J. Phys. Chem. A997,101,7729-7734 7729

Aggregation Dependent Absorption Reduction of Indocyanine Green
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Indocyanine green in water and in aqueous NaCl solutions forms large J-aggregate globules. With rising
aggregate size the apparent absorption cross section per molecule decreases because of specific surface reduction
of the aggregates. A theoretical description of the absorption behavior is given for dense spheres, loosely
packed spheres (globules), straight chains, and coiled chains. The volume fill factor of the globules is
determined from the absorption reduction measurements using the degree of aggregation from Mie scattering
experiments described elsewhere.

1. Introduction O‘chr(l) = Ochr(l)Nchr = fchr(’l)Achrl\Ichr =

The organic dye indocyanine gréetiCG, also called for AR Noy = 0 N, (1)
cardiogreehand IR125) is widely applied in medical diagno-
sish®and it is a laser dy&. It forms large aggregates in wafte? where ocr is the absorption cross section of a single chro-

and aqueous salfs. At room temperature a red-shifted J- mophore in solution and\c,, is the number density of chro-
aggregate absorption bdis formed within about two weeks ~ mophores. Nepr = Nen*Nm, whereNy, is the number density
in aqueous solutioh? The J-aggregation is accelerated by heat of molecules. A is the cross-sectional area of a chromophore.
treatment and salt (NaCl or Nal) additiéh. ferr = ocndAchr IS @ proportionality factor, which we call

In this paper indocyanine green (ICG) J-aggregates in water chromophore absorption strengthl is the wavelength in
and indocyanine green sodium iodide (ICG-Nal) J-aggregatesvacuum. o'chr = 0OchdNenr IS the normalized chromophore
in water and in aqueous NacCl solutions are prepared, and theabsorption cross section (apparent absorption cross-section of
absorption spectra are measured. With growing particle sizea molecule in a chromophore). The number density of
an absorption decrease is observed. The dependence of thenoleculesNp, has to be much less thaf, ™t = (4ran®3)71,
absorption strength on the degree of aggregation is addressedvhereVy, is the molecule volume aral, is the molecule radius,
theoretically for dense spheres, loosely packed spheres, straighbtherwise the bulk number density is approached and the
chains, and curled chains. The absorption reduction indicatessolution and aggregation concept breaks down.
the formation of three-dimensional particles (globules). The  For a monodispersive aggregated chromophore solution with
volume fill factor of the globules (loosely packed spheres) is a degree of chromophore aggregatifg, (degree of molecule
deduced from the absorption reduction data using the degreeaggregationfm = fBcnichr), the absorption coefficientiag, is
of aggregation of the particles determined by Mie scattering given by
experimentd?

The discussed phenomenon of attenuation reduction of — Qagd) = T A)Nag= foA)ANog (2a)
absorbing chromophores (absorbing entities) with three-
dimensional clustering is a quite general phenomenon and results = fag(/l)Aachh,ﬂchfl = fag(/1)AagNnﬁm71
from the reduction of the total cross-sectional area per unit (2b)
volume with three-dimensional particle groviii* For strongly
absorbing chromophores forming spheric clusters the attenuation = O'ag(’l)Nm (2c)

reduction occurs already in the sub-nanometer and nanometer . . .

particle size range. In the case of transparent particles the light!n €d 2a0ad4) is the absorption cross section of an aggregate
attenuation by Mie scattering decreases with particle growth 2NdNagis the number density of the aggregatégyis the cross-
for particle diameters large compared to the light wavelength Sectional area of an aggregate, afig = 0add)/Asg IS @
(attenuation cross section becomes twice the particle crossProportionality factor, which we call aggregate absorption
sectiont519 since again the specific surface (surface per unit SIrength. Asgis shape dependent. In eq 2b the relatibiag=

volume) decreases with three-dimensional particle grédth.  Nen/fenr andNag = Nu/fm are used. Equation 2c defines the
normalized absorption cross sectiaryg (apparent absorption

