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Abstract
To understand the atmospheric chemistry of hydrofluoroethers, we have studied the oxidation of a highly fluorinated compound
n-C2F5CF(OCH3)CF(CF3)2 (HFE-7300) by OH/Cl oxidants. Here, we have employed M06-2X functional along with a 6-31 +
G(d,p) basis set to obtain the optimized structures, various forms of energies, and different modes of frequencies for all species.
We have characterized energies of all species on the potential energy surface, and it indicates that H-abstraction from n-
C2F5CF(OCH3)CF(CF3)2 by Cl atom is kinetically more dominant than the H-abstraction reaction initiated by OH radical. In
contrast, the calculated energy change (ΔrH°298 and ΔrG°298) results govern that OH-initiated H-abstraction reaction is highly
exothermic and spontaneous compared to the Cl-initiated H-abstraction reaction. Rate constants are estimated using transition
state theory as well as canonical variation transition state theory at the temperature range 200–1000 K and 1 atm pressure. The
calculated rate constants of the H-abstraction channels are found to be in good agreement with the reported experimental rate
constant at 298 K. Moreover, we have estimated the atmospheric lifetimes of HFE-7300 for the reaction with OH radical and Cl
atom and are found to be 1.75 and 153.93 years, respectively. Additionally, the global warming potentials for HFE-7300
molecule are also estimated for 20-, 100-, and 500-year time horizons. Further, subsequent aerial oxidation of product radical
(n-C2F5CF(OCH2)CF(CF3)2) in the presence of NO radical is performed, and it produced alkoxy radical via formation of peroxy
radical. This alkoxy radical undergoes unimolecular decompositions via two different ways and formed n-
C2F5CF(OCHO)CF(CF3)2 and n-C2F5CF(OH) CF(CF3)2 products.
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Introduction

Hydrofluoroethers (HFEs) have emerged as the third-
generation replacement of chlorofluorocarbons (CFCs),
hydrofluorocarbons (HFCs), and hydrochlorofluorocarbons

(HCFCs). HFEs have almost negligible ozone depletion po-
tential (ODP) due to the absence of Cl atom. However, HFEs
show moderately low global warming potential (GWPs) be-
cause of the absorption of IR radiation by C–F bonds (Devotta
et al. 1994; Seikya and Misaki 1996; Bivens and Minor 1998;
Sekiya and Misaki 2000; Blowers et al. 2008; Bravo et al.
2011a, 2011b. Highly fluorinated HFEs such as HFE-7500
( n -C 3F 7CF (OC2H5 )CF (CF 3 ) 2 ) , HFE - 7 300 ( n -
C2F5CF(OCH3)CF(CF3)2), HFE-7200 (n-C4F9OC2H5),
HFE-7100 (n-C4F9OCH3), HFE-7000 (n-C3F7OCH3), etc.
have various applications in the field of refrigerants and blow-
ing and cleaning agents and as fuel additives, solvents, and
medical products (Tsai 2005). Due to the wide range of appli-
cations, it is essential to explore the atmospheric impact of
HFEs through the reaction with atmospheric oxidants and find
its end degradation products.

In various degradation studies of HFEs (Papadimitriou
et al. 2004; Díaz-de-Mera et al. 2009; Oyaro et al. 2004;

Responsible Editor: Philipp Gariguess

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-019-06975-1) contains supplementary
material, which is available to authorized users.

* Nand Kishor Gour
nkgour1@tezu.ernet.in

1 Department of Chemical Sciences, Tezpur University Tezpur,
Tezpur, Assam 784028, India

2 Department of Chemistry, D. N. Government College,
Itanagar, Arunachal Pradesh 791113, India

Environmental Science and Pollution Research (2020) 27:907–920
https://doi.org/10.1007/s11356-019-06975-1

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-019-06975-1&domain=pdf
http://orcid.org/0000-0003-3919-1513
https://doi.org/10.1007/s11356-019-06975-1
mailto:nkgour1@tezu.ernet.in


Mishra et al. 2016; Tokuhashi et al. 2000), we observed that H
atom can easily be abstracted from HFEs by oxidants such as
OH radical and Cl atom. Note that the atmospheric lifetimes of
HFEs or any volatile organic compounds (VOCs) are gener-
ally governed by the photolytic degradation (Kurylo and
Orkin 2003). However, reaction with Cl atom is found to be
faster than with the OH radical in the troposphere, although
the global atmospheric concentration for OH radicals is
known to be approximately two orders greater in magnitude
than that of Cl atom concentration (Finlayson and Pitts Jr
2000). So, it is difficult to neglect the contribution of Cl atom
toward the degradation of HFEs or VOCs compared to the OH
radicals; especially in the coastal areas, where the concentra-
tion of Cl atom is higher than the OH radical (Spicer et al.
1998).

