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A B S T R A C T

Rhodamine 6G (R6G) and Oxazine 4 (Ox4), considered a “Förster Resonance Energy Transfer” (FRET) pair due
to the significant overlap between the fluorescence of R6G (as energy donor, ED) and the absorption band of Ox4
(as energy acceptor, EA), were intercalated into an expandable layered silicate, saponite (Sap). Several films with
different dyes/Sap loadings were prepared with the aim of studying the energy transfer process between both
dyes at variable concentrations in the solids. The films were characterized by spectral methods in the visible
spectral range. A theoretical model of FRET efficiency was proposed for hybrid solid materials, built around the
construction of probability density functions of the intermolecular distances in the solids. The theoretical results
were compared with FRET efficiencies determined experimentally using steady-state and time-resolved fluor-
escence spectroscopy. Considering the very high sensitivity of the FRET efficiency to the intermolecular dis-
tances between ED and EA, the theoretical model could predict experimental data relatively well only for low
dye loadings (< 1% of cation exchange capacity). The main reasons for the failure of the model at higher dye
loadings were dye aggregation and the occurrence of ED species which did not participate in FRET.

1. Introduction

One of the current aims of modern materials sciences is to design
structurally-organized supramolecular systems that are capable of
performing useful functions, such as harvesting solar energy and then
transferring it for conversion and/or storage (Diacon et al., 2010). One
of the most inspiring natural processes is photosynthesis, in which or-
ganisms are able to capture light and transfer it efficiently to the re-
action center. In that respect, the Förster Resonance Energy Transfer
(FRET) process is a very similar photophysical phenomenon. The pro-
cess starts with the absorption of photons by molecules acting as light
harvesting antennas, resulting in electronic excited states. The excited
molecules act as energy donors (ED), and fast, non-radiant energy
transfer takes place in the presence of energy acceptor molecules (EA).
The main requirements for efficient resonance between ED and EA
molecules are short intermolecular distances, an appropriate orienta-
tion, and spectral overlap between the emission spectrum of ED and the
absorption spectrum of EA. There is at present considerable interest in
the construction of such materials whose properties arise from inter-
action between molecules at a nanoscale level, and in improvement of
their efficiency. In this context, artificial photonic systems capable of

efficient energy transfer have been prepared from chromophores or-
ganized in various matrices and systems, such as in zeolites, as a part of
metal complexes, polymeric substances, in Langmuir–Blodgett films,
inorganic matrices, etc. (Epelde-Elezcano et al., 2016; Sapsford et al.,
2004; Zhong, 2009; Zhou et al., 2011). Depending on the structure of
these matrices, the energy transfer can be carried out in uni- or bidir-
ectional way, or in two- or three-dimensional space (Calzaferri, 2008; Li
et al., 2006). The crucial parameters for FRET in such systems are the
organization of dye molecules in the host matrices, and the relative
position (both distance and orientation) of the interacting molecules
(Zhou et al., 2011). Suppression of undesired dye molecular aggrega-
tion to protect the photoactivity of the chromophores is also required.

The simplest systems exhibiting FRET consist of common commer-
cially available dyes embedded in layered silicate hosts. Saponite in-
tercalated with a luminescent polyhedral oligomeric silsesquioxane and
rhodamine B has been reported as an example of light-harvesting ma-
terials (Olivero et al., 2014). FRET has also occurred between hydro-
carbons in organoclays (Neumann et al., 2002), in luminescent
polymer/layered silicate nanocomposites (Giovanella et al., 2014),
covalently-bound fluorophores on layered silicate (Kuroda et al., 2010;
Fujii et al., 2011), and systems involving photoactive quantum dots
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(Kehlbeck et al., 2008). In addition to basic colloids and solids, FRET
has also been investigated in well-defined molecular films and self-as-
semblies, including layer-by-layer assemblies (Bujdák, 2014; Dey et al.,
2013), and Langmuir-Blodgett films (Hussain et al., 2010; Hussain and
Schoonheydt, 2010; Zhou et al., 2011).

