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ABSTRACT The interaction of rose Bengal (RB) and fluorescein (FL) with poly[diallyldimethylammonium] chloride (PDDA) was studied
in layer-by-layer self-assembled thin films and in solution. The spectroscopic behavior is explained in terms of dye-dye,
dye-polyelectrolyte, and in solution, dye-solvent interactions. A correlation among dye hydrophobicity, aggregation tendency,
polymer folding in solution, and the stability of self-assembled films is obtained. In spite of the very high dye concentration (∼1 M),
RB-PDDA multilayer thin films are able to photogenerate singlet molecular oxygen, as demonstrated by chemical monitoring and IR
phosphorescence detection.
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INTRODUCTION

The inclusion of organic dyes into polymeric films and
other structured media is of great interest in the
development of new materials with potential applica-

tions in many areas of technology as diverse as light harvest-
ing (1), singlet molecular oxygen (1O2) photosensitization (2),
and even heterogeneous photocatalysis (3). In particular,
immobilized singlet oxygen photosensitizers are found to be
highly sought-after materials for practical applications, such
as water decontamination, chemical reactions, and fine-
chemical synthesis, because of their convenient removal
from the reaction medium (4). One of the main obstacles in
the development of this class of materials is the formation
of molecular aggregates or statistical energy traps at the
required high local concentrations, particularly if dye mol-
ecules are distributed at random (5). Nonradiative deactiva-
tion pathways are favored in this case, with the concomitant
lowering of relevant photoprocess quantum yields. A long
time ago, Neckers and others showed that the 1O2 photoge-
neration quantum yield, Φ∆, diminishes with concentration
in polystyrene-based materials, when the dye molecules are
randomly distributed (6). In coincidence with these observa-
tions, San Román and co-workers reported recently that
fluorescence self-quenching of Rhodamine 6G randomly
adsorbed on microcrystalline cellulose sets in at loadings as
low as 0.005 molecules/nm2, with up to 50% quenching at

surface concentrations in the order of 0.05 molecules/nm 2

(7). It is clear that to limit statistical energy trapping, we need
architectures with a high degree of structural control at the
molecular level.

An interesting strategy for the design of thin films with
high dye concentrations and restricted molecule proximity
is the layer-by-layer, supramolecular electrostatic self-as-
sembly. This technique was employed originally for the
alternating adsorption of colloidal particles on solid sub-
strates (8) and extended more than 20 years later to the
assembly of oppositely charged polyelectrolytes (9) and
diverse soluble polyions such as nucleic acids (10) or en-
zymes (11) and small molecules, including dyes (12-14). A
rather limited number of authors have so far related the
spectroscopic properties of dyes with their degree of ag-
gregation within films (15, 16), and in general, no reference
is made to the influence of interactions among dye mol-
ecules on the stability and photoactivity of this kind of self-
assembled materials. The quantitative investigation of dye
aggregation is not straightforward in this case and cannot
be carried out directly because the concentration of the dye,
which is actually a structural part of the film, cannot be
varied at will as it will be discussed later. Therefore, it is
necessary to make use of indirect methods. In this context,
we have recently shown that the photophysical analysis of
the interaction of dye and polyelectrolyte in solution pro-
vides helpful information for the physicochemical charac-
terization of self-assembled thin films (17).

We report now a comparative photophysical and photo-
chemical investigation of layer-by-layer self-assembled ar-
rays of poly[diallyldimethylammonium] chloride (PDDA)
with two model xanthene dyes, rose Bengal (RB) and
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fluorescein (FL), as balancing counterions. The substitution
pattern of the xanthene ring determines the contrasting
behavior of both dyes in regard to their photophysics and
aggregation tendency. On one hand, the highly hydrophilic
FL evidences in solution a pH dependent fluorescence
quantum yield, ΦF, near unity in alkaline solutions (18).
Quite oppositely, the rather hydrophobic RB displays a low
ΦF and a high triplet state quantum yield, ΦT, as well as a
large Φ∆ (19). The main goal of this work is to correlate the
stability and photophysical properties of the self-assembled
thin films with the hydrophobicity and the aggregation
tendency of the dyes. It is shown that solution experiments
provide a rationale for the analysis of speciation of self-
assembled materials. The photogeneration of 1O2 from RB
thin films is reported and discussed in terms of the film
structure.

