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ABSTRACT: Germanium belongs to the carbon group in the periodic table; however, its GeS
chemical behavior sometimes differs from that of carbon, defying the isoelectronic rule (X'Z*)

proposed by Langmuir. One notable example is germanium monosulfide (GeS, X'Z*), where

germanium exhibits remarkable stability in the +II oxidation state, unlike carbon in its

monosulfide form. Germanium monosulfide (GeS, X'X") is a promising material, with -

applications ranging from optoelectronic devices to highly efficient semiconductors. Here, we

report on the gas phase synthesis of germanium monosulfide (GeS) through the elementary ‘ — e L«
reaction between ground-state atomic germanium (Ge, *P) and hydrogen sulfide (H,S, X'A,) Ge “H S
via nonadiabatic reaction dynamics exploiting the single-collision approach in a crossed (P) - (X12A1)
molecular beams machine. The integration of electronic structure calculations and experimental
findings reveals that the reaction dynamics proceed via intersystem crossing (ISC) to produce
singlet germanium monosulfide (GeS, X'X*) and molecular hydrogen. This result provides an
intricate reaction mechanism for the germanium—hydrogen sulfide system via germanium—sulfur bond coupling and demonstrates
the “heavy atom effect” facilitated intersystem crossing yielding nearly exclusive singlet germanium monosulfide. This outcome also
emphasizes that elementary reactions involving atomic germanium and hydrogen sulfide are quite different from those observed in
the carbon—hydrogen sulfide or silicon—hydrogen sulfide systems.

he concept of isoelectronicity has significantly influenced which in turn weakens the effectiveness of hybridization

synthetic chemistry over the past century by explaining between the s and p orbitals.”” ™" This is also reflected in the
the reactivity of isoelectronic systems and reinforcing the decreasing reactivity of the dihydrides of this group from
principles of chemical bonding theory." This concept has carbon to the heavier members.”'***~*7 A similar distinction
enriched the chemistry of silicon, germanium, and tin in recent in bonding is seen in diatomic subvalent compounds, where
decades, drawing significant attention and establishing parallels carbon monoxide (CO) forms a triple bond (C=0), while
with the analogous carbon chemistry.”™'* Each group 14 silicon monoxide (SiO) and germanium monoxide (GeO)
element has four valence electrons, allowing them to form each feature a single 7 bond and a ¢ bond. This difference is
stable compounds with four coordination. Isoelectronicity reflected in the increasing bond lengths, from 1.128 A in CO to
theory, however, struggles to explain the structure and 1.512 A in SiO and 1.617 A in GeO.*® Importantly, the

properties of low-coordination compounds of the group 14
elements. Although the existence of such compounds has long
been a subject of vigorous debate within the scientific
community, recent advances in techniques for analyzing
electronic structures and chemical bonding have confirmed
their existence.”'”*>' The dihydride of carbon, methylene
(CH,, X’B,), possesses a triplet ground-state with singlet—
triplet energy splitting to the a'A, state of 36—38 kJ mol™'.>**
In contrast, the higher homologues, silylene (SiH,) and
germylene (GeH,), have a singlet (X'A;) electronic ground- Received: February 24, 2025
state, with singlet—triplet energy splitting of 80—88 kJ mol™ Revised:  May 2, 2025

and 100—105 kJ mol™, respectively.”*™* Bond angles Accepted: May 2, 2025
(Zy-m— where M = C, Si, Ge) also differ, decreasing from Published: May 7, 2025
129.8° in CH, to 93.4° in SiH, and 92.3° in GeH,, attributed

