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Such a distortion of the anion would be induced by a slight 
shift of the Eul (and Eul  i) position, which is associated with 
the displacement of several aqua ligands, especially atoms 
052 and 054, which have large Uiso values of 0.21 (2) and 
0.24 (2).~2, respectively. The coordination of a large number 
(eight) of aqua ligands and one O atom from the half-anion 
to an Eu atom explains the shift of the Eu atom due to 
the disordered structure of aqua ligands, which leads to the 
displacement of W, Ti and Ge atoms in the half-anion. The 
rather large residual maximum and minimum Fourier peaks 
(4.12 and -4.89 e ~-3, respectively) are located around the 
W9 atom at short distances of 0.48 and 1.05 A,, respectively. 
This is due to the large displacement of the W9 atom compared 
with the other atoms. 

Data collection: MSC/AFC Diffractometer Control Soft- 
ware (Molecular Structure Corporation, 1992a). Cell refine- 
ment: MSC/AFC Diffractometer Control Software. Data re- 
duction: TEXSAN (Molecular Structure Corporation, 1992b). 
Program(s) used to solve structure: SIR88 (Burla et al., 
1989). Program(s) used to refine structure: TEXSAN. Molecu- 
lar graphics: ORTEP (Johnson, 1965). Software used to pre- 
pare material for publication: TEXSAN. 
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Abstract 
The synthesis, thermal properties and crystal structure 
of caesium trizinc bis[hydrogenphosphate(2-)] phos- 
phate, Cs[Zn3(HPO4)2(PO4)], are described. This new 
caesium zinc phosphate has a three-dimensional frame- 
work structure containing one-dimensional channels. 
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Comment 
Divalent metal phosphates are of interest for a number 
of reasons, one of which is that they can form frame- 
work structures which are zeolite-like (Gier & Stucky, 
1991). Zeolites are aluminosilicates containing cages 
and channels, and can be used for a variety of commer- 
cial applications such as heterogeneous catalysis, ion 
exchange and adsorption (Breck, 1974). In our search 
for novel framework structures based on divalent metal 
phosphates and arsenates (Feng, Bu & Stucky, 1995, 
1997a,b; Bu, Feng & Stucky, 1996; Bu, Gier & Stucky, 
1996; Feng, Bu, Tolbert & Stucky, 1997), we discovered 
a new caesium zinc phosphate. The synthesis, crystal 
structure and thermal properties of this material are re- 
ported here. 

The asymmetric unit is Cs[Zn3(HPO4)2(PO4)]. All 
three unique Zn sites have tetrahedral coordination 
geometry. Of the 12 O atoms, two (O l l  and O12) are 
terminating hydroxyl groups on P2 and P3, and two 
(02 and 03)  are trigonally coordinated (excluding the 
possible coordination to the extra framework Cs atoms) 
between two Zn cations and one P cation. The other 
eight O atoms are bicoordinated between one Zn cation 
and one P cation. The presence of trigonally coordinated 
O atoms and the associated three-membered rings (six- 
membered rings if O atoms are included) involving two 
Zn atoms and one P atom usually leads to a dense 
framework and is a feature that distinguishes this salt 
from zeolite-like open-framework zincophosphates. 

The framework contains channels along the crystallo- 
graphic a axis (Fig. 1). The rectangularly shaped win- 
dow of each channel is elongated along the unit-cell 
c axis and the flame of the window opening contains 
as many as 16 tetrahedral atoms. The three-dimensional 
framework of this compound comprises structural units 
which are commonly used to build zeolite structures: 
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ladder-like four-ring chains and zigzag single chains of 
alternating Zn and P tetrahedra. There are two crys- 
tallographically unique ladder-like four-ring chains and 
only one unique single chain, all of which propagate 
along the crystallographic a axis. One four-ring chain 
is built from Zn2 and P3 tetrahedra and the O atoms 
involved are all bicoordinated (Fig. 2). Thus, this part 
of the structure is relatively open (Fig. 1). The other 
four-ring chain is built from Zn3 and P1 tetrahedra and 
trigonally coordinated O atoms are involved (Fig. 2). 
This part of the structure is of somewhat higher density 
(Fig. 1). 

T%. % 
Fig. 1. The framework structure viewed along the channel direction 

(the crystallographic a axis). The three different chains are indicated 
through the labeling of the tetrahedral atoms. The hydroxyl groups 
on P2 and P3 protrude towards the center of the channels. The 
unconnected circles in the channels are Cs cations. Large open 
circles represent P cations and cross-hatched circles represent Zn 
cations. 

