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ABSTRACT: The phosphinidenesilylene (HPSi; X'A’) molecule was prepared via a directed
gas-phase synthesis in the bimolecular reaction of ground-state atomic silicon (Si; *P) with
phosphine (PH;; X'A,) under single-collision conditions. The chemical dynamics are initiated
on the triplet surface via addition of a silicon atom to the non-bonding electron pair of
phosphine, followed by non-adiabatic dynamics and surface hopping to the singlet manifold,
accompanied by isomerization via atomic hydrogen shift and decomposition to phosphin-
idenesilylene (HPSi, X'A’) along with molecular hydrogen. Statistical calculations predict that
silylidynephosphine (HSiP, X'X*) is also formed, albeit with lower yields. The barrier-less
route to phosphinidenesilylene opens up a multipurpose mechanism to access the hitherto
obscure class of phosphasilenylidenes through silicon—phosphorus coupling via reactions of
atomic silicon with alkylphosphines under single-collision conditions in the absence of

successive reactions of the reaction products, which are not feasible to prepare by traditional synthetic routes.

ince the pioneering isolation of hydrogen cyanide (HCN,

X'T*, 1) from Prussian Blue (Fe,[Fe(CN)¢]) by the
Swedish chemist Carl Wilhelm Scheele in 1782,' the structural
isomer hydrogen isocyanide (HNC, X'E*, 2)*~7 and the
isovalent homologues sila hydrogen cyanide (HSiN, X'z 3),
sila hydrogen isocyanide (HNSi, X'X*, 4), phospha hydrogen
cyanide (HCP, X'X*, 5), phospha hydrogen isocyanide (HPC,
X'E*, 6), silylidynephosphine (HSiP, X'X*, 7), and phosphin-
idenesilylene (HPSi, X'A’, 8) have fascinated the physical
(organic), inorganic, material, astrochemistry, and theoretical
chemistry communities from the fundamental points of views
of electronic structure and chemical bonding (Scheme 1).%7
These molecules are considered as prototypes of highly
reactive hydrides, in which the light, second-row main group
XIV and XV elements—carbon and nitrogen—are substituted
by their third-row isovalent atoms—silicon and phosphorus.'
Whereas for the isoelectronic isomer pair of HNC—HCN, 1 is
thermodynamically favored by 62 kJ mol™ than its isomer 2,
the trend is reversed when a carbon atom is replaced by an
isovalent group XIV silicon atom: sila hydrogen isocyanide
(HNS, 4) is calculated to be thermodynamically more stable
by 282 kJ mol™' compared to the sila hydrogen cyanide isomer
(HSiN, 3),'"'” with both isomers discovered in rare gas
matrices."”'* The formal replacement of nitrogen in 1 and 2
by the main group XV element phosphorus leads to phospha
hydrogen cyanide (HCP, 5) and phospha hydrogen isocyanide
(HPC, 6) with the latter isomer being thermodynamically less
stable by 328 kJ mol ™}, considering, e.g., the weak H—P bond
compared to the stronger H—C bond in $. Similar to 1,2 5 was
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detected in the circumstellar envelope of the Asymptotic Giant
Branch (AGB) carbon-rich star IRC+10216 via four rotational
transitions.">' In analogy to 2, one may expect the
thermodynamically less stable isomer 6 to be abundant in
deep space; however, this species has eluded any laboratory
and astronomical detection to date. The silylidynephosphine
(HSiP, 7) and phosphinidenesilylene (HPSi, 8) species
represent a peculiar, scarcely studied isomer pair. 8 was first
identified in the gas phase through the discharge of silane
(SiH,)—phosphine (PH;) mixtures via rotational spectrosco-
py.'” Whereas 17 are linear and hold a C,,, point groups,'""®
quantum chemical calculations suggest that 8 adopts an exotic
bent structure bearing a P=Si double bond, a P—H single
bond, and a donor—acceptor interaction between the P—H
bond and the empty p orbital at the silicon atom."""”~*° This
chemical bonding favors 8 compared to the linear isomer 7 by
43 kJ mol™'; a transition state involving a hydrogen shift for
the 7—8 isomerization is located 54 kJ mol™' above 7.”'
Nevertheless, any directed gas-phase synthesis on phosphin-
idenesilylene (HPSi, 8) along with its alkyl-substituted
derivatives has remained elusive as of this date.
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Scheme 1. Molecular Geometries of Isovalent Species of
Hydrogen Cyanide (HCN) and Hydrogen Isocyanide
(HNC), Including the Relative Energies (k] mol '), Bond
Distances (A), and Selected Bond Angles”
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“Atoms are colored as follows: carbon, black; silicon, purple; nitrogen,
blue; hydrogen, gray; and phosphorus, pink.

