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A relatiort between fluoreseenee spectra of mixed solutions and those of the eomponent 
solutions is given, by which the radiative energy transfer is taken into account more precisely 
than by earlier formulas In this relation the resonance transfer of energy is characterized only 
by two quantities; by using the latteras well as fluorescence yields and decay times of the 
components, the probability of molecular processes connected with emission and energy trans- 
fer is determined. Experimental results are in good agreement with JAB~,ONSKI'S, FORSTER'S 
and KETSKEM• investigations and support their tbeories concerning the mechanism of 
energy transfer. RozM~r~'s method is also discussed and some correetions ate suggested. 

Since FI~Ar~CK and  CARIo [1] f i rs t  observed  sensit ized f luorescence,  
n u m e r o u s  inves t iga tors  have  t r ied to clar i fy the  m e c h a n i s m  of in te rmolecu la r  
ene rgy  t ransfer .  Ear l ie r  re la t ions based  on phenomenolog ica l  considera t ions  
were difficult  to a p p l y  because  of  the re la t ive ly  numerous  p a r a m e t e r s  involved;  
fu r the rmore ,  mos t  of  these  theor ies  (e.g. [ 2 - - 5 ] )  aecoun t  only  for  resonance  
t r ans fe r  of  energy.  Re l a t i ve ly  fewer inves t iga t ions  t ake  r ad ia t ive  ene rgy  t rans-  
fer  also into account  and  so allow, as does the  present  paper ,  a theore t ica l ly  
more  precise control  of  the  different  theories  a n d a  ver i f ica t ion  of  the i r  resuhs  

(e.g. [6--8]) .  

I. Radiative energy transfer in mixed solutions 

I f  the  emission spec t ra  and  absorp t ion  spec t ra  of  luminescen t  solut ions 
over lap ,  the  p r i m a r y  luminescent  light will excite secondary  luminescence ,  
which,  in tu rn ,  excites t e r t i a r y  luminescence,  and so on, the  i n t e n s i t y  of  these 
depending  on the  over lap  of the  spec t ra ,  on the  wavelengths  of  the  exci t ing 
l ight  and  of the  luminescen t  l ight observed,  on the  layer  th ickness  of  the  
samples ,  and  on o ther  expe r imen ta l  condit ions.  In  mixed  solutions the  over lap  
of  absorp t ion  and  emission spect ra  is considerable  and  therefore  the  effect 
of  secondary ,  t e r t i a ry ,  etc. f luorescent  l ight  p roduced  b y  r ad ia t ive  energy  
t ransfer  can be v e r y  i m p o r t a n t .  

B y  generalizing the  phenomenologica l  t heo ry  concerning rad ia t ive  energy  
t ransfer  in solutions of  a single c o m p o n e n t  [9], and  tak ing  into account  only  
secondary  f luorescence,  KETSKEM• [6] found  the  following connect ion 
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between the  direct ly measured fluorescence spec t rum B(2')  of the mixed 
solution and  the t rue,  normal ized fluorescence quan tum-spec t ra  f l (2 ' ) , f2(2)  
of the  solutions of the  components :  

B(2")/C(2,2") = [(1 + ~gll) Ÿ205 + g21. ~]2(~)]L().'*) '31- 

-4- [(1 -{- U2z) 72(2) + ~a2 ~Ÿ f2(2") ,  

C(2,2') - -  O Ex ~ ( I  - -  e -(~+~)) 
4 ~n 2 ~ 

(1) 

where ~ and  2' are the wavelengths  of the exciting light and of  the observed  
luminescent  light, respect ively,  ~7i'(2) (of ~:a) means the  apparen t  yield of  the  
i th  componen t  of the  mixed solutions,  i.e. the  quot ien t  of the  n u m b er  of  
photons  emi t t ed  by  the i th  subs tance  conta ined in a unir  volume of the mixed  
solution and  of those absorbed by  the mixed solution in the  same t ime in terval ,  
k~(2) and  k(2) are the  absorpt ion  coefficients of the  i th  substance and the  
mixed solut ion,  respect ively,  k(2) = k1(2 ) + k~(2), ~ : k(2) l, fl = k(2') l, 
l being the  layer  thiekness of  the  solution, E~0 the  q u a n t u m  densi ty  of  the  
excit ing light,  1 n the  ref raet ive  index of the  solution,  Q and uik quant i t ies  
taking into aeeount  losses b y  reflect ion and radia t ive  energy  transfer ,  2 respeet-  
ively, xtk can be de termined  f rom the relat ion 

~,k = S0 ~k(x )f~(a ) M(2")  ah" (i,  k = 1,2) ; (2) 

or the  def ini t ion of the funct ion M(2 #) see Eq.  (26) in [9] 3 �9 
In  mixed  solutions of low coneent ra t ion  

~~(~) = ~£ = ~i(a) k,(X)/k(X), (2a) 

where ~i(2) (or ~7i~) is the  absolute  q u a n t u m  yield of the  i th  substance  measured  
at  the  wave leng th  2 (see Eq.  (8,14) in [13]). For  solutions of higher  concentra-  
tions, the  spectra  B(2")/C(2, 2") calculated on the basis of  Eqs.  (1) and (2) using 

1 The above quantities are expressed in the following units: 

B(A'): number of photons number of photons 
cm ~ sec sterad ; J~(2') : nm 

number of photons 
k(2):cm-1; h cm; 2: nm; E~0: cm 2 sec 

the others being dimensionless numbers. 
2 The physical meaning of the quotient ut#fk(2')/ft(2" ) is the observed intensity of the 

secondary fluoreseence excited in the kth substance by the primary fluorescente of the ith 
substance, divided by the observed intensity of the primary fluorescente of the ith sub- 
stance [6]. 

z Detailed tables concerning the function M(F') can be found in [10]. 
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the relation ~/Ÿ ~£ considerably differ from the measured spectra 
(see Fig. 1); this fact, the spectra of the components being practically inde- 
pendent from concentration, can only be explained by  supposing that  the 
apparent yield functions are dependent on concentration. This dependence, 
as can be seen from the following, is to be ascribed to, and explained by, 
resonance transfer of energy. 

