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ABSTRACT: Local dynamics and hydrogen bonding in CsH,PO, have been investigated by 'H, H, and *'P solid-state NMR
spectroscopy to help provide a detailed understanding of proton conduction in the paraelectric phase. Two distinct environments
are observed by 'H and *H NMR, and their chemical shifts ("H) and quadrupolar coupling constants (*H) are consistent with
one strong and one slightly weaker H-bonding environment. Two different protonic motions are detected by variable-
temperature 'H MAS NMR and T, spin—lattice relaxation time measurements in the paraelectric phase, which we assign to
librational and long-range translational motions. An activation energy of 0.70 + 0.07 eV is extracted for the latter motion; that of
the librational motion is much lower. *'P NMR line shapes are measured under MAS and static conditions, and spin—lattice
relaxation time measurements have been performed as a function of temperature. Although the *'P line shape is sensitive to the
protonic motion, the reorientation of the phosphate ions does not lead to a significant change in the *'P CSA tensor. Rapid
protonic motion and rotation of the phosphate ions is seen in the superprotonic phase, as probed by the T| measurements along
with considerable line narrowing of both the 'H and the *'P NMR signals.

1. INTRODUCTION

The strong demand for clean energy sources to solve
environmental issues has driven a worldwide effort to improve
both the conversion and the storage of energy. Fuel cells are
promising alternatives to conventional internal combustion
engines as they are more eflicient and much cleaner. Most
systems that have been commercialized so far are based on a
proton exchange membrane-type electrolyte but critical
limitations remain such as their design complexity, the high
cost of the membrane, the use of a Pt catalyst due to the low
operating temperatures, and fuel permeation over 100 °C." An
alternative strategy is to operate fuel cells in the so-called
intermediate temperature range (200—600 °C), which opens
up the possibility of ﬁnding new, cheaper membranes for use in
commercial applications.z’

Among the various possible proton conducting electrolytes,”
solid inorganic acids of the general formula MH,XO, (M = K,
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Rb, T], Cs, x = 1-2, X = S, P, As, Se) have attracted significant
interest as they can operate in fuel cells under relatively dry
conditions at moderate temperature ranges (150—300 °C). To
date, CsH,PO, is the most promising material,*~® and Haile et
al.> successfully demonstrated on a laboratory scale that it can
be used as a solid electrolyte in a direct methanol fuel cell.
CsH,PO, exists in three different crystallographic phases. At
low temperatures, CsH,PO, crystallizes in a monoclinic
structure in space group P2, (the so-called ferroelectric
phase), transforming into a paraelectric phase (monoclinic,
space group P2,/m) above the Curie temperature (—120 °C).
In the paraelectric phase, one set of hydrogen bonds, O(1)—
H(1)--O(2), connects the tetrahedral PO, groups along the a
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Figure 1. Crystal structures of CsH,PO, in (a) the monoclinic paraelectric phase with space group P2;/m,'® and (b) the cubic superprotonic phase
with space group Prm3m."> The atoms and hydrogen bonds are labeled. In the superprotonic phase, six possible orientations of the phosphate unit are
found due to the dynamic disorder, creating partially occupied oxygen positions.

axis, while the second set of hydrogen bonds, O(3)—
H(2)-+O(3), creates zigzag chains along the b axis.'® At the
so-called superprotonic phase transition (230 + 2 °C),>'"'?
CsH,PO, transforms into a cubic structure with space group
Pm3m.">">~'* Rietveld refinement shows that a CsCl-like cubic
structure (a = 4.9549(4) A) is present with cesium atoms
located at the every corner of the cubic unit cell and phosphate
ions in the center of the unit cell (Figure 1)."* An increase of
protonic conductivity by up to 4 orders of magnitude (to 0.01 S
cm™') has been observed at this superprotonic phase
transition,'” making this material extremely interesting as a
fuel cell electrolyte. Dynamically disordered hydrogen bonds
and strongly disordered phosphate anions with multiple,
partially occupied oxygen sites, are believed to be responsible
for the high protonic conductivity of this phase.'”

Although questions remain about the nature of the
conduction mechanism in these phases, the rapid reorientation
of the tetrahedral phosphate ion in the superprotonic phase is
believed to facilitate proton conduction.'” From a macroscopic
point of view, AC impedance spectroscopy has clearly shown
very different transport properties in the paraelectric and
superprotonic phases, but this method cannot establish a
relationship between long-range protonic and short-range
phosphate motion.'>'>'® Spectroscopic studies using a large
range of techniques, such as quasi-elastic neutron scattering
(QENS),17 nuclear magnetic resonance (NMR),13’18 and
electrochemical impedance spectroscopy,'>'>"” have been
carried out to obtain a better understanding of the proton
conduction mechanism in CsH,PO,. Two different diffusion
coefficients corresponding to librational (2.5 X 107 cm® s at
240 °C) and translational (2.9 X 1077 cm? s~ at 238 °C)
diffusion of protons have been observed by QENS and pulsed
field gradient (PEG) NMR above the phase transition.'” A
proton jump distance of 2.7 A was determined, which coincides
with the average oxygen jump distance of a reorientating
phosphate ion, strongly implying that the protonic motion
above the phase transition is correlated with the rotational
motion of the phosphate ions. More recently, Car—Parrinello
ab initio molecular dynamics studies have shown that the
proton hopping rate is faster than the PO, ion reorientation.'?
This is in sharp contrast with the mechanism suggested for the
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related CsHSO, phase where experimental’®>* and computa-
tional*~>® approaches demonstrated that the proton hopping
between two neighboring SO, groups is the rate-limiting step.

