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Summary

Starting from the known equations describing the deactivation of
electronic excitation energy of a donor in the presence of acceptors under
either pulsed or steady state irradiation, and using a coherent mathematical
formalism, a set of equations is derived which can easily be employed in
luminescence quenching experiments. The strict connections and in some
cases the equivalence between the various quantitative and theoretical
approaches to the study of the transfer process are emphasized. Specific
models of energy transfer, such as the Perrin—Ermolaev active sphere and
the Stern—Volmer relation, may be expressed using the same formalism.

1. Introduction

A central problem in photochemistry and radiation chemistry is the
study of the overall deactivation channels of any excited metastable state
created by the absorption of UV or gamma photons in molecules, atoms,
ions etc. in the gaseous, liquid and solid phases. An impressive number of
original papers and reviews has been devoted to the theoretical and experi-
mental aspects of this problem [1}.

A significant channel of deactivation is the transfer of electronic
excitation energy from excited to unexcited species. The quantitative
aspects of this fundamental process have been thoroughly studied. How-
ever, as a consequence of the many different mathematical formalisms
employed the connections among these theoretical approaches have often
been overlooked, giving rise to various different interaction models. The
purpose of this paper is not only to emphasize these connections, but also to
present a set of equations describing with a coherent formalism electronic
energy transfer under either pulsed or steady state irradiation.

The overall deactivation processes of an excited species have generally
been described quantitatively by the so-called decay functions 5(t); of the
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very many decay functions that have been developed [2 - 35], some that
are relevant for the derivation of the energy transfer functions H(t) described
in the following section are presented in the Appendix.

2. Pulsed excitation: energy transfer functions H(t)

When a donor—acceptor pair is flashed for a time which is much smaller
than the lifetime of the excited donors (which are randomly distributed with
respect to the acceptors) the relative decay functions g (¢) may be easily
reduced to the following general equation which describes the energy trans-
fer process:

t
(1) = expj— = —CAH(1) )
0

where C, is the acceptor concentration in molecules per unit volume, 1/74
is the rate of any channel of decay of D* and H(t) is a time dependent
function, expressed in volume units, which describes any energy transfer
process between D* and A; this equation obviously corresponds for pulsed
irradiation to

p(t) = expi— T kut — T CAH(0)] 2)
m=1 m=1
unimolecular bimolecular
processes processes

where the first sum refers to any unimolecular radiative or non-radiative
decay process of an excited donor D* and the second sum refers to any
bimolecular radiative or non-radiative decay process of an excited donor D*
in the presence of an acceptor and other unexcited donor species.

In general, the energy transfer function H(Z) of eqn. (1) can be
expressed as a time-dependent series containing power terms (which account
for Coulombic multipolar interactions between an excited donor and
acceptor) and logarithmic terms (which account for exchange interactions);
ie.

H() = X at™ + X gi(In At)™ 3)

i=0 j=0
where a;, g; and A are experimental parameters; m; = z ,% ,g , ... for dipole—
dipole interactions; m; = 1, 2, 3, ... . Some of the possible terms of this series

are lacking in the equations summarized in Table 1 depending on the
approximations introduced when deducing the decay functions of the Appen-
dix; e.g. in eqn. (A5), the error function & (x) expanded as a series was
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TABLE 1
Energy transfer functions H(t)

(1) d—d interactions; D = 0

3/12p3 12
H(t) = i”_lig_(i )1
3 To

(2) d—d interactions; D = 0

41r3’2R3( t )"2 N 16.81!3’2R0Dro(t )”"6

H(H = —
(t) 3 To 3 To

H(t) = ATDR¢
8nTDR2:1/2
Hi =
(t)= 4nDR¢t + D)