to increasing valence orbital size from carbon to germanium

reaction dynamics for the synthesis of low-valent compounds
of these elements in group 14 are quite different. For example,
gas-phase synthesis of silicon monoxide and germanium
monoxide by the reaction of atomic Si or Ge with oxygen
are observed to follow a different mechanistic pathway.'>"’
On the other hand, increasing interest in the (in)organic
germanium (Ge, discovered in 1886 by Clemens Winkler®”*)
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chemistry has also revitalized extensive research on the
chemical bonding in binary sulfides of group 14 elements.
Germanium monosulfide (GeS) has gained attention for its
anisotropic properties and layered, semiconducting nature,
making it valuable for optoelectronic devices like photo-
detectors, solar cells, and thin-film transistors.”' ~*° Addition-
ally, GeS serves as an anode material in lithium-ion batteries
and finds gg?hcation in thermoelectric devices for energy
conversion.”””" There are various reports in the literature on
the synthesis of GeS in the condensed phase.”” >* Kalebaila et
al. synthesized solid GeS from Ge(IV)ethoxide (Ge(OEt),)
and hydrogen sulfide (H,S).>* Similarly, Lee and co-workers
report the synthesis using a one-pot heating method with Gel,,
1-octadecene, oleylamine, and 1-dodecanethiol at 593 K,
characterizing GeS nanosheets via X-ray diffraction, scanning
electron microscopy (SEM), and transmission electron
microscopy (TEM).”

Although GeS has been synthesized as nanoparticles or
nanosheets, no direct method for preparing divalent
germanium monosulfide (GeS) exists. Here, we report the
first gas-phase synthesis of GeS via a single-collision event
between ground-state germanium (Ge, °P) and hydrogen
sulfide (H,S, X'A,). The cross-molecular beam studies
combined with electronic structure calculations offer valuable
insights into the reaction dynamics involved in the formation
of subvalent germanium monosulfide (GeS), providing de-
tailed information on products, intermediates, and branching
ratios.” >’ In this approach, two highly diluted molecular
beams with controlled velocities and electronic states intersect
under single-collision conditions, minimizing intrabeam
collisions and eliminating secondary interactions.”> >’ The
reaction between germanium germanium (Ge, *P) and
hydrogen sulfide (H,S, X'A,) follows a nonadiabatic pathway
via intersystem crossing (ISC) between singlet and triplet
surfaces, significantly enhanced by the heavy atom effect of
germanium. These findings also serve as a benchmark,
providing insights into germanium-—sulfur chemistry, a field
that has been challenging to study until now.

For the reaction between germanium (Ge, °P) and hydrogen
sulfide (H,S, X'A,) a reactive scattering signal was recorded at
the mass-to-charge ratios (m/z) from 102 to 110 considering
the naturally occurring isotopes of germanium ("°Ge (20.4%),
2Ge (27.3%), *Ge (7.7%), "*Ge (36.7%), and "°Ge (7.8%))
and sulfur (**S (94.8%), 3*S (0.8%), and 3*S (4.4%)). The
signal observed at m/z = 106 ("*Ge®S"/72Ge**S /3Ge**SHY)
exhibited the highest signal-to-noise ratio. However, time-of-
flight (TOF) mass spectra observed for all of the lower mass-
to-charge ratio signals are superimposable and hence originate
from the same channel and hence chemical reaction. The data
at m/z = 106 can be best fit with a reaction channel involving
the elimination of molecular hydrogen (H,, m/z = 2; reaction
1). Furthermore, it should be emphasized that all attempts to
fit the experimental data with the atomic hydrogen loss (H, m/
z = 1) reaction were unsuccessful. Figure 1 shows the
corresponding laboratory angular distribution (LAD) and the
TOF recorded at the signal of m/z = 106. TOFs were recorded
at the center-of-mass angle of 8.25° and in steps of 1° (lower
angles) and 2° (higher angles). The complete laboratory
angular distribution was narrowly confined ranging from
16.25° beyond the detection limit of the rotating detectors at
small angles of less than 6.25°. All TOF spectra were some 200
p#s wide spanning a range from 290 to 490 ps. Overall, the
laboratory data indicates the formation of germanium
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Figure 1. (a) Laboratory angular distribution and (b) time-of-flight
(TOF) spectra obtained at m/z 106 for the reaction involving atomic
germanium ("*Ge, °P) and hydrogen sulfide (H,S, X'A;). The
experimental results are represented by black circles, and the red lines
illustrate the best fits.

