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A general set of equations describing the non-radiative

energy transfer process, under steady-state conditions of

excitation, in a ternary system where all the molecules

concerned are able to form excimers, is derived. It is

shown the equations used by different authors can be

obtained from the equations derived here. The problem

of the transfer among excimer forming molecules where

excimer formation has been neglected when the rate

constants were evaluated is discussed. Some new particular

cases and results are presented.

1 —INTRODUCTION

When a solution containing fluorescent molecules
is excited with u. v. radiation of a given wavelength,
the energy which reappears as light seldom has the
same wavelength. This shows that some energy
transfer processes have probably occurred. These
energy transfer processes can be either intramole-
cular, the molecules which are initially excited un-
dergoing non-radiative de-excitation processes be-
fore they emit, or intermolecular, if the ligth is
emitted by a different molecule. The intermolecular
process can be either radiative, if it involves the
emission and reabsorption of photons, or non-ra-
diative.
In recent years, considerable attention has been
given to the non-radiative energy transfer process
between molecules of different kind in solu-
tion (1) (2) (3). This problem, which has a bearing
on scitillation studies (4) (5) (6), has its origin on
the fact that it is experimentally found (7) (8) (9)
that if a solution contains two fluorescent molecules
X and Y, the first excited singles state of Y being
lower han that of X, it is possible to observe the
fluorescence emission characteristic of Y, even when
the optical density of X is much greater than that
of Y, for the wavelength of the radiation used to
excite the solutions. This shows that some of the
initially excited X molecules are able to transfer
their energy to Y molecules.
FoRSrER's theory resonance transfer (10) (11) has
usually been invoked to describe this process, when
it occurs non-radiatively. However, the rate cons-
tants for transfer, as found experimentally, are in
most cases greater than those predicted by the
theory (12 (13) (14). This has led to the sugges-
tion (15) that energy migration among energy donor
molecules and material diffusion of both energy
donor and energy acceptor molecules can contri-
bute to an increase of the transfer rates as compared
with the theoretical predictions based only on
Forster's theory. Accordingly, theoretical approa-
ches have been presented, either introducing modi-
fications into Fdrster's theory (16) (17) (14) or in-
cluding into the diffusion equation the effect of
energy migration (18) (19) (20) and Fõrster's reso-
nance transfer (18) (21). In some cases, decay time
measurements (22) (23) and the derivation of equa-
tions describing the variation of the emission inten-

Rev. Port. Quím., 11, 169, (1969) 	 169



J. C. CONTE

sities with time following excitation by a flash
(24) (25) have been used with advantage to assess
the validity of the theory to be applied to each par-
ticular case, either coupled with steady state intensity
measurements (24) (26) (27) or not (23) (28) (29).
Experimentally, the systems used to study this
problem have been, in most cases, only binary
systems, in which only an energy donor and an
energy acceptor are present (9) (21), although some-
times both are dissolved in a transparent solvent
(12) (14). Ternary systems have been used in some
cases, mainly in connection with scintillation stu-
dies, the solution being excited with ionizing radia-
tion (30) (31) (32). For each case, the appropriate
kinetic schemes were presented, and used as the
basis for the analysis of the results, and ultimately
for the evaluation of the transfer rate constants.
Where any of the fluorescent molecules present in
the system can form excimers, the kinetic scheme,
and hence the analysis of the results, is more ela-
borated (33) (26) (34). However, if the consideration
of excimers has any relation with the energy mi-
gration process, as it has been suggeted in recent
publications (35) (36) than the study of energy trans-
fer processes involving excimer forming molecules
may be of considerable interest. Furthermore, re-
cently published work presents conflicting views on
the contribution of excimers for the energy transfer
process (35) (36) (37).
It is the purpose of this work to present a general
kinetic scheme for the non-radiative energy trans-
fer process under steady-state conditions of excita-
tion in a ternary system where all the molecules
concerned are able to form excimers. It will be
shown that the equations used by different authors
can be obtained from the general equations derived
here. Since some studies have been presented involv-
ing excimer forming molecules, although excimer
formation has been neglected in the analysis of the
results, it will be shown what is the actual meaning
of the constants evaluated using the simplified
kinetic scheme in which excimer formation is not
taken into account. The application of the general
equations to some particular cases together with
some experimental results obtained in this labora-
tory will be presented. The experimental techniques
used for these studies have already been described
in previous publications (38) (39).

2 — DERIVATION OF THE GENERAL
EQUATIONS

2.1 — GENERAL CONSIDERATIONS

Let us consider a ternary system, containing a sol-
vent X (molar concentration c) a primary solute Y
(molar concentration c ) and a secondary solute Z
(molar concentraction c Z ). A «inert» solvent (trans-
parent to the exciting radiation), may be added, in
order to vary c 

X,
 which, otherwise, is the concen-

tration corresponding to X in pure liquid form.
We shall consider the general case where X, Y
and Z form excimers, due to the interaction between
an excited molecule in its first excited singlet state
and a molecule of the same kind in the ground
state.
If the energies of the lowest excited monomer sin-
glet states (E 1 ) decrease in the order E 1 >
> E 1 Y >E 1 

Z
 , then when solvent molecules are

excited they can transfer their energy to the primary
solute molecules (X -^ Y transfer) and the latter
can transfer their energy to the secondary solute
molecules (Y - Z transfer). Direct X -- Z transfer
must also be taken into account (34) which means
that the intensity of Z emission when X is excited
will depend on the X -> Z and X — Y --> Z trans-
fer processes, occuring simultaneously. Since exci-
mers are dissociated in the ground state, direct exci-
tation to the excimer state (either due to direct
absorption of the exciting light (40) or to non-radia-
tive transfer (38) has not to be considered.
In the derivation of the general equations for the
intensities of monomer and excimer emission of X,
Y, Z, we shall assume that the solutions are excited,
under steady state conditions of excitation, with
ultraviolet radiation of intensity I . (expressed in

Einsten. s -1)  and that, for the concentrations c X ,

c,, , cZ used it is possible to consider separately the
following cases of excitation:
a) Z excitation — only secondary solute molecu-
les (Z) are initially excited.
b) Y excitation — only primary solute molecules
(Y) are initially excited, direct absorption of the
exciting radiation by Z being negligeable.
c) X excitation — only solvent molecules (X) are
initially excited, direct absorption of the exciting
radation by either Y or Z being negligeable.
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Solvent excitation in cases a) and b) primary solute
excitation in case a) does not need to be considered,
if the first excited singlet states Six,  S I Y , S  z
are well separated. We shall consider this to be the
case. Radiative energy transfer will be neglected.
Correction for this transfer as well as for any
absorption by X in cases a) and b) and by Y in
cases a) will be deferred to a later publication.
The reactions that can take place when the solutions
are excited with ligth of the appropriate wavelength
are indicated in table I. It is assumed that X
and molecules have no quenching effect upon ex-
cited Z molecules and that X molecules do not
quench excited Y and Z molecules.

