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Abstract: Three new alkali-metal gallium phosphates NaGaz(POa4):F4(H20)2 (1),
KGaxP>O7(OH)3(H20) (2), and RbGaP,07(OH)3(H20) (3) were obtained using
hydrothermal methods. Compound 1 crystallizes in the chiral space group P432:2.
The structure of 1 features a three-dimensional (3D) framework composed of 2D
layers of corner-sharing GaO4F> and GaOxF4 octahedra that are further bridged by
PO; tetrahedra with Na' cations residing in the oxyfluorinated gallolayers.
Compounds 2 and 3 are isostructural, both crystallizing in the centrosymmetric space
group P2i/c; their structures consist of novel 3D gallophosphate frameworks
constructed from GasO, tetramers interconnected by PO4 units with 8-membered ring
channels along the b-axis, in which K'/Rb" cations are located. The diffuse
reflectance spectra show that the ultraviolet (UV) cut-off edges are about 292 nm
(425 eV), 275 nm (4.51 eV) and 306 nm (4.05 eV) for 1-3, respectively.
Luminescent studies suggest that 1-3 emit blue light under the excitation of

near-ultraviolet light.
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1 INTRODUCTION

Metal phosphates have attracted considerable interest because of their abundant
structural chemistry [1] and their potential applications such as solid electrolytes [2],
luminescent hosts [3], nonlinear optical (NLO) materials [4] and magnetism [5].
These wide applications mainly originate from the diverse porous or polar structures
of metal phosphates. As a polarizable fundamental building unit (FBU), the PO4
tetrahedra favor condensation to form different types of PxOy groups exemplified by
P>207 (pyrophosphates), PnOsn+1 clusters, P,Osn cyclic rings or infinite (PO3). chains
(n > 3, polyphosphates) [6,7].

Metal gallium phosphates constitute an important family of metal phosphates,
which exhibits a rich structural and compositional diversity because of the flexible
coordination environments of metal gallium (GaOs tetrahedra, GaOs trigonal
bipyramids, and GaOs octahedra) [8]. During the last decades, a large number of
gallium phosphates with one dimensional (1D) chains, 2D sheets, and 3D open
frameworks have been reported [9]. In order to pursuit widespread use of gallium
phosphates as ion-exchange, catalytic and optical materials, incorporation of
hetero-metals into their frameworks has been attempted, which may lead to the
modification of physical or chemical properties [10]. The presence of alkali metals
usually gives rise to rather dense architectures, such as NaGax(OH)(POas)> [11],
Rb2[Gas(HPO4)(PO4)4]0.5H20 [12], Cs2Gas(OH)2(PO4)s [13], LiGa(OH)PO4 [14],

RbGa3(P3010)2 [15], and K[(GaPO4){F1/4(GaPO4)}4] [16]. Additionally, the



incorporation of fluorine into inorganic framework structures often changes the
structures and compositions of the compounds because of its high electronegativity
which not only gives rise to the cut-off edge shift towards the blue wavelength but
also helps to increase the thermal stability [17]. Many efforts have been devoted to
searching for new fluorophosphates with NLO, electrochemical and luminescent
properties [18]. However, it is rarely reported about pure inorganic gallium
fluorophosphates as luminescent materials [18c,19].

Several different approaches have been employed to synthesize phosphates.
High-temperature solid-state reactions have afforded a wide variety of metal
phosphates with high thermal stabilities and strong luminescence intensities [20];
although the high-temperature procedure can produce well-defined crystals, it requires
lengthy reactions and often forms glassy products [21]. Hydrothermal methods have
proven to be successful, affording a variety of crystalline phosphates materials, such
as  [Zna(bip)(HPO4)2]2H20  [22], (NHa)1-2xMnix(H20)2(BP20s)yH0  [23],
(HDADD)>(BPDC)o.5[Gaz(OH)2(HPO4)4] [24], KaMga(P207)3 [25], Cs2LiPO4 [26],
and (NH4)2POsF [27], which have also attracted great attention owing to their varying
structural characteristics and interesting optical properties. Among them, a large
number of phosphates with acentric structures display excellent NLO performance
and some zinc and gallium phosphates with extra large channel structures can emit
blue light or can even synchronize dual wavelengths (blue and yellow) to give out

white light under the excitation of ultraviolet (UV) light [22-28]. In contrast to the



other heterometallic phosphates, the synthesis of alkali-metal gallium phosphates
under facile hydrothermal conditions is less explored [29].