Herein, we provide an exceptional glance into the unknown
chemistry of phosphinidenesilylene (HPSi, 8) and report the
very first directed gas-phase preparation of 8 under single-
collision conditions through the bimolecular reaction of atomic
silicon (Si; *P) with phosphine (PHj; X'A;) utilizing the
crossed molecular beams techniques. An investigation at the
most fundamental, microscopic level combined with electronic
structure calculations provides a unique look into the exotic
reaction mechanisms and non-adiabatic reaction dynamics
through which highly reactive phosphorus—silicon molecules
like 8 are prepared as a result of a single collision between the
simplest open-shell silicon-bearing species (atomic silicon) and
the prototype closed-shell phosphorus-bearing molecule
(phosphine). The chemical dynamics of the reaction involve
an addition of atomic silicon to the non-bonding electron pair
of phosphine in the entrance channel on the triplet surface,
non-adiabatic dynamics via surface hopping from the triplet to
the singlet manifold, isomerization of the singlet intermediate
via hydrogen migration, and the formation of phosphinidene-
silylene (HPSi, 8) via molecular hydrogen loss. These findings
illuminate exotic silicon—phosphorus chemistry and bond
coupling along with unusual chemical dynamics of silicon,
which are quite distinct from those of the isovalent carbon
system.zz’23

The crossed molecular beams reaction of electronically
ground-state silicon atoms (Si; *P) with phosphine (PHj;
X'A,) was carried out under single-collision conditions in a
crossed molecular beam machine by intersecting supersonic
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beams of atomic silicon (Si; *P) and phosphine (PH;; X'A,) at
90°, resulting in a collision energy (Ec) of 11.9 k] mol™". The
neutral reaction products were ionized through electron impact
at 80 eV within a triply differentially pumped quadrupole mass
spectrometry (QMS) detector and then mass- and velocity-
analyzed to record angular resolved time-of-flight (TOF)
spectra.”* In this operation mode, QMS transmits an ion of a
univocal mass-to-charge (m/z) ratio, while the detector
records the arrival time of this ion after a reactive collision
and ionization of the neutral product. According to the
isotopes of silicon (**Si, 92.23%; *°Si, 4.67%; *°Si, 3.10%) and
phosphorus (*'P, 100%), a reactive scattering signal for the
ground-state silicon atoms (Si)—phosphine (PH,) reaction was
collected at m/z from 64 to 59. This accounts for potential
adducts (*°SiPH,*, m/z = 64; SiPH,*, m/z = 63; **SiPH,",
m/z = 62) together with products corresponding to the
emission of atomic (*°SiPH,*, m/z = 63; ¥SiPH,*, m/z = 62;
288iPH,*, m/z = 61) and molecular hydrogen (**SiPH*, m/z =
62; PSiPH*, m/z = 61; **SiPH', m/z = 60) and to the
fragments formed upon dissociative electron impact jonization
(3°SiP*, m/z = 61; *SiP*, m/z = 60; *SiP*, m/z = 59). No
signal was observed at m/z = 64, 63, and—within the error
limits of 3 + 3%—at m/z = 62, suggesting the absence of any
adducts. Ion counts at m/z = 61 and 59 were accumulated at a
proportion of 7 & 3% and 27 + 3% compared with m/z = 60.
These time-of-flight (TOF) spectra are identical after scaling;
along with the isotopic substitution pattern, this finding
suggests the existence of a single reaction channel, ie., the
reaction of ground-state atomic silicon with phosphine forming
HSiP isomer(s)—predominantly via the reaction of *%Si—
along with the emission of molecular hydrogen (H,; 2 amu)
leading to signal at m/z = 60 (H*®SiP; hereafter: HSiP). The
signals at m/z = 62 and 61 originate from reactions of *°Si and
*%Si with phosphine, whereas the signal at m/z = 59 stems from
dissociative electron impact ionization of the parent molecules.
Consequently, the laboratory data suggest that the reaction of
ground-state silicon atoms with phosphine involves the
formation of HPSi isomer(s) via the atomic silicon versus
the molecular hydrogen exchange pathway. Corresponding
TOF spectra and the full laboratory angular distributions were
accumulated at m/z = 60 (Figure 1). This distribution is rather
broad, almost forward—backward symmetric with regard to the
center-of-mass (CM) angle of 46.3° (Table S1), and
distributes a scattering of angles from at least 11.3° to 66.3°.
These results indicate that the reaction proceeds via indirect
scattering dynamics involving the existence of SiPHj;
intermediate(s) that ultimately undergo(es) unimolecular
decomposition via molecular hydrogen loss.”

