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The syntheses, crystal structures, and certain properties of two
lithium zinc phosphate phases, LiZnPQ, - H,0 and LiZnPO,, are
reported. LiZnPO, - H,O is an isostructure of the Li-A -type zeolite
LiAlSiO, - H,0 and consists of a fully ordered three-dimensional
network of vertex-sharing ZnO, and PO, tetrahedral units sur-
rounding B-, 6-, and 4-ring windows. The extraframework lithium
cation and water molecule are located in this cavity system. These
nonframework species (including protons) were unambiguously
located by Rietveld refinement against powder neutron data. The
structure of LiZnPO, was solved ab initio using synchrotron X-ray
powder data and consists of a new ““semicondensed” tetrahedral-
framework structure, incorporating the guest lithium cations in
squashed 6-ring channels. LiZnPO, may be prepared from LiZn-
PO,- H,0 by a first-order phase transition which involves Zn/
P/O bond breaking/making. This transformation is briefly dis-
cussed and related to similar transformations in other framework
systems. Crystal data: LiZnPO, - H,0: M_ = 185.31, orthorhombic,
space group Pna2, (No. 33), a = 10.575(2) A, b = 8.0759(9) A,
€= 499376) A, V = 426.52) A}, Z = 4, T = 15Q2) K,
R, = 3.95%, R,, = 5.02%, x* = 2.33. LiZnPO,: M, = 167.29,
orthorhombic, Pn2,a (No. 33), a = 10.0207(2) A, b = 6.6731(2)
A, and ¢ = 4.96548(8) A, V = 332.04(2) A%, Z = 4, T = 298(1)
K, R, =11.63%, R,, = 15.22%, x*=2.82. © 1995 Academic Press, Inc.

INTRODUCTION

The solid state chemistry of nonalaminosilicate, open-
framework materials is currently a very active field of
research (1, 2}, especially with respect to novel frame-
works composed of octahedral and tetrahedral subunits
(3-5). Aluminophosphates (AlPOs) (6) and gallosilicates
(GaSiOs) (7) are now well-established families of molecu-
lar sicves with potentially important applications. The
crystal chemistry of natural and synthetic beryllophos-

!"To whom correspondence should be addressed.

phates (BePOs) has been explored (8-10). We have shown
that the zeolitic behavior of the group (2/12)/(15) (Be/
Zn)(P/As)O structure field is extensive (11, 12) and have
described several zeolite analogues (13-15) and novel
phases (16-18).

Aluminosilicate zeolites, and their structural analogues
noted above, often present special crystallographic prob-
lems. They are frequently available only as powders,
which until recently has precluded the use of ‘*normal”’
single-crystal structure solution techniques in elucidating
zeolite structures. Additionally, the “‘static’’ framework/
“‘mobile’”” puest dichotomy causes problems in experi-
mentation, and in interpretation of diffraction data. The
solutions that zeolite crystallographers have developed
to overcome these and other problems have been exten-
sively reviewed in a recent article by McCusker (19).

These special crystallographic methods include Riet-
veld refinements using both X-ray and neutron powder
data and ab initio structure solution from powder data
(20). In this paper we apply these techniques to LiZn-
PO, - H,O and LiZnPO,, two tetrahedral zincophosphate
framework structures, and discuss some aspects of these
methods. Both these phases are related to the LiAl-
Si0y, - H,O (Li-A, or ABW) type aluminosilicate zeolite.

Lithium aluminositicate zeolite Li-A (LiAlSiO, - H,0)
was structurally characterized by Kerr (21}, who found
an orthorhombic unit cell, with typical dimensions of
a=103A,b=824Aandc=50A, space group Pna2,.
Li-A consists of infinte stacks of zigzag 4-rings of alternat-
ing 5i0, and AlQ, tetrahedra, in the polar c-unit cell
direction. The crosslinking of these stacks results in 6-
and 8-ring channels in the @- and c-unit cell directions
respectively, maintaining the alternating, perfect 1:1 Si/
Al tetrahedral order. The lithium cations are located near
the 6-rings and the water molecule occupies the 8-ring
channel. Dehydration of H,0 leads to an presumably irre-
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versible transformation to other, more condensed phases.
Isostructural phases to Li-A include the (dehydrated)
cesium and rubidium aluminosilicates, CsAlSiQ, and
RbAISIO,, and the nonaluminosilicate lithium gallosili-
cate (LiGaSiO, - H,0) and aluminophosphate ABW-type
sieves. LiGaSiO, - H,O was the first hydrated zeolite to
be fully characterized by powder neutron diffraction
methods (22). The ABW framework shows considerable
flexibility in accomodating the Jarge Cs* and Rb™ cat-
ions (23).

