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1. Introduction

The absolute cross-section of the reactive
collision of P*(*P) with D,: a combined theoretical
and experimental study

© Cristina Sanz Sanz, @2 ¢
" Roland Thissen, {2 &f
*© and

Jorge Alonso de la Fuente, (2° Matteo Michielan,
Susana Goémez Carrasco, (29 Christian Alcaraz,
Nicolas Solem, ¢ ¢" Miroslav Polasek, (29 Daniela Ascenzi
Alexandre Zanchet (2 *@

In this work, we combine theoretical and experimental methods to study the P*(°P) + D, - PD*™ + D
reaction. As a result, the absolute cross-section as a function of collision energy is obtained.
Experimentally, the cross-section is measured using the guided ion beam technique (GIB), where P* is
produced by VUV photons at the SOLEIL synchrotron using PCls as a precursor. Theoretically, the cross-
section is calculated from first principles. The potential energy surfaces of the three electronic states
correlating with the P*(*P) are constructed by fitting MRCI points, and reaction dynamics are performed
on each of them independently, hence neglecting couplings. The total cross-section is then obtained
from the weighted contribution of each considered electronic state. Our findings show good agreement
between the measured and calculated cross-sections, with a small discrepancy indicating that spin—orbit
and non-adiabatic coupling, not considered in this work, may play a role in this reaction. The results
hereafter presented demonstrate that the chemistry of the third-row atomic cations with molecular
hydrogen is generally unfavoured, unlike their second-row homologues, thus manifesting the existence
of boundaries to the applicability of the so-called chemical analogy (i.e., assuming the same chemical
behaviour for elements belonging to the same group).

Indeed, the detection of PH; in such environments chal-
lenges astrochemical models, as no routes for its formation in

Phosphorus is an element typically associated with refractory
materials, such as phosphates, which are found in numerous
minerals." However, phosphorus may also be present in volatile
molecules such as phosphine and its halogenated derivatives.
Following the detection of phosphine in circumstellar envelopes
in 2014,” the gas-phase chemistry of phosphorus-bearing com-
pounds has attracted growing interest over the last decade.’
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the gas phase are currently known. The presence of phosphine
in the atmospheres of Jupiter"® and Saturn®’ is believed to be
associated with photochemical formation routes, which also in
this case are poorly understood. For this reason, it is sometimes
assumed that the presence of phosphine (PH;) may be asso-
ciated with the existence of biological activity.>® However, the
great number of open questions about the chemistry of phos-
phorus in the gas phase,'® in particular the lack of knowledge
on the chemistry of its hydrides, makes it very difficult to draw
any conclusions on the role of phosphine as a biomarker.

To shed some light on the chemistry of phosphorus
hydrides, in this work, we adopt a combined experimental
and theoretical approach, investigating the possible formation
of PD" through the collision of the phosphorus cation in its
ground state P*(*P) with molecular deuterium D,, which is
expected to behave in a similar way to H,. To the best of our
knowledge, limited data on this reaction are available in the
literature. The first experimental study of this reactive system
was carried out by Smith and coworkers through an ion flow
tube setup,"* where they measured the three-body association
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reaction P' + H, + M — PH,". However, during the experiments
they failed to observe PH, suggesting a high endothermicity for
such a channel. This was confirmed by Armentrout’s prelimin-
ary results on the P*(*P) + H, — PH" + H reaction obtained with
a guided ion beam experiment,'* although the definitive find-
ings of this study were never published. Additionally, a recent
theoretical study of the reaction was performed by Li and
coworkers, by studying the reaction in the ground triplet state
of the PH," system."

The manuscript is structured as follows. In Section 2, the
experimental and theoretical methods are presented. Firstly,
the experimental setup, the generation of the phosphorus
cation and the procedure to measure the absolute reactive
cross-section are described. Then, the theoretical approach to
simulate the experimental results from the first principles will
be presented. This includes the methodology to construct the
potential energy surfaces (PESs) on which the reaction may
occur and the details of how the reaction cross-section can be
computed by probing the reaction dynamics. In Section 3, the
theoretical and experimental results obtained are presented,
compared and discussed, leading to the conclusions.

2. Methods

2.1. Experimental

The ion-molecule reaction P*(*P) + D, was studied using the
Guided Ion Beam setup CERISES,"*'* coupled to the DESIRS
beamline'® at the French synchrotron SOLEIL. The setup is
based on a sequence of four radio frequency (RF) devices, with a
quadrupole-octopole-octopole-quadrupole (QOOQ) configu-
ration. The system allows mass selection of the parent cations
produced in the source (Quad 1), and the control of the
collision energy between the ions colliding with the target gas
(Oct1). Once the product ions (PD") are obtained, they are mass-
selected together with the parent ions (P") before their detec-
tion (Quad 2). Absolute reaction cross-sections are extracted
from the measured ion yields and the absolute pressure of the
target gas, which is set so that the single-collision regime is
ensured. The effective cell length is determined through the
calibration reaction Ar* + D, — ArD* + D.!” Additional technical
details on the experiment are reported in previous studies on
the reactivity of the sulphur cation in its electronic ground (*S)
or excited (D) state with H,,'®'® and on the reactivity of the
ethenium cations with ethyne.>°

