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INTRODUCTION

There has been a recent surge in the applications of nuclear
magnetic resonance (NMR) spectroscopy, particularly in solids, to
the solution of a wide variety of problems of very practical natures.
These have included tﬂe investigations of spatially controllied NMR
techniques as a diagnostic tool for cancer (1-4) as well as the more
typical applications in the studies of catalysts (5, 6), polymers
(7-9), fossil fuels (10), and metal hydrides {11). The sensitivity
of NMR to the local environment on an atomic scale for a particular
nucieus provides information about electronic structure as well as

molecular structure and motion.

NMR spectroscopy provides this information through the
perturbation of nuclear spin states. The total nuclear spin
Hamiltonian is a sum of Hamiltonians describing the physicaliy
different interactions of the nuclear spins. For example, these
inciuge the nuciear dipo!

2T ik i
(S NN I S L) "‘..C"

e intcraoction, nuciear quadrupole cCOUDting.
Knight shift coupling, and hvperfine coupling. Generally, serveral
interactions contribute simultaneously to the reiaxation of the
nuclear spin svstem in an NMR experiment. Although each of these
interactions contains useful information, the NMR spectrum usually
can be interpreted to give only the largest one or complex
combination of a couple. The use of recentiy deveioped NIR

techniques (12, 13) allows the separation and characterization of

the interactions present



In particular, the work described in this thesis deals with the
application of a variety of existing time dependent techniques in
NMR as well as the extension of high resolution techniques and their
use to learn more about the nature and mobility of protons in H;_ 7MoO3
and YHi_go. The reasons for the choice of these particuiar chemical
systems are two fold. The physical properties of these systems are
particularly well-suited to be studied by solid state NMR. Secondly,
they are of practical importance. The compound H;_ 7Mo03 has been
proposed (ili) to be a model system for providing information about
the reduction of supported molybdenum oxide catalysts. Metal

hydrides, such as YH; g5, have possible technological applications

for hydrogen storage.



LITERATURE REVIEW

Since this dissertation deals both with the extension of high
resolution experiments in solid state NMR and with the application
of these technigues as well as existing methods to chemical systems,
this literature review is informally divided into three sections.
The first presents a brief review of the history of NMR and the
use of time dependent experiments in NMR to selectively average
specific interactions. The latter twc sections introduce the
chemical systems and specific goals for this research.

Much of the research effort in the years immediateiy foiiowing
the discovery of NMR in 1945 by Bloch et al. (15) and Purcell et al.
(16) was aimed at understanding the response of the nuclear spin
system to applied magnetic fields as well as those within the matter
containing the spin system. Some of the classic papers during
this period dealt with spin relaxation (Bloembergen, Purcell, and
Dound (170

), the Alcrnvary AT The rhemicral SPITF DV ProcioOr and
The digcovery o e one : Y

Yu {18). the theoretical formulation of the chemical shift by

}. and the extension of nuclear spin relaxation theory
fusion by Torrev (20). One of the most
nortant naners, not onlv in terms of theorv but alsc from a
technological point of view, was the demonstration by Lowe and
Norberg (21) that the steacy state resonance condition in the
requency domain was the Fourier transform of the free induction

o m s

imz Zomzin. In the venre that falliowed, NMR was
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considered to be a mature research method and the emphasis was
placed on the applications of existent experiments to an understanding
of physical and chemical processes. The research situation at that
time is probably best described by Mehring et al. (22).
"The early era of the chemicai shift provided the
experimental practitioner of NMR not only with a challenge
in technique but also with the dual rewards of (a) relevance
to the problems of chemical society and (b) an opportunity
to confound the dogmas of valence theory. History relates
that the technical challenges were quickly met, the theorists
showed their customarv adaptabiiity to experimentai Tact, and

the chemical shift relaxed into the embrace of the capitalist
and the analytical chemist."

As discussed in the Introduction, several interactions contribute
simultaneously to the relaxation of the nuclear spin system in a NMR
experiment. In general, these lead to broad featureiess absorption
lines, devoid of much chemically interesting information. For
example, the nuclear dipolar interaction may be severail orders of
magnitude larger than the entire range of isotropic chemical shifts
for a given nucleus. The experimental access to information such as

chemical shifts, when obscured by much iarger interactions, reiies

~ ~~ -
L i L

e

cnal averaging. The best example is the narrow NMR lines
observed in sclution due to the rapid, random, isctropic

reorientational and translational motions of molecules in liguids.
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However. aii information concerning the anisotr

of the spins iIs aliso iost. Since &

be obtained only from solids, other methods of averaging interactions

were developed.



The first attempts to selectively remove interactions were
made by E. R. Andrew et al. (23-29) and |. Lowe (30) in the late
fifties and early sixties. The technique of high speed sample
rotation modulates the real space {as opposed to the spin space)
portion of the nuclear dipolar interaction {3i) given by
(r - 3C0528ij)r2j—3’ where aij is the angle between the internuclear
spin vector, ?ij’ and the external magnetic field, by introducing
im pendence into 6... As a resuit. if the sampie is rotated
with a uniform angular velocity larger than the natural linewidth
about an axis inclined at an angle a with respect to the external
magnetic field, the dipolar interaction is time averaged and is
attenuated by the factor %{3coszc - 1). If the axis of rotation
is inclined at an angle of arc cos (;&ﬂ, the magic angle, the

o)

dipolar interaction is effectively zero. However, E. R. Andrew
et al. (32, 33) and 1. Lowe (30) realized that the second rank
tensor describing the magnetic shielding also has a factor
2

~%(3cos @ - 1) introduced by high speed sample rotation. At the

-
1

magic angle, where the dipolar broadening is suppressed, only

the trace of the shielding tensor is obtained. While this
quantity does provide information about molecuiar structure,

am T CcAT rANY Gy~ I3 NN oI e
¢ a@nIsSCIIrop:IC nrerniaL 1 on ’

- e mmm N
< Nnec godga i, 13

Waugh (34-38, L4, L45) demonstrated the interzcticns could be

selectively removed from the description of the spin system by



showing that '"motional averaging'' can also occur in spin space
with preperly chosen radiofrequency fields. By manipulating the
time development of the nuclear spin system with a cycle of
intense (r.f. field much larger than local dipolar fields)
radiofrequency pulses, the time evolution of the spin system

can be described by an ''average'' Hamiltonian (39). If the

pulse sequence is judiciously chosen to meet certain periodic

amAd ~ual i~ ~Aand
ana CYyeril UG

ticn , the homeonuclear dipolar interaction

can be severly attenuated. The real beauty of this multiple
pulse technique is that while the homonuclear dipolar broadening
is suppressed, the information concerning anisotropic spin
interactions is still retained (22).

This pioneering work has led to a resurgence in investigations
of the response of the nuclear spin system to various applied
radiofrequency pulse sequences. Specifically, W.-K. Rhim et al.
(40-43) and P. Mansfield (4L, 45) have developed improved
mutliple puise sequences to better handle errors and non-idealities

in the puises

o =Y
> Wl

W

- A aa
U U

as nigne n the avera

- -~
ar terms in the average

Hamiltonian. By introducing deliberate errors into one of the

radiofrequency phases of the muitiplie pulse sequence, Vaughan et al.

iifetime broadening under the mulitiple pulse secuence. Dybowski



and Pembleton (48) developed a dipolar narrowed version of the
Carr-Purcell (49) sequance, which was designed to remove the need
for the introduction of a phase error in order to measure the
lifetime broadening under multiple pulse sequences.

Even with the ability to suppress dipolar broadening with
multiple pulse homonuclear decoupling techniques or with the
simpler heteronuclear decoupling (50, 51) techniques, it is
still impcssible to observe the chemical shift anisotropies in
most chemical systems. The shielding anisotropies are often large
compared to the full range of isotropic shifts for a given nucleus.
In randomly oriented solids with more than one structurally distinct
species of a given nucleus, individual powder patterns may overlap
severely. Extraction of the principal values of the shielding
tensors, by pulse techniques alone, may prove to be impossibile.
To obtain information about chemical shifts in such materials
which are in the form of randomly oriented solids, it is necessary
to remove both the dipolar broadening and the chemical shift
anisotropies. instead of s ng sufficiently ranidly 1o

average both interactions at the magic angie like E. R. Andrew

et al. (23-29) and |. Lowe (30}, Schafer et al. (52-54) used a

[¢]
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minant broadening mechanism. The prospects of combining megic
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angle spinning with homonuclear decoupling were first considered



by Haeberlen and Waugh (35). This experiment was first reported
by Gerstein et al. (55), showing the two chemically distinct
%luorines in polymerized FCI1C=CF, to be separated by 23 ppm.

