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Strategies for Modulation the Luminescent Properties of Pyronin 

Y Dye-Clay Films: Experimental and Theoretical Study 

Nerea Epelde-Elezcano,a Virginia Martínez-Martínez,a* Eduardo Duque-Redondo,a Inés Temiño,a 
Hegoi Manzano a* and Iñigo López-Arbeloa a 

The aggregation process, particularly type and extent, of pyronin Y (PY) laser dye intercalated into supported thin films of 

two different trioctahedral clays minerals, laponite (Lap) and saponite (Sap), at different dye loadings is studied: i) 

experimentally by means of electronic absorption and fluorescence spectroscopies and ii) theoretically by modeling the 

distribution of the dye into the interlayer space of these layered silicates. According to the results, H-type aggregates of 

the PY dye are favoured in Lap even at very low dye loading while a much lower molecular aggregation tendency in J-type 

geometry is found in Sap films. The aggregation state of PY in each clay mineral are likely attributed to the different 

strength of the electrostatic interactions between the dye and the layered silicate in the interlayer space due to  their 

distinctive charge localization on the TOT clay layer (i.e. net negative charge in octahedral layers for Lap vs in tetrahedral 

layers for Sap), as well as the interlaminar water distribution in each clay mineral, although other factors such as  their CEC 

and their particle size cannot be discarded . To reduce the huge aggregation processes of PY dye into Lap films, surfactant 

molecules (DDTAB) are co-adsorbed in the interlayer space of the clay. At an optimized surfactant concentration, the 

aggregation tendency of PY dye in Lap is considerably reduced improving enormously the fluorescent efficiency of the 

PY/Lap films. Finally, by means of the anisotropic response from the hybrid films to the plane of the polarized light, the 

orientation of the PY molecules respect to the normal axis of the clay layer is determined for all films (with and without 

surfactant) at different dye loadings. 

INTRODUCTION 
 

The interest in the development of multifunctional materials 
with optical properties has increased exponentially. Many 
benefits are gained by the combination of organic (guest) and 
inorganic (host) components since the host will provide a 
better thermal and chemical stability to the molecules 
embedded, to the guest molecules1,2. Indeed, many functional 
hybrid systems used as in solid-states tunable lasers3 or 
photovoltaic cells4 are based on encapsulation of photoactive 
molecules, i.e. organic dyes into different inorganic matrices5. 
Furthermore, the matrix could also induce a preferential 
orientation to the guest molecules obtaining a macroscopic 
ordered system, important for many optical devices such as 
frequency-doublers, dichroic filters and light waveguides6,7. In 
this sense, layered clay minerals are attractive host materials 
with well-organized 2D multilayer structure that can be easily 

obtained by elaborating supporting films1,8. Thus, by the 
intercalation of photoactive molecules in the interlayer space 
of clays could be achieved a preferential orientation with 
respect the clay film9–20. 

Clay minerals are the most used laminar systems as 
inorganic host because of their optical transparency and high 
absorption capacity by cationic exchange mechanism 
quantified by their respective cation exchange capacity (CEC).  

The smectite-type clays with a cationic exchangeable 
capacity between 50-100 meq/100g present the best swelling 
capacity to accommodate a large amount of cationic or polar 
molecules21. Generally, smectite layers are formed by the 
condensation of tetrahedral SiO2 (T) and octahedral Al2O3 or 
MgO (O) layers. The isomorphic substitution of tetrahedral Si4+ 

and/or octahedral Al3+ or Mg2+ cations by other cations 
produce the net negative charged layers that are compensated 
by exchangeable inorganic cations in the interlayer space. In 
this work, two different smectite clay minerals are used as 
inorganic host: laponite (Lap) with octahedral substitution and 
saponite (Sap) with tetrahedral substitution (Scheme1)22. 
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Scheme 1. Schematic representation of a layer of (A) 
laponite and (B) saponite. The SiO2 and Al2O3 tetrahedra are 
represented in yellow and orange respectively, whereas the 
MgO and Li2O octahedra are shown in blue and green 
respectively 

 
 
 
 
 
 
 
 
 
 
 
 
