
Subscriber access provided by RUTGERS UNIVERSITY

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Communication

Directing boron-phosphorus bonds in crystalline solid:
oxidative polymerization of P=B=P monomers into 1D chains

Katherine E. Woo, Jian Wang, Justin Mark, and Kirill Kovnir
J. Am. Chem. Soc., Just Accepted Manuscript • DOI: 10.1021/jacs.9b06803 • Publication Date (Web): 06 Aug 2019

Downloaded from pubs.acs.org on August 7, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Directing boron-phosphorus bonds in crystalline solid: oxidative 
polymerization of P=B=P monomers into 1D chains 
Katherine E. Woo,a,b,‡ Jian Wang,a,b,‡ Justin Mark,a,b Kirill Kovnir a,b,* 
a Department of Chemistry, Iowa State University, Ames, IA 50011, United States 
b Ames Laboratory, U.S. Department of Energy, Ames, IA 50011, United States 
 

Supporting Information Placeholder

ABSTRACT: Over 20 years after the last inorganic ternary B-P 
compound was reported, Na2BP2, a new compound containing one-
dimensional B-P polyanionic chains has been synthesized. 
Common high-temperature synthetic methods required for the 
direct reaction of boron and phosphorus negate the possible 
formation of metastable or low temperature phases. In this study, 
oxidative elimination was used to successfully condense 0D BP23– 
anionic monomers found in Na3BP2 precursor into unique 1D BP22– 
chains consisting of 5-member B2P3 rings connected by bridging P 
atoms in the crystal structure of Na2BP2. The synthesis was guided 
by in-situ X-ray powder diffraction studies, which revealed the 
metastable nature of the products of oxidative elimination 
reactions. Na2BP2 is predicted to be an electron balanced 
semiconductor which was confirmed by UV-vis spectroscopy with 
the experimentally determined bandgap of 1.1 eV. 

The single covalent boron-phosphorus bond is relatively strong 
with a bond energy of 347 kJ/mol. A detailed analysis of the Cam-
bridge Structural Database,1a demonstrated that there are over 1200 
compounds with the B–P covalent bond among all compounds con-
taining a C–H bond. These include polyatomic clusters, like B4P4 
and B2P4 (Figure 1).1 In turn, among inorganic compounds (without 
a C–H bond), very few compounds containing B-P bonds are re-
ported. These include two stable binaries, BP (sphalerite-type 3D 
framework) and B12P2 (P-bridged B12 icosahedra),2 and less than 
10 ternary phases, which are either halide-terminated B-P clusters 
(B4F6PF3 and P2B4Cl4),3 or A3BP2 (A = Na, K, Rb, Cs) compounds 
with isolated BP23– anions isoelectronic to CO2.4 No chains, layers, 
or non-sphalerite three-dimensional frameworks composed of B 
and P were reported. We hypothesized that beyond the known 
metal boron phosphides synthesized by thermodynamically driven 
high-temperature routes, there are unexplored complex solids with 
diverse B-P anions. The main reasons these complex solids have 
not been discovered is the synthetic challenges of working with 
highly refractory boron and reactive phosphorus. A direct reaction 
of elements or flux-assisted synthesis typically resulted in the for-
mation of inert metal phosphides and BP binaries. High tempera-
tures required to activate those binaries may exceed the temperature 
stability regions for novel metal boron phosphide phases, which 
calls for innovative synthetic approaches. Only the high reactivity 
of alkali metals has been sufficient to overcome the inertness of 
binary byproducts, as in the synthesis of A3BP2.4  

Our hypothesis is supported by the existence of ternary metal 
phosphides for heavier Group 13 elements, AE-Tr-P (AE = Ca, Sr, 
Ba, Eu, Tr = Al, Ga, In).5 These compounds are accessible by flux-
assisted synthesis or direct reaction of elements due to the low melt-
ing points of Tr ranging from 303 K to 933 K. For example, 
Cu5InP16 can be made by a direct reaction of elements.6 However, 
this is not feasible for boron, as its melting point is over 2273 K 
and requires either arc-welding or temperatures over 1273 K for an 
appreciable amount of boron to dissolve in metal fluxes.7 Thus, the 
low-temperature synthesis of borides remains a challenge despite 
some recent progress in this field.8 Despite scarcity, a B-P sphaler-
ite framework compound is an important material for thermal man-
agement applications due to a unique combination of high hardness 
and ultra-high thermal conductivity.9 

 

Figure 1. Top: Statistics for structurally characterized compounds 
containing at least one B–P covalent bond. Bottom: Examples of 
molecular B-P clusters.1b,1c B: green; P: orange; C: grey, H atoms 
are omitted for clarity. 