To recover the anisotropic information available in a solid
Lippma et al. (56) and Stejskal et ail. (57) reported a combined

heteronuclear decoupling and sample spinning experiment. By

spinning off the magic angle, the powder patterns are scaled by
(30082 - 1) . - i

2 such that the individual powder patterns no ionger
overlap. However, nc attempts were made to recover the values

of the shielding tensors by fitting the experimental data with
an analytical expressicn for the shielding tensor under rapid
sample rotation.

A portion of this thesis deals with the application of
combined multiple pulse and sample spinning experiments to
samples with protons, which have a larger gyromagnetic ratio
(leading to increased homonuclear dipolar broadening) and a

smaller rarge of isotropic chemical shifts as compared to

fiuorine nuciei. Sample spinning at the magic angle shows the
present limits of resolution. In spinning off the magic angle,
the first computer Fit of an analytical expressicon te recover
the anisotropic shieiding informaiion 15 repdried.

These technicues further extend the usefulness of NMR as 2
microscopic probe sensitive to static anc dvnamic changes on an

c scale. The importance of extending these technigues to

o



the 1H system cannot be underestimated since other techniques
usually provide Timited information. 1t is well-known that X-ray
diffraction is relatively insensitive in determining hydrogen
atom locations. Neutron diffraction experiments usually monitor
the 2H isotope because of the large incoherent scattering from
4. However, in some systems, such as the vanadium hydrogen
system, there is a considerable difference between the 14 and

24 phase diagrams {11). !n add

+iAn
“aaNa

tha
Ny, w0

multinle pulse techniques
extend the temperature range over which shielding information may
be obtained. With these thoughts, suitable chemical systems were
chosen to be studied.

Supported molybdenum catalysts are of current interest
because of their importance in hydrodesulfurization and coal
hydrogenation (58). Consequently, knowledge about their catalytic
properties has become a matter of increasing importance. Toward
this end, the reduction of unsupported moivbdenum trioxide may
provide useful information about the reduction of supported
cataiysts. As a result, hydrogen molybdenum bronzes (H Mol

beer the subject of much interest {59-67).

The formation of these bronzes results from the reduction of
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may be somewhat modified. This definition for bronze is quite
simiiar to that proposed by Suchert (68) in work dealing with
interstitial metals.

The Mo0O3 crystal (69) consists of distorted MoO3 octahedra.
Each octahedron shares two adjacent edges with its neighbors to
form zig-zag chains. These chains are stacked one above the
other with each octahedron sharing the apex oxygens with its
ighbors in the chains immediately above and beiow. in this
way, layers are formed. These layers are held together by
Van der Waal's forces with each layer being offset from its
neighbor by a distance equal to half an octahedron. As a result
of this structure, there are three types of oxygen atoms when the
Mo nearest neighbors are considered. The layered structure
consisting of these chains is highly anisotropic.

In the reduced molybdenum trioxide, the nature of the
interaction between the inserted hydrogen and the lattice oxygen
atoms in the bronzes is not well-understood. Using proton

P N N rT -
HaQric Lt 1COVIHIGIILT,y Vvid i

-t

£0) showed that the

c et al. (B9, £0) cshowed that t
bronzes behave as metallic conductors and are comparable to
metallic hydrides in electrical conductivity. The NMR spectra
were consistent with the interpreiation of Serm
that hvdrogen atoms donate an eieciron to itne conduction band

of the bronze-forming oxide. in addition, no infrared absorption

bands which might be attributable to hydroxyl stretching were
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found. However, on the basis of elastic and inelastic neutron
studies, Dickens et al. (6i4) suggested the protons are present
as -OH for Hy_3,Mo03; and as -OH, for Hy g3Mo0;, H; ggMo03 and
Ho oMoO3. In addition to the controversy over the nature of
the protons, sampies of the bronzes used in different studies
have been prepared by different methods.

The first method is a ''wet' chemistry technique reported
by Glemser and Lutz {(71). This invclves the reduction of MoOj
by zinc in hydrochloric acid. The ''dry' method used by Sermon
and Bond {70) uses the hydrogen spiiiover technique. Powdered
MoO3 in the presence of finely dispersed platinum metal reacts
with hydrogen to form the bronze. The hvdrogen spillover
phenomenon was proposed by Sinfeit and Lucchesi {(72) and has
been reviewed by various authors (73-76).

Vannice et ai. (77) have shown the usefulness of proton
NMR in the understanding of the kinetics of the catalytic
reduction, via hydrogen spiiiover, of a simiiar chemical system
HXW03, by determining the proton mobiiity. A portion of this

thesis deals with the measurement of proton diffusion within

}

the bulk Hy _ggMoO3, which shouid aid in the determination of the

rate determining step for the formaticn of H:i zsMoOz by hydrogen
snillover, Aiso, nroton NMR with and without strong homonuciear

decoupling and sample spinning (at the magic angie as weil as

at deviations) is used to iearn more about the mobility and



12

nature of protons within the hydrogen molybdenum bronzes. These
techniques also allow a comparison of samples of the bronzes
prepared by the two different methods.

One of the earliest applications of NMR was the study of a

in 1952. In the applicat

metal hydride, Pde, by Novberg (78) on
of NMR to metal hydrogen systems that followed, the NMR measurements,
which are sensitive to small changes, were used to locate phase

~ Aam + H + b +
cundaries, determine the hysteres

s at phase transit
measure the temperature width of a transition. Measurements of
relaxation rates and Knight shifts provided information about the
electronic structure. In addition, diffusion coefficients were
measured to determine mokilities and activation energies. A
recent review by Cotts {ii) on metai hydrogen systems covers
these topics.

in generail, proton magnetic resonance provides information
on atom locations in a solid through the nuciear dipole interaction.
When interactions with paramagnetic ions in the iattice or with
the nuclear electric quadrupole are absent, the dipolar fieid is
responsible for the linewidth (and second moment) of the

resonance. By agreement tetween the experimental second moment

and the calculated second moment bhased on a suitable model, the

iocation of the protons may be inferred. Even with the absence

of the large interactions due to paramagnetic ions or nuclei with

iarge gquadrupoie moments, contributions to the iinewidtn and
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second moment result from atomic motion. Measurements of the
spin-lattice relaxation time, the spin-spin relaxation time, and
the rotating frame spin-lattice relaxation time indicate the
size of these contributions. In addition, if the protons do
not reside in sites of cubic symmetry, a contribution to the
linewidth from Knight shift anisotropy may result. Lau et al.
(47) used a variety of NMR techniques, including muitiple
puise homonuciear decoupiing, to ook at the specific contributions
of various interactions.

Anderson et al. (79-81) have used conventional wideline
NMR to determine the proton locations in the 8-phase (dihydride)
of YHx (82) from the second moment. In S-YHX, the hydrogen resides
in the interstitial tetrahedral and octahedral sites of the
fcc Y-lattice. The rigid lattice second moment is sensitive to
the distribution of hydrogen atoms in these sites. B—YHx presents
a favorable case for this method since the contribution to the
second moment from the metai nuclei (°9Y) is negligible due to
the very small nuclear dinole moment of 89y (roughly 5% that of
the proton). Also, if the protons reside at the centers of the

sites, the cubic symmetry excludes the possibiiity of Knight

obtained by neutron diffracticn {83). Since there are experimental

errors in both measurements, a portion of this thesis deals with
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the application of multiple puise techniques to provide more
information on the environment of protons in YH; g, by quantifying
the contribution to the second moment from interactions other

than the homonuciear dipolar interaction.

Electron spin resonance using diiute Er ions in B-YHx nas
been used to infer site energies (84) of the proton distribution.
Anderson et al. (81) have found three distinct regions for which
the activation energy for hyvdrogen diffusion increases with
temperature. These results lead to speculation that motion may
occur only on one sublattice, then exchange between tetrahedral
and octahedral site hydrogens, and finally motion of all
hydrogen on both sublattices. This work also found the quantity
(TleT)-%: which is proportional to the density of states at
the Fermi level, to be a constant for the range of compositions
in the dihydride phase. It also suggested that a previous
study (85) is in error because of the presence of a substantial
level of paramagnetic impurities. This thesis also reports
the measurement of the Knight shift using the combined multiple
pulse and magic angle spinning experiment to further aid in

the understanding of the electronic structure.
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BASIC THEORY

A wide variety of NMR measurements ranging from simple
relaxation studies to multiple pulse spectra have been used to
study protons in Hj, 7MoO3 and YHj_g,. For this reason, this
section presents an overview of the basic theories used in the
interpretation of these data.

