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Abstract

Indocyanine green in water forms J aggregates, which are observed us u red-shifted narrow absorption band at 890 nm. The fluorescence
quantum distribution of the indocyanine green J aggregates was studied by continuous wave laser excitation at 834 am. A fuorescence
quantum yield of ¢y =3 X 10 * was measured, The fluorescence peak coincides with the absorption peak {no Stokes shift).  © 1997 Elsevier

Science S.A.
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1. Introduction

strong excitation intensity-dependent fluorescencequenching
is observed {17.23.25].
In this paper. the fluorescence behaviour of ICG-Nal I

Indocyanine green (1CG) dissolved in di y -

ide (DMSO) is used as an organic near-IR laser dye under
the name IR-125 [ 1-3] (laser tuning range. 890-960 nm).
The Huorescence quantum yield of IR-125 in DMSO is
& =0.11 [4]. The sodium iodide salt of KCG (1CG-Nal) in
agucous solution is widely used in medical diagnosis [5.6].
und has potential applications in photodynamic therapy
17.81.

At high concentrations (C> 107" mol dm %), ICG in
water forms a J aggregate-like {9.10], red-shifted narrow
absorption band at 890 nm after about 2 weeks { 11.12]. The
formation of J aggregates is enhanced considerably at ele-
vated temperature | [3]. The ICG-Nal J aggregate formation
and absorption behaviour have been studied previously [13].

J aggregation is a familiar phenomenon of various concen-
trated agueous cyanine dye solutions {9.10,14.15). and has
been most widely studied for 1,1'-diethyl-2,2'-quinocyanine
halides (pseudo-isocyanine halides) [ 16-21]. For pseudo-
isocyanine halide J aggregates. high resonance fluorescence
quantum yields have been reported [17.18.22-23] and a
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aggregates is studied. A very weak fluorescence emission is
observed, which has no Stokes shift between the absorption
and emission peaks. A fluorescence quantum yield of
¢~ 3% 1074 is determined.

2. Experimental details

The dye ICG-Nal was purchased from Pulsion Medizin-
technik, Munich {26]. it was used without further puritica-
tion. The structural formula of ICG-Nal is shown in
Fig. 1(b).

The J agarcgates were formed by preparing a 1.5 [0
M aqueous solution of ICG-Nal and heating it to 65 °C fora
periad of 32 h. The solution was then stored at room temper-
ature. The J aggregates formed are very stable. They remain
anchanged over several months. Before fluorescence meas-
urcinents, the samples were diluted to a concentration of
3% 1077 mol dm ™7, At this concentration, the J aggregates
formed remain stable over about 1 day before they detach to
monomers, dimers and small oligomers [ 13].

The fluorescence q yield were car-
ried out using a self-assembled fluorometer {27]. The fluo-
rescence signal in the backward direction was collected ( front
frce illumination technique). An argon ion laser-pumped
continuous wave Ti:sapphire laser was used for excitation.
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The laser wavelength was set to A, =834 nm. The laser
pump power was F,..= 10 mW and the cross-sectional area
was approximately 0.1 mm?, giving an excitation photon flux
density of 4% 10" ¢m ™2 5!, The excitation laser was ver-
ticaily polarized. A polarizer sheet was placed in the fluores-
cence path to pass either vertically or horizontally polarized
fluorescence light.

The excitation wavelength had to be shifted to the short-
wavelength shoulder of the J aggregate absorption band
because the fluorescence emnission peak coincides with the
absorption peak, the fluorescence quantum yield is very weak
and the sample scatters strongly [28].

For the absolute fl ence g distribution and
| yield the Rayleigh scatiering of
Ludox PG (uaqueous colloidal suspension of silicon dioxide
(particle diameter, 22 nm) from DuPont {29]) was u-cd as
reference. The Rayleigh scattering of Ludox PG at 543 nm
(green line of an He—Nc laser) was calibrated to the fluores-
cence emission of rhod 101 in methanol { fluorescence
quantum yicld ¢y = 0.98 [ 30} ). The wavelength dependence
of the Rayleigh scattering (S{A) ot A ™™ 8. scattering signal;
A, wavelength [31.32]) was taken into account. In the data
analysis. the fluorescence re-absorption in the absorption
region was accounted for by following the procedure
described in Ref [27]. The scattered tight in the Buorescence
spectral region was subtracied by comparison with the Ray-
leigh scattering signals of the Ludox P sample.

