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ABSTRACT: Dissociative photoionization of SF4 in the photon energy
range of 15.00—16.50 eV has been investigated using threshold
photoelectron—photoion coincidence (TPEPICO) velocity imaging.
Both the kinetic energy release distribution (KERD) and the angular
distribution of the unique fragment ion, SF;*, resulting from dissociation
from the SF¢"(X’T),) ions, were obtained from the TPEPICO time-
sliced images. The F-loss potential energy curve and ab initio classical
trajectory calculations not only unravel its dissociation mechanism but
also declare that the 4" deformation vibration of the SFy*(D;,, X'A;)
fragment is predominantly excited. By fitting the total KERD curves
derived from the images, we identified the fragment energy
distributions. Surprisingly, the average total kinetic energy released in dissociation remains nearly constant within the range of
the Xleg state. To explain this unusual behavior in such a fast bond-cleavage process, an intramolecular vibrational energy
redistribution mechanism is proposed. This mechanism accounts for the rapid energy transfer among vibrational modes prior to
complete dissociation. In addition, an adiabatic appearance potential of AP,(SF;*/SF) is accurately determined to be 14.145 + 0.01
eV, which is in excellent agreement with the high-accuracy ab initio calculation results.
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1. INTRODUCTION electron spectroscopy,”'”"" threshold photoelectron spectros-
copy (TPES),"” angle-resolved photoelectron spectroscopy,
photoelectron—photoion coincidence spectroscopy, " '
threshold photoelectron-photoion coincidence (TPEPICO)
spectroscopy,” molecule—ion reactions,'”'® and ion imag-
ing.”"” Tt is worth noting that SF¢" in the ground state (X°T,y)
is unstable upon the Franck—Condon ionization, and the
unique fragment ion, SF", has been observed in experiments.”’
In this scenario, accurate determination of adiabatic appear-
ance potential APy(SFs"/SF;) is challenging in experiments,
since the most popular approach of modeling breakdown
diagrams, including the photon-energy dependence of
abundances of parent and fragment ions, is not applicable.
The upper limit of APy(SF;*/SF4) was reported to be 15.29,”
1532 + 0.04,”> and 1528 + 0.07 eV*’ as the onset in
photoionization efliciency curves. Evans et al. estimated the
maximal kinetic energy release through the full width of the

Sulfur hexafluoride (SFy) is a widely used plasma etching gas in
semiconductor manufacturing, as the donor of fluorine atom.'
In comparison to other fluorine-containing plasma etching
gases, such as CF, and C,F4 SF4 has many advantages; for
example, it can restrain the formation of carbonaceous deposits
in semiconductor processes due to the lack of carbon
>=5 In this manner, the ionization energy of SF,
together with dissociation limits and energy distributions of
relevant fragments, are crucial parameters to model the SF4-
containing plasma etching process.

The neutral SF; molecule has an octahedral structure with
Oy, symmetry. Its electronic configuration in ground state is
[core] (4t1u)6(ltzg)é(iieg)“(Stlu)6 + (1t2u)6(1t1g)6, in which the
Sty, and 1t,, orbitals are nearly degenerate in energy. Thus,
with the removal of an electron from the outer orbitals, SF¢*
ion in Xleg, b S CZEg, and DZTZg low-lying electronic
states can be formed, respectively. Notably, there is the serious
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ionic states has been extensively studied using various
experimental approaches, e.g, electron impact,””” photo-
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time-of-flight (TOF) profile of SF;* and then proposed an
AP (SF"/SFg) value of 14.11 + 0.08 eV.** Although this value
generally agrees with those derived from thermodynamic cycles
(14.0 eV*®) and quantum chemical calculations (14.0>° and
14.16 €V*°), it was obvious to have large uncertainty. In
contrast, Chim et al. performed the TOF fitting to obtain the
average total kinetic energy release (TKE) and derived a much
lower APy(SF;*/SF,) value of 13.6 + 0.1 eV from extrapolating
the released kinetic energy to zero, assuming an unchanged
fraction of (TKE) over available energy in such a rapid
dissociation.”” However, we know fragments usually exhibit
anisotropic distribution in a direct dissociation, which makes it
risky for the TOF fitting to obtain the kinetic energy release
distribution (KERD) without anisotropy parameters (/).
Actually, the similar issues were observed in the DPI of
CF,”® Therefore, it is necessary to accurately determine
AP (SF*/SF;) to measure the KERD and angular distribution
of SF" fragments in experiments.

