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Proton NMR study of the lowest-hydrogen-content molybdenum bronze lg,Mo0O4
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Temperature and frequency dependences of proton spin-lattice relaxation time have been measured in the
lowest-hydrogen-content molybdenum bronzg,fV10O; 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 1.30x10* J/mol and the correlation time, is 1.29%x10 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 constanb is estimated to be 3.2710™ ?m?s.

DOI: 10.1103/PhysRevB.63.144301 PACS nuni®er71.20.Tx, 76.60-k, 82.56.—b

INTRODUCTION cumulation, and obtained the detailed data. We wish to re-
port these data and theoretical analyses for them.

Molybdenum bronzes are formed by intercalating hydro-
gens or metal ions into molybdenum trioxide Mg@nd are EXPERIMENT
of interest not only from academic points of view such as
unusual electrical conductivity and charge density wave and The hydrogen molybdenum bronze, 5MoO; was pre-
so on, but also in technical applications such as secondafyared by the method described previouslywas confirmed
battery electrodes, reversible hydrogen storage celldyy the x-ray diffraction and chemical analysis that the pre-
hydrogen-transfer catalysts, and so on. Hydrogen molybdepared sample has a single phase. The sample comprised
num bronze KMoOs; is a hydrogen insertion compound of powders and were sealed in a glass tube to prevent decom-
molybdenum trioxide and, as is well known, exhibits four position.
types of phases with the homogeneity of approximate Proton NMR was detected by a pulsed-NMR spectrom-
limits;1~° Type | (blue orthorhombic, 0.21x<0.40), Type eter operating at 9—27 MHz. The spin-lattice relaxation time
Il (blue monoclinic, 0.85«<1.04), Type Il (red mono- was measured by applying 18890° pulse sequence, and
clinic, 1.55<x<1.72), and Type IV(green monoclinicx  signals were accumulated up to 512 scans and averaged to
=2.0). Recently, a new type of hydrogen molybdenumimprove the signal-to-noise ratio. Single exponential behav-
bronzes, Type [l (blue monoclinic, 0.25«<0.6), has been ior of the proton NMR signals was observed after the 180°
discovereft’ in addition to these four types. pulse in all temperature and frequency ranges. NMR spectra

The location and mobility of hydrogens in hydrogen mo-were observed by Fourier transform of the solid echo
lybdenum bronzes have been investigated by inelastic newignaf* following a 9Q-90, pulse sequence, in order to
tron scattering;'2 neutron diffractiorf'*>**and NMR!*~2®  avoid the distortion of the free induction decay signal owing
Among the NMR researches, precise studies of the locatiotp the lack of its initial part during the dead time of the

and mobility of protons in types |, I, Ill, and IV of hydrogen receiver after an intense rf 90° pulse.
molybdenum bronzes were done by Slade, Halstead, and
Dickens® and Ritter and co-worket$?° by measuring the RESULTS

temperature dependences of NMR spectra and spin-lattice

relaxation timesT; of protons by both continuous-wave and  The temperature dependence of proton spin-lattice relax-
pulsed-NMR spectroscopies. Their studies, however, lackation time in type | bronze was measured at 11 MHz. The
the temperature dependence of profionin the lowest hy-  spin-lattice relaxation rate T is plotted as a function of
drogen content bronzé&ype ), because measurements by1000/T in Fig. 1. When the temperature is increased, the
pulsed spectroscopy were prevented by extraordinary lowpin-lattice relaxation rate 1{Tincreases and has a maxi-
content of inserted hydrogens. It is, therefore, worthwhile tonum at 303 K, and decreases above 303 K. It again increases
compensate the lack with new data, in order to investigatabruptly above 333 K.

this bronze in more detail. In the present work, we have The frequency dependence of the proton spin-lattice re-
succeeded to measure the temperature and frequency depéaxation time in type | bronze was measured at room tem-
dences of proton spin-lattice relaxation tiriig in type |  perature 293 K and is presented in the spin-lattice relaxation
bronze H ,gMoOs, which, to our knowledge, have not yet rate 1/T; as a function of frequency in Fig. 2. As increasing
been measured, by using a high sensitive pulsed-NMR spefrequency, the spin-lattice relaxation raterl 1/simply de-
trometer, which was designed and produced mainly byreases.

