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Functionalization is one of the most powerful tools in materials science for the development of new and
innovative materials with tailored properties purposefully designed to enhance the overall stability of the
system. This is particularly true for exfoliated black phosphorus, which suffers from easy decomposition
by air and moisture, hampering its highly desirable applications, especially in electronics. The present
work suggests an innovative approach to the functionalization process of this 2D-material based on the
selective introduction of chalcogen atoms on the material surface through a reaction with suitable mole-
cular precursors such as stibine chalcogenides (RsSb(X), X = O or S; R = organyl group). These molecules
may readily act as chalcogen-transfer agents and, upon releasing the chalcogen atom atop the bP
surface, leave stable stibines (RsSb) as byproducts, which may be easily removed from the functionalized
bP surface. The work provides an overview of all the possible structural, electronic and energy aspects
associated with the chalcogen-atom transfer from the stibine to phosphorus based compounds, exem-
plified by trialkyl phosphines and single layer exfoliated black phosphorus, i.e. phosphorene, P,. In both
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cases the oxygen transfer is more exergonic than the sulfur transfer, with the associated free energy
barrier for the phosphine process being higher. Although the sulfur transfer for the P, is found to be
endergonic (ca. +3.6 kcal mol™), the process may surely occur at high temperature. The evolution of the

rsc.li/dalton band structure upon the chalcogen transfer has been depicted in detail.
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Introduction

Understanding the reactivity at the molecular level is essential
in chemistry. In the blooming research area of 2D materials
science, black phosphorus (bP) and its fully exfoliated form,
phosphorene (P,)," have acquired particular importance owing
to their tunable direct band gap. The band gap of the latter,
depending on the thickness of the material, ranges from 0.3
up to more than 2.0 eV on going from bulk bP to phosphorene,
and it could also be modulated by different physical pertur-
bations such as laser action.” The limited usage of exfoliated
bP in the fabrication of devices for application in both elec-
tronics and optics is mostly due to the low stability of the
material when exposed to oxygen and/or moisture.” In prin-
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ciple, the great availability of P-based lone pairs at the 2D-
material surface may indicate an easy functionalization, but,
although in the last years a lot of effort has been made to
achieve a genuine covalent functionalization, the results are
still very scarce or not undoubted.” On the other hand, in
order to enhance the stability of the material, many results
have been obtained by the encapsulation of exfoliated black
phosphorus into different matrices through noncovalent
interactions.”

The difficulty of achieving covalent functionalization has
been associated with the reduced donor power of the surface
lone pairs together with some degree of delocalization.® The
choice of suitable substrates for reaction with the P, layer may
not only enhance the stability but also impart peculiar elec-
tronic properties to the functionalized surface.® In a recent
study, a detailed in silico investigation allowed us to provide
useful guidelines for proposing an efficient functionalization
of the phosphorene P, surface with Lewis acidic groups or
transition metal based moieties (direct path a in Scheme 1).

A perfect ¢ interaction between the phosphorus lone pairs
and suitable empty orbitals of the reagent fragments is funda-
mental to achieve a good degree of functionalization.® In prin-
ciple, three different plausible coordination modes were envi-
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Scheme 1 Alternative pathways for the direct (path a) and non-direct
(path b) metal functionalization of 2D phosphorene.

saged between the P, surface and an acidic transition metal
fragment, indicated as n', n> and n*-coordination modes,
respectively, depending on the number of the involved P-lone
pairs. In any case, the improper orientation of the P-lone
pairs, which are bent by 30° rather than orthogonal to the
surface, requires some degree of structural deformation,
especially for accomplishing the more sterically demanding n?
or n’ coordination mode.®*” Thus, in order to prevent any
steric and electronic problems, a careful choice of both the
metal fragment and suitable co-ligands is required.

An alternative approach, see path b in Scheme 1, for the
successful functionalization of phosphorene could involve the
decoration of the monolayer with suitable groups showing well
defined donor capabilities. These could then be exploited for
maximizing the interaction with transition metal fragments or
nanoparticles decorating the reactive surface. This kind of
functionalization would likely impart a higher stability to the
functionalized material toward degradation, bypassing the
otherwise required structural deformations, especially associ-
ated with n* or n* coordination mode, and provide a modular
electronic structure by changing the loading and the nature of
the functionalizing group.

