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The high-temperature phases of sodium orthophosphate, HT-Na3PO4, and of the solid solutions (Na2SO4)x-
(Na3PO4)1-x are characterized by their plastic crystalline state with dynamically disordered PO4

3- and SO4
2-

anions and a remarkably high cation conductivity. Since HT-Na3PO4 possesses a fully occupied cation sublattice
(no vacancies), it has been proposed that cation transport and anion reorientations are dynamically coupled
(“paddle-wheel mechanism”). However, no direct evidence for this coupling has been reported. In the present
study, the validity of this mechanism is investigated on the basis of23Na and31P nuclear magnetic resonance
(NMR) experiments. Temperature-dependent measurements of the static31P linewidth indicate that in the
solid solutions with 0.04e x e 0.25 the acceleration of sodium ionic mobility is closely correlated with the
acceleration of phosphate rotational motion, associated with a second-order phase transition near 400 K.
Temperature-dependent measurements of the23Na longitudinal and transverse relaxation times have been
analyzed using the theory of quadrupolar relaxation under nonextreme narrowing conditions. Consistent with
theoretical predictions sizeable dynamic frequency shifts are detected. All of the data are consistently analyzed
quantitatively in terms of two distinct motional processes. A low-temperature process, whose relaxation strength
is independent of sample composition, is clearly accelerated by the onset of fast anion rotation occurring at
the second-order phase transition temperature. In addition, a high-temperature process, which is almost absent
in HT-Na3PO4 but whose importance increases with increasing sulfate content, signifies vacancy hopping.
This dependence on composition is easily understood because the substitution of PO4

3- by SO4
2- generates

cation vacancies. The activation energies of both processes are near 0.45 eV, and the corresponding timescales
grow increasingly similar with increasing sodium sulfate content. Altogether, the results give strong evidence
for a dynamic coupling between anionic reorientation and cation diffusion, supporting the concept of a paddle-
wheel mechanism.

Introduction

Among the large group of crystalline solid electrolytes there
are a number of excellent cation conductors in the plastic
crystalline state. In general, these materials are high-temperature
phases of simple compounds such as Li2SO4, LiNaSO4, and Na3-
PO4, where the anions are rotationally disordered and perform
some kind of rotational diffusion.1 An unresolved issue concerns
the possibility of some dynamic coupling between both motional
processes, leading to the proposal of a “paddle-wheel mecha-
nism” in which the cations tumble through “revolving doors”
represented by the anions.1-7 This mechanism has been disputed
by other authors, who instead favor a percolation type mech-
anism, where the increase of “free volume” as a consequence
of a lattice expansion caused by the phase transitions is the main
reason for conductivity enhancement.8-12

To resolve this literature controversy, it is necessary to study
the dynamical characteristics of both anions and cations sep-
arately from each other on an atomic/molecular level. Thus, in
the plastic crystalline material HT-Na3PO4 (HT indicates the
high-temperature phase) temperature- and frequency-dependent
electrical conductivity measurements have served to characterize
the diffusive motion of the sodium cations,13 whereas the rota-
tional motion of the PO43- anions has been probed by inel-
astic neutron scattering experiments.14,15Alternatively, nuclear
magnetic resonance (NMR) techniques offer element-selective
approaches for characterizing anion and cation motional pro-
cesses in a separate fashion over a wide range of time scales.

In general, atomic and molecular mobility on the time scale of
milliseconds leads to stochastic averaging of the anisotropic
static interactions influencing NMR spectra in the solid state.
Thus, information on cation motion on the kilohertz timescale
is available from a temperature-dependent measurement of static
solid-state NMR spectra. Furthermore, temperature- and fre-
quency-dependent measurements of nulcear spin-lattice relax-
ation rates afford a comprehensive characterization of the dy-
namics occurring on the megahertz timescale. During the past
two decades, such NMR techniques have been employed to
study ionic mobility in a wide variety of crystalline and glassy
solid electrolytes,16-19 also including some plastic crystalline
conductors.20,21 In the present study, we have used such tech-
niques to characterize the cation dynamics in HT-Na3PO4 and
its solid solutions with Na2SO4 in a quantitative, comprehensive
manner. As will become evident, the effect of compositional
variation on these lineshape and relaxation characteristics in the
system (Na3PO4)1-x-(Na2SO4)x provides important information
regarding the identity and character of the motional processes
studied.

Pure Na3PO4 undergoes a first-order solid-solid phase tran-
sition at 598 K from a low conducting tetragonal structure (LT
(low-temperature) phase) to a highly conducting cubic modifica-
tion (HT phase).1 In this phase, which is stable up to the melting
point, the rotationally disordered PO4

3- anions form an fcc-
lattice in which the sodium ions occupy all the tetrahedral and
octahedral interstices.22 The unit cell of the structure is shown
in Figure 1. Because of the extremely high cation density, Na3-
PO4 easily forms solid solutions with structurally related
compounds having lower cation densities. In particular, Na2-
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SO4 is an ideal dopant material, because the sulfate and the
phosphate ions are of comparable size, mass, and symmetry,
and because the lattice constant does not change appreciably
with dopant level.23 Indeed, in Na3PO4-Na2SO4 solid solutions,
the cubic phase can be stabilized down to room temperature.23,24

Whether this phase is thermodynamically favored or merely
metastable is uncertain at the present time, because no reliable
phase diagram of this binary system exists.25

Concerning the issue of the paddle-wheel mechanism, the
study of Na3PO4-Na2SO4 solid solutions offers important
insights for two reasons. First of all, the extended region of
stability offers a dynamical characterization of both anion and
cation motion over a much wider range of timescales than
possible in HT-Na3PO4. Second, significant changes in the
transport mechanism may be expected in this system as the
substitution level is changed. In pure HT-Na3PO4 all of the
tetrahedral and octahedral sites are occupied with cations,
making it hard to visualize percolation-type mechanisms. In the
solid solutions, however, replacement of PO4

3- by SO4
2- anions

creates Na+ vacancies, the concentrations of which can be
controlled by the substitution level. Therefore, in such solid
solutions, defect- and percolation-type mechanisms of cation
transport should become increasingly important as the sulfate
concentration is increased. Thus, a systematic study of the
dynamical31P and23Na NMR spectroscopic observables as a
function of substitution level may offer important insights also
into the ionic conduction mechanism in the Na3PO4 endmember.