2.2 — Z EXCITATION

When the solutions do not contain oxygen, only
reactions 2 and 22 to 27 have to be consid-
ered, with k, )7 = 1. Under steady state conditions
of excitation with u.v. radiation of intensity Ió, the
intensities of monomer(D MZ ) and excimer (C DZ )
secondary solute emission will be given by

for which the quantum yield of monomer emission
is half of the yield at infinite dilution and the quan-
tum yield of excimer emission is half of the yield
at infinite concentration).
When the solutions contain oxygen at concentration
[0 2], reactions 32 and 33 from table I must
also be considered. Difining the quantities

k'Mz 

kMz

k'Dz 

kDz

k'Dz 

kDz kMDz

it is easy to see that under the same conditions of
excitation the intensities of monomer ( Mz ) and
excimer (g' DZ ) secondary solute emission are given
by

Izq MZ D
hZ CZ

cz 	
q ' DZ Ió

ChZ CZ

where the quantum efficiencies of monomer (4' 7,4z)
and excimer (q Dz ) emission are

qMz 
qMZ--

1
	. MZ02]

MZ

DZ

C hZ

qMz
kfMZ	 kfMZ 

q ' Dz
qDZ 

1 +%DZ 02
, 

kfMZ -- ki MZ	 kMZ (3) (12)

and 	 ant the half-value concentration c' hz is now

gDZ
kfDZ 	 kfDZ

kfDZ  kiDZ	 kDz (4) c hZ = ChZ
I ^ / MZ [02]

1 ± / DZ [02]
( 1 -- /MDZ 102I)

(13)

are the quantum efficiencies of monomer and ex-
cimer secondary solute emissions, respectively,
and

kMz (kDz + kM Dz) 
chz =_

kDz kDMz

is the half-value concentration (14) for the mono-
mer-excimer Z emission (i. e., the concentration c .

Obviously these equations can be applied if the
solutions contain a quenching agent other than
oxygen, provided the quenching effect can be
described by reactions similar to 32 and 33.

For deoxygenated solutions, reactions 2 and 14
to 27 of table I must now be taken into account,

(5) 	2.3— Y EXCITATION
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Table 1

Reaction	 Rate (s— ')	 Process

(I) Mx

(2) M y

(3) Mz

kox

kov

koz

solvent (X) excitation

primary solute (Y) excitation

secondary solute (Z) excitation

(4) MX -Mx h Mx

(5) MX Mx

(6) Mx - Mx ' Dx

(7) Mx • Mx Mx

(8) Dx 	Mx 
1_ 

Mx h 'DX

(9) Dx 'Mx r Mx

kfMx	 monomer emission (X)

kiMx	 monomer intramolecular radiationless deactivation (X)

k DMX cX	 excimer formation (X)

excimer dissociation (X)

excimer emission (X)

excimer intramolecular radiationless deactivation (X)

kMDX

kfox

k iDX

(l0) MX My 'Mx f MY	 kYxcy	 X > Y transfer (from the solvent monomer)

(11) DX + My --Mx - M x ! MY	 g cy 	X - Y transfer (from the solvent excimer)

(12) MX {- Mz -Mxr Mz 	kZxcz	 X - > Z transfer (from the solvent monomer)

(13) DX • Mz —>M x } M x , Mz* 	kZxcz	 X —> Z transfer (from the solvent excimer)

(14) M; > My 7 h'My 	k  fMy 	monomer emission (Y)

(15) M y ->My	kiMy	 monomer intramolecular radiationless deactivation (Y)

(16) M , } M Y 	DY	 k DMY CY 	excimer formation (Y)

(17) Dy, -MY + My 	kMDY	 excimer dissociation (Y)

(18) Dti, -My + My + h by 	kfDy	 excimer emission (Y)

(19) Dy - My }._ MY

(20) M; ! Mz >M y +M z

(21) DY : Mz —>My )- M y MZ

Mz
.

 ' Mz f h"Mz

Mz -->Mz

Mz Mz - , Dz
(25) Dz.  -Mi + Mz

(26) Dz.  - Mz + Mz + h 'Dz

(27) Dz.  —' Mz + Mz

(28) MX + [O2] — 'Mx

(29) DX + [O-,] -- Mx + Mx

(30) M; + [Oz] -->My

(31) DY+[O^
]^M+ My

(32) Mz + [021 -- Mz

(33) DZ + [Oz] — Mz + Mz

k iDy 	excimer intramolecular radiationless deactivation (Y)

kZx cz 	Y --- Z transfer (from the primary solute monomer)

kZx cz 	Y - Z transfer (from the primary monomer excimer)

k fMz 	monomer emission (Z)

k iMz 	monomer intramolecular radiationless deactivation (Z)

k DMZ cz 	excimer formation (Z)

excimer dissociation (Z)

excimer emission (Z)

excimer intramolecular radiationless deactivation (Z)

monomer oxygen quenching (X)

excimer oxygen quenching (X)

monomer oxygen quenching (Y)

excimer oxygen quenching (Y)

monomer oxygen quenching (Z)

excimer oxygen quenching (Z)

(22)

(23)

(24)
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k MY(kDY T kMDY) 
ChY =.

