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Fluorescence spectroscopic analysis of indocyanine green J aggregates 
in water 
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Abstract 

ladocyanine green in water fi~rms J aggregates, which are observed a~. ~t Jed-shift~d narrow absorption band at 890 nm. The flu,,,~rescen~.e 
quantum distribution of the inducyanine green J aggregates was studied by continuous wave laser excitation at 834 nm. A fltw~'escence 
quantum yield of ~ :  = 3 × I I) 4 was measured. The fluorescence peak coincides with the absurption peak ,~ no Stokes shift:). :t3 [ 997 E|~vier 
Science S.A. 

Kevl~ord.~: Fluorescence quantum distribution: Fluorescence quantum yield: Indo,:yanine green: J uggregales; Stimulaled emission cr,ss-sectie, n 

1. Introduction 

Indncyanine green ( ICG ) dissolved in dimethylsulphox- 
ide (DMSO)  is used as an organic near-IR laser dye under 
the name IR- 125 [ I-31 ( laser tuning range. 890-960 nm ). 
The fluorescence quantum yield o f  IR-125 in DMSO is 
~ :  = O. I I 14 I- The sodium iodide salt o f  ICG (ICG-Nal)  in 
aqueous solution is widely used in medical diagnosis 15.61. 
and has potential applications in photodynamic therapy 

17,81. 
At high concentrations ( C >  10 3 tool dm ~). ICG in 

water forms a J aggregate-like 19.101, red-shifted narrow 
absorption band at 890 nm after about 2 weeks [ I I, 12 ]. The 
formation of  J aggregates is enhanced considerably at e!e- 
vated temperature I 13 ]. The ICG-Nal J aggregate lbrmation 
and absorption hehavionr have been studied previously [ 13 l. 

J aggregation is a familiar phenomenon of  various concen- 
trated aqueous cyauinc dye solutions [ 9,10,14,15 I, and has 
been most widely studied for I, I '-diethyl-2,2'-quinocyanine 
hulides (pseodo-isocyanine hali tes)  [ 16--211. For pseudo- 
isocyanine halide J aggregates, high resonance fluorescence 
quantum yields have been reported [ 17,18,22-231 and a 
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strong excitation intensity-dependent fluorescencequenching 
is observed I 17,23,25 ]. 

In this paper, the fluore~ence behaviour o f  ICG-N~I J 
aggregates is studied. A very weak fluorescence emission is 
observed, which has no Stokes shift between the absorption 
and emission peaks..~, fluorescence quantum yield of  
~ : =  3 × IO 4 is determined. 

2. Exper imenta l  detai ls  

The dye ICG-Nal was purchased from Pulsion Medizin- 
technik. Munich 126l. It was used without further purifica- 
tion. The structural formula of  ICG-Nal is shown in 
Fig. I (b) .  

The ] a~gregates were formed by preparing a 1.5× 10 -3 
M aqueous solution o f  ICG-NaI and beatiug it to 65 °C tbr a 
perkfl  o f  32 h. The solution was then stored at room temper- 
ature. The J aggregates formed are very stable. They remain 
unchanged over several months. Betbre fluorescence meas- 
urc.nents, the ~ m p l e s  were dilu'.ed to a concentration of  
3 × I0 -  5 mol din-~. At this concentration, the J aggregates 
formed remain stable over about I day before they detach to 
monomers, dimers and small oligomers [ 13 ]. 

The fluorescence quantum yield measurements were car- 
ried out using a self-assembled fluorometer [27].  The fluo- 
rescence signal in the backward direction was collected ( front 
t~',ce illumination technique), An argon ion laser-pumped 
continuous wave Ti:sapphire laser was u ~ d  for excitation. 



F. Rolenmmd et aL /Journal vf  Photochemi.vt,3" arid Photobiology A." Chemistry I I0 (1997175-78 

The laser wavelength was set to )t~,.= 834 nm. The htser 
pomp power was P~,~ = 10 mW and the cross-sectional area E 
was approximately 0, I mm -~, giving an excitation photon flux c- 
density of 4 x I 0 ~'~ cm --" s -  ~. The excitation laser was ver- o 
tically polarized. A polarizer sheet was placed in the fluores- 
cence path to pass either vertically or horizontally polarized LL~ 
fluorescence light. 

