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Abstract: The smectites represent a versatile class of clay minerals with broad usage in
industrial applications, e.g., cosmetics, drug delivery, bioimaging, etc. Synthetic hectorite
Nap 7(Mgs 5Lig 3)[SigO20](OH)4 is a distinct material from this class due to its low-cost production
method that allows to design its structure to match better the applications. In the current work,
we have synthesized for the first time ever nanoclay materials based on the hectorite structure
but with the hydroxyl groups (OH™) replaced by Br~ or I~, yielding bromohectorite (Br-Hec) and
iodohectorite (I-Hec). It was aimed that these materials would be used as phosphors. Thus, OH~
replacement was done to avoid luminescence quenching by multiphonon de-excitation. The crystal
structure is similar to nanocrystalline fluorohectorite, having the dgo; spacing of 14.30 A and 3 nm
crystallite size along the 001 direction. The synthetic materials studied here show strong potential to
act as host lattices for optically active species, possessing mesoporous structure with high specific
surface area (385 and 363 m? g~! for Br-Hec and I-Hec, respectively) and good thermal stability up
to 800 °C. Both materials also present strong blue-green emission under UV radiation and short
persistent luminescence (ca. 5 s). The luminescence features are attributed to Ti>* /Ti!V impurities
acting as the emitting center in these materials.
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1. Introduction

Clay minerals have been known since antiquity, when their applications were first explored to
obtain products ranging from ceramics to health-related materials [1,2]. Nowadays, these materials play
important role in the research of diversified fields such as solar cell production [3,4], environmentally
friendly heterogeneous catalysts [5,6], photo-catalysts [7], coatings [8,9], cosmetics products [10] and
biomedical applications (e.g., drug delivery, bioimaging, tissue engineering, regenerative medicine) [1].
This wide variety of applications is due to their convenient physicochemical features such as plasticity,
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swelling capacity, anisotropy of the layers, ion-exchange properties as well as the associated low cost
of production [1,2,11].

Clay minerals are composed of two types of polymeric sheets. One type has tetrahedral (T) units
as building blocks, and the second is formed from octahedral (O) units. The different types of clay
minerals are classified into two groups based on the way these sheets connect to each other, i.e., T:O
and T:O:T. The T:O type of clay minerals have rigid structures with the layers sequentially stacked to
each other with a very small space between them. These types of clay minerals are thus used, e.g., as
scaffolds for the production of ceramic materials [2], immobilization of proteins [12] and generation of
nano-inorganic micelles to capture hydrocarbon and aromatic oils in vapor and liquid states [13].

On the other hand, T:O:T type materials have a much more flexible structure because the layers
are connected to each other through a large interlayer space filled with hydrated cations in order to
compensate for the negative charges originating from the aliovalent substitutions. Such negatively
charged layers are regarded as one of the most important characteristics of the T:O:T type clay minerals
due to the easy cation exchange and high absorption potential of the interlayer space. In fact, it is
in the interlayer space where the most important technological functionalities of the T:O:T type clay
minerals originate [2]. Different types of T:O:T materials have been employed in a broad range of
applications. For instance, many smectite clays have been used for producing bionanocomposites for
scaffolds and regenerative medicine [14]. Mechanochemically activated saponite can be used for the
selective removal of Cu?* and Ni?* from aqueous solutions [15]. Fluorohectorite clay has proven to be
an effective material for drug delivery of ciprofloxacin with a controlled release rate [16], and hectorite
has been used to improve the abrasion resistance, water vapor barrier and anticorrosion properties of
nanocomposite coatings [17].

Among this large group of T:O:T type clay minerals, the smectites represent the largest and most
important class [11] because of their distinguished features such as high specific surface area, easily
tunable structure, moderate layer charge and propensity for intercalating extraneous species of variable
sizes [2]. Moreover, the ability of intercalating additional activator species into the interlayer space of
smectites can produce a variety of optically active materials [18]. Although natural smectites can be
found in abundance, they usually contain high concentrations of impurities (e.g., quartz, K, Na, Ca,
Mg, Fe, and diverse organic impurities, depending on the sedimentation characteristic of the extracting
mine) and structural defectAs (e.g., cis- or trans-vacancies, orientation of tetrahedra, localization of
isomorphous substitutions, and stacking faults) [11,19], which may deteriorate the performance of
luminescent materials. Therefore, the current work is focused on the study of synthetic hectorite-like
types of smectites, aiming for their application as host matrices for optically active species.

