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Abstract

Strongly luminescent when diluted in aqueous solution, Sulforhodamine B (SRB) is an organic
dye suffering from aggregation caused quenching (ACQ) in its solid state. Its co-intercalation in
very small quantities (0.12 mol%) in a layered double hydroxide (LDH) matrix with
phenylenedipropionate (PPA) anions, a di-functionalized spacer matching its size, is found to be
highly effective, with more than 99% of the SRB molecules uptaken. The resulting hybrid
material enables luminescence with an absolute quantum yield (PLQY ,s) reaching 39% under

UV excitation and even reaching 60% at its maximum. The dispersion of the LDH dye powder in



silicone results in homogeneous composite films with loading as high as 40 wt.% useable as
masterbatch. The optical properties are found to remain after thermal treatment up to 120°C with
a decrease in PLQY 45 of 5% only, making it a good candidate for the development of rare-earth-

free phosphors.

1. INTRODUCTION

Luminescent materials are in high demand in various fields, such as the development of
display or lighting devices. Indeed, associated with a blue or UV chip they allow a coloured or
white-light emitting diode (WLED) to be obtained ' . The development and use of luminescent
compounds containing rare-earth (RE) elements (europium, cerium, yttrium...) is currently

predominant >’. However, economic and environmental issues resulting from the exploitation of

& 1

these RE elements *'' have made it a matter of concern for the European Union 2, thus
encouraging the development of phosphors using other elements *'>"'°. To employ an organic
luminescent dye such as Sulforhodamine B (SRB) is a good alternative. This molecule of the

Xanthene family, mostly studied in aqueous solution, is mainly used in anticancer drug

16,17 18,19

development , watercourse mapping or even offered to the general public to colour

2021 ts availability, low price, non-toxicity ** and above all its strong red-orange

tattoos
emission (590 nm under green excitation in aqueous diluted solution) make it a molecule of
choice for the development of RE-free phosphors. However, like a large number of organic dyes,
SRB undergoes aggregation-caused quenching (ACQ) in its solid state . Such a luminescent
dye can be hosted in a restricted geometry, such as the voids of 2D interlayered or 3D
mesoporous materials. Indeed, the immobilization of active species in structured matrices

enables a dispersion of the molecules similar to that obtained in solutions **. Some recent works

concerning the encapsulation of luminescent dyes in Metal-Organic Frameworks (MOFs) have



brought to light interesting optical properties 25727, Layered materials, due to their ability to
organize and immobilize guest molecules such as metal phosphates, graphene oxide or
perovskites, have been and still are being widely studied **. The final optical properties may vary
depending on the dispersive medium used. For instance, Lamouche and Lavallard showed that
the dielectric permittivity of the surrounding medium has an influence on the luminescent
properties of dye molecules ». One of these layered structures is Layered Double Hydroxide
(LDH) and is used as a host-guest material in various applications such as catalysis **~%
medicine **, adsorption ** or electrochemistry *°~°. This anionic clay, of the same structure as
natural hydrotalcite (rhombohedral symmetry), can be described from the brucite Mg(OH),
structure which consists of the edge-sharing octahedral coordination of divalent metallic cations
M?*" by hydroxyl groups to form anisotropic wide electroneutral layers. The LDH structure is
obtained by replacing part of the M*" cations by trivalent M°" cations, resulting in an excess of
positive charge in the layers *’. Counterions such as carbonates, nitrates or anions of interest are
interlayered in order to balance this positive charge excess and ensure electroneutrality. Some
water molecules are also present between the LDH layers. Thus, the general formula of LDH can
be written [M2+1_XM3+X(OH)2] [A"]n.mH,0, where M?" is the divalent cation (Ca2+, Zn2+, Fez+,
Mg®"...), M*" is the trivalent cation (Al’*, Fe’™, Cr’", Mn’"...), A™ is the interlayered counterion
and m is the number of water molecules present between and at the surface of the LDH layers.
Various studies have been carried out in the lighting field and have consisted in hosting
phosphors in LDH in order to exploit their luminescence properties, such as rare-earth elements

340 or quantum dots *'™*. Some organic dyes have been interleaved in a LDH structure, such as
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fluorescein ***, perylenes or rhodamines ***. Two works refer to the hosting of SRB in

