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Supplementary Data 

Table S1. Crystallographic details of all relevant phosphorus allotropes discussed in the present 
work, grouped according to different “families” of structures. These are, from top to bottom: (1) 
analogues of fibrous phosphorus;[S1] (2) 1D helical and nanowire structures (cf. Figure 3 in the 
main text); (3) analogues of fibrous and Hittorf’s phosphorus[S2] but now containing only either 
one or the other part of the repeat unit; (4) 2D structures (cf. Figure 4 in the main text); (5) 3D 
structures (Figure S1). Besides the Pearson and space-group (SG) symbols for each structure, we 
identify the SBU and its topology. 

Struct. Dim. Pearson SG SBU SBU topology (comments) 

G1 1D aP42 P1 [P9]P2[P8]P2[ ladder, parallel 
G2 1D mS84 C2/m [P9]P2[P8]P2[ ladder, parallel 
G55 1D oP16 Pmc21 [P8] linear chain 
G73 1D hR144 R32 [P8] 63 (3,2) 
G75 1D hP48 P6122 [P8] 61 helix 
G88 1D hP48 P6 [P8] 44 (0,6) 
G94 1D hP48 P62 [P8] 61 helix 
G97 1D tP64 P4322 [P8] 63 (4,3) 
G108 1D tI64 I41/amd [P8] linear chain 
G112 1D mP22 Pm [P9]P2[ ladder, parallel 
G142 1D mS40 Cc [P8]P2[ chain, parallel packing ABAB 
G175 1D oP20 Pmma [P8]P2[ chain, parallel packing hexagonal 
G122 2D mS44 C2 [P9]P2[ KIa 
G28 2D hR72 R3 [P8] kgm 
G43 2D tP16 P4�21c [P8] sql 
G46 2D oS64 Ama2 [P8] sql 
G50 2D tP16 P4�21m [P8] sql 
G51 3D tI64 I41 [P8] lvt 
G82 3D hP48 P3112 [P8] qtz 
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Table S2. Energetics of all relevant structures. Energies, E, are obtained at the PBE+TS level (with 
details given below). For some structures, the number of atoms per cell given here differs from 
that given in the Pearson symbol (Table S1) due to the use of different cell setups. Energy differ-
ences, ΔE, are given relative to black phosphorus. 

Structure E (CASTEP, 
eV / cell) 

Atoms / 
cell 

ΔE 
(eV / atom) 

ΔE 
(kJ mol–1) 

G1 –9225.386361 42 0.1014 10 
G2 –9228.506984 42 0.0271 3 
G28 –5271.103529 24 0.1242 12 
G43 –7029.887542 32 0.0695 7 
G46 –7026.009764 32 0.1907 18 
G50 –7025.963455 32 0.1921 19 
G51 –7030.102928 32 0.0628 6 
G55 –7021.640311 32 0.3272 32 
G73 –10543.70166 48 0.0930 9 
G75 –10543.17586 48 0.1040 10 
G82 –10544.43796 48 0.0777 7 
G88 –10543.90688 48 0.0888 9 
G94 –10542.15325 48 0.1253 12 
G97 –14058.86704 64 0.0837 8 
G108 –14052.69844 64 0.1801 17 
G112 –4833.376731 22 0.0545 5 
G122 –4833.794897 22 0.0355 3 
G142 –4394.547931 20 0.0261 3 
G175 –8789.32893 40 0.0203 2 

Supplementary Results 

Whilst the focus of the present work is on 1D (“nanowire”) and 2D (“phosphorene analogue”) 

structures which are built up from the isolated P8 cage SBU, we include here further results of 

possible additional interest. First, we show two P8-based structures with 3D-extended connectivity 

(Figure S1). These structures are presented here as a case-in-point to show that 3D hierarchical 

structures can principally be described according to the same principles.  
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Figure S1: Representative structures with 3D connectivity based on the P8 cage as building unit. 
In both cases, each cage is linked to four others, and the SBU centers are therefore drawn as large 
blue spheres, in analogy to Figure 3c and 3f in the main text. The topology of the underlying nets 
is lvt (for G51; panel a) and qtz (for G82; panel b), respectively.  