On the other hand, a xanthene dye, pyronin Y (PY), 

characterized for its bright pink color and high fluorescence 
quantum yield (φfl= 0.66 in ethanol), is chosen as guest to be 
adsorbed in clay mineral interlayers by ion exchange 
mechanism. However, xanthene-like dyes usually have a large 
molecular aggregation tendency in concentrated solutions or 
in adsorbed-state 15,23–32. In this regard, depending on the dye 
aggregation, the photophysical properties of the material can 
be drastically changed. Considering the formation of dimers as 
the first state in the molecular aggregation process, there are 
two main types: case A) perfect H-dimers (monomers disposed 
in parallel planes in a sandwich-like conformation) are 
characterized by new absorption bands at lower wavelength 
respect to the monomer band and case B) perfect J-dimers 
(monomers in line in a head-to-tail disposition) show 
absorption bands at higher wavelength respect to monomer 
band (Scheme 2). Besides, dimers can usually adopt structures 
with intermediate geometries to optimize the attractive 
permanent/induced/instantaneous dipole interactions and to 
minimize the repulsive interactions and steric hindrances 
between monomeric units. In these cases, dimers can show 
both absorption bands (blue- and red-shifted respect to the 
monomer band) being the H-band more intense for a twisted 
sandwich-type dimer (case D1, Scheme2), whereas the J-band 
will be more intense in an oblique head-to-tail dimer (case D2, 
Scheme 2). Indeed, Fujii et al.33 have proposed a ratio between 
the absorption intensities (obtained from the area under the 
curve) of both H- and J-bands as an indicative parameter for 
the dimer geometry: AH/AJ values of ≥ 1.3 and ≤ 0.7 indicative 
of a twisted sandwich and an oblique head-to-tail geometry, 
respectively. Regarding their fluorescence properties, H-
aggregates are not fluorescent and also dramatically quench 
the fluorescence of the monomer units, decreasing 
enormously the fluorescence lifetime and quantum yield of 
the system. However, J-aggregates can be potentially 
fluorescence although their relative quantum yield would be 
smaller than that of the monomers34. Indeed, red-emission 
from J-aggregates of PY dye have already detected in different 
1D-channelled systems35–39. 

Scheme 2. Exciton splitting of the electronic excited states 
of dimers with different geometries. (radiative deactivation: 
continuous arrows, and non-radiative deactivation: dashed 
arrows). 

 
 
 
 

 
 
 
 

 
 
 
 
 
 
 
In this study, the type and extent of the aggregation of PY 

intercalated into two different smectite clay films is deeply 
analyzed. By means of evolution of the absorption spectra of 
PY/clay films with the dye loading, the association constant 
and the spectra of the dimer are calculated at moderate dye 
concentrations. The experimental results are confirmed 
theoretically by modelling the distribution of the dye into the 
interlayer space of the clay minerals. On the other hand, the 
photoluminescence of the PY/clay films as the concentration 
increase is also studied by steady state fluorescent 
spectroscopy. With the aim of minimizing the molecular 
aggregation of PY dye into the interlayer space of the clay film 
and consequently increasing the fluorescence efficiency of the 
system, a surfactant, dodecyltrimethylammonium bromide 
(DDTAB), is co-intercalated together with the dye. In this 
sense, it is well documented that the co-intercalation of 
surfactant molecules in the interlayer space of the clays 
minerals can reduce the dye molecular aggregation and/or 
change their state, i.e. from the undesirable H-aggregates to 
potential fluorescent J-aggregates 40–42. 

Finally, the orientation of dye molecules respect to the 
normal axis of the clay layer is also determined in all dye/clay 
films by means of the anisotropic response to the plane of the 
polarized light in order to complete the characterization of the 
hybrid material11,12,14,15,43,44.  

EXPERIMENTAL AND COMPUTATIONAL METHODS  
Materials  

The laponite (Lap) a synthetic hectorite clay mineral in its 
Na+ form with a cation exchange capacity (CEC) of 73.3 
meq/100g and small particle size (disk-like particles of around 
1 nm thickness and 25 nm diameter) was supplied by Laporte 
Industries Ltd. Saponite clay mineral (Sap), with a CEC of 56.8 
meq/100g was supplied by the Clay Minerals Society (Boulder, 
CO) and was used in its Na+ form and particle size lower than 
0.2 µm (previously obtained as described elsewhere)45. Laser 
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grade pyronin Y dye (PY) purchased from Exciton and 
surfactant dodecyltrimethylammonium bromide (DDTAB) 
supplied by Sigma Aldrich (purity > 99%), were used without 
further purification.  

 
Dye/clay films 

Supported thin solid films of both clay minerals were 
prepared by the spin-coating technique (BLE spinner, model 
Delta 10). Few drops of a well-dispersed 1.5% and 2% w/w 
suspension in water of Lap and Sap, respectively, were 
extended on a glass plate. The clay films were obtained after 
two consecutive spinning steps: the first at 500 rpm during 30 
s and the second at 2500 rpm during 60 s. After the spinning 
process, the clay films were dried in an oven at 60˚C overnight. 
The incorporation of dye molecules into clay films was 
conducted by the immersion of the films in PY 
aqueous/ethanol solution (v/v of 50/50%). The dye loading 
was modified changing the immersion time (from minutes up 
to days) and the concentration of the dye solution (10-5 - 10-4 
M). After the adsorption of the dye, the films were rinsed 
three times with ethanol (Merk, Uvasol) and once with water, 
and dried in an oven at 40˚C overnight.  

The surfactant DDTAB is absorbed into the interlayer space 
of the clay mineral previously to the dye intercalation process 
by the immersion of Lap films into the CTBA solution of 
concentration between 10-6 M and 10-5 M from some minutes 
to hours.  

