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ABSTRACT: Luminescent layered double hydroxides (LDH) intercalated by isophthalate
(ISO) and nitrilotriacetate (NTA) have been synthesized and characterized by powder X-ray
diffraction (PXRD), extended X-ray absorption fine structure (EXAFS), elemental analysis
(ICP-OES and CHN), and photoluminescence spectroscopy. While PXRD shows the
successful formation of ZnAlEu LDHs, EXAFS reveals that the Eu activators are hosted in the
hydroxide layers with an eightfold, oxygen-rich coordination, distinct from the sixfold
coordination expected for the octahedral sites of metal cations in LDHs. This kind of
coordination should locally distort the brucite-like layers. Additionally, the intercalation of ISO
and NTA in the LDHs is shown to change the coordination environment around Eu compared to nitrate-intercalated ZnAlEu
LDHs, which suggests that these anions directly interact with the Eu centers and/or strongly affect their coordination geometry.
Finally, from the photoluminescence results, analyzed based on the Judd—Ofelt theory, it is determined that Eu is most likely in an
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Layered double hydroxide

environment with no inversion symmetry.

B INTRODUCTION

Layered double hydroxides (LDH) are inorganic compounds
with their structure based on the lamellar mineral brucite—
Mg(OH),. Isomorphic substitution of divalent ions in the
neutral brucite layer by tri- or tetravalent ions generates a
positive layer charge that has to be compensated by adsorption
of anions between the layers. This results in a general formula
M,_,"M"(OH),][A""],,,-mH,0, such as in the natural
mineral hydrotalcite, where part of the Mg" is replaced by AI'".
LDH minerals exhibit a wide flexibility in composition and a
score of polyvalent ions can be introduced into the layers."”
The versatile composition of the LDH wunlocks large
application possibilities in diverse research fields, such as
catalysis,% gectrolysis, drug delivery, and environmental
sciences.’

Rare-earth (RE) elements are known for presenting unique
luminescence properties attributed especially to their narrow
emission lines and weak dependence of the emitted wave-
lengths to the host matrix. The explanation of these features
resides in the shielding of the optically active partially filled 4f
energy levels of the lanthanides provided by the completely
filled external $s* and 5p® subshells.">~"” However, while the
wavelength of the 4f—4f spectral lines of trivalent rare-earth
(RE*) elements changes only a few nanometers when
different matrices are compared, the relative intensity of their
emission lines can be significantly modified by the crystal field,
as described by the Judd—Ofelt theory."*™*” According to this
theory, the RE®* 4f—4f transition probabilities are dependent
on a set of three intensity parameters (£,, Q,, and €), which
depends on the odd components of the crystal-field potential.
In general, €, is most affected by angular changes of the
ligating atoms around the RE*, while Q, and 4 are more
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sensitive to radial changes and the polarizability of the groups
coordinating to the RE*".*® For Eu™, the Judd—Ofelt intensity
parameters can be experimentally calculated from the integral
intensity of the (Eu*)’D, — ’F,,,s 4f—4f electronic
transitions.

The combination of RE®*' ions and layered double
hydroxides is well reported in the literature and has been
shown to produce interesting luminescent matrices. Other
morphologies have also been obtained by the inclusion of RE**
ions in the structure of LDHs, allegedly benefiting from the
high coordination capacity of these elements to promote the
selective alignment of the brucite-like layers over the surface of
polymeric micelles." Interlayer modifications in the LDHs have
also been employed to tune and/or improve the luminescence
properties of these materials. Examples are the intercalation of
anionic photosensitizers to improve the overall luminescence
of RE*"-containing LDHs and the intercalation of luminescent
complexes to create new luminescent phases. These
approaches inspired the production of an enormous collection
of RE**-based luminescent LDHs, including those intercalated
by 4-biphenylacetate,” picolinate complexes,®® p-diketo-
nates,”’ trimesate,”>" and other carboxylates.32

