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Eu(Ill) doped Zn,Al-LDH intercalated with cinnamate anions with different CoH,0,/M>* molar ratios were
synthesized by different anion-exchange methods. The XRD patterns indicate the formation of hydrotalcite-like
compounds. UV-VIS absorption spectra show that the hybrid materials obtained have UV shielding capacity. PLS
measurements show low-intensity red light emission of the characteristic europium and cinnamate ions that is
recommended to induce collagen production.

1. Introduction

The excessive exposure to solar radiation causes sunburns, irregular
skin pigmentation, premature aging, immune system function mod-
ifications and skin cancer [1]. Therefore, sun protection is essential to
our physical and mental well-being. The necessity to protect people’s
skins from the harms caused by sun radiation has significantly pro-
moted the development of materials with great UV radiation protection,
high photochemical stability and low toxicity, i.e., new sunscreens
[2,3]. Depending on the sunscreen composition, besides UV protection,
this type of material may achieve other beneficial functions to the or-
ganism such inducing collagen production. Collagen is the main fi-
brillar protein responsible for the skin's viscoelastic properties and its
biosynthesis by fibroblasts is induced by the incidence of low-intensity
radiation in the spectral region of 580-700 nm [4,5], which also in-
cludes the red-light.

Multifunctional sunscreens may be obtained by doping inorganic
host matrices with metal ions and/or by intercalating ionic species into
them, such as layered double hydroxides (LDH). The LDH, also known
as hydrotalcite-like compounds or anionic clays, have two-dimensional
structures organized with flexible pores. These materials are capable of
having negative species intercalated in the interlayer region in order to
neutralize the positive charges of the layers. Thus, the species inserted
in the interlayer spacing acquire extra stability through electrostatic
interactions [6]. In general, LDH present themselves as having the
following formula [M&"M3 " (OH),1(A™)y/n.zH,0 (M =metal ions and
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A™ =interlayer anion) and a structure derived from brucite mineral [7].
The intercalation of chromophore species in LDH has been widely re-
ported in the literature [8-10] due to the broad-spectrum sunscreens
that were obtained having low toxicity and high chemical, thermal
and/or photochemical stability. Besides, LDH doped with metal ions,
especially lanthanide ions presenting luminescent properties, have been
the subject of studies in recent scientific publications [11-13]. The
growing interest in LDH doping is related to future 2D applications of
these materials in several areas [7].

In this perspective, the Eu®* ion, which has an intense red-light
emission and is used as a spectroscopic probe for the determination of
local structures [14] due its intraconfigurational 44 f transitions, can
be highlighted. Moreover, the red-light emission of the Eu®>* ion can be
improved by inserting a sensitizer into the compound of interest, which
then performs the energy transfer process. The energy transfer is sui-
table if there is an interaction between both chemical entities [15].
Therefore, the study of intercalating chromophore species in the LDH
doped with Eu®" ions is of great significance for the development of
new multifunctional sunscreens. Thus, this work aims to investigate
potential multifunctional sunscreens obtained by the interaction of 3-
phenyl-2-propenoic acid (cinnamic acid) sunscreen, in its anionic form,
in the Zn,AI-LDH matrix doped with Eu®>* ions to emphasize the ma-
terials spectroscopic characterization.
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2. Experimental
2.1. Sample preparation

