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ABSTRACT

The increasing presence of 1,1,1,2-tetrafluoroethane (CF3;CH,F) in the atmosphere has prompted detailed studies into its complex photodis-
sociation behavior. Experiments focusing on CF3CH,F irradiation have unveiled an array of ions, with the persistent observation of the
rearrangement product CHF," not yet fully understood. In this work, we combine density functional theory, coupled-cluster calculations
with a complete basis set formalism, and atom-centered density matrix propagation molecular dynamics to investigate the energetics and
dynamics of different potential pathways leading to CHF,*. We found that the two-body dissociation pathway involving an HF rearrange-
ment, which was previously considered complex for CHF, " formation, is actually straightforward but not likely due to the facile loss of HF.
In contrast, our calculations reveal that the H elimination pathway, once thought of as a potential route to CHF,*, is not only comparably
disadvantageous from both thermodynamic and kinetic points of view but also does not align with experimental data, particularly the lack of
a rebound peak at m/z 101-102. We establish that the formation of CHF," is predominantly via the HF elimination channel, a conclusion
experimentally corroborated by studies involving the trifluoroethylene cation CF,CHF", a key intermediate in this process.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0188201
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I. INTRODUCTION irradiation experiments are given elsewhere''). In the realm of
computational studies centered on R-134a, a substantial body of
Among refrigerant gases, the 1,1,1,2-tetrafluoroethane research has also emerged,u 7 the most recent of which is by our

(CF3CH,F) molecule, also known as R-134a, deserves special
attention. Introduced to replace R-12 (dichlorodifluoromethane,
CCL,F,), it has become the most abundant hydrofluorocarbon
(HFC) in the atmosphere, as reported by Harrison et al.' Since
the beginning of its commercial usage, CF3CH,F has been the
subject of numerous experimental studies concerning the effects
of ionizing radiation.”” " With a few exceptions,m "1 most of them
focused on valence ionization (more details on other CF3;CH,F

group.'” There, we specifically examined the HF elimination from
neutral and ionized R-134a and concluded that the most likely
mechanism underpinning this reaction is a 2,1-HF elimination.
This finding is consistent with the observations made for analogous
HFCs, substantiated by both experimental and theoretical data.'®
Thus, considering the dominant mechanism only, both neutral and
ionized HF eliminations follow a “four-centered” reaction pathway,
as each atom within the main product originates from a different
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C atom. The global reactions for these two 2,1-HF eliminations are
listed below:

CF;CH,F — HF + CF,CHF, (1)

CF3CH,F — HF+ CF,CHF' +¢". )

According to our previous HF elimination study,'” reaction (2)
demands a substantial energy input of 308.7 kcal/mol, or 13.39 eV,
at 0 K. This energy requirement is significantly higher than any acti-
vation energy observed for neutral processes. On the other hand,
it only slightly surpasses the energy needed to produce the first
photofragments detected in threshold photoelectron spectroscopy
experiments.” In their study, carried out at 298 K, Zhou et al. ini-
tially detected CHF* at 12.99 + 0.05 eV and, subsequently, CF;* at
13.12 % 0.05 eV, following the corresponding reactions:

CF3CH,F - CF3+ CHoF' +¢7, (3)

CF3;CH,F - CH,F+ CF;" +e™. (4)

These two photofragments originate from the direct fragmen-
tation of CF3CH,F upon ionization. Similarly, the subsequent ion
detected with increased energy input, CF,CH,F',"? also originates
from the direct fragmentation of the parent species. However, some
of the detected ions can only be generated through rearrangement
reactions. A notable example is CHF,","® which is commonly
observed in these experiments and cannot be formed via direct frag-
mentation of ionized CF;CH,F. Interestingly, this rearrangement
product ion is very often reported as the fourth most intense in mass
spectra.® Following the investigation of Zhou et al.,* the detection of
CHF,* was also discussed by Kettunen ef al.” and Morcelle et al.”
in photoionization experiments, as well as by Majima et al.® and
Pereira-da-Silva et al.” when using energetic C* ions and electrons,
respectively. Although there is a consensus in the literature that
molecular rearrangement is involved in CHF,* formation, the spe-
cific mechanistic route is still a matter of debate. Initially, “H-atom
migration” was proposed by Zhou et al.,* while other conjectures
included “fluorine donation™ or a recombination reaction.” In any
case, it is evident from previous studies that the pathway leading to
CHF," formation remains an unresolved question.