Isophthalate is a benzenecarboxylate, a family of ligands

. 32,33
known to be intramolecular energy donors for Eu®'.
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Similarly, luminescence studies of Eu-nitrilotriacetate com-
plexes (EuNTA) have shown that the triplet state of NTA
(~29000 cm™) can be used to populate the D, (~17290
cm™!) state of Eu*.>* Then, intercalation of these two
photosensitizers in Eu**-containing LDHs is expected to
enhance the overall luminescence of these inorganic matrices.
Additionally, nitrilotriacetic acid is a known chelating agent
that, due to its wide use in detergents, fragrancies, plasters,
polishes, and paints, is released to the environment. Hence,
immobilization of nitrilotriacetate by its intercalation in LDHs
is of interest for environmental remediation. Interestingly,
nitrilotriacetate intercalated in LDHs can act as a solid-state
chelating agent for metal ions in solution.*>*® We also note
that a MgAl LDH intercalated by nitrilotriacetate has been
reported by Kaneyoshi et al.”” and a ZnCr LDH hosting metal
complexes of nitrilotriacetate in the interlayers has been
reported by Gutmann et al.”> Also, the long-lived triplet state
of isophthalate anions intercalated in ZnAl LDHs has been
recently shown to efficiently promote singlet oxygen
generation under near-infrared absorption both in vitro and
in vivo. Interestingly, the confined environment of ISO in the
LDHs provides further stabilization for the triplet state of this
photosensitizer.*®

In this work, the synthesis and characterization of
luminescent Zn**/AI**/Eu’* layered double hydroxides inter-
calated by isophthalate (ISO) and nitrilotriacetate (NTA) are
described (see Figure 1). The coordination number of Eu®" in

H,ISO H3aNTA
2 OH
HO
O%
N 0
—( A
HO
\ OH oH

Figure 1. Acid forms of the ligands intercalated in the LDHs:
benzene-1,3-dicarboxylic acid (H,ISO, isophthalic acid), and
nitrilotriacetic acid (H;NTA).

the LDH matrices has been determined from Eu L"-edge
EXAFS measurements. The coordination changes occurring
when the anionic species intercalated in the LDHs are replaced
have been followed by the Judd—Ofelt intensity parameters
obtained from the photoluminescence spectra. The intercala-
tion of these carboxylates produces not only an increase in the
noncentrosymmetric character of the Eu’* site but also a
modification in the polarizability of the electron cloud around
this activator.

B RESULTS AND DISCUSSION

Structural Properties. The powder X-ray diffraction
(PXRD) patterns of LDH-ISO and LDH-NTA (Figure 2)
confirm the formation of the LDH phase in both samples."*"*
Their Bragg reflections can be indexed based on a three-layer
hexagonal unit cell with rhombohedral centering. In the lower
angle region, 26 < 25°, the (00) Bragg peaks of each pattern
arise from the reflections coming from the basal planes passing
through the metal sites in the hydroxide layers. Especially, the
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Figure 2. PXRD patterns of the samples LDH-ISO and LDH-NTA
indexed based on a three-layer hexagonal unit cell.

d(003) planar distance corresponds to the basal spacing of each
clay structure, comprising the interlayer spacing and the
thickness of the hydroxide layer.

The summary of the main features derived from the PXRD
analysis is presented in Table 1. The intercalation of ISO and
NTA expands the interlayer gallery of these clays compared to
nitrate-intercalated materials, which makes the basal reflections
of LDH-ISO and LDH-NTA to appear shifted to lower angles.
The interlayer distance in LDH-ISO is larger than that of
LDH-NTA. Estimating the thickness of the hydroxide layer as
4.8 A, the interlayer spacing of the clay structures is calculated
to be 9.8 and 7.2 A for LDH-ISO and LDH-NTA, respectively.
For LDH-ISO, these values are consistent with a bridging
orientation for the interlayer anion, where each terminal
COO™ interacts with a different hydroxide layer. For LDH-
NTA, both the parallel and the bridging orientations are
possible by considering the size of nitrilotriacetate.