We report herein the synthesis of three open-framework alkali-metal gallium
phosphates ~ NaGa3(PO4)2F4(H20), (1), KGaP,07(OH);(H.O) (2), and
RbGaxP>0O7(OH)3(H20) (3) via straight-forward hydrothermal methods. The crystal
structures, thermal stabilities, IR spectra, SHG measurements, UV-Vis-NIR diffuse
reflectance spectra, and luminescent properties with a short cut-off edge and blue

light-emitted for compounds 1-3 are also described in this paper.

2 EXPERIMENTAL SECTION

2.1 Reagents. GaO(OH) (99%, Xiya Reagent), NaF (99.8%, Adamas Reagent), KCI
(99.5%, Adamas Reagent), RbCl (99.95%, Adamas Reagent), H3PO4 (99.5%, Adamas
Reagent) and (NH4)(H2PO4) (99.5%, Adamas Reagent), HF (40%, Adamas Reagent)
were obtained commercially and used as received.

2.2 Synthesis of NaGa3(PO4):F4(H20)2 (1). A mixture of GaO(OH) (0.35 g, 3.4
mmol), NaF (0.293 g, 7 mmol), H3PO4 (0.5 mL), 40% HF (0.25 mL), and deionized
water (4 mL) was sealed in a 20 mL autoclave with a Teflon liner. The autoclave was
heated at 180 °C for 72 h, and then slowly cooled to 30 °C at 3.5 °C/h. Colorless block
crystals of 1 were collected and dried in air. Yield: 48% (0.29 g, based on Ga). IR
data (KBr pellet, cm™): 3490 (br, m), 1640 m, 1061 s, 575 m.

2.3 Synthesis of KGa:P207(OH)3(H20) (2). A mixture of GaO(OH) (0.205 g, 2

mmol), KCl1 (0.447 g, 6 mmol), (NH4)(H2PO4) (0.230 g, 2 mmol), and H2O (4 mL)
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was sealed in a 20 mL autoclave equipped with a Teflon liner. The autoclave was
heated at 180 °C for 72 h, and then slowly cooled to 30°C at 4 °C/h. After washing
with deionized water, colorless block crystals of 2 were isolated using a microscope
(0.21 g, 50% based on Ga). IR data (KBr pellet, cm™): 3457 m, 3325 m, 1654 w, 1101
s, 1003 s, 601 m, 560 m.

2.4 Synthesis of RbGa:P207(OH)3(H20) (3). The same procedure was employed to
synthesize 2 except using RbCl (0.725 g, 6.00 mmol) instead of KCI. Colorless block
crystals of RbGa;P207(OH)3(H20) (3) were obtained (0.20 g, 43% based on Ga). IR
data (KBr, cm™): 3475 m, 3364 m, 1654 w, 1101 s, 996 s, 621 m, 561 m.

2.5 Structural Determination. Single-crystal X-ray diffraction data of 1-3 were
collected at room temperature on a Bruker D8 VENTURE CMOS X-ray
diffractometer using graphite-monochromated Mo-Ka radiation (A = 0.71073 A).
APEX 1I software was applied to collect and reduce data. Semi-empirical absorption
corrections based on equivalent reflections were applied for both data sets using the
APEX II program. The three structures were solved by direct methods and refined on
F? by full-matrix least-squares methods using SHELXTL [30]. All non-hydrogen
atoms were refined anisotropically. Oxygen atoms that assigned as hydroxyl groups
and water molecules were refined on the basis of the requirements of charge balance
and bond valence calculations. All three structures were checked with PLATON, and
no other higher symmetry elements were found [31]. Table 1 summarizes the crystal

data and structural refinement parameters for the three compounds. Selected bond



distances (A) and angles (deg) are collected in Table S1—S3 (Supporting

Information).

