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Novel ternary Zintl phosphide halides BasPsX
(X = Cl, Br) with 1D helical phosphorus chains:
synthesis, crystal and electronic structuret
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Spencer R. Watts and Sviatoslav Baranets (2 *

Black single crystals of two novel ternary phosphide halides, BasPsCl and BazPsBr, were grown using
molten metal Pb-flux high-temperature reactions. These compounds were structurally characterized with
the aid of the single-crystal X-ray diffraction (SCXRD) method at 100(2) K. The SCXRD shows that both
compounds are isostructural and adopt a new structure type (space group R3c, No. 167, Z = 6) with unit
cell parameters a = 14.9481(16) A, ¢ = 7.3954(11) A and a = 15.045(4) A, ¢ = 7.537(3) A for BazPsCl and
BasPsBr, respectively. CI™ and Br~ anions are octahedrally coordinated by Ba2* cations, thus composing a
face-sharing 1D infinite chain % [XBas]®>* running along the [001] direction. Moreover, the crystal structures
feature peculiar one-dimensional disordered infinite helical chains of L, P~, composed of partially occupied
phosphorous atoms, each being a superposition of three symmetrical copies of the ordered phosphorus
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chain, with continuity along the c-axis. BazPsX (X = Cl, Br) compounds are charge-balanced heteroanio-
nic Zintl phases according to the charge-partitioning scheme (Ba®*)s[P7]sX™. The presumed semicon-
ducting behavior of both compounds corroborates well with the results of the electronic structure calcu-
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lations performed with the aid of the TB-LMTO-ASA code.

Introduction

Heteroanionic quantum materials have recently received
increased attention due to unusual structural characteristics
and exceptional properties.”” These compositionally and struc-
turally complex phases that are marked by an anionic sublat-
tice comprising of multiple anion types remain relatively
underdeveloped compared to the families of homoanionic
compounds." However, they have already demonstrated a
broad range of physical properties and have recently emerged
as promising platforms for nanotechnology,®* energy-related
applications,”™" catalysis,">"* and developing topological
quantum materials."*

A particularly intriguing subset of heteroanionic com-
pounds is composed of pnictogens (i.e., electronegative
elements of group 15, Pn = P, As, Sb, Bi) combined with halo-
gens (i.e., nonmetallic elements of group 17, X = F, Cl, Br, I).
These heteroanionic ternary and multinary solid-state phases
contain negatively charged pnictogen and halogen anions and
are termed pnictide halides (e.g. [Ba®"],[P,]>[CI7]). They are
distinct from perovskite-like pnictohalides materials, where
pnictogens  exhibit  positive oxidation states (e.g
[Ag"|[Bi**],[17],),"® These compounds are known for their rich
structural chemistry due to their potential to stabilize various
types of homoatomic finite and infinite pnictogen-based units

This journal is © The Royal Society of Chemistry 2024
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or metal cluster compounds.'®™° Recently discovered pnictide
halides and pnictohalides, such as A,As,;X (A = Ba, Sr, Eu; X =
Cl, Br, I) or W¢PCl;,, are considered unique low-dimensional
semiconductors with promising tunability that may lead to the
discovery of promising electronic and spintronic materials.>**

Our research group is interested in advancing novel hetero-
anionic compounds that are characterized by distinct charge
transfer, aiming to develop narrow-gap semiconducting
materials suitable for energy applications. Within this domain,
polar intermetallic Zintl phases are known for their abundant
chemical compositions, variability of crystal structures, and
wide range of physical properties.”” The bonding in these
charge-balanced compounds is a blend of ionic and covalent
interactions. Typically, the electropositive elements from
groups 1 and 2 donate electrons to the more electronegative
elements, which then use these electrons to form covalent
bonds and create complex anionic substructures.”®

Heteroanionic pnictide halides, such as A,Pn,X,'®*%*
AsPn;X,>® or A,PnX (A = Ca, Sr, Ba, Eu; Pn = P-Bi; X = CI-1)**>®
exemplify charge-balanced double Zintl compounds, showing
a range of band gaps and an excellent tunability of crystal
structures and electronic properties. Several A,Pn,X phases
crystallize in the chiral space group P2,3 - a desirable prerequi-
site for the materials requiring chiral control and enantio-
selectivity.>® As these phosphide and arsenide halides do not
have inversion symmetry, they can be used for application in
second harmonic generation and ferroelectricity.>®

Among pnictogens, phosphorous exhibits remarkable
homoatomic bonding formation capability, which results in
the constant discovery of novel phosphorus allotropes, like
recently reported P, structurally diverse polyanions, such as
infinite L P~ chains in BaP,,*" oligomeric [P,] units in BasPs, or
0D [P,]*~ clusters in A,Pn,X.'®*? Being motivated by the rich
structural chemistry of Zintl phosphides and developing fron-
tiers for the synthesis of heteroanionic materials that crystal-
lize in the non-centrosymmetric and chiral space groups, we
discovered two novel isostructural phosphide halides, Ba;PsCl
and Ba;P;Br. These compounds adopt a novel structure type
featuring a peculiar infinite helical phosphorus chain. We
report their synthesis, structural characterization, and chemi-
cal bonding study.