The phosphorus cations (P') are generated via dissociative
photoionization of the PCl; precursor. Fig. 1 shows the ion yield
as a function of the photon energy together with results from
previous experiments by Au and Brion.”* Both datasets exhibit
similar trends, but the higher energy resolution available at
SOLEIL allows us to provide more accurate values for the
appearance energies (AE) of the ion. The appearance energy
of P' is measured at 15.5 £+ 0.1 €V photon energy and is
associated with the generation of P" with a low yield up to
around 20.5 eV. Above this photon energy value, a significant
increase of the ion yield is observed, reaching a maximum at
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Fig. 1 Photoion yields at m/z 31 (P* products) from the dissociative
photoionisation of PCls. Our results are represented by red triangles and
the data from Au and Brion®! are represented by the blue circles. The
vertical solid lines indicate the AE thresholds for the corresponding
channels, as calculated from available thermochemical values (NIST and
Active TC Tables). The vertical dashed lines represent the AE thresholds
when considering P*(!D) instead of P*(*P) for each channel. Green lines
correspond to ion pair formation thresholds (pathways 3—-5) while purple
line correspond to dissociative ionization (pathways 1-2). The vertical dark
blue arrow represents the photon energy at which data as a function of
collision energy are collected.

23.6 eV. Au and Brion assigned the first threshold to the
dissociation leading to pathway (1), while the second threshold
is ascribed to pathway (2).

PCl; + hv — P'(®°P) + Cl, + Cl + e (AE = 18.02 eV)
1)

PCl; + hv — P*(°P) + 3Cl + e~ (AE = 20.53 eV)

(2)

While the second threshold is in good agreement with its
respective calculated AE of 20.53 eV (from thermodynamics
tables), the first AE of P" is considerably lower than the
calculated value. To explain the discrepancy of the first AE, one
should consider the possibility that the dissociative ionisation of
PCl; might proceed via ion pair formation, according to the
following pathways (indicated as vertical green bars in Fig. 1):

PCl; + hv — P*(®P) + C1” + Cl, (AE = 14.40 eV)
®)
PCl; + hv — P'(°P) + Cl,” + Cl (AE = 15.52 eV)

4)

PCl; + hv — P'(®P) + CI” +2Cl (AE =16.92eV) (5)

The fragmentation pattern that matches our measured AE is
described by (4), although the formation of Cl,” has not been
reported in the electron ionization mass spectrometry experi-
ment performed on PCl; by Halmann and Klein,** while CI~
has been observed. However, the P* ion yield obtained from
PCl; for photon energies below 20.5 eV was not high enough to
carry out the experiments. In order to maximize the production

This journal is © the Owner Societies 2026
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of P" and gain sensitivity for the study of its reactivity with a
light target such as D,, we therefore set the photon energy at
22.6 eV. Although at this photon energy the ion yield is high
enough to perform the experiments, the generation of the
phosphorus cation in its first electronic excited state is energe-
tically open, and a small amount of P*("D), which cannot be
discriminated from P*(*P), might contaminate the ion beam.

2.2. Theory

The reaction P" + D, is studied theoretically from first princi-
ples within the Born-Oppenheimer approximation. P*(*P) is an
atomic radical cation composed of three degenerate electronic
states when neglecting the spin-orbit coupling. Since each of the
three electronic states might interact in a different way with the
D, molecule, it is necessary to consider the reaction dynamics on
the three related PESs on which the reaction may take place. In
this work, as a first approximation, no couplings between electro-
nic states are considered, with the total reactivity given as the
average of contributions of the three electronic states of P".

2.2.1. Potential energy surfaces. High-level electronic
structure calculations were performed over the whole configu-
ration space of the PH," system to make a global sampling of
the three PESs correlating asymptotically to P*(*P) + Hy: 1°A/,
1°A” and 2°A”. All calculations were performed with the intern-
ally contracted MRCI method>® available within the MOLPRO
suite of programs,>* choosing aug-cc-pV5Z as a basis set.”® The
MRCI wavefunction is built over orbitals generated with the
state-average CASSCF method*® in which the three triplet states
of interest to this work have been included, as well as the five
singlet states correlating to P*("D) + H,: 1'A’, 2'A’, 3'A’, 1'A”
and 2'A”. By considering these eight electronic states in the
state-average and an active space including the 3s and 3p
valence orbitals of phosphorus together with the two 1s orbitals
of both hydrogen atoms, the active space has been found to
remain stable throughout the entire configuration space. Then,
the three triplet states were computed at the MRCI level using
the same active space, with the core orbitals of phosphorus (1s,
2s and 2p) being kept frozen. To minimize the size-consistency
error inherent in the MRCI method, the Davidson correction®’
has been applied.

