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The nature of the lattice disorder generated by prereactional phenomena in Ca(OH), is investigated by
single-crystal neutron diffraction. A contraction of the layers is observed and the resulting distortions
along the ¢ axis increase; above a critical concentration of defects, the distortions along the ¢ axis can
no longer increase and a disorientation of the layers occurs to accomodate the newly created defects.
This disorientation causes the relaxation of the distortions. The characteristic temperatures at which
the above mentioned phenomena occur are strongly dependent on the water pressure and take place

far below the temperature of onset dehydration.

Introduction

Previous neutron and X-ray diffraction
studies of the Ca(OD), structure on poly-
crystalline samples revealed that prereac-
tional transformations take place inside the
material at approximately 5S0°C below the
temperature of onset dehydration (7, 2). In
particular, a strain relaxation occurs in the
(001) planes and an abnormal increase of
the deuterium thermal parameters was ob-
served. However, this latter result had to
be considered cautiously as it was based on
powder data collected over a rather limited
range of sin /A and including only a small
number of Bragg reflections.

This observation combined with the
results of optical spectroscopy and proton
conductivity obtained by Freund (3-5) has
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led us to undertake a series of single-crystal
neutron-diffraction experiments aimed at
obtaining more accurate values of the ther-
mal parameters and a better understanding
of the formation of the H;O molecules be-
fore their elimination from the hydroxide
structure.

Experimental

Crystal data. Ca(OH), crystallizes in the
hexagonal space group ““‘P3ml (‘‘Interna-
tional Tables of Crystallography,”” n° 164).
There is one formula unit per unit cell (Fig.
1). The Ca atoms lie in the invariant posi-
tions (0, 0, 0) while the O and H atoms are
located in the special positions = % z¢) and
*( % zw).

The lattice parameters and atomic coor-
dinates zo and zy given by different authors
are reported in Table I.
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FiG. 1. The crystal structure of Ca(OH),: (a) one
unit cell of the hexagonal lattice; (b) projection of three
neighboring unit cells on the (00.1) plane.

Sample. Ca(OH), single crystals were
prepared under vacuum according to the
method of Ashton and Wilson (12) by slow
diffusion of a calcium chloride solution into
a sodium hydroxide solution. They are
transparent hexagonal prisms (axis of the
prism = ¢) with sizes up to 1 or 2 mm.

A well shaped crystal with approximate
dimensions 1.9 X 1.7 X 1.7 mm> was se-
lected for the neutron experiment.

Experimental procedure. Neutron dif-
fraction measurements were performed on
the four-circle diffractometer D9 situated
at the hot neutron source of the high-flux
reactor of the Institut Laue-Langevin,
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The wavelength of neutrons was 0.5467
A. This value is based on the room temper-
ature lattice parameters of Ca(OH), a =
3.5918 A and ¢ = 4.9063 A quoted by Bus-
ing and Levy (6).

The Ca(OH), single crystal was held by
fused silica wool in a small cylindrical Al
container mounted on top of an aluminium
pin. A furnace designed for the four-circle
geometry (13) was used. It is worth noting
that the actual sample temperature was
lower than the measured temperature since
the chromel-alumel thermocouple was fixed
at the bottom of the sample-holder (i.e., a
few millimeters from the sample).

In chronological order, the following sets
of data were collected:

First, under vacuum (10~* Torr), eight
sets of data between room temperature and
220°C.

Second, two other sets of data at 50 and
180°C, the crystal still being held under vac-
uum.

Finally, a small water vapor pressure (1.9
Torr) was introduced in the sample cell and
four new sets of data were measured every
40° between 180 and 300°C.

