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Diffusive dynamical properties of molecules and ions in the pyro- and piezo-
electric compound Ba(NO,), - H,O were investigated by '"H NMR|, measuring the
spin-lattice relaxation times in the laboratory and rotating frames (T, and T',) and
the dipolar relaxation time (7'p). Single crystals were used for measuring these
relaxation times as a function of orientation, and polycrystalline samples for
measuring temperature dependences. Ba(NO,),- H,O undergoes a reversible
phase transition at 350 K, followed by water loss on heating.

In the room temperature phase, two major processes were found to be re-
sponsible for the relaxation. These dominate the relaxation in separate tem-
perature regions. The activation energies, E, associated with the low and the high
temperature regions are 25 kJ mol™' and 57 kJ mol™', respectively. The high activ-
ation energy process is clearly a 180° flip motion of the H,O molecules; the other
process could not be clearly identified.

The pre-exponential factor in the Arrhenius relation for the correlation times

of the H,O flip motion is 1 X 107" s.

This work is part of a series of investigations' in
which molecular (especially H,0) and ionic mo-
bility in the solid state is studied by pulsed NMR,
with the objective of establishing the particular
nature of the diffusive dynamics and the rate con-
stants of the Arrhenius relation.

Both rotational and translational diffusion of
water molecules in solids have been studied pre-
viously.? The most frequent reorientational mo-
tion is a 180° flip of the molecule about its two-
fold axis.

The compound Ba(NO,),-H,O has been
studied in the present paper. This salt is both
pyro- and piezoelectric® and crystallizes at room
temperature in the hexagonal system with space
group P6; or its enantiomorph P6,.*° All H,0
molecules in the unit cell are crystallographically
equivalent and form hydrogen bonds to the two
independent NO,~ ions. One of the hydrogen
bonds of the H,O molecule is donated to the ni-
trogen atom in one of the nitrite ions; the other
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one is a bifurcated hydrogen bond involving two
oxygen atoms in different nitrite ions (see Fig. 1).
Ba(NO,), - H,O undergoes a sluggish, rever-
sible phase transition at about 350 K. Infrared
spectroscopic evidence and entropy consider-
ations suggest that above this temperature, the
water molecules are orientationally disordered,
each water molecule having 5 different available
orientations.®’ No details are known, however,
concerning the structure of this phase.

Experimental

Single crystals of Ba(NO,),-H,0O were grown
from a saturated aqueous solution of
Ba(NO,),-H,O (purum p.a.) by slow evapor-
ation at room temperature. For the NMR meas-
urements, two crystals were mounted on teflon
pins for rotation about two approximately ortho-
gonal axes with components (0,0,1) (axis 1) and
(—0.083, 0.081, 0.001) (axis 2) with respect to the
crystal axes. The orientation was determined us-
ing an X-ray diffractometer.
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Fig. 1. Crystal structure of Ba(NO,), - H,O, room
temperature phase.

Coarse-grained samples of this compound,
grown from aqueous solutions, have been shown
to contain as much as 50 % trapped excess water,
whereas finely ground samples approach the stoi-
chiometric composition Ba(NO,), - H,0.% In our
measurements on polycrystalline specimens we
therefore used finely ground material, and the
NMR spectra clearly showed that the material
used contained only minor amounts of trapped
excess water. Furthermore, all samples were con-
tained in sealed Pyrex tubes during the meas-
urements, to reduce water loss on heating.

