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Pseudoisocyanine (PIC) was adsorbed on colloi-
dal silver halide nanoparticles where it formed
aggregates (J-aggregates). The nanoparticles
were prepared using a surfactant (AOT)/n-
heptane/water microemulsion. The molecules of
pseudoisocyanine replaced the molecules of
surfactant (AOT) on the surface of the nano-
particles and caused an instability of the silver
bromide dispersion. The stability could be
improved by two methods: either by using an
adsorption inhibitor (e.g. p-xylene) or by adding
another surfactant (CTAB). The adsorption has
also been carried out at low temperature: the
stability of the particles was then improved, and
the J-aggregates are smaller.# 1998 John Wiley
& Sons, Ltd.
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1 INTRODUCTION

Cyanine dyes are used for spectral sensitization in
the photographic industry. Many publications deal
with the study of their adsorption and the mechan-
ism of their spectral sensitization (e.g. Refs. 1, 2).
However, these silver halide particles are always
synthesized in a gelatine–water medium and they
are generally in the order of 0.4mm in size. In this
work the cyanine dye, pseudoisocyanine (Fig. 1),
was adsorbed on silver bromide particles synthe-
sized in microemulsion systems.3–5 In this case the

particle size was very small (46 A˚ ) and the medium
was different: the particles were in contact with an
organic phase and a surfactant was adsorbed on
their surface.

2 EXPERIMENTAL

The silver bromide particles were synthesized in
two microemulsion systems: AOT [bis(2-ethyl-
hexyl)sodium sulphosuccinate]/n-heptane/water
and AOT/p-xylene/water (Fig. 2).6–8 The micro-
emulsions were prepared from n-heptane (Aldrich;
99�% HPLC grade), AOT (Sigma; 99%) and
aqueous solutions (using twice-distilled water) of
0.063M silver nitrate (Janssen Chimica; p.a) and
0.064M potassium bromide (Merck; Uvasol spec-
troscopy). The microemulsions were prepared with
a 0.12M solution of AOT in n-heptane and the
aqueous solutions were added in order to reach a
ratio R = [H2O]/[AOT] of 3.1:1.

A 5 ml portion of the microemulsion containing
silver nitrate was poured into 5 ml of the micro-
emulsion containing potassium bromide. The silver
bromide particles formed were 46 A˚ in size. For the
dye adsorption, a 10ÿ3 M solution of PIC (Aldrich;
97%) in methanol was used. The number of PIC
molecules per particle on the AgBr were 14 or 21.
Part of the dye solution was added to 5 ml of the
AOT solution. This mixture was finally added to the

Figure 1 Molecular structure of 1,1'-diethyl-2,2'-cyanine
(pseudoisocyanine).
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colloidal suspensionand stirred for 30min. Time
zerowastakenat theendof the30min. A Uvikon
930 UV-spectrophotometerwasusedfor the UV–
visible absorptionspectra(wavelengthprecision,
0.2nm; opticalpath,1 cm; referencein absorbance
measurements,0.12M AOT solutionin heptane).

3 RESULTS AND DISCUSSION

3.1 Stability of the particles

Many cyaninedyesform J-aggregatesadsorbedon
silver halidegrains.J-aggregatesarecharacterized
by a sharpabsorptionband with a bathochromic
shift of their absorptionmaxima.Figure 3 shows
thedecreasein theabsorbanceof themonomerand

of the J-aggregatefor 21.0 moleculesof PIC per
particle adsorbedon AgBr as a function of time.
This decreasestemmedfrom the sedimentationof
the particles, which was also confirmed by the
aggregatesdetectedby TEM.

The particleswere stabilizedby the surfactant
molecules.3–5 If PIC is adsorbed,AOT is removed
from the surfaceandthe particlesaredestabilized.
Theaggregationof thedyemoleculeson thesilver
halide nanoparticlesdecreasedthe stability of the
particles:the aggregatesremovedthe AOT mole-
culesfrom a largeareaof theparticlesurface.The
destabilizationwasincreasedby the growth of the
J-aggregatewith increasingtime.This is illustrated
by the increasein the absorbancemaximumof the
J-aggregateasa functionof time (Fig. 4). Thesize
of agivenJ-aggregatecanbededucedfrom spectral
properties.9–11 The spectralshift for a linear and

Figure 2 The ternarymicroemulsionssystemsAOT/n-heptane/waterandAOT/p-
xylene/water6–8 TheareaL2 indicatesthemicroemulsionzone.