Results and discussion
Synthesis

The Ba-P-X (X = Cl, Br) ternary compositional diagrams are
relatively underexplored, with a limited number of compounds
currently known. These include Ba,P;X of Ba,P,Cl structure
type,'® Ba,PCl of a-NaFeO, structure type,>® and the solid solu-
tion Ba;gPi1014Brise of ThsP, structure,?® which is rather
believed to be a defect binary Ba,P, ¢, phase (Fig. S11).*"

The initial discovery of Ba;PsCl was made during an experi-
ment targeting a quaternary Ba-In-Cl-P composition. This
process, mirroring the synthetic procedure described in the
Experimental section, included InCl; in the reaction mixture
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instead of BaCl,. However, the resulting product contained no
known In-bearing compounds, yielding only crystals of the
new Ba;P5Cl phase. EDS studies also confirmed the absence of
foreign elements in the obtained crystals. Subsequently, we
attempted the synthesis of the title phase without InCl; to elu-
cidate its role. Initially, it was hypothesized that the partial
decomposition of InCl; at high temperatures might provide a
source of chlorine to the reaction mixture. However, our find-
ings revealed that indium halides are not essential for synthe-
sizing Ba;P5Cl or Ba;PsBr. We found that the presence of anhy-
drous barium halides alone is sufficient, serving as an equally
excellent source of halogens and yielding nearly high-purity
samples of the title phases.

We also attempted to explore periodic trends and synthesize
the isostructural Ba;PsI phase, but several synthetic attempts
were unsuccessful, and the crystals of Ba,P;I were mainly
found as a major phase.'® Experimental efforts to synthesize
this hitherto unknown iodide using Inl; also yielded the same
ternary 2-7-1 phase.

The single crystals of Ba;PsCl and BazPsBr synthesized in
our study exhibit extreme sensitivity to air and moisture,
posing significant challenges in the study of their properties.
These crystals rapidly decompose upon brief exposure to
ambient conditions and undergo slow deterioration even with
the presence of trace amounts of moisture.

Crystal structure description of Ba;P;X (X = Cl, Br)

The detailed crystallographic analysis of the BasPsX phases
uncovers a great degree of complexity, as depicted in Fig. 1.
Both phosphide halides are isostructural and crystallize in the
rhombohedral centrosymmetric space group R3¢ (No. 167)
within the trigonal crystal system with six formula units per

Fig. 1 A unit cell view of the crystal structure of BasPsX (X = Cl and Br)
approximately along the [001] direction. Barium atoms are blue, halogen
atoms are orange, whereas three different phosphorus atoms are
depicted as green, pink, and black. Ellipsoids for phosphorus atoms are
plotted with the 50% probability level. The unit cell is dashed.
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unit cell. The crystalline arrangement of both compounds,
being unprecedented in existing literature, represents a novel
structure type. As can be observed from Table 1, the unit cell
parameters for the bromide analog are substantially larger,
aligning with the larger atomic radius of bromine compared to
chlorine.

The asymmetric unit of Ba;PsX (X = Cl, Br) comprises a
total of 5 crystallographically independent sites with respective
site symmetries: Ba1 (.2), X1 (3.), P1 (1), P2 (1), and P3 (.2). The
atomic arrangement in these 3-5-1 phases demonstrates that
the structures of both compounds can be considered as
pseudo-one-dimensional (Fig. 1). The halogen atoms are octa-
hedrally coordinated by six equidistant Ba atoms, with Ba-X
distances of ca. 3.32 A and 3.41 A for the chloride and the
bromide phases, respectively. These values are slightly longer
than the sum of Ba** and X~ ionic radii** or those observed in
the Ba,P,Cl phase,'® indicating a high degree of ionicity for
these contacts, vide infra. [XBag| octahedra are interconnected
by sharing two opposite faces, forming a 1D chain % [XBa;]**
along the [001] direction. Compared to the edge- and vertex-
sharing polyhedral arrangements, the face-sharing of poly-
hedral units is often regarded as the least stable arrange-
ment,*® primarily because of the closest positioning of two
ions (X7) to each other.

However, the most interesting component of the reported
crystal structures is the arrangement of phosphorus atoms.
Their connectivity forms an anionic substructure identified as
1D infinite disordered chains also oriented along [001] direc-
tion. These anionic L P~ helical chains are a hallmark of the
Ba;PsX crystal structure and exemplify the structural abun-
dance of phosphorus Zintl chemistry.