The first study aimed at qualitative comparison between FRET in
colloidal and solid materials was carried out for rhodamine dyes in-
tercalated in saponite (Bujdák et al., 2010). Much higher efficiencies
were observed for the solid materials, due to the three-dimensional
character of the energy transfer. Indeed, the key role of the silicate host
is to bring about an optimal distance and molecular orientation be-
tween the interacting ED and EA molecules. However, too high a con-
centration of the molecules could lead to fluorescence quenching
caused by dye molecular aggregation (Bujdák et al., 2010), lowering the
FRET efficiency. Thus, size-matching rules were adopted to prepare
host-guest systems with high concentrations of dye molecules but
avoiding molecular aggregation (Egawa et al., 2011). However, this
methodology has so far been limited to systems with porphyrin dyes
(Eguchi et al., 2014; Ishida et al., 2012). FRET efficiency is also de-
pendent on the ED/EA ratio (Bujdák et al., 2010), although FRET is not
limited to a one-step process. Indeed, FRET can be more efficient if
proceeding in two or more steps (Bujdák et al., 2011; Saha et al., 2016).
In fact, cascade FRET, mimicking a very complex processes occurring in
photosynthetic cells, has already been demonstrated in a saponite
system intercalated with a mixture of six laser dyes (Belušáková et al.,
2015).

The main role of the layered host was to tune the intermolecular
distances to increase the FRET efficiency. A first attempt to model the
effect of dye/silicate loading on FRET efficiency in colloids was made
very recently, in the detailed investigation of (Belušáková et al., 2017).
Good agreement between the theoretical model and the experimental
values of FRET efficiency was observed. The objective of this work is to
build a theoretical model and experimentally characterize FRET in solid
samples composed of two laser dyes and an expandable layered silicate,
saponite.

2. Experimental methods

2.1. Materials and sample preparation

The synthetic saponite Sumecton SA (Sap) was purchased from
Kunimine Industries Co., Ltd., Japan and used as received. The cation
exchange capacity (CEC) of Sap is 0.72 ± 0.05 mmol g−1 (Utracki
et al., 2007). Its structural formula is:

− +[(Si Al ) (Mg Al )O (OH) ] (Na Mg )7.20 0.80 5.97 0.03 20 4
0.77

0.49 0.14
0.77

The laser dyes rhodamine 6G (R6G) and oxazine 4 (Ox4) (see Fig. S1
in Supporting information) were purchased from Acros Organics, and
used as received. Deionized and purified Milli-Q water was used for the
preparation of all colloid samples and aqueous stock solutions.

Concentrations of aqueous stock solutions of the dyes were de-
termined using the Lambert-Beer law after appropriate dilution in
ethanol (Belušáková et al., 2017). Molar absorption coefficients are
available from the literature (Belušáková et al., 2015). Thin solid films
were prepared from the colloids, which had been prepared by mixing
the aqueous dye solution(s) and the aqueous Sap colloidal dispersion
(Belušáková et al., 2017). The final concentration of each organic dye
(cdye) in the colloid precursors was always 6 × 10−7 mol L−1, if not
stated otherwise. In the systems containing both dyes, the total dye
molar concentration (cdyes) was 2 × cdye = 1.2 × 10−6 mol L−1. The
loadings (adyes, adye, representing the ratios ndyes/mSap and ndye/mSap,
respectively) are expressed as percentage of the CEC of Sap (%CEC).
ndyes and ndye are symbols for the amount of dye(s) and mSap represents
the mass of Sap. A variable composition of the colloids with different
dye loadings was achieved by changing the Sap concentration and

keeping cdyes constant. adyes values were in the range of
7.2 × 10−7–7.2 × 10−5 mol g−1, which corresponded to 0.1, 0.2,
0.35, 0.5, 1.0, 5.0 and 10.0%CEC, respectively. The loadings of each
individual dye (adye) were half the value of adyes, being in the range
0.05–5.0%CEC. 9 ml colloidal dispersions were used for the preparation
of the hybrid films by the vacuum filtration technique (Kawamata et al.,
2010), using nitrocellulose membrane filters of< 0.05 μm pore size
and 47 mm diameter. After the filtration, films were dried overnight at
laboratory temperature. Films left deposited on the membranes were
used for all the measurements, unless stated otherwise. The abbrevia-
tion of the sample names reflects the dye composition and loading. For
example, Mix5.0Sap denotes Sap film with the mixture of both the dyes,
R6G and Ox4. The number expresses the loading, adyes, in %CEC.
R6GxSap and Ox4xSap are the names of the hybrid films containing only
one dye component (R6G or Ox4) and x represents the dye loading in
%CEC.