A nucleus of spin | has 21 + | energy levels. When placed
in a static magnetic field H, these levels are separated by

AE = uH/1 (1)

where the nucliear magnetic moment is given b

Here v. is the gyromagnetic ratio and h is Planck's constant
divided by 2r. A transition between adjacent levels occurs
when the frequency of the appliied radiation is

w = yH (rad/sec) (3)

Ao LTI Tl T, b
ML CUU T U Ul [N A=

~1 a2 - A
ue 1 ~

T mea + =1
<1 Qo %3

istri
levels according to a Boltzmann distribution. When the macroscopic
magnetization in the presence of the static magnetic field is
disturbed from equilibrium by a radiofrequency pulse, Bloch et al.
(15) found that the motion of this magnetization is given by the
phenomenological differential equation

-

dM > > ron

ET=YMXH, 14

+ - 1 - - -
where M is the vector sum of the y's, as the magnetization relaxes

to equilibrium,
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Bloembergen et al. (17) put relaxation effects on a more
theoretical basis by considering the exchange of energy between a
system of nuclear spins in a static magnetic field with the
heat reservoir consisting of the other degrees of freedom (lattice)
of the material. By considering the dipolar Hamiltonian for the
nuclear spin system, the spin-lattice relaxation rate for identical

nuclei can be written as

%= ZyR21 (0 + 13 () + g (20)} (5)
The spectrai densities are given by
»
J.{w) = | Tk, (t)exp(iwt)dt (6)
i PR
where the correlation functions Ki(T), related to the phase
memory time for the molecular moticns, are defined as
K (r) = v, (gy st + 1) (7)
The Y,* is the complex conjugate of Y., defined by
Yo = r73(1 - 3cos?e)
Y, = r~3singcosBexp(is)
Y, = r"3sinZgexp(2i?) (8)
The bar over the Y's indicates an average cover the ensemble of
nuciei. This theory provides the basis for most modern spin-

lattice relaxation theories and, in particular, was used for the

Kowever, other interactions may aisc provide mechanisms

for spin~iattice relaxation. Specificalliv, a conduction

. i . . , . .
e:ectron comnonent (f ) to the spin-lattice relaxation rate in
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metallic conductors is produced by the electronic structure
through the time dependence of the transverse components of
the hyperfine fields produced at the site of the nucleus. The
rate (Ti—J is proportional to the absolute temperature. At very
Tow tem;:ratures, where the nuciear dipoiar interaction Talis
to provide an effective relaxation mechanism, the spin-lattice
rate is essentially entirely due to the coupling of the nuclei
to the magnetic moment of the S-state eiectrons. The Korringa
relation (86), which applies only to S contact hyperfine
interaction and effectively free electron metals, is given by
K2(TleT) = constant, (9)

where K is the Knight shift.

One of the most important discoveries was that of the spin

echo by Hahn (87). Following a §~pu]se, the transverse magnetization

dephases under a static field inhomogeneity. Applying a 7 pulse
at a time T after the %-pulse causes the magnetization to
refocus at a time 2t in the absence of interactions not proportional

to 1 . Hahn showed the translational motion contributes to the
V4

decay of the amplitude of the echo in addition to the normal

spin-spin interactions. The amplitude for a %“T-ﬁ sequence is

tvVen oy
- ’

[}

VI o TN U VI SN U S __Z_-,Zf‘zh.—gl 1110
MALT ) = H\QOeXpL~—=— - SFY"a"Uui",), \ivy
t2 ~
- - ~m e Al e - ~ = Pome Al - - H b
where G is the spatiai negnetic Tield 3»cdaent and D is the

diffusion coefficient. In samples with long spin-spin reiaxation
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times (on the order of milliseconds), the 3 dependence is
pronounced for large values of 7. Carr and Purcell (49) showed
that a sequence of 7 pulses following the g-pulse reduces the
effects of diffusion with the amplitude of the echo occurring

at a time t = 2nt given by

t
M(t) = M(o)exp{-?z--(%Oyszbrzt}. (11)
The rate constant of the diffusion term, Tl7-=-%Dy2G212, can
2
be made arbitrarily smail by making the 27 intervals between

the 7 pulses arbitrarily small. Comparing the results of both
experiments and solving equations (10) and (11) simultanecusly
gives the product of G2D. Knowledge of the diffusion coefficient
allows the determination of the background gradient within the
sample.

Stejskal and Tanner (88) deliberateily introduced a pulsed
field gradient into the spin echo experiment in order to measure
D. A constant gradient G is applied for a time § between the
g-and 7 pulses and between the © puise and the formation of
the echo. The constant background gradient G, includes the
magnet inhomogeneity and the interna’ demagnetization fields.

The attenuation of the echo for the puised gradient is given

b\'l
5 2
, , B T RN
M{27) = MTexp -yeD{(F) 717G + 89(32 -8) =
/222\ - -
-al(e2 + £58) + a(t, + ) + 2 - 272166} (12)
o~

where A is the time between gradient puises, T, =

|
™~
i
[}
[}
-
-+
>
-4
O
——
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and M,” includes the T, term. !n many experiments the G2 term

> > > >
can be made much larger than (G*G,). The (G*Go,) term may be

4
neglected provided %ElT >> %u When this condition is met and

Mo™ = Mo’exp[-YzDT3G°2(%0], a constant, then the echo attenuation
is
%é§§)= exp[-y2D§26(a - %6)]. (13)

Determination of the strength of the applied gradient G from a
standard aliows (he measurement of D.

The multiple pulse experiments are best explained through
the application of average Hamiltonian theory (35, 36, 39)
to the behavior of the nuclear spin system under a radiofrequency
pulse sequence. The time evolution of the nuclear spin system

is governed by the time evaluation of the density matrix operator,

p, which obeys (89) the equation

.dp _ - .
ol tH, o},

—~
—
S ot
o

in units such that h =1, with K being the spin Hamiltonian. 1In the
interaction frame of the Zeeman Hamiltonian, the spin Hamiitonian
is given by

) =H, o+ H (0). (15)
in the absence of nuclear quadrupole interactions, of moticn,

ractions, the internal

pendence and is given by

H. = {w = woll, = woZo .1 .
int z 7 ZZioz
-> =
S0 - T D X & IR B S S (16)
i<j ot bl 237
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where w, is the resonant frequency, O i describes the electronic

shielding of the jth nucleus, and Bij(rij) contains the spatial
portion of the homonuclear dipolar interaction. Hrf(t) is
strongly time dependent and provides the major perturbation to

the nuclear spin system.

The solution of equation (14) is given by

O

(t) = u(t,o0)p{o)u¥(t,0) (7

and the U,(t, o) are determined by the solution of

AU ()
— = Hidi(t)' (18)

The solutions to equation (18), given by the Dyson expression

(89), are

[t - -
U_.(t,0) = Texpl-if "H__(t")dt"] (19)
rf Jorf
and
U, . (t,0) = Texol-if S, (t7)dt"] (20)
int T Tt folint / :
where T is the Dyson time ordering operator and
o (+) =yt (¢ 5)n U+ ~), {(21)
llint\L/ rf\ ’ 7 int rf\ Py 7 \ ]
| ¥ the Hrc(t) is periodic
1
Ho{t + Nt =H . 22
Hoe(t o+ Nz = 8 (1), (22)
where Ht_ represents integral mulitiples of ihe ¢ycis Lims,
and cvciic
N M 1 ~
[Nte, _{t)dt = 0, {23)
Jo rf ;

the ﬁ.q‘ becomes periodic as well. From equations (19) and (23),
ol O
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Urf(Ntc’O) = Texp(0) =1, (24)
and then
_ \ 1N
t(NtC’ 0) - [Ulnt(tc’ 0}] . (25)
Using the Magnus expansion (90),
\Nt o) = expl-iNt ,ﬁ(O) -r-'r_x'(l) + —{(2) + V1 (28)
qu s PL \ int t n «eJ 4y \&9y
where
140) _ ]'ftc~ - -
hint T todo Hint(t )dt (27)
—(1) = e v ' [ o -
Hio Cj Stj GtlA, (e77), R (2] (28)
(R} 1 rt P e re’”
TN~/ _ . ;/; ~ PP - - T F ol ” Y Pyl
Fie = ’ [ a7 el (7)), Ldint(t ),
c* s O ¢ O

A1+ (), T ()R (01T (29)

tnt Iint
The strong condition for convergence of this series is

¢ || #

] (30)

At times t = Ntc, the density matrix behaves as if it deveilops

under an ''average'' Hamiltonian

[ a\ {1\ 3

- _TT\VS L T 4y 7(2/ . {211

H . = n. T n. T fa. .7 NIy
nt 'nt ing [RARN

which is time independent. Hence,

rt

he set of interaction

Hamiltonians given by equation {(16) is not unalterable.

1
t

nulse seauences can be used to suporess the effects

Snari
spec!