To better understand the observed structural disorder in
these anionic helical chains, we provide the reader with the
details of the structure determination flow for BazPsCl. The
initial structural model, derived from the first iteration of the

Table 1 Selected crystallographic data and structure refinement details
for BasPsCl and BazPsBr (T = 100(2) K, Mo Ka, 4 = 0.71073 A)

Refined formula Ba;PsCl Ba;P;sBr

fw/g mol™ 602.32 646.78

Space group R3¢

a/(A) 14.9481(16) 15.045(4)

c/(A) 7.3954(11) 7.537(3)

V(&) 1431.1(4) 1477.6(10)

Z 6

Pearlg cm™ 4.193 4.361

p(Mo K)/em™ 132.8 166.5

Collected/independent reflections 11 569/493 5390/471

Ry (I> 26" 0.025 0.048

WR, (I> 20(p)* 0.040 0.106

R, (all data)* 0.030 0.066

WR, (all data)* 0.041 0.111

Apmaxmin/e” A7 0.83, —2.09 1.82, —2.45

CCDC 2313247 2313248
‘R, = ZIIFI = [Fe[[/X|Fo|- wRy = {Z[W(Fo” — FPYXwEo'}'"?, w = 1/

[6*(Fo®) + (AP)* + (BP)], where P = (F,” + 2F. )/3 A and B are weight

coefﬁ(:lents
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structure solution, indicated four crystallographically indepen-
dent sites. Based on the geometrical parameters and coordi-
nation environments, these atomic positions were assigned as
one Ba, one Cl, and two P atoms. In this model, each Ba atom
can be viewed as 6-coordinated by two chlorine atoms and
four P-P pairs. However, we observed immediate problems
with this disorder-free structure with the refined composition
of Ba;P¢Cl. Among them were (i) anomalously large atomic dis-
placement parameters for both P atoms, (ii) a residual electron
density peak of 4.5 e~ A~ and a hole of —4.9 e~ A™® near one
phosphorus atom, and (iii) a relatively short interatomic P-P
distance of ca. 1.84 A. These observations clearly pointed to
the disorder of the P atoms. Allowing free occupancies for
these atoms indicated a clear underoccupancy of one phos-
phorus atom (P1) and a refined formula approaching the
Ba;PsCl composition. However, the second phosphorus atom
(P2) still exhibited large ADP alongside a significant residual
electron density peak, located ca. 0.9 A away. By assigning this
peak as another partially occupied P atom (P3) and splitting
the P1 atom, we achieved a nearly featureless Fourier differ-
ence map with reasonable ADP values without introducing
additional constraints. This structural model was successfully
applied to the bromide analog, yielding an identical structural
solution with heavy disorder on phosphorus sites.

Refined occupancies of phosphorus atomic sites for both
chloride and bromide phases were found to be close to 1/3,
yielding nearly stoichiometric refined compositions of
Ba;P, 5(3)Cl and BazP, o(5)Br, respectively. Given the large calcu-
lated ESD values, we considered the “off-stoichiometry” as an
artifact arising from differences in U, values for all three
phosphorus atomic sites. Constraining their occupancies to 1/
3 did not affect the quality of the structural refinement and
resulted in minor changes in ADP values. On the contrary,
such a structural model represents a stoichiometric Ba;PsX (X
= Cl, Br) composition, which corroborates with the idea of
charge balance, as discussed further below.

The rationalization of the disorder within the 1P chain
aligns well with the model containing constrained occu-
pancies. The observed minimal P-P interatomic distances are
too short to be classified as covalent bonds, so the simul-
taneous existence of all phosphorus atomic sites can only be
achieved through their partial SOFs. At first glance, the chain
looks like a continuous flow of phosphorus atoms within the
helix with almost no breaches, leading to nearly uniformly dis-
tributed or “smeared” electron density, as can be seen from
the alignment of refined ellipsoids in Fig. 2a. However, the
partial occupancies of phosphorus atoms allows for various
structural scenarios with specific atomic sequence. Given the
covalent radius of 1.07 A for P,** one should expect an intera-
tomic P-P distance of ca. 2.15 A. In the presented structural
model, we observe a wide range of similar distances for P1-P1
(2.20-2.22 A), P1-P2 (2.18-2.22 A), and P2-P3 (2.15-2.19 A)
contacts so that each disordered helix can be viewed as a
superposition of three symmetry copies of the same ordered
chain sequenced to the {P1-P1-P2-P3-P2} fragment of par-
tially occupied phosphorus atoms (Fig. S67), each with SOF of

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Propagation of 1D 1P~ helical chains found in (a) the crystal
structures of BazPsX and (b) AP, (A = Sr, Ba). The P—P bonding inter-
actions have been represented with dotted lines in BasPsX, while solid-
bond has been used in the case of AP,. Ellipsoids are plotted with a 50%
probability level.

