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ABSTRACT 

A method f o r  de te rmina t ion  o f  molecul.ar quantum 

y i e l d s  o f  f l u o r e s c e n t  compounds i11 s o l u t i o n  by i n t e r -  

n a l  c a l i b r a t i o n  w i t h  t h e  signal o f  spontaneous haman 

s c a t t e r i n g  o f  t h e  so lven t  i s  proposed. An exper imenta l  

v a r i f i c a t i o n  o f  the method i s  c a r r i e d  oLt f o r  sLibst:sc- 

c e s  wi th  known quantum y i e l d s  and s a t i s f a c t o r y  agree- 

ment between exper imenta l  resu l t s  and l i t e r a t u r e  va- 

l u e s  i s  obta ined .  
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356 CHEKALYUK ET AL. 

INTRODUCTION 

The problem of acurate and convenient measurement 

of fluorescence quantum yields  has been discussed on 

many occasions i n  the s c i e n t i f i c  l i t e r a tu re .  I ts  impor- 

tance i s  determined by the wide theore t ica l  and prac t i -  

c a l  i n t e re s t  i n  finding the values of fluorescence quan- 

tum y ie lds  of d i f fe ren t  substances. 

The ex is t ing  modern methods f o r  measurement of 

fluorescence quantum yields  have been reviewed by seve- 

r a l  authors 

measurement of quantum yie lds  i n  single-component solu- 

t i ons ,  r a the r  than i n  so l id  materials. 

Nowadays r e l a t i v e  methods of quantum yield measure- 

'. I n  t h e i r  majority they concern 1 -  

ments of substances i n  solut ion preva i l  over absolute 

ones. U s i n g  them the yield of the unknown is compared 

w i t h  the quantum yield of a standard material .  There a re  

a number of d i f f i c u l t i e s ,  however, which m u s t  be over- 

come i n  order t o  obtain the molecular fluorescence qwn- 

t u m  yield ( the  quantum yield of a f luorescent molecule 

in a very d i lu t e  solut ion - C < 
correct ions f o r  concentration quenching, for self-ab- 

sorption and secondary f lwrescence  - i n  op t ica l ly  dense 

measurements, together w i t h  re f rac t ive  index corrections,  

i f  the standard and the unknown are  compared i n  different 
4 eolvents . S t r i c t  preservation of experimental geometry 

and high opt ioa l  i den t i ty  between the cuvettes for the  

etandard and the unknown a re  e s sen t i a l  even when opti- 

o a l l y  d i lu t e  eolutions are  used. 

I ">. They include 
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FLUORESCENCE QUANTUM YIELDS 357 

The a i m  of t h i s  l e t t e r  is to report  a new method f o r  

determination of f lwrsscence  quantum which i s  

f r e e  o f  the inconveniencies mentioned above. It i s  based 

on the w e  of the spontaneous Raman scat ter ing signal of 

the solvent as an in te rna l  standard, An experimental ve- 

r i f i c a t i o n  i s  carr ied out and the accuracy o f  the method 

i s  discussed. 

THEORETICAL CONSIDERATIONS 

Application of l asers  a s  exci ta t ion sources In  l u m i -  

nescence analysis  has led to  a considerable increase i n  

sens i t i v i ty  of detection of t race fluorescent subetances 

i n  solution. Referlng t o  quantum yield measurements t h j e  

means a complete elimination of concentration e f f ec t s  as 

concentrations o f  - I are  readily detectable. The 

influence of  experimental geometry on the accuracy of the 

analysis,  however, s t i l l  presents an obstacle for the t rue 

r eg i s t r a t ion  of  emission spectra of the f lwrescen t  Rtan- 

dard  and tha t  of the substance w i t h  unknown quantum yield. 

A solution of t h i s  problem ha8 been p r o p 0 8 e d ~ ~ ~  f o r  

the caee of quantitative analyeie of  fluoresoent admix- 

tu re s  i n  water. It consiets i n  aal ibret ion o f  the l a se r  

fluorometer by the spontaneous Raman scat ter ing eignal of 

the eolvent (water). The following formula has been derived 

for opt ica l ly  th in  eolutione (ban\ << 1 , ba absorption 

croas eection (om2), n admixture concentration (em-31, 

[ opt ica l  path of the l a se r  beam In  the ~ o l u t i o n ) ~ :  
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-7 
wharr: ns ?cn' '1 i s  t h e  concentrat i .cn cf t.:-.e cc lven t  

( ivater \  , brs (cr'sr 

,-rozs s e c t i o n  o f  a r:uit.able l i n e  of  t.he s c l v e n t ,  q fluo- 

rescence  q m n t m  y ie ld .  Qb= N;[/ Nr, i s  the  r a t i o  of  t h e  

number of d e t e c t e d  f l u o r e s c e n t  photons cf  the a d n i x t z r e  

t o  t h e  cuxber of detez,ted Rainaii phatons Gf t h e  so lvent .  