kDYkDMY

(1  ';ZYCz) ry _- (1 	rZYCZ)CY

kDy

(24)
7Y

kDY + kMDY

k MY

kMy
/m

k DY
DY '

kDykf MY + kfMY

kf DY + kiDY

(18)

kf MY

kf DY

kf MY

kMY

kf DY 

kDY

q MY

qDY 

n MYm
kzym

J[.Y
k MY (20)

q MY 10
Y

(29)
( 1 —f 6 zYCZ)r Y -.._ ( 1 i 6 ZYCZ)CY

Fry
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with koY = 1. Under steady state conditions of ex-
citation with u.v. radiation if intensity Io , the

intensities of monomer (.1 My ) and excimer (nDY )
primary solute emission, and monomer (r1Mz ) and

excimer (11 Dz ) secondary solute emission will be

given by

are the «Stern-Volmer constants» for the monomer
and excimer Y , Z transfer, respectively, and

lY 	  Ci,Y(1 	 yYOZYCZ)	 (22)

where

(23)

is the half-value concentration for monomer-exci-
mer Y emission and

Comparing equations 1, 2, 16 and 17 it is easily
seen that the quantity

ChZ Y
qMZ l o

ChZ	 CZ

m
	 I,Y -I— GZYCZCY

(1 + Qzycz) ry H-- ( 1

Y
q DZ lo

C.,z	 Cz

represents the fraction of excited Y molecules
(16) (either monomer or excimer) which transfer their

energy to Z. Then it may be called the energy trans-
fer coeficient for Y Z transfer.
When the solution contains oxygen, reactions 30
to 33 from table I must also be taken into
account. By anology with 6, 7 and 8 we may

(I 7)	 define

7 DZ d
QZYCZ)CY

where

(19)

are the quantum efficiencies of monomer and ex-
cimer primary solute emissions, respectively,

k' DY

i MDY
kDY + kMDY

The intensities of monomer (11
MY

) and excimer
(11 Dy ) primary solute emission and of monomer
(T) Mz) and excimer (11 Dz ) secondary solute emis-
sion are given by

(26)

(27)

(28)

I'y
my

( 1 1-r¡ZYCZ)I Y 	6ZYCZ)CY

Cy
DY

d
gZYCZ y -'. - 'ZYCZCY

(MZ --
(1 L. 

,7ZYCZ) 1,Y -I- (1 _- 6ZYCZ)CY

d
? ZYCZCy

(1 __ gzYCZ) 1 Y -- ( 1 + zYCZ)CY	 ( 25 )
FzY

rzmyCZ l Y

cz

Cy

( 1 -T 6 ZYCZ)h Y + ( 1 + Q ZYCZ)CY
g DYlo

(30)
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kDY
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C ' hZ -'- CZ

C hZ Y
q ' MZIo

(31)	 with

;DX
cX

	 qoxló
(1 + 6YXCY + QZXCZ(I,X + ( 1 + QyXCY fi 'ZXCZ)CX

m	 d
6YXCYI , X + QYXCYCX

( 1 + (.7YXCY + 6ZXCZ)I,X + (1 + ?YXCY + rsZXCZ )CX
^MY — X

l,Y 

( 1 + gZYCZ)I,Y + ( 1 + gZYCZ)CY
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-t/ MZ

rm
? ZYCZ 1 I Y ' ZYCZCY oxygen, respectively, and

( 1 i O ZYCZ) I„Y + ( 1 	rl ZYCZ)CY 
l, Y 	 C hY( 1 +iY'ZYCZ)	 ( 37 )

-f DY

rm id
6 ZYCZI ŷ -- Q ZYCZCY 

ChY — ChY
1 fi x'MY[02:i  (1 - 7. MDYL02J)
1 + z DYr02_I(1 + G ZYCZ)h Y " - (1 -" g ZYCZ)CY

CZy
	 q DZIo

ChZ+CZ

where

(32)

(38)

1 H- ZDYr03J 
y Y - yY

1 H- ZMDYr02]	 (39)

The energy transfer coefficient for Y -› Z transfer
(33)	 in the presence of oxygen will be given by

m

rm	 'ZY
ZY =_— 

1 + /. MYr02

d 	m v	 d
^d	 'ZY 	 6 ZyCZ I y + 6 ZyCZCy 

^ 

ZY	
1 	 i'Dy102_	 (34)	

F 
Yz 	1 +' zycz)TY + ( 1 + ' ' zyCZ)Cy	 (40)

are the Stern-Volmer constants for monomer and
excimer Y - Z transfer, respectively.

2.4 — X EXCITATION

qMY 
q My -	 If we consider now that the solution is excited

1 + Y_'MYr02J	 (35)
with u.v. radiation of intensity V. and that there
is no oxygen present, reactions 1 and 4 to 27

q ' Dy ._ 	CIDY 	in Table I must be considered, with kox = 1. Then
1 + Y DYJ02 J	 (36)	 a steady state analysis leads to the following ex-

pressions for the intensities of monomer ( 1,4x) and

	

are the quantum efficiencies of monomer and ex-	 excimer ( DX ) solvent emission, monomer ( 
MY)

	

cimer primary solute emissions in the presence of 	 and excimer (i;Dy ) primary solute emission, mo-
nomer(D MZ ) and excimer (ADZ ) secondary solute
emission

;MX  --
IlX
   qMXI0

( 1 + 'YXCY + QZXCZ)l,X H- (1 ± QYXCY + QZXCZ)CX (41)

(43)
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^MZ
X( 1 + 6YXCY i rZXCZ) 1 X I ( 1 + SYXCY + rZXCZ)CX	 ( 1 + gZYCZ)Y	 (1 -- OZYCZ)CY

m	 d
6YXCY 1 X i rYXCYCX

m d
rZYCZl' Y -: - rZYCZCY

d
+ rzXcZ)cX Chz + Cz

ChZ

Chz --- CZ

X	 rzxcZrX + 6ZXCZCX
gMZlo i— 	

(1 - rYXCY + rZXCZ)lX + (1 H_6YXcY
(45)