2.2. Spectroscopic methods

UV–vis absorption spectra were recorded using a double beam Cary
7000 UV–vis spectrophotometer with an integrating sphere unit
(Agilent Technologies). Absorption spectra were recorded in the wa-
velength range from 350 to 800 nm. Nitrocellulose membranes were
recorded as a blank. Results were obtained as %R and subsequently
transformed to a Kubelka-Munk function (F(R)) using the Kubelka-
Munk transformation method. Steady-state fluorescence emission
spectra were recorded using an FLS920 Spectrometer (Edinburgh
Instruments) in a front-face configuration with excitation wavelength
set to 475 nm. Time-resolved fluorescence (TRF) spectra were recorded
in the same spectrometer, using a microchannel plate detector
(Hamamatsu C4878) with a picosecond time resolution. Excitation was
performed by means of a supercontinuum laser (Fianium) with 150 ps
full width at half-maximum (FWHM) pulses. The excitation was set to
470 nm, and TRF was measured at 550 nm for the ED (R6G) and
650 nm for the EA (Ox4). Samples based on EA (Ox4) fluorophores
alone were characterized with excitation and emission wavelengths set
to 585 and 650 nm, respectively. The corresponding lifetimes τ were
obtained using exponential reconvolution fitting functions (FAST soft-
ware). The deconvolution process was evaluated by the chi-square χ2

statistical parameter and residuals analysis. The χ2 values were in the
range of 0.9 < χ2 < 1.3, and higher-order exponential fits were ac-
cordingly chosen as the most appropriate for the major part of the
calculations. The average lifetime τ was then calculated using Eq. (1),
where τi represents the i-th fractional lifetime obtained from the k-th
order reconvolution fit and αi is the corresponding i-th lifetime frac-
tional intensity:

∑=
=

τ α τ
i

k
i i1 (1)

FRET efficiency was calculated from the results of TRF according to
Eq. (2), where τED + EA and τED represent the lifetimes of the energy
donor in the presence and in the absence of the energy acceptor, re-
spectively:

= − +E τ
τ

1 ED EA

ED (2)

2.3. Model for the calculation of FRET efficiency

A similar approach to that described in our recent study dealing
with FRET in colloidal systems (Belušáková et al., 2017) has been
adopted. The model applied in this work is based on the phenomenon
occurring in a three-dimensional matrix. Since FRET between the in-
teracting molecules depends primarily on their intermolecular distance,
the molecular distribution plays a key role in the FRET efficiency es-
timation. Structural constraints due to the presence of lamellar particles
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were neglected to simplify the model. The thickness of the fundamental
particles of Sap (0.96 nm) is much lower than the Förster radius for the
ED/EA pair (R0 = 5.64 nm) (Belušáková et al., 2017), so the distribu-
tion of the dye molecules was modeled as if in a homogeneous, three-
dimensional solid. Considering the value of the Förster radius, FRET
would be near 100% at distances of r < 5 nm. FRET can proceed in
any direction, including along the surface, or perpendicular to the
layers of silicate particles. FRET would be considerably reduced at
distances significantly higher than R0. As the Förster radius between
R6G and Ox4 is 5.64 nm and the basal spacing of the films is around
1.3 nm, FRET should be highly efficient up to four interlayer cavities
away (on both sides) from the interlayer space. The mean inter-
molecular distance would not be a suitable parameter to describe FRET
due to the non-centrosymmetric function of FRET efficiency
(Belušáková et al., 2017):

=
+

E
R

R r
(r) 0

6

0
6 6 (3)

The probability function of the distance r between the interacting
molecules was defined as a function of dye molecule concentration (σN).
The probability of the separation between the nearest molecules in
space was characterized using a probability density function f(r, σN)
expressed by a Poisson probability distribution (Zwillinger, 2003). The
parameter r is an independent variable defined as the distance between
ED and EA molecules in three-dimensional space (0 < r <∞). f(r, σN)
depends on the parameter of the average number concentration (that is,
concentration in terms of number of molecules per unit volume) σN.
Since f(r, σN) describes the distribution of dye molecules, it is of sig-
nificant interest for the characterization of FRET efficiency:

= −f r σ σ r( , ) 4π (EA) e σ r
N N

2 4
3 (EA)πN 3

(4)