For both LDH-ISO and LDH-NTA, the first basal reflection
is more intense than the second (I(003) > I(006)), which
suggests that Eu®* is not immobilized as a metal complex in the
interlayers. In general, inversion of this feature is observed
when heavy metal cations are present in the interlayer medium,
located near to the midpoint of the interlayer gallery.** This
feature has been attributed to an increase in the electron
density at the midpoint of the ¢ axis, which constructively
contributes to the (006) reflection, but destructively
contributes to I(003).

In the angular region from 20 = 30 to 40°, a broad and
asymmetric peak formed by an envelope of (01l) and (101)
reflections is observed in the PXRD patterns of LDH-ISO and
LDH-NTA. The appearance of this asymmetric feature has
been described elsewhere to be indicative of local distortions
within the brucite-like layers.*' A last diffraction feature is
observed at 26 ~ 60.9° for both samples, corresponding to the
superposition of the (110) and (113) Bragg reflections, which,
for layered structures with large basal spacing, appear
superposed. Since the d(;;0) planar distance is related to the
average metal-to-metal distance within the hydroxide layers—
“aye = 2d(110)"—auu is estimated to be 3.06 A. This value
matches the Zn—Al distance in ZnAl LDHs with metal fraction
Zn/Al = 2. Since it is known from the LDH literature that ayg
strongly correlates with the M'"/M™ metal fraction in the
layered phase, with ayy, increasing with a decrease in the Al
content, a M"/M™ ratio close to 2 is expected in the layered
phase of the samples LDH-ISO and LDH-NTA.*'
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Table 1. Crystallographic Properties of LDH-ISO and LDH-NTA and Estimate for the Dimensions of the Intercalated Anions

sample 2003 (deg)” 5(20,03) (deg)” diooz) (A)° Lioo3) (A7 interlayer distance (A)° anion dimensions (A)
LDH-ISO 6.06 1.54 14.6 54.0 9.8 69 X 49 X 22
LDH-NTA 7.26 1.37 12.0 60.7 7.2 51X 57 X42

“Peak position. "Full width at half-maximum. “Basal spacing. 9Scherrer crystallite size in the (003) direction for a Gaussian peak; instrumental
width: 0.14° 26. “Basal spacing minus the thickness of the hydroxide layer estimated as 4.8 A./An estimate for the height x width X thickness of

ISO and NTA in the geometry shown in Figure 1.

Chemical Composition. Bulk analysis of the elemental
composition of LDH-ISO and LDH-NTA has been inves-
tigated by ICP-OES and CHN. The empirical formula of the
precipitates has been written assuming that (1) carboxylates
are the only source of carbon; (2) for LDH-ISO, nitrogen
originated from nitrate ions in the samples; and (3) the excess
of nitrogen in LDH-NTA originated from nitrate anions.

LDH-ISO. Anal. Calcd. for [Zn,Al; ;4Eugos0(OH)g3s]-
[(NO3 )0010(ISO*)g.45(Na)g 0] — wt % Calc: Zn, 36.34;
Al 8.55; Eu, 2.11; Na, 0.64; C, 12.00; H, 2.27; N, 0.39. Found:
Zn, 36.49; Al, 8.61; Eu, 2.10; Na, 0.75; C, 11.95; H, 3.31; N,
0.38.

LDH-NTA. Anal. Caled. for [Zn,Al ggEugoss(OH)g,s]-
[(Nos_)o.z4(NTA2_)0.41(Na+)0.07]'0~88H20 — wt % Calc.:
Zn, 34.10; Al, 7.60; Eu, 1.78; Na, 0.42; C, 7.70; H, 2.84; N,
2.41. Found: Zn, 34.00; Al, 7.61; Eu, 1.77; Na, 0.59; C, 7.69;
H, 3.12; N, 2.35.

