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Deuterium NMR spectra, spin-lattice relaxation timeT1, and differential thermal analysis (DTA) were measured
for Sm(NO3)3‚6D2O. The magnetization recovery can be divided into two components. From deuterium NMR
spectra andT1, the short and the long components ofT1 were found to be mainly dominated by the 180° flip
of the crystallization and the coordinated water molecules, respectively. For the nonannealed sample, the
reproducibility ofT1 was observed. The influence of the instability was not seen in the long component ofT1.
The results of the long component ofT1 gave the activation energyEa ) 20 kJ mol-1 and the correlation time
at infinite temperatureτc0 ) 7.8 × 10-12 s for the 180° flip of the coordinated water molecule. The motion
of the crystallization water at low temperatures can be explained by the 180° flip in the asymmetric double
minimum potential.τc0 ) 1.2 × 10-12 s, Ea ) 16 kJ mol-1, and the energy difference in the potential wells
∆E ) 2.0 kJ mol-1 were obtained for the 180° flip of the crystallization water from the short component of
T1. The potential wells for the 180° flip of the crystallization water changed gradually in phase II and approached
the symmetric wells with increasing temperature. For the annealed sample, the drastic change ofT1 was
observed in phases II and III. Both the long and the short components ofT1 did not show the reproducibility.
These unstable phenomena are interpreted in terms of the metastable state due to the change of the hydrogen
bond between the crystallization and the coordinated waters by annealing.

Introduction

Recently, the unstable phenomena of the electric and the
magnetic properties have been reported for the several rare-
earth nitrate crystals.1-17 Samarium nitrate hexahydrate, Sm-
(NO3)3‚6H2O, has been reported to have four phases.1-7,18 In
these phases, phase II exists in the temperature range from ca.
283 to 228 K and is known to be unstable. The temperature
variation of the dielectric constant is accompanied by the large
thermal hysteresis and is not reproducible in phase II.1-7 These
phenomena are different from the usual phase transition.
Kawashima et al. have attempted to analyze the instability of
phase II at the nonlinear and nonequilibrium properties.1-17

However, the origin of the instability is not elucidated and it is
interesting to study the static and the dynamic structure of this
crystal. The symmetry of Sm(NO3)3‚6H2O is triclinic and the
space group isP1h at room temperature.19,20 For six water
molecules, four coordinated waters are directly coordinated to
the metal, whereas two crystallization waters do not. From the
investigation of1H NMR spin-lattice relaxation timeT1, spin-
lattice relaxation time in rotating frameT1F, and doped Gd3+

ESR spectra, we have shown that the motion of the water
molecules, especially the crystallization water molecules, plays
an important role in the unstable state.18 Since the crystallization
waters form only one O-H‚‚‚O hydrogen bond, the 180° flip
of the water molecules is predicted to occur in the unequal
double minimum potential. The variation of these potential wells
is considered to be related to the phase transition and the
instability. Deuterium NMR is effective for studying the
environment and motion of water molecules. The nuclear
quadrupole interaction parameters are sensitive for the environ-

ment of the water molecule. The information for the motion of
the water molecule can be obtained by the deuterium NMR
spectral simulation andT1.21-25 The nuclear quadrupole coupling
constante2Qq/h, asymmetry parameterη and the jumping rate
of the water molecule in the paramagnetic Sm(NO3)3‚6D2O can
be obtained from the deuterium NMR spectra andT1 by using
the shift-compensated pulse sequence which refocuses both the
quadrupole interaction and the paramagnetic shift.25-31 In the
present paper, for the purpose of clarifying the mechanism of
the instability in Sm(NO3)3‚6H2O, deuterium NMR spectra and
T1 were measured and the behavior of the water molecules were
discussed. The effect of annealing was studied by keeping the
sample at 340 K for 1 h. The crystallization waters that were
fixed by the hydrogen bond from the coordinated waters and
nitrate ion19,20 became free at this temperature. The change of
the hydrogen bonds surrounding the crystallization waters by
annealing is presumed to alter the properties of Sm(NO3)3‚6D2O.