Our ultimate goal is to explore the nature of the HPSi
isomer(s) along with the underlying reaction mechanism(s) on
the pertinent SiPH; potential energy surface(s) (PESs),
accessed through the crossed molecular beams reaction of
ground-state silicon atoms (Si; *P) with phosphine (PHj;
X'A;). To achieve these objectives, a forward convolution of
the laboratory data into the CM reference frame is crucial. This
procedure fits the laboratory data (Figure 1) and yields the
CM translational energy P(E;) and angular T(6) flux
distributions (Figure 2). © Within our error limits, the best-
fit CM functions were achieved with a single channel of the
product mass combination of 60 amu (HPSi) and 2 amu (H,).
The resulting P(E1) distribution reveals a maximum transla-
tional energy release (E,,,,) of 196 + 16 k] mol™". Considering
the energy conservation, the maximum translational energy
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Figure 1. TOF spectra (top) and laboratory angular distribution
(bottom) collected at m/z 60 for the reaction of silicon (Si; *P) with
phosphine (PH;; X'A,). The black circles represent the experimental
data, while the red lines define the best fits.

(Epmay), the collision energy (E¢ = 11.9 + 0.2 k] mol™"), and the
reaction energy (A,G) are communicated through E, ., = Ec —

A.G toward the molecules born without rovibrational
excitation. Therefore, the reaction is calculated to be exoergic
by 184 + 16 kJ mol™". Furthermore, the P(E;) distribution
peaked well away from zero translational energy at 80 + 7 kJ
mol™!, suggesting a tight exit transition state with a repulsive
energy release and significant “reorganization” of the electron
density from the decomposing complex to the final products.”
Further, the average translational energy of the products was
derived to be 87 + 7 kJ mol™!, indicating that 44 + 4% of the
available energy is transformed into the translational degrees of
freedom of the products. Finally, T(6) depicts non-zero
intensity over the complete scattering range from 0° to 180°;
this finding is indicative of indirect scattering dynamics via the
formation of SiPH; complex(es); the forward—backward
symmetry of T(6) implies that the lifetime of the decomposing
SiPH; complex is longer than the rotational period(s).”’

