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Trifluoroacetic acid formation from HFC-134a
under atmospheric conditions

Allen Vincent, Kazuumi Fujioka, Yuheng Luo, Ralf Kaiser and Rui Sun *

Trifluoracetic acid (CF3COOH, TFA) is touted as a primary degradation product from atmospheric

oxidation of HFC-134a (CF3CH2F). TFA poses a significant environmental challenge, such as

bioaccumulation due to its high stability in terrestrial conditions. While several global atmospheric

modeling studies predict varied amount of TFA formed from HFC-134a, the potential energy profile of

this process has not been established and many of the proposed reaction mechanisms remain at the

level of pushing arrows. This theoretical study first outlines the potential energy profile of OH radical

initiated oxidation of HFC-134a along with subsequent reactions that lead to the formation of TFA.

Secondly, master equation simulations are performed to quantify the kinetics of each reaction step

mimicking atmospheric conditions. Key findings from the potential energy profile reveal detailed

mechanism involved in TFA formation along with other competing fluorinated products. However, both

TFA and its precursor trifluoroacetyl fluoride (CF3CFO, TFAF) product forming channels have inaccessible

energy barriers under atmospheric conditions. Although this research does not rule out the possibility

that TFA can be formed from HFC-134a in the atmosphere, it casts doubt on the feasibility of the

previous proposed mechanism.

Introduction

Hydrofluorocarbons (HFCs) are the third generation of refrig-
erants when chlorofluorocarbons (CFCs) were identified as the
main cause of ozone depletion in the 1980s.1 Since the early
1990s, HFCs have been found to be a suitable replacement for
CFCs in accordance with the Montreal protocol.2 While the
ozone depletion problem was resolved by replacing CFCs with
HFCs, the relatively long tropospheric lifetime and high global
warming potential of HFCs have raised concerns about its
large-scale application on the commercial scale. In addition,
a more nuanced consequence of HFCs is their potential con-
tribution to the formation of per- and polyfluoroalkyl sub-
stances (PFAS) after they are released into the atmosphere.
PFAS are chemically stable, persistent to environmental degra-
dation, and can accumulate in living organisms. PFAS exposure
has been linked to a range of health issues, including repro-
ductive problems, developmental delays, increased cholesterol,
immune system dysfunction, and an increased risk of certain
cancers.3 One such molecule being touted as a major degrada-
tion product of HFCs in the atmosphere is trifluoroacetic acid
(TFA, CF3COOH). TFA is highly soluble in water with a pKa value
of 0.47.4,5 TFA has an atmospheric lifetime of up to 230 days
with respect to OH radicals.6–8 There is little to no knowledge of

its degradation pathways in the environment and it is consid-
ered to be a persistent chemical that accumulates in aquatic
biospheres and soil samples.

HFC-134a (CF3CHF2) remains widely used in automotive
air conditioning, commercial refrigeration, and medium-
temperature chillers due to its favorable thermodynamic prop-
erties and zero ozone depletion potential.9–11 First reported by
Wallington et al. in 1996, HFC-134a is one of the refrigerant
molecules that has been proposed as one of the initial pre-
cursors for TFA formation.12 This report argues 7–20% of HFC-
134a is estimated to form trifluoroacetaldehyde fluoride (TFAF,
CF3COF) in the atmosphere, which further undergoes hydro-
lysis to form TFA. Franklin presents one of the earliest full-scale
degradation of HFC-134a in the atmosphere to form TFA
formation in both the gas- and condensed-phase.13 The amount
of TFA formed from atmospheric breakdown of HFC-134a
was first estimated to be B80 nM by Ball et al.14 Precipitation
brings TFA to the surface of earth, where Kanakidou et al.
estimated 1 nM of TFA in rainwater with global atmospheric
modelling of the life cycle of HFC-134a in the troposphere.15

Wu et al. sampled the atmospheric concentration of TFA
in Beijing, China and estimated the deposition flux using a
deposition model.16 According to this study, about 14% of the
TFA is formed from degradation of HFC-134a, which indicates
other possible major sources of TFA. In another global atmo-
spheric modeling of the hydrolysis and precipitation of TFA,
Luecken et al. estimated the TFA formation from HFC-134a to
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be close to 21%.17 Jordan et al. conducted field observations in
Germany in the duration but found when a substantial increase
in atmospheric HFC-134a was observed, no significant increase
in TFA concentration in the precipitation for as long as one
year.18 There are other studies even reporting up to 90% of TFA
formation from HFC-134a.19–23 The wide predicted range fuels
speculations about how much TFA is formed from HFC-134a.

The degradation of HFC-134a starts with its oxidation by
radicals in the atmosphere like O(1D), OH and Cl, and each
have been extensively studied in literature since the 1990s.24–29

Since OH radical is the most abundant among the three, the
widely accepted first step of the reaction is CF3CH2F + OH -