-4\

(]

of

v

particular Hamiltonian to obtain the information contained

in another. The results of the application of average Hamiltonian
theory to the MREV 8 pulse (40, 41, 44), the Burum and Rhim 2&
sulse (43), and the dipolar narrowed Carr-Purceil (49) sequences

fveam v +ha 1itoaratnara
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Multiple pulse NMR allows the measurement of the chemical
shift interaction in many chemical systems wheré this information
has been obscured by dipolar broadening. The electronic shielding
of nuclei is one of the most important pieces of information
to chemists, since it elucidates the local environment of the
nucleus, i.e., indicates molecular structure. The shielding

Hamiltonian, expressed in irreducible spherical tensors, has

-

ha Farm (12)
e Torm (12)

2
_ - m
Ho =Y ol o g OV T 0% oo (32)

where the TK

b

describe the spin variables and the Sp

b4
describe the components of the second rank shielding tensor.
The nonzero components in the tensor's principal axis system

-~
1k

(PAS), denoted by o, , are related to the PAS S by

1
p,‘,o = -§-Trg
ey , 'z
—_ ~f - *Tra.) L
Vo - A \W3IR ~lr vy ~ ~
, 0 2 2 3= 2
1 N H
o . ==(gsp = 0y11) = =nd. (33)
5,52 2 \U22 11 2

The o, o Can be expressed in the LAB system by

(LAB) _ . & N
- v s {7

—~

(WS}
L

~er

< I
@2

Ao

pﬁ ~

,R,v renresant the Euler angies by which the LAB svstem
ught into coincidence with the PAS. Substitution of

equations (33) and (34) into eguation (32) gives
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H, = wol {3Tra + 3((3cos?8 - 1) + nsin2gcos2y)}. (35)
When the sample is rotated with frequency w_ about an
axis inclined at an angle 8 away from the static magnetic
field, two transformations are needed to relate g(PAS) to the

g(LAB). The eguation (34) becomes

'gg’%ez,m’ (36)

where Q7 represents the Euler angies which bring the PAS into
coincidence with the sample spinning coordinate system. After
time averaging, the shielding Hamiltonian is given by

Hy = wolz{%¢r2:+ %{BCOSZO - ])-%{(3c0528 - 1) + nsin?Becos?v]}. (37)

Pembleton (91) has shown that ''time averaging' is equivaient

to spinning at wr>>(ozz - éJrg) by calculating the expectation
value of the nuclear spin operator Iv' In addition, Pembleton

(91) has discussed the interaction between the homonuciear
decoupiing and magic angle spinning. if the rotational cycle
time tr is long compared to the muitiple puise cycie time tc,
there is no interaction between the twd experiments with
respect to the dipolar decoupiing. in generai, dipolar
broadening on the order of 23,000 Hz and stable rotation

1
evZan

~ o ~T Yoo . AN 1lae mems mas
Speels Cv ess ~,vvu a2 Sve 5u

1
-1

Elmlamtd TAr maootin
L S L "N TN N e v e

thig

R

condition.
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EXPERIMENTAL

NMR Spectrometer

With the development of Fourier transform NMR, the pulse
sequences used for NMR experiments have progressed from simple
sequences to measure relaxation times to the complicated multiple
pulse sequences for homonuclear decoupiing. As the chemical
systems became more difficult to study [in terms of shorter
multiple pulse cycle times needed for protons in rigid solids
with short spin-spin refaxation times, or in terms of signal-

-
s

+
-

to-ncise ratic needed for observing residual protons in such
systems as Si0,-Al,03], the technical challenges resulting
from the desire to study these systems place more stringent
requirements on the spectrometer.

The pulsed NMR spectrometer is a broad band, high power

(v500 watts) unit similar to those discussed by Ellet et al.

o~

82) znd by Rhim et al

s~

. (41Y. Operating at a freguency of
56 MHz for protons with a deuterium lock for magnetic field
stabilization, the spectrometer takes advantage of tuned
circuits wherever possible to improve signai-to-noise, as
shown in Figure 1. However, the Q's have been purposefully
kept low, while sacrificing signai-to-noise, to minimize
transients.

The receiver consists of three stages

an Avantek rfodei 511 amp



Block diagram of multiple pulse spectrometer used for homonuclear decoupling
experiments

Figure 1.
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Microwave Model SMLD-10 limiting amplifiers, with a total
gain of approximately 60 db. Following a i.5 usec pulse,

the dead time of the receiver before recovery of a NMR signal
is approximately 3.5 usec. This period is dominated by probe
ringdown. The transient recorder is a Biomation 805, with a
minimum sampling time of 0.2 usec per channel. The memory of
the unit contains 2048 eight-bit words. The Biomation is
interfaced to a2 PDP 11/10 computer for signai averaging and
data manipulation.

The transmitter is an |Fl model 404 distributed amplifier
system capable of 500 watts in pulsed operation. With proper
matching of the transmitter to the probe by a © circuit to
symmetrize and minimize phase transients and with a probe of
Q less than 30, %-pu]se widths of 1.0 usec can be attained. Care
was taken to maximize the homogeniety of the H; fieid produced
bv the probe.

The pulse programmer ailows the utilization of multiple
cur different radicfrequency phases.

The unit has four channels with analogue control of puise

widths, three channels with digital control of pulse widths

for experimental events. it is based on & Mot

Q
=t
&)

microprocessor system and has been previousiy described {93}.
The NMR probes made use of standard tapped-series tuned

circuits, A cgas flow svstem was used to vary temperatures.
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The sample spinning probe (94) and sealable rotors (55) for
oxygen and water sensitive compounds have been described
elsewhere.

The ability of the NMR spectrometer to remove homonuclear
dipolar interactions has been determined (36 by utiiizing
the MREV-8 cycle (40, 44) on !9F with the external field along
the [I11] direction of a cylindrical single crystal of CaF,.

A Tinewidth of 34 Hz was obtained in such measurements.

Pulse Gradient Unit and Probe
The resonant circuit for the NMR measurement in the probe
used for diffusion measurements is also a standard tapped
series tuned circuit. The magnetic field gradient is supplied
by a quadrupole coil constructed according to the design of
D. S. Webster and Marshen (97). The gradient coil is & cm
long, has an average i.d. of 15 mm, and is wound with 10 turns
per quadrant.  The toral inducrance ic 4nE. The enil constant,
caiibrated by the method of Stejskal and Tanner (88) using

water and aglvcerol as standards [taken to be 3.2 x 1078 cm?/sec

in design to that given in reference 101. Gradients cf 100 G
are achieved in gradient pulses of 20 usec in duration.

Temperature is controlled by air flow through 2 annular
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"'race track' groove machined in a cylindrical aluminum block

in which are inserted the quadrupole and NMR coils.

The hydrogen molybdenum bronze Hi_ 7MoQ3z may be prepared bv
the "wet chemistry'' method of Glemser and Lutz (71). In this
preparation, 10.0 g of MoO3 (ACS, 99.5%) and 3.0 g of granulated
Zn were pumped in vacuum in a 200 ml round bottom flask with

a stopcock side-arm. ODry nitrogen gas was bubbled through
concentrated HC1 and through Hy0 to displace oxygen. Under a
nitrogen atmosphere, 50 ml Hy0 and 10 ml HCl were added. The
mixture was stirred overnight.

Using a filter stick, the mixture was filtered under a
nitrogen atmosphere. The product was washed four times with
distilied, degassed Hp0. The mother liquor was tested for Cl1~
by adding AgNO3. When no white precipitate formed, the blue

over method (70), the piatinum

powdered molvdbenum trioxide by

s

o

I M gpolution

+

deionized water., The

solution was diluted to about 30 ml and 20.0 g of MoO3 powder

was added while stirring. The slurry was hand stirred and

3

astad
S-Sl
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. o .« v

U
&
o
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heated to 120°C in air overnight. The sample prepared in
this manner contained 2.0% Pt by weight. The hydrogen
molybdenum bronze was prepared by exposing the above mentioned
Pt/Mo03, previously evacuated at 60°C for one hour, to dry
hydrogen gas. A liquid nitrogen trap was kept between the gas
handling system and the reactor. The bronze has been reported
to be formed in less than thirty minutes (14). The sample was
allowed to sit in hydrogen for three hours to assure ecuilibrium.
The stoichiometries of the samples were verified by proton
spin counting (102). The ''wet'' sample was determined to be
H1_74(i0.15)M003. The ;amp!e prepared using the dry hydrogen
spillover technique was found to have the stoichiometry

Hi.e6(20.15)M003.
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RESULTS AND DISCUSSiONS

Combined Multiple Pulse NMR and Sample Spinning

The usefulness of the combined multinle nulse NMR and sample
spinning experiment to provide chemical information is easily

demonstrated. The !H NMR absorption spectrum of 2,6-dimethylbenzoic
acid from a homonuclear decoupling experiment is shown in Figure 2.
The lack of distinct spectral features results from the overlap of
the chemical shift tensors of the acid, aromatic, and aliphatic
protons.