Among the potential fragments, oxygen and sulfur are the
best candidates in view of the high inclination of phosphorus
to react with them.>® For example, through the reaction of a
molecular phosphorus allotrope, white phosphorus, P,, with
oxygen, two different phosphorus oxides may be easily pro-
duced with P,0¢ or P,0,, stoichiometry, depending on the
reaction conditions.’ More extended is the series of the phos-
phorus sulfides; namely, molecular species from P,S; up to
P,S;o may be produced by stepwise breaking the P-P bonds of
P, and bridging the broken bond with a sulfur atom or just
decorating the polyphosphorus unit with terminal sulfur
atoms."’

Concerning exfoliated bP, its reactivity with O, has been
amply debated under different conditions governing the degra-
dation toward the molecular species while the reaction with
sulfur has been less investigated. Generally, the experimental
synthetic protocols require harsh reaction conditions,"" such
as high temperature and pressure, and start from the phos-
phorus red allotrope that is reacted with elemental sulfur at
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about 1000 °C and 2 GPa. In any case, no useful insights have
been provided to understand how the reactions proceed and
give the obtained by-products.

Thus in order to overcome the possible problem of degra-
dation or low selectivity, the choice of the chalcogenide educt
from which the chalcogen atom may effectively be transferred
to phosphorene is of great importance. Sulphur transfer reac-
tions between trisubstituted pnictogens (R;E) have been suc-
cessfully addressed with phosphorus and arsenic with a large
variety of organic groups.'> More recently, Cummins et al.™
reported an efficient method for bringing about the selective
sulfuration of a cyclic diphosphane using triphenylstibine
sulfide as the S-transfer reagent. Remarkably, the stepwise for-
mation of the P(E) bond (E = O or S) was achieved without
affecting the original P-P bond. The present paper predicts
and compares the employment of stibine oxide or sulfide as a
suitable reagent to deliver chalcogen atoms to different phos-
phorus-based compounds such as phosphine and 2D black
phosphorus sheets. A complete description of the electronic
underpinnings, ruling such a process, is examined starting
from the phosphine moiety in order to compare the molecular
reactivity with that on a 2D surface. A detailed structural/elec-
tronic monitoring of the reaction of chalcogen transfer is also
provided together with the analysis of the effects on the band
gap of the 2D-material.

Results and discussion
Reactivity of the pnictogen—chalcogen system

The electronic nature of the pnictogen/chalcogen bonding is
still particularly debated in spite of the large amount of com-
putational and experimental efforts. The most representative
examples are phosphine oxides, R3;P(O), whose electronic
nature is still the subject of different interpretations described
in detail in the review of Gilheany.'* In particular, there are
two opposite viewpoints related to the relative contribution
percentage of the electrostatic and covalent interactions to the
overall bonding. Everyone now agrees that the strength of the
P-O bonds is somewhat comparable to a double bond but with
the electronic density polarized towards the oxygen atom. In
this regard, Chesnut et al. described such a bond as a highly
polar ¢ bond featuring a strong m back-donation from the
oxygen with a final description resembling an ionic & R;P'-0~
bond rather than a conventional double bond."” Atoms in
molecules theory calculations'® described the P-O bond as a
single highly polarized sigma bond whose strength correlated
with the electrostatic interactions. More recently, Frenking
et al. provided'” a detailed analysis of the bond in a series of
phosphine oxides R;P(O) where R = H, F, Cl, Me or Ph. In par-
ticular, these authors focused on the electronic features of
three different plausible interaction models of the phosphine
oxides. The first one is the purely dative from a phosphine
fragment closed shell into an oxygen center, while the second
and the third models involve radical species: an electron
sharing double bond between triplet fragments in the former
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and a single bond between doublets in the latter. The
decomposition schemes of energy interactions highlight that
in the phosphines the bonding pattern may be described as
electron sharing single bonds between charged fragments
R;P"-O" with a non-negligible contribution of = back-donation
from the oxygen ranging between 22 and 32% depending on
the nature of the R substituent. In this regard, we calculated
the interaction energy between the radical species for the opti-
mized structures of both the phosphine oxide and sulfide and
their stibine analogues. The calculated interaction energy is
maximum for the phosphine oxide (-292.5 kecal mol™) and
becomes less efficient by varying both the chalcogen
[-224.3 keal mol™' for Me;P(S)] and the pnictogen
[~234.2 keal mol ™" for Me;Sb(0)], reaching the lowest value for
the Me;Sb(S) (=197.9 keal mol™)."®

For the purpose of this article, the main frontier occupied
molecular orbitals of the groups involved in the reactivity with
the oxygen are drawn in Fig. 1. The situation is similar for the
sulphur case. The HOMO of the stibine oxide species is mainly
centered on the oxygen atom, while the HOMO-2 could be
better described as a ¢ Sb-O bonding. In the case of the phos-
phine the HOMO is most purely the lone pair on the phos-
phorus atom.

