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a b s t r a c t

Rhodamines B and 6G have been used to evaluate the dispersion of b-Cyclodextrin in a thermoplastic
matrix, poly(ethylene-co-vinyl acetate), by high energy ball milling. In a first stage, a study of the binding
properties of b-Cyclodextrin with both fluorophores has been carried out, to determine which of them
forms the most stable complex with the macrocycle, its topology and to check whether their fluorescence
is kept after the milling process. Both systems have been fully characterized in the solid state (FTIR and
XRD, TGA and fluorescence spectroscopy), and in solution (1H NMR ROESY, steady state and time-
resolved fluorescence spectroscopy). Then, nanocomposites based on the thermoplastic matrix and the
cyclodextrin complexes have been cryomilled and processed in the form of thin films. Only Rhodamine B
forms a complex stable enough to track the nanofiller dispersion within the polymer. This labeled
cyclodextrin is uniformly dispersed throughout the matrix after the milling and film forming, yielding
a blue-shifted and remarkably enhanced fluorescent response when compared to the same material
prepared with the mixture of Rhodamine B and b-Cyclodextrin.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Polymer nanocomposites are generally built by homogeneous
dispersion of a nanoscopic filler (nanofiller) into the polymeric
matrix [1]. Because of the large surface to volume ratio of nano-
particles, the interphase formed between the nanoparticles and the
polymer constitutes a greater fraction of the whole material than in
common composites, even with small amounts of the nanofiller
(less than 5% by weight), a feature which has important conse-
quences on the final properties of the material [2]. Obtaining
a perfectly homogeneous dispersion is critical for a nanocomposite
to have the properties that are expected. However, regardless of the
method used for the mixing, this issue becomes more critical the
smaller the nanofiller is. Recently, high energy ball milling (HEBM),
a conventional method used for synthesis and processing of inor-
ganic materials [3e5], has been revealed as a newway of processing
thermoplastic matrix nanocomposite materials, not only due to its
potential results in terms of nanoparticle dispersion, but also from
an economical and clean point of view. Although the mechanical
action may have adverse effects of wearing on solid polymers by
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mechanisms of chain scission and sample oxidation, HEBMhas been
successfully used to obtain polymer blends with improved
mechanical properties and polymer nanocomposites with a real
dispersion of nanoparticles [6e10].

Cyclodextrins (CDs) are cyclic oligosaccharides composed of 6,
7 or 8 D-glucopyranose rings termed a, b and gCD respectively.
Their sizes (ca. 1 nm) fall within the lower limit of the nanometric
scale so they can be considered as a limiting type of nanofiller.
CDs are shaped like truncated cones, with a hydrophobic cavity
and a hydrophilic exterior. The precise number of hydroxyl
groups according to the number of glucose units makes it
possible to establish strong interactions with certain polymeric
matrices. CDs can also be easily modified with other functional
groups which allow modulating such interactions according to
the nature of the matrix, or can be grafted to common nanofillers
(nanoparticles, layers,.) for improving the properties of the
material. The ability to form inclusion complexes with organic
molecules inside the cavity, e.g. a monomer for its further poly-
merization [11] also represents an added value to produce
a material with features different from those of the single
constituents of the nanocomposite. Yet, in spite of their exclusive
properties the use of CDs in the field of nanocomposites is still
very limited [12e14].
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A problem that arises when dispersing CDs in a polymer comes
from the reduced size of these macrocycles, whichmakes it difficult
to confirm that an adequate dispersion has taken place. AFM, SEM
or TEM microscopy can be used to this purpose, but these are
techniques which involve sample preparation processes that
require a consistent amount of time and effort, more focused to
a final product characterization and not convenient for regular
checks. In addition to that, the electron beam can melt the matrix
when thermoplastic polymers are being used.

