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ABSTRACT: Phosphorus is critical to humans on many fronts, yet we

do not have a mechanistic understanding of some of its most basic 40/
transformations and reactions—namely the oligomerization of white
phosphorus to red. With heat or under ultraviolet (UV) exposure, it has 301
been experimentally demonstrated that white phosphorus dissociates 3
into diphosphorus units which readily form red phosphorus. However, E 201
the mechanism of this process is unknown. The ab initio nanoreactor g
approach was used to explore the potential energy surface of phosphorus 101
clusters. Density functional theory and metadynamics simulations were 01
used to characterize potential reaction pathways. A mechanism for

oligomerization is proposed to take place via diphosphorus additions at ~ -10
7-bonds and weak o-bonds through three membered ring intermediates.
Downhill paths through P4 and Py clusters eventually result in P,
clusters that can oligomerize into red phosphorus chains. The initial, rate limiting step for this process has an energy barrier of 24.2

kcal/mol.
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B INTRODUCTION

Phosphorus (P) is an essential element in the genetic code and
cellular metabolism," as well as many industrially produced
materials and organic compounds such as pharmaceuticals, 53

light'® (Figure 1) or at high temperatures (>275 °C).>”'”"* Red
P is known to exist in at least five forms from amorphous’ (form

foodstuffs,” semiconductors (e.g, gallium phosphide)® and
fertilizer.* With this many applications, an optimal process for
producing elemental phosphorus is necessary. Elemental
phosphorus is classified into three allotropes:

1. White phosphorus—tetrahedral P, with a low melting
point (44.15 °C)>

2. Black phosphorus—stacked 2D honeycomb lattice
similar to graphite®

3. Red phosphorus—many forms with varying levels of
structure”

Current industrial phosphorus generation uses a thermal
process to convert phosphates into white P and subsequently
phosphorus trichloride” as a feedstock for other compounds, but
this requires large amounts of energy and uses hazardous
chlorine gas.

Alternative methods of more direct phosphorus generation
are of §reat interest in order to omit chlorine from the
process.”'* Experimental research efforts led by Cummins et al.
have included ultraviolet (UV) photolysis of P, to incorporate
diphosphorus (P,) units directly into synthetic schemes." This
work is inspired by the observation that P, oligomerization to
red P can be initiated by photolysis of P, into P, units under UV
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Figure 1. White phosphorus dissociates to P,, which oligomerizes to
red phosphorus. Some red phosphorus forms contain repeated P, and
P, subunits. P,; subunits in different chains cross-link to form an
extended network.

I) to the well-defined tubular structure of fibrous red
phosphorus'® (form IV) and Hittorfs violet phosphorus
(form V).>**" Changes between forms are induced at high
temperatures (>450 °C) and are irreversible.”

Red phosphorus itself has compelling, unexplored potential.
Historically, its main uses are in flame retardants and
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Figure 2. Previously studied phosphorus clusters by Baudler, Jones, and Ahlrichs.

matchboxes.”” However, there is a great body of work suggests
Red P will play a key role in sustainable energy.””** Initial efforts
by Wang et al.”® with Red P microparticles demonstrated high
levels of hydrogen gas evolution for an elemental photocatalyst.
Compared to its metal-based counterparts, Red P has several
advantages such as stability, nontoxicity, and cost. Many other
studies have confirmed the photocatalytic hydrogen evolution
potential of Red P in other forms or when combined with other
photocatalysts.”* ™ In addition, Red P’s photocatalytic use
could extend to pollutant degradation®™* and bacterial
inactivation to clean water.”>~*> Recent work has also shown
Red Phosphorus to be useful for energy storage as a candidate
for use in anodes of ion batteries. Carbon/Red P materials have
been extenswely studied and demonstrated areal capacities of up
to 10 mA h em®~,*° boosted ion storage and good stability.** >

The reaction pathways of red P formation from P, may
involve traversing a landscape of oligophosphorus and
polyphosphorus molecules. Clues are provided in the rich
chemistry of organophosphane compounds, in which a great
number of P -containing structural motlfs were described by
Baudler,*® Weigand,””** Hey-Hawkins,”” and others. Some of
these compounds have versatile metal coordination capabil-
ities,*°™% and may be used as precursors to metal
phosphides,°9 % which are challenging to synthesize but have
potential to replace precious metal catalysts in reactions such as
hydrogen evolution. Therefore, studies of P, cluster growth of
intermediate cluster sizes could further guide the discovery of
novel polyphosphorus compounds and derived functional
materials.