monosulfide (GeS) with the loss of molecular hydrogen in
the reaction between germanium (Ge, *P) and hydrogen
sulfide (H,S, X'A;) via reaction 1.
7Ge(’P) + H,”S(X'A) » "'Ge¥S(X'Z') + H,(X'Z,)
(1)
To gain deeper insights into the underlying reaction
mechanisms, particularly the involvement of intersystem
crossing (ISC), excited-state surfaces, and nonadiabatic
reaction dynamics, the laboratory data were transformed
from the laboratory reference frame to the center-of-mass
(CM) reference frame. This transformation was achieved by
using a forward convolution routine employing a single
channel fit of the laboratory data in conjunction with reaction
1. Figure 2 presents the two “best fit” CM functions obtained
from this approach: CM translational energy distribution
[P(Er)] and angular flux distributions [T(6)]. Crucial insights
into the reaction channel and dynamics are obtained through a
thorough analysis of these CM functions. The maximum
translational energy release (E,,,) was determined from the
derived P(Ey) distribution to be 342 + 72 k] mol™". According
to energy conservation, this maximum translation energy
released represents the sum of the collision energy (E.) and the
reaction exoergicity for the fraction of product molecules
formed without internal excitation. Considering the collision
energy for the reaction of 91 + 2 kJ mol™', the reaction was
determined to be exoergic by 250 + 73 k] mol~". However, not
all the products formed after collision have the maximum
kinetic energy; only those that are born without internal
excitation will follow this energy conservation rule. The
average translational energy of the products was determined to
be 92 + 19 kJ mol™, indicating that 27 + 11% of the total
available energy is directed into the translational degrees of
freedom of the products. This observation suggests that the
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Figure 2. (a) Center-of-mass translational energy distribution P(Er),
(b) angular flux distribution T(6), and (c) flux contour map (top
view) leading to the formation of germanium monosulfide (GeS, C,,,
X'S*) from the reaction between atomic germanium (Ge, *P) and
hydrogen sulfide (H,S, X'A,). The solid red lines indicate the best fit,
while the shaded regions represent the error margins. The direction of
the germanium beam is defined by 0°, while that of the hydrogen
sulfide is at 180°. Atoms are color-coded in green (germanium),
yellow (sulfur), and white (hydrogen).

reaction mechanism involves the formation of a covalently
bound intermediate.”” Additionally, T(6) exhibits intensity
across the entire angular range from 0° to 180°, displaying
forward—backward symmetry with a peak at 90°. These
findings indicate indirect scattering dynamics involving a
GeSH, complex with a lifetime exceeding its rotational period,
undergoing unimolecular decomposition via molecular hydro-
gen loss parallel to the total angular momentum vector. In a
reactive scattering experiment, the total angular momentum
(J) is the vector sum of the orbital angular momentum (L) and
the rotational angular momentum (j) of the reactants, which
remain unchanged and equal to the sum of the orbital (L") and
rotational (j’) angular momenta of the product, ie,J=L +j =
L’ +j".>® In the experimental condition, J ~ L, as rotational
angular momentum (j) reduced significantly due to the
rotational cooling in the supersonic expansion. Furthermore,
if the product receives very little rotational excitation (j' ~ 0),
such that L & L’, and the dissociation occurs in a plane
perpendicular to the relative velocity vector, the intensity
appears on the side of the relative velocity vector, as also
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depicted in the flux contour map. The contour map illustrates
the flux intensity of the reactive scattering products as a
function of product velocity (1) and center-of-mass scattering
angle (6), offering detailed insights into the reactive scattering
process.’

