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The design and synthesis of novel inorganic pnictides has long been challenging due to the difficulty in
achieving a wide band gap, with most pnictides exhibiting a narrow band gap E£4 <2.0 eV. This work
reports the first synthesis of A—-M—-Pn—-Ch phase A[AsCh][Si1oP20l (A = Sr, Ba; Ch = S, Se, Te) by
introducing highly electronegative chalcogen elements (S, Se, Te) into the Ba/Sr—Si—P system. They
exhibit wide band gaps of 1.91-2.27 eV, significantly outperforming known compounds in the Ba/Sr-Si—
P and A-M-Pn-X (X = halogen) systems. Theoretical calculations reveal that the wide band gaps
originate from the electronic regulation effect of the [A¢Ch] octahedral ionic units, whose moderate
ionic-covalent hybrid bonding characteristics promote charge localization and effectively suppress the
metallic behavior of the system. Moreover, by constructing the mixed octahedral ionic unit [Ba,Sr4Ch] as
an interpenetrated guest, the inversion symmetry of the interpenetrated host [SijoP,0] covalent
enabling Ba[Ba,Sr4Chl[Sii»P2ol
centrosymmetric space group F43m. This work proposes a strategy based on regulating the electronic
structure via [AgCh] octahedral ionic units, providing a previously unreported paradigm for the design
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Introduction

Inorganic pnictides with photovoltaic, superconductive,
nonlinear optical (NLO), thermoelectric, radiation detection,
and catalytic properties, among others, have attracted wide-
spread interest and sustained attention.'”® Pnictides are prom-
ising infrared NLO candidates due to their generally large NLO
coefficients and wide IR transparency windows. Nevertheless,
pnictides suffer from narrow band gaps (E, < 2.0 eV for most
pnictides).”* In oxides and chalcogenides,"*"” introducing
strongly ionic, large-radius alkali metals (e.g. K, Rb, or Cs) or
alkaline-earth metals (e.g. Ca, Sr, or Ba) is a common design
strategy. These cationic species not only balance the charge of
the anionic framework but also enhance the overall ionicity of
the system and reduce interatomic orbital overlap, thereby
widening the band gap. For instance, in the BaGa,S; crystal,
Ba®* ions effectively tailor the covalent network of the GaS,
tetrahedral framework, increasing the system's ionicity.
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and synthesis of wide-band-gap pnictides.

Consequently, BaGa,S, exhibits a larger band gap (3.54 eV)
compared to Ga,S; (2.80 eV), AgGaS, (2.76 eV), and ZnGa,S,
(3.18 eV)."*?° However, in IA/IIA-IIIA/IVA-P pnictides containing
strongly ionic, large-radius alkali metals (e.g. K, Rb, or Cs) or
alkaline-earth metals (e.g. Ca, Sr, or Ba), the band gaps are
generally lower than those of SiP (1.71 eV), ZnSiP, (2.26 eV), and
ZnGeP, (1.97 eV). Examples include BaSi,P;, (1.48 eV), SrSi,P;,
(1.51 eV), Ba,SiP, (1.45 eV), Sr,SiP, (1.45 V), Ba,Si;Pg (1.88 eV),
and BaGe,P, (1.32 eV).**>* Although the introduction of ions
such as Ba/Sr enhances local ionicity, the size effect and elec-
trostatic interactions of these ions typically reduce the coordi-
nation number of P/As atoms in the system (to less than 3CN).
Due to their weak electron affinity and insufficient electroneg-
ativity, P/As atoms cannot stabilize a formal eight-electron
closed-shell configuration, leading to the delocalization of
non-bonding electron pairs. As a result, the covalent interaction
between IA/IIA and P disappears, and it tends toward an inter-
metallic interaction, causing the band gap to decrease rather
than increase. Therefore, effectively widening the band gap of
pnictides requires the comprehensive regulation of their
“ionicity-covalency-metallicity”.

Although pnictides containing large-radius IA/ITA metals
generally do not exhibit wide band gaps, this does not preclude
their use as compositional elements when designing novel
pnictide nonlinear optical materials. Our team pioneered the
introduction of halogen X into the A-M-Pn system (i.e., target-
ing the A-M-Pn-X phase field) to construct asymmetric A-X
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ionic units, breaking the local inversion symmetry of M-Pn
groups and enabling the directional assembly of covalent
groups.” This approach successfully yielded the balanced-
performance salt-including pnictides [Sr,Br],[Mg;SizsPao] (5.2
X AGS, E; = 1.9 eV) and [Ba;Br][GaSi;oP;¢] (6.4 x AGS, E; = 1.86
eV). The occupied np orbitals of halogens reside at lower energy
levels, which can lower the energy level of the valence band
maximum (VBM) of the system. Simultaneously, the formation
of A-X ionic units weakens the contribution of the (n-1)d empty
orbitals of IA/IIA metals to the conduction band minimum
(CBM), thereby helping to elevate the CBM and effectively widen
the band gap. The electronegativities of the chalcogen elements
S (2.58) and Se (2.55) are greater than that of P (2.19). Therefore,
introducing S and Se is expected to enhance the band gap of
pnictides. Chalcogens tend to coordinate with A-site cations,
collectively balancing the charge of the system, thereby forming
chalcogenide-including pnictides. This involves introducing Ch
into the A-M-Pn system (i.e., targeting the A-M-Pn-Ch phase
field) to construct asymmetric A-Ch ionic units that break the
local inversion symmetry of M-Pn groups. Compared to A-X
bonds, A-Ch bonds possess stronger covalent character, which
helps reduce the overall ionicity and metallicity of the system,
enabling band gap enlargement.