LDH, first by Yan et al. in 2008 *° and more recently by us and co-workers."”. In these works,



the LDH matrices have shown their important role as solid solvents allowing sufficient
dispersion and spacing of the SRB molecules between layers to avoid non-radiative energy
transfers from aggregates and prevent luminescence quenching. Thermal and photonic stability is
also provided by the LDH matrix to the organic dyes, which are known to be generally unstable
over time. However, the correct formulation of the LDH-Phosphor composite is crucial to obtain
a robust luminescent material. Indeed, the position and the environment of the interleaved dye
can be more or less favourable to the phenomenon of luminescence quenching as observed by
Bauer et al., who obtained the total extinction of perylene bisimidetetrasulfonate after its
intercalation in LDH *®. In this search for the ideal formulation, it is sometimes necessary to add
some surfactant molecules co-intercalated with the dye between the LDH layers. These
molecules, called spacers, bind to the LDH layers in the same way the dye does, participate in
the charge balance and must therefore be anionic. Their role is to 1) increase and adjust the basal
spacing to enable a good diffusion of the dye within the LDH matrix and allow size matching
between the interlayer space (SMIS) *! and the guest molecules, 2) disperse and maintain them at
a sufficient distance from each other to avoid aggregation and 3) offer compatibility for
dispersion in polymers by providing an organophilic environment at the surfaces of the external
LDH layers. Indeed, various works on spacers have been carried out to study their influence on
final properties, such as those of Carrasco et al., who showed that certain spacer sizes favour the
oxygen evolution reaction *°. Grover et al. demonstrated the importance of using an interleaved
surfactant to separate LDH layers in order to allow the extraction of phenols from solutions °'. In
the field of phosphors, Yan et al. succeeded in intercalating SRB molecules by adjusting the
basal spacing with Dodecylbenzenesulfonate (DBS) molecules *°. We and co-workers, as in

many other works, used Sodium Dodecylsulfate (SDS) as a surfactant to allow the best



intercalation of SRB molecules and to obtain the best possible optical properties °. Indeed, in
both cases, these types of monofunctional surfactants with long alkyl chains allow not only
sufficient spacing for an optimal diffusion of the SRB molecules through the LDH interlayer
space, but also provide a non-polar environment for them between the LDH layers in order to
avoid their aggregation. However, these surfactants suffer from a relatively low thermal stability,
which leads to their degradation and to the subsequent delamination of the LDH layers at high
temperatures. While many applications are based on this delamination ****% in the field of the
intercalation of dyes in LDH this phenomenon must be absolutely avoided in order to guarantee
the confinement of the molecules and avoid their migration and mutual aggregation. Thermally
resistant spacers are able to prevent such potential delamination and are therefore of great
interest in addressing this issue. A solution is to use bifunctional molecules capable of
establishing bonds between two successive stacked LDH layers and thus forcing them to keep
this relative position without any possible delamination. This phenomenon, called the pillaring
effect, has been extensively studied using terephthalate (TA) as an interleaved anion for various
applications **~*>% We and co-workers were the only ones to try to use this anion as a spacer to
host SRB molecules between LDH layers, but it led to unsatisfactory results in terms of the
resulting optical properties >°.

In the present study, several Zn,Al LDH structures with the co-intercalation of SRB and
spacers were prepared by co-precipitation. The cyclic diacid spacer and the SRB content were
varied in order to investigate the influence of these parameters. Structural and optical
characterizations of the different samples enabled us to achieve an optimized red-emitting RE-

free phosphor with a high absolute photoluminescent quantum yield (PLQY ). Finally, these



latter were incorporated in silicone to prepare luminescent composite films, and thermal stability
tests were performed to assess their potential use in LED devices.

2. EXPERIMENTAL SECTION

2.1. Materials

Sulforhodamine B acid form C,7H30N,O5S, (laser grade, dye content 95%), Aluminium nitrate
nonahydrate AI(NO3)3;.9H,0 (purity 99.9%), Zinc nitrate hexahydrate Zn(NO3),.6H,O (purity
99.9%), Benzene-1,4-dicarboxylic acid C¢Hy-1,4-(CO,H), (purity 98%) hereafter called TA, p-
Phenylenediacetic acid CgHy-1,4-(CH,CO,H), (purity 97%) hereafter called PAA, p-
Phenylenedipropionic acid C¢Hy-1,4-(CH,CH,CO,H);, (purity 98%) hereafter called PPA and
Sodium hydroxide NaOH (purity >98%) were purchased from Sigma-Aldrich and used as
received. The silicone-making kit, Bluesil RTV 141 part A and part B, was purchased from
Elkem.

2.2. Synthesis of the LDH composites powders

The Zn,Al-spacer-SRB materials (Spacer = TA, PAA or PPA), named ZNAL-Spacer-SRBx
(where x 1s the SRB molar percentage to compensate the positive charges) were prepared by
coprecipitation. Experimentally, to obtain the [anAl(OH)6]+[Spacer2'](1_X)/2[SRB']X.mH20, a 50
mL aqueous solution of Zn>* (6.4 mmol) and AI’* (3.2 mmol) was added dropwise to 50 mL of
an aqueous solution containing SRB (x%) and ((100-x%)/2) of spacer for 3 hours while stirring.
A NaOH solution (0.5 M) enabled the pH to be maintained at 9, and the system was placed in a
nitrogen atmosphere at room temperature. The resulting slurry was centrifuged at 4500 rpm and
water-cleaned several times. The paste was dried overnight in an oven at 40°C and was then

ground to produce a homogeneous powder. As an example, ZNAL-PPA-SRBO12 refers to a



composition with x = 0.12 mol% of SRB and 99.88 mol% of PPA spacer. References of all the
samples are compiled in Table S1.

