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The layered hydrates HUO,P0,.4H,O (HUP), and HUO,As0,.4H,O (HUAs), which are proton- 
conducting solid electrolytes above the conductivity transitions at 274 and 301”K, respectively, have been 
shown, using powder X-ray diffraction, to change from tetragonal to orthorhombic symmetry below these 
temperatures. For HUP the unit-cell dimensions were a =6.985(S) and c = 17.45(l) A at 290”K, and 
a = 6.966(5), b = 7.004(5), and c = 17.43(l) A at 260°K. The values for HUAs were a = 7.150(2) and 
c = 17.608(5) A at 305”K, and a = 7.128(2), b = 7.168(2), and c = 17.613(5) 8, at 293°K. The enthalpies 
of these displacive-type transitions were found from differential scanning calorimetry to be less than 0.5 kJ 
per mole of water for both compounds. Such a small value indicates that the rigid-like water lattices 
existing below the transitions do not become liquid-like above the transitions. The infrared spectra of 
HUP and HUAs both above the transitions, and down to SOOK, showed clear evidence of the presence of 
H,O+ ions, showing that the conductivity transitions are not caused by a loss of carriers. Rather, the 
antiferroelectric ordering, known to exist for HUAs, would appear to cause the conductivity drop. Upon 
this indication of ordering within the water layers, two possible related H-bond ordered structures have 
been proposed which are consistent with the observed twinning behavior and cell symmetry. The same 
ordered structures are suggested for HUP from our observations of the twinning behavior. 

Introduction 

We have recently established (1,2) that 
the layered hydrate hydrogen uranyl 
phosphate tetrahydrate, HUOzP04.4Hz0 
(HUP), has a high proton conductivity, which 
is in the region of solid electrolyte interest 
(3). Both the conductivity (1) and NMR 
relaxation times (4) show a sudden decrease 
below 274°K. In the isostructural arsenate 
(HUAs), the conductivity (5) and NMR dis- 
continuities (4) coincide with the previously 
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reported paraelectric-antiferroelectric tran- 
sition in the region of 291-301°K (6-8). We 
have undertaken a study of the nature of the 
transitions in both HUAs and HUP in order 
to elucidate the reasons for the conductivity 
and NMR changes. Further aspects relating 
to the conductivities of HUP and HUAs will 
be presented in Part IV (5). 

HUAs and possibly also HUP appear to 
have unusual dielectric properties. Of the 
small number of hydrates which exhibit 
dielectric ordering (9), most are ferroelec- 
tric. The only reported antiferroelec- 
tric hydrates, apart from HUAs, 
are (NHzCH2COOH)zH2S04.Hz0 and 
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Cu(HC00)2*4H20 (CFT), the properties of 
which have been tabulated (9). CFI posses- 
ses sheets of water molecules, as are also 
found in HUP and HUAs, and ordering of 
the H bonds occurs in the antiferroelectric 
phase (10, II) producing a doubling of the c 
axis (12). It was not known for HUP or 
HUAs whether ordering occurred in the 
water network or in the structural framework 
of the (UO,P/AsOJ :- layers. We have used 
X-ray diffraction, ir spectroscopy, differen- 
tial scanning calorimetry (DSC), and optical 
microscopy to study the transitions of HUAs, 
the deuterated form (DUAs), and HUP. As a 
result of these studies we have been able to 
propose H-bond ordered structures (13), 
and these will be discussed here in the 
context of the above measurements. Studies 
of the dehydration behavior and phase rela- 
tionships of HUP and HUAs have been 
reported in Part II (14). 