 

Furthermore, although the focus in the main text is on those structures which contain neither 

three- nor four-membered rings of phosphorus, Pfitzner et al. have experimentally shown the ex-

istence of a [P8]P4(4)[∞
1  chain,[S3] where the parentheses indicate a four-membered ring fragment. 

Therefore, we present here selected results (directly taken from the GAP-RSS output), which in-

clude one structure that is closely related but now contain two subsequent P8 cages for every P4(4) 

unit (Figure S2a), and two structures for which the GAP-RSS search has been seeded with P8 

rings but the latter have “opened” during structural relaxation (Figure S2b–c). We note that these 

are only snapshots for illustrative purposes, and much more detailed work, beyond the scope of 

the present Communication, will be required to study such structures in a comprehensive fashion. 
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Figure S2. Selected structures containing four-membered ring units, taken from the output of 
GAP-RSS searches. In (a), a structure is seen which has been formed by fusing two P8]P2 seed 
fragments: in the simplified sketch above, one of these P8]P2 units is shown in red, the other in 
blue, and the resulting four-membered ring in black. Hence, a 1D chain is formed in which pairs 
of P8 cages alternate with four-membered ring units, in close relationship to the [P8]P4(4)[∞

1

motif (with single P8 cages in the repeat unit) described in Ref. [S3]. In (b) and (c), two examples 
are shown where the initial P8 cages have been opened during GAP-driven relaxation. The repeat 
units are sketched by brackets. 
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Computational Details 

GAP-RSS Searches 

Structures were identified using random structure searching, driven by a GAP-RSS interatomic 

potential developed and described in Ref. [S4]. In these searches, initial ensembles of randomized 

structures are created, relaxed, and filtered. The buildcell routine of the Ab Initio Random 

Structure Searching (AIRSS)[S5,S6] code was used to create the input structures, by initializing with 

a given fragment that was randomly placed and repeated by symmetry operations either 2, 3, 4, 6, 

or 8 times (see Listing S1 for a specific example, and Table S3 for an overview of all searches). 

All seed fragments are derived from fibrous phosphorus[S1] (cf. Figure 1 in the main text and Ref. 

[S7]). Details on the fragment-based approach are given by Ahnert et al.,[S7] and an earlier pilot 

study yielding some simpler phosphorus structures was reported in our previous work.[S4] 

Listing S1. Example buildcell input: here, seeding with a P8 cage and 2 symmetry operations. 

#VARVOL=205.733 
 
%BLOCK POSITIONS_ABS 
     P'  1.84037  -2.42298   2.08891 # 1-C2v % NUM=1 
     P   3.03627  -1.33269   3.57887 # 1-C2v 
     P'  2.99767   0.25049   2.05833 # 1-C2v 
     P' -0.41901  -1.43503   4.34983 # 1-C2v 
     P   1.48924  -0.63862   5.12247 # 1-C2v 
     P'  0.73535   1.26487   4.30336 # 1-C2v 
     P  -0.05070  -1.25995   2.17217 # 1-C2v 
     P   0.84907   0.83724   2.13490 # 1-C2v 
%ENDBLOCK POSITIONS_ABS 
 
#SYMMOPS=2 
#NFORM=2 
#SLACK=0.25 
#OVERLAP=0.1 
#COMPACT 
#MINSEP=1.0 P-P=2.9 P-P'=2.9 P'-P'=2.1 
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Relaxation of all candidate structures was then carried out using a standard conjugate-gradient 

minimizer (with a maximum of 200 steps) as implemented in QUIP / quippy, which is freely avail-

able at https://github.com/libAtoms/QUIP. The resulting structures were filtered accord-

ing to the requirement that (i) all atoms had to be three-fold coordinated (determined using a bond-

length cut-off of 2.35 Å), (ii) the shortest non-bonded distance had to be > 2.9 Å, and (iii) the 

smallest allowed shortest-path ring size was 5 (i.e., any structures containing 3- and/or 4-mem-

bered rings were discarded). Statistics for these searches are collected in Table S3. 