In contrast, the 14 NMR absorption spectrum for the same
compound obtained using the Burum and Rhim 24 pulse sequence (43)
and a magic angle rotation speed of approximately 3 kHz has been
previously reported (103) and is shown in Figure 3. The shifts
corresponding, in order of decreasing shielding, to the

aliphatic, aromatic, and carboxylic acid protons are clearly

[ — - v v -1t o
u:bLngulbnculc. 111e ©SApC

nical shift is at -10.7 ppm
relative to TMS. In the solid., this resonance occurs at -14.8 ppm.

his downfield displacement of the resonance signal simply

reflects the well-known formation of hydrogen-bonded dimers in
e - - . .. e o IaaAf
tne SClig Torm Of carDOXyiiC aCiGs (iv=j.



Figure 2. Iy NMR absorption spoctrum of 2,6-dimethylbenzoic acid under a homonuclear
decoupling experimen: without sample spinning
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Figure 3. Combined multiple pulse 14y NMR and magic angle spinning spectrum of
2,6-dimethylbenzoic acid (Referenced to Hy0. 0Opye=0, o = 4.58 ppm)
2
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The !H NMR absorption spectrum of 2,6-dimethylbenzoic acid
under combined homonuclear decoupling and sample spinning at
8 = 75° has been previously reported (105) and is shown in
Figure 4(a). The peaks at about -13, -8, and -4 ppm with
respect to TMS may be identified with the acid, arcmatic, and
aliphatic protons respectively. A lineshape associated with
axially symmetric chemical shift anisotropy is clearly evident

- b
1 (SN ]

o
0
O

The chemical shift tensor orientation is described by the
solid angle . In powdered samples, all angles Q@ are equally
probable and the lineshape is generated by summing over all
possible orientations. [If the chemical shift powder pattern

is assumed to be broadened by a Lorentzian broadening function,

one obtains

27 T T, - yl2 -1
Hw) = fo f";{[u(s,;)z 9% 4 13 singdedy (38)

where w(8,v), recalling equation 37, is given by

w{B,Y) = wolgTro + x{3ccs?e - 1)+30(3c0os28 - 1) + nsinZBcos2vl}  (39)

with 8 as the angie between the axis of rotation and the static

magnetic field. Under rapid sample rotation, the spectrum is

1
manTad Ry = Fasese LY 2
SC&ied by & vecicr

An expanded version of the spectrum of 2,5-dimethylben

acid illustrating the computer fit of equation 38 for ¢

svmmetric case (n = 0) to the experimental data for the acid



Figure 4a. lH NMR absorption spectrum of 2,6-dimethylbenzoic
acid under combined homonuclear decoupling and
sample spinning at & = 75°

Figure 4b. Enlarged portion of the same spectrum corresponding

A+
tC The gcaroexyt! *n gcnemical shitit 1ensor
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protons is shown in Figure &4(b). For 6 = 75°, the scaling
factor %{3c0526 - 1) is approximately -0.4. The experimental
anisotropy Ac = Sy T 9L T -5.7 ppm is indeed scaled by about
this amount (including sign reversal) when compared with
previously reported carboxyiic acid *H tensors. The principal
values, obtained via the computer fit of equation 38 to the
experimental data, are o, = -18.5 ppm and oy = -4.2 ppm,
reiative to TMS, vieiding an anisotropy of +i4.3 ppm.

The anisotropy reported above for carboxylic acid protons
in 2,6~dimethylbenzoic acid is 2.5 ppm less than the smallest
previously reported anisotropy for protons in a carboxylic
acid (106). In order to check the viability of the combined
multiple pulse and sample spinning technique for quantitative
determinations of proton chemical shift tensors, the 14 chemical
shift anisotropy was also measured for squaric acid using the
Burum and Rhim 24 pulse cycle with, and without, sample spinning.
Squaric acid contains oniy one type of proton, the carboxylic
acid proton, and has been investigated several times in the past,
both as a2 powder (107) anc¢ in single crystals (108). Table |

compares the values obtained with those previously reported.

vaiues inferred from the spinning and static &

good agreement. and the anisotropy compare

(%]
-h

averably with that

previously measured in powdered squaric acid. However, it is
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Table . Carboxyl 14 chemical shift tensors®

Sample o11 Goo 033 Oisob Ac© Methodd Reference
Squaric acid -22.5 -22.5 -0.1 14.6 22.4 MP,PW This work
-21.7 -21.7 -0.2 -14.5 21.5 MP SS,PW This work

-18.5 -18.5 3.5 -11.2 22.0 MP,PW 107

-26.5 -20.2 1.0 -i15.2 27.5 MP,SC 108
2,6-DMBA® -18.5 -18.5 -4,2  -13.7 14.3 MP,SS,PW This work

Reference is in ppm relative to TMS

_1
0. = 3l011 + 022 + 033).

MP, multiple pulse; PW, powder spectra; SS, sample spinning;

SC, single crystal.

e2,6-dimethylbenzoic acid.

seen that only the single crystal study was able to clearly

distinguish the nonaxial symmetry of the tensor. VWithin the

- - - - - L AP U R N el mm cdmem ;e ) A~ o A cATmR A~
QLU LY UULAQIIiQuUIT YW Ll puwrvyacs DU oy Lt g el e reires ey
- - - -
resuits 2ppesr tc he 25 relizabie as in the case Oof static
1 H 1 : fent :
campies. n view of the exnarimental error,; the isotroDic

- - L =2aax -
fon '::"'s :..\: D 3ﬂ tE..SC:’
& e mmmmama [ AmeaamAan PR B 1 £
15 1N Tcas30naoay 5uud agreement witn 148 jojort] chtained from
the magic angle spinning experimeant.
Nature and Mabhilitv of Protons in Hi1 -Mo0a
ture ang Mob:rlity OF ¢ fon 1.7 2

The X-ray photoelectron (XPS) spectra of the core 3d

~
AalartrAance AT M
S.8C0078ns OO

Mo in the two samnles nrepared by the wet and the
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dry methods are shown in Figure 5(a) and 5(b) respectively.

These data were ohtained using an AEl ES200B spectrometer with
AlKa monochromatic radiation (1486.6 eV) with a maximum resolution
of 0.5 eV. The solid lines were generated by APES (109), a
computer program to Analyze Photo Electron Spectra.

Sermon and Bond (70) point out that the average oxidation
state of molybdenum should decrease from +6 in MoO3 to +5 in
HMol3 and to +4.3 in Hy,7Mo03. The average values could arise
from the summation of suitable fractions of Mo™®, Mot5, Mo*™H,
or other oxidation states. If the H; 7Mo0; contains a mixture
of empty, singly, and doubly filled interstices, one would
expect the major ionic species to be Mo+“, plus a smaller amount
of Mo*® and Mo™>. This model of three different oxidation
states for Mo, allowing amplitudes, positions, and full widths

at half maximum (FWHM) to vary, was used to interpret the

chbserved XPS data. The results are

given in Table !, The

results of K. S5. Kim et al. (110) and Cimino and DeAngelis
(111) are given in Tabie iii.
The 3ds - 3d3 peaks for Mo*™™ are found at the appropriate

<

binding energies. The fitted areas indicate that the majority
of the Mo detected is present as Mo™ . The FWHAM is in reasona
cried b
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Table !1. XPS data for bronzes®

Mo
Hi1.66Mo003 Type | Type 11 Type 111
(hydrogen spillover)
Binding Mo 3ds 229.7 2371.0 233.1
2
Energy (eV) 3d3 232.9 234.3 236.3
2
FWHM (eV) 1.0 £ 0.2 2.3 % 0.4 3.7 £ 0.6
Hi.74Mo03
("wet'" preparation)
Binding Mo 3ds 229.8 231.2 232.7
2
Energy (eV) 3d3 233.0 234.4 235.9
2
FWHM (eV) 1.5 £ 0.2 1.9 £ 0.3 1.5 + 0.3
®Binding energies are referenced to C at 285.0 eV.
The assignments of type !l as predominantly Mot and type fii
as pradominantly Mot® deo nct seem to be unreasonable. The difficulty

in interpreting the spectra lies in the rather broad FWHM for that

portion of the spectra associated with Mo*S and Mo¥6. These

e R T T el
I AT

Aot T e et < - £ ~ 3. = .
sChmewnat Treaec H Ureigess 1eaLture Lruevc arr v

'8
o
3
]

ey
re s

determination of the number of the different types o

“h

Mo present,
assuming the mode! of three types of Mo.
For the purpose of the present discussion, the most important point

of Figure £ is that the spectra «f both sampies are essentialiy identicai.
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Table 111. Binding energy values for Mo 3d doublet

SAMPLE REFERENCES? D BINDING ENERGY (eV) FWHME (eV)
393 %

Mo 110 228.0 231.2 1.3+ 0.2

MoO, 110 229.3 232.4 1.6 £ 0.2
111 229.5 232.7

Mooxd 110 231.2 234.3 2.1 £ 0.2

(Mo*>) 11 231.8-231.3 235-234.8

Mo 110 232.3 234 .4 1.4 + 0.2
m 232.8 236

®Mo metai binding energies from Reference 110 agree with those
used for Table |. The data may be directly compared.

b . . - -
The values reported in this table from Reference 1i1 were
adjusted to make C = 285.0 eV to allow direct comparison with Table 11.

