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Abstract:

The sol-gel route is used to prepare samarium (Sm™) ions doped in silica
monoliths as a function of active ion concentrations up to 0.0178%. The
spectroscopic activity of Sm*® ions doped-silica matrices is investigated using UV-
Visible spectroscopy and photoluminescence spectroscopy. “Gs, emissions are
observed from a minority of isolated Sm*® ions within the pores structure of silica
matrix, UV-Vis spectra reveals absorption peaks due to Sm*? active centers. X-ray
diffraction and FTIR results support the distribution of such ions in these porous.
Analysis indicates that at high doping levels, most ions reside in clusters and ‘Gs),
emission, which is demonstrated by the quenching processes observed in the
corresponding spectra. Some spectroscopic parameters such as emission cross-
section and oscillator strength are determined and analyzed.
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Introduction:

The interest in luminescent materials containing samarium ions (Sm*®) is relatively recent
and rapidly growing due to the properties that make it peculiar in the panorama of the
lanthanide series and its attractive applications, such as temperature sensing optical fiber,
optical data storage, optical fiber communication, solid-state materials emitting visible light
(near white light emitting diode LEDs) due to 4f—4f and 4f— 5d electronic transitions [1-3]. In
the visible and ultraviolet spectral regions, white light-emitting diodes (W-LEDs) produce
white light by employing phosphors and a short-wavelength excitation source.

Because of its distinctive photophysical characteristics, particularly in relation to the
creation and amplification of light, lanthanide ions (Ln**)occupy a special place in the field of
photonics [4, 5]. Numerous scientific fields, from laser physics to molecular biology, have
explored the luminescence Ln™ and continue to do so. Samarium is one of the most
interesting Ln+3 ions for studying fluorescence characteristics (4f5); Sm*™ emits highly
sought-after red and orange emissions that are used in cathode ray tubes, photo-detectors,
lasers, and prospective high-density optical storage applications as optical devices (e.g., color
displays, optical data storage, televisions to LED light)[6-8]. Depending on the matrix,
multiple mechanisms are involved in the decay of excited states in Sm+3.

Various wet chemical methods, such as coprecipitation, hydrothermal, sol-gel technology,
and combustion method, have been developed for materials synthesis[9-12] . The sol-gel
technology is widely used, and it is an effective process. The chosen host glass is designed to
have high lanthanide ions solubility, moderate lower melting point, structure, and chemical
stability, as well as outstanding transparency and lower phonon energy, in order to satisfy the
required application with the appropriate optical qualities[13-15]. Sm*-doped silicates
release visible emissions, particularly in the reddish-orange emission zone, and are therefore
in high demand for potential applications such as traffic signs, decoration, and textile printing
[16].

In the present study, the sol-gel method was adopted to prepare samarium ions-doped
silica xerogel monoliths as hosts for intense emissions in the visible region in order to
investigate the effects of ion concentrations on the luminescence properties. This is applicable
in the use of such structures in the field of white light applications.

Experimental Part:

Tetraethylorthosilicate (TEOS, purity >98%), ethanol (C,HsOH, 99.0 %), deionized water
catalyzed by hydrochloric acid (HCI, 0.15 M) and samarium chloride hexahydrate
(SmCl3.6H,0, 99.9 % from Aldrich) with a molar ratio of 1:5:10 For TEOS/ethanol/water
were used in the synthesis of undoped and/or doped silica xerogel monoliths with Sm*® ions
by the sol-gel technology.

Firstly, TEOS was mixed with ethanol and stirred for 30 min, then diluted HCI was added
to the solution instead of pure water to catalyze the hydrolysis/condensation reactions. The
mixture was stirred continuously for another 30 min. Sm*® solutions of different
concentrations were prepared by dissolving SmCl3.6H,0 in deionized water; 1 ml of these
solutions with different concentrations (0.04, 0.09, 0.225, 0.55, 1.5) x10™ mol/I was added to
the mixture and stirred for 30 min; this solution was left for 1 hour at room temperature. 0.5
ml of N, N dimethylformamide (C3H;NO), as a drying control chemical additive, was added
to the final sol. By pouring the sol into a covered glass tube in an oven set at 60 °C, monoliths
were able to gel. After 14 hours of ageing, the covers were removed to allow the solvent to
evaporate throughout the drying process. At the end of the ageing period, the drying process
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began by gradually increasing the temperature by 5 °C every 12 hours. The drying process
went from 60 °C to 90 °C in 3 hours and then to 110 °C in 2 days. Transparent non-doped
monoliths and monoliths with diameters of 0.7 to 0.8 cm, lengths of 1.9 to 2.1 cm, and
weights of 1.1899 to 1.3932 gm and containing varying concentrations of Sm ** ions: (4.3,
10.0, 21.9, 50.5, 178.0) *10™* % were successfully prepared.