The first to speculate on the structure of Red P and
phosphorus clusters was Pauling, who 1n1t1ally proposed a
structural model of red P based on X-ray analysis® con51stmg of
linked units of tetrahedral white P with one bond broken.®” The
structure of Hittorf's phosphorus was later characterized by
Thurn and Krebs,” followed by the discovery of similar

structural motifs in amorphous red P by Fasol et al.*!
Subsequently, Baudler characterized a vast array of monocyclic
and polycyclic phosphanes (Figure 2). The vertices of all skeletal
structures from here on will indicate a phosphorus atom unless
otherwise specified., showing that the parallel, tubular structure
of red P could be synthesized from nucleophilic additions of
compounds containing P, and P, subunits.””~"® These studies
generally observed that organophosphorus clusters will max-
imize the number of five-membered rings formed while avoiding
four and seven-membered rings; three- membered rlngs are also
more thermally stable than six-membered rings.’

While experimental isolation of small elemental P clusters has
not yet been achieved, mass spectroscopy (MS) has provided
some insights. Early work by Kerwin’*’® using electron
ionization MS suggested that P, clusters, n = 2—4 (particularly
P,) dominate red P vapors at temperatures from 100—300 °C,
along with trace amounts of Pg.’*”” This was followed by
discovery of larger clusters including up to P, in red P vapor’®
and up to Pgy in laser desorption ionization experiments.”” >

In the past few decades, small P clusters have been extensively
characterized with theoretical methods. Early studies®* ™" found
repulsive interactions between parallel P—P bonds in four-
membered rings, con51stent with experimental observations
disfavoring these structures.’® Ahlrichs et al. studied the most
stable even-numbered isomers of P, clusters up to n = 28 with
the Hartree—Fock (HF) and MP2 methods®® and hypothesized
that these structures were intermediates in red P formation.
Concurrently, Jones et al.*’~* carried out density functional
theory (DFT) studies for neutral and ionic P clusters up to n =
11. Both studies largely agreed on the most stable structures of P
clusters with one exception being P;, (Figure 2)—Jones’
structure was later favored by more accurate CCSD(T)
calculations by Hiser.”” These initial studies, together with
neutron diffraction experiments”’ suggest that amorphous red P
contains cuneane-like Py clusters reminiscent of the tubular

19075 https://doi.org/10.1021/acs.inorgchem.4c02299
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structure of Hittorfs (form V) and fibrous (form IV) red P.
Hiser’s theoretical studies””"”” revealed the following trends:
P, clusters with n > 10 are more stable relative to P, and those
with n = 6—8 are less stable. Islands of stability do not exist
beyond n = 4, but stability gradually increases with cluster size
due to increasing the number of strain-free five-membered
rings.”? Gimarc and Warren’s exploration”~"* of strain energies
in P clusters affirms this, estimating cuneane Py as having the
smallest ring strain for Py isomers. DFT studies on ionic P
clusters revealed similar cuneane-like structural motifs and
noted that odd-numbered clusters were more stable than even-
numbered ones.*”’°™"’ New families of stable ionic cluster
structures were found using DFT simulated annealing,
suggesting that broad exploration of the potential energy surface
is useful for finding new isomers.'*’

With the abundance of experimental and theoretical
investigations of organophosphanes and P clusters, their
structural patterns and the factors that contribute to their
stabilities are well understood. However, the chemical trans-
formations between these species have not been thoroughly
explored. While Haser and Ahlrichs have proposed mechanisms
for the oligomerization of red P,** their analyses were based
solely on energetic minima of phosphorus clusters on the PES
and did not examine the kinetic feasibility of the proposed
pathways. It is the purpose of this work to propose a kinetically
reasonable mechanism for the oligomerization of red P by
characterizing the reaction network that connect small
phosphorus clusters of varying size.

