mM Tb®*
solutions were recorded at 298 K using an Edinburgh CD 900
photon counting spectrofluorimeter. Fig. 1 shows the emis-
sion spectra of the Tb** working solution with the charac-
teristic four emission bands. Relative luminescence
intensities were calculated from the integration of the most
intense emission band centered at 545 nm. The luminescence
lifetime 7, of the Tb** (°D,) in solution was determined
using a CD 900 Edinburgh microsecond time-resolved phos-
phorescence spectrometer.

3. Results and discussion

The luminescence lifetime 7, of the Tb** (°D,) measured
in the working solution was 434 +5 ps, which is quite close
to the reported value of 480 s in pure water at 298 K [8].

In the presence of trans-[Ru(NH;),(P(OR),),]** ions
with R =CH,, C,H;, ‘C;H,, C,;H,, 'C,H,, the luminescence
intensity of *Tb** decreases as shown in Fig. 2. The intensity
ratio in the absence and presence of added complex follows
a linear Stern—Volmer relationsitip:

L/1=1+k,7[Q] (1

and the slope of Iy/1 vs. [Q] depends on the quencher com-
plex used (see Fig. 3).

A good linear fit to Eq. (1) has been obtained for all the
above systems, the quenching rate constants (k,) are in the
range 1.1 (R='C;H,) t0 3.3 (R=CH;) X10°M~'s™ !, as
reported in Table 1. These rate constants are one order of

0.6}~

[ X] o

COUNTS/10°

o.2r

oo '

1
530 538 saq

$45

550 S55 560

A (nm)

565

Fig. 2. Quenching of Tb** (°D,— ’F;) luminescence by the trans-[Ru(NH;)4(P(OCH;);),]** ion. Quencher concentrations between 0.14 and 2.2 mM.
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Fig. 3. Plots for the luminescence quenching of Tb'* rrans-

[Ru(NH;)(P(OR);).)*" complex ions (R =0, CH,: @, C.Hs; A,'C.H;;
A, CH,. 0O, 'CH,).

Table 1

Quenching rate constant &, of *Tb** by rrans-[Ru(NH,)4(P(OR),),]**
as a function of the half-wave potential (Ru(I1I)/Ru(I)) and cone angle
6at298 K

P(OR); k (10°M™'s™h) E ;> (V vs. SCE) 6 (deg)®
CH, 3.30 0.73 107
C.Hq 225 0.76 109
'C;H, 1.86 0.68 130
C,H, 1.36 0.66 112
'CsH, 1.07 0.64 172
“From [18].

magnitude smaller than the &, values reported for the quench-
ing of *Eu’®* by Ru(NH,)z" via reductive electron transfer
[9]. The quenching of *Tb** by these Ru(II) complexes
via electron transfer can be described by

kq

*Tb** +Ru(Il) - Ru(Ill) + TH** (2)

with a standard free energy change AD°=E,,»(Ru(IIl)/
Ru(Il)) —E,,»(Tb** /Tb**) — E . The electronic energy
E, of *Tb** corresponds approximately to 2.52 eV, and the
polarographic E,,»(Tb**/Tb?*) in aqueous solution is
—1.85V (vs. SCE) {10]. Among the systems studied here,
the highest driving force corresponds to the reactant donor
with R='C,H, and E,;,»(Ru(Ill)/Ru(ll)) =0.64 V for
which AG°= ~0.03 eV; for larger E,,»(Ru(III) /Ru(1l))
values, the forward electron-transfer reaction as given by Eq.
(1) becomes an endoergonic process.

However, the observed decrease in &, with E; ,,(Ru(IIT) /
Ru(II)) is the reverse of the expected behavior for a photo-
induced electron transfer if the transfer distance remains the
same for all quenchers. For the title complexes, the sizes of
the P(OR); ligands are not equal and therefore the radius of
the coordination sphere will change appreciably from one
complex to another. The larger alky! substituents R in the
phosphane ligand will induce a greater steric factor, which
will affect the close-contact distance d of the reactants.