Several uranium mica minerals were found 
in the 1870s near Schneeberg in Germany 
(15). Among these were troegerite, 
HU02As04.4Hz0 (HUAs), and urano- 
spinite, Ca(UO&(AsO&.nHzO. These 
are members of the wider class of uranium 
mica minerals of general formula 
A”+(U02X04)Z*nHz0, where A may be 
almost any monovalent or divalent cation, X 
may be P or As, and n can range from 2 to 
8. While the X-ray reports showed troegerite 
to have tetragonal symmetry (15), mor- 
phological and optical studies showed biaxial 
properties only consistent with a lower 
symmetry (15, 16). Uranospinite minerals, 
and the related phosphate minerals autunite 
and torbenite, showed variously uniaxial or 
biaxial character. Such changes from uniaxial 
to biaxial character, even observable as 
different zones within single crystallites, have 
been attributed to variations in the water 
content of troegerite (16-18) and other 
uranium micas (15, 17-19), or alternatively 
due to strain (15). Synthetic preparations of 
HUAs by Mrose (ZO), referred to as 
synthetic hydrogen uranospinite, were found 

to be tetragonal, and were uniaxially nega- 
tive in contrast to troegerite. 

de Benyacar and co-workers, in a series of 
papers on HUAs (6-8), initially referred to 
as synthetic troegerite, but later called 
hydrogen uranospinite, identified two tran- 
sitions. Above about 291°K HUAs was uni- 
axial and paraelectric (phase I); at lower 
temperature it was biaxial and antifer- 
roelectric (phase II), and below about 253°K 
it was still biaxial but now ferroelectric 
(phase III). The presence of the transition at 
a temperature in the ambient range which 
was found to vary from batch to batch of 
crystals explains many of the earlier apparent 
inconsistencies. However, careful Weissen- 
berg photographs of phase II still revealed 
only a tetragonal unit cell, in conflict with the 
optical data. 

The properties of HUP have been 
reviewed in Part I (2). Neither birefringence 
nor dielectric ordering has been reported for 
HUP. 

Experimental 

HUP and HUAs were prepared by pre- 
cipitation from equimolar solutions of uranyl 
nitrate and phosphoric or arsenic acids, 
respectively, as previously described (14). 
The compositions were confirmed by chem- 
ical analysis and TGA. X-Ray data were 
obtained with a Philips PW 1050/25 powder 
diffractometer having a variable temperature 
stage, and using Cr radiation (A = 2.291 A), 
and KAl(S0&~12Hz0 as a standard (a = 
12.158 A). Care was taken to maintain pre- 
cisely the same sample heights in the holder, 
since the low-angle peaks were sensitive to 
this. A Perkin-Elmer DSC 1B instrument 
was used to obtain the DSC data, and the ir 
spectra were recorded on a Perkin-Elmer 
457 instrument. 

Results 

X-Ray and Optical Studies 

HUAs. Crystallites of HUAs from 
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various batches all showed biaxial character 
under the polarizing microscope at room 
temperature (290-293°K) if examined soon 
after filtration. Platelets up to about the 
average size of 1 pm usually were single 
domain. The larger crystals often showed 
twinning along the (110) planes producing 
platelets containing two or more domains. 
Still larger crystals, of about 0.2 mm in size 
and grown from their equilibrium solution, 
showed the characteristic striae of pencil- 
shaped domains, about 1 u,rn wide, and 
extending across the platelets, as have 
been described in detail by de Benyacar 
and co-workers (6, 7). (We could not tilt the 
microscope stage in order to observe the 
subdomains described by de Benyacar and 
co-workers.) The biaxial character was no 
longer evident in crystals about 1 mm wide, 
and 0.1 mm thick, which is an expected 
optical consequence for thick crystals. 
Weissenberg photographs of such crystals, 
taken by Dr. W. S. McDonald, showed 
diffuse spots consistent with twinning. Our 
powder X-ray studies should have been able 
to identify the lower-symmetry cell deman- 
ded by the birefringence. 

We found that precipitate which had been 
separated from the supernatant liquid, but 
not washed, gradually became uniaxial over 
the period of a day or so if left on the micro- 
scope slide in the laboratory. This was 
accompanied by the appearance of some- 
times several new 002 peaks at lower angles 
in the X-ray pattern. These changes were 
found to be due to reaction with atmospheric 
NH3 to produce the NH4+-substituted form. 
Precipitate which had been washed to pH 2 
and dried in air took about 1 to 4 weeks to 
show evidence of reaction with NH+ All 
NH3 solutions and stock bottles were hence- 
forth excluded from the laboratory. The 
washed and unwashed precipitates showed 
the same optical and X-ray properties initi- 
ally. 

