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Summary 

Energy transfer from benzophenone to Ru(bipy)g+ has been studied in 
acetic acid by phosphorescence quenching of the donor and phosphorescence 
sensitization of the acceptor. A general method is described for the correction 
of trivial effects on the Stern-Volmer plots when both absorption and emis- 
sion spectra of the donor overlap the absorption spectrum of the acceptor. 
The combination of intensity and lifetime data indicates that the quenching 
is not simply diffusional. 

1. Introduction 

Arylketones have found widespread use as sensitizers for photolumines- 
cence and photochemistry in different solvents. 

This paper presents a preliminary study to test the possibility of using 
arylketones as sensitizers in acetic acid. In previous work we used biacetyl as 
quencher for triplet ketones in benzene and water solution. Such a quencher 
cannot be used in acetic acid since it gives a scarcely reproducible phospho- 
rescence signal. This investigation has been carried out by utilizing benzo- 
phenone (B) as the triplet donor and tris( 2,2’-bipyridine)ruthenium( II) 
chloride (Ru(bipy)g+) as the acceptor. Acetic acid has been found to have 
the prerequisites for a photophysical study, since it can be easily purified 
and is a reasonable solvent for ions as well as for organic compounds. Benzo- 
phenone and Ru(bipy ) $+ both display phosphorescence emission in room 
temperature acetic acid solution. This combination of properties makes it 
possible to study energy transfer by observing either emission quenching of 
the donor or emission sensitization of the acceptor. However, to rationalize 
our experimental data we had to overcome the difficulties arising from the 
overlapping of the spectra of the two partners. Therefore we were forced to 
correct both the,quenched emission of the donor and the sensitized emission 
of the acceptor for trivial absorption effects. Comparison of the results from 
intensity measurements with decay time data suggests that the quenching 
mechanism for this system may not be simple. 
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2. Experimental 

Benzophenone (J. T. Baker) was recrystallized from water-ethanol. The 
Ru(bipy),Clz (G. F. Smith Chemical Co.) was used without further purifica- 
tion. Acetic acid (Carlo Erba RPE) was purified by the method described in 
the literature for similar purposes [I]. 

All the measurements were carried out in acetic acid solution at room 
temperature (20 -+ 2 “c) which was de-aerated by bubbling with pure nitro- 
gen. Concentrations of the acceptor ranged from 1.87 X IO-” M to 3.7 X 
lo-’ M and those of the donor, which were held constant in each experi- 
mental run, ranged from 7.43 X lOA to 2.7 X lo-’ M in separate runs, 

Emission intensity measurements were performed using a Hitachi- 
Perkin-Elmer MPF-3 spectrofluorimeter. The excitation was performed with 
360 nm light and the emission intensities were measured at 450 nm and 
595 nm, the emission maxima of donor and acceptor respectively. 

A solution of quinine sulphate in 1 N HzS04 was used as the standard to 
determine the luminescence quantum yield. 

Quenching by lifetime measurements was carried out by means of the 
decay time apparatus described elsewhere [2]. The decays were exponential 
over at least two to three half-lives. Reproducibility of the mean lifetimes 
was within 4%. 

3. Results and discussion 

In order to discuss the results and the corrections introduced we shall 
make reference to the following scheme, which can be generally referred to a 
donor (D)-acceptor (A) couple where both absorb the incident light and the 
donor emission spectrum overlaps the acceptor absorption spectrum: 

D D+ 

2/ k nr kp 

D* 

hv exe 

hvn 

A A+ hu.t 

b 

This situation is 
Ru( bipy);’ acceptor. 

illustrated in Fig. 1 for the benzophenone donor and 
In the scheme kp and knr, kb and k$, are the rate 
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Fig. 1. AbsoT+tiyn (solid curve) and emission (broken curve) spectra of benzophenone 
and Ru(bipy)s m acetic acid solution. The uncorrected emissions are normalized with 
respect to each other. 