The excitation wavelength had to be shifted to the short- 
wavelength shoulder of the J aggregate absorption hand 
because the fluorescence emission peak coincides with the 
absorption peak. the fluore~enee quantum yield is very weak 
and the sample scatters strongly 1281. C3 

For the absolute fluorescence quantum distribution and [=: 
quantum yield measurements, the Rayleigh scattering of c- 
Ludox PG I aqueous colloidal suspension of silicon dioxide t~ 
(particle diameter. 22 nm) from DuPont [ 291 ) was u.ed as (~ 
reli:rence. The Rayleigh st-altering of Ludox PG at 543 nm 
(green line of an He-Ne laser) was calibrated to the fluores- 
cence emission of rhochlmine 101 in methanol ( fuorescence 
quantum yield 4~r~ = 0.98 [ 301 ). The wavelength dependence 
of the Rayleigh .scattering (SI A) Oc h -  4: S. scattering signal: 
A. wavelength [ 31.321 ) was taken into account. In the data ~_ 
analysis, the fluorescence re-absototion in the absorption 
region was accounted for by following the procedure 
described in Ref [ 271. The scattered light in the fluorescence 
spectral region was subtracted by comparison with the Ray- 
leigh scatlering sigmds of the Ladox PG sample• 

3 .  R e s u l t s  

• • i . . . .  , . . . .  , 

0 ' ~) ' , , 
900 950 1000 

Wavelength X (rim) 
Fig. I. (a I Fluaresccnc¢ quantum dislribulilm ( Ill: :1( A I ) af emission pular- 
izcd parallel to excitation light. (b) Fluorc,.ccnce quanlum distribution 
( E~ = (A) ) oi'emixsion polarized perpendicular to e×.=italia.q light. SInlctura[ 
fl~rmula of IUG-N at is included. The Iluore~ccnce is cxclted with continuous 
'.;'ave laser light al 834 ran. 

In Fig. I (a) ,  the par;61el polarized flu,~re~ence quantum 
distribution contribution ( E~.~( h ) ) ( proportional to the flu- 
orescence signal S~,.i ~(A)  Ix~larized parallel to the excitation 
light) is displayed. In Fig. I ( b L the perpendicular polarized 
fluorescence quantum distribution contribution (Er. ~ ( A ) )  
(proportional to the fluorescence signal ~,=, • (A) polarized 
perpendicular to the excitation light) is shown. The 
fluorescence qua~ttam distribution, E~,(~) = [E~,4(A) + 
2E~. • ( h ) ]/3. is depicted by the broken curve in Fig. 2(a).  
The fluorescence qu;mtem yield i~, given by ~ , =  
~.~Ef:( A)dA ( integration of E~,( }t ) over S~-S,, fluorescence 
emission wavelength region). The value obtained is 
d ~ = ( 3 +  1 ) × l O  '~ 

The ab~rp~[on cross-section spc,:tram. <r.a(A) = - In (T)  / 
N,. I .  of the ICG-Nal J aggregates in water is shown in 
Fig. 2(a ) ( from Ref. 1131 .~- c r j  ( Z I is the absorption cross- 
section per molecte  in the aggredate. T is the transmission. 
N,. is the molecule number delhi;try and l is the ~ample tength. 
It can he seen that the fluorescence emission peak coincides; 
with the absorption cross-section peak. There is no Stokes 
rhift between the absoq, tion peak ned :he emission peak. 
Howeveh it should be noted that exc'tai.ion occurs at hz,= 834 
nm and the fluoresce;ice emission pzak is observed at 
Ar~.~. = 890 am. The coincidence of the absorptio,~ peak and 
the emission peak and the narrow absorption and emission 

linewidths indicate the Fmnkel exeitonic nature oftbe ,I band 
[ 33.34 I. The shoulder in the absorption spectrum at 670 nm 
is thought to be due to an impurity, which is observed as a 
fluorescence peak at 690 nm when exci:ed below 680 nm 
1351. 