Guided by the above rationale, we successfully designed and
synthesized eight pnictides: Ba[BasCh][Si;»Ps0] (Ch = S, Se, Te),
Ba[Ba,Sr,Ch][Si;,P50] (Ch =S, Se, Te), and Sr[Sr¢Ch][Si;,P50] (Ch
= Se, Te). These compounds exhibit a unique interpenetrated
topological structure. To date, there have been no reports of
pnictides in the A-M-Pn-Ch phase field. The highly symmetric
[BagCh]/[SrsCh] octahedral ionic motifs force the (SigP;6) cova-
lent units into an inversion-symmetric configuration, resulting
in crystallization in the centrosymmetric space group Fm3m.
The difference in ionic radii between Ba>* (1.60 A, CN = 12) and
Sr** (1.44 A, CN = 12) allows the construction of [Ba,Sr,Ch]
mixed octahedrons, which reduces the symmetry of the inter-
penetrated guest ionic moiety. This effectively breaks the local
inversion symmetry of the structure, leading to differentiated
arrangements of the interpenetrated host covalent (SigPye)
building units, and increases the number of Wyckoff sites,
leading to crystallization in the NCS space group F43m. The Ba
[Ba,Sr,Ch][Si;»Ps] series exhibits wide band gaps (2.08-2.15 eV,
significantly superior to known compounds in the Ba/Sr-Si-P
and A-M-Pn-X systems), moderate SHG responses (0.35-0.45 X
AGS), and broad infrared transmission ranges (~10.2 pm).
From the perspective of the local coordination environments of
both the interpenetrated guest octahedral ionic units [AsCh]
and the interpenetrated host covalent framework [Si;,P,], this
work provides an in-depth elucidation of the symmetry influ-
ence exerted by the [A¢Ch] guest units on the host covalent
structure and the associated band gap enhancement
mechanism.

Results and discussion

Ba[BasCh][Si;»Py0] (Ch =S, Se, Te) and Sr[SreCh][Si;,P,0] (Ch =
Se, Te) are isostructural and crystallize in the centrosymmetric
space group Fm3m (No. 225), with unit cell parameters of a =
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b =c=15.530(15)-15.826(8) A, « = § = y = 90°, and Z = 4. The
Ba[Ba,Sr,Ch][Si;,P,0] (Ch =S, Se, Te) compounds are also iso-
structural with each other, belonging to the
centrosymmetric space group F43m (No. 216), with unit cell
parameters of @ = b = ¢ = 15.567(6)-15.6412(4) A, a = f = v =
90°, and Z = 4 (Tables S1-S5, SI). Ba[BaeS|[Si;»Ps0] and Ba
[Ba,Sr,S|[Si1oPy0] Were selected as representative structures for
detailed analysis. The asymmetric unit of Ba[BagS]|[Sii2Pa0]
contains six crystallographically independent atoms: two Ba
atoms, one S atom, one Si atom, and two P atoms. In contrast,
the asymmetric unit of Ba[Ba,Sr,S][Si;,Py] contains eight
crystallographically independent atoms: one Ba atom, one Ba/Sr
(1:2) mixed-occupancy atom, one S atom, two Si atoms, and
three P atoms.

The structure of Ba[BagS]|[Sij,P,0] consists of a three-
dimensional covalent [Si;yP,]'>” inorganic framework built
from SiP, tetrahedra, with Ba®* cations and [BaeS]'*" units
acting as charge-balancing guests occupying the channels
(Fig. 1a). The [Si;,P,0] framework is constructed from (SigP;e)
units connected via edge-sharing SiP, tetrahedra and can be
described based on six vertex-sharing SiP, tetrahedra (Fig. 1d).
The edge-sharing P1 atoms are 2CN, while the vertex-sharing P2
atoms are 3CN. The Si1-P1 and Si1-P2 bond lengths are 2.229 A
and 2.252 A, respectively, and the P1-Si1-P1, P1-Si1-P2, and
P2-Si1-P2 bond angles are 103.8°, 109.3°, and 115.3°, respec-
tively, indicating a certain degree of distortion in the SiP,
tetrahedra. The S atom coordinates with six neighboring Bal
atoms to form a [BagS] octahedron and does not directly coor-
dinate with Ba2 atoms. The [BasS] and Ba2 units act as ionic
guests, alternately arranged within the [Si;,P,o] covalent
framework (Fig. 1e), forming an interpenetrated cubic topology
(Fig. 1f and g). Similar interpenetrated structures have been
reported in MOF materials such as [Co,O(bpdc);][Zn,O(L1);]
and the borate Na,[Al;(BOs),]- CL,>**2® but they are extremely rare
in pnictide and chalcogenide systems.

The interpenetrated host covalent framework [Si;;Pyo]
possesses large pores, providing a structural basis for the
substitution of ionic sublattices. Both Ba[BasCh][Sii»P20] (Ch =
S, Se, Te) and Sr[SrsCh][Si12Py0] (Ch = Se, Te) are centrosym-
metric. Even when Ba is fully replaced by Sr, the [BagCh] and
[Sr¢Ch] octahedra remain highly symmetric, resulting in the
covalent (SigPj6) units adopting an inversion-symmetric
configuration, similar to the case of Cs[BasCl|[Si;,P,0] reported
by Kirill Kovnir. Our systematic investigation of six-coordinated
[A¢Ch]/[AcX] group compounds (Table S6) shows that most
crystallize in centrosymmetric space groups,” which is unfa-
vorable for nonlinear optical crystals. Our team recently
proposed a strategy using asymmetric ionic units to direct the
orientation of covalent groups, which can effectively guide the
formation of non-centrosymmetric structures. Although Ba and
Sr are alkaline earth metals with very similar physicochemical
properties and tend to result in mixed occupancy, the difference
in their ionic radii (Ba®>": 1.60 A, Sr*": 1.44 A, CN = 12) can
reduce the symmetry of the ionic units.