Table 1 Crystallographic Data and Structure Refinement Parameters for 1-3.%

Empirical formula NaGasF4(PO4)2(H20), KGayP207(OH)3(H20) RbGaxP>07(OH)3(H20)

Formula weight 534.12 421.52 467.89

Temperature (K) 293(2) 293(2) 293(2)

Crystal system tetragonal monoclinic monoclinic

Space group P452,2 P2i/c P2i/c

a(A) 7.1707(2) 9.6213(4) 9.6583(8)

b(A) 7.1707(2) 9.5651(3) 9.6224(9)

c(A) 19.2172(12) 12.0512(3) 12.1271(8)

a (%) 90 90 90

L) 90 128.528(2) 128.474(4)

7 (%) 90 90 90

V(A3) 988.13(7) 867.62(5) 882.35(12)

VA 4 4 4

Deate (g-cm™) 3.590 3.227 3.522

u (mm) 8.610 7.114 12.005

F(000) 1016 816 888

O range (*) 3.03-26.36 3.03-26.48 3.01-26.39
-8<h<s, -11<h <11, -11<h<12,

Limiting indices -8 <k<g, -11<k <11, -11 <k <11,
-24<1<23 -15<1<15 -15<1<13

Rint 0.0400 0.0340 0.0433

Reflections

collected/unique 5877/1002 15133/1771 15400/1794

GOF on F? 1.107 1.143 1.077

Flack factor 0.00 - -

Ri/wRy [I> 20 (D]* 0.0353/0.0771 0.0235/0.0581 0.0398/0.1081

Ri/wR; (all data) 0.0400/0.0788 0.0281/0.0599 0.0473/0.1124

Largest diff. peak and

hole (e A?)

1.583 and -0.703

0.957 and -0.869

1.108 and -2.496

‘R = Z|Fol = [Fell/ZIFol; wRa = [Xw(Fo® = F&P 1 Xw(Fo?)]"?

2.6 Powder X-ray Diffraction (XRD). Powder XRD data of 1-3 were recorded on

an automated Bruker D8 Advance X-ray diffractometer equipped with Cu-Ka



radiation (1 = 1.5418 A) in the angular range 26 = 5-70° with a scan step-width of
0.02°.

2.7 Scanning Electron Microscopy (SEM). The morphologies of 1-3 were
investigated using scanning electronic microscopy (Hitachi S-4800, Japan) operating
at 15 kV.

2.8 Infrared (IR) Spectroscopy. The IR spectra were measured on a Nicolet 360
FT-IR instrument within the range 500—-4000 cm. The samples were mixed
thoroughly with dried KBr and were then pressed into discs for measurements.

2.9 Thermal Analysis. A TGA/1100SF instrument was used to analyze the thermal
stabilities of the three compounds. The samples were heated from 30 °C to 900 °C
with a heating rate of 15 °C/min in nitrogen gas.

2.10 UV-Vis-NIR Diffuse Reflectance Spectra. Optical diffuse-reflectance spectra
were measured at room temperature with a UV-3600 Plus UV-Vis-NIR
spectrophotometer. BaSOs was used as a standard. Reflectance spectra were
converted into absorbance based on the Kubelka-Munk function [32].

2.11 Luminescent Measurements. The luminescent emission spectra were recorded
by using a Cary Eclipse spectrofluorophotometer (Varian, America) at room
temperature.

2.12 Second-Order NLO Measurements. The measurements of the powder
frequency-doubling effects were performed at room temperature on the sieved

samples by using the modified method of Kurtz and Perry [33] with laser radiation of



A = 1064 nm generated by a Q-switched Nd:YAG solid-state laser. The crystal
samples of 1 were ground and sieved into three distinct particle size ranges (<26,
50—74, and 105—150 um), which were pressed into disks with diameters of 6 mm that
were placed between glass microscope slides and secured with tape in a 1 mm thick

aluminum holder.

3 RESULTS AND DISCUSSION

Scheme 1: The synthetic process and the structural features of 1-3. Color codes: Na
turquoise, K gold, Rb lime, Ga bright green, P pink, O red, F light blue, GaO4F:
octahedron green, GaO>Fs4 octahedron yellow, GaOs octahedron green, POs
tetrahedron pink.