The radiative S r S .  excilun lili~time r,,~ can be calculated 
using the Strickler-Berg formula [ 36.371 

f Eu:( A IdA 

( I )  J a 
r~,,., :~,., fEn.(A) A~dA.~," 

¢ [ n  

where c~, is the speed of light m vacuum and nv and na are 
ihe average refractive indices of the dye solution in the fluo- 
rescence region and absorption region respectively. The inte- 
greJs extend over the S ~ -~ S. exciton fluorescence band (era) 
and over the So-->S~ exciton absorption band (abs). 
rr~.~,,( A~ = n~,rtrj(A) is the absorption cross-section of the 
ehromophore ( absorbing entity, coherent extension of Fren- 
kel exciton), non r is the number of molecules forming a chro- 
mophore, lu saturable absorption stnthes [ 38 ]. we found for 
the ICG-Nal J aggregates a value of n..n, = 16_+ 8. Our ana l  
ysis gives ~'r~,J = 5.5 + 0.5 ns/ncn~--~ 340_+ 100 ps. 
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Fig. 2. { a ) Fluorescence quantum dislributitm E~(A ). ~limulated emission 
cross+scclion SpL't2tIOIll (r,.v, j( ~t ) lind grllund stale abnorplion cross-section 
spectrum o ' ,dA I  of ICG-Nal J aggregates in water. #.....j and *r~ arc the 
cro~,~-sections per molecule (b) Flmlrescence quantum distribulion 
El: ,,( A L sfmulatcd emission cross-section spectrum ¢r¢,.,,,( A ) m~d g¢imnd 
slate absorption cross-section SIK~CIPJIll IT~ m( A I ill ICG-Nul inf~aomer~ il~ 
waler ( fi'om Ref. 1351 ). 

The fluorescence lifetime rv is given by rt: = ~7",M. Using 
the determined values of  4~v and ~-~.,, we find a fluorescence 
lifetime o f  13 _+ 0.7 ps/n,:,~ = 110 4-60 fs. 

The stimulated emission cross-section spectrum per chro- 
m o p h o r e ,  o',....~,A A ) = nd, ,+%, . j (  A ) .  w h e r e  a'c.,,+( A } is the  

stimulated emission cross-section p_r molecule, is derived 
from the fluorescence quantum distribution and the fluores- 
cence lifetime by [ 39 I 

h+Ev( A ) 
Gcmxhr( A 8.ffct¢l ~Tt" ( 2 ) 

The stimuht!ed emission cross-section spectrum per mole- 
cule, rL,,a{ A), is included in Fig. 2(a) .  

The degree o f  fluorescence polarization Pv ld01 is calcu- 
lated from Er It ( A ) and Ev, ~ I A) using the relation 

f E , . . , IA)dA-  f E,: . (A)dA 

e , ,  + . . . . . . .  ( 3 )  

f E,,.,,la,da + f e',.. (a)d,~ 
cm ¢m 

Using the EF.!!(A) and Ev.±(A) curves of  Figs. I (a)  and 
I (b ) .  we obtain P F ~ 0 . 2 4 ± 0 . 0 5 .  From the degree of  fluo- 
rescence polarization, the reoriemation time o f  the SINS. 
exciton transition dipole moments may he estimated using 
the relation [ 41 ~¢3 ] 

1/P, ,  - 
• , .  = /3Pv" q, ( 4 ) I 

I - -Pv /Po 
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where Po = 0.5. A value o f  ~',,, = 1.3 + 0.5 ps /nu ,  = 90  :t. 5 0  fs 
is calculated, The short reorkntadon t i m e  indicates a fast 
excitation energy transfer in the J aggregates 14,* [. 

4. Discussion 

The determined fluorescence spectroscopic parameters of  
ICG-Nal in water are collected in Table I. For compmi.wm 
with the J aggregate absorption and emi~ ion  spectra 
( Fig. 2(a)  ), the monomer at~orption and emission cross- 
section spectra and monomer fluorescence quantum diMd- 
button are displayed in Fig. 2( b ) t" from Ref. [ 35 ] ). 

The fluorescence quantum yield o f  d#v=-3× 10 + + is very 
low. For monomeric ICG-Nal in water (conccmration 
C= 10 7 mol dm 3). a fluorescence quantum yield of  
~ = 0 . 0 2  was reported 1351. whereas for oligomefic ICG- 
Nal in water (freshly prepared solution, C = I O  -~- tool 
d in -  3), a fluorescence quantum yield o f  ~ = 2 × 10-5 was 
found [ 35 I- For the J aggregates, there is an increase in the 
fluoremence quantum yield by a factor o f  ten compared with 
the oligomers, but the increase occurs at a very low level. 