parameters of the radiative and non-radiative deactivations of the donor and 
the acceptor respectively; k, is the rate parameter for the bimolecular 
quenching process. This situation implies that the phosphorescence intensity 
of the donor decreases with increasing acceptor concentration more rapidly 
than expected from energy transfer only, since the acceptor acts as an inner 
filter at the exciting wavelength and absorbs trivially the light emitted by the 
donor. In contrast, the sensitized phosphorescence intensity of the acceptor 
is due to three contributions: (i) energy transfer; (ii) direct excitation; (iii) 
trivial absorption of the light emitted by the donor. Therefore it appeared 
necessary to correct the experimental intensity values before introducing 
them into the appropriate Stem-Volmer equations. 

The fraction 1, of the light absorbed by the donor varies with the ac- 
ceptor concentration according to the equation 

I, = 
~DCDI 

I 
AD 

~D[DI + eA[A] = A’ 
(1) 

where I is the total absorbed light and A,, and A are the absorbances at the 
exciting wavelength for the donor and for the total syskm respectively 131. 
Since the emission intensity is proportional to the intensity of the absorbed 
light, the experimental ratio (Pc/P)a,pt of the luminescence of the donor in 
the absence and in the presence of the acceptor must be multiplied by the 
intensity ratio In/r”, of the light absorbed by the donor in the presence and 
in the absence of the acceptor. This factor can be expressed in terms of the 
absorbances A and AD and the transmittances 2’ and Tn of the solution con- 
taining both D and A and of that containing the donor alone: 
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I, I A, (1 --)A, -c--c 
1: 1:: A (I- TD)A 

(2) 

The further reduction of the intensity ratio, owing to the reabsorption 
by the acceptor of the light emitted by the donor, can be accounted for by 
multiplying the experimental ratio (PO/P),,,, by the transmittance T’ of the 
solution at the wavelength of analysis of the emitted light. The following 
equation was therefore used to obtain corrected PO/P values for the intensity 
quenching data: 

(1 +)A,*, 

expt tl-- TD)A 
(3) 

where the spectrophotometric parameters must be evaluated for the effective 
path length of the exciting and emitted light, which is estimated to be 5 mm 
when 10 mm path optical cells are used?. 

Experiments were carried out which were designed to eliminate the pos- 
sibility of errors arising for the finite bandpass of the excitation and emission 
monochromators and the photometric precision of the spectrophotometric 
data, Three kinds of experiments were carried out: (i) measurements of phos- 
phorescence intensity of Ru( bipy)g+ in the presence of an inner filter (2-OH- 
benzophenone) which does not sensitize using different slit amplitudes; (ii) 
quenching measurements at different wavelengths, which imply different 
contributions of trivial absorption; (iii) measurements of the phosphorescence 
of benzophenone by inserting grey filters of different transmittance in the 
emission path. All these experiments led us to the conclusion that the factors 
introduced to correct the experimental data give results that are completely 
reliable. 

The diagrams of Fig. 2 illustrate the relevance of inner filter and trivial 
absorption effects for the benzophenone-Ru(bipy)g* system under our ex- 
perimental conditions. While the experimental points show an upward curva- 
ture, the corrected data appear to fit fairly well the normal Stem-Volmer 
equation 

PO 
- = 1 + KsvQ [Ru(bipy)g+] 
P 

(4) 

where the Stem-Volmer constant Ksv” is equal to the product k,7’ of the 
bimolecular rate parameter for the triplet lifetime of the donor. 

Concerning the emission intensity measurements of acceptor, the last of 
the three contributions (sensitized phosphorescence, directly excited phos- 
phorescence and phosphorescence excited by trivial absorption of the donor 
emission) is certainly negligible in our system. In fact, the phosphorescence 
quantum yield of benzophenone in acetic acid was found to be 2 X 10w3, a 
value too low to give an appreciable contribution to the total emission. 