A different approach may be to use fluorescence microscopy by
previously tagging the CD by inclusion of a fluorophore in the
cavity, provided it is stable enough. Rhodamine-based dyes present
unique fluorescent properties and are therefore used in a wide
variety of applications, ranging from applied chemistry and physics
to biochemistry or microbiology [8]. Rhodamines are known to
interact with bCD in different ways, depending on the state of
aggregation of the fluorophore and its molecular form [15,16],
increasing or decreasing the fluorescence quantum yield as a result
Fig. 1. (a) Rhodamine B; (b) Rhodamine
of their interaction. In the solid state, however, the number of
investigations is limited, most of them related to the development
of solid state dye lasers [17,18] or to the use of CD-based resins to
adsorb organic dyes [19].

In this work we propose the use of the fluorescent properties of
Rhodamine B and Rhodamine 6G (hereafter RhB and Rh6G, Fig. 1a
and b) and their ability to form complexes with bCD (Fig. 1c), to
produce a solid complex that acts as a fluorescent probe to eval-
uate the dispersion of these oligosaccharides into a thin-film
polymeric nanocomposite material prepared by HEBM. The poly-
meric matrix used here is ethylene vinyl acetate (EVA), a thermo-
plastic polymer with polar vinyl acetate groups and crystalline
ethylene domains. EVA copolymers are a good choice to combine
with these fluorophores, as they present optical homogeneity and
organic dyes usually show good compatibility with polymeric
matrices. In addition, their easy processability makes them
excellent for miniaturization and to be included in other
composite systems [20].
6G; (c) Scheme of b-Cyclodextrin.
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In this research we have focused on the dispersion of the
macrocycle as the nanofiller in the polymer, leaving the grafting
of the bCD to nanoparticles and further nanocomposite synthesis
for future projects. The first step is to evaluate that the
complexes between the fluorophore and the CD form and are
stable enough to endure the HEBM process, that they present
a different fluorescent response when attached to the bCD than
in free form and that they can be dispersed homogenously, so
they can be used as dispersion fluorescence probes in nano-
materials. For this purpose the systems have been previously
studied in solution to characterize their complex formation
characteristics (stability, temperature dependence, stoichiometry
and topology) and the fluorescent emission. Finally, the solid
state products are tested and combined with the polymer using
the HEBM method, to verify their adequate dispersion and
whether their properties are retained along the nanocomposite
processing.

2. Materials and methods

2.1. Materials

Rhodamine B 99% pure (Basic Violet 10; C.I. 45170; 9-(2-
Carboxyphenyl)-3,6-bis(diethylamino)xanthylium chloride) and
Rhodamine 6G 99% pure (Basic Red 1, C.I. 45160, ethyl 2-(6-(eth-
ylamino)-3-(ethylimino)-2,7-dimethyl-3H-xanthen-9-yl)benzoate
monohydrochloride) were purchased from Acros Organics.
b-Cyclodextrin was bought from Wacker Chemicals (Cavamax
Pharma, 99.5% pure). Polyethylene-co-vinyl acetate (composition
12% by weight in vinyl acetate, density 0.933 g/cm3 at 25 �C, Vicat
temperature ASTM D 1525 ¼ 65 �C and melting point 95 �C), was
supplied by Sigma Aldrich.

2.2. Sample preparation

RhB:bCD complex was prepared by mixing a RhB 2.5 � 10�3 M
aqueous solution with bCD at an equimolar ratio followed by
stirring for 10 min, poured into a crystallizer and placed in the
stove at 70 �C until solvent evaporation. The resulting solid is
a dark red flaked product. The physical mixture of RhB and bCD
was prepared by weighing the same amounts used for the
complex preparation and mixing them in a vortex shaker,
resulting in a greenish powder mixture. The same procedure was
carried out with Rh6G. In this case the solid mixture and the
compound prepared by crystallization did not show any visual
differences.