2.3. Preparation of the LDH composite films

The silicone/hybrid composite material was made by mixing the LDH powder with part A of
the silicone elastomer using a Thinky Mixer mechanical mixer for 10 min at 1200 rpm. The
mixture obtained was then passed through a rolling mill (EXAKT brand) composed of three
rollers (spacing of 15 um between the first two rollers and 5 um between the last two rollers) to
achieve a better homogeneity and dispersion of the LDH platelets. Part B was then added at 10
phr and homogenised using the mechanical mixer for 10 min at 1200 rpm. The composite films
were prepared by deposition on a Teflon surface using an Elcometer 4340 automatic film
applicator. The knife blade height was set to 200 pum and the casting speed was 30 mm/s. The
silicone film was cured at 70°C for 2 hours to allow part A and B to react together in order to
perform the cross-linking silicone reaction. When the reaction was complete, the film thickness
was measured using an Elcometer 456 coating thickness gauge. Three films were obtained with
respectively a 10, 20 and 40 wt. % loading of powder. The thickness was found to be around 120
um in each case.

2.4. Characterisation

X-ray diffraction: LDH powders were analysed by X-ray diffraction using a Philips X-Pert Pro
diffractometer in Bragg-Brentano configuration equipped with a Cu-Ka source (30 mA; 40 kV;
A=1.5418 A). Measurements were performed in a 20 range from 2.5° to 70° with a step size of

0.0334°.



Inductively Coupled Plasma mass spectrometry: Quantification of Aluminum and Zinc
elements in LDH matrices was performed using an Agilent 5800 ICP-OES Optical Emission
Spectrometer.

Emission spectra and luminescence decays: Emission spectra and luminescence decays were
recorded at room temperature using the same setup. A laser diode emitting at 375 nm with a
repetition rate of 2 MHz and a pulse duration of 65 ps was used as the excitation source. The
emitting signal was focused on the slit of a 300 mm focal length monochromator coupled with a
photomultiplier.

Photoluminescence quantum yield: Photoluminescence quantum yields of the samples were
recorded using a Spectralon coated integrating sphere C9920-02G (Qiyy = 76.2 mm) from
Hamamatsu Photonics. The source was a Xenon lamp (150 W) equipped with a monochromator,
and the spectral measuring system was a Hamamatsu Photonic Multi-channel Analyzer PMA-12.

UV-visible absorption: UV-Visible absorption spectra of the supernatant from the reaction
medium and wash waters of LDH composites were recorded using a Horiba Duetta Fluorescence
and Absorbance spectrometer.

Quantification of SRB rate remaining in supernatants: To estimate the amount of SRB in
supernatants, these latter were analysed by measuring their absorbance at 566 nm, which was the
wavelength of maximum absorbance attributed to the SO-S1 absorption of monomers and
aggregated forms of SRB '**°. By comparing these absorbances with those of a calibration line
obtained with aqueous standard solutions of SRB ([SRB] = 0.0625; 0.125; 0.250; 0.5; 0.75; 1;
1.25; 1.5; 1.75; 2; 2.5; 3.5; 5; 7.5; 10 and 15 mg/L) it was possible to determine the SRB
concentration remaining in the supernatants (Figure S1 and Table S2). The difference enabled us

to calculate the actual amount of SRB dye in the powder.



Thermogravimetric analysis: Thermogravimetric analysis (TGA) was performed using a
PerkinElmer TGA 4000 at a heating rate of 5°C/min under nitrogen flow (20.0 mL/min).

Thermogravimetric and mass-spectrometric analysis: Thermogravimetric analysis coupled to
mass spectroscopy was performed with a Setaram SETSY evolution thermogravimeter at a
heating rate of 5°C/min under air flow (25 mL/min) equipped with a Balzers Thermostar mass

spectrometer.

3. RESULTS AND DISCUSSION

3.1. Choice of spacer

3.1.1. Structural characterisation

Three syntheses were carried out with different spacers, TA, PAA or PPA (Figure S2), taking a
0.2 mol% rate of SRB in the LDH composite corresponding to a previously-determined
optimized composition *°. The XRD patterns from 2° to 70° in 26 of the ZNAL-Spacer-SRB02

powders are presented in Figure 1.

(© ZNAL-PPA-SRBO02
(b) —— ZNAL-PAA-SRB02
(@) ZNAL-TA-SRB02

Intensity (a.u.)

10 20 30 40 50 60 70
26 (%)

Figure 1. X-ray diffraction patterns of (a) ZNAL-TA-SRB02; (b) ZNAL-PAA-SRB02 and (c)

ZNAL-PPA-SRBO02.



