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Proton NMR study of the lowest-hydrogen-content molybdenum bronze H0.26MoO3
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Temperature and frequency dependences of proton spin-lattice relaxation time have been measured in the
lowest-hydrogen-content molybdenum bronze H0.26MoO3 by pulsed NMR method. Temperature dependence
of proton NMR spectra have been also observed. It is revealed that protonic motion becomes active above
about 165 K and the fluctuation of dipolar interaction of protons arising from the protonic motion governs the
spin-lattice relaxation in the temperature range between 213 and 333 K. The activation energy is determined to
be 1.303104 J/mol and the correlation timetc is 1.2931028 s at room temperature. The protonic motion
governing the spin lattice relaxation is discussed and it is suggested that the protonic motion is lattice diffusion.
The diffusion constantD is estimated to be 3.27310212 m2/s.
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INTRODUCTION

Molybdenum bronzes are formed by intercalating hyd
gens or metal ions into molybdenum trioxide MoO3, and are
of interest not only from academic points of view such
unusual electrical conductivity and charge density wave
so on, but also in technical applications such as secon
battery electrodes, reversible hydrogen storage c
hydrogen-transfer catalysts, and so on. Hydrogen molyb
num bronze HxMoO3 is a hydrogen insertion compound o
molybdenum trioxide and, as is well known, exhibits fo
types of phases with the homogeneity of approxim
limits;1–5 Type I ~blue orthorhombic, 0.21,x,0.40!, Type
II ~blue monoclinic, 0.85,x,1.04!, Type III ~red mono-
clinic, 1.55,x,1.72!, and Type IV ~green monoclinic,x
52.0!. Recently, a new type of hydrogen molybdenu
bronzes, Type II8 ~blue monoclinic, 0.25,x,0.6!, has been
discovered6,7 in addition to these four types.

The location and mobility of hydrogens in hydrogen m
lybdenum bronzes have been investigated by inelastic n
tron scattering,8–12 neutron diffraction,8,13,14 and NMR.15–23

Among the NMR researches, precise studies of the loca
and mobility of protons in types I, II, III, and IV of hydroge
molybdenum bronzes were done by Slade, Halstead,
Dickens18 and Ritter and co-workers19,20 by measuring the
temperature dependences of NMR spectra and spin-la
relaxation timesT1 of protons by both continuous-wave an
pulsed-NMR spectroscopies. Their studies, however, la
the temperature dependence of protonT1 in the lowest hy-
drogen content bronze~type I!, because measurements
pulsed spectroscopy were prevented by extraordinary
content of inserted hydrogens. It is, therefore, worthwhile
compensate the lack with new data, in order to investig
this bronze in more detail. In the present work, we ha
succeeded to measure the temperature and frequency d
dences of proton spin-lattice relaxation timeT1 in type I
bronze H0.26MoO3, which, to our knowledge, have not ye
been measured, by using a high sensitive pulsed-NMR s
trometer, which was designed and produced mainly
THAMWAY and partly by the present authors, and signal
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cumulation, and obtained the detailed data. We wish to
port these data and theoretical analyses for them.

EXPERIMENT

The hydrogen molybdenum bronze H0.26MoO3 was pre-
pared by the method described previously.5 It was confirmed
by the x-ray diffraction and chemical analysis that the p
pared sample has a single phase. The sample comp
powders and were sealed in a glass tube to prevent dec
position.

Proton NMR was detected by a pulsed-NMR spectro
eter operating at 9–27 MHz. The spin-lattice relaxation tim
was measured by applying 180°-t-90° pulse sequence, an
signals were accumulated up to 512 scans and average
improve the signal-to-noise ratio. Single exponential beh
ior of the proton NMR signals was observed after the 18
pulse in all temperature and frequency ranges. NMR spe
were observed by Fourier transform of the solid ec
signal24 following a 90x-90y pulse sequence, in order t
avoid the distortion of the free induction decay signal owi
to the lack of its initial part during the dead time of th
receiver after an intense rf 90° pulse.

RESULTS

The temperature dependence of proton spin-lattice re
ation time in type I bronze was measured at 11 MHz. T
spin-lattice relaxation rate 1/T1 is plotted as a function of
1000/T in Fig. 1. When the temperature is increased,
spin-lattice relaxation rate 1/T1 increases and has a max
mum at 303 K, and decreases above 303 K. It again incre
abruptly above 333 K.