Figure 3 Variation of the J-aggregateand monomerabsor-
banceasa function of time.

Figure 4 Variation of the absorbancemaximum of the J-
aggregateof PIC adsorbedon AgBr.
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cyclic aggregateis a functionof theaggregatesize
N accordingto Eqn [1] for a cyclic aggregate,and
Eqn[2] for a lineargeometry,whereDvN andDv1
are the spectralshift of N-mer and1-mer with
respect to the monomer, respectively, with
max(M) = 541.2nm for the dye monomeradsorbed
on AgBr and lmax(1) = 580.7nm for an1-mer
adsorbedon AgBr. The resultsareshownin Table
1. Onecan seethat the averagenumberincreases
with timeandwith theabsorbancemaximumof the
J-aggregate.

�N ÿ 1�=N � �vN=�v1 �1�

cos���=�N � 1�� � �vN=�v1 �2�

Thisgrowthis describedastheOstwaldripening
of the J-aggregates.12 This process has been
explainedby thefact thatthemoleculesat theends
of the J-aggregateare less stable than the other
moleculeswhich are in the middle part of the J-

aggregateand hence the stability of the dye
moleculesincreaseswith an increasein thesizeof
the J-aggregate.The aggregatescangrow through
an adsorption–desorptionsequenceof the dye
moleculeson the grainsduring ripening. If the J-
aggregatesizeis smaller,thedestabilizationof the
particlesby thedyeadsorptionwill alsobe less.

Two methodswere envisagedfor the stabiliza-
tion of theparticles.

3.1 Particles synthesized in the
AOT/p-xylene/water system

Whenthe adsorptionof the dye wascarriedout in
the AOT/p-xylene/water system, the amount of
adsorbeddye wasvery low. This muststemfrom
theadsorptionof thep-xyleneon thesurfaceof the
particles inhibiting the adsorption of the dye
molecules.This hypothesiswas previously sug-
gested in a study of the preparationof silver
bromidenanoparticlesin thesamemicroemulsion.4

After 30min of stirring, 5 ml of p-xylene was
pouredinto 15ml of the colloidal suspension.The
comparisonbetweenthe absorbanceof the mono-
mer and of the J-aggregatewith and without p-
xylene (Fig. 5a) shows clearly the stabilization
effect of p-xylene: the absorbanceof the J-
aggregatesdecreasedmoreslowly asa function of
time. This is a consequenceof the smallersizeof
theJ-aggregate:theabsorbancemaximumof theJ-
aggregatewas lower (Fig. 5b). The competitive
adsorption between the PIC and the p-xylene
decreasedtheOstwaldripeningof theJ-aggregate.

Table 1 Approximationof the averagenumberof molecules
per aggregate for different concentrations(1) for cyclic
aggregatesand(2) for linear aggregates.

Time lmax (nm) (1) (2)

3 h 24 min 574.6 6.9 4.7
21h 45 min 575.2 7.6 5.1
30h 43 min 576.0 8.9 5.6
47h 44 min 576.6 10.3 6.1

Figure 5 (a) Variation of the absorbanceof the J-aggregateadsorbedon
AgBr andof thedyein solution.(b) Variationof theabsorbancemaximum
of theJ-aggregate,with andwithout p-xylene.
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3.2 Use of CTAB

Anothermethodfor stabilizationof theparticlesis
to add anothersurfactantto the AOT/n-heptane/
water microemulsion. In this experiment, the
anionic surfactant (AOT) was replaced by a
cationic one: CTAB (cetyltrimethylammonium
bromide).CTAB is thought to be more adsorbed
thanAOT becauseof the slightly negativesurface
charge(dueto 3%excessof KBr) onthemolecules.
CTAB was addedin a solid form to the particle
suspensionandthe mixture wasplacedfor 15min
in an ultrasoundbath.This indirect way of adding
CTAB had to be usedbecausethe AgBr particles