Based on this strategy, we replaced the KI flux with SrBr, and
increased the reaction temperature from 900 °C to 1000 °C. Sr
from the flux partially substituted the Ba1l site in [BagS], forming

non-
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Fig.1 Crystalstructure. (a) The crystal structure of Ba[BagS][Si1»P»0] within the unit cell. (b) The crystal structure of Ba[Ba,Sr4SI[Si1»>P2o] within the
unit cell. (c) Two connected (SigP16) units. (d) The host covalent framework of (SigP16). (€) Guest ionic units of Ba and [BagSl/[BasSrsS]. (f) A
schematic diagram showing blue spheres representing Ba atoms, yellow spheres representing [BagS]/[Ba,Sr4S] units, and green spheres rep-
resenting (SigP1e) units. (g) A schematic diagram of the interpenetrated topological structure.

Ba[Ba,Sr,S][Si1»Ps0] (Fig. 1b). In the resulting [Ba,Sr,S] mixed
octahedral unit, S1 remains at the 4a site, while Ba1/Sr1
occupies the 24f site with mixed occupancy (Table 1). The
mixed cation occupancy and atomic displacement directly
reduce the symmetry, breaking the highly symmetric [BagS]
octahedral configuration originally corresponding to Bal atoms
at the 24e site. The symmetry breaking of the guest unit prop-
agates through the lattice, perturbing the [Si;,P,o] covalent
framework and causing the splitting of originally equivalent
atomic sites: the Si atoms split from a single 48g site (Si1) into
two independent 24g sites (Sil and Si2); the 2CN P1 atoms shift
from the 48i to the 48h site; and the 3CN P atoms split from the
32f site (P2) into two 16e sites (P2 and P3). The two distinct
(SigPy6) structural units, composed of Si1-P1-P2 and Si2-P1-P3,
exhibit differentiated distortion. For the Si1-P1-P2 unit, the

Table 1 Wyckoff sites of Ba[BagChl[Si1»P2ol, SrlSreChl[Sii»P20] and Ba
[BaZSr4Ch][Si12on]

Ba[BagCh][Si;2Pay)] Bal Ba2 Sil P1 P2 Ch1
24e 4b  48g 48i  32f 4a

SI[SrsCh][Si;2Ps0] sr1 Sr2  si1 P1 P2 Ch1
24e 4b  48g 48i  32f 4a

Ba[Ba,Sr,Ch][Sij,P,,] Bal/Srl Ba2 Si1,Si2 P1 P2, P3 Chil
24f ab  24g 4g8h  16e 4a

© 2026 The Author(s). Published by the Royal Society of Chemistry

Si1-P1 and Si1-P2 bond lengths are 2.223 A and 2.271 A,
respectively, with P1-Si1-P1, P1-Si1-P2, and P2-Si1-P2 bond
angles measuring 104.6°, 108.2°, and 118.6°, respectively. For
the Si2-P1-P3 unit, the Si2-P1 and Si2-P3 bond lengths are
2.230 A and 2.209 A, respectively, with P1-Si2-P1, P1-Si2-P3,
and P3-Si2-P3 bond angles measuring 104.2°, 109.6°, and
114.0°, respectively. The coexistence of these two (SigP;6) units
with distinct distortion confirms the asymmetric deformation
of the covalent framework and the deviation from a centrosym-
metric nature (Fig. 1c). The observed SHG signals further verify
the non-centrosymmetric nature of the Ba[Ba,Sr,Ch][Si;,Ps]
(Ch =S, Se, Te) system, fully demonstrating the feasibility of
using mixed ionic guest units to drive symmetry reduction in
crystal structures.

The coordination environments of Bal/Srl1 and Ba2 in the
ionic units differ significantly in Ba[Ba,Sr,S]|[Sii»P20]- The Bal/
Srl atom in [Ba,Sr,S] interacts with four 2CN P1 atoms, two
3CN P2 atoms, two 3CN P3 atoms, and one S atom (Fig. 2a). The
Bal/Sr1-S (3.251 A) and Ba1/Sr1-P1 (3.245 A) bonds exhibit
some covalent character, while the Ba1/Sr1-P2 (3.627 A) and
Ba1/Sr1-P3 (3.713 A) bonds are less covalent. The isolated Ba2
atom interacts with twelve 2CN P1 atoms (Fig. 2b), with Ba2-P1
(3.745 A) showing weak covalent character. The [Ba,Sr,S] unit
coordinates with thirty-two surrounding P atoms to form the

Chem. Sci.
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(Ba1,/Sr1,S)@P;, + (Ba2)@P,,

g.» 'gs.

pacihﬁrg}of
truncated octahedra and cuboctahedra

Fig. 2 The coordination environments of Bal and Ba2 atoms in Ba[Ba,Sr4S][Si1oP2ol. (@) The coordination environment of Bal. (b) The coor-
dination environment of Ba2. (c) The truncated octahedron (Bal,/Sr1,S)@Ps, and cuboctahedron (Ba2)@P;,. (d) The rock-salt sublattice packing

in BalBaySr4Sl[SiioPaol.

truncated octahedron (Bal,/Sr1,S)@Ps,, with twenty-four P1
atoms at the vertices and four P1 and four P2 atoms located at
the centers of the hexagonal faces of the truncated octahedron
(Fig. 2c). The isolated Ba2 atom coordinates with twelve 2CN P1
atoms to form the cuboctahedron (Ba2)@P;,. The large, trun-
cated octahedron (Bal,/Sr1,S)@P;, and the cuboctahedron
(Ba2)@P;, share square faces and are packed together in a rock-
salt sublattice arrangement (Fig. 2d). The distance between two
diagonally opposed P atoms in the square face shared by the
cuboctahedron and the truncated octahedron is 5.296 A. The
channel size between Ba1/Sr1 and Ba2 is comparable to that of
zeolites, typically ranging from 4.2 A to 7.4 A. Ba[BagS][Si;2P20]
exhibits a similar coordination environment (Fig. S1a-d).

