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A new orthorhombic phase of Na;LaOPO4 (sodium lanthanum oxyphosphate), and novel NaNdOPO4
(sodium neodymium oxyphosphate), NasSmOPO4 (sodium samarium oxyphosphate) were synthesized

by solid state reactions of NagCO3s, NH4H2POy4, and Ln2O3

(Ln = La, Nd, and Sm). The unit cell dimensions were calculated using their X-ray powder
diffraction data, which were a = 13.60(1), b = 12.71(1), and ¢ = 6.96(1) A, a = 13.466(5), b =
12.547(6), and ¢ = 6.932(5) A, and a = 13.54(1), b = 12.577(8), and ¢ = 7.047(5) A, respectively, and
the probable space group was Pmm2. Using the same procedure orthorhombic NazDyOPO, (sodium
dysprosium oxyphosphate), NaHoOPO4 (sodium holmium oxyphosphate), Nag ErOPO4 (sodium erbium
oxyphosphate), and NazYbOPO4 (sodium ytterbium oxyphosphate) were also prepared for the first time
in this work. The IR data of the compounds agreed with the values given in the literature. The Raman

data and SEM micrographs of the synthesized compounds are given for the first time in this report.

Key Words: Oxyphosphates, Rare-earths, Sodium Rare Earth Oxyphosphate, Raman, powder XRD,
SEM.

Introduction

For several reasons related to potential applications, such as ionic conductivity or superconductivity, non-
linear optical properties, ferro-electricity, magnetism, laser properties, catalytic activity, etc., the following
compounds are still currently being investigated: KTiOPO,4 (KTP),! NbOPOy,? BiCoPOs,> VOPO,.3H20,*
PbyBi02P0O4,% and Biwg 2Cup.208(PO4)5.5

*Corresponding author
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Among these oxyphosphates, potassium titanyl oxyphosphate (KTiOPO4) (KTP) crystals exhibit
excellent nonlinear optical properties in the visible range because of their high nonlinear coeflicients and wide
acceptance of temperature and angular fluctuations. High thermal stability, good mechanical characteristics,
transparency over a large wavelength range, large nonlinear optical coefficients, high damage threshold, and
broad angular acceptance of KTP have made it the standard material for several industrial and medical

applications.

KTP has an orthorhombic structure and belongs to the acentric point group mm2 (space group
Pna2;), and each cell contains 8 formula units. Its structure consists of PO, tetrahedra and TiOg octahedra
with potassium in larger voids. TiOg octahedra are strongly distorted and the Ti-O bonds are short, which
are believed to be the prime cause of the nonlinear properties of KTiOPO4. This family of compounds is
generalized as MM?OXOQy,, where M may be K,” Rb, or Ni,® and M! may be Ti, Nb,°~!! Nd,'? Sn, Mg,!3

or a combination of 2 of these ions; X may be P or As.'4

Doping these crystals with rare earth ions is interesting because the matrix can be merged to achieve
self-induced effects. In the paper published by Diaz, the effect of Er- and Yb-doping on Nb:KTP crystals

were investigated.!%-16

As these materials seem to offer promising directions for future research, KTP!718

and its many
isostructural compounds constitute a large field of research. In the work done by Zhang, an effective blue
coherent laser was obtained using Ce:KTP crystals.'® Diaz and coworkers studied the photoluminescent
properties of Er- and Nd-implanted KTP, and RTP crystals,22! and the optical absorption of Nd3* in
KTP single crystals; those co-doped with Al, Na, and W have also been studied.???3 In addition to these,

many researchers have worked on the mechanical,?* and optical?®>~2® properties of KTP, RTP, and Nb:KTP.

As rare earth phosphates (RePO,) have a wide range of potential applications for optical materials,
including laser, phosphors, and more recently, anti UV-materials, in the form of powders, coatings, or dense
sintered parts, they have become the focus of growing interest during the past few years and numerous re-
searchers have recently become devoted to these compounds.??~32 Champion’s group reported the synthesis,
characterization®?® and thermal®* behavior of RePQ,.H,O, while Nariai synthesized RePO4.H5O using rare
earth elements, where Re = La, Ce, and Nd, and oxide, carbonate, chloride, nitrate, sulphate, oxalate, and

fluoride are anions.3?

While numerous reports exist in the literature dealing with the synthesis, characterization, and
properties of KTP and related materials, there are only few reports regarding the preparation of rare
earth oxyphosphates, some of which possess a KTP-type structure. A report by Kizilyalli showed the
presence of 2 orthorhombic rare earth oxyphosphates, i.e. NagGdOPO3% and NayLaOPQ4;37 however, no
attempt to synthesize other sodium rare earth oxyphosphates has been reported in the literature. Herein
we present research conducted on the solid state reactions between sodium carbonate, rare earth (III) oxide,

and ammonium dihydrogen phosphate, as formularized below:
QNHQCOg(S) + Ln203(S) + 2NH4H2PO4(S) — 2Na2LnOPO4 (S) + 2NH3(g) + 3H20(g) + 2COQ(g)

Unfortunately, our all experiments to obtain single crystal products failed and it is not possible to find
structural data about the related compounds in the literature to perform Rietveld analysis for a structural
solution. This manuscript is the first to report the synthesis and powder diffraction data of new sodium rare

earth oxyphosphates.
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Experimental Detalils

Chemical Substances

The following solid powders were used in the solid state reactions of various rare earth oxides: LasO3, Nd2 O3,
Smy03, Gd203, Dy203, Ho203, Ers03,Ybe O3, NagCO3, and NH4H2PO, (from Merck, Fluka, Aldrich, and
Sigma).

