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Abstract: A comprehensive investigation of the chemical bonding, electronic structure,
and spectroscopic properties of the lanarkite-type Pb2SO5 (PSO) structure was conducted,
for the first time, using density functional theory simulations. Thus, different functionals,
PBE, PBE0, PBESOL, PBESOL0, BLYP, WC1LYP, and B3LYP, were used, and their results
were compared to predict their fundamental properties accurately. All DFT calculations
were performed using a triple-zeta valence plus polarization basis set. Among all the DFT
functionals, PBE0 showed the best agreement with the experimental and theoretical data
available in the literature. Our results also reveal that the [PbO5] clusters were formed with
five Pb–O bond lengths, with values of 2.29, 2.35, 2.57, 2.60, and 2.79 Å. Meanwhile, the
[SO4] clusters exhibited uniform S–O bond lengths of 1.54 Å. Also, a complete topological
analysis based on Bader’s Quantum Theory of Atoms in Molecules (QTAIM) was applied
to identify atom–atom interactions in the covalent and non-covalent interactions of the PSO
structure. Additionally, PSO has an indirect band gap energy of 4.83 eV and an effective
mass ratio (m∗

h/m∗
e ) of about 0.192 (PBE0) which may, in principle, indicate a low degree

of recombination of electron–hole pairs in the lanarkite structure. This study represents
the first comprehensive DFT investigation of Pb2SO5 reported in the literature, providing
fundamental insights into its electronic and structural properties.

Keywords: Pb2SO5; lanarkite; DFT; electronic structure

1. Introduction
In materials science, the quest for novel advanced materials, including nanostructures,

with highly tailored properties and unique functionality has always been closely related to
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technological advancement. From this perspective, the discovery, design, and optimization
of such materials can currently be achieved using various synthetic methods, significantly
influencing their properties [1–5]. Notably, these advanced materials have historically
been designed and manufactured empirically, primarily through extensive trial and error
using a combinatorial synthesis strategy [6–10]. It is widely recognized that the traditional
approach is not only time-consuming and costly but also involves a vast number of potential
combinations, adding to its complexity. In recent decades, the approach to designing and
discovering advanced materials has undergone a profound transformation, driven by
the integration of theoretical and experimental strategies. This combined methodology
has facilitated a deeper understanding of the intricate relationships between structure,
composition, and properties in these novel materials [3,9,11–16].

Therefore, new emerging technologies currently focus on the design process of new
materials based on classes little explored in the literature [17–20]. In this direction, more
recently, researchers have found that the combination of the lanarkite-type PSO structure
with copper phosphide (Cu3P) leads to the formation of Pb10−xCux(PO4)6O which can be
in a room-temperature superconducting state [21,22]. Such results generated great debates,
and new studies are, in turn, already calling this discovery into question [23–27]. Thus, from
this perspective, PSO is now in the spotlight of the attention of the scientific community.

As is commonly recognized, the PSO structure under certain synthesis conditions
crystallizes in the monoclinic phase belonging to the C2/m space group (no 12) [28,29].
This mineral was first discovered in Lanarkshire, Scotland, and was named after its lo-
cation [30,31]. Notably, the initial structural description of these ceramic materials was
provided by Schrauf in 1877. Despite being relatively scarce in the literature, experimental
and theoretical studies involving PSO-based material applications hold significant potential.
These structures can exhibit a range of attractive physical and chemical properties that
need to be correctly understood and exploited for successful commercialization in the fu-
ture. Therefore, a comprehensive understanding of their electronic structure, spectroscopic
properties, and chemical bonding is crucial for the development of new technologies based
on PSO.

In this paper, for the first time, a comprehensive perspective is provided on the chemi-
cal bonding, electronic structure, and Raman spectroscopy properties of the lanarkite-type
PSO structure from a computational perspective, through density functional theory (DFT),
and the influence of seven different functionals on structural and electronic properties is in-
vestigated to unravel which one best describes PSO’s properties. In this case, the proposed
computational strategy is of great interest in order to obtain a more accurate description of
electronic parameters, which govern much of PSO’s technological applications.