‘A similar formula is reported in the literature 143 which differs from that obtained 
by us only in the evaluation of 2’ and TD which are considered through the whole path 
length of the cell (1 cm). 
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Fig. 2. Stern-Volmer plots of phosphorescence quenching for the benzophenone- 
Ru(bipy$ system: A, observed intensity ratios (p/P),pt ;w, intensity ratios corrected 
for inner filter effect on exciting light; l , e/P valuea corrected for both the inner filter 
effect and trivial absorption of emitted light. 

Therefore we can reasonably consider that the experimental intensity value 
is due essentially to the sum of the other two terms. Since both are affected 
by the inner filter effect of the two components on each other, the corrected 
sensitized phosphorescence P can be related to the experimental value Penpt 
by the equation 

P expt 
=p(l-TT)A~+po (~--MA 

(~---DM (1 -TAM 
15) 

where T, Tn, A and AD have the meanings given earlier, TA and AA are the 
transmittance and absorbance at the exciting wavelength of a solution con- 
taining the acceptor alone, and P0 is the emission intensity of the acceptor 
excited by the same wavelength and obtained from a calibration plot in 
separate experiments under the same experimental conditions. 

From eqn. (5) the corrected P value is given by 

p = perpt (1 --D)A __,-, (I- TD)AA 

(I- T)AD (1 -WAD 
(6) 

Since in this case the corrections applied for direct excitation and inner 
filter effect operate in opposite directions, the first increasing and the second 
decreasing the experimental intensity, the difference between the experi- 
mental and the corrected points may not be gmat, as shown in Fig. 3 for the 
B-Ru( bipy)$+ system by the sensitization Stern-Volmer plot: 

P1=K l+ 
( 

1 

&vS [Ru(bipy)$*l ) 
(7) 
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Fig 3. Stern-Volmer plots for phosphorescence sensitization of the benzophenone- 
Ru(bipy )g+ system: o, uncorrected Pexpt vaIues; l , corrected P values. 

where K is a constant which includes the triplet yield of the donor, the 
triplet lifetime of the acceptor, the rate of light absorption and an instru- 
mental factor 15 - 71. 

Table 1 illustrates the results obtained from measurements of corrected 
quenching KsvQ and sensitization Ksv ’ at different donor concentrations. 
Lack of sensitivity of Ksv values to the concentration effect demonstrates 
that no self-quenching [7] occurs for benzophenone in acetic acid, at least in 
the concentration range explored. 

Although the corrections on the intensity quenching data amount to 
50% at the higher quencher concentrations, and those on sensitized intensity 
only to 1596, the KsvS values show a lower reproducibility, probably due to 

TABLE 1 

Values of Stern-Volmer constants at different donor concentrations obtained from 
measurements of phosphorescence quenching KavQ and sensitized phosphorescence 
for the benzophenone-Ru(bipy)$+ system in acetic acid 

[B] x lo3 K,vQ x 1o-4 

(M-l) 

KsvS x 1O-4 

UW (M-l) 

7.43 16.0 11.4 
13.25 16.0 10.0 
16.05 15.6 9.2 
20.7 15.0 9.5 
23.7 14.8 12.0 
27.0 15.8 10.3 

%vS 
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additional effect8 of the two opposite corrections. However, even if trivial 
correction8 are significant, the discrepancy between the values of KsvQ 
((15.6 f 0.5) X 10’ M-l) and &vS((10 f 1) X ld” M-l) appear8 to be larger 
than the experimental error. Although energy transfer clearly takes place, a8 
is shown by the occurrence of the sensitized emission of the acceptor, other 
mechanism8 could play some role in the quenching of the donor emitting 
state, In order to acquire more information about the polssibility of the 
occurrence of a mixed mechanism, quenching experiment8 by decay time 
measurement8 were performed. This procedure yields the true Ksv value 
directly, free of any contributions from trivial absorption or competing 
quenching mechanisms, by means of a decay time Stern-Volmer plot: 

