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ABSTRACT: Lead iodide is a layered structure that experiences polytypism. The
2H polytype contains high rates of iodine vacancies but retains its stoichiometry.
This characteristic feature makes it potentially useful for many practical
applications. The hopping of iodine ions among vacancies is the dominant
motion in the 2H polytype. We present a preliminary '*’I and ”’Pb solid-state
nuclear magnetic resonance (NMR) spectroscopy and spin—lattice relaxation
study of the 2H polytype below 400 K. We present reasonable models for the
solid-state NMR results in terms of the effects of iodine hopping and lattice

vibrations.

1. INTRODUCTION

Lead iodide (Pbl,) has unusual structural properties1 that result
in interesting physical and electronic properties which make
this ionic conductor/semiconductor” a candidate for use in a
variety of applications (see section 2).2_7 Despite many
published reports using a variety of experimental probes,® >’
the dynamics of the lead and iodine ions at the atomic level are
not well understood. Techniques such as X-ray diffraction®® and
neutron scattering provide static information at the atomic
level,'%1%2023253% Techniques such as conductivity measure-
ments 51011 1416,1822,28,29,32,34 give macroscopic information,
where the dynamics of atoms can only be described by
nonunique models. Although descriptions of atomic motion in
this material are model-dependent, *’Pb and '*"I nuclear
magnetic resonance (NMR) experiments can considerably
reduce the range of potentially successful models. We present
possible interpretations of NMR data in terms of the effects of
iodine hopping and lattice vibrations on the time-dependent
NMR spin—lattice mechanisms. Although a single definitive
model for the motion is not available yet, this preliminary study
points the way for other laboratories, with multifrequency solid-
state NMR capabilities, to refine these models.

Sample preparation and thermal history are very important in
these systems. As a result, solid-state NMR measurements,
which are particularly sensitive to structure at the atomic level,
can be difficult to reproduce. Many reports using other
techniques provide seemingly contradictory results and
consequently different models for ionic dynamics that may
depend on the sample preparation. We have taken care to
analyze materials that have been as well-characterized as
possible, but there is still some sample-to-sample variability.
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Solid-state NMR spectroscopy provides insight into the
electronic and geometric structures of molecules and solids as
well as average dynamical properties.*” NMR-based structural
information is primarily derived from an analysis of the line
shape due to the chemical-shift interaction, the direct dipole—
dipole interaction with other spins including electrons, and/or
the quadrupolar interaction (for cases where a nucleus has a
).* NMR-based information on

dynamics is obtained from nuclear spin—lattice relaxation

spin quantum number I > 1/2

studies as a function of temperature and NMR frequency
(which is proportional to the applied magnetic field) in the
solid state*® or from the effects of motion on the spectroscopic
line shape.

NMR investigations of heavy-metal-containing solids are
frequently challenging because of the very wide resonance lines
and often long spin—lattice relaxation times.*' Theoretical
predictions of NMR properties of heavy-metal-containing solids
are challenging because the electrons in heavy atoms must be
treated relativistically. > ~**

In this paper, we investigate the temperature dependence of
the *Pb and ' solid-state NMR spectra and spin—lattice
relaxation rates of Pbl, to gain insight into the relationship
between the structure and the dynamics in this technologically

important material.
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2. A BRIEF REVIEW OF THE PROPERTIES OF, AND
SELECTIVE PREVIOUS WORK ON, LEAD IODIDE

Lead iodide (PblL,) is an ionic semiconductor® useful in a
variety of applications from image recording7 to room-
temperature photocells, X-ray detectors, and low-energy y-ray
detectors.”~® The applications depend strongly on the nature of
the structure and the resulting dynamics. In addition, the
propensity toward cluster formation”"?® and for taking up
molecules in its layered structure has led to the study of the
intercalation of molecules,">®*" the study of colloidal nano-
particle suspensions,””” and the development of nanobelt
bundles."”® Quantum wells of different sizes can be formed from
it” as well as quantum dots in solution.”*

Many uses are traceable to the structural variability of Pbl,
that allows subtle variation of properties. In the solid, each Pb
atom is surrounded by six iodine atoms in a nearly octahedral
[Pbl]™ unit."*>* The stacking of layers of these clusters
produces slightly distorted hexagonal close-packed (HCP) or
rhombohedral close-packed (RCP) layered structures."* The
structure is characterized by strong ionic-like bonding within
the I-Pb—I “sandwich” and weaker van der Waals-like bonding
between the layers."”** The Pb—I distance is 0.322 nm, the I—
Pb—I layer is approximately 0.7 nm thick, the distance between
I atoms in neighboring sandwiches is 0.42 nm, and the distance
between adjacent I-I planes in different sandwiches is 0.35
nm." (As a reference, the I-I distance in gaseous I, is 0.27 nm*°
and the Pb—Pb distance in the pure Pb metal is 0.35 nm."
These two values give a radius of the iodine atom of
approximately 0.14 nm and a radius of the Pb atom of
approximately 0.18 nm.) The reported melting point is 675 K,
and the reported boiling point is 1145 K.*' The density of Pbl,
depends on the details of the structure and on the vacancy rate;
it ranges from 5.0 to 6.2 g cm™.>