 
Instrumental 

The interlayer space of the dye-clay films was determined 
by X-ray diffraction (Philips, model PW 1710). The amount of 
organic molecules incorporated (dye and surfactant) is 
estimated by elemental analysis (Euro EA 3000 series 
Elemental Analyser). Thermogravimetric analysis TGA (Mettler 
Toledo TGA/SDTA 851E) was used to estimate the water 
content. The thickness of the films is obtained by optical 
profilometry (Alpha-step D100) at the centre of the films, 
Absorption and fluorescence spectra of PY/clay films were 
recorded by means of an UV/Vis spectrophotometer (Varian, 
model CARY 4E) and a fluorimeter (SPEX, model Fluorolog 3-
22). All absorption spectra were registered in the 
transmittance mode. The dispersion of the incident light by the 
clay films was corrected by placing a clay film without dye in 
the reference beam. The emission spectra were recorded in 
the front face mode by detecting the emitted light at 22.5˚ 
with respect to the incident beam. 

Absorption spectra with linearly polarized light were 
recorded using a Glam-Thompson polarizer in the incident 
(absorption) beams. The anisotropy study was performed by 
recording the absorption spectra for horizontal (X-axis, AX) and 
vertical (Y-axis, AY) polarized light with respect to the incident 
beam (Z-axis) for different orientations of the sample with 
respect to the incident light, by twisting the supported film 
around its Y-axis at different δ angles, as is described in ref10. 
The dichroic ratio (DX,Y), obtained from the relation between 

both spectra (DX,Y = AX/AY), was evaluated for δ angles from 0˚ 
up to 70˚. The intrinsic responses of the optical components of 
the spectrophotometer were corrected by recording the 
dichroic response of the instrument of an isotropy sample (PY 
solution 10-5 M in a 1 mm cuvette) at every scanned δ angle. 

 
Computational Simulations 

Laponite and saponite were built by modifying their natural 
analogues described by Breu et al46 and Rayner47 respectively, 
following similar procedures as shown in ref48. The necessary 
number of water and dye molecules to achieve experimental 
composition was randomly incorporated to the interlaminar 
spaces49. The relaxed structure of the dye and its atomic 
charges within the ChelpG Scheme50 were determined by 
density functional theory (DFT) simulations using the 
Gaussian09 code51, with a 6-3111+G(d,p) basis set and the 
exchange correlation functional B3LYP52. 

LAMMPS simulation package53 were used to carry out the 
molecular dynamics (MD) simulations. ClayFF54 and 
CHARMM55 force fields were used to describe the bonding and 
VdW interactions in clays and dyes respectively, while the 
electrostatic forces were evaluated by the pppm method56, 
using the charges defined by ClayFF for the clays and those 
obtained from DFT simulations for the dyes. 

The energy of the hybrid systems was minimized relaxing 
both the box parameters and the atomic positions. Afterwards, 
molecular dynamics in the canonical ensemble (NVT) was 
performed at 300K during 250 ps. It was used a thermostat 
coupling constant of 0.1 ps and a time step of 1fs, using Verlet 
algorithm57 for the integration of the equations of motion. 
Then, we equilibrated the atomic positions and volume under 
room conditions (300K and 1 atm) turning to the isobaric-
isothermal ensemble (NPT) during 1 ns. Finally, a canonical 
ensemble was carried out during 0.1 μs to average the system 
properties. 

RESULTS AND DISCUSSION 

Transparent films of clay, adequate for dye adsorption 
were made by spin coating and the thickness of the supported 
thin-films was checked by Laser profilometry. The thickness of 
Lap films of around ~ 400 nm is higher than in Sap of ~ 100 nm 
(Figure 1), due to the very stable and viscous aqueous 
suspensions obtained for Lap as a consequence of its small 
particle size (~25 nm) respect to saponite (≤ 200 nm). 

Nevertheless, the thickness of the Sap films is thick enough 
to allow a proper photophysical characterization of the films58. 
After the dye intercalation process, instead of the total 
amount of dye, we considered the percentage of the cationic 
exchange capacity of each clay mineral occupied by PY cations 
(% CEC) as the most representative parameter for the 
comparison between both clay films. In this sense, by 
increasing the immersion time of the pure clay films into PY 
dye solution of 10-5 M from few minutes to several hours, an 
increase in the % CEC from 0.5% to 10% is reached in Lap films 
(5 min - 8h) and from 0.9 to 20% in Sap films (15 min - 49h) 
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(Table 1). Longer immersion times into 10-5 M PY solution do 
not produce significant increase in the % CEC (Figure 1) due to 
the equilibrium concentration is established between the films 
and the dye solution. To reach further increase in the % CEC, 
the clay films were immersed in a more concentrated dye 
solution (10-4 M) varying the time from hours to days, up to 
reach dye saturated films with similar % CEC values of 27% and 
32% for Lap and Sap films, respectively (Table 1).  