CF3CHF + H2O, where the H atom from HFC-134a is abstracted
by the radical. Clyne et al. reported the first rate constant of
the reaction (k = (5.5 � 0.7) � 10�15 cm3 molecule�1 s�1 at
295 K) with a flow tube experiment.30 This study was followed
by a series of experiments, where although the details are
different, the reported rate constant were all on the order of
10�15 cm3 molecule�1 s�1 within the temperature range
between 220 K to 300 K.24,28,31–33 Regarding the subsequent
reaction of CF3CHF radical to TFA or its precursor TFAF, O2

addition to form CF3CHFO2 peroxy radical has been regarded
as the most probable.34 The lifetime of the peroxy radical has
been measured to be B100 s in the atmosphere, which makes it
feasible to react with other reactive radicals. Some example rate
constants for the reaction of CF3CHFO2 peroxy radicals with
atmospheric radicals are: k(CF3CHFO2 + HO2) = (4.0 � 0.2) �
10�12 cm3 molecule�1 s�1 at 296 � 2 K, k(CF3CHFO2 + NO2) =
(5.0 � 0.5) � 10�12 cm3 molecule�1 s�1 at 296 � 2 K and
k(CF3CHFO2 + NO) = (1.28 � 0.36) � 10�11 cm3 molecule�1 s�1

at 298 K.35–39

By piecing the aforementioned studies (e.g., the H atom
abstraction, O2 addition, and further decomposition) together,
one can draw the current knowledge of the degradation
pathway of HFC-134a in the atmosphere. However, a full-scale
potential energy profile reflecting such knowledge, starting
from the OH radical addition to HFC-134a to the formation
of TFA, is yet to be established. In fact, none of these studies
reported the energetics or the mechanism (e.g., what are
the intermediates and rate-limiting steps involved) of these
proposed reactions. Such information is of fundamental impor-
tance to understand the fate of refrigerant molecules in the
atmosphere, which together, will shed light on predicting the
potency of novel refrigerant molecules in forming TFA and
other PFAS molecules. In this manuscript, we employ HFC-134a
as an example and examine its proposed degradation in the
atmosphere to form TFA. First, we provide an accurate potential
energy profile to understand the reaction mechanisms and
energetics involved. Second, we quantify the kinetics of these
reactions at different temperatures and pressures that are
relevant to atmospheric conditions. Together, we explore the
most energy-efficient pathway and analyze whether HFC-134a
has largely contributed to TFA’s formation in the atmosphere.
It is also important to note that since there are a large number
of radical molecules in the atmosphere and there are other
fundamentally different reaction pathways (e.g., photochemistry,

reactions in aerosol and ice grains, etc.), it is impossible for any
single study, including ours, to consider all possible reactions of
HFC-134a.

Methodology
Potential energy profile

The density functional theory (DFT) calculations reported in
this work are carried out with NWChem 7.2.40 The geometry
optimizations are performed using the M06-2X-D3 functional
and cc-pVTZ basis set for all atoms.41,42 To account for long-
range, non-covalent correlation effects such as van der Waals
interactions, an empirical potential such Grimme’s D3 disper-
sion correction is added to the DFT energies.43,44 The identity
of the stationary points is confirmed by performing frequency
calculations. 3N-6 vibrational modes correspond to the reac-
tants, products, intermediates and 3N-7 vibrational modes
correspond to the transition states, where N is the number of
atoms in the species. Transition states connecting pairs of
intermediates are confirmed using intrinsic reaction coordi-
nate (IRC) calculations.45 Considering the large amount species
to be identified in this research, M06-2X-D3/cc-pVTZ is selected
for its efficiency in exploring the configurational space and
finding optimal geometries.41,46–50 Although diffuse functions
are generally necessary for best performance,51 they were
excluded because the marginal gain in accuracy for the reac-
tions examined did not justify the increased computational cost
as shown in Table T1 in the SI. The potential energy of these
optimal geometries is further refined with the cc-pVTZ-F12
basis set and coupled cluster with single and double excitations
and perturbative triples with explicitly correlated F12 method
(CCSD(T)-F12).52–54 These CCSD(T)-F12 calculations were car-
ried out with ORCA 5.0.55 The hybrid method, CCSD(T)-F12/cc-
pVTZ-F12//M06-2X-D3/cc-pVTZ, has shown to be accurate in
similar radical systems.56

Pressure dependent kinetics

MultiWell-2023.1 program suite is employed to calculate rate
constants and product fractional yields based on the Rice–
Ramsperger–Kassel–Marcus (RRKM) theory.57,58 The inputs for
MultiWell are the potential energy (CCSD(T)-F12/cc-pVTZ-F12)
and vibrational frequencies (M06-2X-D3/cc-pVTZ) of the reac-
tants, products, intermediates, and transition states. MultiWell
uses this information to compute the sums and densities of
states with the densum module. The ktools module calculates
the microcanonical variational transition state theory rate
(VTST) constants for barrierless association/dissociation for
a collection of points along the reaction coordinate.59,60 The
density of states is calculated up to Emax = 60 000 cm�1 with an
energy grain DEgrain = 50 cm�1 to account for the highest
reaction energy threshold. The lower energy domain of each
state is accounted by using DEgrain = 5 cm�1 with 801 grain
counts leading up to 4000 cm�1 which is well above the
vibrational frequency of any mode in the current reaction
system. N2 is used as the colliding medium, and the collision
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energy transfer is described by the single exponential-down
model with average transfer energy function:61

hEdi = exp(�(E � E0)/a(E))

where, a(E) = 39.3 + (0.0159 � E) � (2.63 � E2) estimated by
Schneider et al. for an analogous system CF3CFHO colliding
with N2 gas.62 The spin–orbit coupling energies and degenera-
cies of OH and NO radicals are accounted for in the RRKM
electronic partition function. The tunneling corrections for
transition states are accounted for based on an unsymmetrical
Eckart barrier within the MultiWell program.

