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Distribution and dynamics of hydrogen atoms in the low-temperature phase of Mg,NiH, have been studied by
means of 2H and 'H NMR for Mg,NiD, and Mg,NiH,, respectively. 2H NMR spectra have been measured in the
temperature range between 200 and 340 K, and the line shapes were simulated. The temperature dependence of
2H NMR spectra was quite well simulated assuming a distorted tetrahedral configuration and a pseudoisotropic
rotation of the NiD, unit. The estimated jump frequency obeyed Arrhenius relation with a frequency factor of (0.8
+ 0.6) x 108 Hz and an activation energy of 50.1 + 1.4 kJ/mol. 'H NMR spectra were acquired from 240 to 360
K. The observed 'H second moments were 202 kHz? in the rigid lattice (240 K) and 46.6 kHz? in a motional state
(360 K). The value in the rigid lattice supported the tetrahedron model, and the value in a motional state indicated
the isotropic rotation of the NiH, unit. Conclusively, the NiH, unit has the distorted tetrahedral configuration and
undergoes the pseudoisotropic rotation.

Introduction In the low-temperature phase, on the other hand, the metal
atoms form a slightly distorted structure of the above high-
temperature phase? The metal lattice symmetry was
established, while the local configuration of the hydrogen
atoms around the nickel atom was argued up to very recent
years. Notas and Werner proposed an octahedron model
in which four hydrogen atoms form a square plane centered
on a nickel atont? as illustrated in Figure 1a. On the other
phase, metal atoms form a cubic Gafpe structure. Schefer hand, Zolliker et al. proposed a tetrahedron model (Figure
1b), where four hydrogen atoms occupy the four corners of

et al® and Yvon et af concluded from their neutron h hed q kol af1B |
diffraction results that hydrogen atoms distribute over the t etgtra edron centered on a nickel atoiarystal structure
studies of related compounds such as Mg+ and

six sites which are located at the corners of the octahedronsM C dth hed del | Y 1213
centered on nickel atoms, although the local configuration g2Col supported the tetrahedron model in MgH..™

of the hydrogen atoms around the nickel atom could not be Quantum chemical calculation resulted in a conclusion that
determined. Nones and Olsson reported the localized a [NiH,]*" complex had a square planar structure while a

character of the motion of the hydrogen atoms by a cold (5) Norass, D Olsson, L. GJ. Chem. Phys1983 78, 24192427,

neutron scattering experiment and proposed a model in which () Noreus, D.; Werner, P.-EMater. Res. Bull1981, 16, 199-206.

a square planar unit of four hydrogen atoms randomly flips (7) Ono, S.; Hayakawa, H.; Suzuki, A.; Nomura, K.; Nishimiya, N.;
Tabata, TJ. Less-Common Me1982 88, 63—71.

Metal hydrides are attractive for hydrogen storage materi-
als. Magnesiuntnickel alloy has become one of the promis-
ing materials because of its large hydrogen capacity per
weight, ever since Reilly and Wiswall found that the alloy
reacts readily with hydrogen to form a stable hydride,
Mg.NiHst The hydride shows a phase transition of the
crystal structure at about 500 in the high-temperature

around the nickel atorh. (8) Hayakawa, H.; Ishido, Y.; Nomura, K.; Uruno, H.; Ono, B Less-
Common Met1984 103 277-283.
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rotation of the NiH unit. The estimated jump frequency is
in excellent agreement with the previoti$ NMR resultst®

Experimental Section

Materials. The samples of MgNiH, and MgNiD, were
synthesized by the reaction between stoichiometriMilgand
protium/deuterium gas. The M§iH, sample was the same as that
previously used®’ The MgNiD4 sample was synthesized in con-
ditions similar to those for MgNiH, and used also in the previous
work 19

°H and 'H NMR Measurements. ?H NMR spectra were
measured by a Bruker MSL400 spectrometer with a static magnetic
field of 9.4 T.2H Larmor frequency was 61.42 MHz. The qua-
drupole echo pulse sequence 990,-90°,-7,-echo) was used, and
the latter half of the echo signal was acquired and Fourier
transformed. The 90pulse width was 2.6s, the pulse intervat,
between two 99 pulses was 1&s, and the repetition time was
between 10 and 60 s. The value was adjusted to the echo
maximum in the data processing. The sample temperature was
varied from 200 to 340 K.

