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Finding confined water in the hexagonal phase
of Big.o5Eu.05Y0.90PO4-xH>0 and its impact
for identifying the location of luminescence quencher
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Abstract. 'H MAS NMR spectra of BiggsEug.05Y0.00PO4-xH,O show chemical shift from
—0.56 ppm at 300 K to —3.8 ppm at 215 K and another one at 5-6 ppm, which are related to
the confined or interstitial water in the hexagonal structure and water molecules on the surface of
the particles, respectively. Negative value of the chemical shift indicates that H of HO is closer to
metal ions (Y3T or Eut), which is a source of luminescence quencher. H coupling and decoupling
31p MAS NMR spectra at 300 and 250 K show the same chemical shift (—0.4 ppm) indicating that
there is no direct bond between P and H. It is concluded that the confined water is not frozen even
at 215 K because of the less number of H-bonding.
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Recently, we found that water molecules are stable in the pores of hexagonal phase of
REPO, (RE = rare-earth ion) up to 800°C [1,2]. Now, a question arises as to whether this
water molecule is different from normal water or not. In the literature, the decrease of
freezing temperature of water in pores of silica gels, zeolites and carbon nanotubes was
reported and their importance in applications as well as basic understanding of confined
water was discussed [3—8]. Also, the study of confined water molecules is important in
chemistry, physics and biology because they are associated in many interface chemistry,
protein, lipid, DNA, etc. [9-20].

Can similar behaviour be seen in the hexagonal phase of REPO,4 where there are pore
and surface water molecules? Amongst tetragonal, monoclinic and hexagonal structures
of REPOy, hexagonal structure can have zeolite configuration, in which many pores are
available along the c-axis (like a channel) [19]. The proposed zeolite configuration is
shown in figure 1. In 2D plane of the hexagonal structure, there is a space of 7.055 A
in diameter along c-axis (pore), whereas distance between two H atoms in H,O is less
than 2 A. Thus, H,O molecules can occupy the pores. In other phases (tetragonal and
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Figure 1. Schematic representation of confined water in pores of the hexagonal
structure and surface water in rare-earth phosphate (REPOy).

monoclinic), there are interstitial sites, but space is very small and water molecules cannot
be accommodated [19].

However, to the best of my knowledge, there is no report regarding the NMR technique
for determining the presence of H,O molecules in the pores of hexagonal structure of
REPO,4. When REPOy is prepared in aqueous medium, a hexagonal structure is formed.
On heating at 600-900°C, monoclinic/tetragonal structure is formed. Usually, ratio of
water molecule to REPO, formula unit is ~0.5:1. On other hand, water molecules
on the surface of the particles cannot be avoided when samples are exposed to ambi-
ent atmosphere. Water molecules in the pores cannot have enough H-bonding, whereas
water molecules present on the surface of the particles can have a maximum of four
hydrogen bonds per one molecule of H,O [5,9], which is shown in figure 1 schemati-
cally. In this, can we assume confined water molecule when it is present in the pore?
In recent studies of carbon nanotubes (CNs), there are two types of water molecules
inside and outside the tube [3-5]. Theoretical model of confined water molecule and
experimental results in CNs, water—organic molecules, DNA, lipids and proteins were
reported [3—18]. Also, when surface/interface water is in contact with ambient air, it is
almost similar to bulk water in terms of the lifetime of the excited O-H bond in 3200—
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3500 cm~! [14]. Dynamic behaviour of the frequency of O—H with respect to the nearby
surface/hydrophobic/hydrophilic or other H,O molecule was reported because of energy
or charge transfer process using femtosecond midinfrared pulse source [9-18]. A chem-
ical bond such as hydrogen bond, 7-bonding and Van-der Walls forces may be present
depending on the chemical environment of O—H.

There are many puzzles in luminescence quenching in RE-doped orthophosphates. In
our previous study of REPO,4, luminescence intensity is highly quenched for hexagonal
phase compared to that of tetragonal or monoclinic phase [1,2,20]. So far, no report is
available on the position of water, i.e., whether it is near POy4 or RE** /Eu3+. The position
of water is responsible for the quenching in luminescence. This paper will answer whether
the water molecule is near PO, or RE** /Eu®*.