% 
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II. Non-radiative energy transfer in mixed solutions 

In  tak ing  into account  the  effect of the  resonance t ransfer  of  energy, ]et  us  s t a r t  from 
considerat ions given in [6], which, wi th  some generalizations,  may  be summarized as follows. 

Let  n i mean  the  n u m b e r  of the  excited molecules of the  i th  substance in un i r  volume of 
the  solution; a i,  b t the  probabil i t ies  of the  spontaneous  emission and the inner  quenching of 
an excited molecule of the  i t h  substance,  respectively;  w k the probabi l i ty  of i ts  quenching by  
a molecule of the  k th  substance,  a n d a  k the  p robabi l i ty  of nouradia t ive  energy t rans fe r  t o  a 
molecule of the  k th  substance.  When  exciting by  l ight  of wavelength  Ÿ and q u a n t u m  densi ty  
Exo, the  n u m b e r  of molecules excited by  absorbed photons  in a volume e lement  d V  dur ing 
the  t ime in terval  dt will be E z o  ~7~ k i x  d V  dt; ~~~ is the  probabi l i ty  of a moleeule get t ing into 
the  excited s ta te  by  absorpt ion  of a photon  of wave length  Ÿ In the  case of s teady s ta te  ex- 
ci tat ion the  following relat ions will hold: 

(E~ ,o~~x  kl~ " + a 1 n 2 - -  s t n 1 - -  a 2 n t - -  w~, n 1 - -  b l  n i )  d V  d t  = 0 ,  

(E~o~~xk2~.+ a~ ni - -  s~ n2 - -  al  n2 - -  wl n2 - -  b2 n2) d V d t  = O .  

(3) 

During the  t ime in terva]  dt, the  i th  substanee  in a volume elcment  d V emits  s i n i d V d t  
photons ,  and E~, 0 k x dF" dt photons  will be absorbed in d V  in the  same time. Subs t i tu t ing  the  
values  n i expressed from Eq.  (3) into the  quot ien t  of the  n u m b e r  of emit ted and  absorbed 
photons ,  this  .quotient gives yi(Ÿ according to the  .definition of the  apparent .y ie ld .  Thus,  the  
followmg relatlons between ~i(Ÿ and  the  probabd] t tes  s i ,  b i ,  w i ,  a i can be ob tamed:  

where 

, s i  n i  k ] ~  sx ez �9 ~1. k~~, s t a 1 

~1~, E~. o k~. ~~~" k~ e I e 2 - -  a l a 2 k~  el e2 - -  al  a2 

. . k~) ,  s~  el  JTŸ s2 n2  k l ) .  s~ a~ + ~2~. 

E~o k~. ~1~), k x  e 1 e 2 - -  a l a z k~, el ez - -  a l  a2 

e i = s t + b i - ~ a k + w  k ( i , k  = 1 , 2 ;  i ~ k ) .  