IH NMR spectra were measured by a Bruker ASX200 spec-
trometer with a field of 4.7 T!H Larmor frequency was 200.13
MHz. The solid echo pulse sequence was used, which is the same

Figure 1. Models of the configuration of hydrogen atoms around a Ni as the quadrgpole echo sequence. Th‘é@se \.Nldth was 1.15
atom: (a) the octahedron model with a square-planar;Nitit and (b) the us, the pulse interval was 1, and the repetition time was between

tetrahedron model. 30 and 300 s. The sample temperature was varied between 240
and 360 K.
[NiH 44~ complex led to a tetrahedral structdfed recent 2H spectra composed of staticlike powder patterns espectra

ab initio calculation suggested a tetrahedrally distorted were simulated by our own software written in Fortran and running
square-planar configuration around the nickel atom forming on an NEC PC-9801 series computer. Phespectra whose line
[NiH 415 shapes were modulated by motions were simulated using MXET1
NMR is a powerful tool to study hydrogen motions in Progrant®installed on an I1BM SP2 computer system.
materials. In previous papel&st’we have studied the motion
of the hydrogen atoms in the low- and high-temperature
phases of MgNiH, by means ofH NMR. We concluded ?H NMR Spectra. A °H spin has a quadrupole moment
that the motion of the hydrogen atoms is localized in the With a spin quantum numbérof 1. The quadrupole coup-
low-temperature phase. TAE NMR results supported the ling constant is of the order of 100 kHz, and théhi
square planar model rather than the tetrahedron niddel. NMR spectra are sensitive to motions with a frequency of
Ueda et al. have tried to identify the configuration by means about 100 kHz. Figure 2 shows temperature dependence of
of 2H NMR using a deuteride, MliD4.2® The results °H NMR spectra in MgNiD4. Some similar spectra have
supported the tetrahedron model, but the dynamics was notdlready been reported without any discussitnhe line
concluded because of its complicated nature. Consequentlyshape shows negligible changes below 260 K. The central

the previousH and?H NMR results were inconsistent with ~ peak starts to grow up at 260 K. A drastic change is observed
each other. between 280 and 330 K. Above 330 K, one relatively sharp

In the present work, the local configuration and dynamics line is observed with tails at the bottom on both sides. The
of hydrogen atoms in the low-temperature phase of tailing part becomes smaller with increase in temperature.

Results and Discussion

Mg.NiH, have been studied by means?f andH NMR These results indicate th#tl spins are in a rigid lattice
for Mg2NiD4 and MgNiH4, respectively. We conclude that — state below 260 K. The spectrum at 200 K is deconvoluted
a distorted tetrahedral configuration explains both?thend into four components with equal populations, using static

IH NMR results. Simulation of théH NMR spectra reveals ~ powder line shapes, as shown in Figure 3. This means that

the dynamics of deuterium atoms, which is a pseudoisotropic there are at least four crystallographically inequivalent sites.
The peaks and shoulders in the spectra are observed

(14) Lindberg, P.; Ndtes, D.; Blomberg, M. R. A.; Siegbahn, P. E. M. reproducibly between 200 and 260 K, although the signal-
Chem. Phys1986 85, 4530-4537. . . . .
(15) Garca, G. N.; Abriata, J. P.; Sofo, J. ®hys. Re. B1999 59, 11746~ to-noise ratio seems to be fairly poor. Figure 3 shows the
11754. , only fit which we obtained. The obtained quadrupole param-
(16) ;363';32“;13" Hayamizu, K.; Yamamoto, {.Chem. Phys1983 79, eters, quadrupole coupling constants (QE@?Qg/h) and
(17) Hayashi, S.; Hayamizu, K.; Yamamoto, d.Chem. Physl983 79,
5572-5578. (20) Greenfield, M. S.; Ronemus, A. D.; Vold, R. L.; Vold, R. R.; Ellis, P.
(18) Hayashi, S.; Hayamizu, K. Less-Common Met989 155, 31—-35. D.; Raidy, T. E.J. Magn. Reson1987, 72, 89—-107.
(19) T. Ueda, S. Hayashi, K. Hayamizu, E. Akiba, Japanese Conference (21) Hayashi, S.; Orimo, S.; Fujii, Hl. Alloys Compd1997, 261, 145~
on Molecular Structures, Kyoto, 1992. 149.
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Figure 2. Temperature dependencef NMR spectra of MgNiD4.
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Figure 3. 2H NMR spectra at 200 K and its deconvoluted results.