Synthetic hectorite Nag 7(Mgs 5Lig 3)[SigO20](OH)4 is easily obtained at low temperatures and
pressures [11,20], which enables its production in high quantities, at low prices and with controllable
composition, purity and crystal dimensions [1]. Hectorite is a T:O:T (or 2:1) type of trioctahedral
smectite, meaning it is composed of two sheets of corner-sharing SiO, tetrahedra (T) intercalated
with one sheet of edge-sharing M(O,0H)s octahedra (O), where M is Mg?* or Li*. These T:O:T units
are negatively charged, and they are electrostatically connected to each other across the interlayer
space composed of hydrated Na* species [2,11]. This composition may vary, for instance when OH™
groups are partially replaced by F~, creating fluorohectorite [11,21]. When aiming for luminescence
applications, the OH™ groups of the hectorite structure must be avoided since the high energy phonons
of these ions (3500 cm ') can cause luminescence quenching through multiphonon de-excitation [22].

The primary goals of the current work were to design and synthesize bromohectorite (Br-Hec) and
iodohectorite (I-Hec) nanoclay materials based on the hectorite structure, but with the hydroxyl groups
replaced by Br~ and I™. The second intention was to maintain the essential features characteristic of
hectorites that are needed for future applications, i.e., high surface area and good thermal stability.
Finally, it was intended that the materials would show the inherent broadband luminescence emission
observed earlier for fluoro- [23] and chlorohectorite [24]. To the best of the authors” knowledge,
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the synthesis and properties of bromohectorite and iodohectorite are now being reported for the
first time.

2. Materials and Methods

2.1. Synthesis

The Br-Hec and I-Hec Nag7(Mgs5Li03)[SigO20](X)s, X = Br, I) were synthesized using a
hydrothermal crystallization method [20] in a reflux system at 100 °C. The Br-Hec was made
by preparing a colloidal mixture with stoichiometric amounts of LiBr (>99%, Sigma-Aldrich,
St. Louis, MO, USA), MgO (>97%, Merck, Darmstadt, Germany), SiO, (99.8%, Sigma-Aldrich,
St. Louis, MO, USA) and a threefold excess of NaBr (>99%, J.T. Baker, Center Valley, PA, USA) in
a neutral aqueous solution, keeping the mixture in a reflux system for 24 h. I-Hec was otherwise
synthesized similarly but with LiBr replaced by Lil (>99.9%, Fluka, Buchs, Switzerland) and NaBr
replaced by Nal (>99.5%, Merck, Darmstadt, Germany). After ceasing the reflux, both materials were
vacuum filtered and washed with deionized water six consecutive times to remove the excess halogen
ions from the filtrate liquids, which were checked with the silver nitrate test. Thereafter, both materials
were dried for 12 h at 200 °C.

The X-Hec materials were doped with Ti** in three steps, through a cation exchange reaction
described previously [24]. First, homogeneous colloidal suspensions were generated by adding 0.1 g
of neutral X-Hec into 10 cm® of deionized water, while continuously stirring and heating (30 min at
50 °C). Then, stoichiometric amounts of a 0.1 mol dm 3 aqueous solution of TiCl; (about 15% of TiCl;
in about 10% of hydrochloric acid, Merck, Darmstadt, Germany) were added to these suspensions to
obtain 0.1 mol % of Ti*>* (relative to the Na* amount in the interlayer space). The suspensions were
stirred and heated (3 h at 200 °C) and then vacuum filtered and dried (12 h at 200 °C).

2.2. Characterization

The crystal structure and purity of the Br-Hec and I-Hec were investigated by X-ray powder
diffraction (XPD) measurements at room temperature (RT) with a Huber G670 Guinier camera (Huber,
Rimsting, Germany), using an image plate detector and Cu K radiation. The crystallite size was
calculated with the Scherrer formula [23-25].

The chemical bonds formed at the molecular level of both nanoclays were studied with FTIR
measurements. The spectra were determined at RT in the range of 400-4000 cm ! using a Bruker Vertex
70 spectrometer (Bruker Optics Scandinavia AB, Solna, Sweden) equipped with a RT-DLaTGS detector
and a VideoMVP™ Diamond ATR accessory. For each spectrum, a total of 320 interferograms were
co-added using 4 cm ! as resolution. For the diamond as internal reflection element in the attenuated
total reflection (ATR) method, the limitation is as follows: intrinsic absorption from approximately
2300 to 1800 cm ™! limits its usefulness in this region (gives in this range only 5% transmission).

The qualitative compositions of the Br- and I-Hec were analysed through X-ray fluorescence
spectroscopy (XRF) with a Panalytical Epsilon 1 apparatus (Panalytical, Almelo, The Netherlands),
using Ag K radiation (22.16 keV), and a high-resolution Si drift detector (with a typical energy
resolution of 135 eV at 5.9 keV /1000 cps).