A mixture of 5% by weight of RhB:bCD and EVAwas subjected to
HEBM under cryogenic conditions (cryomilling) in a MM400
RETSCH miller. Stainless steel milling tools (a vessel of 50 mL of
capacity and one ball of 20 mm diameter) were used. The process
was carried according to the following protocol: 1 h of active cry-
omilling divided into 12 cycles of 5 min of milling at 25 Hz and
15 min of resting in liquid nitrogen. Another vessel endured the
same procedure with the physical mixture of RhB and bCD and the
EVA at the same proportions (95% by weight of EVA).

Thin films were prepared by hot pressing. The powder obtained
from the milling processes was deposited between two Teflon
plates and then pressed and heated in an oven at 150 �C for 20 min.
After that, the prefilms obtained were cooled inside the oven down
to 40 �C. A small portion of the prefilm (about 9 mm2) was then
sandwiched between the twoTeflon plates and clampedwithin two
stainless steel plates, introduced in a preheated oven at 150 �C and
heated for 120 min. The film was slowly cooled down inside the
oven to room temperature, thus avoiding any thermal stress in the
sample.
2.3. Characterization techniques

The crystalline structure of materials under study was charac-
terized by X-ray diffraction, XRD, on randomly oriented powder
preparations using a Bruker D8 Advance diffractometer with a X
Kristalloflex K760 X-Rays generator, with a copper anode emitting
typical X radiation Ka1 ¼ 1.5417 Å at 40 kV and 30 mA. Diffraction
angles were monitored from 2q¼ 2�e40� at a rate of 3 s/step (0.02�

in 2q). Analysis of the XRD patterns was carried out with XRD
Wizard 2.4.11 software (Bruker GmbH). FTIR-ATR analyses of
powder and films were performedwith a FTIR-ATR Nicolette Avatar
360, using a resolution of 2 cm�1 and averaging 32 scans. Spectral
analysis treatment was undertaken with the OMNIC E.S.P. v5.1
software (Nicolet). Thermogravimetric analysis, TGA, was carried
out in a TGA-SDTA 851 Mettler Toledo. Samples were subjected to
a heating program from 25 �C to 600 �C at a heating rate of 10 �C/
min under a N2 atmosphere.

Fluorescence studies were undertaken using an Edinburgh
Instruments FLS920 spectrofluorimeter equipped with a 450 W
Xenon arc lamp. Samples were excited at 553 nm and the emission
recorded from 560 to 750 nm under constant stirring, averaging 5
scanswith a 1 nm step and 0.1 s dwell time. Excitation and emission
slits were 2 nm and 3 nm, respectively. Measurements in solution
were carried out at 15 �C, 25 �C, 35 �C and 45 �C in a 10 mm path
length quartz cuvettes controlled by a Lauda Ecoline RE104 ther-
mostat. Each isotherm was repeated three times. For the solid
samples the powder or a portion of the film was sandwiched
between two quartz glasses in the instrument sample holder.
Fluorescence lifetimes were measured with the same equipment
using as the radiation source a PDL800-B Picoquant pulse diode
driver and 455 nm and 500 nm diodes, with full width at half
maximum (FWHM) of 1600 and 1700 ps, respectively. The instru-
ment response was measured by using a Ludox 30% aqueous
suspension, purchased from Aldrich. Data treatment was per-
formedwith FAST v3.0 software (Edinburgh Instruments). The films
were observed with an Olympus CH40 fluorescence microscope
equipped with a ColorView camera (Soft Imaging Systems).