Grenoble. Data analysis. Integrated intensities
TABLE 1
STRUCTURAL DATA FOR Ca(OH), AS REPORTED IN THE LITERATURE (RT)
References Techniques a (A) c (A) 20 2y
Busing and Neutron 3.5918 4.9063 0.2341 0.4248
Levy (6) diffraction (£0.0003) (+0.0007) (=0.0003) (=0.0006)
Petch (7) X-ray (€)] (.}
diffraction 3.5925 4.905 0.2330 0.395
(£0.0007) (£0.003) (+0.0004) (+0.008)
Swanson and X-ray
. . 4,
Tatge (9) diffraction 3.593 909
Bernal and Model based
Megaw (10) on electrostatic 0.500 > zy > 20
and symmetry 7)
considerations
Henderson and NMR 0.418

Gutowski (/1)
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TABLE II
Ca(OH), CRYSTAL STRUCTURE REFINEMENT PARAMETERS?

Temperature
“C) 20 50 80 110 140 174 199 220 500 180 180 220 260 300
Nd 103 104 103 105 103 103 95 103 58 58 58 58 58 58
R 0.038 0.037 0.040 0.043 0.042 0.043 0.042 0.043 0.027 0.033 0.035 0.036 0.033 0.038
R, 0.027 0.026 0.027 0.028 0.027 0.031 0.028 0.028 0.017 0.021 0.022 0.021 0.018 0.017
Mosaic
spread (AU)
le 563 659 819 784 814 836 1281 1550 1911 2161 2456 2330 3285 5009
le 188 183 196 207 173 157 133 132 130 124 124 114 165 215

a All data were collected on the same crystal; parameters are given in chronological order from left to right. The discrepancy

indices R and R,, have their usual definition.
b Recorded after cooling from 220 to 50°C.
¢ This measurement and the next ones were recorded under a
4 Number of independent reflections used in the refinement.

were evaluated by the o(I)/I criteria (14)
and corrected for Lorentz and absorption
effect. Least-squares refinement of the
structure was carried out with the crystallo-
graphic program system Prometheus (15).
The neutron scattering lengths were taken
equal to 4.90, 5.805, and —3.7409 fm for Ca,
O, and H atoms, respectively (/6). All the
atoms were allowed to vibrate anisotropi-
cally. The first cycles of the refinement
based on unaveraged F,s values (with & =
0) were used to evaluate the extinction pa-
rameters. Indeed, all data, and especially
those collected near room temperature,
were found to be strongly affected by ex-
tinction. This was actually to be expected
for these rather perfect crystals grown
slowly under carefully controlled condi-
tions. The largest effect, by far, was ob-
served for 00/ reflections, which implies an
anisotropic distribution of mosaic spread.
As a consequence, all sets of data had to be
corrected for extinction before they could
be used in a structure refinement. This ex-
tinction correction was calculated in the
formalism of Becker and Coppens (17, 18).
Various extinction models were tested. The
best results were obtained by assuming a
Lorentzian anisotropic mosaic distribution
(type I extinction). Owing to the symmetry

small water vapor pressure (1.9 torr).

of the lattice, only two extinction parame-
ters were required. Refinement of these two
extinction parameters decreased the dis-
crepancy index R, from 0.063 to 0.027
(room temperature data). For sake of con-
venience in the following discussion, the
extinction quantities Z;; were transformed
to the equivalent mosaic spread parameters
(24). However, it is difficult to assign any
physical significance to the absolute values
of these parameters; in the following we
will therefore quote mosaic spread parame-
ters in arbitrary units and discuss only their
evolution, on a relative scale, as a function
of temperature and history of the sample.
Corrected intensities were then averaged
and used for the final refinement of the
scale factor and eight positional and ther-
mal parameters. The number of indepen-
dent reflections, R factors, and extinction
parameters are given in Table II.

Results

(1) Extinction Parameters

The temperature variation of the mosaic
spread calculated from the anisotropic ex-
tinction parameters is plotted in Fig. 2: at
room temperature the mosaic spread along
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F1G. 2. Temperature variation of the mosaic spread
in Ca(OH), along and perpendicular to the ¢ axis.

the ¢ direction is much smaller than in the
(001) planes and appears to be unaffected
by the increase of temperature. In the (001)
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planes, the disorientations increase
smoothly up to 180°C (sample under vac-
uum), then much faster above this tempera-
ture. This increase is found to be irrevers-
ible when the sample is cooled from 220°C
back to 50°C. Renewed heating seems to
cause the mosaic spread increase to amplify
at approximately the same temperature
even under a small water vapor pressure.