Many mechanistic investigations start with informed
hypotheses from known reactions or by chemical intuition,
but the reactivity of elemental P has a much smaller body of
experimental knowledge and the derived chemical intuition is
also greatly reduced. Moreover, Jones®”** and Xue'*’ previously
demonstrated with their simulated annealing studies that
computational methods that reduce bias and the need for
guesswork are highly useful for improved understanding of these
systems. The recent decade has seen the development of many
methods for automatic generation and characterization of
reaction pathways, including those based on the automated
application of elementary reaction rules,'”' ™' and molecular
dynamics (MD) simulations on reactive potential energy
surfaces."”’ """ Ab initio quantum chemistry and DFT are the
most reliable methods for discovering previously unknown
reactivity as they have the least amount of empirical fitting but
are computationally very expensive. To mitigate this, ab initio
molecular dynamics (AIMD)-based reaction discovery methods
employ various methods to increase the frequency of reaction
events relative to ambient conditions. Within this class of
approaches, the ab initio nanoreactor' '* is an attractive option
for simulating red P oligomerization, as it accelerates reactivity
by inducing molecular collisions without relying on user-
specified collective variables and can generate new hypotheses
outside of any mechanistic space determined by rules. For these
reasons the nanoreactor was chosen as the primary reaction
discovery approach for this study.

Herein, we will first discuss how the ab initio nanoreactor was
used to generate novel mechanistic hypotheses for the
oligomerization of red P. Our initial simulations found P,
oligomerization reactions that result in many of the stable
isomers discussed above (Figure 3 and Table S1). We observed
that diphosphorus units tend to add to existing phosphorus
clusters via pseudopericyclic reactions to form three-member
rings at 7-bonds and weak o-bonds, and we propose that this is a
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Figure 3. Small phosphorus clusters (P,—P,,) observed in initial
nanoreactor simulations with their per-atom energy (kcal/mol) relative

to diphosphorus.

key step in the formation of red P. The reaction network results
in forming Jones’ P, units which then oligomerize through the
7-bonds at the bridging P atoms. Our work shows for the first
time a detailed, mechanistic exploration of the P cluster reaction
space and demonstrates that ab initio molecular dynamics can
facilitate reaction discovery in chemical spaces that are largely
unintuitive.

B RESULTS AND DISCUSSION

From over 90 nanoreactor simulations, a large set of reaction
pathways were characterized. Reactions that are perhaps most
significant to a mechanism or were observed multiple times in
simulations are summarized in Scheme 1. The numbers given
are the electronic activation energy followed by the reaction
energy in kcal/mol. Reactions without bold arrows were directly
observed in the nanoreactor or during the path refinement
process. Reactions with bolded arrows were inspired by
nanoreactor results and modeled separately. Reactions stated
as “<1.0” were calculated to be barrierless association reactions
with our methods. It is notable that there are multiple pathways
that lead toward cuneane Pg and C P, (Jones’s P,,), which are
fundamental building blocks for red P chains. Many of these
pathways do not have particularly high barriers considering the
temperatures that oligomerization occurs.

As amorphous forms of red P contain many structural motifs
from forms V (Hittorf's) and IV,”” we suggest that diphosphorus
could follow the pathways in Scheme 1 as it oligomerizes into
cuneane structures (Figure 4). Particularly the pathway (blue)
starting from P,c through to Psb seems plausible. Even if Pgb
isomerizes into Pga—the most stable P4 isomer—through
reactions r and ¢, there is still a downhill path (pink) to cuneane
Pg via a P, addition at the 7-bond. P¢b will also readily react with
any diphosphorus nearby (reaction c) minimizing the isomer-
ization to Pga. If P,b is formed, it can react with another
diphosphorus in two ways, forming P4a through reaction o or P¢f
through reaction j (gold) depending on the orientation of
diphosphorus. Reaction o is likely preferred as it leads to the
most stable Psa isomer. The gold pathway through Pf also
contains Pgd which was by far the most common Py isomer
observed in nanoreactor simulations. All three pathways seem
plausible to form Pga, and phosphorus clusters may isomerize
between these paths as they traverse the potential energy surface
downward toward the cuneane subunit of Red P.
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Scheme 1. Reactions Discovered in and Inspired by the Nanoreactor Simulations
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Figure 4. Optimized geometry of the main product (Pga) from Scheme
1 (gray) corresponds to one subunit of Red P (red).

