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Anion Rotation and Cation Diffusion in Low-Temperature Sodium Orthophosphate:
Results from Solid-State NMR
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Numerous ionic crystals are known in which both cations and anions possess considerable mobility in the
solid state. During the past decade, there has been considerable controversy about the question of whether
cationic and anionic motion can be dynamically coupled in such materials. This issue has been studied recently
on the plastic crystalline material high-temperature (HT-3R@, which forms from the low-temperature
modification in a first-order phase transition at a temperature near 600 K. In the present study, the dynamics
of the low-temperature phase have been characterized comprehensively by complementary NMR methods.
Temperature-dependeri© NMR line shape analyses indicate that the phosphate ions undergo 3-fold rotation
on the time scale of milliseconds. There appears to be one preferred axis of rotation, however. Variable-
temperaturéNa and3'P NMR spectra reveal further that the sodium cations exhibit considerable mobility.
Both anionic and cationic motion appear to be jointly thermally activated and are characterized by correlation
times of comparable magnitude. At temperatures about 70 K below the phase transition, diffuse diffraction
peaks observed in X-ray powder diffraction data indicate the appearance of local clusters possessing the
symmetry of the high-temperature phase. The strongly increased thermal volume expansion coefficient and
the observation of excess specific heat within this temperature range suggest that both the cations and the
anions exhibit strongly accelerated dynamics within these domains. The number of nuclei contributing to
these domains are quantified on the basi§@fand**Na NMR line shape and nutation analyses. The combined
experimental evidence suggests strong dynamic coupling between anion and cation motion in low-temperature
(LT-) NagPO,.

phate, HT-NgPQ,. From a combination of NMR, inelastic
neutron scattering, and electrical conductivity measurements it

Current fundamental research in the solid electrolyte area ) 8 .
focuses at developing a microscopic understanding of ion could bg shown that anion rotation ar_1d cation transport appear
transport in disordered solids. In such materials the structural to be highly correlated in this material over a wide range of

. . . .. . 13
framework surrounding the mobile ions may be rigid (as in time and temperature scafes.
crystalline or glassy solid electrolytes) or flexible and highly ~_ The present study is devoted to the low-temperature phase

mobile (as in polymer electrolytes). A special intermediate ©f N&PQ: which is thermodynamically stable at temperatures
situation of particular interest holds for a number of lithium P€low 600 K. The crystal structure of this compound was solved
and sodium salts with polyatomic anions such as?SQ@r from X-ray and neutron powder diffraction data in the space

PQ2~. These compounds undergo phase transitions at elevated’0UPP421c The unit cell contains eight equivalent phosphate
temperatures resulting in plastic crystals combining high tetrahedra whose orientations are perfectly ordered, as illustrated

in Figure 1. There are five distinct sites for the sodium cations,

aihich have different occupancy factors, and whose individual
line shapes can be resolved HiNa high-resolution solid-state
NMR.15

translational cationic mobility with dynamic anion disordering.
For two decades, researchers have discussed the possibility th
the transport of the cations is dynamically coupled to the
reorientational motion of the anioAsThis concept, labeled as

a paddle-wheel mechanism, has met with strong suppbrt, The goal of th_e pr_esent study is to characterize anion and
opposition’-10 and incisive rediscussidi. Most recently, a cation dynamics in this phase and to see whether the feature of

strong case in favor of the paddle-wheel mechanism has beerfOrrelated motion also holds in the low-temperature phase. The
presented for the high-temperature phase of sodium orthophos motion of the phosphate ions is studied by temperature- and
frequency-dependeAtO NMR line shape data on isotopically

* Author to whom correspondence should be addressed. labeled material. To clarify the predictive significance of these
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In LT- NagPOy, the anisotropic rigid lattice line shape of the
spin-/, nuclide3!P is dominated by homo- and heteronuclear
dipole—dipole couplings with the surroundingfP and23Na
spins, whereas the chemical shift anisotropy makes only a

. negligible contribution. The multispin dipolar coupling is most
z efficiently described in terms of a second momeWip,
according té°
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Here,| and S are the spin quantum numbers 8P (/) and