(2) Structural Parameters

The final positional and anisotropic ther-
mal parameters are listed in Table III as a
function of temperature; the cell parame-
ters and interatomic distances are given in
Table IV.

Thermal motion of the atoms. To better
visualize the atomic thermal motions, the
root mean square displacements ()2 and
(32 of each atom are plotted on Fig. 3
versus temperature. These RMS displace-

TABLE III
TEMPERATURE VARIATION OF THE POSITIONAL AND ANISOTROPIC THERMAL PARAMETERS IN Ca(OH),*

Temperature
cC) 20 50 8 110 140 174 199 220 50® 180 180c 220 260 300
20 2340 2338 2341 2340 2340 2337 2332 2332 2343 2342 2339 2331 2329 2323
3 3 3 3 3 4 4 4 3 5 5 5 5 5
4 4256 4253 4250 4252 4242 4226 4212 4194 4242 4198 4206 4198 4179 4154
6 6 7 7 7 9 8 9 8 13 13 14 13 11
Un(A) 83 8 8 95 104 109 109 126 76 114 107 122 141 159
u 4 4 5 5 5 6 6 6 6 8 8 8 7 7
Ca
U 193 206 222 226 270 315 328 353 243 344 336 381 393 457
B 13 13 15 17 18 22 20 23 22 34 36 38 33 26
Uy 106 112 119 128 141 155 163 181 106 159 151 175 194 223
3 3 3 4 4 4 4 4 4 6 6 6 5 5
6]
149 158 161 173 185 212 224 256 129 208 186 218 268 301
Us 6 6 7 8 8 9 8 10 11 16 16 16 15 13
U 528 568 589 609 653 668 741 799 559 719 724 796 832 892
n 10 10 12 13 13 15 17 18 11 18 19 20 18 19
H
U 205 208 216 228 255 291 306 311 238 339 301 317 353 397
33

16 17 18 21 22 27

26 28 28 42 43 43 39 34

a Esd’s are given in the second line and refer to the last digit. Both positional and thermal parameters are

multiplied by 104
b As in Table II.
¢ As in Table II.
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TABLE IV
TEMPERATURE VARIATION OF LATTICE PARAMETERS AND INTERATOMIC DISTANCES IN Ca(OH),

Averaged

Temperature standard

°0) 20 50 80 110 140 174 199 220 504 180 180° 220 260 300 deviation
a(A) 3.5918¢ 3.5862 3.5956 3.5993 3.5979 3.5979 3.6008 3.6074 3.5966 3.5975 3.6011 3.6041 3.6075 3.6092 0.0066
c(A) 4.9063° 4.9010 4.9280 4.9367 4.9363 4.9399 4.9563 4.9689 4.9278 4.9518 4.9504 4.9620 4.9797 49837 0.0096
Ca-O (A) 2.370 2367 2375 2378 2377 2377 2379 2384 2376 2379 2380 2381 2384 2.384 0.001
0-0 (A) 3.334 3.331 3343 3349 3348 3352 3.364 3371 3342 3353 335 3.368  3.379  3.386 0.002
H-H (A) 2.198 2.196 2203 2205 2.208 2.213  2.221 2231 2206 2.223 2222 2.228 2238 2248 0.002
O-H (A) 0.940 0.938 0941 0943 0939 0933 0932 0925 0936 0919 0924 0926 0921 00912 0.005
O-Heore 0.987 0988 0.992 0995 0995 0989 0995 0993 0985 0981 0988 0994 0992 0987

&)

4 As b in Table 11.

b As c in Table II.

¢ These lattice parameters were used to calibrate the wavelength.
9 Corrected for proton thermal motion.

ments are relative to the motion of the at-
oms about their equilibrium position paral-
lel and perpendicular to the ¢ axis, respec-
tively. The anisotropy is very large for the

effects, although reduced, are still observed
after correction of the proton motion
around the O atoms (e3, €3).