Self-Assembled Arrays of RB and PDDA. The
layer-by-layer self-assembly of films on glass substrates
employing RB and PDDA has been recently reported. Such
arrays constitute a novel class of nanostructured materials
due to their singular architectures and photophysical proper-
ties (17). The spectroscopic analysis revealed high local dye
concentrations (∼1 M) with a polyelectrolyte/dye ratio P/D
≈ 7, expressed in terms of dye and polyelectrolyte mono-
meric units. The aggregation degree is only 55%, an unusu-
ally low value for such a high chromophore density com-
pared with the same system in solution (see Experiments
in Solution below). The availability of monomeric RB sug-
gests that irradiation of these films might lead to triplet state
formation and, in the presence of dioxygen, to the photo-
generation of 1O2. Two independent techniques were used
in order to verify this hypothesis: the bleaching of a chemical
monitor that reacts with photoproduced 1O2, and the sta-
tionary detection of 1O2 phosphorescence at 1270 nm.

Preliminary attempts to monitor 1O2 in water using N,N-
dimethyl-p-nitrosoaniline and imidazole produced very fast
desorption of RB. Therefore, 1,3-diphenylisobenzofuran
(DPBF) in dichloromethane solution was used as the chemi-
cal monitor. The absorbance of the chemical monitor (λmax

) 415 nm) decreases noticeably when the assembled film
is immersed in the solution and irradiated at the RB absorp-
tion band due to the peroxidation of DPBF by the photoge-

nerated 1O2. No decrease in the monitor absorbance is
detected in the dark or under irradiation in the absence of
the film.

We quantitatively tested the photosensitization quantum
yield of arrays consisting of 12 bilayers of RB/PDDA at each
side of the glass substrate, using a methylene blue solution
(MB) as a reference (Φ∆

R ) 0.57 in dichloromethane) (20).
The time-dependent absorbance decrease of DPBF, obtained
by irradiation of RB assemblies and MB in solution, is shown
in Figure 1a. Assuming that the product of the quenching
rate constant of 1O2 by the concentration of DPBF is signifi-
cantly higher than the decay rate constant (see the Support-
ing Information), it is possible to calculate Φ∆ according to
the following equation (21)

where IA stands for the absorbed photonic flux (µEinstein
dm-3 s-1) and r for the reaction rate (µM s-1); superscript R
identifies the reference. Results lead to Φ∆ ) 0.020 ( 0.005.
This value is much lower than the reported ones for the
monomeric dye in various solvents (22), but remarkably
large when taking into account the very high local concen-
tration of the dye within the film. As the bilayer height can
be estimated as 1 nm (17), photogenerated 1O2 will be able
to diffuse freely and react with adsorbed substrates without
substantial loss within the support.

The photogeneration of 1O2 was further verified by steady
state infrared emission spectroscopy. Figure 1b depicts the
stationary phosphorescence spectrum of a self-assembled
array with 9 bilayers, measured in air upon excitation at 45°.
The emission band centered at 1270 nm can be unambigu-
ously assigned to the phosphorescence of 1O2 (the growth
of the baseline at the shorter wavelengths is mainly origi-
nated by light scattering). Phosphorescence is not detected
if the array is previously immersed into a DPBF solution and
dried, pointing to monitor adsorption. However, adsorption
takes place at the trace level because it remains undetectable
by absorption spectroscopy (see the Supporting Informa-
tion).

FIGURE 1. (a) DPBF absorbance decrease with increasing irradiation times employing self-assembled arrays with RB (triangles) and MB in
solution (circles). (b) Steady-state phosphorescence spectrum of a self-assembled RB-PDDA array in air (λex ) 575 nm).
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Self-Assembled Arrays of FL and PDDA. Figure
2a depicts the normalized absorption spectra of self-as-
sembled arrays with 3, 6, 9, and 12 bilayers of FL/PDDA at
each side of the glass substrate. All spectra display the same
shape, showing a maximum at 526 nm, 36 nm red-shifted
with respect to aqueous alkaline solutions. Spectra in water
and in the films can be decomposed as a linear combination
of three Gaussians (see Figure 2b,c): each Gaussian belong-
ing to the film can be obtained from the corresponding one
in water, 37 nm red-shifted and 35% widened. This analysis
suggests the sole presence of the dianionic, monomeric dye

within the film. Furthermore, a markedly different ratio of
bands would be observed if aggregated forms were present
(23, 24). The red shift can be attributed to the increase of
polarity originated by the polycationic nature of the poly-
meric matrix (13) and the spectral widening to heterogene-
ities of the microenvironment within the assembly.