23Na (@/,), yp andyna are the corresponding gyromagnetic ratios,
andr are internuclear distances. All the other symbols have
NMR data, we contrast the experimental spectra with simulated their usual meanings. Typically, Gaussian-shaped resonance
data for distinct dynamical scenarios. Complementary informa- curves are observed, whose full width at half-height (fwhh)
tion concerning the cation motion in this time window is relates to the second moment according to

available from23Na and 3P solid-state NMR line shape

Figure 1. Crystal structure of LT-Ng#O,. For simplicity, only half
of the unit cell is shown along thedirection.

characteristics. Furthermore, insights about the nature of the _ W/Mp8In2
LT—HT transition will be sought from the combined interpreta- Av = o 3)

tion of the NMR data with results from X-ray powder diffraction

and differential scanning calorimetry. Based on the combined As discussed below, the temperature-dependent evolution of

experimental evidence, the data will present clear manifestationsM,p(31P) can provide insight into the details of both cation and

of the previously discussed dynamic coupling between anion anion motion in this material.

and cation motion in the low-temperature phase of this material. The 1O NMR line shapes in HT-N#0Q, are dominated by

Hq, while contributions from the other types of interactions can

Fundamental Concepts and Methodology be neglected. Due to large quadrupolar splittings, only the central
NMR line shapes in rigid solids are dominated by the |%,0« | ~Y,0ransition is observable. Second-qrder qqa}drupqlar

anisotropy of static interactions, which the nuclei experience €ffects render the resonance frequency of this transition orien-

with local magnetic and electrical fields owing to a number of tationally dependent. For axially symmetric electric field

distinct interaction mechanisms. For each nuclear species adradients, one finds

general description of the total spin Hamiltonian is

3Gy 3
H =H,+ H+ Hynomo™ Hanetero™ Ho (D) PaeceT 9T o T 1)2v0{|(| +1)- Z} x
consisting of the dominant Zeeman terry} and smaller terms {_ 27 cod ¢ + 15 cof ¢ + §} (4)
describing the effects of chemical shift, homo- and heteronuclear 8 4 8

dipole—dipole interactions, and (for > 1/, nuclei) nuclear . .

electric quadrupolar couplings. For each type of interaction, the IN this expressiony, and Cq are the resonance frequency and
orientational dependence of the NMR resonance frequency cantn€ nuclear electric quadrupolar coupling constant, while the
be calculated by applying standard perturbation theory. The @ndle¢ specifies the orientation of the electric field gradient

static NMR line shape then results when the corresponding (EFG) principal axis relative to the magnetic field direction.
powder average is formed. Ab initio calculations carried out for the sulfate ion suggest that

The line shape is modified by stochastic processes such aghe*’O EFG is dominated by the-80 bonds, whereas the effect

diffusion or molecular jump rotation occurring on the inherent ©f the positive charges of the sodium ions close to oxygen is
time scale of the interaction in question. Such processes areN€dligiblel® By analogy, we make the same assumption here
characterized by a spectral density function, which correspondsfor the phosphate ion. Thus, we can identify the EFG principal
to the Fourier transform of the autocorrelation function, which Xis direction with the oxygenaphosphorus bond. This assump-
in many cases decays exponentialB(zr) = e "% Herer is tion is supported by_thé70 NMR spectrum measured at room
the motional correlation time, whose inverse describes the ratet€mperature, revealing that the EFG is axially symmetric (see
with which the anisotropic internal NMR Hamiltonian fluctuates, Pelow). Detailed inspection indicates, however, that the effect
resulting in the decay of the correlation function. When! of the 7O—2!P dipole-dipole interaction cannot be neglected.
becomes comparable to the spectral dispersion caused by theince both the dipolar and quadrupolar tensors are coincident
anisotropic spin interactions, these fluctuations cause motionalln the present case, this frequency correction is simply given
narrowing under the conditionw ~ 7.~%. Since, in general, by

Aw is on the order of several kilohertz, the static NMR line 1

shape will be sensitive to motional processes with correlation Awg="1,D(1 -3 co$ ®) (5)
times in the millisecond region. Within this time window, )

characteristic line shapes can be observed, from which theWith

motional type and the corresponding correlation times can be 3
extracted. D = (u/4m)hypyofp-o (6)
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Anisotropic reorientational jumps of the phosphate ions make and/or molecular dynamics. While immobile nuclei with large
the orientation of the PO bond (and hence tHéO resonance  stationary quadrupolar coupling constants exhibit nutation
frequency) time-dependent, resulting in distinct line shape frequencies given by eq 12, sufficiently mobile nuclei exhibit
changes on the appropriate time scale. These effects can béonselective excitation characteristics. For sé#da nuclei
computed from chemical exchange theory, by use of the master(l = 3/,) eq 12 predicts effective 9dengths twice as long as