3.1 Syntheses. Three types of crystals in the alkali-metal gallium phosphates system
have been synthesized by employing different starting materials under hydrothermal
conditions. The polycrystalline samples of 1-3 were synthesized through facile
hydrothermal reactions based on the following chemical equations: 3GaO(OH) + Na*
+ 4F + 2H3PO4 — NaGas(PO4)2F4(H,0), + H,O + 30H" for 1, 2GaO(OH) + K" +
2(H2POs) — KGa,P,07(0OH)3(H20) + OH™ for 2, and 2GaO(OH) + Rb" + 2(H2PO4)
— RbGaP,O7(OH)3(H,0) + OH™ for 3. Scheme 1 summarizes the reaction
conditions, SEM images and the structural features of 1-3, including two isostructural
compounds 2 and 3. By using GaO(OH), H3PO4, and NaF as the starting materials,
compound 1 was obtained as colorless block crystals in 48% yield (based on Ga).
Employing GaO(OH), KCI/RbCl, and (NH4)(H2PO4) as the reaction materials
afforded 2 and 3 as colorless block-like crystals in 50% yield and 43% (based on Ga),
respectively. All three of these crystalline materials were stable under ambient

conditions for several months.

Table 2 Reaction conditions and product phases of 1-3.

No. Composition of Reagent Product phases

1 GaO(OH): NaF: H3PO4: HF Block crystal 1

2 GaO(OH): KF: H3PO4: HF White powder I

3 GaO(OH): RbF: H3PO4: HF White powder 11
4 GaO(OH): CsF: H;PO4: HF White powder II1
5 GaO(OH): Na salt:* (NH4)(H2PO4) White powder VI
6 GaO(OH): K salt: (NH4)(H2PO4) Block crystal 2

7 GaO(OH): Rb salt: (NH4)(H2PO4) Block crystal 3

8 GaO(OH): Cs salt: (NH4)(H2PO4) White powder V

(a) Na salt denotes NaCl/NaNOs/KF; the same as K/Rb/Cs salts.
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It is well-known that the structures of phosphates are very sensitive to the
synthetic conditions (including starting materials, reaction medium, pH, concentration
of phosphates, reaction temperature, and reaction time) [1b]. In the present study, the
starting materials play a key role in promoting the crystallization of the three
phosphates. It is noticeable that during the hydrothermal procedure, small amounts of
HF are necessary for the synthesis of 1; this is favorable for improving the crystal
quality. Similar experimental protocols and reaction conditions were assayed for the
synthesis of other oxyfluorinated alkali-metal (K, Rb, Cs) gallium phosphates and
alkali-metal (Na, Cs) gallium phosphates (Table 2), but all have been unsuccessful to
date, suggesting that the cation size, reaction stoichiometry, and precise synthetic
conditions may play crucial roles in the syntheses. The main component of white
powder for reaction No. 2 is KGaFs-2H>0, while the white powders for reaction No. 3
and No. 4 are some unknown phases because no matching compound can be isolated.
With respect to reaction No. 5 and No. 8, the main component of white powder is
GaPO4-2H,0 (Figure S7).

3.2 Crystal Structures.

3.2.1 Crystal Structure of 1. NaGa3F4(PO4)2(H20); crystallizes in chiral tetragonal
space group P43212 (No. 96). The FBUs for 1 contain GaO4F>, GaOyF4 (Figure 1a),
NaOsg, PO4 groups. Each GaO:F4 unit connects two adjacent GaOsF> units by
corner-sharing F(1) and F(2) atoms, forming novel infinite 1D chains along the a-axis,

which can be described as alternating GaO2F4 (type A) and GaOsF> (type B) units
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with an ABABAB cyclization manner (Figure 1b). The 1D chains are further linked
by GaOs4F> units to build a 2D layer in the ab plane with 8-membered rings (8-MRs)
in which the Na cations are located (Figure 1c). Further connectivity of the layers,
namely through POjs tetrahedra, yields a 3D framework with 7-MR channels and
6-MR channels along the b-axis (Figure 1d, 2a). The 7-MR consists of three GaO4F>
octahedra, two GaO,F4 octahedra, and two POg tetrahedra, with Ga---Ga distances in
the range of 5.53 A—7.55 A (Figure 2b). The 6-MR is built from three GaO4sF2, one
GaO,F4, and two POs units, with Ga---Ga distances varying from 4.98 A to 5.97 A

(Figure 2b).
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Figure 1. (a) The GaO4F> and GaO;F4 octahedra in 1. (b) View of the infinite chain
constructed from GaO4F> and GaO;F4 units. (¢) View of the 2D layer in the ab plane
with Na atoms locate in the 8MR. (d) View of the 3D structure of 1 along the b-axis
showing the 7-MR and 6-MR channels. The Na—O bonds have been omitted for
clarity. Color codes: Na turquoise, Ga bright green, P pink, O red, F light blue,
GaO4F; octahedron green, GaOF4 octahedron yellow, POg tetrahedron pink.