Results and discussion
OH radical initiated oxidation of HFC-134a

The potential energy profile at doublet state for the OH radical
and HFC-134a bimolecular reaction is shown in Fig. 1 with four
bimolecular product channels being: (i) hydrogen abstraction
channel forming CF3CHF radical and H2O (p1, �15.1 kcal
mol�1), (ii) the H atom loss channel forming CF3CHFOH and
H atom (p2, �4.2 kcal mol�1), (iii) C–C bond fission leading to
formation of CF3OH and CH2F radical (p3, �17.7 kcal mol�1),
and (iv) C–C bond fission leading to the formation of CFH2OH
and CF3 radical (p4, �4.3 kcal mol�1). For discussion purposes
the carbon of CF3 group in CF3CH2F is labelled as C1 and the
carbon of CH2F group is labelled as C2. The barrierless associa-
tion of OH and CF3CHF2 (r) leads to the van der Waals (vdW)
complex i1 which is �4.0 kcal mol�1 with respect to r.

i1 serves as the complex which has access to the rest of the
potential energy profile via three energy barriers. First, i1 can
go through a shallow transition state ts-1-2 (2.3 kcal mol�1)
connecting to i2 (�17.8 kcal mol�1), where the H atom facing
the radical is abstracted by the OH radical. i2, a hydrogen bond
complex, can undergo barrierless dissociation to form p1

(CF3CHF + H2O). i2 can also form p2 (CF3CHFOH + H) via a
steep energy barrier ts-2-p2 (46.4 kcal mol�1), where the O atom
of the water molecule approaches the C2 atom, forms the O–C2
bond, and pops out an H atom. Second, i1 can go through a
high transition state ts-1-p2 (54.2 kcal mol�1) to also form
product p2. This pathway is similar to the SN2 reaction mecha-
nism where the OH radical approaches the sterically less
hindered C2 carbon, therefore distorting the tetrahedral bond-
ing geometry of C2 atom which leads to the substitution of one
of the H atoms by the OH radical. Last, i1 connects to another
high transition state ts-1-3 (68.8 kcal mol�1). The weakened
tetrahedral bonding geometry of C2 atom (see the previous
pathway) leads to the dissociation of the C1–C2 bond. The
resulting species form a vdW complex i3 ([CF3OH � � � CH2F],
�21.1 kcal mol�1), which could directly dissociate in a barrier-
less process to form p3 (CF3OH + CH2F radical). Alternatively,
the –OH group in i3 could be shuffled from C1 to C2 via
transition state ts-3-4 (39.2 kcal mol�1) to form a vdW complex
i4 ([CF3� � �CH2FOH], �6.2 kcal mol�1). Similar to i2 and i3, i4
can dissociate barrierlessly to form p4 (CF3 + CH2FOH). i4
also has access to product p2 via a high transition state ts-4-p2
(51.6 kcal mol�1), where the C1 and C2 species recombine,
weakened the tetrahedral bonding geometry of C2 atom, and
lead to the dissociation of C2–H bond to form a Hydrogen loss
product (p2).

Although all four products in Fig. 1 have lower energy than
the reactant, forming them (except p1) involves overcoming
significant barriers. Considering the low temperature in the
atmosphere (210–300 K, corresponding to 0.6–0.9 kcal mol�1

collision energy), the barrierless dissociation pathway of i2, i3,
and i4 should be favored over the isomerization pathway and
p1 should be the predominant product. The more intriguing
question is once i1 is formed as a result of the exothermal
association of HFC-134a and OH radical (r), both of which are
present in the atmosphere, is i1 long-lived enough to form p1,

Fig. 1 Potential energy profile of the CF3CH2F (HFC-134a) + OH reaction computed with CCSD(T)-F12/cc-pVTZ-F12//M06-2X-D3/cc-pVTZ level of
theory with ZPE included. The atoms are represented as black (C), blue (F), red (O) and white (H).
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which involves larger configurational change, or does it simply
dissociate back to r. Herein we employ the master equation
simulations to mimic relevant temperatures and pressures of
the troposphere to unravel the fate of i1.

The master equation simulation is initiated from i1 with a
temperature range of 210–300 K and a pressure range of 0.05–
1.0 bar, corresponding to the altitude between sea level and
B17 km above sea level (the tropopause). The Lennard-Jones
(LJ) parameters for HFC-134a (s1 = 3.82 Å, e1 = 140.4 K) and OH
radical (s2 = 3.05 Å, e2 = 56.8 K) is used to obtain the LJ
parameters for the intermediates i1 and i2 using the following
combination expressions, si = (s2 + s2)/2 and ei ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e1 � e2
p

.63,64

The LJ parameters for N2 (s = 3.70 Å, e = 84.9 K) as bulk gas is
employed in the master equations. The results indicate that
none of the transition states except ts-1-2 are energetically
accessible under the simulated atmospheric condition and
the only populated outcome is the hydrogen abstraction pro-
duct, p1, and the dissociated reactants, HFC-134a + OH (r).
Therefore, the reaction pathway r 2 i1 2 ts-1-2 2 i2 2 p1 is
the focus of the kinetics study, where all steps along the
pathway are considered to be reversible. The fraction of p1
formed from i1 is plotted in Fig. 2 at various temperatures and
pressures. The dotted line represents the temperature-pressure
trendline with increasing altitude in the troposphere. At room
temperature and ambient pressure (e.g., sea level), p1 is barely
formed and most of the i1 dissociates back to the reactants.
As the altitude increases (e.g., the temperature and pressure
decreases), more p1 forms. For example, at 0.1 atm and 210 K
(altitude: B17 km), 42% of the i1 goes through the aforemen-
tioned reaction path and form p1.