Our synthetic approach to novel boron phosphides relies on 
thermodynamics to harness 0D BP2 building blocks with covalent 
B-P bonds, and then condensing those building blocks into infinite 
1D B-P polyanions via selective oxidation at mild conditions. 
Herein, we present the synthesis, crystal structure, and chemical 
bonding of a novel Na2BP2 boron-phosphide with 1D B-P chains. 
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Figure 2. Oxidative elimination of ⅓ of Na cations from the crystal structure of Na3BP2 containing isolated P=B=P anions (left) resulted in 
the formation of Na2BP2 containing 1D BP2 chains (right). Unit cells are shown with black lines. Na: blue; B: green; P: orange. 

Oxidative elimination reactions are a powerful tool in synthetic 
solid-state chemistry. For example, binary alkali metal silicon 
clathrates cannot be produced by the direct reaction of elements or 
any flux-assisted reactions. Na-Si clathrates are synthesized by the 
depletion of cations from the Na-rich Na4Si4, whose structure 
consists of isolated Si44– anions. The Si44– anions condense into Si46 
or Si136 3D frameworks containing large cages hosting Na cations. 
This reaction may be driven by a combination of temperature and 
dynamic vacuum or by an oxidizing reactant.10 Similar chimie 
douce methods resulted in the stabilization of novel allotropes of Si 
and Ge with guest-free clathrate frameworks.11 

Increasing the level of complexity, we applied the oxidative 
elimination method to solids with complex anions built from two 
different elements, such as isolated BP23– anions in Na3BP2 (Figure 
2 left). Copper monohalides were selected as mild oxidation agents. 
Solid state reactions using Na3BP2 and CuCl precursors was the 
first course of action. To guide the reaction, in-situ powder X-ray 
diffraction (XRD) studies were performed (Figure S2) which re-
vealed that a reaction had already begun to occur at 442 K as indi-
cated by the formation of NaCl + Cu products. Around the temper-
ature of 773 K, a set of new diffraction peaks was observed which 
could not be assigned to known phases. Decomposition of this new 
phase and formation of NaCu2P2 was observed at 967 K. Finally, a 
partial melt with the formation of Cu3P was achieved at 1099 K. 
Cooling after melting only resulted in a mixture of NaCl and Cu3P 
without traces of the new phase (Figure S2). Several additional in-
situ experiments confirmed the stability region for the new phase 
as 645-805 K. In all experiments, decomposition of the new phase 
was irreversible, indicating the metastable nature. 

Similar results were obtained in the lab reactions guided by tem-
peratures determined in the synchrotron experiments. The formed 
compound appeared to be highly air-sensitive, and no suitable crys-
tals for structural determination were found. To improve crystal 
quality, the oxidative elimination reaction was performed in a 
NaI:CsI eutectic flux, which has a melting point of 693 K. CuI in-
stead of CuCl was used as an oxidation agent to reduce the number 
of elements present in the reaction mixture: Na3BP2 + CuI → 
Na2BP2 + Cu + NaI (Figure 2). The resulting products were glittery 
red and black clumps of powder. NaI/CsI, Cu, and another new 
phase (different than the product of the CuCl reaction) were de-
tected by powder XRD. Single crystal X-ray diffraction on a small 
black crystal revealed the composition of the new phase to be 
Na2B0.94(4)P2.00(5), which will be referred to as Na2BP2. The calcu-
lated XRD pattern of Na2BP2 accounts for all unidentified diffrac-
tion peaks in the experimental powder XRD pattern of the products 

of the CsI/NaI flux reaction (Figure S1). The Na2BP2 phase is 
highly air-sensitive because the crystals degrade instantly when ex-
posed to ambient atmosphere. Crystal handling was performed un-
der a layer of Paratone oil, and even then, crystal degradation and 
the formation of bubbles was observed after several minutes. 

In Na3BP2, the BP23– anions are isoelectronic to CO2.4 The 
elimination of ⅓ of Na cations changes the charge of the anion to 
−2. This leads to the condensation of anions into one-dimensional 
chains, an ordered model of which is depicted in Figures 2 right 
and 3. In the determined crystal structure, there are several 
alternative positions of the ordered chains. The superposition of all 
the orientations of the ordered chains results in overall disordered 
chains with partial occupancies for P and B sites, as depicted in 
Figures S3 and S4. Complete ordering can be achieved in the Pm 
monoclinic space group with doubling of the c unit cell parameter 
(details can be found in the Supporting Information). The ordered 
model was obtained considering partial occupancies of B and P 
sites and under the assumption of mutual exclusion of B and P 
atoms forming too short, physically impossible distances, such as 
1.18 Å and 1.67 Å. The shortest reported multiple B-P bond is 1.77 
Å in K3BP2,4d compared with the 1.96 Å single B-P bond in cubic 
BP.12 In the resulting chains, five-membered B2P3 rings are 
connected via bridging P atoms (Figure 3). The boron atoms have 
a trigonal-planar coordination while the bridging P atoms are 
engaged in two covalent B-P bonds. One P-P bond is formed by the 
P atoms in the ring. The chains are almost planar (Figure 3A). The 
B-P interatomic distances, 1.90 Å and 1.94 Å, are comparable with 
the sum of their covalent radii (1.95 Å) and the length of a single 
B-P bond (1.96 Å) found in the BP binary compound.12 The P-P 
distance of 2.28 Å is slightly longer than the typical covalent P-P 
bond, but even longer P-P bonds have been reported in different 
metal phosphides.13  