We have selected a set of reactions associated with the produc-
tion of CHF," based on suggestions from Zhou et al.* and listed
them as follows:

CF3;CH,F — CHF, + CHF," +¢7, (5)
CF;CH,F - CF+ HF+ CHE,' +¢, (6)
CF;CH,F — H+ CF, + CHE," +¢7, (7)
CF3CH,F —» F+ CHF+ CHF," +¢ , (8)
CF;CH,F — F,+ CH+ CHE," +¢". )

ARTICLE pubs.aip.org/aipl/jcp

In this work, we explore the energetic and dynamic aspects
of various potential routes that can result in the formation of
CHF,". To accomplish this, we utilize density functional the-
ory (DFT), coupled-cluster singles doubles perturbative triples
[CCSD(T)] calculations employing a complete basis set formalism,
and ab initio molecular dynamics. Our goal is to acquire a thorough
understanding of the potential energy landscape, encompassing the
distinct pathways proposed for CHF," formation. By employing
a highly accurate computational protocol, we aim to elucidate the
underlying rearrangement mechanism(s) at play in this chemical
transformation.

Il. METHODS

All chemical species have been fully optimized to attain their
equilibrium geometries, with no imposition of any geometric con-
straints. These structures were evaluated as either minima or saddle
points in the potential energy surface (PES) via harmonic vibra-
tional frequency analysis. No scaling factor was used to correct
the harmonic frequencies. Each optimized transition state (TS)
structure was verified as the definitive saddle point in the min-
imum energy path connecting the two adjacent minima through
intrinsic reaction coordinate (IRC) calculations.”’ Thermal energy
and zero-point vibrational energy corrections have been incorpo-
rated into all energy results, which are expressed as enthalpies at
298.15 K. All geometry optimizations and vibrational frequency
analyses were performed at the M06-2X*!/cc-pVTZ** level of the-
ory. As demonstrated in a previous study by our group,'” this level
is enough to obtain good quality geometries for fluoroalkanes and
their corresponding cations.

We also performed coupled-cluster calculations—via the
domain-based local pair natural orbital formalism, DLPNO-
CCSD(T)—on each optimized geometry with tight SCF convergence
criteria and the resolution of the identity with chain of spheres
(RIJCOSX) approximation.”’*” We opted for the DLPNO approach
over the traditional one based on our preliminary benchmark calcu-
lations, which showed that both methods yield remarkably similar
results, with the added advantage of the DLPNO approach being sig-
nificantly faster (see the supplementary material for more details).
To enhance the accuracy of our results toward the complete basis set
(CBS) limit, we employed two basis sets, specifically cc-pVTZ and
cc-pVQZ, and extrapolated toward the CBS limit using a power-law
approach,”®*’

4

Ecps = Eqz + Eqz — Erz (10)

In Eq. (10), Ecps is the desired energy in the limit of an infinite
basis set; Eqz and Erz denote the energy of the system calculated
with the finite basis sets, respectively, the quadruple-{ (cc-pVQZ)
and the triple-{ (cc-pVTZ) basis sets. This extrapolation tech-
nique is rooted in the approaches proposed by distinct authors.” >
Atom-centered density matrix propagation (ADMP)”’ ** molecu-
lar dynamics simulations were performed for selected stationary
points using the same level of theory as the geometry optimiza-
tions (M06-2X/cc-pVTZ). These primarily served to assess the HF
rearrangement/elimination pathways, particularly focusing on the
dynamic behavior of the ion-dipole structure [CF, CHF[ITHF]*,"”
which constitutes the global minimum energy structure with the
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FIG. 1. Schematic diagram for selected reaction pathways available from
CF3CH,F photoionization with photon energy below 20 eV, as calculated at
the DLPNO-CCSD(T)/CBS//M06-2X/cc-pVTZ level of theory. The numbers in the
figure legend correspond to the numerical labels of the respective reactions.

formula C;H,F,4" (see the supplementary material for more infor-
mation). We also carried out ADMP calculations starting from TS1,
the transition state linking CF3CH,F" to the ion-dipole complex
[CF,CHFIIHF]* (see Fig. 1 for more details). The simulations
were executed considering fully converged, self-consistent field wave
functions at each time step. The initial nuclear kinetic energy (NKE)
was varied over a range of values, namely 0.27, 0.50, 0.81, 1.08, 1.36,
1.63, 1.90, 2.17, 2.44, and 2.72 eV. We conducted simulations for
each NKE value, with each simulation running for a total duration
of 10 ps. The target temperature for the nuclear motion of the whole
system was set to 298 K. In the ADMP approach, artificial masses are
automatically assigned to the electronic degrees of freedom,’” and
these values can be sufficiently low to avoid the need for thermostats
to ensure effective energy conservation. We monitored specific bond
distances, with particular attention to the C-F bond involving the
fluorine atom that is released as HF, throughout the entire duration
of the simulations. All DLPNO-based coupled-cluster calculations
were executed using Orca 5.0.3,”"°% whereas all other calculations
were carried out using the Gaussian 16, Revision A.03 package.”

lll. RESULTS AND DISCUSSION
A. Assessment of the level of theory

Initially, we assessed the accuracy of the methods employed for
calculating the thermochemical parameters of the reactions under
investigation. To do so, the changes in enthalpy (AH) for reactions
(1) and (3)-(8) are compared to the most accurate values reported
in the existing literature. These AH comparisons were made at
298.15 K, herein referred to as AH,gs. To calculate these values, we
utilized the standard enthalpies of formation A¢H,9s° data for each
chemical species, which were sourced from the works of Ganyecz
et al.*’ for R-134a and Harvey et al.*' for CHF, and CHF,*. In
addition, we obtained data from the Active Thermochemical Tables
(ATcT) database (version 1.124) when applicable. 2747 The compar-
isons between our AH,9s values and those from the literature are