Previous results using 'H and *'P static solid-state NMR
techniques on both single crystal and powder CsH,PO, as a
function of temperature showed that the dynamics of the
phosphate ions can be observed by NMR in the paraelectric
phase of CsH,PO,."> Simulation of the spectra of phosphate
anion reorientation based on a simple two-site jump model
yielded a jump frequency of 25 kHz at 207 °C. However, it is
unclear whether the neglect of the effect of the *'P—'H dipolar
coupling (~3 kHz) on the line shape as a function of
temperature in this work affects the results. More recently, the
3P centerband-only detection of exchange (CODEX) NMR
experiment'® was used to observe motion in the 10—40 Hz
range at 25—50 °C. The geometry of the anionic motion was
investigated with this method, but the interpretation of the
results was complicated by the interference of the CODEX
dephasing by the dipolar coupling to the nearby '33Cs
quadrupolar nuclei. Protonic motion was clearly observed in
this work by both 2D exchange spectroscopy and double
quantum NMR.'® Because of the hardware limitations, the
motion could not be studied at temperatures higher than 50 °C
and thus near and at the superprotonic phase transition
temperature.

The aim of this Article is to provide a deeper understanding
of the hydrogen bonding and dynamic behavior of CsH,PO, as
it approaches the paraelectric—superprotonic phase transition,
by using variable-temperature multinuclear solid-state NMR
spectroscopy, which will ultimately help to understand the
proton conduction mechanism in this compound. NMR
spectroscopy is ideally suited for such studies as one can
observe both the proton charge carrier by '"H NMR and the
phosphate group by *'P NMR because both 'H and *'P nuclei
have a high gyromagnetic ratio, high natural abundance, and are
spin 1/2. For example, as shown in other series of solid
inorganic acids, "H dynamics can be investigated by 'H line
shape analysis and relaxation time measurements as a function
of temperature.””*”~* In addition, CsH,PO, can be readily
deuterated (to form CsD,PO,), and ?H (I = 1) NMR can be
performed to probe the hydrogen bonding and deuteron
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motion.*~>* Thus, the dynamics over a large time scale (Hz to
MHz) can also be accessed by combining various NMR
methods (line shape analysis, relaxation times) with variable-
temperature measurements,”>>" to provide further insight into
the proton conduction mechanism.

2. EXPERIMENTAL METHODS

2.1. Sample Preparation and Characterization.
CsH,PO, was synthesized by using a methanol-induced
precipitation method as described previously.'* CsD,PO, was
prepared by dissolution of CsH,PO, (150 mg, 0.652 mmol) in
D,0 (4 g, 200 mmol). The solution was then freeze-dried for 7
days, and CsD,PO, was collected. All CsH,PO,, samples were
stored in a desiccator and dried under vacuum to remove trace
amounts of surface water before any measurements. Powder X-
ray diffraction measurements were performed on a Scintag
diffractometer using Cu Ka radiation (4 = 1.5418 A), and the
room-temperature powder X-ray diffraction patterns of
CsH,PO, and CsD,PO, (Figure S1) are consistent with the
monoclinic phase (space group P2,/m) reported previ-
ously.'>** Differential scanning calorimetry (DSC) and thermo
gravimetric analysis (TGA) measurements were carried out
using a Perkin-Elmer DSC 7 instrument. All measurements
were performed under a nitrogen gas flow to minimize contact
with air.

2.2. NMR. Ultra fast magic angle spinning (MAS) '"H NMR
spectra were obtained at 16.4 T (700 MHz for 'H) on a Bruker
Avance III spectrometer equipped with a 1.3 mm HX MAS
probehead spinning the sample at a MAS frequency of 60 kHz.
A Hahn-echo experiment was carried out using a 'H radio
frequency (rf) field amplitude of 83 kHz with a recycle delay of
500 s.

Variable-temperature (VT) 'H and *'P MAS, and *H static
(non spinning) NMR spectra were obtained at 11.7 T on a
Varian Chemagnetics Infinity Plus 500 MHz spectrometer
using a 4 mm HX Chemagnetics probehead. Variable-
temperature >'P NMR spectra were obtained at 8.45 T on a
Varian Chemagnetics Infinity Plus 360 MHz spectrometer
using a 4 mm HX MAS Chemagnetics probehead under static
(non spinning) conditions. Rotor synchronized Hahn-echo
experiments were carried out with an evolution period 7 set to
one rotor period (vide supra). The 'H and *'P rf pulse powers
were set to 83 kHz, and *'P spectra were acquired with 80—100
kHz for 'H decoupling. '"H and *'P T longitudinal relaxation
times were measured at 4.7 and 11.7 T using the saturation-
recovery pulse sequence with a pulse train of S0 pulses
separated by 10 ms, which was found adequate to saturate the
magnetization. The *H rf field amplitude was set to S0 kHz, and
a quadrupolar echo experiment with a 7 interval 20 us was
carried out to record the spectra. A recycle delay of 100 s was
used.

