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ABSTRACT

We report a potential energy surface (PES) development for the F~ + SiH;I system to study its gas-phase reactions through quasi-classical
dynamics simulations. The PES is represented by a full-dimensional permutationally invariant polynomial fitted to composite coupled cluster
energy points obtained at the ManyHF-[CCSD-F12b + BCCD(T) — BCCD]/aug-cc-pVTZ(-PP) level of theory. The development was auto-
mated by ROBOSURFER, which samples the configurational space, manages ab initio calculations, and iteratively extends the fitting set. When
selecting the ab initio method, we address two types of electronic structure calculation issues: first, the gold standard CCSD(T)-F12b is prone
to occasional breakdown due to the perturbative (T) contribution, whereas CCSD-F12b + BCCD(T) — BCCD, with the Brueckner (T) term, is
more robust; second, the underlying Hartree—-Fock calculation may not always converge to the global minimum, resulting in highly erroneous
energies. To mitigate this, we employed ManyHF, configuring the Hartree-Fock calculations with multiple initial guess orbitals and select-
ing the solution with the lowest energy. According to the simulations, the title system exhibits exceptionally high and diverse reactivity. We
observe two dominant product formations: Sx2 and proton abstraction. Moreover, SiH,F~ + HI, SiHFI™ + H», SiH,FI + H™, SiH, + FHI,
SiH, + HF + I, and SiHF + H; + I” formations are found at lower probabilities. We differentiated inversion and retention for Sx2, both
being significant throughout the entire collision energy range. Opacity- and excitation functions are reported, and the details of the atomistic
dynamics are visually examined via trajectory animations.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0238366

I. INTRODUCTION Walden-inversion mechanism of the corresponding Sx2 reaction. In

the case of [X:--SiHj3---Y]™, the collinear and bent structures have
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Since silicon (Si) is below carbon (C) in the periodic table,
one may expect similar chemistry of systems with C and Si cen-
ters. However, as several electronic structure studies showed, there
are notable differences between the valence-isoelectronic C- and
Si-centered systems.l 10" For example, the [X--CHjs---Y]™ struc-
ture corresponds to a transition state (TS) of the X~ + CH3Y [X,
Y = F, Cl, Br, I, etc.] bimolecular nucleophilic substitution (Sn2)
reactions, whereas [X--SiHs---Y]™ is a relatively stable complex,
i.e, a minimum on the potential energy surface (PES) of the
X~ + SiH3Y system.' '’ Furthermore, in the case of [X-~CHj- - Y],
a collinear (or nearly collinear if X and/or Y are complex lig-
ands) TS is clearly preferred,”'”"" which plays a key role in the

similar energies, thereby opening a real competition between the
Walden-inversion and front-side attack pathways of the X~ + SiH3Y
Sn2 reactions.”'’ Unlike at silicon centrums, the dynamics of Sn2
reactions at carbon centers have been widely studied;'” "' however,
the above-mentioned interesting properties motivate us to investi-
gate the atomic-level dynamics of the Si-centered reactions as well.
As the SiH3Y systems are hard to handle experimentally, perform-
ing first-principles theoretical simulations seems to be the best way
to proceed toward providing new insights into the mechanisms of
the X~ + SiH3Y reactions. Recently, we carried out such simulations
for the F~ + SiH3Cl reaction," and here we plan to report a simi-
lar study for the F~ + SiH;3I system. With the new results at hand, we
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can investigate the leaving group effects in Si-centered reactions, and
we can also study the central atom effect by comparing the present
results with those obtained for the F~ + CHj3I reaction.”’

We use the ROBOSURFER program package** to construct an
analytical ab initio PES for the title reaction by fitting high-level
ab initio energy points, which surface can be utilized in quasi-
classical trajectory (QCT) simulations. During the PES develop-
ment, a large configuration space needs to be sampled because of the
relatively easy cleavage of the Si-H and Si-I bonds, resulting in mul-
tiple chemically relevant two- and three-fragment channels of the
F~ + SiH;3I reaction. Since the fitting set contains many geome-
tries far from the stationary-point regions, one may expect ab initio
issues, such as Hartree-Fock convergence problems* and/or the
breakdown of the perturbative (T) approximation,” which may
result in erratic energies causing a large number of unphysical trajec-
tories. In the present work, we demonstrate how to solve these issues
using robust electronic structure techniques.**°

In Sec. I, we describe the methods and computational details,
focusing on the automated iterative PES development. In Sec. III,
we report the properties and accuracy of the PES and discuss the
results of the dynamics simulations, revealing the reactivity and
atomic-level mechanisms of the various product channels of the title
reaction. The paper ends with a summary and conclusions in Sec. I'V.

Il. METHODS AND COMPUTATIONAL DETAILS
A. Constructing the initial fitting set

The initial fitting set of the SiH3I + F~ system is constructed
from randomly displaced versions of eight stationary points (min-
ima: WMIN, FSPostMIN, syn- and anti-FBHMIN, syn-IBHMIN and
IDHBMIN, transition states: FDITS and IDITS), the reactants (SiH3I
+ F7), six products with two fragments (SiHsF + 1", SiH,I™ + HF,
SiH,F~ + HI, SiHFI™ + H,, SiH,FI + H™, and SiH, + FHI"), and
six products consisting of three fragments (SiH, + HI + F~, SiH,
+HF + 1", SiHF + HI + H™, SiHF + H, + I", SiHI + HF + H™, and
SiHI + H; + F7). Some of the stationary points (WMIN, FSPostMIN,
FDITS, IDITS) were previously reported by our research group.'
(See Sec. I1I A for the notations.) In the geometry optimizations, we
employed an explicitly-correlated coupled-cluster singles, doubles,
and perturbative triples method, CCSD(T)-F12b.*” For the lighter
atoms, such as hydrogen, fluorine, and silicon, we utilized the aug-
mented correlation-consistent triple-zeta basis set aug-cc-pVTZ."*
For the heavy iodine atom, we considered relativistic effects by using
a relativistic effective core potential along with the aug-cc-pVTZ-PP
basis set.”” Throughout the article, we refer to this combination as
AVTZ(-PP).