The M"/M™ metal fractions for LDH-ISO (1.75) and LDH-
NTA (1.85) are lower than the minimum theoretical fraction
of 2 allowed by the Pauli principle, the so-called cation
avoidance rule. This suggests the precipitation of Al impurities
in the samples.”” The same conclusion arises from the charge
unbalance resulting from the empirical formulas if one
considers all Al to be hosted in the hydroxide layers of the
LDH phases. Assuming that the true Al content in the LDHs is
defined by the charge balance in the materials, we expect that
0.24 and 0.09 moles of Al per unit formula precipitate as
impurity phases in LDH-ISO and LDH-NTA, respectively. We
note that the formation of gibbsite, boehmite, and amorphous
Al hydroxide or oxohydroxide phases is not uncommon in the
synthesis of LDHs."” For instance, other studies on NTA-
intercalated LDHs also reported bulk M"/M™ fractions lower
than 2, which was associated with the formation of boehmite,
as observed by powder X-ray diffraction.”” In the case of LDH-
ISO and LDH-NTA, no additional phase could be detected in
their PXRD patterns, showing that the excess Al is precipitated
in an amorphous phase. The amounts of ISO and NTA found
in the samples indicate that these anions are intercalated in the
LDHs as ISO*™ and NTA?", which is understood given that
the synthesis pH is around pH 8, and pK,,; ,(ISO) = 3.30, 4.38
and pK,, ,3(NTA) = 1.89, 2.49, and 9.37." 7+

While isophthalate has shown a strong preference to be
intercalated in the LDHs in the expense of nitrate, which is
also present during the synthesis, nitrilotriacetate is interca-
lated together with a considerable amount of this monovalent
anion. The Eu/(Al + Eu) fraction in the samples is slightly
lower than the nominal fraction of 5% added for the synthetic
procedure.

X-ray Absorption Spectroscopy (XAS). To characterize
the coordination environment around the Eu’* activators in
LDH-ISO and LDH-NTA, Eu L".edge XAS data were
collected and analyzed. In the XANES part of the spectrum
(Figure 3), the most intense absorption feature is centered at
6983.1 eV, corresponding to the Eu(III) oxidation state. No

—————
----- Eu,0; - Eu(lll)

LDH-ISO

Normalized Intensity (a.u.)

LDH-NTA

1 N 1 N 1 N 1
6975 7000 7025 7050
E (eV)

Figure 3. Normalized Eu L™-edge near-edge spectra (XANES) for
LDH-ISO and LDH-NTA. The spectrum of Eu,O; a reference
compound featuring only Eu(III), has been measured for comparison.

absorption feature corresponding to Eu(II), expected at
around 6975 eV,46 has been found.

Figure 4 displays the EXAFS part of the XAS spectra along
with the Fourier transformed data. The similarity between the
data for LDH-ISO and LDH-NTA suggests that Eu is in a
similar environment in both samples. A single-shell fit to the
k3-weighted EXAFS data for LDH-ISO and LDH-NTA reveals,
respectively, an average number of 7.7 and 7.8 oxygen atoms at
around 2.429 and 2.431 A (Table 2), which are likely to be
ascribed to water and/or hydroxyl groups bonded to Eu and
possibly to oxygen from the COO™ groups that may directly
bind to the metal centers in the LDHs. The second and third
coordination shells observed on the Fourier transformed data
could be well described by oxygen and zinc scatterers at
around 3.6 and 4.0 A, respectively. With this Eu—Zn distance
and considering the thickness of a hydroxide layer to be around
4.8 A, the accommodation of eightfold-coordinated europium
surrounded to oxygen atoms at a distance of 2.4 A can only
happen if Eu is hosted within the brucite-like layers. In this
case, a Eu—Zn distance longer than that expected for the metal
sites in ZnAl LDHs (~3.06 A) shows that the inclusion of Eu
distorts the hydroxide layers. No signal from Eu backscatters
has been found in the EXAFS data, thus ruling out the
segregation of this cation in Eu-rich phases such as Eu(OH),
and EuO(OH).