Fundamental Concepts and Methodology
Influence of Sodium Motion on the31P Spin Hamiltonian.

Useful information about the cation diffusion in Na3PO4 can
be extracted by temperature-dependent monitoring of the31P
NMR spectra. At low temperatures, where the cation diffusion
is frozen out on the NMR time scale, the31P static lineshape is
affected by both homonuclear31P-31P and heteronuclear31P-
23Na dipole-dipole interactions. Using van Vleck theory,26 the
individual contributions of these interactions to the second
moment can be computed on the basis of crystal structural data,
using the internuclear31P-31P and31P-23Na distance distribu-
tions rij and rIS, respectively.

Here theγi are the gyromagnetic ratios, andI and S are the
nuclear spin quantum numbers of31P and23Na, respectively.
All the other symbols have their usual meanings.

For Gaussian lineshapes, the theoretical full width at half-
height (FWHH) (Hz) is calculated from the second moment
according to27

Due to theTd point symmetry of the phosphate group in HT-
Na3PO4 the 31P chemical shift anisotropy will not affect the
linewidth. In LT-Na3PO4 and in the solid solutions, however, a
small contribution may be expected because the cubic local
symmetry is broken in these materials.28 As Na diffusion is
thermally activated, the linewidth is gradually diminished as
the correlation timeτc characterizing the cation motion becomes
comparable to∆-1. For τc∆ , 1, the contribution (b) in eq 1
is completely averaged away, and the static31P lineshape is
now dominated by the homonuclear contribution (a) between
the stationary31P spins. From temperature-dependent studies
of the 31P linewidth it is possible in principle to extract
microscopic dynamical parameters. While various semiempirical
procedures have been used to analyze such data, depending on
the situation at hand,29,30 a simple estimate of the activation
energy of the motional process can generally be obtained using
the Waugh-Fedin expression31

whereTc is the onset temperature at which motional narrowing
effects become noticeable in the NMR spectrum.

Influence of Sodium Motion on the 23Na Spin Hamilto-
nian. Under rigid lattice conditions, the static23Na NMR
lineshape is influenced by multiple anisotropic interactions,
including second-order quadrupolar broadening, chemical shift
anisotropy, and homo- and heteronuclear dipole-dipole cou-
plings. For this reason, motional narrowing effects on the
anisotropically broadened static23Na NMR spectra are difficult
to analyze in terms of dynamical parameters. A more useful
source of information are the23Na relaxation characteristics in
a time and temperature regime where the anisotropy is averaged
away (megahertz timescale). In this isotropic regime, the23Na
spin dynamics are dominated by electric field gradient fluctua-
tions, producing unique features in longitudinal and transverse
relaxation rates as well as peak positions.

The theory of quadrupolar relaxation in isotropic media was
developed two decades ago,32-35 and excellent reviews are
available in the literature.36,37For a stochastic motional process,
the electric field gradient fluctuations are characterized by a
spectral densityJ(ω):

whereCQ andη are the nuclear electric quadrupolar coupling
constant (Hz) and the asymmetry parameter characterizing the
fluctuating electric field gradient. This expression is based on
an exponential form of the autocorrelation function. The
motional correlation timeτc is assumed to follow an Arrhenius
law temperature dependence

characterized by an activation energyEa and a preexponential

Figure 1. Representation of the unit cell of cubic HT-Na3PO4.
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factor τco, the inverse of which is interpreted as the “attempt
frequency” of a cation jump.

Following application of a 90° pulse the relaxation behavior
of half-integer nuclei is described by a superposition ofI + 1/2
exponentials. ForI ) 3/2, quadrupolar relaxation under these
“nonextreme narrowing conditions” is biexponential, and the
decay of the magnetization in an inversion recovery experiment
is given analytically by32

Thus, in the limit of slow dynamics (ωoτc g 1) two distinct
longitudinal relaxation timesT1a andT1b can be measured, in
principle, which are related to the spectral density functions as

and

As the temperature increases, these relaxation times become
more similar to each other, resulting in monoexponential
relaxation behavior in theextreme narrowing limitωoτc , 1:

Even outside this limit, the biexponential magnetization recovery
according to eq 6 is frequently not resolved by the experimental
data, and only a single effective relaxation timeT1 is mea-
sured.38,39 In this case, the well-known expression derived by
Bloembergen, Purcell, and Pound40 remains a satisfactory
approximation.17,41

Biexponential behavior outside the extreme narrowing regime
is more easily seen in the experimental free induction decays,
which contain information about transverse relaxation timesT2

and second-order dynamic frequency shiftsωc
(2)(τc).33-35 The

theory of quadrupolar relaxation predicts

The relaxation rates 1/T2c and 1/T2s arise from the central|+1/
2〉 T |-1/2〉 and the |(1/2〉 T |(3/2〉 satellite transitions,
respectively, and are given by

Following Fourier transformation of the free induction decay,
two distinct lineshape components are observed, with full widths
at half-height

The sharper component, which contributes 40% to the total
integrated intensity, arises from the central transition, and the
broader component, which contributes 60%, comprises the
satellite transitions. Equation 10b (in conjunction with eq 4)
predicts a steep increase of the satellite transition linewidth with

decreasing temperature, whereas eq 10a states that the linewidth
of the central transition in the nonextreme narrowing limit
initially increases with decreasing temperature, goes through a
maximum at the temperature whereωoτc ) 1, and decreases
again as the temperature is lowered further. Finally, eq 9 implies
that the centroids of the two lineshape components do not
coincide. Rather, their positions are affected by the second-
order dynamic frequency shifts:33-36

Here,Q(ω) is the imaginary component of the spectral density
given by

Altogether, the31P NMR linewidths, as well as the temperature
and frequency dependences of the longitudinal and transverse
relaxation rates and the dynamic frequency shifts present inde-
pendent spectroscopic parameters, allowing the sodium diffusion
to be characterized on various distinct experimental timescales.

