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The photosensitized aquation of pentaammine(pyridine)ruthenium(ll) by several dyes has been studied under
conditions where only the sensitizers absorb light. The ratio of the quantum yields for ammine and pyridine
substitution was the same as that for direct photoaquation. Sensitization was effective with singlet sensitizers
Rhodamine-B (17 452 cm) and Safranine-T (17 690 cr¥), as well as the triplet sensitizer biacetyl (19 000
cm™1), but no reaction was observed with Neutral-Red (16 900%¢mThe results indicate that the excited state
precursor of the observed photosubstitution in the complex lies in the energy range between 17 000 and 17 700
cmL,

Introduction higher, photosubstitution quantum yields and have MLCT
absorption band maxima at wavelengths shorter than 460 nm
in aqueous solutiofh. On the other hand, the "unreactive" are
those having lower and irradiation wavelength dependent
guantum yields of photosubstitution and having MLCT absorp-
tion bands at longer wavelengths. These observations led Ford
to propose the tuning mod&According to this model, in which

a LF excited state was assigned as responsible for the photo-
. qefi2 substitution reactions, the reactive complexes are those which
are both ligand and solvent depe_n . In these compl_exes, have a LF excited state as lowest energy excited state (LEES),
the nonopserved lOWESt energy ligand field (LF) absorption band while the unreactive complexes would be those with a MLCT
was estimated to lie at~390 nm. The complexes were .

h . - . . excited state as LEES.

|rrad|ate_d with Ilght energies corre_s_pondlng to t_he" MLE:T The UV—vis spectrum of the pyridine complex, [Ru(NJg
absorptl?n energies and Werg' C|aS§IfI(?|d as reac;u+ve or “un- py]?*, displays a MLCT band at 408 nra & 7800 M-t cm-)
reactive’. It was s.hqwn that react|ve. [Ru(NsL] com- and an intraligandz—s*, band at 246 nmd = 4600 M1
plexes have irradiation wavelength independent, relatively cm1).11 The photoaquation of [Ru(NBEpYJ* in its MLCT

F— — —— absorption energy range was found to be wavelength indepen-
; Universidade Estadual Paulistal fitude Mesquita Filho’. dent and resulted exclusively in the loss of coordinated ammonia
Universidade de RaPaulo, Sa Carlos. L. . "
§ Universidade de RaPaulo, Ribeifa Preto. and pyridine ligands. In addition, a pH dependence of the
® Abstract published irdvance ACS Abstractsebruary 15, 1996. pyridine quantum yields was observed, suggesting competitive
(1) (a) Ford, P. C.; Stuermer, D. H.; McDonald, D.»Am. Chem. Soc. i ; i i id-
1969 91, 6209. (b) Ford, P. C.; Chaison, D. A.; Stuermer, DGHem .acd|d Cat"é'yzed reaction paﬁhwaysffor pyridine aq”a%;’.” and acid
Commum1971, 530. (c) Chaison, D. A.; Hintze, R. E.; Stuermer, D.  INJ€PEN ent reaction pathways for ammonia aguation
H.; Petersen, P. D.; McDonald, D. P.; Ford, P.JCAm. Chem. Soc

The photochemistry of ammineruthenium(ll) complexes with
pyridine-like ligands has been extensively studied since 19%9.
The main representative complex of this class of complexes is
[Ru(NH3)spy]?*t (py = pyridine), which has been subject to
extensive study->710 The visible spectra of [Ru(NgsL] 2"

(L = pyridine or pyridine-like ligand) are dominated by intense
metal-to-ligand-charge-transfer (MLCT) absorption bands which