These results allowed us to estimate the volumetric
concentration of FL molecules in the self-assembled films,
assuming that the oscillator strength within the bilayers is
similar to the one reported for the monomer in solution.
Considering a molar absorption coefficient of 74 000 M-1

cm-1 ) 7.4 × 107 mol-1 cm2 (18), and a bilayer absorbance
of 0.0017 at the maximum (Figure 2a), it is possible to
estimate a numeric density in the order of 0.0017 × 6.02 ×
1023/7.4 × 107 cm-2 ) 0.14 molecules/nm2. Considering a
density of 3.7 positive charges nm-2 within the polyelectro-
lyte bilayer (17), it can be deduced that FL is incorporated
at a ratio of one molecule every 27 PDDA monomeric units
(P/D ≈ 27). Remaining polyelectrolyte charges are compen-
sated by Cl- or OH- ions during assembly. Adding a new
polyelectrolyte layer, dye molecules originally bound to the
last one bind to the newly formed layer, shifting one coun-
terion. Currently, the spectroscopic properties of the as-
semblies depend on the nature of the last layer, either dye
or polyelectrolyte, because the dye arrangement is quite
different in both situations (16). Assuming a bilayer thickness
of 0.53 nm (16), a volumetric concentration of the dye in
the order of 0.4 M is obtained. The dianionic dye is the
predominant species within the bilayers, without any spec-
troscopically relevant degree of aggregation, despite its high
local concentration.

A significant desorption of FL is observed in aqueous
solution. Films formed with RB are comparatively more
stable and allow the accumulation of subsequent bilayers
without substantial loss of dye. Attempts to change the dye
concentration in the films by varying the composition of the
dipping solutions were unsuccessful. More concentrated
solutions do not yield higher incorporation. This is under-
standable in RB films because the polyelectrolyte is nearly
saturated with dye molecules. Even though the P/D ratio is
much higher in the FL films, loading remains essentially
unaffected on increasing the dye concentration. In the latter

FIGURE 3. Speciation diagram of RB in PDDA solution as a function
of the P/D ratio: monomer in solution (RBS

2-, circles), aggregates
(RBn, triangles), and polyelectrolyte-associated monomers (RBp

2-,
rhomboids).

FIGURE 2. (a) Normalized average absorption spectra of self-as-
sembled arrays with 6, 12, 18, and 24 FL/PDDA bilayers. Inset:
Absorbance at the maximum as a function of the number of bilayers.
The error bars represent the absorbances at different positions on
the same sample, and the solid line corresponds to the linear
regression through the origin of coordinates. (b) Normalized spec-
trum of FL in aqueous alkaline solution (solid line) and fitted (circles)
by linear combination of Gaussian functions (dotted lines). (c)
Normalized spectrum of a self-assembled array with FL (solid line)
and fitted (circles) by linear combination of the same Gaussian
functions as in b, 37 nm red-shifted and 35% widened (dotted lines).
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case, the dye is partially dissolved when the film is inmersed
into the polyelectrolyte solution, especially at higher PDDA
concentrations, pointing to an intrinsic instability of the
assembly (13). Furthermore, at lower dye or polyelectrolyte
concentrations, films do not grow. Therefore, very narrow
concentration ranges are compatible with stable film forma-
tion. Although the charge of PDDA does not depend on the
pH of the medium, the investigated xanthene dyes are
protonated upon pH reduction, yielding monoanionic, neu-
tral, and even monocationic species that are not suitable for
self-assembly. On the other hand, hydroxyl ions inhibit FL
incorporation, imposing an upper pH limit. Increasing the
ionic strength with bases, acids, or salts induces coiling of
the polyelectrolite in solution and in the film, rendering films
with quite different properties (25).