With these pathways characterized, we are also able to verify
our choice of methods with previous work. In particular, in
comparison to ref 113, which calculated the relative energies of
several P, energy minima and the energy barriers between them
using third order Rayleigh—Schrodinger perturbation theory

(CASSCF-RSPT3 (4,9)) and an aug-cc-pVTZ basis set, our
@0B97X-D3/def-TZVP calculations agree to within 0.2 eV for
the activation energy for 2P, — P,c (Figure S1) and the reaction
energy of 2P, — P,a (Table S2), and moderate agreement is
found for the relative energies of other P, clusters (to within 0.5
€V). We think the smallest clusters are the most problematic for
DFET due to the open-shell character of P,b and P,c and the
breaking of multiple bonds in their reaction pathways;''* these
phenomena were not observed for the larger clusters in this
study.

Pseudopericyclic P, Addition at z-Bonds. Addition of
diphosphorus units through pseudopericyclic reactions emerged
as a common motif in the nanoreactor simulations (Scheme 2).
Scheme 2a shows a sterically strained three-membered ring
intermediate but is the most energetically effective way to add a
P, to the z-bond in P;;b whereas Scheme 2b corresponds to a [2
+ 2] cycloaddition. Following Woodward—Hoffmann rules, the

Scheme 2. Reactions that Result from P, Addition to Jones’ P,,*
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“(a) Pseudopericyclic addition of P, at a z-bond. (b) [2 + 2] supra/antara cycloaddition of P, at a z-bond. (c) Comparison of [2 + 2] and
pseudopericyclic addition of subsequent P,. (d) Third structure in (a) cannot form bicyclic product.
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cycloaddition forces the newly formed ring into a supra/antara
conformation that must undergo a phosphorus inversion to
reach the same product. Relevant molecular orbitals (MO’s) for
the pseudopericyclic addition of diphosphorus is shown in
Figure 5. Three MO’s with distinct z-bond character are visible

TS

& — " o
1 (LUMO) W @%@“' W @i‘g @?

90 (HOMO) m w \W W %.

. et
86 @ @

83 @‘;

v 0%

81 W @L‘@?

Figure 5. Relevant molecular orbitals for the pseudopericyclic addition
of diphosphorus to Jone’s P, following Scheme 2a.

in the reactant (MO 82, 83 and 86). One z-bond (82 — 81)
stays consistent throughout the reaction coordinate. The z-bond
character of the other P, z-bond and the P;, #-bond start to
disappear during the association (87). During the association,
the highest occupied molecular orbital (HOMO) develops a p-
orbital character, which is consistent with the interpretation of
the #-bond moving to become a lone pair on the back
phosphorus. The lowest unoccupied molecular orbital (LUMO)
of the transition state shows a clear overlap between the 7*
orbitals of disappearing 7-bonds. This overlap appears along the
new formed o-bond. The HOMO of the final product shows a
clear p-orbital on the back phosphorus and some o-bond
character along the newly formed bonds.

The barriers for these mechanisms starting from even-
numbered chains P;;—P,4 are summarized in Scheme 2c.
Although there is no consistent trend for which pathway is
preferred, both mechanisms have activation energies below 20

kcal/mol and so would be plausible even at low temperatures.
Continued addition of P, units could result in increasingly long
“ladder-like” structures. Other reaction paths following P,
addition were considered; in particular the bicyclic intermediate
(the third structure in Scheme 2a) bears resemblance to Pga and
Abhlrichs’ Py, both of which were the most stable isomers for
their size. An alternate product (Scheme 2d, product A) would
contain only o-bonds and is more stable by 1.1 kcal/mol
compared to the “ladder” motif. However, an attempt to locate
the TS for Scheme 2d, product A instead led to product B
consisting of white P and Pgb with a much higher activation
energy than the final reaction in Scheme 2a. The reverse of this
reaction, with a barrier of 17.5 kcal/mol (AE, = —3.7 kcal/
mol), could also reasonably be part of the oligomerization
process if white P were present.