We now merge our experimental results with the computa-
tional data to untangle the underlying reaction mechanism(s)
of the reaction of the silicon atoms (Si; *P) with phosphine
(PHj; X'A,) (Figure 3, Figures S1 and S2, and Tables S2 and
S3). The electronic structure calculations indicate the
formation of four distinct HPSi isomers, p1—p4, that can be
produced via molecular hydrogen emission: singlet phosphin-
idenesilylene (p1, X'A’, A,G = =159 + 10 kJ mol™"), singlet
silylidynephosphine (p2, X'E*, A,G = —114 + 10 kJ mol "),
triplet silylidynephosphine (p3, *°A’, A,G = 9 + 10 kJ mol™"),
and triplet phosphinidenesilylene (p4, *A”, A,G = 28 + 10 kJ
mol™'). A comparison of these data with the experimentally
calculated reaction energy of A,G = —184 + 16 kJ mol ™!
reveals the formation of at least singlet phosphinidenesilylene
(p1). Formation of the higher energy isomers p2 and/or p3
cannot be excluded at this stage, since these might be hidden
in the low-energy section of the translational energy
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Figure 2. CM translational energy flux distribution (A), CM angular flux distribution (B), and the top view of the corresponding flux contour map
(C) leading to the formation of silylidynephosphine (HSiP) and phosphinidenesilylene (HPSi) plus molecular hydrogen in the atomic silicon (Si;
3P) with phosphine (PHs; X'A,) system. Shaded areas indicate the acceptable upper and lower error limits, while the red solid lines define the best
fits. The flux contour map represents the flux intensity of the reactively scattered heavy products as a function of the CM scattering angle (6) and
product velocity (u). The color bar manifests the flux gradient from high (H) intensity to low (L) intensity. Colors of the atoms: silicon, purple;

phosphorus, pink; and hydrogen, gray.
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Figure 3. Potential energy diagram of the reaction of atomic silicon (Si; *P/'D) with phosphine (PH;; X'A,;) calculated at the CCSD(T)-F12/
aug-cc-pV(T+d)Z//M06-2X/cc-pV(T+d)Z+ZPE(MO06-2X/cc-pV(T+d)Z) level of theory. The energies are shown in kJ mol™" with respect to the

energy of the separated reactants. Atoms are colored as follows: silicon, purple; hydrogen, gray; and phosphorus, pink. Cartesian coordinates and

normal modes are compiled in Tables S3.

distribution. If only p2 or p3 is formed, the resulting
translation energy distributions would terminate near 126 or
3 kJ mol™!, which would be inconsistent with our experimental
results. Note that our calculations also explored possible
atomic hydrogen loss channels leading to SiPH, isomers
(Figure S1): silylenephosphino (pS, *A’, A,G = 72 + 10 kJ
mol™"), trans-phosphinidenesilyl (p6, A", A,G = 92 + 10 kJ
mol™"), phosphinosilylidyne (p7, A", A,G = 104 + 10 kJ
mol ™), and cis-phosphinidenesilyl (p8, A", A,G = 108 + 10 kJ
mol™"). However, taking into account the collision energy in
our study of 11.9 k] mol™’, the formation of p4—p8 is ruled
out since the reaction endoergicities cannot be compensated
by our collision energy. Recall that the absence of atomic
hydrogen loss was also established experimentally. Overall, we
can conclude that our data support at least the formation of
singlet phosphinidenesilylene (p1) under single-collision
conditions. Considering the 'A; and *P electronic ground
states of the phosphine and silicon reactants and the 'A’ and
IZ+g states of singlet phosphinidenesilylene (p1) and molecular
hydrogen, non-adiabatic reaction dynamics involving inter-
system crossing (ISC) from the triplet to the singlet manifold
must be involved in the formation of singlet phosphinidene-
silylene (p1).

The unraveling of non-adiabatic reaction dynamics neces-
sitates the exploration of the triplet and singlet SiPH; PESs.
These computations located seven triplet and three singlet
SiPH; intermediates (S;—Ss, Ty, Tao, Taby Tao T30 Tapy Ta), 21
transition states, and two singlet—triplet seam of crossings
(MSX;, MSX,). The reaction is initiated on the triplet surface
via a barrierless addition of the ground-state silicon (Si; *P) to
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the non-bonding electron pair of the phosphorus atom of
phosphine, leading to a C-symmetric triplet phosphoran-
ylidenesilylene (SiPH;, T, *A”) intermediate. A hydrogen
atom migration connects T, to phosphinosilylene (HSiPH,,
T,, C; *A”), which can then isomerize to its cis form
(HSiPH,, T,,, C; *A”) and trans-phosphinosilylene (HSiPH,,
T,, C; *A”). Alternatively, T,, and T, can undergo further
isomerization via hydrogen shifts, yielding trans/cis-silylene-
phosphine (H,SiPH, T,/Ty, C; *A”). Yet another hydrogen
migration from the PH group to the SiH, moiety in Ty, yields
silylphosphinidene (H,SiP, T,, C; *A”). With the exception of
the molecular hydrogen loss from Ty, to p4, all molecular
hydrogen loss pathways are closed since the exit transition
states are higher in energy than the collision energy and hence
energetically not accessible.