8nDR*1?  anR§t  _ 8aRGt'*
(wD)12 1279R3 ~ 1274R2(aD)12

H(t)= AnDR¢t +

(3) Exchange interactions; D = 0

3
H(t)= % {mAt)® + 1.73(InAat)2 + 5.9(nAt) + ...}

(4) Exchange interactions; D # 0

8nDRZ 12

H(t)= 4TMDR ¢t + (aD)\2

truncated for terms with powers of ¢ higher than t = % . In any case, the
energy transfer function H(t) can be thought of as a ‘“volume of interaction®
that expands with time around an excited randomly distributed donor,
containing different amounts of acceptor molecules. This “‘active volume™
is of about 107?? cm? as an order of magnitude for a dipole-dipole (d~d)
interaction at time ¢t = 7. At time ¢ = ¢, this expanding sphere reaches a
critical value H(ty) = V, of radius Ry, when the first and the second term of
the exponential of egn. (1) become equal; this value H(ty) of the energy
transfer function consequently correlates with the Forster integral Jp.,(V)
(cm®) which corresponds to the overlapping between the excited donor
emission and the acceptor absorption spectra in the case of d—d interaction
and for D = 0, i.e.
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H(ty) = K {Jpsa (#)? cm? (4)

where K is an experimental parameter.
The energy transfer functions H(¢) which are valid under pulsed excita-
tion are given more explicitly in the following sections.

2.1. Dipole—dipole interaction
2.1.1. Stationary donor-acceptor pair; diffusion coefficient D = 0

4173’2R3 t 1/2
o= 25 ()
(4]

This function derives from the Forster [2] or Galanin [33] decay function
p(t) (see eqn. (Al)).

2.1.2, Non-stationary donor—acceptor pair; D + 0

H(t) ~ (6)

4173’2R(3)( t )1’2 . 16.81r3’2R0D70( t )7’6
3 To 3 To

This function is derived, after some algebraic manipulation, from the decay

function developed by Kurskii and Selivanenko [15] (eqn. (A2)) for donor—

acceptor pairs in viscous solvents. Quite surprisingly the same function, apart

from a small numerical difference, can be obtained from the Yokota and
-Tanimoto [16] decay function (egn. (A4));i.e.

H(t) ~

3/12p3 1/2 3/2 7/6
4 RO ( t ) + 7.211’ RoDTo(i) (7)

3 To 3 To

Both egns. (6) and (7) contain one term in common with egn. (5); this
derives from the fact that in solution the energy transfer functions (eqns. (6)
or (7)) consist of two terms, the first accounting for stationary and the
second for diffusion-controlled interactions. Analogously, from the decay
function developed by Kurskii and Selivanenko for low viscosity solutions
(eqn. (A3)) the following H(t) function can be derived:

8aDRZ*t/2 . 4n RSt . 8aR§ /2
(1rD)1’2 121"(,R3 12'r0R2(7rD)1’2

H(t) = 4nDRt + (8)

It is worth observing that from the Smoluchowski reaction rate, which is
valid for a simple diffusion-controlled collisional interaction, the following
energy transfer function can be obtained [40]:

8rDRZt1/?

9
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Consequently, in egn. (8) the first two terms correspond to a simple
diffusion-controlled collisional interaction, the third term to a stationary
d—d and the fourth term to a diffusion-controlled d—d interaction.

Exactly the same equation can be obtained from the p(¢) function of
Voltz et al. [17] reported in the Appendix as eqn. (Ab).

It does not seem that either Yokota and Tanimoto or Voltz et al.
were aware of these equivalences. Actually, the decay functions do not
explicitly show the strict connections between them; however, once a
coherent mathematical formalism is employed and the energy transfer
process is described mathematically as in eqn. (1), similarities or equiva-
lences become obvious. Nevertheless, both egns. (6) and (8) are incorrectly
attributed to Yokota and Tanimoto [16] and to Voltz et al. [17], respec-
tively.

2.2. Exchange interaction
2.2.1, Stationary donor—acceptor pair; D=0
L3
H(t) = “T {(In At)® + 1.73(In A1) + 5.9(n At) + ..} (10)

This H(t) function derives from the Inokuti—-Hirayama [4] decay function,
and describes the exponential time-dependent interaction due to electronic
overlapping between the donor and the acceptor molecules.

2.2.2, Non-stationary donor—acceptor pair; D #+ 0
81rDRfﬁ t1/2
(nD)¥/2

This H(t) function, which is derived from the revised Pilling and Rice [14]
p(t) function (eqn. (A7)) correlates with the Smoluchowski collisional
H(t) function of egn. (9), the only difference being the Ry value.