1972 94, 6665. [Ru(NH3)s(H0)]** + py
(2) (a) Ford, P. C.; Petersen, J. D.; Hintze, RCBord. Chem. Re 1974 -
14, 67. (b) Ford, P. C.; Hintze, R. E.; Petersen, J. DCbncepts of [Ru(NH3)spy]** + bv m
Inorganic PhotochemistryAdamson, A. W., Fleischauer, P. F., Eds.; ) -
Wiley: New York, 1975; Chapter 5. (c) Ford, P. C.; Malouf, G; cis- and trans-[Ru(NH3)4py(H0)]2 + NHy
Petersen, J. D.; Durante, V. ACS Ad. Chem. Ser1976 150, 187.
(d) Ford, P. CACS Ad. Chem. Ser1979 168 73. (e) Ford, P. C. One proposed mechaniénfor the acid-dependent path
Re. Chem. Interm 1979 2, 267. (f) Ford, P. C.; Wink, D inyolves an intermediate formed by rehybridization and proto-
DiBenedetto, JProg. Inorg. Chem1983 30, 213. . - . .
(3) Malouf, G.; Ford, P. CJ. Am. Chem. Sod 974 96, 601. nation of the pyridine nitrogen in the MLCT state to form a
(4) Malouf, G.; Ford, P. CJ. Am. Chem. Sod 977, 99, 7213. Ru(lll)-coordinated free radical species. Studies on the charge-
(5) Durante, V. A.; Ford, P. Gnorg. Chem 1979 18, 588. transfer excited speci¢gRu(NHz)sL]2"}* showed evidence for

6) Tfouni, E.; Ford, P. Clnorg. Chem.198Q 19, 72. L X . : N~
%73 Toun, £ Ford, P Clorg. Chem 1980 19, 72, o chem. Soc. @ reactive ligand field excited state and indicated that the MLCT

1987, 109, 2381. _ _ was substitutionally unreactivie Flash photolysis experiments
(®) fggfggy ;-1/8%‘-%: Rocha, Z. N.; Giesbrecht, E.; TfouniJitorg. Chem. on the [Ru(NH)spy]?* complex ion showed the formation of a
(9) Natarajan, P.; Endicott, J. B. Am. Chem. Sod972 94, 5909. long-lived transient. This transient was proposed to be an
(10) Chung, Y. C.; Leventes, N.; Wagner, P. J.; Leroi, GJEm. Chem. intermediate (not an excited state) in which the pyridine ring is

Soc.1985 107, 1414. bonded to the Ru(ll) through the pyridine system, leaving

(11) E‘.?Ldi'ggg %-(?) 'ﬂggv DeF. P.; Gaunder, R.; Taube).thm. Chem.  the nitrogen lone pair free for reversible protonation and further
(12) Curtis, J. c.§ sullivan, B. P.; Meyer, T. lhorg. Chem.1983 22, aquation of the complex. At the time this mechanism was

224, proposed, such bonding had little precedent among “classical”
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coordination compounds, but it is now accepted, as illustrated
by the similarly bonded intermediates proposed to occur in the
linkage isomerization of isonicotinamid&from amido bonded

to pyridyl bonded, in pentaammineruthenium(ll). The other

striking example is the analogously bonded benzene reported

to occur in the stable ®@NH3)5(CeHe) complext4

The nonobservanétof the pyridine radical anion resonance
peaks in Raman scattering of [Ru(kpy]?", at 340 nm, did
not prove that the photoactive LF state lies below the MLCT
state in [Ru(NH)spy]?*, although it is consistent with Ford’s
model. Creutz and co-workefseported studies on picosecond
absorption spectroscopy of [Ru(Mjspy]?>t. These experiments
suggested a very short lifetime &< 20 ps) for the MLCT
state. The ligand field excited state is not observed directly
and was inferred to be short-lived.

An unknown detail of this system is the approximate energy
of the excited state(s) responsible for its photochemistry.
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Figure 1. Electronic spectral changes for 9.41107° M Rhodamine-B
and 1.44x 104 M [Ru(NHg)spy]?" in 0.2 M NaCl, pH 4.0 (10* M
HCI), under 519 nm irradiation: (a) absorption band of the complex;
(b) absorption band of the dy&y = irradiation wavelength.

Because sensitization and quenching have been very useful tools 0 -qires. The same general procedure was used for the study

for the analysis of the photochemical fates of inorganic
molecule$® and since the excited state precursor(s) of the
photochemistry observed in ruthenium(ll) ammines is (are) not
directly observed, we decided to run some sensitization and

of both the direct and photosensitized photolysis of [Rugypy]>*.