Only FRET from the ED to the nearest EA molecule was considered
in the model. FRET to the second- or third-nearest EA molecule was
neglected, since its efficiency would always be much lower. The FRET
efficiency between the ED and EA molecules, E(r), can be defined as a
function of the intermolecular distance r and depends only on the
parameter R0, representing the Förster radius for R6G and Ox4 (see Eq.
(3)). The expected value of the FRET efficiency E for a specific loading
of dye molecules was calculated by integration of the inner product of
the probability density function f(r,σN) and the function for the FRET
efficiency E(r) using Eq. (5):

∫=
=

∞
E E r f r σ r( ) ( , )d

r 0 N (5)

The integration was performed only up to a limit of 40 nm, due to
the negligible contributions of both f(r,σN(EA)) and E(r) at larger r
values. The molar mass of Sap was calculated from its structural for-
mula, giving a value of 772 g mol−1 (Belušáková et al., 2017). Using
the theoretical structural unit dimension parameters for saponite,
a = 5.33 10−10 m, b= 9.23 10−10 m, and c = 9.6 10−10 m (Suquet
et al., 1975), the structural unit volume would be 0.472 nm3. The
density of the layer can be calculated from the unit molar mass (Munit)
and volume (Vunit):

=ρ M
V N

unit

unit A (6)

The theoretical value of 2.71 g cm−3 was corrected for the presence
of hydrated interlayer spaces in swollen saponite. The thickness of the
interlayer spaces was calculated as the difference between the basal
spacing d001 and the thickness of a single layer (0.96 nm). The density
of the hydrated interlayer spaces is considered to be approximately the
same as that of liquid water (1.0 g cm−3). Deviations due to the pre-
sence of inorganic or dye cations were neglected. The number density of
EA molecules (σN(EA)) and average intermolecular distances were also
calculated.

3. Results and discussion

3.1. Photophysical characterization of the samples

R6G and Ox4 played the role of ED and EA, respectively. The se-
lection of these dyes was based on the significant overlap between the
emission spectrum of the ED and the absorption spectrum of the EA
(Fig. S1). Regarding the theoretical model described above, it was
found that a very low aEA was sufficient to reach high FRET efficiencies.
Indeed, in agreement with previous studies (Bujdák et al., 2010), the
necessary concentration is almost ten times lower for the solid state
samples than that required for the two-dimensional FRET process in
colloidal systems (Belušáková et al., 2017). This is reflected in our
choice of range of aEA values to study (see Table 1).

The absorption spectrum of the Mix0.1Sap film showed the presence
of both of the dyes (Fig. 1A). The main absorption band of R6G0.05Sap,
centered at 550 nm, was red-shifted with respect to that in the spectrum
recorded for dye solution (Fig. S1), and similar to the spectra obtained
for R6G/Sap colloids (Belušáková et al., 2015; Belušáková et al., 2017).
The R6G spectra changed significantly for the samples with high dye
loading (R6G5.0Sap) and a new blue-shifted band at around 520 nm
appeared (Fig. 1B, Fig. 2A). Note that this change was also observed in
the spectra of the MixxSap films, as represented by the spectrum of the
sample with the highest dye loading, Mix10.0Sap (Fig. 1B). On the other
hand, the spectral profiles of Ox4 did not exhibit significant variations
over the sample series (Fig. 1A, B). The spectra of adsorbed Ox4 were
partially different from that obtained for the solution (Fig. S1), but a
similar change was also observed for Ox4/smectite colloids in previous
studies (Bujdák, 2014; Belušáková et al., 2017).

The new band at the lower wavelengths in the R6G spectra was
assigned to H-aggregates. Since H-aggregates are non-luminescent, and
are very efficient fluorescence quenchers, fluorescence spectroscopy
was the obvious method for verifying the presence of R6G molecular
aggregates in the films. In this regard, the emission spectra of R6G/Sap
films did not show much variation between dye loadings of 0.05 and
0.5%CEC (Fig. 2B). However, significant fluorescence quenching was
observed for films with higher loadings, R6G2.5Sap and R6G5.0Sap,
where the intensity of the main band, centered at around 570 nm, was
significantly reduced (sample R6G2.5Sap, Fig. 2B), or practically neg-
ligible (sample R6G5.0Sap, Fig. 2B). The decrease in fluorescence could
be explained by the formation of H-type assemblies, which are gen-
erally formed at high concentrations. Interestingly, in these two sam-
ples a new blue-shifted band, located at about 540 nm, was observed in
the emission spectra. Its relevance was confirmed by chemometric
analysis (Lofaj et al., 2013), where two significant spectral components
were identified (Fig. S2). Although the diminution of fluorescence
clearly indicates the presence of molecular aggregates, the emission at
540 nm cannot be assigned to photoactive H-dimers. If another type of
luminescent aggregates was formed, the aggregates would emit at lower

