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Summary

A Stern—Volmer-type analysis is presented for donor—acceptor systems
where two different donor excited states are involved in the quenching and
reversible energy transfer processes. Special cases are discussed where the
treatment of the experimental data allows the kinetic parameters to be
determined.

1. Introduction

In a study of the bimolecular interactions between arylketones [1] we
proposed a mechanism involving two excited donor states, where both
reversible energy transfer and chemical quenching can occur, to explain the
experimental data on quenching which lead in some cases to non-linear
Stern—Volmer (SV) kinetics. Even though different types of behaviour in the
SV plots such as linearity, upward curvature and downward curvature are
observed, we believe that the same general scheme can be used to describe
all the cases found experimentally owing to the similarity of the donor-
quencher systems examined. Differences in the triplet energies and/or the
lifetimes of the partners can lead to the different types of behaviour ob-
served because some processes prevail over others. Therefore, in addition to
the general mechanism, which is very complicated, we shall present some
limiting cases which can reasonably be assumed to operate in the systems
that we have studied.

Although many investigations of the kinetics of non-linear SV plots
involving two excited donor states which are deactivated by the same
quencher have been reported [2 - 7], the reversibility of the energy transfer
process and the consequent possibility of investigating the quenching mecha-
nism by interchanging the roles of donor and quencher for the two partners
have not been considered. Reversibility is included here because evidence has
been obtained for its occurrence in back transfer experiments [1]. We shall
confine our analysis to donor—quencher systems where only the phosphores-
cence emission from the lowest triplet state of the donor can be observed, as
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is the case in our experimental studies. We shall also assume that the triplet
energy of the quencher is intermediate with respect to, or lower than, those
of the excited states of the donor. Even though the theory is developed in
terms of triplet states and is based on quenching and sensitization measure-
ments of phosphorescence, it can be applied to any two excited states of a
donor following quenching and sensitization of either emission or photo-
reaction.

2. General mechanism

The general mechanism is illustrated in Fig. 1. It is assumed that revers-
ible interconversion occurs between the upper and the lower excited states
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Fig. 1.

D,* and D,;* of the donor and that reversible energy transfer to the quencher
can occur from both the excited states. These processes are assumed to be
competitive with the quenching and decay processes. Steady state analysis
of [D,*], [Dy*] and [Q™*] yields the following expressions for the quenching
of the phosphorescence emission of the donor:
0
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where ¢p°/¢p represents the quenching ratio for the emission from D,* and
the parameters have the same meaning as indicated in Fig. 1.

By interchanging the roles of donor and quencher of the two partners
when the quencher is directly excited by irradiation, the following equation
is obtained for the sensitized phosphorescence of the donor:

¢p ' =K{l +k1q7p[Q] +

. (1 +k_i7p + kyTpl[Q] + R1qTn[QR1)R_2:k2q[R] + k_jR_11k2q7p[Q] .
kik_ 1y + Rik oy + k1R [Q] + B_11k2q [ Q]

+ (B; +ka[Q] + R2q[QD(1 + £y 7p[Q] + R1q7p[Q]) + k_iTp(R2q + R2:) Q]
TQID](Rik—y¢ + kik_a¢ + k_1:k2[Q) + k_11k2q[Q])

(2)
where K is a constant including the triplet lifetime of D and the quantum
yield of excited Q*. Despite its complexity this equation yields a linear trend
for ¢p ! and [D]!. However, eqn. (1) shows that the experimental quench-
ing ratio is a function of the quencher concentration of the type

L[Q] + M[Q)?
N +R(Q] 3)

QY =1+

This equation predicts SV-type plots with an oblique asymptote. By solving
for the oblique asymptote, the following equations are obtained for the final
slope and intercept of the asymptote extrapolated to [Q} = O:

asymptote slope = {(k1q + k1 )(R2q + R2.)TD + (R1q + R1t)R-_2tR2,TDTQ[D] +
+ (Raq + Rat)R_11R14TTQ[ D1} (R_ 11k To [D]) ! (4)

asymptote intercept = 1 + ({k2q + kay + (B_1y + B_2)R2qTq[D]} X
X [(1 +k_j7p)k_11k27[D] —
—kitp{(R1q * R1)(1 + ko3 7Q[D]) + k1 k147Q[D1}]) X
X (k-1tk2Tq[D]) 2 (3)