In conclusion, while the main picture of the electronic
structure in the pnictogen/chalcogen system will remain the
same, differences are in the different degree of charge separ-
ation between the two centers, in the bond strength and also
in the reactivity. The analysis of the electronic structure,
especially of the MOs or bands near to the frontier, helped us
understand the chalcogen transfer both in molecular com-
pounds like trimethyl phosphine and in materials such as
single layer exfoliated black phosphorus, phosphorene.

Chalcogen source and mechanism

As said before, moving from phosphorus to antimony and
changing the chalcogen from oxygen to sulfur significantly

@
Jd J
HOMO and HOMO-2 Me;Sb(O)

=

HOMO Me,P

Fig. 1 Molecular orbitals involved in the reaction between MesSb(O)
and MezP.
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MesP + MesSb(0O) => MesP(0) + MesSb  AG= -49.5 kcal mol!
MesP + MesSb(S) => MesP (S) + MesSb  AG=-18.1 kcal mol!
MesP + MesSb(0) => [Me3P-O-SbMeslrs  AG=+24.1 kcal mol!
MesP + Me3Sb(S) => [Me3P-S-SbMes] s AG=+16.9 kcal mol-!

Chart 1 Free energy parameters associated with the overall chalcogen
transfer reaction and with the achievement of the transition state.

weaken the pnictogen-chalcogen bond. Thus, on the basis of
the available information, attention was focused on trimethyl-
stibine oxide or sulfide as a chalcogen transfer reagent. The
analysis of the chalcogen transfer processes started from the
description of oxygen and sulfur atom transfer from Me;Sb to
the corresponding phosphine, Me;P. Such processes have been
previously investigated and have been reported to be thermo-
dynamically favored.'> Chart 1 summarizes the energetic fea-
tures of the reactions together with the energy barriers associ-
ated with the achievement of the transition states. Both oxygen
and sulfur transfer between stibine abd phosphine are exergo-
nic. The process for the oxygen is in any case more favorable
compared to the one involving sulfur, being the free energy
gain almost three times greater in the former process com-
pared to the latter one. The situation is reverse for the free
energy cost required to achieve the transition states, as shown
in Fig. 2, with the barrier being smaller for sulfur than for
oxygen.

Fig. 2 shows the structure of the transition state of the reac-
tion of Me;3Sb(0) (TSo) and Me;Sb(S) (TSs) with Me;P. Starting
from the stibine oxide, the TS, displays a linear Sb---O---P
arrangement with the transferred oxygen lying in between the
Sb and P centers, with the Sb-O and P-O distances of 2.03 and
2.08 A, respectively. More importantly, the stibine and phos-
phine groupings are particularly rearranged compared to the
starting reactants. First of all, the Sb-O bond is elongated by
0.16 A compared to the stibine oxide and, more importantly,
both antimony and phosphorus centers exhibit a geometry far
from the starting tetrahedral or the trigonal pyramid. In par-
ticular, the geometry around the Sb assumes a butterfly con-
formation with a wider C-Sb-O angle of around 20° and an
elongation by 0.05 A of the trans Sb-C bond. A similar trend
occurs also for the phosphine grouping; thus, at the transition
state TSo the transferring oxygen is in between two butterfly
arrangements. In a similar structure, the phosphine and the
stibine moieties are ready to host and lose the oxygen atom,
respectively, by minimizing the repulsions between the lone
pairs.

The analysis of the two structures shown in Fig. 2 revealed
a substantial difference between the two transition states,
although this discrepancy is only apparent. In this regard, in
the transition state associated with the sulfur transfer an
almost C; symmetry seems to be maintained. In any case, a
detailed investigation on the transfer of the stibine sulfide to
the phosphine revealed that the process occurs in quite the

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Transition state associated with the oxygen (TSo) and sulfur (TSs) transfer from Me3zSb(X) to MesP (X = O or S).

same way as the oxygen transfer, although the structural defor-
mations are not so evident.