Experimental Section

The deuterated sample was prepared by repeated recrystal-
lization from heavy water.2H NMR was measured by a CMX-
300 spectrometer at 45.835 MHz. The (π/2)x-τ/2-(π)y-τ/2-
(π/2)y-τ/2-(π)y-τ/2-acq pulse sequence was used, which
refocuses the dephasing due to the quadrupole interaction and
the paramagnetic shift.25-27,31π/2 pulse width andτ/2 were 2.0
and 20 µs, respectively.2H NMR T1 was measured by the
inversion recovery method. The magnetization recovery was
observed by using the integrated intensity of the spectrum. The
DTA measurement was performed by a homemade apparatus.

Results and Discussion

DTA. The DTA measurement was repeated between 140 and
330 K. Two heat anomalies were detected at 192 and 245 K in
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the heating process. In the cooling process, heat anomalies were
detected at 229 and 181 K. The anomalies at 245 K in heating
and 229 K in cooling are considered to correspond to the phase
II-III transition observed by the dielectric constant and DTA
for the protonated compound.1-7,18 The anomalies at 192 K in
heating and 181 K in cooling are considered to correspond to
the phase III-IV transition observed by DTA for the protonated
compound.18 The phase II-III and III-IV transition points
shifted to high temperature by ca. 5 and 9 K on deuteration,
respectively. Although another anomaly of the dielectric constant
has been reported around 283 K,1-7 the heat anomaly was not
detected in the present DTA investigation. The shift of the
transition temperature was not observed on repeating runs.

2H NMR. Spectra and T1 for Nonannealed Sample.Figure
1 shows the temperature dependence of2H NMR spectra. The
spectrum at 138 K showed the line shape due almost to the
rigid D2O. The asymmetry of the spectrum indicates that the
paramagnetic shift caused by Sm3+ ions contributes to the
spectrum.25-27,31 The quadrupole coupling constante2Qq/h )
230 ( 2 kHz and the asymmetry parameterη ) 0.05 were
estimated from the spectrum at 138 K. The central portion of
the spectrum increased with increasing temperature and the
spectrum with a largeη value was obtained at high temperatures.
These variations of the spectrum can be explained by the 180°
flip of the water molecule.24,25,27,31The sharp component was
observed in the center of the spectrum at 340 K. Prior to the
melting point (346 K for the protonated compound), part of the
water molecules become free.

Figure 2 shows the temperature dependence of2H NMR T1.
Since the magnetization recovery showed two components, the
existence of two kinds of water molecules is recognized. The
T1 values for two components were estimated by using the
integrated intensity in the entire area of the spectrum and
analyzing mathematically in terms of two-component relaxation.
The long and the short components ofT1 were denoted byT1l

andT1s, respectively. The errors ofT1l andT1s estimations were
within (10%. The temperature dependences ofT1l andT1s were
observed for three independently prepared samples. Both ofT1l

andT1s were reproducible to(15%. We took into account the
T1l andT1serrors of(15% in the following discussion. Although
T1s decreased rapidly prior to the melting point,T1l did not show
such a phenomenon. Two crystallization waters, which are not
directly coordinated to the metal, are predicted to become free
at a lower temperature compared with four coordinated waters

for six water molecules of Sm(NO3)3‚6H2O.19,20 This suggests
that T1s and T1l are dominated by the crystallization and the
coordinated waters, respectively. Below 180 K,T1l decreased
gently with decreasing temperature.T1l is considered to be
determined by the magnetic interaction between the2H nucleus
and Sm3+ ions.18 Between 180 and 283 K,T1l is considered to
be dominated by the 180° flip of the coordinated water molecule,
sinceT1l decreased exponentially with increasing temperature.
The temperature dependence ofT1l showed the correlation time
τc for the 180° flip of the water molecule, which satisfied the
slow-motion conditionω0τc . 1, whereω0 is the angular NMR
frequency. Assumingη ) 0, T1l can be written as21-23

where 2â is the D-O-D angle of the water molecule. Assuming
an Arrhenius-type relationship,τc is given by

whereτc0 andEa are the correlation time at infinite temperature
and the activation energy for the 180° flip of the water molecule.
The fitting calculation was performed usinge2Qq/h ) 230 kHz
and 2â ) 110°, which were estimated by the2H NMR spectrum
at 138 K and the crystal structure.19 τc0 ) 7.8× 10-12 s andEa