Table 1
Characteristic parameters of solid films based on mixtures of rhodamine 6G and oxazine 4
intercalated in saponite: dye-loadings in %CEC.

adyes/%CEC d001/nm σ/g cm−3 aEA/mmol g−1 σN(EA)/nm−3 d̅/nm

0.10 1.31 2.25 3.55 × 10−4 4.82 × 10−4 16.1
0.20 1.33 2.23 7.10 × 10−4 9.55 × 10−4 12.8
0.35 1.36 2.21 1.25 × 10−3 1.65 × 10−3 10.7
0.5 1.37 2.20 1.78 × 10−3 2.35 × 10−3 9.48
1.0 1.39 2.18 3.55 × 10−3 4.66 × 10−3 7.54
5.0 1.41 2.16 1.78 × 10−2 2.31 × 10−2 4.42
10.0 1.41 2.16 3.55 × 10−2 4.63 × 10−2 3.51

d001 – basal spacings, σ - theoretical densities of saponite materials corrected by the
presence of hydrated interlayer spaces, aEA - loading of EA molecules, σN(EA) - number
density of EA dye molecules (which is half the value of the total number density of both
dyes), d̅ - average distance between homogeneously distributed molecules in space (as-
suming ordered cubic packing).
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energies according to the Kasha rules (Kasha et al., 1965). Probably the
species emitting at 540 nm are the same ones absorbing light at 520 nm
(Figs. 1B, 2A), and might have coexisted with the H-aggregates. The
identity of the 540 nm emitter is unknown, although similar properties
have been found for some rhodamine dyes in other studies (Sas et al.,
2017; Sasai et al., 2011). De-alkylation of rhodamine dyes under strong
irradiation can be detected by shifts of the absorption and emission
bands to lower wavelengths (Wang et al., 2014): the products of the de-
alkylation reaction would be rhodamine dyes with NH2 groups, with
light absorption approaching 500 nm. Another possible scenario
leading to the same spectral changes would be a distortion of the R6G
molecular skeleton, disrupting the planarity of the structure. In such a
case, a very small deformation of the chromophores would lead to a
reduced area of π-electron delocalization, which would be reflected in
blue-shifts of the spectral bands, together with a decrease of fluores-
cence yields. Note here that a more perpendicular arrangement with
respect to the plane of the silicate layers is typically observed at high
dye loading in several homologous systems (Bujdák and Iyi, 2005,
2006; Bujdák et al., 2003; Bujdák et al., 2007; Hoppe et al., 1997; Iyi

et al., 2002; López Arbeloa and Martínez Martínez, 2006; Martínez
Martínez et al., 2005; Sasai et al., 2002). Our hypothesis is that in such
an orientation, the -NHC2H5 groups of R6G cations (bearing a partial
positive charge) could interact with basal oxygen atoms of the opposite
layers. This partial fitting of the -NHC2H5 groups into the ditrigonal
holes would impose a structural constraint causing a slight deviation in
the planarity of chromophoric skeleton. There are several examples of
the molecular structure of a dye being altered upon intercalation, which
in most cases leads to significant changes of the dye's spectral properties
(Bujdák et al., 2016; Sonotani et al., 2017; Takagi et al., 2013;
Tsukamoto et al., 2016).

For MixxSap films, the FRET process between ED (R6G) and EA
(Ox4) showed predictable tendencies for samples with a dye loading
of< 5%CEC (Fig. 3). The spectrum of the Mix0.1Sap film, after selective
excitation of R6G at 475 nm, shows a significant decrease of the R6G
emission in favor of Ox4 fluorescence. In fact, the R6G and Ox4 emis-
sion bands were similar in intensity, indicating that a significant part of
the excitation energy was transferred from R6G to Ox4. In the case of

450 500 550 600 650 700

F
(R

)

λ /nm

 Mix0.1Sap

 Ox40.05Sap

 R6G0.05Sap

550

621

A

500 600 700

520

F
(R

)

