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A combination of *°F magic angle spinning (MAS) nuclear magnetic resonance (NMR) and density func-
tional theory (DFT) were used to study the ordering of F atoms in Pb,Ti4OgF,. This analysis revealed that F
atoms predominantly occupy two of the six available inequivalent sites in a ratio of 73 : 27. DFT-based cal-
culations explained the preference of F occupation on these sites and quantitatively reproduced the
experimental occupation ratio, independent of the choice of functional. We concluded that the Pb atom’s
652 lone pair may play a role (~0.1 eV per f.u.) in determining the majority and minority F occupation sites
with partial density of states and crystal orbital Hamiltonian population analyses applied to the DFT wave

rsc.li/dalton functions.

1 Introduction

Understanding the mechanisms that produce ionic ordering
in materials may lead to control of the self-assembly of
ordered super lattices on an underlying crystal structure.
Because ordered and disordered structures have remarkably
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different electronic and transport properties, controlling order-
ing is a key step in material design. For example, the properties
of mixed-anion compounds strongly depend on the degree of
order or disorder of the anions."* Anionic ordering can cause
heteroleptic coordinations or low-dimensional structures,
which in turn modify electronic properties."* This intriguing
possibility to modify a material has attracted significant
attention.>® Some ABX; perovskites are typical examples.
SrTaO,N and BaTaO,N have a high dielectric constant
because of their O/N anionic ordering.””® In addition, an oxy-
hydride SrVO,H shows two-dimensional electron conduction
and compression anisotropy because of the O/H anionic
ordering."®

In complex composite materials, multiple anions and
cations are heteroleptically coordinated, and their concen-
trations typically obey valence charge neutrality conditions.
When differences in ionic radii, electronegativity, or polariz-
ability are large, some materials tend to exhibit ionic
ordering.""'*> However, although O®>~ and F~ are neighboring
anions in the periodic table, the oxyfluorides nevertheless
exhibit anionic ordering, depending on the structure. Whereas
simple cubic perovskites (SrFeO,F,"* BaFeO,F,'* PbScO,F,"
BaScO,F,'® AgFeOF,,"” BaInO,F,'® and AgTiO,F '°) adopt dis-
ordered configurations, a variety of Ruddlesden-Popper-type
layered perovskites (Sr,CuO,F,,>° Sr,FeO;F,>"**> Ba,InO;F,*
Ba,ScO;F,** Sr,MnO;F,*® Sr;Fe,05_,F, **°) exhibit ordered
configurations of F~.*” For an ordered structure to be formed,
migration energy barriers must be small enough to allow the
minimum free energy configuration to be achieved via practi-
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cal annealing temperatures and times. The lowest energy struc-
ture frequently can be found by considering Pauling’s second
rule,”® which explains that an ionic structure will be stable
when the sum of the strength of the electrostatic bonds
around an ion are equal to its charge. Thus, according to
Pauling’s second rule, F~ should prefer a more open site com-
pared with 0”7, leading to O/F anionic ordering. Some non-
layered oxyfluorides with or akin to perovskite structure
showing a complete or partial anionic ordering have been
reported, such as Pb,Ti,O5 4F; , >° Pb,OF,,*® and Pb,Ti,O0F,.*"
The anionic ordering of some nonlayered oxyfluorides is con-
sidered to be due to the Jahn-Teller distortion by the 6s> lone
pair.?%3!

Among the nonlayered oxyfluorides with anionic ordering,
Pb,Ti,O0F, is especially attractive to study because this
material uniquely has an isostructural oxide Bi,Ti;Oq;.>"*
Both Pb** and Bi*" have the same electronic configuration and
6s> lone pairs. Bi,Ti;O,; undergoes antiferroelectric-paraelec-
tric transitions from C2/c to C2/m, whereas Pb,Ti,O¢F, does
not.>**> The high-temperature paraelectric phase of Bi,Ti4O;;
(C2/m) adopts the same space group symmetry as
Pb,Ti O0F,.*> Because the Bi,Ti O;;-type structure is signifi-
cantly low symmetric, an anionic ordering can exist in
Pb,Ti,OF,. Structural analyses based on the synchrotron X-ray
diffraction (SXRD) patterns revealed the presence of anionic
ordering.® However, this conclusion is debatable because
heavier Pb atoms in the system could hamper the identifi-
cation of F occupation sites.