From the structures in Scheme 2c, pathways to red P chains
were modeled by adding a bridging P, on top of the ladder.
Scheme 3a shows an addition of diphosphorus on top of two o-
bonds, while Scheme 3b shows the formation of a cuneane-like
structure can that could occur after an addition of diphosphorus
at a terminating 7-bonds. These steps have similar barriers to the
reactions in Scheme 2 However, these mechanisms involve
multiple endothermic steps and rate limiting barriers of >34
kcal/mol in the elementary step where the bridging P, completes
the cage unit, cleaving a ladder o-bond in the process. While
some experimental conditions involving red P production are
known to happen at high temperatures, this barrier is larger than
most steps studied so far. These findings initially suggested that
diphosphorus addition at o-bonds would be mechanistically
avoided.

Low-Energy Pathway for P—P ¢-Bond Activation.
Cuneane Py is clearly a very stable minimum on the potential
energy surface of P clusters, and it showed little reactivity in the
nanoreactor simulations. As in Scheme 1, the activation energy
of adding P, to cuneane Pg was found to be 42.9 kcal/mol in the
nanoreactor. Inspired by the pseudopericyclic reactions at 7-
bonds, a new mechanistic path to larger P clusters was found.
Addition of P, at the three-membered rings on cuneane Pg have
surprisingly low reaction barriers (16.0 kcal/mol) despite the
occurrence of o-bond cleavage (Scheme 3c). The resulting
cluster is P (b, or Jones’ P, which is significant as Jones’ P}, can
be considered as one unit of red P. Diphosphorus additions at
other atoms on cuneane Pg were also considered (Scheme 3d—
f). These have higher barriers (Scheme 3d,e), are significantly

Scheme 3. Cleavage of 6-Bonds with P—P z-Bonds”
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“(a, b) Energetically costly addition of diphosphorus at ladder o-bonds. (c) Pseudopericyclic addition of diphosphorus at three-membered ring o-
bonds of cuneane Pg. (d—f) Other possible P, additions to 6-bonds of cuneane Pg. (g) Oligomerization of Jones’ Py, through o-bond cleavage.
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more endothermic (Scheme 3e), or were unable to be
characterized with our methods (Scheme 3f). Addition at the
three-membered rings of cuneane Pg (Scheme 3c) may be more
favorable due to the formation of a five-membered ring in the
intermediate simultaneous with the breaking of a four-member
ring. Overall, this indicates that Jones’ P;;, would be the favored
product between cuneane Pg and P, (Figure 6).

Intermediate B

Intermediate A

€1.88

Figure 6. RESP charges (top) and bond distances (A, bottom) for the
reaction in Scheme 3c. All atoms without charges listed are smaller in
magnitude than 0.05 a. u.

Similar to P, addition of Py, the LUMO (Figure 7) for the
sequence in Scheme 3c shows 7% character. In TSI, the 7
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Figure 7. Relevant molecular orbitals for the addition of diphosphorus
to cuneane Pg.

character of MO 70 starts to disappear as it approaches p-orbital
lone-pair like character of P, (MO 71). As with the P, addition
to a 7-bond in Figure S, the HOMO and second HOMO display
lone-pair character on the back phosphorus. This lone pair
character diminishes in the last two reaction steps as that
electron density forms new bonds. The second 7-bond (MO 69)
is conserved through the first reaction step, and becomes more
localized on the rightmost phosphorus with lone-pair character
through TS2 (MO 73). However, the 7 character is re-
established through TS3 into the final product (MO 71).