The chemical environment around the Si'V cations of the Br-Hec and I-Hec was studied with
solid-state 2Si MAS NMR spectroscopy. The spectra were recorded for 24 h at room temperature with
a Bruker AV400 spectrometer (Bruker, Fillanden, Switzerland) using a 10,000 Hz spinning rate and
a 60 s relaxation time. The parts per million scale was calibrated against tetramethylsilane (TMS) at
0.00 ppm, designated by the equipment.

The surface area and porosity of both nanoclays were determined by nitrogen sorption at 77 K,
measured through a TriStar 3000 apparatus (Micromeritics, Norcross, GA, USA). The surface area was
calculated with the Brunauer-Emmett-Teller (BET) method [26]. The volume of the mesopores was
estimated using the total adsorbed amount at a relative pressure p/p? = 0.97 [27].
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The thermal stability of the Br-Hec and I-Hec was studied with a TA Instruments SDT Q600
simultaneous TGA-DSC apparatus (TA Instruments, New Castle, DE, USA). Approximately 20 mg of
each material was heated from 25 to 1000 °C in flowing N (rate flow: 100 cm® min~?, heating rate:
10 °C min~1!). An empty aluminum oxide crucible was used as the reference material, and similar
crucibles were used as sample pans.

The visual appearance of both materials was recorded with photos taken with a Canon EOS
60 D camera (Canon, Tokyo, Japan), which has 18 megapixel resolution and 5.3 fps shooting speed.
The emission and excitation spectra as well as luminescence decay curves were measured at RT with
an Agilent Varian Cary Eclipse spectrophotometer (Agilent, Santa Clara, CA, USA), using a 150 W Xe
lamp as the excitation source.

3. Results

3.1. Structural Characterization and Purity

The XPD patterns of the bromohectorite and iodohectorite (Figure 1) show that both materials have
a hexagonal crystal structure similar to nanocrystalline fluorohectorite, indicating that no crystalline
impurities were detected within the detection limit of the equipment. The Br-Hec and I-Hec have a
dgo1 spacing of 14.30 A (equivalent to 6.2° in 20), indicating two hydrate layers in their interlayers
when recorded at room temperature [28]. The spacing falls in the middle of the range of 10-20 A
predicted for the basal spacing of smectites [29]. Due to the nanosize of the crystallites, the respective
reflections are regularly broad, generating an extensive overlap that does not allow for an accurate
determination of their FWHMs. However, the single (001) reflection at 6.2° (in 20) is suitable for
carrying out the Scherrer calculations [25] to determine the diffracting domain size, which indicates
the size of approximately 3 nm along the 001 direction for both materials. The XPD patterns of the
materials also indicate the formation of a plate-like morphology, because the (001) reflections are wider
than the others, which means that the crystallites are larger in the other directions, i.e., the (h00) and
(0k0) directions.
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Figure 1. The XPD patterns of the bromohectorite and iodohectorite. The reference patterns for nano-
and microcrystalline fluorohectorite were calculated with PowderCell v 2.4 program (W. Kraus and
G. Nolze, BAM, Berlin, Germany, 2000) using structural data from [30].

The XRF spectra of Br-Hec and I-Hec (Figure 2) confirmed the expected chemical composition of
the materials. Both spectra show the lines related to the Mg K1, Si K1, and Ca K, emissions at 1.25,
1.74, and 3.69 keV, respectively [31]. Here the presence of calcium may be associated to its common
presence as impurity in the sodium halide precursors used in the synthesis. Therefore, it is expected
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that the calcium cations share the interlayer space of the nanoclay materials together with the Na* ions.
Also, the spectra show the lines of Ag L1, Ly12, Lg1, Lg2 and L1, from 2.63 to 3.52 keV [31], which are
due to the silver excitation source of the equipment. The XRF spectrum of the Br-Hec exhibits the
line of Br L2 emission at 1.48 keV, confirming the presence of bromine. Similarly, the iodine in the
composition of the I-Hec is observed as the emission lines of I L1, Lg1 and Lg, at 3.94, 4.22 and
4.51 keV, respectively. Moreover, the spectra of both materials indicate the presence of Ti as an impurity
witnessed by the weak Kg1 line at 4.9 keV.
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Figure 2. The XRF spectra of bromohectorite (top) and iodohectorite (bottom). The upper insertions
show the presence of Ti impurities in both materials (o: instrumental signal).