- The order of magnitude at time t = 7, of the numerical parameters a;
and a; in the series in eqn. (3) for some H(¢) functions are given in the
following equations:

H(t) = 47!’DRefft + (11)

Egn. (5)
t /2 4
H(t)=1.13X10_19(——)1 =1.183 X 10~ 1® cm?
To
Eqgn. (6)
t 12 t \7/6
H(t)=1.13 X 10_19(———)l +4.41X101° (—) = 5.54 X 1071° cm?
To To
Eqn. (7)

t 1/2 t .7,6
H(t)=113 X 10" 19(—-——) +1.89 X 10_19(—) =3.02X10°'*° cm?®
' To To
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Eqn. (8)

t /2 t
H(t)=1.25%x10"19 (—j +208%Xx10°1® — =333Xx10"1°cm?®
To To
The experimental parameters employed are R, = 24.8 X 1078 ecm, R = 12.8
X108 cem, 7, =5.7X10sand D=1X 107% cm? s~ [36, 37] for eqns. (5) -

(8).

The ways in which the various terms of eqns. (5) - (11) affect the
energy transfer functions H(¢) are shown in Figs. 1 - 3. The parameters for
eqns, (10) - (11) of Fig. 3 are Ry = 10 X 10 8 cm, L = 3.14 X 10" % cm,
70=2.3X10*sand R, = 12.9 X 1078 cm.

3. Steady state excitation

When the exciting light source is kept on continuously, the excited
donor molecules are no longer distributed randomly and consequently under
steady state conditions the physical meaning of a ‘‘sphere of interaction”
expanding with time around an excited randomly distributed donor implied
by the energy transfer function H(t) vanishes. Hence it is no longer possible
to distinguish unimolecular from bimolecular decay processes, as in eqns.
(1) and (2). For instance, the decay function of eqn. (A1) becomes {38]

P(t)y=71o[1 — w2 gexp(g?){1 —erf(q)}] (12)

4. Relative quantum yields

The importance of the relative quantum yields of n/no luminescence
derives from their direct correlation with experimental results; although the
decay functions p(¢) for pulsed and steady state irradiation are quite dif-
ferent the relative quantum yields are the same in both cases [38] even if
only to a first approximation [39]. However, the lack of a coherent for-
malism in expressing the various models of interaction may also in this case
be a source of confusion in their correct experimental use; hence, it seems
useful to discuss briefly the various known relations.

4.1. Stationary and diffusion-controlled processes

Under steady state as well as under pulsed irradiation the relative quan-
tum yield is [40]

n 1
—_— = 1 —al2qge 2){1 —exf 13
ne _ 1—ZDEC.7. [1 —a'%gexp(g?){ (g)}] (13)
where R is the encounter distance of the donor-acceptor pair, C, the
acceptor concentration and D the mutual diffusion coefficient of the two
species. When the diffusion coefficient D = 0, i.e. for stationary processes,
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eqgn. (13) reduces to [2]
n/ne = 1 —n'/2qexp(q®) {1 —erf(q)} (14)

The parameter g of eqn. (14) corresponds to (2 )r*2R3C, ; the same
parameter, for the relative quantum yield of eqn. (13) is ¢ = b/a/%, where
a=1/ro + 4nDRC, and b = 4R2C, (nD)*/2,

4.2. Stern—Volmer model
This model corresponds to an energy transfer under steady state irradia-
tion in solution; its relative quantum yield is generally expressed as [34]

n _ Iss _ 1
Mo I, 1+ KgyCy
1
= ——— (15)
1 + kqfocA

where Igg is the luminescence intensity under steady state irradiation in the
presence of an acceptor and I, the intensity in the absence of irradiation;
Kgy is conventionally called the Stern—Volmer constant which is experimen-
tally obtainable from the slope of the plot of the donor luminescence
ratio Igg/l, versus the acceptor concentration C,; k, is the quenching

rate constant of luminescence.