Instrumentation

XRD structural analyses of the products were performed on an Rigaku Miniflex X-ray diffractometer
equipped with Cu Ka (30 kV, 15 mA, A = 1.54051 A) radiation at room temperature. Scanning was
performed between 5° and 90° 2 Theta, generally. All measurements were made with 0.05- degree steps at

the of rate 0.5-degree min—1.

The divergence slit was variable, and scattering and receiving slits were 4.2
degrees and 0.3 mm, respectively. The precise peak positions in the X-ray powder patterns of the samples
were determined by means of the fitting program, CELREF,3? yielding the least squares refinement of the

lattice parameters.

The vibrational modes of the molecules in the samples were defined with the help of a Nicolet 510
FTIR infrared spectrometer in the region of 400-2000 cm~!. Spectroscopic grade KBr was used for making
IR pellets. KBr was dried at 180 °C for about 1 d before use. Jobin Yvon-Horiba was used for Raman
scattering spectra. This instrument has an He-Ne laser wavelength of 632.83 nm and a Peltier cooled CCD
detector. Laser power was 10 MW and the detector was operated at —75 °C. The slit width was 200 pym and

I was used. Data accumulation duration was 60 s, and each accumulation was

grating with 600 blazes cm™
performed 5 times. Scanning electron micrographs were taken at 20 kV with a JEOL JSM 6400 equipped
with an energy dispersive spectrometer (EDS).The solid state reactions were carried out in air with the aid

of muffle furnaces.

Experimental Procedure

All preparations were made by spontaneous crystallization with stoichiometric proportions of the reactants

in an oxygen atmosphere with the following formula:
2Na2003(s) + Ln203(s) + 2NH4H2PO4(S) — 2Na2LnOPO4 (S) + 2NH3(g) + 3H20(g) + 2002(g)

The composition of each mixture and heat treatment are given in Table 1. Desired quantities of salts
and oxides were weighed separately and crushed well in an agate mortar. Then, the mixtures were transferred
into a porcelain crucible and put into a furnace for heating at 500 °C for 11 h, 700 °C for 10 h, 800 °C for 5 h,
850 °C for 5 h, 900 °C for 15 h, 950 °C for 25 h, and 1100 °C for 15 h. The heating rate of the furnaces was
750 °C h~!. The products were taken from the furnaces directly to outside. The starting material weight
was 1.0004 g for Las O3, Nd2O3, Smo03, Gdo Oz, Dy203, Ho2O3, EroOg, and YboO3. Weight losses of the
products are in good agreement with the theoretical ones. The products were subjected to X-ray diffraction

and IR analysis after each sintering process.
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Results and Discussion

After a final heating period at 1100 °C, X-ray diffraction patterns of the products were obtained and the final
orthorhombic compounds were divided into 2 sets. In the X-ray diffraction pattern of the first set (Figure
1), NagLaOPOy4, NagNdOPOy, and NagSmOPO, products were separated according to their splitting peak,
as presented by Kizilyalli.?” The second set, NayGdOPO,, NayDyOPO,, Nay,HoOPO,, NayErOPO,, and
NasYbOPO, were also indexed in an orthorhombic system without having a splitting peak in their XRD
pattern (Figure 2).

Table 1. Heating conditions and composition of the mixtures.

NayLnOPO4 | Na:Ln:P | 500 °C | 700 °C | 800 °C | 850 °C | 900 °C | 950 °C | 1100 °C
NayLaOPO4 2:1:1 11h 10 h 5h 5h 15h 25h 15h
Nay;NdOPO4 2:1:1 11h 10 h 5h 5h 15h 25h 15h
NaxSmOPO4 2:1:1 11h 10 h 5h 5h 15h 25h 15h
NayGdOPO4 2:1:1 11h 10 h 5h 5h 15h 25h 15h
Na;DyOPO4 2:1:1 11h 10 h 5h 5h 15h 25h 15h
Nay;HoOPOy4 2:1:1 11h 10 h 5h 5h 15h 25h 15h
NaxErOPO4 2:1:1 11h 10 h 5h 5h 15h 25h 15h
Nay YbOPO, 2:1:1 11h 10 h 5h 5h 15h 25h 15h
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Figure 1. X-ray powder diffraction patterns of set 1.

XRD Studies

In the synthesis of both sets, the XRD patterns of the products showed great similarity, but they were not
the expected products for all the experiments performed at 900 °C for a 15-h time interval. As the reaction

proceeded at 950 °C for 25 h, solid state reactions at these stages also did not give the expected products.
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The IR spectra of the products obtained at these temperatures supported this idea. Therefore, to obtain
the desired products the temperature was increased. Prolonged heating of the products at 1100 °C (three
5-h periods and grinding in between) resulted in 1 phase product, which was orthorhombic — NasLnOPO,
(where Ln = La, Nd, and Sm). The XRD patterns of set 1 are presented in Figure 1.

Na,YbOPO,
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e A oy A -

Relative intensity
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Figure 2. X-ray powder diffraction patterns of set 2.

It is known that NapgLaOPO3% has an orthorhombic structure with the refined unit cell parameters,

a = 13.657(5), b = 11.076(5), and ¢ = 6.7295(3) A. In our study the diffraction peaks of our NayLaOPOy

can be indexed on the basis of an orthorhombic cell with the refined unit cell parameters, a = 13.60(1),

b = 12.71(1), and ¢ = 6.96(1) A, using the CELREF program®® and the probable space group, Pmm2.
Table 2 shows the X-ray powder diffraction data of our new NasLaOPQO,. The unit cell parameters of
previously synthesized sodium lanthanum oxyphosphate and this new phase were similar, but with different
cell parameters. The reason is that the former contained NagLa(POy)2 together with NasLaOPOy. Another
reason for the difference is the production temperature. The former was obtained at 1000 °C, while our final
product, NasLaOPOQy4, was heated at 1100 °C.