equationt® for the nuclei experiencing strong static electric field gradients
. in rigid solids.
dG/dt = G(iew + II) (7)
Here the matril specifies the exchange rates connecting sites EXPerimental Section
o, f, etc.,, having resonance frequencies, wg, etc. The Sample Preparation and Characterization.,Powder samples
dimensionality oflI reflects the number of independent positions  of pure NaPO, were obtained by solid-state reaction of Na
involved in the exchange. The solution of eq 7 CO; and NaP,O; at 800°C for 48 h!4 Sample purity was

. confirmed by X-ray diffraction. Samples were kept dry during
G(t) = W-expl(e + I (8) all stages of handling and measurement. For the purpose of the

includesW = G(0) as the static occupancies. The time domain NMR studies,'’O-enriched material was prepared according to

signal of eq 8 is subsequently Fourier-transformed to yield the the reaction sequené&2Na+ H,O0* — NaO* + H, and NaO

frequency doma|n Spectrum: + Na4P207 - 2Na_>,PO4, reSU|ting in a4.1% enrichment |eVe|
in the final product. In the first step, isotopically enrichedQa
l(w) = Rewa-exp[{i(a) — wE} + I} ]-1dt was prepared within a Ni crucible enclosed in a quartz tube
0

under Ar atmosphere, by slowly warming a mixture of excess
= RgW-A""1) (9) distilled sodium and C@free H,*’O (33% enrichment) to room
. ) . ) ) temperature. Hydrogen gas formed during this reaction was
Herg,E is the unity matrix and. is a vector with components  4jjowed to escape through a Hg valve. After 4 days at room
1. Since in the present case, the spectra were obtained by th§emperature the reaction was brought to completion by heating
Hahn spir-echo method, the time domain signal and its Fourier o ampule to 350C. Residual Na was distilled off at 40C
transform are calculated accordingte* in high vacuum. Thé&’0O-enriched NgO material (98.5% purity)
—\\/. : _ was mixed with NgP,O7 in a stoichiometric ratio under Ar
K(tz) = W-expli(w + Myl explio + Mt~ 7] (10) atmosphere. The mixture was subsequently transferred to an
and Ag crucible, which was enclosed in a glass ampule and heated
at 400°C for 1 week. The lattice constants were measured over
le(w) = Rej;)wK(t,r)-exp[—in(t —27)]-1dt  (11) a temperature range between 293 and 800 K, using an Enraf-
Nonius Guinier-Simon camera and CwXKradiation (Philips
respectively. This calculation accounts for the intensity losses PW 1130 generator, 40 kV/30 mA). Silicon was used as internal
and line shape distortions expected if the correlation times of Standard. The temperature dependence of the specific heat was
the motional process under consideration are comparable to thhéasured by differential scanning calorimetry with a Netzsch
spin—echo delay time used in the experiment. DSC-200 system. . . .

Finally, the resulting solid-state NMR powder line shape is ~ Solid-State NMR Studies.Solid-state NMR studies were
then obtained numericalR?,by executing the integral of eq 11~ carried out on Bruker CXP-200 and CXP-300 spectrometers
for many orientations of the phosphate ion rotation a@xind upgraded with a TECMAG pulse programmer and data acquisi-
by subsequently weighting the contribution of each orientation tion system. Solid-state NMR line shapes were recorded at the
with the 6—probability distribution. The result is a simulated ~Larmor frequencies of 81.0 MHz f&#P (4.65 T magnet), 79.4
line shape based on an assumed reorientational model, whiciMHz for Na (7 T magnet), and 40.6 MHz fot’O (7 T
can then be calculated systematically as a function of exchangeMagnet). FoP'P and®*Na, the 90 pulse lengths were 8s; for
rate 7. Drastic line shape effects are particularly observed 'O the nonselective 9Qpulse length was 18s. For temper-
within the regimeAw/ms ~ 1; at larger rates, a constant line ~ atures below ambient, a commercial Bruker probe was used,