2. Theory cross section of a moIeCL_JIe in an aggregate). _
The aggregate absorption strendth= oadAag iS enhanced

The dependence of the absorption strength on the aggregatiortompared to the chromophore absorption strenfgth,by
of chromophores (absorbing entities, Frenkel excitons in the

case of J-aggregafésd is considered. Each chromophore may _ Aag‘ 1= 97;94
consist ofneyr molecules. fag_ A, fehr = 772 7. Iehr (3
For single chromophore solutions the absorption coefficient, e e
Qehr, IS given by whereA,g= 1 — Z44is the absorption degree of one aggregate,
g . and Acr = 1 — Y is the absorption degree of one
* Corresponding author. s ~ . ; icci
T On leave from Departamento de Optica, Facultad de Cienc¢sisaB) chromophore. Zend4) exp_[ fend4)] s t_he_ transmission
Universidad Complutense, 28040 Madrid, Spain. through one chromophoreZygis the transmission through one
€ Abstract published irAdvance ACS Abstract§eptember 1, 1997. aggregate. It is shape dependent.
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Figure 1. lllustration of aggregation dependent absorption behavior
for dense cubes (eq 5). For the curves the chromophores absorptionFigure 2. Theoretical reduction of normalized absorption cross section

Wavenumber D-, (cm™)

strength feh, is varied. due to aggregation for dense spheric particles. Dotted curve: normalized
chromophore absorption cross-section spectiudgy7), described by
The normalized aggregate absorption cross-sectiag4), a Lorentzian shape af¥1, = 500 cnt! full spectral half-width. Solid

is obtained by insertion of eq 3 into eq 2b and by use of eq 1. curves: (1)Be = 10, (2) 100, (3) 1000, (4) ¥0(5) 1C, (6) 1¢, and
(7) 10. A chromophore absorption strengthfagf = 0.1 is assumed.

One gets
1— T.(A) For loosely packed cubes (spheres) with a volume fill factor,
0 ofh) = fag(};)AagBm*1 = J—gfchr(i)Aagﬁmfl ki, the aggregate cross-sectional aredds= «i 238cn?*Achr
1= ond) (4a) and g ~ exp[—fendA)xi¥3Ben’d] (number of chromophore
layers isBend (Bendir)?® = «%3Ben®)). The absorption cross-
1— 7 (A section ratio becomes
S s N0 (4b)
1— Td) AchBene / 213 1/
Oadh) 1= explTfenMi™ Bene 1 53, —u3 (6a)
For dense cubes (sphere&); ~ Ben?*Achr (area is propor- o ld) 1-expf,@A)]
tional to the two-third power of volume) and/fl) =~
exp[—fendA)Bend (light path throughBend’® chromophores). The 1 — exp[—f. (A)x 2B,
absorption cross-section ratio/ag1)/0’cn{1), becomes ~ l sl chfm (6b)

1 — expl-TfonA)e™]
Tod) 1 P lnar D1 G Th imation made in eq 6b give'sfA)/0’ ) = 1 f

; ~ — — 13 e approximation made in eq 6b gives(4)/d’ch{d) = 1 for
Ochr(i) 1 exp[ fchr(l)] ﬁchr Ber= 1. As long aS‘chrKfZBﬂchrllg <1, O'ag(i) ~ 0'chi(A). For
feni?3Bent’® > 1 the absorption cross-section ratio approaches
0'adM)0’ chlA) = {k?3Ben[1 — expTfendA))]} L. In Figure
3 0'add'enr is plotted versugen, for forr = 1 (dashed curves)
andfcy = 0.1 (solid curves) while the volume fill factors are
set toxs = 1, 0.1, 0.01, and 0.001. The curves show that for
the same absorption reduction the degree of aggregation has to
Qe increased when the volume fill factor is reduced.

Equation 5 reveals that the normalized aggregate absorption
Cross sectiong’sg, is practically the same as the normalized
chromophore absorption cross sectigi,, as long agenfcn(A)

< 1, i.e. as long as the total chromophoric absorption cross-
sectional area per aggregafencchr = SenfchPenn, 1S l€ss than

the aggregate aredsg ~ AcnBen?®.  In this case the light
penetrates the aggregates and each chromophore inside th

aggregate is hit by the same amount of light. Be#/¥fn{A) For rodlike (straight c.hain) agg.regates yvith the rod axis at
> 1 the normalized aggregate absorption cross section decreasegn angle of) to the direction of the incident light, the aggregate
with rising Benr towarda’ ag = o' chd{ Ben1 — exp[—Tfend )11} - area is given byAag0) = max Acnfchr SiNE), Acnt and the