X ray diffraction technique was used to confirm the 
incorporation of PY dye molecules in the interlayer space58. 
According to the XRD patterns, as the dye loading increase the 
001 peak of the clay films shifts to lower 2θ values (Figure 2), 
indicative of the swelling of the interlayer space of the clay 
mineral by the presence of PY molecules. However, there are 
significant differences in the evolution of 001 peak with the 
dye loading between both clay films. In the case of Lap, the 
interlayer space increases gradually with the dye uptake and 
with a more pronounced swelling at moderate dye loading (≤ 
20% CEC) than in Sap films (Table 1). This result could be 
attributed to: i) the localization of the net negative charge of 
the clay minerals, i.e. the isomorphous substitution at external 
surface (tetrahedral layer) in Sap can reduce its swelling 
capacity respect to the Lap sited at the internal octahedral 
layers, as other authors have described59; and/or ii) to the 
different molecular association (aggregates), distribution and 
orientation adopted by dye molecules in the interlayer space 
of each clay, although other factors such as the differences in 
their CEC and particle size could also influenced. According to 
previous studies10, the progressive increase of the interlayer 
distance could denote a more perpendicular orientation of the 
PY molecules respect to the clay surface as the dye content 
increased. Note here that the basal space obtained by XRD is 
an average value for all the interlayer distances, which is 
usually underestimated for films with low-moderate dye 
loadings because not all the interlayer spaces are equally 
swelled59. 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 1. Thickness measured by optical profilometry of Lap (A) 
and Sap (B) films at the center of the film. Dye loading in the 
interlayer space estimated by the area under the absorption 
spectra as a function of the immersion time into 10-5 M PY 
solution in Lap (C) and Sap (D) films. 

Table 1. Data of PY/Sap (S), PY/Lap (L) and PY/Lap with 
previous DDTAB absorbed (L+su) films at different dye loadings: 
time (immersion time of clay films into PY 10-5 M solution); d001 
(Interlayer space distances of PY clay films); λabs (absorption 
wavelength); λflu (fluorescence wavelength); Eflu (fluorescence 
efficiency determined from the area under the emission curve 
and the absorbance of the sample at the excitation 
wavelength), ψ (tilted angle between the long molecular axis 
of PY dye and the normal to the clay layer obtained from 
absorption with polarized light). 

*immersion of clay film into PY solution of 10-4 M  

However, for very high dye loading, the estimation of the 
orientation of dye molecules by the interlayer distance is 
usually more accurate. Indeed, at saturated dye conditions 
similar increase of the interlayer space, around 15.8 Å, are 
obtained in both clay films (Table 1, Figure 2). Assuming that 
the interlayer space is given by the projection of the long-
molecular axis of PY (13.2Ǻ) to the c-axis, the tilted angle 
obtained between the long-molecular axis and the normal to 
the surface for dye saturated films of both clays is around 62˚, 
denoting a relatively planar distribution of the PY molecules. 
Nevertheless, a more detailed study on the orientation of dye 
molecules adsorbed in clay films at different loading will be 
described later in this work by means of UV-Vis absorption 
spectroscopy with linear polarized light. On the other hand, it 
is important to note also here that in the diffractogram of the 
saturated Sap film (32% CEC) also show another overlapped 
peak at higher angles (Figure 2B), indicative of an 
inhomogeneous covering of the interlayer space by dye 
cations, likely assigned to the lower swellability and more 
restricted space in Sap, above mentioned. 

% CEC Time 

(h) 

d001 λabs 

(nm) 

λflu 

(nm) 

Eflu 

(x10
-8

) 

ψ 

0.5 L 
1.1 L 
0.9 S 

0.1 
0.25 
0.25 

12.9 
- 

12.5 

547 
541 
554 

563 
565 
563 

11 
6.6 
17 

- 
- 
- 

1.8 L 
2.5 L 
1.7 S 

0.5 
0.75 
0.5 

- 
13.4 
12.5 

547/471 
544/473 

554 

566 
566 
564 

0.53 
0.26 
9.1 

63 
62 
62 

2.4L+su 0.75 13.8 553 568 10 62 

3.8 L 
3.7 S 

2 
2 

- 
- 

541/471 
555 

568 
566 

0.12 
3.9 

- 
- 

4.5 L 
6.6 S 

4 
5 

14.8 
12.5 

536/468 
557 

566/672 
570 

0.04 
1.8 

61 
61 

10.2 L 
10.0 S 

8 
8 

15.2 
12.5 

473 
557 

682 
572 

0.03 
1.2 

62 
61 

9.3L+su 8 15.5 541/474 572/665 3.8 61 

20 S 16 12.6 558 574/614/670 8.2 61 

15 L 
22 S 

2* 
49 

15.6 
13.0 

489 
560/516 

685 
574/616/675 

0.025 
0.2 

59 
60 

27 L 
32 S 

24* 
24* 

15.7 
13.4- 
15.8 

492 
508 

687 
575/628/678 

0.02 
0.04 

58 
58 
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Figure 2. Normalized X-ray diffractions of PY at different dye 
loadings (in % CEC): (A) laponite; pure Lap (a), 2.5% CEC (b), 
10.2% CEC (c), 27% CEC (d) and (B) saponite; pure Sap (a), 1.8% 
CEC (b), 20% CEC (c), 32% CEC (d). 