The sample of HUAs used for the X-ray 
work had been stored with its equilibrium 

solution for 18 months in a sealed container, 
and was filtered, washed in arsenic acid of 
pH 2 until the filtrate was pH 1.8, and dried 
in air at 295°K for 24 hr. The X-ray 
diffractogram at 293°K of this biaxial HUAs 
powder was similar to that tabulated by 
Mrose (20) for uniaxial material, with the 
exception that reflections for which h f k 
were broadened and many were split into 
well-resolved doublets. This had not been 
previously observed, and indicated an 
orthorhombic unit cell, which would explain 
the biaxial character of HUAs in the antifer- 
roelectric phase II. Weissenberg photo- 
graphs taken on larger single crystals, which 
would possess multiple domains of orthor- 
hombic symmetry, would be expected to 
show an apparent tetragonal unit cell, with 
possible spot broadening, as indeed found by 
both ourselves and earlier workers, and this 
has hitherto prevented the true symmetry 
from being determined. 

The lattice parameters at 293”K, cal- 
culated using all the major peaks, were a = 
7.128(2), b = 7.168(2), and c = 17.613(5) A, 
where the errors in the last digits are 
indicated in parentheses. A 121 peak, 
observed by both ourselves and Mrose (ZO), 
is forbidden for a unit cell having half this c 
dimension, and confirms the double cell, 
representing two complete structural layers, 
as reported by Walenta (17, 18). Mrose (20) 
failed to assign the 121 peak. 

The temperature dependence of the lattice 
parameters, extending up into tetragonal 
phase I, was conveniently obtained by 
observing just selected high-angle peaks 
using the diffractometer hot stage. The 
results, illustrated in Fig. 1, clearly show the 
sharp transition at approximately 301°K to 
the tetragonal phase. There is a noticeable 
expansion in the a-b plane, and a possible 
slight contraction in the c direction to give a 
net volume expansion of (0.05 f O.Ol)% in 
going to the tetragonal phase. Above 320°K 
the c axis is seen to contract due to the onset 
of dehydration, which nevertheless leaves 



140 SHILTON AND HOWE 

t 1 I 

::t d I 
260 220 240 300 320 

TIK 

FIG. 1. Lattice parameters of HUAs, showing the 
change from the orthorhombic to the tetragonal high- 
temperature phase at 301’K. a and b were deter- 
mined from the 310 and 130 peaks, the upper values of 
c from the 1, 1, 10 peaks, and the lower values of c 
from the unresolved 106 and 016 peaks. Absolute errors 
are kO.01 A; relative errors are much smaller than this. 

the a axis unchanged. Small temperature 
changes are seen to alter the c parameter 
quite detectably over the entire temperature 
range studied, and the temperature of 
measurement should therefore be stated in 
accurate work. The coefficient of thermal 
expansion in the c direction was (5* 1) x 
lop4 K-’ and the average of that in the a and 
b direction was (3 f 1) x lo-’ K-l. 

A complete diffraction pattern of tetra- 
gonal HUAs was recorded at 305”K, and the 
lattice parameters were a = 7.150(2) and c = 
17.608(5) A. Previous determinations show 
a spread of values, of a from 7.10 to 7.16 A, 
and of c from 17.50 to 17.60 A (Z&23), with 
our values and those of Mrose (20) being at 
the top ends of the ranges. The space group 
was identified as P4/ncc, which is derived 
from P4/nmm quoted by Mrose (20) by a 
doubling of the c parameter. The small 
changes in going from phase I to phase II 

indicate a displacive rather than a recon- 
structive transition. The space group for 
phase II will therefore be derived from 
P4/ncc found in phase I, indicating, in con- 
junction with the X-ray pattern, that the 
space group of highest allowable symmetry is 
Pccn. 