Jacobi coordinates of the reactants P'~H, and products H-
PH' were used to sample the geometries in the complex region
as well as in both reactant and product channels. All the points
are included within the PH internuclear distances between 2
and 24 bohr and H-H distances between 0.8 and 20 bohr. Then,
a total of 20 000 geometries computed for the three triplet states
have been considered for the fitting. The corresponding ab
initio energies of the 1°A’, 1°A” and 2°A” electronic states have
been fitted separately using the many-body expansion where
the total energy is decomposed in a sum of one, two and three
body terms:

Vs =2 VA + 3 V00 +VOimrm)  (6)
A D

where the one-body term W, represents the energies of the
three separated atoms, the two-body term V{?(r), provides the
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energies of the three diatomics constituting the system as a
function of their internuclear distances, and the three-body
term V(3)(r1, 13, I'3), depends on the three internuclear distances.
With this procedure, the three-body term tends asymptotically
to zero, providing a well-behaved extrapolation in the long-
range region.

The two-body terms were fitted using the RKHS method,?® in
which the diatomic potential is described by the following
expansion:

N
V() =g (ri,r) 7)
i=1

™ is a distance-like kernel, N is the number of data

where g7
points considered for the fitting and o; are the optimized
coefficients. To ensure an r ° long-range smooth behaviour,
the parameters n = 2 and m = 5 have been chosen for H,, while
n =2 and m = 3 have been selected for PH" to accurately
reproduce the r~* ion-induced dipole long-range interaction.
More details on how the procedure is applied may be found
elsewhere.”™>

The three-body term, extracted from the MRCI energies by
subtracting the one- and two-body contributions, is then fitted
using the invariant polynomial procedure GFIT3C introduced
in ref. 33-35, as it is well suited to fit triatomic systems with two
equivalent atoms, as it was shown for SH,",**™*® OH,,>**° LiH,"
(ref. 41) or AuH,.**** Briefly, within this procedure, the three-
body term is expressed as a combination of modified Rydberg
functions p,:**

VO(rirasrs) = 3 o), 1,11, 8)
ijk

where dj; are the optimized linear parameters and p, = re Pr

with f > 0. To keep the invariability of the energy to the
permutation of two equivalent atoms, the parameter /3 is set to
be equal for the two PH' diatomics. The indices jk are
constrained by 7 + j + k < L, where L is the maximum order
of the polynomial. In this work, we considered L = 10 for the
three PESs.

2.2.2. Reaction dynamics. The reaction dynamics studies
are performed on each of the three PESs using the quasi-
classical trajectory (QCT) method as described by Karplus,*®
using the local code of the group, MDwQT.*”**** Since the
method is extensively described in other studies, we only report
the parameters used to investigate the system of interest in this
work. With the temperature of the chamber containing the
target gas D, at about 300 K, the QCT simulations were
performed considering the vibrational and rotational states
for D, at v = 0 and j = 0-6. Having the fitted PESs provided by
analytical derivatives, batches of 1 million trajectories were run
for each rotational level and collision energy value, the latter
scanned through a range from the threshold energy up to
2.5 eV, with a 0.1 eV step.

For each of the three PESs, the cross-sections as a function
rotational level, j, and collision energy, Eyin, are computed as:

O—S(Ekinyj) = nbmaxzpr[Ekimj) (9)
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where S refers to the electronic state, b, is the maximum
value of the impact parameter leading to a reactive collision
and P, = N,/N, with N, being the number of reactive collisions
and N being the total number of trajectories with impact
parameters <bp.,. In this work, the standard histogram bin-
ning method is applied. The total cross-section as a function of
energy is then recovered for each individual PES by a weighted
average of the specific cross-sections and assuming a Boltz-
mann distribution of the rotational levels of D, at a tempera-
ture of 300 K. Additionally, since P*(*P) is produced by the
dissociative photoionization of PCl;, we assume that the three
degenerate levels of P*(°P) are equally populated. Within this
assumption, the integral cross-section is obtained as:

3A7 kN 3N
"N (Biin) + 0" (Exin) + 072" (Eiin)

o(Exin) = 3

(10)