Results and discussion:
prepare samarium ions-doped silica xerogel monoliths

Figure (1) presents The X-ray diffraction patterns (XRD) of a non-doped and Sm** doped
silica xerogel monoliths. The amorphous structure of the undoped silica sample is clearly
observed. On the other side, the XRD pattern of doped samples showed a broad peak centered
at 26 =23.2°, proving that the distribution of the activator ions (Sm*®) in the SiO, network is
random.
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Figure.1: X-ray diffraction patterns of monoliths ;( ) non-doped monolith, (b) 0.0178% Sm*?
doped monolith

Fourier transform infrared (FTIR) spectra (using FTIR-spectrometer, Shimadzu, on KBr
pellets of the samples at a resolution over the range 4000 — 400 cm™) of undoped silica
xerogel monolith and one of the doped samples are shown in Figure (2). Five absorption
bands that correspond to the host's characteristic vibrational bands are noted in the FTIR
spectra; these bands were located at approximately 470 cm™, 800 cm™, and 1064 cm™, and
were caused by the bending, symmetric stretching, and asymmetric stretching vibrations of
siloxane Si-O-Si groups, respectively. While a weaker band at approximately 960 cm™ was
caused by the stretching vibration of silanol Si-OH groups[17]. At roughly 1658 cm™ and
3419 cm™, two more bands developed. The O-H bond in water molecules vibrates in these
two bands[17-19], showing that the drying process at 60 °C does not entirely capture the
water molecules from the silica pores.
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Figure 2: FTIR spectra of the undoped silica xerogel and Sm** doped silica xerogel.

The UV-Vis absorption spectra of Sm*® ions in deionized water solutions were recorded
with a Shimadzu UV-Vis Spectrophotometer, as shown in Figure (3). Several absorption
bands caused by electronic transitions of the energy levels of Sm* ions were observed and
located at about 305, 317, 332, 344, 362, 374, 390, 401, 415, 441, 463, 479 and 499 nm that
corresponds to the transitions ®Hs, —  *Hop, *Fias, *Drrz, *Huiz, *Fora, “Dsiz P72, *Fapz, Pspa,
*Gop, ‘Fsior “lip and “Gyp respectively [16-18]. Absorbance corresponding to these
transitions depends on the samarium ions’ concentration in a solution. It can be seen that as
the concentration of Sm*?increases, the absorbance bands become increasingly prominent and
sharper. This is due to the increase of ions contribution in the absorption process so much as
the increase of their concentrations according to Lambert—Beer's law.
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Figure 3: The absorption spectra of the samarium chloride hexahydrate in the deionized
water.
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Figure (4) illustrates the Sm*® doped silica xerogel monoliths' absorption spectra at various
concentrations (4.3, 10.0, 21.9, 50.5, 178.0) *10™ %. From the figure, it is clear that the
absorbance spectra of the doped monoliths structure are similar to the absorbance spectra of
the samarium chloride hexahydrate solutions, indicating that the spectroscopic activity
corresponding to the Sm*® ions, and absorbance increases with the increase in the
concentration of samarium ions with a slight blue shift in the Sm*® doped monoliths.
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Figure 4: The absorption spectra of silica monoliths doped with different concentrations of
Sm* ions.

The photoluminescence spectra of the samarium chloride hexahydrate solutions were
registered with Shimadzu RF-5301 PC Spectrofluorophotometer, and 400 nm excitation
wavelength of Xenon lamp as excitation source are exhibited in Figure (5). It was noticed that
the emission peaks’ intensity increased gradually with the increase in concentration from
0.004*10™" M to 1.5*10™ M of samarium chloride hexahydrate solution. The bands obtained
in this present work are in agreement with previous investigations[20, 21]. The peaks at 562,
596, 647and 705 nm are assigned to a transition from the excited state *Gs;, — °H; with J =
5/2; 7/2; 9/2 and 11/2 of Sm™ ions, respectively[21-24] .
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Figure 5: The emission spectra of samarium chloride hexahydrate in the deionized water,
excited by 400 nm.
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Figure (6) displays the photoluminescence spectra for the Sm*® doped silica xerogel
monolith with various Sm*® ion concentrations under a 400 nm excitation wavelength. The
Sm* intra-4f transition from excited levels to lower levels, represented by the *Gs;,— °Hsp
and “Gs,— ®Hy), transitions, respectively, occurs at 569 nm and 601 nm in the yellow-orange
region of the spectrum[21-24] . The “Gs;,— ®Hgp, transition is the cause of another faint
emission peak in the red region of spectra, which is positioned at 645 nm [20]. Electric-dipole
transitions (*Gs;,— ®Hgp), which emerge as a result of the absence of a center of symmetry,
are produced, and their intensity is extremely sensitive to changes in the local structural
environment of the Sm+3 ions. Although the magnetic-dipole permitted transitions *Gs,—
®Hs), and *Gs,— PHyp are seen, their strength rarely varies with the local structural symmetry
of the Sm* ions[20, 21]. It is worth observing that the emission intensity is higher in the
sample with a concentration of 0.00219 % than in the other samples. The occurrences of
luminescence quenching for Sm*™ in the silica matrix that were observed in the other
concentrations could be due to the energy transfer among the excited Sm*® ions, such as the
interaction between the lanthanide ions due to cross-relaxation (CR); strong interaction
between two active ions transferring the excitation energy from one Sm* ion to another; O-H
vibrations of water and concentration quenching exhibited by Sm*® ions at higher
concentrations [21]. This phenomenon is most likely caused by an increase in the number of
nonradiative decay channels and also due to many closely spaced excited states, which leads
to the quenching. It denotes the clustering of these ions within the pores of the sol-gel
material.
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Figure 6: The emission spectra of silica monolith doped with different concentrations of Sm*?
ions, excited by 400 nm