To 
-= 1 + Ksv7[Ru(bipy)g+] 
7 

(8) 

where z and T* are respectively the triplet lifetimes of B in the presence and 
in the absence of quencher. Figure 4 shows a comparison between the ob- 
wrved intensity ratios (P”/P)expt and the decay time ratios 7*/r. The result8 
from the three different methods are compared in Table 2. By far the most 
interesting feature is the clear-cut difference (about 40%) between the RsvT 
and KsvQ values which cannot be explained by the experimental error since 
the uncertainty is within 2 - 3%. The inescapable implication is that some 
quenching occur8 by a mechanism different from energy transfer. 

Knowledge of the emission lifetime also makes it possible to calculate 
the bimolecular rate constant kt = K~/T* for the quenching process and the 

Fig. 4. Comg+riaon of the trends of observed intensity ratios (0) and lifetime ratios (0) 
us. Ru(bipy)a concentration. 



TABLE 2 

Comparison of mean Ksv values for the benzophe- 
none-Ru( bipy)g* system obtained by different 
methods 

KSVQ x 1o-4 

(M-l) 

Ksvs x lo-* 

(M-l) 

KsV7 x 1O-4 

(M-l ) 

16.5 f 0.5 IO* 1 8.9 f 0.2 

unimolecular rate constant kp = &,/TO for the radiative deactivation of the 
excited state. A general summary of the photophysical parameters of the 
benzophenone triplet in acetic acid, including some literature values, is given 
in Table 3. The agreement with the literature data may be considered reason- 
able for TO, but very poor for $r and kp which influence each other. We 
believe that our eP value is more reliable since it has been obtained in relation 
to a typical fluorescence standard like quinine sulphate, while the literature 
value [l] was obtained by taking as standard the phosphorescence of benzo- 
phenone in carbon tetrachloride, a solvent which gives scarcely reproducible 
phosphorescence data (see later). Concerning the rate parameter 12, the 
observed discrepancy is not surprising, since it was obtained with different 
quenchers. While the interaction of triplet benzophenone with naphthalene 
may be considered to be diffusion controlled (kdiff = 4.95 X 10’ M-l s-l 
[l] ), it is well known that inorganic complexes may give rise to lower rate 
parameters which specifically depend on the characteristics of the quencher 
181. 

Inspection of Table 4, where the triplet lifetime of benzophenone in 
different solvents is reported, shows that the dielectric cunstant of the solvent 
has an increasing effect on the lifetime, with the exception of carbon teka- 
chloride, a solvent for which the data are more uncertain. The reasonably 
high triplet lifetime in acetic acid, together with the absence of self-quenching 
processes, makes this solvent particularly suitable for carrying out sensitiza- 
tion by benzophenone. Another factor is that acetic acid is a good solvent 
for many compounds, whereas water, for example, in which the triplet life- 
time is higher [ 73, is a poor solvent for many organic compounds. 

TABLE 3 

Photophysical parameters of triplet benzophenone in acetic acid 

To x lo6 

(8) 

@p x lo3 kt xlM;’ 
(M- s 1 

31* 3 2 It 0.2 66 f 10 23.9 2.9 i 0.3 
43.9 f 0.6a lO* la 288’ 23.Sa 5.57’b 

PData from ref. 1; bQuencher, naphthalene. 
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TABLE 4 

Triplet lifetime of benzophenone in different solvents 

Benzene Carbon 
tetrachloride 

Acetic acid Water 

5.3a lSb 31 230’ 
6.gb 94= 44° 200s 

124* 

*Data from ref. 6; bdata from ref. 9; =data from ref. 
10; ddata from ref. 11; ‘data from ref. 1; ‘data from 
ref. 7; ‘data from ref. 12. 

Further work is in progress on different arylketones with the aim of 
extending the results obtained in this preliminary paper and to establish 
definitely the existence and the nature of the mixed quenching mechanism. 
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