λ /nm

 Mix10.0Sap

 Ox45.0Sap

 R6G5.0Sap

550

626 B

Fig. 1. Absorption spectra of the films prepared from saponite colloids with rhodamine
6G, oxazine 4, or a mixture of the two, with 0.1%CEC (A) and 10%CEC (B) loading.
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Fig. 2. Absorption (A) and emission spectra (B) of rhodamine 6G/saponite hybrid films
with different dye loadings.
Loadings are expressed in %CEC. Vertical dashed lines denote the positions of spectral
bands. Numbers near dashed lines denote the maxima of the spectral bands.
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1%CEC, the R6G emission band almost disappeared in favor of the Ox4
fluorescence band (Fig. 3), which confirms almost 100% FRET effi-
ciency. At this loading no significant degree of molecular aggregation of
the dye is expected, nor does it seem to be present, to judge by the
strong R6G fluorescence from the corresponding R6G0.5Sap film
(Fig. 3B). Moreover, the excitation spectra of the films Mix0.1Sap and
Mix1.0Sap (taken as representative) also show the efficient occurrence
of FRET (Fig. S3). However, for dye loadings over 1%CEC, the overall
fluorescence was much lower, indicating a strong quenching by mole-
cular aggregates in a similar way as in the films based on single dye
components at the same loading (Fig. 2B, Figs. S4, S5). Remarkably,
some emission at low wavelengths (540 nm) was exhibited in Mix5.0Sap
and Mix10.0Sap, similar to that already observed for R6G5.0Sap film
(Fig. 2B). In these samples, the presence of another R6G species emit-
ting at lower wavelengths complicates the evaluation of FRET

efficiency. However, these luminescent species emitting at about
535–540 nm seem to be sensitive to neither FRET nor fluorescence
quenching (Fig. 3). Although the spectral overlap between ED and EA
should be lower for this species, that alone should not completely
suppress the FRET process between them. One possible explanation is
relative orientation: if the unknown R6G species has perpendicular
orientation relative to the saponite layers, and Ox4 has planar or-
ientation, the orientation factor κ2 will be less favorable for FRET
(κ2 = 0) if the dipole moments between ED and EA are oriented per-
pendicular to each other (Lakowicz, 2006).

FRET efficiency can be determined directly from the steady-state
fluorescence spectra by comparison of the emission from the film with
only the ED with that of the film containing both the ED and EA
(Fig. 3B). However, a more accurate way is to use TRF, which reflects
the kinetics of the relaxation processes. For this reason we calculated
FRET efficiency by comparing the TRF of ED alone with the data of the
mixed system containing both the ED and EA. The quenching of ED
fluorescence in MixxSap films increased with dye loading, observable as
a steeper decline in the decay curve (Fig. 4A). The shortening of the
lifetimes in R6GxSap samples with high dye loading (from 2.22 ns to
1.5 ns) is due to both energy migration and self-quenching after
reaching sites occupied by molecular aggregates. Nevertheless, the
quenching due to FRET in mixed-dye systems in the range
0.35–1.0%CEC was much more efficient than the self-quenching in the
films with ED alone. The fluorescence decay profiles of the R6G0.1Sap
and Mix0.2Sap films are compared in Fig. 4B. The decay recorded at ED
emission maximum (550 nm) was significantly faster in the Mix0.2Sap
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Fig. 3. The emission spectra of the films of saponite containing a mixture of rhodamine
6G and oxazine 4 dyes.
A: The spectra obtained for different loadings. B: Comparison of the emission spectra of
the systems containing a mixture of energy donor and acceptor (solid lines) and those
with the energy donor alone (dashed lines). Different loadings expressed in %CEC are
placed as numerical values at ends of the spectra. The vertical dashed lines and corre-
sponding numbers at their positions have the same meaning as in Fig. 2.
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Fig. 4. Time-resolved fluorescence profiles of selected films.
a. The effect of dye loading: 0.1, 0.2, 0.35, 0.5, 1.0%CEC. The emission from rhodamine
6G molecules was recorded selectively at 550 nm. b. The profiles recorded at 550 nm
were compared for the Mix0.2Sap (mix) and R6G0.1Sap (R6G) films.
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film. In fact, the ED lifetime of MixxSap films changed from 1.74 to
0.55 ns when the dye loading increased from 0.1 to 1%CEC (Table 2).
The shortest lifetimes recorded at 550 nm were expected in the films
with the highest loadings, where the probability of either self-
quenching, FRET, or both, should be highest. However, according to the
lifetimes, the self-quenching in R6GxSap films was highest at 5%CEC
loading, with a lifetime of 1.40 ns (Table 2). Concerning the mixed dye
systems, the lowest lifetime at 550 nm was observed for the Mix1.0Sap
film (0.55 ns), indicating that in this case FRET has the highest effi-
ciency. However, the longer lifetime observed for the sample with the
highest loading, the Mix10.0Sap film (1.49 ns), indicates that there, the
relaxation of the species emitting at 550 nm was inefficiently quenched
by the EA molecules. These results are complementary to those ob-
served by steady-state fluorescence, which confirm that the samples
with the highest R6G loadings (5.0%CEC) do not photophysically in-
teract with either EA or the molecular aggregates. The possible nature
of this species was discussed earlier.

