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Abstract

Flavylium cations serve as models for the chemical and photochemical reactivity
of anthocyanins, the natural plant pigment responsible for many of the red, blue and
purple colors of fruits and flowers. Likewise, pyranoflavylium cations serve as models of
the fundamental chromophoric moiety of pyranoanthocyanins, molecules that can form
from reactions of grape anthocyanins in red wines during their maturation. In the present
work, hybrid pigments are prepared by the adsorption of a series of five synthetic
flavylium cations (FL) and five synthetic pyranoflavylium cations (PFL) on sepiolite clay
(SEP). The FL are smaller in size than the PFL, but both can in principle fit into the
tunnels and/or external grooves (with dimensions of 3.7 x 10.6 A) of SEP. Measurements
of the fluorescence quantum yields of the adsorbed dyes indicate that they are at least as
fluorescent as in acidic acetonitrile solution, and in a few cases substantially more
fluorescent. The observation of biexponential fluorescence decays is consistent with
emission from dye molecules adsorbed at two distinct sites, presumably tunnels and
grooves. These hybrid materials also have improved properties in terms of stability of the
color in contact with pH 10 aqueous solution and resistance to thermal degradation of the
dye. SEP thus appears to be a promising substrate for the development of highly
fluorescent flavylium or pyranoflavylium cation-derived hybrid pigments with improved

color and thermal stability.
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Adsorption of flavylium and pyranoflavylium cations on sepiolite clay produces highly

fluorescent hybrid pigments with improved color and thermal stability.



1. Introduction

Sepiolite is a hydrated magnesium phyllosilicate clay mineral with fibrous
morphology whose structure consists ribbons of octahedral sheets of magnesium oxides
sandwiched between two tetrahedral sheets of silicon oxides with periodic inversion of
the apical oxygen in every three silicate chairs. This causes a periodic discontinuity of the
octahedral sheet that results in the formation of a structure with alternating blocks and
one-dimensional tunnels with dimensions of 3.7 x 10.6 A.!2 and, on the external surface
of the clay fibers, partially open channels or grooves.>* Two types of water molecules
complete the tunnel structure of the sepiolite, weakly bound water in the tunnels
(commonly called zeolitic water) and more tightly bound water coordinated to Mg ions
at the ribbon borders (structural water molecules).* Its wide tunnels allows the penetration
and/or adsorption of organic molecules, making SEP a good host, but its well-defined
porous structure, similar to that of zeolites, does not permit lamellar expansion of SEP.>~
6

Sepiolite was one of the clays used in the preparation of Maya Blue pigment, an
ancient organic-inorganic hybrid material used in murals, codices, ceramic and sculptures
by the Maya civilization in the Pre-Columbian era. Maya blue has attracted attention due
to its exceptional chemical and photochemical stability, being able to withstand the
attacks of acids, bases and organic solvents and exposure to light without losing its
color.” The structure of Maya Blue, which is responsible for promoting this amazing
stability, consists of the dye indigo protectively (and apparently irreversibly) inserted into

the tunnels of palygorskite or sepiolite clay.’!?

Many studies have focused on the
characterization and stabilities of these complexes with the objective of understanding

the indigo-palygorskite or indigo-sepiolite interactions in Maya Blue.!*2° Maya Blue has

also inspired the development of new materials based on the association of other dyes



with palygorskite and sepiolite, associating similar properties and enhanced stability with
other colors and potential applications. These include hybrid materials with interesting

21-23

self-cleaning properties and highly stable hybrid pigments with a range of colors

formed with both organic dyes?*>? and inorganic pigments.33-3°

Our attention was drawn to these hybrid materials as part of our interest in
manipulating and controlling the chemistry of flavylium and pyranoflavylium cations.
Flavylium cations are synthetic analogues containing the same fundamental chromophore
as anthocyanins, the natural plant pigments responsible by the most of the blue, red and
purple colors of flowers, fruits and leaves. Pyranoflavylium cations are analogs of the
chromophore of pyranoanthocyanins, compounds that are formed during the maturation

36-38

of red wine via chemical reactions of grape anthocyanins with yeast metabolic

products, colorless copigment molecules or other additives present in the wine. 3%
Unlike these much more complex natural products, synthetic flavylium and
pyranoflavylium cations have the advantage of relatively facile and versatile modification
of the substituents and consequently the reactivity and photophysical properties of the
chromophore. Having recently shown that the adsorption of flavylium cations on
palygorskite resulted in hybrid pigments with greatly improved chemical and thermal
stability,*> we now report results for hybrid materials prepared by the adsorption of a
series of flavylium and pyranoflavylium cations on sepiolite clay. The choice of sepiolite
was dictated by the fact that its tunnels and grooves are wider than those of palygorskite

and hence more attractive as a substrate for the adsorption of the larger pyranoflavylium

cations.