NMR experiments were performed in a Bruker Avance 700
Ultrashield (700MHz). The samples were prepared in D2O (99.990%
in deuterium purchased from Sigma Aldrich), with no buffers
added, using the HDO signal as the reference. Monodimensional
experiments were done by averaging 256 scans. ROESY experi-
ments were carried out on 32 scans with presaturation of the
solvent signal [21] by using the pulse sequence described in the
literature [22], with an optimal mixing time of 600 ms. Tempera-
ture was set to 25 �C in all cases.
3. Results and discussion

3.1. Complexes in solution: stoichiometry, stability and structure

As a first stage, the complexes between rhodamines and bCD
have been investigated. The analysis of the chemical shifts of the 1H
NMR signals of the complex in relation to the signals from the pure
RhB and bCD (Table 1 and Figs. 2 and 3) are the main indication of
the extent of the complex formation. For the bCD, the protons
undergoing the most important changes are the H6 and H5, i.e.,
those located at the mid-bottom inner side of the cavity and at the
narrower rim of the macrocycle, respectively. Less significant
changes were noted for the inner H3, at the mid-upper part of the
CD. Finally, tiny shifts are detected in the outer protons H1, H2 and
H4. All these resonances except that for H4 shift upfield. If we
consider now the guest molecule, RhB, the protons of the substit-
uents CH3e and CH2e (downfield) and the HD (upfield) experience



Table 1
Changes in the chemical shifts of protons of bCD and RhB.

H Free d (ppm) Dd (ppm)

b-Cyclodextrin
H1 4.949 0.039
H2 3.541 0.006
H3 3.856 0.074
H4 3.478 �0.015
H5 3.748 0.155
H6 3.769 0.101
Rhodamine B
HCH3 1.115 �0.059
HCH2 3.455 �0.079
HA 6.624 �0.028
HB1 6.772 �0.019
HB2 6.786 �0.018
HC 7.100 �0.013
HD 7.313 0.068
HE 7.608 �0.013
HF 7.608 �0.013
HG 7.834 �0.008
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the larger shifts. These results prove unambiguously the inclusion
of the RhB in the CD, which involves the ethyl amino groups [23].

1H ROESY experiments can provide more detailed information
about the inclusion mode through the intensity of the cross peaks
in the 2D spectrum, related to the closeness between protons of
host and guest. Fig. 4 shows expanded views of the correlation
Fig. 2. 1H NMR spectra in D2O of: (a)
between the methyl group and aromatic protons Ha and Hb of RhB
with the CD.

Strong ROE cross peaks arise between the H3 and H5 of the CD
(3.76 ppm and 3.55 ppm) with the CH3 group of the RhB, that of H5
being the most intense. In addition, a small peak arises between H6
and CH3 protons. These interactions imply unambiguously that
RhB is entering the cavity by the secondary hydroxyl rim. At
6.62 ppm and 6.78 ppm two more interactions arise, corre-
sponding to the Ha and Hb from the RhB xanthene rings with the
H5 of the bCD. The intramolecular interaction of Ha and Hb with
the CH2e can be ruled out, as no cross peaks arise in the ROESY
spectrum for the RhB alone in water, confirming the intermolec-
ular interaction with H5.

The fact that the interaction is taking place not in the central
carboxyphenyl ring, but in one of the diaminoethyl groups opens
the possibility of 2:1 complex, i.e. two CDs per guest. Job’s
continuous variation analysis [24] has been used to determine the
actual stoichiometry. For this purpose samples at different molar
ratios prepared with bCD and RhB concentrations ranging from 0 to
5 � 10�4 M were prepared in D2O and analyzed by 1H NMR
spectroscopy.

The Job plot for protons H3, H2 of bCD and CH3, HG and HD of RhB
is shown in Fig. 5, so a signal from inside the bCD cavity and one
from outside can be seen. The maximum change in the chemical
shift takes place when the molar ratio is 0.5, inferring that the
stoichiometry of the complex is 1:1.
RhB; (b) bCD; (c) molar ratio 1:1.



Fig. 5. Job plot for selected protons of bCD and RhB.