THAMWAY and partly by the present authors, and signal ac- The temperature dependence of the proton NMR spectra
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FIG. 1. Temperature dependence of proton spin-lattice relax-
ation rate 1/ measured at 11 MHz in type | bronze. Open circles
are the experimental data, a solid curve is the theoretical one ob-

tained from EqJ(3) and a dotted curve the theoretical one obtained

from Eq. (8). -60 -40 -20 0 20 40 60

are shown in Fig. 3. At lOW_ tempe_ratures they show well- g 3 Temperature dependence of proton NMR spectra in type
resolved structures, but as increasing temperature the strucpygnze.

ture vanishes and the spectra become narrower.
ation caused by the fluctuation of dipolar interaction arising
from protonic motion.
ANALYSIS The effect of dipolar interaction between proton spins and

H 95 97 H
The fact that the temperature dependence of spin latticB'0lypdenum sping™Mo and “'Mo) to the proton spin-

relaxation rate has a maximum is characteristic of the relax.2ttice relaxation can be ignored as follows. In order to esti-
mate the contribution of molybdenum spins, one should

compare the factoryZlvo(lmot 1)Nwo/r oy With the

8 similar factor for protonsy?l (1 +1)N/r® (Refs. 25 and 26)
where vy, is the gyromagnetic ratio of molybdenurty,
molybdenum spinlNy,, the density of molybdenum spins per
unit volume andr .4 is the minimum distance between a
molybdenum and a proton in a unit cell, and other variables
without subscripts are for proton spins. The contributions
from both isotopes of molybdenum are estimated to be two
or three order of magnitude smaller than that from protons
(3.5%10°2 for %Mo and 6.1x10 2 for °"Mo), by utilizing
molybdenum gyromagnetic ratigs a static magnetic field
1 T, resonance frequencies are 2.774 MHz and 2.833 MHz
for %Mo and °’Mo, respectively), their natural abandances
(15.78 and 9.6 % for”>Mo and ®’Mo, respectively), their
spin (both 2), and the minimum distance between a proton
and a molybdenun(0.234 nm).

The relaxation rate caused by the fluctuation of dipolar
interaction is represented?a$®

0 ] 1 1 i
8 12 16 20 24 28
MHz

1 9

=38 Y23V (wg) + 3P (2w0)}, (1)
FIG. 2. Frequency dependence of proton spin-lattice relaxation l . ) . )

rate 1/T, measured at 293 K in type | bronze. Open circles are thdfor proton spinz, wherey is the gyromagnetic ratio of pro-

experimental data and a solid curve is the theoretical one obtainen, andJ™)(w,) and J®(2w,) are the spectral densities.

from Eq. (5). Assuming an exponential correlation function as
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FIG. 4. Theoretical, dependence of proton spin-lattice relax-

ation rate 1/T obtained from Eq(3) in type | bronze and experi- E
X . ) A
mental datgopen circlesitted to it. Te=Teo eX;{R_T ’ (4)
It] whereE, is the activation energy of the motiony is called
exp — —/, . < 00 = 2=
Te the preexponential factor, which is the correlation time in the

infinite temperature an® is the gas constant. By utilizing

where, is the correlation time, the relaxation rate becomeshe least square method, we determined the activation energy

and the preexponential factor to Bg=1.30x10* J/mol and

Te0=5.63x10" s, respectively.
' 2) In Fig. 1, the theoretical resul8) substituted forr, from

Eq. (4) with the valuesE,=1.30x10* J/mol and7.,=5.63
where the relaxation streng@depends on the types of mo- x10 s is plotted together with the experimental data.
tions such as rotation, translation, and so on. The(Bghas  Agreement between the measured data and the theoretical
a maximum atwy7.=0.616. The present data were measureccurve is satisfactory in the temperature range from 213 to
at wy=2mx11.00 MHz, which givesr,=8.92x10 °s at 333 K.
the temperature, where the spin-lattice relaxation rate takes a The frequency dependence was measured at 293 K at
maximum. As the spin-lattice relaxation tirfig measured in  which temperature the correlation time has been determined
the present experiment has a minimum 146 ms at 303 Kio be 7.=1.29x10 %8s by the method mentioned above.
where the relaxation rate 1/Tis maximum, the relaxation Thus the theoretical frequency dependence of the relaxation
strengthC can be determined to be 3.328°s 2 from Eq.  rate is described as
(2). Using thus determine@, we obtain ther. dependence

1_C Te N 47,
Tl_ 1+w(2)T§ 1+4w(2)7§

of the relaxation rate of protons in type | bronze as i:3 32510 1.29x10°°
T, 1+ w5(1.29%10 8)?
L _330a0 Te 4x1.29%10°8
T, 1+ (27X 11X10°)%72 : } (5)

+
1+ 4w5(1.29%10 8)2
47,

+ . The theoretical curve obtained from together with the
1+4(2mx 11x10°)%72 ® Hg) tog

measured data are shown in Fig. 2. Agreement between them
is also satisfactory.