3. Results and discussion

3.1. PD, triplet PESs

The three first triplet states of the PH," triatomic system exhibit
a relatively complex electronic structure. In particular, the two
A" states are strongly coupled via two conical intersections
(CIs), one located in the P" + D, entrance channel with a
T-shape configuration (C,,) and the other in the PD" + D exit
channel with a linear configuration (C..,), associated with
the X-II crossing. The positions of the two CIs obtained at
the MRCI level are indicated in Table 1. As a consequence, the
presence of these two CIs shapes the adiabatic PESs of the two
3A” states, leading to relatively rich topographical features for a
triatomic molecule in its triplet states. With respect to their
asymptotic behaviour, both the 1°A’ and 1°A” states correlate
with the ground states of the reactants and products, P*(°P) +
D,(X'%,) and PD'(X’I) + D(’S), respectively. The 2°A” state,
degenerated with the other two in the reactant channel, correlates
with the first excited state of the products, PD(a*’Z ") + D(*S).
Except for the CIs, the fitted PESs reproduce very well the
main topographical features of the ab initio points, as sug-
gested by the small RMS error of the fits. The fit of the 1°A’ state
present an RMS error of 17.5 meV, with a maximum deviation
of 129.9 meV between the ab initio points and the fit. For the fit
of the 1°A” state, the RMS error is 23.4 meV, with a maximum
deviation of 144.8 meV, while the RMS error of the fit of the
2°A” state is 28.6 meV, with a maximum deviation of 277.0 meV.
In all the cases, the regions affected by the highest uncertainty

Table1l Positions and energies of the two conical intersections present in
the P™ + H, entrance channel (C,,) and the PH* + H exit channel (C_.,)

Clc,, Cle_,
E (eV) 0.007 1.381
Rpy, (bohr) 2.668 2.700
Rpy, (bohr) 2.668 7.015
REEZ (bohr) 3.020 4.315
HPH (°) 55.5 0
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are located in the repulsive regions of the respective potentials
and in the close proximity of the CIs. To assess the quality of
the PESs and the ab initio calculations, the analysis of the
asymptotic behaviour of the fitted PESs is insightful, also
allowing us to probe the representations of the reactants and
diatomic products. The derived spectroscopic constants of the
asymptotic D, and PD" are presented in Table 2. In order to
make a comparison with previous data available in the litera-
ture, the constants associated with H, and PH" are also
reported. For both diatomics, the agreement obtained with
previous experimental and theoretical data is good, showing
that the asymptotic behaviour of our PESs is well described.

Since the fits well reproduce both the energies obtained
from the electronic structure calculations, and the diatomic
molecules in the asymptotic regions, the characteristics of the
PESs of the different electronic states are taken from the
features of the analytical PESs. The most relevant among such
properties are summarized in Fig. 2. From the spectroscopic
constants of the diatomic molecules, it can be determined that
P' + D, is an endothermic reaction, with a calculated threshold
of 1.127 eV with respect to the zero-point energies (ZPE) of the
reactants and products. The calculated second threshold, lead-
ing to the excited state of products is located at 2.762 eV.

The representative contour plots of the three PESs are shown
in Fig. 3 to give an overview of their topography. All the
corresponding stationary points are detailed in Table 3. The
1°A” state is the most stable. Its global minimum, MIN1,,, lies
at —1.882 eV below the entrance channel and correlates directly
with the product channel without any additional barriers.

Table 2 Spectroscopic constants for PH*(X,a), Hx(X), PD*(X,a) and D»(X)
derived from the asymptotic diatomic molecules. Data are compared with
values available in the literature. Values of D, marked with (*) are obtained
as a first approximation by summing half of the harmonic frequencies from
the available Dg

State R.(A) D.(cm™) Be(ecm™) e (em™!)  wex. (ecm™Y)
PH'

X*11° 1.4260 3.558 8.4857 2380 50.32
theo.” 1.4226 3.525 8.5369 2413 44.38
theo. 1.4270 3.415 8.4824 2386 48.97
exp.! — 3.496-3.517(*)  8.5080 2383 41.67
H&H® 1.4352 3.503(*) 8.3851 2291 —
a’¥™? 1.4799 1.881 7.8853 1892 60.73
theo.” 1.4816 1.791 7.8819 1833 58.12
H,

X'TEY 07426 4.696 60.651 4387 126.04
theo. 0.7415 4.723 60.834 4397 107.12
H&H’ 0.7414 4.751(*) 60.853 4401.21 121.34
PD"

X1 1.4265 3.558 4.3802 1710 25.98
H&H® 1.4314 — 4.3505 1666 —
a’¥ ™% 1.4799 1.881 4.0703 1360 31.38
D,

xlzg" 0.7426  4.696 30.352 3103 63.06
H&H® 0.7415 4.749(*%) 30.444 3115 61.82

@ This work. ? Ref. 49. ¢ Ref. 13. ¢ Ref. 50. ¢ Ref. 51.
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Fig. 2 Adiabatic correlation diagram of the three first triplet states of PH,*
according to the analytical PESs used in this work. The zero-point energy
(ZPE) of D, and PD* are also shown in parenthesis. The origin of energies is
set to the P*(*P) + D, channel asymptote. The stationary points associated
with HPH configurations are represented in blue (13A’), red (13A”) and
brown (2°A”), while the stationary points associated with HHP configura-
tions are not shown on this diagram and are only reported in Table 3.