) 20 ( 3 kJ mol-1 for the coordinated water were obtained
from the fitting. Above ca. 283 K (the phase I-II transition
point for the protonated compound),T1l deviated from the
temperature dependence at low temperatures. This means that
the environment of the coordinated water changes around this
temperature. In phases III and IV,T1s decreased exponentially
with increasing temperature at low temperatures and showed a
shallow minimum at ca. 220 K. The observed minimum value
of T1s (ca. 5 ms) is larger than 2.0 ms, which was predicted by
the 180° flip of the water molecule between the symmetric
potential wells ande2Qq/h ) 230 kHz. This shallow minimum
of T1s can be explained by the 180° flip of the water molecule
in the asymmetric double minimum potential, as shown in Figure
3a.32,33 These potential wells are consistent with the local

Figure 1. Observed2H NMR spectra for Sm(NO3)3‚6D2O using the
shift-compensated pulse sequence. The asterisk shows the sharp
component of the spectrum arises from free D2O.

Figure 2. Temperature dependence of2H NMR T1 in Sm(NO3)3‚6D2O.
(b) and (O) showT1s in the cooling and heating processes, respectively.
(2) and (4) showT1l in the cooling and heating processes, respectively.
Tc(II-III) and Tc(III -IV) show the transition temperature determined
by the present DTA measurement.Tc

p(I-II) shows the phase I-II
transition point for the protonated compound. The solid lines show the
theoretical curve for the 180° flip of the water molecule.
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structure of the crystallization waters that form only one O-D‚
‚‚O hydrogen bond.19 T1s is written by assumingη ) 0 as32,33

The fitting calculation was performed withτc0, Ea, and the
deviation from the symmetric potential wells∆E as parameters.
e2Qq/h ) 230 kHz and 2â ) 110° were used. The fitting curve
was shown by the solid line in Figure 2.τc0 ) 1.2 × 10-12 s,
Ea ) 16 ( 2 kJ mol-1, and∆E ) 2.0 ( 0.3 kJ mol-1 were
obtained by the fitting.T1s in phase II deviated from the
temperature dependence in phases III and IV and decreased
gradually with increasing temperature. The temperature depen-
dence ofT1s in phase II can be explained by the change of the
potential for the 180° flip of the crystallization water molecule.32

In phase II, the asymmetric potential wells for the 180° flip of
the crystallization water molecule as Figure 3a can be considered
to gradually approach the symmetric wells in Figure 3b with
increasing temperature.∆E andτc were estimated from theT1s

values in phase II using eqs 4-6 with τc0 ) 1.2 × 10-12 s, Ea

) 16 kJ mol-1, e2Qq/h ) 230 kHz, and 2â ) 110°. Figure 4
shows the temperature dependence ofτc. In phase II,τc for the

180° flip of the crystallization water deviated from the temper-
ature dependence shown in phases III and IV. Figure 5 shows
the temperature variation of∆E. The error of∆E was estimated
as(15% (error bar in Figure 5), which was mainly caused by
the accuracy ofT1s. The ∆E value for the 180° flip of the
crystallization water molecule decreased gradually with increas-
ing temperature and reached zero at ca. 283 K. This variation
of the potential is considered to be related closely to the
instability in phase II. Above ca. 283 K, another contribution
to the relaxation of the2H nucleus, other than the 180° flip of
the water molecule, is considered to exist, sinceT1s decreased
further with increasing temperature.

The spectral simulation was performed in order to clarify the
behavior and the proportion of the coordinated and the crystal-
lization waters.