ChZ 	Y
gMZlo

m	 d
rYXCYrX + rYXCYCX

(1 -, - rYxcY i- rZXcZ)rx + ( 1 H- rYXCY rZXCZ)CX 

X
 ( 1 + rZYCZ)rY + ( 1 + 6ZYCZ)CY

=DZ

m 	d
rzyCZ	

il Y - 6ZYCZCY

CID Zl 
X
o

(46)
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m d
rYXCYrX + 6YXCYCX

C;DY — d
( 1 + rYXCY + 6ZXCZ)rX + ( 1  6YXCY + rzXCZ)Cx

X
	 Cy

(1 + rZYcZ)rY + (1 + rZYCZ)cY
gDYl 

x
o

(44)

m
Cz X	 6ZXCZ1 X + rZYCZCX	 CZ

	qDz lo +
ChZ + CZ	 (1 + rYxCY + rzxcz)l x ± ( 1 + 6YxcY - rzxcZ)cx

where

k fMX kfDx where

ChZ + Cz

and

kfMX + kiMX	 kMX (47)

ch ( =
kMx(kDx + kMDx)

kDxkDMx (54)

qDx
k fDX	 kfDX is the half-value concentration for monomer and

(48 )	 excimer X emission, andkfDx - t- kiDx	 kDx

are the quantum efficiencies of monomer and ex-
cimar solvent emissions, respectively,

knx 
=

kDx + kMDX (55)
m

kyx

(49)

d
7yX

kY
d
 x 

kDx (50)

are the Ster-Volmer constants for the monomer and
excimer X > Y transfer, respectively,

m
kzx

(51)

An inspection to the equations 45 and 46 shows
that the fraction of excited solvent molecules that
transfer their energy to primary solute (i.e. the
energy transfer coeficient for X --> Z transfer) is
given by

Fyx

( 1 7 - rYXCY + rZxcZ) rX +(1 + rYXCY + 6ZXCZ)CX

(56)

kMx

kMx

md
6YXCYrX + 6YXCYCX

a	 kzx
%Zx =_ while the energy transfer coeficient for direct X - Z

(52)	 transfer is kDx

are the Stern-Volmer constants for the monomer
and excimer X --> Z transfer, respectively, and

rx —Chx[l -{- /X(rYXCY 6zXCZ)]	 ( 53 )

FZx
( 1 + rYXCY + 6ZXCZ) rx + (1 + rYXCY + rZxcz) cx

(57)

md
ózxCZrX + rzxCZCX
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ex 	x
-- q DxIO

-.. : YXCY	 ' ZXCZ)
1.r

x - -- (1 -- ? Yd XCY + ? ZYCZ)CX
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Thus the overall energy transfer coefficient for
X -- Z transfer which includes the direct transfer
and the two-step X - Y --> Z transfer will be

Fzyx — FyxFzv + Fzx

When the solution contains oxygen, reactions 28
to 33 from table I must also be taken into
account. Then the intensities of monomer (E',Ia)
and excimer (r' DX) solvent emission, monomer
G' my) and excimer (_,'Dy) primary solute emission,
monomer (E,' A,z) and excimer (%,'DZ) secondery
solute emission are given by

(58)

i ,  X
MX

x
	 q Mxlo1 

( "^- ? YXCY	 ZXCZ)l. x	 ( 1 	' YXCY	 ' zxcz)cx (59)

(60)

m	 rd
? YXCYI X -- YXCYCX

 ? YXCY 	' ZYCZ) 1 X	 (1 -- ' YXCY + ? ZXCZ)CX

I, IY X
X 	g MYIO(1 H- ? ZYCZ)' y _ - ( 1 	? ZYCZ)CY

? YXCYI` X + ? YXCYCX

X

(6l)

= DX

vr
=.MY

= DY -

l YXCY ;- ? ZXCZ) I ' X -- (1 -" ? YXCY - ? ZXCZ)CX

Cy 
	 Q DYIO

( 1 	g ZXCZ)Cy -i- (1 --- ? ZYCZ)CY (62)

m YXCY 1 X ._ ? YXCYCX ? ZYCZ ^ Y ? ZYCZCY=. MZ -- m
YXCY

C hZ J- cZ

C hZ
g MzI

X
O

X
? ZXCZ)I

v X	
(1 -- ? dYXCY -` ? ZXCZ)CX 	(1 

1- ? ZYCZ) l.rY -L (1 -H- ? ZYCZ)CY

m	 .r	 d
ZYCZI X ? ZXCZCX	 C hZ 

d
( 1 + ? YXCY	 ZXCZ)h X 

_._ (1 + ? YXCY	 ZXCZ)CX C hZ -- Cy

X
q MZ 1 O

(63)

(64)

DZ
? Y

m
XCYI X T ? YXCYCX 

(1 	? YXCY -, ? Zxcz) 1•r X
	(1 + ? YXCY + ? ZXCZ)CX

X 
/	

? ZYCZ
m

I
.ry
 + 

d
/? ZYCZCY 

\ 1 + ?ZYCZ)I
,
 Y + (1 .. ? ZYCZ)CY

.r
CZ	 X 	? ZYCZ

m
I X i- ? ZXCZCX

d
	CZ 	X

q DZIO + ¡¡	 ^m	 -m	 r	 rd	 ;d	 q DZ IO

C hZ -i CZ	 l 1 - ? YXCY T ?	 ZXCZ)h X -- ( 1 ' ? YXCY ^ ? ZXCZ)CX C hZ rt CZ

where

?YX 	are the Stern-Volmer constants for monomer and

1 -1- % r Mx1O21	 (65)	 excimer X - Y transfer in the presence of oxygen,

and
	 respectively,

In
m	 ?ZX
Zx

1 ± 1 MXL O2J

m
a YX

d
?YX

YX
1 ± y_'DX rO:2:	 (66) (67)
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1+z MXL^_' i 
( I= X MDX[02 I)chX —ehX 

1 + /. Dx[02	 (72)

^ X 	 7X
1 ^	

rO ]
i /, MDX .^

1 + X Dx_ o2]

(73)

1 ^ X Dxr0L1	 (68)

and

d
rd	 6ZX
ZX
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are the Stern-Volmer constants for monomer and
excimer X —j Z transfer in the presence of oxy-
gen, respectively,

qMX 
qMX —

1 + X r Mx[02 I	 (69)

and

qDX 
g DX -_

1 + X ' Dx[02] (70)

are the quantum efficiencies of monomer and ex-
cimer emissions,

F IX 	 c'hxrl -+- y 'X(6 YXCY + 6rZXCZ)]

(71)

In all these equations,

The energy transfer coefficient F ' Yx for the X - Y
transfer, the energy transfer coefficient F'Zx for the
direct X --> Z transfer and the overall energy trans-
fer coefficient F'zYx for the X - Z transfer are
now given by

/Mx

X DX 

k'Mx   

kMx

k'Dx 

(74)

(75)