Two different mechanisms had already been proposed for
the chalcogen exchange reaction between a phosphine (R;P)
and a phosphine chalcogenide, R;P(X), with different elec-
tronic and structural features.">' The former process implies
a nucleophilic attack by the lone pair of the R;P at the phos-
phorus of R;P(X) through a three-membered cyclic transition
state. Otherwise the latter one involves a R;P---X:--PR; linear
arrangement, associated with the chalcophilic attack of the
pnictide nucleophile. The latter mechanism has been pre-
ferred to the former, especially for the reaction involving
heavier chalcogen transfer, while the situation remains quite
unclear for the oxygen."®

Avery intriguing view of the bonding in the transition state
of the chalcogen transfer process has been suggested by a
reviewer of the present manuscript, proposing some simi-
larities to the electronic structure in trifluoride, trichloride or
triiodide anions. These systems could be classified as three
center-four electron species with the involvement of three
molecular orbitals of the o-system, two of which are filled,
namely bonding and non-bonding, and the third is empty
with an anti-bonding character.?® On the basis of the isolobal
analogy,>' the chalcogen transfer between the trimethyl stibine
and the trimethyl phosphine could be related, with opportune
differences, with the formation of the triiodide anion from
iodide and the di-iodine molecule, with the I, being similar to
the stibine-oxide as the acidic center and the phosphine as
iodide. Obviously in contrast with the formation of the tri-
halogen anion, in the present case after the TS the oxygen is
transferred to the phosphine moiety, providing the stibine.

The suggested intriguing analogy is well highlighted by the
HOMO of the transition state, shown in Fig. 3, as the ¥, non-
bonding filled combination of the ¢ system mainly localized
on the peripheral phosphorus and antimony centers with a
very low contribution from the transferred chalcogen atom.

In order to better understand the electronic features associ-
ated with the chalcogen transfer, a detailed analysis has there-
fore been carried out on how the reaction proceeds, in particu-
lar, by stepwise shortening the P---X distance up to the
minimum value. The relaxed scan of the potential energy
surface revealed that in both cases the transfer of the chalco-
gen to the phosphorus occurs with the elongation (0.03 A) of

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Plot of the HOMO of the transition state, TSo, for the transfer of
the oxygen. The situation is similar for the sulphur case.

only one of the P-C bond lengths in Me;P and the distortion
of the structure toward the butterfly geometry. Only beyond
the transition states the antimony and phosphorus centers
reacquire again a C; symmetry. Such a structural arrangement
is not totally unknown for phosphorus compounds and at
least fifteen X-ray structures are available at the Cambridge
Crystallographic Database.”” For example, in a constrained
system such as (8-dimethylamino-1-naphthyl)diphenylpho-
sphane, the arrangement around the phosphorus atom is far
from being trigonal pyramidal, but more close to a butterfly
geometry with an intramolecular N — P coordination. The
X-ray structure shows a N---P distance of 2.7 A and the N-P-C
(phen) angle very close to being linear (173.87°), while among
the three C-P-C angles around the phosphorus two are 100°
and one is larger showing 103°.>® Other pertinent examples
are the phosphorus compounds with phenylpirazole substitu-
ents, where the phosphorus interacts with the lone pair of a
nitrogen with the attainment of a butterfly geometry.>*

Mulliken charge analysis was carried out at the TS and com-
pared to the starting phosphine and stibine oxide or sulfide
and the final phosphorus oxide or sulfide and stibine pro-
ducts. The obtained results are reported in Table 1 together
with the optimized phosphorus or antimony distances with
oxygen or sulfur.

As shown in Table 1, in the chalcogen transfer between
phosphorus and antimony centers the oxygen or the sulfur
atom changes only marginally their charge compared to the
variations of the pnictogens, with the phosphorus becoming
more positive and the antimony less positive. In this case, the
transfer can be described as a redox reaction between phos-
phorus and antimony, which becomes oxidized and reduced,

Dalton Trans., 2020, 49, 15072-15080 | 15075


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0dt02860f

Open Access Article. Published on 07 October 2020. Downloaded on 5/6/2026 4:30:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

Dalton Transactions

Table 1 Calculated Mulliken charges and overlap for the reactants, transition states and products of the chalcogen transfer reactions

Mulliken P/Sb Mulliken O/S

d(P/Sb-0/S) (A) Overlap population (P-O or Sb-0)

Me;P +0.32

Me;Sb +0.24

Me;Sb(0) +0.89 —-0.82

Me;P(0) +0.92 —-0.77

Me;Sb(S) +0.50 —-0.48

Me;P(S) +0.68 —0.55

TSo +0.54(P) —-0.68
+0.62 (Sb)

TS +0.41(P) —0.42
+0.35 (Sb)

respectively, accompanied by the transfer of the oxygen or
sulfur. The transition states may be described as reactant-like
in view of the null or negligible overlap population between
the phosphorus and the transferring chalcogen atom, while
the variations are more evident in the case of antimony.