The Cartesian coordinates of the stationary points in the inter-
action region were randomly displaced within the 0-0.32 A interval,
and the polyatomic fragments of both the reactants and the prod-
ucts were randomly rotated with respect to each other, maintaining
their center of mass distance between 1.5 and 15 A. Subsequently,
we randomly displaced their geometries in the 0-0.32 A interval as
well. For each optimized structure, 500 perturbed geometries were
generated for a total of 10 500. The ab initio energies of these struc-
tures were obtained by a composite coupled cluster method with
a combination of CCSD-F12b and the Brueckner coupled cluster”’
perturbative triples, BCCD(T), with the AVTZ(-PP) basis set,
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Ecomposite = [CCSD-F12b + BCCD(T) — BCCD]/aug-cc-pVTZ(-PP).
1)

The justification behind utilizing this composite method
instead of the more traditional CCSD(T)-F12b for computing the
energies of the fitting set is that in our previous study, we observed
that the perturbative (T) contribution is prone to occasional break-
down. This issue can largely be circumvented with the above com-
posite method.”® We utilized the MOLPRO 2015.1 program package
for performing geometry optimizations, single-point calculations,
and developing the potential energy surface.”’ Due to electronic
structure calculation problems, some of the energy computations
failed, and points with too high energies were rejected; therefore, the
initial fitting set contained 10 325 points.

B. Potential energy surface fitting

Here, we define the PES as a full-dimensional polynomial of
Morse variables, up to a degree D. This polynomial is invariant
to permutations of like-atoms,”> ™" and its coefficients are deter-
mined through a weighted least-squares (WLS) fit to ab initio energy
points.

In our context, a full-dimensional PES is a function of all pos-
sible interatomic distances, a total of N(N —1)/2 for a chemical
system of N atoms, which is 15 in the case of SiH3;I + F~. We note
that the number of internal coordinates needed to define a geome-
try is (much) smaller if N is greater than four. Nevertheless, we must
utilize the full set of interatomic distances because they form a closed
group for permutation.

Morse variables, denoted as y,;, represent exponentially trans-

formed r; interatomic distances, where y;; = e”"i/%, with a being
the damping parameter controlling the asymptotic behavior of the
energy surface. For the title system, the chosen value for the damp-
ing parameter is 3 bohrs, based on our previous experience with
ion-molecule collisions.”””*

During the PES development, we used fifth- and sixth-order
polynomial bases depending on the size of the fitting set, the expan-
sion of which contains 3292 and 10810 coefficients. It is important
that the useful solution of the fitting problem necessitates an overde-
termined system of equations, meaning that the size of the fitting
set must always exceed the number of coefficients. The details of
the energy surface fitting via WLS are described in our previous
article.””

For the WLS, two different weight functions were utilized that
computed weights ranging between zero and one depending on the
relative energy, as illustrated in Fig. 1,

E, E,
rel T E. — Emin Erel + Eb — Emin '

Wa(Era) = & 2

Equation (2) represents a simpler asymptotically decaying weight
function in which parameters E, and E}, were set to 94.1 and 313.8
kcal/mol, and the E, relative energies were defined as relative to
the free reactants. Emin denotes the relative energy of the global
minimum, WMIN, at —82.3 kcal/mol.
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FIG. 1. Weight functions used in the WLS fitting: wa is a one-stage function with
asymptotic decay, and w, is a three-stage function with constant, linear decay, and
asymptotic decay regions. E is relative to the energy of the reactants.

Equation (3) defines a more sophisticated three-stage weight
function, wy, in which the parameters E,, Ey, E., Eq, and f were set
to 94.1, 313.8, 20, 40 kcal/mol, and 0.5, respectively,

s E. E,
Eiel + Es — Eq Ere + Ep — Eq

-1
wo(Brat) ={ 14 S Era - E
re +Ed_Ec( rel c)

1 if Eye < Ee.

if Erel > Ed,

if B < Eyel < Eq,

3)

The first stage of w, is constant 1 for the deepest energies all

the way up to Ec, which is the starting point of the linear decay.

E4 represents the end of the linear part and the start of the asymp-

totically decaying section with an initial weight of f. As Fig. 1 shows,

the w, weight function reduces the contributions of the fitting points

in a significant part of the chemically relevant energy range, while
Wy, assigns a constant weight all the way up to 20 kcal/mol.