(4) 
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I f  t he  c onc e n t r a t i on  of  one of  t he  c o m p o n e n t s  (e.g. %) is equal  to zero, t h e n  r]Ÿ ~ ~i~ a n d  
a k = w k = 0. I n  b o t h  l imi t ing  cases ct = 0 and  c 2 = 0, ~~7, can be  expressed  b y  the  quan t i t i e s  
~~~, s i and  b i, and  thus  Eq .  (4) ob ta ins  t h e  fol lowing forms 

k2x (s 2 ~- b2) s l a  1 / = ($1 ~- bi) e z -~ ~2X , 
~ l Ÿ  7]1~" k x e I e 2 - -  a I a 2 k~, e i e 2 - -  a ~  a 2 

k,z~. (s~ -}- bz) el  t k~~, 01  q-  b t )  s2 a2 ~_ ~2Ÿ 

~~x = ~~~" kT. e~ e 2 - -  a~ a2 kT. e~ e 2 - -  a a 2 

w i t h  n e w  sym bo l s  

~5) 

(6) 

where  t h e  m e a n i n g  of  S i and  A i i s  clear  f rom the  compar i son  of  Eqs .  (5) and  (6)�9 In  m i x e d  
soIut ions of  v e r y  low concen t r a t i on  a; = w i = 0, consequen t ty  S i  = 1, A i  = 0. Only  in th i s  

s . �9 . t �9 �9 . 
case the  va lue  of  ~ii(,~) r e s u h m g  f rom Eq.  (6) wlll be  equal  to r/0i(Ÿ de fmed  m Eq.  (2a), as lS 

�9 . t 
easdy  seen. Eq .  (6), wl th  the  symbol  %i(~), can be wr i t t en  as fol lows:  

~Ÿ = S~ ~£ ~- A~ ~£ 
t t (7) 

t 
Using the  a p p a r e n t  yields  ~/0i, which  also t ake  in to  accoun t  non - r ad i a t i ve  energy  t ransfer ,  to 
calculate  ~i~ according  to Eq .  (2), we have  

xn = S, ~~, § Al  ~~~ , 
o o 

~2, = S,  x2, -k A1 ~22 ' 

o 
X 1 2  = A 2  ~ 1 1  - ~  $ 2  ~12~ �9 

o 
X 2 2  ~ A2 n~l. -~- $ 2  Ÿ ' (8) 

rik = ~~ k(~")j~(X')M(~") d2". 

By  s u b s t i t u t i n g  the  quan t i t i e s  ~Ÿ and  Xik given in Eqs .  (7) and  (8) in to  Eq .  (1), we 
ob ta in  a re la t ion  be tween  the  d i rec t ly  obse rved  q u a n t u m  dens i ty  B(,~') of  t he  f luorescence  o f  
the  m i x e d  solu t ion  and  f luorescence spec t r a  of  t he  componen t s .  

This  re la t ion ,  which  takes  in to  accoun t  b o t h  r ad ia t ive  and  non - r ad i a t i ve  energy  t r ans -  
fer,  becomes  cons ide rab ly  less compl i ca t ed  ir the re  is no over lap  b e t w e e n  the  abso rp t ion  
spec t r um  kx(2) of  subs tance  1 and  t h e  emiss ion  spec t rumf2(X ) of  subs t ance  2, wh ich  f r equen t ly  
occurs.  In  th is  case A l = 0, 32 = 1 and  x21 = 0. The  accuracy  o f  th is  s impler  express ion  of  
B0V ) can be inc reased  b y  also t ak ing  in to  accoun t  exc i ted  cen t res  of  h igher  order .  Consider ing 
t h a t  t he  in tens i t i e s  o f  p r imary ,  s econda ry ,  etc. f luorescences  decrease  according  to a geo- 
met r ica l  p rogress ion ,  genera l ly  wi th  good a p p r o x i m a t i o n  [9], i t  is easy  to ob ta in  

s~£ 
B(]t')/C(2,]~') ~ B*(2")  - -  ~ = ~ ~  A(~. ' )  q-  

t t o o 

41 ~]02(~) + A ~ ~  + - - - - ~ - -  - . ~ W 7  " f2( )" ) ;  A ~ l l )  ] 

[ 1 - -  ~ 2 2  (1 - -  S~11)(1 - -  x22 ) 

(9) 

wi th  t h e  s y m b o l s  S 1 = S and  A 2 = A.  These  quan t i t i e s  have  a c lear  phys ica l  mean ing ,  ~lm S 
and  A~lm[~?z m being  the  probabi l i t ies  for  ah exc i ted  molecule of  t he  subs tance  1, to lose i ts  
exc i t a t ion  ene rgy  by  spon taneous  emiss ion,  and  to t r a n s m i t  i ts  ene rgy  to subs tance  2 b y  n o n -  
rad ia t ive  t r ans fe r ,  r espec t ive ly  [6]. 
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III.  D e t e r m i n a t i o n  o f  the  quant i t i es  c h a r a c t e r i z i n g  the  n o n - r a d i a t i v e  
energy  transfer  on  the  basis  o f  th e  e m i s s i o n  spectra 

With a knowledge of the emission spectrum B( t ' )  of a mixed solution, 
relation Eq. (9) enables us to determine the quanti t ies S and A characterizing 
the non-radiative energy transfer.  

a) Determination of S 

Let ;tŸ be a wavelength of observation at  which substance 2, the acceptor, 
shows no emission, i.e. f2(tŸ = 0; then we obtain from Eq. (9) the fo!lowing 
expression for S: 

S = B*(XŸ , , o �9 , , (10) 
~7oi(1) f1(20 q- ~411 B (;t~) 

in which all quanti t ies can be determined exper imentahy.  This method is, 
however, cumbersome to apply because of the relat ively complicated measure- 
ment  of the in tens i ty  E~0 of the exciting light in the formula of B*(AŸ 
(see [15]). 

In the case of equimolar mixed solutions, the dependence of S on con- 
centrat ion can also be determined by measuring at  the wavelength ~Ÿ the photo- 

I ' currents c(~1) produced by  the fluorescent light of solutions of different con- 
centrat ion c, with constant  in tens i ty  of excitat ion,  and holding the product  
of concentrat ion and layer thickness at  a constant  value, h is easy to see 
from Eq. (10), t ha t  the relation 

S 
L(~;) = C 1 (11) 

1 -- S~~1 

holds for the intensities of these photocurrents .  Let  the lowest concentrat ion 
applied, Co, be so low t h a t  the non-radiat ive energy transfer may  be neglected, 
i.e. S ---- 1. (The fulf i lment  of this condition can be controlled on the basis 
of Eq. (10).) By measuring the photocurrent  I0(2~) at  c 0, C 1 can be determined 