Extension of the chalcogen transfer to the phosphorene
surface

On the basis of the results entailing the chalcogen transfer
from a stibine to the phosphine, we wonder whether a similar
approach could be extended also to the mono-layer exfoliated
black phosphorus, P, allowing a robust and selective
functionalization of this intriguing 2D-material. Remarkably,
the structural arrangement in the phosphorene surface already
features an inner asymmetry in the P-P distances and the P-P-
P angles as shown by the optimized structure in Fig. 4. In the
P, sheets each phosphorus center is three-coordinated with
two in-plane P-P distances shorter by 0.05 A than the third
(2.29 vs. 2.24 A) and with two P-P-P angles ca. 8° wider than
the third one (104.6° vs. 96.7°). The smallest value of two non-
bonding P atoms facing in the ditch is 3.6 A.

The lone pair associated with each phosphorus atom is far
from being orthogonal to the surface but bent by 30°,
suggesting that an efficient functionalization of the surface
with acidic moieties requires serious steric and electronic
rearrangements.® As highlighted above for the case of the
phosphine, also for the P, surface the chalcogen transfer is

1.86 0.45
1.52 0.51
2.26 0.51
1.98 0.50
2.08 (P-0) 0.00
2.03 (Sb-0) 0.30
2.59 (P-0) 0.04
2.46 (Sb-0) 0.23

improbable to directly involve the lone pair but a low lying
acidic system, able to interact with a basic moiety such as an
oxide or sulfide moiety. In contrast with the case of the phos-
phine, hardly the material surface is able to rearrange to
achieve a perfect butterfly arrangement. One of the possible
low lying energy levels, able to interact with the incoming
nucleophilic oxygen or sulfur, is a P-P ¢* system and in par-
ticular the out-of-plane system, which represents the bottom of
the conduction band for the 2D-material. A recent article high-
lighted the pH influence on the degradation of the exfoliated
bP in water and a related computational investigation revealed
that under basic pH conditions, the hydroxide anion in solu-
tion may interact with the surface, allowing a significant P-P
bond elongation in the 0.3-0.6 A range. The authors suggested
that a similar interaction may be considered as the initial step
in the experimentally observed degradation of the phosphor-
ene sheet to molecular compounds such as hypophosphite or
phosphate.*

Fig. 5a and b show the optimized structures of the functio-
nalized surface with oxygen and sulfur, respectively, obtained
through solid state calculations by using the CRYSTAL17
package®® using a supercell of 32 phosphorus atoms, namely
P3,, and one chalcogen atom.

The insertion of the chalcogen atom on the naked P,
surface has some effects on the structural arrangement around
the perturbed local cluster of P atoms as shown in Fig. 5.

Fig. 4 Optimized structure of single layer exfoliated black phosphorus,

15076 | Dalton Trans., 2020, 49, 15072-15080

Fig. 5 Drawings of optimized molecular geometries of phosphorene—
oxide (a) and —sulfide (b), namely P3,0 and P3,S, respectively.

This journal is © The Royal Society of Chemistry 2020
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Although the asymmetry between both P-P distances and P-P-
P angles is maintained, the width of the ditch is enlarged by
0.1 and 0.2 A for the phosphorene oxide and sulfide, respect-
ively, compared with the pristine material. Single point calcu-
lations revealed a comparable deformation energy of the
surface of the naked P, material to accommodate the oxygen
or the sulfur atom (ca. 0.1 eV).° This deformation is required
in order to assure a less efficient repulsion between the intro-
duced chalcogen lone pairs and the facing ones on the phos-
phorus atoms at the other side of the ditch. The free energy
contribution associated with the functionalization of the
material is shown in Chart 2, together with the energetic bar-
riers for the corresponding transition states. As occurred in
the case of the single phosphine molecule, also for phosphor-
ene the functionalization with oxygen seems to be particularly
efficient compared to the same process, encompassing the
delivery of one sulfur atom onto the polyphosphorus platform.
In particular, the latter seems to be slightly endergonic by only
+3.6 kcal mol™', possibly due to somewhat more hindered
transfer of the sulfur in view of a more pronounced defor-
mation of the material surface due to the steric requirements
to host the incoming chalcogen atom. This is testified by the
wide opening of the channels in the case of sulfur, which
doubles that occurrence when one oxygen atom is delivered
onto the P;, surface, mimicking the phosphorene layer.