Velocity imaging is one of the best candidates for measuring
the velocity distributions of fragment ions in experiments.
However, only one experiment has been performed so far for
recording velocity images of SF;* fragment ions produced from
the DPI of SF at photon energies from 15 to 28 eV."” In the
Xleg energy range, ion imaging was measured at only one
energy, 16.0 eV, which was ~0.5 eV higher than the onset of
SF;" in the photoionization efficiency spectra. The (TKE) was
reported to be 0.62 eV, with an anisotropy parameter /3 of 0.94,
validating its features of parallel and rapid dissociation.'’
Nevertheless, it is noteworthy that due to the limitations of the
experimental technique, the internal energies of the analyzed
parent ions were not unambiguous; therefore, these results
included virtually all possible ionic contributions.

TPEPICO velocity imaging is a powerful method to
investigate dissociation dynamics of internal energy- or state-
selected ions and has been successfully applied to inves-
tigations on DPI of many small molecules,” such as NOZ,30
N,O,*'™* CHF,;*** CF,CI'*** CF,*”” and C,H,CL*
Herein, we studied the S—F bond fission dynamics of SF*
in the X2Tlg state using this experimental approach. From the
recorded TPEPICO ion images of SF¢" at several specific
photon energies, total KERDs and angular distributions in
dissociation are derived. Combined with the recalculated
potential energy surface and ab initio molecular dynamics
simulations, the S—F bond-breaking mechanism and fragment
energy distributions of SF" in the XZTlg state are unveiled at
the molecular level, providing an accurate APy (SFs*/SFg)
value.

2. EXPERIMENTAL AND COMPUTATIONAL

All experiments were performed at the BLO9U undulator
beamline of the National Synchrotron Radiation Laboratory in
Hefei, China. Details of the TPEPICO velocity-imaging
spectrometer’” and the beamline™ have been previously
introduced, and herein, only a brief overview is outlined.
Vacuum ultraviolet (VUV) photons generated by an undulator
of an 800 MeV electron-storage ring were collimated and
dispersed using a 370-lines/mm grating monochromator and
subsequently were focused into a differentially pumped gas
filter filled with helium to suppress higher-order radiations.
The resolution power (E/AE) of photon energy was about
2000 at 15 eV," and the absolute photon energy was
calibrated using the known autoionization lines of argon and
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neon. Photon flux was recorded using a silicon photodiode for
normalization of the threshold photoelectron intensity.

Commercial SF¢/Ne mixture gases in a 1:10 (V/V) ratio, at
a stagnation pressure of 1.6 atm, were introduced into the
TPEPICO source chamber through a homemade 30 pm-
diameter nozzle. The molecular beam was collimated by a 0.5
mm-diameter skimmer and intersected with the VUV photons
at 10 cm downstream from the nozzle in the ionization
chamber. The produced electrons and ions were extracted in
opposite directions by a dc extraction field of 14 V cm™" and
then were velocity-mapped onto detectors, respectively. A 1
mm-diameter aperture mask was placed in front of the electron
detector, selectively allowing threshold electrons and energy-
rich electrons with the initial velocity along the direction of
flight to pass through. The TPEPICO measurements were
performed with the single-start-multiple-stop data acquisition
mode,"" in which electrons were used to trigger TOF
measurements of ions. The coincident ions were projected
onto dual MCPs backed by a phosphor screen (Burle
Industries, P43), and their velocity map images on the screen
were recorded by a thermoelectric-cooling CCD camera
(Andor, DU934N-BV). A pulsed high voltage was applied at
the MCPs as a mass gate with a duration of 60 ns to achieve
three-dimensional time-sliced velocity images of specific ions.
The ion velocity versus imaging radius was calibrated using the
DPI of O, via the BZZg_ state.”> Under normal conditions, the
kinetic energy resolution (AE/E) of the current spectrometer
was better than 6%, with an upper limit better than 3%.>

All density functional theory calculations were carried out
using the Gaussian 16 program package.43 Geometric
optimization of SF4 in the ground state, as well as frequency
analyses, was performed at the DFT wB97X-D/6-311+G(3df)
level of theory. Using the optimized geometry of neutral SFq,
single-point energy calculations were carried out for determin-
ing the vertical ionization energy (VIE). To plot the adiabatic
potential energy curve of SF4" in the XZTlg state, all other
geometrical parameters were optimized to an energy minimum
at each specified S—F distance. Based on the curve, the
dissociation mechanism of SF¢*(X’T,,) was proposed. In
addition, we also calculated the AP,(SF*/SF4) value with
zero-point energy (ZPE) corrections using the Gaussian-4
(G4), G4MP2,"*> CBS-QB3," and W1U,” methods, to
compare with the experimental data.