from Eq. (11), and with the symbol I*(~Ÿ : Ic(XŸ237 we obtain:  

* ! 
S : I c  (Ÿ (12) 

0 , t o 
1 - -  X l l  + I~ ('tl) ~u 

In the case of non-equimolar  mixed solutions, it is not  possible to choose 
the layer thicknesses so t ha t  u~1 and the factor ~ ( 1 -  e-(~+~))/(~ + ti) in 
C(~, I ' )  can be held at  a constant  value for different concentrations of the 
acceptor. In this case, dividing the intensities of the photocurrents  by  the 
above factor and designating these quotients by  I0(~Ÿ and Ic(~Ÿ instead of 
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the intensities, we obtain, on the basis of our considerations for equimolar 
solutions: 

r 
S = I c  (21) , ( 1 3 )  P O 1 -- u~l(c0) -i- Ii (21) ~11(c) 

o N~I(C) where ~11(Co)and are the values of ~11~ eorresponding to the aeeeptor 
coneentrations c o and c, respeetively. 

b) Determination of A 

Knowing S and the fluorescenee charaeteristics of the solutions of the 
components, A can also be determined with the aid of Eq. (9). In order to 
determine exactly the energy of the exciting light absorbed by  the sample, 
it is convenient to perform the measurements with greater layer thicknesses, 
which absorb the exciting light as far as possible; therefore we used the fol- 
lowing experimental method, also expounded by  ltOZMAN et al. [7, 11], bu t  
using the relation Eq. (9) for the evaluation of the resuhs. 

Let the mixed solution be excited first with a wavelength 21, absorbed 
mainly b y  the donor (substance 1), then with a wavelength 23, absorbed b y  
the aceeptor (substance 2) alone, and the fluoreseent light observed at a wave- 
length ~£ for which the absorption coefficient of the solution -- and therefore 
also fl --  is practically equal to zero, and the measured photocurrents 14,(2£ 
and Ih(2£ are predominantly due to the emission of substance 2. Then if the 
intensities of the fluorescenee, exeited with the two wavelengths mentioned, 
but  with the same exciting energy, ate designated by  I21 and I22, respectively, 
these can be determined from the relations 

121 = I~,1(2‰ Q(26) I~,,(26) Q(26) 
[j-/ie(2)Q(2) dŸ 122 = , (14) ' [y :U2)q(x)  d21~, 

where /e(2) means the photocurrent produced by  the exciting light of band- 
width 2 to 2 -4- d 2, and Q(2£ and Q(2) the sensibility of the photomuhiplier 
for the corresponding wavelengths. Applying Eq. (9) to both exciting wave- 
lengths, we obtain for A 

Zq~ 1 ---e -~2 ~02(~2) ~ Ÿ 

--S[ I--~~2(~2).f~(,l£ ~__ ~~2(~~) }o 
A - (15)  

1 + s ~;1(~1) 
1 - S ~ ; 1 ( ~ 1 )  
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w i t h  t h e  s y m b o l s  ~1 = ~(21), ~2 = zt(22), ~~l ~- kl(21)q ct21 = k2(2l)/k(~l); 
in  t h e  f u n c t i o n s  uTk, d e p e n d i n g  on ~ a n d  ti, o n l y  t h e  d e p e n d e n c e  on zr has 

b e e n  d e s i g n a t e d ,  in o u r  case  fl = 0; f u r t h e r m o r e ,  i t  is s u p p o s e d  t h a t  z~2(~1) = 

= ~~2(~2), t h e  d e p e n d e n c e  o f  u~2 on ~ b e i n g  v e r y  s l igh t  for  l a r g e  v a l u e s  o f  ~. 

I t  is to  be  e m p h a s i z e d ,  t h a t  in d e t e r m i n i n g  A f r o m  E q .  (15), t h e  g r e a t e s t  ca re  

is n e c e s s a r y  in m e a s u r i n g  t h e  f l u o r e s c e n c e  c h a r a c t e r i s t i c s ,  p a r t i c u l a r l y  t h e  

y i e l d  v a l u e s ,  b e c a u s e  t h e y  e x e r t  a s ens ib l e  i n f l u e n c e  on t h e  v a l u e  o f  A ,  espe-  

c i a l l y  i r  t h e  d i f f e r ence  in  t h e  n u m e r a t o r  is s m a l l .  

c)  Determinat ion o f  the probabi l i ty  o f  the elementary processes in  the molecules 

T h e  d e f i n i t i o n  o f  q u a n t i t i e s  S a n d  A ,  w h i c h  can  b e  d e t e r m i n e d  e xpe r i -  

m e n t a l l y ,  g ives  t w o  s i m p l e  r e l a t i o n s  b e t w e e n  t h e s e  q u a n t i t i e s  a n d  t h e  p r o b a -  

b i l i t i e s  s i ,  s2, bl, b2, a2 a n d  w 2 o f  t h e  e l e m e n t a r y  p rocesses .  U s i n g  f u r t h e r  t h e  

r e l a t i o n s  

si 1 
~ i m  - -  - -  a n d  r i = - - ,  (16) 

s i Av b i Si Av bi 

w h i c h  g ive  t h e  m a x i m u m  q u a n t u m  y i e l d s  o f  t h e  s o l u t i o n s  of  t h e  c o m p o n e n t s  

~im a n d  t h e i r  d e c a y  t i m e s  [12, 13],  we e a s i l y  o b t a i n  f r o m  t h e s e  s ix  e q u a t i o n s :  

Sl ~]lm Ÿ 1 - -  ~lm 1 - -  ~~rn 
- -  , s 2 =  , , b l -  _ _ ,  b2---- 

"lŸ T 2 ~1 T2 

1 A  ~1 m 1 { 1  A ~]lm ) 
a 2 ~- _ _ _  ~ W 2 = - -  _ _  _ _  1 , 

T1 S rl2m T1 S --S Ÿ 

(17) 

w h i c h  e n a b l e  us  t o  d e t e r m i n e  e x p e r i m e n t a l l y  t h e  q u a n t i t i e s  s 1, . . . ,  w 2. 

I V .  E x p e r i m e n t a l  

a) Absorption spectra have been measured with autocollimating grating spectrophoto- 
meters Optica Milano, type CF 4 and CF 4 DR. 

b) For the mrasurement offluorescence spectra ah apparatus has been constructed, with 
which it is possible to eliminate the errors due to fluctuations in the exciting light and to obtain 