Experimental Section
Sample Preparation and Characterization.Powder samples

of pure Na3PO4 were obtained by solid-state reaction of Na2-
CO3 and Na4P2O7.23 The solid solutions were prepared from
the calculated amounts of Na3PO4 and Na2SO4, pressed to
pellets, and sintered in aluminium oxide crucibles at 1200°C.
To achieve homogeneity, the pellets had to be reground once
before being heated a second time. The total sintering time was
up to 72 h. Sample purity was confirmed by X-ray diffraction,
using a Phillips PW 1050 diffractometer with a Cu KR source.
The scanning rate was 0.06 deg/min over a 2θ range of 9-90°.
Differential scanning calorimetry (DSC) was conducted with a
Netzsch DSC-200 differential scanning calorimeter, using heat-
ing rates of 10 K/min. Heat treatment during the DSC or NMR
measurements did not result in any phase separation effects.

NMR Studies.For structural characterization31P magic-angle
spinning (MAS) NMR experiments were conducted at 121.49
MHz using a Bruker CXP-300 spectrometer upgraded with a
TECMAG data acquisition system. Typical 90° pulse lengths
and relaxation delays were 6µs and 200 s, respectively.23Na
MAS and multiple-quantum (MQ)-MAS NMR spectra were
obtained on a Bruker DSX-500 NMR spectrometer. The31P
and23Na MAS NMR spectra were recorded at typical spinning
frequencies of 7 kHz, using commercial multinuclear Bruker
probes with a stator diameter of 4 mm. The MQMAS-NMR
technique42,43was applied using the three-pulse, zero-quantum
(ZQ) filtering technique.44 The RF field amplitudes of the first
two hard pulses and the third soft pulse corresponded to nutation
frequencies of 100 and 12.5 kHz, respectively, for a liquid
sample. The optimized pulse widths used were 3.7, 1.4, and
8.5µS, respectively, for the three consecutive pulses. Typically,
48 scans were accmulated for eacht1 increment, at steps of 5
µs. A relaxation delay of 0.2 s was employed. Quadrature
detection in the F1 dimension was achieved by the hypercom-
plex approach.45 The sheared spectra were analyzed by project-
ing the 2-D contour plots onto theF1 andF2 axes.46

Temperature-dependent static31P NMR linewidths were
measured on representative samples at 81.02 MHz, using a
Bruker CXP-200 NMR spectrometer. The23Na spin-lattice
relaxation timesT1 were measured at 16 and 79.4 MHz,

-
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corresponding to magnetic field strengths of 1.42 and 7.05 T,
respectively. For the low-field experiments, the Bruker CXP-
300 console was interfaced with an electromagnet. At both field
strengths home-built solenoidal probes were used for the high-
temperature experiments up to 923 K. Temperature-dependent
data below ambient temperature were taken down to 128 K,
using a commercial wideline probe from Bruker Instruments.
Typical 90° pulse lengths ranged from 6µs (at room temper-
ature) to 25µs (at 923 K), for both23Na and31P. Temperature
gradients within the probes were carefully mapped out, and the
effects of thermal gradients across the samples were minimized
by spectroscopic measurements as a function of sample length.
At representative temperatures the23Na nutation behavior was
carefully characterized; conventional inversion recovery and
saturation recovery pulse sequences were then used to measure
the longitudinal relaxation rates.

Results, Data Analysis, and Interpretation
Differential Scanning Calorimetry. Figure 2 shows the

characterization of Na3PO4 and its solid solutions with Na2-
SO4, by differential scanning calorimetry. Pure Na3PO4 shows
a first-order phase transition at 598 K. The transition temperature
is reduced to 505 K, if the material is doped with 2% Na2SO4.
There is also a hysteresis of 25 K between the heating and
cooling cycles. The first-order phase transition is suppressed
altogether in the solid solutions having sulfate contents of 4%
and higher. Materials within the compositional regions 0.04<
x < 0.10 show a second-order phase transition with an onset
temperatureTo near 400 K, whereas the sample withx ) 0.25
shows no clear evidence of sudden heat capacity changes. The
DSC and XRD data indicate that the cubic phase is now
stabilized to room temperature with structurally disordered
PO4

3- tetrahedra. We interpret the second-order phase transition
near 400 K to be associated with an abrupt onset of dynamic
disordering of the phosphate groups.

High-Resolution 23Na and 31P Solid-State NMR. Table 1
summarizes the results of31P magic angle spinning experiments

undertaken on representative samples. Since both the tetragonal
low-temperature phase and the cubic high-temperature modi-
fication of Na3PO4 have only a single phosphorus site, the MAS
NMR spectra consist of a single line in each case. The31P
isotropic chemical shift of 13.8 ppm (vs 85% H3PO4) observed
in tetragonal Na3PO4 agrees well with the literature values,47

and the transition to the HT-phase has only a minor effect on
the chemical shift. Likewise, only small changes are observed
in the NMR parameters of the solid solutions with Na2SO4. Note,
however, the significantly increased MAS-NMR linewidths
compared to those of HT-Na3PO4. This peak broadening reflects
chemical shift distribution effects arising from nonuniformities
in the local phosphorus environment, which can be attributed
to the statistical distribution of vacancies present in the Na2-
SO4-Na3PO4 solid solutions.