The underlying mechanism and the dynamics of the
Ge(®P)—H,S (X'A,) reaction are now revealed by the
combination of the experimental laboratory data and electronic
structure calculations. Calculated potential energy surfaces
(PES) (Figure 3) include four singlet intermediates (il, i2, i3,
i4), three triplet intermediates (i3, i6, i7), ten transition states
(TS1-TS10), and one singlet—triplet seam of crossing
(MSX1) along with the four possible products: singlet
germanium monosulfide (GeS, pl, Cy,, X'E) and triplet
germanium monosulfide (GeS, p3, C.,, a’Il), which arose
from the loss of molecular hydrogen, and germanium
hydrosulfide (GeSH, p2, C,, X*A’) and thiogermaniumformyl
radical (HGeS, p4, C,, X*A’) formed via the loss of atomic
hydrogen. The reaction is initiated on a triplet surface through
the barrierless addition of ground-state atomic germanium
Ge(’P) to the sulfur atom of H,S leading to Ge—S bond
formation. The resulting triplet GeSH, intermediate (iS, C,
X?A”) can react via multiple competing pathways. One
possibility involves the dissociation of the S—H bond leading
to the formation of doublet GeSH (p2, C,, X*A’) and atomic
hydrogen; this pathway requires overcoming an energy barrier
of 61 kJ mol™" above the separated reactants. Alternatively, i5
can undergo hydrogen migration from the sulfur atom to the
germanium atom forming the triplet intermediate A’-
germainthiol (HGeSH, i6, C,, a’A) via a barrier of 44 kJ
mol™". The triplet intermediate i6 can eliminate atomic
hydrogen from the sulfur atom resulting in the formation of
thiogermaniumformyl radical (HGeS, p4, C,, X*A’) and atomic
hydrogen, with an exit barrier of 86 kJ mol™' above the
separated reactants. Another pathway involves the simulta-
neous breaking of the S—H and Ge—H bonds accompanied by
molecular hydrogen formation, leading to the formation of
triplet germanium monosulfide (GeS, p3, C,, a’Il). Addi-
tionally, intermediate i6 can undergo yet another hydrogen
migration from the sulfur to the germanium atom, forming the
germanethione intermediate (H,GeS, i7, C, a’A”). This
intermediate can then produce thiogermaniumformyl radical
(HGeS, p4, C, X?A’) through the barrierless elimination of
one hydrogen atom. Overall, three reaction products p2 to p4
can be accessed on the triplet surface via atomic (p2, p4) and
molecular hydrogen loss (p3).

How can the singlet surface be accessed? Electronic
structure calculations reveal that an electronically excited
germanium atom Ge('D) can add to the sulfur atom of H,S
forming the singlet GeSH, complex (il, C, a'A’). This
intermediate undergoes hydrogen migration from the sulfur
atom to the germanium atom yielding the singlet A%
germainthiol intermediate (HGeSH, i2, C,, X'A"). Commenc-
ing with i2, hydrogen elimination from either the Ge or S atom
leads to germanium hydrosulfide (GeSH, p2, C, X?A’) or
thiogermaniumformyl radical (HGeS, p4, C, X*A"), respec-
tively. Intermediate i2 can also facilitate molecular hydrogen
elimination producing singlet germanium monosulfide (GeS,
pL, Cyy X'T'). Alternatively, i2 may undergo isomerization
via Ge—S bond rotation to trans-/lz-germainthiol (HGeSH, i3,
C,, X'A’) with a barrier of 53 k] mol™’, followed by hydrogen
migration from the sulfur to germanium atom forming
germanethione (H,GeS, i4, C,,, X'A,). Intermediate i4 can

https://doi.org/10.1021/acs.jpclett.5c00574
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Figure 3. Potential energy surface of the reaction of atomic germanium (Ge, *P) and hydrogen sulfide (H,S, X'A;). Red lines represent the triplet
surface, while blue lines indicate the singlet surface. The numbers denote energies (in kJ mol™) for each species calculated at the CCSD(T)-F12/
aug-cc-pVQZ//M06-2X/cc-pVTZ+ZPE(MO06-2X/cc-pVTZ) level of theory. Point groups and electronic states are provided in parentheses. Atoms
are color-coded in green (germanium), yellow (sulfur), and white (hydrogen). The most favorable path for this reaction is highlighted in bold lines.

then dissociate into singlet germanium monosulfide (GeS, p1,
Coow and X'Z*) and molecular hydrogen (H,, Dy, and X'Z,).

In order to appraise the possibility of the intersystem
crossing (ISC) from the triplet to the singlet surface,
calculations were also extended in search of the minima on
the seam of crossing. This investigation also identified one
minimum on the seam of crossing (MSX1) located in the
vicinity of the transition states for the hydrogen migration from
sulfur to the germanium atom connecting the intermediates iS
and i6. MSX1, residing 8 kJ mol™' below the separate
reactants, is connecting the triplet intermediate iS5 with the
singlet intermediate i2 by the ISC with a spin—orbit coupling
(SOC) of 382 cm™'. The spin—orbit coupling (SOC) is
significantly higher in the reaction between atomic germanium
(Ge, *P) and H,S compared to similar systems involving
atomic silicon (Si, *P)*° of 71 cm™, making it the crucial step
in this reaction.