The powder XRD patterns of the target compounds show
excellent fitting results, confirming the reliability of the single-
crystal structure determination (Fig. S2a-h). Energy-dispersive
spectroscopy (EDS) indicates that the elemental ratio of Ba/Si/
P/S in Ba[BagS]|[SijaPs0] is 7.06/11.99/19.93/1.02, consistent
with the single-crystal XRD result of 7/12/20/1. Meanwhile, the
elemental ratio of Ba/St/Si/P/S in Ba[Ba,Sr,S][Si;sPy0] is 3.02/
3.95/12.01/20.06/0.96, consistent with the single-crystal XRD
result of 3/4/12/20/1. The remaining compounds in this series
all exhibit similar consistency in elemental ratios (Fig. S3a-h).

Diffuse reflectance measurements reveal that the powder
band gap values of this series of chalcogenide-inclusion pnic-
tides are 2.27, 2.23, 2.19, 2.15, 2.10, 2.08, 1.95, and 1.91 eV
(Fig. 3a, ¢, e, g, S4a, ¢, e, and g). The band gap sizes correlate
with the variation in crystal color. To our knowledge, these
values represent the highest reported band gaps for pnictides in

Chem. Sci.

the Ba/Sr-Si-P system.**** This indicates that even a very small
proportion of chalcogen atoms (Ch/P = 1/20) plays a crucial role
in enhancing the band gap. Furthermore, these compounds
exhibit significant band gap advantages compared to other sil-
icophosphides such as A-M-Pn-X and A-Si-P (Fig. 3i).

Raman spectroscopy was used to analyze the vibrational
modes of the chalcogenide-including pnictides: low-frequency
peaks primarily originate from Ba/Sr-S/Se/Te bond vibrations,
mid-frequency peaks arise from Ba-P and Si-P bond vibrations,
and high-frequency peaks are attributed to Si-P bond vibrations
(Fig. S5). IR ATR transmission spectra show no significant
absorption peaks in these crystals up to approximately 10.2 pm
(~980 cm ™) (Fig. 3b, d, f, h, S4b, d, f and h). Their IR trans-
mission cutoff ranges are comparable to those of other silico-
phosphides like CdSiP, (~10.0 um),* Ag,SiP, (~10.0 pm),"
MgSiP, (~10.3 pm)* and [Sr,Br],[Mg;SizsPa0] (~9.4 um).>® This
is because their IR absorption edges are determined by the two-
phonon absorption of Si-P bond vibrations (v: ~1010 cm™%).
Thermogravimetric (TG) analysis indicates that Ba[BasCh]
[SiioP0] remains stable without decomposition within the
temperature range of 40-900 °C (Fig. S6). The thermal stability
surpasses those of most salt-inclusion pnictides and chalco-
genides, attributable to the synergistic effect of the rigid Si-P
covalent framework and the polar ionic-covalent Ba-S/Se/Te
bonds.

The powder SHG responses were evaluated using the Kurtz-
Perry method with AgGaS, (AGS) as a reference standard.* As
Ba[Ba,Sr,Ch|[Si;,P,o] crystallizes in a cubic system, it is ex-
pected to exhibit non-type-I phase-matching behavior (Fig. 4a).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Nonlinear optical properties. (a) Plots of SHG signal versus particle size. (b) Measured SHG signals at a particle size of 75-106 um.
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Under laser irradiation at a wavelength of 2.05 pm, poly-
crystalline samples of Ba[Ba,Sr,S][Si1»Ps0], Ba[Ba,Sr,Se]
[Si12Ps0], and Ba[Ba,Sr,Te][Si1,Py0] with particle sizes of 75-106
um exhibited SHG intensities 0.35, 0.40, and 0.45 times that of
AGS, respectively (Fig. 4b). These results indicate that the
[Ba,Sr,Ch] mixed-occupancy octahedral ionic units effectively
break the inversion symmetry of the structure, despite the
overall high symmetry of Ba[Ba,Sr,Ch][Si;,P,,]. Furthermore,
several other non-centrosymmetric cubic compounds have also
been reported to display SHG effects with NPM behavior, such
as ZnsPI; (2.7x AGS, F43m)," CugPSsBr (2.0x AGS, F43m),*
Cu,0Te,S15 (3.75% AGS, I43m),*” Na,[Al3(BO3),]-Cl (1.1x KDP,
P43n),*® Na,Ba,Sn,Se;s (0.2x AGS, I43d)*® and Pb,Ti;TeO;;
(0.4x AGS, F43m).*> To further confirm the SHG signal, we
measured the SHG intensity as a function of incident laser
power (6.2-14.3 mW) for Ba[Ba,Sr,Ch][Si;»P5] (Ch = S, Se,
Te).>>* In linear coordinates, the goodness of fit (R*) values are
0.998, 0.997, and 0.999 (Fig. S7a, c and e). In double-logarithmic
coordinates, the SHG intensities exhibit a good linear rela-
tionship with the incident laser power, with fitted slopes of 1.98,
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1.94, and 1.97 (Fig. S7b, d and f). These values agree with the
quadratic dependence Isyg * (P.)?, confirming that the
observed signals indeed originate from the second-harmonic
generation effect.

To gain deeper insight into the regulatory mechanism of
ionic units on the band gap of chalcogenide-including pnic-
tides, we conducted systematic first-principles calculations.
Band structure calculations reveal that Ba[BagCh][Si;2Py0] (Ch =
S, Se, Te) and Ba[Ba,Sr,Ch][Si1,Py0] (Ch = S, Se, Te) exhibit
indirect band gaps with calculated values of 1.552 eV, 1.547 eV,
1.533 eV, 1.498 eV, 1.492 eV, and 1.480 eV, respectively (Fig. 5a,
e, i, m, S8a, e, i and m). When Ba in the guest units is fully
replaced by Sr, the band gaps of Sr[SrsCh][Si;,P,0] (Ch = Se, Te)
further narrow and transition to direct band gaps of 1.285 eV
and 1.252 eV, respectively. Although the generalized gradient
approximation (GGA) functional generally underestimates
absolute band gap values, the trend in band gap variation is
fully consistent with the experimental results, validating the
reliability of the calculations. Density of states (DOS) analysis
elucidates the contributions of atomic orbitals to the band
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Fig.5 Band structures and PDOS. (a, e, i and m) Band structure diagrams, (b, f, j and n) density of states (DOS) diagrams, (c, g, k and o) projected
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structure. The chalcogenide-including pnictides exhibit similar
distributions near the Fermi level, with the valence band
maximum (VBM) dominated by P-3p orbitals and the conduc-
tion band minimum (CBM) primarily composed of Ba-5d/Sr-4d,
Si-3p, and P-3p orbitals (Fig. 5b, f, j, n, S8b, f, j, and n). The Ba/Sr
orbitals tend to occupy positions closer to the Fermi level in the
conduction band, indicating that the optical band gap is mainly
governed by Ba/Sr-P interactions.