Zinc chloride (ZnCl, — 99.98%, Vetec), aluminum chloride hex-
ahydrate (AICl36H,0 — 99.98%, Synth), Europium oxide (EuyO3; —
99.99%, CSTARM), cinnamic acid (CoHgO» — 99.99%, Sigma-Aldrich),
hydrochloric acid (HCl — 99.98%, Qhemis) and sodium hydroxide
(NaOH - 98.67%, Synth) were used without further purification. The
europium chloride (EuCls) solution was prepared by dissolving the solid
Eu,03 in a hydrochloric acid solution; the sodium cinnamate salt
(NaCoH;,0,) was obtained by mixing CoHgO, and NaOH, at a 1:1 molar
ratio, in a mixed solution of ethanol and water. LDH were synthesized
by the coprecipitation method at constant pH [16]. A mixed solution of
zinc, aluminum (Zn?*/AlI®* molar ratio equal to 2) and europium
chloride (1.0mol% of Eu®*), in the case where Eu®" substitutes for
AI**, was added slowly and under stirring to 150 mL of deionized water
at room temperature and nitrogen atmosphere. The solution pH was
adjusted to 6.5 by the addition of a 0.2 mol L~ * solution of NaOH. The
suspension was kept under stirring for 3 h in nitrogen atmosphere. The
solid obtained was filtered, washed with deionized water and dried at
room temperature for 24 h. For the preparation of hybrid materials, the
doped LDH was added in a solution of sodium cinnamate salt (CoH,05 "/
M3* molar ratio equal to 5 or 7) and the suspension obtained was
subjected to hydrothermal treatment for 24 h at 100 °C or to stirring for
14 days at room temperature. The solids were filtered, washed with
deionized water and ethanol and dried at room temperature for 24 h.
The hybrid material obtained by stirring with CoH,0,/M®* = 7 molar
ratio was designated Zn,Al; Eu,-Cnm,-LDH/S and hybrids obtained by
hydrothermal treatment with CoH,0,/M>* = 5 or 7 molar ratios were
designated as Zn,Al; yEu,-Cnms-LDH/HT and Zn,Al; 4Eu,-Cnm,-LDH/
HT, respectively.

2.2. Characterization techniques

X-ray diffraction (XRD) patterns of powdered samples were re-
corded on a Rigaku diffractometer, model RINT 2000, using CuKa ra-
diation (1.5418 [o\, 40kV, 70 mA, scan 26 range 3-70° and scan speed
0.02°/10s) and Ni filter. FTIR spectra were collected in the
4000-368 cm ™! region in a Bruker spectrophotometer, model FTIR-
Vertex70, using the ATR method. Diffuse reflectance spectra of pow-
dered samples were recorded on a Perkin Elmer spectrophotometer,
model LAMBDA 1050 UV-VIS-NIR, equipped with Spectralon 150 nm
integrating sphere. Color index was obtained in a Konica Minolta
spectrophotometer, model CM-2500d, equipped with d/8° integrating
sphere (CIELab color space). The emission and excitation spectra were
recorded in a Fluorolog Horiba Jobin Yvon spectrophotometer, model
FL3-222, using a continuous xenon lamp irradiation source (450 W)
and a Hamamatsu R928 photomultiplier. Molecular modeling of the
cinnamate anion was performed by semi-empirical calculations in the
MOPAC2016 software, using the Sparkle/RM1 model with the key-
words: BFGS, XYZ, SPARKLE, RM1, GNORM = 0.25, PRECISE and
CHARGE = —1 (see Table S1 and Fig. S1 in the Supplementary Mate-
rial).

3. Results and discussion
3.1. Structural analysis

Comparing the XRD patterns of samples (Fig. 1) with the JCPDS-
PDF-89-460 card corresponding to hydrotalcite-like compound
(thombohedral unit cell and space group R3m) and also comparing
them to a series of layered double hydroxides described in the literature
[17], it is observed the LDH formation have good structural organiza-
tion and phase purity. In the XRD patterns of the LDH, the diffraction
peaks situated above 30°/20 are assigned to brucite-like layer
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Fig. 1. XRD patterns of (a) sodium cinnamate salt, (b) JCPDS-PDF-89-460 card,
(c) Zn,Al-CI-LDH, (d) Zn,Al,  Eu,-Cl-LDH, (e) Zn,Al, Eu,-Cnms-LDH/HT, (f)
Zn,Al; yEu,-Cnm,-LDH/HT and (g) Zn,Al, xEu,-Cnm,-LDH/S.

structures, while the harmonic reflections (001) located in low-angle 26
region are attributed to layer stacking, which is directly associated to
intercalated anions [18]. Thus, basal spacing is calculated from the
interplanar distances (dpx) of the respective basal reflections. So, a
parameter is equal to interplanar distance d;;o multiplied by 2 and c
parameter is defined as interplanar distance dyo3 multiplied by 3 for the
LDH compounds with rhombohedral symmetry R3m such as the layered
materials obtained above [17].