S q m t i o n  ( 1 )  can 52 x e d  f o r  d e t e r s i n a t i J n  of q i f  

- - 1 .  
t o t a l  d i f f e r e c t i a l  t a m n  s c a t t e r i n g  

a s o l u t i o n  wi th  known :wn:entration of f l u c r e x e n t  mole- 

c u l e s  i s  prepared:  

( 2  1 

I n  t h i s  wa;i by s i x a l t s n e o v s  r e g i s t r a t i o n  z f  t he  2ainan 

l i n e  .3f tr;e ao lvent  and the  f l w r e a c e n c e  band s f  the  so- 

l u t i o n  qo can be found and q 

i f  a l l  J t h e r  c o n s t a n t s  a r e  known. 

can b;. c a l c u l a t e d  f r o 2  ( 2 )  

%en when f lLorescencc  i s  e x c i t e d  D; low power 

pul.sed l a s e r s ,  f l w r e 3 c e n c e  s a t - w a t b n  e f f e c t s  may in -  

t roduce  a non l inea r  dependence of t he  n m b e r  o f  emi t ted  

f l u o r e s c e n t  photons on t h e  photon f l u x  d e n s i t y  of' t h e  

e x - i t i n g  l a v e r  r a d i a  t i on lC .  Fluorescence n o n l i n e a r i t y  

is expreiqzed by t h e  fl-aores*:ence s a t u r a t i o n  f n c t s r  r : 
r = N;,/ N ~ ,  , where N~~ i 3  the  n m b s r  :s de tec t ed  flu;:- 

r c s c e n t  phi.tJno. N;[ is  t h e  nmbor  of f l u o r e s c e n t  >no- 

t 3 n s  which waLld have been dg tec t ed  a t  t h e  same in t en -  

s i t y  o f  ex : i ta t ion ,  but i n  t h e  abscencc ,Jf sa t ixa t ior : .  

lz , J rdar  t o  d3terrr.ine qo i!: sucn Yit i la t ions we have t:, 

de t e rx ine  r first  B S  r = Qb I +  , wh-?re Q) = N I N 

l h t i n  r l i n e a r l y  dL?pendz 3 3  t h e  p in ton  f l u x  d e n s i t y  F 
f l  r s '  
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FLUORESCENCE QUANTUM YIELDS 359 

o f  the excit ing l a se r  radiat ion ( r =  1 +y F ) , Ql0 can 

be found by the method of in te rna l  standard too": 

I #  

where cp' Nhs and +" , Nrs correspond to  exci ta t ion a t  

F' and F" , respectively. 

EXPERIMENTAL 

Fluorescenue and Raman spectra o f  the following so- 

lu t ions  have been investigated: rhodamine 6 G  (R6G) i n  

water, f luorescein i n  0 , l  N NaOH, 4-methylumbelliferone 

($-MU) i n  0 , O l  M NaOH and quinine su l fa te  i n  I N N2S04. 

Rhodamine 6G and 4-methylmbelliferone were l a se r  grade 

puri ty ,  produced by Eastman Rod& Co., fluorescein and 

quinine su l fa te  were ana ly t ica l  grade purity. 

The experimental setup used i n  the reg is t ra t ion  of 

spectra  o f  R6G solut ion w a s  the same as tha t  ahown i n  

reference 11. Excitation of the solut ion w a s  accomp- 

l ished by the second harmonic of an YAG:Nd l a se r  ( A  = 

532 nm, I MW) and the spectra were de- 

tected by the help of an opt ica l  multichannel analyser 

OMA-I (EGhG Princeton Applied Research). An example of 

the  spectra obtained i n  condftions of fluorescence sa- 

tu ra t ion  is  shown i n  Fig.1 Ja  . 

tP= 12 ns,  P 

A l l  necessary corrections of the spectra and cal- 

culat ions o f  the areas under the contours of  the two 

bands were accomplished by the help of  a microcomputer 

TRS-80 (Radio Shack). For t h i s  purpose data about the 
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F i g . 1 .  Fluorescence and Raman scattering spectra of: 
rhodamine 6 G  i n  water, excitation at  532 nm ; 
quinine sulfate in 1 N H2S0,+, excitation a t  337 m. 