SYNTHESIS AND INITIAL CHARACTERIZATION

Powder samples of LiZnPO, - H,O and LiZnPQ, were
synthesized during our systematic investigations of the
M*{zinc/phosphate/water (M* = Li, Na, K, etc.) struc-
ture field, which has produced a number of novel phases
(24). A white powder sample of LiZnPO,- HO was pre-
pared as follows: 7.76 g 2 M Zn(NO,), {12 mmol) and
4.79 g 4 M H,PO, (16 mmol) were added to a 25-cc Teflon
bottle, along with 10 cc H,0, resulting in a clear solution,
to which 11.43 g 4 M LiOH (42 mmol) was then added.
The bottle was shaken thoroughly, and the initial gel con-
verted to a sludge, and then a milky suspension (pH 35).
After 1-2 days at 70°C, the recovered, well-settled powder
exhibited a clean orthorhombic Li-ABW-type powder
pattern (11). White LiZnPQO, powder may be quantita-
tively prepared from LiZnPO,-H,O powder by a dehy-
dration reaction (100°C in air for 2 days). Alternatively,
LiZnPO, may be synthesized by the direct reaction of
Zn(NOy),, H;PO,, and LiOH solutions, in exactly the
same proportions as above, by heat treatment of the re-
sulting sludge at 100°C for 24-48 hr.

The X-ray powder pattern of LiZnPO, (Scintag auto-
mated PAD-X diffractometer, 6-# geometry, flat plate
sample, CuKe radiation, MCuKa,) = 1.540578 A, T =
25Q2°C) was indexed on an orthorhombic unit cell, of
dimensions a = 10.009(6) A, » = 6.666(4) A, and ¢ =
4.957(3) A (V = 330.7(3) A3, and is listed in Table 1. X-
ray powder data for LiZnPO, H,0 were listed pre-
viously (11),

Powder second-harmonic-generation (PSHG) measure-
ments on LiZnPO, gave a response of ~14.6 times that
of quartz, indicating that LiZnPQO, crystallizes in a non-
centrosymmetric space group. Thermogravimetric analy-
sis {TGA) for LiZnPO, - H,0 showed ~10 wt% loss be-
tween 150-250°C (calc. for complete water loss = 9.7%),
and no further weight loss to 500°C. An X-ray powder
pattern of the white, post-TGA residue matched that of
the monoclinic, high-temperature form of LiZnPO, (25).

STRUCTURE REFINEMENT FOR LiZnPO, - H;0

The crystal structure of the hydrated lithium zincophos-
phate was refined using powder neutron diffraction data.

HARRISON ET AL.

TABLE 1
X-Ray Powder Data for LiZnPO,
h k l dobs (‘&) dcalc (A) Ad® Irclb
0 1 1 3.976 3.978 —0.001 100
2 1 0 4.003 4.002 0.001 80
1 I3 1 3.697 3.696 0.001 17
2 0 1 3.522 3.522 0.000 i1
2 1 1 3114 3114 0.000 18
2 2 0 2774 2774 0.000 30
1 2 1 2.663 2.666 -0.002 18
4 0 0 2.503 2.502 0.001 28
0 0 2 2.479 2.478 0.001 57
2 2 1 2.421 2.421 0.001 17
4 1 0 2.342 2.343 —0.001 7
3 2 1 2.128 2.129 —0.001 13
2 1 2 2.107 2.107 0.000 13
0 3 i 2.029 2.027 0.002 10
3 1 2 1.906 1.506 0.000 9
2 3 1 1.879 1.879 0.000 3
2 2 2 1.847 1.848 —0.001 9
4 0 2 1.761 1.761 0.001 8

? o — dca]c~
5100 X I/l

The very high incoherent neutron scattering cross section
of H, leading to a poor signal-to-noise ratio, militates
against powder neutron diffraction studies of protonic
materials. However, some recent studies (26, 27) have
indicated that the crystal structures of relatively simple
hydrogenous materials may be studied with neutron pow-
der methods, and the hydrogen-atom positions success-
fully located and refined,