3.2. FRET efficiency calculation

As depicted in Table 1, increasing the dye loading decreases the
average distance between neighboring dye molecules, d̅. Samples can
be divided into three groups:

i. Samples with 0.1–0.5%CEC loadings characterized by d̅ ≫ R0.
ii. Films with 1.0 and 5.0%CEC loadings having d̅ values similar to R0.
iii. The sample Mix10.0Sap in which d̅ ≪ R0.

Note here that the average intermolecular distance as calculated
from the average density of the molecules is not an optimal parameter
for the estimation of FRET efficiency. The argument is similar to that
reported recently in our study on FRET occurring in dyes/layered sili-
cate colloids (Belušáková et al., 2017). The d̅ value reflects the distance
between dye molecules under the conditions of a periodically-ordered
distribution of dye molecules in space. Applying such a model in a
three-dimensional system leads to several molecules of EA surrounding
each ED molecule, depending on the distribution of dye molecules used
in the model. It is more realistic to base a model on a heterogeneous
distribution, with a statistical distribution of the molecules in space, in
which intermolecular distances both above and below d̅ would occur.
Therefore, we applied a model based on a Poisson distribution of mo-
lecules in three-dimensional space to estimation of FRET efficiency. The
probability density functions were calculated for the parameter r, which
represents the intermolecular distance between an ED molecule with a
fixed position in space and the nearest EA molecule. These functions
describe the statistical distribution of the intermolecular distances,
which depends on the average concentration of EA molecules. The most
probable distances occurring for each system are shown as the maxima
of the respective probability density functions (Fig. 5), which are

indeed much lower than the d̅ values (Table 1), as a consequence of the
fact that the d̅ parameter is derived from a model of periodically-dis-
tributed molecules in a perfectly ordered system. A similar trend was
observed for FRET in two-dimensional systems (Belušáková et al.,
2017). The maximum of the probability density function (for the
nearest molecule) is always equal to or lower than the d̅ value, due to
the nature of the two parameters. A very high FRET efficiency value
would be expected for the Mix1.0Sap sample (Fig. 6), in which only a
very small fraction of the EA molecules have r > R0 (r is most probable
at 3.24 nm) (Fig. 5). In the same vein, the samples Mix0.5Sap and
Mix0.35Sap would still exhibit a most probable intermolecular distance r
lower than the R0 value (4.08 and 4.60 nm), but a significant fraction of
the probability distribution would still be at larger values. Mix0.2Sap
would have a most probable distance r (5.52 nm) very close to R0, and
Mix0.1Sap was the only sample with a most probable value of inter-
molecular distance (6.92 nm) larger than R0 (Fig. 6). Thus for the two
samples of the lowest loading, FRET efficiency would be expected to be
near and< 50%, respectively. This was only a rough estimation, since
the expected values of the FRET efficiencies are obtained by the in-
tegration of the inner product of the probability distribution function f
(r) and the function describing FRET efficiency between two ED and EA
molecules in dependence on r (Eq. (5)). The theoretical FRET efficiency
values can be read off at large r, where the resulting value of the inner

Table 2
Fluorescence lifetimes of R6G in the presence (τED + EA) and absence (τED) of Ox4 in thin
solid films, χ2 values of the fits, and FRET efficiency (EFRET) as calculated from the the-
oretical model and as determined by time-resolved fluorescence spectroscopy.

adyes/%CEC τED/ns χ2 τED + EA/ns χ2 EFRET/%

Theoretical TRF

0.1 2.22 1.138 1.74 1.142 35 28
0.2 2.23 1.137 1.22 1.148 53 48
0.35 1.87 1.097 0.98 1.235 68 52
0.5 1.68 1.174 0.72 1.273 77 56
1 1.49 1.143 0.55 1.254 90 70
5 1.40 1.186 0.79 1.448 99 52
10 1.68 1.169 1.49 1.363 100 23

Average lifetime values were calculated using Eq. (1). τ values were obtained using three-
exponential fits.
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Fig. 5. The probability density functions of the variable r, representing the distance be-
tween the energy donor and closest energy acceptor.
The numbers denote the distance r with highest probability density for a particular
loading. The functions and their maxima correspond (from left to right) to the loadings:
10.0, 5.0, 1.0, 0.5, 0.35, 0.2, 0.1%CEC.