This mechanism of using a 7-bond to cleave cuneane Pg can
be extrapolated to devise a mechanism for oligomerization of P,
units (Scheme 3g). Here, the 7-bond on one of the P, units acts
similarly to a P, and is attacked by the lone pair on the vertex of

3, 4, and S-membered rings. Again, there is disappearance of the
7 character on the Py unit (Figure 8, MO 126) as orbital density
is developed like a lone pair (HOMO and second HOMO) first
onto the P, unit through TSI, and then onto the bottom-left
phosphorus of Pg through TS2. The lone pair character of the
HOMO diminishes through TS3 as one o-bond between the
two units is broken and another is formed (MO’s 113—115,
127).

These mechanisms generally proceed through three-mem-
bered cyclic, zwitterionic intermediate before rearranging to the
tubular structure of red P. However, Kollman RESP charge
calculations show more nuance in these intermediates (Figure
6). It seems that 3-member rings delocalize electron density.
The quaternary phosphorus in Intermediate A is expected to
show a distinct positive charge. However, the whole 3-member
ring shows a significant positive charge (>0.10 a.u.). The lengths
of the bonds in this ring also indicate delocalization as the newly
formed single bonds (orange and purple) are not as long as
typical P—P single bonds (>2.2 A). In Intermediate B, the
expected single bonds of the secondary phosphorus (blue and
orange) are 2.08 and 2.15 A, closer to the length of a typical P=
P double bond (2.03 A). The lack of a distinct negative charge
on the secondary phosphorus also hints at the delocalized
nature. Bond lengths and RESP charges for the dimerization
reaction can be found in Figures S4 and SS, and similar patterns
can be observed. The seeming tendency for electron
delocalization in three-member rings is likely a contributing
factor in the high occurrence and unusual stability they show in
phosphorus clusters.

Nonetheless, the formal charges used to represent the work
herein are still a useful heuristic for communicating mechanism
and electron movement as shown in the MO’s. With the
reactions in Schemes 1 and 3c leading to the formation of P b
and this oligomerization step of P yb, a pathway to red P chains
is clear starting from P,. This pathway is summarized in Scheme
4. On path from the Pgb (C,,) Dewar benzene structure (blue),
another path from the Pya benzavalene isomer (pink path), and
another path from Pf (gold path). The pink versus orange
pathway depends on the orientation of the diphosphorus unit as
it approaches P b. The pink path has the largest single reaction
step barrier of 35.5 kcal/mol—plausible at some experimental
temperatures (>275 °C), and seemingly necessary as no paths
with smaller barriers were found that lead out from this P4 global
minimum. The orange path is an alternative path from P,b that
has no barriers larger than 25 kcal/mol. The blue pathway has
similar barriers, but requires adding a P, unit to a less stable
isomer of Pg.

Harmonic Free Energy Corrections May Not Be
Sufficiently Accurate. To fully assess the plausibility of
these pathways, evaluating the activation free energies is
required. We computed the free energy barriers and reaction
free energies using the harmonic approximation at 500 K. While
the relative size of most reactions steps and barriers remained
largely the same, bimolecular steps involving P, additions had
consistently higher activation free energies by about 10—20
kcal/mol compared to the electronic activation energies (SI,
Figure S2). This resulted in some key steps of the mechanism
with barriers upward of 40+ kcal/mol and positive reaction free
energies of almost 30 kcal/mol, which would not support the
proposed mechanism.

However, the methods used to calculate free energies may not
be appropriate for this system, as ideal gas approximations begin
to break down with heavier and larger species. Additionally,
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Figure 8. Relevant molecular orbitals for the dimerization of two cuneane Py units of red P.