The stacking arrangements of the structures produce
polytypism in solid Pbl, and many polytypes are known.'
These are labeled 2H, 4H, 12R, etc., depending on the stacking.
The letter refers to hexagonal (H) close packing or
rhombohedral (R) close packing, and the number is twice the
number of I-Pb—I sandwiches in the unit cell. The structures
of the 2H and 4H polytypes are shown in Figure 1 in terms of
the ABC hexagonal close-packing arrangement of atoms. The
2H polytype requires one sandwich to characterize the
repeating unit (Figure 1b), the 4H polytype requires two
sandwiches (Figure 1c), and the 12R polytype (not shown)
requires six sandwiches. Studies show that the lattice constants
for the various polytypes of Pbl, are identical within +0.1
pm."** The 2H polytype is the stable form at room
temperature. It has the property, central to this study, that
only 80% of the atomic sites are occupied, at least in samples

d i » and it retains its ideal crystal
prepared in some ways,” an Iy
structure, even though the vacancy rate is 20%.>> This high
vacancy rate has been confirmed by comparison of the
experimentally measured density with the calculated crystallo-
graphic density.>®

A reversible transition between the 2H polytype (Figure
lab) and the 4H polytype (Figure 1c) or the 12R polytype
occurs in the vicinity of 400 K.*"** There is a range of
transition temperatures in the literature, and this probably
reflects different preparations and/or thermal histories. One
study”® found a 2H—12R first-order transition near 367 K with
an enthalpy change of ~0.28 kJ mol™" and an activation energy
of 3.8 eV (366 kJ mol™") for the processes associated with the
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Figure 1. Idealized structures of the 2H and 4H polytypes of Pbl,. The
smaller black spheres are Pb atoms, and the larger gray spheres are I
atoms. Depth perception is used for clarity and atoms “farther into the
page” appear lighter. The lines joining atoms are “guides for the eye”
and are not intended to imply bonding. (a, b) The 2H polytype. Atom
coordinates from the Inorganic Crystal Structure Database (ICSD),
reference #068819 which, in turn, are from ref 23. The real structures
have a 20% vacancy rate. The view in (a) results from a rotation of 6°
about an axis in the xy-plane (perpendicular to the Pb and I planes)
from the 110 plane. In (b) the ABC structure of the 2H polytype is
shown, and I and Pb rows are labeled. (c¢) ABCBAC structure of the
4H polytype. Atom coordinates from ICSD 024263 which, in turn, are
from ref 37. These figures are adapted from Figures 1, 3, and 4 in ref 1.

kinetics of this phase change.”® This enthalpy of transition is
quite small, only about 5% that of melting solid water. These
processes probably involve transitions of the low-temperature
2H polytype to the higher-temperature 4H or 12R polytype.

The high atomic vacancy rate in lead iodide crystals (ca.
20%), while maintaining the Pbl, stoichiometry,” should not
be confused with defects induced in the Pbl, crystal by
photodecomposition, where metallic lead is produced with loss
of iodine.”” The high vacancy rate promotes ionic conduction
within the Pbl, crystal, with jodine conduction dominant below
540 K and lead conduction dominant above 540 K.>* Although
predominantly an ionic conductor, lead iodide also displays
electronic conduction characteristic of a wide-band semi-
conductor with a band gap of approximately 2.4 eV (0.23 MJ
mol™).>*

The conductivity of lead iodide has been the subject of
numerous investigations. > VI#10182228293234 A study of
the temperature dependence of the capacitance and loss
tangent’ indicates the presence of two thermally activated
processes affecting its electrical response. The first process, with
an activation energy of 0.087 eV (8.4 kJ/mol), is in the range of
288-348 K, and the second process, with a reported activation
energy of 0.23 eV (22 kJ/mol), is dominant in the range of
348—393 K. These energies are very much smaller than the
ionization energy of 10.45 eV (1.008 MJ/ mol).*!

3. EXPERIMENTAL METHODS

The '*I and *’Pb solid-state NMR data were acquired at three
magnetic field strengths. Studies with Bruker Avance
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spectrometers in a magnetic field of 7.05 T were carried out at
the University of California, Los Angeles (UCLA), and at the
University of Delaware (UD). At this field strength, the **’Pb
NMR frequency is 62.79 MHz and the '*’I NMR frequency is
60.05 MHz. Studies were also carried out in a magnetic field of
11.75 T with a Bruker Avance spectrometer at UD. At 11.75 T,
the 2’Pb frequency is 104.63 MHz and the ¥’ frequency is
100.06 MHz. A few **’Pb relaxation studies were also carried
out at UD at 4.70 T where the *”’Pb frequency is 41.86 MHz.
The NMR properties of the two nuclei are given in Table 1.

Table 1. NMR Properties of Lead Iodide Nuclei”

natural
abundance magnetogyric ratio quadrupolar
isotope  spin (%) (107 rad s T) moment (fm?)
*Pb 172 22.6 5.580 46 n/a
7 5/2 100 5.389 573 -71.0

“From ref 46.

Measurements at 7.05 T were made with a static 5 mm probe
and with a 4 mm magic-angle spinning (MAS) probe at UCLA.
At UD the samples were examined with a 7 mm MAS probe at
470 T and a 4 mm MAS probe at 7.05 and 11.75 T.

Typically, *’Pb data were acquired using a spin—echo
sequence [(7/2),—7—(x),—acquire], with 7 = 20 us and a *’’Pb
7/2 pulse width of 4 ps. The full spin echo was acquired to
improve sensitivity. '’I data were acquired using a quadrupolar
echo sequence,”” with a pulse width of 1 us, which
corresponded to the “solid” 7/2 pulse width.** All spin—lattice
relaxation rate constants were measured by the saturation-
recovery technique.*” At 11.75 T, the relaxation was observed
only on the static sample, which showed a single relaxation rate
constant. The '*I shift scale (relative to the resonance position
of a 0.01 M solution of KI in D,0) was calibrated using the
unified = scale,* relating the '>'I shift to the 'H resonance of
dilute tetramethylsilane in CDCl, [at a 'H frequency of 300.13
MHz (7.05 T) or at 500.13 MHz (11.75 T)]. The *’Pb NMR
data are referenced to the position of the resonance of
tetramethyllead at 0 ppm, using static lead nitrate as an external
secondary reference.” Temperatures were determined from the
chemical shift of solid lead nitrate.*