In this work, the anionic ordering in Pb,Ti,O0F, was reexa-
mined via a combination of '°F magic angle spinning (MAS)
nuclear magnetic resonance (NMR) experiments and density
functional theory (DFT) simulations. The '°F MAS NMR ana-
lysis revealed that F atoms randomly occupy two of the six sites
in a ratio of 73 : 27, overturning the previous conclusion that F
atoms selectively occupy a single site.’’ DFT calculations
identified the majority and minority F occupation sites and
quantitatively reproduced the experimental occupation ratio,
independent of the choice of functional. Partial density of
states (PDOS) and crystal orbital Hamiltonian population
(COHP) analyses were performed on the DFT results, showing
that the 6s lone pairs may play a role (~0.1 eV per f.u.) in
determining the majority and minority F occupation sites. On
the other hand, DFT calculations revealed that the low-sym-
metric anionic coordinates around the cations may barely be
due to the steric effects of 6s> lone pairs. This result goes
against the current discussion in this class of materials and
implies that the influence of 6s> lone pairs on the structural
distortion might be similarly not significant in some of the
other Pb-based oxyfluorides such as Pb,Ti,O54F;,>° and
Pb,OF,.*°

2 Experimental details

The powder samples of Pb,Ti,O¢F, and Bi,Ti,O;; were pre-
pared by solid-state reaction, as previously reported.**> The
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Pb,Ti,O0F, was synthesized from a mixture of PbO (99.9%,
Rare Metallic Co.), PbO, (99.9%, Rare Metallic Co.), PbF,
(99.9%, Rare Metallic Co.), and TiO, (rutile, 99.9%, Rare
Metallic Co.) powders that were weighed to be 10 mol% F-rich
to compensate for the loss of F during the reaction.*® The pel-
letized mixture was sealed in an evacuated Pyrex tube and
treated at 823 K for 12 h in an electric furnace, followed by
natural cooling to room temperature. The Bi,Ti,O;; was syn-
thesized from a stoichiometric mixture of Bi,O; (99.9%, Rare
Metallic Co.) and TiO, (99.9%, Rare Metallic Co.) powders. The
pelletized mixture was treated at 1273 K for 12 h in air in an
electric furnace, followed by natural cooling to room
temperature.

Production of a single phase for both Pb,Ti,O.F, and
Bi,Ti,0;; samples were confirmed via SXRD. SXRD patterns
were collected with a large Debye-Scherrer camera installed at
beamline BL02B2 of the SPring-8 synchrotron radiation facility
using a glass capillary and a solid-state detector.>* The crystal-
lographic parameters were refined by the Rietveld method
using the RIETAN-FP program.®® The electron density distri-
butions were estimated by the maximum entropy method
(MEM) using the Dysnomia program.*®

Solid-state NMR experiments were conducted on a home-
made spectrometer with a 4 mm T3 probe (Varian) in a mag-
netic field of 4.7 T. All 'F NMR transients under MAS were
accumulated using a background suppression method. The
radio frequency field strength was 100 kHz, corresponding
to 2.5 ps of n/2 pulse length. The longitudinal relaxation
time (7;) was obtained by analyzing a build-up curve
measured with a saturation recovery method. Rotational
resonance experiments, which allow for solving whether
the chemical-shift filter was set to half of the inverse of the
difference between two signals and the MAS rate, was set
to the inverse of the difference between two signals in
rotational resonance experiments (further details given
in ESIZ).

3 Calculation details

The DFT calculations were performed with Quantum
Espresso.”” Perdew-Burke-Ernzerhof (PBE),*® Becke-Lee-
Yang-Parr (BLYP),>**° and Perdew-Wang 1991 (PW91)*"**
semi-local exchange-correlation functionals were employed.
The valence orbitals were expanded with plane waves. The
cutoff energy was 100 Ry, and the k-point mesh was 7 x 7 x 5
for a unit cell. With this choice of parameters, the energy
difference between the first and second most stable anionic
ordering patterns of Pb,Ti,OoF, converged below 2 meV per f.
u. These two ordering patterns are denoted as F-in-site6 and
F-in-site5 in section 4.1. The core orbitals were described by
the projector augmented wave (PAW) method.** PAW pseudo-
potentials were taken from the pslibrary.** Comparing the
results of PAW and ultrasoft pseudopotentials in the psli-
brary** revealed that the relative total energies among the
different anionic orderings are identical within 1 meV per f.u.