shape is reached eventually (fast exchange limit). Fast isotropicWhereas all of the high-temperature experiments utilized home-
motion produces Lorentzian line shapes. built solenoidal variable-temperature probes with a water-cooled
Numerical analysis of the temperature-depend@ma NMR jacket. Temperature gradients within the probe_s were carefully
spectra is made impossible by the severe overlap of five different Mapped out, and the effects of thermal gradients across the
spectral contributions. However, additional information on the Samples were minimized by spectroscopic measurements as a
anion and cation dynamics is available here from nutation NMR function of sample length. Two-dimensiorféiNa nutation NMR
spectroscopy. As discussed in detail elsewR&iethe first- studies were obtained within the temperature range-536
order quadrupolar splittings are so large that only the central K. under the following conditions: nonselective nutation
|, |~Y,coherence is excited, the effective nuclear Larmor frequency 20 kHz, pulse length increments, and 128 spectra

frequency in the rotating frame is modified according to in the t; domain. Forl’O NMR, the detection sensitivity was
insufficient to measure the full 2D nutation spectra. In this case,
w, =+ 1/2)60rf (12) a Hahn spir-echo (90—7—180) pulse sequence was applied,

with selective 90 pulses according to eq 12. In addition, the
Herewy corresponds to the nutation frequency measured underintensity of a nonselective Hahn echo was measured for
nonselective excitation of all of the Zeeman transitions, as comparison.
measured for a liquid sample or for a solid sample in which O NMR Line Shape Simulations for Different Reorien-
quadrupolar couplings vanish either owing to perfect cubic tational Models. NMR powder line shapes were calculated with
symmetry or because of dynamical averaging by motional the following algorithm in Mathematica 3.0: (1) choice of a
processes. Thus, the method is well-suited for probing atomic specific orientation of the PO bond and computation of the



Anion Rotation and Cation Diffusion in NROy J. Phys. Chem. A, Vol. 105, No. 28, 2003811

Tin°C
0 100 200 300 400 500
4000 . f——— . ; 4000
N
O R 00000 0. ..,
< 3500 RS 4 3500
T
z
£ 3000 - 3000
®
2500 2 + 2500
S -
2000 - . first order <2000
5y phase transition
1500 Q 41500
1000 i 1000
B racrssresnvengy
500 1 . : . . r 500 —————— — S . —————r ——
200 300 400 500 600 700 800 600 400 200 0 200 400 600

T/K

Figure 2. Temperature dependence of tH® NMR line width (full
width at half-height) of LT-NgPQ.,. The arrow denotes the phase
transition temperature.

Figure 3. Static’O solid-state NMR spectrum of LT-NAQ,. The
dotted line is a simulation based on a quadrupolar coupling constant
of 4.6 MHz and a'’O—3'P dipolar coupling constant of 11.2 kHz.

. Coincident quadrupolar and dipolar tensors are assumed.
170 resonance frequencies for all of the four oxygen atoms, by

use of eqs 46; (2) calculation of the decaying part of tht
Hahn spin-echo from eq 10 and weighting according to its
probability of occurrence in a powder sample; (3) incrementation
of the orientation angles and recalculation, for a total of 2400
increments; and (4) exponential multiplication and Fourier
transformation. A simulation map of reorientation rates ranging
from 100 Hz to 3 MHz was created. Visual comparison of the 7AxY
experimental spectrum with this simulation map resulted in the e afpdsrngr s o ;/ ‘ gyt st 555 K
estimation of a reorientation rate for each temperature studied. W/ 545 K

Least-squares fitting routines were not used because of problems /

arising from baseline artifacts and low signal-to-noise ratios. SPSPNUA P 525 K
_ _ P 510 K
Results, Data Analysis, and Interpretation S \\A\ 495 K

3P NMR Line Shape. Temperature-dependent measurements !/ w
of the static®P NMR spectra show purely Gaussian shapes at e ek
temperatures below 420 K and above 573 K; in the temperature
interval in between, a mixture of equal Gaussian and Lorentzian
fractions gave the best fit to the experimental spectra. The
corresponding fwhh values are shown in Figure 2. The Gaussian
rigid lattice line width of low-temperature NBO, is measured
to be 3600 Hz, in good agreement with the van Vleck value of
3300 Hz from eq 2. The small discrepancy is attributed to a

contribution arising from the chemical shift anisotropy, since it 293K
is known that in low-temperature sodium orthophosphate the RSV o 200 - 400
PO~ anions show slight deviations from ideal tetrahedral 400 200 0 200 “3lppm
symmetry.