To further validate the proposed mechanism, ab initio
molecular dynamics simulations were carried out with the
Born—Oppenheimer molecular dynamics (BOMD) meth-
0d."" The classical trajectories were propagated on the
Born—Oppenheimer potential energy surface of SF¢" in the
X’T), state calculated at the @B97X-D/6-311+G(3df) level.
The trajectories were integrated by using the Hessian-based
predictor—corrector algorithm with Hessian updating for five
steps.”””' The step size of all of the trajectories was 0.50
amu'/? bohr. The trajectory would be stopped when the
distance of the center of mass between any couple of separated
fragments was 15 bohr apart or the total integration steps
exceeded the maximal points of 1000. The trajectories were
initiated at the Franck—Condon region. The initial conditions
were determined by thermal sampling of vibrational and
rotational temperatures of 150 K when taking into account the
jet-cooled effect of the molecular beam. A total of 172
trajectories were calculated. Generally, total angular momen-
tums for these trajectories floated within a range of 10™'—107°
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#1, and the total energies drifted within a range of 107 to 1072
kcal mol™.

3. RESULTS AND DISCUSSION

3.1. Geometries and Molecular Orbitals of SF; and
SFe" in Ground States. For highly symmetric molecules such
as SF4 and SF4', the dissociation process commonly leads to
their structural deformations, thereby reducing molecular
symmetry from Oy to Dy, point groups. At the @B97X-D/6-
311+G(3df) level, two isoenergetic isomers of the ground-state
SF¢ neutral are tentatively optimized in Oy, and D, symmetry,
respectively, one with six longer (1.5640 A) S—F bonds and
the other one with four longer (1.5641 A) and two shorter
(1.5640 A) S—F bonds. Obviously, the average S—F bond
lengths agree well with the experimental value of 1.5568 A
obtained by electron diffraction.”” Thus, for the sake of
simplification, only the optimized geometry of the neutral SF
molecule in the ground state with Oy, symmetry was used for
the following potential energy surface and molecular dynamics
calculations. Figure 1 exhibits the geometry and corresponding
highest occupied molecular orbital (HOMO).

SFq (X'A,,)

SFg* (X2T )

Figure 1. Optimized geometry of neutral SF in the ground state with
Oy, symmetry and the HOMO, as well as the optimized geometry and
single occupied molecular orbital (SOMO) of the [F---SF;*] cation
complex at the wB97X-D/6-311+G(3df) level. The units of bond
length and bond angle are Angstrom and degree, respectively.

The outermost five occupied molecular orbitals of SF are all
contributed by the 2p orbitals of the fluorine atoms. Among
them, the HOMO, 1t,g, consists of four equivalent 2p orbitals
of fluorine atoms located in a plane. Thus, removing an
electron from the HOMO will break the symmetry of the four-
coordination in the plane, weakening the S—F bond, which is
consi;sstent with the repulsive characteristics of the SF5+(X2T1g)
ions.”

Using the optimized geometry, VIE of SF,, defined as the
difference between the energy of a neutral molecule and that of
the corresponding cation at the optimized neutral geometry,
was calculated to be 14.65 eV at the @B97X-D/6-311+G(3df)
level, which is much lower than the experimental data,
15.890"> and 15.67 eV.*"" In contrast, another important
term, adiabatic ionization energy (AIE), corresponding to the
difference between the energy of the optimized cationic state
and the optimized neutral molecule, is difficult to be directly
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calculated due to unstable parent ions in the Franck—Condon
region. As discussed in the next section, a complex of [F--
SE*] is identified far from the Franck—Condon region at the
®B97X-D/6-311+G(3df) level. Using this structure, a
reference value of AIE was calculated to be 13.96 eV when
taking into account ZPE corrections. In addition, we calculated
the appearance potential of the SF¢* fragment, APo(SF"/SF),
as the change between the energy of the optimized neutral
molecule and the sum of the energies of the optimized
fragments, SF;* and F atom. By optimization of the SF"
geometry in the X'A, ground state at the wB97X-D/6-
311+G(3df) level, AP,(SF*/SFy) is calculated to be 14.02 eV
after ZPE corrections. Furthermore, using the G4, G4MP2,
CBS-QB3, and W1U approaches, the AP,(SF;*/SFy) value is
calculated to be 14.13, 14.08, 14.25, and 14.14 eV, respectively.
The average value using the four high-accuracy approaches is
14.15 eV, providing a valuable reference value for experimental
measurements.