C. Potential energy surface development

For the potential energy surface development, we employed the
ROBOSURFER program system, which iteratively improves the fit-
ting set by extending it with carefully selected energy points.** In
each iteration, 987 simulations were conducted within the impact
parameter range of 0-10 bohrs using a step size of 0.5 bohr at a
fixed collision energy. To assess the quality of the potential energy
surface, we monitored both the percentage of the unphysical tra-
jectories and the root-mean-square errors (RMSEs) of the energies
of the fitting set in the chemically relevant energy regions. These
regions were defined as below 20 kcal/mol and between 20 and 40
kcal/mol relative to the energy of the free reactants, in accordance
with the energy ranges of the constant and the linearly decreasing
sections of the w;, weight function applied in the fitting. The ab initio
energies were obtained as Ecomposite [Eq. (1)] all the way up to the
376th PES iteration and as

Entanyiie = ManyHF-[CCSD-F12b + BCCD(T) — BCCD]/aug-cc-pVTZ(-PP),
4)
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for subsequent iterations. The prerequisite for the reliability of
high-level ab initio calculations is that the underlying Hartree-Fock
energy is the global minimum solution. The ManyHF method,”
developed by our research group, aims to minimize the likeli-
hood of yielding extremely erroneous energies originating from
Hartree-Fock convergence issues. We note that for most of the
calculations, the Ecomposite and EnmanyHF energies are equal. 5,55

The evolution of the quality of the PES and the size of the
fitting set during the development as a function of ROBOSURFER
iteration are shown in Fig. 2. A trajectory was considered unphys-
ical if it terminated in a geometry with more than three fragments.
The determination of the connectivity of the chemical structures was
based on interatomic distances: two atoms are considered adjacent if
their spatial distance is smaller than the sum of their corresponding
covalent radii plus a constant distance, 0.8 A. The covalent radii of
hydrogen, fluorine, and iodine were defined as 0.31, 0.57, and 1.39 A,
respectively.”® The radius of silicon was set to 1.60 A, following our
previous study on the F~ + SiH3Cl system.*”

The development process started at a collision energy of
1 kcal/mol, which was increased to 10 kcal/mol as the ratio of the
unphysical trajectories reduced below 1%. Subsequent simulations
were run up to 80 kcal/mol collision energy with a step size of
10 kcal/mol. Starting from the initial fitting set, we conducted the
development through 195 iterations. During this period, the fitting
errors sharply increased and approached 1.4 and 2.8 kcal/mol in
the lower and higher energy regions. Simultaneously, the size of
the fitting set reached 13 490 points, providing the opportunity for
applying sixth-order fitting between PES iterations 196 and 376.

As shown by Fig. 2, when transitioning to the sixth-order
fitting, nearly all trajectories were unphysical initially, but their
percentage rapidly decreases as the development progresses. The
collision energy of 1 kcal/mol was employed up to the 356th PES iter-
ation. After that, we increased the collision energy according to the
previously described strategy. Simultaneously, the RMSEs increased
modestly, starting from 0.1 kcal/mol at PES196 and reaching 0.7 and
1.3 kcal/mol in the lower and higher PES regions at PES376. For the
fitting, we used the w, weight function, defined by Eq. (2), up to the
376th PES iteration.

From the multitude of simulations run on PES376, we selected
32 trajectories to represent the most significant mechanisms lead-
ing to the formation of the two-fragment products. To further
test the PES, we calculated the energies of the geometries along
these representative trajectories using the composite coupled clus-
ter method defined by Eq. (1). The root-mean-square error between
ab initio and PES376 energies exceeded 10 kcal/mol for most of the
trajectories, necessitating further improvement of the PES.

During the development, we identified two new stationary
points (FSMIN and FDHBMIN) and a new product channel (SiH3
+ FI7). We optimized and perturbed their geometries as described
before, resulting in a total of 1500 geometries. The energies of these
points were calculated using the composite coupled cluster method.
However, most of the computations for the SiHs + FI~ geometries
did not converge; therefore, we were only able to add 1041 points to
the fitting set manually.

Starting from PES377, we used a different weight function
for the fitting, as defined by Eq. (3). This adjustment was moti-
vated by the previous weight function, which significantly devalued
chemically relevant points with higher energy, leading to their
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FIG. 2. Evolution of different proper-
ties of the PES during the development:
the percentage of the unphysical trajec-
tories (upper two panels with different
ordinate ranges); the root-mean-square
fitting errors in the lower and higher seg-

ments of the chemically relevant region
(third panel); and the size of the fitting set
(bottom panel) as functions of the PES
iterations. The lower and higher seg-
ments of the chemically relevant region
are defined as —82.3-20 and 20-40
kcal/mol relative to the reactants.

100
< 80 5th order fit 6t order fit 6™ order fit
: without ManyHF without ManyHF with ManyHF
@©
=] 60
S
G 401
>
<
s " Wkw\
0 . . . \ .
5
< I
= 41 ‘
‘T
=] 3
S
.‘7, 2 -
>
<
8 1y
=}
0 I A 1 r . ./i..ﬂ. A “hﬁ“
3
— —— lower region
S —— higher region
£ 2
©
19}
=
% 1 -/_//
=
4
0 T T T T T
20000 A
[}
N
‘% 17500 A
o
a
o 15000 A
£
i£ 12500 -
10000 T T T T T
0 100 200 300 400 500

PES iteration number

disproportionately low contributions to the fitting. The last part
of the development was the re-selection of the fitting set, during
which we removed points from the unnecessarily overrepresented
regions of the PES and then further expanded the re-selected set with
ROBOSURFER until the quality of the energy surface became suffi-
cient. We finished the development at PES506, consisting of 19492
energy points.

D. Quasi-classical trajectory simulations

We conducted quasi-classical trajectory simulations at 13 dif-
ferent collision energies (1, 5, 10, 15, 20, 25, 30, 35, 40, 50, 60, 70, and
80 kcal/mol) utilizing the final potential energy surface, PES506, and
our own QCT code. Impact parameters were set within the range
from 0 to bax, with a step size of 0.5 bohr. Here, bax represents the
smallest impact parameter where only nonreactive collisions were
observed. The values of by for the collision energies arranged in
increasing order are as follows: 26.5, 19.5, 16, 15, 14, 13.5, 13, 12.5,

12,11.5, 11, 11, and 11 bohrs. A total of 5000 simulations were exe-
cuted at each impact parameter and collision energy, resulting in
1930000 trajectories.