The three samples were organized in a layered structure, with (00{) harmonic diffraction peaks

and reflections at around 35° and 61° in 20 related to (101) and (110) peaks describing the LDH
structure, as widely reported in the literature *’. The Zn/Al ratio of 2 was confirmed by the
constant cell parameter a = 2d;;9 = 0.306 nm calculated for all the samples % We also performed
an analysis by Inductively Coupled Plasma mass spectrometry highlighting a ratio of 1.97 Zn for
1 Al. Experimental basal spacing d for each sample was calculated by averaging distances
obtained with the positions of the (003), (006) and (009) diffractions peaks by using Bragg’s law
(1.

nd = 2d sinf (1)

Results are summarized in Table 1.

Table 1. Expected and observed basal spacings for ZNAL-Spacer-SRB02 samples

Spacer Basal spacing d (nm)  Tilt of the
spacer

Expected Observed ) These values include the layer thickness of about 0.5 nm.
with e the thickness of a layer and L the length of the spacer
TA 1.38 1.39 0
PAA 1.57 1.44 ~23
For the ZNAL-TA-SRBO02 sample, the basal
PPA 1.87 1.85 =8

spacing was found to be 1.39 nm, in

accordance with what was expected for a ZNAL-TA phase **°'

. Theoretical basal spacing for
ZNAL-PAA-SRB02 and ZNAL-PPA-SRB02 was calculated to be 1.57 nm and 1.87 nm

respectively ©', whereas 1.44 nm and 1.85 nm were determined respectively from experimental

measurements. The substantial difference observed for ZNAL-PAA-SRB02 shows that the PAA

10



spacer is arranged between two LDH layers in an inclined way, as illustrated in Figure 2.

1.44 nm

(c)

1.85 nm

Figure 2. Schematic representation of the ZNAL-Spacer-SRB02 composite with (a) TA spacer;

(b) PAA spacer and (c) PPA spacer.

Indeed, theoretical determination of basal spacing assumes that the spacer is perpendicular to
the LDH layers (Figure S3). While TA seems not to be inclined, PAA is shown to be inclined by
23° and PPA by 8°.

3.1.2. Thermal stability of the ZNAL-Spacer-SRB powders

A previous study showed that the SRB molecule is stable up to 220°C *°. Thermogravimetric
analysis of the ZNAL-Spacer-SRB02 powders (Figure 3a) as well as thermogravimetric and
mass-spectrometric analysis (Figure 3b) of the powder containing PPA, which is the least stable
spacer, as highlighted in Figure 3c, shows an initial mass loss below 100°C, attributed to water

molecules present at the surface of the LDH layers.
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Figure 3. Thermogravimetric analysis of (a) the three ZNAL-Spacer-SRB02 powders; (b) the

ZNAL-PPA-SRBO02 powder coupled with mass spectrometry and (c) the three pristine spacers.
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We can then observe a mass loss starting at around 200°C, attributed to water molecules
confined between the LDH layers without affecting the LDH structure. A third mass loss at
around 400°C is assigned to the dehydroxylation of the LDH layers, which leads to a degradation
of the structure concomitant with the decomposition of the organic anion **. Indeed, we do not
observe organic mass loss until 300°C, when we detect a main mass loss corresponding to the
PPA spacer (m/z = 105), resulting in a possible delamination of the LDH composite. For reasons
of clarity, the other organic masses detected (m/z) after 350 °C are not displayed but can be seen
in Figure S4.

3.1.3. Effect of the spacer on the dye rate intercalation.

As shown previously, the LDH layers can be spaced from 1.39 nm up to 1.85 nm, which is
theoretically sufficient to host the SRB molecule, whose size is between 1 nm and 1.4 nm
depending on its orientation (Figure S5). However, the water of the reaction medium as well as
the wash waters (referred to as supernatants) of the LDH composites are more or less coloured

depending on the spacer used, as seen in Figure 4.

(b) ()

Figure 4. Supernatants after syntheses of ZNAL-Spacer-SRB02 samples with (a) TA spacer; (b)

PAA spacer and (c) PPA spacer.
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The intense pink coloration of these supernatants for syntheses involving TA and PAA spacers
indicates that a significant amount of SRB dye did not diffuse between the LDH sheets and
therefore did not intercalate within the LDH matrix. The quantity of SRB molecules added
during LDH synthesis being very low (0.2 mol%), it is complicated to directly determine the real
SRB amount intercalated between the layers. To quantify this amount, the method explained in
experimental section is implemented. Thus, by using TA as a spacer, absorbance of the
supernatants reveals that 96% of SRB dye remained in the liquid, meaning that only 4% of SRB
dye was well intercalated between LDH layers, whereas 32% of SRB dye was intercalated by
using PAA as spacer. Finally, PPA, which is the longest spacer, allowed more than 99% of the
SRB dye to be intercalated between the LDH layers. The presence of SRB molecules on the
LDH platelets should be discarded, since successive washing steps were employed. This fact
shows that we can control the loading of a molecule guest inside a LDH matrix by modulating
the interlayer spacing via the use of various anionic spacers. It is important to mention that such
an analysis of the “real” amount of incorporated dye molecule is barely reported in the literature.
In the present case, it is crucial to know the correct quantity of interleaved SRB molecules in
order to better understand their properties and to reach the best optical response. For this
purpose, the PPA molecule is chosen as the spacer in the following.