This interesting trend prompted an analysis of the vibra-
tional energy of remaining i1 and yield of r and p1 as a function
of time. Herein we focused on the upper and lower limit of
temperature and pressure (300 K and 1.0 atm; 210 K and

0.1 atm) in Fig. 3. Note at the beginning of the simulation
(t = 0), the vibrational energy (Evib) of i1 includes the ZPE
(EZPE, 36.4 kcal mol�1), the thermal vibrational excitation
sampled at corresponding temperature (ET), and the potential
energy release from the association of HFC-134a and OH
radical (EP, 4.0 kcal mol�1). ET is sampled from a Boltzmann
distribution. After the simulation starts, the fraction of i1
with large Evib predominantly dissociates to form the reactants
(r, 4.0 kcal mol�1 above i1). The fraction is higher at 300 K
(47%) compared to 210 K (10%), as there is a larger portion of i1
possessing enough energy to dissociate to r. At the beginning
of the simulation, the fraction of i1 that can access ts-1-2
(6.3 kcal mol�1 above i1) is negligible (2.9% and 0.3% for
300 K and 210 K, respectively), thus i2 and p1 are not formed.
Once the vibrationally excited i1 is eliminated, the depletion
rate of i1 fraction slows down. The reaction only takes place
when i1 is excited through collisions with N2 bath gas,
which forms either r or cross ts-1-2 to form i2. Since i2 is only
2.6 kcal mol�1 lower than the dissociated species p1, the excess
energy released from ts-1-2 makes it short-lived (i.e., steady-
state approximation) thus its fraction is on the order of 10�5

and not visible in Fig. 3. The N2 collision activation makes
those i1 molecules possessing relatively high energy react first,
thus the vibrational energy of remaining i1 (red line) keeps
decreasing, until all of the species are eliminated. Here, we stop
tracking the vibrational energy of the remaining i1 once its
fraction drops below 0.1% to avoid large fluctuations. A lower
pressure (dashed line, P = 0.1 atm) elongates the process as the
N2 collision activation is less frequent, but it does not funda-
mentally change how the species evolve. The simulation shows
that p1 can be formed from HFC-134a at high altitudes in the
troposphere, which is supported by the experimental and/or
global atmospheric modeling studies where CF3CHF is the only
product being formed in this step. It is also interesting to note
that tunneling plays an important role in forming p1, as the
simulation without the tunneling effects results in 100% of i1
going back to r. From now on, the analysis of the manuscript
will focus on the further degradation of CF3CHF radical in
the atmosphere and disregard the rest of potential products
in Fig. 2.

O2 addition to CF3CHF radical

CF3CHF radical has been hypothesized to undergo further
degradation through reaction with O2 (3S�g ) in the atmosphere
but the energetics of these reactions have not been reported.34

Since DFT is prone to misrepresent reactions of multi-reference
character due to spin contamination, only for the addition of O2

(3S�g ) to CF3CHF radical path, we employed the procedure
adopted by Maranzana et al. A series of constrained geometry
optimizations at CASSCF(7,5)/cc-pVTZ level of theory were
performed, where the distance between O and C2 (radical
center in CH3CHF) gradually changes, ensuring the minimal
energy path of O2 addition. This was followed by MRCI(7,5)/cc-
pVTZ energy calculations at each point along the path. The
active space for the multireference calculation was chosen to
account for six valence electrons from four p-orbitals of O2

Fig. 2 Fraction of p1 formed as a function of temperature and pressure.
The dotted line represents the temperature and pressure trend with
altitude increase in the troposphere, starting from T = 300 K and
P = 1 atm at sea level to T = 210 K and P = 0.1 atm at 18 km (tr).
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molecule and one unpaired electron and its orbital of the
radical center. This procedure maintains the doublet spin state
along the addition path, which is consistent with the rest of the
potential energy profile in Fig. 4. The constrained optimized
geometries and energies are used as input for the VTST
calculation mentioned in the methods section.

O2 (3S�g ) can add to the radical center (C2) of CF3CHF via
barrierless association to form the intermediate i5 (CF3CHFO2

radical, �30.3 kcal mol�1). This process is highly exothermic,
releasing over 30 kcal mol�1 energy. i5 could isomerize, where
the terminal oxygen in CF3CHFO2 radical abstracts the hydrogen
bonded to C2 and breaks the O–O bond to form i6 (�67.9 kcal
mol�1), via a high transition state ts-5-6 (12.3 kcal mol�1). Note the
potential energy released from O2 addition (CF3CHF + O2 - i5) is
smaller than the barrier height (ts-5-6) of further degradation. This

observation supports the reported long-lifetime (i.e., B100 s) of i5
in the atmosphere.1 i6 is a vdW complex consisting of trifluor-
oacetyl fluoride (TFAF, CF3CFO) and OH fragments. i6 can either
dissociate to TFAF and OH radical without a transition state (p6,
TFAF + OH,�65.6 kcal mol�1) or isomerize via a transition state ts-
6-8 (�60.4 kcal mol�1), where the OH radical makes a bond with
the carbonyl carbon (C2) to form i8 (�78.6 kcal mol�1). It is
interesting to note that from the perspective of HFC-134a, OH
radical acts as the catalyst in the overall reaction:

CF3CFH2 þO2 �!
�OH

CF3CFOþH2O

Similar to how i8 is formed, the other pathway of i6 involves
the OH radical making a bond with the carbonyl carbon via a

Fig. 3 Time evolution of the average vibrational energy of remaining i1 (red line) and relative population of r, i1, i2 and p1. Solid and dotted lines
represent P = 1.0 atm and P = 0.1 atm, respectively. Left and right panels show results at T = 210 K and T = 300 K, respectively.