Fig. 3. 1H NMR spectra of different molar ratios RhB:bCD. Concentrations of bCD and
RhB range from 0 to 5 � 10�4 M.
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As seen in Table 2, the protons of the carboxyphenyl ring also
shift, although no NOE signals are detected. A possible explanation
to the fact the stoichiometry sticks to 1:1 when having two dia-
minoethyl groups in themolecule, is that when the bCD approaches
one of the diaminoethyl branches, it might induce the movement of
the carboxyphenyl ring to the opposite side, as seen by the shift in
Fig. 4. (a and b). Zoomed view of the ROESY spectrum of RhB:bCD (1:1).
HD, and thus themolecule is not receptive to dock with another bCD
molecule in the other ring because of steric effects. Those same
experiments were performed on the Rh6GebCD system, but neither
significant changes in the chemical shifts nor cross peaks in the
ROESY spectrumwere detected. These results confirm that only RhB
forms a suitable stable inclusion complex with a 1:1 stoichiometry,
where the bCD enters the RhB by one of its diethylamine sides.

Fluorescence emission can be used to gather precise informa-
tion about the stability of the association. RhB presents a high
fluorescence quantumyield, but it easily aggregates forming dimers
and other species, especially in aqueous solution [25]. This process
manifests as a quenching in the emission attributed to the long
range dipoleedipole energy transfer from the monomer excited
state to the aggregates [16] and also in bathochromic shifts from
587 nm to 650 nm in 10�3 M RhB solutions. Rhodamines and bCD
may interact in different ways depending on the fluorophore
concentration and its aggregation state. Thus, in dilute solutions of
RhB, the bCD causes a decrease in emission due to the formation of
the complex, less fluorescent than the free RhB. However, in
conditions at which RhB is in the form of aggregates and its fluo-
rescence quenched, the addition of bCD produces the opposite
effect, yielding a fluorescent enhancement [26]. On the other hand,
Rh6G does not aggregate as easily as the RhB [27] because of the
bulkiness of the ester group in the phenyl ring and the methyl and
ethyl substituents, which hinder the molecule stacking. Conse-
quently, the presence of bCD enhances the emission in the case of
Rh6G in aqueous solution.

The effect of successive additions of bCD to RhB 8 � 10�6 M is
shown in Fig. 6. Free RhB has its maximum fluorescent emission
at 582 nm, and experiences a slight blue shift of ca. 4 nm when
bCD is added, along with a quenching in its fluorescence. Under
our instrumental conditions, the linear response of the
Table 2
Binding constants for the complex bCD:RhB ([RhB] ¼ 8 � 10�6 M).

15 �C 25 �C 35 �C 45 �C DH
(kJ mol�1)

DS
(J mol�1 K�1)

K$10�3

L mol�1
5.1 � 0.5 4.8 � 0.2 4.1 � 0.2 3.1 � 0.2 �15 � 3 21 � 10
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fluorescence for the RhB ranges up to 8 � 10�6 M, free of
aggregation effects.

As the complex stoichiometry for the bCD is 1:1, its formation
constant at a certain temperature can be expressed by the action
mass law as:

K ¼ ½R : CD�
½R�½CD� (1)

being R the free fluorophore, CD the free bCD and R:CD the complex.
In the experiments, the concentration of R is kept constant, varying
that of CD. By combining the action mass law with the concentra-
tion mass balance for host and guest we get for [R] the following
quadratic equation:

½R�2þ
�
CD0 � R0 þ

1
K

�
½R� � R0

K
¼ 0 (2)

The measured fluorescence at a certain wavelength, Fl, is the
result of the contributions of the two fluorescent species, R and
R:CD, so thus

Fl ¼ FRl þ FR:CDl ¼ al½R� þ bl½R : CD� (3)

where al and bl are constants related to the fluorescence quantum
yield and molar absorptivity of each fluorescent species at the
excitation wavelength, l, and to experimental conditions (source
intensity, slit width and path length of the cell).