In terms of the geometry of the system, MIN1,,~ represents an
insertion complex where the phosphorus center lies between
the two deuterium atoms. The second well, MIN2,,~, lies

13A

r(ao)

13A"
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Table 3 Energies and geometries for the stationary points of the three
fitted triplet electronic states of PH,*

Rpn, Rpy Ry n, . .
E(eV) (bohr) (bohr) (bohr) HPH (°) HHP (°)

1A

SP1,,/ 1.258 2.825 5.652 2.827 0 180
SP2,a 1.520 1.572  1.572  3.144 180 0
13A//

MIN1,,7 —1.882 2.671 2.671 4.696 123.0 28.5
MIN2,,7 —1.044 3.258 3.258 1.595 28.3 75.8
SP1,,” —0.158 3.003 3.003 2.941 58.6 60.7
SP2, 7 1.219 2722  6.138  3.416 0 180
SP3,” 1.520 2.972 2.972 5.944 180 0
SP4, 7 —0.414 3.110 4.609 1.499 0 180
23A”

MIN, 57 0.288 2.862 2.862 3.272 69.7 55.1
SP1,, 2.799 3.181 3.181 2.193 40.3 69.8
SP2,, 1.575 2.941 2.941 5.882 180 0

at —1.044 eV and is accessible from the entrance channel also
through a barrierless path. MIN1,,» and MIN2,,» are separated
by a submerged barrier, SP1,,~, that lies below the entrance
channel at —0.155 eV. It is worth noting that SP1,,» should
correspond to the conical intersection Clg, that has been
smoothed by the fitting procedure, thus appearing as a
saddle-point in our PES. The other conical intersection, Cl._,

23A"

r(ao)

Energy (eV)

r(ao)

8 10 12 14 0 2 4 6
R (ao)

8

R (ao)

10 12 14 0 2 4

8 10 12 14
R (ao)

Fig. 3 Contour plots of the three PESs as a function of the Jacobi distances r and R (where r denotes the D, internuclear distance and R denotes the
distance between P* and the center of mass of D,) for the Jacobi angles of y = 0°, 45° and 90°.
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is also represented by a saddle-point, SP2,,~, lying at 1.219 eV,
slightly above the PD" + D asymptotic energy (1.216 eV). Hence,
SP2,,~ acts as a tiny barrier in the exit channel, but since it lies
only 3 meV above the asymptotic channel, it is not expected to
play a significant role in the P* + D, reaction. Additionally, the
PES presents two more saddle-points, SP3;,» and SP4,,7, not
shown in Fig. 2 for clarity. SP3,,” corresponds to the bending
inversion barrier associated with MIN1,,» and appears for a
linear HPH configuration. This barrier lies at 1.520 eV above
the entrance channel, and 3.40 eV above MIN1,,7, and is not
expected to play a significant role in the reaction dynamics.
SP4,,» corresponds to the inversion barrier for MIN2,,~, but
unlike SP3,,~, this saddle-point is not associated with any
bending motions. Rather, it is related to the orbital motion of
P around D,, and while the well MIN2,,» is found for a
T-shape, SP4,,~ is linear with the HHP configuration and lies
at —0.414 eV. It is noteworthy that like MIN2, 57, SP4,, correlates
directly with the entrance channel without additional barriers.
This aspect is quite relevant for the reaction dynamics, because
starting from the entrance channel, P* is subject to a relatively
strong attraction to D,, regardless its orientation. Considering
such features, we might expect that reactive collisions would be
possible on the 1°A” state as soon as the collision energy is
sufficient to overcome the tiny barrier in the exit channel, and
that approximately corresponds to the reaction endothermicity.

The 2°A” state is the highest in energy. This state shows a
metastable well, MINz,~, lying at 0.288 eV above the reactant
channel, which can only be accessed by overcoming a remark-
able barrier, SP12,7, of 2.799 eV. The well MIN:,» can be
considered as the counterpart of Cl¢_, with a geometry resem-
bling SP1,,~. Due to the height of the barrier, it is nevertheless
unlikely that this state may play an important role in the
reaction dynamics, therefore even a non-rigorous treatment of
Clg,, is expected to be sufficient to get an accurate description
of the reaction. Furthermore, the 2°A” state correlates with the
excited state of the product channel (PD*(*Z") + D(*S), lying at
2.875 eV), with no additional barriers, and it is also linked to a
bending inversion saddle-point found in a linear HPH configu-
ration. Finally, this state also includes a barrierless pathway
directly connecting the reactants and products for PHH colli-
near configurations, although this state is expected to contri-
bute minimally to the reaction due to the very large
endothermicity involved.