3. Results

In Fig. 1(a), the parafiel polurized flusrescence quantum
distribution contribution (£, ;(A)) (preportional to ihe flu-
oiescence sighial 5.y (A) polarized parallel to the excitation
light) is displayed. In Fig. 1(b), the perpendicular polarized
fluorescence quantum distribution coniribution (£ (X))
(proportionat to the fluorescence signal S, , (A) polarized
perpendicular to the excitation light) is shown. The
fluorescence quontum  distribmion, Ep(A) = PE (M) +
2Ep , (A)}/3, is depicted by the broken curve in Fig. 2(a).
The Huorescence cuantem yield in given by .=
femEp(A)dA (integration of £.(A) over §,-8,, fluorescence
emission wavelength region). The value obtained is
dp= (31 1) X107

The absorption cross-section spcotrum. o, {A) = —In(T)/
Nl of the ICG-Nal § aggregates in water is shown in
Fig. 2(2) (from Ref. [13]}. &, ,( A} Is the absorption cross-
section per molect -2 in the aggregate, T is the transmission,
N, is the molecule number density and /£ is the sample 'ength.
it can he seen that the Auorescence ewission peak coincides
with the absorpticn cross-section peak. Thcre is no Stokes
<hift between the absorption peak and the emission peak.
However, it should be noted that excitaiion ocours at A, = 834
nm and the fluoresceace emission peak is observed at
Ar.max = 890 nm. The coincidence of the absorption peak and
the emission peak and the narrow absorptisn and emission

Fiuorescence Quantumn Distribution Ex (10 nm'™)

900 950 1000

Wavelength A (nm)
Fig. 1. (a) Fluorescence quantum distribution (£ (A1) of emission polar-
ized parallel to excitation light, (b) Fluorescence quantum distibution
(£, (A}) of emission polari pendi w tight. Structuraj
formula of ICG-Nat is included. The f is excited with i
wave laser light ut 834 nm.

linewidths indicate the Frenkel cxcitonic nature of the J band
[33.341. 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 excited below 680 nm
135).

The radiative S5, exciton lifetime 7,,, can be calculated
using the Strickler-Berg formula | 36.37]

fE.;( Ada
B Tasned A .
Tead LLFY ~

J E(A)Ada™

em

where ¢ is the speed of light in vacuum and a1y and n, are
ihe average refractive indices of the dye solution in the fiuo-
rescence region and absorption region respectively. The inte-
grels extend over the S, — S, exciton fluorescence band (cm)
and over the S,—S, exciton absorption band (abs).
Tyl A} =N 0, ,(A) is the ubsorption cross-section of the
chromophore (absorbing entity. colierent extension of Fren-
kel exciton ). #y, is the number of moiccules forming a chro-
mophore. In saturable absorption studies | 38], we found for
the ICG-Nal J aggregates a valuc of ng, = 164 8. Our anal-
ysis gives 7,4=:5.5 2 0.5 ns/r, = 540+ 100 ps.
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i) Fluorescence quantum disiribution £, (A ). stimiated emission
cetion spectaum e, (A) and ground state absorption cross-section
~peurum . (A) of KOG-Nal J aggregales in waler. .,y and o are the

ctions  per lecul th) Fl distribution
E,. ,,,()U imutated emissi tion spec F (A and ground
state absorption crass-secticn \]lurum o, W {A) of ICG-Nal manomers in
waler (from Ref. |35]).

The fluorescence lifetime 7: is given by 7= @7, Using
the determined values of ¢ and 7,4 we find a Auorescence
lifetime of 1.7+0.7 ps/n, = 110+ 60 fs,

The stimulated emission cross-section spectrum per chro-
mophore. ol A) =B ena{ A) . Wheee o, 4 (A) is the
stimulased emission cross-section por molecule, is derived
from the fluorescence guantum distribution and the fluores-
cence lifetime hy [29]

ap
Femune( A} = M‘ )
BWCyTy
The stimulated emission cross-section spectrum per mole-
cule, 7, { A). is included in Fig. 2{a).