The theoretical curve obtained from E@) is shown in
Fig. 4. By fitting the measured data at each temperature to
the corresponding point of this curyepen circles), the cor-
relation timer, can be determined at each temperature. The temperature dependence of proton spin-lattice relax-

The correlation times determined this way are plotted ination time in type | bronze suggests that, in the temperature
In 7. versus inverse temperature 10D0h Fig. 5. These are range from 213 to 333 K, the relaxation mechanism is the
just on a straight line in the temperature range from 213 tdluctuation of the dipolar interaction between protons arising
333 K. This fact leads us to the temperature dependence @&fom protonic motion. This is confirmed also by the fre-
the correlation timer, described by Arrhenius relation quency dependence of the relaxation time. The activation

DISCUSSION
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120 refer to the results of Torrey’s calculation as follows for spin
I=1.
o o ° o (1) For the isotropic diffusion in the case of long mean
100 ¢ 0" 00 o o o flight path, the relaxation rate is
0 % e 1 4
80 | OQD Py - Tc Tc
o =C; + , (6)
< @ T, N1t eir? 1+40ir?
s
x60 o i where
= (? L 27 y*h?N
40 | : Co=g5 —g5 )
[ J
20 * ® Ref.20 d is the minimum distance of approach of nuclei édhe
. : O Present density of spins per unit volume.
(2) For the lattice diffusion, it is
0
2 6 10 14 1 67 N

N Ap2
1000/ 7 (K™ T.” 5 Y Mg, Y koo, ®)

FIG. 6. Temperature dependences of proton second mavhent wherek=d/l, | is a jumping magnitude, and
in type | bronze obtained by Ritter, Mar-Warmuth, and Schb

horn (Ref. 20) 6olid circles)and the present wortopen circles). WV (K, wo7c) = w7 G (K, woTc) + 207G (K, 2007¢), (9)
energy was determined by Slade, Halstead, and Di¢Rens s, 1-sinz/z dz
and Ritter and co-worket$?° respectively. The former was G(K,wo7c)= fo B3/(k2) (A—sinz2?+ w22 7'
E,=1.10x10" J/mol determined by the spin-spin relaxation o'e (10)

time, and the latter wa ,= 2.67 x10* J/mol decided by ap-
plying qualitative formula to the temperature dependence ofndBs), is the Bessel function.
second moment of proton line shape. In the present experi- We applied these Torrey’s results in the present study.
mentE ,=1.30x10* J/mol was obtained, which is consistent (1) We first tried to apply the relaxation strength for the
with that obtained by Slade, Halstead, and Dickens and itsotropic diffusion. Substitutingd=0.16 nm andN=5.10
half of that obtained by Ritter and co-workees al. The X 10°’m~3, whereN was estimated according to the unit cell
present determination is rather quantitative than those byolume (axbxc, where a=3.88x10""m, b=1.41
Slade, Halstead, and Dickens and Ritter and co-workers. x10 9m, andc=3.73x10"*°m)° and the number of pro-
As shown in Fig. 3, the proton NMR spectra at 77, 103,tons in the unit cel(4Xx, where 4 is the possible number of
and 163 K exhibit well-resolved structure having threehydrogen sitéin an unit cell andk=0.26), into Eq.(7), we
peaks, as reported by Ritter and co-workef8 and the obtained the relaxation streng@y=9.01x10°s 2 for the
present author¥:?? which originate in multiple proton isotropic diffusion. Obtaineyy is larger than the valu€
clusters’®> As we increase temperature above 203 K, the=3.32x10%s 2 determined from the present experiment.
spectra become narrower and the structure disappears, hav-(2) It should be natural, of course, in the hydrogen mo-
ing a single peak. This suggests that the protonic motiofybdnum bronze that the protonic diffusion is like one di-
becomes active in these temperature range. The temperatureensional rather than isotropic. We applied Torrey’s second
dependence of the second mom&tht were obtained from  result for the lattice diffusion to the present case; The
these spectra, as shown in Fig. 6, in which those measuretependence of spin-lattice relaxation rate was calculated by
by Ritter and co-workerf$?°are also plotted together. Both using Torrey’s result in such a way that the maximum value
data indicate tham, remains almost constant below 165 K was fitted to the observed maximum, and is shown in Fig. 7.
and decreases with increasing temperature. From the terds before, by fitting the measured ddtapen circles)o the
perature dependences of spin-lattice relaxation time andorresponding point of this curve, one can determine the cor-
NMR spectra, it could be concluded that the protonic motionrelation time at each temperature. Correlation times deter-
becomes active above about 165 K and effective on the pronined this way are plotted logarithmically as a function of
ton spin-lattice relaxation in the temperature range from 213nverse temperature in Fig. 8. These are on a straight line in
to 333 K. the temperature range from 213 to 333 K as before. Assum-
In order to decide a sort of protonic motion, it is necessarying Arrhenius relation and utilizing the least square method,
to examine the relaxation strength Torrey?® Wolf,?° and  the activation energy, and the preexponential factor were de-
Sholf° treated the spin-lattice relaxation caused by translatermined to be 1.35%0*J/mol and 4.41X0 !s, respec-
tional diffusion. They calculated the relaxation rates for thetively, which fairly agree with those obtained before. Equa-
cases of isotropic diffusion and lattice diffusion by using thetion (8) is also plotted in Fig. 1a dotted curvepy using the
random-walk model. Among them, the studies of Wolf andparameter obtained, together with the measured data. There
Sholl correspond to the cases of high- and low-frequencys only a slight difference between the curves of B&).(the
limits, which are not in the present case. Then we wish tcsolid curve)and Eq.(8) (the dotted curve).
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FIG. 7. Theoretical, dependence of proton spin-lattice relax- Torrey).
ation rate 1/T in type | bronzeafter Torrey(Ref. 28)].