The asymmetric unit of 1 contains 1 Na, 2 Ga, 1 P, 5 O, and 2 F atoms. There are
two unique Ga atoms. The Na atoms are in eight-coordinated environments, bonded to
O atoms with Na—O bond distances in the range of 2.461(5)—2.789(6) A. Ga(1) is
coordinated to four O atoms and two F atoms to form a GaOsF2 octahedron, while
Ga(2) coordinate to two O atoms and four F atoms in an octahedral manner. Ga(2) and

12



Na(1) atoms are located on the 4a special sites and the rest of atoms occupy the
general sites. The Ga—O/F bond distances fall in the ranges 1.900(4)—2.077(5) A and
1.920(4)—2.000(4) A, respectively. Each P atom is tetrahedrally coordinated by four O
atoms with P—O bond lengths and O-P-O bond angles ranging from
1.515(5)-1.549(5) A and 107.2(3)—112.2(3)°, respectively. There are weak hydrogen
bonds not only between O atoms and H>O molecules but also between F atoms and
H,0 molecules, with O---O/F distances of 2.758 A and 2.917 A, respectively (Table
S4). Bond valence sum (BVS) calculations for atoms Na(1), Ga(1), Ga(2), and P(1)
gave values of 1.15, 3.01, 2.86, and 4.90 (Table S7), respectively, consistent with

oxidation states of +1 for Na, +3 for Ga, and +5 for P.

(a) (b)
Figure 2. (a) View of the 7-MR (left) and 6-MR (right) channels in 1. (b) The pore
size of the 7-MR(top) and the 6-MR (down). Color codes: Na turquoise, Ga bright
green, P pink, O red, F light blue.

We also compared the structure of 1 with that of LiGasF3(OH)(POa4)2(H20)2 [34]
as they have the same Ga/P stoichiometry. There are two types of Ga atoms, GaO4F>
and GaOsF3 octahedra, in LiGaszF3(OH)(PO4)2(H20)2, while in 1 the Ga atoms adopt

two coordination modes in the GaOsF, and GaO,F4 octahedra. In addition, the 2D
13



oxyfluorinated gallolayers of the two compounds are all constructed from 1D chains
linked by GaO4F units, while the FBUs of the 1D chains varies. In the structure of
LiGa3F3(OH)(PO4)2(H20)2, the infinite chain is built from GaOsF3 units linked via
corner-sharing mode, whereas the infinite chain in 1, is composed of GaO4F> and
GaOF4 connected by sharing common F atoms.

3.2.2 Crystal Structure of 2 and 3. Single-crystal X-ray diffraction analysis revealed
that the two gallium phosphate crystals AGa;P,07(OH)3(H20) (A = K 2, Rb 3) are
isostructural, both crystallizing in the orthorhombic crystal system with
centrosymmetric space group P2i/c (No. 14); as a result, only a representative
structure, that of crystal 2, will be discussed in detail. In the gallium phosphate crystal,
the FBU, Ga4Oz0, is composed of four GaOg octahedra (Figure 3a). Each GasO2o unit
is attached to adjacent eight FBUs via eight POs units (Figure 3b). Further
connectivity of the GasO20 FBUs, namely through PO4 units, yields a 3D anionic
framework with 8-MR channels running along b-axis (Figure 3c, 4a), the diameters of
the channel are about 7.12 x 6.25 A? (Figure 4c). The K cations are located in the

8-MR channels (Figure 4b).

(b)
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Figure 3. (a) The Ga4Oa tetramer unit. (b) Perspective view of the GasO2 tetramer
unit link with eight FBUs projected along the b-axis. (c) View of the 3D framework of
2 along the a-axis. Color codes: K gold, Ga bright green, P pink, O red, GaOg
octahedron green, PO4 tetrahedron pink.