The increase of PY loading not only produces an 
intensification of the global color of the films but also a change 
in the tonality, modifying the shape of the absorption spectra 
(Figure 3) in both clay films. These changes, consisting in the 
replacement of the main absorption band by other absorption 
bands placed at lower wavelength, are known as 
metachromatic effect and are ascribed to the aggregation of 
the dye 26. 

The changes in the absorption spectra with the PY dye 
loading are drastically different depending of the clay mineral 
type. For instance, in PY/Lap films very abrupt changes are 
registered even at very low dye content (≤ 4.5% CEC). Only, the 
narrow absorption band at 547 nm registered in the most 
diluted PY/Lap films of 0.5% CEC, is similar to that recorded in 
diluted aqueous solution (Figure S1), and is assigned to the 
monomer of PY into the interlayer space of Lap films. As the 
dye loading increase, the relative intensity of the main 
absorbance band significantly decrease and a new band 
centred at around 470 nm becomes apparent already at 1.1% 
CEC 
 

 

 

 

 

 
 
Figure 3. (top) Absorption spectra of PY and (bottom) area-
normalized absorption spectra of PY (at different % CEC) into 
A) laponite at: 0.5% CEC (a), 1.1% CEC (b), 1.8% CEC (c), 2.5% 
CEC (d), 3.8% CEC (e), 4.5% CEC (f), 10.2% CEC (g), 15% CEC (h), 
27% CEC (i) and into B) Saponite at 0.9% CEC (a), 1.7% CEC (b), 
3.7% CEC (c), 6.6% CEC (d), 10% CEC (e), 20% CEC (f), 22% CEC 
(g), 31% CEC (h) (Inset picture of the corresponding dye/clay 
films). 

The appearance of new absorption band at higher energies 
in detriment of the monomer band would correspond to the 
absorption of the H-band of a sandwich-like aggregate, likely a 
dimer at such low dye coverage. Actually, at 4.5% CEC of PY 
into Lap films, the more energetic band is already more 
intense than the absorption band assigned to the PY 
monomer. These results obtained for quite low dye content in 
Lap films (< 5%) indicate a high molecular aggregation process 
of PY dye into Lap films. In fact, for dye loading % CEC > 10%, 
reached by the immersion of Lap film into a more 
concentrated dye solution (10-4 M), the absorption band of the 
monomer practically disappears and only the more energetic 
band centered at around 470 nm is recorded.  

Conversely, very slight changes are registered in the 
absorption spectra for PY into Sap films with the dye loading 
up to 20% CEC (Figure 3), indicating a much lower aggregation 
tendency of PY dye into Sap. First note that the absorption 
band registered in the most diluted PY/Sap film (0.9% CEC), 
assigned to the PY monomer absorbed in the interlayer space 
of Sap films, is even narrower than that obtained in aqueous 
solutions (Figure S1). In addition, this absorption band, placed 
at 554 nm, is red-shifted respect to PY in solution (547 nm), 
possibly as a consequence of higher dye-clay interactions in 
the interlayer space of Sap respect to Lap. As the dye loading 
increase in Sap films up to 20% CEC, the main absorption band 
slightly shifts to lower energies and the shoulder at higher 
energies at around 520 nm slightly increases with respect to 
the main absorption band (Figure 3). These slight changes 
indicate the formation of molecular aggregates, probably 
dimers, but in much less extent than in Lap films at similar dye 
concentrations. However, much evident changes are also 
registered for CEC > 20% (Figure 4) in PY/Sap films, i.e. 
absorption spectra is much wider and the adsorption band at 
higher energies becomes more important than the monomer 
band, similar tendency to that recorded in PY/Lap films at % 
CEC ≥10%, indicative of the formation of high-order 
aggregates. 