The data did not reveal any changes across 
the reported phase II to phase III transition 
at 253°K (7). The observed phase I to phase 
II transition temperature of 301°K agrees 
with the maximum in the temperature range 
of 291 to 301°K observed by de Benyacar 
and de Abeledo (6) for different batches of 
crystals. We found that such variations in the 
transition temperature correlated with vari- 
ations in the atmospheric humidity. For 
example, a sample of orthorhombic HUAs 
which was kept in situ on the diffractometer 
stage in a flowing saturated air/nitrogen 
mixture of water vapor pressure 5 mm Hg 
(0.7 kN m-‘) was tetragonal at 292°K the 
next day. Such a lowering of the transition 
temperature is probably due to a slight loss of 
water within the slightly nonstoichiometric 
tetrahydrate phase, which can be expressed 
more precisely as HU02As04$4 - x)H*O, 
where x is probably less than 0.05 (14). The 
slight water loss may also be accompanied by 
the loss of small amounts of a phosphorus- 
containing compound such as P205 or 
H3P04 (14). The conductivity transition 
occurred at 301°K (5), and since the disk was 
immersed in solution this must represent the 
maximum transition temperature. 

HUP. HUP exists in three crystallo- 
graphic modifications (types I, II, and III) as 
described by Moroz et al. (ZZ), and discussed 
in Part I (2). Our work relates to type I (Z), 
which is tetragonal at ambient temperatures 
and for which a single-crystal X-ray study has 
recently been reported (24). So far there is 
only evidence of one modification of HUAs, 
which appears to correspond to the type I 
modification of HUP. We report, for the first 
time, the observation of optical birefringence 
and domain formation in HUP crystals below 
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about 274”K, thus confirming the presence of 
a crystallographic distortion similar to that 
found in HUAs. The optical characteristics 
were the same in all respects to those 
described by ourselves and by de Benyacar 
and de Abeledo (6) for HUAs. 

At 290°K the lattice parameters were 
found to be a = 6.985(5) and c = 17.45(l) A, 
with a space group consistent with P4/ncc. 
Our values do show a small, but experi- 

mentally significant, difference to those of 
a = 6.995(2) and c = 17.491(4) A obtained 
from the single-crystal study (24). The 
differences may result from slightly different 
water contents within the nonstoichiometric 
tetrahydrate phase (14), arising from 
different atmospheric conditions. 

Figure 2 shows the transition at 274°K to 
what was identified as an orthorhombic unit 
cell, of space group Pccn, deduced on the 
assumption of a displacive transition from 
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FIG. 2. Lattice parameters of HUP, showing the 
change from the orthorhombic to the tetragonal, 
high-temperature phase, at 274°K. a and b were 
determined from the 310 and 130 peaks, and c was 
determined from the 008 peak (the data for two 
separate runs are shown). Absolute errors are iO.01 A; 
relative errors are much smaller than this. 

P4/ncc found in phase I (24). The 
coefficients of thermal and volume expansion 
were the same as those for HUAs. The lattice 
parameters at approximately 260°K were 
a = 6.966(5), b = 7.004(5), and c= 
17.43(l) A. 

Differential Scanning Calorimetry (DSC) 

Values for the enthalpies of the phase I to 
phase II transitions have not been reported 
for any of the compounds. We found the 
values to be so small that an accurate deter- 
mination could not be made. However, an 
upper limit of 0.5 kJ per mole of water was 
established for all three compounds, HUAs, 
DUAs (93% deuterated), and HUP. The 
peaks were reasonably symmetrical, and 
spread over about 4°K at the slowest heating 
rate used of 1°K min-‘. Extrapolation of the 
leading edge of the peak (25) gave the tran- 
sition temperatures as 299, 290, and 271°K 
for HUAs, DUAs, and HUP with an 
absolute uncertainty in the temperatures of 
3°K. No peaks were detected for the phase II 
to phase III transition in HUAs, which is 
consistent with the lack of a peak in the DTA 
(6). 