DFT Post-Processing 

Candidate structures were further relaxed using dispersion-corrected DFT. We used the Perdew–

Burke–Ernzerhof (PBE) exchange–correlation functional[S8] and the pairwise Tkatchenko–

Scheffler dispersion correction[S9] as implemented in CASTEP 8.0.[S10] These computations em-

ployed on-the-fly generated ultrasoft pseudopotentials, a 500 eV plane-wave cut-off energy, and 

an extrapolation scheme to counteract finite-basis effects.[S11] A final single-point energy compu-

tation was performed for each optimized structure, with the cut-off energy increased to 600 eV, 

and the energies quoted in the main text are obtained from these single-point computations. 

Structural Data 

A concatenated file containing all structures from G1 to G190 in XYZ format accompanies this 

work as electronic Supporting Information. We also provide CIF files for those structures that are 

discussed explicitly (listed in Table S1). These CIF files contain additional crystallographic infor-

mation (e.g., on space-group symmetry), and they contain “dummy atoms” representing the centers 

of the SBUs, which can be used to visualize and analyze their topology as done in the main text.  
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Table S3. Statistics of searches based on the structural unit used. All “Unique” structures within 
one ensemble of seed structures and number of symmetry operations (Nsymop) were then DFT-
relaxed and again filtered (note, for example, that searches with 2 and 4 symmetry operations may 
lead to the same final structure). Ultimately, 190 unique structures were found, and these are la-
beled “G1” to “G190”. 

  Number of structures 

Seed Nsymop Unique Duplicate 3-/4-rings Non-3c 
atom(s) 

Total 

P13 / P8 2 4 0 3 19993 20000  
3 0 0 0 20000 20000  
4 0 0 0 20000 20000 

P13 2 5 0 64 19931 20000  
3 0 0 0 20000 20000  
4 6 0 43 19951 20000  
6 5 0 4 19991 20000  
8 6 0 8 19986 20000 

P8 2 58 17 755 19170 20000  
3 29 78 761 19132 20000  
4 106 17 658 19219 20000  
6 113 62 463 19362 20000  
8 58 6 473 19463 20000 

P9 / 2P2 / 
P8 

2 0 0 0 20000 20000 
 

3 0 0 0 20000 20000 
P9P2 2 28 5 39 19929 20001  

3 0 0 0 20000 20000  
4 14 0 42 19947 20003  
6 3 0 8 19989 20000  
8 6 0 21 19973 20000 

P8P2 2 47 1 73 19879 20000  
3 55 11 63 19871 20000  
4 29 1 50 19920 20000  
6 27 1 47 19925 20000  
8 13 1 31 19955 20000 
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Further Validation of DFT Results 

Dispersion corrections. Whilst the main results of the paper are reported at the PBE+TS level of 

theory (viz., with pairwise dispersion corrections through a widely used method), we have also 

carried out a comprehensive benchmark to provide evidence that the claim of the new structures 

“being energetically more favorable than white phosphorus” is not limited to a specific DFT func-

tional or dispersion correction method. We perform these benchmark computations for G73 (one 

of the reported nanowires; Figure 3a in the main text) and G94 (the double-helix structure; Figure 

2d in the main text), and compare the results to those for black phosphorus and the β modification 

of white phosphorus.[S12] We carried out single-point computations using the following: 

• Three different “classical” functionals, viz. LDA,[S13,S14] PBE,[S8] and PBEsol;[S15] 

• The more recently introduced SCAN functional,[S16] which we use in its regularized form 

(“rSCAN”);[S17] 

• Three different methods for treating dispersion: Grimme’s “D2” correction,[S18] which has 

been used for phosphorus allotropes before,[S19] the pairwise Tkatchenko–Scheffler (TS) 

correction[S9] used for the results in the main text, and finally, the many-body dispersion 

(MBD) method[S20] in the range-separated self-consistent screening (rsSCS) variant.[S21]  

It is noted that MBD, in particular, was shown to lead to an excellent description of the phos-

phorene exfoliation energy: recent studies gave 78 meV/atom,[S22] in practically quantitative agree-

ment with a quantum Monte Carlo benchmark value of 81±6 meV/atom.[S23] We emphasize that 

we do not attempt, or claim, to perform a comprehensive survey of dispersion-correction methods, 

and that other such methods (e.g., more recent versions of the corrections by Grimme et al.[S24,S25]) 

have been reported. The interested reader is referred to Ref. [S22] in this regard.  
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Figure S3. Energies of relevant structures, relative to black phosphorus, using different DFT and 
dispersion correction methods as noted. All structures were tightly re-relaxed at two different lev-
els of theory (PBEsol and PBE+TS), in parallel runs, using space-group symmetry. We used a 
kpoint_mp_spacing value of 0.07 and a residual force convergence criterion of ≤ 10–3 eV 
Å–1. For the optimized structures, single-point computations were then done using a tighter setting 
of kpoint_mp_spacing = 0.03. The notation “A//B” indicates a single-point computation 
using the level of theory A (p. S9) for a structure that has been optimized at the level of theory B. 