In each asymmetric unit of 2, there is one K atom, two Ga atoms, two P atoms,
and eleven O atoms. Atom K(1) in 2 is 10-coordinate and the K—O bond distances
range from 2.780(4) A to 3.543(4) A. Ga(1) and Ga(2) are octahedrally coordinated.
The Ga—O bond distances of the Ga(1)Os and Ga(2)Os groups are in the ranges
1.902(2)—2.120(2) A and 1.909(3)—2.143(2) A, respectively. The O—Ga—O angles fall
in the ranges 84.12(11)—174.74(11)° for Ga(1)Os and 84.37(10)—178.13(10)° for
Ga(2)Os. P(1) and P(2) each coordinate to four O atoms in a tetrahedral manner. The
P—O bond lengths and O—P—O bond angles are in the ranges of 1.515(3)—1.560(3) A
and 106.24(14)—-112.84(15)°. These values are comparable to those previously
reported gallium phosphate compounds [35]. In addition, there are weak hydrogen
bonds between the H>O molecules and the O atoms, with O---O distances varying
from 2.771 A to 3.024 A (Table S5). The calculated total BVS are 0.95, 3.20, 3.07,

5.00, and 5.01 for K(1), Ga(l), Ga(2), P(1), and P(2) (Table S8), respectively,

indicating that K, Ga, and P are in oxidation states of +1, +3, and +5, respectively.
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Figure 4. (a) Framework structure of 2 viewed along the b-axis showing the 8-MR
channels. (b) View of the 8-MR channel in 2. (¢) The pore size of the 8-MR. Color
codes: K gold, Ga bright green, P pink, O red, GaOs octahedron green, POs
tetrahedron pink.

The crystal structure of 2 is derived from the leucophosphite
(K[Fe2(PO4)2(OH)(H20)]H20) [36] structure type. In K[Fe2(PO4)2(OH)(H20)] H-0,
the Fe4O20 units are formed by a central pair of edge-sharing FeOs octahedra, to
which two additional FeOgs octahedra are attached by corner-sharing, corresponding to
the Ga4O2 tetramer in compound 2. We also compared the structure of 2 with that of
NaGax(OH)(PO4), [11] as they exhibit the same Ga/P stoichiometry. In
NaGax(OH)(POs)2, the GasOig tetrameter units are interconnected by the POs
tetrahedra into a 3D anionic framework. The comparison between the anionic
framework of the two compounds clearly shows that the two kind of tetrameters
varies. The Ga4O tetrameter in compound 2 consists of four GaOg units, whereas the
tetrameter in NaGax(OH)(POa)», is constructed by two GaOg units and two GaOs units.
Both two types tetrameters adopt the same connecting manner as well as that in the
leucophosphite.

3.3 X-ray Powder Diffraction. Powder XRD patterns of 1-3 were also obtained
(Figure S5); there is a good match between the experimental powder XRD patterns of
the three samples and the calculated ones derived from the single-crystal data,
confirming bulk homogeneity of these materials.

3.4 IR Measurements. The infrared spectra of 1-3 are shown in Figure S6, and are

comparable with reported metal gallium phosphates [9a]. The absorption peaks
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around 3490 and 1640 cm™ for 1; 3457, 3325, and 1654 cm™' for 2; and 3475, 3364,
and 1654 cm! for 3 are due to the H-O stretching and bending vibration. The strong
absorption bands at 1061 cm™ for 1; 1101 and 1003 cm™ for 2; 1101 and 996 cm™ for
3 are attributed to the stretching mode of P—O vibrations. The bands at 575 cm™ for 1;
601 and 560 cm™ for 2; and 627 and 561 cm™ for 3 might be ascribed to the bending
vibrations of the P-O—P bonds of PO4 groups.

3.5 Thermal Stabilities. Thermalgravimetric analysis (TGA) for 1-3 are shown in
Figure 5. The TGA curve of 1 reveals that it is thermally stable up to 400 °C. It
exhibits a small step of weight loss in the range of 400—500 °C, which corresponds to

the loss of two water molecules (found, 7.32%; calcd, 6.67%). The thermal behaviors
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Figure 5. TGA-DTA curves of 1 (a), 2 (b), and 3 (c).
of 2 and 3 are almost the same. As shown in the TGA curves, both compounds are
thermally stable up to 130 °C. The weight loss step in the range of 130—500 °C
corresponds to the release of one H>O molecular and dehydration of the hydroxyls per
formula unit (found, 9.86% for 2 and 8.67% for 3; calcd, 10.68% for 2 and 9.62% for
3). The DTA curves of 2 and 3 are consistent with these. The final residuals of the

three compounds were examined, but no matching compounds could be identified

from the powder XRD patterns.
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Figure 6. (a) UV-Vis-NIR diffuse reflectance spectra of 1, 2, and 3. (b) The
corresponding band gaps of 1, 2, and 3.