A comparison of P atoms in different coordination environ-
ments reveals that the covalent coordination number of P
significantly influences the band gap. The 3p orbitals of 3CN P2
atoms are flatter than those of 2CN P1 atoms, contributing more
significantly to the band gap (Fig. 5¢, g, k, 0, S8c¢, g, k, and o). This
validates our previous viewpoint that higher P coordination
numbers (CN = 3/4) favor band gap widening. Notably, the
chalcogenide-including pnictides in this work share similar P
covalent coordination environments with previously reported Ba/
Sr-Si-P systems and A-M-Pn-X type compounds: P atoms are
primarily 2CN and 3CN, with only [Sr,Br|[In,Si;,P;¢] containing
4CN P atoms with non-bonding electrons, which are more
favorable for band gap broadening. Conventionally, having
a higher proportion of 4CN and 3CN P atoms in pnictides is
believed to benefit band gap widening. However, in this work,
despite an average P coordination number (ACN) of only 2.4, the
band gaps reach 1.91-2.27 eV (Table S7). In contrast, many
compounds with higher ACN values exhibit narrower band gaps,
such as Ba,Si;Ps (ACN = 2.42; 1.88 V), BaSi,P;, (ACN = 2.80; 1.48
eV), [St4Br],[MgsSi,sP.0] (ACN = 2.80; 1.90 eV), [BasBr][GaSi;oP1)
(ACN = 2.75; 1.86 eV), [Sr,Br][In,Si;;P14] (ACN = 2.68; 1.87 eV)
and [Ba,Sr,Br,][Sr,Br|[InsSiz;1Ps;] (ACN = 2.77; 1.70 eV). This
suggests that besides the positive contribution of 3CN P in the
covalent framework, the ionic units [BasCh] and isolated Ba2
likely play a critical role in band gap widening.
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To verify this hypothesis, we further analyzed the electronic
effects of chalcogen elements (Fig. 5d, h, 1, p, S8d, h, 1 and p).
The S-3p orbitals reside in the deep valence band (—3 eV to —1
eV) at the lowest energy levels, effectively lowering the VBM and
contributing most significantly to band gap broadening. As the
atomic number of the chalcogen increases, the Se-4p orbitals
are distributed between —2.5 eV and —0.5 eV, while the Te-5p
orbitals lie between —2.0 eV and 0 eV, with sequentially
higher orbital energy levels. Consequently, their contribution to
band gap enhancement diminishes accordingly, aligning with
the experimentally observed decreasing trend in band gap
values. The DOS plots of Bal and Ba2 atoms show that the 5d
orbitals of Bal in [BasS] are flatter than those of isolated Ba2.
The Bal-S interaction in [BaeS| effectively suppresses the
contribution of Bal-5d to the CBM. Combined with the shorter
Bal-P bond lengths, the Bal sites in the [BagS] ionic unit
enhance localized covalent interactions, making them more
favorable for band gap widening compared to the isolated Ba2
sites. Similarly, in [Ba,Sr,Ch], Bal and Srl exhibit flatter
orbitals relative to isolated Ba2, and in [Sr¢Ch], Sr1 shows flatter
orbitals relative to isolated Sr2. In Ba[BasCh][Si;,P50] and Ba
[Ba,SryCh][Si;» Py, the detrimental effect of the empty orbitals
at isolated Ba2 on the conduction band minimum primarily
originates from the 5d orbitals, while the contribution of the 6s
orbitals is negligible due to their excessively low energy levels
and highly diffuse nature. In contrast, in Sr[Sr¢Ch][Si;,Ps], the
5s orbitals at isolated Sr2 sites exhibit an even stronger band-
gap-narrowing effect than the 4d orbitals. This is attributed to
the fact that, compared to the 6s orbitals of Ba2, the 5s orbitals
of Sr2 have a smaller principal quantum number, higher energy
levels, and a more spatially compact distribution. These char-
acteristics lead to significantly enhanced energy matching and
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Fig.6 EDD and ELF diagrams. (a and b) EDD isosurface distributions of Ba[BaeSI[Si12P20l and Ba[Ba,Sr,4SI[Sii;oP2ol, and (¢, d, e and f) slices of ELF
field distributions of Ba[BagSI[Si12P20l, BalBasSr4SIISiioPool, BalBasSraSellSiioPagl and BalBaySraTellSiisPagl.
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spatial overlap with the P-3p orbitals of the [Si;,P,0] framework,
resulting in a more pronounced band-gap-narrowing effect.