the conditions of excitation and observation on which the evaluation of the measurement is 
based (see e.g. [9]). High pressure Hg- and X-bulbs Osram type HBO 500 and XBO 450, 
respectively, were used a s a  light souree, and the exciting band, which could be considered as 
approximately monochromatic, was selected by ah interference fiher of a monochromator. 
In order to eliminate errors of measurement due to fluctuations in the intensity of the exciting 
light, the following method was use& In the monochromator M resolving the luminescent 
light, a thin glass plate G was placed immediately behind the entrance slit (Fig. 2). This plate 
projected a small fraction I of the unresolved luminescent light by means of the mirror T 
and through the crossed filter F on the photomultiplier Ph~ placed inside the monochromator .  
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1 
Fig. 2 

i 

whereas a fraetion of the luminescent light passing the plate G fell on the multiplier Ph~ o- 
known spectral sensitivity, the width dA' of this band of the iuminescence spectrum I(Ÿ 
being determined by the exit slit. I r  the resistances R1 and R2 of the resistors in the circuits 
of both multipliers ate chosen so tha t  the voltage drop on both is the same, then the quotient  
of the photocurrents will be equal to Rz/R  2 and independent from the intensity of the exciting 
light. Thus we obtain for the spectral distribution of the fluorescent light: I()V) ---- const. Rz/R  2. 

1,o q 
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The two-cells method described above, owing to the position of Ph 2 behind the entrance slit, 
not only also eliminates errors originating from fluctuations of the intensity of the exciting 
light, but also those due to the varying position of the arc projected on the sample. The linearity 
of the multipliers was checked separately. 

c) The true quantum yield has been determined with our method published in [14] and 
[15], using the apparatus described above. In Ineasuring the distribution of the exciting band 
the two celis-method has been use& The intensity of the exciting light seattered from a MgO 
plato and weakened by a rotating-seetor dise and that of the luminescenee emitted by the 
sample were measured with Phl at wavelengths corresponding to the maxima of the exciting 
band and of the luminescence spectrum, respectively. The yield function ~(2) was determined 
aecording to the method given in [16]. 

d) The decay time of fluorescent light was measured with a phase-fluorimeter built in 
our Institute, based essentially on the same principle as that described by BAUER and Roz- 
WAVOWSKI [171. 

In determining the fluorescence characteristics from the measurements, the influenee 
of secondary processes and those of higher order has always been taken into account; therefore 
the results obtained can be considered as true fluorescence characteristics. 

e) Dye-stuffs and solvents. For our investigations we used mixed solutions of 3,6-diamino- 
acridine and rhodamin B, and of fluorescein and eosine, respectively, because the emission 
spectra f1(2) of substance 1 and the absorption spectra e2(,~ ) of substance 2 in these mixtures 
show a considerable overlap (Fig. 3). The dye-stuffs were purified by the usual chemical pro- 
eesses and the grade of purity checked by chromatography and absorption measureInents. 
As solvent 96% ethanol with 1 mole/litre acetic acid was used for 3,6-diaminoacridine and 
rhodamin B; a mixture of 85~ ethanol and 15% water with 10 -2 mole/litre NaOH for fluor- 
escein and eosine. Fluorescence characteristics of the components as well as of the mixed 
solutions were measured at the following concentrations: 1 .  10 -5, 2.5" 10 -5, 5" 10 -s, 
1 �9 10 -4, 2.5 �9 10 -4, 5 �9 10 -4, 1 �9 10 -3, 2.5 �9 10 -3 mole/litre. In non-equimolar mixed solntions 
the concentration of the acceptor varied between the above limits, the concentration of the 
donor being held at the constant value of 10 _4 mole/litre. 

V. Results and discussion 

a) The  a b s o r p t i o n  m e a s u r e m e n t s  d e m o n s t r a t e d  the  v a l i d i t y  of t he  

B o u g u e r - - B e e r - - L a m b e r t  law,  b o t h  for  t h e  so lu t ions  of t he  c o m p o n e n t s  a n d  

t he  m i x e d  so lu t ions ,  in  the  c o n c e n t r a t i o n  i n t e r v a l  i n v e s t i g a t e d .  The  a d d i t i v i t y  

of  t he  a b s o r p t i o n  coeff ic ients  k1(2 ), k~(2) of t he  so lu t ions  of t he  c o m p o n e n t s  

a n d  t h a t  of  the  m i x e d  so lu t ions ,  k(2) = kl(~) ~ k2(~), was well  fu l f i l led ,  which  

shows t h a t  t he r e  was  no  chemica l  i n t e r a c t i o n  b e t w e e n  the  c o m p o n e n t s  in  t he  

m i x e d  so lu t ion .  

b) The  shape  of  t h e  t r u e  f luo rescence  spec t r a  of the  f o u r  i n v e s t i g a t e d  

s u b s t a n c e s ,  p r e s e n t e d  in  Fig .  3, was i n d e p e n d e n t  of t he  c o n c e n t r a t i o n  of t he  