1/3. The random shift of adjacent chains in the trigonal ab
plane with respect to each other justifies the observed dis-
order. Lastly, the described sequence of five phosphorus
atoms exemplifies one complete turn of the helix, with a pitch
equal to the c lattice parameter.

Described charged helical phosphorus chains are stabilized
by the L [CIBa;]>" matrix, yet their fundamental existence arises
from the ability of pnictogen elements to form homoatomic
Pn-Pn contacts (Pn = P, As, Sb, Bi) and to construct electron-
rich polyanionic networks.*® Such structural fragments are
commonly observed in the realm of Zintl pnictides or heteroa-
nionic Zintl-like salts.>*?” In addition, phosphorus is known
for forming a variety of allotropes of different
dimensionalities,*****> including some exotic predicted
forms like helical coil phosphorus allotropes.*®

The disordered helical phosphorus chains described in this
work (Fig. 2a) have never been previously reported, although
disorder-free phosphorus helices are known for binary phos-
phides AP, (A = Sr, Ba) (Fig. 2b)*' and ternary heteroanionic
compounds like SnPX (Fig. S61)**** and Cd,P;X (X = Cl, Br,
and 1).*® The crystal structure of the SnPI compound reported
by Pfister et al. in 2016** can be described as a double helical
SnIP strand composed of inner }[P~] and outer L [SnI]" chains
oriented along the [100] direction. Reported L P chains in SnIP
(Fig. S67) are structurally similar, yet not identical to those pre-
sented in this work. Bond angles within the {P1-P1-P2-P3-P2}
fragment in Ba;PsCl range from 127.2° to 130.2°, whereas
observed angles within the phosphorus chain in SnPI are
much smaller, being within 95.5-96.7° range. The zigzag phos-
phorus chains were also found running along the c-axis in the
structures of valence-precise compound Cd,P;X (X = Cl, Br,
and I) and monoclinic-NiP,.*” 1D helical chains of L P~ were
also reported in a-CdP, and p-CdP, phases.”®> These com-
pounds exhibit P-P interatomic distances within the range of
2.10 to 2.35 A, similar to those in the title Ba;PsX phases close
to the sum of their covalent radii.*® It would be worth noting
that one-dimensional heteroanionic semiconducting material,
SnPI, exhibited anisotropic mechanical properties like steel,
which strongly motivate the further exploration of novel helix-
containing compounds.**

This journal is © The Royal Society of Chemistry 2024
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Although heavy disorder significantly complicates the
bonding analysis, we observe that the shortest and longest Ba—
P bond distances in Ba;PsX range from ca. 3.13(1) to 3.29(1) A,
comparable with those in BaP,.>! Similar Ba-P distances are
also observed in Ba,P,X (X = Br and 1).'® As Table 2 shows, Ba-
X bond distances are longer in Ba;PsBr compared to Ba;P5Cl,
which aligns with the larger ionic radius of Br, while Ba-P dis-
tances do not show significant variation in Ba;PsX.

The described structural model of Ba;PsX (X = Cl, Br) with
constrained occupancies of phosphorus atoms, as detailed in
Table 3, leads to the charge-balanced composition, where dis-
ordered phosphorus helix fully accounts for a —5 charge
necessary for electron balancing the space-fillers between the
1D chains of L[CIBa;]>". A charge-balanced composition can
be represented as (Ba**);(P);X~ (X = Cl, Br), satisfying the
Zintl count and pointing to the potential semiconducting
behavior.

XPS studies

To further elucidate the validity of the proposed charge-parti-
tioning and understand the chemical states in BazPsX, we con-
ducted X-ray Photoelectron Spectroscopy (XPS) analysis on the
polycrystalline samples. The results of these studies are pre-
sented in the ESI (Fig. S4 and S5).T The survey spectra (Fig. S4a
and S5at) of BazPsX indicated the presence of peaks corres-
ponding to the assigned elements, corroborating well with the
SEM-EDS analysis, vide supra. The characteristic binding
energy peaks of Ba 3ds,, (780.26 eV for Ba;P5Cl and 780.41 eV
for BasPsBr) confirmed that Ba is in the +2 oxidation state, in
agreement with previous reports on Ba®>' ions.*” The high-
resolution spectrum of Cl exhibited 2p;, and 2p,,, peaks at
198.66 €V and 200.43 eV, respectively, while the Br 3ds, and
3d;, peaks were observed at 69.11 eV and 70.17 eV, corres-
ponding to the binding energies of C1~ and Br~, respectively.*’

The high-resolution P spectra for both compounds reveal
two broad asymmetric peaks. The deconvolution of these
peaks suggested the presence of binding energies indicative of
several phosphorus states, categorized into higher (BE > 132.5
eV), mid-range (BE ~ 130 eV), and lower binding (BE ~ 129 eV)
energy regions. Such spectral behavior has already been pre-
viously reported for transition metal phosphides, indicating
the presence of oxidized, unreacted, and reduced P chemical
states.”®