A weighed amount of the complex was dissolved in a solution gf 1
10° M Rhodamine-B in 0.2 M NaCl at pH 4.0 (1&M HCI). The
solutions were deaerated by bubbling argon prior to photolysis and

guenching experiments in order to determine the energy rangestirred during irradiation. The deaerated solutions were photolyzed up

of this (these) states(s) in pentaammine(pyridine)ruthenium(ll),
which would provide a wider experimental basis for mechanistic
discussion.

Experimental Section

Chemicals. The [Ru(NH)spy](BFs). salt was prepared from
[Ru(NH5)sCI]Cl; and recrystallized according to published procedtires.
Rhodamine-B (Aldrich) was recrystallized twice from diethyl ether and
air-dried. Safranine-T, Neutral-Red, and biacetyl (2,3-butanedione)
were purchased from Aldrich and used without further purification.

Solutions for photolysis and luminescence studies were prepared usingy

doubly distilled water containing 0.2 M NaCl at pH 4.0 (201 HCI).
Solutions were deareated with argon previously passed through a
chromous bubbler. Reinecke’s $&I(NH4)[Cr(NHz)(SCN)] (East-
man), used for actinometry at 519 nm, was converted to the potassiu
salt by recrystallizing from KN@solution. Potassium tris(oxalato)-
ferrate(lll), used in actinometry at 405 nm, was prepared according to
Calvert and Pittd’

Instruments. Monochromatic irradiations at 405 and 519 nm were
carried out with a 150 W xenon lamp in a Oriel Model 6253 universal
arc lamp source, using Oriel interference filters for monochromatization

m

to approximately 10% conversion in 1.0 cm and 0.5 cm cells &5

The quantum yields for substitution of py were calculated from the
decrease in the MLCT band as described in the literdfifreThe
spectroscopic technique does not provide any reliable information
regarding ammonia photoaquation (eq 1) under the experimental
conditions described. For this reason, it was necessary to monitor the
ammonia photoaquation by pH changes in the acidic (pH 4) photolysis
solution, since each equivalent of ammonia released will neutralize 1
equiv of acid. Thus, after photolysis, the pH values of the irradiated
solutions were determined, and the quantum yields for the acid
consumption were calculated from the pH differences. The quantum
ield of ammonia was corrected for the pH changes due to the
protonation of the basic pyridine released, taking into accountis p
Analogous samples were allowed to react in the dark , under the same
conditions of the photolyzed solutions, in order to correct quantum
yields.

Results

Continuous Photolysis. The photoaquation quantum yields
for [Ru(NHz)spy]?*, irradiated at 405 nm both in the presence
and in the absence of Rhodamine-B, were determined with (1
5) x 1074 M [Ru(NH3)spy]?* solutions. In the solutions with

at the appropriate wavelengths. The progress of the photoreactionsy,q sensitizer, the ammonia aquation quantum yield was found

was monitored spectrally on a HP Model 8452A diode array spec-
trometer. Tris(oxalato)ferrate(lll) was used as the actinometer for the
405 nm irradiations and Reinecke’s salt for the 519 nm irradiations.
Emission spectra were recorded on a Aminco-Bowman Model J4-
8960A spectrofluorimeter, with a high-pressure xenon lamp and an IP28
type photomultiplier. The 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
0.2 M NaCl solutions at pH 4.0 (I& M HCI), using a cell containing
Ag/AgCl (—17 mV vs SCE) as the reference electrode, Pt wire as the
auxiliary electrode, and a glassy carbon electrode with an area of 0.082
cn? as the working electrode. The solutions werex11074 M in
[RUu(NH3)spy]?t and 1x 10~ M for the dye. Solutions were deaerated
using an argon stream. The diffuse reflectance spectrum was recorde
vs MgCGQ; reference on a SPECORD M40 spectrometer equipped with
an integrating sphere.

(13) Chou, M. E.; Brunschwig, B. S.; Creutz, C.; Sutin,INorg. Chem
1992 31, 5347.

(14) Taube, HPure Appl. Chem199], 63, 651.

(15) Balzani, V.; Moggi, L.; Manfrini, M. F.; Bolletta, FCoord. Chem.
Rev. 1975 15, 321.

(16) Wegner, E. E.; Adamson, A. W. Am. Chem. S0d.966 88, 394.