Depending on the relative values of the kinetic parameters and/or the con-
centration of the donor, the following can hold in eqn. (5):

(1 + kTp)R—1 Ry Tq[D] % RiTp{(k1q + Ry )(1 + ko 7[D)+ k1 k14,Tq[ D]}
(6)

In consequence, the intercept of the asymptote can be larger than, smaller
than or equal to unity and the plots can curve downwards, curve upwards or
be linear. The complexity of these equations implies that only qualitative
information can be obtained from the shape of the plots.
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3. Special cases

The energy differences and lifetimes of the three excited states may be
such that there is no competition between some of the processes in Fig. 1.
Furthermore substituent effects and steric factors [8] may be important in
determining the efficiency of the quenching processes. If the situation is
such that the energy of Q* is intermediate between the energies of D,* and
D,*, the back transfer from Q* to D,* or the direct transfer from D;* to Q*
or both may be negligible (k_,, = 0 and/or k,, = 0) because they are endo-
thermic. Conversely, if the triplet energy of the quencher is lower than the
energies of both excited states of the donor, back transfer processes, particu-
larly to the higher excited state D,*, may become inefficient (k_,, = 0 and
possibly k_;; = 0). Furthermore, if the energy gap between D,* and D,* is
large, the thermal conversion of the lowest triplet may also be inefficient
(k_i = O)

Some of the above restrictions give a quenching expression of the same
type as eqn. (3) (case (a)). There are also specific conditions which reduce
eqn. (3) to one of the following expressions:

_ L[l
f([Q])_1+Z\_I_:R—[—CQ_] (7)
(case (b)) or
f(IQD) =1+ L[Q] + M[Q]? (8)
(case (c)).
3.1. Case (a)

The simplest formulation for eqn. (3) is obtained when the processes
governed by the parameters k_,;, Ry, k; and k,, are inefficient. This means
that all endothermic processes are ignored and only the lower state Dy* is
considered to be quenchable. This case is of some interest because, at least
in principle, the Kkinetic parameters can be obtained. The equation for
quenching is

o k kioBaTp(l + k_yro[D 2
“3"—=1+[§~ﬁ + Ryqrn(l + k—lth[D])ng] +R1ak27o@ * E-17o[DDIR] Jx
¢p ky k;

k_ipkaTq[D -1
X (1 +k_yTo[D] + —% 2t'l’:[ ][Q]) ©)
i
and the equation for sensitized phosphorescence is
1+k, TD[Q])

1=K|1+k + a 10

ép ( 1”0l Q1] % w7alD] (10)

The expressions for the slope and intercept of the asymptote of the SV
quenching plot are
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k 147D

+ —_— 11
k_117q[ D] )

asymptote slope = k,,Tp

(Rat/kiYo—11TQ[D] — R1q7p(1 + k_yTq[D])
(klt/ki)(k—ltTQ[D])2

If the final slope of the asymptote can be experimentally determined at
different donor concentrations, k,,7p and k_,,7q values can be obtained as
the intercept and the intercept-to-slope ratio respectively of the linear plot
of the asymptote slope versus [D]™! according to eqn. (11). Insertion of
these values in eqn. (12) allows k,./k; to be obtained from the intercept of
the asymptote. Comparison with the values of Kgy obtained from the
sensitization measurements should confirm the k_; ;74 value. Depending on
the relative values of the kinetic parameters and/or on the donor concentra-
tion, the conditions which determine the behaviour of the curvature of the
plots are

asymptote intercept =1 + (12)

ko /Ry > 1 +k_;;mq[D]
2z

(13)
ki1aTD k_Tql[D]