so lu t ions .  E m i s s i o n  spec t r a  of e q u i m o l a r  a n d  n o n - e q u i m o l a r  m i x e d  so lu t ions ,  

h o w e v e r ,  showed  a s t r o n g  d e p e n d e n c e  on c o n c e n t r a t i o n .  As e x a m p l e s ,  t he  

B*(X') spec t r a  of n o n - e q u i m o l a r  so lu t i ons  of 3 , 6 - d i a m i n o a c r i d i n e  a n d  rhoda -  

ru in  B a n d  those  of f l uo resce in  a n d  eosine  are p r e s e n t e d  in  Figs.  4 a n d  5, re- 

spec t ive ly .  

c) The  r e l a t i v e  q u a n t u m  yie lds  ~(2)/~m~x of t he  so lu t ions  of t he  compo-  

n e n t s  a n d  t he i r  a b s o l u t e  q u a n t u m  yie lds  m e a s u r e d  a t  t he  e x c i t i n g  w a v e l e n g t h s  

2e used  in  t h e  m e a s u r e m e n t s  of t he  spec t r a  B(~ ' )  are  g iven  in  F ig .  6 a n d  

T a b l e  I .  
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d) The fluorescence characteristics of the components  ment ioned above 
being known,  we determined the  quantit ies x~'k, which take into account  the  
radiat ive energy transfer.  I f  the  condition [~(2')]max = 1 is fulfilled, x~k is 

Fluorcscein-eosine i \ 
- 4  ~t -5 

(cl =1"10 mol/t, cl=c) ~ o c= 1-10Z~mol/I 
i ~ • c= 2 , S . l ~ m o l / I  
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-4 / ,  
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i n d e p e n d e n t  o f  t h e  w a v e l e n g t h  A' o f  t h e  o b s e r v a t i o n ,  a n d  d e p e n d s  o n l y  on  

t h e  m a x i m u m  v a l u e  o f  t i (Y)  (F ig .  7). I f  t h i s  c o n d i t i o n  is n o t  fu l f i l l ed ,  t h e  

d e p e n d e n c e  o f  ~ik on ~ '  ( a n d  t h u s  on f l(2 ' ))  is t h e  s t r o n g e r ,  t h e  g r e a t e r  t h e  v a l u e  

o f  [fl(2')]max (F ig .  8;  w h i c h ,  as  wel l  as F ig .  7, r e fe r s  to  e q u i m o l a r  m i x e d  so lu-  

Table I 

Absolute quantum yields 

~ ~ . ~  c (mole#) 

s u b s t a ~  .... 

3.6-diaminoacridine (h e = 436 nm) 

rhodamin B ()t e = 546 nm) . . . .  

fluroescein (A e = 436 nm) . . . . . .  

eosine ()te = 436 nm) . . . . . . . . . .  

I. lo-, .~~5-�91 

0.61 0.60 

0.50 

0.87 

n(~~) 

5 �9 10 -~ 1 - lO - t  
2 . 5 .  

�9 1 0 - t  

0.50 

0.87 

0.61 

0.51 

0.89 

5 . 1 0  - t  l " 1 0 - s  
2 . 5 .  

0.58 0.60 0.60 

0.49 0.49 0.50 

0.88 0.88 0.89 

0.49 

0.56 

0.49 

0.85 

0.48 

�9 I 0 - '  

0.51 

0.45 

0.79 

0.45 
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Fig. 7 

t ions of  3,6-diaminoacridine and  rhodamin  B). I r  follows f rom the  above  
resuhs  t h a t  the in tens i ty  of  the  f luorescence emi t t ed  b y  a mixed solution is 
subs tan t ia l ly  affected by  rad ia t ive  energy t ransfer .  Fu r the rmore ,  the  emission 
spec t rum B*(A') can be expressed as a l inear combinat ion  

B * ( ; . ' )  = b,f,(r)  + b~f.,(,V) (18) 

of the  spectra  of the  components  only when the  p roduc t  of the  concent ra t ion  
and layer  thickness of the  solut ion is low enough;  namely ,  in this case the  
factors b 1 and b 2 ate independen t  of 2', as can be seen f rom the  comparison 
of Eq.  (9) with Eq.  (18) and f rom the s ta tements  in c). 

e) The  dependence of S on c has been de te rmined  for bo th  equimolar  
(c 1 = c 2 = c) and non-equimolar  (c 1 = 10 -~ mole/l, c~ = c) mixed solutions 
of 3 ,6-diaminoacr id ine-rhodamin B and of f luorescein and eosine with the  
formulas (10), (12) and (13) for exci ta t ion with two different  wavelengths  
(436 nm,  460 nm and 436 nm,  490 nm,  respect ively) .  For  a given acceptor  
concen t ra t ion  the same values of  S were obta ined  at  different  excit ing wave-  
lengths bo th  for equimolar  and  non-equimolar  solutions. Thus S prac t ica l ly  
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o, o4 o 
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depends only on the eoncentration of the aeceptor. These resuhs support  the 
fundamental  supposition coneerning the non-radiative eharaeter of the energy 
transfer (see ehapter II),  which had not been cheeked earefully enough earlier. 

The experimental resuhs obtained for S tender possible to control the 
relations resuhing from JABLONSKI'S [20], FORSTER'S and GALASTII~'S [18, 19], 
and KETSKEM• [21] theories, whieh ate the following: 

S - -  1 - -e -~  I~ 4~r (1,33 Ro)3 n2], = ~ (19) 

~ 12qe~Sexdx lq:274~2~n) 2/~'~~ ~ [ LVe ; n2] ' (20) 

S = j'~ f1(2) exp (--  k2(2)/k '  a 3) d2 [k = 2 zm/2; a = (1/2 ztnz)l/3], (21) 

where z0 and Ze are the main and the natural  deeay times, respectively, 
- -  co 

L Losehmidt 's eonstant, 24 = S0 fl(2) e2(2) 2' d~, n 2 the number of moleeules 
in a cm 3, R O the eritieal distanee to be ealculated from the fluorescente eharae- 
teristies (R o is the distanee between a donor and an aeeeptor molecule at 
whieh the probabili ty of spontaneous emission from the donor is equal to the 
probabili ty of non-radiative transfer of the exciting energy). In Figs. 9 and 10, 
