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Abstract

Hydrofluoroolefins (HFO) are fourth generation refrigerants designed to function as efficient
refrigerants with no ozone depletion potential and zero global warming potential. Despite
extensive studies on their chemical and physical properties, the ground and excited state
chemistry of their atmospheric oxidation products is less well understood. This study focuses on
the ground and excited state chemistry of the simplest fluorinated Criegee intermediate,
fluroformaldehyde oxide (HFCOO), which is the simplest fluorinate Criegee intermediate
formed from the ozonolysis of HFOs. HFCOO contains syn and anti conformers, which have
Boltzmann populations of, respectively, 87 % and 13 % at 298 K. For both conformers, the
calculated ground state reaction energy profiles associated with cyclization to form fluror-
dioxirane is lower than the equivalent unimolecular decay path in the simplest Criegee
intermediate, H2COO; with anti-HFCOO returning a barrier height more than half that of
H2COO. The excited state dynamics reveal that photoexcitation to the bright Sz state of syn-
HFCOO and anti-HFCOO is expected to undergo prompt O-O fission — with the former
conformer expected to dissociate with an almost unity quantum yield and to form both O (D) +
HFCO (So) and O (°P) + HFCO (T1) products. In contrast, photoexcitation of anti-HFCOO is
expected to undergo O-O bond fission with a non-unity quantum yield. The fraction of
photoexcited anti-HFCOO that dissociates is predicted to exclusively form O (‘D) + HFCO (So)
products, which is in sharp contrast to H2COO. The wider implications of our results are

discussed from both physical and atmospheric chemistry perpectives.



1. Introduction

Hydrofluoroolefins (HFOs) are a class of molecules that find use in modern day refrigerants.'
They are fourth generation refrigerants manufactured to replace chlorofluorocarbons (CFCs),
hydrochlorofluorocarbons (HCFCs), and hydrofluorocarbons (HFCs). In contrast to CFCs,
HCFCs, and HFCs, refrigerants containing HFOs and HFO blends contain no ozone depletion
potential and very low global warming potential.*> These latter characteristics are mostly due to

their short lifetimes in the troposphere, undergoing oxidation via tropospheric OH radicals and
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Figure 1: Schematic reaction path showing the ozonolysis of the simplest HFO. The molecules
of interest in this study is shown in red.

Despite the plethora of research on HFO molecules, very little is known about the fate of their
oxidation products once they are broken down in the atmosphere. Their nascent products may
have non-negligible effects in the troposphere, while the m-perturbing effects of the F-substituent
may enable these fluorinated oxidation products to display some interesting (photo)chemistry,
which may appeal to the wider physical and organic chemistry community. Fluorine is a unique
substituent as it contains both c- and ©t- perturbing characteristics. It induces a mild c-
withdrawing effect and a strong n-donating effect. Together these two effects are able to perturb

the electron-density distribution in molecular systems and induce interesting chemistry. In this



article, we focus on the reaction of HFOs with ozone — which is expected to proceed via
ozonolysis across the olefinic C=C bond. Fig. 1 illustrates the expected ozonolysis reaction of
the simplest HFO. As shown, ozonolysis proceeds via a [3+2]-cycloaddition of ozone across the
C=C double bond of the HFO — forming a primary ozonide (POZ). By analogy with related
systems, the POZ is expected to be formed highly internally excited and undergo unimolecular
decay to form HFCO and HFCOO products. The latter is known as the Criegee intermediate

(CI), which has been the center of a numerous studies due to its atmospheric relevance.®!!