TEOVT wridsih 2t b21f mavimiom,

dZ < x < 3,

of the nrotons in these samples to a singie pulse NMR experiment
at room temperature. The bronzes show an effective transverse
relaxation time, Ty, of approximately 3 msec. This relaxation

time, which is unusuelly long for protons in solids, can be

ging of ctztic homonuclear
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dipolar interactions. That such motional averaging takes place
is indicated by a comparison of the hydrogen NMR absorption
spectra of the spillover bronze under a single pulse experiment
(Figure 6(a)) and that from an experiment which removes static
interproton dipolar interactions by strong pulse decoupling
(Figure 6(b)). Both the lineshape and the magnitude of the

anisotropy of the Fourier transform of the Free Induction

~c chAavim T T cre
s QO 2NIVUWIY e

gure 6{a), are characteristic of
anisotropic magnetic shielding. The fitted spectra indicate

the shielding to be axiaily symmetric, with an anisotropy of

Ao = Gyp T 9 = -22.7 ppm and an isotropic value of -3.6 ppm
relative to H,0. The same lineshape and anisotropy are cbtained
under the MREV-8 multiple pulse sequence (40, &1, 4%4), as shown
in Figure 6(b), which has been shown to remove static homonuclear
dipolar broadening to first order, when the frequency scaling

under the MREV-8 seaquence is taken into account. The important

point is that the particular motion responsibie for averaging
the homonuciear gipoiar interactions doces n

shielding anisotropy in this sample. This effect is easily

understood when it is realized that the shielding is tied to

v “ - A o et A e o o e am P 5
tne jettice, butl the Proton-piroton internucigar vecicrs are
Amb et maA vy ArAtAA RAaAnTRA
MO o el LI N Ldb B R A R bl ad p=1
N ] - f o eem
Figure 7 shows the Fourier transform of the FiD for the

"wet!' aremaration bronze at room temperature. There is found
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an anisotropy of Ao = -20.3 ppm with an isotropic value of

-1.0 ppm with respect to H,0. The anisotropies of the two

bronzes overlap within experimental error, assuming an uncertainty
of *#1 ppm for any tensor component. However, it is interesting

to note that Slade et al. (66) reported an anisotropy of

Ac = ~20.1 ppm for Hj_ 7:Mo03 made by the 'wet' method. For
comparison the values of the shielding tensors are given in

Table I

Magic angie spinning (MAS) can be used to remove the
shielding anisotropy (23-29). The NMR spectrum of !H for the
hydrogen spillover bronze under MAS is shown in Figure 8(a).
The major species is at -3.6 ppm relative to water. A second
species of proton (2% of the total proton concentration) is
found upfield at +5 ppm. The two peaks at +15 and -23 ppm
are spinning sidebands. In the ''wet' preparation bronze

(Figure 8({b)), the concentration of the second species is

12% (x2%). (in the NMR spectra, corrections for magnetic
susceptibitity {61) [x ~ 2 x 1077emu cgs/g) were neglected.)

Under MAS, the FWHM is 1.96 ppm for the hydrogen spillover
bronze and 2.64 ppm for the ''wet'' preparation bronze. A
discussicn of the resciuticn achievabie wiih the
spectrometer has been given bv Rvan et ai. (i03). However,
Tor the present purpose, a liquid H,0 sampie in a rotor

(nronspinning) with signal averaging has a FWHM of 0.6 pom.
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Table IV. lH shielding tensors for H1.7M003a

b c
SAMPLE N oy o Ao
H1.ggM003 -18.7 3.9 -3.6 -22.7
(hvdrogen spiiiover)
Hi.74M003 -14.6 5.7 -1.0 -20.3
(*'wet' preparation)
PReference is in ppm relative to hp0.
b = L
%iso 3(20l.+ o”).
ha = (6. - 5.).
U r
The maximum error in setting the magic angie (105) is less
than 0.5 degree, introducing an error of less than 0.25 ppm.
T; has been measured to be 125 msec at room temperature. Lifetime

broadening under a singlie pulse experiment is = 0.05 ppm.

T

(=]

Thus

the observed linewidth is nct 1im

+ad
[t

o

y experimental

conditions or lifetime broadening. However, one should note

that the same asymmetry of the predominant species is observed

in both samples. A crystal of MoO3 (69) consists of distorted

)

octahedron sharing two adiacent edges with

octahedra, with each

its neighbers to form zig-zig cnhains. The asymmetry may resuit

-
]

P L -t . HE = - H
rom & Snieiding GiSpersion due te dittTerent coxygen 2tems havin
(el 4 : ! - L M mmmmn R R - HE ] [ S
different numbers of Mo nearest neightbcors. Still, the achievab
PR S - A D mmd - H H 1 €<

resotution indicates at least twe distinctly different proton

)
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‘H NMR absorption spectra of hydrogen spillover
‘ sreparation bronze (5)

under magic angle spinning
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The high field species may be a hydride associated with Mo.
Although Mo is not generally thought of as a hydride former, the
species MoH has been reported (112).

The identification of the low field species proves more
difficult. Figure 9 shows the 1H NMR spectra of the bronze
prepared by hydrogen spillover under sample rotation at various
angles with respect to the magnetic field. The solid lines show
a computer fit of the anaivtical expression Tor a shieiding
tensor under rapid sample rotation given by equation 38 fitted
under the assumption that only one species is present. Under
all spinning angles except at the magic angle, the observed
lineshape near the center of the spectrum can be reasonably
well-described by the assumption of one magnetic shielding tensor.
The presence of the minor species (2% of the total proton
concentration) is probably the cause of the poor fit in the
wings (ignoring the obvious artifact of the two spinning
sidebands at the outside of all spectra). I[f the observed
lineshape is due to the predominant species of proton, then
it should be noted that the anisotrcpy of -22.7 ppm, although

of similar magnitude, is opposite in sign to that of hydrogen-

U
o
Il

ey
sl STl

[ I 119 11 h)
y ! H VYo v ’

XamiprZ, it iCC

However., the absence of static homonuclear dipclar breadenin

p1]

s inferred from Figure 6, indicates proton moticn. !ndeed

oroton motion is reflected in both the spin-iattice (Figure 10)
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iqure Q. ly NMR ahsorption spectra of the hvdrogen spillover
bronze under sample rotation at various angles with
respect to the magnetic Tieid
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Figure 10. Temperature dependence of the spin-lattice relaxation time at 56 MHz. 7Yhe
value of (TleT) in sec K is obtained from the slope of the line
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and the spin-spin (Figure 11) relaxation times as a function
of temperature. The spin-lattice relaxation time may be analyzed

according to BPP (17) theory with

1 _ WwT 20T
T Cl[l TonZ Y TF bt (o)
The minimum for T; occurs at wt = 5%, so the constant C; is given
by
3 1
¢y = =57 (=—). (41)
2273 Timin

Correcting the observed spin-lattice relaxation times for the

contribution from the conduction band electrens (T. T = 300 sec K),

le’
the spin-lattice relaxation times, resulting from homonuclear dipolar

interactions, gave a correlation time of 1.7 x 1072 sec at 295 K

HE S +« 3 -
Wit an acliivat

or gy of £, = 0.k eV. These values are in

reasonable agreement with the correlation time of 6 x 1079 sec

and act

0
3
(3

b

vat ergy of £ = 0.2 eV obtained by Cirilio and
Fripiat (59). Cirillo et al. (60) estimated a diffusion

- EL Tt = ¥ - K 1 N 1 - e
coervicient Trom the spin-lattice relaxat:ion Times or ine

e aiam s mf Mo =7 a2 lpnn
pProtons oOn tite Oraeir OV 7 IRy cmt/sec.
in an effort to iearn more about the mobility of the

usion coefficient was measured by tne puisec

field gradient technique of Stejskai and Tanner {83). The

measuremenct o

<
[

oten diffusion within the bullk of the hvdrogen
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(98% of the total proton concentration). The background gradient
of H; _ggMoO3 was estimated to be Gov15 gauss/cm by the comparison
of a single spin echo amplitude to the echo amplitude under the
Carr-Purcell sequence, as discussed in the Basic Theory section.
Using an applied field gradient of GVv300 gauss/cm to meet the
condition of G>>G,, a proton diffusion coefficient of
D= (7.9 % 1.6) x 10°® cm?/sec was obtained for Hj_gsMoO3 by
varving 8. The resuits are shown in Figure i1Z. The standard used
for this diffusion experiment was H,0. In order to determine
the effect upon the measured value of the diffusion coefficient
by eddy currents induced by the applied gradient within the sample,
the experiment was repeated by applying a constant gradient G for
a constant time &8, such that any induced background would be
constant. The diffusion coefficient was obtained by varying
only A, the time between gradients. Within experimental error,
the same value of D was obtained.