(76) 

kDx 

/.MDX  
rk Dx  

k ' Dx + kMDX

F ' YX

F'zx

' m
6 YXCY 1"X + 6 YXCYCX

(1 + 6 YXcY + 6rZXCZ)h rX + (1 + 6 YXCY + 6 ZXCZ)CX	 (77)

rmv	 rd
6 ZXCZ I X + 6 ZXCZCX

( 1 + 6 YXCY + 6 ZXCZ)h X + ( 1 + 6 YXCY + 6 ZXCZ)CX (78)

F'zvx — F'vxF'zY + Fzx	 (79)

3 — DISCUSSION

3.1 — BINARY SYSTEMS WHERE THE ENERGY
DONOR DOES NOT FORM EXCIMERS

tially excited. For deoxygenated solutions, equa-
tions 14 to 25 are now to be applied. The fact
that Y does not form excimers can be introduced
in the general equations through the condition

In a liquid system, and under steady state condi-
tions of excitation, the Stern-Volmer constants for	 chy >> Cy	 (80)

energy transfer are easily obtained from the varia-
tions of the donor intensities with the acceptor con- 	 Then, since qD 	o and 6dzy 	o, equations 14
centration, provided the donor does not form ex- 	 and 22 give
cimers. In fact, let us consider the case of a ternary
system (XYZ) where Y does not form excimers, 	

nMY = 	
1 m	

gMYloand let us assume that only Y molecules are ini- 	 1 -f ózYCZ	 (81)
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1mIy	 + ^ZYCZ)
1	 1

T, MY (82)
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and so

The ratio between the slope and the intercept of
this straigth live gives the value of QLy . Knowing
kMy (i.e., the reciprocal of the Y decay time is the
absence of Z) it is then possible to evaluate kZy

from equation 20.
Equations 81 and 28 have been used by a num-
ber of authors (13) (42). The contribution of radia-
tive transfer from Y to Z, which may be quite
important (43) must be taken into account before
the equations are applied. Alternatively, the effect
of radiative transfer may be included into the equa-
tions 12 (44) with the advantage that the variation
of donor intensities with the wavelength of emission
(due to the variation of the extinction coefficient
of the acceptor molecules) offers a means of a
more reliable correction for the radiative transfer
(45) (46).
The variation of the acceptor intensities with
acceptor concentration can also be used to obtain
the transfer rate constants when the donor does not
form excimers .For simplicity, let us assume that
the acceptor Z does not form excimers. As before,
we can use the general equations with

Cnz »» eZ 	(83)

For deoxygenated solutions, equation 16 gives

Y
qMz 1 0

1 + czYCZ	 (84)

The energy transfer coefficient is then (cf. equa-
tion 15)

m
eZYCZ

1 ± ezYCZ	 ( 85 )

Assuming that radiative transfer is unimportant, the
energy transfer coefficient is best evaluated by com-
paring the intensities observed when the donor is
excited and transfers its energy to the acceptor
with the intensities observed when only the acceptor
is excited. It is obvious from equations 16 and
1 that

z
YMZ 10

SMZ	 Ió	 (86)

An integrating solution (47) can be used to obtain
Iá /Io and hence FZy is easily evaluated. In a prac-
tical case, solutions containing only the acceptor can
be used integrating solutions (48) with the advan-
tage that any effect of concentration emission is
readily accounted for, if 

nMZ
 and

 CMZ
 are mea-

sured for the same concentration c Z . In fact,
equations 1 and 16 can be adapted to the case
where concentration quenching (49) of Z emission
occurs, if we define

1
ez

(87)

as the quenching constant. Then,

r MZ	 FYZ 1 - ; - czcz

qz 	 Iz
Y

, MZ
	 qz 

	lo
1 + czcz

from which equation 86 is again obtained.
This result shows that it is possible to avaluate the
energy transfer coefficients FZy even when Z does
form 

yy

excimers, pro
gq

vided we use the rations

D MZ / SMZ or ADZ / -DZ to obtain equation 86.
In any case, if direct absorption by Z is not negli-
geable, an expression for F Zy is easily derived (50)
which includes the fraction of the exciting radiation
initially absorbed by Y and Z.
From the values of the energy transfer coefficients
F Zy obtained by any of these methods, the Stern-
-Volmer rate constants QZy can be found from the
the linear relationship

+ CZ
FZY	 cZy	 (9 0 )

As before, from the knowledge of oz y and kMy , the
rate constant kZy is evaluated.
These equations have been used by several authors
(48) (51) although some criticisms to this method
can be made (2) since the corrections for radiative
transfer are more difficult to evaluate.
For oxygenated solutions, equations similar to those
above can de derived, from the general equations
6 to 13 and 26 to 40. The fact that Y does
not form excimers is introduced in the general
equation by considering

c thy» cy 	(91)

m
gZYCZ

7NI Z

Fzy

FZY

Cnz

(88)

(89)

cz	 1
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Since q'p == O and 7'Zy -= 0, we get

M Y

1
q MYI

Y
O 

7 ZYcZ

1	 1	 Y

cf MYIJ-ri r My

( 1 .- 
7 ZYeZ 1)

m
7 ZY

IzO (100)m
7QZYMZ

M Z
rzY =

IY0 (94)

The energy transfer coefficient is now
kQMY -

Q
kMY

kZY

kMY
 

1 ± MY' 0 2

m
kZY

kMY k MY 1-02i

(98)

7 ZY

ENERGY TRANSFER IN TERNARY SYSTEMS

provided 
kMY

 and the oxygen concentration are
known and we make use of equation 26. Obvious-
ly, if instead of oxygen, another quenching agent

(92) is used, the quenching constant can be easily
obtained once the energy transfer coefficients for
Y - Z transfer for various quencher concentrations