The jumping ratek for the 180° flip of the water molecule is
written as

Using eq 7, thek values of the coordinated and the crystallization
waters were estimated fromτc obtained by T1l and T1s,
respectively. Parts a and b of Figure 6 are the2H NMR spectral
simulations for the coordinated and the crystallization water
molecules, respectively. The solid lines in Figure 6c show the
observed spectra. As shown by the broken lines in Figure 6c,
the observed spectra could be interpreted by the combination
of the simulated spectra for two kinds of water molecules (Figure
6a,b) in the ratio (a)/(b)) 2. Although the ratio was poorly
determined at 253 K, the accuracy of the ratio was within(0.5
at other temperatures. Since the ratio of the coordinated and
the crystallization waters has been reported as 2:1,19,20 the
assignment of the water molecules toT1l andT1s is considered
to be proper. Good agreement between the observed and the
simulated spectra suggests that the motional parameters of the
water molecules (τc0, Ea, and∆E) obtained from2H NMR T1

are reasonable.
T1 for Annealed Sample.Figure 7 shows the temperature

dependence of2H NMR T1 for the sample annealed at 340 K
for one hour. In phase IV,T1s andT1l showed reproducibility
within (15% on repeating runs. In phases II and III, however,
both T1s and T1l changed largely and did not show the
reproducibility. The similar change of the properties due to the
annealing has been reported from the measurements of the
dielectric constant.1-17 The crystallization and coordinated
waters are predicted to be in the unstable state by annealing.
The minimum value ofT1s around 220 K changed for each run,
which suggests that the potential for the 180° flip of the
crystallization waters changes on repeating runs. The crystal-

Figure 3. Potentials for the 180° flip of the water molecule in Sm-
(NO3)3‚6D2O. (a) and (b) show the asymmetric and symmetric double
minimum potential, respectively.

Figure 4. Correlation timesτc of the 180° flip for two kinds of water
molecules in Sm(NO3)3‚6D2O. The solid line showsτc for the
coordinated water molecule obtained by the fitting calculation ofT1l.
The broken line showsτc for the crystallization water molecule obtained
by the fitting calculation ofT1s in phases III and IV. (b) and (O) show
τc obtained byT1s in phase II. The arrows indicate the phase II-III
transition point determined by DTA in the heating and cooling
processes.
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Figure 5. Temperature variation of the energy difference∆E in the
asymmetric double minimum potential for the 180° flip of the
crystallization water molecule in Sm(NO3)3‚6D2O. (b) and (O) show
∆E in the cooling and heating process, respectively. The arrows indicate
the phase II-III transition point determined by DTA in the heating
and cooling processes.
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lization waters are fixed by the hydrogen bond from the
coordinated waters and the nitrate ion.19,20The sharp component
of the2H NMR spectrum at 340 K reveals that these hydrogen
bonds were broken and a part of crystallization waters became
free. It is thought that a manner of the hydrogen bonds was
varied by annealing and the unstable state took place. The
temperature variation of∆E for the crystallization water in the
nonannealed sample suggests that the site of the crystallization
water is somewhat less stable at high temperatures. Therefore,

a part of the crystallization waters may enter the interstitial
positions around the regular site after annealing. If these waters
change the site or the orientation easily near room temperature,
the potential of the 180° flip will be altered on a repeating run.
Figure 8 shows the return map that is plotted with the minimum
values ofT1s at the (N + 1)th run as the ordinate and at theNth
run as the abscissa. The error of(15% represented in Figure 8
was estimated from the accuracy ofT1s for the annealed sample
in phases IV and the nonannealed sample. The return map
showed the spiral pattern as seen in the dielectric constant.3,4 If
the minimum ofT1s changes at random, any regularity cannot
be seen in this map. Therefore, the correlation between each
run is considered to exist. The memory effect observed in the
present work is predicted to be related closely to the hydrogen
bond network surrounding the crystallization waters.

