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Abstract

The compound cesium titanium(III) pyrophosphate, CsTiP,0O; has been obtained and the crystal
structure of the compound has been determined by the X-ray diffraction techniques, It erystallizes in
the space group, F2/a of the monoclinic system with a=8.369(2) A, b=10.208(2) A, c=7.752(1} A,
B=104.77(2)°, ¥ = 640.4(2) A°, and Z=4. The structure consists of the framewaork possessing corner-
sharing TiOy octahedra and P,O, pyrophosphate groups. As a resull, a tunnel structure has been con-
structed and the Cs* cations reside inside the tunnel. CsTiP,O;, is isostructural with other trivalent
metal pyrophosphate such as ATiP,O,(A=K, Rb). KAIP,O, and AMoP,0,{A=K, Rb, Cs). The clas-
sical charge balance of the compound can be described as [Cs™[Ti* [P0, 1.
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1. Introduction

During the course of the search for new (ransition
metal chalcogenides with the use of alkali metal
halide fluxes. we have discovered many side prod-
ucts which had nol been expected, Some of them
provide inleresting aspects as far as synthetic routes
or structures are concerned. Titaninm phosphates
form a number of structurally interesting com-
pounds that consist of mixed frameworks of AQ,,
polyhedra(A=K, Rb. Cs, Ba), TiQ, octahedra. and
PO, tetrahedra."” The combination of complex and
interactions of metal-oxide polyhedra have resulted

m new compounds that possess [ramework struc-
tures with sizable tunnels. The phosphates have four
main 1ypes of polyphosphates; general polyphos-
phates [P0, 1" (n=1 to 16), mfinite chain meta-
phosphates [(PC,),.]", cyclic melaphosphates [(PO,),I™
(n1=3 to 10, or more). and ulwaphosphates which
contain branching units.” Diphosphate anion, P,0,"
(also known as pyrophosphate) is the simplest poly-
phosphale anion which is found in many solid
malerials.' > This phosphate does not have nota-
ble chemical and physical properties due to ihe
phosphate group itself. However, phosphate anions
do nol absorb UV/Vis and thus solid phosphates
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could be used as optical materials such as glasses,
phosphors.  nonlinear optical materials and laser
materials.” Here we report on the synthesis and
erystal structure of CsTiP,O, which contains P,0,"
pyrophosphate.

2. Experimental

Synthesis. Synthesis was camied out by reaction
of Ti, P, Se wath ratio of 1:1:2 1n the halide flux of
CsCl. The tube was evacuated (107 torr), sealed,
and heated gradually 1o 830°C. where it was kept
for 2 days. The tube was cooled al a rate of 6°C/br
to 200°C and the furnace was quenched. The excess
halide flux was removed with distilled water. Dark
blue colored rectangnlar crystals up to 0.4 mm in
length were found. This compeund is stable in air
and does not decompose significantly in water,
Analysis of these compounds with the microprobe
of an EDAX equippsd AMRAY 1200C scanning
electron microscope indicated the presence of Cs, Ti
and P. The source of the oxygen is believed to be
water molecules present in the hygroscopic alkali
metal halide flux.

Crystallographic Studies. The crystal struc-
ture ol CsTiP,0; was determined by single crystal
X.ray diffraction methods. Preliminary examination
and data collection were performed with MoKao
radiation {A=0.7107 A) on an MXC3 diffractometer
{Mac Science). The monoclinic cell parameters and
caleulated volume are: a=8.369(2) A, b=10.208(2)
AL c=7752(1) A, B=104.77(2)°. V=640.42) A’
The observed Laue symunetry and the systematic
extinctions (h( : h=2n+1; Ok0 : k=2n+1) are indica-
tion of the centrosymmelric P2/a space group. The
unit cell parameters and the orientation matrix for
data collection were obtained from the least-squares
relinement, using the satting angles of 23 reflections
in the range 20° < 28(MoKa) < 28°. Intensity data
were collected with the ®-26 scan technigue. The
intensities of 1wo standard reflections. measured
every one hundred refleclions, showed no signifi-
cant deviations during the daia collection. The scan
rate was +.0%min in @ axis. Additional crystallo-
graphic details are described in Table 1.

The initial positions for all aloms were obtained
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by using direct methods of the SHELXS-86 pro-
gram.” The structure was refined by full matrix
least squares 1lechmiques with the use of the
SHELXL-93 program."” The final cycle of refine-
ment performed on F,” with 1121 unique reflections
afforded residuals wR2=0.0763 and conventional R
index based on the reflections having F* > 20 (F.%)
is 0.0283. With the composition established the data
for CsTiP,0, weie corrected for absorplion with the
use of the analytical method of Tompa and de Meu-
lenaer.'”’ Examination of the search for potential
additiopal symmetry with the use of the MISSYM
and NEWSYM algorithm in the PLATON program

Table 1. Details of X-ray Data Collection and
Refinement for CsTiP,0,

Formula mass, amu 35475

Space group C, - P2, /a

a A 8.369(2)

b, A 10.208(2)

c, A 7.752(1)

B, deg 104.777(2)

v AY 640.4(2)

Z 4

T, K 293(2)

Radiation graplute monochromated MoKa
(MoKe=0.7107 A)

Linear absorption coefl~  7.43

icient, mm’!