Infrared Spectra 

Samples of HUAs and HUP were washed, 
to remove excess acid, until the equilibrium 
solutions were pH 2, filtered, dried between 
filter papers, and then air-dried. The 
powders were ground in the presence of 
Nujol, and pressed between AgCl disks. 
Spectra were recorded over a range of 
temperatures from 80 to 330°K in an evacu- 
ated cryostat. Only after several hours at the 
highest temperature were there any notice- 
able effects of dehydration or chemical 
change. 

Representative spectra are shown in Fig. 
3. As can be seen, there were only small 
differences between the three respective 
phases of HUAs and HUP. The three HUAs 
spectra clearly show the H30+ asymmetrical 
and symmetrical bending modes at 1750 and 
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FIG. 3. Infrared spectra of HUAs and HUP, at 
temperatures covering the three possible phases of each. 
The temperatures for HUAs, from top to bottom, were 
330, 293, and 80”K, and those for HUP, from top to 
bottom, were 293, approximately 250, and 80°K. The 
sharp peaks which occtir at the same frequencies for 
both samples arise from Nujol. 

1150 cm-r, respectively, as previously 
assigned for the room temperature spectrum 
(26). These peaks intensified at the lower 
temperatures, and there were also intensity 
changes in the two water bands in the region 
of 3400 and 1620 cm-i. In HUP, only the 
H30+ peak at 1750 cm-’ is resolved, as pre- 
viously assigned for the room temperature 
spectrum (22,27), and again the peak 
intensified at lower temperatures. 

The ir spectra clearly show that the H30+ 
ions are present in all three phases despite 
the antiferro- and ferroelectric ordering 
known to exist in HUAs. Moreover, the 
widths of the H30+ and Hz0 peaks at 80°K 
indicate that the ordering has not resulted in 
unique sites for these species within the H- 
bonded network. One further point is that 
the single-crystal study of HUP (24) 
revealed very short H bonds (2.56 A) linking 
oxygens in adjacent water squares, sugges- 
tive of the possible presence of H502+ ions. 
However, although spectra of both HUP and 
HUAs showed peaks in the 2200 to 

2300 cm-’ region expected for HsOz+ (28), 
the possible presence of water bands also in 
this region prevents a definite assignment 
from being made. 

Discussion 

The X-ray results have established that 
the paraelectric-antiferroelectric transition 
observed in HUAs is accompanied by a dis- 
placive transition which results in orthor- 
hombic symmetry. A similar transition has 
been shown to occur in HUP, and it is likely 
that HUP also becomes antiferroelectric, 
although this has not yet been specifically 
confirmed. 

The ordering responsible for the antifer- 
roelectricity could occur in the uranyl- 
phosphate layers, the water layers, or 
possibly in both. However, the large changes 
in both the H’ conductivity (1,2,5) and 
NMR relaxation times (4) in both HUP and 
HUAs at the transition temperatures, would 
indicate a significant change in the water 
behavior through the transition. The possi- 
bility that this could be due to a “freezing” of 
the waters between the layers can be ruled 
out since the observed enthalpies of tran- 
sition of less than 0.5 kJ per mole of water 
are far too low compared to the enthalpy of 
freezing of ice of 4.8 kJ mole-l, for example. 
The hydrogen-bonded water network is 
therefore essentially solid-like both above 
and below the transition. This accords with 
activation energies for both HUP and HUAs 
for the spin lattice and spin-spin relaxation 
times of 20 kJ mole-’ above the transition, 
and values higher than this below the tran- 
sition (4). The very small dimensional 
changes occurring at the transition would not 
themselves be expected to drastically alter 
the behavior of the water molecules either. 
We therefore infer that at least ordering of 
the H bonds within the water structure 
occurs in going to the antiferroelectric phase. 
The ordering would inhibit H+ conductivity, 
causing a sudden drop in the conductivity as 



HYDROGEN URANYL PHOSPHATE AND ARSENATE STRUCX’URE 143 

observed. The ir results show that the 
conductivity transition could not be caused 
by proton trapping on basic sites of the 
(UO,PO,)E- layers, since H30+ was still 
present at low temperatures. 