2. Computational Method and Model System
All the periodic DFT calculations were performed using seven density function-

als, PBE [32], PBE0 [33], PBESOL [34], PBESOL0, BLYP [35,36], WC1LYP [37], and
B3LYP [35,36,38], for comparison as implemented in CRYSTAL17 [39] software. This
methodology for evaluating the most suitable functional was successfully applied in our
previous studies [40,41], consistently demonstrating its reliability in ensuring the accu-
racy and robustness of the results. The Pb, S, and O atomic centres were described by a
triple-zeta valence plus polarization (TZVP) [42]. It is important to note that the Pb basis
set employs a scalar relativistic effective core potential (ECP), which has been extensively
benchmarked for accuracy and reliability [42,43]. The minimum energy structure was
confirmed by diagonalizing the Hessian matrix with respect to the lattice parameters and
internal coordinates, followed by the confirmation of the absence of imaginary frequencies.
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Structural convergence was checked on gradient components and nuclear displacements,
with tolerances on their root mean square set to 0.0001 and 0.0004 a.u., respectively.

The precision of the infinite Coulomb and HF exchange series is controlled by five
parameters αi, with i = 1–5, such that two-electron contributions are neglected when the
overlap between atomic functions is lower than 10−αi . In our simulation, the five αi parame-
ters were set to 8, 8, 8, 8, and 18, and the shrinking factor for the Pack–Monkhorst and Gilat
nets was set to 9. The band structure and density of states (DOS) were analyzed using the
Properties17 routine implemented in the CRYSTAL code, with the same k-point sampling
employed for the diagonalization of the Fock matrix in the optimization process, for the
DOS, and the high-symmetry points in the Brillouin zone, with a grid of 100 points along
the path, for the band structure. The vibrational frequencies were determined at the Γ point
using the numerical second derivatives of the total energies, which were estimated using
the coupled perturbed Hartree–Fock/Kohn–Sham algorithm [44–46]. Raman intensities
were determined analytically by computing the derivatives of polarizability with respect to
atomic displacements, in accordance with Placzek’s approximation.

The chemical bonds and electron density distribution properties were investigated
by applying the Quantum Theory of Atoms in Molecules and Crystal (QTAIMAC) [47], as
implemented in CRYSTAL17 with the Topond program [48]. In this case, the critical points
of the bonds, referred to as bond critical points (BCPs), were evaluated here by analyzing the
electron density, ρ(r). Notably, this analysis of BCPs involves evaluating various quantities
to define the bond character, including electron density, Laplacian (∇2ρ(r)), the ratio of
potential energy density to kinetic energy density (V(r)/G(r)), and the total electronic
energy density (H = V(r) + G(r)) which defines the bond degree H/ρ(r). In turn, these
values can indicate the nature of the bond, whether it be covalent, ionic, or transient.

Additionally, the shape of the bond was described using the ellipticity parameter
(ε), which indicates the degree and direction of polarization of the density. From this
perspective, a value of ε close to zero suggests a localized density characteristic of an ionic
or covalent bond in a polar molecule. Conversely, ε ≈ 1 indicates an elliptical bond shape
with more scattered density between the two attractors.

Also, it is important to highlight that we do not include the Spin–Orbit Coupling (SOC)
effects in our calculations, since we are interested in properties other than superconductivity.
Furthermore, there is no implementation of SOC in CRYSTAL23 since it is not yet in its
complete form, as not all basis sets are available to consider such an effect. Although SOC
significantly impacts the electronic structure of heavy elements like Pb, its omission may
alter absolute band gap values but does not affect the overall qualitative trends observed.

3. Results and Discussion
3.1. Structural Properties

Figure 1a shows a representation of the PSO unit cell, with experimental lattice param-
eters of a = 13.746 Å; b = 5.696 Å; and c = 7.066 Å and angles α = γ = 90◦ and β = 115.79◦ [49].
The lanarkite PSO structure has monoclinic symmetry (belonging to the C2/m space group)
and is composed of a combination of altered penta-coordinated lead [PbO5] and tetra-
coordinated sulphur [SO4] clusters. Figure 1b,c show the results of our investigation of the
influence of the density functional on the lattice parameters. The dashed lines indicate the
experimental values for the respective parameters.
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Figure 1. (a) Bulk structure unit cell and its constituting clusters, (b) lattice parameters, (c) β (angle
between a and c), and (d) band gap energy variations in function of density functional. Dashed dotted
line represents reference values for each parameter [49].