As previously mentioned, both title compounds were found
to be air-sensitive, hence, a certain degree of surface oxidation

Table 2 Selected interatomic distances (A) in BazPsCl and BasPsBr

Ba,;P5Cl Distances (A) Ba,;PsBr Distances (A)
Bal-Cl1 3.3207(4) Bal-Brl 3.4110(11)
Bal---P1 3.229(6) Bal---P1 3.254(13)
Bal--P2 3.161(9) Bal--P2 3.176(14)
Bal---P3 3.236(4) Bal---P3 3.257(6)
P1.-P1 2.204(12) P1.-P1 2.22(3)
P1---P2 2.178(10) P1--P2 2.219(19)
P2--P3 2.144(7) P2---P3 2.194(10)

Nanoscale, 2024, 16, 7916-7925 | 7919
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Table 3 Fractional atomic coordinates and U.q values for BazPsCl and
BasPsBr

Atoms  Site  x y z Ueg”
Ba,PCl

Bal 18e  0.8154(1) 0 1 0.014(1)
P1 36f  0.0254(5) 0.2674(5) 0.1776(8) 0.027(2)
P2 36f  0.0861(4) 0.3150(7) 0.1047(18)  0.032(2)
P3 18e  0.2383(8) 0 1 0.021(2)
cn 6b 0 0 0 0.012(1)
Ba;PsBr

Bal 18e  0.8110(1) 0 1 0.015(1)
P1 36f  0.0256(11)  0.2664(12)  0.1746(15)  0.023(3)
P2 36f  0.0857(9) 0.3142(10)  0.105(2) 0.023(3)
P3 18e  0.2362(11) 0 1 0.016(3)
Brl 6b 0 0 0 0.013(1)

@ Ueq is the one-third value of the trace of orthogonalized Uy tensor.
Atom site occupancies of P1, P2, and P3 were constrained as 1/3.

was anticipated. This was further evidenced by the presence of
an O 1s peak (~531 eV) and the higher binding energy (P 2p)
peaks of 132.40 eV and 132.57 eV found in the XPS spectra of
Ba;P5Cl and Ba;PsBr, respectively. These bands are character-
istic of oxidized species, such as phosphates, although this
phenomenon was also observed during the XPS studies of
metal phosphides, such as Ba,SizPs and NiP,, indicating
similar surface oxidation.*”*9>!

The phosphorus peaks observed in the lower binding
energy regions of the recorded XPS spectra are particularly
noteworthy, as they indicate reduced chemical states. This
feature is commonly seen in the XPS spectra of metal phos-
phides, such as Ni**(P'7),, which typically exhibit character-
istic P 2p3,, peaks in this region. For instance, the bands at
128.7 eV and 129.3 eV correspond to P'~ in NiP,.*” Similarly,
the XPS spectra of Ba;PsCl and BazPsBr displayed major P
2ps, peaks at 128.98 eV and 129.71 eV, respectively. These
binding energies suggest that phosphorous predominantly
exists in a —1 oxidation state in BazPsX, aligning well with the
proposed charge-partitioning scheme. Distinct peaks corres-
ponding to the phosphorous 2p;,, and 2p,,, were not observed,
likely due to the high sensitivity of the compounds to air and
moisture. Additionally, the use of high pass energy during the
XPS measurement and the presence of oxidized species impu-
rities may have contributed to the broadening of the P 2p
peaks for both compounds.*®

Electronic structure and chemical bonding

While the Zintl-Klemm formalism, considerations of electro-
negativity differences, and experimental studies of oxidation
states have provided insights into an empirical understanding
of the bonding situation in the title Ba;PsX (X = Cl, Br) phases,
a more comprehensive understanding of the electronic struc-
ture and stability of these compounds was gained from our
electronic structure calculations. Due to extensive structural
disorder in both title phases, calculations using experimentally
obtained atomic coordinates were not feasible. Consequently,
we considered a structurally similar model that keeps struc-
tural features and chemical composition of the title phases.
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As we discussed above, the structural disorder likely orig-
inates from the different packing of the phosphorus chains in
the trigonal ab plane. With the assistance of the ISODISTORT
tool,>>* we transformed the trigonal structure with the space
group R3¢ to a monoclinic one with the space group C2/c, in
which the original three phosphorus sites split into eight with
lower multiplicities.