In the initial state of the simulations, we set the vibrational
energy of SiH3I to its zero-point energy, and we set its rotational
energy to 0 using normal mode sampling.”” We randomly rotated
the polyatomic reactant, and the initial center-of-mass distance was

defined by the expression /x> + b%, where the parameter x was
40 bohrs at 1 kcal/mol and 25 bohrs at higher collision energies.
The trajectories were propagated with a 3 h/E}, time step utilizing
the velocity Verlet algorithm.”*”” The simulations were terminated
when the longest interatomic distance became at least 1 bohr greater
than the initial maximum atom-atom distance.

We applied two harmonic zero-point energy constraints: soft
and hard. If the sum of the vibrational energies of the product
fragments reached the sum of their harmonic zero-point energies,
then it satisfies the soft vibrational constraint. The hard vibra-
tional constraint necessitates that all product fragments possess
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a vibrational energy equal to or greater than their zero-point
energy.

We identified the products based on the connectivity of the

final trajectory step. In our methodology, a product is considered
successfully identified if its adjacency list can be found in the per-
mutationally invariant set of the adjacency lists of the corresponding
reference structure. In the case of vibrationally highly excited prod-
ucts, it is possible that the terminating trajectory step is so distorted
that its momentary connectivity differs from all references, resulting
in an unidentified product.*’

In the case of two co-products, moving in opposite directions
and being at a significant distance from each other at the terminating
step guarantees that their interaction will only decrease if the simula-
tion continues. However, for three-fragment products, we can only
ensure that at least one product fragment is sufficiently separated
from the others. If the other two fragments are interacting, it is pos-
sible that the simulation was terminated before the final step of a
compound multistep reaction mechanism.

To minimize the number of trajectories resulting in misidenti-
fied and unidentified products, we further propagated the problem-
atic trajectories for a few thousand extra steps and replaced the final
step of these simulations if a better replacement was found along the
further propagated trajectory; otherwise, we kept the original. In the

Ab initio classical (adiabatic) energy
PES classical (adiabatic) energy
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0.0 (0.0) "
0.0 (0.0) N p
e f co @ o
\\ C v (e
“ ESMIN

anti-FBHMIN syn-FBHMIN
—18.3 (-19.2)\ —30.7 (-30.2) -30.7 (-30.3)
—18.5 (-19.0) \=31.8 (-30.6) —31.0 (-30.2)

YWY
s [-21.9(-21.9)
v |-22.0 (-21.6)\

1
N [
[l

[l
\
N 1
1

1
)
[}
[}
N 1
[
[l
N
1

, ,
, SiHF+I/

© "} FSPostMIN /- -~
u?c" /=759 (-74.2)
e )
~82.3 (-80.6)
-82.8 (-81.1)

lodide substitution (Walden inversion)

lodide substitution (retention)

Proton abstraction
HI production (H* abstraction following iodide substitution)

Molecular hydrogen production (H* abstraction following hydride substitution)
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Molecular hydrogen production (following SiHF + H, + I-)
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case of three-fragment product geometries, a better trajectory step is
the first trajectory step resulting in two fragments, and in the case of
an unidentified structure, a better replacement means the first iden-
tifiable structure. If an initially unidentifiable product is followed by
an identifiable three- and then a two-fragment geometry, the first
two-fragment structure is chosen.

For the differentiation of inversion and retention iodide ion
substitution products, we used a vector projection method that was
developed in our research group and utilized in the stereochemical
analysis of multiple Sx2 reactions.”” "’ "’

The trajectories were analyzed by our own Python package,
which is available in Ref. 65 with documentation in Ref. 66.

Ill. RESULTS AND DISCUSSION
A. Schematic potential energy surface

Figure 3 shows the transition states, minima, and the different
reaction channels of SiHsI + F~ and the relative energies calcu-
lated at Ecomposites Which are in this case equal to Emanynr, as well
as obtained on PES506. This schematic energy surface predicts an
unusually complex reaction profile for a chemical system of this
small size, which is worth comparing to two analogous systems,

SiH, + HF + I-

................. S+ HE+ 4
/T 17.2(14.5) ]
/17.4(146) 0oog
/ FDITS
SiH, + FHI7 SiH,IF + H- 5.5(5.6)
04 (—1.1) 2.3(-0.6) 4.5(3.0)
0.7 (-1.0) 22(-0.7) o © -
SiHpF~ + HI Z Cf‘ © __IDITS
/12 (—10-03\ o SiHF + H, + I- s(n—IBHMIN -7.9(-10.9)
) 12098 N @ TATI2IIN \ Fi5 iz 78 109)
\DHBMIN /=171 (-20.3) \ \ D548 To'g o
-284(-288) \ &
-29.2(-29.1) : FDHBMIN
! -31.2 (-30.3)
i -32.0(-30.9)
”_”_”_“_”_”_“_”_“_i ................ 5
: -47.9 (-51.0)
I
Hydride substitution

FHI- production

SiH, + HF + |- production (decomposition of FHI-)

L Ll SiH, + HF + I~ production (I~ elimination following proton abstraction)

SiHF + H, + I~ production (IDHBMIN decomposition)

SiHF + H, + |- production (following iodide substitution)

FIG. 3. Schematic PES of the SiH3| + F~ system, with structures of the stationary points and relative energies in kcal/mol. The classical ab initio energies are computed at
the [CCSD-F12b + BCCD(T) — BCCD)/AVTZ(-PP) level of theory, and the harmonic zero-point vibrational corrections of the adiabatic energies are obtained at CCSD(T)-
F12b/AVTZ(-PP).
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SiH3Cl + F~ and CH3I + F~. With the former, we can examine the
effect of replacing the substituent with a different halogen, and with
the latter, the central atom effect can be studied.