As shown in Figure 1b,c, all density functionals used in this study can accurately
describe the PSO lattice (see Table S1 for further details), with small variations observed
between the theoretical and experimental values. For instance, the sum of the deviations
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found for all these lattice parameters (in percentage) was 0.71% for WC1LYP, 0.67% for
PBE0, 0.21% for PBESOL, and 0.16% for PBESOL0. However, it is well known that in
the development of new semiconductor materials, the band gap is the most fundamental
property [3]. So, among all the density functionals tested in this study, PBE0 presented a
band gap value closest to what is expected for the structure, as can be seen in Figure 1d.
Therefore, all subsequent analyses of this system were performed using the PBE0 func-
tional. It is important to note that exploring the influence of various density functionals
is crucial to accurately describing the electronic structure and properties of complex ma-
terials. Standard GGA functionals, such as PBE, often underestimate band gaps due to
their lack of exact exchange, leading to discrepancies in electronic property predictions.
PBE0, a hybrid functional incorporating a fraction of Hartree–Fock exchange, provides a
significant improvement by correcting for delocalization errors, yielding more reliable band
gap estimations. Its balance between accuracy and computational cost makes it particularly
suitable for materials where electronic structure plays a key role in functionality. Addition-
ally, the use of an all-electron basis set ensures higher precision in resolving both core and
valence interactions, further refining the computed electronic properties. The selection of
PBE0 in this study represents an optimal trade-off, offering enhanced predictive capability
while maintaining feasibility for larger systems.

In terms of PBE0, the calculated lattice parameters of our structure are a = 14.02 Å
(−1.97%); b = 5.73 Å (−0.67%); and c = 7.14 Å (−1.08%), with an angle β of 115.3◦ (0.43%),
all of which are in good agreement with most of the experimental studies [28,49]. In this
lanarkite structure, the [PbO5] clusters are formed with five Pb–O bond lengths, with
values of approximately 2.29, 2.35, 2.57, 2.60, and 2.79 Å, while the [SO4] clusters have
the same S–O bond lengths of 1.54 Å. The bond lengths estimated in this study agree
with the experimental data reported for PSO (lanarkite-type) [30], highlighting the high
computational accuracy used. Therefore, we believe that these distortions in the [PbO5]
clusters are the origin of their physical properties.

This study also evaluated the spectroscopic properties of the optimized structure cal-
culated at the PBE0 level through Raman spectroscopy and XRD, as they provide chemical
and structural fingerprints for the monoclinic PSO structure. Figure 2a,b show the XRD
patterns and the simulated Raman spectra of the PSO structure. Furthermore, the results
are similar to those obtained experimentally and are more pronounced at lower angles [50].
Moreover, PSO has 24 active Raman modes, of which only 6 are the most relevant and
intense, as shown in Figure 2b. These intense modes are located at 142.95 cm−1 (Ag, high
lead rocking and small sulphur wagging), 344.85 cm−1 (Bg, lead rocking and sulphur
scissoring), 357.11 cm−1 (Ag, lead and sulphur symmetrical stretching), 844.55 cm−1 (Ag,
sulphur symmetrical stretching), 957.91 cm−1 (Bg, sulphur asymmetrical stretching), and
974.43 cm−1 (Ag, sulphur asymmetrical stretching and wagging). A video animation of the
vibrational Raman-active mode movements is provided in the Supplementary Material.

The observed lower-frequency vibrational modes can be attributed to a combination
of the vibrations of the [PbO5] and [SO4] clusters, with a dominant vibration from [PbO5],
whereas at higher frequencies, we observed that [SO4] is the only cluster that vibrates.

3.2. Bond Analysis

Table 1 shows the topological parameters for four different bond critical points (BCPs)
found in the [PbO5] cluster and two in the [SO4] cluster, obtained from the QTAIM analysis
performed using the PBE0 functional.
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Figure 2. The theoretical (a) X-ray diffraction curves and (b) vibrational Raman spectra of the PSO
structure. The XRD pattern of the optimized structure was determined through the RIETAN-RF
methodology [51] implemented in VESTA software [52].