The three-dimensional framework can thus be con- 
sidered as a parallel arrangement of ladder-like four- 
ring chains crosslinked by the single zigzag chain (Fig. 
2) of Zn 1 and P2 tetrahedra propagating along the same 
direction. Each single chain bridges a total of three four- 
ring chains. This includes one Zn2-P3 chain connected 
through the bicoordinated 08 atom between P2 and Zn2 
and one Zn3-P1 chain connected through the bicoordi- 
nated O1 atom between Znl and P1. The third four- 
ring chain (another Zn3-P1 chain) connects to the sin- 
gle chain through both 02 and 03, which are trigonally 
coordinated. 

The four-ring chain of various configurations is one 
of the most important structural features of many zeolite 
frameworks. A ladder-like four-ring chain similar to 
the one seen here has been found in a number of 
zeolite structures. For example, in the zeolite ABW and 

Z n 2 ~ Z , ~ ~ - , ~ O  ' p~03~ ~ P ~ -  
P3 

04 
_ 03  

03 02 01 03 02 ~ Z n ~ ~ . _ .  0 

pO8 9 2 9 
0~0 , ,"  0 4 ) ~  0 4 / ~  "° 0 4~(~ ''° 

02 02 

Fig. 2. Two unique ladder-like four-ring chains and one zigzag chain. 
Both four-ring chains have inversion symmetry. 

cancrinite frameworks, the ladder-like four-ring chains 
are the only structural building blocks. A difference 
in the orientations of the ladder-like four-ring chains 
leads to different framework topologies for ABW and 
cancrinite, even though in both cases all four-ring chains 
propagate along the channel directions with the largest 
pore opening (Meier, Olson & Baerlocher, 1996). 

In a tetrahedral framework with two different tetra- 
hedral centers, the simplest way to achieve an equal 
number of the two different tetrahedral centers is to 
form a three-dimensional network with strictly alternat- 
ing tetrahedra. Such is not the case in the title compound 
because it contains not only Zn--O--Zn linkages, but 
also terminating OH- groups. The presence of Zn---O-- 
Zn linkages tends to increase the Zn/P ratio whereas the 
terminating OH groups on the P sites tend to decrease 
the Zn/P ratio. These two opposing effects are balanced 
and result in a framework containing the same number 
of Zn and P tetrahedral sites. The Zn/P ratio of 1:1 can 
be easily visualized if we consider the structural build- 
ing units: both four-ring chains and single chains consist 
of strictly alternating Zn and P tetrahedra with a Zn/P 
ratio of 1:1. 

Even though there are at least seven different 
sodium zinc phosphates (Harrison et al., 1996), 
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the re  are r e l a t ive ly  f ew  c a e s i u m - c o n t a i n i n g  z inc  phos -  
pha tes .  T w o  o t h e r  c a e s i u m  z inc  p h o s p h a t e s  are k n o w n .  

C s [ H ( Z n P O 4 ) 2 ]  has  a l aye red  s t ruc tu re  (Nenof f ,  Har-  
r i son ,  Gier ,  C a l a b r e s e  & S tucky ,  1993) wh i l e  the  

other ,  C s ( Z n P O 4 ) ,  has  a zeol i te  A B W - t y p e  three-  
d i m e n s i o n a l  f r a m e w o r k  ( B l u m ,  D u r i f  & A v e r b u c h -  
P o u c h o t ,  1986).  T h e r e  are a l so  s o m e  o the r  c o m p o u n d s  
w h i c h  h a v e  the  s a m e  s t o i c h i o m e t r y  as the  t i t le c o m -  
p o u n d ,  bu t  are s t ruc tu ra l ly  un re l a t ed .  A typ ica l  e x a m p l e  

is Na [Co3(PO4) (HPO4)2 ]  w h i c h  c o n t a i n s  e d g e - s h a r i n g  
C o  o c t a h e d r a  (Lii  & Shih ,  1994).  

E x p e r i m e n t a l  

Zn(NO3)2.6H20 (1.24g) was mixed with 11.18 g of  distilled 
water. With stirring, 1.22 g of  85% H3PO4 was slowly added. 
The pH of  the solution was adjusted using 50% CsOH solution 
to 2.47 as measured using a Ag/AgC1 electrode pH meter. 
A total of  2.74 g of  50% CsOH solution was added. The 
mixture was heated at 453 K for 6 d in a Teflon-coated steel 
autoclave. The product was recovered by filtration and washed 
with deionized water. Translucent clear needle-like crystals, as 
large as several millimeters in one dimension, were obtained. 