The most exothermic reaction in the title system is the iodide
ion substitution [AE.(AHp) = —70.4(=69.1) kcal/mol], producing
SiH;F + I” via two barrierless mechanisms: the Walden inver-
sion characterized by the global minimum WMIN complex at
—82.8(-81.1) kcal/mol, typical of back-side attack, and the retention
channel with another deep negative-energy minimum, FSPostMIN
at —76.6(—74.8) kcal/mol, associated with front-side attack. A front-
side attack might also result in FSMIN formation at —22.0(-21.6)
kcal/mol, which is a complex featuring an F-I bond. Such inter-
halogen interaction is characteristic to the CH;I + F~ system as
well, exerting a great influence on the dynamics, but the analogous
structure with the F-Cl bond, [SiH3-Cl- - -F]~, is lacking in SiH3Cl
+ F~. Considering the energetics of FSPostMIN and WMIN, a mix-
ture of inversion and retention products can be expected even at
the lowest collision energies, similarly to the SiH3Cl + F~ system
and in contrast to CH3I + F~, where the retention is character-
istic of higher collision energies via the front-side attack mech-
anism and with double inversion at moderately high collision
energy.

The WMIN and FSPostMIN complexes can decompose via
hydride ion substitution, resulting in SiH,FI + H™ [AE.(AH,)
= 2.2(-0.7) kcal/mol]. An athermic hydride ion substitution is
observed in the case of SiH3Cl + F~, and for the CH3I + F~ PES,
the analogous reaction is highly endothermic and opens above
50 keal/mol."

The SiH3I + F~ PES features a proton-abstraction channel
[AE.(AHy) = —18.5(~19.0) kcal/mol], which due to its simple,
direct mechanism and exothermicity is expected to be one of the
most dominant product formations in this system. Syn- and anti-
FBHMIN complexes can follow proton abstraction at —31.0(-30.2)
and —31.8(-30.6) kcal/mol, respectively. The decomposition of these
complexes leads to bihalide formation, SiH, + FHI™ [AE.(AH,)
= 0.7(-1.0) kcal/mol], which can be considered athermic within the
accuracy of our method. Bihalide formation was not investigated
for CH3I + F~ in Ref. 24, meanwhile for SiH;Cl + F~, we observed
the SiH, + FHCI™ production as an endothermic reaction at higher
collision energies with a low probability.*

The hydride and iodide ions produced by the substitution
reactions can also perform proton abstraction to form SiHFI™ + H,
[AE.(AH,) = —47.9(~51.0) kcal/mol] and SiH,F~ + HI [AE.(AH,)
= —7.2(-9.8) kcal/mol]. An exothermic three-fragment molec-
ular hydrogen production channel, SiHF + H; + I" [AE.(AHy)
= —17.1(-20.3) kcal/mol], is also present, which can be formed by
the decomposition of the dihydrogen-bond containing IDHBMIN
[-29.2(-29.1) kcal/mol] complex or the elimination of
H, from SiH3F following Sx2 (not depicted in Fig. 3). It is
possible for the SiHF and I" fragments to unite; therefore, the
SiHFI™ + H, production has other mechanisms besides proton
abstraction. It is even possible that WMIN and FSPostMIN com-
plexes lose H; in a single step. The dihydrogen-bonded complex
formation and the subsequent three-fragment molecular hydrogen
production are characteristic of SiH;Cl + F~ as well. On the
other hand, to our best knowledge, analogous complexes have
never been observed in the case of carbon-centered ion-molecule
reactions.
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FIG. 4. Comparison of the values of the zero-point vibrational energies of stationary
points in the interaction region and in the product channels as given by the fitted
PES with those given by direct CCSD(T)-F12b/AVTZ(-PP) ab initio computations.

A highly endothermic three-fragment product formation,
SiH, + HF + I [AE.(AHy) = 17.4(14.6) kcal/mol], is possible by
the decomposition of the bihalide or the SiH,I™ ion following the
SiH, + FHI™ production or proton abstraction, respectively. The
analogous SiH, + HF + CI” is observed in the case of the
SiH3Cl + F~ system with even higher endothermicity.

Figure 3 also shows four stationary points that can be optimized
on the PES with satisfactory accuracy but do not contribute to the
most significant mechanisms: FDHBMIN at —32.0(-30.9) kcal/mol,
syn-IBHMIN at —21.8(-22.6) kcal/mol, FDITS at 4.5(3.0) kcal/mol,
and IDITS at —7.8(-10.9) kcal/mol.

We chose not to include the SiHs; + FI™ channel in our
schematic PES due to its extremely low probability, as only about a
dozen SiH3 + FI™ formations were observed, only at the highest col-
lision energy. Moreover, the fitted PES does not describe this region
accurately due to electronic structure issues caused by the formation
of two doublet product species.

A sufficiently accurate PES must reproduce the reaction ener-
gies of the product channels, and the zero-point energies of the
stationary points must be realistic as well. Here, we seek to
achieve chemical accuracy, which means errors below 1 kcal/mol
(350 cm™). Figure 4 shows the correlation between the zero-
point vibrational energies of the stationary points and the products
obtained on PES506 and by direct coupled cluster theory. The
RMSEs of the products and the stationary points are 242 and
213 cm™}, and the combined RMSE is 230 cm™!, which means
the chemically accurate reproduction of the zero-point energies.
According to Fig. 5, the RMSE of the classical reaction energies of
the product channels is 0.19 kcal/mol, which is well within our target
accuracy.