The ordered superstructural model was optimized using the Vi-
enna Ab initio Simulation Package (VASP).14 The model 
converges well with results shown in Fig. 2 right, 3C and 3D and 
S5. The optimized structure was analyzed with PLATON15 and 
found to be best described in the orthorhombic space group Pmc21 
(the resulting CIF is provided in the Supporting Information). This 
space group is not common for crystalline compounds with 109 
records in the ICSD (frequency 0.05%),16 nevertheless the pnictide 
compounds with 1D chains were shown to crystallize in the non-
centrosymmetric space groups.17 In the relaxed structure, P atoms 
inside the ring form shorter B-P bonds (1.90 Å) as compared to the 
B-P bonds connecting two rings (1.93 Å) (Figure 3D). A relaxation 
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of Na sites was also detected, similar to Na1/Na2 disorder detected 
by single crystal X-ray diffraction (Figure S5). 

 

Figure 3. Ordered models of a BP22– chain: A) and C) side view; 
B) and D) top view. A) and B) correspond to the superstructural 
model derived from single crystal data, while C) and D) correspond 
to the VASP optimized structure. Selected B-P and P-P interatomic 
distances are shown. B: green; P: orange. 

To the best of our knowledge, B2P3 five-membered rings are 
unique and have not been reported. The closest analogues among 
molecular compounds are Al2P3 and B2S3 rings.18 In the structure 
of the inorganic porphine, B8S16, four flat B2S3 rings are bridged 
together via additional S atoms connecting two B atoms from 
different rings.18b As a full phosphorus analogue, P5– planar 
aromatic rings are common soluble anionic fragment,19 while P5 
distorted rings are common fragments for various P allotropes.20  

The synthesized compound is expected to be electron balanced. 
Assuming the covalent nature of B-P and P-P interactions as 2c-2e 
bonds, three-bonded B atoms are neutral while two-bonded P atoms 
have a formal oxidation state of –1, leading to an overall formula 
of (Na+)2(B0)(P1–)2. Alternatively, boron may be considered as B3+, 
bridging P atoms as P3–, and dumbbell P atoms as P2–, leading to an 
overall formula of (Na+)2(B3+)(P3–)(P2–). Chemical bonding 
analysis using electron localization function (ELF) indicated that 
the former description is more appropriate (Figure 4). ELF 
attractors , , and  corresponds to covalent P-P and B-P bonds. 
Additionally, every P atom has unresolved electron lone pairs 
(attractors , , and ), which is expected for two-bonded P 
atoms.21 Electronic band structure calculations support the 
proposed electron-balanced model. Na2BP2 is predicted to be a 
semiconductor with a bandgap of 1.4 eV for the optimized ordered 
structure (Figure 5), which agrees with the black color of the 
crystals and the direct bandgap of 1.1 eV determined by UV-vis 
spectroscopy measurement (Figure S6). The contribution from P3p 
orbitals dominates in the states near the top of the valence band, 
while the conduction band is composed of similar contributions of 
Na, B, and P orbitals. 

 

Figure 4. Chemical bonding in BP2 chains according to electron 
localization function (ELF, η) analysis: A) and B) 3D isosurfaces 
of ELF with η = 0.835 and η = 0.9; C) Coloring of the ELF 
distributions for a slice of the crystal structure of Na2BP2. B: green; 
P: orange. Different types of attractors are marked with numbers in 
A) and C). 

The newly synthesized Na2BP2 compound is the first example of 
a 1D B-P polyanion with planar B2P3 rings. One can assume that 
further oxidation of this compound may lead to the formation of 
bonds between the chains and their condensation into novel 2D or 
3D B-P frameworks. Compounds with infinite B-P fragments may 
be useful precursors for creating novel low-dimensional materials 
analogous to other materials with strong covalent bonding within 
1D and 2D pnictide-based fragments, such as SnIP or GeAs.22 The 
synthesis of Na2BP2 demonstrates the power of the oxidative 
elimination method to access complex metastable and low-
temperature stable phases. This method allows reactions to 
overcome the inertness of starting materials by using complex 
precursors with built-in covalent bonding between the components. 
Further exploration of this method for other boron-pnictides is 
currently underway. 
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Figure 5. Electronic density of states for the ordered model of 
Na2BP2. Partial contributions of Na, B, and P are shown in blue, 
green, and orange colors, respectively. The Fermi level is shown as 
a dashed line at 0 eV. 
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