The computed reaction energy for the formation of singlet
germanium monosulfide (GeS, p1, C,, X'E*) and molecular
hydrogen (H,, D,y X'Z,) is =254 kJ mol™". For the reaction
channels p2, p3, and p4, the computed reaction energies are
+51, +60, and +82 kJ mol™!, respectively. The experimentally
determined reaction energy (—250 + 73 kJ mol™') for the
molecular hydrogen loss channel supports the formation of the
most thermodynamically stable product ground-state singlet
germanium monosulfide (GeS, p1, Cq,, X'E*) via molecular
hydrogen (H,, Dy, Xlzg) loss. The previously reported LIF
characterization of the Ge atom in a molecular beam indicates
the presence of Ge(*P;), Ge(*P,), and Ge(’P,) states."
Compared with Ge(*P,), the Ge(*P,) and Ge(’P,) states are
higher in energy by 6.7 and 16.9 kJ mol™, respectively. While
these energy differences could slightly alter the reaction energy,
they remain within the margin of our experimental error.

4783

Combining experimental results with electronic structure
calculations for the reaction between ground-state germanium
atom (Ge, °P) and hydrogen sulfide (H,S, X'A,), singlet
germanium monosulfide (GeS, p1, C,, X'Z") emerges as the
most likely product, resulting from the loss of molecular
hydrogen (H,, D, Xlﬁg). While calculations reveal multiple
mechanistic pathways for product formation, the experimen-
tally derived P(Er) and T(6) serve as constraints to identify
the most favorable routes. The peak at 51 + 11 k] mol™" in the
experimentally determined P(E;) indicates a tight exit
transition state for product formation. On the other hand,
the reaction initiated on the triplet surface lacks an adiabatic
pathway leading to the formation of singlet germanium
monosulfide (GeS, pl, Cy,, X'Z*). This indicates that the
mechanistic pathway must involve a nonadiabatic transition via
intersystem crossing (ISC) from the triplet to the singlet
surface. In this case, the reaction starts with the formation of
the intermediate GeSH, (iS5, C,, X°A”) formed via barrierless
addition of atomic germanium to the sulfur atom of hydrogen
sulfide. Then it follows the pathway from intermediate i$ to
intermediate i2 via intersystem crossing at MSX1. At this
point, it is important to mention that the “heavy atom effect”
of germanium likely plays a major role in intersystem crossing
(ISC) during the reaction due to the spin—orbit coupling
resulting from significant relativistic effects.”’~** Considering
the high spin—orbit coupling ISC from i$ to i2 through MSX1,
this pathway represents the key step in this reaction. Starting
from the intermediate i2, two favorable pathways culminate in
the formation of the most stable singlet germanium
monosulfide (GeS, pl, Cq,, X'T*) which proceeds either via
i2 —> TS5 — pl (path A) orviai2 - TS2 — i3 > TS3 — i4
— TS4 — pl (path B). The computed geometry of TSS, the
exit transition states for path A (Figure 4b), shows that a
molecular hydrogen loss is almost parallel (~11°) to the total

https://doi.org/10.1021/acs.jpclett.5c00574
J. Phys. Chem. Lett. 2025, 16, 4780—4787


https://pubs.acs.org/doi/10.1021/acs.jpclett.5c00574?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c00574?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c00574?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.5c00574?fig=fig3&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.5c00574?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

Total angular
momentum (b) Total angular
A momentum

(@

TS4

Figure 4. Computed geometries of the exit transition state, (a) TS4
and (b) TSS, lead to the formation of germanium monosulfide (GeS,
pL Cq X'Z%). Atoms are color-coded in green (germanium), yellow
(sulfur), and white (hydrogen). The red dotted arrow represents the
direction of the total angular momentum vector perpendicular to the
relative velocity vector. The black arrow represents the direction of
the dissociation of the H,.

angular momentum vector. This satisfies the prediction of
geometrical constraints made from the experimentally derived
angular flux distribution [T(0)]. On the other hand, the
geometry of TS4, the exit transition state for path B (Figure
4a), depicts the elimination of molecular hydrogen making an
angle of about 57°. This result demonstrates that the
experimentally observed most favorable pathway is path A
leading to the formation of singlet germanium monosulfide
(GeS, pl, Cy,, and X'T"). Additionally, we derived energy-
dependent rate constants and the statistical branching ratio for
these two competing paths using RRKM theory, considering
the i2 intermediate as the starting point and pl as the end
point connecting paths A or B. The results indicate that, if the
system behaves statistically, the ratio of reaction fluxes between
the two pathways (A and B) at the experimental collision
energy of 91 + 2 kJ mol™ should be approximately 99:1.