Infrared and Photoluminescence Spectroscopy. To
characterize the functional groups present in the samples, the
infrared transmittance spectra of LDH-ISO and LDH-NTA
were measured (see Figure 5). In the high-wavenumber region,
the broad bands comprising the absorption maxima at
approximately 3400 cm™' are due to the O—H stretching
vibrations of the interlayer and surface water and structural
hydroxides. High intensity and large width of this band are
expected due to the high degree of hydration and the presence

https://dx.doi.org/10.1021/acsomega.0c02848
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Figure 4. (A) Eu L™edge EXAFS spectra and (B) Fourier
transformed data for LDH-ISO and LDH-NTA. The black circles,
the red, and the faint blue lines represent the data, the fit, and the
residuals, respectively.

Table 2. Structural Parameters Refined from EXAFS“

sample shell CN? R (A)° o’ (Az)d
LDH-ISO Eu—O 7.7(4) 2.429(4) 0.0095(7)
Eu—0 3.3(9) 3.65(1) 0.0048(29)"
Eu—Zn 6° 4.03(2) 0.024(3)
LDH-NTA Eu-0 7.8(7) 2.431(5) 0.0099(11)
Eu-0 2.4(9) 3.62(3) 0.0048(29)
Eu—Zn 6 3.99(3) 0.024(3)

“Amplitude reduction factor: Sp* = 0.95 (see the Experimental
Section). Energy shift: AE = (3.4 + 0.4) eV. R-factor = 0.67%. Fitting
range: 2.0 < k < 10.5 A1 10<R<41A bCoordination number.
“Bond distance. “Debye—Waller factor. “Not floated. “Variables
constrained during the fit.

of slightly different biding energies in the O—H oscillators in
the systems.

The bands appearing in the range of 1350—1650 cm ™" are
attributed to the interlayer carboxylate groups. The exact
wavelength determination for the symmetrical vibrations of
these O=C=0 groups is complicated by the presence, in the
same region, of the N—O vibration corresponding to the very
sharp feature at 1384 cm™'. The presence of this absorbing
mode for all samples confirms the elemental analyses data,
indicating that the carboxylates do not completely replace the
nitrate anions in the interlayers of the investigated materials.

To tentatively infer the coordination modes of the interlayer
carboxylates, the IR spectra of LDH-ISO and LDH-NTA have
been compared to those of the sodic salts Na,ISO and
Na;NTA (faint lines in Figure S), which were prepared by
neutralization of the acid ligands with sodium hydroxide. A
comparison of the wavelength difference A = v,, — v, between

Wavenumber / cm™

Figure S. Infrared transmittance spectra of LDH-ISO and LDH-NTA
dispersed in KBr pellets.

the asymmetric and symmetric vibrational modes of the
carboxylate groups in the LDH precipitates and in the sodic
salts (Apoyc) was employed. For A > A, A < Ay, and A
< Apno monodentate, chelating, and bridging bidentate
coordination are assigned, respectively.””**

In the spectral region from 1350 to 1600 cm™, very similar
profiles are observed for LDH-ISO and Na,ISO, except for the
presence of the very sharp absorption of nitrate. The
symmetric and asymmetric vibrational modes of the carbox-
ylate groups are observed at 1385 and 1630 cm™',
respectively.”” The large difference A = 245 cm™, similar to
that of the sodic salt, combined with the splitting in the v
band, suggests a mixed bridging bidentate and chelate
coordination for the isophthalate interlayer anion. For the
carboxylate groups of NTA, the narrow absorption peaks
observed in NagNTA appear broaden in the spectra of LDH-
NTA, which could suggest the existence of more than one
coordination mode for these anions. This explanation is further
supported by the partial deprotonation expected for NTA in
the pH of synthesis (pH 8), which then provides at least two
coordination environments. Also, we note that all of the metal
cations in the samples (Zn, Al and Eu) may function as
binding centers for the interlayer anions, which is likely to
further contribute to line broadening. The asymmetric
vibrational mode of the carboxylate groups of LDH-NTA
(1620 cm™) appears shifted to lower wavenumbers compared
to Na;NTA (1673 cm™") and produces A < Ay, suggesting
the existence of a chelate binding mode for this anion. We note
that both chelate and monodentate coordination and even no
coordination to the metallic centers in layered hydroxides have
already been observed for carboxylates intercalated in layered
phases. Interestingly, Shao et al.’’ have shown that the Eu**—
COO™ binding in layered rare-earth hydroxides intercalated
with (hetero)aromatic carboxylates enhances the photo-
luminescence (PL) properties of Eu®*, while no effect on PL

1
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is observed when these carboxylates are not coordinated to the
metallic center.