3.2. Potential Energy Surface of SF¢* in the Ground
State. We recalculated the adiabatic potential energy curve of
SF¢" in the X’T,, state along the S—F bond cleavage at the
®B97X-D/6-311+G(3df) level and plotted it in Figure 2,
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Figure 2. Potential energy (in red) and the dihedral angle D(4—6—
7-5) (in blue) curves of SF¢" in the X’T), state along the S1—F3
bond cleavage at the wB97X-D/6-311+G 3df) level. The atomic
numbers are noted in Figure 1. The gray arrow indicates the Franck—
Condon ionization region.

where initial geometric parameters are artificially slightly
adjusted to remove symmetry constraints along the F-loss
path. As shown by the red curve in Figure 2, the SF," cation
directly dissociates to the SF;* fragment and F atom without
any barriers. It is worth noting that on this minimum energy
path (MEP), the dissociating fluorine atom always flies off
along the initial C,y axis. During the early stage (Rg_p; is
smaller than 2.5 A) in Figure 2, the internal energy of the
parent ion drops rapidly, while the four fluorine atoms in the
vertical plane move backward together in the same phase (the
corresponding dihedral angle D(4—6—7—5) retains close to
170°), forming the SF; moiety in the C,, structure with
umbrella vibrations. Subsequently, with the further increase of
R g3 the potential energy changes slowly, and the dihedral
angle D(4—6—7—S5) rapidly decreases to ~120° (as shown by
the blue curve in Figure 2), in line with the distortion of the
original plane including the four fluorine atoms. A similar
result has been observed in the cleavage of the S—Cl bond for

https://doi.org/10.1021/acs.jpca.4c08301
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Figure 3. Two typical trajectories for the SFs* ions formed by the Franck—Condon photoionization of SF, including the potential energy (in
black), the R(1—3) distance (in red), and the two bond angles of #(4—1—5) and ¢(6—1—7) (in blue), versus dissociating time. The gray boxes
indicate the period of time when the potential energy drops dramatically.

the ground-state SFCl" ion,”* where the SF;*(Dy,) fragment is
produced.

There is a shallow potential well far away from the Franck—
Condon region in Figure 2, indicative of the existence of a
complex of [F--SFy*]. At the @B97X-D/6-311+G(3df) level,
the dissociating S—F bond length of the complex is 3.384 A (in
Figure 1), and the SF;* moiety has Dy, symmetry instead of
the C,y structure, implying conformal transformation in the
formation of the complex. The SOMO of the complex retains
essentially its initial configuration of Franck—Condon ioniza-
tion (Figure 1). Additionally, the energy of the complex is
slightly lower (1.54 kcal'mol™) than that of the fragments,
SE,*(X'A,) and F(*P,), at the @B97X-D/6-311+G(3df) level.

3.3. Molecular Dynamics Calculations of SF¢* in the
Ground State. In order to understand fragment energy
distributions in-depth during DPI in the Franck—Condon
region, a total of 172 trajectories were calculated for SF¢" ions
via the BOMD simulations with thermal sampling for
vibrational and rotational populations at the temperature of
150 K as the initial conditions. All trajectories consistently
point to the SF;* fragment ion and fluorine atom in a period of
less than 300 fs, in line with the previous dynamic calculations
at the HF/3-21G* level.”” Figure 3 displays two typical
trajectories of MD calculations, including the dissociating S—F
bond length, two F—S—F bond angles, and the potential
energy of the complex.