The FTIR spectra of Br-Hec and I-Hec (Figure 3) show a strong band at 460 cm ! related to the
symmetric stretching of Mg—O in the octahedral units of hectorite type clay minerals [32]. In addition,
both spectra present the Si-O-Si bands of the tetrahedral layers of ordered hectorite at 660, 800,
and 1010-1090 cm ! related to the bending as well as symmetric and asymmetric stretching modes
of 5i—-O-Si, respectively [32,33]. None of the synthesized materials show indication of an amorphous
silica phase that would be observed as a weak band at 1200 cm 1 [33]. The weak bands at ca. 1625 and
3300 cm~! are assigned to the H-O-H bending and stretching, respectively, indicating low amounts
of adsorbed water on the clays and/or water present in the hydration shell of the Na* cations in the
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interlayer space of both clay materials [34]. Moreover, in the FTIR spectra of Br-Hec or I-Hec there
are no bands related to the vibration of hydroxyl groups in the octahedral layers of clay minerals.
In common hectorite clays these are observed as strong sharp bands in the region from 3600 to
3700 cm ! [32,34]. Therefore, the absence of these hydroxyl bands indicates that both materials, Br-Hec
and I-Hec, have their octahedral units formed with the respective halogens, instead of the common
OH™ groups of hectorite.
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Figure 3. The FTIR spectra of the bromohectorite and iodohectorite.

The 2°Si NMR spectra of Br-Hec and I-Hec (Figure 4) indicate that the fractions of silicon present
in the tetrahedral sheets have the same chemical environment that is predicted for the tetrahedral
layers of synthetic hectorite. The most intense resonance signals at —98 (Br-Hec) and —96 ppm (I-Hec)
are related to the Q? sites of the 5i(OMg)(OSi)s type, as anticipated for the hectorite framework [35,36].
The signal observed for both clays at ca. —87 ppm is associated with the Q? chemical shift of SiO4
tetrahedra linked to other two tetrahedral units by oxygen bonds [37], which in the Br-Hec and
I-Hec structures may be represented by Si(OMg)(OSi), X (X = Br~ or I™) groups, having the halogens
at the apical (trans) positions in the octahedral layers [35]. Additionally to the expected previous
signals, both materials also present a weaker signal at ca. —111 ppm indicating the presence of Q*
Si(OSi), centers, which may be due to small amounts of an amorphous silica framework (amorphous
silica) [35,37].
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3t 4
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Figure 4. The °Si MAS NMR spectra of bromohectorite and iodohectorite clay materials.
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The degree of branching relative to the chain (of the tetrahedral layers) was estimated by the ratio
between the intensities of the Q% and Q3 signals (Q?/Q3) [37]. The calculated ratios were 0.37 and 0.41
for the Br-Hec and I-Hec, respectively, which indicates a higher degree of branching for the polymeric
sheets for I-Hec than Br-Hec.

3.2. Porosity, Packing, and Thermal Stability

The porosity and packing properties of Br-Hec and I-Hec were evaluated through nitrogen
sorption isotherms, recorded in triplicate at 77 K for both materials (Figure 5). Both materials display
adsorption isotherms with the shape typical of type V, according to the IUPAC classification [38],
which is characteristic of mesoporous materials. Since Br-Hec and I-Hec behave as mesoporous
materials, the hysteresis loop of their sorption isotherms can be correlated with their texture.
The sorption isotherms of both clay materials show the Hjz hysteresis loop, according to the [UPAC
classification [38].
have slit-shaped pores, which indicates that there are no limitations for adsorption at high p/po.
This is a typical feature of non-rigid aggregates of plate-like particles [38]. This plate-like structure
was also evident in the XPD patterns (discussed above), and is confirmed with the respective N,
sorption isotherms.

The physisorption phenomena were analysed using two data reduction methods, in order to
calculate the surface area and the pore volume of each material (Figure 5). The surface areas were
calculated using the BET method [26], considering the model of a multilayer coverage. The Br-Hec has
a surface area of 385 m? g1, while the I-Hec gives the area of 363 m? g~!, which are higher than those
described in the literature for synthetic hectorites (5 to 300 m? g~!) [39], but similar to those reported
for Laponite® (between 279 and 375 m? g~ 1) [39,40].

The volume of the mesopores was calculated using the method described by Rouquerol et al. [27],
indicating the value of 0.48 and 0.50 cm® g~ for the Br-Hec and I-Hec, respectively. The pore volumes
of the materials did not change from the adsorption to the desorption curve. Thus, these materials
have the reversible adsorption process expected for mesoporous materials and needed for catalysts.