On the basis of the X-ray and twinning 
data, we have been able to propose an 
ordered H-bond scheme which explains the 
antiferroelectric properties. A definitive 
determination of the H (or D) positions in the 
compounds by X-ray or neutron diffraction, 
which is being tried by Dr. B. E. F. Fender of 
Oxford, will be extremely difficult due to the 
complex twinning behavior of the crystals in 
the antiferroelectric phase. de Benyacar and 
de Dussel (8) recognized that the twinning 
planes could not be symmetry planes of the 
structure. The available evidence at the time 
indicated that the space group of the 
paraelectric phase was P4/mmm. Our evi- 
dence, for both HUAs and HUP, indicates a 
doubling of the c dimension to give the space 
group P4/ncc. Exclusion of the (110) and 
(110) domain planes, and (100) and (010) 
subdomain planes as symmetry planes 
reduces the point group of 4/ mmm, which is 
common to both space groups P4/mmm and 
P4/ncc, to either one of the point groups, 1, 
1, 2 or 222 (8). Only 222 is consistent with 
our findings of orthorhombic symmetry, giv- 
ing a space group of P21212. This is of lower 
symmetry than that deduced directly from 
the X-ray data, but would not be experi- 
mentally distinguishable using our data from 
Pccn because the observed reflections are 
consistent with both space groups. We 
therefore looked for ordered structures hav- 
ing the space group P21212. 

The structure of HUP, as obtained from a 
single-crystal study of the paraelectric phase 
(24), has been fully described in Part I (2). 
The water molecules in this phase occupy a 
unique position, and are arranged in squares 
which are linked to each other at each corner, 
as shown in Fig. 4, to form a continuous 
puckered network. The two square (s) H 
bonds and one link (I) H bond associated 

FIG. 4. H-Bond network in HUP or HUAs, showing 
a possible arrangement conforming to the suggested 
ordered structure. The oxygens at the intersections of 
the lines are not shown. Filled H-bond positions, 0; 
unfilled positions, 0; H-bond vacancies are signified by 
a rectangle. p bonds point up and down to phosphate 
groups, I bonds link neighboring squares of water 
molecules, and s bonds link water molecules within each 
square. 

with each water are shown in the figure. The 
fourth H bond belonging to each oxygen is to 
an oxygen of a phosphate or an arsenate 
group either in the (U02X04)i- layer 
above, or in a similar layer below. These H 
bonds are labeled p in Fig. 4. The unit cell 
contains two water layers, and two 
(U02X04)Z- layers, in which the X0:- 
groups are twisted slightly relative to each 
other. 

For every four water molecules there are 
10 potential H bonds. However, there are 
only nine protons, leaving an H-bond 
vacancy. Each square, then, contains one 
H30+ ion and one H-bond vacancy, as shown 
in Fig. 4. Whether the vacancies are on the 
link, square, or phosphate sites does not 
influence the deduction of the ordered 
structures. For the purposes of Fig. 4, we 
have assigned the vacancies to the square 
sites, which would aid water reorientation 
necessary for conduction in phase I (2). The 
short link distances found in phase I (24) of 
2.56 A would be inconsistent with vacancies 
in the link positions. The presence of H30+ 
ions shows that the hydrogens in the phos- 
phate bonds are, for all phases, on the water 
side of the bonds, and will not be further 
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considered regarding possible ordered 
structures. Bands due to P-O-H hydrogen 
bonds are not present in the appropriate 
region of the ir spectra. Such a band was 
identified at 2380cm-’ for a dehydrated 
form of HUP (22,27). 