Figure 4. The monomer absorption spectra and the 
deconvoluted absorption bands of the dimer spectra 
calculated from the non-linear least square fitting process (the 
non-linear curve fit in each clay system at the two 
representative wavelengths is included) in laponite (left) and 
saponite (right) clays. 
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To get further information about the extent and type of PY 
aggregates in the different clay films, the dimerization 
constants, KD, and the dimer absorption spectra, εD (λ), are 
calculated in each clay films from the evolution of the 
concentration-normalized absorption spectra at moderated 
dye loadings (≤ 20% CEC) with the concentration factor, by 
means of a non-linear least square fitting equation obtained 
from the mass-law, described elsewhere60. The fit proposes 
those KD and εD (λ) values that minimize the reduced chi-
square between the experimental and the fitted data (detailed 
description in ESI)  

Figure 4 shows the fit curve obtained for the PY/Lap and 
PY/Sap films in moderate dye loadings at the two most 
representative wavelengths: the main absorption band of the 
monomer (545 nm and 555 nm for PY/Lap and PY/Sap films, 
respectively); and at the absorption wavelength of the new 
hypsochromic band as the dye loading increase (470 nm and 
522 nm for PY/Lap and PY/Sap films, respectively). The fit was 
done as a global analysis where KD is an adjustable parameter 
but linked to be a common value to the two analysis 
wavelengths. All fits supply analogous values with correlation 
coefficients (r) close to unity, suggesting the viability of the 
mathematical procedure. The global analysis provides a KD 
value of 0.025 for PY/Lap film (respect to an standard 
concentration, co ≡ 0.5% CEC) and KD value of 0.015 for PY/Sap 
films (respect to an standard concentration, co ≡ 0.9% CEC) for 
moderate PY loading samples (≤ 10.2% CEC for PY/Lap and ≤ 
20% CEC for PY/Sap films). This result clearly confirms the 
higher aggregation tendency of the PY molecules absorbed 
into the Lap films respect to the Sap films. 

Once determined the KD, the dimer spectra can be 
calculated for each system. In both clay films, these spectra 
consist in two absorption bands placed at both sides of the 
monomer absorption band (Figure 4). However, there are 
important differences in the dimer spectra of PY into both clay 
minerals: the H-band in PY/Lap films, placed at 471 nm, is 
more intense with an area under the curve around 5 times 
higher than that obtained for the red shifted J-band, centered 
at 562 nm. In contrast, the J-band placed at 564 nm obtained 
in PY/Sap films is slightly more intense with an area under the 
curve around 1.2 times higher than its H-band centered at 522 
nm. According to the Exciton Theory, the geometry of the PY 
dimer is consistent with the twisted sandwich type (case D1 in 
Schema 2) in Lap films whereas an oblique head-to-tail type 
(case D2, Schema 2) is propoused for Sap films. 

Figure 5 shows dimer geometry probability by means of 
combined distribution function of the angles α and θ, defined 
by the Exciton theory61 (Scheme 2). The angle θ is defined by 
the transition dipole moment vector of one PY molecule and a 
vector between the center of mass of two PY molecules. On 
the other hand, the angle α was formed by the transition 
dipole moment vectors of two PY molecules. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Angle α and θ combined distribution function of 
dimeric species in laponite (A) and saponite (B). The angles α 
and θ are both defined by Exciton theory61 (Scheme 2). 
 

The differences found in the extent and type of the 
aggregation of PY dye could be attributed to the negative 
charge location in the Lap and Sap, although other factors such 
the differences on their CEC and particle size cannot be 
discarded. The net negative charge at the external T-layer in 
Sap films allows stronger electrostatic clay/dye interactions 
than in Lap with an internal distribution of the negative charge 
in its O layer. Accordingly, dye/dye interactions are more 
favored in Lap films promoting high extent in the molecular 
aggregation in sandwich like, since this configuration 
maximizes the contact area between the dye molecules, which 
also counteract the intrinsic hydrophilic environment of the 
interlayer space of the clay minerals. Another important factor 
would be referred to the interlaminar water distribution which 
could influence dye aggregation. That is, the water bilayer 
distribution founded in the interlayer space of laponite (Figure 
S2) may lead to dye aggregation to minimize the solvation due 
to the intrinsic hydrophobic character of the organic molecule 
avoiding to be surrounded by water molecules. Contrary, in a 
water monolayer distribution, as in saponite, the water-dye 
interactions are less important, and the chemical driving force 
for aggregation is lower. 

The dye aggregation tendency of PY in clay films was 
confirmed by fluorescence. The fluorescence efficiency of PY in 
each clay minerals (determined from the ratio between the 
area under the curve and the absorbance of the sample at the 
excitation wavelength, Iflu/Aexc) significantly drop in PY/Lap at 
even very low dye concentration (Figure 6A), i.e. the emission 
efficiency of a PY/Lap film of 3.8% CEC decreases around 90 
times respect to the most diluted PY/Lap film of 0.5% CEC 
(Table 1). The loss is even more prominent at moderate dye 
loading with a decrease of 830 times for a PY/Lap film of 10% 
CEC, as a consequence of a mayor contribution of the efficient 
fluorescence quenchers H-type aggregates. Indeed, the 
emission spectra of PY/Lap films recorded for low-moderate 
dye loading (< 10% CEC) do not show any new bands (Figure 
6A) but narrow emission bands similar to the spectra of the PY 
in diluted aqueous solution (Figure S1), assigned to the PY 
monomer emission band into Lap films. This band gradually 
shifts to the red as the dye loading increase (from 563 nm up 
to ~574 nm, Table 1) likely due to reabsorption-reemission 
phenomena, typical effect in optically dense materials. 
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Conversely, the loss in the fluorescence for PY/Sap films as 
the dye loading increase is much less prominent for such 
moderate dye loadings, i.e. a decrease of around 4 times for a 
PY/Sap film of 3.7% CEC and around 14 times for a PY/Sap film 
of 10% CEC, with respect to the most diluted PY/Sap film of 
0.9% CEC (Table 1, Figure 6B). Note here that in PY/Sap films at 
moderated concentration (≤ 20% CEC) new fluorescence 
shoulders at around 620 and 675 nm (Figure 6B, highlight with 
grey circle area) are weakly manifested which become evident 
at ≥ 22% CEC (Figure 6 inset), attributed to the fluorescence 
bands of J-aggregates. In the end, PY show similar reminiscent 
red-shifted emission in both clay films at saturated dye 
conditions, i.e. centered at ~675 nm in Sap for loading > 20% 
CEC and at ~685 nm in Lap for ≥ 10% CEC, which could be 
attributed to the emission of J-bands of high-ordered 
aggregates.  