Since the value of the diffusion coefficient obtained from
the spin-lattice relaxation times was calculated with the
assumption of isotropic motion, the difference between the

calculated diffusion coefficient and the experimentally measured

~

yrve

fu

Ao masey
i oy

i

oroton motion within the bronze. {it shou!
artifacts of the puised gradient experiment are such that errors

in the experiment would cause the experimentaily measured value



Figure 12, 'H translational self-diffusion coefficient for Hy gsMoO3 at 298K
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to be larger than the actual value. The repetition of the
experiment with a constant gradient was an effort to show that
the measured value is indeed the actual value.) It should also
be noted that a high temperature (v300 K) plateau (Figure 11) in
the effective spin-spin relaxation times has been observed (66)
and may also be a reflection of anisotropic diffusion. [If this
is the case, the observed shielding powder pattern under a single
puise experiment may be the resuit of averaging by rapid anisotropic
motion. The effect of anisotropic molecular reorientation on the
shielding tensor is well-known (13). The value of Ac. -22.7 ppm,
observed for the bronze at room temperature (in comparison to

Ac = 28.7 ppm for !H in polycrystalline ice (114)) clearly
negates an identification of this species as a proton rotating
about the C, axis at a speed fast compared to the anisotropy

of the shielding tensor of hydrogen in ice.

in order to learn more about the natur

P e £
aclu 1

e o
species of proton, low temperature NMR studies were performed.
Under 2 singie puise experiment, the difference bewteen the two
bronzes becomes more evident. Figure 13 shows the 14 NMR

absorption under a single pulise experiment at 90 K for both

the hydrogen spiiiover {A) and ‘‘wet'’ preparation {(B) bronzes.



Figure 13. 1 NMR spectra undey a single pulse excitation at 90 K for the hydrogen
spillover bronze (A) and the '‘wet' preparation bronze {8)
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Figure 14 shows the lH NMR absorption spectrum for the
hydrogen spillover bronze under a multiple pulse homonuclear
decoupling experiment using the Burum and Rhim 24 pulse sequence
(43) at 90 K. The solid line shows a computer fit of a shielding
tensor (under the assumption that the high Tieid species
contributes negligibly to the signal) with the same anisotropy
as was observed at room temperature but with a larger broadening
function. The residual broadening presents probiems in determining
the exact anisotropy. Since the multiple pulse sequence has been
used to average the static homonuclear dipolar broadening for
protons in ice {43), certainly one of the most severe tests of
the narrowing ability of the sequence, the residual broadening
could be heteronuclear in origin, resulting from the dipolar
coupiing of the protons to the quadrupolar species of Mo. A
dipolar narrowed Carr-Purcell experiment (48), which averages
hcmonuclear dipolar interactions, magnetic shielding anisotropy,
magnetic shielding, and heterconuciear dipociar broadening, at
90 K gives 2 time constant of T. = 25.4 msec. This number

1y
-

corresponds to a Lorentzian linewidth of = = 12.5 Hz,
1

demonstrating that the linewidth observed under homonuclear

J R, TP m i m S [ TR VA LAl Aas AT A H
..... PING SRApPTTHNESNLD QU v R 13 5SS Ging an SCISTenuUc: e
[ d « -~ -

proadening.
Spin-lattice {T,) relaxation times were alsc reccrded
(Figure 10) down to 85 K using an inversion recovery technique

in order to obtain a better value {59) of 7..T. The vaiue of

i



Figure 1h, 14 NMR absorption spectrum for the hydrogen spillover bronze under a
multiple pulse homonuclear decoupling experiment at 90 K
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TleT = 300 sec K is in the range of that found for protons in
metallic hydrides. For example, protons in YHj g, (81) have
T..J= 286 sec K. The usual expression for the T; relaxation

due to conduction electrons is given by (31)

1 _ 6k 3p3, 2 2 252 2
T N3y 2y 2k T<|¥(0)]2> " (EQ), (40)

where Yo represents the gyromagnetic ratio for electrons, Y,
represents the gyromagnetic ration for nuclei, k_ is Boltzmann's
constant, and p(EF) is the density of states at the Fermi surface.

The quantity & can be defined as

§=<],(O)Iz> s (41)

where <]?(0)]2>atom is the electron density at the proton site

for a free hydrogen atom and <|¥(0)}!%>_. is the corresponding
°F
contribution from conduction electrone obtained from an average

r of the Fermi distribution. The rate

; ] . . .
expression for =—— is the result of the contact interaction

with the S-iike conduction eiectrons which is appropr
hydrogen since the 1S part of the conduction electron wavefunction
is expected to be the important part for the proton. So, § is

2 measure of the conduction banc eiecirch dansii
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However, one must exercise caution in using low temperature
data to explain room temperature phenomena. Both a discontinuity
in the heat capacity (62) and a change in the susceptibility
behavior (61) from Psuli-type at high temperatures (300 - 220 K)
to Curie behavior below 220 K have been observed in Hj g5MoO3.

Dickens et al. (64) used results from inelastic neutron

scattering at 80 K to infer the presence of -0H, groups in the

bronze. Neither this wer

®
3

nor that of Cirilio et ai. (60}
discounts the existence of an associated pair at low temperatures.
However, the room temperature proton NMR data is not consistent
with this model. The shielding tensor and proton mobility in
Hy_ 7Mo03 at room temperature suggest the predominant, low field
proton species to be a unique entity.

Debate exists over the nature of the protons in the
hydrogen molybdenum bronzes, with these compounds alsc having
een formulated as oxyhydroxides, MoOa-x(OH)y (71). The present
work indicates this not to be an appropriate formulation. There
are two chemica! species of protons in these materials., At room

temperature, there is also evidence to indicete that the dominan
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In fact, while many physical properties are alike, the two
hydrogen molybdenum bronze samples used in this study were not
ident}cal, as evidenced by the low temperature proton NMR spectra
under single pulse excitation. In addition, the bronze prepared
by the "wet'' method contained a greater concentration of the
hich field species of proton relative to the predominant species.
Hence, the method of preparation proves to be an important point.

With regards tc the method of preparation, the measurement
of the proton diffusion in the hydrogen spiilover bronze provides
information about the rate determining step for the formation
of H;_ +Mo03 via hydrogen spillover. The formation of Hj;_ 7Mo0O3
by hydrogen spillover has been described by Cirillo and Fripiat
(59) as occurring in three steps: first, dissociative

chemisorption of molecular hydrogen on the surface of the

platinum; second, transfer of the hydrogen species formed to

An Af +ha Avids 7a++:
Ch C7T Ung€ ¢CX:iCe ettt

~o [=AYAV]
~o . -~

i

Levy
and Boudart (116) have shown water to be an efficient carrier
for the second step. Ciriiio and Fripiat noted tnat even

when working with dry hydrogen gas 1t can be assumed that

surface hydration produces a small amount of water which could

e m s - = A mn e el ot oA
. Iowever, i€ ausSceiice OF water Tidh e Sampac

lhog haer confirmed hy I1H NMR ucina macic anole gninning ag

2 cee co ! 2z oY oous 5 2G!'!'C ang:ie spint 2¢

chAawn in Efanra X0a)

Snhov o} gure C.2,;.
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Table V. Diffusion coefficients for bronzes

System Diffusion Coefficient

Hydrogen Spillover, N/ n-lGCTZ /cac

Pt/W03 1. 78

Pt/Mo0y 1670.°2
14 Self-diffusion, D/10"5cm?/sec

HyWO3 7-b

Hi_ 7Mo03 7- 9C

SRef. 70.

bRef. 117.

Cey
This work.

in Pt/W03; and Pt/Mo03. These results are shown in Table V. It

should be noted that the maximum diffusion coefficient for Pt/MoO3

1S 2apDroxXimarelv a Lnuutsug

a Crines 1a@rgei UG wnos chtzinad for
Pr/Wls. These dats show that the *H seif-diffusion within the
bulk is 107 and 1010 times greater than that calculated for the
overail spiiiover process in ri/Moly and Pt/WCs3, respectively.
This cieariy eiiminates diffusion in the bulk cf the bronze

ng the rate Jimiting step in the formation of the bonze.