A pure, well-ground sample of LiZnPO, H,0 was
loaded into a l6-mm-diameter vanadium sample can,
sealed, and cooled to 15(1) K. Powder neutron data were
collected using the diffractometer BT-1 at the National
Institute of Standards and Technology, Gaithersburg. A
neutron wavelength, calibrated with ALQ,; powder, of
1.5454 A was selected. Data were collected between 5°
and 120°, with a step-size of 0.05°, over a 48-hr period,
and collated using in-house software into five “‘banks”’
covering the ranges 5°-40°, 25°-60°, 45°-80°, 65°-100°,
and 85°-120°, respectively,

The Rietveld refinement was carried out using the pro-
gram GSAS (28) with starting coordinates for the frame-
work species (one Zn, one P, and four O atoms) obtained
from the corresponding study (21) of the aluminosilicate
Li—-A phase in space group Pna2,. Coherent neutron scat-
tering factors (in fermis) were assigned as follows:
b{Zn) = 0.568, b(P) = 0.513, b(Li) = —0.214, b(0) =
0.581, b(H)} = —0.374. After the starting atomic positional
and thermal parameters and the usual profile parameters
(scale factors, zero-point corrections, polynomial back-
ground terms, Gaussian peak shape width-variation
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TABLE 2
Crystallographic Parameters
LiZaPO,- H,0 LiZnPO,
Empirical formula ZnPO;LiH, ZnPO,Li
Mol wi. 185,31 167.29
Habit White powder White powder
Crystal system Orthorhombic Orthorhombic
a{A) 10.575(2) 10.0207(2)
b (A) 8.0759(9) 6.6731(2)
c (A) 4.9937(6) 4.96548(8)
V(AY 426.5(2) 332.04(2)
Zz 4 4
Space group Pny2, (No. 313) Pr2ia (No. 33}
T{K) 15(2) 298(2)
Radiation Neutrons X-rays
MA) 1.5454 0.87902
Pealc (g’{ch) 2.886 3.346
Number of data 3398 5660
Number of parameters 60 37
RS (%) 3.95 11.63
Ry, (%) 5.00 15,22
xz 2.33 2.82

TR, = Iy, = Cyl/Elyol, Rup = [ wly, — C y)WZwy 21", where €
is a scale factor.

terms, low-angle asymmetry correction, starting lattice
parameters from the initial X-ray powder study} and Zn-,
P-, and Q-atom atomic and thermal parameters were re-
fined to convergence (R,, =~ 10%), the nonframework
atoms were progressively located by using ditference Fou-
rier syntheses, and added to the refinement. Sites for one
oxygen atom, two protons, and one lithium atom were
successfully modeled, although bond distance (d(O-H) =
0.95(1) A) restraints were required to ensure that the pro-
ton positions refined to a stable minimum. The refinement
converged to final disagreement factors, defined in Table
2, of R, = 3.95%, R,,, = 5.02%, and x* = 2.33. The final
observed, calculated and difference profiles for LiZn
PO, - H,O are illustrated in Fig. 1.

STRUCTURE DETERMINATION FOR LiZnPQ,

The crystal structure of LiZnPQ, was determined ab
initio from synchroton X-ray powder diffraction data.
The X-ray data were collected on the beam line X7a
at the Brookhaven National Synchrotron Light Source
(NSLS), New York. A thoroughly ground sample of
LiZnPO, was carefully spread over a flat-plate sample
holder in air. Room-temperature (25(2°C) data were
collected using a Si(111) channel-cut monochromator
and a Ge(220) analyzer crystal at an incident wavelength
of 0.87902 A (calibrated with silicon powder; a =
5.430825 A at 25(1)°C) with 0.005° step intervals 9° <

28 = 65°. The incident beam intensity was monitored
with a presample ion chamber and the data were scaled
to counts-per-second relative to a nominal 100-mA
ring current.

The unit cell was ‘‘autoindexed’ using the program
TREOR (29). Twenty low-angle reflection positions were
considered, resulting in a high-figure-of-merit solution
with orthorhombic cell constants of ¢ = 10.02 A, b =
6.67 A, and ¢ ~ 4.966 A. A peak-position simulation
in either space group Pn2,a (nonstandard setting of
Pna2,, No. 33) or Prnma (No. 62) accounted for all the
observed maxima, giving the reflection conditions 04l
k + | # 2n absent, and AkQ, h # 2n absent.