An additional electronic state correlating reactants and
products in their ground state is 1°A’. Unlike the two other
states, it does not present any stable or metastable geometries
outside the purely electrostatic wells arising from van der Waals
interaction, and therefore their characterization is out of the
scope of this work. The optimal reaction path on this PES is
found for a direct PHH collinear mechanism, with only a small
barrier in the exit channel, similar to the 1°A” state. This is not
surprising though, since for linear configurations this electro-
nic state has a IT character, and becomes degenerate with 1°A”
in the exit channel and with 2°A” in the entrance channel. The
transition of degeneracies occurs at the conical intersection
Cl¢, , which, interestingly, coincides with the position of the
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barrier. In this region, strong couplings are expected as well as
the Renner-Teller effect, which suggests that neglecting the
correct description of Clg_ in our fully adiabatic approach may
impact the reaction dynamics results. The acceptance cone of
this pathway is, however, much lower on this state as compared
to its homologue on the 1°A” PES, as it suffers a sharper
increase of the potential when linearity is broken. With only
one pathway leading to the products, together with the
reduction of the acceptance cone, this state is expected to
contribute less to the reaction than the 1°A” state, but at the
same time, it could contribute more than the 23A” state because
it is less endothermic.

To illustrate the different reaction paths of the three PESs,
and see how the presence of CI; shapes the different PESs,
the global minimum energy pathway and additional reaction

routes determined at fixed PHH angles are shown in Fig. 4. For
the collinear reaction path, we clearly see how the degeneracy of
the 1°A’ state with the two *A” states switches at the top of the

barrier and how the avoided crossing increases when the PHH
angle starts to bend. It can also be appreciated how well the
degeneracy is reproduced by the different fits, which were
obtained separately. This can be interpreted as a further con-
firmation of the quality of the calculated PESs.

3.2. P'(°P) + D, reaction dynamics

The absolute cross-section ¢ of the reaction P* + D, —» PD" +
D is measured with the CERISES setup for translational ener-
gies up to 20 eV in the laboratory frame, which corresponds
approximately to 2.3 eV in the center-or-mass frame. The results

3 3
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@/ E / ; /\ —
w o _—
1 0 -
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Fig. 4 Minimum energy path of the three electronic states (top left panel)
and several reaction paths obtained at fixed 0 values (with 0 = PHH). The
reaction coordinate is here defined as the difference between the inter-
nuclear distances of H, and PH.
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are shown in the top panel of Fig. 5. It can be seen that at low
collision energies, the measured cross-section is close to zero,
and then increases monotonically as the collision energy
increases. A non-negligible cross-section is obtained from
around 1 eV to 2.3 eV. The fact that the cross-section is slightly
above zero at low collision energies confirms the presence of
P*('D) in the ion beam. However, the magnitude of the cross-
section in this range, which remains apparently constant from
10 meV up to x0.95 eV, is ~0.15 A% suggesting that the
amount of excited state should be almost negligible. As a first
approximation we assume that, according to the observed
cross-section at low collision energies, the contribution of
P*('D) to the reaction is constant over the whole energy range.
An energy independent cross-section is rather unusual for a
reaction involving an excited atom with molecular hydrogen, as
generally, a Langevin behavior is expected, as in the case of S*
(°D) + H,." However, the case of P* ('D) + D, —» PD" + H is
slightly different. Unlike the sulfur cation, the reaction invol-
ving the excited P is slightly endothermic. A cross-section
showing a threshold is thus expected, at least for the lower
rotational levels. However, as mentioned previously, D, is at

4.0 ¢ Experiment

s
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. A “
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05 PR
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Fig. 5 (Top) Experimental absolute cross-section of P* + D, — PD* + D,
where P* is produced by the dissociative photoionization of PCls at a
photon energy of 22.6 eV. (Bottom) QCT absolute cross-section of
P*CP) + D, » PD* + D and the cross-section calculated over each
individual PES compared with the shifted experimental cross-section
(see the text for details). The blue vertical line in the bottom panel
represents the threshold of the reaction for D, (v = 0 and j = 6).
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300 K in the experiment, and rotational levels up toj = 6 may be
populated. For higher rotational levels, the reaction becomes
exothermic, and in this case, the cross-section is expected to
follow Langevin behavior, assuming that there are no barriers
in the entrance channel. The Boltzmann average of contribu-
tions showing threshold behavior and Langevin behavior may
lead to a total cross-section nearly energy independent, as it is
apparently observed. A detailed study of the reaction dynamics
of P*('D) + D, would be necessary to confirm this hypothesis
and provide more accurate results, but meanwhile, we have to
settle for this approximation. The cross-section associated with
P*(°P) is thus recovered shifting the entire cross-section and
setting the base line to zero and it is shown in the bottom panel
of Fig. 5, which includes a comparison with the calculated
cross-sections on the three PESs obtained using the QCT
method.

The experimental cross-section compares qualitatively well
with the preliminary results published by Armentrout in Fig. 6
of ref. 12, with a cross-section slightly below 2 A% at 2 eV
collision energy. Due to the contamination of P (*D) and the
approximation adopted to subtract it, the onset of the reaction
is not perfectly defined in this experiment, but the reaction
threshold is observed at a collision energy in the 0.8-0.9 eV
range. Considering the dispersion in the energy of the ion beam
and the Doppler broadening associated with the temperature of
the chamber (300 K), this onset is compatible with the theore-
tical predictions, with an expected threshold of 0.974 eV when
considering a rotational energy of 0.153 eV for D, (v = 0;j = 6),
the highest level populated at 300 K, and the global energy
profile provided by our analytical PESs.