3.2. Optimization of the SRB content in LDH-PPA

3.2.1. Structure of the LDH composites

The previous optimization leading to a SRB rate of 0.2 mol% was carried out on LDH
composites using DS as spacer . Here the optimized rate was expected to be different from DS,
as co-intercalated PPA dicarboxylate anions have a m-cycle. In order to know the SRB rate

producing the best optical properties, several samples using PPA spacers were prepared with
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varying SRB amounts (mol%SRB = 0.05; 0.08; 0.1; 0.12; 0.15 and 0.2 mol%). Titration of the
supernatants using the calibration line presented in Figure S1 showed that 99% of SRB dye was

embedded in each LDH powder. X-ray diffraction patterns are presented in Figure 5 (unbroken

lines).
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Figure 5. X-ray diffraction patterns from 2.5° to 70° in 20 (top) and from 3.6° to 20° in 20
(below) of (a) ZNAL-PPA-SRBO005; (b) ZNAL-PPA-SRBO00S; (c) ZNAL-PPA-SRBO1; (d)
ZNAL-PPA-SRBO012; (e) ZNAL-PPA-SRBO15 and (f) ZNAL-PPA-SRB02. Dotted lines

represent the X-ray diffraction patterns of the samples 6 months after their synthesis.
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A classic LDH structure can be observed for each sample, with the characteristic (001)
harmonic peaks and reflections around 35° and 61° in 20. However, the XRD patterns vary
between the different powders. Indeed, depending on the sample, we can observe the presence of
two phases: the first as expected, with a (003) peak located at 4.8° in 20O leading to a basal
spacing of 1.85 nm; and a second with a diffraction peak located at 6° in 20, which can be
attributed to a new stacking of the LDH layers with a basal spacing of 1.47 nm. X-ray
diffractograms b, c, d and e in Figure 5 illustrate the coexistence of these two phases (d = 1.85
nm and d = 1.47 nm) in various proportions, depending on the sample considered. A similar
phenomenon was already observed by Newman et al. with the intercalation of terephthalate
anions in a MgAl layered double hydroxide ». These two phases are due to the different
hydration rates of the LDH, which influence the position of the interleaved anion. Thus, a low
hydration rate leads to an almost horizontal position of the anion while a high hydration rate
forces the latter to position itself perpendicular to the layers. This result demonstrates that the
samples did not all contain the same number of interleaved water molecules after synthesis.
These same samples were analysed again by X-ray diffraction six months later, and the
diffractograms are presented in Figure 5 as dotted lines. As seen, every sample contains only the
majority of the first phase (d = 1.85 nm) after a long post-synthesis period, confirming the
relatively high hygroscopic character of the LDH matrix, which naturally rehydrates over time.

3.2.2. Optical properties of the powders.

Emission spectra of each sample were recorded from 550 to 750 nm under UV excitation (375

nm) and are presented in Figure 6.
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Figure 6. Emission spectra of the ZNAL-PPA-SRB powders recorded under excitation at 375

nm.

As previously shown for similar systems, LDH-PPA-SRB emits over a wide range of
wavelengths. The broad asymmetric emission band is characterized by a main emission peak
centred around 610 nm attributed to monomer forms of SRB molecules, while the shoulder
around 640 nm is attributed to aggregates forms of SRB molecules > When the concentration in
SRB is increased, the main peak emission is red-shifted from 608 nm for the sample with the
lowest SRB rate to 619 nm for the one with the highest SRB rate, and the shoulder’s intensity
increases. Such a result arises from the aggregation of SRB into H (face-to-face) and J (end-to-
end) forms. According to the exciton theory, H-type aggregates do not lead to luminescence,
unlike J-type aggregates . The phenomenon is due to a difference of energy levels in the

Jablonski diagram between the two forms of aggregation (Figure 7).
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Figure 7. Proposed energy level diagram for SRB molecule.

Compared to the monomer, the H-type aggregate gives rise to a higher energy level, whereas
the J-type aggregate leads to a lower energy level, explaining the red shift observed with the
increase in SRB concentration. In our samples, the distribution of SRB molecules attached on
either side of the LDH layers facing each other and their inclination both favour J-type
aggregation instead of H-type. Photoluminescence Quantum Yield (PLQY) measurements
allowed us to define the optimum SRB content in our ZNAL-PPA-SRB powders. Indeed, with
the aim of obtaining the best optical performances possible, the optimum content will be
associated with the highest absolute PLQY. Internal PLQY (PLQY i) and Absorption coefficient

(Abs) are measured and plotted in Figure 8 between 300 and 600 nm excitation wavelengths.