The reduction of ,gWith Bcnris caused by the reduction of the ~ single aggregate transmission is given by, =
total geometric cross-sectional area with rising degree of max exp[—fend(4)/sin@)], exp[—fendA)Bend}. The normalized
aggregation. absorption cross-section ratio becomes (eq 4b)
In Figure 1 the absorption reduction due to aggregation in
dense cubes is illustrated. The normalized absorption cross-a'ag(i, 0)
section ratio,o'ado’chr, Versus degree of aggregatiqhyny, is o'—r(l)z
plotted for various chromophore absorption strengths, In ch )
Figure 2 the change of spectral shape due to aggregation is 1 — max exp[—f;,(4)/sin@)], exp[—fen{A)Benl}

illustrated. The dashed curve represents a homogeneously 1 — exp[—f.,(4)]
broadened Lorentzian line shape of 500 ¢ispectral half-width . _
(fwhm). A chromophore absorption strength fgf; = 0.1 is max{sin(®), Ben, 3 (7)

assumed. The solid curves are calculated for various degrees
of aggregation fronBn, = 10 to 10. At 6 =0,
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Figure 3. Influence of volume fill factorg;, of loosely packed cubes
(spheres) on absorption reduction. Normalized absorption cross-section

ratio, o'ado’cnr, versus degree of aggregatidh:, is presented. Dashed  Figyre 4. Illustration of transmission behavior of samples due to solute
curves: chromophore absorption strendth,= 1. Solid curves:fen distribution: (a) isotropically distributed chromophores; (b) aggregation
=0.1. D_otted cur\/_esfch,=0.126._Symbols s_how expenmental results g dense cubes (spheres): (c) aggregation to loosely packed cubes
for ICG in water (circle), ICG-Nal in water (triangle), ICG-Nalin 0.002  (spheres); (d) aggregation to rodlike chromophore chains oriented
M (square), 0.01 M (diamond), and 0.05 M (inverted triangle) aqueous parallel to light propagation directioft,= 0°; (e) aggregation to rodlike
NaCl solution cnr data from ref 12). chromophore chains oriented perpendicular to light propagation direc-
tion, & = 90°; (f) aggregation to ideal chains (random walk chains).

G’ag(}" 0) . 1 — exp[~fen(D)Bend 1 volume isV; = Bcnendtan®/3. The volume fill factor ks, is

= 8 .
Tl 1ol ie@ P O gvenby
There is negligible absorption reduction faf(A)Bcnr < 1, while K = & = (§)3/2; (12)
the absorption reduction becomes very largefdotd)fenr > 1, Ve NenBenr
i.e. 0'agdd, 0) = o' cndA){ Benll — expl—Tend D]} -
At 0 = 90, Insertion of eq 12 into eq 6 shows that tfig, dependence

cancels out, and one obtaing(1)/0’cndd) ~ 1.
0'adh, 90) For absorption reduction of coiled chains a densification
N (©) (volume shrinkage compared to ideal chains) is necessary as it
Ochr( ) . ; .. 9
occurs in the coit-globule transitior:

The discussed absorption behavior of aggregates is illustrated
in Figure 4. Spheric chromophores are displayed for simplicity,
but the argumentation remains valid for more complex geometric
chromophore shapes like rods. A large chromophore absorption
degree Ay — 1, is assumed (opaque chromophores) so that
no light transmits through the chromophore areas. Part a of
Figure 4 shows isotropically distributed chromophores. Light
passes only through regions uncovered by the chromophores.
In part b the chromophores have formed dense aggregated three-
) dimensional particles. The shrinkage of covered area and the
for fcnr >> 1. The ratio depends only weakly dm{4). For increase of light passage are clearly seen. In part ¢ loosely
fonr = 0.1, 0'ag0"cnr = 0.98, and forfon = 1, 0'ad0’chr = 0.87. packed clusters are shown. The light passage is enhanced