3.6 UV-Vis-NIR Diffuse Reflectance Spectra. The UV-Vis-NIR diffuse reflectance
spectra for 1-3 are shown in Figure 6. Absorption data were calculated employing the
Kubelka-Munk function: F(R) = (I-R)*/2R = K/S. 1-3 have wide band-gap energies
of 4.25, 4.51 and 4.05 eV with cut-off edges of 292, 275 and 306 nm, respectively.
The UV cut-off edges are at much shorter wavelengths than those of known hydrated
phosphates, such as Fe(IO3)(HPO4)(H20) (3.01 eV), Sc(I103)(HPO4)(H20) (3.56 eV),

and RbMgPO46H>0 (4.3 eV)[37,38]. The wide transparency range (from the UV to



the NIR) and short wavelength cut-off edges of 1-3 indicate that all three compounds

have the potential for applications in the UV region.
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Figure 7. Solid state emission spectra of 1 (a), 2 (b), and 3 (c). The insets show the
corresponding excitation spectra.

3.7 Luminescent properties. The luminescent properties of 1-3 were investigated in
the solid state at room temperature. As shown in Figure 7, compounds 1, 2, and 3

exhibit blue luminescent peaks at 430 nm (Aex = 370 nm), 436 nm (Aex = 367 nm), and

20



433 nm (Aex = 362 nm), respectively. Since the emission energy of 2.88 (2.84, 2.86)
eV is less than the cut-off edges of 4.25 (4.51, 4.05) eV for 1-3, respectively, we can
deduce that the emitted fluorescence probably originates from the defects or excitons
[39]. Figure 8 demonstrates the commission international deL’Eclairage chromaticity
diagram for the aforementioned three compounds. The color coordinate of the three
compounds are (0.1781, 0.1916), (0.1765, 0.1976), and (0.1738, 0.1558), respectively.
Interestingly, 1-3 exhibit blue emissions under the excitation of near-ultraviolet light,
suggesting that they are potential phosphors and can be efficiently excited by

near-ultraviolet chips.

0.9

Figure 8. The Commission Internationale de [I’Eclairage (CIE) chromaticity
coordinates of 1, 2, and 3 excited with 370 nm, 367 nm, and 362 nm, respectively.

3.8 SHG Measurements. Compound 1 is located at NCS and chiral space group
P43212 (No. 96) and belongs to point group 422. The point group symmetry requires

that two non-vanishing tensors of second-order susceptibility should be satisfied the
21



equation d14 = —dzs. However, on the basis of the restriction of Kleinman symmetry,
di4 must be equal to drs. Consequently, the two tensors dis and dbs are zero.
Therefore, any compound crystallizing in the point group 422 is forbidden from
exhibiting an SHG response by Kleinman symmetry. Consistent with its assignment
to the NCS space group (P43212), compound 1 displays no SHG response when

irradiated with 1064 nm laser light.

4 CONCLUSION

In summary, three new alkali-metal gallium phosphates, NaGazF4(PO4)2(H20)2
(1), KGaP>0O7(OH)3(H20) (2), and RbGaxP>O7(OH)3(H20) (3) have been synthesized
by facile hydrothermal methods. Compound 1 crystallizes in the chiral space group
P43212. The structure of 1 features a three-dimensional (3D) framework composed of
2D layers of corner-sharing GaO4F2 and GaOF4 octahedra that are further bridged by
POs4 tetrahedra with Na' cations residing in the oxyfluorinated gallolayers.
Compounds 2 and 3 are isostructural, both crystallizing in the centrosymmetric space
group P2i/c; their structures consist of novel 3D gallium phosphate frameworks
constructed from GasO20 FBUs interconnected by PO4 units with 8-membered ring
channels along the b-axis, in which K'/Rb" cations are located. The diffuse
reflectance spectra show that the UV cut-off edges are about 292 nm (4.25 eV), 272
nm (4.51 eV), and 306 nm (4.05 eV) for 1-3, respectively. Luminescent studies
suggest that 1-3 emit blue light, suggesting that they are potential phosphors and can

be efficiently excited by near-ultraviolet chips.
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3).
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