Non-fluorine containing Cls are formed in the atmosphere when olefinic volatile organic
compounds are emitted into the troposphere via human activity or terrestrial vegetation.'>!* The
simplest CI, formaldehyde oxide (H2COO), is formed highly internally excited via an analogous
ozonolysis process describe above. The highly internally excited H2COO may also undergo
unimolecular decay or collide with proximal vapor molecules and collisionally relax to form
stabilized H2COO. The stabilized H2COO may also undergo unimolecular decay or bimolecular
chemistry with proximal vapor molecules. Unimolecular decay of H2COO is dominated by
cyclization to form dioxirane, which also undergoes unimolecular decay to form bisoxy biradical
products.'*' This latter biradical undergoes isomerization to form CO2 + Hz, CO + H20 or
internally excited formic acid, which decays to form OH + HCO radical products. In the
troposphere, this unimolecular decay competes with bimolecular chemistry with trace gases such
as water, SO2, NOx, alcohols and organic acids.!”-!827-19-26 Reaction with water dominates the
bimolecular chemistry of H2COO (and is its major sink) reacting with either water monomer or
dimer to form hydroxymethyl-hydroperoxide. Photochemical studies on H2COO have also
attracted some attention,!%-2435-372528-34 T ester and co-workers have undertaken electronic

absorption spectroscopy and velocity map imaging studies on jet-cooled H2COO molecules,



showing photodissociation to form H2CO + O products following excitation at A < 340 nm.>? At
elevated UV photon energies, both O ('D) and O (°P) products are detected, which are
accompanied by the H2CO (So) and H2CO (T1) counter-fragments, respectively. High-level
electronic structure calculations reveal that the S state carries the high absorption cross section,
and O-O bond dissociation leads to two spin-allowed singlet asymptotes. The O (‘D) + H2.CO
(So) and O (°P) + H2CO (T1) products represent the first and second dissociation asymptotes,
respectively. Using “on-the-fly” trajectory surface hopping, with energies, gradients and non-
adiabatic couplings calculated using MS-CASPT2, our group recently showed that vertical
electronic excitation to the Sz state leads to prompt O-O bond dissociation and a 80:20 branching
ratio in favor of the lower O (D) + H2CO (So) asymptote.*> The formation of O('D) may have
profound implications in the atmosphere since its reaction with water in humid conditions leads

to the formation of OH radicals that enhance the oxidizing capacity of the troposphere.

In this manuscript we compare and contrast the ground and excited state unimolecular decay of
H>COO and HFCOQO, in order to ascertain the effect of fluorination to the ground state

unimolecular decay kinetics and the photodissociation dynamics.

2. Methodology

Using the Molpro computational package, the ground state minimum energy geometries of
H2COO and HFCOO, as well as their respective dioxirane products and associated transition
states, were optimized at the DF-CCSD(T)-F12/aug-cc-pVTZ level of theory. Associated normal
mode wavenumbers were also computed on the optimized structures at the same level of theory.
Single point energy calculations were then carried out at the CCSD(T)-F12/cc-pVQZ-F12 level

of theory in order to obtain more accurate energies on the optimized structures.



Following our prior work on H2COO, the fate of the excited states of HFCOO was modelled in
two ways: direct dynamics via full-dimensional trajectory surface hopping and static electronic
structure calculations to explore the topologies of the key excited state reaction paths. Trajectory
surface hopping (TSH) simulations were performed using the Newton-X computational
package.*®*” To remain consistent with our prior work, initial conditions were obtained by means
of a Wigner distribution based on the B2PLYP-D3/cc-pVTZ equilibrium geometry of the
HFCOO and the associated harmonic normal mode wavenumbers. This level of theory (executed
in Gaussian 16) has been shown to perform well in determining geometries and normal modes of
CIs and their reactions.?!**3374042 Since our prior trajectory simulations on H2COO were

based on a Wigner distribution that were also based on an optimized geometry/normal modes

31,33 4349

from this level of DFT, we use this here for a consistent comparison. We and others
have shown that a Wigner distribution has been successful in predicting the electronic absorption
spectra of atmospherically relevant molecules, including Criegee intermediates, and that the
choice of DFT functional has a negligible effect on the simulated electronic absorption spectrum
— especially when the absorption spectrum is computed using a higher level multi-reference
method. In TSH, the nuclei are propagated by integrating Newton’s equation using the velocity
Verlet method, while the electronic coordinates were propagated by numerically solving the
time-dependent Schrodinger equation using Butcher’s fifth-order Runge-Kutta method in steps
of 0.025 fs.°° Trajectories were initiated in the Sy state and the energies and gradients of the
seven lowest singlet states were calculated “on-the-fly” using the single-state, single-reference
multistate complete active space second order perturbation theory (SS-SR-CASPT2) method in