Such a type of hysteresis loop points out that these mesoporous materials
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Nitrogen sorption isotherms
250 - 77K i
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50 | 363 +4 0.50 £0.01
Br | 3855 0.48 £ 0.01
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure / pp,”

Figure 5. The nitrogen sorption isotherms of bromohectorite and iodohectorite.

The TGA-DSC curves of Br-Hec and I-Hec (Figure 6) show that the mineral structure is stable
up to 800 °C. The materials show the three main events expected for hectorite type of clay minerals.
The first asymmetric endothermic signal is related to the loss of adsorbed water molecules [35,41].
This is observed in the DSC curves as a single event at 89 °C for the Br-Hec and at 114 °C for the I-Hec.
The temperature ranges related to these occurrences are better observed in the first derivatives of the



Appl. Sci. 2017, 7, 1243 8 of 20

TGA curves (Figure A1), which indicate that these first events are accompanied with mass losses of 3%
(30-135 °C) and 1.8% (30-191 °C) for Br-Hec and I-Hec, respectively.

The second event represents the loss of the coordinated water from the interlayer space of the
smectites (in the inner hydration shell of Na*) and locked water inside possible voids in the clays’
structure [35,41]. Although the TGA and DSC curves do not show this event clearly, it can be well
identified from the first derivatives (Figure A1). This loss of coordinated water involves a mass loss
of 7.2% and 6.5% for Br-Hec and I-Hec, respectively. The total water losses were 10.2% and 8.3% for
Br-Hec and I-Hec, respectively, which is consistent with the higher surface area observed for Br-Hec.

The strong exothermic signal in the DSC curves shows the collapse of the mineral structure
(Figure 6). This was observed at 828 and 813 °C for the Br-Hec and I-Hec, respectively, showing a mass
loss of ca. 2.5% for both materials. The total mass losses (from 30 to 1000 °C) were 12.7% and 10.8% for
the bromo and iodo-hectorites, respectively. The collapse results mainly in the formation of two other
minerals: enstatite (MgSiO3) and cristobalite (SiO;), which was confirmed by XPD measurements of
the decomposed materials after the thermal analysis, where the materials were heated up to 1000 °C
(Figure A2). Because the XRF data showed a similar Br and I content in the materials before and
after heating to 1000 °C (Figure A3), it may be that magnesium bromide or iodide is also present.
However, it is difficult to confirm this from the XPD patterns, because of the broad features of the
reflections between 26° and 32°, where the most intense reflections of MgBr, or Mgl, should be
observed (Figure A2). The formation of lithium oxide, sodium oxide, and other crystalline phases with
the respective halogens are also possible. They were not identified in the XPD analysis, but this may
be due to the overlapping of reflections in the diffractograms or the low crystallinity of those species.

110 . . . . : . ; . ; . 20
. . exo
| NaO.7(Mg5.5LIO.3)[S|8020]Br4
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X )
Q
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Figure 6. The heating TGA-DSC curves of the bromohectorite (top) and iodohectorite (bottom).
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3.3. Luminescence Properties

The Br-Hec and I-Hec materials display a yellowish body color under white light; however,
when the materials are exposed to UV radiation, they show blue emission (Figure 7). The emission
spectra (Aexc: 255 nm) show a main broad blue-green emission band for both materials (Figure 7,
upper). This main emission is centered at 470 nm for the Br-Hec material, while the I-Hec material
has the center of the band red shifted to 490 nm. Additionally, both materials have a weak red
emission at ca. 710 nm, which is more prominent for Br-Hec but probably overlapping with the main
emission for the I-Hec material, where it is seen as a weak shoulder. When the materials are excited
at 365 nm, their main emission band appears as a broad green-yellow emission (Figure 7, lower),
having its barycenter at ca. 530 and 562 nm for Br-Hec and I-Hec, respectively, while the weak red
emission remains at ca. 710 nm. When the materials are excited at different wavelengths, there is a
tendency that the main emission band is shifted towards red with increasing excitation wavelength
(Figures A4 and A5). This change in the barycenter of the emission bands with the variation of the
excitation wavelength is partially due to the cutoff caused by the filters used to eliminate the excitation
signal from the emission spectrum. However, the shift may indicate either that the activator center
is occupying multiple sites with different crystal field strengths in the host lattice, or the presence of
defects in the structure of the X-Hec materials. The multisite origin for emission is also witnessed in
the decrease of emission band width [42] with increasing excitation wavelength.
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Figure 7. The emission spectra of the bromohectorite and iodohectorite under 255 nm (top) and 365 nm
(bottom) excitation. The inserted photos illustrate the visual aspect of the materials under white light
and when irradiated with 255 nm or 365 nm.
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Similar blue-green emission has previously been observed for other silicates such as
fluorohectorite [23], chlorohectorite [24], montmorillonite [43], kaolinite [44], pyrophyllite [45], topaz
(AlSi04(FOH),) [46], synthetic hackmanite (NagAlgSigO4(CLS),) [47,48], benitoite (BaTiSizOg) [49],
and SiO; [50,51]. The literature presents mainly two different explanations for the origin of this
blue-green emission. One proposition categorizes this emission as photoelectric response as well as
inner center and recombination type of luminescence [52], attributing the blue emission to triplet-singlet
transition in twofold coordinated Si centers [53], due to oxygen deficit and irradiation effects [50].
The second proposition associates the emission with luminescent centers containing trivalent titanium
paired with an oxide vacancy, which may exist either as matrix element or as an impurity [23,24,46—49].