23Na MAS and MQMAS experiments were undertaken with
the goal of differentiating between the cations occupying the
tetrahedral and octahedral interstitial sites. However, at room
temperature, neither HT-Na3PO4 nor its solid solutions with
sodium sulfate give rise to spectroscopically resolvable MAS-
NMR signals. Figure 3 shows MQMAS-NMR spectra obtained
on (Na3PO4)0.9-(Na2SO4)0.1 at 293 and 173 K, respectively.
While only an asymmetric lineshape is observable near room
temperature, the low-temperature spectra do suggest some partial

Figure 2. Differential scanning calorimetry of (Na3PO4)1-x-(Na2SO4)x

solid solutions.

TABLE 1: 31P Isotropic Chemical Shifts and Full Widths at
Half-Height Obtained from the MAS-NMR Spectra of
Na3-xP1-xSxO4 Solid Solutions

x 0 0.04 0.10 0.25

δ/ppma ((0.1) 13.8 14.1 14.3 14.3
FWHH/Hz ((10) 150 260 280 345
a Relative to 85% H3PO4.

Figure 3. 23Na triple-quantum MAS-NMR spectra of the solid solution
(Na3PO4)0.9-(Na2SO4)0.1: top,T ) 293 K; bottom,T ) 173 K. Vertical
and horizontal axes refer to the isotropic and anisotropic dimensions,
respectively. Spinning sidebands are indicated by asterisks.
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discrimination of two spectral components, although the resolu-
tion remains poor. This is not surprising, because the statically
disordered PO43- tetrahedra produce nearly continuous varia-
tions in the static electric field gradient experienced by the
sodium nuclei in both sites. The situation is comparable to the
line broadening effects widely observed for23Na and27Al nuclei
in glasses.48 From the field dependence of the centers of gravity
of MAS spectra taken at 79.4 and 132.3 MHz at room
temperature, average isotropic chemical shifts and nuclear
electric quadrupolar coupling parameters can be estimated. For
thex ) 0.10 sample, aCq′ value ofCQ(1 + η2/3)1/2 equal to 2.5
( 0.2 MHz and an isotropic chemical shift of 7( 1 ppm have
been obtained. This result was also confirmed by the MQ-MAS
data of Figure 3. Other compositions are expected to have very
similar NMR parameters, because the lineshapes and positions
of their MAS spectra are virtually identical.

Variable-Temperature Static 31P NMR. Temperature-
dependent measurements of the static31P NMR spectra show
purely Gaussian shapes at temperatures below 420 K and above
573 K; in the temperature interval between, a mixture of equal
Gaussian and Lorentzian fractions gives the best fit to the
experimental spectra. The corresponding FWHH measured from
these spectra at 81.02 MHz are displayed in Figure 4. The
Gaussian rigid lattice linewidth of low-temperature Na3PO4 is
measured to be 3600 Hz. Using eqs 1 and 2, a linewidth of
3300 Hz is calculated for LT-Na3PO4 from structural data in
reasonably good agreement with experiment. The small dis-
crepancy is attributed to a contribution arising from the chemical
shift anisotropy, since it is known that in low-temperature
sodium orthophosphate the PO4

3- anions show slight deviations
from their ideal tetrahedral symmetry.28 As the temperature is
increased, motional narrowing effects become clearly observable
in the static31P NMR spectra: the linewidth is reduced and the
spectra attain partial Lorentzian character. Finally, in the cubic
phase formed above the phase transition temperature, a constant
Gaussian linewidth of 850 Hz is measured. Taking into account
the known internuclear31P-31P distances in the crystal structure,
and assuming that both theA and B terms of the dipolar
Hamiltonian are relevant, a theoretical linewidth of 815 Hz is
expected. This value is reached at a temperature just below the
phase transition, indicating that already in LT-Na3PO4 the cation
motion is thermally activated on the millisecond timescale,
modulating the heteronuclear23Na-31P dipole-dipole interac-
tions within the temperature range 450 K< T < 600 K. In the
plastic crystalline state above the phase transition, no residual
31P-23Na heterodipolar contribution remains, indicating that
sodium motion occurs fast on the kilohertz timescale.

The temperature-dependent static31P NMR linewidths of the
solid solutionsx ) 0.06, 0.10, and 0.25 are included in Figure
4. For x ) 0.06 and 0.10, two clear temperature regimes can
be differentiated. Within the temperature region 300 K< T <
400 K, i.e., just below the onset temperatureTo of the second-
order phase transition, the linewidth decreases gradually with
increasing temperature. From eq 3 one can estimate an activation
energy of 0.48 eV. At a temperature nearTo, however (T >
400 K), the linewidth falls rapidly to a constant value of 940
Hz. This value is again consistent with complete averaging of
the23Na-31P heteronuclear dipole-dipole coupling due to fast
motion of the Na+ ions on the kilohertz timescale. The slight
discrepancy of the residual linewidth in comparison to the van
Vleck value can be rationalized on the basis of chemical shift
distribution effects. As discussed above, these distribution effects
are also evident in the31P MAS-NMR results. Similar results
are observed for thex ) 0.25 sample, except that here the
distinction between the two temperature regimes of motional
narrowing is lost. This observation correlates with the DSC
results, which indicate that the second-order phase transition is
smeared out over a wider temperature range in this sample.