18



80 360 nm 450 nm
1(a)
70 T
|
422a A
PR L.
60 4 L S T
’5\ L ™ » * *]
S {2 asddi W72 17+
a B * 7 * L] s Tr g **] o
fs”} 2% EUPSCTLES SRS LR AR
O Tve k 4 . = . * b
& oaolteratl e aii T e |
| ]
4 ..4;:‘,_.090.0’:
st ; = ZNAL PPASRBO0S
30 4 . 4 ZNAL-PPA-SRB00S
s ZNAL-PPA-SRB01
* ZNAL-PPA-SRB012
4 ZNAL-PPA-SRBO15
20 - v ZNAL-PPA-SRB02
T T T T T
300 350 400 450 500 550 600
Wavelength (nm)
100 (b) 36:50 nm 450 nm
? —_—1
3 JEEEETTES
80 1T : i -  ;
¥ v . a v
L * N Lt vl b
.t$t;? MAAM ;!. . .
—~ 60 4 ..t:“’sz‘zgx?'ro "
S * : EEEE PFNE S . .
) . . . ‘: =
8 . ! Al
< 40 - H .
" [ u
- s "
"iom ml
20 - . 4 ZNAL-PPA-SRB00S
o ZNAL-PPA-SRBO01
* ZNAL-PPA-SRE012
¢ ZNAL-PPA-SRB015
0 v ZNAL-PPA-SRBO2
T T T T T T
300 350 400 450 500 550 600

Wavelength (nm)
Figure 8. (a) Internal PLQY and (b) absorption coefficient of the ZNAL-PPA-SRB powders for

excitation wavelengths from 300 to 600 nm.

PLQYy is defined by: PLQY;,; =

Abs is defined by: Abs =

number of emitted photons

number of absorbed photons

number of incident photons

number of absorbed photons

(&)

2

PLQY iy data (Figure 8a) show similar profiles regardless of the SRB rate in the powders

studied. However, it should be noted that over the spectral range studied, the lowest PLQY iy

values are recorded for the powders with the lowest SRB rate (ZNAL-PPA-SRBO00S5) or the
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highest SRB rate (ZNAL-PPA-SRB02). This can be explained in the first case by a low number
of emitting centres and in the second case by an excessive number of them, leading to an
extinction phenomenon by concentration. With regard to the absorption coefficient Abs (Figure
8b), as expected its value increases with the SRB rate in the powders, and this over the whole
spectral range studied. We focused on two excitation wavelengths of interest, corresponding to
commercial UV and blue LEDs emitting at 360 and 450 nm respectively. As shown in Figure 8§,
it is clear that for these two excitation wavelengths, absorption increases steadily with SRB
concentration and is maximum for the powder containing 0.2 mol% SRB, while the PLQYy
passes through a maximum for the sample containing 0.08 mol% SRB. The best PLQY s
resulting from the product between PLQY;, and absorption is obtained with the powder

containing 0.12 mol% of SRB, and reaches values of 39% and 30% for the two wavelengths,

respectively (Figure 9).
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Figure 6. Absolute PLQY of the ZNAL-PPA-SRB powders for excitation wavelengths from 300

to 600 nm.

PLQY a5 s defined by : PLQY,,s = PLQY;y: * Abs “4)

20



For this sample, in the 300-600 nm spectral range, values above 27% are recorded, even
reaching 60% for 570 nm excitation. The 0.12 mol% SRB rate is thus chosen in the following.

3.2.3. Fluorescence decays

SRB fluorescence decays were studied in solution (10° M) and a ns range lifetime was
measured. Only a few papers report the lifetime of SRB in lamellar structures like LDH **%. In
these works, the interest of the spacer to enable the intercalation of the SRB molecule is
discussed, but the interpretation of the multi-exponential decay often remains questionable.
Indeed, Yan et al. explain the bi-exponential decay of luminescence by proposing two
interpretations: 1) the SRB molecules are either intercalated in the interlamellar space (for the
longest luminescence lifetime), or adsorbed on the surface of the platelets (for the shortest
lifetime); 2) the existence of different conformational isomers of SRB. We and co-workers also
studied the intercalation of SRB in another LDH matrix: Zn-AL LDH matrix (Mg-Al for Yan et
al.) with another spacer, DS (DBS for Yan ef al.) and concluded like Yan et al. that the
phenomenon was due to the presence of SRB on and within the platelets. Here, as we have
highlighted, the totality of the SRB is inside the interlamellar space. In order to understand the
interactions between SRB molecules in the interlamellar space, fluorescence decays were
recorded (A = 646 nm and Aex = 375 nm) for the different SRB concentrations studied (Figure

10).
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Figure 70. Luminescence decay profiles of the ZNAL-PPA-SRB powders (excitation at 375 nm

and emission at 646 nm).