Analyzing the dgyg3 values of Zn,Al-Cl-LDH and Zn,Al; 4Eu,-Cl-LDH
(Table 1) against the values reported in literature [19], it is observed
that the anion in greater quantity in the interlayer region is the chloride
ion, which has dgg3 close to 7.8 A. The presence of chloride ions inside
the interlayer space facilitates the intercalation the anion of interest,
especially by using the method of synthesis described above to obtain
the hybrid materials, because chloride anions have a low capacity of
stack assembly when compared to other anions, mainly the carbonate
ion [19].

For the Zn,Al, (Eu,-Cl-LDH sample, detailed modifications in the a
and ¢ parameters are observed (Table 1). Those parameters refer to the
distances between cations of the LDH layers and the distances between
three consecutive layers, respectively. Modifications among them are
associated with point distortions of the LDH crystalline lattice caused
by the insertion of small quantities of the Eu®* ion [11]. The XRD

Table 1
Interplanar distances dooz and d;10, lattice parameters (a and c), basal and in-
terlayer spacing of samples.

Sample doos dyo a /A c/A Basal Interlayer
spacing /A spacing® /A

Zn,Al-Cl-LDH 7.80 1.54 3.08 2340 7.77 2.97

ZnyAl;  Euy-Cl-  7.76 1.53 3.06 2328 7.75 2.95
LDH

Zn,Aly Euy- 18.56 1.54 3.08 55.68 17.92 13.12
Cnms- 8.72% 26.16" 8.18" 3.38%
LDH/HT

Zn,yAly <Euy- 15.24 153 3.06 4572 15.33 10.53
Cnmy- 7.71% 23.13* 7.73° 2.93"
LDH/HT

ZnyAly 4Euy- 18.26 1.54 3.08 5478 17.95 13.15
Cnmy- 7.76% 23.28" 7.68" 2.88"
LDH/S

@ LDH intercalated with chloride ions.
b Interlayer spacing corresponds to the difference between basal spacing and
brucite-like sheet thickness (4.8 A).
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Fig. 2. Probable schematic representation of the interlayer arrangement for the cinnamate anion in hybrid materials.

patterns of the hybrid materials show the displacement of basal re-
flections to smaller angles when compared with those of Zn,Al; 4Eu,-Cl-
LDH and Zn,Al-CI-LDH (reference samples). This displacement in-
dicates the increase of basal distance (Table 1) caused by the inter-
calation of the cinammate anion. However, it is observed that hybrid
materials are composed of both LDH intercalated with cinammate an-
ions and LDH intercalated with chloride anions. Considering the cin-
namate anion dimensions achieved by semi-empirical calculations
(4.8 x 7.0A) and the interlayer distance of the hybrids, a bilayer ar-
rangement of the organic anion in the interlayer region is proposed,
where the carboxyl groups of the cinnamate anion are close to the
positive LDH layers and the aromatic rings are stacked one with other
(Fig. 2).