The present results illustrate that the31P static linewidth can
serve as a sensitive measure of cation dynamics in this system.
As discussed below in more detail, the sudden acceleration of
Na+ motion at the onset temperature of the second-order phase
transition suggests that the reorientational motion of the
phosphate tetrahedra and the translational motion of the sodium
cations are dynamically correlated.

23Na Longitudinal Relaxation: Low-Temperature Regime.
In correspondence with the31P static linewidth data, the variable-
temperature23Na longitudinal relaxation measurements reveal
the presence of two distinct temperature regimes: In LT-Na3-
PO4 and in the Na3PO4-Na2SO4 solid solutions at temperatures
T < 450 K residual anisotropic lineshape contributions are
apparent, and eqs 6-8 are not applicable. 2-D nutation NMR49

experiments (data not shown) confirm that at these temperatures
only the central|1/2〉 T |-1/2〉 coherence is affected by the
pulse sequence. In the present study, we report results obtained
for two solid solution samples corresponding tox ) 0.06 and
0.1, respectively. As Figure 5 indicates, the magnetization
recovery can be approximated by a biexponential fit to two
characteristic relaxation timesT1a and T1b according to the
formula

In eq 14, ε ) 1 and ε ) 2 for saturation and inversion
recovery experiments, respectively. Satisfactory biexponential

Figure 4. Temperature dependence of static31P NMR linewidths in
(Na3PO4)1-x-(Na2SO4)x solid solutions.

Figure 5. Magnetization recovery of (Na3PO4)0.9-(Na2SO4)0.1 solid
solution measured at 258 K. The solid curve corresponds to a
biexponential fit to eq 14, usinga ) 0.324( 0.05,T1a ) 3.89( 0.2
ms, andT1b ) 25.9 ( 0.8 ms.

-
〈Iz〉 - 〈Iz(∞)〉

〈Iz(∞)〉
) {(1 - a)e-t/T1a + a‚e-t/T1b}‚ε (14)
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fits were obtained for all of the data measured within the
temperature range 128 K< T < 433 K. Near the high-
temperature end of this regime,a values in the vicinity of 0.5
are observed, consistent with selective excitation of the central
coherence.50 Figure 6a summarizes the temperature dependences
of the two relaxation rates in this low-temperature limit for two
solid solution samples withx ) 0.06 and 0.10. Significantly,
however, the biexponential fitting parametera decreases
systematically with decreasing temperature, down to values of
0.25-0.3 at low temperatures (see Figure 6b). This behavior is
not expected for uniformly relaxing Na+ species in the selective
excitation limit. Along with the apparent decrease ina, the
relaxation measurements indicate systematic lineshape changes
as a function of inversion recovery time. As shown in Figure
7a, these experiments allow a deconvolution of the23Na MAS-
NMR spectra into a narrow component with a shorterT1 and a
broader component with a longerT1. The ratio of these two
components is close to the 1:2 ratio of octahedral and tetrahedral
interstitial sites present in the sample. Excellent agreement with
the experimental result is observed by assigning the broader
contribution to the tetrahedral sites, whereas the reverse assign-
ment does not produce satisfactory agreement (Figure 7b). These
results suggest that at lower temperatures the relaxation times
of these two sites are differentiable and not equalized by site

exchange or spin diffusion. Keeping in mind the theoretical
prediction of biexponential behavior for each sodium site, in
this dynamical regime the magnetization recovery curves are
actually expected to contain four distinct contributions. Nev-
ertheless, eq 14 accounts well for the data, and the precision is
insufficient to justify any increase in the number of fitting
parameters. As Figure 6a indicates further, theT1 curves are
independent of the composition parameterx, and no frequency
dependence is observed. In the low-temperature limit the data
can be approximated by aT2 law as predicted for relaxation
due to phonon coupling.51 On the basis of these results, we
conclude that the23NaT1 values in this low-temperature regime
are insensitive to cation diffusion or to the motion of the
phosphate ions, presumably because the motion proceeds two
slow compared to the NMR timescale (10-6 s) relevant here.

23Na Longitudinal Relaxation: High-Temperature Re-
gime. Figure 8 shows the temperature dependence of the
longitudinal relaxation rate at 79.4 MHz for pure HT-Na3PO4

and for the solid solutions containing 2-25% Na2SO4 at
temperaturesT > 450 K where approximately monoexponential
recovery is observed. In all of the solid solution phases these
log(T1

-1) vs. 103T-1 curves give evidence of two distinct
contributions (and hence motional processes): one relaxation
rate maximum occurs uniformly at temperatures near 500 K
(process 1). The sulfate dopant concentration appears to have
only a minor influence on the position of this maximum, and
the T1 values (0.2 ms) at the corresponding temperatures are
compositionally invariant within the limits of experimental error.
A second relaxation rate maximum is observed at higher
temperatures, and the importance of this mechanism increases
with increasing dopant concentration (process 2).

Parts a-c of Figure 9 show the corresponding theoretical
analysis of temperature- and frequency-dependent data sets
obtained on solid solutions containing 4 and 10 mol % Na2-
SO4, and on pure HT-Na3PO4, respectively. By approximating
the decay as monoexponential, it was possible to fit these
relaxation curves as a superposition of two individual contribu-
tions, corresponding to processes 1 and 2, respectively:

In eq 15, standard BPP theory was assumed to be applicable
for each contribution. The corresponding relaxation strengths
C1 andC2 are given by

For both processes, the adjustable parameterκ (which is on
the order of unity) takes into account possible peculiarities in
the ionic motion that differ from the premises made in BPP
theory. Furthermore, the factorf(x) allows for the fact that the
importance of this relaxation mechanism may depend on the
sulfate dopant concentration.52 As Figure 9a,b illustrates further,
the above dual BPP analysis with the fit parameters listed in
Table 2 also succeeds in fitting the temperature dependence of
T1Fsdata obtained at a Larmor frequency of 79.4 MHz and an
apparant rotating frame frequency ofν1 ) 20 kHz to the
appropriate theoretical expressions.19 (These T1F measure-