Dividing the above expression by F0 ¼ alR0, i.e., the fluorescence
in the absence of cyclodextrin, eq. (3) can be written as

�
F
F0

�
l
¼ ½R� þ f

½R : CD�
R0

(4)

where f ¼ bl/al. The experimental data at a certain emission
wavelength can thus be fitted by a non-linear least-squares
procedure to the above equation, in which f and K are left as
adjustable parameters. It is possible to improve the fitting using
a wider set of data by taking into account the emission measured at
each wavelength, and not only to a lmax. A multivariable analysis
can be performed by imposing the condition that the binding
constants are the same for each wavelength. The error function to
be minimized becomes

E ¼
X
l

X
i

��
Fi=F0;l

�cal��
Fi=F0;l

�meas�2
(5)
Fig. 6. Effect of the addition of bCD on the fluorescence of RhB 8 � 10�6 M in water.
where i sums over all the concentrations of CD and l over all the
wavelength range. The input parameter is a vector that contains
the initial guess for the binding constants and fi, and the output is
the estimation of the parameters with their error bounds, defined
as the confidence intervals corresponding to a significance level,
a ¼ 0.16. A weight factor, ul, taken as the absolute value of the
difference between F0,l, and the maximum value reached in the
binding, is introduced at each wavelength in Eq (5), to give a higher
statistical weight to that l at which the changes in intensity are
higher [28]. The enthalpy and the entropy have been obtained from
the K dependence on the temperature through Van’t Hoff equation
and a weighted least-square method (Table 2).

The binding constants of RhB in water are relatively high, which
indicates a stable association. The increasing temperature produces
the diminution of K, as expected in an exothermic process. This
same trend has been obtained by measuring at lower concentra-
tions of RhB (data not shown). This stability with the temperature is
important, considering that the formation of the nanocomposites
requires conditions that, depending on the type of polymer, must
be higher than 120 �C. As for the Rh6G:bCD system, it barely
experiences changes in the emission by adding CD, resulting in the
non-convergence of the fitting toward very low constants. This is
a confirmation that there is no significant complex formation, in
accordance with NMR data. It is worthy to mention that the
enthalpy is not too high for these types of complexes, being the
process controlled mainly by the entropy. According to ROESY data
and considering the bulkiness of RhB and the size of the cavity, the
Fig. 7. Lifetime analysis: (a) fraction of the species found on 1 �10�4 M (solid symbols)
and 1 �10�5 M (open symbols) of RhB upon addition of bCD; (b) Lifetime distributions.



Fig. 9. X-ray diffractograms of the solid samples.
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inclusion is shallow and only part of the guest is included.
Although the association constant is in good agreement with the
one stated by Liu et al. [15], the enthalpy and entropy values are
considerably different, as they obtain a non-expected positive
DH ¼ 40.8 kJ mol�1 and DS ¼ 0.21 kJ mol�1 K�1 at 25 �C. These
unusual values are reasoned in terms of the extra desolvation due
to the lactonization of the hydrated benzoate moiety at the
conditions of the experiment. It must be noticed that the constants
obtained by this method are apparent constants, as the equilibrium
between the cationic, lactone and zwitterionic form exists.
However, as stated by Mchedlov-Petrossyan et al. [29] the fraction
of the RhB molecules converting to the colorless lactone form in
water at our concentration is less than 1%, so in our casewe can rule
out the lactonization effect mentioned before as being responsible
for the different values. The use of a phosphate buffer 0.1 M to
maintain the pH at 7.20 may be one of the reasons for this differ-
ence, as the ionic strength of the solution with this precise buffer is
considerable and it is well known the quenching effect of some
buffers on the fluorescence [30]. In our case, the pH has not been
controlled by addition of buffers and the low concentration of RhB
makes the ionic strength virtually zero.