The frequency dependence of the proton spin-lattice
laxation time in type I bronze was measured at room te
perature 293 K and is presented in the spin-lattice relaxa
rate 1/T1 as a function of frequency in Fig. 2. As increasin
frequency, the spin-lattice relaxation rate 1/T1 simply de-
creases.

The temperature dependence of the proton NMR spe
©2001 The American Physical Society01-1
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are shown in Fig. 3. At low temperatures they show we
resolved structures, but as increasing temperature the s
ture vanishes and the spectra become narrower.

ANALYSIS

The fact that the temperature dependence of spin la
relaxation rate has a maximum is characteristic of the re

FIG. 1. Temperature dependence of proton spin-lattice re
ation rate 1/T1 measured at 11 MHz in type I bronze. Open circl
are the experimental data, a solid curve is the theoretical one
tained from Eq.~3! and a dotted curve the theoretical one obtain
from Eq. ~8!.

FIG. 2. Frequency dependence of proton spin-lattice relaxa
rate 1/T1 measured at 293 K in type I bronze. Open circles are
experimental data and a solid curve is the theoretical one obta
from Eq. ~5!.
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ation caused by the fluctuation of dipolar interaction aris
from protonic motion.

The effect of dipolar interaction between proton spins a
molybdenum spins~95Mo and 97Mo! to the proton spin-
lattice relaxation can be ignored as follows. In order to e
mate the contribution of molybdenum spins, one sho
compare the factorgMo

2 I Mo(I Mo11)NMo /r Mo-H
3 with the

similar factor for protonsg2I (I 11)N/r 3 ~Refs. 25 and 26!
where gMo is the gyromagnetic ratio of molybdenum,I Mo
molybdenum spin,NMo the density of molybdenum spins pe
unit volume andr Mo-H is the minimum distance between
molybdenum and a proton in a unit cell, and other variab
without subscripts are for proton spins. The contributio
from both isotopes of molybdenum are estimated to be
or three order of magnitude smaller than that from proto
(3.531022 for 95Mo and 6.131023 for 97Mo!, by utilizing
molybdenum gyromagnetic ratios~in a static magnetic field
1 T, resonance frequencies are 2.774 MHz and 2.833 M
for 95Mo and 97Mo, respectively!, their natural abandance
~15.78 and 9.6 % for95Mo and 97Mo, respectively!, their
spin ~both 5

2!, and the minimum distance between a prot
and a molybdenum~0.234 nm!.

The relaxation rate caused by the fluctuation of dipo
interaction is represented as25,26

1

T1
5

9

8
g4\2$J~1!~v0!1J~2!~2v0!%, ~1!

for proton spin1
2, whereg is the gyromagnetic ratio of pro

ton, andJ(1)(v0) and J(2)(2v0) are the spectral densities
Assuming an exponential correlation function as

x-

b-
d

n
e
ed

FIG. 3. Temperature dependence of proton NMR spectra in t
I bronze.
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expS 2
utu
tc

D ,

wheretc is the correlation time, the relaxation rate becom

1

T1
5CF tc

11v0
2tc

2 1
4tc

114v0
2tc

2G , ~2!

where the relaxation strengthC depends on the types of mo
tions such as rotation, translation, and so on. The Eq.~2! has
a maximum atv0tc50.616. The present data were measu
at v052p311.00 MHz, which givestc58.9231029 s at
the temperature, where the spin-lattice relaxation rate tak
maximum. As the spin-lattice relaxation timeT1 measured in
the present experiment has a minimum 146 ms at 303
where the relaxation rate 1/T1 is maximum, the relaxation
strengthC can be determined to be 3.323108 s22 from Eq.
~2!. Using thus determinedC, we obtain thetc dependence
of the relaxation rate of protons in type I bronze as

1

T1
53.323108F tc

11~2p3113106!2tc
2

1
4tc

114~2p3113106!2tc
2G . ~3!

The theoretical curve obtained from Eq.~3! is shown in
Fig. 4. By fitting the measured data at each temperatur
the corresponding point of this curve~open circles!, the cor-
relation timetc can be determined at each temperature.