All of the samples were packed in ZrO, rotors under dry
conditions and tightly sealed. Temperature calibration of the
probes was performed in a separate MAS experiment using the
207ph resonance of Pb(NO;),>**” The sample temperatures
quoted subsequently have all been corrected according to this
calibration, and have an accuracy of +5 °C. Larger errors of
more than 10 °C were observed at the high-temperature limit
of the temperature control unit (250 °C). Larger errors are also
expected for the VT P static NMR spectra because the
calibration was performed under MAS conditions. 'H and *'P
chemical shifts were externally referenced to TMS at 0 ppm and
to 85% H;PO, in water at 0 ppm, respectively. NMR data were
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processed with Matlab and MatNMR.*® Simulations of "H two-
site exchange process were performed with Mathematica 9.
Simulations of the *'P chemical shift anisotropy (CSA) were
performed with DMFit,** and Spinevolution,”® and the
Haeberlen—Mehring—Spiess convention*' is used in this
work. The isotropic chemical shift &, reduced anisotropy
Oanisor and asymmetry # parameters are defined by:

5 = Oy + 6y + 633

ko 3 ®
Saniso = 533 - 6150 (2)
n= 522 B 511

aniso (3)

where 0y, 0,, and 833 are the principal components of the
shielding tensors (with §;; > &, > 853 and 1633 — S0l > 161, —
S0l > 10y, — 8iiol). Simulations of static “H line shapes have
been performed with Simpson** and the NMR WebLab
V4.3.2.*" The quadrupole coupling constant Cq is defined as

eQ-sz
h (4)

where Q is the electric quadrupole moment of the “H nucleus
(2.9 x 107" m?),** h is Planck’s constant,** and the asymmetry
parameter 7 is defined as

Cq =

Vet
T (s)
obtained from the principal components V,,, V,,, V,, (IV,.| > |

VI > IV,,]) of the electric field gradient tensor.

3. RESULTS

3.1. Assignment of Hydrogen Bonds by 'H and 2H
NMR Spectroscopy. The 'H NMR spectrum of CsH,PO,
obtained at room temperature and under ultra fast MAS
conditions shows two well-resolved resonances with isotropic
chemical shifts of 10.9 and 14.3 ppm (1:1 ratio) (Figure 2),

H(1)
10.9 ppm

2.53A p

0(2) H(1)
o) y

H(2)
H(1)
¢ 0(3) 9
7w o

247A

H(2)
14.3 ppm

0(3)

12
'H Chemical Shift / ppm

16 14

Figure 2. Room-temperature "H MAS spectrum of CsH,PO, obtained
at 16.4 T with a MAS rate of 60 kHz. The experimental spectrum is
shown as a full line, while the total fit and spectrum deconvolutions are
shown with dashed and dotted lines, respectively. The isotropic
chemical shifts and assignments are given above the NMR signals. The
inset shows the PO, tetrahedron with the O(1)—H(1)---O(2) and
0O(3)—H(2)--O(3) bond distances (2.53 and 2.47 A, respectively).'’
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corresponding to the two distinct equally populated proton
sites in the crystal structure. The peaks are strongly shifted to
higher frequency positions consistent with strong hydrogen
bonding.'”>® Similar 'H NMR spectra of CsH,PO, were
obtained by Boysen and Haile,* although surface-adsorbed
water at 6.6 ppm was not observed (Figure S2) under our
experimental conditions, indicating that the surface water was
quantitatively removed.

The two resonances can be readily assigned by using the
known relationship between the isotropic chemical shift and
the donor-to-acceptor distance of the hydrogen bond.*®

.o (ppm) = 79.05 — 255d(O—H---O) (nm) (6)

Table 1 summarizes the previously reported crystallographic
data of CsH,PO, obtained by both X-ray and neutron

Table 1. Reported Hydrogen-Bond Distances Obtained by
X-ray (XRD) and Neutron (ND) Diffraction Method for
CsH,PO, in the Paraelectric Phase

methods d(0(1)=H(1)--0(2))/A d(0(3)—H(2)--0(3))/A
XRD' 2.533(5) 2.467(6)

XRD* 2.537(7) 2.472(7)

XRD*° 2.562(6) 2.427(5)

ND*¥ 2.538(3) 2.52(2)

ND*# 2.521(5) 2.464(5)

diffraction (ND) methods, in the paraelectric phases.'®*>*7~>>

Note that the hydrogen-bond distances measured by XRD and
ND are slightly different, which may be due to a H=D isotope
effect.®>> Making use of the more recent O—H--O distance
determined from the XRD data,’® 'H chemical shifts of 14.5
and 16.1 ppm could be estimated for the H(1) and H(2)
protons (Table 1 and eq 6). A larger separation in chemical
shifts is seen experimentally, the H(1) shift being noticeably
smaller than predicted (Table 2). This difference may arise

Table 2. Assignment of Hydrogen Bonds in CsH,PO, by '"H
and *H NMR at Room Temperature

'H §,,/ppm ’H Cq/kHz
hydrogen distance/
bonds A measured estimated® measured estimated®
o(1)— 2.53 109 14.5 15§ 157
H(1)-0(2)
O 247 14.3 16.1 118 123

(3)~
H(2)--0(3)
“Based on the relationship of chemical shift &, and donor-to-acceptor
distance (eq 6) using the X-ray data from the literature.'’ “Based on
the reported linear relationship between the experimental 'H §,,, and

H Cq (eq 7).

because the differences in the hydrogen-bond (O—H:--O)
angles have not been taken into account in the formalism.*®
Note that the H(2) resonance is broader (Av,,, = 220 Hz)
than the H(1) (Av,,, = 180 Hz) resonance, which is tentatively
ascribed to the fact that H(2) sits in a symmetric hydrogen-
bond environment with a double minimum, while H(1) sits in
an asymmetric bond."”