Scheme 4. Electronic Potential Energy Surface of the Calculated Pathways from Diphosphorus” to a Unit of Red Phosphorus
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“Disphosphorus from addition steps are implied but not explicitly shown.
further investigations of the normal modes along the free energy potential as typically done. To more rigorously characterize the
surface revealed that the transition state structures for many of free energy surface of diphosphorus additions, ab initio
the diphosphorus addition steps contain a large number of low metadynamics were used as the method of choice.
frequency vibrations corresponding to large amplitude motion. Due to the high computational cost and the challenges
These motions are not properly described by a harmonic involved in defining an appropriate collective variable (CV) for
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many of the reactions, we chose to study a single reaction, that of
P, addition to Jones’ Py,. In this reaction, the CV was chosen as
the distance between a chosen P atom on the diphosphorus (P,)
and the atom labeled P, on the z-bond of P,, (Jones’ isomer).
The free energy simulation results using three different initial
conditions are shown in Figure 9 and Table 1. The results

50
— 1(0.23ns)
—— 2 (0.44 ns)
Z 40 3(0.38 ns)
£
T 301 .
3 201
@
{=
& 1] \
o
o
w0 /W'*v
-10

P1 - PA Distance (A)

Figure 9. Free energy surface from metadynamics simulations for the P,
addition to Jones’ Py,

Table 1. Free Energies and Barriers Generated from
Metadynamics Simulations of P10, and P,

reaction free energy

free energy barrier (kcal/mol) (kcal/mol)
1 (0.23 ns) 115 —4.83
2 (0.44 ns) 6.51 —5.96
3 (0.38 ns) 971 -5.13

suggest that the free energy barrier is in the range of 6—12 kcal/
mol, much lower than the harmonic approximation result (26.6

kcal/mol). The reaction free energies have good agreement,
ranging from —5.96 to —4.83 kcal/mol, significantly lower than
the harmonic approximation of +9.92 kcal/mol. To summarize,
these free energy simulations strongly suggest that the harmonic
approximations are overestimating the barrier height and
reaction free energies for P, addition reactions.

B CONCLUSIONS

From the data gathered, a plausible mechanism for how
diphosphorus oligomerizes to red P clusters can be proposed.
Our mechanism suggests that diphosphorus units tend to add to
clusters at 7-bonds and weak o-bonds through three membered
ring intermediates. Downhill paths through P4 and Py clusters
eventually result in P, clusters that may oligomerize into various
red P forms, with forms IV and V consisting of repetitions of said
P, clusters. This mechanism has the largest barrier of 24.2 kcal/
mol at the start with two diphosphorus units coming together to
form a P, species. Our methods of choice are supported by free
energy simulations and multireference methods. While this
study has largely focused on closed-shell species, more work can
be done to explore open-shell mechanisms or mechanisms that
involve ionic species.

Looking forward, another key mechanistic step that was not
explored was the formation of P, red P subunits by cross-linking
Py, subunits with P,. We anticipate that similar diphosphorus
addition steps as the ones found here could play a part in the
reaction pathway. Additionally, investigating paths with open-
shell methods or ionic species could open a new realm of
possibilities toward the formation of red P. Electron para-
magnetic resonance analysis of the formation of red P could
provide insights if radical formation is a crucial step in this
process. Additionally, nuclear magnetic resonance could be of
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Figure 10. Nanoreactor oscillates between two boundary potentials. During t,-intervals with the more restricted boundary potential, molecules outside
the r,-sphere are accelerated inward, inducing collisions and reactions. This process repeats as the molecules relax into the r;-sphere during the t;-

intervals.
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some use in determining the ring size of intermediate species
during oligomerization. Finally, our findings have also
demonstrated the ability of the ab initio nanoreactor to inspire
unique chemical hypotheses from the ground up. This suggests
that further applications of the nanoreactor may be successful in
generating reaction networks in systems that do not follow
conventional rules, such as reactions dominated by noncarbon
elements, ions, and/or radicals.

B COMPUTATIONAL METHODS

The bulk of the calculations in this paper are in two categories— (1) the
ab initio nanoreactor simulations for reaction discovery, and (2)
conventional hypothesis testing involving the modeling and optimiza-
tion of energy minima, transition states (TSs), and minimum energy
paths (MEPs). The nanoreactor simulations were started from
geometries consisting of P, molecules and P,/P, mixtures for
consistency with experimental demonstration of red P oligomerization
from diphosphorus.'®™"® The reactions that are observed in the
nanoreactor trajectories were converted into optimized MEPs in an
automated procedure called energy refinement.''> Furthermore, the
study of the nanoreactor pathways helped to inspire chemically similar
mechanistic hypotheses that were not directly observed in the
trajectories; these we modeled and investigated “manually”. We also
incorporated potentially important reaction intermediates into the
starting species of further nanoreactor simulations. In this way, the
development of the reaction network involved several rounds of
feedback between reaction discovery and hypothesis testing.