For pseudo-isocyanine J aggregates, a fluorescence q u a ~  
turn yield of  nearly 100% was reported at low photon exci- 
tation flux fless than l0  -~° cm-2  s J for condmtous wave 
excitation [ 171, less than 5 ×  102t cm -2 s - t  for 20 ps pulse 
e~citation 123.25 ] ). A! high excitation intensities, a fluores- 
cence quantum )ield reduction due to singlet-singlet anni- 
hilation was observed [ 12,23,251. In our experiments, the 
photon excitation flux was 4 ×  10 ~9 cm 2 s ~ (continuous 
wave pump intensity 6 ,=  I0  W cm -'). 

The Iraction of  excited chromophores N~h,,~,JN, h,.o iS 
given by [451 

N , l  . . . . . .  I P / I s  
( 5 )  

N . .... I + t p /  & 

where I s = hvp/(  o'e.,,rr v ) is the saturation intensity. Using 
our experimental data t i p =  10 W cm-- ' ,  Ap=c ,  l v e = 8 3 4  
nm. O'p,.~,, = 3 X l0  t* cm 2 x nchr+ 7 F = 1.7 ps/nchr), we esti+ 
mate N¢h,.~.~./N~h,.o = 10 ~. This small fraction o f  excitnd 
chromophores indicates that singlet-singlet annihilation 
plays no role for ICG-Nal in water at roem temperature. 

The Mng-waveiength lluorescence tail is thought to he due 
to J aggregates, since practically all molecules ,'Ire incorpo- 
rated in J aggregates 113] and the uligomers have an even 

Table I 
Spectroscopic data or" ICG-NaI J aggregates in ".*.,at e r at room temperature 

Parameter Value Co~l'~en~ 

~= I3 ± I ) × I0-4 Thb wo~ 
,,~ 16+I+; [38[ 
..,,,r,~ ( ns ) ~.5 ± 0.5 This work 
n,~r r~: ( ps ) 1.7 + 0.7 "l'hi~ work 
Pv 0.24 ± 0.05 This work 
n,~ r.,, t ps } 1.3 + 0.7 This w~k 
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s m a l l e r  f luo rescence  q u a n t u m  y ie ld  t han  J a g g r e g a t e s  [ 351 .  

F o r  p s e u d o - i s o c y a n i n e  J a g g r e g a t e s ,  the  l o n g - w a v e l e n g t h  

absorp t ion  tai l  is a l so  c o n s i d e r e d  to  b e  due  to  J a g g r e g a t e  

emission 1461. 

5 .  C o n c l u s h m s  

T h e  f luorescence  b e h a v i o u r  o f  I C G - N a l  J a g g r e g a t e s  in 

w a t e r  w a s  s tud ied .  T h e  w e a k  f luorescence  q u a n t u m  y i e ld  

( ~ : = 3 x  IO "J.~ a n d  the  s t rong  l ight  sca t t e r ing  o f t  agg re -  

g a t e s  m'alte a c c u r a t e  m e a s u r e m e n t s  diff icult .  Neve r the l e s s .  

l h e  f l u o r e ~ e n c e  q u a n t u m  d is t r ibu t iml ,  f luorescence  q u a n t u m  

y ie ld ,  s t i m u l a t e d  e m i s s i o n  c ros s - sec t ion  spec t rum and  deg ree  

o f  f luo rescence  po la r i za t ion  cou ld  be  d e t e r m i n e d .  W i t h i n  the  

l im i t ed  reso lu t ion ,  the  absorp t ion  c ross - sec t ion  and  s t imu-  

l a t ed  e m i s s i o n  c ros s - sec t ion  spec t r a  a re  m i r ro r  images .  N o  

S tokes  shif t  occu r s  b e t w e e n  the  absorp t ion  peak  and  e m i s s i o n  

peak .  a s  e x p e c t e d  for  F reoke l  ex e i t o n s  cohe ren t ly  e x t e n d i n g  

o v e r  a d j a c e n t  mo lecu l e s .  
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