We can remove some of the P sites, leaving three that are
symmetrically equivalent to those in the starting structure. The
resulted structural model (Fig S7a and Tables S1, S2}) retained
the helical L P~ chains while maintaining full occupancy of all
atoms, refined 3-5-1 composition, and physically meaningful
P-P distances. The periodicity of the helixes remained identi-
cal to those in the refined structures. We could reduce the sym-
metry even further by transforming the structure to the non-
centrosymmetric space group Cc while yielding a reasonable
structural model (Fig. S7b and Tables S1, S4t). The results of
the electronic structure calculations for BazPsCl and BazPs;Br
compositions using the C2/c structural model are presented in
Fig. 3 and 4, respectively, whereas the Total/PDOS calculations
for the Cc structural model are included and displayed in
Fig. S8 of the ESL{ Crystal Orbital Hamilton Population curves
are presented in Fig. 5.

The analysis of the electronic structure indicates an almost
identical band gap opening of ca. 0.73 eV for both compounds,
even though it is expected to observe smaller band gaps for
compounds with heavier elements within the same family of
isostructural phases.’® On the contrary, the calculated band
gap for the Ba;PsCl model in space group Cc is significantly
larger (ca. 1.2 eV, Fig. S8%). Here we should note, that none of
the discussed ordered models were geometrically optimized,
which is believed to be a major contributing factor for the
observed inconsistency. However, details of the electronic
structure can provide insightful results for the understanding
of the bonding of the title compounds, primarily due to the
similar crystal structures of BazPsX in C2/c and R3¢ models.

Our calculations indicate that the electronic structures of
the chloride and bromide compounds are nearly identical;
therefore, we will focus our discussion primarily on the charac-
terization of the chloride phase. The total (TDOS) and partial
(PDOS) density of states diagrams demonstrate that the con-
duction band is predominantly populated by the Ba-d and P-p
orbitals, with minor contributions from chlorine. Conversely,
the states in the valence band are contributed mainly by P-p
and Cl-p orbitals. Cl-p states are located in a relatively narrow
energy window between —0.5 eV and —4.5 eV, with Ba-s, Ba-p,
and Ba-d orbitals also contributing within this range. Such
orbital mixing may be indicative of Ba-Cl bonding inter-
actions, as this region exhibits domains of bonding character
in the computed COHP curves (Fig. 5).

States above —5.7 eV are significantly contributed by P-p
orbitals, while in the lower energy regions (not shown in
Fig. 3), P-s orbital contributions emerge, indicating a small
degree of hybridization in the phosphorus atoms. Empty Ba-d
orbitals also contribute between the VBM and —5.7 eV, where
the significant contributions from P-p orbitals are observed,

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Electronic structure in BazPsCl (C2/c structural model; Fig. S7a
and Tables S1, S27): (a) total DOS together with projected densities of
states for constituting elements; (b)-(d) partial DOS calculated for the
different orbitals of Ba, P, and Cl, respectively.
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and Tables S1, S37): (a) total DOS together with projected densities of
states for constituting elements; (b)—(d) partial DOS calculated for the
different orbitals of Ba, P, and Br, respectively.
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Fig. 5 (a) COHP curves for selected averaged Ba—X and Ba-P inter-
actions and three specific interactions (P1-P1, P1-P2, and P2—P3) within
the helical 1P chain in BasPsCl (a) and BasPsBr (b) calculated for the C2/
¢ structural model.

pointing to the orbital mixing between atoms and, therefore,
Ba-P interactions. The involvement and mixing of Ba-d orbi-
tals with P-p and Cl-p orbitals clearly illustrates the departure
from the fully ionic approximation of the Zintl-Klemm
concept, which posits the role of metal cations as electron
donors and space-filling entities.

The Crystal Orbital Hamilton Population curves (Fig. 5)
provide insights into the bonding situation in the title com-
pounds. COHP analysis indicates optimized Ba-P and Ba-X
contacts, while P-P contacts are underoptimized, as evidenced
by domains of antibonding character in both the valence and
conduction bands. This pattern is characteristic for homoa-
tomic electron-rich pnictogen-pnictogen bonds and was pre-
viously observed in several Zintl pnictides, such as Ba,Cd,P;
and Ba;Cd,P, with homoatomic P-P contacts.”®

The average integrated COHP (-ICOHP) values for Ba-X and
Ba-P contacts are almost identical, falling within the ranges of
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0.20-0.23 eV per bond and 0.28-0.38 eV per bond, respectively.
These values indicate a significant charge transfer from elec-
tron-donating Ba to electron-accepting P and halogen atoms.
-ICOHP values for P-P bonds in BazPs;Cl range between
2.96-3.58 eV per bond, pointing to the large degree of
covalency for these interactions.