synthesizeddirectly in the CTAB/hexanol/water
microemulsionsystemwere not stable.13 The dye
wasadsorbedafter the exchangeof the surfactant
molecules.Different concentrationsof CTAB have
been used, ranging between1.02� 10ÿ3 M and
7.88� 10ÿ3 M. It mustbe notedthat eachconcen-
tration is sufficient to cover totally the AgBr
particles. Indeed,as the surfaceoccupiedby the
CTA� ion is 35Å2,14 some 187 molecules of
CTAB areenoughto cover totally oneparticle of
46Å diameter, and a concentrationof 1.02�
10ÿ3 M correspondsto 74 062moleculesof CTAB
perparticle.Thevariationsof theabsorbanceof the
monomerandof theJ-aggregatebothdependedon

Figure 6 Variation of the absorbanceof the J-aggregateand of the dye in
solutionasa function of time.
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the CTAB concentration(Fig. 6). For a concentra-
tion of 1.02� 10ÿ3 M and2.38� 10ÿ3 M, the two
absorbancesdecreasedbut moreslowly thanwith-
out CTAB; hencetheparticleswerestabilized.For
concentrations of 3.26� 10ÿ3 M and 5.34�
10ÿ3 M, the stabilizationwas more complete;the
absorbanceof the J-aggregateincreasedat the
expense of the absorbanceof the monomer.
However, for a greater concentrationof CTAB
(7.88� 10ÿ3 M, theparticlesweredestabilized;the
absorbancesof the two speciesdecreasedrapidly
with time. Figure 7 shows the variation of the
absorbancemaximum of the J-aggregateas a
function of time. It is thus concludedthat CTAB

stabilizedthe size of the J-aggregate.Indeed,for
CTAB concentrationsof 2.38� 10ÿ3 M, 3.26�
10ÿ3 M and 5.34� 10ÿ3 M, the absorbancemaxi-
mum of theJ-aggregatewasnearlyconstant.

3.3 In¯uence of the temperature

Although the adsorptionof PIC wascarriedout at
20°C, after30min of stirring thesolutionwaskept
atÿ5 °C.Theamountof dyeaddedcorrespondedto
14 moleculesperAgBr particle.Theabsorbanceof
themonomerin solutionwasloweratÿ5 °C; hence
the reactionof adsorptionis exothermic(Fig. 8).
However, the absorbanceof the J-aggregatewas
greater at ÿ5 °C, which showed that the low
temperaturestabilizedthe particles.The variation

Figure 7 Variation of the absorbancemaximum of the J-aggregateas a
function of time. Thedifferent concentrationsof CTAB areindicated.

Figure 8 Variation of the absorbanceof the J-aggregate
absorbedonAgBr andof themonomerin solutionatÿ5 °C and
at 20°C.

Figure 9 Variation of the absorbancemaximum of the J-
aggregateat 20°C andatÿ5 °C.
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of the absorbanceat low temperatureis discontin-
uous:this breakpoint maybeindicatedthe begin-
ningof sedimentation.TheJ-aggregatewassmaller
at low temperature(Fig. 9): the absorbancemaxi-
mum of the J-aggregatewas lower. It can thusbe
concluded that the Ostwald ripening of the J-
aggregateswasdisfavouredat low temperature.15

4 CONCLUSIONS

The adsorptionof pseudoisocyanineon colloidal
silverbromidenanoparticlescausesaninstabilityof
theparticles.Two methodshavebeenfoundfor the
stabilizationof theparticles:theuseof p-xyleneas
an adsorptioninhibitor andthe additionof CTAB,
which decreasestherateof dyeadsorption.In both
casesthe J-aggregatesize is smaller; this factor
explainstheimprovedstabilizationof theparticles.
Carrying out the reactionat low temperaturealso
hasa stabilizationeffect: the Ostwaldripening of
theJ-aggregatesis disfavoured.
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isation,Fendler,J.andDékany,I. (eds),Kluwer,Dordrecht,
1996,p. 71.

5. Ph. Monnoyer,J. B. Nagy, V. Buschman,A. Fonseca,L.
Jeunieau,P. Piedigrossoand G. Van Tendeloo,Nanopar-
ticles in Solidsand Solutions.An IntegratedApproachto
their Preparation and Characterisation,Fendler, J. and
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