Figure 6. (a, top) Temperature dependence of the biexponential
relaxation ratesT1a

-1 andT1b
-1 at 79.4 MHz in two (Na3PO4)1-x-(Na2-

SO4)x solid solutions (x ) 0.06 and 0.10). Solid curves correspond to
a phenomenological fit to parabolic functionsT1

-1 ) âT2. (b, bottom)
Temperature dependence of the fit parametera in eq 14. The dashed
horizontal lines denote the theoretical limita ) 0.5 expected in the
case of selective excitation of the central transitions of23Na spins rapidly
exchanging between the tetrahedral and the octahedral interstitial sites
at high temperatures, and the theoretical limita ) 0.33 expected in
the case ofT1 differentiation between these two sites at low temperature
(2:1 ratio). For further discussion see the text.
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ments were restricted to the high-temperature region where
monoexponential decays were observed).

In the relaxation analysis of pure HT-Na3PO4, process 2
makes only a minimal (albeit detectable) contribution. The
longitudinal relaxation is dominated by process 1, although the
phase transition intervenes at 598 K before the corresponding
rate maximum is reached. Table 2 summarizes the fitting
parameters obtained for all of the samples. Comparison of the
best-fit C1 values with the calculated value (using the known
Cq′ from low-temperature MAS lineshape analysis, see above)
indicates that the correction factorsκ lie in the vicinity of 0.4.

Temperature-Dependent23Na NMR Transverse Relax-
ation and Lineshape.In all of the solid solution samples, the
23Na NMR lineshapes are purely Lorentzian at temperatures
above 800 K as expected for theextreme narrowing limit. As
the temperature is lowered, the expected bi-Lorentzian lineshape
predicted from eqs 10a and 10b appears (see Figure 10). In parts
a-c of Figure 11, the temperature-dependent FWHHs of both
components are contrasted with calculated values (eqs 10 and
11 in conjunction with eq 4) for the samplesx ) 0.25, 0.10,
and 0.06, respectively. Both relaxation processes 1 and 2 have
been taken into account using the same dynamical parameters
as those extracted from the23Na-T1 data described in the
previous section:

For ∆c in particular, excellent fits to eq 17 are obtained.
Refined best-fit values are summarized in Table 3. Moving away
from the extreme narrowing limit with decreasing temperature,
the linewidths are first dominated by process 2, whereas toward
lower temperatures process 1 becomes increasingly important.
At temperatures below 430 K the experimental linewidths
diverge from the theoretically predicted ones. These discrep-
ancies reflect anisotropic contributions to the23Na NMR central
transition lineshapes that are no longer accounted for by the
theory of isotropic quadrupolar relaxation. Significantly this
occurs at temperatures close to the second-order phase transition,
where both the23Na and31P static linewidths increase steeply
by several kilohertz over a very narrow temperature range. As
the temperature is lowered further, a gradual approach to the
limiting rigid lattice values is observed for both nuclear species.

Inspection of Figure 11 also reveals that the agreement
between the experimental and the theoretically expected line-
widths ∆s of the broader satellite component is significantly

Figure 7. (a) 23Na spectral editing via inversion recovery in (Na3PO4)0.9-(Na2SO4)0.1 solid solution, measured by MAS at 127 K. Theτ value
denotes the delay between the inversion and the detection pulses. The spectrum withτ ) 18 ms has been subjected to a 180° phase correction; thus
the broader component is characterized by the longer T1. (b) Comparison of the experimental23Na MAS NMR spectrum at 127 K with a simulation
assuming intensity ratios broad:narrow of 1:2 (top) and 2:1 (bottom), respectively. The better agreement of the bottom spectrum with the simulation
suggests that the broad component must be assigned to the sodium ions occupying the tetrahedral interstitial sites.

Figure 8. Temperature dependence of the 79.4 MHz23Na longitudinal
relaxation rates in (Na3PO4)1-x-(Na2SO4)x solid solutions.
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worse than for the sharper central transitions: this is particularly
true at the lower temperatures. Increasing the activation energy
of process 2 (which dominates this quantity) by 25% would
result in a satisfactory match, but this would also produce a
poorer fit to the linewidth data for the sharp component. Since
the lineshape parameters for the broad satellite components are
generally determined with lower precision than those for the

sharp central components, we attach less significance to this
discrepancy. Furthermore, it is quite possible that in this
temperature regime the satellite linewidths are still affected by
residual anisotropic broadening due to static first-order qua-
drupolar interactions, producing an excess width.

The temperature-dependent evolution of the23Na NMR
lineshape in pure HT-sodium orthophosphate is rather distinct
from that of all of the solid solutions. At temperatures above
850 K, a single Lorentzian lineshape is observed, indicating
the approach to the extreme narrowing condition. At lower
temperatures, however, the spectrum consists of a narrow
component and a broad component, neither of which possesses
Lorentzian shape (an example is given in Figure 12). Satisfactory
linefits can only be achieved if a partial Gaussian character of
each component is allowed. We believe that, due to a reduced
dimensionality of the cation motion in this material, these
lineshapes are still influenced by anisotropic contributions
(dipolar and quadrupolar) to the23Na spin Hamiltonian. A more
detailed discussion of these effects will be presented in a separate
paper devoted to the cation and anion dynamics in HT-Na3-
PO4.