Accordingly [11], the rate constant of electron transfer
decreases exponentially with d.

The rate constants for energy transfer by exchange inter-
action, according to the Dexter theory, are also a function of
d:

4 Y,
ker=—expl —d/L] f Ep(7)ex(5)di 3)
[1]

where L is an effective average orbital radius for the initial
and final electronic states of the donor and acceptor, and Ep,
and €, are the normalized emission spectra of the donor and
the normalized molar extinction of the acceptor as a function
of wavenumber, respectively [12]. Eq. (3) also predicts a
linear relationship between In k, and d if quenching occurs
by collisional energy transfer.

Although, owing to the heavy atom effect of the metal ion,
the electronic states cannot be defined rigorously as singlet
and triplet [ 13], an electronic energy transfer reaction can be
assumed corresponding to

k

*Tb** (°D,) +Ru(II)('A,):)*Ru(II)(3LF) (4)

+Tb3+ (7Fn)

forming predominantly the triplet LF excited state of the
ruthenium complex, in agreement with Wigner’s spin rule
{12].

These results, despite pointing out the relevance of the size
of R in reducing the quenching rate constant of *Tb**, do
not allow a definition concerning the nature of the process
itself. Both photo-induced electron-transfer and collisional
energy-transfer processes depend on a close approach of the
two reacting partners and electronic interaction between the
donor and acceptor orbitals. The ligand size effect on the
quenching rate has been discussed previously [ 14-17].

However, if the quenching process occurs py collisional
energy transfer with formation of *Ru(II) (°LF), then pho-
tosensitized aquation of the complex with terbium ions should
be observed. Irradiation of the aqueous solution containing
these Ru complexes with 313 nm light leads to the selective
photoaquation of the NH; ligands [5b]:

hv

[Ru(NH;)4(P(OR);),]** = *[Ru(NH;)4(P(OR)3).1**

*[RU(NH3)4(P(OR)3)2]2+ +-H;0
— [Ru(NH;);(H,0)P(OR);),1>* +NH; (5)

This photoreaction is clean and easily monitored through
pH measurements. The 'A,, state initially formed is con-
verted by intersystem crossing to the photoactive *A,, LF
excited state.

Photolysis experiments in the presence of I mM Tb** and
trans-[Ru(NH;),(P(OCH,)5),]** with irradiation at
450+ 10 nm forming *Tb** (°D,) clearly indicate the pres-
ence of free NH,; in the solution. In 5 min of sanple irradia-
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Fig. 4. Geometric scheme relating the cone angle 6 of the ligand and the
close-contact distance d.
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Fig. 5. Plot of the quenching rate constants as a function of the close-contact
distance d for n-alkyl phosphane ligands.

tion, the measured change in pH (from an initial pH of 2.67
to a firal pH of 2.82) indicated a 6% product conversion of
the original solution at room temperature. Conversely, solu-
tions containing the same complex but without Tb** when
irvadiated under the same conditions do not exhibit NH,
photoaquation.

These results strongly suggest that the quenching process
of *Tb>* by trans-[Ru(NH,),(P(OR);),]** ions is better
explained by an energy transfer pathway than by electron
transfer.

The steric factor and size effect promoted by the alkyl
substituents on the quenching rate constant are correlated to
the phosphane cone angle @ [18]. Fig. 4 gives a pictorial
representation of the relationship between 0 and the close-
contact distance d of the reactants. The analytical equation
relating fand d considering a hydrated Tb** ion with aradius
of about 3 A is given by

(6)

The increase in 6 leads to larger contact distance d and hence
areduction of kgr, as predicted by Eq. (3). In fact, the meas-
ured k, values decrease with 6 as reported in Table 1. If &, is
proportional to kg, then a plot of In k, vs. d should be linear,
and this trend is observed for n-alkyl derivatives (see Fig. 5).
The linear relationship does not depend on the assumed radius
of the hydrated terbium ion, as it is a multiplicative factor
only. For R=C;H, and ‘C,H,, the phosphane cone a:;les
are higher and d as estimated by Eq. (6) becomes larger than
the radius of the cocrdination sphere of the phosphane ligais;
therefore, the close-contact distance d cannot be evaluated
properly using this geometrical model.