The unit cell parameters of the other 2 products in set 1, NasNdOPO4 and Na;SmOPO,, were
indexed in an orthorhombic system with the refined cell parameters of a = 13.466(5), b = 12.547(6), and ¢
= 6.932(5) A, and a = 13.54(1), b = 12.577(8), and ¢ = 7.047(5) A, respectively, with the probable space
group, Pmm?2. Powder diffraction data and hkl values of NasLaOPO,4, NayNdOPO,, and NasSmOPO, are
given in Tables 2, 3, and 4, respectively. The calculated hkl values and the XRD data of set 1, in which
samples were prepared with the highest temperature (1100 °C), was in accordance with Kizilyalli’s work.36

Table 5 summarizes the relationship between the unit cell dimensions of set 1.
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Table 2. The X-ray powder diffraction data of NagLaOPO, (a = 13.60(1), b = 12.71(1), and ¢ = 6.96(1) A).

dobs (A) | dear (A) | I/To | hk1 | dops (A) | der (A) | I/To | h k1
6.9642 | 6.9642 | 12001 | 1.8993 | 1.8983 | 12 | 602
4.8307 | 4.8629 | 18| 201 | 1.8772 | 1.8775 | 6 | 612
42873 | 42660 | 14 310 | 1.8329 | 1.8349 | 9 | 423
4.0009 | 4.0439 | 14130 | 1.8294 | 1.8189 | 8 | 622
3.6671 | 3.6378 6311 | 17730 | 1.7761 | 32 | 542
3.6157 | 3.6191 | 33031 | 1.7263 | 1.7269 | 10 | 104
3.4048 | 3.3966 | 18 400 | 1.7187 | 1.7140 | 14 | 053
3.3482 | 3.3583 | 63040 | 1.6952 | 1.6953 | 11 | 702
33115 | 32814 | 58 [410| 1.6780 | 1.6792 | 10 | 024
31951 | 3.1941 | 27231 | 1.6667 | 1.6665 | 23 | 124
3.1400 | 3.1769 81040 16515 | 1.6500 | 7 | 801
3.0506 | 3.0529 | 10 | 401 | 1.6327 | 1.6301 | 8 | 224
2.9956 | 2.9955 | 15| 420 | 1.6156 | 1.6120 | 10 | 314
2.9520 | 29684 | 22411 | 1.5951 | 1.5970 | 15 | 821
2.8687 | 2.8778 | 100 | 240 | 1.5727 | 15740 | 6 | 732

2.7485 2.7517 61 | 421 | 1.5534 1.5543 9 163
2.6573 2.6572 91510 | 1.4890 1.4890 13 703
2.5266 2.5314 11 1501 | 1.4209 1.4211 9 463
2.4926 2.4982 71150 1.3573 1.3567 9 215
2.3719 2.3804 241250 | 1.3488 1.3488 7 624
2.3363 2.3469 51042 | 1.3454 1.3455 8 581
2.2960 2.2882 251103 | 1.3176 1.3180 5 473
2.2440 2.2520 131113 | 1.2957 1.2960 6 704
2.1741 2.1730 271531 | 1.2926 1.2937 5 1030
2.1493 2.1529 51123 | 1.2896 1.2893 6 714
2.1300 2.1330 81620 | 1.2539 1.2537 10 245
2.1110 2.1120 91351 | 1.2435 1.2449 5 1101
2.0562 2.0529 281052 | 1.2226 1.2230 7 483
2.0192 2.0220 451260 | 1.1830 1.1812 7 615
1.9918 1.9970 10 | 630 | 1.1747 1.1757 7 943
1.9653 1.9651 36 | 252 | 1.1472 1.1470 6 265
1.9356 1.9308 91442 | 1.1305 1.1301 7 1033
1.9106 1.9117 131532 | 1.1289 1.1285 7 1061
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Table 3. The X-ray powder diffraction data of NagNdOPO, (a = 13.466(5), b = 12.547(6), and ¢ = 6.932(5) A).

dobs (A) | dear (A) | I/To | hk1 | dops (A) | der (A) | I/To | h k1
48177 | 48310 | 16 | 201 | 1.6300 | 1.6276 | 10 | 443
42873 | 42256 | 14 | 310 | 1.6182 | 1.6173 | 8 | 304
3.9920 | 3.9854 | 11 | 130 | 1.6040 | 1.6040 | 13 | 314
3.6085 | 3.6085 | 31 | 311 | 1.6001 | 1.6010 | 11 | 034
3.3669 | 3.3669 | 10 | 400 | 1.5826 | 1.5827 | 21 | 821
3.2876 | 3.2513 | 90 | 410 | 1.5582 | 1.5576 | 12 | 234
32522 | 32432 | 76 | 112 | 1.5523 | 15541 | 9 | 180
31202 | 31202 | 8 [040| 1.5221 | 15230 | 9 | 831
2.9956 | 29933 | 15 [ 212 | 1.4784 | 1.4788 | 14 | 703
2.0473 | 29428 | 22 [ 411 | 14535 | 14528 | 9 [ 911
2.8598 | 2.8522 | 100 | 041 | 1.4306 | 1.4319 | 6 | 643
2.8116 | 2.7966 | 12 | 331 | 1.4095 | 1.4085 | 10 | 930
2.7321 | 27263 | 76 | 421 | 1.4086 | 1.4070 | 9 | 463
2.5231 | 25132 | 14 | 322 | 1.3463 | 1.3467 | 11 | 1000
2.3629 | 2.3546 | 16 | 051 | 1.3429 | 1.3426 | 11 | 563
2.2878 | 22893 | 26 | 142 | 1.3338 | 13334 | 8 | 064
2.2387 | 22226 | 6 | 251 | 1.2019 | 1.2917 | 9 | 235
2.1616 | 21684 | 26 | 023 | 1.2769 | 12757 | 9 | 415
9
9