In order to better understand the mechanism of the chalco-
gen transfer from the stibine oxide or sulfide to the naked
phosphorene layer, P,, we focused our attention on searching
for the possible transition state associated with such a
process. Conversely in the case of the phosphine, the evaluated
free energy barriers are quasi doubled in the case of sulfur,
namely [P;,-S-SbMe;]rs, compared to those of the oxygen
[P3,-0-SbMe;]ys, +22.3 vs. +13.4 keal mol™", respectively. The
optimized structures of the transition state are reported in
Fig. 6.

The structure of the transition state, shown in Fig. 6a,
associated with the oxygen transfer features an arrangement
near to a butterfly with a P,P,0 angle of 161.7°. The chalcogen
is far to interact with the lone pair but most likely it can
actively intermingle with the o* P,P,, which, as shown in
Fig. 6, is 0.26 A longer than the corresponding value in pristine
phosphorene. A similar trend occurs also for the related Sb-O
distance with a value of 2.15 A. The Sb-O-P, angle is far from
being close to 180° but it is smaller by ca. 40°, showing 138.9°.
Remarkably, in the transition state, the interaction with the
oxygen does not affect the width of the channels, with the lone

AG= -28.5 kcal mol!
AG= 3.6 kcal mol!
AG= +13.4 kcal mol!
AG= +22.3 kcal mol!

P32 + Me3Sb(O) => P320 + MesSb
P32+ MesSb(S) => P3S + MesSb
P32 + Me3Sb(0) => [P32-O-SbMes]ts
P32 + MesSb(S) => [P32-S-SbMes] 1s

Chart 2 Free energy parameters associated with the overall chalcogen
transfer reaction and with the achievement of the transition state.
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Fig. 6 Optimized structure of transition states of (a) [P3,—O—-SbMeslrs
and (b) [P32—S—SbMe3]Ts.

pair on phosphorus not involved in such an interaction. The
free energy barrier (see Chart 2) is estimated to be +13.4 kcal
mol ™", thus significantly smaller than the one obtained for the
Me;P case. The nature of the transition state of the optimized
[P3,-O-SbMejs]rs structure is confirmed by the calculation of a
single imaginary frequency at —292.3 cm™", associated with
the combined transfer of the oxygen to the phosphorus centre
together with the P,-P, elongation. After that, the system gains
as large as —41.8 kcal mol™" with the final formation of one P-
O bond on the material surface.

When the sulfur atom has to be transferred, the transition
state is somewhat different compared to the oxygen case, as
shown in Fig. 6b. The process in this case appears somewhat
more hindered than the oxygen transfer with a total free
energy loss of +3.6 kcal mol™" with a calculated free energy
barrier of ca. +22.3 kecal mol™" for the achievement of the [P3,—
S-SbMejs]ys transition state. From a structural viewpoint, the
Sb-S distance elongates by 0.36 A, while the effect on the P;-
P, distance is less evident since the elongation is only by
0.05 A compared to the naked material, as also mirrored by
the significantly smaller (ca. 20°) S-P;-P, angle. In any case,
although the process seems somewhat hindered, the free
energy barrier and the very small endergonic feature of the
total reaction are not so prohibitive and surely a higher temp-
erature may help the process. The nature of the transition state
has also been testified by the presence of an imaginary fre-
quency at —191.7 cm™" corresponding to the combined sulfur
transfer between antimony and P; centers coupled with the
P,-P, elongation. A second imaginary frequency was obtained
at —26.5 cm™' associated with the methyl rotation at the
stibine group.