Ca and H displacements but rather small u(i)
for the oxygens, as already reported by 1 ¢o P=10"4 torr
Busing and Levy for the room temperature * P=1.9 torr
structure (6). The largest thermal motion of ~ ©.30] P L
the H atoms occurs perpendicular to the O- o—~°-'°’°/°.'o H
H bond; this led Busing and Levy to sug- 0.20] e iy
gest that the protons in Ca(OH), undergoan 2oe—"
“umbrella’’-type vibration subtending a 8o
cone of angle o with respect to the ¢ direc-  q.10!
tion. Therefore, the O-H bond length has :
to be corrected of this ‘‘umbrella”-type vi- vy
bration (Table IV). 018 O_O_o,?:g_—ojj’;: w ©
Thermal expansion of the atomic layers. ] g
The layer structure of Ca(OH), along the ¢ .05
direction is schematically depicted in Fig. S u
4. 0,20 s e "
Let ey, e,, 3 be the distances between the 1 ozr°’}°’ Ca
1, €2, €3 _g—0—
atomic planes containing Ca and O, O and 010! O__O_FQ_O_,.__./-— v
H, H and H, respectively. Let ¢} and €} be e
the distances O—-H and H-H corrected of 1
the ‘‘umbrella’” motion of the H atoms. o -
[+) 100 200 300 T

All the interlayer distances defined above
are plotted on Fig. 5 as a function of tem-
perature. e; increases slightly with temper-
ature up to 300°C as do e; and e; until about
130°C. Above 130°C, a change of slope oc-
curs in the latter two curves: e, starts to
decrease while e; increases rapidly. These

F16G. 3. Root mean square displacements «; and u«, of
Ca, O, and H atoms along and perpendicular to the ¢
axis as a function of temperature. The line is only a
guide to the eye. Open circles, first heating; half-full
circles, second heating (vacuum); full circles, second
heating (under vapor pressure). Error bars correspond
to 2 esd.
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Fi1G. 4. Schematic drawing of the layered structure
of Ca(OH),.

Discussion

The room temperature positional and
thermal parameters obtained in the present
study are in good agreement with previous
results by Busing and Levy (see Table V).
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F1G6. 5. Temperature evolution of intralayer dis-
tances along the ¢ axis in Ca(OH),. ey, e,, e; = Ca-0,
O-H, H-H distances, resp. ¢;, €5 = ¢, and ¢; but cor-
rected for the thermal motion of the H atoms perpen-
dicular to the O—H bond. Notation as in Fig. 3.
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Their temperature evolution together with
the concomitant variation of the mosaic
spread shed some light on the prereactional
transformations which take place inside the
solid well below the onset of the dehydra-
tion.

1. Characterization of the Lattice
Disorder in Ca(OH), at Room
Temperature

The anisotropy of the mosaic spread
gives evidence of a domain misorientation
much larger perpendicular to than along the
¢ axis. These results allow a better charac-
terization of the lattice defects shown by
earlier diffraction studies on powder sam-
ples (f). Indeed, from an analysis. of the
powder diffraction line broadening, it can
be shown that strong lattice distortions take
place in the stacking of the hexagonal lay-
ers or, more precisely, that there is a distri-
bution of dyy spacings. Possible causes of
this fluctuation may be either a puckering of
the layers (Fig. 6a) or nonequidistance of
the layers, including or not a misorientation
of the ¢ axis (Figs. 6b, ¢). The narrow mo-

TABLE V
STRUCTURAL PARAMETERS ofF Ca(OH), (T = 20°C)

Busing and Levy This work
(6)
20 0.2341 (3) 0.2340 (3)
Zu 0.4248 (6) 0.4256 (6)
ca Ur° A) 0.094¢ 0.0909
U 0.125 0.1388
oU: 0.096 0.1029
U, 0.109 0.1220
q U 0.231 0.2298
U 0.130 0.1433
0-H (4) 0.936 (3) 0.940 (3)
O-Heon 0.984 (4) 0.987

¢ u, and u; denote the RMS displacements L and ||
to the ¢ axis, resp., as defined in the text.