This journal is © The Royal Society of Chemistry 2022
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Therefore, the errors from pseudopotential approximation
would be negligible for this system. Ultrasoft pseudopotentials
were used to calculate the electrostatic energies because PAW
pseudopotentials cannot separately provide the electrostatic
energies because the one-center term includes both electro-
static and exchange-correlation energies.*> The PDOS of
Pb,Ti,OoF, was obtained with the PBE functional. The
LOBSTER code®® was used to perform the COHP analyses
based on the PBE-DFT results with the pbeVaspFit2015 basis
set.*”*® Every DFT calculation was performed for the energeti-
cally optimized structure.

Fig. 1 The crystal structure of Pb,Ti4OgF, at 300 K. The numbers indi-
cate the numbers of anion sites.

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 A °F MAS NMR spectrum of Pb,Ti,OsF, (top) and peak fitting
result (bottom). The asterisks indicate spinning sidebands.

Table 1 Comparisons of the energy differences (eV per f.u.) between
alternative anionic ordering patterns in Pb,Ti4OgF,. All energies are
differences with the energy of F-in-site6. The percentages indicate the
ratios of the corresponding Boltzmann factors at the synthesis tempera-
ture, 823 K. F-in-site3 does not indicate an anionic ordering pattern
different from the others, as described in the main text

AE (PBE) AE (BLYP) AE (PW91)
F-in-site1 1.019 (0.0%) 0.965 (0.0%) 1.018 (0.0%)
F-in-site2 0.935 (0.0%) 0.889 (0.0%) 0.937 (0.0%)
F-in-site3 0.513 (0.1%) 0.514 (0.1%) 0.543 (0.0%)
F-in-site4 0.321 (0.8%) 0.308 (0.9%) 0.322 (0.7%)
F-in-site5 0.061 (29.5%) 0.066 (28.0%) 0.058 (30.3%)
F-in-site6 0.000 (69.7%) 0.000 (71.1%) 0.000 (69.0%)

=
< 0.35{ © PBE F-in-site2
> o BLYP 0
30.30- A PW91
E 0.251 F-in-site
Q
£0.20-
-t
©
2 0.151
go
9 0.10-
v F-in-site6 -in-si
2 0.05- F-in-site4
%
3 0,00 F-in-site5
0.0 0.2 0.4 0.6 0.8 1.0

Relative total energy (eV/f.u.)

Fig. 3 Comparison of electrostatic energies and total energies calcu-
lated by DFT, using PBE (blue circles), BLYP (orange squares), and PW91
(green triangles) functionals. The minimum electrostatic energy (ie.,
F-in-site5) and total energy (i.e., F-in-site6) are set to be zero, and the
others are relative to this for every functional.
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4 Results and discussion
4.1 Determination of anionic configurations

As shown in Fig. 1, Pb,Ti,O0F, has six different anion sites,
which are denoted by site 1-6. Previous structural analysis
based on SXRD patterns has indicated that F atoms selectively
occupy site 6, which is the closest site to the Pb atom.?' Here,
that earlier conclusion is reexamined using NMR experiments
and DFT simulations.

A "°F MAS NMR spectrum of Pb,Ti,O¢F, is shown together
with a peak fitting result in Fig. 2. By fitting the spectrum with
three Gaussians, the peak positions were obtained as
—45 ppm, —58 ppm, and —63 ppm, with an area ratio of
26.1:1.8:72.1. The peak positions correspond to the '°F
atoms in different distinct sites, and the area ratio indicates
their occupancy ratio. Through-space correlation NMR experi-
ments were conducted to confirm whether the '"F atoms
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showing in the two main peaks exist in the same crystal phase.
When the MAS rate was matched to the resonant frequency
difference of the two main peaks, both peak intensities varied
periodically with mixing time. However, when the MAS rate
was faster than the resonant frequency difference, neither
peak intensity changed (details in ESI}). This means that the
dipole interaction that disappeared because of MAS was rein-
troduced by rotational resonance, and the magnetization was
exchanged during the mixing time. Thus, the F sites showing
the two main signals are nearby in the same crystalline phase,
Pb,Ti,O0F,.