It was shown previously for synthetic chlorohectorite [24] that the intensity of the blue emission
band increases if titanium is deliberately doped to the material. Therefore, the band was assigned to
Ti®*. It has also been verified that although natural hectorite presents a similar blue emission often
attributed to [SiO,]?>~ centers, it has different luminescence features than have been observed for
halogen-hectorites [24]. Also, previous reports have shown that Ti species can occur as impurities in
silicates, generating similar emission features as reported for silicate glasses [54], fluorohectorites [23]
and chlorohectorites [24]. The materials studied in the current work have low contents of Ti, confirmed
from their respective XRF spectra (Figure 2). It has been proposed previously that, in the case of
synthetic halogen-hectorites, the titanium impurities originate from the SiO, used as a precursor to
prepare the materials, where Si'V has been replaced by Ti!V. Since the octahedral coordination is the
preferred geometry for titanium compounds, the initial impurities have been suggested to migrate
to the octahedral layers substituting isomorphically either Mg?* or Li*. The low reduction potential
between Ti!V and Ti** allows the easy interconversion of these species; however, the trivalent form of
titanium should be the majority species because it better matches the size and charge of the octahedral
units [23,24]. It can thus be assumed that a titanium-related center is responsible for the blue emission
in Br-Hec and I-Hec. According to previous literature, this blue emission can be attributed to TiOg
entities as reported for Benitoite (BaTiSizOg) [43] or to Ti**-Vo (oxygen vacancy) pairs [23,24,47,48].
Moreover, the doping of the X-Hec materials with Ti** (xg; = 0.1 mol %) increases the intensity of the
main emission (Figure A6), without significant changes to its band position confirming titanium as the
luminescent center.

In addition to the blue emission band, there are also luminescence signals at ca. 720 and 830 nm.
As is known from the Ti:sapphire laser [22], Ti3* can also emit in the red and NIR due to the 2E—2T,
transition. This is present as a wide band also in natural Benitoite [55]. For Br-Hec and I-Hec these red
and NIR emissions are observed as bands or lines depending on the excitation wavelength (Figures 7,
A4 and A5). The line-like shape suggests the presence of other emitters than Ti**. Thus, impurity
3d3 ions Cr3* and Mn** which show the characteristic emission R lines (*E,>T,—*A, transition) in
the red-NIR range seem to be probable candidates. These ions also show emission bands in the same
spectral range at appropriate crystal field strength [22]. The contents of Mn and Cr in the present
materials were determined with ICP-MS to be around 4 (Mn) and 0.5 ppm (Cr). Therefore, both Cr3*
and Mn** can be considered as possible emitters along with Ti3*, as was previously reported for
natural benitoite [55].

The main blue-green emission band has a red shift trend: the center of this blue emission has been
identified at 460, 465, 470 and 490 nm for fluorohectorite [23], chlorohectorite [24], bromohectorite and
iodohectorite, respectively. This observed emission red shift can be explained using the molecular
orbital theory: the halides are 7-donor ligands (7-donor stengths: F~ < C1™ < Br~ <17), which have
full 7t orbitals lower in energy than the 3d! orbitals of Ti>*. When they form molecular orbitals with
the ty, orbitals of Ti%*, the hitherto nonbonding Ti%* tyg orbitals split into bonding and antibonding
MOs. The energy is increased, bringing them closer in energy to the antibonding ey orbitals [56].
The energy difference between the antibonding to; and e; MOs may be considered as the ligand field
splitting responsible for the transition in visible. The higher is the m-donor strength, the lower is the
energy difference between ty; and eg generating the noticed red shift. Similar observations have been
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reported, for example, in perovskites showing the red shift when bromine was replaced by iodine in
the inorganic octahedral PbXq (X = Br or I) [57].