(17) Calvert, J. G.; Pitts, J. NhotochemistryWiley: New York, 1966.

to be 0.06G+ 0.005 mol/einstein and that for pyridine 0.040
0.004 mol/einstein, in good agreement with the repdnratlies
of 0.063+ 0.005 and 0.04&- 0.004 mol/einstein, respectively.
Figure 1 shows the result of the photolysis at 519 nm of a
1.44 x 10* M deaerated solution of [Ru(Ngispy]?™ in the
presence of 9.4% 107 M Rhodamine-B. At this wavelength,
only the dye absorbs the incident radiation. The spectral
changes obtained on irradiation were exactly those expected for
reaction 1j.e., a continuous decrease of the absorbance of the
complex (at 408 nm) and no change in the absorbance of
Rhodamine-B (at 554 nm). A spectrophotometric check of the

aohotochemical stability of Rhodamine-B in these experiments

showed that changes were negligible under the conditions used
in this work. On the basis of the light absorbed by Rhodamine-
B, the quantum yield for the sensitized reactieh;S, was
obtained. The variation of reciprocal quantum vyield for the
sensitized reaction as a function of the complex concentration
is shown in Figure 2.

Experiments were also performed using Safranine-T as
sensitizer. Carefully dearated aqueous solutions containing 1.2
x 107% M Safranine-T and 6 10752 x 1074 M [Ru(NH3)s-
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Figure 2. Variation of the quantum yield of the Rhodamine-B- 0
sensitized aquation of [Ru(Njipy]*: (M) pyridine aquation; @) Figure 4. Energy-level diagram of the donor dyes and complex ion
ammonia aquation. acceptor.
1k Discussion
The electronic states of the dyes and [Rug@ly]?" which
2 may be involved in the reactions occurring in the experiments
g described above are represented in the energy diagram of Figure
2 4. The energy values of the singlet staté®) of Rhodamine-B
S (17 500 cnh), Safranine-T (17 700 cm), and Neutral-Red
e (16 900 cntl) were derived from the 0,0 band, assumed to
) correspond to the point where the normalized absorption
.3’, spectrum and the normalized and corrected emission spectrum
g cross. The emission spectrum of biacetyl consists of a low
W fluorescence band at about 470 nm (21 300 Hnand a very
intense phosphorescence band with a maximum at about 525
0

nm (19 000 cm?). The triplet yield for biacetyl is known to

455 525 595 665 ; !
be near 1 in condensed media.
Wavelength (nm) The energies of the excited states of the complex are
Figure 3. Emission spectra for 0.29 M biacetyl in 0.2 M NaCl, pH Somewhat uncertain. Two absorption bands can be observed
4.0 (104 M HCI): (a) biacetyl alone; (b) biacetyl with added 8.89 in the spectrum of the [Ru(Ngkpy]?™ complex ion, corre-
1075 M [Ru(NHg)spy]** sponding tar—z* and MLCT transitions, although the ligand

field theory?® also predicts LF electronic transitions for the d
pyl?* were irradiated with 519 nm light, which was only low-spin configuration. For solid [Ru(N$spy]?* the diffuse
absorbed by the dye. Irradiation resulted in reactions similar reflectance spectrum shows a broad shoulder with a maximum
to those observed in the case of Rhodamine-B. around 385 nm and a peak at 410 nm. The maximum at 385

The need to keep irradiation times shortl min) to avoid nm is comparable to that of the lower energy ligand field band
complications due to biacetyl photolysis made it impossible to 0f [RU(NHz)¢]*", 4 = 390 nm,e = 39 M~ cm?, which is
irradiate this system long enough to obtain a good plot @/  ascribed to a'Tig < Ayq transition? @ Thus, a similar
vs 1/[Ru] for py and NH aquation. assignment would be reasonable for this band in the spectrum
of [Ru(NHz)spy]?*. This reasoning is supported by a compari-
son of the Rh(lll) ions, [Rh(NKe]®" and [Rh(NH)spy]eT,
twhich are isoelectronic with their Ru(ll) analogs and display