Big.0sEu0.05Y0.90PO4-xH,0 (x < 0.5) was prepared by heating the as-prepared sam-
ple at 500°C. Detailed synthesis procedure is published elsewhere [2]. 0.106 g of
Bi(NOs3)3-5H,0, 0.039 g of EuyO3 and 0.711 g of Y,(COs); were dissolved in 2 ml
of HCI in a 100 ml round bottom flask. Purity of the precursors is ~99.99% (Sigma-
Aldrich). Excess acid was removed by evaporation. 10 g of polyethylene glycol (mol.
wt. 1000) and 50 ml of glycerol were added to that. It was heated at 50°C for 1 h. 0.5 g
of (NH4)H,PO, dissolved in 5 ml of glycerol was added to that. The round bottom flask
containing the solution was connected with a condenser and heated at 120°C for 2 h.
The white precipitate was collected by centrifugation. To remove organic moiety, it was
heated at 500°C for 4 h at ambient atmosphere. There were no impurities such as carbon,
secondary phase, etc.

Characterization of the samples using X-ray diffraction (XRD), thermogravimetric
analysis-differential thermal analysis (TGA-TDA), Fourier transform infra-red (FTIR)
and photoluminescence techniques is given in Appendix. NMR data were recorded for
the powder samples (i.e., magic angle spinning nuclear magnetic resonance, MAS NMR)
using Bruker 500 MHz spectrometer with low temperature facility. The sample holder is
zirconia 2.5 mm rotor, in which powder samples were packed and rotor was spun at a fre-
quency of 5-10 kHz. The instrument was fixed at 500 MHz frequency for '"H NMR. The
chemical shift of 3'P was referenced to H;POy4 (0 ppm). The typical 90° pulse duration
and relaxation delay were 4 us and 2 s, respectively. Number of transients recorded was
512 for each experiment. The data were recorded at 300 and 273-215 K. At 300 K, the
fluctuation of temperature is £1 K and that of spinning frequency is 50 Hz. In 273—
215 K, the fluctuation of temperature is +5 K and that of spinning frequency is =500 Hz.
An equilibration time of 10 min was allowed at each temperature before collecting
the data.

X-ray diffraction pattern of Big os5Eu0.05Y0.90PO4xH,0 (x < 0.5) was recorded (see
figure A1). It shows the hexagonal phase with lattice parameters a = 7.106, ¢ = 6.470 A
and V = 282.94 A3. Thermogravimetric analysis of the sample establishes that even sam-
ple prepared at 500°C contains surface water molecules after bringing to ambient/room
temperature. Such water molecules which are removed below 180°C and bound water
molecules are removed at 800°C (figure A2). There is a phase transition at 921°C in
the differential thermal analysis (DTA) curve. Above 920°C, the tetragonal phase is
formed. Fourier transform infra-red (FTIR) spectrum of this compound is shown in fig-
ure A3. The peaks for PO, group are observed. The peaks for H,O are observed at 1616
and 1650 cm™! due to bending vibrations and at 3450 and 3525 cm~! due to stretching
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vibrations. The peaks at 1616 and 3525 cm™~! are assigned to the confined water because
its stretching vibration is more than that of the normal water where there are four hydro-
gen bonding per one molecule of water. The remaining peaks at 1650 and 3450 cm™!
are assigned to the surface water present on the particle. The confined water has less
hydrogen bonding than that of the normal/surface water.

The frequencies of O-H can decide the number of hydrogen bonds surrounding the
water molecule. If there are four, three and two hydrogen bonds, the IR bands obtained
are at 3320, 3465 and 3585 cm ™!, respectively, which are observed on Lamellar Micelles
of silica [21]. Based on this, confined water can have two hydrogen bonds per water
molecule. Also, there are reports on the interlayered water molecules between NaY,Fg
and NH,Y,F; (CaF, structure) [22] and TiOg nanosheet multilayer films [23]. NaY,Fg
can have vibrations in 3000-3600 nm, due to the presence of water (surface free and
bound/interlayered). Peak intensity at 3500 cm™! is much less than 3260 cm™! [22]. It is
suggested that the surface water is dominating over interlayered/bound water.