Experiments in Solution. To gain further under-
standing on the self-assembly process, we carried out a
systematic study in aqueous media by adding PDDA to a cell
containing a solution of the dye, and measuring the absorp-
tion and fluorescence spectra for different P/D ratios. Ex-
periments carried out by reversing the addition sequence,
i. e., adding the dye to a solution of PDDA, reproduced the
previously obtained results, thus revealing that the adsorp-
tion equilibrium is readily achieved.

In the case of RB, incorporation of the dye into the
polyelectrolyte matrix occurs quantitatively at low PDDA
concentrations building up aggregates up to P/D ) 2. In this
point, the charges of the dye and the polymer are fully
compensated. Further addition of polyelectrolyte causes
deaggregation of the dye, which remains associated with
PDDA in the dianionic form. The incorporation and further
deaggregation remain unaffected in a wide pH range, from
8 to 11 (17). Figure 3 summarizes the results of subsequent
additions of PDDA to a 7.6 × 10-7 M aqueous RB solution.
The molar fractions of each species were obtained by the
analysis of the absorption and fluorescence spectra (for
further details, see the Supporting Information).

The experiments carried out with FL in aqueous alkaline
solution reveal a contrasting behavior, as compared with RB.
As can be noticed from the speciation diagrams shown in
Figure 4, at pH ∼10 and ∼12 an equilibrium between the
dye in the aqueous phase and the PDDA matrix is estab-
lished. The incorporation of FL sets in at higher P/D ratios

than those found for RB and occurs in the monomeric
dianionic form, without evidence of aggregation. The in-
crease in pH has a negative effect upon incorporation, just
as in film formation, revealing a competition between the
anionic dye and the hydroxyl anions for the cationic adsorp-
tion sites in the polyelectrolyte.

The behavior of RB and FL is consistent with the differ-
ence in aggregation tendencies in solution. For RB, aggrega-
tion in water is mainly determined by hydrophobic interac-
tions and the value of the dimerization constant is 250 M-1.
On the other hand, FL shows a 50 times smaller tendency
toward dimer formation, which is otherwise predominantly
related to hydrogen bonding (26). Charge compensation and
free rotation of the monomers within the polyelectrolyte are
factors that enhance hydrophobic interactions of RB in water
solution, inducing dye aggregation and folding of the poly-
electrolyte chain (17). In the case of FL, its displacement by
hydroxyl anions evidences a weaker interaction with PDDA,
which results in a less extended incorporation into the
polyelectrolyte chain and incomplete charge compensation,
hampering polyelectrolyte folding.

CONCLUSIONS
The unfolded conformation of PDDA within the bilayers

(17) provides uniformly distributed charged sites for the
adsorption of the dye. The resulting high degree of organiza-
tion markedly reduces the formation of RB aggregates,
which actually make up to 55% of the dye at an effective
concentration near 1 M. At the same P/D ratio, aggregation
is massive in solution. These characteristics of the material
allow the emission of fluorescence (17) and 1O2 generation
owing to the presence of monomeric dye but do not entirely
avoid energy trapping. FL-based films, on the other hand,

Scheme 1. Correlation among Structural and
Physicochemical Properties

FIGURE 4. Speciation diagram of FL in PDDA solution as a function of the P/D ratio: monomer in solution (FLS
2-, circles), and polyelectrolyte-

associated monomers (FLp
2-, triangles) at pH (a) ∼10 and (b) ∼12.
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do not show aggregation at all but are rather prone to
desorption of the dye, which is easily displaced by hydroxyl
anions. The need to reach higher P/D ratios for the quantita-
tive incorporation of the latter dye in solution is consistent
with the higher lability of the corresponding arrays. Scheme
1 summarizes the correlations existing between the hydro-
phobicity of the dye, its aggregation tendency, and the
properties associated with its incorporation into the poly-
electrolyte in self-assembled arrays as well as in solution.
The more hydrophobic RB displays an extended degree of
aggregation if compared with FL, and consequently adds to
the stabilization of the films. Therefore, a higher tendency
toward dye aggregation results in greater film stability
toward dye leakage but increases the probability of energy
trapping.
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