In the overall reduction nrocess, the following steps may
be Droposed (o occur in series:
(1) Transport of moiecuiar f, {0 the Fi Suitace;
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(2) Dissociation of the hydrogen on the Pt;

(3) Diffusion of atomic hydrogen through the MoO3 surface;
if surface hydration is assumed to produce a small
amount of water to act as a carrier, then
(3a) diffusion of atomic hydrogen through an Hs0

monolayer to the MoO3 surface and
(3b) transfer across the Hp0-MoO3 interface;

(4) Diffusion of hydrogen through the MoOj.

Information about the rate determining step can be obtained from

Table VI

The large vaiues of the diffusion coefficients from Table VI
preclude steps 1 and 4 from being rate determining. For the
case of sufficient (monolayer) surface hydration, step 3a may
also be ruied out. Cirillo (14) has prepared sample of the
hydrogen molybdenum bronze with 0.25%, 0.50%, and 2.0% Pt by

he kinetics of the reaction were independent

(R X

Af +ha
s LS

number of platinum particles, which rules out step 2. The rate
Iimiting step appears to be the cdiffusion of atomic hydrogen

through the Mo0Oj surface.

'n studying HxWO3, Vannice et al. (77) presented strong
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Table VI. Diffusion coefficients for various species

System D(cm?/sec) Reference
Ho (gas. 1 atm.. 80°C) 1.7 17
Molecular Hy in Hy0 3.4 x 107° 77
Atomic H in H20 7 x 1075 118
Protons in a H20 Monolayer 1978 tig
Hydrated electrons in H,0 4.8 x 1075 120
Hydrogen in MoOj 7.9 x 1076 This work

crossing is rate determining in the presence of sufficient
carrier. Hcwever, they noted a dependence of the rate on the
amount of absorbed carrier beiow monoiayer coverage. in the
present study, it is impossible to unambiguously determine
the rate determining step since tne rate of reaction may be
iimited by the amount of surface hydration. tili, in the
presence of sufficient carrier {(cr possibiy for the case of
intimate contact between the Pt and MoOs particies), the rate
determining step in such a process in the formation of

Hy 7Mo03 is the penetration of spiiied over hydrogen througn

rfara Af MAN
TTZ2Ce oF oY

High Resolution Proton NMR of YH; g5
Accurate second moments are needed tc determine the fractionai

o talall)
~ -

unation of octahedral and tetrahedral sites in metaiiic
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hydrides. Since theoretical second moments are calculated
assuming dipolar interactions, it would appear to be useful to
quantify the magnitude cf other interactions present and their
contributions to the experimental second moment.

Free induction decays were obtained at 323, 296, and 86 K.
Full widths at half-height (26f) were 15.9, 34.2, and 41.6 KHz,

respectively. A previous wideline 1H NMR study (121) has

-h

shown that the onset of thermal line narrowing occurs around

room temperature. Fitting the room temperature FiD's to

Lorentzian and Gaussian decays gave T, = 10.6 usec (:%T = 29.5 kHz)
2
and Ty, = 16.9 usec (lZ%%%l..: 22.1 kHz), respectively. A more

satisfactory fit of the lineshape was obtained by using the
Harper-Barnes lineshape (122), which has the analytical form

g(x) = A exp (-b|x|™ (42)
where x = v = v,. Since a determination of n readily gives
the second moment, this allows a iudgment of goodness of fit
bypassing the usual difficulty of establishing the proper
baseiine Tor the measurement of seconc momenits. At
temperature, the exponent n was 2.1. However, at 86 K the best

fit was given by n = 2.8. Increases in n, leading to a more

rectanguiar shape than & Gaussian, at icwer Ifemperziures have
Seen chsarved in other metallic hvdrides {i23). The second
moment chtained from the fit of the Harper-Barnes 1ineshape

ID wag 11,17 gaussz. This may be compared to the
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value of 10.68 (+0.26) gauss? obtained by direct numerical
integration of cw derivative recordings (80).

Homonuclear decoupling experiments gave symmetric lineshapes
with 28f ~2.9 kHz at 323, 296, and 86 K. Fitting the 86 K
data with the Harper-Barnes lineshape gave a second moment of

2

0.16 gauss®, which is smaller than the standard deviation in

the second moment reported by Anderson et al. (80). The
combined homonuclear decoupling and magic angle spinning
experiments at room temperature gave a proton Knight shift

of KH = =5.9 (x1.6) ppm [0 = +5.9 ppm] with respect to H,0.

The linewidth was 28fu525 Hz. A phase-altered MREV-8 sequence
[Px - My] (47), which removes inhomogeneous magnetic broadening,
gave a linewidth of 28fv415 Hz at 86 K.

The measurement of the second moment under the homonucliear
dipolar decoupling experiment allows the determination of the
centribution from the shielding anisotropy, higher order
homonuclear dipolar broadening, heteronuclear dipolar broadening,
etc. For YH; go, the correction to the experimental second
moment from other mechanisms of line broadening is within the

observed standard deviation. At 56 MHz, the ratio of the

second moment under tine NHoMonuCi&ar Secoupiing exXperiment
v Iaanreag 8\
Mo \TIRCVTOy - =n e
tc the second mement of the FID ig —S—————— = 1,5%, When
M, (FiD)
the second moments are measured a2t lower fieids, the correction

may even be smaller if there is anv field dependence.
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The homonuclear decoupling experiment gives a symmetric
lineshape with 28fv2.9 kHz. 1f the protons reside at the
center of the tetrahedral and octahedral sites which have
cubic symmetry, there should be no shielding anisotropy.

The phase-altered sequence which suppresses both homonuclear
dipolar interactions and interactions which go as lz’ such
as anisotropic shielding and heteronuclear dipolar broadening,

- &

signitTicantly narrows the |

ne tc 0.4 kHz, The difference
between these two experiments gives a value of "Z.5 kHz,
which is probably due to heteronuclear dipolar broadening.
The inability of the multiple pulse sequences to completely
narrow the line is easily explained in terms of the correlation
time obtained from the change in linewidth at the onset of
thermal line averaging. Anderson (121) has found a correlation
time of 10 usec at room temperature. This correlation time
ic of the same corder of magnitude as the multiple pulse cycle
times presently achievable and iimits the ability of the
muitipie puise sequence i0O Na&rirow.

Schreiber (124) has modified the Korringa relation by

the introduction of a parameter p according to

.2(..'_ -\ _ 2a L=\
:\ \ule-/ - C S -2
L
e C = i~ jo 32{ D _— . s T AR T
there § = (v /v 1¢i—————1, The intrinsic Knignt snitt reiative
e 'n 4mk =
B
+A hora ArAat-ne 1€ ailvan bV
tc bare preotons 1S given by

K, = KH(observed) - 25.6 (in opm), (Lk)
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where the molecular shielding constant of protons in water is
taken to be 25.6 ppm (125). Using the intrinsic Knight shift
for YH; g7 and a value of T, T = 269 sec K, a value of p = 1.0
was obtained. No corrections were made for susceptibility
effects of the powdered sample. This value of ¢ would indicate
a suitable description by the free electron mode’. Norath and
Fromhold (126) have reported valuss of o for 8%Y in Y metal

{p = 1.26) and in YH, {p = 2.5). The variation of p among the
elemental group I1i metals is very smali. The p vaiues of the
metals are relatively close to the corresponding hydrides.

The o values indicate the degree of electronic interactions

at different physical positions in the metal hydride. However,
the full meaning of the comparison of ¢ values obtained from

the metal and proten in the metallic hydride is unclear.
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CONCLUSIONS

NMR provides a sensitive probe to obtain information about

ctronic structure, malecular ctructure, and motion. Until
the advent of multinle pulse techniques for homonuclear decoupling,

this information for protons in randomly oriented solids was
inferred from conventional relaxation studies and wideline
absorption. However, homonuclear decoupling aione was able

to provide shielding information on oniy the more chemically
simple systems. The extension cf the combined multiple pulse

and sample spinning experiment to protons in randomly oriented
samples now allows the measurement of shielding parameters in
these materials. When the results from conventional measurements
are combined with those from the high resolution experiments,

NMR is able to provide a wealth of information.

-

For the hydrogen molybdenum bronze, the materials prepared
- bAambmiAniaA amA kv Fhe ihgetil ~chomigrrv
r tochnigue 2nd hy the flwerif chemicrry

. Two species of protons were found.

At room temnerature, there is evidence tc suggest that the

n the bulk provided information about

the rate limiting step for the formation of the bronze via



80

measurement of the hydrogen second moment in YHj g92. The
measurement of the proton Knight shift indicates a suitable

description by the free electron model at the proton sites.
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