H NMR was used to investigate hydrogen bonding
further.>**’™>” The *H NMR spectrum of CsD,PO, (Figure
3) can be fit with two Pake doublets having slightly different Cq,
values (155 and 118 kHz) corresponding to the two different
deuterons. Note that a trace amount of D,O is present, giving
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100 0 -100

*H Shift / KHz
Figure 3. Room-temperature “H static NMR spectrum of CsD,PO,
obtained at 11.7 T. The experimental spectrum is shown as a full line,
while the total fit and individual component fit to Cq = 155 kHz, 17 =
0.07 for D(1) and Cq, = 118 kHz, 7 = 0.05 for D(2) are shown with
dashed and dotted lines, respectively. The asterisk (*) denotes a trace
amount of D,O at 4.8 ppm.

rise to the sharp resonance at 4.8 ppm; this sample was freeze-
dried rather than being dried under vacuum (the method used
to dry the protonated samples). Using the relationship between
'"H chemical shift (in ppm) and *H quadrupole coupling
constant (in kHz):>’

0o = 26.6 — 0.1Cq (7)

the *H sites with Cq values of 155 and 118 kHz could be
assigned to H(1) and H(2), respectively (Table 2).
Furthermore, the estimated Cq values, calculated with the
experimental 'H chemical shifts, are in very good agreement
with the measured *H values (Table 2). Nonzero values of 7
are observed for both sites, the distortion from axial symmetry
being most pronounced for D(1) (#q is 0.07 versus 0.05). Axial
symmetry is expected for a linear H-bond, and deviations from
axial symmetry indicate the presence of either a bent H-bond or
librational motion of the deuterons. Note that librational
motion results in a reduction of the quadrupole but no change
in 77q; a nonzero value of 7q will, for example, result from
libration in a plane, 7o = 0.07 corresponding to a libration of
+12° (as determined from simulations of the ’H line shape,
performed as a function of libration angle, see Figure S5).*
The observation of nonzero values of 7 is consistent with an
O—H H-bonding distance that is longer than implied by the
crystallographically determined O—O distance and hence is
consistent with the explanation for the smaller than predicted
(based on the O—O distances) 'H chemical shifts that are
observed experimentally. Furthermore, the large value of 7 for
D(1) versus D(2) is consistent with the larger deviation
between predicted and experimental 'H chemical shifts.

3.2. Variable-Temperature 'H NMR. Variable-temper-
ature "H MAS spectra (Figure 4 and Figure S3 with full spectral
width) of CsH,PO, show significant temperature dependence
in the 39—250 °C temperature range studied. Upon heating,
three regions are distinguishable. From room temperature to
195 °C, the signals of the two individual protons in CsH,PO,
start to merge and then coalesce above 205 °C to give rise to a
resonance with an isotropic chemical shift of 12.3 ppm
consistent with a two-site exchange process. Between 215 and
243 °C, the "H spectra become slightly broader (Av,,, = 1600
Hz at 215 °C versus Av,,, = 2700 Hz at 243 °C). A loss of
spinning side bands in this temperature range is also seen
(Figure S3), which (together with the broadening of the
isotropic resonance) is ascribed to an interference between the
protonic motion and MAS.***® This is consistent with a
noticeable increase in motion as the paraelectric—superprotonic
phase transition is approached. The phase transition occurs

dx.doi.org/10.1021/jp312410t | J. Phys. Chem. C 2013, 117, 6504—6515
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Figure 4. Variable-temperature '"H MAS spectra of CsH,PO, obtained
at 11.7 T with a MAS frequency of 14 kHz. The intensity of the peak
at 252 °C is scaled down by a factor of 13.

above 240 + 5 °C as measured by NMR, the broad component
of the '"H NMR spectrum completely disappearing and leaving
a spectrum that is dominated by a single narrow resonance
(Avy), = 20 Hz at 11.8 ppm). The observation of a narrow
resonance is consistent with the presence of fast diffusive
motion of protons in the superprotonic phase as observed in
the previous conductivity measurements (¢ = 2.2 X 107> S
cm™' at 240 °C'?). Note that the difference between the
reported phase transition temperature (230 + 2 °C) and that
observed here (240 + S °C) must reflect an error in the
temperature calibration. We have observed that these
calibration errors become larger when closer to the temperature
limit of the controller, where higher flows of VT gases are
required. It is worth noting that even small differences in the
flow rate of bearing, drive, VT gases, and variation in the MAS
spinning speed can result in significant changes in sample
temperature.

The variable-temperature 'H MAS data from room temper-
ature to 214 °C were fitted to extract the motional exchange
rates (k.,) (Figure Sa) by assuming a two-site exchange process.
The k., values were obtained from the following equations*'
where the line shape g(w) is given by

1 L

s =5 (1- Lk,

(8)

with
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(2)

Temp. (°C) H(1)-H(2)
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rate (Hz)

195
186
167
39 90
r T T 1 r T T 1
20 15 10 5 20 15 10 5
'H Chemical Shift / ppm 'H Chemical Shift / ppm
(b) Temperature / °C
180 145 110 70 50 30
8.0 T T T T T T
75
7.0
6.5
5 o
= 6.0 o
=550
5.0 % % %
4.5 % %
40 T T T T T T
2.0 22 24 2.6 29 3.1 33
1000/T /K™

Figure 5. (a) Experimental (left) '"H NMR spectra of CsH,PO, as a
function of temperature and simulated (right) 'H line shape assuming
a two-site exchange process with rate k.. Analysis was not performed
above 214 °C, because above this temperature, line broadening is
ascribed to a second mechanism. (b) Arrhenius plot of the two-site
exchange process obtained from NMR. The red line corresponds to
the Arrhenius equation least-squares fit with E, = 0.70 & 0.07 eV in the
high-temperature region (167—214 °C).