Electron density difference (EDD) analysis reveals significant
electron accumulation at the midpoint of each Si-P bond within
the SiP, tetrahedra, confirming the strong covalent character of
the Si-P bonds (Fig. 6a and b). Electron localization function (ELF)
analysis provides an intuitive electronic structure perspective for
understanding the band gap broadening mechanism (Fig. 6c—f
and S9a-d). In the [BasS] unit, the S atom is surrounded by highly
localized square-shaped electron density, characteristic of typical
six-coordinated ionic bonding. The Bal atom coordinated to S
exhibits noticeable electron polarization, indicating non-
negligible covalent character in the Ba1l-S bond. This covalency
enables the S atom to effectively modulate charge transfer from
Bal to the framework P atoms, establishing a weak directional
interaction between Bal and P. This promotes electron localiza-
tion, suppresses the “electron leakage” effect of P anions, and
ultimately reduces the metallicity of the system, while signifi-
cantly widening the band gap. In contrast, the A-X bonds (e.g., Ba-
Br) in salt-including pnictides are highly ionic; although they can
increase the band gap, they often simultaneously enhance the
metallic character of A-P interactions. The A-Ch bonds (e.g:, Ba-S)
exhibit stronger covalency, leading to more localized charge
distribution throughout the structure. The isolated Ba2 atom
displays a spherical electron density distribution, consistent with
metallic Ba sites in the known compounds BaSi,P;, and BaGe,P,
(Fig. S10a-d), confirming the “polar metallic” nature of the Ba2-P
bonds, which do not contribute to band gap widening; this is
consistent with observations from PDOS analysis.

Furthermore, the chemical bonding nature within the [Ba,-
Sr,Ch] units evolves systematically with the central anion. The
highly localized electron density around the S atom indicates
strong ionic interactions with limited covalent regions. The
more diffuse 4p orbitals of the Se atom exhibit significant
overlap with Ba/Sr orbitals, forming a spatially extended and
more delocalized covalent bonding network. The larger atomic
radius and more diffuse 5p orbitals of the Te atom result in the
reappearance of highly localized electron density regions with
greater spatial extension, showing stronger covalent character.
The evolution in bonding mode and electron localization
degree—from S (localized ionic-covalent bonding) to Se (delo-
calized ionic-covalent bonding) to Te (localized covalent
bonding)—closely aligns with the experimentally observed
decreasing trend in band gap. Multiple dimensions of
evidence—including band structures, density of states distri-
butions, chemical bonding characteristics, and electron locali-
zation behavior—collectively confirm that the [BasCh]/
[Ba,Sr,Ch]/[SrsCh] ionic units synergistically achieve significant
band gap widening in chalcogenide-including pnictides of the
type A[A¢Ch][Si;»Ps] (A = Sr, Ba; Ch = S, Se, Te) through
localized covalent interactions, optimized charge transfer
pathways, and the effective suppression of system metallicity.

Conclusions

We designed and synthesized the first series of A-M-Pn-Ch-
phase pnictides A[AsCh][Sii2Py0] (A = Sr, Ba; Ch = S, Se, Te)
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with interpenetrated topology structures. They exhibit wide
band gaps of 1.91-2.27 eV, significantly outperforming known
pnictides from the Ba/Sr-Si-P and A-M-Pn-X systems. The
formation of wide band gaps primarily originates from
electronic-structure modulation by the [AsCh] octahedral ionic
units, whose moderate ionic-covalent hybrid bonding charac-
teristics effectively promote charge localization within the
system while suppressing metallic behavior. Notably, even at an
extremely low Ch/P ratio of 1/20, the [AsCh] octahedral ionic
units still significantly widen the band gap. The new A-M-Pn-
Ch phase of pnictides established in this work provides
a previously unreported feasible pathway for designing wide-
band-gap pnictides.

Author contributions

Huikang Jiang: investigation, data curation, formal analysis,
writing - original draft. Guang Peng: conceptualization, meth-
odology, validation. Ning Ye: supervision, writing - review &
editing. Jindong Chen: supervision, conceptualization, writing —
review & editing.

Conflicts of interest

There are no conflicts to declare.

Data availability

CCDC 2522057-2522064 contain the supplementary crystallo-
graphic data for this paper.>>**

All supplementary data relating to the results of this study
are available in the article and its supplementary information
(SI) file. Supplementary information is available. See DOI:
https://doi.org/10.1039/d6sc00313c.

Acknowledgements

This work was supported by the National Natural Science
Foundation of China (No. 22305174, 22375147 and 52332001),
the National Key R&D Program of China (2023YFF0718900), the
Major Special Project of State Key Laboratory in Tianjin
Municipality (25ZXZSSS00340) and Tianjin University of Tech-
nology Graduate Research Innovation Practice Project Funding
(No. Y]J2394).

Notes and references

1 A. Xomalis, X. Zheng, R. Chikkaraddy, Z. Koczor-Benda,
E. Miele, E. Rosta, G. A. Vandenbosch, A. Martinez and
J. J. Baumberg, Science, 2021, 374, 1268-1271.

2 D. Powell, A. D. Feinstein, E. K. Lee, M. Zhang, S.-M. Tsali,
J. Taylor, J. Kirk, T. Bell, J. K. Barstow and P. Gao, Nature,
2024, 626, 979-983.

3 D. Chen, S. D. March, A. H. Jones, Y. Shen, A. A. Dadey,
K. Sun, J. A. McArthur, A. M. Skipper, X. Xue and B. Guo,
Nat. Photon., 2023, 17, 594-600.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.1039/d6sc00313c
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00313c

Open Access Article. Published on 13 May 2026. Downloaded on 6/28/2026 1:54:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

4 H. Akiko Harasaki and K. K. Kiyoshi Kato, jpn. J. Appl. Phys.,
1997, 36, 700.

5 D. Yang, Z. Yuan, B. Kang and P. Fang, J. Cryst. Growth, 2020,
539, 125642.

6 G. Catella, L. Shiozawa, J. Hietanen, R. Eckardt, R. Route,
R. Feigelson, D. Cooper and C. Marquardt, Appl. Opt., 1993,
32, 3948-3951.

7 G. A. Babu, R. Subramaniyan, N. Karunagaran,
R. P. Ramasamy, P. Ramasamy, S. Ganesamoorthy and
P. Gupta, J. Cryst. Growth, 2012, 338, 42-46.