curves 1, 2 and 3 show resuhs calculated from JAB~OI~SKI'S (Eq. (19)), F6RS- 
TER'S and GALAI~IN'S (Eq. (20)), and KECSKEM• (Eq. (21)) formulas, 
whereas the eireles give the experimental resuhs. As can be seen, the depend- 
ence S from concentration c is well described by  all three curves. In curves 1 
and 2 the deviation from the experiments increases with increasing acceptor 
concentration c and is somewhat greater for 1 than for 2. Curve 3 fits well to 

1,0( 

0,5 ~X',, 
�9 . \\. \x\ 

3,6-diaminoacridine-rhodamin B \\'X.~oX~xx\ 

-5 -4 -3 

Fig. 9 
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the  exper imenta l  results also in the region of high concentra t ion ,  showing 
some deviat ion only  in the  region of medium coneentra t ion .  

According to our exper imenta l  resuhs  the q u a n t i t y  a in Eq.  (21), which, 
according to the theory ,  means  the  radius of the greates t  sphere containing 
no acceptor  molecule a round  a donor molecule, is to be subs t i tu ted  b y  
0.72 (1/2 ~ n2)1/3; curve 3 has been calculated with this value. I t  can be s t a t ed  
on the  basis of the results ob ta ined  tha t  the dependence  on concent ra t ion  of  
the  q u a n t i t y  S, character is t ic  for  the relat ive yield of  the donor  moleeules, 

1,0, ~ ~ , , .  

Fluorescein-eosine - ~ \ \  
~n '\ \ \  

o,s }x.~2\\ 
" \  \ 

I I 
-4 -3 

Ig c ---~,.- 
Fi~. 1O 

can be well described with the  formulas deduced on the  basis of the  supposed 
non- rad ia t ive  mechanism of energy  t ransfer .  

The  dependence of Y/ on acceptor  concent ra t ion  is shown in Figs. 11 
and 12. These results are used in the following calculations. 

f) The  probabi l i ty  of the  e lementa ry  processes occurring in the mole- 
cules has been de termined  on the  basis of the formulas  given in Eq.  (17). 
For  the  decay  t ime ~ of 3,6-diaminoacridine,  rhodamin  B, fluorescein and  
eosine, up to  the limit of concent ra t ion  quenching (5 �9 10-4 mole/l), the  values 
4.0, 2.4, 3.5 and 2.4 nsec were obta ined  in turn .  For  the  two higher concentra-  
t ions (1 �9 10-3 and 2.5 �9 10-3 mole/l) the corresponding values of ~ were 
calculated f rom the relat ion ~/~0 = ~/~0 (see [13] p. 207), this relat ion being 
well fulfilled in the  beginning of  the  region of concent ra t ion  quenching.  In  the  
above sequence of the dye-stuffs ,  and expressed in lO s sec-1 as units,  we ob- 
ta ined  for si 1.51, 2.05, 2.64 and  2.68, for bi0.96, 2.05, 0.23, and 1.84 for all 
concent ra t ions ;  higher values for  b~ were obta ined only  for the  concentra t ions  
10-3 and  2.5 �9 10-3 mole/l, as a consequence of the  decreasing yields of  the  
dye-stuffs.  
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While si and be ate independent  of the  concentra t ions  of  the  solutions 

below the region of concentra t ion quenching,  a 2 depends s t rongly  on the 
acceptor  concentra t ion.  Aecording to the assumpt ion of VAVILOV and other 

authors ,  the following relation between the probabi l i ty  a 2 and the molecule 
concent ra t ion  n 2 corresponding to c should be valid: 

1 
a 2 ~ - ~ I n 2 ,  (22) 

kz 

where k 2 is a cons tan t  independent  of the concentra t ion n 2 (number  of  mole- 
cules/cm3). On the con t ra ry ,  when plot t ing the values lg a 2 obta ined from our 
measurements  per formed in a wider region of concentra t ion as a funct ion 

o f  Ig c (see Figs. 13 and  14), we obtained s t ra ight  lines with slopes of  1.1 for 
mixed solutions of 3,6-diaminoacridine and rhodamin B, and 1.4 for fluores- 

cein and eosine; thus a 2 is not  a linear funct ion of c (and therefore not  of  n2). 

For  w 2 we obta ined  values near zero, which are low compared  with the 
o ther  probabilities in the  concentra t ion interval  10 5--5 �9 10-4 mole/1. In  the 

case of the two highest  concentrat ions,  however,  w 2 differs marked ly  from 
zero (e.g. at 2.5 �9 10 -3 mole/l w 2 amounts  to about  10~o of a2): so the quenching 

~sIF' 

-5  -4 -3 
Ig c - - ~  

Fi~. 12 
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effect of the acceptor on the fluorescence of the donor cannot be neglected 
at higher concentrations, in contradiction with ROZMAN'S assumption [7]. 

g) In our investigations (see chapter IVb) we have used, with some modi- 
fications, a method of RozMx~ et al. to determine the probability A [7, 11]. 
As to the very ingenious original method of ROZMAI~ et al. and related con- 
siderations, we should like to make the following correcting remarks. 

ROZMaN introduced the "quan tum yield ~Tt of non-radiative energy 
transfer", and the "effieieney Tlz" of the energy transfer, determinable by 

9 

~a 

3,6-diarninoac ti d m e - r h o ~  

tg d.~1,1 

61 I : 
-5 - 4 - 3  [g r  

Fig. 13 

measurements; aecording to his eonsiderations the following relation should 
exist between these quantities: 

T~2 = z h + ~/1R'2 (23) 

the definition of which (also using our symbols) is 

121 
. . . . .  (El1 