Density, cale gfcm’ 3.680

Transmission factors®  0.225-0.341

Crystal size. mm’ 0.2x02x04

Scan ype -20

Scan speed, deg. min” 4.0 in @

Scan range. deg. 0.95 + 0.35 tanf

20 limits, deg 3°<20(MoKon< 50°

Darta collected
No. of unique data
with F,” >0

D=h=9, )=k= (2, (=1 =0
1121

No of anique data 1079

with F %26(F.)

wR2 (F,>0) 0.0763

R ion F, for F,>20 0.0283

E )

Goodness-of-fit on F° 1,135

Min. and Max. -1.035 and 1.075

residual e densityte/A”%)

*n; and v were constramed to be 90° in the refinement of
ccll constraints
"The analytical method as employed in the Northweslem
absorption program, AGNQST. was used [or the absorp-
lion correclion.
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Table 2. Atomic Coordinates (*10°) and Equivalent
Isotropic Displacement Parameters (A*<10% for
CsTiP,0,

Wyckoff

Atom Letter v z G’
Cs de 437401  7020{1) 1986(L) 19(1)
Ti 4o 2585(1) 3983(1) 2396(1)  7(1)
(1) Ac -1688(2) 4054(1) 1314(2)  8(1)
P2 de GEL9(2)  3721(1) 4256(2) 81
Q) 4e 7307(5)  2287(H) 436005 13()
00 de 5058(5) 3969(4) 3221(5) 16(1)
031 4e  2651(5) 49824 -B7(S) 12(1)
Oy de 15005)  4162{4 1578(5) 13(1)
o) de 2092(5) 234184y 920(5)  12(1)
O(6) de 2735(5) 5679(4) 3910(5) L[3(1)
[9]§)) de -2050(5) 4493(4) 3176(5) [3(1)

*U,, it delined as one third of the trace of the orthogo-
nalized U, tensor.

Table 3. Anisotropic Displacement Parameters (A*
®10% for CsTiP,Q,

Atom U, U, U, U, U, U,

Cs 191 18D 19 2D -2(1) 601
T 7 AL LD ol L) o)
P(l) S( 3D LD 1L o L
P(2) aly AL 121 KD (D LD
Oy 16(2) 62y L@ 1) M2 22)
02) 10 17 182 A2 0 12
03) 92y 6(2) 193) 5T 1T 1@
O 1D 1D 2002 52) 4 L2
0(5) 13(2) 42 1602y 0 002 12
o) 18D T Lo -2 02 242)
0(7) 182y 62y 182 202 7)) 0(2)

MNote. The amsotropic displacement laclor exponent lakes
the form:

20 at U+ Ust e U+ 20kas 4 U+ 2hlake* U,
+2kIb*e U]

could not find the other symmetry in this strac-
ture.™ Final values of the atomic parameters and
equivalent isotropic displacement paramelers are
given in Table 2. Anisotropic thermal parameters
are given in Table 3.

3. Description of the Structure and
Discussion

Selected bond distances and angles {or CsTiP,0,
are listed in Table 4. CsTiP,0; is isostructural with

CsTiP.08] &A= A3 5-% 53

Table 4. Bond Lengihs [A] and Angles [deg] for
CsTiP,0-

Distance
C3-O(1)#l 2992(4) Cs-O(5)2 2.599(4)
Cs-Q(2)#6 3.297(4) Cs-O{53 3.128(4)
Cs-O(3) 3.289(4) Cs-O{a) 3.162(4)
Cs-O3#5 3.162(4) Cs-O(6)H6 3.300(4)
Cs-Q(4 31.459(4) Cs-0{7) 3.313(h
Ti-O 147 2.058(4) Ti-O(H) 1.931(4H)
T-0(2) 2.004(41 Ti-0(5) 2.044(4)
TI-O(3 MR 2.001(4) Ti-O(6) 2.077(4)
P(1)-0(3) L.510() P(D-0(1) 1 516(4)
F{11-0(h 1.503(4) P(23-0(2) 1.509(4)
P({1)-O05)#7 L.520(4) P(D-OH{6)#9 1.506(hH
P(-O7) 1.613(4) P(2-O(7H#10 1.6194)
Angle

O(#T-T-O(2) 93 5(2) O3)-P(D-0(4) 113 1(2)
Q(D#HT-TI-O(3H8 169 8(2) O(D-P(1)-0(3#%7  110.6(2)
OERI-TOE  89.6(2) OG-PI1-007) 106.4(2)
OM#T-TOG)  85.8(2) OUO-P-OGWHT  112.4(2)
O(D#T-TIOG;  96.3(2) Od-P1)-0(7) 106.1(2)
GEO-TFOMDHE  91.3(2) OGSHIPI-OT)  107.9(2)
O2)-Ti-O(4) 175, 1(2})