Fig. 4 Potential energy profile of the CF3CHF radical + O2 (3S�g ) reaction computed with CCSD(T)-F12/cc-pVTZ-F12//M06-2X-D3/cc-pVTZ level of
theory with ZPE included. The atoms are represented as black (C), blue (F), red (O) and white (H).
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transition state ts-6-7 (�37.1 kcal mol�1), but ts-6-7 leads to the
elimination of the F atom and forms trifluoroacetic acid (TFA,
CF3COOH), p5 (TFA + F, �56.2 kcal mol�1). i8 can also lead
to p5 via ts-8-7 (�53.2 kcal mol�1) following the formation of i7
(�57.4 kcal mol�1) due to the elimination of the F atom
from C2.

Although the reported reaction pathway of forming TFA
from HFC-134a degradation has been identified in our
research, the high energy barrier (ts-5-6) opens the question
of how relevant it is under atmospheric conditions.13 There-
fore, kinetic study was carried out for i5, which is formed from
barrierless association of CH3CHF radical (its formation has
been confirmed in the previous section) and O2 (3S�g ). The LJ
parameters for CH3CHF radical (same as HFC-134a) and O2

(s = 3.39 Å, e = 121.7 K) were used to estimate the LJ parameters
for i5, i6, i7 and i8 using the aforementioned combination
expressions.63,64 The master equation simulations were initiated
from i5 at different temperatures (210–300 K) and pressures
(0.1–1 atm). Fig. 5(a) shows that until 0.001 second, well over
90% of the species remain as i5 across all temperature and
pressure ranges. For those i5 that dissociated, they form p1 +
O2. The master equation simulations were extended to 1 s for
extreme conditions, (e.g., 300 K and 1.0 atm; 210 K and 0.1 atm),
and the results are shown in Fig. 5(b). Here we reiterate that at the
beginning of the simulation (t = 0), the vibrational energy (EP) of i5
includes the ZPE (EZPE, 26.9 kcal mol�1), the thermal vibrational
excitation sampled at its corresponding temperature (ET), and the
potential energy release from the association of CH3CHF radical
and O2 (EP, 30.3 kcal mol�1). As the figure shows, EP is quickly
depleted as the collision with N2 bath takes place. At this point,
thermal stabilized i5 is not expected to cross the high barrier ts-5-
6 and further degrade to TFA in large quantity.

Another potential degradation product of HFC-134a, TFAF
(p6, CH3CFO) is also identified in Fig. 4. TFAF has been
reported to undergo hydrolysis reaction to form TFA in the water
droplets or ice crystals in the atmosphere and then is brought to

the ground with precipitation.65 Although making TFAF relies on
forming i6, which has been shown to be infeasible under atmo-
spheric conditions for HFC-134a, we studied the energetics of the
hydrolysis of TFAF in the gas phase. TFAF could potentially be
formed from other sources and is a species that have been
proposed by atmospheric modeling.15,23 The earliest ab initio
potential energy profile study for the gas-phase hydrolysis of TFAF
has been reported by Francisco, where a high reaction barrier of
35.5 kcal mol�1 leads to TFA + HF formation.66 In the present
study, the potential energy profile for the hydrolysis step at singlet
state is extended to study other possible reaction channels and is
shown in Fig. 6.

The association between TFAF and H2O is slightly exother-
mic and leads to a vdW complex (i9, �3.6 kcal mol�1). i9
connects to two dissociation pathways. First, it can go through
a transition state (ts-9-10, 32.3 kcal mol�1) where the oxygen
atom in H2O forms a bond with the carbonyl C atom of TFAF.
Simultaneously, the O–H and C (carbonyl)–F bonds are broken,
leading to the forming of a vdW complex i10, �9.9 kcal mol�1.
i10 can dissociate to form TFA and HF, p7 (�7.9 kcal mol�1)
without a transition state. The second pathway goes through a
much higher transition state, ts-9-11 (79.0 kcal mol�1), where
the H2O molecule attacking the carbonyl carbon in TFAF leads
to the C–C bond breaking. The H2O molecule simultaneously
splits – the H atom is transferred to the C1 atom of the TFAF,
forming trifluoromethane (CHF3), while the OH radical is
transferred to the C2 atom of TFAF, forming fluoroacetic acid
(FCOOH) – and forms the vdW complex i11 (�12.6 kcal mol�1).
i11 can dissociate to form CHF3 and FCOOH, p8 (�10.1 kcal mol�1)
without a transition state. The higher barriers associated in
formatting p7 and p8 suggest that TFAF is stable in the gas
phase under atmospheric conditions.