(93) are evaluated. It is easy to see that by analogy
with 99

this relationship being valid even where there is
concentration quenching or when Z forms excimers.
In the latter case we have also

z
^ DZ	 l o

oz	 Ió (95)

the energy transfer coefficient F ' zY being related
to the Stern-Volmer constant cr through

m
7 ZYeZ 

EzY -- -
1 ; m7 ZYeZ

from which

From the values of Q'"' obtained by any of these
methods, it is possible to evaluate the energy trans-
fer rate constant, if the decay time of the donor
emission is known. From equations 33, 20
and 26

where uQMY is the Stern-Volmer constant for the
Y -- Z transfer for the solution containing the
quenching agent Q at concentration [ Q ] and
kQMY is the quenching constant for the donor
emission. Here again the quenching constant can
be evaluated from the knowledge of energy transfer
coefficients for various quencher concentrations but
it is also possible to obtain directly k'z if the
decay time of the donor in the presence of quen-
cher is known.
These equations have been used mainly when the
donor intensity is too low to be measured accura-
tely, either due to its low quantum yield or to the
fact that the transfer coefficient is high. The use of
quenchers has also been used either to evaluate the
Stern-Volmer rate constants (52) or to obtain the
quenching constants (53) mainly when the donor
emission intensities are low (it is worth noting that,
regardless of the transfer efficiency, the donor
emission intensity is proportional to the donor
quantum efficiency, while the acceptor emission
intensity is proportional to the quantum yield of
acceptor emission, which is usually higher).

F zY _ —

cz	 1
czrm

F zY	 7 ZY

(96)

(97)

where k21 + k'"y [021 is the reciprocal of the
donor decay time in the absence of acceptor (but
with oxygen present). On the other hand, if vzY
and 

u'm are evaluated, it is possible to obtain the
ZY

oxygen quenching rate constant for the donor
emission,

— z'MY -01]
(98)
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3.2 — BINARY SYSTEMS WHERE THE ENERGY
DONOR FORMS EXCIMERS

In the study of the energy transfer processes in
liquid systems, it has been common practice to use
the energy donor as a solvent (e.g. benzene and
alkylbenzenes and liquid naphthalene derivatives),
in which a suitable solute (e.g. an oxazole deriva-
tive) is dissolved. Most of the work done on these
systems has been analysed neglecting any excimer
formation among the energy donor molecules. The
equations for this case are easily obtained from the
general equations derived before. In fact let us

179
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7ZY
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consider a binary system XY and let us assume
that neither X nor Y form excimers. As before,
these conditions may be introduced with the con-
ditions

ChX	 CX
	

Chy» Cy	(101)

Since no secondary solute is present, c z = O. Then,
from equation 43 we get

'yxCY 	X
MY —_: 	 gMYIO

1 + cyxcy	 (102)

which is obviously similar to equation 84, the
energy transfer coefficient for the X Y transfer
being now (cfr. equation 85)

m
GYXCY

(103)

The Stern-Volmer rate constant oxY
 is readily

obtained from

Cy	 1
	+ Cy

FYx	 6Yx	 (104)

and the rate constant for the X -Y transfer is
then calculated from

6YX — kYXTX	 (105)

where is the decay time of the solvent molecules
in the absence of solute. Obviously, if the solvent
does not form excimers CX = 1 /k Mx and we get
equation 49.
These equations have been used by a number of
authors (48) (28) (50) and the fact that c y /Fy

plotted against cY gives a straight live has been
considered as a proof that this simplified kinetic
scheme, which does not consider any excimer for-
mation among solvent molecules, is valid. Never-
theless, and in contrast with some measurements in
ternary systems, under conditions of primary solute
excitation (51), the rate constants for energy trans-
fer calculate from equation 105 were found to be
greater than those predicted from Forster's theory
of resonance transfer. This has lead to the assum-
tion that material diffusion, energy migration among
excited molecules or both processes might be res-
ponsible for the increased rates of energy transfer
as mentioned in the introduction. The presence of
an energy migration effect raises however the ques-

lion of a possible dependence of the energy transfer
rate constant on the donor concentration. It is
unfortunate that only a few studies have been pre-
sented on this (48) (54) (55).
The fact that solvent molecules may form excimers
has only recently (33) (56) (36) been considered in
the analysis of the energy transfer process. This is
however quite important because most of the mole-
les which have been used as solvents do in fact
form excimers. Since excimer formation depends
on the concentration, it is obvious that any studies
on the effect of solvent concentration (which are
essential for the understanding of the energy migra-
tion processes) must take excimer formation into
account. It may be argued that if excimer for-
mation is relevant for the energy transfer then the
linear relationship 105 should not be valid, since
it is based on a very simplified kinetic scheme.
However, it is easily seen from the general equa-
tions derived before, that this is not the case, pro-
vided the rate constants which can be evaluated
from the simplified equations are regarded as
«average rate constants». In fact, for benzene and
naphthalene derivatives, which, as mentioned
before, are the most commonly used solvents, the
rate constants for excimer formation and dissocia-
tion are very fast compared with the constants for
monomer and excimer deactivation (57) (58). This
means that

kMDX'I DMXCX» k DX' kMX

Then, from equations (54) and (55)

kMxkMDx

kDxkDMx

7x _ 
 kDx  << 1
kMDX

If it is also assumed that

/
^X 6 YXCY GC 1

then, from equation 43 and remembering that in
the case under consideration c z = O and Y is
assumed not to form excimers, it is seen that

m	 d
QYXCYChX + JYXCYCX

(1 + 6YXCY)ChX + ( 1 + QYXCY)CX

(110)

Fyx ==
1 + ay

m
xcz

ChX

(106)

(107)

(108)

(109)

^MY
x

gMYIO
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and an «avarage rate constant for donor deactiva-
tion»

kx 

 kMx + KeCxkDx 	1
Ay  =—

ChX + CX

where

d
1YXChX + QYXCX

(113)

ENERGY TRANSFER IN TERNARY SYSTEMS

and the energy transfer coefficient 
FYx

 (equation
56) becomes

On the other hand, under conditions 106, both
monomer and excimer decay with the some decay
time (59).

d
QYXCYChX + QYXCYCX 

FYX —  (1/	 /+ QYXCY)ChX + (1 + 6YXCY)CX —

1 + Kecx 

kMx + KeCxkox	 (119)

(112)

This equation can be written in the form

FyX .
	 AYXCY

1 + AYXCY

If we define an «average transfer rate constant»

kyx
	 kvx + KeCxkYx

1 + KeCx (120)

is independent of c,,. Then the linear relationship
we may write

1 + Kecx TX	 (121)

Cy  + Cy  kyx 
FYx	 AYX (114) Ayx  

kx (122)

is to be expected (and found experimentally), even
when excimer formation in the solvent is taken into
account. If we use the approximated value c

hX

(equation 107) we get

6YXkMXk MDX + CYXkDXkDMXCX

kMxkMDx + kDxkDMxCx

(115)