The experimental results reported in this paper
were obtained by measuring the proton relaxa-
tion times Ty, T, and T,;, using a pulsed NMR
spectrometer. When measuring the spin-lattice
relaxation time in the laboratory frame (T,) a
string of 90° pulses (saturation pulses) were used,
followed by a 90° detection pulse. The spin-lattice
relaxation time in the rotating frame (T,) was
measured using the spin-locking technique, and
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Fig. 2. Temperature dependence of the proton
relaxation rate (7,”') in polycrystalline

Ba(NO,), - H,O. Circles are experimental values for
vo = 89.4 MHz. The calculated rates are indicated by
1-6 for models 1-6. The rate maximum is indicated
only for model 2. The rate maxima for models 7 and
8 are <1 x 107% s™' and are not shown in this figure.
The rate based on model 1 was calculated using the
parameters E and t,, obtained from the T,
measurements. The vertical dashed line shows the
temperature of the phase transition (350 K). Note
that the calculated rates for the high temperature
phase in this figure (dashed part of the curves) are
based on the room temperature structure and do not,
therefore, necessarily represent the true rates.

the dipolar relaxation time (T,,) using the
Jeener-Broekaert technique.

Using the powdered sample, T, was measured
as a function of temperature in the interval 230~
385 K and at the resonance frequency (v,) 89.4
MHz. T, was also measured on the single crystals
as a function of orientation, both for axis 1 and
axis 2. The temperature during these measure-
ments was 300 K, with v, = 89.8 MHz. The re-
sults of the T, measurements are shown in Figs. 2
and 3.
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Fig. 3. Orientational dependences of T

proton T,~! for two single crystals of
Ba(NO,), - H,0; rotation about (a) axis B
1 and (b) axis 2.

Circles are experimental values for
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As a complement to the measurements of T,
we have measured the spin-lattice relaxation
times in the rotating frame (7},) and the dipolar
relaxation time (7p) for the powdered sample as
a function of temperature between 255 and 375
K. These measurements were made at v, = 91.0
MHz and v, = 90.0 MHz, respectively. In the T},
measurements, the locking field B, was 1.04 mT,
corresponding to v, = 44 MHz. The results of
these measurements are shown in Fig. 4.

In addition, the relaxation times T, and Ty,
have been measured for the single crystals as a
function of orientation, T}, for a rotation about
axis 2 and T, for a rotation about axis 1. For T},
v, was 91 MHz and B, was 1.32 mT (v, = 56
KHz). For T,p, v, was 90 MHz. The temperatures
during the measurements of the orientation de-
pendences of T), and T, were 291 K and 313 K,

respectively. The results of these measurements
are shown in Fig. §.

Analysis of the relaxation data

In order to identify the principal origins of the

measured relaxation rates, theoretical calcula-

tions of the latter were made on the basis of dif-
ferent diffusive models including both rotational
and translational motions of H,O molecules and

NO,™ ions. Such diffusive motions must fulfill

certain conditions in order to affect the relaxation

of the protons and yet be consistent with the
known structural data:

1. Motions of at least some nuclei with spin # 0,
i.e. N, 'H, " Ba, ¥'Ba or possibly the low-
abundant 7O in the present case, must be in-
volved.
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Fig. 4. Temperature dependence of the proton
relaxation rates (T,,' and T5') in polycrystalline
Ba(NO,), - H,O. The experimental data are illustrated
by open circles for T,,™" at v, = 91 MHz, v, = 44
kHz, and by filled circles for T;5' at v, = 90 MHz.
The calculated rates for the final dynamical model
(model 1) are also indicated by solid lines.

2. Since distinct positions of the atoms are ob-
served in the structure determined by diffrac-
tion, the only possible type of motion is “hop-
ping”, i.e. the atoms spend most of the time in
the potential wells corresponding to equi-
librium positions and only a very small frac-
tion of the time moving between these poten-
tial wells.

3. Since there is no evidence of disorder of the
atoms in the room temperature phase from
the diffraction data, only motions in which a
pair of nuclei (or a larger group of nuclei) of
the same kind exchange sites need to be con-
sidered.

On the basis of these considerations the fol-
lowing models were investigated:

1. A 180° flip motion of the water molecule
about its two-fold axis.
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2. Translational diffusion of the water molecule.

3. Translational diffusion of both crystallograph-
ically independent nitrite ions.

4. Translational diffusion of the nitrite ion hydro-
gen-bonded to two water molecules.

5. Translational diffusion of the other independ-
ent nitrite ion.

6. Exchange of a pair of NO," ions in two neigh-
bouring sites.

7. 180° flip motion of the nitrite ions about their
2-fold axes.