Figure 2a shows the 'H MAS NMR spectra of BigsEug 05 Y0.90PO4xH,O (x < 0.5)
at 300, 273, 250 and 215 K. At the spinning frequency of 10 kHz, we are able to see the
asymmetric nature of peak on the left side of the peak at ~5.2 ppm for sample recorded
at 300 and 273 K (figures 2b, c). After de-convolution using Lorentzians, two peaks can
be separated at —0.56 (hump) and 5.24 (main) ppm at 300 K. At 273 K, peaks at —1.58
(hump) and 5.44 (main) ppm can be observed. At 250 and 215 K, the distinct peak at
~—3.8 ppm can be observed in addition to the main peak (~5-6 ppm). It seems that
there is a change in more negative value for peak on the left side of the main peak in the
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Figure 2. (a) '"H MAS NMR spectra of Big g5Euq,.05Y0.00PO4-xH20 (x < 0.5) at
300, 273, 250 and 215 K. (b—¢) Asymmetric nature of the peak on the left side of the
peak at ~5.2 ppm for sample recorded at 300 and 273 K at a spinning frequency of
10 kHz.
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spectrum. For static mode at ~500 Hz and at 215 K, the main peak disappears but the
peak at —3.8 ppm still appears.

When we performed H coupling and decoupling *'P MAS NMR at 300 and 250 K with
a fixed spinning frequency of 10 kHz (figure 3a), we have found a peak at —0.4 ppm.
It does not change the peak position of P, except the extent of increase of broadening of
peak with decreasing temperature (figure 3b). The reported values of isotropic chemi-
cal shift of 3'P MAS NMR in YPO, was —0.9 ppm and chemical shift values of many
rare-earth orthophosphates were reported [24,25]. As per [26], the peak at —12.00 ppm
corresponds to pure YPO,. Chemical shift depends on the paramagnetic environment
of 3'P and thus their values are different from one compound to another. The probable
chemical interactions are: P-O-RE (through direct chemical bonds of covalent or ionic
nature), RE-O---H, O (through hydrogen bond), P-O---H,O (through hydrogen bond) or
magnetically dipole interactions. In addition to the main peak corresponding to YPOy,
paramagnetic peaks could be observed depending on the type of doping ions [26]. Such
paramagnetic peaks are explained on the basis of Fermi contact shift and pseudocontact
shift. However, we could not observe the paramagnetic peaks in this study with respect
to main peak except spinning sidebands (figure A4). It may be due to (1) short relaxation
time, (2) 500 MHz is less sensitive to paramagnetic ions and (3) these peaks could not be
detected in the background.

The peak at 5-6 ppm in 'H NMR spectrum corresponds to surface water molecules.
Similar value was reported in CdS particles [27]. In carbon nanotubes, free water gives a
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Figure 3. (a) H coupling and decoupling 3'P MAS NMR spectra of

Big.05Eu0.05Y0.90PO4-xH70 (x < 0.5) at 300 and 250 K at a fixed spinning frequency
of 10 kHz. (b) Expansion of peak near the chemical shift.
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chemical shift at 12 ppm [5]. The shift of the peak from —0.56 ppm at 300 K to —3.8 ppm
at 215 K may be due to the confined water in the pores or interstitial water in the hexagonal
structure. From H coupling and decoupling 3'P MAS NMR, it is concluded that there is no
direct bond between P and H. The negative value in chemical shift in '"H NMR indicates
that H is close to the metal ion (Y3 /Bi*t /Eu®™).

The '"H MAS NMR spectra recorded at static mode (~500 Hz) and at different temper-
atures are shown in figure AS for comparison. At 300 K, we can see a peak at 2.5 ppm,
corresponding to the surface water, but this value is slightly less than that taken at 10 kHz
frequency. There is small hump at the negative side, which may be related to the pore
water. Since the number of pore water molecules is much less than the surface water
molecules, the main peak corresponding to surface water dominates the peak correspond-
ing to pore water. When temperature decreases to 273 K, the main peak at 2.5 ppm
decreases drastically because of the frozen surface water and only peak corresponding
to the pore water is observed. When temperature goes to 250 or 215 K, a distinct peak
corresponding to the pore at —3.8 ppm is observed.

Here, water molecule present in interstitial /pore may have a maximum of one hydrogen
bonding with neighbouring water molecule since there is one water molecule per two
formula units of YPO,. However, H,O can have Van-der Walls interaction/hydrogen
bonding with AOg unit (H-O-H---O—A-O or H-O-H---A—O where A = Y*>*/Bi/Eu*").