If we introduce now the quantity

This result shows that the Stern-Volmer constant
A. can still be given by the product of an energy
transfer rate constant and a decay time. Since this
decay time represents the actual decay of the
energy donor for zero concentration of the acceptor,
the published values of the energy transfer rate
constants from donors obeying condition 106 do
in fact represent the average rate constants for
transfer as given by 120.
Obvioulsy, if

AYx

kDMXKe
kMDX (116)

kYx � kYx 	 kYx (123)

we get

which divided by c  represents the equilibrium
constant (57) for the equilibrated reaction

kyx 	 kYx (124)

MX-}- Mx	 (117)

it is seen that, using also equations 20 and 21

AYx =
 kYx + KecxkYx  

X
 1 + Kecx

1 + K ecx	kMx + KeCxkDx

(118)

which is the approximation used in the analysis of
some binary systems where the energy donor mo-
lecules form excimers under conditions 106.
For oxygenated solutions, similar equations can be
derived. In particular, the ratio between the average
Stern-Volmer constants A yx (for deoxigenated so-
lutions) and A ' Yx (for solutions containing oxygen)
are related with an «average rate constant for oxy-
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1 =- k ' xTx ` O ,

AfYx	
- 	(125)

Ayx

1

11QDY)C1DYIOS(I•DY)CY
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gen quenching k'x through an equation
to (99) (60)

where

similar ground state, there is no transfer from DPA to the
pyrene excimer (38). If we consider the case where
only pyrene is excited and transfers to DPA, which
does not exhibit excimer formation (62) then for
deoxigenated solutions equation 15 gives

k Mx T KeCxk DX Y;DY 
Cy Y

gDYIO  m
(Cy T Chy) -l- ChY'ZYCZ (127)

1 	Kecx 	(126)  

Only under the condition k'Mx _ k'Dx (56) the
value k'x would represent a true rate constant for
oxygen quenching.
It has been suggested (35) that the energy migra-
tion among solvent molecules is due to successive
excimer formations and dissociations. Under these
conditions, the energy transfer rate constant is dif-
fusion-migration controlled and conditions 123
can then be used into 120 in order to obtain a
«true rate constant» that depends on the diffusion
and migration coefficients and on the radii of sol-
vent and solute molecules (39).
In the general case where no assumptions are made
about the mechanism of energy migration, the expe-
rimentally measured energy transfer coefficients
F, (and the average Stern-Volmer rate constants
that can be obtained from the FYx values) would
involve both monomer and excimer Stern-Volmer
constants urn x and Q Yx . Decay time measurements
coupled with steady state intensity measurements
have been used recently (26) (27) to obtain these
constants, although this method may be open to
some criticisms, if the average distribution of
excited species is different under steady state con-
ditions of excitation and under flash excitation (61).

3.3 — A SPECIAL CASE OF ENERGY TRANSFER IN

BINARY SYSTEMS

In order to study the effect of excimer formation
upon energy migration, a different approach is in
progress at this laboratory. The system pyrene —
9,10 diphenylanthracene (DPA) in benzene solutions
has been chosen for a detailed study, since it offers
the interesting property that the energy of the first
excited singlet state of the acceptor (DPA) is lower
thant the first excited singlet state of the donor
(pyrene) but higher than the energy of the pyrene
excimer. Hence only pyrene monomer can transfer
to DPA. Since pyrene excimers do not exist in the

since 
ucl=

 O as stated above. For solutions con-ZY

taining oxygen, equation 30 yields

From these equations, and using the intensities

n(40 and T)'(ÀDY) measured at a fixed wave-
length of emission for the excimer, which avoids
the need of knowing the correcting factor S(Á

D1 )
for the monochromator-photomultiplier detector
system (38), the following relationships are easily
obtained

Y - ChY) - CaYgZ
m

YCZ]

(129)

1	 1

q	
(CY fi C hY) ^- - C hYg ZYCZ

DYIGSv•DY)CY 
	.

(130)

Figures 1 to 6 give the emission spectra of deoxy-
genated soutions of pyrene (from Fluka) and DPA
(from Fluka) in benzene (Merck, p.a.), for a fixed
pyrene concentration (c y = 0.02 mole. 1 -1) and
different DPA concentration (63). The dotted lines
represent the decomposition of the total emission
spectra into the pyrene excimer and DPA emissions,
obtained through statistical analysis. It is seen that
DPA emissions is located between pyrene monomer
and excimer emissions, which shows that only py-
rene monomer can transfer its energy to DPA.
Pyrene monomer and excimer intensities decrease
with increasing DPA concentration c 

z
 , while DPA

emission intensity increases, although for all cases
pyrene optical density is greater than the optical
density of DPA, thus showing that in fact there is
transfer from the initially excited pyrene molecules
to DPA molecules. Similar results were obtained
with the same solutions containing dissolved
oxygen.

^ DY
Cy 

^l DY  
Y
O 

(Cy - ChY) ;- ChY' Z
m

YCZ (128)

(tDY)
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N	 1	 I	 1 
350	 400	 450	 500	 5.50 

X(mp)

Fig. I — Emission spectrum of deoxygenated pyrene solu-

tions in benzene. Pyrene concentration c y =0.02

mole. 1 1 .

7
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3

2

550 X(mp)

Fig. 3 — Emission spectrum of deoxygenated pyrene and

DPA solutions in benzene. Pyrene concentration

cy == 0.02 mole. 1 1 ; DPA concentration c z =

= 0.393 X 10-3 mole. 1 1 .

(1): Full emission spectrum; (2): DPA emission;

(3): pyrene excimer emission.

350 400 450 500

4

I	 ...^ 	I 	 ....I.. 	 I 
350	 400	 450	 500	 550 x( mij)

Fig. 2—Emission  spectrum of deoxygenated pyrene and

DPA solutions in benzene. Pyrene concentration

cy =0.02 mole. 1 1 ; DPA concentration c =

= 0.193 X 10-3 mole. 1 1 .