The ab initio nanoreactor simulations generally consisted of a
number of randomly positioned and oriented P, units and other small P
clusters with a total of 40—80 atoms. Due to the exploratory nature of
these simulations, various combinations of simulation parameters were
employed as described in the Supporting Information (Table S3). A
representative simulation used the B3LYP hybrid density functional
with the 6-31G* basis set and DFT-D3 dispersion correction, with the
simulation time step set to 1 fs and a Langevin thermostat set to 1000 K
and a damping time of 0.150 ps. Each simulation was propagated for an
average of 20 ps. The simulations were carried out with the
TeraChem'">™""” quantum chemistry software and initial conditions
were generated using the PackMol'*° software.

The accelerated reactivity is generated through the combination of
high temperature—which is close to the experimental conditions of red
P formation—and a time-dependent external potential that is the
nanoreactor’s distinguishing feature (eq 1).

Vi 0 = Tk = {0‘ KO 2 K0

k, Ry iftmod(t +t,) <t

k(t), R(t) = {

k,, R, otherwise (1)

Here, m is the atomic mass, R; and R, are radius parameters (R, < R),
and k; and k, are force constants. Equation 1 describes a flat-bottomed
harmonic boundary potential with time-dependent parameters in which
molecules are free to move within a sphere of R, for some time period ¢;.
After period t, the radius of the spherical region with zero potential
shrinks to R,; atoms outside of this radius are uniformly accelerated
inward due to the mass-weighted force. The oscillating action induces
high-velocity collisions that increase the number of observed reactions
(Figure 10). Different combinations of the boundary potential
parameters were tried to optimize the frequency of observing reactions
that gave chemically reasonable activation barriers after energy
refinement; recommended values are given in Rows 4 and 5 of Table S3.

Reactions observed in the nanoreactor trajectories were automati-
cally identified and extracted from the trajectory, then input into an
energy refinement procedure''” in which the reactant, product, and
transition state structures were optimized. This was followed by
vibrational analysis of the TS structure and intrinsic reaction coordinate
(IRC) calculations to verify the correctness of the MEP.">" These

calculations were performed at a higher level of theory compared to the
nanoreactor simulations, namely the @B97X-D3 range-separated
functional ** and the def-TZVP basis set.'*> This density functional
has been benchmarked against gold standards (CCSDT(T)) and
showed a mean absolute errors of 2.1 and 3.0 kcal/mol for reaction
barriers and reaction energies, respectively.'** It is also a computa-
tionally efficient choice, which is necessary due to the number of
reactions explored and also the size of some of these systems (300+
electrons). Therefore, it is a reasonable choice for exploring our system.
Approximate Gibbs free energies using the ideal gas/rigid rotor/
harmonic oscillator approximation (abbreviated as “harmonic approx-
imation”) were calculated with vibrational analysis of the transition
state, product, and reactant structures. The optimizations were done in
translation-rotation internal coordinates with the geomeTRIC software
interfaced with TeraChem.'*’

We also performed metadynamics simulations of selected reactions
to assess the margin of error of the harmonic approximation for Gibbs
free energies, particularly for bimolecular association reactions. Well-
tempered metadynamics simulations were carried out using TeraChem
with the PlumBEd'?¢~'%® plug-in, the @B97X-D3 functional,"** and the
def-TZVP Gaussian basis set.'>* Simulations used a time step of 1 fs and
were propagated for S00 ps. The Langevin thermostat was set to 500 K
with a damping time of 150 fs. A bias factor of S was used with initial
Gaussian height of 0.001 au, approximately 2% of the energy barrier,
with a new biasing potential added every 100 fs. The collective variable
was chosen to be the distance between the two phosphorus atoms
forming a bond in the reaction of interest; a repulsive potential was
placed at 15.0 Bohr.
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