Luminescence Studies. Irradiation of deaerated aqueous
solutions of Rhodamine-B or Safranine-T with 510 nm light

band), resulted in intense fluorescence emission bands a ) .
i~ ) LF absorptions at 305 and 302 nm, respecti¥ély From the

5788 and 588 nni? respectively. The fluorescence of these . ot
dyes was quenched by the complex and was plotted on-Stern gbove arguments it can be concluded that the [Rufbfiy]

: : : does indeed have a LF transition in the same region of the
Volmer diagrams|1f/I vs [Ru]), which yielded SteraVolmer lon N .
guenching constant¥sy, of 229 M~! for Rhodamine-B and spectrum as [Ru(NEs|>", which is somehow hidden by the

280 M- for Safranine-T. On the other hand, addition of-(1 more intense MLCT band. For evaluation of the lowest energy
3) x 104 M of the ruthenium(ll) complex had,no effect on the singlet and triplet excited state(&s-o, it should be noted that

fluorescence of Neutral-Red. The phosphorescence of a 0.3 Mthe maximum of the absorption band (i.e., the ‘vertical”

solution of biacetyl was completely quenched by the presencetIralnSItIon from the g_round state to the e_xcned state) does not
of 8.89 x 105 M [Ru(NHa)spyl** (see Figure 3). The correspond to the difference in electronic energy between the

. H . excited state and the ground state but includes some vibrational
absorption spectrum of the mixture remains the same beforeenergy,/l*, that is related tcEo_o by Eop = Eo_o — A* where,

irradiation.
(20) Jolly, W. L. Modern Inorganic Chemistry2nd ed.; McGraw-Hill,
(18) (a) Arbeola, F. L.; Arbeola, L.; Tapia Estevez, M. J.; Arbeola, L. L. Inc.: New York, 1991; Chapter 17.
J. Chem. Phys1991, 95, 2203. (b) Arbeola, F. L.; Ozeda, P. B. (21) (a) Matsubara, T.; Efrima, S.; Metiu, H. I.; Ford, P.JCChem. Soc.,
Lumin. 1989 44, 105. Faraday Trans. 21979 75, 390. (b) Petersen, J. D.; Watts, R. J,;

(19) Neumann, M. G.; Tiera, M. Quim. Naa 1993 16, 280. Ford, P. CJ. Am. Chem. Sod 976 98, 3188.
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Table 1. Excited State and Electrochemical Data for Dyes and [Rujhii]>* 2

species Eo-o e*(*D/D 7) €%(D/ID7) €Y(D*/D) (ATIA) Aer Aey
Rhodamine-B 2.16 1.45 -0.71 +0.64 1.36 0.80
Safranine-T 2.19 1.90 -0.29 —0.46 1.81 0.38
Neutral-Red 2.10 2.37 —-0.27 —0.24 2.28 0.36
[RUu(NH3)spy]?* 2.20 -+0.09

a All energies are given in volts. Electrochemical potentials are referred to Ag/AgCl MV (SCE)). All electrochemical measurements were
made in 0.2 M NaCl at pH 4.0 (T6 M HCI).

Eop is the maximum energy produced from direct light absorp- the energy released by the back electron transfer reaction is not
tion. TheEy values for the singlet and triplet LF excited states enough to oxidize the complex. This implies that an electron

were estimated using the ligand field thedfthe ligand field transfer process cannot be the mechanism for the observed
parameterd\o = 26 800 cnT?, and the Racah parametds= energy transfer.
0.454 andC = 1.82 estimated by Fofélfor [Ru(NHz)g]*" and Thus, the two other possible mechanisms for energy transfer