Table 1. Topological properties of PSO measured at BCPs: bond distance (Å), electron density (ρ(r)),
Laplacian of electron density (∇2ρ(r)), |V|/G ratio, bond degree (H/ρ(r)), ellipticity (ε), and bond
type. Labels “cov”, “T”, and “ionic” denote covalent, transitory, and ionic bond (interactions) types,
respectively.

Bond Critical Points

A-B d ρ ∇2ρ G V |V|/G H/ρ(r) ε Bond

Pb-O1 2.29 0.065 0.209 0.063 −0.073 1.168 −0.163 0.011 T cov

Pb-O2 2.35 0.031 0.112 0.028 −0.028 0.999 0.001 0.010 T

Pb-O3 2.57 0.020 0.065 0.015 −0.014 0.927 0.055 0.075 ionic

Pb-O4 2.60 0.012 0.038 0.008 −0.007 0.852 0.100 0.100 ionic

S-O1 1.54 0.224 0.278 0.289 −0.509 1.760 −0.983 0.001 T cov

S-O2 1.54 0.224 0.251 0.284 −0.506 1.779 −0.988 0.006 T cov

The [PbO5] cluster BCPs are arranged in a crescent order of bond length, which shows
that the smaller bond distances have a greater concentration of electron density at the BCP
and exhibit a transitory incipient covalent bond character owing to the negative covalent
degree. The |V|/G ratio and ellipticity values serve as quantitative indicators of bond
nature, distinguishing covalent, ionic, and transient interactions within Pb2SO5, where
values for |V|/G < 1, 1 < |V|/G < 2, and |V|/G > 2 indicate a closed shell, transitory
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region, and shared shell, respectively. As the bond distance increases, the ratio |V|/G
approaches unity, and the incipient covalent starts to change to a more directional form.
Consequently, a transitory ionic behaviour is induced, which is, of course, confirmed by
the small concentration of electron density at this point, and the bond degree (H/ρ(r))
is close to 0. At greater bond distances, the bonding changes to completely ionic, where
the electron density is almost completely at the atoms and not at the BCP; however, the
ellipticity suggests a small covalent behaviour (no such spherical shape of the bond). For
[SO4], the bonds have a high concentration of charge density, a high |V|/G ratio, and a
negative bond degree, indicating an incipient covalent bond with a spherical bond shape.
To generate a three-dimensional visualization of the QTAIMAC descriptors, TopIso3D
Viewer was used in this study [53]. The results of this can be seen in the HTML file in the
Supplementary Material.

Additionally, Mulliken analysis showed that in the [PbO5] cluster, the Pb–O bonds had
an overlap population of 64, 40, and 34 m|e|, whereas in the [SO4] clusters, the S–O bonds
had a bond overlap of about 528 m|e|. This result suggests that the sharing of electrons is
greater in the [SO4] cluster than in [PbO5], as expected.

3.3. Electronic Properties

Figure 3a displays the band structure and DOS of the monoclinic PSO structure obtained
through the high-symmetry path (Γ—C|C2—Y2—Γ—M2—D|D2—A—Γ|L2—Γ—V2) along
the Brillouin zone. As is well known, the band gap is indeed a crucial property in the
design and engineering of new semiconductor materials [1–4]. For the PSO (lanarkite-type)
system, this information is only available on the Materials Project website. Based on these
theoretical results found on the Materials Project website, PSO has an indirect band gap
of approximately 3.13 eV [15]. However, we know that the accuracy of this parameter is
very sensitive to the density functional and the basis set used [54–56]. Figure 1d compares
the estimated band gap values for the PSO structure from the seven density functionals
used in this study. A higher band gap value obtained with a specific density functional
indicates that it provides a better description of the electronic structure and properties of the
material. This parameter is therefore best described by PBE0 followed by the PBESOL0 and
B3LYP functionals. To this end, it is important to understand that theoretical predictions
are crucial for Pb2SO5 due to the lack of experimental band gap data. The Materials Project
reports a 3.13 eV band gap using GGA-PBE, which is known to underestimate electronic
gaps due to delocalization errors. In contrast, our PBE0 calculation yields 4.83 eV, offering
improved accuracy through exact exchange contributions. This value aligns well with
trends in similar lead-based oxysulphides, reinforcing its reliability. While GW or HSE06
could provide further refinements, PBE0 offers a practical balance between precision and
computational efficiency, making it a robust choice for describing the electronic structure
of Pb2SO5.