Initjally, the similarity in unit cells (@, = a4, by =
0.75 x by, ¢, = ¢4, of the hydrated (h) and dehydrated
(d) lithium zincophosphate materials suggested a close
structural relationship between the two phases, presum-
ably via a displacive, non-bond-breaking rearrangement
of the framework atoms. However, this is not actually
the case in LiZnPQ, (vide infra) and efforts at translating
the atom positions ‘‘on paper’” by ‘‘squashing’ the
8-ring channels and geometric distance-least-squares re-
finements did not give satisfactory solutions in terms
of a reasonable framework geometry, or a satisfactory
match to the powder intensities, of the dehydrated
phase in either of the space groups mentioned above.
Therefore, an ab initio structure solution was attempted.

Integrated intensities were extracted from the syn-
chrotron data using the program GSAS, modified accord-
ing to the method of Le Bail et af. (30). The nonstandard
space group Pn2,a was used to maintain the metrical
relationship between the unit cell noted above, After
careful optimization of the appropriate *‘profile’” param-
eters (unit-cell parameters, zero-point error, background
coefficients, pseudo-Voigt peak shape descriptors) and
the intensities themselves, 342 F? values having a non-
zero intensity, appropriately corrected for Lorentz, po-
larization, and multiplicity effects, were extracted from
the raw data.

The F? data were used as the starting data for the
direct-methods program SHELXS-86 (31) and a plausible
solution for the Zn and P positions was obtained,
assuming the material crystallized in the noncentrosym-
metric space group Pn2,a. No reasonable starting atomic
geometry could be found in space group Pnma. Starting
positions for the zinc and phosphorus-atom sites were
refined and the other atomic species (four oxygen atoms,
one lithium atom) were located from difference Fourier
maps. The initial refinements were made on the ex-
tracted structure factor data using the program CRYS-
TALS (32). When the model was developed, a Rietveld
refinement (program GSAS) against the synchrotron
powder X-ray data was carricd out. Successful conver-
gence (R, = 11.63%, R,, = 15.22%, x* = 2.82) was
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FIG. 1. Final Rietveld observed (dots), calculated (line), and difference profile plots for LiZnP0O,- H,0, NIST data, A = 1,5454 A. Allowed
reflection positions are indicated by vertical tick marks. For plotting, the five detector banks were combined into one contiguous profile.

accomplished, and no further reasonable atomic sites
could be identified from Fourier maps. Figure 2 shows
the final Rietveld plots for LiZnPQ, .2

CRYSTALLOGRAPHIC RESULTS

Final atomic positional and thermal data for LiZn
PO, - H,0 are listed in Table 3 with selected bond dis-
tances and angles given in Table 4. Similar data for Li
ZnPQ, are presented in Tables 5 and 6. Both of these
phases consist of a three-dimensional network of vertex-
linked ZnQ, and PO, tetrahedra, enclosing a network of
channels containing the extraframework species de-
scribed below,

LiZnPO, - H,0, whose structure is illustrated in Fig. 3
with ORTEP (33), is confirmed to be isostructural with
LiAlSiO, - H,0, and contains an alternating, fully ordered
array of ZnO, and PO, groups. Bond distance data (d,,-
(Zn-0) = 1.942(7) A, d,,(P-0) = 1.564(7) A), which are
in accordance with previous structural data for these spe-
cies in open-framework structures (12, 13, 17), support
this assignment. The zinc- and phosphorus-centered tetra-

? Manufacturers are identified in the above sections in order to provide
a complete description of the experimental conditions. This is not in-
tended as an endorsement by the National Institute of Standards and
Technology.

hedra are linked via Zn—Q-P bonds (4,, = 125.2(5)°) into
the three-dimensional ABW-type microporous structure.
The topology of this structure (Fig. 4) consists of a Zn/
P/O framework enclosing 4-, 6-, and 8-ring windows, and
is essentially identical to its aluminosilicate analogue
which has been exhaustively discussed by Smith (34).
The lithium cation is coordinated by four oxygen atoms,
and its location differs in the aluminosilicate and zinco-
phosphate materials. In LiAlSiQ, - H,O, the lithium cation
is statistically disordered over two sites near the 6-ring
window, with an apparent Li~Li contact of ~1 A. In
LiZnPO,- H,0, just one Li site is occupied, and three
Li-0; bonds (O; = framework oxygen) are formed, and
the fourth Li tetrahedral vertex is to the oxygen atom of
the extraframework water molecule (d,(Li-Op) =
1.93(2) A). The O-Li-O bond angles around Li are some-
what distorted from those of a regular tetrahedron
(min = 83.0, max = 120.9) and a bond valence sum (35)
for Li gives 1.08, in good agreement with the expected
value of 1.0. This “‘ordering’’ of the guest Li cation was
also observed in the crystals structure of LiGaS8iO, - H,0O
(22). The water molecule occupies the main 8-ring chan-
nels of the structure, as does the oxygen atom of the water
molecule in LiAlSiO, - H,O, Of the two protons attached
to O(5), one, H(1), is involved in an H-bond to a neighbor-
ing O(5) atom, with d(O---H) = 1.998(14) A, The precision
of this bond length is overestimated due to the use of O-H
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FIG. 2. Final Rietveld observed (dots), calculated (line), and difference profile plots for LiZnPO,, X7a data, = 0.87902 A. Allowed reflection
positions are indicated by vertical tick marks. The profile has been split into two sections to more clearly show the quality of fit at higher angles.