In order to reduce the dye aggregation and consequently 
ameliorate the drastic quenching in fluorescence observed 
particularly in Lap films as the dye loading increase, the 
surfactant dodecyltrimethylamonium (DDTAB) is co-
intercalated together with the dye. It is well known that the 
co-adsorption of surfactant can counteract the hydrophilic 
environment of the interlayer space of the clay mineral 
reducing the organic dye molecular aggregation40,42,62. For that 
propose two representative PY/Lap films with a dye loading of 
2.5% and 10.2% CEC are chosen to be synthesized with 
surfactant co-intercalated. Thus, the surfactant is intercalated 
by the immersion of Lap film into the DDTAB solution 
previously to the dye intercalation process. Several 
experiments with different amounts of surfactant adsorbed 
(by varying the immersion time and concentration of DDTAB 
solution) have been carried out with the aim of optimized the 
photophysical properties of PY/Lap films. Then, the dried 
surfactant/Lap films were immersed into 10-5 M PY solution at 
the corresponding immersion times set at 45 min and 8h for 
the Lap films with PY loading of 2.5% CEC and 10.2% CEC, 
respectively. The final amount of intercalated PY dye in the 
film with surfactant was estimated photometrically by the area 
under the resultant absorption curve.  

 

Figure 6. Fluorescence efficiency of PY films with different dye 
loadings (in % CEC): (A) PY/Lap films of 0.5% CEC (a), 1.1% CEC 
(b), 1.8% CEC (c), 2.5% CEC (d), 3.8% CEC (e), 4.5% CEC (f), 
10.2% CEC (g), 15% CEC (h), 27% CEC (i) and (B) PY/Sap films of 
0.9% CEC (a), 1.7% CEC (b), 3.7% CEC (c), 6.6% CEC (d), 10% 
CEC (e), 20% CEC (f), 22% CEC (g), 31% CEC (h).  

 
 

 

 

 

 

 

Figure 7. (A, B) Absorbance spectra and (B, D) fluorescence 
efficiency of PY/Lap films of (top) 2.4% and (bottom) 9.3% CEC 
dye loading with 0% CEC, 2% CEC, 2.5% CEC, and 5% CEC of 
surfactant previously adsorbed in Lap thin film obtained by 
immersion of the pure lap film into DDTAB 50/50 (v/v) 
water/EtOH solution 10-6 M during 2h and 6 h and into 10-5 M 
during 1 h, respectively. 
 In fact, the presence of the surfactant in the interlayer 
space does not practically modify the interlayer space of the 
pure Lap films (Figure S3 and Table S1) neither the total 
amount of the dye adsorbed with respect to the PY/Lap films 
without surfactant, reaching similar CEC of 2.4% and 9.3% for 
45 min and 8 h immersion times, respectively (Table 1). 
However, important changes in the shape absorption spectra 
are registered in both samples (Figure 7). In the PY/Lap film of 
2.4% CEC, the absorption band centered at higher energies, 
around 470 nm, previously assigned to H-band of aggregates, 
nearly disappears and the monomer band at 550 nm is only 
recorded for a surfactant concentration between 2-2.5% CEC 
previously intercalated. This fact indicates that an important 
dye disaggregation process takes place in presence of an 
appropriate amount of surfactant. Note here that CEC > 2.5% 
of surfactant incorporated into Lap films (i.e. 5% CEC) leads to 
a higher molecular aggregation (Figure 7A), whereas CEC < 2% 
does not practically modify the aggregation state of PY into 
Lap films (data not-shown). Likewise, very significant 
disaggregation process can be also reached for the sample 
with 9.2% CEC of dye by the presence of the surfactant in the 
interlayer space. The only absorption band at around 470 nm 
previously recorded for 10.2% CEC PY/Lap film without 
surfactant ascribed to H-aggregates, is significantly decreased 
in detriment of the PY monomer band at 547 nm for the 
homologous PY/Lap film of 9.2% CEC with a surfactant loading 
between 2-2.5% CEC (Figure 7B). Indeed, the monomer band is 
registered as the main absorption band at a surfactant 
concentration of 2% CEC, indicating that a higher molecular 
disaggregation has been reached with respect to a surfactant 
amount of 2.5% CEC. Although seems that in this case the 
optimized surfactant concentration is in a very narrow range 
(2-2.5% CEC), it can be easily controlled by the immersion of 
pure Lap films into diluted DDTAB solution of 10-6 M and 
varying the immersion times between 2h and 6h, for 2% and 
2.5% of CEC, respectively. In fact, although similar results could 
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be reached carrying out the intercalation of the surfactant and 
dye simultaneously, by immersion of pure Lap films into 
PY/DDTAB solutions of different concentration ratio (Figure 
S4), is very difficult to control the optimal amount of 
surfactant and this methodology and is not recommended. 