4. EXPERIMENTAL RESULTS

4.1. NMR Chemical Shifts and Line Shapes. The static
*Pb NMR line shape of a polycrystalline sample of Pbl,
(Figure 2a) is Gaussian with a full width at half-maximum
(fwhm) of 25 + 1 kHz at a field of 7.05 T. The isotropic *’Pb
chemical shift is —31.1 ppm at 7.05 T, in good agreement with
the reported value of —29.1 ppm.*' When the sample is spun at
15 kHz about an axis inclined at the magic angle relative to the
7.05 T magnetic field, the line shape remains Gaussian but
becomes narrower, with a fwhm of 20 + 1 kHz. The center of
the line under magic-angle spinning is shifted to —15.1 ppm
(Figure 2b). Assuming that the shift is the result of a
temperature change (as a consequence of spinning the sample),
and using the temperature coeflicient of 1.61 ppm/K for Pbl,
(determined below), the 16 ppm shift corresponds to a
temperature increase of ~26 K, in good agreement with the
27.2 K increase measured usin(g lead nitrate being spun at 15
kHz in the same MAS probe.’

The interesting result, shown in Figure 2c, is that at the
higher magnetic field of 11.75 T, the MAS spectrum shows two
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Figure 2. 2’Pb spectra of polycrystalline PbL,: (a) at 7.05 T and room
temperature (295 K) without spinning; (b) at 7.05 T and room
temperature with MAS at 15 kHz; (c) at 11.7S T and room
temperature with MAS at 8 kHz. The fit to the spectrum in (c) is
discussed in the text. Taking into account heating as a consequence of
spinning, spectrum (b) corresponds to ~320 K (see text) and
spectrum (c) corresponds to a similar temperature. Spectrum (c) was
taken using a smaller amount of material.

resolved resonances. At 4.70 and 7.05 T, these two resonances
are not resolved, nor are they resolved at 11.75 T without
spinning. A fit of this spectrum to the sum of two Gaussian
lines (shown as a difficult-to-see solid line in Figure 2c) gives
resonances at —236.8 and 55.4 ppm, with an area ratio close to
1:4. Assuming that increased shielding corresponds to increased
vacancies, the resonance at —236.8 ppm is assigned to lead
nuclei in regions with vacancies and the one at 55.4 ppm to lead
nuclei in regions with all sites filled. It is interesting to note that
the weighted average of the chemical shifts of the two
resonances found in the 11.75 T MAS spectrum is near the
average position of the nonspinning single resonance found at
either 7.05 or 11.75 T.

The nearly cubic symmetry of the almost-octahedral
arrangement of iodines"** around the lead center is sufficient
to produce a small anisotropy of the 2’Pb chemical-shift tensor,
the deviation of the chemical-shift span Q (= 1653 — &;,1) from
zero being indicative of the deviation from perfect octahedral
symmetry. The symmetrical structure and the line width of the
Gaussian 2’Pb resonance indicate that Q must be no more
than 100 ppm (or 6.3 kHz at 7.05 T) (and is probably much
smaller) at 295 K, consistent with previous measurements.***!
Calculation of the *Pb NMR parameters of the model
[Pbl,]™* unit* which include relativistic effects****>! shows
that deviations from octahedral symmetry of less than 1°
correspond to spans of something less than 20 ppm. A span of
50 ppm corresponds to a deviation of the I-Pb—I angle from
90° of approximately 3°. Structural reports show that the
deviation in the 2H polytype is no more than 0.2°." These facts
all suggest that the anisotropy of the Pb powder line shape is
close to zero, if not identically zero within the experimental
uncertainty of these measurements.

Like a number of other lead-containing materials,>* the
present measurements of the **’Pb isotropic chemical shift &,
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show a linear dependence on temperature from 220 to 450 K
(Figure 3). The temperature coefficient of 1.61 & 0.02 ppm/K
is larger than previously determined coeflicients for materials
such as lead nitrate, lead molybdate, and lead chloride.*®

300 T T T T T

8,50 (PPM)
-
s S
e & 3
T 1
[P

207Pb
—
=
S
|
|

2200 | | 1 | |
200 300 400 500
T(K)

Figure 3. ”’Pb isotropic shift §,, of polycrystalline Pbl, versus
temperature, T, at 7.05S T, determined on a static sample. The line is
8 = [(1.61 + 0.02) ppm K™']T — [5S05 + 6 ppm]. Note that the
variation of the isotropic shift is continuous through the region from
350 to 450 K, where the phase transition from 2H to either 12R or 4H
is expected.

There are six nuclear spin sublevels m; for the I = §/2 '
nucleus. The spectra in Figure 4 show only the central Amy 1/2

b el ba el

1600 800 0 -800 -1600

"I chemical shift (ppm)

Figure 4. "I central transition of Pbl, at 11.75 T at three
temperatures. The dashed lines show fits to the experimental data
(solid lines).

< —1/2 transition of the %’ resonance of polycrystalline Pbl,
at three temperatures at 11.75 T. The line width of the spin-5/2
277 spectrum narrows as the temperature increases. Simu-
lations™? of the central-transition line shape are shown in Figure

4, from which the parameters listed in Table 2 are determined
using a fitting procedure that assumes the quadrupolar
interaction can be treated as a perturbation on the Zeeman
interaction with the applied 11.75 T magnetic field.*® The
average I quadrupolar coupling constant C decreases
linearly with increasing temperature, consistent with dynamic
averaging as the lattice librations increase with temperature
(Figure S). The isotropic *I shift 5, also varies monotonically

240 280 20 360

3
T(K)

Figure 5. '”'I quadrupolar coupling constant Cq, for Pbl, as a function
of temperature, T.

over this range and is approximately linear with temperature
(Figure 6). %" spectra taken at the lower magnetic field of 7.05

380

280

240 280 20 360

3
T(K)

Figure 6. Isotropic chemical shift &, of the '*'I resonance of Pbl, as a
function of the temperature, T.

