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The diffusion of 'H in the fast protonic conductor H(UO,PO,) - 4H,0O has been investigated as a
function of temperature by employing pulsed field gradient NMR measurements. In the light of the
present diffusion results and published conductivity observations on the same compound, it is likely
that protonic diffusion and conductivity in this material occur by the same mechanism. Possible
mechanistic processes for the proton motion in this material which are consistent with the activation
energy for protonic diffusion found in this study are briefly discussed.

I. Introduction

The compound hydrogen uranyl phos-
phate, H(UO,PO,) - 4H,0 (hereafter desig-
nated as HUP), is one of the few com-
pounds which exhibits unusually high
proton conductivity (o = 4 X 1073 (2 cm)™!
at 290 K) (1) and yet can be easily fabri-
cated into dense disks or films suitable for
use in electrochromic displays, fuel cells,
or hydrogen gas sensors (2—4).

Structural investigations of HUP (5) have
shown that a phase transition from tetrago-
nal (type I) to orthorhombic (type II) sym-
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metry occurs below 274 K, the HUP(I)
phase existing above 274 K being the ex-
ceptionally good proton conductor. The
unit cell of HUP({J) contains two
(UO,PO,)," framework layers separated
by interlayers containing water and a linked
H-bond network (I, 5). Howe and co-work-
ers have carried out a series of detailed
studies on the ionic conductivity (1, 6, 7),
the thermal stability (8), and NMR relaxa-
tions (9) of HUP with a view towards un-
derstanding the protonic transport mecha-
nism in the material.

The picture that emerged from the fore-
going studies delineated the following fea-
tures for HUP: (1) the presence of mobile
protons; (2) the presence of a two-dimen-
sional, continuous network of water mole-
cules; (3) rapid rotation of water molecules;
and (4) the absence of basic (negatively
charged) sites which could act as proton
traps. Shilton and Howe (I) suggested that
the protonic conduction mechanism for
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HUP might be similar to the well-known
Grotthus mechanism found in aqueous acid
solutions, namely, a cooperative intermo-
lecular proton transfer between adjacent
water molecules, followed by a rate-deter-
mining rotation step for the water molecule.
This was based on the observation of a
higher activation energy for protonic con-
duction than that found for the spin-lattice
(T,) and spin-spin (7,) NMR relaxations. It
is reasonable to expect that dehydration of
HUP might destroy the conduction net-
work for the protons, thereby causing a
diminution in ionic conduction. In fact, it
has been observed that HUP dehydrates at
a temperature slightly above 353 K to yield
a poorly conducting phase.

Recently, Bernard et al. (10) inferred, from
neutron diffraction evidence, diffusion and
conduction mechanisms in the compound
DUO,As0, - 4D,0 (DUAs), a fast proton
conductor which is structurally similar to
HUP. Their neutron diffraction investiga-
tion revealed that partial ordering occurred
in the DUASs structure, along with DsO;
ions, DO, dimers, and vacancies. They
suggested that the activation energy for dif-
fusion should involve the energy for a D;O5
ion rotation as well as that for the D;O; -
vacancy hopping process; in contrast, the
activation energy for conduction should de-
pend on both the energy for DsO; -vacancy
hopping process and the energy for the
D40, dimer-vacancy rotation. Since the en-
ergy for the DsO; ion rotation will almost
certainly be lower than that for the D,0,
dimer rotation, Bernard er al. (10) argued
that a lower activation energy should be
found for diffusion than for conduction.

To reinforce this contention, they noted
that the activation energy for conductivity
in HUP was found to be 0.31 % 0.01 eV (7),
whereas an activation energy value for dif-
fusion in HUP, inferred from NMR mea-
surements of T; and T, (9) and pulsed field
gradient NMR diffusivity data (17) (three
experimental points), was found to be 0.21
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+ 0.01 eV. In the light of the uncertainties
generally found in activation energy values
for diffusion derived from 7| and 7, NMR
relaxation data and the sparsity and prelim-
inary nature of the published proton diffu-
sion data existing for HUP, its inaccuracy
and the extremely limited range of tempera-
ture over which these diffusion measure-
ments were made, it remains an open ques-
tion whether there are indeed separate
mechanisms operating for conduction and
diffusion in the particle-hydrate group (12)
of fast proton conductors exemplified by
HUP, HUASs, and DUAs.