2.1447 2.1409 6 123 | 1.2747 1.2747 663
2.0993 2.0971 17 | 512 | 1.2733 1.2732 753
2.0562 2.0552 9 303 | 1.2428 1.2405 11 392
2.0386 2.0414 9 540 | 1.2161 1.2159 10 960
2.0170 2.0211 36 | 621 | 1.2148 1.2139 12 780
1.9815 1.9767 35 | 630 | 1.2122 1.2117 12 12101

1.9572 1.9583 49 | 541 | 1.1539 1.1545 6 1102
1.9220 1.9239 14 | 700 | 1.1528 1.1518 7 393
1.8628 1.8632 6 612 1.1517 1.1516 7 106
1.8433 1.8436 7 333 | 1.1129 1.1127 6 1132
1.7941 1.7922 10 | 243 | 1.1098 1.1101 7 136
1.7730 1.7733 20 460 | 1.1088 1.1079 7 1201
1.7354 1.7372 18 | 513 | 1.1078 1.1076 8 2111
1.6837 1.6834 23 | 800 | 1.1073 1.1073 7 725
1.6695 1.6684 9 810 | 1.1058 1.1062 8 595
1.6667 1.6673 10 | 712 | 1.1048 1.1047 8 1220
1.6570 1.6581 13 | 124 1.1034 1.1036 7 1211

1.6434 1.6467 8 253
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Table 4. The X-ray powder diffraction data of NapSmOPO, (a = 13.54(1), b = 12.577(8), and ¢ = 7.047(5) A)

(intensities over 10 are given).

dobs (A) | deat (A) | I/To | hk1 | dops (A) | dear (A) | I/Io | h k1
4.3391 | 4.2482 | 10 | 310 | 1.6065 | 1.6038 | 22 | 741
4.0277 | 39998 | 11 | 130 | 1.5826 | 1.5854 | 29 | 470
3.6375 | 3.6375 | 29 | 311 | 1.5582 | 1.5595 | 18 | 180
3.3857 | 3.3857 | 12 | 400 | 1.5347 | 1.5348 | 14 | 660
3.2876 | 3.2888 | 91 | 112 | 1.5131 | 1.5145 | 15 | 812
3.2522 | 3.2514 | 86 | 321 | 1.4773 | 1.4764 | 17 | 363
3.1508 | 3.1400 | 15 | 040 | 1.4219 | 1.4208 | 12 | 760
2.9956 | 2.9951 | 16 | 122 | 1.4133 | 1.4101 | 12 | 254
2.9378 | 29651 | 32 | 411 | 1.4095 | 1.4084 | 11 | 005
2.8732 | 2.8678 | 100 | 041 | 1.4067 | 1.4070 | 10 | 662
2.8030 | 2.8056 | 16 | 141 | 1.4048 | 1.4045 | 10 | 670
2.7444 | 2.7445 | 94 | 421 | 1.4011 | 1.4008 | 10 | 105
2.7120 | 27109 | 28 | 312 | 1.3766 | 1.3767 | 12 | 572
2.3719 | 23659 | 19 | 051 | 1.3721 | 1.3723 | 10 | 842
2.2906 | 2.3023 | 34 | 440 | 1.3463 | 1.3465 | 16 | 1010
2.1666 | 2.1641 | 30 | 531 | 1.3446 | 1.3445 | 16 | 305
2.1087 | 2.1084 | 16 | 432 | 1.3429 | 1.3418 | 14 | 291
2.0924 | 2.0933 | 11 | 060 | 1.3338 | 1.3337 | 12 | 581
2.0878 | 2.0912 | 13 | 223 | 1.3313 | 1.3325 | 14 | 941
2.0429 | 20449 | 15 | 052 | 1.3280 | 1.3284 | 17 | 135
2.0064 | 2.0065 | 65 | 061 | 1.2889 | 1.2889 | 14 | 680
1.9713 | 1.9691 | 68 | 541 | 1.2814 | 1.2814 | 12 | 283
1.9632 | 1.9598 | 78 | 233 | 1.2733 | 1.2733 | 10 | 425
1.9454 | 1.9393 | 30 | 451 | 1.2631 | 1.2625 | 12 | 245
1.9125 | 1.9121 | 23 | 710 | 1.2617 | 1.2615 | 10 | 573
1.8808 | 1.8800 | 17 | 043 | 1.2129 | 1.2129 | 10 | 871
1.8754 | 1.8788 | 11 | 612 | 1.2116 | 1.2115 | 12 | 492
1.8663 | 1.8656 | 10 | 701 | 1.2090 | 1.2087 | 14 | 255
1.8433 | 1.8440 | 17 | 423 | 1.2014 | 1.2014 | 13 | 445
1.8398 | 1.8418 | 12 | 550 | 1.1989 | 1.1995 | 12 | 093
1.8329 | 1.8328 | 10 | 640 | 1.1915 | 1.1921 | 11 | 1050
1.7778 | 1.7787 | 22 | 170 | 1.1897 | 1.1895 | 11 | 615
1.7746 | 1.7739 | 24 | 503 | 1.1434 | 1.1439 | 10 | 904
17217 | 1.7245 | 39 | 171 | 1.1423 | 1.1428 | 10 | 1122
1.6851 | 1.6841 | 24 | 271 | 1.0970 | 1.0972 | 14 | 1221
1.6612 | 1.6625 | 32 | 253 | 1.0960 | 1.0958 | 10 | 146
1.6584 | 1.6563 | 33 | 560 | 1.0951 | 1.0957 | 12 | 972
1.6327 | 1.6331 | 18 | 651 | 1.0941 | 1.0941 | 13 | 882
1.6195 | 1.6225 | 16 | 371
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Table 5. The unit cell parameters of set 1.