Our test results are summarized in Figure S3. They show that independent of the level of 

theory, the newly found structures G73 (green) and G94 (orange) are predicted to be energetically 

more favorable than white phosphorus. The results are robust with regard to small changes in the 

geometric parameters (seen by comparing, e.g., LDA//PBEsol to LDA//PBE+TS results), and they 

hold even when a treatment of dispersion interactions is largely lacking (e.g., in the uncorrected 

PBE values). Moving from the pairwise “TS” method, used for the present work, to the more 

advanced MBD@rsSCS[S21] leads to the same trend; indeed it makes the preference for both new 

structures in Figure S3 more pronounced.  
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Pseudopotentials. We also comment on the role of pseudopotentials, which represent another 

approximation in the computational results reported. We note that there is a quantitative bench-

mark available for CASTEP versus all-electron calculations, as part of a larger, community-wide 

effort ranging across different codes.[S26] Different sets of pseudopotentials in CASTEP, as bench-

marked against a set of seven different all-electron codes and across a large set of materials, 

showed average equation-of-state errors of 0.7 and 1.1 meV/atom, respectively. The larger of these 

errors corresponds to 0.1 kJ mol–1 – this is an order of magnitude better than the accuracy with 

which our results are reported, viz. to within 1 kJ mol–1. 

We also inspected the data provided by Lejaeghere et al.[S26] specifically for phosphorus (in 

the Supplementary Materials of that paper) in more detail: the bulk modulus of black P, which is 

a sensitive test for the quality of a potential, was predicted by the authors’ CASTEP computations 

to be between 67.2 and 70.2 GPa (across six different pseudopotentials, including ultrasoft and 

norm-conserving ones). A benchmark set of seven all-electron codes for this property yielded re-

sults ranging from 67.0 to 74.2 GPa (with a mean of 69.0 GPa). This provides evidence for the 

suitability of the use of pseudopotentials in the context of the present study. 

Finite-temperature effects. The final point to discuss in the context of the validity of the 

results is whether the reported energies, which have been obtained from (zero-Kelvin) DFT com-

putations, would follow the same trend if temperature effects were considered in the analysis. We 

have therefore used CASTEP (Thermodynamics keyword) to perform phonon computations 

(Linear Response module; Ref. [S27]) and to automatically evaluate the phonon contributions to 

the free energy (THERMO_CALCULATE_HELMHOLTZ = True).[S28] A more general overview of 

such DFT-/phonon-based methods for finite-temperature properties of solids may be found, e.g., 

in Ref. [S29] and references therein.  
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Figure S4. Thermodynamic assessment of two selected GAP-RSS derived allotropes, as in Figure 
S3, and comparison to white phosphorus, obtained using CASTEP. All results are given relative 
to black phosphorus. 

We show in Figure S4 the free energy for different phases, approximated by the sum of the 

electronic (zero-K) energy, E0, and the phonon contribution to the free energy, Fph, as obtained 

from CASTEP. We here used tighter k-point grids for the single-point evaluations (Figure S3; 

kpoint_mp_spacing = 0.03) than for the phonon computations (0.07); however, the effect 

of this on E0 was found to be negligible (small fractions of a kJ mol–1). The more substantial 

approximation is that of harmonic behavior at temperatures up to 300 K, which appears to be 

limited for white phosphorus given its low melting point (about 320 K). Nonetheless, the tests in 

Figure S4 clearly suggest that our claim is principally valid beyond the usual zero-Kelvin DFT 

predictions. It is finally noted that if one chose to use the MBD@rsSCS single-point energy in this 

analysis (i.e., for E0), this would increase the gap between white P and G73 further compared to 

the PBE+TS result, and therefore the predicted stability ordering would be further reinforced in 

that case.  
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