As shown by the direct decomposition trajectory in Figure
3a, the potential energy rapidly drops in the earliest 30 fs, while
R(S1-F3) is elongated to 2.3 A. Then, R(S1-F3)
continuously increases monotonously to 8 A within the next
220 fs, while the bond angle 8(4—1-5) decreases to ~110°
and then increases back to 150°, and ¢(6—1—7) oscillates
slightly around 170°. The large oscillations in the potential
energy at the exit imply significant vibrational excitation of the
fragments. The whole dynamic trend is in line with the MEP of
Figure 2. Moreover, the trends of the two bond angle changes
are synergistically aligned in the final stage, exactly
corresponding to the umbrella vibration of the SF;" moiety
in the approximate C,y structure. However, as the SF;*(C,y)
ion is unstable, it will rapidly isomerize to the stable SF;*(Ds,)
structure due to the strong coupling between vibrational
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modes, and meanwhile, the deformation vibration (v4', ¢’
symmetry) of SF;*(Ds,) (the vector is shown in Figure S1 of
Supporting Information) is excited according to the projection
of the umbrella vibrational vector from C,y to Dy,

Alternatively, an indirect dissociation mechanism may also
take place, as exhibited in Figure 3b. During the earliest 90 fs,
an intramolecular vibrational energy redistribution (IVR)
happens as the starting momentum of the fluorine atom is
less well aligned. Then, the dramatic decrease in potential
energy is accompanied by the rapid increase of R(S1—F3) in
about 30 fs (gray box in Figure 3b). Subsequently, (4—1-S5)
gradually decreases to ~100° while R(S1—F3) increases
monotonously to 8 A for the next 170 fs, in which the
potential energy maintains a small oscillation at the final stage.
Obviously, the SF;" fragment with Dy, symmetry is directly
produced along this mechanism. Based on the consistent
phases of the two bond angle changes (in Figure 3b), (4—1—
5) and @(6—1-7), the " vibrational mode of the SF;*(Dy;)
fragment is predominantly excited. Moreover, the potential
energy of the products is significantly lower than that in the
case of direct dissociation, indicating that more excess energy is
released for translational freedom in this mechanism.

In addition, the dissociating fluorine atom eventually
deviates from the initial C,, axis, among all of the 172
trajectories, strongly confirming that the unimolecular
dissociation does not occur entirely along the adiabatic MEP,
due to the influence of nuclear kinetic energy. Actually, 141
trajectories among all trajectories (82%) occur along the direct
dissociation mechanism in our current calculations. Moreover,
the dominant fragment is SF;"(Dj,) with vs* vibrational
excitation. The v" vibrational frequency is determined to be
577 cm™' at the wB97X-D/6-311+G(3df) level and 579.6
cm™! from the previous measurement of the IR experiment.’®

Figure 4 shows the total kinetic energy distributions in the
dissociation of SF¢" in the XZTlg state, based on the 172
trajectories. The distribution exhibits an approximate Gaussian
population with the maximum extending to 1.03 eV, giving the
average total kinetic energy (TKE) of 0.70S eV. This non-
Boltzmann distribution is greatly consistent with its property of
barrierless dissociation. Using the calculated excess energy at
the @B97X-D/6-311+G(3df) level, E, ... = VIE (15.11 eV) —

excess

https://doi.org/10.1021/acs.jpca.4c08301
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_ (TKE)
=
determined to be 0.6S. In addition, to examine the relationship
between the TKE distribution and the excitation energy within
the Xleg state range, we conducted additional BOMD
calculations at excess energies of 10 and 20 kcal mol ™},
respectively. The results are plotted in Figure S3. Overall, the
profile of the TKE distribution broadens as the excess energy
increases, but the (TKE) value remains around 0.7 eV. This
finding demonstrates that the previous assumption® of the
constant fr parameter does not hold for the dissociation of
SF6+(X2T1g), although it has been commonly used with more
or less success.

3.4, Threshold Photoelectron Spectra and Threshold
Photoelectron—Photoion Coincidence Time-of-Flight
Mass Spectra. Figure Sa shows the experimental TPES of
SF¢ in the photon energy range of 15.10—18.10 eV, with a step
size of 15 meV. Two bands, X2T1g and A/B *T,,, are distinctly
observed, and their 1proﬁles and positions are consistent with
the previous TPES, ~ with only slight differences in relative
intensities. For the Xleg band, no vibrational structure is
discernible due to its unstable characteristics. The intensity
maximum of this band is located at 15.820 eV, in consistency

, 18

AP, (14.02 eV) = 1.09 eV, the proportion, f

‘excess

with Yencha et al’s result (15.890 eV)."” The current peak
position is moderately different from that observed in the He II
PES (15.67 €V),° due to the slightly changed band profile,
which might be caused by autoionization contributions in
TPES. Additionally, the onset of the XZTlg band is estimated to
be 15.125 eV according to the cross point of the baseline and
growth phase (noted in Figure Sa), which is usually assigned as
the upper limit of AIE. The current onset generally agrees with
the previously reported value (15.116 eV)."?