The excitation spectra of the bromohectorite and iodohectorite (Figure 8) confirm the role of Ti%* as
an activator center in these materials. The broad bands observed at ca. 400 and 410 nm for Br-Hec and
I-Hec, respectively, are assigned to electronic transitions from the tyq to eg energy levels of Ti**, which
agrees with previous reports for Ti** in fluorohectorite (380 nm) [23], chlorohectorite (370 nm) [24]
and monoclinic ZrO, (314 nm) [58], considering that d-d transitions are sensitive to the crystal field
strength. The wide bands at ca. 300 nm are related to the e™ (Oz’(2p))—>TiIV charge transfer, which can
occur through two possible molecular transitions: tlu(ﬂb)—>tzg(7r*) or tyy () —tz (1), being typically
observed at ca. 280 nm [23,24,42,48,59]. Lastly, the energy gaps between the valence and the conduction
bands are identified at ca. 256 nm (4.84 eV) and 248 nm (5.00 eV) for Br-Hec and I-Hec, respectively,
which agree with the characteristic band gap energy 4.7 eV (260 nm) of hectorites [60]. Since the
excitation spectra were recorded by monitoring the blue emission, the observation of the valence to
conduction band transition confirms that titanium is in the hectorite structure and not present as an
isolated impurity phase.
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Figure 8. The excitation spectra of the bromohectorite (Aem: 470 nm) and iodohectorite (Aem: 490 nm).

When the excitation spectra are recorded at different emission wavelengths (Figures A7 and A8),
these three bands remain mainly in the same spectral position, which proves that the same activator
center (Ti®") is responsible for the observed blue-green emission. When the excitation spectrum
of Br-Hec is recorded at 710 nm emission (Figure A7), it shows two bands at ca. 400 and 577 nm.
In minerals, the *A,—*T; and *A,—*T, transitions that excite the red /NIR emission are commonly
observed at 410 and 550 nm for Cr3* as well as 420 and 530 nm for Mn** [46]. This confirms that one
or both of these ions is the origin of this line emission at 710 nm.

The luminescence decay curves of Br-Hec and I-Hec (Figure 9) indicated that the materials present
a short persistent luminescence, with a duration of ca. 5 s, at room temperature. Both materials have
at least three lifetimes obtained from a multiexponential fitting function. However, even with three
components, only a part of each decay curve could be fitted reasonably. This indicates that several
contributing processes are involved in the overall decay. It has been reported that Ti**-doped materials
have a typical emission lifetime lasting microseconds [61], but halogen-hectorites have shown much
longer lifetimes, on the order of hundreds of milliseconds to seconds [23,24], which agrees with the
lifetimes obtained from the fits to the decay curves of Br-Hec and I-Hec in this work (Table 1). This short
persistent luminescence is explained through the existence of defects in the layered structure of these
materials acting as shallow electron traps for short-time energy storage. Even though the bromo- and
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iodohectorites can store optical energy, they possess shallow traps that do not allow for any significant
persistent luminescence at room temperature.

1k i i 3
E ﬂ', Nao.7(Mgs.5L'o.3)[S'sozo]X4
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Figure 9. The luminescence decay (Aexc: 255 nm) of bromohectorite (Aem: 470 nm) and iodohectorite
(Aem: 490 nm).

Table 1. Emission lifetimes calculated for bromohectorite and iodohectorite by fitting the luminescence
intensity (I) to the function: I = Iy + Aje™"/™ + Aze™t/™ 4 Aze~!/™3. Here, A = amplitude, t = time
and 7 = lifetime. The values in parentheses show the SD (standard deviation) calculated.

Parameters T1/s Aq1/% To/s Ar/% T3/s As/%
Bromohectorite ~ 0.04(6) 61 0.20(4) 29 0.87(11) 10
Iodohectorite 0.06(6) 53 0.30(3) 35 1.07(8) 12

4. Discussion

Br-Hec and I-Hec have been successfully synthesized and, to the best of the authors’ knowledge,
their structural and spectroscopic features are here reported for the first time. They present the same
hexagonal crystal structure as nanocrystalline fluorohectorite without impurity phases detectable
with XPD. Both materials’ crystallites are approximately 3 nm along the 001 direction and have a dgo;
spacing of 14.30 A, which is suitable for intercalation of two monolayers of water in their interlayers at
room temperature. The XRF spectra confirmed the chemical composition expected for the materials,
showing the signals related to the Mg K1 and Si K emissions for both and the respective halogen
emission of Br Ly, or [ Ly, I Lgy and I Lgo. Additionally, the spectra of both materials indicate the
presence of Ti as an impurity, seen mainly through the weak line of its related Kg1 emission at 4.9 keV.