conjunction with the cc-pVDZ basis set.’! SS-SR-CASPT?2 enables the computation of energies

and analytical gradients at MS-CASPT?2 quality, at a reduced computational cost; it also



performs well near electronic state degeneracies. The SS-SR-CASPT2 calculations were based
on a state-averaged complete active space self-consistent field (CASSCF) method reference
wavefunction and an active space comprising 10 electrons in 8 orbitals as depicted in Fig. S1 of
the supporting information. These were performed via the BAGEL interface to Newton-X.>? The
state hopping probabilities were evaluated by calculating the non-adiabatic coupling matrix
elements from the SS-SR-CASPT2 computations.

Using Molpro, additional excited state reaction paths were constructed along the O-O stretch
coordinate using the CASPT2/aug-cc-pVTZ level of theory. The same 10/8 active space as the

above TSH simulations was used for these computations.

3. Results and Discussion

o ¢ C
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Figure 2: ground state minimum energy geometries of H2COO, anti-HFCOO and syn-HFCOO
optimized at the DF-CCSD(T)-F12/aug-cc-pVTZ level of theory.

Fig. 2 presents the ground state minimum energy geometry of the lowest two conformers of
HFCOO, alongside the minimum energy geometry of H2COO. These conformers are
distinguishable by whether the terminal oxygen atom is pointing towards (syn-) or away (anti-)
from the fluorine atom. In all cases, all atoms are in a common plane with the CO and OO bond
distances of ca. 1.24 A and 1.38 A, respectively, for syn-/anti-HFCOO. When compared to

H2COO, the CO (1.27 A) and OO (1.34 A) bond distances of HFCOO are comparable, with only



mild changes in the distances due to the fluorine substituent. The slight elongation of the OO
bond and slight shortening of the CO bond might indicate greater Zwitterionic character in
HFCOO (cf. H2COO). The syn- conformer is ca. 1 kcal mol™! more stable than the anti-
conformer, manifesting in calculated Boltzmann populations of 87 % (anti) and 13% (syn) at 298

K.
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Figure 3: Zero point corrected CCSD(T)-F12/cc-pVQZ-F12//DF-CCDS(T)-F12/aug-cc-pVTZ
energies associated with dioxirane formation of H2COO, syn-HFCOO and anti-HFCOO.

We now turn our attention to the unimolecular decay paths available to thermalized and
electronically excited HFCOO and compare these unimolecular decay paths to the simplest CI,
H2COO. By analogy with H2COO, the dominant unimolecular decay path available to HFCOO is
expected to be via cyclization to form dioxirane. Fig. 3 presents the reaction energy profiles
associated with the minimum energy paths connecting the parent HFCOO and H2COO structures

to their dioxirane products. All energies are relative the lowest energy conformer of the parent



CIL. The returned CCSD(T)-F12/cc-pVQZ-F12//DF-CCDS(T)-F12/aug-cc-pVTZ barrier height
for H2COO is ca. 20 kcal mol! while the reaction energy change for forming dioxirane from
H2COO is -26.3 kcal mol ™. Both values are in excellent agreement with previously reported
high-fidelity electronic structure calculations of this same reaction path,'® which reassures us that
this level of theory is sufficient in providing highly accurate reaction energy profiles for
HFCOQO. Using the same level of theory, HFCOO is expected to undergo cyclization to form the
fluoro-dioxirane products with an exothermicity which is ca. 10 kcal mol™! greater than

cyclization of H2COO.