The position of the F occupation sites corresponding to the
two main peaks in the '"F MAS NMR experiment must be
determined using another method. Therefore, the energies of
different F occupation patterns were evaluated with DFT to
find the majority and minority F occupation sites corres-
ponding to the two main peaks. In reality, numerous F occu-
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Fig. 4 PDOS of different F occupation patterns obtained by DFT. The arrows indicate the peaks accompanied by the antibonding hybrid orbitals
explained by the lone-pair model. For the F-in-site6 case, the O(site6)-2p distribution is not shown because site 6 is occupied by F atoms.
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pation patterns are possible, and we cannot study all of them.
Therefore, targets were restricted to be the cases in which F
atoms selectively occupy each of the sites, and the F atom’s
stability in each site was evaluated. Table 1 lists the relative total
energies given by PBE,*® BLYP,>***° and PW91*"*> functionals.
In the table, for example, F-in-site2 indicates the case in which
F atoms selectively occupy site 2. The F stability at site 3 was
evaluated as E (F-in-site3) =2F (one F atom in site 3 and the
other in site 6 in the unit cell) - E (F-in-site6) because the multi-
plicity of site 3 is one (multiplicity of the other sites is two). The
three functionals qualitatively and quantitatively agree with
each other. F-in-site6 and F-in-site5 give the first and second
lowest energies, so the majority and minority F occupation sites
are sites 6 and 5, respectively. The experimental third tiny peak
at —58 ppm corresponds to the F occupancy in site 4. The per-
centages in the parentheses in Table 1 indicate the ratios of
Boltzmann factors of the relative energies under the synthesis
temperature, 823 K. These percentages correspond to the F
occupation ratio of the anion sites. The ratio between the per-
centages of F-in-site6 and F-in-site5, approximately 70: 30,
closely agrees with that between the experimental F occupation
ratios of the majority and minority sites, 73 : 27.

4.2 Reason why sites 5 and 6 have a preference for F atoms

To understand the origin of the F-in-site6 and F-in-site5 stabi-
lization, PBE,*® BLYP,***° and PW91*"*? functionals were used
to compare the electrostatic energies with the total energies, as
shown in Fig. 3. The results of the three functionals are quali-
tatively consistent with each other. The total energies in Fig. 3

View Article Online
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are identical to those listed in Table 1. The total energies are
roughly proportional to the electrostatic energies, consistent
with a previous systematic study on NdNiO,F by simulations.*’
However, F-in-site6, which had the lowest total energy, is an
exception to Pauling’s second rule*® because the lowest electro-
static energy was predicted for the F-in-site5.

The reason of the small deviation (~0.1 eV per f.u.) from
Pauling’s second rule®® is unclear. However, the steric effects
introduced by the 6s®> lone pairs may explain this deviation.
Fig. 4 shows the PDOS of each F ordering pattern in Pb,Ti,OqF,
given by the PBE functional. A peak of Pb-6s (indicated by an
arrow) hybridized with O-2p exists at the valence band maximum
(VBM). This peak is considered to be a signal of the orbital
hybridization described by the revised lone-pair (RLP) model.*
This model proposes that the antibonding hybridized orbital of
Pb-6s and O-2p, is further stabilized by hybridizing with the Pb-
6p orbital. This antibonding orbital distributes opposite to the
0°° and interrupts bonding with the other anions. The PDOS
figures show that F-in-site6 has the smallest Pb-6s peak (i.e., the
weakest RLP hybridization), presumably owing to the absence of
06 (i.e., an O ion in site 6) that is the closest to Pb and has the
largest 2p density of states (DOS) at the VBM. Furthermore, the
magnitudes of the hybridization between Pb-6s and O/F6-2p were
evaluated for F-in-site5 and F-in-site6 in terms of integrated
COHP (ICOHP) by the COHP analysis applied to the PBE-DFT
results. Here, ICOHP indicates how much the hybridization con-
tributes to the stabilization by the binding. The ICOHPs of Pb-O6
in F-in-site5 and Pb-F6 in F-in-site6 are —2.81 and —0.90 €V, so
the contribution of the 6s> lone pair is certainly smaller when F

Pb,Ti4O9F,

2.562(6) A
2.537(4) A

2.365(5) A

2.462(4) A

5 w5

Fig. 5 Experimental geometries of Pb,Ti4,OoF, and Bi,Ti;O1; obtained via Rietveld refinement of SXRD patterns. The smallest and largest intera-

tomic distances are shown with blue and red colors, respectively.
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Table 2 Parameters of the experimental structure and DFT structures (F-in-site5 and F-in-site6) obtained for Pb,Ti;OgF,. The values for the DFT
structures are given as the mean values of the three functionals. The errors indicate the unbiased deviations of the means. The second rows for the
F-in-site6 and F-in-site5 indicate the differences from experimental values in percentages