bond-distance restraints mentioned above. H{2) makes no
close contacts with other species, apart from its own
bound oxygen atom, O(5).

LiZnPO,, whose structure is illustrated with ORTEP

in Fig. 5, is a semicondensed phase composed of ZnO, and
PO, subunits, incorporating the tetrahedrally coordinated
lithium cations into very distorted, squashed 6-ring chan-
nels. One zinc, one phosphorus, one lithium, and four
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TABLE 3
Atomic Positional Parameters for LiZnPO, - H,0
Atom x y z U (AY
Zn(1) 0.1249(10) 0.1064(14) 0.1951(22) 0.011(3)
F(1) 0.3246(9) 0.4117(13) 0.1929(22) 0.011(3)
0O(1) 0.9481(8) 0.1618(12) 0.1049(20) 0.008(3)
O{2) 0.2085(%) 0.3152(13) 0.0840(25) 0.008(3)
0(3) 0.1637(10) 0.1052(11) 0.5801(22) 0.008(3)
0O(4) 0.1898(11) 0.9331(12) —0.0026{18) 0.008(3)
Li(1) 0.194{4) 0.311(4) —0.326(5) 0.032(3)
0(5) 0.5093(12) 0.0920(12) 0.714%(20) 0.032(3)
H(1) 0.4814(18) 0.0595(19) 0.8991(25) 0.032(3)
H(2) 0.4777(20) 0.1920(17) 0.6232(32) 0.032(%)

oxygen atoms make up the asymmetric unit. Al the oxy-
gen atoms are coordinated to Zn, P, and Li; thus, the
phase could equally well be described as being made up
from a “framework’ of three (Zn, P, Li) tetrahedral
species rather than just two (Zn and P). The average
bond distances of the constituent species are typical:

d,(Zn-0) = 1. 967(4) A, d,,(P-0) = 1.548(3) A, d_,(Li-0)
= 1.96(2)A. The average Zn—O-P bond angle in LiZnPQ,
(119.9(3)°) has decreased by about 5° compared to that
found in the hydrated LiZoPQ, - H,O. The Zn/P/O frame-
work topology (Fig. 6) of LiZnPO, is composed only from
6-rings of alternating ZnO, and PO, tetrahedra.

DISCUSSION

The utility of powder diffraction methods for the eluci-
dation of subtle structural detzils has been demonstrated

FIG. 3. ORTEP view down the c-direction of the crystal structure
of LiZnPO, - H,O, with selected atoms labeled. H-bonds and Li—O bonds
are indicated by dotted lines.