0 4 8 12

0.0

0.4

0.8

r / nm

0.1

0.2

0.35

0.5

1.0

5.0

10.0

Fig. 6. Calculated values of the theoretical FRET efficiencies and their dependence on the
r value taken as the integration limit.
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tances converges to zero. The numbers with arrows denote dye loadings (in % CEC).
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product does not change any more and approaches a limiting value.
The expected values of FRET efficiencies, according to our model,

are summarized in Table 2. For Mix0.1Sap and Mix0.2Sap, the calculated
theoretical efficiency value reaches 35% and 53% respectively, a result
that is in a good agreement with the values estimated experimentally
(28% and 48%). Although based on the theory, a maximum FRET ef-
ficiency of 100% was expected for the samples with 10.0 and 5.0%CEC
loadings, this was not found experimentally. This is because the theo-
retical values were determined for idealized conditions. However, the
presence of the R6G species, which retains relatively strong fluores-
cence even in the mixed-dye samples at high loadings, makes the FRET
efficiency unpredictable. The effect of this species was already observed
at relatively low loadings (0.35, 0.5, 1.0%CEC) as shown by the reduced
experimental values of FRET yields with respect to the theoretical va-
lues (Table 2). As mentioned before, the specific orientation of the R6G
molecules forming these species plausibly explains the observed de-
crease in FRET efficiency with increasing dye loading, as well as the
lower FRET values obtained for these films.

4. Conclusions

As the dye loading increased in MixxSap films, the FRET efficiency
between ED (R6G) and EA (Ox4) also increased, up to a loading of
1%CEC, at which FRET efficiency attained maximal values. Above this
value, fluorescence was significantly quenched, probably due to the
presence of molecular aggregates of the dye. The exception was the
emission signal of a new blue-shifted R6G species, which seemed nei-
ther to be quenched by the H-aggregates nor to take part in the FRET
process. The identity of this species is not clear yet, but is hypothesized
to be the R6G species with distorted planarity and oriented perpendi-
cular to the Sap layers (as the probability of energy transfer between
molecules with transition moments perpendicular to each other is zero).
We proposed a theoretical model for estimation of FRET efficiency,
based on statistical distribution of the molecules in the three dimen-
sional interior of the solid, which works reasonably well for MixxSap
films with low dye loading (≤1%CEC). When comparing experimental
values with theory, the very sensitive relation of FRET efficiency to dye
intermolecular distances (being a function of r6) should be considered.
At higher dye loading, the dye aggregation or the formation of new
rhodamine 6G species makes the theoretical prediction more compli-
cated and the results are not in such good agreement with the experi-
mental data. Under these conditions, either other phenomena influence
the properties of adsorbed dye, or there occurs the formation of dye
aggregates which compete with EA molecules in the process of fluor-
escence quenching. Future work will focus on the investigation of new
hybrid solid systems. Other pairs of energy donor and acceptors will be
sought, and reaction conditions optimized, in order to test and refine
our theoretical model for higher dye/layered silicate loadings.

Acknowledgements

This work was supported by the Slovak Research and Development
Agency under contract No. APVV-15-0347, APVV-15-0741.
Acknowledgements are due to The National Scholarship Programme of
the Slovak Republic, which supported the research stay of SB at
University of the Basque Country (Bilbao, Spain). Supports from the
VEGA Grant Agency (1/0278/16) and Comenius University Grant GUK
(UK/303/2016) are also gratefully acknowledged. Financial support
was given by the Basque Government (IT912-16) and Ministerio de
Economía y Competitividad “MINECO” (MAT2017-83856-C3-3-P).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.clay.2018.01.001.

References

Belušáková, S., Lang, K., Bujdák, J., 2015. Hybrid systems based on layered silicate and
organic dyes for cascade energy transfer. J. Phys. Chem. C 119, 21784–21794.
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