On the singlet surface, the calculations identified three
intermediates: S;—S;. S; (SiPH;, C;; 'A’) represents the singlet
analogue of T; and isomerizes via a hydrogen shift to
phosphinosilylene (HSiPH,, S,, C;; 'A) through a barrier of
only 15 kJ mol ™. S, may also proceed via an atomic hydrogen
migration, leading to the global minimum of the SiPH; surface:
silylenephosphine (H,SiPH, S;, C; 'A’). Our computations
identified four energetically accessible and tight molecular
hydrogen loss channels—two from each intermediate S, and
S;—leading to singlet phosphinidenesilylene (HPSi, p1, Cg
X'A’) and singlet silylidynephosphine (HSiP, p2, C,.,; X'Z").
In order to evaluate the possibility of ISC between the triplet
and singlet manifolds, minima on the seam-of-crossings (MSX)
were searched for and identified (MSX, and MSX,). MSX, is
located in the vicinity of the isomerization path of intermediate
T, to T,, prior to passing the transition state, crosses the
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isomerization of S; to S,, and shows a spin—orbit coupling
(SOC) of 63 cm™. MSX, is located in the vicinity of S,/T,
decomposition, with a SOC of 54 cm™". The reaction pathway
starts with T, but before arriving at the transition state for the
molecular hydrogen emission on the triplet surface, the singlet
and triplet states cross. At the transition state, the singlet
surface is lower in energy than the triplet manifold. However,
considering Ec = 11.9 kJ mol™' under our experimental
conditions, MSX, cannot be accessed; hence, the reaction must
proceed via MSX, (Figure 4). Based on these considerations,
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Figure 4. Results of intrinsic reaction coordinate (IRC) calculations
at the M06-2X/cc-pV(T+d)Z level of theory showing the singlet—
triplet crossing involved in the first hydrogen-atom migration
isomerization. The geometry of the fully optimized MSX; lies in
the vicinity of these paths. The reaction coordinate is a mass-weighted
internal coordinate, scaled for an improved visualization.

we propose that the reaction is initiated on the triplet surface
via the barrierless addition of ground-state atomic silicon to the
non-bonding electron pair of the phosphorus atom of
phosphine, yielding the triplet phosphoranylidenesilylene
intermediate (SiPH;, T, *A”). The latter undergoes ISC via
MSX, in conjunction with hydrogen migration to singlet
phosphino silylene (HSiPH,, S,, C; 'A) (Figure 4), which may
then process unimolecular decomposition through H,
molecule loss to yield phosphinidene silylene (HPSi, pl,
X'A’) via a tight exit transition state. Alternatively, S,
isomerizes via a hydrogen shift to silylene phosphine
(H,SiPH, S;, C; 'A’), which then emits molecular hydrogen
to form the experimentally detected phosphinidenesilylene
(HPSi, p1, X'A’). Note that, in principle, both S, and S; may
also emit molecular hydrogen, yielding the thermodynamically
less stable singlet, silylidynephosphine (HSiP, p2, C.,; X'Z").