T (not shown) are more complex than the 11.75 T spectrum in
Figure 4 because the quadrupolar interaction cannot be treated
as a small perturbation on the Zeeman interaction at the lower
magnetic field, but they similarly show a temperature-
dependent line shape that narrows as temperature is increased.

4.2. NMR Spin—Lattice Relaxation Rates. An example of
the recovery of the '’ central-transition nuclear magnetization
following a perturbation of the central-transition magnetization
at 297 K in a field of 7.05 T is shown in Figure 7. In Figure 7,
the relaxation delay is the time between the perturbing pulse
sequence and the observing pulse sequence that measures the
magnetization. About 30% of the central-transition magnet-

Table 2. I and 2’Pb NMR Parameters of Solid Lead Iodide

nuclear site T (K) B (T) 8iso” (ppm)
1271 253 11.75 2987
1271 298 11.75 340%
1271 343 11.75 3567
207py, 295 (MAS) 7.05 —3L.1% (~15.1)

Cq (MHz) vq (MHz) o FWHM (kHz)
23.173 3.476 0 3.68
20.991 3.149 0 2.81
18.787 2.818 0 2.17

25+1(0+1)

“Chemical shifts referenced to the unified Z scale (ref 46). “Chemical shifts referenced to tetramethyllead by use of lead nitrate as a secondary

reference (ref 50). “Estimated uncertainty, +10 ppm.
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Figure 7. '”’I magnetization at 297 K and at 7.05 T versus time

following a perturbation that saturates the nuclear magnetization. The

full line is a fit to a single-exponential recovery of the magnetization.

The time between the saturation pulse sequence and the observing

pulse sequence is plotted on a log scale solely for visual clarity.

ization cannot be saturated due to the relatively small T, (large
relaxation rate R) of the '*’I magnetization. The recovery of the
central-transition magnetization is, however, well-characterized
by a single exponential over the range of temperatures in this
study:

M(t) = M(o0)[1 — (1 — cos 6) exp(—Rt)] €))

In these three-parameter fits, M(co0) is the equilibrium
magnetization, R is the relaxation rate constant, and 0 is a
parameter that characterizes the efliciency of the saturation
process. In the ideal case, cos 8 = 0 for a § = 90° saturation
pulse sequence and M(0) = 0. For the '*'I relaxation, cos 6 ~
0.3. The temperature dependence of R is shown in Figure 8. In

5 :I LI | I LI I T I T I T I:
s ;
-~ F <
'» 3 -
~ - ]
= [ E
T 2E E
=) L ]
A C .
E ;
0 :u r IR T i AT A RN A A |:
0 100 200 300 400 500
T (K)

Figure 8. '¥'I spin—lattice relaxation rate R versus temperature T for
static polycrystalline Pbl, at 7.05 T. The full line is given by eq 4, with
the two dotted lines showing the van Kranendonk R, & T> mechanism
and the thermally activated R, o exp(—E/kT) mechanism.

principle, the recovery of the central-transition magnetization
with the pulse sequence used could be nonexponential;**
however, it appears that the system is in a limit in which the
relaxation is at least very close to exponential.

In contrast to the recovery of the iodine magnetization, the
recovery of the *’Pb nuclear magnetization in a saturation-
recovery experiment at 4.70 and 7.05 T is not exponential and is
strongly dependent on thermal history. It is probably also
dependent on how the lead iodide sample is synthesized and
purified since various techniques provide different thermal
histories. All the data shown here come from samples
purchased from Sigma-Aldrich. They were used as is. It is
important to mention that once a sample was taken above
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approximately 400 K and then back to room temperature, we
obtained *’’Pb relaxation results at room temperature that were
very different from the original room-temperature measure-
ment on the sample. We report rates for samples that had never
been taken below 400 K once they had been taken above 400
K. This dependence of the NMR parameters on thermal history
may provide a means to investigate thermal history with NMR
relaxometry. These relaxation experiments take hours to tens of
hours per experiment, and we have not pursued this avenue of
investigation here. Figure 9 shows the recovery of the **’Pb

LRI Bl EE R Rl Nl mE R

100

D ®
(=] (=]

-
o

Pb magnetization

N
(=]

NNl EETE ENEE FENE REET

207

0

PRETT BRI EERETT BRI MEEETIT MRt
10 107 102 10' 1 10 10

relaxation delay (s)

Figure 9. ’Pb magnetization at 295 K and at 7.05 T versus the time
following a perturbation that saturates the nuclear magnetization. The
full line is either a double-exponential fit or a stretched-exponential fit,
the two being indistinguishable at the scale shown. The dashed line is a
single-exponential fit. The time between the saturation pulse sequence
and the observing pulse sequence is plotted on a log scale solely for
visual clarity.

nuclear magnetization at 295 K and 7.05 T. For this spin-1/2
nucleus, the entire nuclear magnetization can be saturated (cos
0 ~ 0). We have confirmed that if only the magnetization data
above 30% were used in the fits (to compare the relaxation with
the '*'I relaxation presented above), the relaxation could still
not be fitted with a single-exponential function.