Thermogravimetric analysis (TGA) and differential thermal 
analysis (DTA) of  49.9 mg C s [ Z n 3 ( n P O 4 ) 2 ( P O 4 ) ]  w e r e  per- 
formed using a Netzsch Simultaneous Thermal Analysis (STA) 
409 system in static air with a heating rate of  5 K min-~ from 
303 to 1273 K. The TGA diagram was simple and showed 
only one sharp peak for a weight loss of  2.6% (calculated 
2.9% for the loss of  one water molecule) between 643 and 
703 K accompanied by an endothermic peak. There are two 
additional significant events, both endothermic,  occurring at 
1023 and 1093 K, the nature of  which needs further investi- 
gation. 

Crystal data 

Cs [Zn3 (HPO4)2 (PO4) ] 
Mr = 615.95 
Triclinic 
PT 
a = 5.1636 (1) ~, 
b = 8.0324 (1) ,~ 
c = 14.8009 (2) ,4, 
a = 95.796 (1) ° 
/3 = 90.315 (1) ° 

V3' - 108.078 (1)°. 
- 580.16 (2) A 3 

Z = 2  
Dx = 3.526 Mg m -3 
Dm not measured 

Mo Ka radiation 
A = 0.71073 ,& 
Cell parameters from 4352 

reflections 
0 = 1.38-28.28 ° 
# = 9.715 turn -~ 
T = 293 (2) K 
Thin needle 
0.470 × 0.050 x 0.017 mm 
Colorless 

Data collection 

Siemens SMART CCD 
diffractometer 

o.) scan 
Absorption correction: 

empirical, fitted by 
spherical harmonic 
functions (Blessing, 1995; 
Sheldrick, 1996) 
Tmin = 0.34, Tmax = 0.88 

6023 measured reflections 
2774 independent reflections 
Rim = 0.0514 
0max = 28.28 ° 
h = - 6 ~ 6  
k = - 1 0 - - ,  10 
l = - 19 ~ 19 

Refinement 

Refinement on F 2 
R[F 2 > 2or(F2)] = 0.038 
wR(F 2) = 0.110 
S = 0.988 
2774 reflections 
173 parameters 
H atoms not located 

2 "~ w =  1/[a (F,,) + (0 .0549Pf ]  
where P = (F,~ + 2F,2)/3 

(Z~l/O')max = O.OOl 

APmax = 1.61 e A-~ 
Apmtn = - 2 . 1 4  e ,~-3 
Extinction correction: 

SHELXTL (Siemens, 
1995a) 

Extinction coefficient: 
0.0330 (17) 

Scattering factors from 
hzternational Tables for 
Crystallography (Vol. C) 

Table  1. Selected bond lengths (~i) 

Csl---Ol I 3.105 (5) Zn2--O7 1.962 (5) 
Csl--O8 i 3.130 (5) Zn2--O5 1.962 (5) 
C s l - ' - O I 0  ii 3.192 (5) Zn3---O9 1.897 (5) 
Cs 1---'O7 ~i 3.200 (5) Zn3--OI0 1.924 (5) 
Cs 1---09'" 3.260 (5) Zn3--02 2.006 (4) 
Csl--04" 3.327 (5) Zn3---03" 2.027 (4) 
Csl--Ol'" 3.402 (5) PI--09 i'i 1.516 (5) 
Csl--06 ' 3.623 (5) PI--OI 1.528 (5) 
Csl--Ol 3.652 (5) P I ~ I O '  1.540 (5) 
Csl--08" 3.708 (5) P I ~ 2 "  1.572 (4) 
Csl--07' 3.742 (5) P 2 ~ 8  1.512 (5) 
Csl--05" 3.764 (5) P2--04 1.512 (4) 
Znl--O1 1.896 (4) P2--03" 1.561 (5) 
Zn 1--04 1.931 (5) P2--O11 1.579(5) 
Zn 1--03 1.977 (4) P3--06"" 1.507 (5) 
ZnI--02 1.986 (4) P 3 ~ 7  1.512 (5) 
Zn2--06 1.918 (5) P3--05 .... 1.534 (5) 
Zn2--08 1.943 (5) P3--OI 2 1.600 (5) 

Symmetry codes: (i) 1 + x, 1 + y, z; (ii) x, ! + y, z; (iii) -x ,  1 - y, -z;  (iv) 
x -  l , y, z; (v) -x ,  l - y ,  l -z : (v i )  l - x ,  l - y , - z ; ( v i i ) - l - x , - y ,  l - z ;  
(viii) - x , - y ,  1 - z. 

The largest pos!tive residual peak in the difference electron 
density is 0.99 A from Csl  and the largest negative residual 
peak is 0.81 A from Csl .  The data collection nominally 
covered over a full sphere of  reciprocal space by a combination 
of  four sets of  exposures; each set had a different ~, angle for 
the crystal and each exposure covered 0.3 ° in ~.  The crystal- 
to-detector distance was 4.95 cm. Coverage of  the data set is 
over 89% complete to at least 25 ° in 0. 