(A) | NagLaOPO, | NagNdOPO, | NagSmOPO,
a 13.60 (1) 13.466 (5) 13.54 (1)
b 12.71 (1) 12.547 (6) 12.577 (8)
c 6.96 (1) 6.932 (5) 7.047 (5)

The most intense peaks were observed at d = 2.8687, 2.8598, and 2.8732 A for NayLaOPOy,
NayNdOPO,4, and Na2SmOPO4, respectively. Furthermore, the splitting of peaks was observed at d =
3.45 and 3.55 A, d = 3.29 and 3.25 A, and d = 3.29 and 3.25 A, respectively, while this splitting was
observed at 3.27 and 3.23 A in the data of the lanthanum compound.?%

In the second set, NaoDyOPO,, NagHoOPO4, NasErOPO,, and Nas YbOPO, were synthesized for
the first time at 1100 °C. The new phase of NaoGAOPQO, was also obtained from a solid state reaction at
the same temperature. The X-ray powder diffraction patterns are given in Figure 2. The indexing of the
data showed that NaoGAOPO, and the new products are also orthorhombic, with the unit cell parameters,
a = 13.37(1), b = 12.775(9), and ¢ = 6.910 A (9), a = 13.66(2), b = 12.609(9), and ¢ = 6.611(6) A, a =
13.148(4), b = 12.577(2), and ¢ = 6.967(1) A, a = 13.563(5), b = 12.604(4), and ¢ = 7.003(3) A, and a =
13.501(7), b = 17.579(9), ¢ = 6.729(4) A for NagDyOPO,, NayHoOPO,, NayErOPO,, and NayYbOPOy,,
respectively, with the probable space group of Pmm?2 for this set. The hkl indices and d splitting values are
given in Tables 6-10.

Table 11 represents the unit cell parameters of set 2, in which there are similarities among the set,
except for Yb, which has b = 17.579(9) A. Similar hkl values were observed in all products. Examination of
the hkl indices and unit cell parameters showed that there are some resemblances between these products
and NasLnOPOy-type orthorhombic compounds, where Ln = La, Nd, and Sm. The splitting of the peak
around d = 3.45 and 3.25 A was not observed in these products.

FTIR and Raman Studies

The IR and Raman spectra of set 1 are given in Figures 3, and 4, respectively. Figures 5 and 6 show
the IR and Raman spectra of set 2, respectively. According to Kizilyalli,*" v, and v, bands, assigned as
vz (F2) were observed between 1136, 1099, 1034, 982, 965, and 945 cm~!. Tables 12 and 13 indicate the
IR and Raman data of both sets and assignments, respectively. Table 12 shows that v3 (F2) bands were
between 1084-1099, 1030-1053, 976-982, 957-971, and 945-954 cm~" for both sets, respectively. Kizilyalli®”
also indicated that the bands at 926 and 909 cm~! are due to stretching modes assigned as v; (A1), which
were observed in our samples at band 913 cm ™! and bands 921-926 cm~'. She also stated that the bands
around 604, 579, 560, 548, 523, and 470 cm~! are ascribed to the § (O-P-O), which is assigned as vy (F2).
These bands were present at 598-605, 574-579, 559-565, 541- 551, 523-526, 468-472, and 403-409 cm ! for
both sets, respectively. Finally, bands at 406, 381, and 367 cm ™! are attributed to deformation modes and
are assigned as v3 (E) according to Kizilyalli.?” In the IR table of the both sets, the bands around 403-409
1

cm™+ are obvious. Some of these bands were observed in Raman spectra of the products.
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Table 6. The X-ray powder diffraction data of NagGdOPO, (a = 13.37(1), b = 12.775(9), and ¢ = 6.910(9) A).