Conclusion

The existence of two kinds of waters was confirmed from
2H NMR T1. The results of the2H NMR spectra andT1 suggest
that one is the crystallization water that dominates the short
component ofT1; another is the coordinated water that dominates
the long component ofT1. The potential wells for the 180° flip
of the crystallization water changed gradually in phase II. For
the annealed sample, the unstable behavior ofT1, which did
not show reproducibility, reveals that a manner of hydrogen
bond of the crystallization water varied and the metastable state
arised by annealing. The variation of the environment of the
crystallization water is considered to affect the motion of the
coordinated water and causes the large change of the long
component ofT1. From the return map for the minimum values
of the short component ofT1, the existence of regularity in the
change of the potential for the 180° flip of the crystallization
water on repeating run was predicted. The hydrogen bonds
surrounding the crystallization waters are considered to play
an important role in the memory effect revealed in the present
results of2H NMR.

Figure 6. Observed and theoretical2H NMR spectra for Sm(NO3)3‚
6D2O. (a) The theoretical spectra for the coordinated water molecule.
(b) The theoretical spectra for the crystallization water molecule. (c)
The solid lines show the observed spectra. The broken lines show the
theoretical spectra obtained by the combination of (a) and (b) in the
ratio 2:1.

Figure 7. Temperature dependence of2H NMR T1 for annealed Sm-
(NO3)3‚6D2O in several measuring runs of cooling and heating.Tc(II-
III) and Tc(III -IV) show the transition temperature determined by the
present DTA measurement.Tc

p(I-II) shows the phase I-II transition
point for the protonated compound.

Figure 8. Return maps for the minimum values of2H NMR T1s for
annealed Sm(NO3)3‚6D2O. The minimum values ofT1s at the (N +
1)th run are plotted as the ordinate and at theNth run as the abscissa.
(a) and (b) show the results of the cooling and heating processes,
respectively.
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Appendix: Spectral Simulation

In the following we describe the simulation of the2H NMR
spectrum for the paramagnetic Sm(NO3)3‚6D2O. The nuclear
quadrupole interaction and the electron-nuclear dipolar interac-
tion between the2H nuclei and Sm3+ ions are considered to
contribute mainly to the spectra. The spectral simulation was
performed by using the model of two-site 180° flips of the water
molecules about the D-O-D bisector, which is assumed to be
parallel to the Sm-O direction. For the2H-Sm3+ dipolar
interaction, the contribution from the nearest Sm3+ ion (ωD )
2πνD) was estimated. On the assumption of the isotropicg
tensor, the site frequencyωi is written by the second-order
Wigner rotation matrixDnm

(2)/(Ω) as24,25,31,34

where, (R,â,γ), (ψ,θ,φ), and (R′,â′,γ′) represent the Euler angles
for the transformation from the molecular axes to the principal
axis system of the quadrupolar tensor, from the laboratory axes
to the molecular axes, and from the molecular axes to the
principal axis system of the dipolar tensor between the2H nuclei
and the nearest Sm3+ ion, respectively.〈Sz〉 is the expectation
value forSz of the unpaired electron spin in the Sm3+ ion. γD

is the gyromagnetic ratio of the2H nucleus, andµB is the Bohr
magneton.r is the distance between the2H nucleus and Sm3+

ion. The frequencies of2H in the two sites (ω1, ω2) were
specified byR ) R′ ) 0 andπ. The angles between the rotation
axis and the quadrupole principal axis areâ ) 55°. Between
the rotation axis and Sm-D vectorâ′ ) 15° andγ ) 0 were
used.25,27For the case of the infinitesimal short radio-frequency
pulse widths, the signal collected beginning at the top of the
resulting echoG(t,θ,φ) is written as24,25,31

Here, 1 is a vector written by1 ) (1, 1). A vector of site
populations was assumed asP ) (1/2, 1/2). The effect of finite
π/2 pulse widths was taken into account forG(t,θ,φ) based on

ref 35. The signal of the powder sampleG(t) is given by

The spectrum was obtained by the Fourier transform ofG(t).
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