TABLE 4
Bond Distances (A) and Angles(®) for LiZnPQ, - H,O
Zn()-0(1) 1.974(12) Zn(1)-0(2) 1.982(16)
Zn(1)-0(3) 1.966(14) Zn(1)-0O(4) 1.845(13)
P(1)-0(1) 1.501(8) P(1)-0(2) 1.552(16)
P(1)-0(3) 1.666(14) P(1)-04) 1.538(14)
Li(1)}-0(2) 2.054(35) Li()-C{3) 1.76(4}
Li(1}-0(4) 1.80(4) Li()-0(5) 2.12(4)
OB)-H(D 1.001(9) 0O(5)-H(2) 0.987(9)
0(5)---H(1)" 1.998(14)
O(1)-Zn(1)-0(2) 99.5(6) O()-Zn{1)-0(3) 114.9(7)
O(1)-Zn(1)~0(4) 113.7(7) 0(2)-Zn{1)-0(3) 100.7(D
O2)-Zn(1)-0(4) 109.2(7) 0(3)-Zn{1)~-0(4) 116.2(D
O(1)-P(1)-0(2) 112.8(8}) O()-P(1)-0(3) 101.9(8)
O(1)-P(1)-0(4) 114.8(9) O2)-P(1)-0(3) 114.3(8)
0(2)-P(1)-0(4) 109.0(9) O3)-P(1)-0(4) 103.7(7)
O2)-Li{ H~-O03) 107.2(15%) O2)-Li{1)-04) 115.4(20)
02)-Li(1)-0(5) 88.0(12) O3)-Li(1)-0(4) 120.9(19)
O3)-Li(H-3% 101.9(20) Od)-Li(1)-0(5) 118.2(17)
Zn(1)-0(1)-P(1) 131.9(8) Zn(1)-0(2)-P(1) 132.%8)
Zn(1)-0(3)-P(1) 110.6(7) Zo()-0(4)—-P(1) 125.3(9)
Zn(1)-0(2)-Li{1) 103.4(11) Za()-0(3)-Li(1) 107.1(12)
Zn{1)-O(4)~Li1) 114.0(12) P(1)-0(2)~Li(D 114.6(12)
P(1)-0O(3)~Li(1) 141.6(14) P(1)-0(4)-Li(1) 119.3(13)
4 - .- indicates an H-bonding contact.

for these lithinm zincophosphate materiats. Light-atom
location in LiZnPO, - H,0O was successfuily accomplished
by osing powder neutron diffraction methods, indicating
that the Li* guest atom in LiZnPO, - H,O occupies a simi-
lar site to that found for the Li* species in LiGaSiO, ' H,0
(22), and that the Li* species and the extra framework
water molecule interact via a Li-O bond, completing the
favored tetrahedral coordination of the lithium cation. A

TABLE 5
Atomic Positional Parameters for LiZnPO,

Atom x ¥ z Uio(AY
Li() 0.8507(15) 0.721(7) (.3088(30) 0.01¢

Zn(1) 0.34486(11) 0.2127(8) 0.18549(24) 0.019(3)
F(1) 0.40698(23) 0.4613(13) —0.3160(6) 0.019(3)
o(1) 0.3389(6) 0.2695(15) —0.2033(12) 0.00%(8)
o) 0.1593(6) 0.1483(15) 0.3015(12) 0.009(8)
o3} 0.3847(6) 0.4640(17) 0.3716(12) 0.00%(8)
O4) 0.4432(6) —0.0358(15) 0.2447(12) 0.009(8)

? Not refined.
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TABLE 6

Bond Distances(A) and Angles(®) for LiZnPO,
Zn(1)-0(1) 1.969(6) Zn(1)-0(2) 1.993(6)
Zn{1)-0(3) 1.956(9)  Za(D-0(4) 1.951(8)
P(1)-0O(1) 1.554(6)  P(1)-0(2) 1.529(6)
P(1)-003) 1.567(6) P(1H-0(4) 1.542(6)
Li(h)-0(1) 1.998(18)  Li(1)-0(2) 1.997(21)
Li()-0(3) 1.96(5) Li(1)-0(4) 1.89(5)
O()-Zn(1)-02)  107.2626)  O(D-Zn(1)-0(3)  107.72(34)
O(1)-Zn(1)-0(d)  109.0726)  OQ)-Zn(1)-0(3)  103.82(24)
O2)-Zn(1)-0(4) 104.15(32) OM-Zn(H-04) 123.66(23)
O(1)-P(1)-0(2) 110.11(33)  O)-P(1)-0(3) 107.7(4)
O(1)-P(1)-0(4) 110.8(4) 0(2)-P(1)-0(3) 107.8(4)
O2)-P(1)-0(4) 109.0(5) OD)-P(1)-0{4) 111.44(32)
O()-Li(1)-0(2)  104.2(7) O(D)-Li(1)-0(3)  100.8(14)
0O(1)-Li{1)-0(4) 106.9(23) O-Li(1)-03) 103.8(23)
0O(2)-Li(1)-0(4) 111.7(15) O(3)-Li(1)-0(4) 127.0(8)
Zn(H)-0(1-P(1) 119.9(4) Zn(1)-0(2)-P(1) 118.1(4)
Zn(1)-0(3)-P{1} 119.K5) Zn(1)-04)-P(1} 122.5(5)
Zn()-O(D-Li(1)  104.7(6) Zn()-0(2)-Li(t)  105.9(7)
Zn(N-003)-Li1) 119.8(9) Zn(1)-04)-Li() 117.5(10)
P(DH-O(D-Li(1} 117.2(14) P(1)-O(2)-La(l) 123.1(14)
P(1)-0(3)-Li(1) 119.1(10) P(1)-0(4)-Li(1) 119.9(10)