Experimental
Synthesis

The synthesis of barium phosphide halides, Ba;PsCl and
Ba;PsBr, was accomplished utilizing the following supplied
chemicals: Ba rod (99.9%, Thermo Scientific), BaCl, powder
(99.9%, ]J.T. Baker), BaBr, powder (99.9%, Thermo Scientific),
P powder (99.9%, Beantown Chemical) and Pb powder
(99.99%, Strem Chemicals). All synthetic and post-synthetic
procedures were performed inside an argon-filled glovebox
with oxygen and moisture levels below 1 ppm. An oxide layer
was removed from the barium rod, whereas other reagents
were used as received. Black-colored, irregular-shaped single
crystals of the phosphide halide phases can be readily syn-
thesized utilizing a metal-flux reaction in alumina crucibles.
Ba;PsCl can be produced in a reaction with stoichiometric
amounts of barium chloride (86.4 mg, 0.415 mmol), phospho-
rous (128.5 mg, 4.149 mmol), barium (285.0 mg, 2.075 mmol),
and lead flux (2500 mg, 12.065 mmol). The reaction mixture
was loaded into an alumina crucible in the argon-filled glove
box. Subsequently, the crucible was placed inside a fused silica
tube, which was then sealed under vacuum. Quartz wool was
used to cover the crucible, serving as a filter during the cen-
trifugation step. After that, the tube was placed inside a muffle
furnace for the heat treatment using the following temperature
profile. The furnace temperature was initially ramped up from
373 K to 1273 K at a rate of 100 K h™", followed by a sustained
hold at 1273 K for 20 h. Subsequently, the temperature was
gradually decreased to 923 K at a cooling rate of 5 K h™. Upon
reaching the target temperature, the tube was removed from
the furnace, and the sample was centrifugated, enabling the
separation of the lead flux from the reaction product. Once
cooled, the ampoule was transferred to the glovebox and crack-
opened. The crystalline reaction product was retrieved from
the alumina crucible and stored under the protective atmo-
sphere of the argon-filled glovebox.

After the successful synthesis of single crystals of BazPsCl,
we succeeded in producing the isostructural bromide analog
by loading stoichiometric amounts of barium bromide
(1149 mg, 0.529 mmol), phosphorous (119.7 mg,
3.865 mmol), barium (264.4 mg, 1.925 mmol), and the excess
of lead (2500 mg, 12.065 mmol) using the same reaction pro-
cedure and temperature profile that were used for the syn-
thesis of single crystals of BazPsCl. It was noted that the crys-
tals of the bromine-containing compound were found to be
more stable than the crystals of the chlorine-containing com-
pound. However, neither phase’s crystals are sufficiently stable
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in the presence of air to allow for the comprehensive analysis
of physical properties.

X-ray diffraction methods

Powder X-ray diffraction (PXRD) patterns were recorded in the
reflection mode at room temperature using a Rigaku Miniflex
600 diffractometer (Cu Ka radiation, 4 = 1.5406 A, Ge mono-
chromator). The PXRD data were acquired using a -0 step-
scan mode with 0.05° increments and a 2 s collection period
per step. Due to the air sensitivity of the samples, they were
covered by a thin amorphous film that prevented immediate
oxidation and allowed for the data collection. Collected PXRD
patterns indicate the presence of the title phases, yet we
cannot assert the phase purity due to the high degree of phase
amorphization (Fig. S31).

Structural studies were performed with the aid of the
single-crystal X-ray diffraction (SCXRD) method. Low-tempera-
ture data were collected at 100(2) K on a Bruker APEX II CCD
diffractometer equipped with a graphite-monochromized Mo
Ko radiation (1 = 0.71073 A). Suitable-sized single crystals of
Ba;P5Cl and BazPsBr were selected, cut to the desired dimen-
sions under the Paratone-N oil, and mounted on a low-back-
ground MiTeGen plastic loop attached to the goniometer head.
A constant flow of chilled nitrogen gas stream was applied
throughout the data collection process to solidify the oil and
protect the crystals.

Single crystal data for both compounds were acquired with
a scan width of 0.5° and a scan time of 20 s per frame, main-
taining a crystal-to-detector distance of 50 mm. The intensity
data acquisition, data reduction, cell refinement processes,
and absorption correction were conducted using the APEX3
software package.’®®” The single-crystal data of both com-
pounds were integrated with a Rhombohedral R setting. The
centrosymmetric R3¢ space group was used to solve the crystal
structures. The determination of atomic positions was success-
fully located by the direct method utilizing the SHELXT
program, whereas the structure refinement was performed
with full-matrix least-squares methods on F* with SHELXL.>®>°
Olex2 program was used as a graphical interface.®® Atomic
coordinates were standardized using the STRUCTURE TIDY
Program.®’ The crystal structures were visualized with the help
of CrystalMaker software.®>

Selected details of the data collection and relevant crystallo-
graphic parameters are given in Tables 1-3. CSD 2313247 and
2313248 contain the complete supplementary crystallographic
data for the compounds discussed in this paper.f

Elemental microanalysis

Irregularly shaped black crystals of Ba;PsCl and Ba;PsBr were
carefully selected and mounted on carbon tape affixed to an
aluminum stub. All sample preparation procedures were
carried out inside the glovebox due to the extreme air sensi-
tivity of the title compounds.