Oxidation of HFEs occurring at the tropospheric region is
responsible for the production of corresponding fluorinated
esters (FESs) (Bravo et al. 2011a, 2011b; Oyaro et al. 2004;
Wallington et al. 1997; Ninomiya et al. 2000; Christensen
et al. 1998; Wallington et al. 2002). For example, during the
degradation of HFE-7100 (C4F9OCH3) and HFE7000
(C3F7OCH3), the fluoroakylformates C4F9OC(O)H and n-
C3F7OC(O)H are produced as the major degradation products,
respectively (Wallington et al. 1997; Ninomiya et al. 2000).
On the other hand, degradation product fluoroalkylacetate
C4F9OC(O)CH3 i s fo rmed f rom the HFE-7200
(C4F9OCH2CH3) (Christensen et al. 1998). The produced
FESs have also the same number of C–F bonds in their mo-
lecular structures and actively contribute to global warming.
Consequently, these HFEs lead to the formation of
trifluoroacetic acid (TFA), which is classified as harmful to
the agricultural and aquatic ecosystem (Jordan and Frank
1999).

Among HFEs, HFE-7300 (1,1,1,2,2,3,4,5,5,5-decafluoro-
3-methoxy-4-trifluoromethyl-pentane) is also nonflammable,
thermally stable, and non-ozone-depleting HFEs and used in
heat transfer, lubricant deposition, electronic testing, and
cleaning applications (M™ Novec™ 7300 Engineered Fluid
n.d.). Though this compound is widely applicable, the
Environmental Protection Agency (EPA) reported that it
causes eye irritation, skin irritation, and respiratory tract irri-
tation upon exposure as well as may be harmful to the inges-
tion of HFE-7300. Moreover, it is also recomm

ended an acceptable exposure limit (AEL) of 100 ppm on
an 8-hour time-weighted average (TWA) (Federal Register
2017).

Therefore, to understand the atmospheric chemistry lead-
ing to its impact on global warming and climate change, the
detailed kinetics and mechanistic degradation pathway studies
of the HFE-7300 (n-C2F5CF(OCH3)CF(CF3)2) with OH
radical and Cl atom are an urgent issue, which is discussed
in this article. In this regard, Ana Rodríguez et al. (2014) first
reported the rate constant values of 1.11 × 10−14 and 1.50 ×

10−14 cm3 molecule−1 s−1 at 298 K for the reaction of n-
C2F5CF(OCH3)CF(CF3)2 with OH radical and Cl atom, re-
spectively, using GC/FID and GC/MS techniques. In this
work, they have also reported the atmospheric lifetimes of
HFE-7300 of 2.96 and 211.40 years for the reaction with
OH radical and Cl atom, respectively. They also detected the
degradation product n-CF3CF2CF(OCHO)CF(CF3)2 in the
oxidation of HFE-7300 with the oxidants. These reported ex-
perimental measurements only provide the overall rate con-
stant, and hence it is not possible to envisage the detailed
mechanism and thermochemistry of reaction channels. Thus,
to find the full insight of mechanistic pathways, kinetics, and
thermochemistry of the titled reaction, quantum chemical cal-
culations are carried out.

In this present investigation, we have performed the theo-
retical investigation using the density functional theory (DFT)
method to explore the H-abstraction reaction pathways, ther-
mochemistry, and kinetics of HFE-7300 reaction with OH
radical and Cl atom.We have also determined the atmospheric
lifetimes and global warming potentials (GWPs) of HFE-7300
to understand its impact on the atmosphere. In addition to this,
we have further considered the aerial degradation pathways
and thermochemistry of the product radical in the presence of
NO radical and find the consequential end products.

Computational details

The meta-hybrid exchange and correlation density functional
M06-2X (Zhao and Truhlar 2008) method along with standard
basis set 6-31 + G(d,p) is employed for initial geometry opti-
mization of all electronic structures, i.e., reactants (Rs), reac-
tion complexes (RCs), transition states (TSs), product com-
plexes (PCs), and product radicals and products (Ps). In this
work, we have considered M06-2X functional (Zhao and
Truhlar 2008) for the optimization and energetic calculations
as it has been widely applicable with average mean absolute
errors of about 1.3, 1.2, and 0.5 kcal mol−1, respectively, for
thermochemical, barrier height, and non-covalent interaction
calculations. In our titled reaction, only first- and second-row
elements, i.e., C, H, F, O, and N atoms, are present, so we have
chosen 6-31 + G(d,p) basis set along withM06-2X functional.