dobs (A) | dear (A) | I/To | hk1 | dops (A) | der (A) | I/To | h k1
6.9100 | 6.9100 | 5 | 001 | 1.5244 | 15237 | 6 | 414
47791 | 4.8043 | 17 | 201 | 1.4710 | 1.4701 | 10 | 703
4.2568 | 4.2601 | 11 [ 030 | 1.4690 | 1.4694 | 10 | 381
3.9656 | 4.0590 | 11 | 130 | 1.4669 | 1.4643 | 11 | 822
3.5799 | 3.5925 | 22 | 230 | 1.4627 | 1.4605 | 6 | 713
33420 | 33420 | 7 [400| 1.4415 | 1.4416 | 5 | 182
3.1951 | 3.1951 | 100 | 040 | 1.4277 | 14308 | 5 | 073
2.9331 | 29286 | 12 [ 411 | 14238 | 14231 | 6 | 154
2.8777 | 2.8827 | 10 [ 240 | 1.4200 | 1.4200 | 6 | 090
2.8377 | 2.8341 | 74 [ 141 | 14171 | 14171 | 5 | 282
2.7650 | 2.7667 | 23 | 222 | 1.4058 | 1.4063 | 7 | 662
2.7403 | 27304 | 12 [ 302 | 1.4011 | 1.4025 | 8 | 930
2.7080 | 27220 | 56 | 421 | 1.3965 | 1.3987 | 9 | 850
2.6383 | 26310 | 6 | 132 | 1.3891 | 1.3897 | 6 | 733
25129 | 25108 | 7 |322| 1.3846 | 13836 | 5 | 671
2.5061 | 24935 | 9 |501 | 1.3651 | 1.3652 | 7 | 604
2.3480 | 2.3458 | 11 | 042 | 1.3608 | 1.3610 | 6 | 842
2.3161 | 23105 | 5 | 142 | 1.3362 | 1.3368 | 10 | 1000
2.2657 | 2.2646 | 14 | 530 | 1.3346 | 1.3345 | 8 | 922
2.1641 | 21669 | 6 |023| 1.3232 | 13233 | 6 | 823
2.1469 | 21467 | 16 | 213 | 1.2851 | 1.2856 | 6 | 1021
21348 | 21301 | 7 [060| 1.2821 | 12811 | 6 | 704
21228 | 21205 | 5 |[601| 1.2740 | 12744 | 7 | 753
21110 | 21112 | 5 [351| 12711 | 12722 | 5 | 415
2.0901 | 20919 | 9 [611| 1.2689 | 1.2684 | 5 | 045
2.0429 | 20462 | 7 |[303| 1.2667 | 1.2628 | 5 | 145
2.0234 | 20262 | 6 | 033 | 1.2546 | 12548 | 5 | 074
1.9877 | 2.0033 | 9 [133| 1.2525 | 1.2524 | 6 | 425
1.9774 | 1.9743 | 13 [ 630 | 1.2497 | 1.2493 | 7 | 174
1.9434 | 1.9472 | 54 [261 | 1.2462 | 1.2462 | 12 | 245
1.8919 | 1.8940 | 5 |[532| 1.2407 | 1.2409 | 7 [1012
1.8808 | 1.8760 | 6 [413| 1.2373 | 1.2351 | 9 [2101
1.8503 | 1.8505 | 5 |[143| 1.2326 | 1.2327 | 7 | 870
1.8260 | 1.8258 | 5 [070] 1.2180 | 1.2184 | 8 | 960
1.7602 | 1.7612 | 16 [270| 1.2142 | 1.2140 | 7 |1041
17083 | 1.7067 | 6 |271] 12103 | 1.2107 | 6 | 155
1.6995 | 1.6981 | 11 |[114] 12039 | 12039 | 5 | 673
1.6723 | 1.6726 | 11 [204 | 1.1824 | 1.1804 | 5 | 824
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Table 6. Continued.

dobs (A) | dear (A) | I/To | hk1 | dops (A) | des (A) | I/To | h k1
1.6488 | 1.6548 | 34 124 | 11776 | 11765 | 5 |1121
1.6393 | 1.6392 | 17 [ 740 | 11752 | 11748 | 5 | 474
1.6078 | 1.6107 | 6 [304 | 11579 | 1.1575 | 5 [3102
1.5951 | 1.5950 | 10 |741| 1.1556 | 1.1560 | 5 | 834
1.5913 | 1.5937 | 10 [462| 1.1456 | 1.1458 | 5 [0111
1.5875 | 1.5890 613 | 1.1103 | 1.1108 | 6 | 316
1.5838 | 1.5863 180 | 1.1093 | 1.1092 | 8 | 924
1.5703 | 1.5691 | 24 272 11073 | 1.1070 | 8 |[1132
1.5475 | 1.5533 163 | 1.0917 | 1.0930 | 5 | 972
1.5452 | 1.5460 181

Table 7. The X-ray powder diffraction data of NazDyOPO4 (a = 13.66(2),

= 12.609(9), and ¢ = 6.611(6) A).

dobs (A) | dear (A) | I/To | hk1 | dops (A) | der (A) | I/To | h k1
47663 | 4.7663 | 12 [ 201 | 1.6543 | 1.6539 | 6 | 153
4.3182 | 4.3401 121 ] 1.6247 | 1.6254 | 27 | 722
3.9310 | 4.0151 130 1.5938 | 1.5936 | 5 | 533
3.4112 | 3.4112 400 | 1.5888 | 1.5888 | 7 | 603
3.1508 | 3.1508 | 100 | 040 | 1.5850 | 1.5839 | 7 | 072
3.0005 | 29999 | 8 |[420| 1.5534 | 1.5520 | 10 | 314
2.8553 | 2.8605 | 19 | 240 | 1.4658 | 1.4656 | 5 | 334
2.8159 | 2.8002 | 15 | 331 | 1.4048 | 1.4008 | 5 | 344
2.7037 | 27001 | 45 | 222 | 1.3471 | 1.3479 | 5 | 922
2.2228 | 22206 | 5 | 003 | 1.3437 | 1.3436 | 5 | 604
2.2046 | 22047 | 8 |[350 | 1.3321 | 13323 | 6 | 005
21616 | 21644 | 8 |531 | 1.2846 | 1.2849 | 5 | 083
21493 | 21522 | 6 | 601 | 1.2476 | 1.2485 | 5 | 235
21157 | 21115 | 9 [203 | 1.2346 | 1.2345 | 5 [1110
2.038 | 20367 | 5 |[621| 1.2319 | 1.2333 | 10 [ 1101
2.0234 | 20272 | 5 [450| 1.2306 | 1.2306 | 9 [1041
1.9960 | 1.9954 | 6 [303] 12279 | 12281 | 7 | 923
19553 | 19493 | 9 [700] 1.2021 | 12024 | 5 | 483
1.9317 | 1.9280 | 8 [252| 1.2008 | 1.2000 | 6 [1050
1.9087 | 1.9070 | 43 [360 | 1.9996 | 1.9999 | 6 | 933
17508 | 1.7537 | 11 |[542| 1.0965 | 1.0961 | 5 [0103
17083 | 1.7090 | 7 |[731| 1.0941 | 1.0934 | 6 | 026
1.7054 | 1.7056 800 | 1.0926 | 1.0926 | 5 [1103
1.6653 | 1.6654 004
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Table 8. The X-ray powder diffraction data of NagHoOPO, (a = 13.148(4), b = 12.577(2), and ¢ = 6.967(1) A).