Data collection: SMART (Siemens, 1996). Cell refinement: 
SAINT (Siemens, 1995b). Data reduction: SAINT. Program(s) 
used to solve structure: SHELXTL (Siemens, 1995a). Pro- 
gram(s) used to refine structure: SHELXTL. Molecular graph- 
ics: SHELXTL. Software used to prepare material for publica- 
tion: SHELXTL. 

This  r e sea rch  was  s u p p o r t e d  in par t  by  the  Na t iona l  
S c i e n c e  F o u n d a t i o n  u n d e r  g ran t  D M R  95-20971 .  

Supplementary data for this paper are available from the IUCr 
electronic archives (Reference: BR! 177). Services for accessing these 
data are described at the back of the journal. 
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Abstract 
The title compounds, sodium titanyl phosphate and 
potassium titanyl phosphate, are isostructural, belonging 
to a family of compounds with interesting non-linear 
optical properties. The effect of substitution of K by 
Na has been analysed by X-ray diffraction at 110 
K. The substitution does not modify the geometry of 
the phosphate groups; however, the Ti--O coordination 
distances are changed, as well as the relative orientation 
of the Ti and P polyhedra. 
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Comment 
This study is part of a series of determinations of crys- 
tal structures of non-linear optical materials belonging 
to the KTiOPO4 (KTP) family (Marnier, 1986, 1988; 
Marnier, Boulanger & Menaert, 1989). The crystal struc- 
ture of KTP at room temperature was first reported 
by Tordjmann, Masse & Guitel (1974). A large num- 
ber of compounds isostructural with KTP, of general 
formula (K,Rb,T1,Na,Ag)TiO(P, As)O4, have been syn- 
thesized by hydrothermal or flux methods at high tem- 
perature, or by alkaline-ion diffusion (Stucky, Phillips & 
Gier, 1989). The great variety of accessible compounds 
offers an excellent opportunity to study the effects of 
each constituent from the fundamental (physical and 
structural properties) and the applied (e.g. non-linear 
optical properties) point of view. With this in mind, 
we have compared the crystal structure of NaTiOPO4 
(NaTP) at 110 K with that of KTP at the same temper- 
ature. 

KTP has akeady been studied at this tempera- 
ture (Belokoneva, Slovokhotova, Antipin, Tsirel'son & 
Struchkov, 1992) but our measurements were carried out 
to a higher spatial resolution [(sin0/A)max = 1.14 ~,- 1 ] 
which leads to more accurate anisotropic displacement 
parameters. An accurate structure of NaTP at 110 K in 
the space group Pna2~ has not been published pre- 
viously. The following compounds isostructural with 
KTP have been characterized: Na0.sK0.5TiOPO4 (Cren- 
nell, Owen, Gray, Cheetham, Kaduk & Jarman, 1991), 
Na0.95Ko.05TiOPO4 (Phillips, Harrison, Stucky, McCar- 
ron, Calabrese & Gier, 1992), Nao.58Ko.42TiOPO4 and 
Na0.57Ko.a3TiOPO4 (Crennell, Morris, Cheetham & Jar- 
man, 1992). These compounds are derived from KTP by 
substitution of K ÷ by Na ÷. We have attempted a com- 
plete substitution of K ÷ by Na ÷ using the same tech- 
nique as that used by Phillips, Harrison, Gier & Stucky 
(1989). 

All atoms are on general positions in the unit cell, 
which contains eight formula units of (Na,K)TiOPO4. 
There are two crystallographically independent Na, K, 
Ti and P positions coordinated by O atoms. A view 
of the KTP structure parallel to the b axis is shown 
in Fig. 1. Both structures can be described as a three- 
dimensional network formed from chains of alternating 
TiO6 octahedra and PO4 tetrahedra sharing corners. 
These chains result in the formation of wide helical 
channels along the c axis in which K or Na cations are 
located. The octahedra are connected by titanyl O atoms, 
OT1 and OT2, and form infinite zigzag TiO6 chains 
along the [011] and [0 i l l  directions. The characteristic 
feature of these chains is the long-short alternation 
of the Ti---O bond lengths. X-ray diffraction analysis 
shows that NaTP presents an antiparallel slide of the 
- -T iO6- -PO4- -  chains along the a axis. Because of the 
rigidity of the TiO6 and PO4 groups, the substitution of 
K ÷ by Na + in KTP results in distortion of the cavities 
formed by the O atoms around the Na cations. Unlike 
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