To elucidate the possible contributions of singlet silylidyne-
phosphine (HSiP, p2, C,; X'Z"), Rice—Ramsperger—Kassel—
Marcus (RRKM) theory was exploited to predict the
branching ratios of p1 and p2 under the premise of a complete
energy randomization in the decomposing intermediates(s) on
the singlet surface (Table $2).”**’ These studies reveal that
phosphinidenesilylene (HPSi, pl, X'A’) and silylidyne-
phosphine (HSiP, p2, X'E*) contribute close to 67% and
33% at Ec = 11.9 kJ mol ™!, respectively. For the main product
phosphinidenesilylene (HPSi, p1, X'A’), dissociation from S,
and S; supplies 53% and 13%, respectively, whereas for
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silylidynephosphine (HSiP, p2, X'E"), decomposition from
intermediate S, and S; supplies 33% and 1% at most.
Therefore, we may conclude that a hydrogen shift from S, to
S; contributes a low proportion in the reaction mechanism.
Hence, RRKM calculations and experimental results match
well, predicting a dominant formation of phosphinidene-
silylene (HPSi, p1, X'A’), while RRKM also proposes a non-
negligible fraction of silylidynephosphine (HSiP, p2, X'T*).

In conclusion, merging crossed molecular beams and
computational study on the bimolecular reaction of silicon
atoms with phosphine under single-collision conditions
revealed a facile gas-phase preparation of phosphinidene-
silylene (HPSi, p1, X'A’). The chemical dynamics are initiated
on the triplet surface via addition of a silicon atom to the non-
bonding electron pair of phosphine in the entrance channel,
followed by surface hopping from the triplet to the singlet
manifold, accompanied by isomerization via atomic hydrogen
shift and unimolecular decomposition of the thermo-
dynamically most stable isomer, phosphinidenesilylene
(HPSi, p1, X'A"), along with molecular hydrogen. Statistical
calculations predict that the silylidynephosphine (HSiP, p2,
X'E") is also formed, albeit with lower yields. Considering that
these isomers have dipole moments of 10.53| and 12.11] D,*
our studies suggest that both isomers are potential candidates
for searches in circumstellar envelopes of IRC+10216 and
toward star-forming regions like SgrB2, where phosphine has
been detected.’® The barrier-less route to phosphinidene-
silylene (HPSi, p1, X'A’) via the crossed molecular beams
reaction of the ground-state silicon atoms with phosphine can
be taken as a benchmark to synthesize even more complex,
hitherto elusive substituted phosphorus—silicon compounds,
such as phosphasilenes (RPSi) with R being an organic side
chain, in the gas phase by means of a directed synthesis
through the reaction of atomic silicon with the corresponding
alkylphosphines (PH,R). This unconventional route could
make it possible to prepare previously rarely investigated
organo phosphorus—silicon compounds, which are not easily
accessed by classical synthetic methods. Theoretical calcu-
lations predicted that the relative stability of RSiP (phospha-
silynes) versus their constitutional isomers RPSi (phospha-
silenylidenes) correlates with the electronegativity of the
substituent R. Electronegative substituents, such as fluorine
(F), the methyl group (CHj;), and the phenyl radical (C¢Hs),
stabilize the Si=P triple bond in phosphasilynes (RSiP),
whereas electropositive substituents, such as lithium (Li),
beryllium hydride (BeH), borane (BH,), hydrogen (H), and
silyl (SiHj;), favor the bent phosphasilenylidene isomer (RPSi)
bearing a Si=P double bond and a lone pair of electrons at
silicon."®?" For instance, (methylsilylidyne)phosphine
(H;CSi=P) is predicted to be more stable than (methyl-
phosphinidene)silylene (Si=PCHj;) by 23 kJ mol™', which
was calculated utilizing the CCSD(T) level. The barrier for a
1,2-CHj shift of (methylsilylidyne)phosphine (H;CSi=P) is
about 105 kJ mol™’, whereas a barrier height of 84 kJ mol™" is
estimated for the reverse process.'® Therefore, if H;CSi=P
and/or Si=PCH; were synthesized in molecular beam
experiments, they would not interconvert. In this way,
molecular beam experiments are of particular advantage to
prepare elusive phosphinidenesilylenes, since in these studies,
the primary reaction products do not undergo any consecutive
reactions after their gas-phase formation such as dimerization
since they “fly away” unperturbed.
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