It is insightful looking at the contributions of the different
electronic states that are also plotted in the bottom panel of
Fig. 5. It appears that up to a collision energy of 2 eV all the
reactivity is provided by the 1°A” state. The 2°A” state remains
unreactive up to 2.9 eV, consistent with its endothermic nature
and its correlation with the *Z ™ state of PH*, which lies higher
in energy. In contrast, the unexpectedly low reactivity of the
1°A’ state, becoming reactive only slightly above 2 eV, is
noteworthy. This behaviour is surprising, as the 1°A’ state
correlates with the ground state of the products and, both
SP1,4’ and SP2,, lie at considerably lower energies, 1.258 eV
and 1.520 eV, respectively. This behaviour can be attributed to a
dynamic effect arising from the inability to form a complex on
this surface and from the large difference in the mass between
P (31 amu) and D, (4 amu). When P’ approaches D, in a
collinear geometry, the energetically favoured path for this
state, the translational energy is directly transferred to the
center of mass rather than into the D, bond. A minimum
incident angle seems therefore necessary to transfer the energy
into the bond, a necessary step to break it and be able to form
the hydride bond. To get an idea of the incident angle required
to produce the reaction, we represent in Fig. 6, the bending
potential as a function of the Jacobi angle associated with
SP1,,, as it provides a graphical view of the expected accep-
tance cone. By examining the intersection between the bending
potential and the product appearance threshold energy given
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by the QCT simulation, it seems that the reaction can effectively
take place only for incident angles larger than 48°. In contrast,
on the 1°A” surface insertion complex formation is possible,
enabling the spontaneous breaking of the D, bond and a more
efficient redistribution of energy, thereby allowing reactivity as
soon as the collision energy becomes larger than the potential
threshold to overcome.

Since most of the reactivity is associated with the 1°A” state,
it is interesting to compare our results on this state with those
of Li and coworkers, who recently studied theoretically the
reaction dynamics of P* + D, in this state.'® Globally, the results
are very similar and both simulations agree on a calculated
maximum cross-section value slightly above 4 A for a collision
energy of 2.8 eV. A small fluctuation appears in the cross-
section calculated by Li and coworkers between 2.8 eV and 4 eV,
which is not observed in our case. This may be due to the fact
that our cross-section is averaged over seven rotational states of
D,, while only D, (j = 0) was considered in their work. Another
source of discrepancy may be related to the differences in the
PESs used to simulate the reactive system between this work
and that of Li and coworkers.

When comparing theory and experiment, it appears that the
shapes of the experimental and the average QCT cross-sections
(obtained from eqn (10)), presented in the bottom panel of
Fig. 5, are very similar, although the experimental values lies
clearly above the QCT results, which are underestimated by
about 25%. This small discrepancy between theory and experi-
ment may arise in part from the procedure applied to subtract
the P*('D) contribution. Even so, as previously mentioned, the
amount of P*("D) is expected to be small and the differences
appear to be too large to be explained only by a problem of
contamination by the excited state. It is thus more likely that
the underestimation of the QCT cross-section is attributable to
the adiabatic approximation applied in this work, suggesting
that non-adiabatic and spin-orbit couplings may also play a
non-negligible role in this reaction. In fact, as previously
discussed, one of the conical intersection, Cl;_, may contri-
bute to the reaction dynamics, as couplings can be very strong
in its vicinity. Indeed, the results of this work show that,
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adiabatically, most of the reactivity is provided by the 1°A”
PES, while the initial flux is equally distributed among the three
PESs (degenerate in the entrance channel). By coupling the 2°A”
PES to the 1°A” PES (we remind that the 2°A” state correlates
with the excited state of the product, PD" (a’X”) and it is
therefore not reactive at lower energies), part of its flux may
be transferred to the more reactive PES, enhancing the overall
reactivity. In addition, the *A’ state may also couple to both *A”
states through Renner-Teller couplings, which may also be
strong near colinear geometries where the II character is well
marked, and these couplings will therefore be efficient near
Cl; . Furthermore, nearby the threshold, around 1.1-1.2 eV, a
tiny shoulder that resembles the one observed in the S*(*S) + H,
reaction'® is observed, and may indicate a possible contribu-
tion of a spin-forbidden route. In the case of S*, the shoulder
was attributed to a mechanism where part of the initial flux of
the repulsive quartet state, of relatively low reactivity near the
threshold, could be transferred to the doublet ground state of
H,S" by intersystem crossing. This mechanism could be asso-
ciated with a maximal contribution to the total cross-section of
around 0.4 A% As the doublet ground state also correlates with
the ground state products, but to an excited state of reactants,
the probability to reach the products is greatly enhanced on
this state. A larger effect is likely to occur in the P* + D, reaction
since two singlet states of D,P", one of them being the ground
state, also correlates with the ground state of PD'. So several
routes associated with the couplings between 1'A’, 1'A”,
1°A’ and 1°A” states, which are all degenerate in the asymptotic
region, may contribute to enhance the cross-section. Assuming
that the sum of these contributions are likely to be larger than
0.4 A%, and that the adiabatic contributions are estimated to be
around 2 A% it is very plausible that spin-orbit and non
adiabatic couplings may enhance the reactivity by 25% in this
reaction. However, a much more complex model would be
required to confirm this hypothesis. Nevertheless, since the
mechanism of the dissociative photoionization of PCl; to
produce P*(®P) is not known, we cannot be certain that the
fine-structure levels of P*(*P) are equally populated as assumed
in this work. So we cannot exclude that part of the discrepancy
may also arise from the choice of the assumed partition
function.