o o . Figure 4. Temperature dependence of tH® NMR spectra of LT-
As the temperau_"e IS mcreasgd within the interval 373 K NagPO,. The spectrum at 585 K was obtained with nonselective single-
T < 573 K, motional narrowing effects become clearly pulse excitation.

observable in the statittP NMR spectra. The line width is
reduced, and its shape becomes partially Lorentzian. Finally, a jump rate value of 0. A PO internuclear distance of 1.54 A
at a temperature just below the phase transition temperature, avas used, resulting in a dipetelipole coupling constant of 11.2
constant Gaussian line width of 850 Hz is measured. This value kHz. Optimum agreement with the experimental spectrum was
is in excellent agreement with that calculated from part a of eq observed by assumingg(*’O) = 4.6 MHz andy = 0. Figure
2 quantifying the homonuclear dipolar interactions between the 4 shows the spectra as a function of temperature. At tempera-
immobile 3P nuclei: when the known internucle&P—31p tures above 364 K, characteristic motional narrowing effects
distances in the crystal structure are taken into account, thebecome clearly visible, signifying the onset of phosphate motion.
theoretical line width is 815 Hz. Thus, t&° spectra clearly  In this figure, all of the spectra were obtained with the selective
document the thermal activation of Nanotion on the NMR Hahn echo pulse sequence; however, at temperatures above 510
time scale, producing successive averaging of the heteronucleak, a noticeable intensity loss was clearly observed in these
ZNa—3'P dipole-dipole interactions. Near the phase transition experiments. At the same time, complementary experiments
temperature, the sodium ions can be viewed as nearly isotro-using the nonselective Hahn spiacho sequence reveal the
pically mobile. appearance of an isotropic species (Lorentzian line shape), which
170 NMR Line Shape and Nutation Characteristics.Figure gains in intensity as the temperature is increased further. Since
3 shows the stati’O NMR spectrum at room temperature. the line shapes of the selectively and the nonselectively excited
The line shape was simulated according to ee.6% assuming 170 signals are different, their distinct contributions to the
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Figure 5. Temperature dependence of the fractional contributions of T=556K

the’O NMR line shape components in LT-MRO, that are selectively _’A o

excited (left axis) and nonselectively excited (right axis).
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288K Figure 7. Selected™Na 2D nutation NMR spectra of LT-NBO,. At
BESAREAAARARE AR AR AR 526 K the majority of sodium species are detected by selective excitation
150 100 50 0 -50 -100 -150 -200 (eq 12), whereas at 586 K most of the sodium nuclei are nonselectively
8/ ppm excited.
Figure 6. Temperature dependence of t#dla NMR line shape in
LT-NasPQ. an isotropic line shape component becomes evident. The

spectrum are separable. Figure 5 summarizes the temperatur@utation spectra (Figure 7) illustrate that the low-temperature
dependence of the fractional intensities of both signal compo- SPectra represent the line shapes of the selectively exéised
nents. In generating this figure, the data have been internally <> | ~*/2Ctransition, whereas the isotropic component observed
normalized at each temperature to account for the fact that theat the higher temperatures is characterized by nonselective
appearance of the nonselective component produces an increasexcitation characteristics. For this component, the quadrupolar
in the absolute intensity. At temperatures near the phasesplittings have collapsed owing to fast sodium motion. As in
transition, the signal component having selective excitation the case of the'’O spectra (Figure 5), both line shape
characteristics is no |Onger observed, and On]y a (n0n3e|ective|yC0ntribUti0nS are Separable. As Figure 8 iIIustrateS, the fractional
excited) Lorentziari’0 NMR line shape is observed. intensity of the nonselectively excited line shape component
2Na NMR Line Shape and Nutation Characteristics. increases with increasing temperature, and near the phase
Figure 6 shows the variable-temperatd?la NMR spectra. transition temperature it is the sole sodium species present. The
At low temperatures the spectra are dominated by second-orderclose analogy observed for tHé0 and?*Na line shape and
quadrupo|ar broadening; however, a rather ill-defined line Shape nutation characteristics as a function of temperature is most
is observed, arising from the superposition of the respective Significant as discussed below.
NMR powder patterns from five crystallographically indepen- Bulk Characterization. Thermal expansion often provides
dent sodium sites. As the temperature is raised above 526 K,useful information on phase transitions as in many cases it can
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the®Na NMR line shape components in LT-NRO, that are selectively
excited (left axis) and nonselectively excited (right axis).