From absorption spectra, absorption coefficients a(A) and cross-sections o (A)
spectroscopic parameters can be computed. The formula used to determine o (A) is [25] :

() == (1)

Where: p is the ion density (cm®), the refractive index n(L) was calculated with Michelson
interferometer and was about (1.46-1.47). Bowen and Wokes gave an empirical formula to get
a sufficiently accurate value of radiative lifetime 1,59 [26] :

1/ Traqa = 2.88 X 1072 x n? x U [ £(V)dV (2)
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Where: © is the wavenumber at the peak of the absorption band in cm™, [ e(®)dv is the
area under the absorption band curve, and () is the molecular extinction coefficient.
Peak emission cross-section (cem) for transtion*Gs;, — °Hy;» can be determined from:

_ Ap

Oem = 8mcn'? Adeff Trad (3)

Where: X, is a peak wavelength within the fluorescence band, Al iS the emission

linewidth (effective); which is determined by the Full Width Half Maximum (FWHM) of the

emission band, and 1 is given by:
< (mP)+2)"2
n= 9n(a) )
The oscillator strength fex, can be calculated from the absorption spectra using the formula

[2]:

fexp = 4.32x107° [ £(V)dV (5)

Table (1) includes the results of the calculated parameters from the recorder spectra. These
parameters are related to the absorption band for the transition ®Hs;, —*F;, and the emission
band for the transition “Gs, _, °H7, of Sm*™ ions. Figure (7) displays the behavior of the
oscillator strength fex, and peak emission cross-section (cem) With different concentrations of
Sm*3 ions in the doped samples. The values of oscillator strength of Sm*? are connected with
the hypersensitive electric dipole transitions indicating a non-symmetrical surrounding of Sm
*3jons in the silica network. Figure (7) indicates that the fexp and cem Vary with the Sm* ions
concentration to reach a maximum value for the Sm* concentration of 0.00219 %, this
behavior is due to the luminesces quenching.

Table 1: The spectroscopic parameters of silica xerogel monolith doped with Sm*® ions.

lons absorptl_on Radiative oscillator Emission Cross
. cross-sections - . 21
Sample no. concentration o) (x102 lifetime strength section 6,,(x10
% Sm*® em?) Trad (MS) fop(X10) cm?)
SSmi 0.00043 2.0 1.20 0.91 3.8
SSm2 0.00104 2.4 1.17 0.89 3.7
SSm3 0.00219 2.6 1.12 0.98 7.9
SSm4 0.00505 3.2 1.13 0.97 4.9
SSm5 0.0178 3.6 1.14 0.86 35
1.02 9

) =

OI Ll e e 8 N

¥ 098 ) 75

o M ] ~

é 0.96 6 S

5 0.94 5 g

$ 092 g4 4 9

Z g ¥ 5

~ 09 3 ©

o o e

= 0.88 . 2 .2

g 0.86 ° 1 %

0.84 0

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02
Concentration %

Figure 7: Variation in oscillator strength fex, and peak emission cross-section (cem) With the
concentrations of Sm** ions.
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Conclusions:

Through the use of the sol-gel process, cylindrical and transparent silica xerogels
monoliths that contain up to 0.0178% of samarium (Sm*3) ions were successfully prepared. In
these matrices, the structural behavior of these ions is described as being randomly distributed
and incapable of forming any ligands in silica networks. These ions emit intense visible
radiation. The spectroscopic analysis reveals that Sm*® was clustering within the pores of the
silica sol-gel host, which resulted in emission quenching at high doping levels. The current
findings are viewed as a promising beginning for fields of study into the potential for
improving the visible emissions of such ions through co-doping with metal nanoparticles like
silver and gold that are beneficial in the white light-emitting diode (W-LED) applications.
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NOTE: silica monolith, monolith, silica xerogel these different expression were used in
different places in the paper, if they mean the same, they should be unified for clarity

Answer the note:

silica monolith, monolith, and silica xerogel all have the same meaning, it is unified in all
the text body .
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