Fig .2 .  Scheme of the automated laser fluommeter. BS - 
beam splitter, L - lens,  P - polarizer, C - cuvette, 
SM - stepping motor. 
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FLUORESCENCE QUANTUM YIELDS 361 

i c t e r z i t i e s  ir f i v e  c h a r a c t e r i s t i c  poi .nts  0:' t he  sree- 

t;r% !Fiig.l,a\ 'Jyerc: introdiiced i n  i t s  niemrg. Th i s  irr- 

f z r m t i o c  war, read frcir. t he  d i g i t a l  d i sp i ay  of' t h e  con- 

t e n t s  o f  SXA-; memory. >. L;pecially developed programT 

allowed lis t o  do the  fc l lowing:  ( a )  c o r r e c t i o n  o f  t h e  

spectx-6 fi,r the s p e c t r e 1  t ransmi t tance  cf  t h e  r e c e i v i n g  

syclte::.; (b! c a 1 . c ~ l a . t i o r  o f  peak i n t e n s i t i e s  o f  f l uo re? -  

C C I ~ C E  arid Eaxan bands, t ek ing  i n t o  account base l ine  

c o r r c c t i o n e ;  ( c )  c a l c u l a t i o n  o f  N f i  and N,, by the  h e l p  

o f  e f f e c t i v e  halfwidthe! o f  t h e  corresponding bands; ( d )  

c a l c L l a t i o n  of s a t u r a t i o n  f a c t o r s ,  qo 
t i o n  of  f l w r e s c e n c e  quan tm y i e l d  by formula (2). 

and determina- 

Spectra  of f l u o r e s c e i n ,  4 -methylmbel l i fe rone  and 

GLiinine s u l f a t e  s o l u t i o n s  were r e g i s t r a t e d  by t h e  he lp  

of a fLilly eutomated l a s e r  f luorometer  developed i n  o u r  

lzbcjratorv - 3ig.2 . The e x c i t a t i o n  s o w c e  i s  a low 

pres su re  TE n i t rogen  l a s e r  ( A  = 337 nK, f p  = 6 n s ,  P = 

300 kW). The scanning monochromator i s  a s i n g l e  g r a t i n g  

one ,  of the 2herny-Turner type ,  model IDR-2.  A minicom- 

p u t e r  PDP-8 c o n t r o l l s  t h e  ope ra t ion  of t h e  sys t em and is 

used for process ing  of t h e  spec t r a .  There a r e  two r e g i s -  

t r a t i o n  channels. I n  the  s i g n a l  channel t h e  s p e c t r a l  in-  

format ion  d i t e c t e d  by a PMT, type FEU-51 i s  t r a n s f o m e d  

i n  d i g i t a l  form by ADC2 and is s to red  i n  the  computer's 

memory. The r e fe rence  channel c o n s i s t s  of  a photodiode 

PDI and an  ana logue- to-d ig i ta l  conver tor  ADCl It se rves  

t o  monitor the  output  power of  t he  laser. A s t r o b e  gene- 

r a t o r ,  i n i t i a l i z e d  bjr t h e  laser pu l se  through a photo- 
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362 CHEKALYUK ET AL. 

J.Ls d.i.r;de P32, Ho’Sens” A321 and .3.3%? fljr ~i peri:-)d o f  I 

In t h i s  way high  signal-tcr-noise r a t i o s  :-ire a-hieved. 

before  ea?h r;n t h e  d p e r a t a r  se leh ts  by xeans o f  

t h e  t e l e t y p e  t h e  n m b e r  o f  r e 2 e t i t i v e  3 ~ a n 3 ,  t h e  atep-  

s i z e  ,2f scanning ,  t h e  t a t a l  nuir.ber sf p o i n t s  i n  the  spec- 

truz, e t c o  -411 n e c e s s a r j  c o r r e c t i o n s  and p o c e s s i n g  of tne 

s p t ~ t r k ,  as well as t h e i r  v i z w l i z a t i o n  o r  p1 . j t t iRg are 

I t  * . . , o~p l i shed  -1 by t h e  nelp cif a s p e c i a l i z c d  program:.. 

The s p e c t r a  o f  the t a r e e  water  s o l u t i o n s  were ab- 

t h i n e 3  a n  o w  iilit9J:atsd f lwrciaeter i n  t h e  case  cf weak 

e x c i t a t i o n ,  whin forrrula ( 2 )  can be d i r e c t l y  appl ied .  