ARTICLE pubs.aip.org/aipl/jcp

provided in kcal/mol in Table S1 and eV in Table S2. We included
reaction (1), namely, the HF elimination from R-134a, for bench-
marking purposes only. As shown in Table SI, the deviation from
the reference value for reaction (1) at the CCSD(T)/CBS level is less
than 0.1 kcal/mol (=0.004 eV). This deviation is [10 times smaller
than that observed in our previous HF elimination study.” Never-
theless, direct comparisons are not so straightforward, since here we
changed both the reference for the AgH293° of R-134a and the way of
expressing thermochemistry results (AH»9s instead of AE at 0 K).

Considering both coupled-cluster approaches, our results
give AHs closely similar to the reference values, with a mean absolute
deviation (MAD) <0.5 kcal/mol. The magnitude of deviations at the
DLPNO-CCSD(T)/CBS level strongly resembles that of the tradi-
tional approach. However, in nearly all selected reactions, the sign of
the deviation using DLPNO-CCSD(T) is opposite to that obtained
with the conventional approach.

The sole exception to the sub-kcal/mol deviation is reaction (6),
which leads to the formation of a CF radical. Nevertheless, the devi-
ation of [Tkcal/mol for this reaction does not outweigh the fact that
the average deviation of the coupled-cluster results remains lower
than the average uncertainty for the best estimate values, which is
0.6 kcal/mol. For all other reactions, each predicted AH value at the
DLPNO-CCSD(T)/CBS//M06-2X/cc-pVTZ level exhibits smaller
errors when compared to the uncertainties associated with the ref-
erence values. Furthermore, the utilization of the DLPNO approach
in coupled-cluster calculations has proven to be way faster than the
conventional ones, as stated above. In addition, it has been demon-
strated that DLPNO energies tend to be more accurate for smaller
systems.*® For these reasons, all energy results discussed hereafter
are based on the DLPNO-CCSD(T)/CBS//M06-2X/cc-pVTZ level of
theory.

From these benchmark calculations, we can reasonably infer a
similar degree of confidence for other reactions involving analogous
chemical species, i.e., both ionic and neutral fragments originat-
ing from CF3;CH,F photoionization. Even though the results at the
MO06-2X/cc-pVTZ level reached an MAD approximately five times
greater, their deviations still remain below 0.5 kcal/mol for reactions
(3)-(5). This consistent performance, coupled with the previously
attested reliability of M06-2X geometries,'” has motivated us to pro-
ceed with the ADMP simulations, which we have performed at the
same level of theory.

B. Thermochemistry analysis and mechanisms

Starting from the CHEF," formation pathways listed above
(5)-(8), we have thoroughly investigated these routes and identified
new intermediates closely associated with CHF," production. Our
main results are summarized in Fig. 1, focusing specifically on the
cases associated with reactions (5)—(7). The set of reactions corre-
sponding to the CHF,"* formation pathway from reactions (8) and
(9) have not been considered in this analysis, as the final energy
of the products exceeds the experimental threshold (see Table I)
observed in the experiments by Zhou ef al.” In Fig. 1, all energy
values are referenced to those of neutral CF3CH,F. The diagram
initiates with the singly ionized CF3CH,F" radical cation, which
has a doublet ground state and whose adiabatic ionization energy
is calculated as 12.30 eV. A remarkable structural feature of this
system is the pronounced carbon-carbon bond length elongation
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TABLE I. Comparison between the appearance energies (AEs) as obtained from Zhou et al.* and our computed AH,gg values
considering the reaction label given in the last column. TPEPICO stands for threshold photoelectron—photoion coincidence
spectroscopy. Energy values are given in eV. Calculations are at the DLPNO-CCSD(T)/CBS//M06-2X/cc-pVTZ level of theory.
Mean deviation: —0.29 + 0.07 eV, considering only reactions (3), (4), and (11).

TPEPICO data from Zhou et al.* This work

DLPNO-CCSD(T)/CBS

Ton detected Appearance energy (AE) Reaction label AHjog Deviation
CF3CH2F+ 12.64£0.05 (11) 12.30 -0.34
CH,F* 12.99+0.05 (3) 13.31 -0.32
CE;* 13.12%+0.05 (4) 13.34 -0.22
CHE,* 16.11+0.07 (5) 13.11 =3.00
(6) 15.31 -0.80
(7) 15.86 -0.25
(8) 17.98 +1.87
9) 21.85 +5.74

(A) CF,CHF[IIHF *  CHF,CHF," AHs=0.97 eV,
(13)
¢ CHF,CHF," —~ CHF,+ CHF," AHs=1.02 eV. (14)
2.005 A HF elimination pathway, in addition to (11)-(13),
CF,CHF[IIHF * - HF + CF,CHF" AH,9g = 0.46 €V,
(15)
FIG. 2. (a) Optimized geometry of CF3CH,F* at the M06-2X/cc-pVTZ level of CF,CHF" — CFCHF," AHy5=228 eV, (16)

theory. The C-C bond length value is also shown. (b) IBO of CF3CH,F* depicting
its 2c, 1e C-C o bond.