4 These RMS displacements were calculated from
the B temperature factors given by Busing and Levy.

¢ Corrected for proton thermal motion.
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FiG. 6. Schematic representation of the layers in the Ca(OH), structure (a—c) along and (d) perpen-

dicular to the ¢ axis.

saic spread of the ¢ axis rules out the puck-
ered layer explanation and leaves as the
only possibility unequal spacing of planes
along ¢ (Fig. 6b). On the other hand, we
also found from the analysis of the powder
data.(7) that the distortions are minimum in
the directions perpendicular to the ¢ axis
which gives evidence for a narrow distribu-
tion of du spacings. In addition, the large
orientation distribution of the a axis as mea-
sured from single-crystal data indicates that
the coherently scattering domains in the
(001) planes are slightly rotated with re-
spect to each other around the ¢ axis (Fig.
6d).

To summarize these results one can say
that the lattice disorder occurring above T;
(Fig. 7) is such that the domains scattering
coherently remain well oriented with re-
spect to the ¢ direction but that the inter-
planar spacing along this direction is not
constant while large misorientations de-
velop perpendicular to the ¢ axis but with-
out any variation in the spacing of hk0
planes.

2. Temperature Evolution of the Ca(OH),
Structure

Some changes occur in the hydroxide
layers with increasing temperatures. They
show up as a sudden increase of the mosaic
spread in the (001) planes above about
180°C (Fig. 2) and by a discontinuity of the
thermal expansion of the distances O-H
and H-H at about 130°C (Fig. 5).

(A) Lattice disorder. With the powder
sample, a sudden decrease of the lattice dis-
tortions in the ¢ direction was observed at
130°C (true sample temperature) under vac-
uum (7). However, we noticed that both
the defect relaxation and the decomposition

i71. (ool)

@ (oof)

T T Ta T

FiG. 7. Diagrammatic temperature correspondence
between the various prereactional phenomena de-
tected by diffraction studies during a thermal treat-
ment of Ca(OH);: Intensity (a) and width (b) of the 00/
lines as shown by powder diffraction (Fig. 6 and Fig. 1
in Ref. (1)). Interlayer H-H distance (c) and mosaic
spread (d) as measured by single-crystal diffraction
(Fig. 5 and Fig. 2 in this study). T}, T;, T; are defined
and discussed in the text.
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reaction were shifted to higher tempera-
tures by a slight increase of the water vapor

pressure in the reaction cell. It was there-

fore suggested that the defects and their
evolution may be controlled by a chemical
and structural transformation which occurs
in the solid long before the onset of the de-
composition reaction. The sudden increase
of mosaic spread also takes place in the
crystal long before the onset of the dehy-
dration. Therefore, it is reasonable to asso-
ciate it also with this prereactional transfor-
mation. It is worth mentioning that the
crystal remained transparent after the ex-
periment: this is a proof that no water has
evolved from the crystal and that no local
hydroxide into oxide phase change took
place.

The comparison between the characteris-
tic temperatures observed on powder and
single-crystal experiments unfortunately is
made difficult by the large differences of
experimental set up. Indeed, in the case of
powder experiments, the temperature
could be measured accurately by a thermo-
couple placed inside the sample and the re-
sidual vapor pressure precisely monitored.
This is no longer true for the crystal experi-

//////////////
\\\\\\\\\

Fi6. 8. Schematic drawing of the temperature evolu-
tion of the inter- and intralayer distances in Ca(OH),.
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ment: the distance between the thermocou-
ple and the sample in an evacuated cell im-
plies an overestimation of the true sample
temperature. In addition the constraints of
the four-circle geometry do not allow a pre-
cise measurement of the residual vapor
pressure in the sample cell; however, it is
reasonable to assume that the vapor pres-
sure is higher than 10~ torr and this gives
rise to a shift of the characteristic tempera-
tures toward higher temperatures (see Fig.
1 and Fig. 4 of Ref. (1)).

Therefore, it is rational to assume that
the relaxation of the distortions and the mo-
saic spread increase occur simultaneously
(temperature T, in Fig. 7).