The photoluminescence spectra of LDH-ISO and LDH-
NTA are shown in Figure 6. The excitation spectra (Figure
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Figure 6. Excitation spectra monitored at 614 nm (A) and emission
spectra (B) with excitation at the peak intensity of the S, — S, band
(290 nm). The 4f—4f transitions in Eu®" are indicated by the term
symbols of the 4f electronic states.

6A) were obtained by monitoring the (Euw’*)°D, — ’F,
emission at 614 nm. A broad band from 240 to 350 nm is
observed in the excitation spectra, corresponding to singlet—
singlet transitions (S, — S,) of each carboxylate with
subsequent energy transfer to the (Eu3+)5D0 state.>*** Also
visible are the sharp excitation bands corresponding to 4f—4f
intraconfigurational transitions of Eu’*. For LDH-ISO, the
high-intensity ligand-to-metal excitation band shows that the
activator is more efficiently sensitized by indirect excitation,
with isophthalate as an antenna. On the other hand, for LDH-
NTA, direct excitation of Eu" is observed to be the most
efficient.

The emission spectra (Figure 6B) of LDH-ISO and LDH-
NTA show the sharp emission bands characteristic of the 4f—
4f transitions in Eu®'. In the range 450—550 nm, the absent or
low-intensity emission of ISO and NTA shows the excellent
ligand — Eu’* nonradiative energy transfer in the samples and
reveals the proximity between Eu and the carboxylates in the
system.”"*> The relative intensity of the observed emissions
shows information about the coordination symmetry around
the Eu centers. In fact, since the (Eu**)’Dy, — "F, emission is
the most intense for both samples, it is most likely that Eu’* is
in a site with no inversion symmetry. In noncentrosymmetric
ligand fields, Laporte’s rule for the 4f—4f transitions is partially

relaxed by the mixing of electronic configurations with an
opposite parity caused by the existence of odd components in
the crystal field. This mechanism makes the (Eu**)°D, — 'F,,
transitions appear enhanced, more intense than the magnetic
dipole transition (Eu**)’D, — 7, ****

More information on the local symmetry around the Eu’*
activators in LDH-ISO and LDH-NTA can be obtained by
analyzing the experimental Judd—Ofelt intensity parameters
(Q,,) for these samples. , and €, are calculated from the
emission intensity (S,,,) and the barycenter (4,,,) of the
(Ev*)’D, — 7F1‘2‘4 transitions in the emission spectra as

4
Dyip /12,4 9n’ 52,4

S Alle U4 n(n* +2) 5—1 (1)

92,4

where the reduced dipole matrices U,, and the dipole
strength of the magnetic dipole transition (Eu**)’D, — ’F,,
Dyp = 9.6 X 107° debye?, are tabulated quantitiesm’SS and e is
the elementary electric charge. The refractive index of the
matrix, 1, has been assumed to be 1.5 in accordance with other
investigations.“o’56 While Q, is more sensitive to angular
changes in the first coordination shell around Eu**, Q, is more
influenced by radial movements and the 1po_larizability of the
ions in the neighborhood of this activator. %57 In addition, the
total radiative transition rate of the Eu**(°D,) electronic state,
A,.q4 is determined as

A

2 _4 2 2
2 3;,6{;6 ﬂ1)z3 = 9+2) 4 Y
J + D4 )

J=24

rad — Al

where the radiative transition rate of the magnetic dipole
transition (Eu®*)’D, — F, is A, = 50 s"L.'*"*

The experimental Judd—Ofelt parameters, €, ,, along with
the radiative decay rates, A,,q, for the *D, emitting level of the
Eu activators in LDH-ISO and LDH-NTA are shown in Table
3. Data from LDHs intercalated by other ligands and published