Degradation of i5 with other atmospheric radicals

Our kinetics study shows that CF3CHFO2 radical (i5) is
collision-stabilized under atmospheric conditions. Combining

Fig. 5 (a) Residual i5 as a function of temperature and pressure. The dotted line represents the temperature and pressure trend with altitude increase in
the troposphere starting from T = 300 K and P = 1 atm at sea level to T = 210 K and P = 0.1 atm at 18 km. (b) Average vibrational energy, excluding ZPE
contributions, over time of i5 at two temperatures (red, 210 K; blue, 300 K) and pressures (solid, 1.0 atm; dashed, 0.1 atm).
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with the observed B100 s lifetime of i5, it is of interest to
understand i5’s reactivity with reactive radicals such as NO,
HO2, and NO2. Although the abundances of these radicals
(108 to 109 molecules cm�3) largely depend on the altitude
and locations, there have been reports on their rate constants
reacting with i5 in the range of 10�11 to 10�12 cm3 molecule�1 s�1.

NO radical addition to CF3CHFO2 radical

The NO radical can add barrierlessly to i5 intermediate with the
N atom forming a Sigma bond with the terminal O atom of i5
to form an intermediate i12 (�27.0 kcal mol�1). The reaction
pathways associated with the NO radical addition at singlet
state are outlined in Fig. 7(a). The O–O bond dissociation leads
to the three decomposition pathways from i12. First, the oxygen
atom in the departing NO2 group can abstract the hydrogen
atom via ts-12-13 (2.8 kcal mol�1), forming a vdW complex i13
(�85.0 kcal mol�1) that can dissociate to form TFAF and HONO
(p9, �82.6 kcal mol�1). The second pathway is similar to the
first, except that the hydrogen atom was abstracted by the
nitrogen atom of the NO2 departing group via ts-12-14
(�1.4 kcal mol�1), which leads to the formation of a vdW
complex i14 (�79.5 kcal mol�1). i14 can further dissociate to
form CF3CFO and HNO2 (p10, �74.9 kcal mol�1) without a
barrier. Both p9 and p10 include TFAF but differ in structural
isomers of HNO2. In the third pathway, the departing NO2

group pivots and forms a new N–O Sigma bond via ts-12-15
(0.6 kcal mol�1), leading to a vdW complex, i15 (�50.2 kcal mol�1).
i15 can dissociate to form CF3CHFO and NO2 (p11,
�18.6 kcal mol�1). Judging by Fig. 7, the potential energy
released from NO addition (CF3CHFO2 + NO - i12) is
27.0 kcal mol�1, which is enough to cross ts-12-14 and even-
tually form TFAF + HNO2 (p10). Nonetheless, the other two
barriers (ts-12-13 and ts-12-15) are not much higher and could
be competitive reactions. Hence a kinetic study of i12 is carried
out at atmospheric temperatures and pressures.

The LJ parameters from the master equation simulation of
i12, i13, i14, i15 and i16 are derived by combining the LJ
parameters of i5 (s = 3.61 Å, e = 130.5 K) and NO radical
(s = 3.49 Å, e = 117.0 K) using the combining rules described in
the previous section.67 The master equation simulations were
initiated from i12 at different temperatures (210–300 K) and
pressures (0.1–1.0 atm) mimicking atmospheric conditions.
The results are shown in Fig. 7(b) and (c). We note the
simulations were extended up until 1 s but yielded no signifi-
cant change in the results. Similar to the previous master
equation simulations, the vibrational energy of i12 at t = 0 is
the sum of thermal vibrational excitation energy at a corres-
ponding temperature and potential energy released in the
formation of i12 (27.0 kcal mol�1) on top of the ZPE energy
of i12 (EZPE, 32.3 kcal mol�1). Less than 2% of i12 forms i5 + NO
reactants mostly at pressures less than 0.1 atm and around
300 K, far from atmospheric conditions. The remaining i12 is
collisionally stabilized as the collisions with N2 bath gas
takes place. Although ts-12-13, ts-12-14, ts-12-15 and i5 + NO
are close in energy, only dissociation to i5 + NO is observed due
to large configurational change in the transition states as
compared to i12. It would be of interest to perform unimole-
cular ab initio molecular dynamics simulations to further
confirm the fate of i12, as this reaction would be non-RRKM.
Nonetheless, with the evidence gathered so far, NO radical
addition to CF3CHFO2 is not likely leading to the formation of
TFAF or TFA.

HO2 radical addition to CF3CHFO2 radical

The HO2 radical adds barrierlessly to the b oxygen of the peroxy
radical i5 to form an intermediate i17 (�16.9 kcal mol�1). The
HO2 addition reaction potential energy profile at singlet state is
outlined Fig. 8(a). Three product channels have been identified
from the degradation of i17. First, the hydrogen atom in HO2

radical is transferred to the fluorine atom on C2 which breaks

Fig. 6 Potential energy profile of the CF3CFO + H2O reaction computed with CCSD(T)-F12/cc-pVTZ-F12//M06-2X-D3/cc-pVTZ level of theory with
ZPE included. The atoms are represented as black (C), blue (F), red (O) and white (H).
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the C2–F bond to form HF. This simultaneously leads to the
bond cleavage between a oxygen and b oxygen, forming O3