T h i s  was achieved by i n t r o d w i n g  n e u t r a l  d e n s i t y  f ilteru 

F i n  thi! pa th  o f  t he  l a s e r  beaa. An exazple a f  the 3pec- 

trs i s  shown i n  Pig.1,b f o r  qu in ine  s ~ l f a t e  ir. 1 N X2S04. 

2 3 S LZT S A E 3  r) I EC UZ SI3 li 

The reslclts of CIS i c v c s t i g a t i o n  a r e  smmar ized  ic 

T ~ b l e  1. The v e l k e s  ~f the t u t a i  d i f f e r e n t i a l  Ramar ,  

s c a t t e r i n g  CFJSC: sec t ior i  of  t h e  3442 cn l i n e  of  w a t e r ,  

Lsed ic c a l c u l a t i o n s  sf q a r e :  ~ ~ ~ ( 3 3 7  mi)= 4,5.1~-‘~ 

crc2sr-’ and 6,,(532 nm) = ~,5?.10-29cm29r-1. They have 

beer. c a l c u l a t e d  or. t he  base o f  t he  va lue  of cr,(488 mn), 

r e p o r t e d  i n  r e f e r e c c r  1 2 .  i b s o r p t i o n  c r o s s  s e c t i o n s  o f  

t h e  i nvce t iga t ed  ccrr,pour.ds were rceasured GE a spec t ro -  

photometer Specord W-VIS ( Z e i s s  - Jena ) .  

- 1  

Cornparisor, betweer, t h e  v a l u e s  o f  q ob ta ined  by the  

method o f  i n t e r n a l  c a l i b r a t i o n  w i t h  the  Raman l i n e  o f  

wa te r  and those  c i t e d  by o t h e r  r e s e a r c h e r s  shows good 

agreemect. The t o t a l  r e l a t i v e  e r r o r  o f  t he  method proposed 
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FLUORESCENCE QUANTUM YIELDS 363 

R6G water  

&;re c a n  be esti;r:sted tz nboxt t 16 :; Thi; L.2 n c t  EC 

bad remr .b i>r ing  t h t  the  acctiracy I n  detc:n,lnst i : ,~,  i3f 

f3ucrescence q u n t u x :  y i e l d s  by othcvr xi.thods Is seldvn.. 

b e t t e r  thnr. 2 L$' . Y'ht;; e r r o r  ir: 01s m t h o d  ?:try br- T t t -  

r i t x . t e d  t G  tnt: w c s r t a i n t y  ir, ;:;easwen:er,t sf 3 ~ -  

xarA s c a t t e r i n g  C ~ S F  s e c t i o n  v:tll;es, wi-iicil is f 8:; i.r. 

the case  cf the  3440 CY. 

cz.c e x p l a i n  t h e  d i f f e rencgs  betweeri t h e  v i i l w s  iif 4 a h -  

t a i n e d  by LS and those c i t e d  f r o %  the  1i terat .we.  

The method f o r  de te rmina t ion  o f  f luorescer .cs  qoan- 

-1 l i n e  of  watzr". This e r r o r  

t w n  y i e l d  d iscussed  he re  has several advantages c.ver 

convent ion&l methods. A s  t he  s tandard  m d  t h e  s u t s t m c e  

wi th  unknown qmntuzi y i e l d  arc: in 0r.e and t h e  saxe CL- 

vette t h e r e  is no need t c j  c o n t r o l l  experixental georrietrq. 

o r  t o  make r e f r a c t i o n  indes  co r rec t ions .  The xain advari- 

t a g e  o f  the method, however, is  t h e  corrplete e l i . r . inat ion 

of t he  i r f l u e n c e  o f  concent ra t ion  e f f e c t s  s ince  s p e c t r a  

are r e g i s t r a t e d  a t  extren,ely lsw concent ra t ions  o f   flu^- 
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364 CHEKALYUK ET AL. 

rescent  molecules (10" - 10"' MI. 

Fluorescence quantum y i e l d s  can be measured using 

i n t e r n a l  c a l i b r a t i o n  by s u i t a b l e  Raman l i n e s  of o t h e r  

so lvents ,  whose Raman s c a t t e r i n g  c r o s s  sec t ions  have 

been determined w i t h  good prec iz ion  - benzene18, cyclo- 

hexanelg e tc .  It i s  preferab le  t o  employ tunable l a s e r s  

f o r  e x c i t a t i o n  of the  so lu t ions  aa i n  t h i s  case the l i n e  

o f  Ramen s c a t t e r i n g  of the  solvent can be sh i f ted  i n  

r e l a t i o n  t o  fluorescence band and t h u s  optimal condi t ions 

o f  e x c i t a t i o n  and measurement o f  Qb can be reached. 
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