Table 3. Experimental Intensity Parameters (£2,,) and
Radiative Transition Rate (A,,4)

sample Q, (107 cm?) Q, (107 cm?) A 579
LDH-ISO 11.6 + 0.9 10+1 546
LDH-NTA 8.1 +£0.7 7.1 +£0.8 399
LDH-ACAC” 144 + 0.4 81+ 02 608
LDH-TTA” 140 + 0.3 7.8 +£0.2 591
LDH-BTC” 103 £ 0.2 10.0 + 0.2 504
LDH-NO; ™ 39 +0.1 1.8 +£ 0.1 192

“Reference 31. ACAC = acetylacetonate. TTA = thenoyltrifluor-
oacetonate. BTC = 1,3,5-benzenetricarboxylate.

elsewhere are shown for comparison. We note that the
photoluminescence properties of the LDHs are modified when
the anions intercalated in these materials are changed, which
indicates that the coordination symmetry around Eu is
dependent on the intercalated anion. Among the ZnAlEu
LDHs described in the literature, the nitrate-intercalated
material is found to show the lowest value for both €, and
Q,, thus suggesting that the intercalation of ISO and NTA
creates a less centrosymmetric chemical environment for Eu.
Similar conclusions have been drawn for the intercalation of
other carboxylates and also for S-diketones.”’

As shown in Table 3, Q, increases in the order LDH-NO;~
< LDH-NTA < LDH-BTC < LDH-ISO < LDH-TTA = LDH-
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ACAC, suggesting that a less centrosymmetric environment is
created around Eu by the intercalation of the organic anions.
Considering the error bars, similar values are obtained for both
Q, and Q, in the LDHs intercalated by the carboxylates ISO
and BTC, thus suggesting that the symmetry around the
activator is essentially influenced by the radicals directly
interacting with hydroxide layers, regardless of other details of
the anions. The same feature is observed for the LDHs
intercalated by the f-diketones ACAC and TTA. For LDH-
NTA, we note that large amounts of nitrate have been found to
co-intercalate in the LDHs together with NTA. This creates a
mixture of more than one environment for the Eu centers in
this material, which presents an intermediate value for the
Judd—Ofelt parameters: LDH-NO;~ < LDH-NTA < LDH-
ISO.

B CONCLUSIONS

In summary, isophthalate (ISO) and nitrilotriacetate (NTA)
have been shown to successfully intercalate in ZnAlEu layered
double hydroxides. In the case of LDH-NTA, the interlayer
gallery is occupied by both NTA and nitrate, the second being
originated from the metal precursor salts. This co-intercalation
is less pronounced in LDH-ISO.

The coordination of the Eu centers in the LDHs has been
shown to be constituted by eight oxygen atoms at around 2.43
A. EXAFS analysis is supportive of the presence of Eu** in the
hydroxide layers. Although it is hard to determine the exact
geometry of the Eu site, it is known from the photo-
luminescence studies that Eu is most likely in an environment
with no inversion symmetry. This feature clearly distinguishes
the Eu site against the sixfold octahedral coordination found
for Zn, Al, and most of the metals hosted in LDHs. A direct
consequence of this distinct coordination is that the inclusion
of Eu in the LDHs should locally distort the hydroxide layers
of these materials.

The intercalation of ISO and NTA in the LDHs is shown to
have an important impact on the coordination of Eu, which
affects the Judd—Ofelt parameters. A comparison between €2,
and Q, for LDH-ISO and LDH-NTA and the values presented
in the literature for nitrate-intercalated ZnAlEu LDHs shows
that intercalation of ISO and NTA sets up a less
centrosymmetric chemical environment for Eu. A similar effect
has been found for the intercalation of other carboxylates and
also for f-diketones, suggesting that these anions directly
interact with the Eu centers hosted in the LDHs and/or
strongly affect the coordination geometry around Eu.