Tin°C
200 300 400 500
— T T T T T
S 654 w185
£
§ )
<641 Ut 464
N ny
E o
=
S 631 AV=2.7 % I 1683
530 K j
62 - -62
-
e
A
61 4 N St - 61
...
T T T T
500 600 700 800
T/K
Tin°C
- -100 0 100 200 300 400
x T T T T T T 1 5
- 800F - o
— x 5 =
2 | s
= 2] T.=603K 44 G,
~, 600} ©%3 =
(@] X
3
400 b \
580 590 600 610 620 630 640 650
T/K 2
200 F
;

700

T/K
Figure 9. (a, top panel) Temperature dependence of the molar volume
of LT-NasPQu. (b, bottom panel) Temperature dependence of the molar
heat capacity of LT-Ng&O,. The dotted line is the baseline. Note the

T T T T T
200 300 400 500 600

J. Phys. Chem. A, Vol. 105, No. 28, 2008813

220

633K
cubic

623K

613K
tetragonal
539K

434K

222 400

298K
f " T " T T 1
320 33.0 34.0 350 36.0
20

Figure 10. Temperature dependence of X-ray powder diffraction data
(32 < 20 < 36°).

Avogadro constant, andis the number of formula units in the
unit cell. Lattice parameters were obtained by standard least-
squares fits to 20 Bragg reflections. At the phase transition, the
molar volume expands by 2.7%, and the high-temperature phase
has a relative volume expansion coefficient of 12.007° K1,

In LT-NagPOy the data reveal linear expansion of 10<5
105 K~! at temperatures below 525 K; at higher temperatures,
the curve bends visibly upward, indicating an anomalous
increase in molar volume with a thermal expansion coefficient
of 14.5 x 1075 K~1, which is significantly larger than in HT-
NasPOy. However, no indications for a symmetry change below
the tetragonal-to-cubic phase transition are found in the powder
patterns. As the lower panel of Figure 9 illustrates, this increase
is paralleled by a noticeable specific heat increase in the same
temperature region, suggesting the onset of atomic/molecular
motion in a way that the average tetragonal symmetry is
retained.

A further characteristic feature of the diffraction pattern is
the occurrence of a broad diffuse peak located between the
tetragonal 400 and the 222 Bragg reflections @t~2 33.7,
which begins to sharpen at about 525 K and becomes identical
with the cubic 220 reflection at the phase transition (Figure 10).
However, no disappearance of the diffuse intensity is observed
after several heating and cooling cycles, indicating the survival
of cubic microdomains in the low-temperature phase, down to
nearly 100 K below the phase transition temperature. The
intensity with which these diffuse peaks were observed was
sample-dependent, and in ultrapure samples, the peaks were
found to be absent at 298 K. Thus, it appears that the hysteresis

premonitory effect noticeable as an excursion from the baseline above hahavior is favored by the presence of small amounts of

500 K.

be directly related to structural changes. The upper panel of
Figure 9 shows the temperature evolution of the molar volume,
as calculated from the lattice parameters determined by X-ray
powder diffraction:
2
ac
Vo = Na vl (13)

wherea andc are the tetragonal lattice parametexs, is the

impurities.

Discussion

Reorientational Models for the Phosphate Anions.The
characteristid’0 NMR line shapes observed within the tem-
perature range 425 K< T < 545 K contain important
information about the mechanism of anion reorientation. By use
of eq 11, different motional scenarios of the phosphate groups
can be tested against experimental data.
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Detailed comparison with the experimental data reveals the
need for additional refinement. In fact, the best agreement with
the experimental data is obtained by assuming the existence of
a preferred axis of reorientation (with rai@), whereas the
rotation about the other three; @xes of the tetrahedron occurs
at a distinctly lower rate. In this case, the exchange matrix
takes the form