The correlation times determined this way are plotted
ln tc versus inverse temperature 1000/T in Fig. 5. These are
just on a straight line in the temperature range from 213
333 K. This fact leads us to the temperature dependenc
the correlation timetc described by Arrhenius relation

FIG. 4. Theoreticaltc dependence of proton spin-lattice rela
ation rate 1/T1 obtained from Eq.~3! in type I bronze and experi
mental data~open circles! fitted to it.
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whereEA is the activation energy of the motion,tc0 is called
the preexponential factor, which is the correlation time in t
infinite temperature andR is the gas constant. By utilizing
the least square method, we determined the activation en
and the preexponential factor to beEA51.303104 J/mol and
tc055.63310211s, respectively.

In Fig. 1, the theoretical result~3! substituted fortc from
Eq. ~4! with the valuesEA51.303104 J/mol andtc055.63
310211s is plotted together with the experimental da
Agreement between the measured data and the theore
curve is satisfactory in the temperature range from 213
333 K.

The frequency dependence was measured at 293 K
which temperature the correlation time has been determ
to be tc51.2931028 s by the method mentioned abov
Thus the theoretical frequency dependence of the relaxa
rate is described as

1

T1
53.323108F 1.2931028

11v0
2~1.2931028!2

1
431.2931028

114v0
2~1.2931028!2G . ~5!

The theoretical curve obtained from Eq.~5! together with the
measured data are shown in Fig. 2. Agreement between t
is also satisfactory.

DISCUSSION

The temperature dependence of proton spin-lattice re
ation time in type I bronze suggests that, in the tempera
range from 213 to 333 K, the relaxation mechanism is
fluctuation of the dipolar interaction between protons aris
from protonic motion. This is confirmed also by the fr
quency dependence of the relaxation time. The activa

FIG. 5. lntc as a function of inverse temperature 1000/T.
1-3



ns
s
n

o
e

nt
d

b
.
3

ee

th
h

tio
at

ur
h
K
te
an
io
pr
1

ar

sla
h
he
nd
nc

t

in

n

.
e

ll

f

o-
i-
nd

by
lue
. 7.

or-
ter-
of
e in
um-
od,
de-

a-

here

t

MASAKAZU KUNITOMO et al. PHYSICAL REVIEW B 63 144301
energy was determined by Slade, Halstead, and Dicke18

and Ritter and co-workers19,20 respectively. The former wa
EA51.103104 J/mol determined by the spin-spin relaxatio
time, and the latter wasEA52.673104 J/mol decided by ap-
plying qualitative formula to the temperature dependence
second moment of proton line shape. In the present exp
mentEA51.303104 J/mol was obtained, which is consiste
with that obtained by Slade, Halstead, and Dickens an
half of that obtained by Ritter and co-workerset al. The
present determination is rather quantitative than those
Slade, Halstead, and Dickens and Ritter and co-workers

As shown in Fig. 3, the proton NMR spectra at 77, 10
and 163 K exhibit well-resolved structure having thr
peaks, as reported by Ritter and co-workers19,20 and the
present authors,21,22 which originate in multiple proton
clusters.23 As we increase temperature above 203 K,
spectra become narrower and the structure disappears,
ing a single peak. This suggests that the protonic mo
becomes active in these temperature range. The temper
dependence of the second momentM2 were obtained from
these spectra, as shown in Fig. 6, in which those meas
by Ritter and co-workers19,20 are also plotted together. Bot
data indicate thatM2 remains almost constant below 165
and decreases with increasing temperature. From the
perature dependences of spin-lattice relaxation time
NMR spectra, it could be concluded that the protonic mot
becomes active above about 165 K and effective on the
ton spin-lattice relaxation in the temperature range from 2
to 333 K.

In order to decide a sort of protonic motion, it is necess
to examine the relaxation strengthC. Torrey,28 Wolf,29 and
Sholl30 treated the spin-lattice relaxation caused by tran
tional diffusion. They calculated the relaxation rates for t
cases of isotropic diffusion and lattice diffusion by using t
random-walk model. Among them, the studies of Wolf a
Sholl correspond to the cases of high- and low-freque
limits, which are not in the present case. Then we wish

FIG. 6. Temperature dependences of proton second momenM2

in type I bronze obtained by Ritter, Mu¨ller-Warmuth, and Scho¨ll-
horn ~Ref. 20! ~solid circles! and the present work~open circles!.
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refer to the results of Torrey’s calculation as follows for sp
I 5 1

2 .
~1! For the isotropic diffusion in the case of long mea

flight path, the relaxation rate is

1

T1
5CidF tc

11v0
2tc

2 1
4tc

114v0
2tc

2G , ~6!

where

Cid5
2p

5

g4\2N

d3 , ~7!

d is the minimum distance of approach of nuclei andN the
density of spins per unit volume.