It is also interesting to compare the reactivity of P' and
molecular hydrogen with its neighbours in the periodic table.
Phosphorus lies just below nitrogen in the 15th group, and
since they share the same valence electronic configuration, at
first glance one could expect a similar reactivity of P* and N*.
However, the much smaller reaction endothermicity in the N*
case compared to P* (~17 meV vs. 1.024 eV) leads to striking
differences in the reactivity of nitrogen and phosphorus cations
toward molecular hydrogen, as observed when comparing the
cross-sections here reported with those of N(*P) + H, and
isotopologues.®>** While the maximum cross-section is of the
order of 2 A% for P* + D, and appears at rather high collision
energies, the cross-section of N* + D, is much larger, reaching
values higher than 50 A% Its trend with collision energies is also
completely different, as it behaves as a capture process so that
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the highest values of the cross-section are found at very low
collision energies. On the other hand, the reactivity of P* with
H, is found to resemble that of its neighbours along the third
row of the periodic table, namely the sulphur and silicon
cations. In each case, the reaction is markedly endothermic
and characterized by relatively small cross-sections toward
molecular hydrogen. With S*, the maximum cross-section is
~1 A%*®** while in the case of Si' (ref. 55), it hardly reaches
~1.5 A% Since the bond type is, to some extent, similar for
atoms along the same group, it is often assumed that their
reactivity would be similar too (i.e., grouping the reactivity by
the chemical analogy). Here, we clearly see that this is not the
case. This is mainly ascribable to the difference in the involved
bonding energetics, which may differ considerably between the
second- and third-row atoms.

4. Conclusions

In this work, we present a combined experimental and theore-
tical study to explore the reactivity between the phosphorus
cation in its ground state, P*(*P), with deuterium, D,. The
measured cross-section is simulated theoretically from first
principles, by running quasi-classical trajectories over the three
potential energy surfaces on which the reaction may take place.
Despite a slight underestimation of the experimental reactive
cross-section, attributed to a minor contamination from elec-
tronically excited P" and to limitations of the Born-Oppenhei-
mer approximation, the experimental and theoretical results
are in good agreement. They confirm that the investigated
reaction is highly endothermic, requiring large collision ener-
gies to proceed, and thus exhibits low overall reactivity. This
low reactivity of P* with hydrogen contrasts sharply with that of
its second-row homologue, N*, which exhibits much higher
reactivity. In contrast, the behaviour of P* more closely resem-
bles that of its third-row neighbours, Si* and S*, which also
react inefficiently with H,.

From a mechanistic point of view, our results show that the
reactivity arises predominantly from one of the three electronic
states, the 1°A” one, with only minor contributions from the
other two. While the limited reactivity of the 2°A” state is
expected, as it correlates with an excited state of the products,
the very small contribution from the 1°A’ state is more surpris-
ing. Indeed, the reaction threshold for this state is found to
occur at a much higher collision energy than what would be
anticipated from the topology of its adiabatic PES. This beha-
viour is attributed to the overall repulsive character of the PES,
which hinders efficient access to the product channel. However,
the 1°A’ and 2°A” electronic states may contribute more to the
overall reactivity than predicted in this work, and the rationale
is twofold. First, the discrepancy between the experimental and
theoretical cross-sections is larger than the estimated contribu-
tion from the contamination by P*('D) to the measured signal.
Second, reaction dynamics calculations were performed under
the assumption of no coupling between the electronic states.
Although reactive collisions are not favoured on the 1°A’ and
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2°A” states under strictly adiabatic conditions, the inclusion of
non-adiabatic and spin-orbit couplings may enable population
transfer to other electronic states, where access to the product
channel may occur more easily. The fact that 75% of the
experimental cross-section is reproduced by the present
approach, together with a crude estimate that a maximum of
10% of the cross-section may arise from P*('D) contamination
that was not properly accounted for, suggests that over 15% of
the cross-section may come from mechanisms involving non-
adiabatic and spin-orbit effects. To achieve a comprehensive
understanding of the reaction, additional model refinements
are necessary and further studies will be required to assess the
impact on the reaction of the various couplings neglected in the
present theoretical treatment, and to refine the estimation of
the contribution from singlet states, which was not considered
in this work.
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