The FTIR spectra (Fig. 3) of the hybrid materials show characteristic
bands of the cinnamate anion, such as the C=C,yene Stretching
(1639 cm ™ 1) and the C=Ciing stretching (1450 ecm ™Y, and typical bands
of the LDH host assigned to hydroxyl stretching vibrations (3346 cm ™ ')
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Fig. 3. FTIR spectra of (a) sodium cinnamate salt, (b) Zn,Al-CI-LDH, (c) Zn,Al;_
«Eu-ClI-LDH, (d) Zn,Al; Eu,-Cnms-LDH/HT, (e) Zn,Al; (Eu,-Cnm,-LDH/HT
and (f) Zn,Al;  Eu,-Cnm,-LDH/S.
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and also the metal-oxygen vibrational modes (544 and 422 cm ™) [20].
Moreover, the carboxylate bands (v,,COO™ = 1529 cm ™! and v,COO™ =
1385cm ™ 1Y) are shifted to a lower wavenumber when compared to
those of the cinammate anion (1,,COO™ = 1547 cm~ ! and v,COO =
1402 cm ™ Y). This vibrational shift indicates that interactions between
host layers and cinnamate anions occur through the carboxylate group
as proposed in Fig. 2. The carboxylate groups of cinnamate anions can
be coordinated to metal ions in different ways; therefore, the frequency
difference between COO™ asymmetric and symmetric stretching modes
(Av = v, vs) gives information about the coordination mode [21].
According to the Av values obtained, the carboxylate groups are bound
to the metal ions from the layers via a bridging bidentate mode.

3.2. Optical properties

According to structural analysis, hybrid materials have similar
structural organization, thus the Zn,Al; tEu,-Cnm,-LDH/S sample was
chosen as reference to investigate the optical properties of the hybrid
materials as multifunctional sunscreens.

The UV-VIS reflectance diffuse spectra (Fig. 4a) show that each
material has a specific visible-light scattering (400-800 nm), which is
correlated with particle size and/or aggregate formation. The UV-VIS
absorption spectra of the samples obtained by the Kubelka-Munk
equation [22] are shown in Fig. 4b. The absorption spectrum of Zn,Al-
CI-LDH exhibits bands in the 200-280 nm region, which are attributed
to VB — CB transitions of the LDH. The Zn,Al;_,Eu,-Cl-LDH spectrum
has both typical LDH bands and low intensity absorption bands of Eu®*
ions at 394nm ("Fy — °L¢) and 464 nm ("F, — °D,). The sodium cin-
namate salt has two broad and intense absorption bands (Apax =
224 nm and 285 nm, respectively) attributed to a mixture of x — 5" and
n— 7" transitions [23]. The electronic transitions assigned to the ab-
sorption band in the 245-320 nm region correspond to the carboxyl
group and aromatic ring of the cinammate anion. Due to its high UV
absorption capacity in the 205-320 nm region, the cinnamate anion has
frequently been used as sunscreens [10]. The hybrid material exhibits a
similar absorption profile to the sodium cinnamate salt. Therefore, the
hybrid demonstrates potential for applicability as a sunscreen. In ad-
dition, a red shift (bathochromic effect) of the absorption band in the
245-320 nm region is observed, indicating guest-host interactions.
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Fig. 4. a) Diffuse reflectance and b) absorption spectra of sodium cinnamate
salt, Zn,Al-Cl-LDH, Zn,Al,_ Eu,-Cl-LDH and Zn,Al,_Eu,-Cnm,-LDH/S.

The CIELab color diagram shows that the hybrid material has a
yellowish-white pigment (L"= 93.6; a" —0.03 and b" = 6.03), the
same as the sodium cinnamate salt (L' 95.1; a’ —0.37 and
b"=6.20); consequently, its use as a sunscreen does not compromise the
aesthetics of the cosmetic product (see Fig. S2 in the Supplementary
Material).