~2! For the lattice diffusion, it is

1

T1
5

6p

5
g4\2

N

k3l 3v0
C~k,v0tc!, ~8!

wherek5d/ l , l is a jumping magnitude, and

C~k,v0tc!5v0tcG~k,v0tc!12v0tcG~k,2v0tc!, ~9!

G~k,v0tc!5E
0

`

B3/2
2 ~kz!

12sinz/z

~12sinz/z!21v0
2tc

2

dz

z
,

~10!

andB3/2 is the Bessel function.
We applied these Torrey’s results in the present study
~1! We first tried to apply the relaxation strength for th

isotropic diffusion. Substitutingd50.16 nm andN55.10
31027m23, whereN was estimated according to the unit ce
volume ~a3b3c, where a53.88310210m, b51.41
31029 m, andc53.73310210m!8 and the number of pro-
tons in the unit cell~43x, where 4 is the possible number o
hydrogen sites8 in an unit cell andx50.26!, into Eq.~7!, we
obtained the relaxation strengthCid59.013108 s22 for the
isotropic diffusion. ObtainedCid is larger than the valueC
53.323108 s22 determined from the present experiment.

~2! It should be natural, of course, in the hydrogen m
lybdnum bronze that the protonic diffusion is like one d
mensional rather than isotropic. We applied Torrey’s seco
result for the lattice diffusion to the present case; Thetc
dependence of spin-lattice relaxation rate was calculated
using Torrey’s result in such a way that the maximum va
was fitted to the observed maximum, and is shown in Fig
As before, by fitting the measured data~open circles! to the
corresponding point of this curve, one can determine the c
relation time at each temperature. Correlation times de
mined this way are plotted logarithmically as a function
inverse temperature in Fig. 8. These are on a straight lin
the temperature range from 213 to 333 K as before. Ass
ing Arrhenius relation and utilizing the least square meth
the activation energy, and the preexponential factor were
termined to be 1.353104 J/mol and 4.41310211s, respec-
tively, which fairly agree with those obtained before. Equ
tion ~8! is also plotted in Fig. 1~a dotted curve! by using the
parameter obtained, together with the measured data. T
is only a slight difference between the curves of Eq.~3! ~the
solid curve! and Eq.~8! ~the dotted curve!.
1-4
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We estimated the diffusion constantD at room tempera-
ture ~293 K! from the well-known relation

D5
a2

2mtc
, ~11!

wherea is the jump distance andm equals 1, 2, or 3 depend
ing on the dimensionality of the motion. By takinga
50.28 m defering to Ritter, Mu¨ller-Warmuth, and
Schöllhorn20 and takingm51 according to one dimensiona
motion of protons in type I bronze, and usingtc51.29
31028 s obtained in the present experiment, we obtain
D53.27310212m2/s. Ritter, Müller-Warmuth, and Scho¨ll-
horn estimated the diffusion constant in the hydrogen mol
denum bronzes.20 Their value for type I bronze H0.35MoO3 is
D56.3310212m2/s, which is larger than ours. The diffusio
constant estimated by Ritter, Mu¨ller-Warmuth, and Scho¨ll-
horn is largest for type III bronze H1.0MoO3 in the bronzes
and decreases as both decreasing and increasing the co
x. Our result is consistent with the results of Ritter, Mu¨ller-
Warmuth, and Scho¨llhorn.

From these considerations, it may be concluded that
protonic motion is the lattice diffusion in the lowest hydr
gen content molybdenum bronze, and is such that protons
hopping from one possible site to another which lies on
zigzag line connecting the vertex sharing oxygen atoms
the intralayers.

The measured points of the temperature dependenc
proton spin lattice relaxation rate in H0.26MoO3 deviate from
the theoretical curve obtained from Eq.~3! in the tempera-
ture range above 333 K as shown in Fig. 1. Other mec
nisms than the fluctuation of dipolar interaction must
dominant to the proton spin-lattice relaxation in the tempe
ture range above 333 K, where the spin-lattice relaxation
shows an abrupt increase with increasing temperature.