asymmetry factorsifg), are 62 kHz and 0.26 for site 1, 54
kHz and 0.15 for site 2, 47 kHz and 0.30 for site 3, and 46
kHz and 0.42 for site 4, respectively. Experimental errors
are+2 kHz and+0.04 for QCC andjq, respectively. The

Hayashi

(a) Model 1 (b) Model 2

500 kHz

e J

20 kHz

500 kHz "

|

\

/v\¥

100 kHz

.
(1]

20 kHz

10 kHz

ﬁ

d

i

1kHz J
-
50 0 50
v (kH2)
(c) Model 3

500 kHz

%
E %

100 kHz

20 kHz

10 kHz

kil

1 kHz

50 0 -50

v (kHz) v (kHz)

Figure 4. Calculatec®H NMR spectra assuming the motion described in
the text: (a) model 1, (b) model 2, (c) model 3, and (d) model 4. The
numbers in the figure are the jump frequency from one site to another site.

Table 1. Euler Angles in Wigner Rotation Used for the Simulations

models 1& 2 model 3 model 4
site 0[] ¢[1 w1 671 ¢[F1 v[1 611 ¢[F1 I
1 54.7 135 0 54.7 135 90 58.7 135 0
2 1253 225 0 125.3 225 0 121.3 225 0
3 54.7 315 0 54.7 315 90 58.7 315 0
4 125.3 45 0 125.3 45 0 121.3 45 0

characteristic of quadrupole interaction. Because the observed

line shapes do not appear to contain an additional anisotropicspectra show a single narrow line at the higher temperatures,

contribution from the Knight shift, indicating that MgiD 4
is nonmetallic. This is consistent with the resultdtafspin—
lattice relaxation timd3,'® which has no effect of conduction

isotropic (or pseudoisotropic) rotation of the tetrahedron is
assumed. Figure 4 shows some typical results of the spectrum
simulation. Table 1 lists angular parameters used for the

electrons. The quadrupole coupling constant is much smallersimulations, which specify the locations of deuterium in the

than those in the €D and O-D bonds of typical organic
compounds (about 200 kHz).

tetrahedron centered on a nickel atom. The principal axis
system (PAS) of the quadrupole interaction is converted to

The line shapes modulated by motions are simulated the Zeeman axis system (ZAS) (i.e., the crystal lattice system)
assuming local configurations and motional models. Becauseby Wigner rotation of the coordinate system; rotation around

the previous'H NMR results revealed single activation
energy over the wide temperature range-2480 K, a single

the z axis by the anglep, rotation around the newaxis by
the angle, and then rotation around the nevaxis by the

mode of motion is assumed rather than a combination of angle¢. The direction from Ni to D is assumed to be parallel
more than one mode. First, the tetrahedral configuration is to thez axis of the PAS, because the presence efMbonds
assumed. If the tetrahedron rotates around a specific axis,s reasonably presumed. Thexis of the ZAS is fixed to
the line shape at the fast motional limit should have a pattern the C, axis of the tetrahedron.