This may be a consequence of the stability of fluoro-dioxirane (cf. bare dioxirane), which can be
understood by recognizing the higher bond order of the C-F bond associated with the greater
electrostatic attraction between C and F. This is in good agreement with calculated heats of
formation of difluorodioxirane, which suggest that the F substituents stabilized the dioxirane (cf.
bare dioxirane) to a greater extent than the parent F2COO (cf. H2COO).>* Additionally, the
transition state barrier associated with the cyclization of HFCOO is lower than the equivalent
cyclization of H2COQ. This effect is more dramatic in anti-HFCOO, which shows a transition
state barrier that is ca. 10 kcal mol™! lower than the equivalent transition state barrier in H2COO.
The lowering of the transition state barrier is plausibly explained by recognizing the mild -
perturbing characteristics of fluorine (cf. hydrogen). As fluorine is a n-donor, it seeks to increase
electron-density centered across the COO n-system, introducing additional electron repulsion.
The latter effect is expected to weaken the m-system, thus enabling facile motion out-of-plane.
When comparing syn-HFCOO with anti-HFCOO, the former transition state for cyclization is ca.
8 kcal mol! higher. This higher barrier likely arises via the greater stability of the parent syn-

HFCOO molecule via halogen bonding, as the pr lone-pair on F interacts with the t*-orbital



localized around the COO moiety. Motion out-of-plane is thus expected to break this favorable
interaction. We therefore expect that unimolecular decay via cyclization is likely to occur at a
faster rate for HFCOO (cf. H2COO). Figure 3 also compares the 1,3-hydrogen migration paths
for H2COO and anti-HFCOO to form OH + XCO (where X = H or F) products. While the barrier
associated with this path is ca. 30 kcal mol! in H2COO, that for anti-HFCOO is less than 20 kcal
mol™! and at the same energetic threshold as the 1,4-hydrogen migration that dominates the

unimolecular decay of alkyl substituted Cls.

Next, we compare the excited state dynamics of syn-/anti-HFCOO with H2COO. Table 1 lists the
vertical excitation energies and oscillator strengths associated with excitation to the lowest two

excited states of H2COO, syn- HFCOO and anti-HFCOO.

Table 1: Vertical excitation energies, in eV (nm), and oscillator strengths associated with
excitation to the Si and S: states of H2COOQO, syn-HFCOOQO, and anti-HFCOO.

H,COO Syn-HFCOO Anti-HFCOO
Transition
Vertical | Oscillator | Vertical | Oscillator Vertical Oscillator
Excitation | Strength | Excitation | Strength | Excitation Strength
Energy Energy Energy
S1 € So 234 eV 0.000 2.83 eV 0.000 2.75eV 0.000
(526.8 nm) (437.2 nm) (451.5 nm)
S2 € So 3.73 eV 0.094 3.82eV 0.092 321eV 0.064
(332.2 nm) (324.8 nm) (385.7 nm)
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Figure 4: Orbitals and dominant orbital promotions associated with excitation to the S1 and S2

states of H2COO, syn-HFCOO, and anti-HFCOO.

As Table 1 shows, the Si1 state in all three cases is dark — arising via an electron promotion from

an n to a * orbital, as shown in Fig. 4. The zero-oscillator strength can be understood by

recognizing the poor spatial overlap between the participating n and ©* orbitals. In contrast, the

S> state contains a high oscillator strength and, as shown in Fig. 4, arises via a 7 to ©* electron

promotion. The high oscillator strength is a manifestation of the high spatial overlap between the

participating orbitals involved in the electronic excitation.
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Figure 5: Population as a function of time following excitation to the Sz state of (a) H2COO, (b)

syn-HFCOO, and (c) anti-HFCOO. The data for (a) is taken from ref. *’.

In order to study the dynamics following excitation to the Sz state, TSH simulations were
undertaken. Fig. 5 and 6 displays the returned population and the O-O bond lengths as a function
of time of (a) H2COOQ, (b) syn-HFCOQO, and (c¢) anti-HFCOQO, respectively. Figure 7 illustrates
the calculated PE curves as a function of the O-O stretch for (a) H2COO, (b) syn-HFCOO, and
(¢) anti-HFCOO. The PE profiles (Fig. 7) are now well-known for ClIs, so only a brief account
will be given here. In all cases, the Si, Sz, S3 and S4 states adiabatically correlate with the lower
energy singlet asymptote corresponding to O (‘D) + aldehyde (So) products, while the Ss and Se

states adiabatically correlate with the O (°P) + aldehyde (T1) products.