T1"  - -  / 22  Ÿ . , */t = 1 - -  1 - -  S .  ( 2 4 ) ,  ( 2 5 )  
0~11 ~01 

The meaning of the symbols in Eq. (24) is given in eonneetion with Eq. (15); 
710 and 71 ate the quantum yields of the donor if c 2 ~-- 0 and c 2 =~ 0, respect- 
ively. The term 71 R~'2 in Eq. (23), determinable on the basis of experimental 
data, takes into account the radiative energy transfer. In order to verify the 
adequacy of F6RSTER'S and GALANIN'S theory, ROZMA~ determined ~t experi- 
mentally from Eq. (23) and compared the dependenee on eoneentration of this 
value with the dependenee on eoneentration of ~t calculated from Eqs. (25) 
and (20). 

Closer examination of the physical meaning of T12 and */l shows that  the 
definition of ~t has to be modified to ensure the validity of Eq. (23). Namely, 
tet n be the number of exciting photons impinging on the sample in unir time, 
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n o and ne 1 the number  of the photons emi t ted  by  the donor in the same time, 
if c 2 = 0 and c 2 ~= 0, respectively. In case of complete absorption (710 = n~ 

and 71 = nle/n ~11) 
n o n 1 

n n~11 (26) 
~ t  = . nO 

9 

J 
r 

~s 

7 

6 
-5 

Fluorr 

o~ tg ~X~,4 

J I 

-4 -3 
Ig c --~ 

Fig. 14 

Assuming tha t  the  deerease in yield of the donor is due to the efficient 
non-radiat ive energy t ransfer  alone (i.e. w 2 = 0), Eq. (26) gives the number  
of photons t ransferred to the acceptor by  non-radiat ive processes, divided by 
the number  of the photons emit ted  by  the " p u r e "  donor solution under  the 
same exeitation. 

Let  the fluorescence intensities 121 and I22 in the definition of T12 be 
excited by  n photons in uni t  t ime,  of wavelengths 21 and 22, respectively, 
and  completely absorbed by  the sample; then  the number  of the acceptor 
molecules gett ing into the excited s tate  will evident ly  be ~r n - q - n s - q - n r  
and n for the wavelengths 21 and 22, respectively,  if ns and nr mean the  number  
of the exciting photons t ransferred from the  donor by  radiat ive and non- 
radiat ive processes. I f  the quan tum yield of the acceptor is TA for both  21 
and 22, then 

I21 = (~21 n A- ns -~ n.) 7A, 122 ~-~ nTA. (27) 

From this and Eq. (24) we obtain 

1 1 2  = ns -}- nr (28) 
/ ' � 9 1  

That  is, T12 gives the  number  of the t ransferred photons not  in relat ion to 
the number  of photons emi t ted  by  the donor,  bu t  to the number  of the  exciting 
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quan ta  absorbed b y  the donor.  Considering tha t  the effect of the radiat ive 
energy t ransfer  decreases with decreasing layer  thickness,  and in the limiting 

case R~'2 = 0, and therefore ~t ~-- T12, the relation (23) between T12 and ~t 
holds evident ly  only in the case, when in the definition of 7: the number  o f  

quan ta  t ransferred by  non-radia t ive  processes is given also in relation to the  

number  of  the  exciting quanta  absorbed by  the donor,  i.e. ir ~t is defined as 

follows: 

~, = ~~o --  ~~ ~ ~~G( 1 --  S). (29) 

According to the above, the  considerations of  ROZMAr~ et al. will be 

valid even for w 2 = 0 only, if the t rue  absolute q u a n t u m  yield of the pure donor  

solution Vi0 ~ 1, which condit ion is generally not  fulfilled, and fur ther  ir the  
q u a n t u m  yield of the acceptor  is equal for bo th  wavelengths  ~1 and ~2, which 

differ markedly .  
Now, according to the more precise definition given in Eq. (29), and ir 

w 2 ~-- 0 (i.e. for low acceptor  concentrat ions) ,  it is easy to obtain from Eq. (17), 

with the acceptable supposit ion t h a t  710 = ~lm, the following relation for ~t: 

7, = ~2__~~ A ,  (30) 
T]2m 

which our mcasurements  proved to be relat ively well fulfilled in the region 

of not  too high concentrat ions.  
The au thor  wishes to express his sincere thanks  to Prof. A. BUD£ 

Director  of the  Ins t i tu te ,  and to Prof.  I. KETSKEM• for their  valuable advice 

during the investigations.  
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HPO~ECCbl  H E P E ~ A q H  DHEPFHH 
B ~ ~ M H H E C ~ H P Y ~ ~ H X  PACTBOPAX CMECH 

~.~OMBH 

P e 3 ~ o ~ e  

B pa60Te ~aeTc~ 3aBHCHMOCTb Men<ay cHeKTpaMH qb~y0pec~eH~HH paCTB0p0B cMecH 
H KOMn0HeHTHbIX paCTB0p0B, KOT0pa~7 npHHHMaeT B0 BHHMaHHe nepeaaqy HaayqaeMo~ aHepPHH 
C T0qH0CTbIO, He ~0CTHFHyTOH ~0 HaCTo~~ero BpeMertH. Pe30HaHCHa~ nepe~aya 9HepFrIH 
B ~aHHOM BbIpa)J~eHHH 0xapat(TepH3yeTc~t BCeP0 ~ByM~t Be~HqHHaMH. l-lpH FIOMOH][H DTHX Be~H- 
qHH, ~a~ee HCFI0�91 N09qbqbHl~HeHTOB I107Ie3tt0F0 ~eHCTBHfl Id BpeMeH 3aTyXaHH~t KOMn0- 
HeHTHbIX BeIReCTB onpeAen~eTc~ ~aCTOTa MOJleKy31~lpHblX npot[ecc0B, CB~t3aHHbIX C H3~yqeHHeM 
H nepe~aqe~ 3HepFHH. Pe3yJqbTaTbI 3I(CI/epHMeHTOB COF~acy~oTCŸ C ~aHHblMH HCC~qe~0BaHH~ 
5:[6JIOHCKH, q~8pcTepa H I~eqKeMeTH, H nOaTBep~Ra[OT BbI~BHHyTyIO HMH TeOpH~O o MeXaHHaMe 
HepexoRa 3HeprHm [IpoBOXHTC~t aHaJ~H3 MeTORa PO3MaHa, OTHOC~IHIeFoc~I K Ilepexo~Iy aHeprHH, 
npeR~aramTc~ Noppe~ttHH N )IaHHOMy MeToRy. 
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