2240 Inorganic Chemistry, Vol. 41, No. 8, 2002
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In model 1, the local configuration of hydrogen atoms is  Obsd. spectra Calcd. spectra
assumed to be a regular tetrahedron with four equivalent sites
(QCC = 50 kHz and#ng = 0). The observed trend is

reproduced fairly well at the intermediate and high temper- 320K % %

ature ranges, as shown in Figure 4a. Actually, there are four
inequivalent sites. In model 2, the quadrupole parameters 4,
obtained experimentally are used with the regular tetrahedron -
configuration. The calculated spectra shown in Figure 4b

%
ﬁ

show always split peaks in the central part, being inconsistent ?OK

with the observed spectra. To avoid the central peak splitting

the anglesy values are varied in model 3, keeping the 290k L. ~
regular tetrahedral configuration with the four inequivalent —

sites. There are several combinationsyof/alues with no ML 2 KHz \
peak splitting, as shown in Figure 4c. At the higher temper-

ature range, the line width increases gradually, and the central——— 7 % e 0 5
peak splits at the fast motional limit. According to the crystal v (kH2) v (kH2)

structure studie§;the NiH, tetrahedron is distorted. In model  gigyre 5. 2H NMR spectra observed (left) and their simulated spectra
4, the configuration is a distorted tetrahedron with the four (right). The numbers in the figure are the sample temperature and the jump
inequivalent sites. The anglésare varied, and the best fitting ~ frequency.
is obtained at) = 54.7 + 4°, as shown in Figure 4d. The s
line shapes are almost the same as those in model 3 without 3
the central peak splitting at the fast limit. i
Spectrum simulations were carried out also assuming con-
figurations other than the tetrahedron. The results are briefly
summarized later without presenting the calculated spectra.
If the NiD4 unit is square planar and the plane rotates around
an axis perpendicular to the plane, a Pake doublet pattern
with 7o = 0 should be observed at the fast limit. Next, hy-
drogen atoms are assumed to occupy four of the six sites at
the corners of an octahedron centered on a Ni atom. The
NiD4 unit might form a square plane, and the plane is as-
sumed to undergo an isotropic rotation. The calculated spec- 10 : : : :
tra have extra peaks at the intermediate temperature range 28 30 32 34 36 38
and, furthermore, this motion needs six sites. Consequently, 1000/7 (K")
the configurations other than the tetrahedron are prohibited.Figure 6. Arrhenius plot of the jump frequency. The solid line is the
In conclusion, model 4 is the best among the models. Therel_lt_eaﬁg—squares fit, while the chain line indicates the results obtainedfiom
might be a combined model of models 3 and 4. However, *'
further improvement is impossible and has no significance. Mg,NiH4 by means of inelastic neutron scatterm@he
Therefore, the experimental line shapes are simulated usingvibrational frequency agrees very well with the previously
model 4 in detail in order to derive the jump frequency. described frequency factors.
Figure 5 shows some simulated spectra as well as the H NMR Spectra. The second momeni¥},, of a'H NMR
observed ones. The fine structures remain in the observedsignal provides good information on the hydrogen distribu-
spectra at the higher temperature than in the simulatedtion and the mode of the hydrogen motion. The previous
spectra. This discrepancy might come from a distribution of results could not be explained by the tetrahedral configura-
the jump frequency. tion.!8 In the previous works, we reported that the second
Figure 6 shows an Arrhenius plot of the jump frequency, moment in the rigid lattice was 308 kH£L7 O€) while it
which results in a frequency factor of ((480.6) x 10 Hz was 60+ 4 kHZ (3.3 & 0.2 O€) between 340 and 500
and an activation energy of 504 1.4 kJ/mol. In our K.1817 The value in the rigid lattice was too large to be

previous work® the jump frequency was obtained frdid explained by the tetrahedral configuration. The value of 60
NMR results. The values obtained from th spin—lattice kHz? was not satisfactorily explained by a single mode of
relaxation time in the rotating fram@j,, are also plotted in ~ motion. Even if the tetrahedral arrangement is distorted, those
Figure 6, from which a frequency factor of 2:2 10" Hz are not explained. Then, in the present work, the spectra were

and an activation energy of 51.9 kJ/mol were obtained. Thoseremeasured with a spectrometer which had a shérp@e
values are in excellent agreement with the present results.width and a short recovery time.