4. Conclusions

The luminescence quenching of *Tb** by tetraammines
of Ru(II) complexes with trans-phosphane ligands seems to
occur by collisional energy transfer with possible formation
of a triplet LF excited state of the ruthenium complex. The
luminescence quenching rate constant is of the order of 10°
M~'s™! and depends on the type of alkyl chain on the
phosphane ligand. Buiky substituents on the P ligand reduce
the rate of luminescence quenching by inducing steric factors
and consequently increasing the pair contact distance for col-
lisional energy transfer.

Acknowledgements

Financial support from CNPq and FAPESP is thankfully
acknowledged.

References

{1] H. Hennig, D. Rehorek and R.D. Archer, Coord. Chem. Rev., 61
(1985) 1.

{2] V. Balzani and F. Scandola, Supramolecular Photochemistry, Wiley,
New York, 1986.

(3] K. Kalyanasundaram, Photochemistry of Polypyridine and Porphyrin
Complexes, Academic Press, New York, 1992.

{4] M.K. Nazeeruddin, A. Kay, I. Redicio, R. Humphry-Baker, E. Muller,
P. Liska, N. Vlachopoulos and M. Griitzel, J. Am. Chem. Soc., 115
(1993) 6382.

[5] (a) S.E. Mazzetto, L.M.A. Plicas, E. Tfouni and D.W. Franco, Inorg.
Chem., 12 (1992) 971.

(b) S.E. Mazzetto, E. Tfouni and D.W. Franco, Inorg. Chem., 35
(1996) 3509.

6] (a) G. Malouf and P.C. Ford, J. Am. Chem. Soc., 99 (1977) 7213.(b)
V.A. Durante and P.C. Ford, /norg. Chem., 18 (1979) 588.

[7] D.W. Franco, Coord. Chem. Rev., 119 (1992) 199.

[8] (a) J. Georges, Analyst. 118 (1993) 1481.(b) W. Dew. Horrocks, Jr.
and D.R. Sudnick, Acc. Chem. Res., 14 (1981) 384.

[9] KM. Christensen, A. Bakac and J.H. Espenson, Chem. Phys., 176
(1993) 359.

[10] A.J. Bard, Encyclopedia of Electrochemistry of the Elements, Vol. VI-
2, Marcel Dekker, New York, 1976, p. 40.

[11] G.J. Kavamos and N.J. Turro, Chem. Rev., 86 (1986) 401.

[12] KK. Rohatgi-Mukherjee, Fundamentals of Photochemistry, Wiley
Eastern Limited, New Delhi, India, 1992.



S.E. Mazzetto et al. / Journal of Photochemistry and Photobiology A: Chemistry 104 (1997) 3943 43

[13] R.M. Carlos, M.G. Neumann and E. Tfouni, [norg. Chem., 35 (1996) {16] N. Kitamura, S. Rajagopal and S. Tazuke, J. Phys. Chem., 9! (1987)
2229. 3767.

{14] K. Janda and F.C. Wettack, J. Am. Chem. Soc.. 94 (1972) 305. [171 S. Rajagopal, G.A. Gnanaraj, A. Mathew and C. Srinivasan, J.

[15]1 D. Sandrini, M. Maestri, P. Belser, A. von Zelewsky and V. Balzani, Photochem. Photobiol. A: Chem., 69 (1992) 83.

J. Phys. Chem., 89 (1985) 3675. [18] C.A. Tolman, Chem. Rev., 77 (1977) 313.