a b c £(°) Pb-O/F4 Pb-O/F5 Pb-O/F6 "ot Pb-O/F6'° 8"
Expt. A 14.63 3.83 10.75 135.58 2.56 2.95 2.42 2.56
F-in-site6 A 15.07(8) 3.84(1) 10.54(7) 133.44(6) 2.54(1) 2.93(2) 2.44(1) 2.58(1)
% +3.0(6) +0.3(3) —2.0(7) -1.6(1) —0.1(3) -0.8(5) +1.0(2) +0.9(2)
F-in-site5 A 14.83(7) 3.84(1) 10.60(6) 132.30(2) 2.58(1) 3.03(1) 2.37(1) 2.58(2)
% +1.4(5) +0.2(3) —1.4(6) —2.4(1) +1.6(3) +2.7(4) —2.0(4) +0.9 (6)

atoms occupy site 6. This explanation for the F-in-site6 stabiliz-
ation is an exception to Pauling’s second rule.*®

4.3 Comparison between Pb,Ti,OoF, and Bi,Ti O,

Fig. 5 compares the experimental structures of Pb,Ti,O¢F, and
Bi,Ti,O;;, which were obtained by the Rietveld analysis of
SXRD patterns. The SXRD patterns are provided in the ESL}
Comparing the isostructural Pb,Ti,O0F, and Bi,Ti O, the
anionic configurations around the cations are more symmetric
in Pb,Ti O0F, than in Bi,Ti,O,,. For example, the difference of
the smallest (blue) and largest (red) interatomic distances are
smaller in Pb,Ti ,O0F, than in Bi,Ti,O;;. It is worth noting that
this trend is the exact opposite of some Ruddlesden-Popper-
type layered perovskites. The (B site metal)-Og octahedra in
layered perovskite oxides are often distorted by the Jahn-Teller
effect.”™" The F atoms selectively occupy the apical sites and
lead to significantly longer (B site metal)-F*"*! distance than
(B site metal)-0%'¥ and O°a°rial distances.?*>> However,
the oxyfluoride Pb,Ti,O¢F, is less distorted than the isostruc-
tural oxide Bi,Ti,0;4, as shown in Fig. 5.

Table 2 compares the experimental structure and theoretical
F-in-site6 and F-in-site5 structures of Pb,Ti,O¢F,. The theore-
tical values are given as the mean values of the three func-
tionals. The errors indicate the unbiased deviations of the
means. The F-in-site5 is slightly less symmetric than F-in-site6,
but their differences are not significant, which indicates that
the low-symmetric anionic configurations around the cations in
Pb,Ti,OF, are barely due to the steric effects of 6s> lone pairs:
the structure is naively low-symmetric. The less symmetric struc-
ture of Bi,Ti,Oq; than Pb,Ti,OoF, can be simply explained by
that Bi** cations are more positive than Pb>" cations and prefer
to be closer to anions. In the case of Bi,Ti O, the steric effects
of 6s” lone pairs may also contribute to the low-symmetric
anionic configurations as discussed based on the MEM analyses
in the ESL} The finding from Table 2 demonstrates that the
influence of 6s> lone pairs on the structural distortion might be
similarly not significant in some of the other Pb-based oxyfluor-
ides such as Pb,Ti,Os ,F; , 2° and Pb,OF,.*°

5 Conclusion

A combination of ’F MAS NMR experiments and DFT simu-
lations were used to investigate the anionic ordering in

15366 | Dalton Trans., 2022, 51, 1536115369

Pb,Ti,O0F,. The "F MAS NMR experiments showed that F
atoms predominantly occupy two of the six distinct available
sites in Pb,Ti,O0F, in a ratio of 73 : 27. DFT calculations identi-
fied the majority and minority F occupation sites to be sites 6
and 5, respectively. The occupation ratios between sites 6 and
5 were quantitatively reproduced by theory, independent of the
choice of functional. PDOS and COHP analyses revealed that
the 6s> lone pairs of Pb atom may play a role (~0.1 eV per f.u.)
in determining the site 6 (5) the majority (minority) site,
against what is predicted by Pauling’s second rule.?®

The low-symmetric anionic coordinates around the cations
in Pb,Ti,O¢F, have been considered to be the consequence of
the steric effect by the 6s> lone pairs, as well as Bi,Ti;O1;,”
Pb,Ti,05 4F; ,,>° and some Aurivillius oxides ABi,Nb(Ta),0.”>
However, our DFT results indicate that the 6s® lone pairs may
barely induce a structural distortion in Pb,TiOoF,. This
finding demonstrates that the influence of 6s”> lone pairs
on the structural distortion might be similarly not significant
in some of the other Pb-based oxyfluorides such as
Pb,Ti,Os ,F; », 2° and Pb,OF,.*°
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