We estimated the diffusion constadtat room tempera- 2ams, Ehses, and Spilker investigated type | hydrogen molyb-
ture (293 K) from the well-known relation denum bronze by electrical conductivity measurement. They

observed a metal to semiconductor transition at between 375

and 415 K depending on the hydrogen conférthen the
a? abrupt change in spin lattice relaxation rate may accompany
(1) the phase transition and there is a possibility that the relax-

ation mechanism of proton at high temperatures is attributed

wherea is the jump distance anah equals 1, 2, or 3 depend- to the interaction between proton spins asdtate conduc-
ing on the dimensionality of the motion. By taking  tion electron spins i.e., the contact interaction. If the contact
=0.28m defering to Ritter, Mier-Warmuth, and interaction would govern the spin-lattice relaxation in the
Schdlhorn?® and takingm=1 according to one dimensional high-temperature range, Korringa relatiogrl = const can be
motion of protons in type | bronze, and using=1.29  applied to the temperature dependence of spin lattice relax-
X107 8s obtained in the present experiment, we obtainedition time3! It seems, however, that Korringa relation could
D=3.27x10 *?m%s. Ritter, Miler-Warmuth, and Scib  not be applied to the present data in the temperature range
horn estimated the diffusion constant in the hydrogen molybahove 333 K. In order to confirm this discussion, further
denum bronze® Their value for type | bronze 4MoOsis  precise investigations must be made in the higher-

D:6.3><10*_12 mé/s, which is larger than ours. The diffusion temperature range including the transition temperature.
constant estimated by Ritter, NMer-Warmuth, and Schb

horn is largest for type Ill bronze H#MoO; in the bronzes
and decreases as both decreasing and increasing the content
X. Our result is consistent with the results of Ritter, Mt

Warmuth, and Schthorn.
From these considerations, it may be concluded that the "€ temperature and frequency dependences of proton

protonic motion is the lattice diffusion in the lowest hydro- SPin-lattice relaxation time in the lowest-hydrogen content
gen content molybdenum bronze, and is such that protons afBolybdenum bronze fdMoO; could be measured by using
hopping from one possible site to another which lies on thdhe high-sensitive pulsed-NMR spectrometer and the signal
zigzag line connecting the vertex sharing oxygen atoms igccumulation method. Proton NMR spectra were also ob-
the intralayers. served and the temperature dependence of second moment

The measured points of the temperature dependence ®fas obtained. By analyzing these data it is concluded that the
proton spin lattice relaxation rate ingbgMoO5 deviate from  protonic motion becomes active above about 165 K and the
the theoretical curve obtained from E@®) in the tempera- proton relaxation mechanism is the fluctuation of the dipolar
ture range above 333 K as shown in Fig. 1. Other mechaiteraction between protons caused by protonic lattice diffu-
nisms than the fluctuation of dipolar interaction must besion in the temperature range from 213 to 333 K. The acti-
dominant to the proton spin-lattice relaxation in the temperavation energy was determined to be 300" J/mol and the
ture range above 333 K, where the spin-lattice relaxation rateorrelation timer is 1.29x10 8 s at room temperature. The
shows an abrupt increase with increasing temperature. Addiffusion constant was estimated to be 320 ?m?s.

D:
2mr.’

CONCLUSION
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