The disaggregation tendency of PY dye molecules by the 
presence of surfactant molecules in the interlayer space of Lap 
at the optimized DDTAB concentration is nicely confirmed by 
the fluorescence properties of the films (Figure 7C,D). Indeed, 
the fluorescence efficiency for a PY/Lap films of 2.4% CEC of 
dye and 2.5% CEC of surfactant has increased at around 40 
times respect to the equivalent PY/Lap sample without 
surfactant (Table 1), practically recovering the fluorescence 
capacity registered for the PY into the most-diluted Lap films 
of 0.5% CEC (Table 1). Moreover, much impressive 
improvement is reached in the fluorescence properties of the 
PY/Lap film with 9.3% CEC of dye intercalated and 2% CEC of 
surfactant co-absorbed with respect to homologous PY/Lap 
film of 10.2% CEC dye loading without surfactant. In this case, 
the reminiscent band centered at 682 nm, previously assigned 
to the emission of J-band of high-order aggregates, revert to 
the monomer emission band at around 570 nm with 
fluorescence efficiency 100 times greater. The less increase of 
the emission, of around 45 times, obtained for a surfactant 
loading of 2.5% CEC respect to 2% CEC (Figure 7D) is in 
accordance with the changes also seen in the visible spectra 
(Figure 7C) indicating a lower disaggregation process at that 
surfactant amount. 
Finally, similar orientation angles of PY molecules respect to 
the normal to the clay film, evaluated by UV-Vis absorption 
spectroscopy with linear polarized light (Table 1, Figure 4, S5, 
S6, S7 and S8), are obtained for the most representative 
dye/clay films (with and without surfactant), (Table 1). 
Generally, PY molecules adopt a relative parallel disposition to 
the clay layer with a tilted angle of around 62-63˚ with respect 
to the film normal for low and moderated dye loading that 
slightly varies to 58˚ at saturated dye films. This titled angle 
derived from the experiments with linear polarized light agrees 
well with the previously estimated by XRD at high dye loading 
(62°). More importantly, it is confirmed a macroscopic order in 
all these dye/clay films indicating that the co-adsorption of 
surfactant molecules do not disrupt the orientation of the PY 
dye molecules (Figure S7 and S8) in the interlayer space of the 
clay films.  

Conclusions 

According to the experimental and theoretical results, 
different types and extents of the aggregation of PY dye 
molecules take place in Lap with respect Sap clay films. The 
reason is attributed to the different strength of electrostatic 
interactions between the dye and the clay mineral and the 
different water distribution in the interlayer space of both clay 
minerals. The net negative charge at the external T-layer in Sap 
films allows stronger electrostatic clay/dye interactions than in 
Lap with an internal distribution of the negative charge in its O 
layer. Accordingly, a better dye distribution is achieved in 

interlayer space of Sap reducing the molecular aggregation 
and favouring J-type aggregates, a more open geometry in 
which the dye molecules are in better contact with the clay 
surface. On the contrary, the water bilayer distribution 
founded in the interlayer space of laponite and the less 
effective dye-clay interactions lead to a higher dye aggregation 
in H-type geometry to maximize the contact area between the 
dye molecules counteracting the hydrophilic environment of 
the interlayer space. By co-intercalation surfactant molecules 
in the Lap interlayer space at an optimized concentration, the 
aggregation process is diminished and the fluorescence 
properties have been significantly improved. 
 Finally, all the films analyzed showed anisotropic response 
to the linear polarized light indicating a regular orientation of 
adsorbed PY dye molecules towards the normal to the clay 
film. They adopt a relative parallel disposition to the clay layer 
with a tilted angle of around 62-63˚ with respect to the film 
normal for low and moderated dye loading that slightly vary to 
58˚ at saturated dye clay films. Importantly, the co-adsorption 
of surfactant molecules has improved the fluorescent 
properties of the hybrid films without disrupting the 
orientation of the PY dye molecules. 
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