CFCHF," - CF+ CHF," AHag =144 eV. (17)

to 2.005 A [see Fig. 2(a)], 0.494 A larger than that of the neutral H elimination pathway, in addition to (11),

system (1.511 A).. This (.hstaj})c;ﬁ falls yvithip the range of otherlcom— CF,CH,F" - H+ CF;CHF® Ay = 1.85 eV, (18)
puted alkane radical cations™ " and is attributed to the formation of
a two-center, one-electron (2¢, le) C-C ¢ bond resulting from the
valence ionization of CF3CH,F. Indeed, inspection of the intrinsic CF;CHF" - CF,CHF,®  AHy3 =—0.39 eV, (19)
bond orbitals (IBOs)°! of CF3CH,F* reveals the formation of such
a one-electron bond, as highlighted in Fig. 2. In turn, Fig. 3 shows
the molecular structures of key intermediates and transition states CF,CHF," - CF,[IICHF, ¥ AHys =159 eV, (20)
discussed in Fig. 1.

As illustrated in Fig. 1, the CHF," formation process within
each investigated channel involves several distinct elementary steps. CF, [ITCHF, © - CF,+ CHF,"  AHy =052 eV. (21)
In accordance with the figure, each of the proposed elementary ) )
reactions shown is further detailed below, accompanied by the From a thermodynamic standpoint, the HF rearrangement

corresponding AHass values [DLPNO-CCSD(T)/CBS//M06-2X/cc- pathway, highlighted in red in Fig. 1, stands out as highly favorable.
pVTZ): This is because, in contrast to the other pathways, it results in the

formation of only two dissociation products, as opposed to three
in all other cases. Notably, the enthalpy of the resulting products,
CHF, + CHF,", is only 0.81 eV above that of the singly charged
CFsCH,F - CE3CH,F" +e”  AHag = 1230 eV, (11) CF3CH,F" at the DLPNO-CCSD(T)/CBS level, which is consid-
erably lower than the enthalpy differences observed in the other

channels. However, it is crucial to emphasize that this thermody-

namic preference does not necessarily imply that this pathway is

CF;CH,F" - CF,CHFIIHF ©  AHys =-1.18 eV, (12)  responsible for the CHF,* production observed in the experiments.

HF rearrangement pathway,

Yyip0:vL ¥202 Iudy 0L
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(A) HF rearrangement

I\
I\
1 \
1 \
1 \
1

TS1 [CFZCHF -HF]*

(B) HF elimination
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CHF,CHF,*

CF,CHF*

(C) H elimination

CFCHF,*

CF,CHF* TS4

CF,CHF,* [CF,--CHF,J*

FIG. 3. 3D optimized structures (M06-2X/cc-pVTZ) of selected intermediates and transition states within the three investigated mechanistic pathways.

The initial step of the HF rearrangement (red curve) and
the HF elimination (black curve) pathways involves the formation
of the ion-dipole complex [CF,CHFIIHF]®, characterized by an
energy barrier of 1.06 eV associated with TS1. Remarkably, this
species represents the global minimum energy structure with the for-
mula C;H,F4*. Our confidence in this claim was reinforced after
conducting an exploratory search for stable C;H,F4* geometries,
which provided the same conclusion (more details are given in
Sec. S2 of the supplementary material). Its structure is defined by an
HF molecule nearly perpendicular to the CF,CHF" core, where the
F atom of HF is oriented toward the other fragment, and the C-F
distances measure 2.444 and 2.646 A at the M06-2X/cc-pVTZ level
of theory.

From [CF,CHFIIHF]*, we identified TS2, which leads to an
isomerization of the molecular ion from CF;CH,F* to CHF,CHE, ™.
Notably, this isomerization has an energy barrier of 2.47 eV, which
is nearly six times higher than the AH,os value for the compet-
itive [CF,CHFIIIHF]" ion-dipole complex dissociation to form
CF,CHF" (AHz93 = 0.46 eV). Given this substantial disparity in
AH»og values between the two processes, it is conceivable that the
elimination of HF from the ion-dipole adduct is considerably pre-
ferred, effectively impeding the system from progressing through
TS2.