The absorption behavior of ideal coiled chafgGaussian  compared to part a, but it is reduced compared to part b. The
chains;® random walk arrangement of segments) is discussed pjcture d illustrates the situation of rodlike aggregates aligned
in the following using the model of loosely packed cubes. The parallel to the light propagation direction. A large absorption
Gaussian chain gyration volume is giventby reduction compared to isotropically distributed single chro-

mophores (part a) is clearly seen. In picture e the straight chains

V. = A3 _ 4mfl %2 _ 4m lﬁ 24.2 312 11 are aligned perpendicular to the light propagation direction. For

9= 3% = 3(6ﬂ°h’b°hr) 3 (6 chiflenr m) (11) this arrangement there occurs no absorption reduction. The
picture f illustrates the absorption behavior of coiled chains.
where b = Nendm is the segment length of a chromophore The absorption is nearly the same as in the case of isotropically
anddy, = 2aq is the diameter of a molecule. The chromophore distributed single chromophores.
(absorbing entity) is taken to be a linear chaimgf molecules For a polydispersive aggregated chromophore solution with
as is generally assumed for J-aggregéie3he tight packed  distribution functionh(Ben) (/5 h(Ben) dBenr = 1) the normal-

That is, there is no absorption reduction for rods aligned
perpendicular to the light propagation direction.

An isotropic orientational rod distribution leads to (orienta-
tional averaging ovef)

a’ag(/l) N ol — exp[—fchr(/l)/sin(e)]
I Y0 1— expl—f(A)]

sinf(6) do (10)
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Figure 6. Structural formulas of (a) indocyanine green (ICG) and (b)
Figure 5. Influence of chromophore size distribution on absorption indocyanine green sodium iodide (ICG-Nal).
reduction. Truncated Gaussian distributions of the chromophore degree
of aggregation are used as shown in the inset (eq 14). The line typesJ-aggregates within a time period of several hours at room
of the main figure and the inset correspond to one another. Solid temperaturé?
g;rve: %g:hgd Elj’rt\t/ee(_j C“zel:&;' = Zfenro Dash-dotted curvessy, = The absorption cross-section spectré,), were determined
oo S chr© from transmission measurements with a conventional spectro-
ized aggregate absorption cross sectitgyl) of eq 4b, changes ~ Photometer (Beckman ACTA M IV) by using the relation=
to -In(T)/(Nml), whereT is the transmission\y, is the molecule
concentration, antis the sample length. Dye cell thicknesses
) , r(/,L)fool— “7;9(/1) Ayg hB. ) df (13) of | =2cm, 1 cm, 1 mm, 0.1 mm, 56m, and 10um were
o =0'q h(B., h ; ion.
ag c 01— 7 (A) AcpBapr ~ S T C used depending on the dye concentration

In Figure 5 the influence of polydispersivity on the absorption 4- Results
reduction is illustrated for dense cubes (eq 5). A truncated In Figure 7 absorption cross-section spectra of ICG (dashed
Gaussian distribution curves) and ICG-Nal (solid curves) in8 are shown. Spectra
_ of freshly prepared samples of 1:5107® and 1.5x 1073 M
h(B., ) = expl=(Benr = Benrd 1Senr ) 14) concentration are shown together with spectra of 1.503
chr. o 2, 2 M heat-treated solutions (see Table 1). Gye = 1.5 x 1075
ﬁ) expl=Bene — Benrd TSenr ] dBenr mol dn3 the dye is dissolved predominantly in monomers
(absorption peak at 775 nm) and dimers (peak at 71C°Wri)h
decreasing dye concentration the temporal dye stability de-
creases. ACgye = 1.5 x 103 mol dn3 the freshly prepared
samples form higher oligomers which show up in modified
absorption spectra with blue-shifted absorption peaks. The
absorption cross-section spectra of the heat-treated samples have
red-shifted J-bands of rather high peak absorption cross sections
and rather small spectral half-widths. The wavelengths of
maximum absorptiommax the peak absorption cross sections,
0(Amay, the S—S; absorption cross-section integralfy,—s,

o(v) dv (integration over wavenumber region of Figure 7), and
The dyes indocyanine green from Acros, Pittsburgh (product the spectral half-widthsAv,, (fwhm), are listed in Table 1.
name IR125, here called ICG), and indocyanine green sodiumThe absorption cross-section spectra of the strongly diluted

iodide (ICG-Nal) from Pulsion Medizintechnik, Munich, are solutions of ICG-Nal (curve ') and ICG (curve 2) are
investigated. The structural formulas of ICG and ICG-Nal are practically the same, while the peak absorption cross section,
shown in Figure 6. ICG was dissolved in bidistilled water, while ¢(890 nm), of the ICG J-aggregates (curve 2) is lower than that
ICG-Nal was dissolved in bidistilled water and>2 1073 M, of the ICG-Nal J-aggregates (curve 1).