related “‘structure-directing”’ effect has been observed in
synthetic lithium beryllophosphate materials, where the
Li* cation makes three Li-O; bonds, and a fourth vertex
to an extraframework atom. In LiBePO, - H,0, this bond
is to the oxygen atom of a water molecule, and an ABW-
type phase is formed (36), similar to LiZnPO, - H,O de-
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FIG. 5. ORTEP view down the c-direction of the crystal structure
of LiZnPO,, with selected atoms labeled. Li-~O bonds are indicated by
dotted lines.

scribed here. However, other extraframework entities
generate other structures: Cl™ anion leads to a sodalite-
type structure, Li,CI(BePO,); (37), while HPQ;? leads to
a novel zeolite-losod-type network (15).

The chemical environment of the extraframework water
molecule in LiZnPO, - H,0 offers insight into the relative
importance of M-0 (M = extraframework cation) bond-
ing versus inter-water-molecule or water-molecule-frame-
work H-bonding effects (38). Although water molecules
arc often disordered or even too mobile to observe by
diffraction methods (19), most detailed zeolite crystal-
structure studies have indicated that M-0O bonds are the
prime determining factor in water molecule location, and
that H-bonds appear to be of secondary importance. In

FIG. 4. STRUPLO polyhedral plot (47} of the crystal structure of
LiZnPO, - H,0, showing the Zn/P/O framework only,

FIG. 6. STRUPLO polyhedral plot of the crystal structure of
LiZnPO,, showing the Zn/P/O framework only.
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LiZnPO, - H,0, the Li-atom tetrahedral-coordination re-
quirement appears to be most significant in determining
the O(5}-atom location, although a one-dimensional H-
bonding network occurs at the same time, as an infinte
chain of O(5)-H(1)- - - O(3)-H(1} - - - O(5) (- - - = H-bond)
links (Fig. 3). An analogous situation was observed in
LiGaSiO, - H,O (22, 38), where one of the two water-
molecule protons hydrogen bonds to a neighboring
water-molecule oxygen atom. By comparison, in the soda-
lite-type Nay(ZnAsQ,); - 4H,0 (39}, one of the extraframe-
work water molecule protons makes an H-bond to a
framework oxygen atom, indicating that the framework
topology is probably most important in determining the
various types of extraframework bonding interactions in
these phases.

It is notable that upon dehydration, the LiZnPQ, frame-
work has reconstituted from that of LiZnPO, - H,0 by
Zn-0-P bond breaking/making, and not just by a small
geometrical bond distance/angle rearrangement, trans-
forming from a 4-/6-/8-ring network in LiZnPO, - H,0 to
an all 6-ring topology in LiZnPO, . Framework integrity is
usually maintained in aluminosilicate zeolite dehydration
reactions (40), but may sometimes cause a rearrangement
in aluminophosphate molecular sieve dehydrations (41).
In the LiZnPO, - H,O — LiZnPO, process, complete or-
der/alternation of the ZnQ, and PO, species is maintained
in each case, although the rearrangement mechanism is
unknown at present. This (presumed) first-order phase
transformation may be compared to the situation in so-
dium zincoarsenate sodalite, where a reversible dehydra-
tion/rehydration reaction transforms Nay(ZnAsO,),-
4H,0 (cubic sodalite type, 4-/6-ring topology) to Na,
(ZnAsQ,); (hexagonal, all 6-ring topology) (42). Again,
Zn0, and (P/As)O, alternating tetrahedral connectivity is
preserved, and the Na* coordination changes from octa-
hedral in Na,(ZnAsQ,);-4H,O (three framework O +
three water-molecule O) to very distorted octahedral (six
framework O) in Nay(ZnAsQ,), (42), which is possibly the
“driving force™ of the reaction.