2. Experimental section

2.1 Materials

The flavylium (FL) and pyranoflavylium (PFL) cations used in this work (Scheme
1) were available from previous studies of the group and the syntheses have been reported
previously.**8 The sepiolite (SEP) used in this work was SepSp-1 reference clay from
the Clay Minerals Society Source Clay Minerals Repository; this material was manually
ground to a powder that passed freely through a 40 mesh wire sieve but otherwise used
with no additional purification. The chemical composition, characterization and
properties of this clay have been described.*—¢ Trifluoroacetic acid, (TFA, Sigma-

Aldrich) and ethanol (Merck) were used as received.
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Scheme 1. Structures of the (a) flavylium cations, FL, and (b) pyranoflavylium cations,

PFL, used in this work.

2.2 Preparation of the FL/SEP and PFL/SEP Hybrid Materials
Aliquots of solutions of the FL and PFL in ethanol (EtOH) acidified with 0.01 M

TFA (in order to maintain the 7-OH group protonated) were added to a weighed amount



of SEP clay powder. The initial FL/SEP and PFL/SEP ratios utilized were ca. 0.03
mmol/g. The resulting suspensions were stirred for 24 h in the dark at room temperature,
centrifuged and the solid washed exhaustively with TFA-acidified EtOH and then dried
under vacuum for 2 h at room temperature. The amounts of FLL and PFL adsorbed on SEP
were estimated from the decrease in the absorbance of the supernatant employing the

known molar attenuation coefficients of the FL and PFL cations.*¢48

2.3 UV-Vis-diffuse reflectance and fluorescence measurements.

A Varian Cary 50 UV-Vis Bio spectrophotometer equipped with a Barrelino™
diffuse reflectance probe (Harrick Scientific Products, Inc.) was used for obtain UV-Vis-
diffuse reflectance (DR) spectra. The corresponding CIELAB Color coordinates (CIE
L*a*b*)>’ were determined with the software Agilent Cary WinUV Color employing
natural daylight illuminant CIE D65 as the standard illuminant and an observer angle of
2 degrees. The remission spectra were obtained from the UV-Vis-DR employing the
Kubelka-Munk equation:>®

(1-R)?
2R

F(R) =
(1)
where R is the absolute reflectance at each wavelength.

Steady state fluorescence measurements were performed with a Hitachi F-4500
fluorescence spectrophotometer equipped with a solid sample holder. The excitation and
emission wavelengths are indicated in the figure legends. The bandwidths were 2.5 nm
for both excitation and emission monochromators for all measurements, except for the
FL4/SEP samples (5.0 nm).

Time-resolved fluorescence decay experiments were performed as described

previously.*> The powder samples were excited at 405 nm (Edinburgh Instruments EPL



405 picosecond pulsed diode laser) in a solid sample holder and the decays collected at:
475 nm (for PFL2/SEP), 490 nm (for FL2/SEP), 500 nm (for FL3/SEP, FL4/SEP,
FL5/SEP and PFLI1/SEP), 515 nm (for PFL4/SEP), 525 nm (for PFL3/SEP and

PFL5/SEP) or 555 nm (for FL1/SEP).

2.4 Confocal fluorescence microscopy

Confocal fluorescence images were obtained with the instrument and conditions
described previously,*> with the exception of the excitation wavelength and the objective.
The samples were excited at 405 nm with a Coherent Cube CW laser and the polarized

laser beam was focused on the samples with a 100x objective.

2.5 Solid state fluorescence quantum yields

The solid-state fluorescence quantum yields (®;) of the powder samples were
measured with a Hamamatsu Quantaurus QY absolute photoluminescence quantum yield
spectrometer model C11347 (integrating sphere), using raw SEP as the reference at the

excitation wavelength used to obtain the spectra.