Here, we report on an improved NMR
pulsed field gradient method for the mea-
surement of diffusion coefficients greater
than about 1078 cm? sec™! in condensed
phases and its application to the systematic
observation of proton diffusivities in the
layered compound HUP. In addition, we
discuss the general implications of our dif-
fusion findings in HUP with respect to pos-
sible mechanisms of proton transport in
those particle-hydrate materials which ex-
hibit fast proton conduction.

I1. Experimental Procedure

(I) Sample Preparation

Hydrogen urany! phosphate (HUP) slur-
ries, obtained from A. T. Howe, were pre-
pared by a method previously described (6)
and were derived from the same batch used
in the investigation by Childs et al. (9).
Powder samples of HUP were prepared by
drying the slurry on a filter paper, followed
by saturating the dried powder with water
vapor at 1 atm pressure and a temperature
of 298 K over a 14-day period. The resulting
(saturated) samples of HUP were sealed in
4-mm-i.d., spectroscopic grade, NMR
tubes to prevent the loss of water.

(2) The NMR Spectrometer

The NMR spectrometer used in this in-
vestigation was a modified version of the
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F1G. 1. Schematic diagram of the pulsed NMR spectrometer.

spectrometer design reported by Gibson et
al. (13) and was -operated at a frequency of
25.3 MHz throughout the present measure-
ments. A schematic diagram of the spec-
trometer is shown in Fig. 1, the frequencies
shown therein being in megahertz. The Pro-
grammed Test Sources Model PTS 160 fre-
quency synthesizer is a radio frequency (rf)
source which generates a continuous sinu-
soidal wave of frequency (30 + v) MHz
where v is the Larmor frequency for the
nuclei of interest at a given magnetic field.
The gating and phase shifting of the rf pulse
were accomplished by the gated phase
shifter (GPS) at an intermediate frequency,
30 MHz, which has been derived from the
10-MHz reference output of the frequency
synthesizer. The lower sideband output of a
single sideband mixer-in the GPS delivered
an tf pulse with a frequency of 25.3 MHz.
The duration of the rf pulse was con-
trolled by an Interface Technology RS-
648E pulse programmer. Typically, the rf
output of the GPS is about 0.5 V and must
be amplified to some desired level, usually
several thousand volts by an Arenberg PG-
650C amplifier/transmitter. The amplified rf
pulse was coupled to an rf coil surrounding
the sample where the NMR signal, typically

of the order of several microvolts, was fed
into a Matec 253 preamplifier. The ampli-
fied NMR signal was then mixed with a (30
+ v) MHz reference signal, thereby result-
ing in 30 MHz and (30 + 2») MHz compo-
nents; only one of these component sig-
nals (30 MHz) was amplified by the 30-MHz
narrow-band amplifier of the receiver.

Quadrature outputs of the NMR signal (0
and 90°) were separated by a phase compar-
ator and then amplified with the aid of dc
amplifiers and filters. These outputs were
digitized by a Nicolet Explorer 2090-111
transient recorder and the digitized signals
were then fed into a Z-80 microcomputer
where the signals were averaged and the
echo amplitude was computed as the
square root of the sum of two squared
quadrature outputs. A nonlinear, least-
squares fitting computer program was em-
ployed to determine the echo amplitude and
its associated standard error.

A field-gradient pulser was used to gener-
ate the time-dependent, magnetic-field gra-
dients which are essential for the pulsed-
field gradient (PFG) diffusion experiments.
The duration of the gradient pulses was
programmed by the TTL pulse programmer
and the magnitude of the field gradient was
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FiG. 2. The Stejskal-Tanner pulsed-field gradient, spin-echo sequence.

monitored through measurement of the
strength of the current pulse. The current
pulser and quadrupole coil employed were
similar to those described by Karlicek and
Lowe (14).

3. Pulsed-Field Gradient NMR
Measurements

The Stejskal-Tanner (15) pulsed-field
gradient, spin-echo sequence, shown in
Fig. 2, was employed in the present proton
diffusion measurements. Under isothermal
conditions, a 90° rf pulse was applied to the
sample at time ¢ = 0 which was followed by
a field gradient pulse, of duration 8, at t =
1. Attime t = 7, a 180° rf pulse was applied
which was followed at time r = (1; + A) by a
second field gradient pulse that was care-
fully adjusted to be identical to the first. A
spin-echo signal occurred at a time ¢ = 27
and the attenuation of the spin echo, under-
going unrestricted diffusion on the time
scale of A, is given by (15)

In [AQ27)*/AQ27)] = —y DG**(A - §/3).
0y

Here A(27)* and A(27) are, respectively, the
spin-echo amplitudes in the presence and in
the absence of the gradient pulses of magni-
tude G, y the gyromagnetic ratio of the pro-
ton, 8 the duration of a gradient pulse, A the
time interval between the start of the two
gradient pulses, and D the protonic diffu-
sion coefficient for the sample.