Regarding the HF elimination pathway (black curve), the sub-
sequent step following the release of the HF molecule and the
formation of CF,CHF" is the fluorine atom migration from the
CF, motif to CHF. This process is governed by TS3 and is char-
acterized by a notable energy barrier of 2.61 eV.” Interestingly, the

enthalpy barrier for this migration step surpasses even the cumula-
tive enthalpy cost of the initial and final steps of this pathway, which
totals 2.50 eV. Despite this significant energy barrier, the isomeriza-
tion of CF,CHF" into CFCHF," is still energetically more favorable
than the direct dissociation into CF, + CHE* (AH,03 = 5.97 €V) or
CF,* + CHF (AHzes = 3.73 €V). The reason for these high-energy
dissociation channels can be attributed to the breaking of a 2c, 2e
C-C o bond and a 2¢, 1le C-C m bond [as illustrated in Fig. 4(a)].

In contrast, the dissociation of the C-C bond in CFCHF,*
notably less energy-demanding, requiring 1.44 eV. In this case, the
breakage involves only a 2¢, 2e C-C o bond since the unpaired
electron in CFCHF," is associated with a non-bonding orbital

(A)

FIG. 4. (a) IBO of CF,CHF*, illustrating its 2c, 1e C-C n bond. (b) IBO of
CFCHF,*, depicting that the unpaired electron is localized on a non bond|ng
orbital of the low-valent carbon atom.
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of the low-valent carbon atom [as depicted in Fig. 4(b)]. Con-
sequently, the formation of CHF,* through the HF elimination
pathway is the most feasible product following C-C bond dissoci-
ation. Here, CHF," is formed at a AH,gg value of 15.31 eV from
neutral CF3CH,F and, therefore, 2.20 eV higher than the value of
the HF rearrangement pathway. Taking into account the observed
experimental appearance energy (AE) of CHF," (16.11 eV),* which
represents the minimum energy necessary in the experiment to
detect this ion in the spectrum, our calculated value remains well
within an acceptable range. In addition, our computational analysis
supports this pathway as the most viable route for CHF,* formation
following the valence ionization of R-134a.

Differently from the other two pathways previously discussed,
the H elimination pathway (depicted in blue in Fig. 1) has an
entry thermodynamic barrier of AHy9s = 1.85 eV, which is 0.79 eV
higher than TS1 and 0.84 eV higher than the direct dissociation
of CF;CH,F" into CF; and CH,F*. Following the formation of
CF;CHF™ after hydrogen detachment, the pathway continues with
a fluorine migration from CF;CHF" to CF,CHFE;", a process that is
notably exothermic, with an associated barrier [TS4, see Fig. 3(c)] of
merely 0.27 eV.

The next step is the C-C bond dissociation of CF,CHF;". The
process begins with the formation of an ion-dipole complex of the
type [CF, (IICHF,]" (AHaes = 1.59 eV). Inspection of its geometry
[see Fig. 3(c)] clearly shows that the C-H bond of the CHF, motif is
oriented toward the carbon atom of CF,. However, it is important
to highlight that the system may not necessarily have suffi-
cient time to relax from a rotationally excited state to form this
direction-oriented complex and might fully dissociate directly from
CF,CHF," to CF, and CHF;", a process that possesses a AHog
value of 2.10 eV.

The final step of the H elimination pathway is the dissociation
of [CF,TICHF,]" into isolated CF, and CHF," (AH395 = 0.51 eV).
Notably, the CF, carbene is assumed to be formed (and eliminated)
in the singlet state, as the energy difference between singlet and
triplet states exceeds 2 eV.>* The computed AH2og value for this step
is greater than that for the HF elimination from [CF,CHFITHF]*
(AHzgg =0.46 eV).

In light of the significant hindrance encountered by the
HF rearrangement pathway, primarily driven by the favorability of
HF elimination from [CF,CHF[TIHF]*, we have identified two dis-
tinctive channels capable of yielding the rearrangement fragment
CHF,* following the valence ionization of CF3CH,F. These path-
ways are delineated by varying entry energy barriers. One exhibits
a relatively lower energy barrier of 1.06 eV, associated with the
HF elimination pathway, while the other, linked to H elimination,
presents a higher thermodynamic barrier of 1.85 eV.

Moreover, when considering the latter pathway, direct dissocia-
tion from CF3;CHF" into either CF3; and CHF* (AH395 = 4.30 V) or
alternatively CF;* and CHF (AH29s = 3.29 €V) is found to be more
endothermic compared to fluorine migration leading to CF,CHF,*
(AH398 = —0.39 eV; barrier of 0.27 eV) and its subsequent dissocia-
tion into CF, and CHF," (AH29s = 2.10 eV). Similarly, as previously
discussed, in the case of the HF elimination pathway, direct dissocia-
tion of the intermediate CF,CHF" into either CF, and CHE" (AH 08
= 5.97 eV) or, alternatively, CF,* and CHF (AHa9s = 3.73 €V) is
more endothermic when compared to fluorine migration leading to
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CFCHF," (AH29s = 2.29 €V; barrier of 2.61 eV) and its subsequent
dissociation into CF and CHFE," (AH20s = 1.44 V).