The *"Pb relaxation recovery curves at 4.70 and 7.05 T
cannot be uniquely fitted. We chose to fit them in two ways to
make this point: (a) as a stretched-exponential function and (b)
as a double-exponential function. The solid line in Figure 9
represents both fits to the data. The fits are indistinguishable. A
single-exponential fit (dashed line) is indicated in Figure 9 for
comparison, and it does not fit the experimental data. The
stretched-exponential function®>*°

M(t) = M(o0)[1 — (1 — cos 0) exp{(—R*t)}] ()

has four adjustable parameters. For these experiments, cos 6 &
0, as mentioned above. R* is a characteristic relaxation rate
constant for this model, and S is the stretching parameter. We
have elsewhere provided a brief review of the stretched-
exponential function and the many experimental techniques
that employ it,>® and we discuss this further in the next section.
This relaxation function characterizes a continuous distribution
of exponential relaxation rates, and its use has not been
theoretically justified by relaxation mechanisms.

The second method of fitting the data is with a double-
exponential function:

M(t) = My(c0)[1 = (1 = cos 0)] exp(—=Ryt) + My(o0)
[1 — (1 — cos 0)] exp(—Ryt) (3)

dx.doi.org/10.1021/jp5023423 | J. Phys. Chem. C 2014, 118, 9143—-9153
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Figure 10. Various ways of presenting the *’Pb NMR spin—lattice relaxation rate data in Pb,. (a) and (c) R¥, (b) and (d) R, measured at 4.70 T
(A)and 7.05 T (@, M) and Rat 11.75 T (4). In (a) and (b) the rates are plotted versus inverse temperature T, and in (c) and (d) they are plotted
versus T% Measurements were performed at the University of California at Los Angeles (@) and at the University of Delaware (H, 4, A). The
stretching parameter f§ is also shown in (c). The straight lines are guides for the eye.

This function has five adjustable parameters to obtain a fit to
the experimental data, one more than the stretched-exponential
fit. Again, cos 6 ~ 0. The fractional magnetization M,(c0)/
[M,(00) + My(c0)] relaxes with the rate constant R,, and the
fractional magnetization Mg(00)/[M,(00) + Mg(00)] relaxes
with the rate constant Rp. Throughout the entire temperature
range, the analysis shows that M,(00)/[M,(o0) + Mg(00)] =
0.8 and Mg(o0)/[Ma(c0) + Mz(oo)] ~ 0.2, almost
independent of temperature.

Figure 10 shows the temperature dependence of the lead
relaxation parameters by the two fitting methods. The four
parts of Figure 10 show the relaxation rates R* in eq 2 (Figure
10a,c) and R, in eq 3 (Figure 10b,d) on a logarithmic scale
versus T~' (Figure 10ab) and on a linear scale versus T*
(Figure 10c,d). The values of Ry cannot be characterized with
reasonable accuracy, which is not surprising since (1) Ry
characterizes the relaxation of only approximately 20% of the
magnetization and (2) all the parameters in a five-parameter fit
have greater uncertainties since a four-parameter fit (the
stretched-exponential function) works well. Indeed, the
uncertainty bars in Figure 10a,c for R* are smaller than those
in Figure 10b,d for R,. The highest temperature at which rate
constants are reported is 398 K.

Two *Pb spin—lattice relaxation measurements above 400
K (423 and 448 K, not shown) indicated quite different **’Pb
relaxation behavior. These two measurements were adequately
fitted by the stretched-exponential function, but not by a
double-exponential function, despite the additional adjustable
parameter. These two measurements are likely in the 4H or
12R polytype, and as discussed above, the sample was changed
on return to room temperature. We know from our room-
temperature powder X-ray diffraction of the initial sample that
the low-temperature structure is the 2H polytype, but we
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cannot be certain which polytype dominates the high-
temperature structure, as we did not examine the samples at
these higher temperatures.

In contrast to the situation at 4.70 and 7.0S T, measurements
of the *’Pb relaxation rate at 11.75 T are exponential within
experimental error and thus can be characterized by a single
relaxation rate constant R. These values of R are similar to the
values of R, at 470 and 7.05 T when the relaxation is
characterized by a double-exponential function (Figure 10b,d),
but they are not similar to the R* values when the relaxation is
characterized by the stretched-exponential function. (Figure
10a,c).

5. DISCUSSION

5.1. 7| Central-Transition Line Shapes. The iodine
central-transition resonance in Figure 4 is well fitted by the line
shape of a single '”I nuclear spin species. The linear
temperature variation of the quadrupolar coupling constant
indicates that the average electric-field gradient at the iodine
site varies linearly with temperature (Figure S), consistent with
the quadrupolar interaction being dynamically averaged by
lattice vibrations. Similarly, the isotropic 271 shift varies
monotonically over this temperature range approximately
linearly (Figure 6), which has been shown theoretically to be
an indication of slight bond-length (and perhaps bond-angle)
changes with temperature.*

5.2.'?7] Spin—Lattice Relaxation. One of the distinguish-
ing features of Pbl, is its conduction properties, which imply
mobility of charge carriers. In the low-temperature 2H polytype
(below approximately 400 K) and well into the 4H or 12R
polytype at temperatures below approximately 540 K, the
iodine atoms hop among vacancies.”* The vacancies constitute
about 20% of the sample,” but it seems likely that samples
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produced under different conditions (especially those annealed
at high temperature) have different overall vacancy rates and
probably different distributions of vacancies. In the higher
temperature phases, at least above 540 K, lead atoms have been
suggested to dominate the conduction, and at even higher
temperatures, electron holes contribute to the conductivity.**

The hopping among vacancy sites subjects an iodine nucleus
to time-dependent electric field gradients. For fast hopping on
the NMR time scale, the solid-state NMR spectrum of the
iodine nucleus reflects the time-averaged electric field gradient
seen by the iodine nucleus. The temperature variation of the
iodine quadrupolar coupling constant (Figure S and Table 2)
reflects the fact that the hopping rate between sites is
temperature-dependent. This is also seen in the dc electrical
conductivity measurements.>*