Proton diffusion in HUP is generally be-
lieved to occur within a two-dimensional
network of water molecules. Furthermore,
the samples investigated here were poly-
crystalline. Accordingly, on the average,
diffusion should be restricted in the sense
that the diffusion path in the direction of the
gradient magnetic field is constrained. A
complete theoretical account of this regime
for arbitrary times 8 and A has not yet ap-
peared in the literature; however, it can be
shown that the echo-amplitude ratio A*(27)/
A is given by

(exp — ¥Y*DG*cos208%(A — 8/3)),

where ( ), indicates a powder average over
all solid angles. The above average has the
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same form as the well-known error func-
tion. Calculation of the diffusion coefficient
D requires the solution of an integral equa-
tion which can be accomplished numeri-
cally. In the limit of small D and short times
(8), it is sufficient to replace G?in Eq. (1) by
G?/3. In this case, the diffusion coefficient
can be determined from the slope of a plot
of In [AQ27)*/A(27)] vs 8%(A — 8/3) because y
and G are known quantities, the latter hav-
ing been measured by means of the inde-
pendent calibration experiments described
below.

The magnitude of the magnetic field gra-
dient was calibrated using the following
methods: (a) lineshape analysis of free-in-
duction decay (FID) signals in the presence
of a constant gradient (16), and (b) mea-
surements of the protonic diffusion coeffi-
cient by our PFG method in substances,
such as water, glycerol, and N-decanol, for
which published diffusivity values are
available spanning the range for Dy, in
HUP determined in our experiments.

The field gradient measurement by
lineshape analysis was accomplished by in-
serting a cylindrical sample in a constant
gradient and observing the FID shape of a
spin echo for a 90-180°-echo sequence. If it
is assumed that G is constant over the en-
tire sample, the time dependence of the
magnetization M is given by (I16)

M(1) = M[2J,(yGRD/(yGRD)] (2

where R is the radius of the cylindrical sam-
ple, ¢ the time with zero defined to be at the
echo peak, and Ji(yGR:) the first-order
Bessel function. By determining the zero
values of J,(a) and the corresponding val-
ues of time ¢, one can obtain a value of G by
equating

o; = yGRy, €)

since v, #;, a;, and R are known quantities.

The field gradient calibration, based on
measuring protonic diffusion coefficients in
water, glycerol, and N-decanol, proceeded
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by first observing the amplitude ratio
A(27)*/A(27) and then substituting into Eq.
(1) the published value of D at the measur-
ing temperature for the given substance and
solving Eq. (1) for G. These measurements
were carried out on the three aforemen-
tioned substances at 25.3 MHz, a A value of
10.01 msec and a gradient current of 4.3 A
being used.

The pulsed field gradient protonic diffu-
sion measurements on HUP were per-
formed over a temperature range of 298.5 to
345 K using a frequency of 25.3 MHz, a
field gradient of 215 G cm™!, and a gradient
separation (A) of 6.01 msec. The tempera-
ture of the HUP sample was stabilized to
within 0.5 of the measuring temperature
with the aid of a temperature controller and
a thermocouple.

It was found that significant heating
results when large pulsed currents are ap-
plied to the quadrupole coil. In our present
design, this heat is shunted from the neigh-
borhood of the sample to a temperature-
regulated, large copper block. This was
achieved by winding the quadrupole coil in
a copper coil former which was directly at-
tached to the aforementioned thermal res-
ervoir. The former was designed such that
there were minimal effects on the magnetic
field pulses from induced screening cur-
rents. In addition, the temperature of the
sample was monitored by an independent
thermocouple mounted very close to the
sample.

Several common problems associated
with echo stability were resolved with the
technique applied in this work. Instability
in the echo is frequently observed in pulsed
magnetic field gradient measurements re-
sulting from coupling between the pulsed
field and the iron core of the steady magnet
or between the pulsed field and the field
regulation sensors for the homogeneous ap-
plied field. This can be alleviated by com-
piiting the square root of the sum of the
squares of the two quadrature outputs of
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Fi1G. 3. Gradient calibration by lineshape analysis of
FID.

the receiver and signal averaging channel
by channel. Furthermore, the root-mean
sum of the squares of these quadrature out-
puts produces an echo envelope whose
shape remains independent of drift or fluc-
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Fi16. 4. Plot of diffusion data for doped H,O at 25°C.
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tuations in the applied homogeneous mag-
netic field. A disadvantage of this approach
is that significant time (=5 sec) is required
for the computation of each point. Using
more sophisticated computational tech-
niques and a faster microcomputer should
reduce this computational time by more
than an order of magnitude.