N -1

Lzz i(a)—cu}-)—TL+Nkex
% )
and N is the number of exchange sites (N = 2 here), T, is the
transverse relaxation time, and @; is the resonance frequency of
the jth site. A good fit to the experimental data is obtained,
indicating slow proton exchange between the two proton sites.
The exchange rate at the coalescence temperature (where the
two peaks merge) of 205 °C can also be calculated:

j=1

N
)

ex

(10)

where Q, is the chemical shift difference between two different
environments,> yielding an identical exchange rate (k,, =~ 1900
Hz). A plot of the exchange rate, k., versus reciprocal
temperature, T~' (Figure Sb), shows that the protonic motion
is thermally activated and follows an Arrhenius behavior:
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Koo = AT/ (1)
where E, is the activation energy of the motion. Two different
motional mechanisms are clearly apparent below and above
~140 °C and have very different activation energies. The high-
temperature protonic motion occurs with an activation energy
of 0.70 eV. Given that additional sources of linebroading due to
the interference of motion with the removal of linebroadening
by MAS become apparent above 214 °C, we also reanalyzed the
data, removing the 214 °C data point. This led to a slightly
higher activation energy of 0.77 eV, indicating that the
measured activation energy of 0.70 eV is only accurate to
+0.07 eV. The measured value is close to the protonic
conductivity measurement obtained by AC impedance spec-
troscopy (0.68 + 0.02 eV'?). Variable-temperature *H static
NMR spectra are shown in Figure S4 and reveal very little
change up to 200 °C, in agreement with the measured 'H
motional frequency (1900 Hz at 205 °C), which will be too
slow to affect the “H one-dimensional line shape (~100 kHz).
A process with a lower activation mechanism is also observed at
lower temperature, which, when modeled as a two-site
exchange process, yields an activation energy of ~0.05 eV.
This may be due to a 'H librational motion or possibly the
onset of phosphate ion rotation. It is important to note (as
discussed further below) that neither a librational nor
phosphate motion should be analyzed by using the two-site
exchange model, and thus the determined activation energy can
only be taken as an indication that a motional process is
present, which appears to have a much lower activation energy.

3.3. 'H Spin—Lattice Relaxation Times versus Temper-
ature: Protonic Motion on the MHz Time Scale. A plot of
T, versus temperature is given in Figure 6 for two different
Larmor frequencies (200 and 500 MHz) and shows that as the
temperature is increased, the T; (at SO0 MHz) gradually

1000/T /K
3.1 2.7 24 2.1 1.9
T T T T T T T T
100 ° o T
b g 8% o
g o § s @
g B9z 6 Q
7%,
o
Zior Eé
- F
L 0 H(2)at 500
O H(1) at 500 [}
I'E 0 HE)at200
O H(1) at 200 %
T T T T T
50 100 150 200 250

Temperature / °C

Figure 6. Temperature dependence of the 'H T, spin—lattice
relaxation times of the two protons in CsH,PO, at 'H Larmor
frequencies of 200 and 500 MHz. Independent T, measurements for
the two protons cannot be made at and above the coalescence
temperature. The clear drop in T values above 235 °C, indicated by a
dashed line, results from the paraelectric—superprotonic phase
transition (TSP). Note that some error bars are smaller than the size
of the data points.
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decreases from 140 + 9 s at 37 °C to 1.4 + 0.2 s at 251 °C.
Above 235 °C, an abrupt change of T} by more than 1 order of
magnitude is observed and is in agreement with the increase in
protonic motion in the superprotonic phase.

The T, relaxation is a measure of the time for the spin
population to recover to equilibrium after a perturbation and is
mediated by fluctuations of the local magnetic fields, as
quantified by the correlation time (z.) of the motion, with
frequencies (1/7.) that are on the order of the Larmor
frequency, ie, MHz. A significant contribution to the 'H
relaxation mechanism in CsH,PO, comes from the proton
homonuclear dipolar interaction. Assuming this mechanism is
dominant, then the correlation time of the motion 7, can be
obtained from eq 12:°°7%

2
1 1
(—] = E(ﬂ) ran'I(I + 1) E -
T, 4r ,
dipolar i

S i

4T
1 + 4wy

TC
X 55+
1+ w7 (12)

by summing over all of the "H—'H internuclear distances (r;)
extracted from the crystal structure (w, is the 'H Larmor
frequency and 7. is the correlation time of the motion). Note
that the prefactor in eq 12 is controlled by the second moment
(M,), which is proportional to the square of the dipolar
coupling constant diyy as defined in eq 13:

)yﬁ_ﬁ
r (13)

Ho
i (47r
The value of M, (2.6 X 10® Hz?) calculated from the room-
temperature crystallographic data'® was used to predict the T,
values at all temperatures as to the best of our knowledge there
are no accurate crystallographic data available for CsH,PO,
above room temperature. The correlation times extracted with
this approach show a significant field dependence, which has no
obvious physical basis. To account for this field dependence, a
second term, which includes interactions whose magnitude (in
frequency units) scales with the field (i.e., dipolar interactions
involving paramagnetic impurities®> and the 'H CSA), is
introduced. The modified equation is shown below:

1 1 1
Tz *lz
1 1 dipolar 1 field-dependent

2
3(H 1
——(4—;) ran'I(I + 1) E —

[ p
- 2 2
S P 1+ wy7

4%22]+P2a}02[ Tczz]