molecule via ts-17-18 (11.8 kcal mol�1). HF, O3, and the remaining
molecule (TFAF) form a loosely bond, vdW complex, i18
(�22.4 kcal mol�1). O3 can break off from this complex, leaving
a vdW complex of TFAF – HF behind (p13, �16.1 kcal mol�1).
Second, the hydrogen atom from the HO2 radical could transit
from the d oxygen to the b oxygen via ts-17-19 (18.1 kcal mol�1),
subsequently breaking the bond between the b oxygen and g
oxygen and forming a vdW complex i19 (�44.9 kcal mol�1). i19
can dissociates to form CF3CHFOOH and 3O2 without a transition
state (p14, �44.0 kcal mol�1). The last pathway features the
simultaneous bond cleavage between b oxygen and g oxygen
and H atom abstraction from C2 via ts-17-20 (17.9 kcal mol�1)
to form a vdW complex i20 (�11.7 kcal mol�1). i20 can
dissociate to form CF3CFO2 and H2O2 (p15, �2.4 kcal mol�1)
without a transition state. Although the addition of HO2 radical
to i5 could lead to the formation of TFAF, it seems unlikely
judging from the barriers associated with these pathways.
Nonetheless, the master equation simulation was still performed.

The LJ parameters from the master equation simulation of
i17, i18, i19 and i20 are derived by combining the LJ parameters
of i5 (s = 3.61 Å, e = 130.5 K) and HO2 radical (s = 4.19 Å,
e = 289.3 K) using the combining rules described in the
previous section.68 The master equation simulations were
initiated from i17 at different temperatures (210–300 K) and
pressures (0.1–1.0 atm) mimicking atmospheric conditions.
Fig. 8(b) presents the fraction of residual i17 at the end of the
simulation, while Fig. 8(c) shows the average vibrational energy
of surviving i17 over time at two extreme temperatures (210 K
and 300 K) and pressures (0.1 atm and 1.0 atm). The vibrational
energy (Evib) of i17 at t = 0 is the sum of thermal vibrational
excitation energy (ET) at a corresponding temperature
and potential energy (EP) released in the formation of i17
(16.9 kcal mol�1) on top of the ZPE energy of i17 (EZPE,
39.2 kcal mol�1). In the temperature regime of Z270 K, up to
16% of vibrationally excited i17 dissociate back to the reactant
(i5 + HO2) and the rest are stabilized by the collision with N2

bath. Whereas in the temperature range of 210 – 270 K, almost
all of i17 remain unreactive. A large fraction of vibrationally

Fig. 7 (a) Potential energy profile of the CF3CHFO2 radical + NO reaction computed with CCSD(T)-F12/cc-pVTZ-F12//M06-2X-D3/cc-pVTZ level of
theory with ZPE included. The atoms are represented as black (C), blue (F), red (O), green (N) and white (H). (b) Residual i12 as a function of temperature
and pressure. The dotted line represents the temperature and pressure trend with altitude increase in the troposphere starting from T = 300 K and
P = 1 atm at sea level to T = 210 K and P = 0.1 atm at 18 km (tropopause). (c) Time evolution of the average vibrational energy of i12 at T = 210 (red) and
300 K (blue). The solid and dotted lines represent P = 1.0 atm and P = 0.1 atm, respectively. ZPE has been subtracted from the vibrational energy shown in
the figure.
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excited i17 is below the barrier threshold relative to i17 viz.
ts-17-18 (28.7 kcal mol�1), ts-17-19 (35.0 kcal mol�1) and
ts-17-20 (34.8 kcal mol�1) whereas the i5 + HO2 reactant
channel is at 16.9 kcal mol�1, thus making the reactant channel
more easily accessible.

NO2 radical addition to CF3CHFO2 radical

The potential energy profile at singlet state of the NO2 radical
addition to i5 is presented in Fig. 9(a). In an exother-
mic process, the NO2 radical forms a N–O bond with i5
to form i21 (�24.6 kcal mol�1). i21 can isomerize to i22
(�0.2 kcal mol�1) undergoing the ‘nitro-to-nitrite’ reaction via
ts-21-22 (6.4 kcal mol�1). Similar ‘nitro’ to ‘nitrite’ linkage
isomerization has been observed in unimolecular decomposi-
tion of energetic materials such as FOX-7.69,70 The isomeriza-
tion of i22 to i25 (�50.1 kcal mol�1) involves a series of bond
breaking and forming process. The bond between b oxygen and
g oxygen dissociates, where the NO2 fragment pivots and forms
a C2–O bond. As a result, the hydrogen atom bonded with C2
transits to b oxygen. ts-22-25 is identified to have the highest
energy barrier relative to all other stationary points in the
addition reaction of i5. i25 undergoes further isomerization

via 901 dihedral angle rotation of O–N–O–C2, directing the NO
moiety pointing towards the fluorine atom attached to C2. The
NO fragment dissociates and abstracts the F atom to form i26
(�46.2 kcal mol�1). The vdW complex i26 can either dissociate
barrierlessly to form nitrosyl fluoride (NOF) and trifluoroper-
acetic acid (CF3COOOH) (p18, �41.0 kcal mol�1), or the vdW
complex could isomerize via ts-26-27 (�30.1 kcal mol�1)
to form i27 (�57.4 kcal mol�1). The isomerization step via
ts-26-27 involves the fluorine atom (dissociated from the NOF
fragment) abstracting the hydrogen atom from the b oxygen
atom in CF3COOOH. i27 can either dissociate to form nitrosyl
trifluoroperoxyacetate (CF3C(O)OONO) along with HF (p19,
�55.1 kcal mol�1) without a transition state or isomerize
via ts-27-28 (�17.8 kcal mol�1) to form a vdW complex, i28
(�55.4 kcal mol�1). Along this isomerization path, the fluorine
atom of the HF fragment recombines with the carbonyl carbon
(C2) and breaks the a oxygen–C2 bond. The leftover hydrogen
atom and OONO fragment forms nitrosyl-O-hydroxide (HO-ONO).
i28 can barrierlessly dissociate to form TFAF and HO-ONO
(p20, �52.8 kcal mol�1) without a transition state. The NO2

group departing as a result of b oxygen–N bond dissociation
in i21 can also lead to the abstraction of H atom from C2 via