In order to check the state of aggregation of the RhB at different
concentrations and the effect the CD may have, fluorescence life-
time analyses were carried out upon these samples. In the exper-
iments, RhB concentration was fixed at 1 � 10�4, 1 � 10�5 and
1 � 10�6 M, and aliquots of a 5 � 10�3 M bCD stock solution were
added to gradually increase the bCD concentration and induce the
complex formation. The decay curves were processed by
Fig. 8. TGA curves (top) and 1st derivative (bottom) of the RhB samples.
reconvolution distribution analysis at 200 intervals between 0 and
50 ns. Free RhB has a lifetime response of 1.7� 0.2 ns (Fig. 7), which
correlates with the values found in the reference, 1.52 ns with
emission at 400 nm and 1.68 ns at 560 nm [31]. Upon addition of
bCD, a new mode appears with fluorescence lifetime of
0.75 � 0.04 ns, which is retained upon successive additions (Fig. 7),
its fraction increasing with the bCD concentration, accordingly to
the shift of the equilibrium. When RhB 1 � 10�4 M is tested at
500 nm in the absence of bCD, a considerable fraction appears at
approximately the same lifetime than the complex 0.97 � 0.03 ns,
which is attributable to the RhB aggregation effect at high
concentrations.When RhB is at lower concentrations, from1�10�5

to 1 �10�7 M, and bCD is absent, this fraction does not appear and
that corresponding to the free RhB is close to 100%. These results
indicate the aggregation limit is between 10�4 M and 10�5 M for
aqueous solutions, in good agreement with the literature values
[32].

3.2. Solid complexes

The thermogravimetric analysis of the powder samples (Fig. 8)
shows how the RhB presents at least a three-step decomposition
Fig. 10. Fluorescence response of the solid samples.



Fig. 11. Comparison of the fluorescence of films produced with RhB:bCD complex and
the physical mixture. Top: normalized spectra; bottom: as measured.
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process, starting around 180 �C and ending at 500 �C, and so does
the physical mixture RhB-bCD. However, as confirmed by the first
derivative trace, once the RhB:bCD complex is formed the decom-
position process changes to a single step process, confirming that
the inclusion yields a product with a different thermal behavior.
This difference can be seen by the absence of the first minimum
around 180 �C and the shift of the degradation temperature to
257 �C. When the same analysis is carried out with the Rh6G, only
a slight shift in the temperature can be seen, but there is no
evidence concerning the formation of a different product.

Confirming the results revealed above, FTIR-ATR analysis of the
compounds shows that the RhB-bCD system presents important
differences in the spectra compared to the physical mixture,
whereas the Rh6B-bCD spectrum cannot be distinguished from the
mixture. The strong band at 1587 cm�1 of RhB is assigned to the
aromatic ring CeC vibrations and remains when forming the
complex (data not shown). The rest of the RhB peaks in the
aromatic region persist in the complex, while in the physical
Fig. 12. Film formed with the complex (left
mixture they lose shape and are hidden in the baseline. Taking into
account that the solid complex is formed from the aqueous solu-
tion, and with the previous data confirming that the Rh6G does not
form complex with the bCD, we must conclude that the precipitate
will be a bare physical mixture of both components.

X-Ray diffraction patterns (Fig. 9) corroborate the above results.
The analysis shows a decrease in the crystallinity, as seen by the
absence of peaks and the amorphous halo when the complex is
formed in comparison to the commercial RhB and the physical
mixture. The latter itself matches the sum of the RhB and the bCD
diffractograms. As expected, Rh6G shows no evidence of complex
formation.

Finally, solid state fluorescence measurements were also
recorded on the commercial RhB, the physical mixture RhB-bCD
and the RhB:bCD complex. The emission spectra show a 20 nm
blue-shift upon complex formation. Commercial RhB has an
emission peak at 690 nm, and the complex at 670 nm. The physical
mixture behaves exactly like the commercial RhB (Fig. 10).