1+ 4w,7; 1+ wy7, (14)
where P is an empirical scaling factor that incorporates the CSA
and paramagnetic interactions. A series of plots of log T versus
log 7. were generated by using eq 14, varying P so as to yield
the closest correspondences between the correlation times
extracted from the two data sets acquired at two fields. The
most consistent set is shown in Figure 7a and corresponds to a
field-dependent factor P’w,* of 4.2 X 10° Hz’. Assuming that
P’w,” is dominated by the 'H CSA, this corresponds to a value

of ~20 ppm, which is of the same order of magnitude as many
reported "H CSAs for OH protons.®*®® Figure 7b displays the

+
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Figure 7. (a) A plot of log T, versus log 7, calculated by using eq 14,
Larmor frequencies of 500 and 200 MHz and a value for P’w,* of 4.2
x 10° Hz%. The experimental data points are shown as open circles and
squares for the 500 and 200 MHz fields, respectively. The solid and
dotted lines represent the plots of eq 14 for the 500 and 200 MHz
fields, respectively, and the inset shows the experimental data points
with larger T, values (with error bars). (b) Arrhenius plot of the 'H T}
spin—lattice relaxation times obtained from NMR at 500 and 200 MHz
in the 37—205 °C temperature range. Fits are shown by red lines for
H(1) and black lines for H(2), respectively. A (blue) line with a slope
corresponding to the activation energy (0.70 + 0.07 eV) determined
from the high-temperature 'H 1D data is shown for comparison.

temperature dependence of the correlation times (z.) at the
two different magnetic fields. Although the scatter of the data in
the high-temperature (180—225 °C) regime is large, the data
are consistent with the activation energy (0.70 + 0.07 €V)
determined from the line shape analysis of 1D spectra. The
activation energy of the process occurring at lower temper-
atures is much lower, and using the model developed above, we
obtain a very similar and small activation energy for the motion
of both protons of CsH,PO, in the 37—205 °C temperature
range of between 0.01 and 0.04 eV. (Note that in a system
where the T)’s are long, proton spin-diffusion will result in an
equilibration of the T values of the different species, and thus
both protons likely detect the same motional processes.) The
measured activation energies are similar in magnitude to that
determined in the 1D 'H spectra. However, as discussed
previously, analysis of the data within this Bloembergen, Purcell
and Pound model effectively assumes isotropic motion, which is
not appropriate for a local librational motion. Thus, again the
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measured activation energies should simply be taken as an
indication that low activation processes exist before the onset of
the proton two-site exchange. Correlation times of 1.1 and 3.7
X 1077 s at approximately 246 °C are extracted for the 200 and
500 MHz data, respectively, in the superprotonic phase, the
differences in the two measurements presumably reflecting
small differences in temperature.

3.4. Variable-Temperature 3'P MAS NMR. The variable-
temperature *'P MAS NMR spectra are shown in Figure 8 and

-1.8

250 \ /1.5

-5
3Ip Chemical Shift / ppm

5 0

Figure 8. Variable-temperature *'P MAS NMR spectra of CsH,PO,.
The 'P isotropic shift is labeled for both the paraelectric (below 246
°C) and superprotonic (at and above 246 °C) phases. Full *'P spectra
with spinning side bands are shown in Figure S6.

Figure S6 (full spectral width). The extracted *'P isotropic
chemical shifts (Table 3) are consistent with the values
obtained from the *'P chemical shift anisotropy (CSA) patterns
(vide infra). One crystallographic *'P site is observed in
agreement with the crystal structure.'®® In the paraelectric
phase, the *'P signal shows a continuous small shift to higher
frequencies (—S5.5 ppm at room temperature to —5.0 ppm at
214 °C). This is consistent with the small displacement of the
atomic position of yhosphorus as observed previously in the
paraelectric phase,*” which is likely caused by the onset of
motion. Concomitantly, the P MAS line width (Av,,,)
significantly increases above 205 °C, from 127 Hz (205 °C) to
335 Hz (233 °C), in a way that is analogous to the broadening
already observed for the 'H MAS spectra (Figure 4); we
similarly ascribe this broadening to the interference of the
proton motion with the ability of MAS to remove the *'P—'H
dipolar coupling. At 246 °C, in addition to the peak at —5 ppm,

dx.doi.org/10.1021/jp312410t | J. Phys. Chem. C 2013, 117, 6504—6515



The Journal of Physical Chemistry C

Table 3. *'P NMR Variable-Temperature NMR Parameters
of CsH,PO, Extracted from the Fits of the 3'P Static Spin—
Echo Experiments Obtained at 8.45 T (Figure 9)“

with 'H decoupling without 'H decoupling

T/°C”  8,/ppm  Ouuo/ppm 7 S/ppm  Su/ppm 7
21 -56 —46 0.87
180 —43 —46 091 —c
200 —44 —46 0.92
218 —-59 —45 0.90 —6.5 —43 0.99
220 -1.74 -174
—2.5¢ 55 1.00 —2.94 —52.1 0.74
230 —17¢ —-17¢

“Simulations were performed with DMFit.** “Temperature not

calibrated for static experiment. “Not determined due to the significant
"H—>'P dipolar interactions. “Two component fit: a sharper resonance
described by a Gaussian/Lorentzian and one broadened by the CSA.
“Obtained by spectral deconvolution using a Gaussian/Lorentzian.

a second, much narrower, peak is observed at higher frequency
(—1.8 ppm), which is attributed to a rapidly rotating phosphate
group in the superprotonic phase. It is noteworthy that
spinning sidebands of *'P MAS NMR spectra remain
throughout the whole temperature range of the paraelectric
phase (Figure S6), indicating a local motion, which should be
contrasted to the observations in the proton MAS spectra.