II1. Results and Discussion

The results of the lineshape analysis of
the FID signals to obtain the field gradient
G are depicted in Fig. 3. Up to a coil cur-
rent of 500 mA, the field gradient was pro-
portional to the current with a slope of 48.9
G/cm-A, the residual-field gradient of the
magnet being 1.75 G/cm. In addition, the
pulsed-field gradient was calibrated by
means of measurements on Cu,SQ,-doped
H,0 at298 K and on glycerol at 303 K. The
results are shown in Figs. 4 and 5. Using
published values for the protonic diffusion
coefficients in H,O (2.23 x 107° cm? sec™!
at 298 K) and in glycerol ( 3.20 x 1078 cm?
sec”! at 303 K), the magnitudes of the field
gradients were determined to be 206 and
213 G cm™!, respectively, at a gradient cur-
rent of 4.3 A. These values compare favor-
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Fi1G. 5. Plot of diffusion data for glycerol at 30°C.
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Fi1G. 6. Plot of diffusion data for N-decanotl at 30°C.

ably with the value (212 G cm™!) extrapo-
lated from lineshape analysis. A protonic
diffusion coefficient for N-decanol was de-
termined to be 8.30 x 1077 cm? sec™! at 303
K (see Fig. 6), a value which is in good
agreement with the published value of 7.5
X 1077 ¢cm? sec™! for a slightly lower tem-
perature (298 K).

The initial sharp decrease in the ampli-
tude of the echo signal for very small 8 as
seen, for example, in Figs. 4 and 5 appears
to be an experimental artifact which is not
clearly understood at this time.

Nine values of the protonic diffusion co-
efficient in HUP were measured in the
range 298.5 to 345 K, using a field gradient
of 215 G/cm and a separation of 6.01 msec
between the gradient pulses. Typical plots
of In A(27) vs 8%(A — 8/3) at fixed diffusion
temperature are shown in Figs. 7 and 8.
When the echo-amplitude ratio, A*(27)/
A(27), is smaller than 0.90, a plot of the
echo amplitude versus 8%(A — 8/3) will be
significantly nonlinear for the case of re-
stricted diffusion, as shown by the dashed
and dot-dashed lines in Fig. 8. All of the
present PFG measurements show a dis-
tinctly linear relation even when the echo-
amplitude ratio is as small as 0.67. Our in-
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terpretation of this is that protonic diffusion
in HUP is unrestricted. Consequently, we
have used Eq. (1) to analyze our data which
is summarized in the Arrhenius plot of Fig.
9.

The temperature dependence of the pro-
ton diffusion coefficients observed here is
displayed in this figure. Figure 9 also
shows, for comparison, the three protonic
diffusion coefficients for HUP measured
earlier by Gordon et al. (11). These D val-
ues, however, are shown as they would ap-
pear if analyzed using Eq. (1) rather than as
originally reported. It is evident that the ac-
tivation energy deduced from our work is
consistent with the earlier, less accurate
measurements of Gordon et al. (11); never-
theless, it is noteworthy that our measured
diffusion coefficients are approximately
three times larger than those given by Gor-
don et al. It should be noted that great care
was exercised here in carrying out the cali-
bration procedures for determining the
magnitude of the gradient field which
yielded the four independent and self-con-
sistent results presented earlier. A least-
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FiG. 7. Plot of diffusion data for HUP at 31.5°C.
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squares analysis of the present results
yielded the following Arrhenius expression
for Dy, in HUP:

Dy, = (1.177 £ 0.030)

(0.269 = 0.021 eV
kT

X 1072 exp [— ] 4
where k is the Boltzmann constant and D,
is expressed in units of cm? sec™!.