2.6 Sensitivity to pH and thermal stability

The reactivity of the FL and PFL cations adsorbed on SEP was investigated by
addition of 15 mg of the FL1/SEP and PFL3/SEP samples to 5 mL of 10 mmol dm™
sodium borate buffer solution, pH = 10. The samples were stirred for 24 h, then
centrifuged and dried. UV-Vis-DR spectra as well as color coordinates were obtained in
order to verify any spectral or color variations. To investigate the reversibility of the
adsorption, FL1 was added to 10 mmol dm™ sodium acetate buffer solutions at pH = 4,

5, and 6, followed by the addition of 0.05 g of SEP after discoloration of the solutions



due to the hydration of FL1. This experiment was carried out under stirring at room
temperature (ca. 20 °C) and accomplished by taking digital images as a function of time.

Thermal stability was investigated by submitting FL1/SEP and PFL3/SEP
samples to heating at 105 °C and 120 °C under vacuum for 24 h. Measurements of the

color coordinates and UV-Vis-DR were used to verify any color or spectral changes.

3. Results and discussion

3.1 Fluorescent hybrid pigment formation

The cation exchange capacity (CEC) reported for the SepSp-1 Source Clay
Sepiolite utilized in this work is 15 pmol g™!,>® well below the values in the range of 90-
150 umol g! for SEP from Zafer Mining Co. (Balikesir, Turkey),’” Eskishehir Turkey®°
or Pangel-S9, Tolsa S.A..%! Taking into account this value of the SEP cation exchange
capacity, 30 umol of FL and PFL per g of SEP (twice the CEC) were added initially in
the adsorption process. Since both FL and PFL cations are highly soluble in ethanol,
exhaustive washing with acidic ethanol should remove any excess or weakly
physiosorbed dye, leaving only the more strongly bound dye, indicating ion exchange as
potentially the most important mode of interaction of these cationic dyes with the SEP
clay. Substituents on the FL or PFL cations had little or no effect on the adsorption since
the final amounts of adsorbed dye were similar for all dyes after the washing step. In
addition, all of the amounts of adsorbed dye were inferior to the reported cation exchange
capacity (CEC) of 15 pumol g'! 3¢ for the clay, suggestive of the importance of ion
exchange in the adsorption process under these conditions. Although FL cations are
slightly smaller in size than PFL cations, the dimensions of both classes of dyes relative
to those of the tunnels (Figure 1) should permit some insertion of the dyes into the tunnels,

in addition to inclusion in the external grooves.
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Figure 1. Comparison of the molecular sizes of FL3 (top) and PFL2 (bottom) with the

dimensions of the tunnels of SEP.

The visible colors of some samples are more pronounced than those of others
(Figure 2), a consequence of the relatively small quantities of FL and PFL cations
adsorbed and differences in their molar absorptivities. More importantly, adsorption on
the clays did have a significant effect on the chemical and thermal stability of the dyes,
as well as the fluorescence efficiencies of several of them, as outlined in the following

sections.



FL1/SEP FL2/SEP FL3/SEP FL4/SEP FL5/SEP

PFL1/SEP PFL2/SEP PFL3/SEP PFL4/SEP PFL5/SEP

Figure 2. Images of the samples (a) FL/SEP and (b) PFL/SEP.

3.2 Chemical and thermal stability

For the thermal and chemical stability studies, the samples with most pronounced
colors. i.e., FL1/SEP and PFL3/SEP (Figure 2) were chosen. The two classes of dyes
studied here are largely unstable at high temperatures. Thus, while both FL1 and PFL3
degrade substantially in < 2 h at either 105 °C or 120 °C, FL1/SEP largely retained its
characteristic colors for 24 h at both of these temperatures. At 105 °C, PFL3/SEP still
retained its characteristic color for 24 h, but at 120 °C major degradation occurred (Figure

3), with an accompanying obvious change in color (Figure 4).
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Figure 3. UV-Vis-DR spectra (Kubelka-Munk mode) of (a) FL1/SEP and (b) PFL3/SEP

before and after immersion in pH 10 aqueous buffer.
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Figure 4. Images of the colors from CIELAB coordinate data for (a) FL1/SEP and (b)

PFL3/SEP after the thermal stability tests.