Band structure features

The structural and energetic analysis of the chalcogen transfer
pointed out some fundamental differences in the two pro-
cesses especially in the nature of the obtained transition
states. In the [P3;,-S-SbMe;lrs the process has already
occurred; thus, the transition state is product like; otherwise,
in the oxygen case, the situation is reverse. Aimed at better elu-
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cidating how the electronic structures could be influenced by
the chalcogen transfer, a detailed band and density of states
analysis has been carried out on the final products and the
transition states. In both functionalized P,, P,(O) and P,(S),
band gaps of 2.33 and 2.31 eV have been predicted for the
oxygen and sulfur cases, respectively, which are 0.13 and 0.11
eV larger than that shown by pristine phosphorene. A reason-
able explanation has been recently provided,® the lone pairs at
the top of the valence band stabilized through the interaction
with the chalcogen with a narrowing of the top of the valence
band and a final effect of an enlargement of the resulting
band gap. By the examination of the density of states, the
main difference in the two cases is related to the great contri-
bution of sulfur at the bands at the top of the valence band,
which in contrast are particularly lower in the case of the
oxygen.

Particularly interesting is the inspection of density of states
for the two different transition states. Starting from the [P3,-
O-SbMe;]rs, Fig. 7a, a significantly small band gap of 1.57 eV
is predicted. The conduction band appears particularly
changed in the bottom part with the formation of an isolated
band with the main contribution from the oxygen and ¢* P-P
bond character. This is strictly correlated with the structural
features found for the [P;,-O-SbMes]rs with a strong elonga-
tion of the out-of-plane P-P. The involvement in the process of
o* P-P bonds, which are the main contribution to the conduc-
tion band in the phosphorene material, allows their energy
stabilization and the reduction of the band gap between
valence and conduction bands up to 1.57 eV. Only after the
transition state, the phosphorus-oxygen bond forms and the
band gap increases up to 2.33 eV.

The trend is not so evident in the sulfur transfer, with the
predicted band gap being 2.17 eV, ie. only 0.14 eV smaller
than that of the naked phosphorene as evident in the density
of states in Fig. 7b. In that case, the chalcogen transfer has
already occurred and the transition state is more product-like

E-FERMI (eV)

E-FERMI (eV)
|' |

2000 4000
Density of States

0 2000 4000 0 6000

Density of States
a b

Fig. 7 Density of states of the transition states before the attainment of
the functionalized material: (a) [Ps;—O-SbMeslrs and (b) [P3,—S—
SbMeslrs. The contribution from the chalcogen has been highlighted in

grey.
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in contrast to the oxygen one, as confirmed by the energy and
structural features pointed out before.

Conclusions

The present work suggests a promising route for the
functionalization of the exfoliated black phosphorus, which
suffers from easy decomposition by air and moisture. In par-
ticular, we suggest that the selective introduction of chalcogen
atoms on the material surface may occur following the reaction
with suitable chalcogen-atom transfer reagents, such as
stibine oxide and sulfide. In this way many drawbacks related
to the reactivity of the naked material with Lewis acids or tran-
sition metal fragments might be overcome. The study suggests
the available features of this reactivity with a not so high
energy barrier to be bypassed or, as occurs for the stibine
sulfide case, with very low overall free energy costs. The work
provides a complete overview of all the possible structural,
electronic and energy aspects associated with the chalcogen
transfer between a stibine chalcogenide and a phosphorus
based compound, in particular trialkyl phosphine or single
layer exfoliated black phosphorus, phosphorene, P,. In view of
the very similar features of the molecular and 2D material pro-
cesses and computationally proved their feasibility, we strongly
hope that such a reactivity will be addressed in laboratory, also
being supported by precedent experimental investigations on
diphosphane.” The results of the present manuscript will rep-
resent the starting point for a more efficient functionalization.

bP-Based materials through the immobilization of metal
complexes and/or nanoparticles take advantage of the strong
interaction with the chalcogen centers without significantly
affecting the structure of the P, sheets.

Computational details

The optimized geometries and energetics of the all the mole-
cular reactants and the naked and functionalized phosphorene
surfaces have been studied at B3LYP-DFT*’ level of theory by
using the CRYSTAL17 package.”® The material structure has
been studied by using a selected supercell of 32 phosphorus
atoms, optimizing both the atomic positions and lattice para-
meters. The TZVP basis set*® has been used for all the atomic
species. The minima/transition state features were validated by
performing the vibrational frequency calculation. Band and
Crystal Overlap Orbital Population (COOP) analyses have been
carried out with the available routines of the CRYSTAL17
package.”® Lists of all the optimized structural and energy
parameters are available in the ESL.}
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