—2AT-2Q M+,Q T+Y,Q I
O+%Q -20-2Q I+Y%,Q Y0
O+%Q O+Y%Q -2I1-2Q Y0
WAl WAL WAL —4Q

Figure 12 juxtaposes the experimental data (left panel in each
set of three) with visual best-fit simulations of this model
(middle panel in each set of three). An alternate scenario,
resulting also in the relocation of all four of the oxygen atoms,
is based on 180jumps about one of the C2 axes of the
tetrahedron (2x 2 matrix, rate®). The simulations for this
model are included in Figure 12 (right panel in each set of three).
Clearly this model cannot suitably account for the experimental
W00 200 0 200  -400 spectra observed. Altogether, the results of the present study
3/ ppm indicate that temperature-depend&i@ NMR spectra are very
Figure 11. Simulated’O NMR line shapes for two reorientational sensitive to the details of the .phOSp.hate _reorientation in LT-
models for the phosphate ions for 12 different reorientation rates (see N@PQs. The data suggest anionic reorientation about a preferred
legend): (right panel) 3-fold rotation about a single fixed axis; (left Cs axis with a ratell, and reorientations about the othes C
panel) 3-fold rotation about all four {axes. axes at distinctly smaller rat€3. From a plot (Figure 13) ofI
against inverse temperature, we obtain an activation energy of
Since the line shape reveals a residual anisotropy even at high0.65+ 0.03 eV.
temperatures close to the phase transition, the possibility of an Dynamic Coupling of Anion and Cation Motion. With
isotropic rotational diffusion of the phosphate ions is ruled out respect to the issue of correlated cation and anion motion, two
by the experimental data for all temperatufes 525 K. Such experimental findings are significant: First of all, the joint
a mechanism would result in a Lorentzian signal with no residual inspection of thé’O and the*'P NMR temperature dependences
anisotropy observable, as is indeed observed foffBeNMR _reveals two distinct dynamic regimes: Within_the temperature
spectrum of the high-temperature pha¥eAlternatively, we  interval 300 K< T < 425 K, only slight narrowing effects are
can consider the case of a jump rotation about a fixed 3-fold observable in the spectra of both nuclear species, revealing that
axis, corresponding to one of the—P— bonds of the both cation and anion motion are slow on the NMR time scale.
tetrahedron. In this case, the exchange matrix used to solve ecf\t temperatures above 425 K, dramatic narrowing of i@
11 possesses the form spectra is observesimultanequslyvnh the onset of_a significant
modulation of thé’lP—23Na dipole-dipole interaction strength.
This confluence of effects is illustrated in Figure 14, where the
temperature dependences of #e and’O NMR line widths
are plotted jointly. By use of the Waugtedin expression

211 1 O
I -2 o
I O -2I10
0 0 0 0 E, (kJ/mol)= 0.156T, (14)

This mechanism would produce a temperature-dependentlineyith T, as the critical (onset) temperature, an activation energy
shape evolution as shown in the right-hand panel of Figure 11a. ¢ 9,69 eV can be estimated, which is in good agreement the
One of the four oxygen atoms would remain stationary and ygjue obtained from th&’O NMR line shape simulation.
therefore experience no modulation of its electric field gradient The Second p0|nt concerns the J0|nt appearance Of nonselec-
whereas the signals of the other three oxygen atoms wouldtjvely excited’0 and?Na NMR signals arising from nuclei
appear partially narrowed. In contrast to this scenario, the muchwith high atomic/molecular mobilities. In both cases, these
more drastic line narrowing observed in the experimental data species start appearing at temperatures above 525 K and their
suggests that all of the four oxygen atoms are involved in the contribution increases to 100% at temperatures near the phase
anionic reorientation. A much more realistic representation of transition. At 525 K, the phosphate ions are already characterized
the experimental spectra can be obtained by assuming rotationsy significant mobility: the rates of the molecular rotations
about all four G axes with equal rates (see left-hand panel of about the four @axes indicate the process is fast on the NMR
Figure 11). In this case, the exchange matrix is written as time scale. If this were the only anionic motion occurring,



Anion Rotation and Cation Diffusion in NRO,

RN
s

T

Temperature

T=400K

Q

Jump Rates

M=12kHz, Q=0

Jump Rate

®=15kHz

400 200 O -200-400
8/ppm

T=425K

400 200 0 -200-400

3/ppm

M=27 kHz, Q=0

400 200 O -200-400
S/ppm

@ =25 kHz

400 200 O -200-400

400 200 0 -200-400

400 200 O -200-400

8/ppm 3/ppm 8/ppm

T=450K I1=85 kHz, Q=1 kHz =85 kHz
400 200 0 -200-400 400 200 0 -200-400 400 200 O -200-400
&/oom &/pom &/oom