using the relationshig* = 4.5 x 10%(Ao)>. Thus, for the  5re diffusional contact exchange and long-range resonance
[Ru(NHs)spy** complex, the lowest energy singlet and triplet Eeyster energy transféf. The photoactive excited states of Ru-
LF excited states were calculated to lie at 21 640 and_17 700 (I) ammine complexes have been widely described formally
cm, respectively, which are below the FrandRondon excited 55 triplet state$? and therefore, the spin-forbidden contact
states observed in the absorption spectrum. From the energ¥energy transfer should be very slow. This appears to be
of the Erank-Condon MLCT state obtained directly by light jhconsistent with the largke; values obtained for both dye
absorption (24 500 cm) and A%, C_reutz7 and co-workers  [Ry(NHy)spy]2+ systems, which suggest that the singlet energy
estimated theEo—o values for the singlet and triplet MLCT  transfer is highly allowed. On the other hand, the quenching
excited state as 21 700 and 19 000 ¢nrespectively. of the phosphorescence of biacetyl, as well as the energy
The results obtained from dyes strongly suggest that the yg|ationships for this system, points to a significant amount of
observed quenching of the dye fluorescence and the senS|t|zeqrip|et character in that state. Crosby and co-workei%s
photoreaction of the ruthenium complex occur as the result of yemonstrated that the charge-transfer states of platinum metal
an electronic energy transfer process. A trivial emission  complexes must be described as sginbit states, with large
reabsorption process can be ruled out in view of the insensitivity contributions of both singlet and triplet characters. Furthermore,
of the complex to irradiation in the wavelength range of the pemas and co-worket&also proposed a spirorbit model for
fluorescencg emission of the dyes. The photochemical stab?lity the charge-transfer excited states of Ru(gBy) Since the
of the dyes in the presence of the complex rules out chemical yresent results show an allowedness of singlet and triplet energy
processes, like reactions between excited dyes and the complexyansfer to the sensitized state of [Ru(depy]2*, the excited
or an irreversible electron transfer within a dOﬁacceptor state precursor of the reactivity of the [Ru(B)by]2" complex
molecular complex. On the other hand, a chemical exchangejon reached by sensitization must certainly be a-spirbit state

of energy by a reversible electron transfer prog¢ess or, in other words, have both singlet and triplet character, which
. 4 - is consistent with an increase of the sporbit coupling with
D+A—=D"+A () the increase of the atomic number, with the orbital and spin

guantum numbers becoming less “good”. Alternativelyrsker
energy transfer, which is not limited by spin conservation rules,

could account for the observations of no net chemical change €N @ls0 explain the results.
in the irradiated solutions. Many energy transfer processes in fluid solutions with

The ability of an excited species to be involved in an electron transition metals occur via electron exchange mechaffsns
transfer process is related to the excited state reduction and/orequire molecular diffusion of *D and A to within collision
oxidation potentials. The reduction potentials of a D*/&uple distance as the rate-limiting feature of energy transfer. The role
can be approached by the reduction potential of the correspond-of the diffusional process can be evaluated by comparing the
ing couple in the ground state(D/D™), plus the one-electron  mean diffusion distancex, of the dyes with the experimental
potential corresponding to the excited state spectroscopic energyaverage separation of donor and accepRafexp) for energy
Eoo transfer in these systems. From the diffusion th&atys found

that x for a diffusing molecule during its emission lifetime is
*¢(*DID ) =€°(DID ") + Ey_q (4) related to the diffusion coefficied®,D, of the dyes and the donor
fluorescence lifetimezp, according to

D*+AT—D+*A ©)

Thus, the energy of the reductive quenching procass, is

given by the standard half-cell potential for reduction of the x = (2D7 )1/2 (6)
donor excited state,et*D/D ), minus the standard half-cell D

potential for the acceptor ground Staté(AﬂA)’ l.e., Ae = (24) Turro, N. J.Modern Molecular PhotochemistryBenjamin Cum-
*e(*D/ID™) — €°(A*/A). The energy released by the back mings: Menlo Park, CA, 1978; p 246.

electron transfer reaction is given by (25) Hipps, W.; Crosby, G. AJ. Am. Chem. S0d.975 97, 7042.
(26) Elfring, W. H.; Crosby, G. AJ. Am. Chem. S0d.981, 103 2683.
(27) Mandal K.; Pearson, T. D. L.; Krug, W. P.; Demas, JJNAm. Chem.