In aqueous solution, FL1 begins to lose its color above about pH 3 (pKu, or the
pH at which half of the cation form is hydrated, is 3.0 = 0.3)*” due to the formation of the
corresponding hemiacetal, followed by ring-opening tautomerization to form a cis-
chalcone and then slow isomerization to the trans-chalcone.*” PFL3 (like all of the PFLs
used in this work) undergoes deprotonation of the 7-hydroxy group at basic pH®? (see
Figure S1 of the Supplementary Material). Figures 3 and 4 also show the impact on the
spectra and colors of FL1/SEP and PFL3/SEP before and after immersion in a pH 10
aqueous buffer medium. The corresponding CIELAB color coordinates are listed in Table
S1 of the Supplementary Material. Although the color of FL1/SEP became less intense,
substantial color still remained, indicating that adsorbed FL1 is less prone to hydration.
For PFL3/SEP, a new band appeared around 450 nm, similar to the band that appears for
PFL3 in solution at high pH (Figure S2 of the Supplementary Material). However, the
color of the sample only faded slightly and did not change abruptly as it does for PFL3 in
solution (Figure S1 of the Supplementary Material). In neither case did the dye leach from
the clay into the pH 10 aqueous medium.

The selective stabilization of the cationic form of FL1 by adsorption on SEP was

further demonstrated by experiments in which FL1 was incubated with SEP in acetate



buffers at pH 4, 5 or 6. Prior to the addition of SEP (Figure 5a), the solution is nearly
colorless due to the hydration reaction. Upon addition of SEP to these solutions, the
suspended clay gradually acquired the orange color of the adsorbed FL1 cation as a
function of time (Figure 5b). The rates of appearance of the coloration were qualitatively
very similar at pH 4, 5 and 6 and the maximum intensity of the color was similar at all
three pH values (Figure 5c¢). Because there are large pH-dependent differences in the
equilibrium concentration of the cationic form in solution, this result strongly suggests
that the hydrated forms of FL1 initially adsorb on SEP, where they subsequently convert
to the cationic form by interaction with acidic sites of the SEP clay. Indeed, SEP clay has
been reported to have two kinds of acid surface sites, one that is strongly acidic with an
effective pK, around 3.2 - 3.3°%%% and another that is moderately acidic with a pK, in the

range of 6.3 — 6.6.63:64

(@) (b) ©r

............. P . P
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Figure 5. Images of (a) FL1 at pH 4; (b) mixture of FL1 and SEP as a function of time at
pH 4; and (c) mixture of FL1 and SEP at pH 4, 5 and 6, after 27 days.
3.3. Spectroscopic studies
Figure 6 presents the UV-Vis-DR spectra for all of the hybrid pigments prepared
in this work, plotted in the Kubelka-Munk mode as remission spectra (Eq. 1). All spectra
had an underlying background absorption due to the SEP clay itself (the spectrum of SEP
clay is shown in Figure S3 of the Supplementary Material). With the exception of

FL4/SEP, PFL1/SEP and PFL2/SEP, the spectra are red shifted from those in acidic



solution (1 % 1.0 mol dm™ HCl/methanol for the FL cations** and acetonitrile containing

0.10 mol dm™ TFA for the PFL cations®’), with the largest red shifts for FL1/SEP (ca. 22

nm), FL2/SEP (ca. 10 nm) and PFL3/SEP (ca. 20 nm). Red shifts of this type have been

attributed to electrostatic interactions®®®” or to the acidity of the inorganic substrate.%® The

exhaustive washing following the initial adsorption procedure was effective, eliminating

any excess of FL and PFL cations since the spectra did not exhibit any evidence of the

presence of aggregates of FL or PFL.
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Figure 6. UV-Vis-DR spectra (Kubelka-Munk mode) of the (a) FL/SEP and (b) PFL/SEP

samples.

Steady-state fluorescence excitation and emission spectra of the hybrid pigments

are shown in Figure 7. The fluorescence excitation spectra for both classes of hybrid



pigments are generally similar to the remission spectra (Figure 6), with the exception of
FL4/SEP whose emission was too weak to obtain a reliable spectrum. The fact that
fluorescence could be observed at all from FL4/SEP and PFL3/SEP was an indication
itself that the interaction with SEP improved the fluorescence of the dyes since both FL4

and PFL3 are essentially non-fluorescent in solution.
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Figure 7. Excitation and emission spectra of the hybrid pigments (a) FL1/SEP (Ex. 480
and Em. 576 nm), FL2/SEP (Ex. 450 and Em. 530 nm), FL3/SEP (Ex. 415
and Em. 490 nm), FL4/SEP (Ex. 450), FL5/SEP (Ex. 410 and Em. 490 nm),
and (b) PFL1/SEP (Ex. 455 and Em. 530 nm), PFL2/SEP (Ex. 445 and Em.
523 nm), PFL3/SEP (Ex. 555 and Em. 640 nm), PFL4/SEP (Ex. 450 and Em.

545 nm), PFL5/SEP (Ex. 455 and Em. 555 nm).