23Na Dynamic Frequency Shifts.Parts a-c of Figure 13
show the temperature dependences of the23Na resonance shifts

Figure 9. Temperature and frequency dependence of the23Na
longitudinal relaxation rates in (Na3PO4)1-x-(Na2SO4)x solid solutions.
Dashed, dotted, and solid curves denote the fitted contributions of
processes 1 and 2, and their superposition, respectively. Longitudinal
relaxation rates in the rotating frame measured over a limited temper-
ature range are also included. (a, top) (Na3PO4)0.9-(Na2SO4)0.1 solid
solution. (b, middle) (Na3PO4)0.96-(Na2SO4)0.04 solid solution. (c,
bottom) HT-Na3PO4.

TABLE 2: Fit Parameters Used for Analysis of the T1 Data
in (Na3PO4)1-x-(Na2SO4)x Solid Solutions

0.00 0.02 0.04 0.06 0.10 0.25

process 1 C(1)/1012 s-2 1.6 2.0 1.7 1.7 1.7 2.1
τc0

(1)/ps 0.005 0.011 0.02 0.023 0.09 0.09
EA

(1)/eV 0.47 0.47 0.47 0.47 0.43 0.43
process 2 C(2)/1012 s-2 0.02 0.18 0.30 0.41 0.54 1.2

τc0
(2)/ps 1.3 1.7 0.8 0.8 0.35 0.25

EA
(2)/eV 0.47 0.43 0.47 0.45 0.49 0.46

Figure 10. 23Na NMR lineshape in (Na3PO4)0.94-(Na2SO4)0.06 solid
solutions at 536 and 847 K, respectively. Dotted curves denote
Lorentzian or bi-Lorentzian fits to the experimental lineshape.
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Figure 11. Temperature dependence of the23Na central and satellite transition linewidths in (Na3PO4)1-x-(Na2SO4)x solid solutions. Dashed,
dotted, and solid curves denote the fitted contributions of processes 1 and 2, and their superposition, respectively. (a, top) (Na3PO4)0.75-(Na2-
SO4)0.25 solid solution. (b, middle) (Na3PO4)0.9-(Na2SO4)0.1 solid solution. (c, bottom) (Na3PO4)0.94-(Na2SO4)0.06 solid solution.

TABLE 3: Fit Parameters Used for the Analysis of Central Transition Linewidths and Dynamic Frequency Shifts (in
Parentheses) in (Na3PO4)1-x-(Na2SO4)x Solid Solutions

0.02 0.04 0.06 0.10 0.25

process 1 C(1)/1012 s-2 2.0 (1.8) 1.8 (1.8) 1.7 (1.8) 1.6 (1.7) 2.0 (1.7)
τc0

(1)/ps 0.011 (0.020) 0.020 (0.023) 0.023 (0.023) 0.09 (0.09) 0.09 (0.09)
EA

(1)/eV 0.47 0.47 0.47 0.43 0.43
process 2 C(2)/1012 s-2 0.18 (0.18) 0.28 (0.27) 0.39 (0.37) 0.52 (0.54) 1.14 (1.20)

τc0
(2)/ps 1.70 (1.70) 0.88 (0.85) 0.80 (0.80) 0.35 (0.35) 0.25 (0.25)

EA
(2)/eV 0.43 0.47 0.45 0.49 0.46
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δc andδs (narrow and broad components) of the solid solution
samplesx ) 0.25, 0.10, and 0.06. At high temperatures, where
extreme narrowing conditions obtain, the shifts are temperature
invariant, with values ranging from 6.5 to 4.5 ppm vs. 1 M
NaCl solution for all compositions. Below 720 K, however, the
predictions of eq 12 for relaxation in the nonextreme narrowing
limit are realized. The centers of the narrow and broad
Lorentzian contributions of the lineshape displayed in Figure
10 do not coincide, resulting in an asymmetric appearance of
the overall spectra.

To obtain appropriate phasing, the DISPA method34 intro-
duced by Werbelow and co-workers was used, where the
amplitude of the dispersion signal is plotted versus that of the
absorption signal. Perfect Lorentzian lineshapes are represented
by a circle, whose center is rotated about the origin by
phasemisadjustments. In the case of two noncoincident but
partially overlapping Lorentzians of different widths, a char-
acteristic deviation of the DISPA plot from this reference circle
is observed. The phase was adjusted by minimizing the rotation
of the DISPA plot, and then the NMR line was fitted. An
example is illustrated in Figure 14, representing the data of
Figure 10, bottom. In Figure 13 the high frequency shifts pertain
to the broad component, which escapes detection at temperatures
T < 480 K. The low-frequency shifts pertain to the narrow
component. Uncertainties are given by(2% of the width of
each component. The error is larger again in the temperature
range where central and satellite components have comparable
widths. The solid line represents the theoretical dependence of
the resonance shift, taking both processes 1 and 2 into account:

Here, δc
(2) and δs

(2) are the second-order dynamic frequency
shifts of central and satellite components, respectively, calculated
from eqs 12 and 13, whileδ′ is the chemical shift that is

Figure 12. Static 23Na NMR spectrum of HT-Na3PO4, measured at
79.4 MHz and 791 K. Underlying curves indicate the fitting components
of two lineshape contributions having mixed Gaussian/Lorentzian
character.
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Figure 13. Temperature dependence of the23Na resonance shiftsδc

andδs pertaining to the central and satellite transitions, respectively,
in (Na3PO4)1-x-(Na2SO4)x solid solutions. Solid curves denote the
superposition of the fitted individual contributions (not shown) of
processes 1 and 2, respectively. (a, top) (Na3PO4)0.75-(Na2SO4)0.25solid
solution. (b, middle) (Na3PO4)0.9-(Na2SO4)0.1 solid solution. (c, bottom)
(Na3PO4)0.94-(Na2SO4)0.06 solid solution.
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independent of dynamics. For the simulation, activation energies
and correlation times obtained from the fittedT1 curves were
used, with only slight adjustments in some cases. The best fit
values are also included in Table 3 (given in parentheses).