dobs (A) | dear (A) | I/To | hk1 | dops (A) | der (A) | I/To | h k1
47791 | 47790 | 14 [ 201 | 1.6169 | 1.6163 | 46 | 304
45139 | 45464 | 6 | 220 | 1.5813 | 1.5804 | 18 | 613
4.0277 | 41410 | 5 [ 310 | 1.5475 | 1.5444 | 12 | 163
3.9569 | 3.9957 | 6 | 130 | 1.4576 | 1.4573 | 7 | 840
3.1454 | 3.1454 | 100 | 040 | 1.3590 | 1.3582 | 5 | 025
2.9473 | 29651 | 18 | 122 | 1.3362 | 1.3385 | 8 | 064
2.8377 | 2.8377 | 24 [ 240 1.3160 | 1.3156 | 6 | 1000
2.7080 | 26882 | 77 | 421 | 12769 | 12769 | 5 | 771
2.5544 | 25559 | 8 [ 340 | 1.2414 | 12397 | 6 | 464
2.3046 | 22969 | 7 |[142| 1.2394 | 12387 | 5 | 942
21134 | 20983 | 12 [ 502 | 1.2380 | 1.2381 | 4 [0101
1.9733 | 1.9844 | 15 [ 621 | 1.2253 | 1.2252 | 12 | 435
1.9414 | 1.9431 | 11 [ 630 | 1.1940 | 1.1948 | 8 | 804
1.9031 | 1.9027 | 60 |[442| 1.1903 | 1.1906 | 6 [1110
17493 | 1.7455 | 12 [ 542 | 11245 | 11245 | 5 [1111
1.6556 | 1.6534 | 9 [702

Table 9. The X-ray powder diffraction data of NagErOPO,4 (a = 13.563(5), b = 12.604(4), and ¢ = 7.003(3) A).

dobs (A) | dear (A) | I/To | hk1 | dops (A) | der (A) | I/To | h k1
47537 | 46837 | 12 [ 021 | 1.7446 | 1.7437 | 34 | 071
3.5658 | 3.5726 | 78 | 230 | 1.7025 | 1.7041 | 21 | 523
3.1508 | 3.1508 | 41 | 040 | 1.6130 | 16156 | 31 | 034
3.0557 | 3.0548 | 17 | 401 | 1.5888 | 1.5901 | 17 | 172
2.9809 | 29852 | 27 | 122 | 1.5558 | 1.5557 | 20 | 404
2.8732 | 28732 | 14 | 041 | 1.5267 | 15272 | 7 | 181
2.8159 | 2.8187 | 21 [ 331 | 1.4425 | 1.4440 | 31 | 643
2.7160 | 27160 | 44 [ 500 | 1.3939 | 1.3917 | 27 | 931
2.6270 | 2.6280 | 68 | 132 | 1.3529 | 1.3523 | 21 | 922
2.4926 | 24942 | 27 [ 520 | 1.3313 | 1.3330 | 10 | 544
2.3132 | 23120 | 8 [332| 1.2004 | 1.2800 | 28 | 364
21892 | 21884 | 33 | 023 | 1.2588 | 1.2585 | 8 | 843
1.9836 | 1.9902 | 23 [161| 1.2567 | 1.2550 | 7 | 074
1.9612 | 1.9586 | 25 [252 | 1.2394 | 1.2392 | 32 [2100
1.8993 | 1.9006 | 37 [602| 1.2213 | 1.2209 | 14 | 525
1.8468 | 1.8476 | 40 [550 | 1.2084 | 1.2094 | 7 | 374
1.7892 | 1.7864 | 100 | 551 | 1.2065 | 1.2062 | 6 | 673
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Table 10. The X-ray powder diffraction data of NagYbOPO, (a = 13.501(7), b = 17.579(9), and ¢ = 6.729(4) A).
dops (A) dear (A) | I/To | hk1 | dops (A) | dear (A) | T/To | h k1
4.7663 4.7663 20 201 | 1.6300 1.6300 7 8§11
4.4357 4.4256 6 230 1.5913 1.5913 52 3101
4.0187 4.0058 7 320 | 1.5801 1.5818 27 392
3.3055 3.3055 11 012 ] 1.5558 1.5554 9 2110
3.0973 3.1169 100 | 051 | 1.5392 1.5408 9 591
2.9331 2.9305 55 060 | 1.5221 1.5221 17 334
2.7001 2.7001 54 500 | 1.4912 1.4917 5 771
2.6688 2.6688 42 510 | 1.4336 1.4323 6 592
2.5129 2.5119 8 070 1.3362 1.3361 5 084
2.3276 2.3832 5 17113297 1.3296 6 184
2.2684 2.2876 6 252 | 1.3152 1.3156 7 1030
2.1816 2.1810 12 162 | 1.2949 1.2953 8 3130
2.0809 2.0854 16 371 1.2755 1.2758 6 7101
1.9693 1.9728 36 452 | 1.2567 1.2572 5 055
1.9336 1.9335 4 190 | 1.2220 1.2218 6 1123
1.8718 1.8732 62 153 | 1.2052 1.2050 22 1042
1.8158 1.8142 7 721 | 1.1741 1.1736 12 3104
1.7974 1.7921 9 390 1.1315 1.1317 6 285
1.7477 1.7437 17 353 | 1.1063 1.1064 5 8120
1.7158 1.7174 9 513
Na, SmOPO,

Naz;NdOPO,

% Transmittence

Na,LaOPOQ,

2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (cm™)

Figure 3. FT-IR spectra of set 1.
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Table 11. The unit cell parameters of set 2.