8. Translational diffusion of barium ions.

Relaxation rates of different dynamical pro-
cesses are furthermore assumed to be additive.

In addition to the above processes involving
the motion of the constituent molecules and ionic
species in Ba(NO,), - H,0, paramagnetic impur-
ities might also influence the relaxation of the
protons. The effect of this is hard to estimate;
however recrystallisation of the sample led to no
appreciable change in the relaxation times, which
may be taken as an indication that impurities had
no major effect on the relaxation times for this
sample in the temperature ranges studied.

In the calculations, the motions were assumed
to be characterized by a correlation time t. The
correlation time was assumed to follow the
Arrhenius relation

T =1, etRT

In the analysis of the laboratory frame and the ro-
tating frame spin-lattice relaxation data, the fol-
lowing relations were used for the contributions
of like spins to the relaxation rates:

e 2oy g T 1
T3 1+ot? 37 1+4w:? ®
T
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The equations were modified appropriately for
contributions from unlike spins.?

Here, o, = 2mtv,, ®, = 2nv, and the relaxation
constants K@ K® and K® were calculated from
the second moment tensors in the presence and in
the absence of the motion causing the relaxa-
tion.>!® For the calculations of second moment
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Fig. 5. Calculated (solid line) and T
experimental (circles) proton T,;' (a)
and T,5' (b) for a single crystal of
Ba(NO,), - H,O as a function of
orientation. The calculated rates
correspond to 291 and 313 K|
respectively. For T,;', v, was 91 MHz
and v, = 56 kHz. For T,5', v, was 90
MHz.
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tensors, the positional parameters for all nuclei
were taken from the neutron diffraction study.’
For powder samples, the relaxation constants
K©®, K and K® are identical. The procedure of
Chiba and Miyajima'' was used for the inclusion
of the effect of natural abundance O on the pro-
ton relaxation rates.

For calculations of the theoretical dipolar re-
laxation rate T,,”!, two different approaches
were used, depending on the relative magnitude
of t! and w,, (the precession frequency of the
protons in their local magnetic field). For
1<1/0,,, the relaxation rate T,p' may be written
as

T
Tip'=C+ G + C ®)

T
* 1+40 72

where C,, C, and C; are constants of the same or-
der containing the strength of the dipolar inter-
actions. '? For correlation times much longer than
1/w,, the first term in (3) is the only significant
term.

For very slow molecular motions, i.e. when
> l/w,,, the strong collision theory of Slichter
and Ailion!® was used.

Results

Temperature dependence of relaxation rates. Near
350 K, there appears to be an abrupt change in
the relaxation rates, by a factor of about 10. This
temperature corresponds to the phase transition
reported earlier.%” However, since the sample
undergoes a partial dehydration® at and above
this temperature, this result is difficult to analyze
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properly. In the low temperature phase below
350 K, it is clear that at least two different pro-
cesses determine T, (Fig. 2), and T), and Ty,
(Fig. 4). One process, associated with an activ-
ation energy of 57+3 kJ mol™!, dominates T,
and T, in this region, and another process with
E = 25+1 kJ mol~! dominates T;,. In the low tem-
perature phase, between the phase transition
temperature and the relaxation rate maximum,
T, shows an indication of an additional relaxation
mechanism; this is discussed further below.

The experimental relaxation rates T,,' and
T,p' (Fig. 4) are reproduced very well theoret-
ically using model 1 (H,O flip motion). The cal-
culated temperature dependence of the relaxa-
tion rates involve only two adjustable parameters
for each dynamical process, viz. the activation
energy E and the pre-exponential factor 1, in the
Arrhenius relation, whereas the calculated maxi-
mum relaxation rate is determined by which of
the five dynamical models that is used. The fitted
value of T, for the H,O flip model is 1 X 107 s,
and the corresponding activation energy is 57 kJ
mol~!. The observed maximum relaxation rate
for T,, is 3.7 X 10> s™". For the H,O flip motion,
this maximum relaxation rate, calculated using
(2), is 3.8 x 10* 57!, and for model 2 (H,O dif-
fusion) is 2.8 X 10° s™!. For the other models,
the calculated maximum relaxation rates are all
<19s7%