We can fit the temperature dependence of the '*I relaxation
rate in Figure 8 by assuming that the iodine relaxation rate is
the sum of two mechanisms, (a) the van Kranendonk
mechanism®” and (b) a mechanism in which the rate constant
is proportional to a thermally activated correlation time:

E
R=R +R, = AT?* + B ex (——)
a b P kT (4)

The van Kranendonk mechanism®” has been used to explain
quadrupolar relaxation (for spin I > 1/2) in a wide variety of
solids and has a characteristic temperature dependence (R,
T?). This characteristic dependence is shown as the dashed line
labeled R, in Figure 8. However, at higher temperatures, the
deviation from a T* dependence indicates the presence of the
thermally activated mechanism Ry, as shown as the dashed line
labeled Ry, in Figure 8. The fit of the experimental data to eq 4,
shown as the solid line in Figure 8, gives A = (1.5 + 0.2) X 1072
sTK?%B=(10+8)x10*s™,and E= 15 + 4 kJ mol~!. The
dependence of the rate constant R, on temperature implies that
the hopping process is in the limit where the mean time
between hops, 7, is long compared with the inverse NMR
frequency [ie, 7> @ ~', where @ = 27(60.05 MHz) at 7.05
T].** (This is further discussed below when eq 7 is presented.)
This predicts that the component with relaxation rate constant
R, should be NMR frequency dependent, which is the case for
most spectral density functions used to model solid-state
relaxation rate data.>*>” This should be tested in the future.
The activation energy of approximately 15 kJ mol™ (0.16 eV)
is intermediate between the two activation energies for hopping
(0.087 and 0.23 eV) reported from studies of the electrical
properties.” The results suggest that only at sufficiently high
temperature is the thermally activated mechanism competitive
with the van Kranendonk mechanism. The most likely
interpretation of the thermally activated mechanism is that it
is associated with modulation of electric field gradients due to
the hopping of iodine atoms throughout the Ilattice. A
combination of these two relaxation mechanisms has been
previously reported for ''I relaxation in Ag,Cu,_,1.°*" By this
model, the van Kranendonk mechanism is approximately 100
times more efficient for "’ in Pbl, than it is for the Ag,Cu,_,I
compounds, and the activation energy for the thermally
activated process in Pbl, is substantially lower than for
Ag.Cu,_J, indicating a difference in the effectiveness of the
two relaxation mechanisms in the two materials.

We note that, from a purely mathematical point of view, a
product of the two terms in eq 4, rather than a sum, also fits the
data in Figure 8. That is
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R=CT? exp(—E)

kT (s)
with C= (3.8 £ 0.4) X 107> s ' K™% and E/k = 216 + 34 K (=
1.8 + 0.3 kJ/mol = 18.6 meV) provides a fit to R versus T in
Figure 8 that is indistinguishable from the fit using eq 4. This
involves three adjustable parameters instead of the four
adjustable parameters in eq 4. There is a mechanism that
leads to this prediction,®” but in this model E in eq 5 is the
band gap and our fitted value is more than 2 orders of
magnitude smaller than the ~2.5 eV band gap in Pbl, measured
by other methods.>>° We conclude, therefore, that this model
is not appropriate here.

One may ask what other interactions between the 100%
naturally abundant *’I and the 22.6% naturally abundant **’Pb
atoms might produce effective '*'I relaxation. A calculation®® of
the direct '*I-*"Pb dipole—dipole coupling at an internuclear
distance of 0.32 nm yields' a dipolar interaction strength of
only 154 Hz, much too small to produce an effective '*'I
relaxation pathway through a dipole-mediated relaxation
pathway for either nucleus.

5.3. 27Pb Line Shapes. The ’Pb line shape is a broad
Gaussian, with a fwhm of 25 kHz, which only reduces to 20
kHz upon MAS at high field. A possible interaction that could
broaden these lines is the scalar (indirect) coupling between
nuclei.*® Although no scalar (indirect) coupling is resolved in
the 2”’Pb line shape (Figure 2), the '"*’I—*"Pb scalar coupling
can be estimated by the fast-MAS method, which has been
previously used to determine couplings for InP and GaAs.'”%*
The *Pb MAS spectra of polycrystalline Pbl, acquired at 7.05
and 11.75 T are shown in Figure 2. The full width at half-height
Av,, (in units of Hz) is related to the second moment M, by
Av, ), = [8(In 2)M,]""2. Using the full width at half-height of 20
kHz, the second moment is found to be M, = 7.21 X 107 Hz? at
295 K. Assuming this broadening arises from '*’I—*Pb scalar
coupling, one obtains a value for the J coupling of 4.91 kHz,
similar in magnitude to other 2’Pb scalar couplings.***° This
scalar interaction is over an order of magnitude larger than the
heteronuclear dipolar interaction of 154 Hz. The small change
in the half-width of the **’Pb resonance upon spinning (25 kHz
versus 20 kHz) is consistent with the scalar coupling being the
dominant interaction that affects the line width.

5.4. *’Pb Spin—Lattice Relaxation. The **’Pb spin—
lattice relaxation is complicated and difficult to interpret
uniquely. We distinguish between the mathematical fitting
functions used to fit the nuclear magnetization versus time in a
relaxation experiment (which results in the appropriate
relaxation rate constants) and the physical models (and their
subsequent mathematical models) used to describe (fit) the
temperature dependence of the resulting relaxation rate
constants.