8 P. Budni, L. Pomeranz, M. Lemons, C. Miller, J. Mosto and
E. Chicklis, J. Opt. Soc. Am. B, 2000, 17, 723-728.

9 Z. Lei, C. Zhu, C. Xu, B. Yao and C. Yang, J. Cryst. Growth,
2014, 389, 23-29.

10 Y. Kong, G. Zheng, Y. Du, J. Li and S. Pan, Coord. Chem. Rev.,
2025, 533, 216524.

11 J. Chen, X. Jiang, Q. Wu, Z. Lin, M. Luo and N. Ye, J. Alloys
Compd., 2022, 901, 163384.

12 J. Chen, Q. Wu, H. Tian, X. Jiang, F. Xu, X. Zhao, Z. Lin,
M. Luo and N. Ye, Adv. Sci., 2022, 9, 2105787.

13 S. Cui, H. Wu, Z. Hu, J. Wang, Y. Wu and H. Yu, Adv. Sci.,
2023, 10, 2204755.

14 R. A. Li, Z. Zhou, Y. K. Lian, F. Jia, X. Jiang, M. C. Tang,
L. M. Wu, J. Sun and L. Chen, Angew. Chem., Int. Ed., 2020,
132, 11959-11963.

15 H. Wang, R. An, Z. Yang, S. Pan and J. Li, Adv. Funct. Mater.,
2025, 2504210.

16 H. Chen, M.-Y. Ran, S.-H. Zhou, X.-T. Wu, H. Lin and
Q.-L. Zhu, Chin. Chem. Lett., 2023, 34, 107838.

17 W.-F. Chen, X.-M. Jiang, S.-M. Pei, M.-S. Zhang, B.-W. Liu
and G.-C. Guo, Sci. China Mater., 2023, 66, 740-747.

18 X. Lin, G. Zhang and N. Ye, Cryst. Growth Des., 2009, 9, 1186-
1189.

19 M.]J. Zhang, X.-M. Jiang, L.-J. Zhou and G.-C. Guo, J. Mater.
Chem. C, 2013, 1, 4754-4760.

20 C.-Y. Zhang, X.-N. Niu, Y.-F. Wei, S.-X. Zhou, D.-Q. Yang,
Y. Wang, J. Wang and B.-B. Zhang, Rare. Met., 2024, 43,
395-401.

21 X. Zhao, C. Lin, ]J. Chen, F. Xu, S. Yang, G. Peng, H. Tian,
Y. Han, B. Li and M. Luo, Adv. Opt. Mater., 2022, 10, 2200045.

22 J. Mark, J. A. Dolyniuk, N. Tran and K. Kovnir, Z. Anorg. Allg.
Chem., 2019, 645, 242-247.

23 J. Mark, J. Wang, K. Wy, J. G. Lo, S. Lee and K. Kovnir, J. Am.
Chem. Soc., 2019, 141, 11976-11983.

24 J. Chen, C. Lin, G. Peng, F. Xu, M. Luo, S. Yang, S. Shi, Y. Sun,
T. Yan and B. Li, Chem. Mater., 2019, 31, 10170-10177.

25 L. Gao, J. Chen, X. Shi, Y. Xiao, Y. Han, C. Lin, H. Jiang,
G. Yang, G. Peng and N. Ye, Sci. Adv., 2024, 10, eadr2389.

26 D. Perl, S.]. Lee, A. Ferguson, G. B. Jameson and S. G. Telfer,
Nat. Chem., 2023, 15, 1358-1364.

27 A. Ferguson, L. Liu, S. J. Tapperwijn, D. Perl, F.-X. Coudert,
S. Van Cleuvenbergen, T. Verbiest, M. A. Van Der Veen and
S. G. Telfer, Nat. Chem., 2016, 8, 250-257.

28 J.-N. Zhao, X.-S. Sun, J. Chen, C.-A. Chen and G.-Y. Yang,
Inorg. Chem., 2025, 64, 13594-13598.

29 P. Yox, A. P. Porter, R. W. Dorn, V. Kyveryga, A. J. Rossini and
K. Kovnir, Chem. Commun., 2022, 58, 7622-7625.

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

30 M.-S. Zhang, B.-W. Liu, X.-M. Jiang and G.-C. Guo, ACS Appl.
Mater. Interfaces, 2023, 16, 1107-1113.

31 M.-S. Zhang, B.-W. Liu, X.-M. Jiang and G.-C. Guo, Inorg.
Chem. Front., 2023, 10, 1112-1118.

32 Y. Sun, J. Chen, S. Yang, B. Li, G. Chai, C. Lin, M. Luo and
N. Ye, Adv. Opt. Mater., 2021, 9, 2002176.

33 E. Soto, S. J. Lee, A. P. Porter, G. Viswanathan, G. Akopov,
N. Hewage, K. Wu, V. Trinquet, G. Brunin and G. Hautier,
Chem. Mater., 2024, 36, 8854-8863.

34 Y. Song, C. Lin, C. Wang, Y. Zhou, S. Fang, P. Dong, B. Li,
N. Ye, X. Zhao and M. Luo, Inorg. Chem., 2024, 63, 10932—
10937.

35 T. Yu, S. Wang, X. Zhang, C. Li, J. Qiao, N. Jia, B. Han,
S.-Q. Xia and X. Tao, Chem. Mater., 2019, 31, 2010-2018.

36 S. M. Pei, M. S. Zhang, X. M. Jiang, B. W. Liu and G. C. Guo,
Angew. Chem., Int. Ed., 2025, 64, €202425384.

37 C. Li, S. Wang, X. Zhang, N. Jia, T. Yu, M. Zhu, D. Liu and
X. Tao, CrystEngComm, 2017, 19, 6986-6991.

38 K. Feng, L. Kang, W. Yin, W. Hao, Z. Lin, J. Yao and Y. Wu, J.
Solid State Chem., 2013, 205, 129-133.

39 S. Lee, S. L. Carnahan, G. Akopov, P. Yox, L. L. Wang,
A. J. Rossini, K. Wu and K. Kovnir, Adv. Funct. Mater.,
2021, 31, 2010293.