(A) NangOPO4 NagDyOPO4 NagHoOPO4 NagErOPO4 NangOPO4
a 13.37 (1) 13.66 (2) 13.148 (4) 13.563 (5) 13.501 (7)
b 12.775 (9) 12.609 (9) 12.577 (2) 12.604 (4) 17.579 (9)
c 6.910 (9) 6.611 (6) 6.967 (1) 7.003 (3) 6.729 (4)
Na,SmOPO,
> /\A‘V‘)\“\\/\’\/\\\f“\
‘»
c
2
£ | Na,NdOPO,
2
E MJ\‘IMLN\
[0}
x
NazLaOPO4
50 250 450 650 850 1050
Wavenumber cm™
Figure 4. Raman spectra of set 1.
NaszOPO4
o NazErOPO4
3]
§ NazHOOPO4
.E
2 NaszOPO4
©
=
2| Na,GdOPO,
2000 1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

Figure 5. FT-IR spectra of set 2.
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Na,YbOPO, /\s

Na,ErOPO,

NazHOOPO4

NaszOPO4

Na;GdOPO,

va

50 250 450 650 850 1050
Wavenumber cm™

Relative Intensity

Figure 6. Raman spectra of set 2.

The presence of the tetrahedral PO, ion with Td symmetry is obvious since the Td symmetry has 4
internal modes of vibration, v, = 938 cm~! (R), 12 = 420 cm~! (R), v3 = 1017 em~! (IR, R), and vy =
567 cm~! (IR, R).?" Kizilyalli*” also mentioned that the antisymmetric stretching modes are found between
1290 and 1050 cm ™', and the symmetric modes between 1050 and 900 cm~'. In our results these bands were
also present. Hudson?? and Nakamoto?? stated that the highest frequency observed is due to antisymmetric
stretching involving the terminal bond, a bond between a phosphorus atom and a so-called unshared oxygen
atom or the shortest bond. For instance, in KTiOPO4v,sP-O was observed around 1135 cm™'. According
to Kizilyall1,?” stretching modes were observed at bands 926 and 909 cm ™!, which we observed at band 913
em~! and at bands 921-926 cm~ 1. The bands between 604 and 470 are fundamental for §(O-P-O) bands,
which were 605 and 478 cm ™' in the present study. Finally, our samples have deformation modes between
406 and 367 cm~!. The products have bands around 403-409 cm ™! and since FTIR instrumentation can
detect peaks only up to 400 cm™!, the other deformation peaks are not present. These results confirmed
that our samples have a KTP-related NaoGAOPO, structure.

SEM Studies

The particle morphology of both sets of specimens was investigated using SEM, as given in Figure 7. These
SEM observations showed that some uniformity exists in the shape and particle size of the specimens in
both sets. In Figure 7a (NasLaOPQy) it can easily be detected that small particles are around 1 pm and
the large particles are around 5-10 pm. It is also obvious that in Figure 7b (NagNdOPOy) there is a large
particle in the middle of the micrograph, similar to the large particles in Figure 7¢ (NasSmOPO,) and 7d
(NagGdOPOy). Yet, in Figure 7e (NagDyOPO,) and 7f (NagHoOPO,) the particles are smaller and more
homogeneous than those in Figure 7b (NagNdOPOy). In Figure 7g (Nao YbOPO,) there are small and large
particles present in the micrograph; therefore, among these products, particle size can be given as between

1 and 10 pm.
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Figure 7. SEM micrographs of the products.
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g) Na,YbOPO,

Figure 7. Continued.

Conclusion

NasGdOPOy (sodium gadolinium oxyphosphate) and NasLaOPOy, (sodium lanthanum oxyphosphate) were
synthesized from solid state reactions, respectively, and indexed in the orthorhombic system with the
probable space group, Pmm2. Their flux growth process failed and single crystals could not be obtained.

In the present study 2 sets of new sodium rare earth oxyphosphates were synthesized at 1100 °C,
firstly by the solid state reaction method from LngOs (where Ln = La, Nd, Sm, Gd, Dy, Ho, Er, and Yb),
NayCOg3, and NH4H5PO,. In the first set of compounds, NasLaOPO4, NaogNdOPO,, and NasSmOPO, have
the unit cell parameters, a = 13.60(1), b = 12.71(1), and ¢ = 6.96(1) A, a = 13.466(5), b = 12.547(6), and c
=6.932(5) A, and a = 13.54(1), b = 12.577(8), c = 7.047(5) A, respectively, with the probable space group,
Pmm?2. The splitting of the peaks in the x-ray powder diffraction patterns was observed in all compounds
inset 1 at d =3.45 and 3.55 A, d = 3.29 and 3.25 A, and d = 3.29, and 3.25 A, respectively.

Furthermore with the help of the same procedure new orthorhombics, NayDyOPQO4, NasHoOPO,,
NagErOPOy4, and NagsYbOPO, were synthesized at 1100 °C for the first time. However, splitting of powder
X-ray diffraction peaks were not observed throughout set 2.

All products show the characteristic MTiOPOy-type compounds, except for the Ti-O bands in the
IR spectrum of both sets. Yet, in the Raman data some of the characteristic peaks were observed in all
samples. Some coincidences in IR and Raman spectra of both sets were found.

Scanning electron micrographs of set 1 are similar to each other and to set 2, with particles between

1 and 10 pm.
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