FIG. 7. Theoreticaltc dependence of proton spin-lattice rela
ation rate 1/T1 in type I bronze@after Torrey~Ref. 28!#.
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ams, Ehses, and Spilker investigated type I hydrogen mo
denum bronze by electrical conductivity measurement. T
observed a metal to semiconductor transition at between
and 415 K depending on the hydrogen content.27 Then the
abrupt change in spin lattice relaxation rate may accomp
the phase transition and there is a possibility that the re
ation mechanism of proton at high temperatures is attribu
to the interaction between proton spins ands-state conduc-
tion electron spins i.e., the contact interaction. If the cont
interaction would govern the spin-lattice relaxation in t
high-temperature range, Korringa relationT1T5const can be
applied to the temperature dependence of spin lattice re
ation time.31 It seems, however, that Korringa relation cou
not be applied to the present data in the temperature ra
above 333 K. In order to confirm this discussion, furth
precise investigations must be made in the high
temperature range including the transition temperature.

CONCLUSION

The temperature and frequency dependences of pr
spin-lattice relaxation time in the lowest-hydrogen conte
molybdenum bronze H0.26MoO3 could be measured by usin
the high-sensitive pulsed-NMR spectrometer and the sig
accumulation method. Proton NMR spectra were also
served and the temperature dependence of second mo
was obtained. By analyzing these data it is concluded that
protonic motion becomes active above about 165 K and
proton relaxation mechanism is the fluctuation of the dipo
interaction between protons caused by protonic lattice di
sion in the temperature range from 213 to 333 K. The a
vation energy was determined to be 1.303104 J/mol and the
correlation timetc is 1.2931028 s at room temperature. Th
diffusion constant was estimated to be 3.27310212m2/s.

FIG. 8. lntc as a function of inverse temperature 1000/T ~after
Torrey!.
1-5
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14F. A. Schröder and H. Weitzel, Z. Anorg. Allg. Chem.435, 247

~1977!.
15A. Cirillo, Jr. and J. J. Fripiat, J. Phys.~Paris! 39, 247 ~1978!.
16A. Cirillo, Jr., L. Ryan, B. C. Gerstein, and J. J. Fripiat, J. Che
14430
.

.

.

cs

e

.

.

.

.

Phys.73, 3060~1980!.
17R. E. Taylar, M. M. Silva Crawford, and B. C. Gerstein, J. Cat

62, 401 ~1980!.
18R. C. T. Slade, T. K. Halstead, and P. G. Dickens, J. Solid S

Chem.34, 183 ~1980!.
19Cl. Ritter, W. Müller-Warmuth, H. W. Spiess, and R. Scho¨llhorn,

Ber. Bunsenges. Phys. Chem.86, 1101~1982!.
20Cl. Ritter, W. Müller-Warmuth, and R. Scho¨llhorn, J. Chem.

Phys.83, 6130~1985!.
21N. Sotani, K. Eda, and M. Kunitomo, J. Chem. Soc., Farad

Trans.86, 1583~1990!.
22M. Kunitomo, K. Eda, N. Sotani, and M. Kuburagi, J. Solid Sta

Chem.99, 395 ~1992!.
23K. Eda, N. Sotani, M. Kunitomo, and M. Kaburagi, J. Solid Sta

Chem.141, 255 ~1998!.
24J. G. Powles and J. H. Strange, Proc. Phys. Soc. London82, 6

~1963!.
25A. Abragam,The Principles of Nuclear Magnetism~Oxford, Lon-

don, 1961!.
26N. Bloembergen, E. M. Purcell, and R. V. Pound, Phys. Rev.73,

679 ~1948!.
27S. Adams, K-H. Ehses, and J. Spilker, Acta Crystallogr., Sect

Struct. Sci.B49, 958 ~1993!.
28H. C. Torrey, Phys. Rev.92, 962 ~1953!.
29D. Wolf, J. Phys. C10, 3545~1977!.
30C. A. Sholl, J. Phys. C14, 447 ~1981!.
31J. Korringa, Physica~Amsterdam! 16, 601 ~1950!.
1-6