3.3. Effect of milling

The last step of the nanocomposite preparation is the milling of
the fluorescent probe in its complex form with the polymeric
matrix ensuring that the inclusion is kept after the HEBM and that
the probe is homogeneously distributed throughout thematrix. It is
known that the severe mechanical conditions occurring in these
processes may break bonds or produce free radicals [9]. For this
reason, the bCD has beenmilled alone under the same conditions as
those of the films. According to 1H NMR data, no changes are
perceived in the spectrum after milling, which indicates that the
process does not alter the chemical structure of the macrocycle.
Regarding the nanocomposites, after the products were milled and
processed into thin films, the fluorescence response of the film
containing the RhB:bCD complex presented a four-fold fluores-
cence enhancement (Fig. 11, bottom) compared to the physical
mixture and a blue shift of 40 nm (Fig. 11, top), which is in good
agreement with the results of the solid samples before milling. It is
worthy to mention that the trend is the same than in concentrated
solution of RhB, where the fluorophore is extensively aggregated
and the addition of bCD produces an enhancement on the fluo-
rescent response, as explained above. All this confirms that the
RhB:bCD complex can be used as a probe to monitor the dispersion
of the oligosaccharide alone or attached to other nanostructure, as
nanoparticles, as RhB behaves differently when bound to the bCD
thanwhen it is free in the matrix and that the complex is capable of
enduring the extreme conditions of the HEBM process without
losing its properties.

The films are shown in Fig. 12. The one containing the complex
presents a uniform and homogeneous appearance in contrast to the
) and with the physical mixture (right).



Fig. 13. 20� Fluorescent microscope image of the RhB:bCD complex film (left) and physical mixture (Right). Scale bar 200 mm. lex ¼ 510 nm.

Fig. 14. 100� Microscope image of the RhB:bCD complex film (left) and physical mixture (Right). Scale bar 20 mm.
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film with the simple physical mixture, also prepared by HEBM. The
latter presents a darker color with white spots corresponding to
macroscopic domains of aggregated bCD. As the complex lacks
a crystalline structure, as XRD experiments have shown, it seems
that in order to achieve a good dispersion of the bCD in the solid
phase it is necessary to break its crystalline arrangement and
convert it to an amorphous form.

Images at different scales of the films with the RhB:bCD
complex and the physical mixture were taken with a fluorescence
microscope. As it can be seen in Figs. 13 and 14, using the same
diaphragm and magnification conditions (20� and 100�), the
RhB:bCD film clearly shows an enhanced fluorescent response in
relation to the other when excited at 510 nm. In addition to that,
the complex produces an excellent dispersion throughout the
matrix, whereas the mixture presents local domains of RhB at the
bottom section and other sectors that are richer in bCD, where
there is no fluorescence response at all resulting in a dark image.

4. Conclusions

The association between bCD and RhB and Rh6G has been
studied both in solution and solid state by different techniques. 1H
NMR results combined with fluorescence spectroscopy confirm the
formation of a stable complex of RhB of 1:1 stoichiometry, with
a binding constant of the order of 104 M�1 on a wide range of
temperatures. The mode of inclusion has been elucidated with the
aid of ROESY spectra, proving that the RhB enters the bCD by any of
the ethylammonium substituents toward the wider rim of the
macrocycle, leaving exposed to the solvent the moiety of the RhB
that bears the carboxylic group. Analysis of the solid products
makes clear that the complex of RhB retains its stability in the solid
phase, as stated by the disappearance of the endothermic peak at
200 �C in TGA, characteristic of the RhB, and to the blue shift and
emission enhancement observed by fluorescence. On the other
hand, Rh6G does not form complexes either in aqueous solution or
in the solid phase.

The RhB complex mixed by cryo HEBM with the polymer, EVA,
after the subsequent film production is homogeneously scattered
through the matrix, undergoing a four-fold enhancement in its
fluorescence, that is not observed with the physical mixture. The
use of a fluorescent complex with bCD has thus the double effect of
breaking the crystalline structure of the bCD by forming an amor-
phous phase that makes possible the proper dispersion of the
macrocycle and to enhance the “visibility” of the macrocycle. These
results, apart from eliminating the need of using more sophisti-
cated techniques as SEM or AFM, are important for subsequent
investigations of nanocomposites based in CDs, either as nanofillers
by themselves or attached to other nanostructures.
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