B EXPERIMENTAL SECTION

The metal precursors used were Zn(NO;),-6H,0 (98 mol %,
Vetec), Al(NO;);9H,0 (98 mol %, LabSynth), and Eu-
(NO,;)5-6H,0 (prepared from Eu,0; — CSTARM, 99,99 mol
%—by addition of concentrated nitric acid). NaOH (97 mol
%, Vetec), H;NTA (99 mol %, Sigma-Aldrich), and H,ISO (99
mol %, Sigma-Aldrich) were purchased and used without
further purification (see Figure 1).

Synthetic Procedure. ISO- and NTA-intercalated Eu®'-
doped Zn**/AI** layered double hydroxides (LDH-ISO and
LDH-NTA) were prepared by coprecipitation of the metal
cations at constant pH. To prepare the LDHs, a 10 mL
aqueous solution containing the metal salts Zn(NO;),,
AI(NO,);, and Eu(NO,); at concentrations of 0.667, 0.317,
and 0.0167 mol-L™', respectively, was added dropwise (~10

mL-h™") to a 200 mL solution containing dissolved anions in
excess to neutralize the positive charge of the hydroxide layers.
The pH was permanently kept between pH 7.8 and pH 8.2 by
dosing a 1 mol-L™" NaOH solution with the automatic titrator
Metrohm 785 DMP. At this pH, both ISO and NTA are
doubly charged: pK 12(ISO) 3.30 and 4.38; pK,;,3;(NTA) =
1.89,2.49, and 9.37. 37345 ISO and NTA concentrations used
were 16.6 and 11.1 mmol-L ™, respectively. In the final mother
liquid, these concentrations produce the following molar
fractions: Zn/(Al + Eu) = 2, Eu/(Al + Eu) = 0.05, NTA/(Al +
Eu) = 2/3, and ISO/(Al + Eu) = 1. After the dosing of the
metal solution was finished, the resulting mixture was aged
statically at 60 °C for 2 days to optimize crystallization. At the
end, the final slurry was submitted to a washing procedure
following centrifugation, rinsing with distilled water, and
drying in an oven at 60 °C for 3 days. A fine powder was
obtained by grinding the solid with a mortar and pestle.

Characterization. The samples were submitted to
elemental analysis to determine the aluminum, zinc, europium,
sodium, carbon, hydrogen, and nitrogen contents. For CHN
analysis, a PerkinElmer (Massachusetts, EUA) 2400 Series 11
elemental analyzer was used. For the metal content, inductively
coupled plasma optical emission spectrometry (ICP-OES) was
performed in a Spectro Arcos analyzer (SPEXTRO Analytical
Instruments GmbH, Germany). Powder X-ray diffraction
(PXRD) patterns were acquired using a Cu Ka, 1.5418 A
Bruker D8 (Massachusetts, EUA) diffractometer. Infrared
absorption spectroscopy was performed using the KBr pellets
technique in an ABB Bomem (Zurich, Switzerland) MB100
FTIR spectrometer. Scanning electron microscopy (SEM)
images were obtained using a field emission JEOL (Tokyo,
Japan) JSM 7401F. Photoluminescence studies of the samples
were carried out using a 450 W xenon lamp and two 0.22 m
double-grating SPEX 1680 monochromators SPEX FL212
Fluorolog-3 (Horiba, Kyoto, Japan) spectrofluorometer. All
spectra were corrected for the intensity profile of the xenon
lamp and detection response. Eu L'"-dge X-ray absorption
near-edge structure (XANES) and extended X-ray absorption
fine structure (EXAFS) data were collected at the XAFS2°®
beamline of the Brazilian Synchrotron Light Laboratory
(LNLS, Campinas, Brazil). For the analysis of the Eu L"-
edge EXAFS data for the LDHs, layered rare-earth
hydroxides®> (LREH) have been used as crystal analogues
for the calculations implemented in the Demeter platform.*’
An amplitude reduction factor Sy*> = 0.95 + 0.11 has been
obtained from the fitting of the Eu L"-edge EXAFS data for
the model compound Eu,O; (cubic phase,®" coordination
number = 6; see Figure S1). Chemical transferability was
assumed, and this amplitude factor has been used in the
analysis of the LDH samples.
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