The semi-logarithmic representation of the decays recorded at 300K highlights the non-
monoexponential nature of the fluorescence decay. Luminescence lifetimes are obtained by
fitting the decay profiles with a double exponential function. The logarithmic decay profiles and
fits for the ZNAL-PPA-SRB005 and ZNAL-PPA-SRB02 powders (the powders with the lowest
and the highest SRB rates respectively) are presented in Figure S6. The derived time constants

from the fit of all the powders studied are reported in Table 2.

Table 2. Time constants recorded for all the ZNAL-PPA-SRB powders studied (A = 646 nm

and Aexe = 375 nm)

T1 A T2 A, <t> R?
ZNAL-PPA- 6.1 0091 9.8 0.09 6.4 0.999050
SRB005
ZNAL-PPA- 6.3 0.86 9.9 0.14 6.8 0.999120
SRB008
ZNAL-PPA-SRB0O1 6.1 0.84 9.2 0.16 6.6 0.999348
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ZNAL-PPA- 56 0.84 93 0.16 6.2 0.999100
SRB012

ZNAL-PPA- 52 0.78 8.2 0.22 59 0.999999
SRB015

ZNAL-PPA-SRB02 5.0 0.75 8.3 0.25 5.8 0.999800
SRB in aqueous 2.0 0.99 12.3 0.01 2.1 0.998850
solution 1.10°®

mol.L!

“A; (i=1 or 2) is the percentage of T;

Thus, the equation used for the fit is:

X X
y(x) = A; * exp (_Z) + A, * exp (— ;) Q)
where A; and A, are the amplitudes of the first and second exponential terms, respectively,
and 7, and 7, are the lifetime constants of the first and second terms, respectively. Figure 11 also
shows the recorded fluorescence, under the same conditions (A, = 646 nm and Aexc = 375 nm) as

for the ZNAL-PPA-SRB powders, of SRB in aquous solution for a concentration of 1.10™®* mol.L"

! a concentration comparable to that introduced in the ZNAL-PPA-SRB005 powder.

1 5
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Bi exponential fit
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Figure 11. Luminescence decay profile of a SRB solution (excitation at 375 nm and emission at

646 nm).
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In this case, the average lifetime <t> obtained is identical to that recorded by Rifani et al ©.
Compared to the aqueous solution of SRB (1.10-8 mol.L-1), the average fluorescence lifetime of
ZNAL-PPA-SRB is three time higher. This fluorescence lifetime improvement is probably due
to the immobilization of the SRB in the LDH matrix *°. Moreover, we observe a slight decrease
in the average lifetime with the increase in the amount of SRB in the basal spacing (6.4 ns for
SRBO005 and 5.8 ns for SRB02). This behaviour, already observed by several authors, can be
explained by the formation of aggregations, as indicated by the results of emission spectra
(Figure 7) *°. However, both recorded lifetimes for the ZNAL-PPA-SRB are significantly longer
than the average lifetime of SRBs in solution. Therefore, based on the published work, we can
state that the lifetimes recorded for SRBs in our LDH matrix, for all concentrations studied,
reflect a weak aggregation of SRBs in the interlamellar space. The spacer helps to limit the
interactions between SRB molecules. Although the decrease in mean lifetime with increasing
SRB concentration indicates that the "dilution" role played by the spacer decreases, as expected,
when the SRB concentration exceeds a certain concentration, the PLQY s measurements
presented in Figure 9, support the idea that the PPA plays its role perfectly over the studied SRB
concentration range. The two lifetimes recorded for SRB in the interlamellar space may be
justified by the existence of different conformational isomers of SRB.

3.3. Silicone-LDH composite films (SRB rate = 0.12 mol%)

3.3.1. Integration of the powder in Silicone

In order to facilitate its use and for potential applications in LED devices for instance, the
optimized sample, i.e. ZNAL-PPA-SRBO012, was incorporated in a Silicone film following the
method detailed in the experimental section. Three films of a constant thickness of 120 um (+/- 5

um) were prepared with powder fillers of 10, 20 and 40 wt.%, respectively, referred to as Si-
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LDH10, Si-LDH20 and Si-LDH40 for reasons of clarity. Figure 12 is a photograph of the three

films, under daylight and under UV (365 nm) showing their homogeneous aspect and

luminescence properties.

Under daylight

Under UV 365 nm

SI-LDH10 SI-LDH20 SI-LDH40

Figure 82. Silicone films under daylight and UV (365 nm).