Discussion and Conclusions

The results of the present study illustrate the power of
complementary solid-state NMR experiments for characterizing
the dynamical characteristics of sodium motion in plastic
crystalline HT-Na3PO4 and its solid solutions with Na2SO4 on
the basis of23Na longitudinal relaxation rates, linewidths, and
peak positions. The temperature dependences of these NMR
parameters can be analyzed consistently within the framework
of quadrupolar relaxation theory in the nonextreme narrowing
limit of isotropic systems. Previous applications of this theory
have focused on the liquid state, and included the dynamical
characterization of highly viscous solutions,53,54 aqueous solu-
tions of metal-protein complexes,55-58 colloidal suspensions,59

and other systems of biological relevance.54,60-63 In the 1980s,
Bjorkstam and Villa64-67 and independently Becker50 pointed
out that transverse relaxation behavior and dynamic frequency
shifts of quadrupolar nuclei should also be applicable in principle
for probing ion dynamics in the solid state. Experimental data
on Na-â-alumina have been discussed in this context.64-67 The
typical spectroscopic appearance of quadrupolar relaxation
behavior in the nonextreme narrowing limit, including line-
broadening minima and dynamic frequency shifts, has been
observed previously in various other systems, including solid
electrolytes66-70 and glass-forming melts.70,71 However, to the
best of our knowledge, the present study represents the first
application of isotropic quadrupolar relaxation spectroscopy to
the quantitative study of ionic motion in inorganic solids.

Figure 15 summarizes the results obtained from this analysis
for the (Na3PO4)1-x-(Na2SO4)x solid solutions. Two distinct
processes are identified, whose activation energies are similar
and agree well with the values obtained by electrical conductiv-
ity (0.43 ( 0.02 eV for pure Na3PO4 and slightly less for the
solid solutions). Process 2 is almost absent in pure HT-Na3-
PO4, and its relaxation strength increases significantly with
increasing sulfate concentration. Along with this trend, the
temperature at which the relaxation maximum is observed
decreases, indicating that the process becomes faster.

On the basis of this compositional dependence, we assign
process 2 to a conventional ionic hopping mechanism, which
is more or less independent of the anionic motion but favored
with increasingx because the substitution of PO4

3- by SO4
2-

ions progressively generates vacancies in the cationic sublattice.
At room temperature, the inversion recovery experiments reveal
no distinguishable23Na MAS lineshape components, indicating
that the sodium cations exchange quickly between the octahedral
and tetrahedral interstitial sites. Further, the X-ray diffraction
data of these solid solutions support a structural model with
vacancies distributed equally over both types of sites.23

The relaxation process 1 is attributed to the correlated
rotational motion of the PO43- anions and the translational
motion of the sodium cations. As expected, the coupling
parameterC1 is essentially invariant over the investigated
compositional range. The process is triggered and accelerated
by the second-order phase transition near 400 K, results in
complete averaging of the23Na-31P heterodipolar coupling at
T > To, and further modulates the quadrupolar interactions so
that the23Na central line is narrowed by a factor of 3-4 within
a small temperature range. It is not possible from the NMR
data to decide if one type of Na site is more involved in this
correlated mechanism than the other. A previous publication
supports the particular role of octahedral sodium ions in this
mechanism, based on a consistent interpretation of frequency-
dependent conductivity, neutron scattering, and Carr-Parinello

Figure 14. DISPA analysis of a 79.4 MHz spectrum of (Na3PO4)0.94-
(Na2SO4)0.06 solid solution measured at 536 K (spectrum of Figure 10,
bottom). See the text for further discussion.

Figure 15. Compositional dependence of the dynamical parameter
τc0(n) and the relaxation strengthsCn for processes n) 1 and 2,
respectively, in (Na3PO4)1-x-(Na2SO4)x solid solutions. Average values
from Tables 2 and 3 are used. The error bars arise from the range of
values listed there for each composition. Solid curves are guides to the
eye.
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molecular dynamics simulations.14 Since a particularly short and
strong O-Naoct bond is realized in the cubic structure, this
interpretation is plausible.

At temperaturesT < To, the experimental data still indicate
partial averaging of anisotropic interactions in the31P and23Na
lineshapes over a considerable temperature range. On the basis
of complementary data from17O NMR (to be published
separately)72 it appears likely that here both vacancy hopping
and rotation-assisted cation motion are still operative mecha-
nisms (albeit at slower rates). The process is easily followed
by variable-temperature31P NMR lineshape studies as reported
here. The operative activation energy of 0.48 eV agrees well
with the range of values (0.44-0.48 eV) extracted from the
quadrupolar relaxation data at higher temperatures. This result
suggests that the second-order phase transition occurring near
400 K does not fundamentally change the mechanism of cation
transport but primarily accelerates the rate of process 1 in these
materials.

Inspection of the parameters summarized in Tables 2 and 3
indicates that the timescales of both motional processes become
increasingly similar with increasing vacancy concentration. For
example, in the case of pureR-Na3PO4, the ratio of the
correlation times of both processes is approximately 250:1,
whereas for 25% Na2SO4 content, this ratio drops to 3.6:1. In
the case of process 2 this is consistently explained in terms of
a decreased average length of stay in a given site, resulting from
the increased probability of a vacant site nearby. Furthermore,
it is conceivable that this mechanism interferes with both the
anion rotation and cation diffusion, which both get effectively
slower. As a result the attempt frequencyτco

-1 is lowered with
increasingx, as shown in Figure 15. However, to provide further
evidence for this contention, and thereby prove the paddle-wheel
mechanism, a detailed independent study of the anion dynamics
is mandatory. To this end17O NMR experiments on isotropically
enriched samples are currently in progress in our laboratory.72
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