This relation can be deduced using the same formalism described in
the previous paragraphs; in fact, under steady state conditions in solution
the luminescence intensity Igs of an excited donor in the presence of an
acceptor is given by

Is = [ I(tydt (16)

0

where I(t) is the luminescence intensity of the same donor after a light
pulse at t = 0; taking into account only the first term of eqn. (9), I(?) may
be calculated [41] giving

I(t) = Cq exp(—at) (17)

where Cj is a constant and a has been previously defined. Consequently,
since I, is the luminescence intensity of the donor in the absence of
acceptors,

Io = Coro (18)
Hence,
IE _n _ f" Coexp(—at)di _ 1
Iy o S CoTo 1+ 47DR7,Cp4
1

- 1+Kg,Cy (19)
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where the various parameters have been previously defined. Equation (19)
is formally equivalent to the Stern—Volmer relation (eqn. (15)) provided
that Kgy = 4nDR7y = k7o, where k, is the usual Stern—Volmer quenching
constant, expressed in M~! s~ When I(¢) accounts for both terms of
eqn. (9), then eqn. (17) becomes [41]

I(t) = Cyexp(—at — 2bt1/2) (20)

and, for C, - O, the Stern—Volmer constant K, defined in egn. (19)
becomes

Kgy = 4nDRry + AnR2(D714)'/2

where the first term corresponds to the previously reported Kgy of eqn. (19)
and the second term gives the departure from the linear Stern—Volmer equa-
tion, as a result of the viscosity of the solution.

4.3. Perrin—Ermolaev model

This model can also be deduced using the same formalism. In fact, the
original Perrin model [35] corresponds to an energy transfer process whose
rate constant is infinity for any distance between D* and A less than R,
and zero for any distance greater than R,; i.e. this model proposes an ‘“‘active
sphere of interaction”. Ermolaev [19] found, in particular, that such a
model was convenient to explain triplet—triplet energy transfer experiments;
it can be quantitatively expressed by the relation

/o = exp(—C,aVop) (21)

where C, is the concentration of the acceptor species (in molecules per
unit volume) and V, is the volume of the “active sphere of interaction”.
Referring to eqn. (1), at the critical time t = ty, H(t) = H(tg) and both
terms of the exponential become equal. Hence
p(to) = exp{—2C, H(tp)} (22)

However [ 2],

n=K [ Ft)de
0

=K fwexp{——ZCAH(to)}dt (23)
()]
and
& [ exo(— f°
o —K(_)f exp( To)dt (24)

where K is a numerical constant. Consequently
n/mo = exp{— CoH(ty)} = exp(—CaVy) (25)
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which is identical to the Perrin—Ermolaev relation (eqn. (21)) and V, =
(47 /3)R} is the volume of the ‘“‘active sphere’’, i.e. the value of the energy
transfer function when it reaches its “critical’” value H(t,) at time t = t,.

The various relative quantum yields of luminescence described in this
paragraph are summarized in Table 2.

TABLE 2

Relative gquantum yields of luminescence

(1) Steady state and pulsed irradiation; D = 0
NMo=1— m2qexp(g?) {1 —erf(q)} ~1 — (417/3)CAR3

(2) Steady state and pulsed irradiation; D # 0

1
;?%) - m [1 — n2gexp(q®) {1 —erf(q)}]

(3) Steady state irradiation; D = 0 (Perrin—Ermolaev model)

n 1 1 ~ 1

77—0 - 1 +4TFRDCATO - 1+stCA - 1 +quocA

(4) Pulsed irradiation; D = 0 (Perrin—Ermolaev model)

N/Me = exp {—C A H(tg)} = exp{— CpoVo} ~ 1 — (47/3)CARY

5. Conclusions

From the previous paragraphs, the following conclusions may reasonably
be drawn.

(1) The various decay functions that describe the deactivation processes
which an electronically excited species undergoes after pulsed excitation can
be easily reduced to the general eqn. (1). This reduction has the advantage of
defining an energy transfer function H(t), which more properly describes the
energy transfer process, whether the nature of the interaction be coulombic
or exchange. When the transfer processes are expressed in terms of these
H(t) functions, the strict connections between the known equations
obtained by theoretical approaches [2 - 35] become apparent, and in some
cases their unexpected equivalence is also demonstrated. The influence of
the various terms in the energy transfer functions H(¢) is illustrated in
Figs. 1 - 3; Table 1 summarizes the most useful transfer functions.