3.3.2. Optical properties of the composite films

Emission spectra of the films under 360 nm excitation were recorded and compared with those

of the ZNAL-PPA-SRB012 powder. Results are shown in Figure 13.
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Figure 93. Emission spectra of the three silicone films compared with the LDH powder at 360

nm.
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A blue shift can be observed for the films compared to the LDH powder, attributed to a de-
agglomeration of the powder when dispersed in Silicone and thus a disaggregation of SRB
molecules. This is confirmed by the difference in the ratio between the intensities of the two
main peaks. Thus, according to the emission peaks, powder aggregation increases when its
loading in Silicone increases. The silicone film loaded with 40 wt.% of powder enables an
emission intensity almost as strong as that of the powder to be obtained. The PLQY of the films
was measured under excitation from 300 nm to 600 nm, and compared with that of the LDH

powder (Figure 14).
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Figure 104. Absolute PLQY of the three silicone films compared with the LDH powder for

excitation wavelengths from 300 to 600 nm.

Regardless the film, the dispersion of the powder in silicone induces a decrease in PLQY yps
particularly in the 370-480 nm range. Among the three prepared films, the increase in powder
loading results in an increase in PLQY s up to 40 wt.% dispersion, whose film achieves the
same optical properties as the powder. Finally, PLQY s measurements of 40% and 30% are
obtained under 360 nm and 450 nm excitation, and a maximum of 60% is reached under 570 nm

excitation.
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3.3.3. Thermal stability of the silicone films

To be used in a LED device, a phosphor must meet specific standards, such as being stable at
various temperatures. The stability of the silicone films loaded with ZNAL-PPA-SRB012
powder (10, 20 and 40 wt. %) was studied by heating them at 85°C and 120°C for 24h. PLQY s

results for the 40 wt.% film before and after the two thermal treatments are presented in Figure

15.
80 360 nm 450 nm
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A Si-LDH40 24h@85°C
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Figure 115. Absolute PLQY of the Si-LDH40 film before and after the heat treatments.

Depending on the excitation wavelength, a greater or lesser loss of yield is observed after heat
treatment. We and co-workers demonstrated that the pristine silicone film does not degrade at
these temperatures > thus any loss in PLQY should be attributed to the LDH powder. Under 360
nm, a relative loss of approximately 3% and 5% only is observed after treatment at 85°C and
120°C respectively. No loss is observed under blue excitation whatever the thermal treatment. If
we consider the other excitation wavelengths, the film lost approximately 5% and 10% of
PLQY s after a treatment at 85°C and 120°C, respectively. According to the thermal study of the
ZNAL-PPA-SRB samples (Figure 3), no degradation of the powder is expected in this range of

temperatures, and as shown before, the dehydration of the composite which occurs around 100°C
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does not affect the PLQY. Thus, in agreement with the work we did in the past, the loss of PLQY
is certainly due to an aggregation of the luminescent particles inside the silicone film induced by
temperature. However, we have to note that the PLQY loss and therefore the aggregation is
much lower than that observed in previous works'®, which emphasizes the real benefit of using
PPA molecules as a novel spacer instead of classical spacers such as DS. Furthermore, the higher
thermal stability of PPA in comparison with DS spacer leads to luminescent composite films
exhibiting a weaker loss of the absolute photoluminescent quantum yield upon thermal treatment
as illustrated for two silicone films containing 20 wt.% of LDH-PPA-SRB and LDH-DS-SRB

powders respectively (Figure S7), before et after heat treatment at 120°C for 24h.

4. CONCLUSIONS

In this work, hybrid organic-inorganic powders were developed involving the co-intercalation
of SRB with cyclic di-functionalized molecules as spacers within a LDH structure. These spacers
were found to increase the basal spacing between LDH layers and thus to allow an efficient
intercalation of SRB molecules within the structure. The importance of matching the size of the
spacer was clearly shown by the colour of the supernatant, directly related to the real uptake of
SRB molecules. Thus, PPA as a spacer allows more than 99% of SRB to be hosted within the
hybrid powder, and its advantage compared to commonly-used spacers (DS, DBS...) arises from
the presence of two carboxylate functions pillaring two adjacent LDH sheets. The phenomenon
prevents the delamination of the layers and enables the structure hosting the SRB to have good
temperature resistance. The SRB rate was optimized at 0.12 mol%, with PLQY 4 values between
30% and 60% depending on the excitation wavelength. Photoluminescence decay times for the
sample reveal that the dilution state of SRB molecules in LDH is close to that in aqueous

solution, although conformational SRB isomers between LDH layers were detected. The optical
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properties of the LDH hybrid powders are mostly preserved when they are incorporated into
silicone films. Among the films tested, a loading rate of 40 wt. % of powder in silicone leads to
the best optical properties. Finally, the film remains highly fluorescent after thermal treatment at

85°C or 120°C, opening up its possible use in LED devices.

ASSOCIATED CONTENT

Supporting Information. The following files are available free of charge.

A table with all the LDH samples references, the absorbance calibration line for the titration of
supernatants, the determination of SRB rate intercalated between LDH layers, the structures of
the spacers, the theoretical basal spacing calculation for each spacers, the thermogravimetric and
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