The TSH data displayed in Fig. 5(a) is from our prior work,*” which shows the pre-excited Sz
state depopulate within ca. 20 fs and with all trajectories undergoing O-O bond fission within 50
fs. This latter statement is clearly illustrated in Fig. 6(a) that show that all trajectories undergo O-
O bond elongation within 50 fs. At 50 fs, the So-Sa states, which correlate with O ('D) + H2CO
(So) products, carry 80 % of the population, while the S5 and Se states carry the remaining 20 %

of the population. These latter states correlate with the O (°P) + H2CO (T1) products. Similarly,



the TSH simulations for syn-HFCOO show that the majority of the trajectories undergo O-O
bond fission in 50 fs, with a small fraction of trajectories (ca. 5%) remaining at Roo < 2.4 A at 50
fs (Fig. 6(b)). In contrast, a smaller fraction of trajectories dissociate on the Ss and Se states (ca.
10%) to form O (°P) + HFCO (T1) products. This latter observation is more significant in anti-
HFCOO (Fig. 5(c)) wherein no fraction of the preexcitated population partitions to the Ss and Se

states — implying no O (°P) + HFCO (T1) products.

0 10 20 30 40 5 0 10 20 30 40 500 10 20 30 40 50
Time / fs Time / fs Time / fs

Figure 6: The O-O bond distance of each trajectory as a function of time for (a) H2COO, (b)

syn-HFCOO, and (c) anti-HFCOO. The data for (a) is taken from ref. 3.

The far lower yield of O (*P) + HFCO (T1) products for photoexcited HFCOO can be understood
by comparing the calculated CASPT2 PE profiles along the O-O bond stretch coordinate of
H>COO and HFCOO (Fig. 7). In the case of H2COO (Fig. 7(a)), vertical excitation at ca. 3.7 eV
is above the energetic threshold for forming both the O (‘D) + H2CO (So) and O (*°P) + H2CO
(T1) asymptote limits. In contrast, the vertical region of the Sz state of HFCOO (Figs. 7(b) and
7(c)) is below the energetic threshold for forming the O (*°P) + H2CO (T1) products. This effect is
more dramatic in anti-HFCOO which shows a significant bathochromic shift in the vertical

excitation energy (see Fig. 7 and Table 1) when compared to H2COO and HFCOO — which is



significantly below the energetic limit for forming O (°P) + H2CO (T1) products. Since the PE
profiles in Fig. 7 are unrelaxed, local distortions and structural relaxations are expected to lower
the energetic threshold of the O (°P) + H2CO (T1) asymptote limits, which plausibly explains the
observation of population in the Ss and Se states in syn-HFCOO at 50 fs (Fig. 5(b)). This is
supported by analysing the trajectories that partition to the Ss and Se states, which correlate with
the HFCO(T1) + O(°P) products. Fig. 8 displays example trajectories that partition to the Ss and
Se states. In both case the HFCO geometry undergoes pyramalization upon O-O bond elongation
which is analogous to our previous observations in HxCOO.>* The pyramindalization can be
understood by recognizing that the minimum energy geometry of formaldehyde (H2CO) is
pyramidal in its T1. Such local relaxation will lower the energetic threshold for forming O(°P) +
HFCO (T1) products and enable population of this product limit upon vertical excitation to the S2
state.

In contrast, such structural relaxations are unlikely to lower the O (*P) + H2CO (T1) asymptote
limit to energies that are comparable to the Sz vertical excitation energy of anti-HFCOO. This
latter statement plausibly explains the lack of population in the Ss and Se states of anti-HFCOO
in Fig. 5(c). Since the Sz state in anti-HFCOO supports a deeper potential energy well (cf. syn-
HFCOO), this is expected to contribute to a greater fraction of population trapped in the vertical
region. This is also reflected in the oscillations observed for a number of trajectories in Fig. 6 (¢),
which indicates multiple vibrational periods of O-O stretch, showing that within the 50 fs time-
window, these trajectories remain as parent anti-HFCOO molecules. This observation aligns

with our previous studies on methyl vinyl ketone oxide and methacrolein oxide.