The TPEPICO TOF mass spectra were recorded at several
specific photon energies within the XZTlg energy range. Figure
Sb shows two of them at 15.680 and 15.940 eV, respectively.
The unique SF;" fragment ion is observed in the spectra, while
no parent ions and other fragments such as SF;" and SF," exist,
in accord with the previous experimental results.” The TOF
profile of SF;* is significantly broadened to approximately 730
ns of full width at half-maximum (fwhm). In contrast, the
fwhm of the TOF peak of Ar" is only 7 ns with the same
electric field. The significant broadening clearly indicates a
large amount of translational energy release in the S—F bond
cleavage process during the DPI of SF4 Generally, with the
action of ion optics, the TOF distribution of fragment ions
always exhibits a Gauss-type profile in a statistical dissociation.
Thus, the non-Gaussian profiles of the SF;* TOF distributions
at the two photon energies (Figure Sb) provide solid evidence
for the nonstatistical dissociation for the XZTlg state.
Additionally, as its TOF distribution exceeds 700 ns, the
mass gate (~60 ns) can ensure its time-slice effect for velocity
map imaging.

3.5. Threshold Photoelectron—Photoion Coincidence
Velocity Image of the SF;* Fragment lon. Accurate
measurements of KERDs and angular distributions are crucial
to understanding dissociation dynamics. Figure 6 shows time-
sliced TPEPICO velocity map images of the SF;* fragment ion
at three specific photon energies of XZTlg, 15.480, 15.680, and
15.940 eV, where the electric field vector € of the VUV
photons is along the horizontal direction. At three energies, the
images exhibit a very similar pattern characterized by a bright
ring, suggesting only one decomposition pathway for SF" in
the ground state. In particular, with the increase of excitation
energy, there is an invisible change in the radius and thickness
of the ring, in line with the almost unchanged TOF

AB 2T, /*T,,
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Figure S. (a) Threshold photoelectron spectrum of SFq4 in the photon energy range of 15.10—18.10 eV, where the red arrows note the photon
energies for recording ion images; (b) TPEPICO TOF mass spectra for the DPI of SF4 at 15.680 and 15.940 eV.
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Figure 6. Time-sliced TPEPICO velocity map images of SFs* at (a) 15.480, (b) 15.680, and (c)15.940 eV.

distributions in Figure Sb. In other words, the kinetic energy
distribution of SF¢" hardly changes with the excitation energy.
In this context, the previous method™” of determining the AP,
value by extrapolating the released kinetic energy to zero is
questionable. Actually, the similar phenomena have been
observed in the DPI of CF, via the ionic ground state.”’
Moreover, the parallel anisotropic distribution of the SF*
fragment ion can be clearly observed in all of the images. By
accumulation of the image intensity over a proper range of
radius at each angle, the angular distribution of SF " is
obtained. Consequently, the anisotropy parameter f is
achieved by fitting the angular distribution (Figure S2 in the
Supporting Information) and summarized in Table 1. The j

Table 1. Average Total Kinetic Energy, (TKE), the Excess
Energy E,,, and Anisotropy Parameter f# of the SF;*
Fragment Ion

hv/eV (TKE)/eV E,/eV fr s

15.480 0.86 1.335 0.64 1.00 + 0.08
15.680 091 1.535 0.59 1.10 + 0.04
15.940 0.88 1.795 0.49 1.17 + 0.04

values are determined to be 1.00 & 0.08, 1.10 & 0.04, and 1.17
+ 0.04 at 15.480, 15.680, and 15.940 eV, respectively.
Compared with the previous value measured in experiments,
0.94 at 16.0 eV," the current values are slightly larger. In
general, such relatively large and positive # values within the
XZTlg energy range are consistent with the direct dissociation
mechanism of SF¢" in the XZTlg state. Moreover, unlike the
kinetic energy distribution, the f values marginally increase
with excess energy, indicating that the dissociation rate of
SF6+(X2T1g) slightly increases with the excitation energy.