J. Phys. Chem. A, Vol. 105, No. 28, 2003815
T=475K T1=187 kHz, Q =20kHz © =200 kHz
«/\/»J/\LM
400 200 © -200-400 400 200 O -200-400 400 200 0 -200-40Q
S/ppm §/ppm d/ppm
T=495K =450 kHz, Q =63 kHz @ =400 kHz
400 206 0O -200-400 400 200 0 -200-400 400 200 0 -200-400
3/ppm S/ppm 8/ppm
T=525K IT=950 kHz, Q=150 kHz ©®=1000 kHz

LA

400 200 0 -200-400
8/ppm

-

400 200 O -200-400
3/ppm

400 200 0 -200-400
/ppm

T=545K 1=1500 kHz, Q=1500 kHz & =2000 kHz

LA

400 200 0 -200-400
&/ppm

.

400 200 O -200-400
3/pom

400 200 O -200-400
&/ppm
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Figure 13. Arrhenius plot of the reorientation ratés and Q.

residual anisotropy would be retained in tH® spectra, even

component shows that some POtetrahedra are in a state of
rapid reorientation of the rotational axis, hence indicating anionic
dynamics not unlike the situation in the high-temperature phase.
The analogous situation is seen in #Ada NMR spectra above

525 K. The strong correlation observed here for both anions
and cations lends further support to the idea of a dynamic
coupling between anion and cation motion in the low-temper-
ature phase: specifically, it suggests that above 525 K, the
crystal structure is forming domains in which the orientational
ordering of the phosphate ions has broken down completely
and where the local cation and anion mobility is comparable to
that observed in the high-temperature phase. As the temperature
is raised further, Figures 5 and 8 illustrate that the number of
such domains and/or their size begins to grow continuously.
This domain model is nicely consistent with the abrupt change
in the volume expansion coefficient, which begins at 525 K
(see Figure 9); furthermore, the appearance of excess specific
heat becomes clearly noticeable at these temperatures. This

in the fast limit. The appearance of the isotropic line shape behavior is similar to that observed in LiNagOn which
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Figure 14. Temperature dependence of tH® and3P NMR line
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170, 23Na, and3'P line shape and nutation NMR studies. The
results suggest strong dynamic coupling between the reorienta-
tion of the PQ3® ions about their 3-fold axes and the
translational diffusion of the Naions. The combined NMR,
DSC, and XRD results also give interesting insights into the
nature of the phase transition to the cubic high-temperature phase
at 600 K. About 75 K below the phase transition temperature,
locally cubic domains appear in the structure, in which the
atomic and molecular dynamics of anions and cations are similar
to those in the high-temperature phase. The NMR data indicate
that the volume fraction of these domains increases with
increasing temperature, thereby explaining the anomalously large
volume expansion coefficient observed within this temperature
range.
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to the plastic crystalline forr®® In this case the anomalous

volume increase in the low-temperature phase correlates with

pronounced nonlinear behavior of the atomic displacement
parameters due to strong anharmonic thermal vibration of the
atoms such as anion rotatiéhSince the thermal expansion in
ionic salts is mainly determined by the anharmonicity of the
cation—anion interactions, the observed reorientational motion
of the phosphate anions and their coupling with sodium motion
strongly suggest a correlation between the structural and
dynamic changes in the course of the phase transition.

In addition, the diffuse intensities in LT-NRO, diffraction
patterns at the position of the strongest cubic Bragg reflection
also reveal residual local cubic clusters of sufficient coherence
length to produce distinct diffraction peaks down to room

temperature. From structural and thermodynamical consider-

ations the obstruction of lattice relaxation may result from very
small amounts of impurities, which apply strain to their local

surrounding and hence conserve the local cubic symmetry. Such; g
local disordered cubic clusters, which become potential embryos
of the cubic high-temperature phase with increasing temperature,

would give a proper explanation for the classical first-order
character of the phase transition in terms of nucleation theory.
According to this a sufficient amount of thermal energy is

required to overcome the activation energy barrier and achieve

the critical domain size for the formation of the high-temperature

phase. This is highlighted by the fact that the phase transition

shows typical hysteresis effects up to 20 K superheating.

Conclusions
In summary, the details of both anion and cation motion in

thank Professor Klaus Funke for helpful discussions.
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