In essence, both pathways reveal that an atom migration step
followed by C-C dissociation is kinetically and thermodynamically
preferred over direct dissociation into non-rearranged fragments.
To determine which pathway actively leads to the production of
CHF,", three key factors must be considered. First, our calculations
indicate that the H elimination step from the parent ion occurs with-
out a reverse barrier. Second, the fragment ion of m/z = 101, the
product of H elimination, should be stable over a range of around
1.7 eV. Third, limitations in the mass resolution of the experi-
ments conducted by Zhou et al.* resulted in overlapping signals of
CF;CHF* (m/z = 101) and the parent ion CF3CH,F* (m/z = 102).
Collectively, these considerations indicate that should the H elimina-
tion pathway be active, an increase in signal within the m/z 101-102
mass range across a broad energy spectrum is anticipated. This signal
rebound would be attributed to the indistinct presence of CF;CHF™,
which would become the prevailing signal as the one from the parent
ion diminishes. Contrarily, experimental evidence from Zhou et al.!
demonstrates a rapid decline in the peak within this m/z range in
the coincidence yields. This absence of rebound in the experimental
data, when considered in conjunction with our calculations, strongly
suggests that the H elimination pathway is not a significant competi-
tor in the formation of CHF,", thereby diminishing its likelihood
as a contributing mechanism. Consequently, it is reasonable to con-
clude that the CHF,* formation is most likely driven by the pathway
involving the elimination of HF.

Additional support for the formation of CHF,* through
HF elimination is found in the research by Harvey et al.,”* which
investigates the fragmentation of ionized trifluoroethane, CF, CHF".
In our study, this molecule was identified as a pivotal intermediate
in the HF elimination pathway. Harvey et al.”* reported that the pri-
mary daughter ion produced from CF,CHF" is CHF,", indicative
of the loss of a CF fragment, a process that necessitates an initial
migration of an F atom. Our computational reaction pathway start-
ing from CF,CHF", outlined in Fig. 1, is in excellent agreement
with their proposed mechanism, offering a convincing explana-
tion for the experimental observations related to CHEFE," formation
from CF;CH,F™. It is important to note, however, that the exper-
iments by Zhou et al.* did not observe the precise detection of
CF,CHF", probably due to insufficient mass resolution. Therefore,
conducting new experiments with enhanced resolution is essential
to conclusively determining the dominant pathway contributing to
the rearrangement product.

In Table I, we present the energetics of dissociative photoion-
ization pathways of CF;CH,F at 298.15 K, as measured in the
work of Zhou et al.* These values are then compared with the
results obtained through the calculations conducted herein. It is
important to note that Zhou et al.* reported appearance energies,
and to ensure an accurate correspondence, we meticulously cross-
referenced each of the studied reactions with the specific process
responsible for the detection of each ion. In Table I, we also included
a comparison between the AE of CF3CH,F" as estimated by Zhou
et al.* (12.64 eV) and our calculated AH,9s value (12.30 eV) for the
adiabatic ionization reaction.

For reactions (3) and (4), where the primary ion formation
occurs through direct dissociation of the C-C bond in CF;CH,F",
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our calculated AH>gg values show a deviation compared to the exper-
imentally obtained AE of —0.32 and —0.22 eV, respectively. The
negative signs indicate that the AH29s values are smaller than the
corresponding AEs. When we consider these deviations along with
reaction (11), the average deviation amounts to —0.29 + 0.07 eV.

Table I also presents the AE of CHF,* (16.11 V) and compares
it with the formation of CHF," according to reactions (5)-(9). As
anticipated, the HF rearrangement reaction (5) exhibits a very small
AHjog value (13.11 eV), but this pathway is hindered by the facile HF
elimination. In contrast, reactions (8) and (9) have AH,9g values of
17.98 and 21.85 eV, with deviations of +1.87 and +5.74 eV compared
to the AE of CHF,*. These high values underscore their unsuitability
as potential pathways for CHF," formation under the experimental
conditions.

Finally, reactions (6) and (7), representing the HF elimination
and H elimination pathways, respectively, exhibit values that align
more closely with the AE of CHF,", with deviations of —0.80 and
—0.25 eV, respectively. These results indicate that both channels
could potentially contribute to the observation of CHF," resulting
from the valence ionization of CF3CH,F. Although there is better
agreement between the AE of CHF," and the AHaos value of the
H elimination channel, this finding does not contradict our previ-
ous conclusions. Other factors, aside from the reaction energy, can
influence the AE value. Therefore, while AH»9s values can help dis-
card channels with energy levels that are either too low or too high,
those with AH values closer to the AE value cannot be ruled out,
even if one appears to align more closely. A parallel line of reasoning
is also evident in the work of Zhou et al.*

By using the results from the DLPNO-CCSD(T)/CBS//M06-
2X/cc-pVTZ calculations, as shown in Table I, we can gain insights
into other experimental findings related to the photoionization of
CF3CH,F, particularly in the context of F atom elimination,

CF;CH,F - F + CF,CH,F" +¢. (22)

In the photoionization study by Zhou et al.,* the reaction depicted in
(22) was also examined, with a particular focus on the formation of
CF,CH,F* as a product of F loss. The authors measured an appear-
ance energy (AE) of 15.07 % 0.07 eV for this ion, presuming it to be
the exclusive result of F elimination. In contrast, our calculations
indicate that the F elimination reaction has a AHjgs of 13.85 eV,
relative to the energy of the ground state of neutral CF;CH,F. This
leads to a calculated AE value of 14.13 + 0.07 eV, assuming that the
kinetic energy release (KER) for this reaction is consistent with that
observed for other main fragments in the same study.