In summary, our crossed molecular beam experiment
combined with the electronic structure and statistical
calculation unveil the mechanistic pathway of the formation
of singlet germanium monosulfide (GeS, p1, Cq,, X'Z") from
the elementary gas phase reaction between ground-state
germanium atom (Ge, P) and hydrogen sulfide (H,S, X'A,)
involving nonadiabatic reaction dynamics of long-lived GeSH,
intermediate. The reaction begins on the triplet surface with a
barrierless addition of the germanium atom (Ge, *P) and H,S,
leading to the GeSH, intermediate (i5, C, X’A”) by the
formation of a Ge—S covalent bond. This GeSH, intermediate
then proceeds through a nonadiabatic triplet to singlet
intersystem crossing (ISC) to form singlet A*-germainthiol
intermediate (HGeSH, i2, C, X'A’) via hydrogen migration
from sulfur to germanium atom. Intersystem crossing plays the
key role in this reaction because of the high spin—orbit
coupling due to the “heavy atom effect” of the germanium.
Ultimately this leads to the formation of singlet germanium
monosulfide (GeS, pl, C,, X'E") overcoming a tight exit
barrier of 130 kJ mol™ with the dissociation of molecular
hydrogen (Hy, Doy, X'Z,) in the parallel direction to the total
angular momentum vector, which is perpendicular to the
rotational plane. An alternative pathway for the formation of
germanium monoxide (GeS, pl, Cy,, X'E") originates from
the singlet lz-germainthiol intermediate (HGeSH, i2, C,
X'A’), which first undergoes isomerization to trans-A*-
germainthiol (HGeSH, i3, C, X'A’), followed by hydrogen
migration to the germanium atom, leading to the formation of
germanethione (H,GeS, i4, C,y, X'A,), and finally resulting in
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the dissociation of molecular hydrogen to yield germanium
monoxide (GeS, pl, C,, X'T*). However, from the RRKM
calculations, it was observed that the first pathway is
predominant, with a branching ratio of approximately 99:1.
This study clarifies the basic differences in reaction
mechanisms involved in the formation of monosulfide of
group 14 through an atom-neutral type of reaction emphasiz-
ing the creation of subvalent germanium(1I) compounds such
as germanium monosulfide (GeS, C,, X'Z").

B MATERIALS AND METHODS

The gas-phase reaction between the ground-state germanium
atom (Ge, °P) and hydrogen sulfide (H,S, X'A,) under single-
collision conditions has been studied using a cross-molecular
beam setup.®”%® Details of the experimental procedure and the
data processing methods are described in the Supporting
Information. A supersonic beam of atomic germanium was
generated through laser ablation by using the 266 nm output of
a Nd:YAG laser (6 mJ, 30 Hz; Quanta-Ray) focused at a
rotating Ge rod (99.98%, Alfa Aesar). The resulting Ge atoms
were seeded into a pulsed supersonic helium (He, 99.9999%,
Matheson) beam, produced by a 60 Hz Porch-Trickl pulsed
valve with a backing pressure of 4 atm. The beam was first
skimmed and then chopped to select a particular velocity with
a four-slot chopper wheel. The peak velocity (v,) was
measured at 2683 + 26 m s, and the speed ratio (S) of
the beam was determined to be 2.5 + 0.2. The supersonic
beam of hydrogen sulfide crossed the primary atomic beam
perpendicularly; the hydrogen sulfide beam was characterized
via v, = 805 £ 9 m s' and S = 144 + 0.1 and prepared
utilizing also a 60 Hz Proch-Trickl pulse valve with a backing
pressure of 550 Torr. Both of the pulse valves are operated at
—400 V with a pulse width of 80 us. Reactant species from two
supersonic beams collide with each other in the scattering
chamber at a mean collision energy of E. = 91 + 2 kJ mol™".
Reactively scattering products were detected by a rotatable,
triply differentially pumped mass spectrometric detector.
Products were first ionized at the entrance of the detector
with 80 eV electrons at an emission current of 2 mA by a
Brink-type electron ionizer. Subsequent ions are filtered
according to m/z by a quadrupole mass spectrometer (QMS,
Extrel, QPS, 1.2 MHz) and detected with a Daly type particle
ion counter.®” Time-of-flight mass spectra were taken between
6.25° and 16.25° in steps of two degrees with respect to the
primary atomic germanium beam. To ensure accurate data
collection during TOF recording, instant background sub-
traction was implemented by running the laser at half of the
pulse valve operating frequency.