The analysis of PBE0 calculations shows that the band are well defined, and it has an
indirect band gap energy of 4.83 eV, where the valence band (VB) maximum is located at
the C point, while the conduction band (CB) minimum is at M2 (Figure 3a). The projected
DOS (Figure 3a) shows that the O states have a major influence on the band gap in relation
to the 2px, 2py, and 2pz orbitals and a minor influence on the Pb 6s, 6py, and 6pz states in
the VB, with no presence of S states around the band gap. In the CB, one major influence is
from the Pb 6px, 2py, and 2pz orbitals and a minor influence is from the O 2pz, S 2s, and
2px orbitals. Interestingly, S atoms have a greater influence at lower and higher energy
values, far from the forbidden zone. For clarity, Figure S1 (see Supplementary Material)
shows the DOS as a function of the elemental orbital.
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Figure 3. (a) Band structure of PSO in high-symmetry path in Brillouin zone and its density of states
(DOS) and (b) band edge positions for PSO (our work) and for other materials [57,58].

The band edge positions (Figure 3b) were also elaborated to analyze the potential
uses of PSO, along with other materials [57,58], in the photocatalytic water separation
process using solar energy to produce oxygen (O2) and hydrogen (H2) and to photodegrade
pollutants via reduced oxygen species (ROS). For a semiconductor photocatalyst to work
well, it needs to have the right energy levels of its CB and VB so that they can match the
energy needed to split water into hydrogen and oxygen. This property can be evaluated
through the redox potentials E0

(
O2/•O−

2
)

and E0
(
OH−/•OH

)
, which was highlighted to

evaluate the possibility of ROS generation. As can be seen in Figure 3b, PSO, which is a
p-type semiconductor, has a good band edge positioning for the reduction processes of
CO2, O2/•O−

2 , and H+/H2, as well as the oxidation process of H2O/O2 and OH−/•OH,
as indicated by the dashed dotted lines.
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To better understand the mobility of electrons in the bands, the effective masses of
electrons (m∗

e ) and holes (m∗
h) were determined, and they are inversely proportional to the

second derivative of the band energy with respect to the k-point, which implies that the
greater the effective mass, the more difficult it is to drive electrons through the bands [59,60].
Hence, the effective mass tensor definition is given by the following:(

1
m∗

)
µν

=
1
ℏ

d2En(k)
dkµdkν

(1)

where En(k) is the n-th band energy, and kµ and kν are the k-points in the Brillouin zone in
the µ and ν directions, respectively [59,60]. This indicates that the hole effective mass is
greater than the electron effective mass because the lowest-energy CB has a parabolic shape,
as indicated by the yellow point in Figure 3a. For the effective mass analysis, a symmetrical
path in the Brillouin zone of Γ-C-Γ (VB) and Γ-M2-Γ (CB) was used. PBE0 calculations
showed that PSO has an effective mass of electrons (m∗

e /m0) and holes (m∗
h/ m0) and mass

ratios (m∗
h/m∗

e ) of about 5.408, 1.041, and 0.192. As the m∗
h/m∗

e ratio is small, we have a
lower recombination ratio of electron–hole pairs, which can, in principle, be interesting
for p-type conductivity [61]. In photocatalysis, this enhances the availability of reactive
species for surface reactions, boosting efficiency. In solar cells, a low mh/me ratio improves
carrier transport, enabling higher charge extraction and better power conversion. In sensor
applications, it increases sensitivity and accelerates response time.

3.4. Mechanical Properties and Dynamical Stability

The elastic properties of the PSO system were also calculated. As PSO belongs to
the C2/m monoclinic symmetry space group, thirteen independent elastic constants were
obtained by applying small displacements to the equilibrium structure, as implemented in
CRYSTAL17 software. So, the calculated elastic constants are summarized in Table 2.