Figure 8 presents confocal fluorescence microscopic images (false-color
mapping) of some of the more strongly fluorescent hybrid clay particles, pointing to
relatively uniform emission across the whole particle. The impressive fluorescence of
these solid samples instigated us to perform measurements of fluorescence quantum
yields. The results, presented in Table 1, show that the fluorescence quantum yields of
the FLs and PFLs tend to be equal to or slightly higher than those of the FLs and PFLs in
acetonitrile containing 0.1 mol dm TFA. Particularly noteworthy are the large increase
in the fluorescence quantum yield of FL1 in SEP and the observation of fluorescence
from PFL3 in SEP. PFL3 is non-emissive in solution due to relaxation to a twisted
intramolecular charge transfer (TICT) state® and encapsulation of FL1 in a CB[7]
cucurbituril cavity was also found to strongly enhance its fluorescence.*’” Unlike FL5,
which is quite fluorescent in solution, FL1 has an electron-rich dimethoxyphenyl B-ring
that favors intramolecular charge-transfer interactions with the cationic portion of the
molecule. Thus, adsorption of FL1 and PFL3 on sepiolite presumably inhibits the
conformational changes in the excited singlet states that transform the fluorescent locally
excited state into a much less fluorescent or non-fluorescent TICT state. The time-
resolved emission decay measurements (Table 1) indicate two lifetime components that
make roughly equal contributions to the emission. In the case of FL1 and FL2, the longer
lifetime exceeds that of the dyes adsorbed on PAL (Table 1). Since no aggregates of FL
or PFL cations were detected, the two lifetime components suggest the existence of at
least two different adsorption sites, potentially reflecting binding of the dye in the external

grooves and in the internal tunnels of SEP.



Figure 8. Confocal fluorescence images (false color) of the samples (a-b) FL2/SEP; (c)

FL5/SEP; (d-e) PFLS/SEP and (f) PFL2/SEP.

Table 1. Quantum yields (®y) and lifetimes (t7) for fluorescence of the FL and PFL

cations adsorbed into/onto SEP.

Hybrid

pigments (I)f* (I)fa Tf,]* / ns Tf,Z* / ns be / ns

FLI/SEP 037 0001  1.33(41%) 3.10(59%) 0.35(80%)
1.0 (20%)

FL2/SEP 0.4l 0.42 1.11 (47%) 2.95(53%) 0.6 (60%)
2.0 (40%)

FL3/SEP 0310  0.26 1.51 (52%)  4.08 (48%)

FL4/SEP  0.006  0.001 - -

FLS/SEP 0.6l 0.53 1.86 (33%)  5.72 (67%)

PFLI/SEP 036 0.43°0.41¢ 0.83(56%) 3.61 (44%)

PFL2/SEP 0.22 0.16¢ 2.13 (47%) 6.48 (53%)



PFL3/SEP 0.027 - - -
PFL4/SEP 0.067 0.048° 1.36 (61%) 3.96 (39%)

PFLS5/SEP 0.044 0.030°¢ 0.79 (74%) 2.62 (26%)

*+£10 %; “FLs and PFLs at 20°C in air-equilibrated acetonitrile containing 0.10 mol dm
TFA. YFLs adsorbed on PAL, Ref. #°. °Ref. . dRef. 7.

4. Conclusions

The adsorption of flavylium (FL) and pyranoflavylium (PFL) cations on sepiolite
(SEP) clay results in hybrid materials with a series of improved properties in terms of
stability of the color in contact with mildly basic aqueous solution, resistance to thermal
degradation of the dye, while maintaining excellent fluorescence properties. In all cases,
the SEP-adsorbed dyes are at least as fluorescent as in solution, with particular attention
to FL1, which is substantially more fluorescent. The thermal stability of FL1/SEP is better
than that of PFL3/SEP, suggesting that the smaller FL1 dye molecules are perhaps more
readily incorporated in the tunnels of SEP than the larger PFL3 dye molecules. FL1 is
also more resistant to color loss due to hydration when adsorbed on SEP, with its wider
tunnels and grooves, than on PAL clay*® with narrower tunnels and grooves. The
fluorescence decays of FL and PFL adsorbed on SEP are biexponential, with a somewhat
greater contribution from the longer decay time for FL than for PFL, suggesting that the
longer and shorter fluorescence lifetimes arise from dye adsorbed in the SEP tunnels and
grooves, respectively. SEP thus appears to be a promising substrate for the development

of highly fluorescent hybrid pigments with improved color and thermal stability.
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