B. Reaction probabilities

Figure 6 shows the reaction probabilities as a function of the
impact parameter of the various reactions calculated at different col-
lision energies. The maximum reactive impact parameter decreases
as the collision energy increases, as it is 26 and 10.5 bohrs at E.oj = 1
and 80 kcal/mol, respectively.
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FIG. 5. Comparison of the classical reaction energies (without ZPE) of the product
channels calculated on the fitted PES with the results obtained by the composite
ab initio computations.

The total reactivity of the system is expressed as a sum of the
opacity functions of the main and minor product channels, marked
by the dashed gray line on the top row of Fig. 6. It reflects an
extremely high reactivity at Ecoy = 1 kcal/mol, as the b = 0 reac-
tion probability is around 98%. Between E ., = 40 and 80 kcal/mol,
the total reaction probability decreases to 60% and 50%, respectively.
The decrease in the overall reactivity indicates that the slow move-
ment of the reactants is favorable, as they can attract each other
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even from a distance. At higher collision energies, the significance
of long-range attractive interactions diminishes.

The most significant contributions to the total reactivity are the
iodide substitution and the proton abstraction. The combined reac-
tivity of the system at b = 0, excluding these two product formations,
marked by the magenta line, increases with the collision energy from
0.7% to around 3.7% at E.o; = 1 and 80 kcal/mol, respectively.

At Eopi = 1 kcal/mol, the probability of iodide substitution hov-
ers around 70% within the range of b = 0-10 bohrs. Between 10 and
22 bohrs, the probability decreases to ~40%, and beyond b = 22 bohrs
up to bmax, it rapidly drops to zero. At E.o = 40 and 80 kcal/mol, the
opacity function for this reaction exhibits an approximately linear
decrease between b = 0 and bmax.

We divided the opacity functions of the iodide substitution
based on the stereochemistry of the SiH3zF product into inversion
and retention, as depicted by Fig. 7. At E.o; = 1 kcal/mol, the prob-
ability of inversion hovers between 40% and 50% up to around
b = 20 bohrs. Meanwhile, the retention channel exhibits a linearly
decreasing opacity function. At higher collision energies, beyond
Econ = 50 kcal/mol, the inversion, retention, and combined opacity
functions do not change significantly. In the applied collision energy
range, both the maximum reactive impact parameter and the prob-
ability values at all impact parameters for inversion and retention
decrease with increasing Eoi. The exception to this is the probabil-
ity of retention between 1 and 5 kcal/mol at low and moderately high
impact parameters, where the probability increases substantially.

For proton abstraction, the reaction probability at b = 0 is 29%,
6.6%, and 3.0% at Eco = 1, 40, and 80 kcal/mol, respectively. The
maximum probability is observed at higher impact parameters. At
Ecol = 1 keal/mol, the peak is only slightly higher than the b = 0 value,
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reaching around 34%, which is observed at b = 15 bohrs. However, at
higher collision energies, the opacity functions exhibit significantly
higher peaks relative to the b = 0 reactivity, reaching 23% and 16%
observed at b = 7 bohrs for both E o) = 40 and 80 kcal/mol.

The b = 0 reaction probability of SiHFI™ + H, production
hovers around 0.5%; meanwhile, its maximum reactive impact para-
meter decreases from 24.5 to 5.5 bohrs as the collision energy
increases.

The formation of SiH,F~ + HI can be observed across the entire
collision energy range, although with a low probability. At the lowest
collision energy, it only reaches a few tenths of a percent over a wide
range of impact parameters, up to bmax. At Eco = 40 and 80 kcal/mol,
the probabilities at b = 0 are somewhat higher, though still below
0.5%, and the maximum reactive impact parameter is reduced to
7.5 bohrs for this reaction.

The SiH, + FHI™ reaction is observed throughout the entire
collision energy range, primarily at medium collision energies, with
reaction probabilities below 0.5%. This reaction is presumably not
favoring the excessively high collision energy because the bihalide
ion decomposes easily. It can also be a significant circumstance
that the formation of the anti-FBHMIN or syn-FBHMIN complex
preceding the formation of the bihalide is favored if the proton
abstraction products move slowly.

In the case of hydride substitution, the probability at b = 0
increases at higher collision energies. It is nearly negligible at E.o
= 40 kcal/mol, but at E.,y = 80 kcal/mol, the probability at b = 0
reaches 0.7%.

The three-fragment molecular hydrogen production, SiHF
+ H, + 17, is observed throughout the entire collision energy range
with increasing b = 0 probability: 0.2%, 0.6%, and 1.0% at E = 1,
40, and 80 kcal/mol, respectively.

The SiH, + HF + I” reaction is not observed at low colli-
sion energies. However, at the highest collision energy, this reaction
becomes the third most significant, with around 1.4% probability at
b=0and 2.5% at b = 2.5 bohrs.

C. Integral cross sections

Figure 8 presents the integral cross sections (ICSs) of the
various reactions of the title system as a function of collision energy,

also known as the excitation function. These results are shown with
soft, hard, and without vibrational energy constraints.

The excitation functions of the two most dominant reactions,
iodide substitution [Fig. 8(a)] and proton abstraction [Fig. 8(b)],
share a similar shape, characterized by a rapid, monotonic decrease
with increasing collision energy.

In the case of iodide substitution [Fig. 8(a)], the ICS reaches
984 bohr’ at the smallest collision energy of 1 kcal/mol, and
at the highest collision energy, 80 kcal/mol, it decreases to
46 bohr’. The excitation function of SiHsF + I” is not affected
by the zero-point vibrational energy constraint. Figure 9 shows
this excitation function divided into inversion and retention
channels. Inversion significantly dominates at low collision ener-
gies. As the collision energy increases, the difference in the ICSs
decreases sharply. At Ecoy = 1 kcal/mol, the contribution of the
retention channel is 10%, while above 15 kcal/mol, it hovers
around 45%.