Taking the space group P21212, we have 
tried to derive structures in which the order is 
produced by (a) assigning one H-bond dipole 
to each possible H bond and arranging these 
to suit, and allowing the H,O+ and vacancies 
to be incorporated where necessary in a 
nonordered fashion, (b) ihcorporating the 
H30+ ions into the ordered dipole arrange- 
ment in an ordered way, with the vacancies 
not ordered, (c) incorporating the vacancies 
into the ordered dipole arrangement in an 
ordered way, with the H30f ions not 
ordered, and (d) incorporating both &O+ 
ions and vacancies into the ordered dipole 
arrangement in an ordered fashion. Only 
arrangements of type (a) were found to give 
the space group P21212. The other 
arrangements led to lower symmetries, 
which, although they could not be ruled out, 
could not be substantiated by the available 
data, and we shall now describe the struc- 
tures conforming to the space group P21212. 

We could construct only two ordered 
structures for which the unit cells matched 
the orthorhombic unit cell. One structure is 
shown in Fig. 5, and the other is obtained by 
rotation of one of the water layers by 90”. 
The arrows represent the electrostatic 
dipoles along the O-O axes due to the hydro- 
gens being off-center. The hydrogens there- 
fore are at the tail ends of the arrows. Each 
oxygen is associated with a hydrogen in the 
fourth H bond (not shown) to the phosphate 
or arsenate oxygens. The ordering has 
destroyed the fourfold symmetry axis, resul- 
ting in a unit cell in which the a and b axes are 
inequivalent. 

The dipole ordering is seen to be head to 
tail around the squares, which is an elec- 
trostatically stable configuration. In addi- 
tion, there are chains head to tail of alternate 

FIG. 5. One of the two suggested ordered structures 
in the two water layers (heavy and light lines) of HUP or 
HUAs. Large circles represent oxygens, small circles, 
hydrogens, which are at the positive, tail end of the 
arrows. Sheets of (UOsXO,)~- are interspaced 
between the illustrated water layers. The symmetry 
elements corresponding to PZ12r2 are indicated for the 
unit cell. (Half-arrows, twofold screw axes; ellipses, 
twofold rotation axes.) The sides of the square represent 
the a and b axes. We cannot, of course, determine which 
is which. The second proposed structure is obtained by 
rotation of one water layer through 90”. 

link and square dipoles which run horizon- 
tally in Fig. 5, but not perpendicularly. The 
structures imply a coupling between suc- 
cessive water layers so as to provide for the 
correct interlayer dipole arrangement. Such 
a coupling is present in the few other dielec- 
trically ordered layered hydrates such as 
CFT (IO) already referred to, SnC12.2H20 
(29,30), and K4Fe(CN)6.3H20 (3.2). 

Specification of the positions of H,O+ ions 
and vacancies in an unordered fashion does 
not alter the space group. There are only two 
positions within each square in the ordered 
structures which can accommodate a vacancy 
without producing an OH- ion. These are in 
the positions shown in Fig. 4, and also on the 
opposite sides of each of the squares. As the 
structure is drawn in Fig. 5, each square 
contains two H30f ions, at the corners which 
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have two dipole tails, that is, two hydrogens, 
plus a third hydrogen in the phosphate H 
bond. The incorporation of one vacancy into 
each square leaves just one H30+ ion, as 
required, and Fig. 4 shows the ordered dipole 
arrangement after a random incorporation of 
vacancies and H30+ ions. Ordered 
arrangements of these entities not only lower 
the symmetry, but in many cases change the 
structure from being truly antiferroelectric to 
possessing a net dipole moment, which 
would then be inconsistent with the findings 
of antiferroelectricity by de Benyacar and de 
Dussel (7). 

Although the atomic displacements 
caused by ordering are not necessarily 
prescribed by the space group of the 
ordered dipoles themselves, consideration of 
the likely dipole-dipole interactions in the 
ordered structures would suggest that the 
atomic displacements would conform to 
orthorhombic symmetry to retain the space 
group P2i2i2 in the relaxed structure. 
Whether displacements, which must occur 
also in the (U02X04)E- layers, are induced 
by the H-bond ordering, or whether there is 
an additional driving force from these layers 
we cannot tell. 