These conditions lead to downward curving plots, linear plots or upward
curving plots respectively. A linear plot with intercept equal to unity cor-
responds to the situation where the quenching rate is just balanced by the
back transfer rate. Figure 2 shows how variations in k,/k; (from 5 X 104 to
0.2 X102 M) for constant k,,7p (103 M) and k_,;rq[D] (0.5) change the
shape of the quenching plot from a downward curve (k. /k; < 3 X 103 M™1)
through a linear plot (ky/k; = 3 X 103 M™!) to an upward curve (ky/k; > 3 X
10% M™1). Since the final slopes of the asymptotes, which depend only on
k14Tp and k_;;7q[D] (eqn. (11)), should be the same for all the curves shown
in Fig. 2, it can be seen that the higher is the value of kj /k;, the lower
are the [Q] values required to determine the asymptote slope. This determi-
nation appears to be impossible for curves 5 and 6 (k. /k; =5 X 102 M™! and
ka/k; = 0.2 X 102 M™1) which are far from asymptotic linearity because the
coefficients of the quadratic concentration terms in eqgn. (9) are extremely
small. Figure 3 shows how a linear plot can be transformed into an upward
or a downward curving plot by varying k_,7q or [D]. It is of particular
interest that for a given donor—quencher system an increase in [D] causes
the plots to curve downwards whilst a decrease in [D] has the opposite effect.
For example, Fig. 3 shows for k_;;7q =10° M™! what is obtained when
the donor concentration required for the plot to be linear ([D]=10"3 M;
k_1,7g[D] =1) is increased ([D] =5 X 1073 M; k_1.TqlD] = 5) or decreased
([D] =0.2X1073 M; k_,,7q[D] = 0.2) by a factor of 5. The possibility of
linearizing a plot by changing the donor concentration (this can only be
done for ky/k; > k1,7p) may offer an alternative to the method of deter-
mining &,,/k; as the slope of the linear plot.
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Fig. 2, Quénching plots obtained using eqn. (9). The effect of variations in k,./k; for
constant k,q7p (102 M™1) and k_;7q[D] (0.5): curve 1,5 x 104 M™!; curve 2, 10 M~};
curve 3, 3 %103 M~L; curve 4, 1.5 X103 M~1; curve 5, 5 X102 M~1; curve 6, 0.2 X
102M~L
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Fig. 3. Quenching plots obtained using eqn. (9). The effect of variations in k_ ;4;7g[D] for
constant k,./k; (2 X 103M~1) and k,,7p (10> M™!): curve 1, 0.2; curve 2, 1; curve 3, 5.
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3.2. Case (b)

Equation (7) produces a downward curving SV plot with a horizontal
asymptote. The limiting conditions required to produce this situation are
k=0 and Ry, = 0. This means that the lowest excited state D,* deactivates
only through monomolecular processes. The kinetic parameters are easily
obtained from the treatment of the experimental data when the additional
conditions k_,, =0 and k_; =0 are introduced. These assumptions are
reasonable because the processes neglected are both endothermic. The
equation for quenching now becomes

90° _ 1+ {kai/k; + (Raq/Ri1)(1 + k_1,7[D1}Q]

- (14)

¢p 1 + k4 7Q[D] + (B_yka /Ry )Tq[DIIQ]

and the equation for sensitized phosphorescence becomes

el 1) as)
° k_:To[D]

SV-type plots given by eqn. (14) are shown in Fig. 4 for k,;/k; and ky,/k;
constant and equal to 10* M~! and for %_ 1t7q[D] varying in the range 0.1 - 9.
It can be seen that, when quenching and energy transfer are competitive, the
higher is the value of k_;7¢[D] the lower are the values of the quencher
concentration at which the horizontal asymptote is reached. Therefore, for
a given donor—quencher system variations in the donor concentration can
help to identify such a mechanism. Figure 5 shows that the plots deviate