Fig. 2 shows the T, measurements together
with theoretical calculations of the maximum re-
laxation rates based on the eight different models
described above. Model 3 (translational diffusion
of both NO,™ ions) comes closest to reproducing
the experimental maximum relaxation rate for
the room temperature phase. The magnitude of
the theoretical maximum relaxation rate ob-
tained using model 4 is about 94 % of that ob-
tained using model 3. It is clear that of the models
investigated, only models 3, 4 and 6 are reason-
ably close to reproducing the experimental data,
with a slight preference for model 3. The fitted
value of T, for this model is 6 X 107 s, and the
corresponding activation energy 25 kJ mol™'. The
deviation to higher relaxation rates for the low-
temperature phase close to the phase transition is
not fully understood. It might, in part, be a result
of the H,O flip motion becoming a significant re-
laxation mechanism.

Orientational dependence of relaxation rates. The
64

orientational dependences of the relaxation rates
often provide additional evidence to assist in the
identification of the molecular motions respon-
sible for the relaxation. With the present experi-
mental set-up, there is a considerably larger un-
certainty in the temperature measurements for
single crystals than for polycrystalline samples.
The absolute magnitudes of the measured re-
laxation times for single crystals are thus less sig-
nificant; more important is the relative variation
in the relaxation rate with crystal orientation.

For T, only a very small orientational depend-
ence could be observed. The results are shown in
Fig. 3, together with theoretically calculated re-
laxation rates based on models 3, 4 and 6. The
orientational dependence of T, is not only small
but also very similar for models 3, 4 and 6. We
therefore cannot distinguish between these three
models on the basis of the variation in relaxation
rate with crystal orientation.

It should be noted that for the measurements
shown in Fig. 3, the uncertainty in the tempera-
ture is quite unimportant, since a temperature
difference of, say, 1° close to the relaxation rate
maximum will cause only a negligible change in
T,”" (about 1%).

For T\, and T,p, considerably larger variations
in the relaxation rates with the orientation were
observed. The results are shown in Fig. 5, to-
gether with theoretically calculated relaxation
rates based on the H,O flip model. These results
provide additional strong support for the conclu-
sion that the H,O flip motion is the major re-
laxation source contributing to T}, and T}, in the
temperature range studied.

Summary and discussion

By measuring 'H relaxation rates as a function
of temperature in polycrystalline samples of
Ba(NQ,), - H,0, at least two different dynamical
processes have been observed. For the room tem-
perature phase, one of these processes is clearly
the common 180° flip motion of the H,O mole-
cules. The flip rate for this motion, expressed as
the inverse of the correlation time derived from
the relaxation data, is shown in Fig. 6. The mo-
tion is characterized by an activation energy of 57
kJ mol™'; this is in the upper half of the range ob-
served for other solid hydrates. The associated
pre-exponential factor, t,, of the Arrhenius rela-
tion for the correlation time of this motion is
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Fig. 6. Temperature dependences of the inverse
correlation times for 180° flip motion of the H,O
molecules. The experimental data are illustrated by
+ and O, obtained from relaxation measurements of
the temperature dependences of T,, and T,
respectively. The calculated inverse correlation times
for the final dynamical model are indicated by a solid
line.