Since the twinning directions were fed in to 
produce the deduced space group, the 
ordered structures will, of course, be consis- 
tent with the twinning behavior. However, 
many subtleties, itemized below, of the 
observed twinning behavior are well 
explained by the ordered structures, as will 
now be discussed. 

1. The domain boundaries in both HUAs 
(6) and HUP (our observations) are visible 
using unpolarized light, indicating a struc- 
tural discontinuity. The domain boundaries, 
along (110) or {liO}, result from the size 
difference between the a and b axes. Figure 6 
shows a plan of two adjacent water layers in 
the structure. The mirror plane for the 
domain boundary (long line) exists after 
translation from one layer to the next, as 
shown. However, in the adjacent domains, 

Fig. 6. Domain and subdomain boundaries (long and 
short lines, respectively) in one of the suggested struc- 
tures, in which consecutive water layers (heavy and light 
lines) show mirror symmetry after translation to the next 
water layer, that is, by half a unit cell in the c direction, 
perpendicular to the layers. 

all the dipole directions have been reversed 
compared to each other, as can be seen in 
Fig. 6, causing the a and b axes to be inter- 
changed. This causes the domain boundary 
region to suffer considerable distortion, as is 
visually evident in the crystals. 

2. The subdomain boundaries are not 
evident in unpolarized light (6). A sub- 
domain boundary is shown in Fig. 6. It can be 
seen that across the boundary only the 
directions of the dipoles constituting the 
squares are reversed, which will leave the a 
and b axes unchanged becase of the fourfold 
symmetry of the square. Hence there will be 
little or no distortion associated with the 
subdomain boundaries, as observed. 
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3. The subdomains are not pencil shaped 
like the domains, but are much larger and cut 
across many domains (6). Large subdomains 
are possible in the proposed structures 
because they are not associated with stress 
relief. It can also be shown that the proposed 
domain and subdomain boundaries can 
intersect each other. 

4. The subdomains were found to anneal 
out at lower temperatures, or upon 
temperature cycling (6). Since subdomains 
are not required to relieve stresses in the 
crystal, they are therefore free to anneal out 
to produce unisubdomain crystals. 

It might be added that other related 
ordered structures can be generated by, for 
instance, reversing the dipole directions in 
every second water layer. These have a 
different symmetry and do not permit 
domain together with subdomain formation. 
This may provide another explanation of 
why subdomains were sometimes not 
observed (6). 

In conclusion, we wish to emphasize that 
there is no immediately obvious way of 
producing an antiferroelectric ordered 
arrangement of the dipoles in the water 
network of HUP or HUAs. The structures 
which are suggested by the X-ray and twin- 
ning data are, in fact, some of the simplest 
ordered arrangements possible for this 
particular and unusual H-bond network: 
dipoles are head to tail around the squares, 
and along half of the zigzag dipole chains. 
Moreover, the unit cells of the ordered 
structures are identical to the dimensions of 
the basic orthorhombic unit cell, confirming 
the simplicity of the structures. We might add 
that satisfactory structures can be found in 
which the cell dimensions are multiples of the 
basic orthorhombic unit cell. Such a possi- 
bility may eventually be checked by neutron 
diffraction studies. However, the complete 
solution of an H-bond ordered structure 
is a formidable task, as can be seen from 
the literature on, for instance, 
CU(HCOO)~*~H~O (10-12). While the 

complete solution of the structure is awaited, 
we feel that the presentation of one of the 
simplest ordered arrangementi is of merit, 
particularly in view of the fact that it does 
afford a very satisfying explanation of the 
space group, the antiferroelectricity, the 
details of the twinning behavior, and the 
conductivity transition for compounds which 
are of considerable current interest as two of 
the few known proton-conducting solid 
electrolytes. 
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