Energy-dispersive X-ray spectroscopy (EDS) analysis was per-
formed using a Thermo Scientific (TFS Helios G5 PFIB CXe)
scanning electron microscope equipped with an OXFORD
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Instruments Ultim Max Detector spectrometer. For both sets
of crystals, EDX data were acquired at an operating acceleration
voltage of 20 kV. Semiquantitative analyses were executed on
various crystals at multiple sites to verify the uniformity of
elemental compositions throughout the crystals. The EDS
studies detected the presence of elements barium, phospho-
rous, and chlorine/bromine in the crystals, with approximate
elemental ratios of Ba:P:X ~ 3:5:1, as shown in Fig. S2.}
These compositions are consistent with the ratios obtained
from the SCXRD structure refinements.

X-ray photoelectron spectroscopy (XPS) studies

The XPS measurements were performed to investigate the
formal oxidation states of elements in both compounds
(BazPsCl and Ba;PsBr). The polycrystalline samples were first
ground into fine powder and then pressed into pellets using a
hydraulic press. These pellets were placed on the surface of
conductive adhesive carbon tape, which was affixed to an
aluminum sheet. All these procedures were performed inside
the argon-filled glove box to minimize the chances of oxi-
dation, as both compounds are susceptible to air and moist-
ure. The prepared samples were kept inside an argon-filled
sealed container for transportation to the XPS instrument and
loaded instantly inside the analysis chamber. The pressure in
the analysis chamber was maintained between 2.7 x 10™° and
6 x 10~° mbar during the measurements. The data were col-
lected on Scienta Omicron ESCA 2SR X-ray Photoelectron
Spectroscope instrument equipped with a high-performance
monochromatic Al-Ka X-ray radiation source. The operating
working voltage and current were set to 15 kV and 20 mA
throughout the data measurement. Due to the semiconducting
nature of samples, no charge correction was performed. Before
plotting the spectra, the observed binding energies for both
samples were calibrated with respect to carbon (C;s = 284.8
eV). The spectra of polycrystalline samples were analyzed
using CasaXPS software.®® Survey spectra of both compounds
were collected in the binding energy range of 0 to 1200 eV.

Electronic structure calculations

Electronic structure calculations were performed for the
Ba;P5Cl and Ba;PsBr compositions within the framework of
the TB-LMTO-ASA code.®* Two disorder-fee structural models
with lowered symmetries in space groups C2/c and Cc were
considered for calculations. Unit cell parameters and frac-
tional atomic coordinates used for calculations are presented
in Tables S1-S4.1 The visualization of the crystal structures
used for calculations is presented in Fig. S7.f The von-Barth-
Hedin exchange-correlation functional was utilized, and
empty spheres were introduced to satisfy the atomic sphere
approximation (ASA) requirements.®® Integration over the
k-space was achieved using the tetrahedron method.®® After
confirming convergence, a 10 x 10 x 10 k-point grid was
employed to sample the Brillouin zone. The Fermi level,
denoted as Er = 0 eV, was set as the reference energy level. We
carried out density of states (DOS) and atom-projected density
of states (PDOS) calculations to elucidate the electronic struc-
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ture of these novel phosphide halide compounds. The calcu-
lations employed a basic set of orbitals including Ba [5s, (6p),
5d], P [3s, 3p, (3d)], Cl [(4s) 3p, (3d)], Br [(5s) 4p, (4d)]; the
downfolded orbitals are in parentheses. Furthermore, Crystal
Orbital Hamilton population (COHP) calculations were per-
formed to provide deeper insights into the chemical bonding
within these compounds.®” All calculations were facilitated
with the assistance of the modules available in the LMTO
program.

Conclusions

Two new ternary phosphide halides, Ba;PsCl and Ba;PsBr,
have been synthesized using the Pb flux technique. Both com-
pounds represent a novel structure type and crystallize in the
rhombohedral space group R3c. These double Zintl salts are
charge-balanced and are presumed to function as narrow band
gap semiconductors. BazPsCl and Ba;PsBr phases exhibit
peculiar one-dimensional infinite helical L P~ chains of par-
tially occupied phosphorus atoms. The discovery of these pre-
viously unknown compounds with unique structural unit
opens a possibility for further exploration and development of
novel functional inorganic materials and nanomaterials. The
Ba;PsX compounds may act as precursors for synthesizing
hitherto unknown non-centrosymmetric solids by utilizing pre-
existing helical phosphorus chains.®® Further exploratory work
involving different synthetic approaches to sequester these
phosphorus chains will be worthwhile pursuing, as it could
lead to the stabilization of this novel phosphorus form at the
nanoscale or within a more suitable matrix than %[XBas]*",
potentially enhancing the ambient stability of compounds fea-
turing this unique building block.
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