The typical photoluminescence (PL) spectra of Big gsEug 05 Y0.90PO4 - xH,O prepared at
500 and 900°C are shown in figure A6. Luminescence intensity is improved significantly
for the sample heated at 900°C compared to the sample heated at S00°C. This improved
luminescence is due to the removal of water molecule present in the pores of the hexagonal
phase along the c-axis. The quenching of luminescence in the hexagonal phase of Ce**
or Bi** co-doped YPO,:Eu (REPOy) even heated samples up to 700°C is high due to
the presence of water molecules [1,2]. Samples prepared at different solvents are also
found to show different luminescence intensities in our study. Luminescence intensity of
hexagonal phase is highly quenched, whereas that of monoclinic or tetragonal phase is
high. From NMR study, we can see that confined water is closer to YOg or EuOg and far
from PO4 group. Because of this, luminescence intensity is quenched in the hexagonal
phase of REPOQ,. In the present study, we cannot give exact lifetime values of *'P when
water is in the pore or/and surface of the particle.

There are a few reports on the enhancement of luminescence intensity when there are
more water molecules in the samples (TiO,:Eu** and NaY,Fs:Eu*") prepared at low
pH (= 2-7) [22,23] and even at high humidity. It is explained that this is due to the
increase of crystal field environment on Eu** with H,O molecules and F~/O?~/OH~
ions as ligands. In my opinion, if H,O is linked to Eu** as ligand, luminescence intensity
will decrease because second and third overtones of O-H frequency/energy can match
with gap between ground and excited states of Eu’* (E sap = Ls, 5Dj—7Fj) thereby mul-
tiphonon relaxation will be high. Non-radiative rate will be more if water molecules
surrounding Eu®* increases. This can be confirmed by the exchange of H,O with D,O
(isotope effect) [1,2]. Some structure related changes, defects (hole/electron trap) and
protonation (H3O%) and even reduction of Eu*t to Eu?t to some extent in different
pH can occur. This was not discussed in [22,23]. This has to be further characterized
by X-ray photoelectron spectroscopy (XPS), electron paramagnetic resonance (EPR),
Mossbauer spectroscopy techniques, etc. In our previous work [28], TiO,:Eu** was
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converted to EuyTrO7 on annealing. The former has high luminescence intensity for
Eu’", whereas the latter has very weak luminescence intensity. This is related to the
structure related change where Eu** can have different symmetry environments. Also,
there are reports on the creation of defects (hole/electron trap) and protonation (H;O™) in
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Figure A1. XRD pattern of Big 0sEug.05Y0.90PO4-xH>0 (x <0.5) prepared at S00°C.
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Figure A2. TGA and DTA curves of Big gsEug.05 Y0.90PO4-xH,0 (x < 0.5) prepared
at 500°C.
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different pH and environment (ambient atmosphere, O,, N») in silica/silanols [21,29,30].
This leads to changes in luminescence intensity in the blue and green regions [29,30].

In conclusion, the free water is observed on the surface of the particles and confined
water is observed in the pores or interstices of the hexagonal structure of orthophosphate.
Luminescence quenching in hexagonal REPO, phase is due to the confined water, which
is closer to the metal ion (Y>*/Bi** /Eu’*) and far from the PO, group.

[
o

PO °

4

~— ‘TE )

- 5§

2 28
£ 80- g Tﬁ 8 el
c — o
N o | £
£ 60- 3 151
& & 3400 3600 O
14] A -‘5
U . f ——
59 )
b
£
w
| =4
©
—

1616 cm™
1650 cm”™

1000 2000 3000 4000
Wavelength (cm™)

Figure A3. FTIR spectrum of Big osEug.05Y0.90PO4-xHyO (x < 0.5) prepared at
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Figure A6. Photoluminescence spectra of Big g5Eug 05 Y0.00PO4 prepared at 500 and
900°C.
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Appendix: XRD, FTIR, TGA-DTA and PL characterization techniques

The sample was characterized by the following methods: X-ray diffraction (XRD)
patterns were recorded by Inel X-ray diffractometer EQUINOX 1000. Fourier trans-
form infrared (FTIR) spectrum was recorded by FT-IR spectrometer (Bomem MB 102).
Thermogravimetric and differential thermal data of sample prepared at 500°C were
recorded by TGA-DTA instrument (SETARAM 92-16.18). Weight changes are due to the
water content in the sample. Photoluminescence (PL) emission spectra were carried out
by Hitachi F-4500 fluorescence spectrometer having a 150 W Xe lamp as the excitation
source.
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