Therefore, it can be inferred that the process of fluorine loss is
accompanied by a high KER of [TkV. This observation was indeed
corroborated by Zhou et al.” It is noteworthy that this finding is
analogous to phenomena observed in the fragmentation of multiple
halogenated hydrocarbons, where non-statistical losses of halogen
atoms from electronically excited cation states were reported. These
processes can result in a fragment ion appearing at an energy
significantly higher than its thermodynamic threshold.” ™ This
mechanism could potentially account for the unexpectedly high KER
observed for fluorine loss in Zhou’s experiments, suggesting a more
complex interplay of factors beyond ground-state dynamics in the
formation of CF,CH,F*.

ARTICLE pubs.aip.org/aipl/jcp

C. ADMP results

Now, we direct our attention to [CF,CHFIIHF]*, represent-
ing the global minimum structure with a C;H,F4" stoichiometry,
and TS1, the transitional state that connects this global minimum
structure to the singly charged CF;CH,F" species. As previously
mentioned, the HF rearrangement pathway faces a challenge due to
the existence of a low-energy pathway associated with the release of
the HF molecule from the global minimum. Notably, ions exhibiting
the C,H,F, " stoichiometry are commonly observed in the thresh-
old photoelectron experiments that served as the motivation for the
present study.” This led us to investigate whether these signals could,
in part, be attributed to the global minimum structure.

This consideration gains significance when we acknowledge
that the detection of ions, particularly in time-of-flight experiments,
typically occurs within the microsecond timescale.”” During this
time, ions can undergo complete molecular rearrangement toward
their respective global minimum energy structures if kinetic barriers
are not substantial. It is worth noting that both the global minimum
energy structure and the low-lying isomers of ionized molecules can
significantly differ from their neutral counterparts.

A striking example is benzene (CsHs), where its singly charged
version exhibits a *Ej, ground state in a D¢, geometry, which expe-
riences a Jahn-Teller distortion to transition to a lower energy
Dy, distorted structure.””” Furthermore, the doubly charged global
minimum of benzene is characterized by a pentagonal-pyramidal
structure, a subject of interest in various experimental and theo-
retical investigations.”’ ** Similar structural variations depending
on the charge state have been observed in other organic systems,
encompassing hydrocarbons such as toluene (CeHsCH3),” naph-
thalene (CioHs),*® biphenyl (C12H10),”” and phenanthrene,”’ as well
as molecules featuring functional groups, including C,H4O; iso-
mers,”" halogen-containing compounds,”””* and pyrrole (C4H,N)
derivatives.”

To assess the involvement of [CF,CHFIIHF]" in the pho-
toionization of R-134a, we carried out ab initio molecular dynam-
ics simulations using the ADMP method, initiating from the
[CF,CHFIHF]* and TSI configurations. These simulations were
conducted at various nuclear kinetic energy (NKE) levels, as
discussed earlier, and the results are summarized in Fig. 5.

Figure 5(a) illustrates a series of distinct trajectories, each cor-
responding to a specific NKE value, originating from the optimized
[CF,CHFIMEF]" structure. For our simulations, we deliberately
selected one of the C-F bond distances, namely, the shortest one that
encompasses the F atom from the HF motif and one of the C atoms
from the CF,CHF framework. This distance was closely monitored
throughout the dynamics. As the initial structure is an ion-dipole,
two dashed lines are included in the plot for reference: (i) represent-
ing a C-F bond length (1.72 A) 30% larger than the sum of covalent
radii,’® and (ii) indicating the sum of van der Waals (vdW) radii
(3.17 A).

In Fig. 5(a), it is evident that the initial C-F distance falls
between the reference values, as expected due to the ion-dipole
nature of [CF,CHF[IIHF]". Up to an NKE value of 1.36 eV, there
is only a slight variation in the C-F distance, indicating that the sys-
tem maintains its stability for the first 600 fs. Beyond this time point,
some larger oscillations in bond length are evident. However, in all
cases, the maximum C-F distance remains below the sum of the van
der Waals (vdW) radii.
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FIG. 5. ADMP dynamics starting from the (a) [CF,CHF- - -HF]* and (b) TS1 opti-
mized structures, with consideration of various average nuclear kinetic energies.
The dynamics were tracked by monitoring a crucial C-F distance (see the text for
details). The plots display the sum of the C and F vdW radii (3.17 A) and a C-F
distance 30% larger than the sum of covalent radii (1.72 A) as reference points.
(c) Time for dissociation as a function of the average nuclear kinetic energy, start-
ing from the TS1 geometry. All ADMP results are obtained at the M06-2X/cc-pVTZ
level of theory.