Fig. 8 (a) Potential energy profile of the CF3CHFO2 radical + HO2 reaction at CCSD(T)-F12/cc-pVTZ-F12//M06-2X-D3/cc-pVTZ level of theory with ZPE
included. The atoms are represented as black (C), blue (F), red (O) and white (H). (b) Residual i17 as a function of temperature and pressure. The dotted
line represents the temperature and pressure trend with altitude increase in the troposphere starting from T = 300 K and P = 1 atm at sea level to
T = 210 K and P = 0.1 atm at 18 km (tropopause). (c) Time evolution of the average vibrational energy of i17 at T = 210 (red) and 300 K (blue). The solid and
dotted lines represent P = 1.0 atm and P = 0.1 atm, respectively. ZPE has been subtracted from the vibrational energy shown in the figure.
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ts-21-23 (10.4 kcal mol�1) and form a vdW complex, i23
(�4.3 kcal mol�1). i23 can either dissociate to form CF3CFOO +
HONO (p16, 5.9 kcal mol�1) without a transition state
or isomerize to another vdW complex i24 via ts-23-24
(17.8 kcal mol�1). In the isomerization pathway, the N atom
from the HONO fragment abstracts the b oxygen atom and
forms the HNO3 fragment. i24 could also be directly formed
from i21, followed by a bond cleavage between the a and b
oxygen and a hydrogen abstraction. i24 can dissociate to TFAF
and HNO3 without a transition state.

The LJ parameters for all intermediates in Fig. 9(a) are
derived by combining the LJ parameters of i5 (s = 3.61 Å,
e = 130.5 K) and NO2 radical (s = 4.68 Å, e = 146 K) using
the combining rules described in the previous section.71 The
master equation simulations were initiated from i21 at differ-
ent temperatures (210–300 K) and pressures (0.1–1.0 atm)
mimicking atmospheric conditions. Fig. 9(b) presents the frac-
tion of residual i21 by the end of the simulation, while Fig. 9(c)
shows the average vibrational energy of surviving i21 over time.
The vibrational energy of i21 at t = 0 is the sum of thermal

vibrational excitation energy at a corresponding tempera-
ture and potential energy released in the formation of i21
(24.6 kcal mol�1) on top of the ZPE energy of i21 (EZPE,
36.1 kcal mol�1). Similar to the results obtained for HO2

addition reaction, the higher temperature regime (Z270 K)
has up to 2% of i21 dissociating back to reactants (i5 + NO2).
The remaining fraction of i21 is collisionally stabilized by N2

bath gas. Therefore, i5 reacting NO2 is not likely to be a major
source of TFAF or TFA in the atmosphere either.

Conclusions

This study explores the formation of TFA from HFC-134a under
atmospheric conditions. 20 product channels have been iden-
tified, out of which two involve forming TFA and five involve
forming TFAF, a key precursor of TFA reported in the
literature.65 However, master equation simulations reveal
that under atmospheric conditions, although HFC-134a can
react with OH radical and form an intermediate, the further

Fig. 9 (a) Potential energy profile of the CF3CHFO2 radical + NO2 reaction at CCSD(T)-F12/cc-pVTZ-F12//M06-2X-D3/cc-pVTZ level of theory with ZPE
included. The atoms are represented as black (C), blue (F), red (O), green (N) and white (H). Structures of the transition states can be found in the SI.
(b) Residual i21 as a function of temperature and pressure. The dotted line represents the temperature and pressure trend with altitude increase in the
troposphere starting from T = 300 K and P = 1 atm at sea level to T = 210 K and P = 0.1 atm at 18 km (tropopause). (c) Time evolution of the average
vibrational energy of i21 at T = 210 (red) and 300 K (blue). The solid and dotted lines represent P = 1.0 atm and P = 0.1 atm, respectively. ZPE has been
subtracted from the vibrational energy shown in the figure.
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evolution of this intermediate to TFA and TFAF seems to be
forbidden. Once again, the radicals and reaction pathways
studied in this manuscript are the first attempt of characteriz-
ing the energetics of the reaction pathways that have already
been proposed, but the results cast doubt on the relevance
of these pathways in forming TFA. However, this work should
not lead to the conclusion that HFC-134a is not responsible for
TFAs in the atmosphere, as there are a large number of radicals
in the atmosphere, leading to an astronomical number of
potential reaction pathways. Potential reactions also include
self-reactions of CF3CHFO2 (i5) and other radicals such as i12,
i17 and i21. Interestingly, aerosols could play a role in alternating
reaction pathways of these molecules, as seen in the recent
atmospheric chemistry study of organosulfate molecules.72

Further, photochemistry could play an important role in
the formation of TFA, as the UV absorption cross section for
CF3CHFO2 (220 nm, gas-phase, 298 K) is reported to be (5.34 �
0.2) � 10�18 cm2 molecule�1.73,74 Another potential factor that
has not be explored is the role that ice grains might play.75
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