T T T

[Q] x10*M

Fig. 4. Quenching plots obtained using eqn. (14). The effect of variations in k_ ;7g[D]
for constant k,i/k; and k,, /k; (both equal to 10* M~!): curve 1, 0.1; curve 2, 0.3; curve
3, 1;curve 4, 9.
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Fig. 5. Quenching plots obtained using eqn. (14). The effect of variations in k,¢/k; and
koqlki for k_,TQID]=1: curve 1, ky/k; =10%* M~ ! and k,q/k; =10° M™}; curve 2,
kog/ky = 10% M7 and kyq/ky = 10% M7!; curve 3, Ry /Ry =Ry /k =10* M™!; curve 4,
kyi/ki = 105 M land kyq/k; = 10° M ™1, curve 5, ko /k; = 10°M~ ! and Boqlky =102 ML

only slightly from linearity when quenching prevails over energy transfer
(k2 < kyq) and that they attain the horizontal asymptote at low quencher
concentrations where energy transfer is the most important process (ky >
k3q)- The value for the horizontal asymptote can be obtained from eqn. (14):

kay/Ry + (Raq/Rs)(1 + k_y;7q[D])
k_11k2TqQ[D]

In order to check that the experimental data fit the proposed mechanism
and to obtain the kinetic parameters, it is best to linearize egn. (14) by
using its reciprocal form:

$p k_1.k27q[D] + ki(1+k_1;7q[D])

000 —p kg + kag(l + kyi7qID]) (k2 + kaq(1 + k17oI DI} Q] )

from which the plot of ¢p/(¢p° —¢p) against [Q]! yields a straight line
with the ratio

slope Kk . Ry

horizontal asymptote =1 +

(16)

| - (18)
intercept Ry kak_1,7q[D]

Measurements performed using various donor concentrations would allow
the parameters k;/k,, and k_;;7q to be determined as the intercept and
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intercept-to-slope ratio of the linear plot produced by eqn. (18). Then k,, /k;
could be estimated using eqgns. (16) or (17). The value of Kgy for the back
sensitization of the phosphorescence of D by the quencher obtained from
eqn. (15) should confirm the k_;,7q value.

3.3. Case (c)

Mathematically the limiting condition that reduces the general quench-
ing equation (egn. (1)) to an SV-type equation like eqn. (8) is either ko, = 0
or k_;; = 0. However, the absence of energy transfer from the higher triplet
state of the donor (k,; = 0) appears unlikely because the process is exo-
thermic. However, a very short lifetime of D,* or efficient competition by
chemical quenching would reduce the energy transfer efficiency to a negli-
gibly small value. Conversely, if the triplet energy of the quencher is lower
than the energies of both excited states of the donor, back transfer from
D;* (k—;; = 0) may not occur. This implies that the back transfer to D,*
(k—p; =0) is also impossible. Under these conditions the expression for
quenching is

0 Ry R Riq tRulkag +R 2
$o_ =1+ {(Ryq + ky)rp + -2 2110] + (R1q + Ry )(Raq + R2t)Tp[Q]

b ke; Ry
Obviously, back sensitization of the donor phosphorescence cannot be
observed. The upward curvature of the plot produced by eqn. (19) is deter-
mined by the relative importance of the bimolecular processes of D,*
((k1q *+ k1)Tp) and of D,* ((k2q + k2:)/k;), the sum of which represents the
coefficient of {Q] and the product of which represents the coefficient of
[Q]2. Mathematically, the curvature is more marked for (Riyg tRy)TD =
(R2q *+ Rat)/R; as shown in Fig. 6 where (k4 + k1,)Tp is constant and (kyq +
k3:)/k; ranges from 102 to 10* M™! (or vice versa). The coefficients of [Q]
and [Q]? can be determined by a computer fit and can then be solved for
(R1q + R1t)Tp and (kaq + kat)/ki. However, the quenching and energy transfer
parameters cannot be separated and the same experimental result is achieved
when only one of these processes is operative for each excited state. The
occurrence of both quenching and energy transfer can only be assessed if the
excited quencher undergoes some observable process (emission and/or
photoreaction).