Table 2. Elastic constants of monoclinic (C2/m) Pb2SO5 structure, in GPa.

C11 C22 C33 C44 C55 C66 C12 C13 C23 C15 C25 C35 C46

88.18 80.09 83.60 2.48 17.97 16.89 32.27 16.48 17.20 1.46 0.86 −8.54 2.33

To verify mechanical stability, it is important to verify whether the Born–Huang criteria
for stability are satisfied. Hence, for a monoclinic structure, the Born stability criteria are
given by the following eight equations [62]:

Cii > 0 (2)

C11 + C22 + C33 + 2(C12 + C13 + C23) > 0 (3)

C33C55 − C2
35 > 0 (4)

C44C66 − C2
46 > 0 (5)

C22 + C33 − 2C23 > 0 (6)

C22

(
C33C55 − C2

35

)
+ 2C23C25C35 − C2

23C55 − C2
25C33 > 0 (7)

2[C15C25(C33C12 − C13C23) + C15C35(C22C13 − C12C23)

+C25C35(C11C23 − C12C13)]

−[C2
15
(
C22C33 − C2

23
)
+ C2

25
(
C11C33 − C2

13
)

+C2
35
(
C11C22 − C2

12
)
] + C55g > 0

(8)
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g = C11C22C33 − C11C2
23 − C22C2

13 − C33C2
12 + 2C12C13C23 (9)

Our results indicate that the PSO elastic constants fully satisfy the Born stability
criteria, confirming its mechanical stability, where the calculated values of each equation
were ~3.84 × 102, 1.43 × 103, 3.6 × 101, 1.29 × 102, 1.09 × 105, 8.03 × 106, and 4.74 × 105,
from Equations (2) to (8). Beyond these, we also calculated phonon dispersion to confirm
dynamical stability. To this end, the tight-binding density functional theory (DFTB) was
employed, using DFTB+ software [63], along with the extended tight-binding method
(xTB/GFN1) [64,65] combined with the Phonopy package [66,67]. This approach was the
right choice due to the size of the supercell (3 × 3 × 3), which implies a supercell with
432 atoms, and it was used in our previous works successfully [68,69]. Moreover, the loss
of symmetry in the displacement phonon supercell imposed feasibility restrictions and
significantly increased computational costs, making this approach the most practical option.
Our calculations show the absence of imaginary frequencies, as can be seen in the phonon
band structure (Figure 4), also confirming that our structures are not metastable.

Figure 4. Phonon band structure of PSO in high-symmetry path in Brillouin zone.

4. Conclusions
In summary, we provided very rich computational information to better understand

the physical and chemical properties of the monoclinic PSO structure. For bulk calculations,
different DFT functionals (e.g., PBE, PBE0, PBESOL, PBESOL0, BLYP, WC1LYP, and B3LYP)
were applied to accurately predict their structural, electronic, and spectroscopic properties.
All the density functionals employed in this study were proven to be suitable for accurately
reproducing the experimental lattice parameters of PSO. Notably, PBE0 exhibited the closest
agreement with the experimental band gap values. Our DFT calculations show that PSO is
a p-type semiconductor with an indirect band gap of about 4.83 eV and an effective mass
ratio (m∗

h/m∗
e ) of about 0.192 (using PBE0 calculations). These theoretical findings open new

opportunities in research with lanarkite-type materials and hence are of great importance
for describing their exotic functional properties, allowing for an in-depth understanding of
the nature of their chemical bonds as well. As the first in-depth investigation using DFT,
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this study establishes a fundamental benchmark, paving the way for future explorations
and advanced computational assessments in this field.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/physchem5020022/s1, Figure S1: Partial Density of States of
lanarkite PSO; Table S1: Influence of the functional in the lattice parameters (a, b and c in Å; and β

in degrees) and band gap energy (Egap, in eV). The ∆ indicates the percentual difference from the
experimental to the calculated data; Video S1: Lanarkite PSO vibrational modes.
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G.S.L.F., M.M.F., J.R.S. and F.A.L.P.; Investigation, G.S.L.F., C.R.R.A., C.A.P., J.R.S. and F.A.L.P.; Re-
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