0.01 M, and 0.05 M aqueous NaCl solution. The investigated In Figure 8 absorption cross-section spectra of ICG-Nal in
dye concentrationqye, are listed in Table 1. For J-aggregate aqueous NaCl solutions are shown. The NaCl concentration
formation the dye solutions were heated to a temperattye,  was varied fromCyac) = 0.002 mol/dm to Cnac) = 0.05 mol/

for a time periodtn. The appliedy, andt, parameters are listed  dm? (see Figure caption 8 and Table 1). The dye concentration
in Table 1. Without heating the formation of J-aggregates of the heat-treated (curves 1, 2, 3) and the corresponding freshly
occurs very slowly. The dye concentration necessary for prepared samples (curve§ 2, 3') was changed with NaCl
reasonable J-aggregate formation decreases with NaCl conceneoncentration. The curve''lbelongs to a freshly prepared
tration. After formation the self-organized macromolecular sample ofCgye = 2 x 1076 mol/dm® and Cnaci = 0.002 mol/
aggregates are very stable, and the prepared highly concentratedm®. At low NaCl concentration and low dye concentration
solutions may be strongly diluted without dissolving the (curve 1') the spectrum is dominated by monomer absorption.

is used. Curves are shown ffar, = 0.1 andsg,y = O (solid),
2Bchr0 (dotted), Benr o (dash-dotted), and B o (dashed). The
distributions are shown by the inset in Figure 5. Upsdg =
2Bchr0 there is practically no influence of the particle size
spreading on the absorption reduction. For broader distributions
(sehdBenr0 > 2) some decrease of attenuation occurs compared
to scndBenro = O (attenuation reduction effect of large particle
dominates).

3. Experimental Section
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TABLE 1: Preparation Data and Spectroscopic Results
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Figure 7. Absorption cross-section spectra of ICG (dashed curves)
and ICG-Nal (solid curves) in $#0. Curves 1, 2: J-aggregates prepared
by heat treatment, concentration of preparation.20-3 mol/dn?,
concentration of measurement 1:5 105 mol/dn¥. Curves 1, 2:
freshly prepared sample€gye = 1.5 x 10°2 mol/dn¥. Curves 1, 2":
freshly prepared sample€gye = 1.5 x 1075 mol/dn.
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Figure 8. Absorption cross-section spectra of ICG-Nal in 0.002 M
(solid curves), 0.01 M (dashed curves), and 0.05 M (dotted curves)
aqueous sodium chloride solution. Curves 1, 2, 3: J-aggregates prepared
by heat treatmenCgye = 5.6 x 104 mol/dn? (1), 5 x 104 mol/dr?

(2), 1 x 104 mol/dn¥ (3). Curves 1, 2, 3: freshly prepared samples,
Caye = 5.6 x 10~ mol/dm® (1'), 5 x 10~ mol/dn¥ (2'), and 1x 10™*
mol/dn? (3'). Curve 1': freshly prepared sampl€ge = 2 x 107°
mol/dnr?.

18000

With rising NaCl concentration and rising dye concentration,
dimerization and higher oligomer formation dominate in the
freshly prepared samples. The absorption cross-section peak
of the J-aggregates (curves 1, 2, 3) decreases with rising NaCl
concentration, indicating an increasing particle size with rising
sodium chloride concentration (see beld#).The short-
wavelength absorption cross-section tails are expected to belong
to the J-aggregaté$?° The relevant absorption cross-section
parameters are collected in Table 1.
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5. Data Analysis

The absorption reduction at the wavelendthax = 890 nm,
of peak J-band absorption is considered.