The ICS for proton abstraction is 443 and 430 bohr® at
E.on = 1 kcal/mol, without and with the soft vibrational constraint,
respectively [Fig. 8(b)]. When applying the hard vibrational con-
straint, the cross section at the lowest collision energy decreases to
224 bohr?. At E.o; = 80 kecal/mol, the ICS is 30 bohr? in the uncon-
strained case and 24 bohr” using the hard constraint. The impact
of the hard vibrational constraint on reducing the ICS becomes less
significant as the collision energy increases.

The excitation function for SiH,F~ + HI formation exhibits
a maximum at E,y = 1 kcal/mol, reaching 1.45 bohr® without
energy constraint, 1.26 bohr? with the soft vibrational constraint,
and 0.28 bohr® with the hard vibrational constraint [Fig. 8(c)].
Between E.; = 5 and 40 kcal/mol, the excitation function remains
nearly flat. At higher collision energies, the cross section gradually
increases with the collision energy, reaching 0.40 bohr® both with
and without the soft energy constraint and 0.26 bohr? with the hard
constraint.

In the case of SiHFI™ + H, production [Fig. 8(d)], the highest
ICS is observed at the lowest collision energy at 3.08 bohr? both with
soft and without energy constraint, and 1.51 bohr? with the hard
constraint. The ICS rapidly decreases as collision energy increases.
Between E.,; = 10 and 80 kcal/mol, the ICS stabilizes at around
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FIG. 9. Integral cross section of the iodide ion substitution divided into inversion
and retention channels as a function of collision energy.

The excitation function of the hydride substitution channel
[Fig. 8(e)] exhibits a distinct qualitative difference compared to
the previously mentioned reactions. At collision energies below
20 kcal/mol, the cross section is zero, but beyond that, it steadily
increases with the increasing collision energy. At E.o = 80 kcal/mol,
the ICS reaches 0.33 bohr®. A noteworthy characteristic of the
hydride substitution excitation function is that the influence of the
vibrational constraint is negligible. There are no trajectories violat-
ing zero-point energy, even though it is not a particularly exothermic
reaction.

The maximum ICS for the bihalide production channel is
observed at medium collision energies, at 30 kcal/mol, and it
reaches 0.51 bohr® both with and without the soft vibrational con-
straint [Fig. 8(f)]. With the hard constraint, the ICS is 0.35 bohr?
at this collision energy. At the highest collision energy, the ICS
reduces to around 0.1 bohr?, but the vibrational energy constraint
has a minimal reducing effect. Conversely, at the lowest collision
energy, the unconstrained ICS is 0.26 bohr?, while the soft- and
hard-constrained ICSs are zero.
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The SiHF + H, + I” channel [Fig. 8(g)] has a similar ICS pro-
file as that of the SiH,F~ + HI formation [Fig. 8(c)], characterized
by a huge drop between 1 and 5 kcal/mol, from 2.26 to 0.32 bohr?,
followed by a slight increase at higher collision energies, reaching
0.94 bohr? at E.y = 80 kcal/mol. The hard vibrational constraint
reduces the cross sections to 0.62 and 0.67 bohr” at the smallest and
highest collision energies.

The ICS of the SiH, + HF + I” reaction is negligible at the
smallest collision energy but approximately linearly grows during its
increase, reaching 3.09, 2.94, and 2.18 bohr? without, with soft, and
with hard constraints at E., = 80 kcal/mol, respectively [Fig. 8(h)].

D. Reaction mechanisms

To gain a deeper understanding of the atomistic details of the
mechanisms characteristic of the title system, we analyzed several
trajectory animations of the most significant product formations at
collision energies of 1, 20, 40, and 80 kcal/mol within the active
impact parameter ranges. The coordinates of several representative
trajectories are given in the supplementary material.

The most significant product formation is the iodide substitu-
tion, resulting in the SiH3;F and I” product pair. Typically, regardless
of the initial orientation of the reactants at the beginning of the
simulations, the initial step at the lowest collision energy is the for-
mation of the Walden complex. Backscattering is characteristic for
small impact parameters, while forward scattering predominates for
higher impact parameters via the stripping mechanism. This prefer-
ence for scattering angle persists at higher collision energies, where
there is insufficient time for reactant reorientation, favoring the
initial FSPostMIN formation.

At E,n = 1 kecal/mol and low impact parameters, the most
common initial step for proton abstraction is the formation of the
WMIN complex, which subsequently decomposes by losing the fluo-
ride ion and then abstracting a proton. At higher impact parameters,
a more direct stripping mechanism dominates, lacking Si-F bond
formation, resulting in forward scattering. It is common to observe
complex formation in the exit channel of proton abstraction at
low collision energy due to the slow movement of the separating
fragments.

The most significant mechanism for the SiHF~ + HI produc-
tion is the iodide substitution followed by the proton abstraction by
the leaving ion. Post-reaction IBHMIN formation frequently occurs,
affecting the leaving direction. Low translational energy transfer may
favor this mechanism for two reasons: first, the slower the depar-
ture of the iodide and SiH3F coproducts of the Sx2 step, the greater
the chance of the abstraction; second, due to the conservation of
energy, less translational energy transferred results in more inter-
nal energy for SiHsF, intensifying Si-H vibration. At the moderately
high collision energy of 20 kcal/mol, we observed an interesting side
reaction in which HI is formed in the decomposition of the IBHMIN
complex originating from HF formation leading to bihalide and the
return of the bihalide ion in the opposite orientation. At E.oy = 40
and 80 kcal/mol, we observed some instances of hydride substitution
induced I" abstraction.