- - +
Ae,= —€°(DID ") + €°(AT/A) ) Soc.1983 105, 701.
(28) (a) The diffusion coefficien) = kT/6syro, wherek is the Boltzmann
Table 1 summarizes the derivédk’s. It can be seen that constant (1.36< 10722 cn? g K™ s72), T is the temperature in K

(298 K), 7 is the viscosity of water (k 1078 g/cm s)28Pandr, is the
dye radius, considered to be similar for both dyes<(@0~8 cm)28&
TheD value of 3.61x 1076 cn? s for the dyes was obtained at 25
(22) Lever, A. B. P.Inorganic Electronic Spectroscop¥lsevier: New °C. (b) Weast, R. C., EACRC Handbook of Chemistry and Physics

York, 1968; Chapter 7. 62nd ed.; CRC Press Inc.: Boca Raton, FL, 1981. (c) Achari, A;;
(23) Sutin, N. JJ. Acc. Chem. Re4982 15, 275. Neidle, S.Acta Crystallogr 1976 B32, 2537.

the dyes are, in principle, able to oxidize the complex. However,
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The donor fluorescence lifetimep Table 2. Limiting Quantum Yields @®m, and Energy Transfer
Rate Constantske;, for the Sensitization Reactions of Dyes with the
75 = Pplk, @) [Ru(NHz)spy]>t Complex
dye Djim(py)° @jim(NH3)® ket M~1s71c

¥vhelrthq>3 s the f:gorei‘c%”fg ‘]ﬂ”arg”][n yield IOF;,':lge d(_)notrh(0_32 Rhodamine-B  0.07&0.015 0.095:0.015  1.0x 104
or Rhodamine-B and 0.16 for Safranine-F);° ke is the Safranine-T ~ 0.0720.008  0.089+ 0.008  1.6x 101
radiative emission rate constant that can be evaluated from the

absorption spect?f aldyes] = 1 x 105 M in 0.2 M NaCl, pH 4.0 (10* M HCI);

[Ru(NH3)spy?] = 1 x 107*M. Irradiation at 519 nm® Obtained from
1/®3 vs 1/[Ru] plots.c ke = (1/®ym) x slope. Slope from plots of

ko= VO(av)2 EmadAVa)1/2/2.5 X 10° (8) 1/®s vs 1/[Ru].
where vy is the average frequency (cd) and Avay)is is After rearranging terms
the width of the band at half its absorbance maximum. Values
of 1.55 x 10° and 1.13x 1% s™! were respectively obtained 1®° = (Udy;,)(1 + 1k [Rul)) (17)
for Rhodamine-B and Safranine-T, at 26 in 0.2 M NaCl
aqueous solution, at pH 4 (1®M HCI). Thus, the natural @ = kyg/(Kpy + ko) (18)
lifetimes obtained for Rhodamine-B and Safranine-T were 2.06
x 107 and 1.42x 107° s, respectively. In aqueous solution, kg = ki (kyy + kip) = ke (19)

(2D7p)Y2is 12 A for Rhodamine-B and 10 A for Safranine-T.
On the other handRyexp) Can be estimated experimentafly Plots of 1, vs 1/[Ru] were linear (see Figure 2 for

from the equation Rhodamine-B) as expected from eq 17. The intercepts of these
plots give the reciprocal quantum yields of the sensitized
RO(exp)= 7.35/ [A1/2]1/3 9) reaction, ®ji,n, which represents the quantum yield of the
sensitized reaction when 1/[R&] 0, i.e., when all the excited
singlet dyes are scavenged by [Ru(edy]?*. The products
of the slopes of those plots timds;, give the quenching rate
constants for energy transfég; (k; = ketp = (L/®@jim) x slope).

where [A7] is the concentration of the complex for which 50%
of the dye emission is quenched. The experimeRigly values
obtained were 45 A for Rhodamine-B and 48 A for Safranine-

T. The rela_tionship _(2|a3_)1/2 == R"(e.x") indig:a_teS_ that the  rapie 2 summarizes the guantum yields &gdalues obtained
donors remain essentially immobile during their lifetimes. Thus, ¢, ihese systems.