(2) The relative jluminescence quantum yields n /n, are derived for the
various conditions of irradiation; also the well-known Stern—Volmer and
Perrin—Ermolaev models can be derived and expressed employing the
same formalism, as shown in Sections 4.2 and 4.3. Table 2 summarizes the
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various equations, It is worth observing that the relative quantum yields
discussed in Section 4.1 are based on the assumption that energy transfers
occur from each excited donor to all but the nearest acceptors; as shown by
Ore [42] the extension to include second nearest or higher order acceptors
become significant only at acceptor concentrations higher than those usually
found in luminescence quenching experiments [36, 37].
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Appendix

The following decay functions p(t¢) have been derived by various
authors for different conditions, under pulsed excitation,

Al. Dipole—dipole interaction
Al1.1.D=01[2, 14, 33]

p(t)= expz— ;t; —2q (:—o)llzz (A1)

A1.2.D#0
A1.2 1. Kurskii and Selivanenko [15]

- t t /2 8.4(3D, +D,)r t e
Fty=expl— — —aq(t) — 2HEILID L(LYEL (ay
To To R§ To

A1.2 2 Kurskii and Selivanenko [15]
p(t) = exp(—At — Bt/2) (A3)

where

1 N 47R§ N
A = — +41TD12R12'—' + —_—
To |4 1270R12 vV
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and
pearp. N _2B%  4rR§ N 2
T2 Y D) 12r0RZI; V (aDyp) P

A1.23. Yokota and Tanimoto [16]

_ t 4 1+ 10.87x + 15.50x2 \3/4

p(t) = exp T gws’zc(at)"z( 1+ 8.743x ) z (A4)
where

x = Da /3423 a= Rg/'ro

Al.2.4. Voltz et al. [17]

_ t R, R
t) = exp|— — — 4xDN'RC (1+———)i1+——;] A5
A1) e"p[ 1o " ' 12D7o R* (#D)'72 (A5)

A2, Exchange interaction
A21. D=0
A2.1.1. Inokuti and Hirayama [4]

t L3
5(t) = —_—— = InAt)? +1.73(lnAt)?2 + 5.9(In At +]
p(t) exp[ o 8R3C0{(n ) (InAt) ( ) }

(A6)

A22. D+ 0
A2.2.1. Pilling and Rice [14]

t SNDszftllz
5(t) = exp{— — — 4nRyyDt — ————— A7
p(t) XP; o Tlvert (= D)2 (AT)

Equations (Al) - (A7) contain the following parameters. In eqn. (Al),
2q = (4/3)a%/2R3C4, R is the distance between the excited donor and the
acceptor, R, is a critical distance at which unimolecular (in D*) and bi-
molecular processes (transfer to A) occur with the same probability, 1/7¢ is
the rate of any channel of decay for D* and C, is the acceptor concentra-
tion; in Galanin’s original paper [33], 2q is expressed in terms of experi-
mental spectroscopic data. In eqn. (A2), ¢ = (7/2)Y%(Ro/R)3N, where N is
Avogadro’s number and D, and D, are the diffusion coefficients of donor
and acceptor. In eqn. (A3), D;2 = Dy + Dy, R,, is the sum of the molecular
radii of the donor and the acceptor, and V is the volume of the system. In
eqn. (A5), N' = 6 X 10?°. In eqn. (A6),

A 1
= — ex _
To P L
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where L is the Dexter parameter [3] corresponding to the average Bohr
radius of either D* and A. This parameter has been questioned by Dow [5]
and other doubts were raised by Marshall et al. [6] on the possibility of
employing this equation in the liquid phase: C, = 3/47R3. In egn. (A7),
R4 is equal to R at normal viscosities (D ~ 107% cm2 s~ 1) and itis a
rather complex function at other viscosities; the published equation con-
tains some inconsistencies, probably due to misprints [14] revised in

eqn. (A7).