40 G. Zhang, L. Wei, L. Zhang, X. Wang, B. Liu, X. Zhao and
X. Tao, J. Cryst. Growth, 2017, 473, 28-33.

41 J. Chen, H. Chen, F. Xu, L. Cao, X. Jiang, S. Yang, Y. Sun,
X. Zhao, C. Lin and N. Ye, J. Am. Chem. Soc., 2021, 143,
10309-10316.

42 S. Yang, C. Lin, K. Chen, H. Fan, J. Chen, S. Fang, N. Ye and
M. Luo, Chem. Mater., 2022, 34, 11007-11013.

43 M.-S. Zhang, S.-M. Pei, B.-W. Liu, X.-M. Jiang and G.-C. Guo,
Sci. China Chem., 2025, 68(9), 4134-4140.

44 S. Kurtz and T. Perry, J. Appl. Phys., 1968, 39, 3798-3813.

45 J. Chen, C. Lin, D. Zhao, M. Luo, G. Peng, B. Li, S. Yang,
Y. Sun and N. Ye, Angew. Chem., Int. Ed., 2020, 59, 23549-
23553.

46 L. Gao, X. Wu, D. Yang, X. Tian, J. Xu, B. Zhang and K. Wu,
Dalton Trans., 2021, 50, 17901-17905.

47 B.Zhang, S.-H. Zhou, B.-X. Li, X.-T. Wu, H. Lin and Q.-L. Zhu,
Chem. Sci., 2025, 16, 3218-3227.

48 A. Abudurusuli, K. Wu and S. Pan, New J. Chem., 2018, 42,
3350-3355.

49 T. Zhang, L. Li, J. Chai, H. Zhou, N. Ye, Z. Hu, Y. Wu and
C. Li, Inorg. Chem. Front., 2024, 11, 7374-7381.

50 Y. Chu, H. Wang, Q. Chen, X. Su, Z. Chen, Z. Yang, J. Li and
S. Pan, Adv. Funct. Mater., 2024, 34, 2314933.

51 H. Wang, Z. Li, R. An, Z. Wang, J. Lu, G. Zheng, Z. Yang,
Y. Chu and ]. Li, Chin. J. Struct. Chem., 2025, 100757.

52 (@) CCDC 2522057: Experimental Crystal Structure
Determination, 2026, DOIL: 10.25505/fiz.icsd.cc2qndph; (b)
CCDC  2522058:  Experimental  Crystal  Structure
Determination, 2026, DOI: 10.25505/fiz.icsd.cc2qndqj; (c)
CCDC  2522059:  Experimental  Crystal  Structure
Determination, 2026, DOIL 10.25505/fiz.icsd.cc2qndrk; (d)
CCDC  2522060: Experimental  Crystal  Structure
Determination, 2026, DOIL: 10.25505/fiz.icsd.cc2qndsl; (e)
CCDC  2522061:  Experimental  Crystal  Structure

Chem. Sci.


https://doi.org/10.25505/fiz.icsd.cc2qndph
https://doi.org/10.25505/fiz.icsd.cc2qndqj
https://doi.org/10.25505/fiz.icsd.cc2qndrk
https://doi.org/10.25505/fiz.icsd.cc2qndsl
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00313c

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 13 May 2026. Downloaded on 6/28/2026 1:54:37 PM.

(cc)

Chemical Science

Determination, 2026, DOIL: 10.25505/fiz.icsd.cc2qndtm; (f)
CCDC  2522062:  Experimental  Crystal  Structure
Determination, 2026, DOI: 10.25505/fiz.icsd.cc2qndvn; (g)
CCDC  2522063:  Experimental  Crystal  Structure

Chem. Sci.

View Article Online

Edge Article

Determination, 2026, DOI: 10.25505/fiz.icsd.cc2qndwp; ()
CCDC  2522064:  Experimental  Crystal  Structure
Determination, 2026, DOI: 10.25505/fiz.icsd.cc2qndxq.

© 2026 The Author(s). Published by the Royal Society of Chemistry


https://doi.org/10.25505/fiz.icsd.cc2qndtm
https://doi.org/10.25505/fiz.icsd.cc2qndvn
https://doi.org/10.25505/fiz.icsd.cc2qndwp
https://doi.org/10.25505/fiz.icsd.cc2qndxq
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6sc00313c

	A[A6Ch][Si12P20] (A tnqh_x003D Sr, Ba; Ch tnqh_x003D S, Se, Te): achieving a wide band gap in pnictides by constructing [A6Ch] octahedral ionic units
	A[A6Ch][Si12P20] (A tnqh_x003D Sr, Ba; Ch tnqh_x003D S, Se, Te): achieving a wide band gap in pnictides by constructing [A6Ch] octahedral ionic units
	A[A6Ch][Si12P20] (A tnqh_x003D Sr, Ba; Ch tnqh_x003D S, Se, Te): achieving a wide band gap in pnictides by constructing [A6Ch] octahedral ionic units
	A[A6Ch][Si12P20] (A tnqh_x003D Sr, Ba; Ch tnqh_x003D S, Se, Te): achieving a wide band gap in pnictides by constructing [A6Ch] octahedral ionic units
	A[A6Ch][Si12P20] (A tnqh_x003D Sr, Ba; Ch tnqh_x003D S, Se, Te): achieving a wide band gap in pnictides by constructing [A6Ch] octahedral ionic units
	A[A6Ch][Si12P20] (A tnqh_x003D Sr, Ba; Ch tnqh_x003D S, Se, Te): achieving a wide band gap in pnictides by constructing [A6Ch] octahedral ionic units
	A[A6Ch][Si12P20] (A tnqh_x003D Sr, Ba; Ch tnqh_x003D S, Se, Te): achieving a wide band gap in pnictides by constructing [A6Ch] octahedral ionic units
	A[A6Ch][Si12P20] (A tnqh_x003D Sr, Ba; Ch tnqh_x003D S, Se, Te): achieving a wide band gap in pnictides by constructing [A6Ch] octahedral ionic units