(B) Interatomic distances. The tempera-
ture dependence of the characteristic dis-
tances of the structure is represented in
Fig. 5. The Ca~-O distance is almost tem-
perature independent in the range RT-
300°C; this was to be expected from the
strength of the Ca—O bond and means that
the thermal expansivity of the inner part
(0O-Ca-0) of the layers is almost negligible.
The most prominent features are the in-
crease of the interlayer H~H distance (e3)
and the concomitant contraction of the O—
H bond (e,) above about 130°C (Fig. 5).

3. Sequence of Pretransitional Effects
before Ca(OH), Dehydration

The phenomena which take place in the
crystal well below the decomposition of
Ca(OH), into CaO can tentatively be sum-
marized in the following way by introduc-
ing three characteristic temperatures (Fig.
7:

Below T, regular behavior (normal ther-
mal expansion).

Between T and T, protons start to delo-
calize as evidenced by the shrinkage of the
layers (Fig. 8). The resulting distortions
lead to a broadening of the 00! lines in the
powder diffraction pattern (Fig. 1 in Ref.
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(1) and Fig. 7b in present work) and to a
steep variation of their intensities (Fig. 6 in
Ref. (1) and Fig. 7a in present work) due to
the existence of an additional contribution
to the thermal parameters (static Debye-
Waller).

Above a critical concentration of defects
which occur at T, the lattice can no longer
cope with additional defects by increasing
the distortions along the ¢ axis; it is now the
disorientation of the layers with respect to
each other which allows to accomodate the
newly created defects and therefore the re-
laxation of the distortions.

Above T3, decomposition into CaO takes
place and leads to the destruction of the
crystals.

The characteristic temperatures T, T, T3
are strongly dependent on the physico-
chemical parameters of the sample environ-
ment and especially the residual water va-
por pressure P:

The evolution of T; as a function of P has
been extensively studied in previous work
(19-21). In our powder experiments (/) we
found, for instance, T3 = 215°C with P =
10~* Torr and T; = 307°C with P = 1.8 Torr.

In the same powder experiments T, was
found at 115°C (P = 1073 Torr) (22), 130°C
(P = 10~* Torr, Fig. 1 and Fig. 2 in Ref.
(1)), and 170°C (P = 1.8 Torr, Fig. 4 and
Fig. 5 in Ref. (/)). In the single-crystal ex-
periment T, = 180°C; P could not be mea-
sured but is estimated to be much higher
than 1074 Torr.

T, was only determined in the single-
crystal experiment (T; = 130°C). It should
show up in powder diffraction experiments
as an increase of the line breadth; however,
this is probably a rather weak effect and it
was not observed due to the limited acci-
racy of the measurements (/). Neverthe-
less, it is worth noting that a recent NMR
study (23), in agreement with the work of
Freund (3-5) gave evidence of mobile pro-
tons in the hydroxide structure and an addi-
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tional proton motion was found to occur
above about 60°C. This temperature may be
identified with the temperature 7, men-
tioned in the present study. However, these
authors conclude that above this tempera-
ture most of the protons are highly mobile;
this conflicts with the results of the present
work which do not show any anomaly in
the evolution of the thermal parameters in
the range RT-300°C.

Conclusion

This study was undertaken to obtain
more accurate values of the thermal param-
eters and a better understanding of the for-
mation of the H,O molecules before their
evoluation from the hydroxide structure. At
variance from the previous powder-diffrac-
tion results, it does not indicate any abnor-
mal variation of the thermal parameters of
the H atoms and therefore do not bring di-
rect information on the mecanism of forma-
tion of the H,O molecules in the solid be-
fore the dehydration. However, the
temperature evolution of the mosaic spread
and of the interlayer and interatomic dis-
tances give evidence of prereactional trans-
formations, i.e., of changes occuring inside
the initial crystal long before any loss of
water and long before the beginning of
transformation of the hydroxide structuire
into the oxide structure.

Finally, the determination of the mosaic
spread in the crystal provided additional in-
formations about the nature of the lattice
disorder in the Ca(OH), structure and about
its variation with temperature.
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