3.6. Total Kinetic Energy Release Distributions. By
accumulating the image intensity over all angles, the speed
distribution of the SF," fragment ion is obtained. According to
the conservation of linear momentum and energy, the total
KERD in the dissociation process is calculated and plotted in
Figure 7. Similar Gauss-type distributions are observed at all
photon energies; the peak position is located at ~0.90 eV, and
the maximal total kinetic energy is around 1.34 eV. Specifically,
the released (TKE) in the DPI of SF¢ at 15.480, 15.680, and
15.940 eV are determined to be 0.86, 0.91, and 0.88 eV,
respectively, and summarized in Table 1.

Notably, these total KERDs are essentially the same as the
Figure 4 predicted in the BOMD trajectory calculations, except
that (TKE), as the peak position of the total KERD curve, is
slightly larger than the calculated value (0.705 eV). This
smaller (TKE) value in calculations might stem from the
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underestimated excess energy at the @B97X-D/6-311+G(3df)
level. This agreement between the VMI experimental and
BOMD calculated results gives us strong confidence in
confirming the direct dissociation mechanism of SF"(X*T,)
ions as well as the v¢" vibrational excitation mode of the
SF*(Dy,) fragment ions. Additionally, the almost constant
(TKE) also implies that as the excitation energy increases,
more of the available energy is distributed into the
fragmentation internal energy in its dissociation process. A
possible explanation for this unusual behavior lies in the strong
repulsion between the fluorine atoms in the SF*(C,y)
fragment, which is produced during the initial bond-fission
period (approximately 30 fs, as shown in Figure 3a). This
repulsion, combined with the large number of degenerate
vibrational modes, facilitates a very fast energy transfer among
these modes. This rapid energy redistribution ensures that the
barrierless isomerization from C,y to Dy, occurs on a time scale
much faster than the rate at which the fluorine atom moves
away.

We know that the maximal total kinetic energy of fragments
usually corresponds to the upper limit of AP, in a direct
dissociation. Due to the serious overlap of various vibrational
and rotational distributions, it is difficult to directly derive the
accurate AP,(SF;"/SF¢) value from the experimental KERD
curves in the absence of vibrational assignments. As indicated
in our trajectory calculations, the SF¢*(X*T,,) ion produced in
the Franck—Condon ionization will predominantly lead to the
SE;" fragment with v4" vibrational excitation. Therefore, the
vibrational state populations of SF¢* at the three excitation
energies can be identified using the experimental v¢" value
(579.6 cm™°) and ignoring the anharmonic effects of
vibration. Given that the maximal TKE corresponds exactly
to the production of the SF;" fragment in a certain vibrational
state, the vibrational state population of SF¢*(Dj,) can be
assigned by multipeak global fitting of the three total KERDs in
Figure 7. As exhibited in Figure 7, 10 or 11 vibrational states of
the 15" mode for the SFy*(Ds,) fragment are populated at the
three photon energies, and the most dominantly populated
vibrational level is all located at the middle one.

3.7. Adiabatic Appearance Potential and Related
Thermochemistry. Fragment energy distribution of a rapid
dissociation on a repulsive potential energy surface can be
described with the classical impulsive model,®” in which the
molecule rapidly decomposes along an approximately diatomic
vibrational coordinate, and other atoms play spectator roles.
According to that, the repulsive property of SF¢*(X’T,,) and
the anisotropic distribution of the SF;" fragments, we can
estimate energy distributions in the dissociation of

https://doi.org/10.1021/acs.jpca.4c08301
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individual vibrational component of SF"*.

SFs'(X’T,,) ions using the impulsive model, and the f;
B = Ser 2 072,

‘excess

proportion is expected to be f. =

Hsps—p

where pg_p and pgps_p are the reduced masses of the sulfur
and fluorine atoms, and the SF; moiety and the fluorine atom,
respectively. This result is generally consistent with the
predicted value in the aforementioned BOMD calculations
(0.65), affirming the rapid dissociation mechanism of the
SF6+(X2T1g) ions.