5.0
45]
4.0]5
35]
30] WA,
25{, ™
2.0
1.5
1.0
05/
0.0]%/ L] : L] L
15 20 25 30 35 40 10 15 20 25 30 35 40 1.0 15 20 25 30 35 4.0
Roo! A Roo! A Roo! A

——8, S, (a)

8,

®)]

o—0—0—0—0—0—<
.

O(P) + HFCO (aA") |

©]

——8§, —o—5, “7 ofp)+HFCO (a A7) |

_O_SZ

O

o('D) + HFCO (X 'Ay) |

Potential Energy / eV

O('D) + HFCO (X 'Ay) |

Figure 7: CASPT2 Potential energy profiles of (a) H2COO, (b) syn-HFCOO, and (c) anti-
HFCOO, computed along the O-O bond stretch coordinate (Roo). The data for (a) is taken from

ref, 32,

Trajectory Trajectory
dissociating on S; dissociating on S;

o ©

Figure 8: Configurations of example trajectories dissociating on the Ss and Se states.

4. Conclusions

In this article we have undertaken high-level electronic structure and dynamics simulations to
study the ground and excited state unimolecular chemistry of the simplest fluorinated ClI,

HFCOO. Unlike H2COQ, the simplest CI, HFCOO contains syn and anti conformers with



calculated conformer populations of 87% and 13% in syn and anti, respectively. Guided by
H2COO, we explored the ground state cyclization of HFCOO to form dioxirane and OH + FCO
products. In both unimolecular decay types, the transition state barrier associated with
cyclization substantially lower for HFCOO (cf. H2COO). This observation may be relevant to
atmospheric chemistry but may also have broader implications for the physical and synthetic

chemistry community.

Guided by the equivalent reaction path in H2COO, we conclude that the nascent fluoro-dioxirane
will undergo unimolecular decay to form FCOOH, FCO + OH radicals, CO2 + HF, or CO + HOF
(hypofluorous acid). Predicted energies for these decay products are reported in table S2, which
are all below the energetic barrier for cyclization. Since we have not performed a detailed
reaction energy profile analysis leading to the products, we can only infer the viability of these
products from the resulting dioxirane. Since, these products may have significant global warming
potential and impact various atmospheric processes such as acid rain formation, and thus should

be considered in future studies, and in future atmospheric models.

Additionally, we have also explored the excited state dynamics of syn- and anti- HFCOO. While
syn-HFCOOQO undergoes electronic absorption on the short wavelength edge of the
tropospherically relevant solar irradiance, anti-HFCOQO absorbs at a region of the solar irradiance
which is ca. 3 times actinic flux (cf. syn-HFCOO). As such, anti-HFCOO may undergo solar
light induced O-O bond fission to form HFCO + O ('D) products. The excited state dynamics of
HFCOO versus H2COO is also interesting from a physical chemistry perspective. Our previous
studies on the excited state dynamics of H2COO revealed that following excitation to the S: state,
0-0 bond fission within 50 fs leads to O ('D) + H2CO (So) and O (°P) + H2CO (T1) products

with an 80:20 branching ratio. The equivalent excitation of syn-HFCOO reveals a 10 %



reduction in O (°P) + HFCO products, while this latter channel is completely quenched in
electronically excited anti-HFCOO. To the best of our knowledge, this is the first illustration that
the branching into the O (°P) products is completely quenched. This observation may have
atmospheric implications since it promotes the formation of O('D) products that are known to
promptly react with water to form OH radicals. Such observations may also be relevant for the
wider photochemistry community as it shows how branching fractions at conical intersection are

perturbed by remote substitution.

Overall, this study reveals that although HFO contain no global warming potential, the ground
and excited state chemistry of its ozonolysis products may undergo unimolecular decay to form
products with non-negligible global warming potential. Our future studies will focus on the
bimolecular chemistry of HFCOO as well as the ground and excited state unimolecular decay
and bimolecular chemistry of the second CI formed during the ozonolysis of HFO-1234ze —

CF3CHOO (displayed in Fig. 1).
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