in aqueous solution, the diffusional energy tra.n.sfer Wi," b€ " The fluorescence emission intensity of the deaerated dye
unlikely for these systems. Therefore, the high efficiency singlet solution was found to decrease as [Ru@jHy]2" concentration
energy transfer probably proceeds by a long-range resonance,creased. Singlet to singlet energy transfer (eq 13) results in

transfer mechanism, which is also sustained by the large quenching of the donor singlet by a Stexfolmer quench-
experimental transfer radius 40 A). The theoretical Fister ing mechanisr#

radii could not be calculated since the acceptor state of the

complex cannot be reached by direct excitation, which hinders 1°/l = 1+ Kg[Ru] (20)
the calculation of the overlap integral in thérBter equation.
In conclusion, the following mechanism seems to be ap- Key = ko (Kg; + Kyp) = Ko (21)
propriate in accounting for both sensitization and quenching
experimental results: The quenching rate constants for energy trangtgrfor both
systems were obtained from the plotsI®f vs [Ru], eq 20,
D(Sy) + v =*D(Sy (10) and eq 21 using the fluorescence lifetimggor the dyes. The
values found were % 10'* M~1 s~1 for Rhodamine-B and 1.9
*D(Sy) —D(§) +A (11) x 10t M~1 s71 for Safranine-T, in very good agreement with
the values calculated from thedif vs 1/[Ru] plots (Figure 2
*D(S;) — D(S) + hv” (12) for Rhodamine B). Theke values estimated from Stern
Volmer plots (eq 17) are equal the values listed in Table 2.
*D(S,) + Ru— D(S,) + RU(EE) (13) _These similarities indicate that only one excited state is involved
in the energy transfer process observed.
Flash photolysis studiesf [Ru(NHz)sL]2™ complexes showed
Ru(EE)— Ru (14) the formation of a long-lived transient only for those complexes
showing net photoaquation. For [Ru(MNpy]?* the quantum
RU(EE)— products (15)  vyield of photoaquation obtained from the instantaneous bleach-
ing was estimated to be 0.16 mol/einstein. The sum of the
where D(3) represents the donor ground state, *D(®presents limiting aquation quantum yieldsp,, + ®nw,, obtained from

the donor excited state, Ru represents the acceptor ground statesensitization experiments-0.18 mol/einstein) is about twice
and Ru(EE) represents the acceptor sensitized excited state. the sum of the values obtained from direct photolysi®.(.O
According to this mechanism, the quantum yield of the dye- mol/einstein) and very similar to that found in flash photolysis.
sensitized photolysis of [Ru(Nfispy]?* (irradiation in the $ It should be noted that also the same products and the same
band of dye) can be written as ratio of products quantum yielde,,/ P, were obtained from
sensitization and from direct photolysis experiments (see Table
@ ° = ((ks[Ru])/(kyy + kpp + K[RUD))K; o/ (K, + kig)  (16) 2). This indicates that all the reaction products arise from the
same reactive excited state of the ruthenium(ll) complex.
Direct photolysis of systems having the lowest LF absorption

(29) Orchin, M.; Jaffe H. H. Symmetry, Orbitals, and Spectra (5.0.5.) Pands, namely [Ru(Ng)s]>* (which display absorption_ba_nds
Wiley-Interscience: New York, 1971; p 312. comparable to those of [Ru(Nd#py]?h), leads to substitution
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in aqueous solutiof? This is consistent with the general mines, the reactive state should have LF character. Considering
observation that LF excitation of low-spirf domplexes leads  that the singlet states of Rhodamine-B and Safranine-T are
to substitutional processes for the lower transition metals. qguenched by the complex, whereas no quenching of Neutral-
The higher quantum yields of the sensitized reaction suggestRed is observed, it can be said that the energy of the sensitized
that the direct photolysis does not proceed by complete excited state precursor of the photosubstitution reactions in [Ru-
conversion of all higher excited states to the lowest reactive (NH3)spy]?* lies between 17 000 and 17 700 thin close
one but should be competitive with other deactivation pathways. agreement with the estimated values.
Due to the proximity of the energies of the LF or MLCT
states, it is practically impossible to populate one of these excited  Acknowledgment. The authors acknowledge grants and/or
states selectively. Therefore, there may be some doubt whethefellowships from the Brazilian PADCT Program, FAPESP,
the acceptor state has LF or MLCT character. However, CAPES, and the CNPg. We also thank Drs. Guillermo G.
considering the general photoreactivity of ruthenium(ll) am- Ferraudi and Peter C. Ford for helpful discussions.
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