O2)-T-Qi3) 89.1(2) O(D-R{2)-0C(2} 113.8(2)
O(2)-Ti-O(6) 85.2(2) O(D-F2)-060#0  110.1(2)
OGS Ti-O)  85.9(2) O(D-P{-OTHID  108.2(2)
OBME-TI-O5)  85.4(2) O2)}P(D-OEHI 1 14.0(2)
Q(3#8-Ti-O(6) 93,002y O2-P2)-C(T#10  105.3(2)

O4)-T3-0(5)
O)-Ti-O(6) 90 7(2)

O(5)-Ti-O(0) 174.0(2) P(L-O(D-P(2)#6 126.6(2)
Symumetry fransformations used to generatc equivalent
alLoms;

#1-x+1/2,y+1/2,-z+1  #2-x-1/2,y+1/2,-7 #3 -x-y+1,-2
#A10-1/2 -v+3/2 7 #5-x-1,-y+1,-z  #6 x-lya
H#Ix-1/2,-y+1/22 #8 x-y+lz #9 xl-ydlozed
#10x+1,y,2.

94.9(2) QBHI-P@)1-OTH#10 [04.7(2)

ATiP,0, (A=K, Rb)," KAIP,0,” and other quater-
nary pyrophosphate compounds.**® The framework
possesses corner-sharing TiO; octahedra and P.O,
pyrophosphate groups. These TiOg octahedra are
interconnected by the P,(: groups forming a three-
dimensional _*| TiP.O, ] structure. Each TiOg octahe-
dron shares its six corners with five pyrophosphate
groups and, therefore. each pyrophosphate group
shares its six comers with five TiO, octahedra. One



Fig. 1. a)
pyrophosphate groups with the anisotropic thermal
vibration ellipsoids. b) The polyhedron representation
of the connectivities of the TiO; octahedra and PO,
pyrophosphate groups in CsTiP,0..

ORTEP view of the TiOQ; and P,O,

of the five P,O, linked to TiQ, octahedra is coordi-
nation to the Ti atom as a bidentate ligand(see Fig.
1). The coordinations about Ti and P atoms are
slightly distorted from ideal Oh and Td geometries,
respectively. Ti-O and P-O distances are in good
agreement with those calculated from crystal radii
typical for these atoms in titanium phosphate struc-
tures." Disorder of pyrophosphate can be evidenced
by anomalous P-O(bridging oxygen) distance and
O-P-O(between bridging oxygen and terminal oxy-
gen) angles, and large amplitude of thermal vibra-
tion for the bridging oxygen. The lnear P-O-P
angles have centrosymmetric pyrophosphate groups
and this is indicative of bridging oxygen disorder.
The regular P-O{bridging oxygen) distances are
1.58-1.64 A, and P-O-P angle ranges are 120°-
160°." In this compound, the pyrophosphate group
is composed of the staggered configuration of the
PO, tetrahedra. The bridging P-O bond(ave. P-O
1.616(4) A) 15 shightly longer than the average ter-

Fig. 2. Displaying the framework of CsTiP,0, and
the tunnels occupied by Cs' ions. The a-axis is appro-
ximately perpendicular to the this plane. In the
polyhedral represeniation of the structure, the corner
of the octahedra and tetrahedra are OF ions, the Ti
and P ions are at the cenler of octahedron and
tetrahedron respectively and the circles represent the
Cs* fons.

minal P-O bonds(ave. [.511¢4) A) and the bodging
angle P(1)-O(7)}-P(2)(126.6{2)") coincides with the
ordered P-O-P angle ranges. This is consistent with
other pyrophosphates."*>® Thus, bridging oxygen in
P,O, pyrophosphate is well ardered in this com-
pound. The TiQ, oclahedra are nearly regular, with
cis O-Ti-O angles between 85.2(2)° and 96.3(3)"
and trans O-Ti-Q angles ranging from 169.8(2)" and
175.1(2)" (see Table 4). This infinited three-dimen-
sional . ’[TiP,0,] framework has channels along the
[100] direction and the electropositive Cs™ atoms
reside inside this funnel. The extended structure
projected along the a axis is shown in Fig. 2. The
unit cell consists of four cesium atoms, each of
which is surrounded by an irregular polyhedron of
10 oxygen atoms, at distance ranging from 2.992 A
to 3.456 A This wide distribution in bond length is
attnbuted to the complex electrostatic interaction
and to the steric effect of the P,O,; pyrophosphale
group. Four edges of the pyrophosphate group are
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shared with that of CsOy polyhedron. The size of
the monovalent cations determines the geometry of
the tunnels which are formed by the AO,, polyhe-
dron(A=K, Rb, Cs). The resulis of hond-valence
parameters calculation are +3.049 for Ti atom,
+4.782 for P(1) atom, and +4.773 for P(2) atom.””
The classical charge balance of CsTiP,0O, can be
described as [Cs'[TV][P,0.].
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