For the determination of the absorption cross-section ratio,
0" aAma/0’ chiAmax), the normalized chromophore absorption
cross section,o’cn{imay), is needed. It is determined ap-

proximately by assuming that the true absorption cross-section

integral is the same for the dilute freshly prepared dye solution
and the heat-treated J-aggreg&fed? The relationo’ cn{Amay)
= 0(Amax) [ s-5,01(?) dV/ [sy-s,0n(¥) d¥ is used, wheremn(v) is
the absorption cross-section spectrum of thexd )3 M heat-
treated ICG-Nal solution in water (solid curve 1 in Figure 7)
andos(v) is the absorption cross-section spectrum of the freshly
prepared 1.5< 1075 M ICG-Nal solution in water (solid curve
1" in Figure 7). A value ot chdAmay) = 1.39 x 10715 cni is
obtained. They' agAmax)/0’cndAmay) Values are listed in Table
1.

The chromophore absorption strendth{Amay = 0" chAmax*
NendAchr (€ 1), is approximately equal tg{Amay) = ¢ chlAmax)/
Amn assuming linear chains ofic,y molecules forming the
chromophore’$ 2 (see eqs 7#10: Achr = NenAm). The geo-
metric cross-sectional arefy, of an ICG-Nal molecule has

been determined from density measurements of the dye stuff

(paye = 1.3 g/cnd) using the relation¥m = 0.74Mgyd (payeNa),
am = [3Vi/(4m)]Y3, andAy, = am?, where 0.74 is the fill factor
of hexagonal close-packed sphefdgy. = 924.87 g/mol is the
molar mass of ICG-Nal, anbls is the Avogadro constant. A
value of A, = 1.1 x 107 cm? (d, = 2a, = 1.19 nm) is
obtained. The same valuesAf, andd, are assumed for ICG.
For our indocyanine green J-aggregates we obitgiiima) =
0 ch{Ama/Am = 0.126.

The absorption cross-section rati®ag(Amag/0’ ch{Amax), Of
globules depends oOigh{Amay), Behr @andxs (€q 6). Benr = Bl
nch. The average monomer degree of aggregafian of the

investigated J-aggregates has been determined previously by

light scattering experimeni3. The number of moleculesy,

forming a chromophore has been determined by femtosecond

laser saturable absorption s_tud?ésA value of ngyr & 16 was
found. The obtaine@m and e, values are listed in Table 1.
The determination of; is addressed here. In Figure 3 the dotted
curves displayo’afAma)/0’cndAmay) CUrves versugen, for the
experimental situation dfn{Amay = 0.126. Thexs values of

the curves are 1, 0.1, 0.01, and 0.001. The experimental

0 afAma)l 0’ chi{Amax) @NdBenr data pairs are marked in Figure 3.
The best fittingx; values are listed in Table 1. The average
globule radii, a3g = [3Vy/(4m)]Y® = [3BmVi/(4nks)]Y3, are
included in Table 1.

6. Discussion

Compared to the high degree of chromophore aggregation,
the absorption reduction is moderate. Therefore small volume

fill factors and large radii of the globules are obtained. ICG in

water and ICG-Nal in water have about the same degree of

aggregation, but ICG in water is more tightly packed. With
rising NaCl concentration the packing density increases.
The spectral half-widthAvy,, of the red-shifted absorption

band increases with rising degree of aggregation and volume1996.
fill factor, as is expected from the absorption strength dependent

Weigand et al.

Spongy particles up to about 10m in size have been
observed for all samples in an optical microscope. The number
density of the micrometer size particles increased strongly with
NaCl concentration.

7. Conclusions

The reduction of absorption with increasing particle size and
volume fill factor of indocyanine green J-aggregates has been
studied. The absorption reduction is caused by specific surface
reduction with growing particle siZ€:'4 The effect is readily
observed for molecules in wavelength regions of high absorption
strength (high chromophore absorption cross section). Theoreti-
cal relations between the degree of aggregation and the
absorption behavior were developed for dense and loosely
packed spheric particles as well as for rodlike chains and flexible
coiled chains. The observed absorption reduction indicates a
globule formation which may be approximated by loosely
packed spherical particle formation. Using degree of aggrega-
tion data from Mie scattering experiments;olume fill factors
of the globules could be determined from the absorption
reduction studies.

The described phenomenon of apparent absorption cross-
section reduction due to aggregation should be generally
considered in absorption spectroscopic studies of aggregate and
polymer solutions consisting of chromophoric units of high
absorption strength.
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