Considering the energy conservation, hv — APy = E . =
(TKE)/fr, the APo(SF*/SF;) can be estimated to be 14.157
at 15.480 eV, using f1 = 0.65 from the BOMD calculations and
(TKE) = 0.86 ¢V in Table 1. As shown with an arrow in Figure
7a, APy(SF,"/SF¢) is determined to be 14.145 eV when we
assign the first peak position of the total KERD curve (1.335
eV) to the v = 0 level of the SF;"(Dy, X'A,) fragment. The
experimental and theoretical values agree very well with each
other. Moreover, the kinetic energy resolution of the imaging is
about 8 meV (1.250 X 6% = 7.5 meV) and the photoelectron
energy resolution is 7—8 meV,” and hence the uncertainty of
AP,(SF,*/SF) can be estimated as about 10 meV. Notably,
the current APy(SF;*/SF;) value (14.14S + 0.01 eV) agrees
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perfectly with the average value (14.15 eV) of four high-
accuracy quantum chemical calculations, and it is slightly
higher than the previous one (14.11 eV) derived by fitting the
TOF distributions.”* Based on this APy(SFs*/SFq) value, the
vibrational distributions of the SF"(Dy, X'A,) fragment at
three photon energies are obtained and assigned in Figure 7.
The most populated vibrational states are v = 6 and 7 at 15.480
eV, and it is increased to v = 9 at 15.680 eV and v = 13 at
15.940 eV, respectively. The experimental f values at three
photon energies are calculated and listed in Table 1.
Obviously, all of them are close to the predicted value in the
BOMD calculations (0.65), particularly at low excitation
energies.

Using the known ionization energy of 9.60 = 0.05 eV for the
SF fragment,*® IP,(SFs), the bond dissociation energy of SFg
can be calculated as BDE(F—SF;) = APy(SF;*/SFs) —
IP,(SF;) = 104.9 + 1.4 kcal mol™', which is slightly larger
than the previous value derived from a combination analysis of
the shock-tube measurements, ion thermodynamics, photo-
ionization energetics, and chemiluminescent reactions of Ca
and Sr atoms, 100.4 + 2.4 kcal mol™.>’ Besides, using the
generally accepted AfH0°(SF6) = —288.3 = 0.2 kcal mol™! and
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A¢H,°(F) = 18.5 + 0.1 keal mol~!,%’ the enthalpy of formation
of SFs*, A;H,°(SFs"), can be determined to be 19.4 + 0.5 kcal
mol™". Consequently, the enthalpy of formation of SFj,
A(Hy°(SFs), is calculated to be —202.0 + 1.7 kecal mol™ as
A¢Hy°(SF5") — IP,(SF;). The enthalpy of formation of neutral
SF; and its cation are both slightly lower than the previously
suggested values, AfHO°(SF5+) = 25 kcal mol™' and
AfHOO(SFS) = —216 kcal mol™.%

4. CONCLUSIONS

In this work, we investigated the DPI of SF via the X°T,g
ionic state using TPEPICO velocity imaging and molecular
dynamics calculations. The BOMD trajectory calculations not
only confirm the direct S—F bond-breaking mechanism of the
SF4"(X’T),) ions but also suggest that the vs" deformation
vibration of the SF;*(Dy, X'A,) fragment is predominantly
excited during the rapid dissociation process after the Franck—
Condon ionization. In contrast, we have performed TPEPICO
time-sliced velocity imaging experiments, and both KERD and
the angular distribution of SFs* produced in the DPI of SFy at
three specific photon energies, 15.480, 15.680, and 15.940 eV,
within the XZTlg energy range, have been obtained. The
approximate Gaussian populations are observed in three total
KERDs, and the f values are all close to 1, both affirming the
rapid dissociation behavior of SF6+(X2T1g).

Based on the energy conservation, the fragment energy
distributions have been identified by globally fitting the total
KERDs at three photon energies, taking into account the
experimental v¢" frequency (579.6 cm™) of SF¢*(Dy,, X'A,).
As a result, an adiabatic appearance potential of AP,(SF;*/SF,)
is determined to be 14.145 + 0.01 eV, which is very consistent
with the high-accuracy ab initio calculation results. Then, more
accurate BDE(F—SFs) and the enthalpy of formation of SFj
and its cation are achieved.

It is worth noting that a mechanism of IVR prior to full
dissociation is proposed for the dissociation of SFs"(X*T ) in
the Franck—Condon region. This mechanism highlights the
critical role of IVR in governing the dissociation dynamics of
SE4*. The strong coupling between vibrational modes and the
high symmetry of the system enables efficient energy transfer,
leading to the observed constant (TKE) values, despite
variations in excess energy. This explanation aligns with similar
behaviors observed in other fluorine-containing molecular ions,
such as CF,**” and provides a deeper understanding of the
complex dynamics underlying fast dissociation processes in
polyatomic systems.
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