1x 1075 s. Slotfeldt-Ellingsen and Pedersen?
have discussed the pre-exponential factor for flip-
ping H,O molecules in terms of dynamical rate
theory as formulated by Feit.!* Using their rela-
tion between the activation energy and the pre-
exponential factor, we calculate a T, value of
1x 107 s for E = 57 kJ mol™!, i.e. one-tenth of
our observed value. This is, however, well within
the scatter observed for measured t, values about
the value predicted by the relation in Ref. 2. The
deviation in the present case is not unreasonably
large, considering the fact that 7, varies by almost
6 orders of magnitude when E changes from 10 to
70 kJ mol~! (roughly the range of values observed
for solid hydrates). In Ref. 2, it is suggested that
the deviations of the measured T, values from the
predicted values is most probably due to differ-
ences in activation entropy for the flip motion in
different hydrates: in Ba(NO,), - H,O, a lowering
of the activation entropy by about 30 % would ac-
count for the discrepancy in t,.

NMR STUDY OF Ba(NO,),-H,0

For the second process in the room tempera-
ture phase, our data suggest either an exchange
of NO,™ between neighbouring sites, or a trans-
lational diffusion of the NO,™ ions. This interpre-
tation is strongly supported by the N NQR data
reported by Oja, Marino and Bray." In studying
the temperature dependence of the four spectral
lines observed, they found that one pair of lines
(corresponding to one of the two non-equivalent
NO,™ ions) disappears at temperatures above
172-175 K. The second pair of lines (correspond-
ing to the other NO,™ ion) shows the same behav-
iour at temperatures around 300 K. This would
occur if the quadrupole coupling of the nitrogen
nuclei were modulated by suitable random fluc-
tuations of a sufficiently high frequency. Oja et
al. suggest that these fluctuations are caused by
the onset of reorientations of either the H,O mol-
ecules or the NO,™ ions. It is certainly clear that
the H,O molecules reorient; however, the 180°
flip motion of the H,O molecules would hardly
affect the N NOR signal. For the other pos-
sibility, i.e. diffusive motion of the NO,™ ions,
there are essentially two main alternatives:

1. The NO,™ ions reorient without leaving their
sites: as discussed above, the only type of re-
orientation compatible with structural data
would then be a 180° flip motion analogous to
the H,O flip motion. However, the quadru-
pole coupling of the N nuclei is invariant to
such motions. Reorientation of this type can-
not, therefore, explain the disappearance of
the “N NQR signal.

2. Exchange between neighbouring NO,™ ions
(possibly extended to translational diffusion
through continued exchange with next neigh-
bours). Because of the symmetry of the crys-
tal, an exchange of sites even between two
equivalent NO,™ ions would, in general, ro-
tate the electric field gradient felt by the nitro-
gen nuclei. The motion would, therefore, pro-
duce a time-dependent modulation of the “N
quadrupole coupling, which could cause a dis-
appearance of the NQR signal as observed.
This alternative is also consistent with our re-
laxation data. The results in Ref. 15 clearly in-
dicate a difference between the rate of motion
of the two non-equivalent NO,™ ions, al-
though we cannot resolve any such difference.
The motion is characterized by an activation
energy of 25 kJ mol™! (average for the two
non-equivalent NO,™ ions). If one assumes
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that the motion is a transational diffusion, a
pre-exponential factor of 1.1 X 10 s can be
calculated. From the correlation time T, one
can then also estimate, albeit very crudely, a
diffusion coefficient D: Assuming that the el-
ementary diffusion step is a jump of the NO,~
ions between equivalent sites a distance d ap-
art, one obtains
dZ
=50 4)
valid for three dimensional diffusion. Using d
= 3.5 A, (4) gives an estimated diffusion co-
efficient of 9 x 1078 cm? s™' s at 300 K, de-
creasing to 3 X 10~ cm? s7! at 225 K.

The above values are very high diffusion rates,
much higher than observed for molecules in other
solids even in extreme cases.'® It is therefore very
hard to believe that an interpretation in terms of
translational diffusion of NO,™ ions can be cor-
rect. The other alternative, involving pairwise ex-
change of NO,™ ions, agrees less well with the ob-
served relaxation rates, although the discrepancy
is not unreasonably large. In addition, there is
the complication of relaxation induced by para-
magnetic impurities. We cannot, therefore, un-
equivocally determine the process responsible for
the spin-lattice relaxation (7;) in the room tem-
perature phase.
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