(19)

4. Remarks and examples

It can be seen that in the cases examined the quenching plots are much
more indicative of the complexity of the mechanism than are the back
sensitization plots. However, a combination of quenching and back sensitiza-
tion experiments can be used to determine which type of complexity leads
to departure from normal SV kinetics, which might otherwise be ascribed to
different causes [4]. Moreover, the back sensitization results enable a com-
parison of the kinetic parameters obtained by different methods to be made.
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Fig. 6. Quenching plots obtained using eqn. (19). The effect of variations in (k,q + 2,4 )Tp
or (kzq + k,t)/Ry for constant (k,q + k;t)TD (10* M~ 1): curve 1, 104 M~ !; curve 2, 5 x
103M~1; curve 3, 103 M~ !; curve 4, 102 M~

However, even though the analysis of the experimental results can
provide all the kinetic parameters of interest for the special cases examined,
far more data are required for this analysis than for the treatment of normal
SV Kkinetics. Slight deviations from linearity may be difficult to detect either
because of the uncertainty of the measurements or because intensity ratio
values larger than 7 - 8 cannot be measured with precision. When the quench-
ing is followed for low values of intensity ratios only, the SV plots may
appear to be linear but the experimental SV constant is not simply equal to
the product of the quenching parameter and the lifetime of the donor.

Examples of cases (a}, (b) and (c) have been found for arylketones as
donors and in some situations it has been possible to determine the kinetic
parameters.

The 4-carboxy-benzophenone (D)—2-amino-benzophenone (Q) system
which exhibits SV plots with upward curvature fits an equation of the form
of eqn. (3) well, but L, M, N and R cannot be resolved for the individual
kinetic parameters because there is not enough experimental information to
decide whether limiting conditions hold and what they are. Similar behaviour
is exhibited when 3-benzoylpyridine is used as the donor.

A downward curving plot with a horizontal asymptote has been ob-
tained using 3-benzoylpyridine as the donor and 4-hydroxybenzophenone or
4,4'-dimethoxybenzophenone as quenchers. This behaviour is illustrated in
Fig. 7. The best fit curve for the limiting conditions of case (b) (full curve)
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Fig. 7. Experimental results (C) and best fit curve ( ) obtained using eqn. (14) for the
quenching of 3-benzoylpyridine phosphorescence by 4-hydroxybenzophenone in acetic
acid solution. The inset shows the same data treated using eqn. (17).

was constructed using the following set of parameters: k. /k; = 4.45 X
103 MY kyq/ky = 7.0 X103 MY and k_7[D] = 3.17.

Examples of case (c) have been reported for the quenching of some
arylketones (benzophenone, 4,4'-dichlorobenzophenone and 3-benzoyl-
pyridine) by Ru(bpy);?*. The cation in fact possesses an excited triplet state
due to charge transfer to the ligand [9], the energy of which (48 kcal) is far
enough below those of the ketone donors (approximately 68 kcal for the
lowest triplets) to rule out back transfer to the donor. In this case it is
assumed that energy transfer occurs from one state of the ketone and
quenching occurs from the other state. Kinetic analysis of the experimental
data for the quenching of the intensity and duration of the donor emission
and for the sensitized quencher emission allows the two contributions
to be separated and the kinetic parameters to be obtained [10].

Other systems examined gave rise to quenching SV plots which ap-
peared to be linear. However, the effect of donor concentration on the
experimental SV constant and the back sensitization experiments indicated
that a complex mechanism, such as that discussed here, might be operative.
It can be seen from eqgns. (9) and (14) that linear plots can be obtained when
the quadratic concentration terms are negligibly small, at least for low
quenching ratio values. However, the experimental SV constant depends on
the donor concentration through the relation
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Kgv

where the analytical coefficients represent the kinetic parameters or some
combination of them. It should be noted that the same equation is obtained,
without approximations, when the higher triplet state of the donor is not
involved in the interaction whereas the lower undergoes both quenching and
reversible energy transfer. A detailed analysis of the effect of donor concen-
tration on the 4-carboxybenzophenone (D)-4,4'-dimethoxybenzophenone
(Q) system allowed the kinetic parameters for direct and back transfer to be
obtained by substituting the experimental data in eqgn. (20) [1].
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