The degree of fluorescence polarization Py [40] is caleu-

lated from £ j(A) and £, | (A) using the relation

J‘E..»_n AdA~ I[;‘,.; LA
Pt 0
IE,;_"(A)d/\+ jem (A)dA

e

Using the Ex(A) and £ (A) curves of Figs. 1(a) and
I(b). we obtain P.=0.24 +0.05. From the degree of fluo-
rescence polarization, the reoricntation time of the §-5,
exciion transition dipole moments may be estimated using
the relation [41-43}

_lp—113 }
TRy )

where £,=0.5. A value of 7,,= 1.3 £ 0.5 ps/n,, =90+ 506
is calculated. The short reoricntation time indicates 2 fast
excitation energy transfer in the J aggregates [{44].

4. Discussion

The determined fluorescence spectroscapic parametess of
ICG-Nal in water are collected in Table I. For comparison
with the J aggregatc absorption and emission spectra
(Fig. 2(a)). the monomer absorption and emission cross-
section spectra and monomer fluorescence quantum distri-
bution are displayed in Fig. 2(b} (from Ref. [35]).

The fluorescence quantur yield of ¢ge=3X 16" is very
low. For monomeric ICG-Nal in water {concentration
C=10""7 mol dm™), a fluorescence quantum yield of
& =0.02 was reported {35]. whereus for oligomeric ICG-
Nul in water (freshly prepared solution, C=10"* mol

m ™), a fluorescence quantum yield of . =2X 10° was
lound [35). For the § aggregates. there is an increase in the
fluorescence quantum yield by a factor of ten compared with
the oligomers. but the increase occurs at a very low level.

For pscudo-isocyanine J aggregates. a fluorescence quan-
tum yield of nearly 100% was seported at low photon exci-
tation flux (less than 10 cm™ 2 s~! for continuous wave
excitation [ 17]. less than $X 10°' em~* s~ for 20 ps puise
excitation {23,257 ). At high excitation intensities, a fluores-
cence quantum yicld reduction due to singlet-singlet anni-
hilation was observed [ 12.23.25). in uur experiments, the
photon excitation flux was 4x 10" cm™ ? 57" (continuous
wave pump intensity /=10 Wcm 7).

The fraction of excited chromophores N, e Neweo 15
given by [45]

Netrowe Inlls
Nowo 1 +Lel I

(5)

where Iy = hivrp/ (tp 0 T) s the saturation intensity. Using
our experimental data (/=10 W em ™3 Ap=cy/ vp=834
M. Tpoe =3X 1071 cm® X . o= 1.7 ps/ng, ). we esti-
mate Noone/Nenwo= 107" This small fraction of excited
chromophores indicaies that singlet~singlet annihilation
plays no role for ICG-Nal in water at room temperature.
The long-wavelength fluorescence tail is thought to be due
10 J aggregates, since practically afl molecules are incorpo-
rated in J aggregates [ 13] and the oligomers have an 2ven

Tabie 1
Spectroscopic data of KCG-Nal J aggregates in water at room temperntune

Parameter Value Commenis
by (3xhx1o™ This work
Mo HES 1381

Mo Ty (BS) 5.5£05 This work
HoneT: (PS) 17107 “This work
£y 0.2410.05 This work
M Tox {PS) 1.3+07 This work
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smalier fluorescence guantum yield than J aggregates [35].
For pseudo-isocyanine J aggregates. the long-wavelength
absorption tail is also considered to be due to J aggregate
emission [46].

5. Cenclusions

The Auorescence behaviour of ICG-Nal § aggregates in
water was studied. The weak fluorescence quantum yield
(dp=3x107") and the strong light scattering of J aggre-
gates make accurate wneasurements difficult. Nevertheless,
the fluorescence quantum distribution. fluorescence quantum
yield, stimulated emission cross-section spectrum and degree
of fluorescence polarization could be determined. Within the
limited resolution, the absorption cross-section and stimu-
lated emission cross-section spectra are mirror images. No
Stokes shift occurs between the absorption peak and emission
peak. as expected for Frenkel excitons coherently extending
over adjacent molecules.
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