At magnetic flelds of 4.70 and 7.05 T, the relaxation is not
exponential. The decay to equilibrium of an excited 2*’Pb
nuclear magnetization (Figure 9) at any temperature can be fit
either to the sum of two exponential functions (eq 3) or to a
single stretched-exponential function (eq 2), and there is no a
priori way to determine which is the better mathematical model.
At the higher magnetic field of 11.75 T, the relaxation is
exponential (eq 1).

The double-exponential fits (nuclear magnetization versus
time) at 4.70 and 7.05 T yield the rate constants R, and Ry, and
the temperature dependence of R, is shown in Figure 10b,d.
The stretched exponential fit yields the characteristic rate
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constant R*, and the temperature dependence of R* is shown
in Figure 10a,c. At 11.75 T, the relaxation is exponential (f = 1
in eq 2), and this same single rate constant is shown in all four
parts of Figure 10. In Figure 10a,c it is R = R* (when f = 1),
and in Figure 10b,d we associate this single-exponential rate
constant R (at 11.75 T) with R, (at 4.70 and 7.05 T). That the
relaxation is exponential at 11.75 T and not exponential at 4.70
and 7.05 T is difficult to understand, and further work is needed
to rationalize this observation. More interesting perhaps is that
when we associate R at 11.75 T with R* at the two lower fields,
there is a magnetic field (NMR frequency) dependence to the
relaxation rates (Figure 10a,c), but when we associate R at
11.75 T with R, at the two lower fields, there is, to within
experimental uncertainty, no magnetic field dependence
(Figure 10b,d). This is perhaps a reminder that the stretched
exponential R* cannot be modeled in any meaningful way. It is
simply a convenient parametrization of nonexponential
relaxation. Its main attraction is that it requires only one
parameter more than needed to parametrize exponential
relaxation.

The stretched-exponential function suggests a continuous
distribution of relaxation rates. The parameter R* is “the
characteristic relaxation rate”, and the parameter 0 < # < 1 is
the “stretching factor”. The parameter f is shown in Figure 10c.
At the lower magnetic fields # ~ 0.7 and at 11.75 T, f =~ 1 (ie,
exponential relaxation). It is not straightforward to relate the
parameters R* and f to the dynamics. Much effort has gone
into determining a distribution of exponential relaxation rates
that gives the stretched exponential.*>®” The best one can do is
to relate R* to a distribution function describing the fraction of
relaxors with (an exponential) relaxation rate below R* and the
fraction above R* R* should not be called the average
relaxation rate. But even then, these distribution functions
depend on f. The precise meaning of f as a general parameter
is even less clear, though the smaller the value of 3, the greater
the (unknown) distribution of relaxation rates. The fact that
at the lower magnetic fields is very different from its value at
11.75 T makes relating R* in the two cases problematic.

The double-exponential fits, on the other hand, have a clear
physical interpretation. At 4.70 and 7.05 T, the double-
exponential analysis (Figure 10b,d) gives a 0.8:0.2 ratio of the
fractional magnetizations associated with R, and Rg,
respectively, and this ratio is approximately independent of
temperature. This suggests that these regions of different
relaxation efficiency may be correlated with the 80/20 ratio of
regions without and with vacancies.

The temperature dependences of both R, and R* can be
fitted with two, very different, physical models: a Raman-like
mechanism or a thermally activated mechanism. The Raman-
like mechanism (as applied to R* in Figure 10c or to R, in
Figure 10d) is a lattice-vibration-based relaxation mechanism,
as has reported for spin-1/2 nuclei like '*°Sn, **/Pb, 29%2%5T],
and ®Xe in the solid state.®~7* In the case of spin-1/2 nuclei,
the mechanism involves the modulation of an interaction
similar to the spin-rotation mechanism.”" For '*Sn relaxation
in a-SnF,, the analysis also showed contributions of a thermally
activated mechanism that becomes dominant at the higher
temperatures,*® like the I relaxation results discussed above.
A signature of this Raman-like mechanism is that the relaxation
is independent of magnetic field (NMR frequency) and
proportional to T%:

R = FT? (6)
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Although this form is the same as the first term in eq 4, we
distinguish between the van Kranendonk mechanism for spin I
> 1/2 nuclei like '*'T (eq 4) and the mechanism presented in eq
6 for spin I = 1/2 nuclei like 2’Pb. The R* versus T> plot in
Figure 10c shows that the rates are NMR frequency (magnetic
field) dependent if the single exponential rate R at 11.75 T is
associated with the stretched exponential R* at 4.70 and 7.05 T.
If this is the case, then this model is ruled out.

The plot of R, (with R at 11.75 T associated with R,) versus
T? in Figure 10d does seem field-independent, but there is a
great deal of scatter. The line in Figure 10d gives F in eq 6 as F
= (6 + 1) X 107% s K™ This is the same order of magnitude
as (133 + 0.03) X 107° s7! K2 in Pb(NO,),,*"* (1.18 +
0.07) x 107 s7! K=2 in PbCl,,”° and (2.25 + 0.08) x 107° 57!
K™% in PbM00O,.”® In Pb(NO;),, PbCl, and PbMoO,, the
relaxation is strictly exponential, there are no phase changes, the
relaxation is not sample-dependent, and fitting the data is
straightforward. As such, the uncertainties on F are quite small
as opposed to the ~15% uncertainty we quote for Pbl,.