In LiZnPO,, the reorganized framework may be de-
scribed as being related to the *“‘stuffed’” tridymite-type
structure (43), which is the result of one of the particular
stacking sequences of different U/D (“‘up’’/**down’)
combinations of 6-rings of tetrahedra (44). This particular
framework has a highly distorted UUUDUD-type con-
figuration, compared to the UDUDUD configuration
found in tridymite itself (43). Perhaps the most significant
structural feature in LiZnPO, is the tetrahedral coordina-
tion of the Li* species in the dehydrated material. This
preferred fourfold coordination apparently cannot be at-
tained in the cavities of the dehydrated ABW-type net-
work, and greater stability is attained via a framework
rearrangement to the all 6-ring LiZnPQ, structure,

It is interesting to note that the crystallographic aspects

“constants of LiZnPO, as

HARRISON ET AL.

TABLE 7
Summary of Li—-ABW-Type Unit Cells

Formuia a (A) b (A} ¢ (A) V(A)  Reference
LiBePO,- H,O 9.662(2) T 4.739(1) 3579 (36}
LiBeAsO, - H,0 10.0408(9)  B.027R(7)  4.854%5)  391.33 (36)
LiAlSiO, - H,O 10.313¢1) 8.194(1) 4.993(1) 421.9 21
TIAISIO, 829U SAIHL)  S4I%L) 49 (49
LiZnP0, - H,00° 10,575(2) 8.0759(9) 4.9937(6) 426.5(2) This work
RbAISIO, 8.74(1) 9.22(6) 5.33(7} 429.5 43
LiZnP0, - H,0 10,5114 8.1320(%  5.0273(5) 429.71 (36)
LiGaSio, - H,0 10.461(4) 8.217(4) 5.037(2) 433.0 (38)
CsAlSIO, 8.907(2} 9.435(1) 5.433(1) 456.7 (48)
LiZnAsO,-H,O0  10.822(2) 8.2913(9)  5.1602(6)  463.02 (36)
LiAlISiO2 9.901(3} 6.594(2) 4.940(1) 322.52 (38, 45)
LiGaSiOs 10.055(3) 6.636(2) 4.968(2) 331.49 (38}
LiZnPO4 10.0207(2) 6.6731(2) 4.96548(8) 332.04(2) This work

Note. AW phases are orthorhombic,
At 15 K.

¢ Condensed 4~ /6- /8-ring structure(?).
¢ Condensed 4- /6- /8-ring structure.

4 Condensed all 6-ring structure.

of the dehydration reaction LiABO,-4H,0 — LiABO,
appear to be different for A, B = (Si, Al) or (8i, Ga)
and A, B = Zn, P. The phase LiAlSIO, exists in several
forms (38), but the modification known as 8-eucryptite
(38), has unit cell constants of a = 9.90 &, b = 6.59 A,
and ¢ = 4.94 A, which are very similar to the lattice
described here. How-
ever, LiZnPO, is probably nof isostructural with
8-LiAiSIO,, nor with lithium gallosilicate, LiGaSiO,, pro-
duced in the reaction LiGaSiOQ, - H,0 — LiGaSiO, (38),
which shares similar orthorhombic cell constants with
LiZnPQ, and LiAlSiO,.

Newsam and Deem, using a novel structure-solution
method based on ‘‘simulated annealing” (45, 46), deter-
mined that the dehydrated LiGaSiO, structure is based
on a 4-/6-/8-ring topology, which may be achieved by a
substantial ‘‘squashing’’ of the channel system in LiGaSi
0,-H,0, as opposed to a possible all 6-ring network,
similar to the LiZnPO, phase described here. Thus, al-
though the structures of LiZnPO, and LiGaSiO, are quite
different, their lattice parameters are very similar, and
bear similar relationships to the lattice parameters of their
respective hydrated progenitors. However, the space
groups of the two types of materials are different: the
squashed LiGaSiO, phase crystallizes in space group
Pna2,, while the LiZnPO, phase adopts a structure in
Pn2,a, although, coincidentally, these are alternate set-
tings of the same space group. The lithium cation location
in the 8-LiAlSiO, and LiGaSiO, phases is presently un-
known. All the known ABW and “‘dehydrated-ABW”’
phases are summarized in Table 7.

The work described above adds to the growing litera-
ture on Group 2/12/15 molecular sieves. The framework
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rearrangement reaction on dehydration of the fithium zin-
cophosphate ABW structure versus the framework distor-
tion for the lithium aluminosilicate and lithium gallosili-
cate congeners may offer insight into relative framework
stabilities: as previously observed (24), the Group 2/12/
15 frameworks tend to be less stable than their aluminosili-
cate analogues.
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