The excitation spectrum of the Zn,Al; 1Eu,-Cnm,-LDH/S at room
temperature (Fig. 5) shows a low intensity band (250-305 nm) prob-
ably an oxygen-to-metal charge transfer band (CT) and a broad and
intense band at about 342 nm attributed to a mixture of t — " and  —
n" transitions of the cinnamate anion. The excitation spectrum also
exhibits narrow bands assigned to intraconfigurational 4f° transitions of
the Eu®™ ion ("Fy — °Lg at 394 nm and °F; — °D, at 464 nm) [24]. The
room-temperature emission spectra of the Zn,Al; Eu,-Cnm,-LDH/S
were recorded at excitation wavelengths (Aex.) of 290, 335, 394 and
464 nm assigned to the charge transfer, cinnamate transition and in-
traconfigurational 4f° transitions of the Eu®" ion (shown in Fig. 5).
Depending on the A4 used, the emission spectrum shows red emission
of the Eu®" ion and cinnamate anion. Moreover, emission bands ob-
served are broad and low-intensity [25,26] due to the high amount of
water and OH groups present in the LDH, which provide nonradiative
deactivation by multiphonon process.

Excitation and emission spectra were obtained at liquid nitrogen
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Fig. 5. Excitation and emission spectra of Zn,Al, yEu,-Cnm;,-LDH/S at room
temperature.
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Fig. 6. Emission spectra of Zn,Al; yEu,-Cnm,-LDH/S at ~77 K under different
excitation wavelengths.

temperature (~77K) in order to investigate the environment of the
Eu®" ions and understand the intramolecular energy transfer process in
the layered material. In the emission spectra of the Zn,Al; yEu,-Cnm;-
LDH/S at ~77 K (Fig. 6), the Dy — “F, transition is more intense than
the °Dy — ’F, transition, which indicates that the Eu®" ions occupy
non-centrosymmetric sites [27]. In addition, the emission spectra ex-
hibit a wide band (FWHM = 43 cm ') in the 580-584 nm region at-
tributed to the °D, — ”F,, transition. This indicates that Eu®>* ions are in
a close environment as observed in glasses due to inhomogeneous line
broadening [28]. The number of crystal-field components for the °Dy —
7F, transitions (J = 0-4) observed in the emission spectra shows that
Eu®" ions occupy low symmetry sites [14].

In the excitation spectra of NaCnm at liquid nitrogen temperature
(Fig. 7), the vibronic transitions of the carboxylate group are observed.
The emission spectrum of NaCnm at ~77 K (Fig. 7) shows a broad
emission band with maximum value at 489 nm (2.04 x 10* ecm™1)
extending up to ~ 667 nm (1.50 X 10* ecm ™) similar to the emission
bands of aromatic carbonyl compounds [29,30], which are assigned to
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Fig. 7. Excitation and emission spectra of NaCnm at ~77 K.

triplet-singlet transition. This indicates that the cinnamate anion is not
a suitable molecule for the energy transfer process (antenna effect) in
the Zn,Al; 4Eu,-Cnm,-LDH/S material. Therefore, the Zn,Al;  Euy-
Cnm,-LDH/S material presents low-intensity emission in the
550-750 nm spectral region. However, UVB (290-320 nm) and UVA
(320-400 nm) radiations absorbed by the Eu®** doped layered material
are converted into low-intensity red light emission of the cinnamate
anion (wide emission band) and Eu®" ion (narrow emission bands).

4. Conclusions

The Eu(Ill) doped Zn,Al-LDH intercalated with cinammate anions
with CoH,0,/M3* = 5 and 7 molar ratios were successfully synthe-
sized by different anion-exchange methods. Structural analysis shows
the formation of layered materials composed of both LDH intercalated
with cinammate anions and LDH intercalated with chloride anions. In
addition, this analysis pointed to a bilayer arrangement of cinammate
anions in the interlayer region, where its associated carboxylate groups
are close to the positive LDH layers. The UV-VIS absorption spectra
indicate that hybrid materials exhibit high UV shielding ability,
whereas luminescence spectra show red emission of the Eu®* and the
cinnamate ions of low intensity to be a phosphor but potentially cap-
able of inducing collagen production. Therefore, optical properties of
the Eu(III) doped Zn,Al-LDH intercalated with cinammate anions allow
their use as multifunctional sunscreens.
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