ARTICLE pubs.aip.org/aipl/jcp

In stark contrast, when examining dynamics associated with
NKE values exceeding 1.36 eV, systematic oscillations in the C-F
distance become apparent within the first few hundred femtosec-
onds. After 500 fs, more significant fluctuations in this structural
property occur, with all trajectories for NKE values above 2.00 eV
leading to C-F distances exceeding the sum of the vdW radii. Bond
oscillations persist across all trajectories, even in the case of an NKE
value of 2.17 eV, where the HF molecule is recaptured and the sys-
tem returns to the equilibrium C-F distance of [CF,CHFIIHF]*
at [830 fs. However, in this trajectory, a new oscillation emerges,
and after 100 fs, the system appears to be on the verge of complete
dissociation.

For the two trajectories with the highest NKE values, specif-
ically 2.44 and 2.72 eV, there is no observed return to C-F bond
distances below the sum of the vdW radii, even though some
oscillations in bond lengths persist after the dissociation point. Col-
lectively, these findings suggest that, if [CF,CHFITHF]" is initially
formed, moderate thermal effects can indeed trigger the elimination
of HE.

Figure 5(b) illustrates the system’s dynamics when starting
from the TS1 structure. In this case, the initial C-F distance is
shorter than the sum of the covalent radii. In stark contrast to the
previous scenario, it is evident that even for the lowest NKE value,
HF is readily eliminated from the structure, occurring even before
the 100 fs mark.

The time required for dissociation, i.e., the duration for the
C-F distance to reach the reference value matching the sum of the
vdW radii, is displayed in Fig. 5(c). The inspection of the figure
shows that the dissociation time varies from 62 fs for an NKE value
of 0.27 eV to 44 fs for an NKE value of 2.72 eV. These outcomes
strongly indicate that the complex is not formed under the exper-
imental conditions, despite it being the global minimum of the
CyH,F,* system. Furthermore, they point out the improbability of
CHF," formation through a two-body dissociation channel, which
would involve initial HF molecule rearrangement and subsequent
C-C bond dissociation through the CHF,CHF," isomer of singly
charged R-134a. These findings not only align remarkably well with
the prior works that have already indicated the thermodynamic
incompatibility of this pathway with the measured appearance ener-
gies but also emphasize the prominent role played by the facile
gas-phase elimination of HF in this context.

IV. CONCLUSIONS

In summary, our detailed study aimed to thoroughly under-
stand the photoionization of 1,1,1,2-tetrafluoroethane (CF3;CH,F)
and the puzzling formation of CHF," ions. Our approach, employ-
ing a combination of computational techniques, has shed light
on the energetics and dynamics governing the various potential
pathways leading to CHF," formation. Initially, the HF rearrange-
ment pathway appeared thermodynamically attractive due to its
lower reaction enthalpy and the production of only two dissoci-
ation products. However, this pathway is impeded by the facile
elimination of HF, leading us to explore alternative routes for
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CHF," formation. Notably, the F elimination pathway and the
F, formation pathway proved thermodynamically too high in
energy, leaving two remaining competitive pathways: H elimination
and HF elimination.

Our analysis has unveiled three pivotal factors endorsing the
HF elimination pathway. First, its entry energy is notably lower than
that of H elimination, a trend that persists throughout the entire
reaction mechanism. Second, the F migration step before CHFE,"
formation in the HF elimination pathway is more favorable, both
kinetically and thermodynamically, than direct C-C dissociation
from the CF,CHF" intermediate. This indicates that F migration
precedes dissociation after CF,CHF" formation, leading preferen-
tially to the expected CHF," ion. Third, our findings indicate that
the H elimination from the parent ion lacks a reverse barrier, and
the dehydrogenated fragment is stable for about 1.7 eV. Consider-
ing that these results are expected to yield noticeable effects in the
experiments, the absence of a rebound in the peak within the m/z
101-102 mass range supports the inactivity of this pathway over
the photon energy range investigated herein. These considerations
provide compelling evidence for HF elimination as the dominant
mechanism for CHF," formation.

Finally, our molecular dynamics simulations demonstrated that
the ion-dipole complex [CF,CHFIIHF]*, the global energy mini-
mum of the C;H,F4 " system, is unlikely to form under experimental
conditions due to the ready dissociation of HF from its precursor
transition state. This reaffirms prior research highlighting the ther-
modynamic incompatibility of the HF rearrangement pathway with
measured appearance energies. Taken together, our findings provide
new insights into the complex dissociation pathways of R-134a, the
most abundant hydrofluorocarbon present in Earth’s atmosphere,
following its valence ionization.

SUPPLEMENTARY MATERIAL

See the supplemetary material for additional details on data
analysis and the Cartesian coordinates of all species.
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