The FTIR spectra of Br-Hec and I-Hec indicate the total replacement of the hydroxyl groups of
hectorite by the respective halides, since bands related to the vibrations of hydroxyl groups in the
octahedral layers of clay minerals were not observed. The 2°Si NMR spectra of both materials show the
same chemical environment predicted for the silicon tetrahedral layers of synthetic hectorite, giving
the Q3 (ca. —97 ppm) and Q% (—87) signals of Si(OMg)(OSi); and Si(OMg)(OSi) X (X = Br~ or I7) sites,
respectively. The Q?/Q? ratio indicates a higher degree of branching for the polymeric sheets of the
I-Hec (0.41) than for the Br-Hec (0.37) materials.

The nitrogen sorption isotherms of Br-Hec and I-Hec indicated that both are mesoporous materials
with plate-like packing. Br-Hec has a surface area of 385 m? g~!, while I-Hec shows an area of 363 m?
g~ 1, considering the model of a multilayer coverage. The materials have a mesopore volume of ca.
0.50 cm® g~!, constant for the adsorption and desorption curves, suggesting a potential feature for
catalyst application. Both materials show thermal stability up to 800 °C.
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Br-Hec and I-Hec have blue-green emission under UV radiation. The luminescence features are
attributed to a Ti®* impurity acting as the luminescent center in these materials. When irradiated
at 255 nm, Br-Hec has this main emission band at 470 nm, while observed at 490 nm for the I-Hec.
This red shift was explained using the MO theory to occur due to the differing m-donor strengths of
the halogens. The center of the main emission band varies with the excitation wavelength, indicating
that the activator center is occupying multiple sites in the host lattice, which was also observed from
the emission band widths. The excitation spectra of Br-Hec and I-Hec confirm Ti** as the activator
center in these materials, showing the bands related to electronic transitions from the ty, to eg energy
levels of Ti** (ca. 400 nm), e’(Oz’(Zp))—>TiIV charge transfer (ca. 300 nm), and the band gap energy
(ca. 250 nm). Both materials have persistent luminescence on the order of 5 s, indicating the existence
of electron traps that can store excitation energy for short periods of time only.

5. Conclusions

The synthesis and properties of the Br-Hec and I-Hec materials have been presented for
the first time in the current work. The materials adopt the same crystal structure and chemical
environment as hectorite clays. However, replacement with halogen ions gives these materials broader
possibilities for application in the production of luminescent materials, thus making them potential
candidates for a wide range of follow-up research. The X-Hec materials are candidates for generating
luminescent materials by doping with rare earth ions. These materials could be used in the quantitative
determination of bio-molecules, and bio-imaging in vitro, due to the high bio-compatibility of clay
minerals. Also, up-convertor materials may be obtained through the co-doping of X-Hec materials
with rare earth ions, e.g., Er3*-Tm3*-Yb3*, Yb3*-Tm3*, Tm3*-Er3*, etc. Such materials could be used as
light-converting elements, enhancing the efficiency of commercially available solar cell devices.

The high specific surface area found in both materials could enable their further application in
gas sensors or in electrochemical devices for charge storage. Br-Hec and I-Hec materials could also
be used as heterogeneous catalysts in polymeric reactions: since they possess moderated thermal
stability, easy structural modification, and nanosize along the 001 direction, they could generate a
functionalized modifier of polymeric structures, thus enhancing the physical properties of the final
product. Moreover, the production of the p-n type of solar cells having X-Hec materials as the n-type
element can be studied because of the X-Hec materials” abundance in negative free-carriers in their
negative layers.
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Figure A1. The first derivative of the TGA curves of bromohectorite and iodohectorite.

Figure A2. The XPD measurements of bromohectorite and iodohectorite after heating to 1000 °C.
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Figure A3. The XRF measurements of bromohectorite (top) and iodohectorite (bottom) after heating to

1000 °C.
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Figure A4. The emission spectra of bromohectorite recorded with several excitation wavelengths.

The data are not corrected for the excitation source intensity at different wavelengths.
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Figure A5. Emission spectra of iodohectorite recorded at several excitation wavelengths. The data are

not corrected for the excitation source intensity at different wavelengths.
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Figure A7. Excitation spectra of bromohectorite recorded at several emission wavelengths. The data
are not corrected for the detector sensitivity at different emission wavelengths.
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