The NMR relaxation time measurements
of Childs et al. (9) suggest an activation en-
ergy of 0.21 eV for proton motion in HUP
in contrast with our finding of 0.27 eV from
the pulsed-field gradient measurements.
There are -a number of possibilities which
might account for this discrepancy. Most
importantly, a full understanding of the re-

lationship between the microscopic dynam-
ical behavior expressed by relaxation times
and the macroscopic effects of diffusion
can be achieved only after relaxation exper-
iments are conducted over a wide range of
temperature and frequency (i.e., wr < 1 and
wt > 1, where w is the NMR frequency and
7 the correlation time). Since the 7, T, re-
laxation measurements by Childs ef al. (9)
on HUP were carried out over a narrow
range of temperature at a single NMR fre-
quency, it is our contention that there are
simply insufficient NMR relaxation data
available from the study of Childs ef al. on
HUP to establish any meaningful connec-
tion between the proton diffusion results of
our PFG study and the temperature depen-
dence of this earlier 7, T, relaxation data.
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Because of the magnitude of the activa-
tion energy (0.27 eV) given in Eq. (4) for
proton diffusivity in HUP and the fact that
it is nearly the same (at least when consid-
eration is taken of the experimental uncer-
tainties involved) as that found for HUP by
Howe and associates (I, 6, 7) in their stud-
ies of protonic conductivity (0.31 eV), con-
siderable doubt is now shed on the proposal
by Bernard et al. (10) that separate mecha-
nisms for protonic conduction and diffusion
should operate in a particle-hydrate phase
like HUP. If, indeed, the proposal by
Bernard et al. were valid for HUP, one
should expect different activation energies
for the two transport processes and, more-
over, that the activation energy for proton
diffusion in HUP would be substantially
lower than that for conduction.

Beyond this, we can only state that the
activation energy observed here is not in-
consistent with that which might be ex-
pected from a Grotthus mechanism in
which the protons move in two steps: (a)
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the translation of a proton from an oxonium
ion to a water molecule by tunneling in a
hydrogen bond, and (b) subsequent reorien-
tation (rotation) of the water molecule thus
formed in order to be able to take up the
next proton. Since the rotation step (b) is
thought to be the slower step in this mecha-
nism, it should be rate determining and the
activation found for this mechanism
should, therefore, correspond to that for
the necessary hydrogen-bond breaking in-
volved in such a step.

While the activation energy (0.27 eV)
given in Fig. 9 is a reasonable value for
such a bond-breaking rotational process, it
should be noted that this value may like-
wise be a reasonable one for the vehicular
mechanism of proton motion in solids sug-
gested by Kreuer et al. (19). In this vehicu-
lar model, the proton does not migrate as
H* but as OH;, bonded to the water mole-
cule ‘“‘vehicle,”” the ‘‘unladen’ vehicles
moving in the opposite direction. The vehi-
cle shows a diffusion coefficient corre-
sponding to that which would be predicted
from proton conduction and behaves like a
proton acceptor with respect to its crystal-
lographic environment. The results of the
present investigation do not allow one to
discern which of these two mechanisms
(Grotthus or vehicle) is the more likely for
proton migration in HUP; further experi-
mentation will be required to elucidate this
question of mechanism. For example, if the
vehicular mechanism were important in the
protonic migration process in HUP, a mea-
surement of 80 self-diffusivity in this mate-
rial should reveal this since the migration of
the water molecule to which an OHJ ion is
bonded would be rate controlling.

Crystallographic evidence (20) indicates
that the waters of hydration in HUP are
confined to a two-dimensional structure.
Our finding that protonic diffusion in HUP
is unrestricted suggests that during the time
scale of our measurements, ~12 msec,
diffusion is essentially three-dimensional.
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This apparent inconsistency possibly may
be accounted for if the grain size of our
HUP sample is much smaller than the diffu-
sion length during an experiment, ~2 pm.
In such a case, proton diffusion would also
involve motion of the diffusing species
along the grain or particle boundaries which
might be the rate-limiting step. Measure-
ments on single crystals of HUP will be
necessary to unambiguously establish this
possibility.

Finally, it seems worthwhile to stress
here that the present investigation has satis-
factorily demonstrated the real potential of
the pulsed-field gradient NMR technique
for the nondestructive, direct, and accurate
determination of diffusion coefficients in
solid ceramic phases. Indeed, the present
work has shown that, using the NMR
equipment described here under favorable
circumstances, one may observe a proton
diffusion coefficient in HUP greater than
10-8 cm? sec™!. The important material pa-
rameter which determines the smallest ob-
servable mobile species diffusion coeffi-
cient with such a technique is the spin—spin
relaxation time (7), since this determines
the largest available pulse separation. Im-
provements in the design and construction
of the probe, the current pulser, and the 1f
shielding used in this study, for example,
should help minimize systematic errors in
the diffusion measurements which arise
from an imbalance of the gradient pulses,
variations in the field and/or frequency, and
instabilities in the amplitude and position of
the spin echo.
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