The other way to interpret the temperature dependence of
the relaxation rates in terms of a physical model is that there is a
thermally activated mechanism involved, as shown in Figure
10a,b. This involves a class of models discussed below and
assumes only that there is a correlation time 7 that characterizes
the mean times between changes in the local magnetic field in
the vicinity of the **’Pb nucleus. In this case, a negative slope of
the In R versus T~ plots implies a thermally activated process
in the slow-motion regime (7 > P R

R=Dr'= DTO_1 exp(—i)
kT 7)
where R means R* or R, at 4.70 and 7.05 T or just Rat 11.75 T
and where the correlation time 7 in eq 7, which we assume to
be closely related to the mean time between iodine ion hops, is
much greater than the inverse NMR angular frequency. This is
the same reasoning used in producing the second part of eq 4.
It is difficult to know what the frequency dependence should
be, but in a random hopping model®® one would expect a
Bloembergen—Purcell-Pound (or Poisson or Debye) fre-
quency dependence with R « @ 2°**° Although the ion
hopping is probably not isotropic in the highly anisotropic
structure of Pbl,, one would still generally expect some
magnetic field dependence. The appropriate algebraic form of R
versus @ could be determined if one could obtain data at much
higher temperature and see the transition from the slow motion
region (73> @™") to the fast motion region (7 < w™"), but this
is not possible since there are polytype phase transitions at
temperatures higher than we show in Figure 10. Although it
seems that, roughly, the relaxation rate constant R, at these two
low fields is field-independent, there is too much scatter in the
data to state this definitively. The relaxation rate, Ry (not
shown), for the efficient process is determined with very large
uncertainties, so one cannot make any statement about it
except to say that it is larger than R,, as would be expected if it
corresponds to nuclei in regions with large numbers of
vacancies. The data of Figure 10b (R, versus T~' which has
considerable scatter) gives an activation energy in eq 7 of E = 4
+ 1 kJ/mol.

There are many different specific interactions whose
modulation by the iodine-ion hopping could affect a spin-1/2
nucleus like *’Pb and be responsible for the thermally activated
mechanism discussed above.*” The line shapes give no
indication of large *”’Pb chemical-shielding anisotropy, so it is

dx.doi.org/10.1021/jp5023423 | J. Phys. Chem. C 2014, 118, 9143—-9153



The Journal of Physical Chemistry C

unlikely that the chemical-shift-anisotropy mechanism provides
a sufficiently strong contribution to relaxation. The estimated
dipolar couplings between I and **’Pb are too small to
account for the width of the *’Pb lines, so it is also unlikely
that the *Pb—"?"I dipolar couplings provide a sufficiently
strong relaxation mechanism to be dominant. The remaining
interaction is the scalar coupling between '*’I and **’Pb, and we
propose that this interaction is what might induce relaxation of
these 2“’Pb spins. However, this proposal requires further
investigation.

6. CONCLUSIONS

Lead iodide (Pbl,) has a crystal structure with a significant
number of vacancies. In one studied sample, approximately 20%
of the iodine sites were vacant, while the Pbl, stoichiometry
was maintained.”® The variable vacancy amounts make lead
iodide ideal for many potentially important applications, as
outlined in the second section of this paper because one can
tune the properties of the material by the number of vacancies
created. The material is a reasonably good ionic conductor
below approximately 400 K, with the iodine atoms carrying the
charge.

The *’Pb spin—lattice relaxation of the 2H polytype of Pbl,
below 400 K at 4.70 and 7.05 T can be characterized by a
double-exponential function, suggesting two separately relaxing
regions (with roughly a 4:1 ratio), although one can also fit the
data with a stretched-exponential function, suggesting a
distribution of relaxing regions. At 11.75 T, the relaxation of
2Pb is close to exponential, implying that one uniformly
relaxing region is detected. Because of the similarity in
magnitude, we associate this single relaxation rate with the
less efficient relaxation rate found at lower magnetic fields. The
297Pb MAS spectrum of Pbl, at 11.75 T is well-modeled by the
sum of two Gaussian lines in the ratio of 4:1, whereas at 4.70
and 7.05 T, the spectrum is a single Gaussian function under
MAS, presumably because the line shape does not narrow
sufficiently to resolve the two separate components. The
physical mechanism for the **’Pb relaxation (spin I = 1/2) may
be a spin-rotation interaction modulated by lattice vibrations.
On the other hand, it may be a thermally induced 07pp—1271
scalar interaction modulated by iodine ion hopping. The iodine
hopping may also affect the lattice vibrations in that they may
be different in vacancy and no-vacancy regions of the sample.
So, the two mechanisms might be related.

A phase transition in the range 400—420 K (probably to the
4H or 12R polytype) is seen as a discontinuity in the
temperature dependence of the 207Pb relaxation rates, but the
line shapes seem to be continuous through this transition. Our
“observation” of this phase transition is based on only two
relaxation rate measurements above 400 K, but more
significantly, it is also based on the fact that when samples
taken to temperatures above 400 K are returned to room
temperature, the relaxation rates differ significantly when
compared to measurements at room temperature in samples
that had never been taken above 400 K. This observation is
consistent with reports of phase transitions in this temperature
range.23’25

The '*I chemical shielding and quadrupolar coupling, both
determined from the '*'I solid-state NMR spectra, are linearly
dependent on temperature. The spin—lattice relaxation of the
central transition in the '*’I NMR spectrum is very efficient,
and the dependence of R on temperature shows that, at
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temperatures below approximately 300 K, the '*I spin—lattice
relaxation is dominated by a lattice-vibration-induced modu-
lation of electric field gradients, the van Kranendonk
mechanism. At temperatures above approximately 300 K, a
second, thermally activated mechanism also affects the '*"I
relaxation rate. This mechanism probably arises from the
random hopping of the iodine ions. This hopping produces
relaxation to compete with the van Kranendonk mechanism.

The spectroscopic and relaxation results for 2’Pb and '*’I
provide a picture of the state of Pbl, that is generally in
agreement with the results of other measurements but, in
principle, at least, provides more detailed atomic-level
information. Further studies at several NMR frequencies
(magnetic fields) on Pbl, samples whose thermal histories
are very carefully controlled will help to elucidate some of the
issues raised in the work.
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