Roughly speaking, the frequency factor corresponds to a The line narrowing takes place between 270 and 340 K.
local vibrational frequency of H atoms. Nargand Olsson  The line widths are constant below 270 and above 340 K.
observed the optical mode of the vibration centered at Hydrogen atoms are in a rigid lattice state below 270 K,
100 meV E2.4 x 10" Hz) in the low-temperature phase of  while they undergo a localized motion above 340 K. Figure

Inorganic Chemistry, Vol. 41, No. 8, 2002 2241
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protons. The calculated second moments are 199 Ktz0
0¢€) and 305 kHz (16.8 08) for the tetrahedral and the
square planar configurations, respectivélyhe experimental
second moment in a rigid lattice (202 kBisupports the
Obs tetrahedron model.

In the motional state, the second moment varies depending
on the mode of the motion. If the translational motion were
fast enoughM; should be zero. In the present case, the
hydrogen motion is localized around nickel atoms, because
the observed second moment (46.6 KHg far from zero.
240K If the NiH4 unit undergoes an isotropic rotation, the dipolar
interaction among the hydrogen atoms in the same unit is
averaged out to zero, while the interunit interaction remains
unaveraged. The interunit interaction can be estimated using
eq 2, where the; value should be replaced by the distance
between the centers of gravity of each unit. The calculated
Cale values are 42 kHz(2.3 O¢é) and 40 kH2 (2.2 Oé) for the

tetrahedron and the square plane models, respectif/&he
"% 0 s experimental value (46.6 kFgcan support both models.

v (kH2) The small discrepancy might arise from the distortion of the
tetrahedron and/or the inhomogeneous broadening caused by
magnetic impurities such as Ni clusters on the particle
7 shows!H spectra at 240 and 360 K. The line shapes are surface.
fitted by a rectangular Gaussian line shape proposed by The loss of the second moment due to the localized motion
Powles and Caraz#aand expressed as is 155 kHZ. The corresponding values were obtained from

the spin-lattice relaxation studies, which were 136 RHZ.5

w
=3}
=}
P

o]
=N
)

Obs

Figure 7. H NMR spectra and their simulated line shapes.

i) = hex _X_2 _ X_4 (1) O¢) and 123 kHz (6.8 O@) for *H Ty, andT;, respectively®
aZ b These values are in fair agreement with the present result.

The small discrepancy suggests that the jump frequency has

whereh, a, andb are parameters defining the line shape. a distribution.
The parameters obtained from the fitting are= 36.6 kHz In conclusion, théH results support the tetrahedral config-
andb = 27.1 kHz at 240 K an@é = 14.1 kHz ancb = 14.1 uration as well as the isotropic rotation of the Nithit.
kHz at 360 K. The second and the fourth moments are .

) . . .~ Conclusions
estimated numerically from the fitted rectangular Gaussian )
line shapes. The second momeis, are 202 and 46.6 kHz ?H and'H NMR spectra have been measured in the low-
at 240 and 360 K, respectively. The roots of the fourth €mperature phase of MgiD4 and MgNiH,, respectively.
moment, M2, are 308 and 72.7 kHzt 240 and 360 K, The results_ su_ppo_rt the distorted tetr_ahedrqn mod_el for the
respectively. If the line shape is Gaussian, M(M,)? value hydrogen distribution and the pseudoisotropic rotation of the
is 3. The obtained ratios are 2.32 and 2.43 at 240 and 360tetrahedron as follows: _
K, respectively. The present second moments are much (1) The temperature dependence’sf NMR spectra is
smaller than the previous ones (308 and 60 3Hm the qung weII. simulated assuming the_d|stort¢d tetrah_edral
previous works, the line shapes were distorted, probably configuration and the pseudoisotropic rotation. The jump
because the 9(ulse width and the recovery time were not frequency is estimated, which obeys Arrhenius relr?mo_n with
short enough. a frequency factor of (0.8 0.6) x 10 Hz and an activation

Only theIH spins should be taken into consideration in €N€rgy of 50.1+ 1.4 kJ/mol.
Mg,NiH,, because Mg and Ni nuclei can be neglected in _ (2) The observeéH second moments are 202 kHa the

view of the magnetic dipole moment. In the rigid lattice state, 119id lattice and 46.6 kHzin a motional state. The value in

the second momenk,, can be expressed as follo#s: the rigid lattice supports the tetrahedron model. The value
' in a motional state is explained by the isotropic rotation of
3 1 the NiH, unit.
M, =—yR101+ 1) — 2
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