Hydride substitution is characteristic of higher collision ener-
gies. At Ecoi = 40 kcal/mol, the FSPostMIN complex forms, releasing
a hydride ion. At E.,; = 80 kcal/mol, hydride substitution follows a
somewhat different route, with the initial step being the formation
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of an Si-H-F bond, from which the hydride is expelled at the same
time as the formation of the new Si-F bond.

The formation of SiHFI™ + H, proceeds through various
mechanisms, each exhibiting different collision energy preferences.
At the lowest collision energy of 1 kcal/mol, the primary
mechanism involves the formation and decomposition of the
dihydrogen-bonded IDHBMIN complex, followed by the subse-
quent reassociation of SiHF and I". Additionally, we observed a
single-step H, elimination from the preceding WMIN or FSPost-
MIN complexes. Moreover, vibrationally excited SiH3F can lose
H, in a single step, and the SiHF fragment can combine with the
iodide ion. At E.y; = 20 kcal/mol, the main mechanisms remain the
decomposition of IDHBMIN and the direct one-step H, elimina-
tion from WMIN and FSPostMIN complexes, with the emergence
of hydride ion proton abstraction. At even higher collision energies,
hydride ion proton abstraction becomes the predominant mecha-
nism for molecular hydrogen formation. Interestingly, the decom-
position of the FDHBMIN dihydrogen-bonded complex, originating
from HF, also occurs at the highest collision energies but in a
minuscule proportion.

The bihalide ion formation leading to SiH, + FHI™ has a con-
sistent mechanism across all collision energies: proton abstraction,
FBHMIN complex formation, which decomposes by losing the
bihalide ion.

The three-fragment molecular hydrogen production,
SiHF + H, + 17, involves three main mechanisms: below E.
= 40 kcal/mol, the predominant mechanism is the three-fragment
decomposition of the IDHBMIN complex, while the single-step H,
elimination from SiH3F following Sn2 becomes more pronounced
as the collision energy increases. Beyond E.o = 40 kcal/mol, we
observed the third mechanism, which involves molecular hydrogen
production via the proton abstraction of the hydride and subsequent
iodide ion elimination from the SiHFI™ co-product.

The SiH, + HF + I reaction is characteristic of higher collision
energies. At 20 kcal/mol, we observed that the main mechanism is
the decomposition of FHI™. At 40 kcal/mol, iodide ion elimination
following proton abstraction is more common, along with HF elim-
ination following Sx2. The latter two mechanisms are predominant
at the highest collision energy, where bihalide production is very
rare.

IV. SUMMARY AND CONCLUSIONS

After conducting PES development and dynamics investiga-
tions for the F~ + SiH3Cl system, we extended our research to
examine the analogous F~ + SiH3I gas-phase ion-molecule reac-
tions using a similar methodology. We employed ROBOSURFER
to automate the development process and utilized the Brueck-
ner (T) term to obtain explicitly-correlated coupled-cluster singles,
doubles, and perturbative triples level quality fitting sets. We uti-
lized ManyHF in the ab initio calculations to reduce Hartree-Fock
convergence issues. The fitting function is a full-dimensional sixth-
order permutationally invariant polynomial with 10 810 coefficients
expressed in terms of Morse variables, which represent expo-
nentially transformed interatomic distances. For the fitting, we
used a weighted least squares method. In contrast to our earlier
F~ + SiH3Cl PES development, where we used a one-stage weighting
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function [Eq. (2)], this time we utilized a more sophisticated three-
stage weighting [Eq. (3)], which helped to avoid the high-energy but
chemically relevant energy points contributing disproportionately
less to the fitting.

During the development, we monitored the RMSE at chem-
ically relevant PES regions, along with the ratio of unphysical
trajectories. On the final PES, the ratio of unphysical trajectories
is well below 1%, and the RMSE is ~1 kcal/mol, demonstrating
that we achieved near chemical accuracy. Additionally, we com-
pared the ab initio reaction energies of eight characteristic product
channels to those of the PES-optimized ones, revealing an RMSE
of 0.19 kcal/mol. Furthermore, we compared the ZPVEs of several
optimized stationary points and products to the ZPVE:s of the corre-
sponding coupled cluster optimized vibrational energies, revealing
chemically accurate agreement.

On our newly-developed PES, we conducted trajectory simula-
tions within a collision energy range of 1-80 kcal/mol, uncovering
a rich dynamics spectrum. This includes high-probability reac-
tions such as Sx2 iodide ion substitution and proton abstraction,
alongside lower-probability channels involving HI, H,, H™, FHI",
HF + 17, and H, + I” formations. We divided the iodide ion substi-
tution into inversion and retention channels and observed that both
are significantly active in the entire collision energy range. Sx2 cross
sections show that at low collision energy inversion dominates and
at the highest collision energies “racemization” occurs.

Atomic-level mechanisms show a high degree of similar-
ity between the title system and its chlorine analog, with some
interesting differences. Comparing the present reaction to the
carbon-centered cousin, we can conclude that the dynamics and
mechanisms at silicon centers are much more complex.

SUPPLEMENTARY MATERIAL

See the supplementary material for Cartesian coordinates (A),
absolute energies (Ey), and vibrational frequencies (cm™) of the
stationary points corresponding to the fitted PES and the direct
ab initio levels of Ecomposite and CCSD(T)-F12b/AVTZ(-PP) for
geometries and frequencies; reaction probabilities; integral cross sec-
tions; coordinates (A) along representative trajectories; as well as
PES coefficients and codes (Ref. 52).
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