(1): Full emission spectrum; (2): DPA emission;

(3): pyrene excimer emission.
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Fig. 4 — Emission spectrum of deoxygenated pyrene and

DPA solutions in benzene. Pyrene concentration

c3, 0.02 mole. 1 1 ; DPA concentration c  =

= 0.787 X 10-3 mole. 1- 1 .

(1): Full emission spectrum; (2): DPA emission;

(3): pyrene excimer emission.
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Fig. 5 — Emission spectrum of deoxygenated pyrene and

DPA solutions in benzene. Pyrene concentration

cy =0.02 mole. 1- 1 ; DPA concentration cZ =

= 1.574 X 10-3 mole. 1- 1 .

(1):Full emission spectrum; (2): DPA emission;

(3): pyrene excimer emission.

Fig. 6—Emission spectrum of deoxygenated pyrene and

DPA solutions in benzene. Pyrene concentration

cy = 0.02 mole. 1- 1 ; DPA concentration cZ =

= 3.148 X 10-3 mole. 1- 1 .

(1): Ful emission spectrum; (2): DPA emission;

(3): pyrene excimer emission.
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Fig. 7 —Variation of pyrene excimer intensity I (TDy )
(for deoxygenated solutions—curve 1) and 1'

(XDy) (for air-equilibrated solutions—curve 2)

obtained at XDy = 473 mµ, with DPA concen-

tration cz .
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c Z (,103M)

Fig. 8—Variation of the reciprocals of pyrene excimer

intensity 1/1 ('Dy ) for deoxygenated solu-

tions—curve 1) and 1 /1' (X Dy) for air-equili-

brated solutions—curve 2) obtained at XDy-

473 mµ, with DPA concentration, cz .
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PzY
I,Y 

(1 + ozYCz)hY ± ( I + ozYCZ)CY

(139)

d _
PZY 

Cy

(1 ± GZyCZ ^Y + ( 1 ± QZYCZ)CY

(140)
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Figure 7 gives the variation of pyrene excimer in-
tensity with DPA concentration (measured at

DY 
 473 mµ) for both deoxygenated ((.DY)) and

oxygenated (n 'Ài,Y) solutions. Figure 8 gives the
reciprocals of these intensities plotted against DPA
concentration c z

The linear relationships 129 and 130 are well
verified. From the ratios between the slopes and
intercepts and according to these equations it is
obtained

Chy 
277 mole-1 - ' an(

Cy + ChY (131)

ChY	 m
o zY

Cy -I-ChY

Taking the values c' hy = 12 X 10-3 mole. 1 -1 ,
chY =11 X 10-4 mole. 1 -1 (38) and since cY =0.02
mole. 1 -1 one obtains 0-'79 ti  = 5286 mole. 1 -'

Q'"' = 352 mole. 1 -1 . Now from equation (33)
ZY

— I ` % MY ` O2]
(133)

and hence

1 + y'My_O2] 	  15	 (134)

To verify these results, it is only necessary to know
the decay times of pyrene monomer emission T MY

(for deoxygenated solutions) and r'MY (for solutions
containing oxygen). In fact

kMY T k MY,Ofil -
I ^_ ^'MY' O^]kMy 

(135)

Now TMY = 465X10-8 s (64), T ' MY =22.1X10 s
(65) from which we obtain T MY /T', IY =21, the
difference to the above value 15 being probably
due to differences in oxygen concentration. It is to
note that the value TMY = 300 X 10 -9 s for pyrene
decay time has been reported (66). Using this value
one obtains TMY/ T ' ,IY = 13.

On the other hand, the straight lines in figure 9
seem to indicate that equations 129 and 130
describe well the experimental results, and hence
seem to prove the validity the parcial kinetic
scheme from which they were derived.
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Obviously, the variation of T x and with cX

will give important information about the effect of
the energy donor concentration, and in particular
the excimer concentration on the energy migration
process. Work is currently in progress at this labo-
ratory on this problem.

3.4 — TERNARY SYSTEMS

The case of ternary system is obviously of interest
although the analysis of the results is much more
complicated, mainly because radiative transfer from
the primary solute Y to the secondary solute Z is
usually significant. Work is currently in progress at
this laboratory on the ternary system Benzene+2,5
diphenyloxazole (PPO) + 2,2'-p-phenylene-bis-(5-
-phenyloxazole) (POPOP). It has been shown (34)
that under benzene excitation both benzene and
PPO transfer their energy to POPOP, the energy
transfer coefficient for the overall transfer being de-
pendent on the rate constants for the transfer from
benzene to PPO and POPOP obtained from the
measurements in the binary systems benzene +
PPO and benzene + POPOP (39). This shows the
validity of the general equations derived before,
and in particular equations 45 and 63. This
result has been obtained by comparison between
the intensities of POPOP emission measured under
conditions of PPO excitation and benzene excita-
tion, with the advantage that the contribution of
radiative transfer from PPO to POPOP does not
affect the conclusions. In fact, since POPOP does
not form excimers, equations 14, 15 and 16 des-
cribing the case of PPO excitation, can be written
in the form

Y
rMY =— ?ZYgMYIO

	 d Y
TDY — PZYQDYIO

AMz
 

FzYQMZIó

(136)

(137)

(138)

where

132 mole-l - '
(132)

m
QZY

m
zy

TMY

T MY
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and FzY is given by 29. Similar relations can be
written for solutions containing oxygen. On the
other hand, under benzene excitation, and for the
same	 system,	 equations 43,	 44,	 45,	 56
give

and 57

= MY = FYXyZYgMY lo (141)

=DY	 FYX^j'ZYQDYIO

x
=MZ = (FyxFzy -- Fzx)gMzlo

(142)

(143)

with similar equations for oxygenated solutions.
Defining the quantity

=MY 
, Z =—` =MZ — TMZ

lM ), (144)

and remembering that condition 106 holds, since
benzene is the solvent

l'x 	

it is easily seen that

A Z �

 	 kzx 	

gzló
k- x kY- xcY -t kzxcz	 (145)

which does not depend on the radiative transfer
from PPO and POPOP, as discussed elsewhere (34).
The use of the corresponding equations for solutions
containing oxygen gives a similar expression for
A Z. The knowledge of k zX / k x and k zx/ k
obtained from measurements with the binary sys-
tems (XY) and (XZ) can then be used to verify the
experimentally found values for o Z and o'Z and
thus to verify the general kinetic scheme from
which it was derived.
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