3.5. Variable-Temperature 3'P Static NMR. The
variable-temperature P NMR static spectra (obtained with
"H decoupling) are shown in Figure 9a and show a typical
pattern arising from CSA. Fitting of the line shape at room
temperature yields CSA principal components in agreement
with reported values in the literature (Figure 9 and Table
3)."*% The line shape remains almost identical up to 215 °C,
and is thus in apparent disagreement with the previously
reported single crystal static >'P spectra of CsH,PO," where
broadening and coalescence were observed. At 220 °C, a
narrow resonance is observed, in addition to a weak residual
signal from the broader component, the narrowing being
ascribed to the fast reorientation of the tetrahedral phosphate
ion in the superprotonic phase. Although the line width of the
resonance (Av,, = 1.1 kHz) is reduced, the residual
broadening suggests that, although the phosphate ion is mobile,
the motion of the phosphate is not liquid-like. The apparent
phase transition temperature seen in the *'P static NMR is now
close to a measured temperature of 220 °C, which is lower than
the reported transition (230 + 2 °C). This discrepancy is
largely ascribed to the fact that the measurements were done in
the absence of MAS, while the calibration was performed under
MAS. The coexistence of signals from both the paraelectric and
the superprotonic phase at this temperature is ascribed to a
temperature gradient in the sample.

The variable-temperature *'P spectra obtained without 'H
decoupling are shown in Figure 9b. Although the room-
temperature line shape is clearly dominated by both *'P CSA
and 'H->'P dipolar interactions, as the temperature is
increased, motional averaging of the '"H—>'P dipolar coupling
is observed yielding at approximately 215 °C (i.e., close to the
phase transition) a line shape that is almost entirely dominated
by the *'P CSA interaction (see Figure 9a and b at 215 °C).
This 'H self-decoupled *'P spectrum results from the fast
protonic motions as observed in the "H NMR data. Note that
small differences are still observed between the 'H decoupled
and one-pulse *'P spectra without "H decoupling, indicating
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Figure 9. Variable-temperature *'P static NMR spectra of CsH,PO,
(a) with 'H decoupling, and (b) without 'H decoupling at 8.45 T. The
phase transition is observed at an apparent temperature of 220 °C.
Dashed lines show the best fit simulations assuming *'P CSA
interactions only and both 3'P CSA and 'H—3'P dipolar interactions in
(a) and (b), respectively. The extracted NMR parameters are
summarized in Table 3. Simulations were performed with DMFit.*

that residual heteronuclear dipolar interactions persist close to
the phase transformation (as explored further in the Supporting
Information).

3.6. 3'P Spin—Lattice and Spin—Spin Relaxation Times
versus Temperature. The temperature dependence of both
1P T relaxation times and the T,* relaxation times (defined as

1
A (15)

where A denotes the line width) is shown in Figure 10. The *'P
T, gradually decreases from 543 + 7 s at room temperature to
301 + 3 s at 233 °C. An abrupt drop in the T by more than 2
orders of magnitude (to 1.8 & 0.3 s) is observed at 246 °C.
This drop is in agreement with the paraelectric—superprotonic
phase transition. Examining the T,* relaxation times as a
function of temperature, the reverse behavior is observed with a
sharp increase at the paraelectric—superprotonic phase
transition (from 3.2 ms at 186 °C to 19.8 ms at 249 °C).
Assuming that *'P relaxation is dominated by the 'H—*'P
heteronuclear dipolar and *P CSA interactions (see the
Supporting Information for more discussion and Figures
$8,59), two distinct activation energies of 0.019 + 0.001 eV
(72—205 °C) and 0.047 + 0.005 eV (214-233 °C),
respectively, are determined (Table 4). These are noticeably
lower than those extracted from the 'H MAS data. Of note, in
the superprotonic phase, a correlation time of (1.3—1.7) X 107®
s at approximately 246 °C is extracted. Given that the *'P CSA

Ty
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Figure 10. Temperature dependence of *'P T (A) and T,* (O) relaxation times of CsH,PO, measured at a field strength of 11.7 T (500 MHz).
The dashed line denotes the paraelectric—superprotonic phase transition that occurs at T, = 246 °C.

Table 4. '"H and 3'P Motional Frequencies Obtained by the Different NMR Techniques

nuclei method and model used to extract data
'H two-site exchange
two-site exchange
interference with MAS
T, analysis
31p T, analysis

T range/°C E,/eV motional frequency/Hz
167-214 0.70 + 0.07 1900 (205 °C)
39-129 ~0.05%

approx. 230 ~14k

37-205 0.02 + 0.01¢

246-251 (2.7-89) x 10%
72-205 0.019 + 0.001

214-233 0.047 + 0.002

246-251 (0.6—0.8) x 10

“Note that the model used to fit these data may not apply in this temperature range. Obtained at both 200 and 500 MHz. “Obtained at 500 MHz.

was not found to be sensitive to motion in the paraelectric
phase, we also reanalyzed the data by assuming that *'P T,
relaxation is only affected by the 'H—>'P heteronuclear dipolar
interaction, but activation energies of a similar magnitude were
extracted (see Figure S9 and discussion in the Supporting
Information). The effect of different correlation times for
proton translational and phosphate reorientational motion will
be discussed in a subsequent paper.