The laboratory angular distribution (LAD) and time-of-
flight (TOF) spectra were then transformed from the
laboratory frame to the center-of-mass frame through a
forward convolution procedure to analyze the reaction
dynamics.®® In this process, user-defined angular flux T(6)
and translation energy distribution P(Er) in the center-of-mass
(CM) frame were used to simulate time-of-flight (TOF)
spectra and the laboratory angular distribution (LAD). These
parameters were iteratively refined until the best fit for both
the TOFs and LAD was achieved. These center-of-mass (CM)
functions collectively form a differential reactive cross-section
I(u,0) ~ P(u) X T(0) representing intensity as a function of
angle 0 and velocity u in the CM frame, which can be
visualized using a contour map.
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The quantum chemical calculations reported in this work
were carried out using the GAMESS-US’® and MOLPRO”'
packages. We have performed geometry optimizations usin§
density functional theory”” (DFT) employing the M06-2X’
exchan§e and correlation functional with the cc-pVTZ basis
set.””> This functional was chosen due to its superior
performance on barrier heights (both hydrogen-transfer and
non-hydrogen-transfer), with mean errors of about S kJ
mol™".7® At the optimized structures of the intermediate and
transition states, we calculate the Hessian matrix to obtain
vibrational frequencies and zero-point energy (ZPE) correc-
tions. We have determined the minimum on the seam of
crossing (MSX) between singlet and triplet electronic PESs at
this level of theory by performing an optimization with a
Lagrange multiplier to constrain equal energy on the two
states. However, vibrational frequencies and ZPE corrections
for MSXs cannot be obtained similarly to intermediates and
transition states, as such structures are not conventional
stationary structures on the PES. For this, we first calculate the
Hessian matrix for each state independently of the MSX
geometry. The coordinate perpendicular to the seam is then
projected out (with the rotational and translational degrees of
freedom) to yield an effective Hessian matrix, as described in
refs 77—79. This matrix is finally diagonalized to provide the
3N — 7 vibrational frequencies of the MSX, using the
implementation described by Gannon et al.*’ The ZPE
corrections for the MSX are then obtained from these
frequencies.

To improve the accuracy of our results, at each structure
optimized at the M06-2X/cc-pVTZ level we calculate single
point energies with the explicitly correlated coupled cluster
method with single, doubles plus perturbative triples
excitations®"** (CCSD(T)-F12) method and with the aug-
cc-pVQZ basis set. The overall approach is then abbreviated as
CCSD(T)-F12/aug-cc-pVQZ//M06-2X/cc-pVTZ+ZPE-
(M06-2X/cc-pVTZ). From previous and extensive bench-
marks, this methodology shows an accuracy within 4 kJ
mol 1%

The chance of a triplet—singlet transition depends on the
magnitude of the spin—orbit coupling (SOC), and to predict
this value, we have employed the full valence complete active
space self-consistent field (CASSCF) method with the aug-cc-
pVTZ basis set. The full spin—orbit matrix was calculated with
the Breit—Pauli operator.”* The spin-free electronic Hamil-
tonian eigenstates, IS), IT, 1), IT, 0), and IT, —1), are used to
build the total Hamiltonian matrix representation (H,; + Hgp).
From the matrix elements, we calculate the magnitude of the
spin—orbit coupling (Vo) as

1
Vool = ) (T, MJHglSY
M=-1

B ASSOCIATED CONTENT
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