4. DISCUSSION

Various motions of CsH,PO, observed by the different NMR
experiments are summarized in Table 4. Analysis of the two-site
exchange process obtained from our 'H MAS NMR data yields
an activation energy that is in good agreement with a reported
value from a conductivity measurement' and is ascribed to the
long-range protonic motion in this compound. After the
coalescence of the two 'H resonances, caused by the two-site
exchange process, the 'H resonances actually broaden, rather
than sharpen, as the paraelectric—superionic phase transition is
approached. The 'H spinning side bands also broaden and
disappear in this temperature range (Figure S3). We ascribe
this to the interference between MAS (v, = 14 kHz) and
motion. Simulations of static P NMR data showed that
'"H-'H and 'H-*'P dipolar interactions are significantly
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reduced in this temperature regime (Figure S7), also consistent
with motion in the kHz range.

A second, lower energy activation process is also observed.
This motional process has a much shorter correlation time,
because it is responsible for the reduction in T times, which
requires motion on the MHz time scale. On this basis, we
tentatively ascribe the reduction in T times of both the 'H and
the 3P to a librational process, which is also consistent with the
proposal made on the basis of the *H quadrupolar parameters.
Librations involving hydrogen-bonded protons are commonly
reported in proton conducting systems, ® and they may reduce
the overall energy barrier for proton hopping. This idea is
supported by a recent high-temperature PEG/QENS study of
CsH,PO, in the superprotonic phase,'” which also indicated
that protonic motions are comprised of two motional
processes, translation and libration. The low proton con-
ductivity in the paraelectric phase (8.5 X 107° S cm™ at 223
°C'?), 4 orders of magnitude lower than that of the
superprotonic phase, further supports the proposal that the
high frequency motions are localized. The motional time scales
are 5 orders of magnitude higher in the superprotonic phase, on
the basis of a comparison between the frequencies measured by
two-site exchange and the "H T,’s (Table 4). Of interest, the
motional frequency extracted from the 'H T, value (2.7 X 10°
Hz) is of the same order of magnitude as the *'P T, ((0.6—0.8)
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x 10% Hz), for the data measured at the same time and
temperature, with the same MAS probe. The slightly larger
value for protonic motion is in agreement with reported
computational studies.'” However, these values should be
treated with caution because of the difficulty of separating the
different relaxation mechanisms with such a limited data set and
the assumptions made in the T, analyses. More detailed studies
are required over a wider range of temperatures in the
superprotonic phase at multiple field strengths.

In contrast to the "H NMR spectra, the *'P MAS and static
line shapes do not vary noticeably in the paraelectric phase. Of
particular note, the 'H-decoupled *'P static spectra (Figure 9a)
clearly show that the CSA is not averaged by any motion that is
present in the paraelectric phase. This is in apparent contrast to
earlier *'P single crystal NMR studies where an estimate of the
phosphate reorientation of 25 kHz (at 207 °C)"* was done.
Isotropic reorientation at this rate should have averaged out the
observed CSA pattern (5,,;, = 46 ppm, ~7 kHz at 84S T,
Table 3). Two explanations are possible: either the motional
frequency of the phosphate rotation is lower than ~7 kHz (i.e.,
slower than reported values'?) or the *'P CSA is not sensitive
to the reorientation of phosphate ions. The CSA is likely to
result from the asymmetry of H-bonding to the four oxygen
atoms of the phosphate ions, and thus rotations of the
phosphate units do not remove this asymmetry (ie., the
phosphate unit still feels the effect of the local asymmetry in
bonding). Note that the loss of the *'P CSA line shape above
the phase transition is ascribed to the isotropic motion that
occurs in the cubic phase. On the basis of our current data, it is
not possible to determine whether protonic motion facilitates
phosphate rotation or whether the onset of phosphate rotation
leads to faster motion of protons, because we have still not
determined the time scale of the phosphate rotation. The
combination of our 'H NMR results (1.9 kHz at 205 °C) and
the earlier *'P single crystal data (25 kHz at 207 °C)"? suggests
that it is the latter, but further experiments are still required to
explore this further. To this end, 7O NMR experiments are
ongoing to directly investigate the phosphate ion rotation.

5. CONCLUSIONS

'H, *H, and *'P NMR spectroscopy has been applied to provide
a more detailed understanding of proton conduction of
CsH,PO,, focusing on the paraelectric phase. Two proton
(deuteron) environments are identified with very different
chemical shifts and quadrupolar parameters. The NMR
parameters of the proton/deuteron in the asymmetric H-
bond are consistent with small deviations in the linearity of the
O—H:-O H-bond resulting in a H-bonding distance that is
longer than implied by the O—O distance derived from the
crystal structure reported in the literature.'® A librational O—
H(D) motion also accounts for these observations; that is, the
displacement of the H/D atom from the O—O interatomic
vector is dynamic in origin. Deviations between NMR
parameters calculated from the crystal structure and the
measured values are smaller for the symmetric H-bond,
suggesting that this bond is closer to being linear. Two types
of protonic motion are identified corresponding to translational
and librational motions, both motions having been observed
previously in the superprotonic phase.'” These motions are
cooperative, and this librational motion may reduce an overall
energy barrier for proton hopping. To probe the motion of the
phosphate ions, various P NMR measurements have been
performed as a function of temperature. The *'P spectra are
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sensitive to the protonic motion, but quantification of the
rotational frequency of the phosphate ions proved difficult,
because no significant change in the *'P CSA was observed in
the paraelectric phase. The results suggest that the *'P CSA is a
measure of the asymmetry in proton coordination to the
phosphate ion and is thus largely insensitive to the
reorientation of the phosphate ions in the paraelectric phase.
However, in the superprotonic phase, phosphate rotation
coupled with fast motion of the protons does result in removal
of the CSA. A significant increase of more than 5 orders of
magnitude in the correlation time for the protonic motion was
observed on heating from just below the phase transition (205
°C) to just above, as measured by '"H NMR.
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