It is important to note that inthe case of product radical (n-
C2F5CF(OCH2)CF(CF3)2) and alkoxy radical (n-
C2F5CF(OC(O)H2)CF(CF3)2 ), the spin contaminations, i.e., <
S2 >, are not significant because their value 0.7540 and 0.7543,
respectively, before annihilation is slightly larger than the ex-
pected value of < S2 > = 0.7500. In addition to this, we have
also performed the vibrational frequencies to verify the nature of
all the stationary points and thermochemistry of the species.
Further, intrinsic reaction coordinate (IRC) (Gonzalez and
Schlegel 1989) calculation is carried out at the same level of
theory to understand the progressive changes of molecular
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structures of Rs toward the TSs and then products in the mini-
mum energy path (MEP). ThisMinnesotaM06-2X functional is
used widely for studying the chemical reactions involving rad-
icals and found to be reliable for mechanism and rate constant
calculation results (Rao et al. 2018; Ponnusamy et al. 2018; Wei
et al. 2018; Gour et al. 2014; Hashemi et al. 2016; Paul et al.
2018); Paul et al. 2019; Here, all the calculations are performed
using the Gaussian 09 program package (Frisch et al. 2009).

Results and discussion

To investigate the H-abstraction from –CH3 site of HFE-7300
molecule, we have first optimized and scanned the electronic
structure of HFE-7300 along with the dihedral angle C − C −
O − C atM06-2X/6-31 + G(d,p) level of theory. At the time of
scanning, the rotation of the dihedral angle in the title mole-
cule is considered from −180° to 180° in 10° increments. The
scanned plot is shown in Fig. 1.

Among the 36 optimized conformers of HFE-7300, we
have obtained one most stable conformer having a total elec-
tronic energy (Eele) of −1641.2269751 Hartree (shown in Fig.
1). Therefore, H-abstraction reactions from HFE-7300 by OH
radical and Cl atom are carried out from the most stable opti-
mized conformer.

Reaction channels, electronic structures,
and frequencies

Our optimized most stable conformer structure indicates that –
OCH3 site of n-C2F5CF(OCH3)CF(CF3)2 has two equivalent
hydrogen atoms and one nonequivalent hydrogen atom.
However, the two equivalent hydrogen atoms are in the very
close proximity of the nearest fluorine atoms. Due to this steric
hindrance and weak interactions with fluorine atoms, H-
abstractions from this site by OH radical and Cl atom are not
easily feasible. Thus, here, one H-abstraction from n-
C2F5CF(OCH3)CF(CF3)2 molecule is considered for each
OH radical- and Cl atom-initiated reactions. The H-
abstraction reaction channels (R1 and R2) are given below:

n−C2F5CF OCH3ð ÞCF CF3ð Þ2
þ OH=Cl→n−C2F5CF OCH2ð ÞCF CF3ð Þ2 P1ð Þ
þ H2O=HCl: ðR1;R2Þ

First, to know the nature and feasibility of the above pri-
mary reaction channels (R1 and R2), we have determined the
enthalpy of reaction (ΔrH°298) and Gibb’s free energy
(ΔrG°298) values at M06-2X/6-31 + G(d,p) level of theory,
and values are reported in Table 1.

Fig. 1 The electronic energies of
the different conformers of HFE-
7300 vs. the dihedral angle C − C
− O − C (shown in shaded color)
at M06-2X/6-31 + G(d,p) level of
theory
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From Table 1, it is observed that both primary H-
abstraction reaction channels (R1 and R2) are exothermic
(ΔrH°298 < 0) and spontaneous (ΔrG°298 < 0) in nature.
However, we found that OH-initiated H-abstraction reaction
(i.e., R1) is more exothermic and thermodynamically more
feasible than Cl atom-initiated H-abstraction reaction channel
(R2).

For the reaction channels R1 and R2, the optimized geom-
etries along with the bond lengths (in Å) of C–F, C–H, C–O,
O–H, and H–Cl bonds of all stable species (Rs, RCs, PCs, and
Ps) and transition states (TSs) are depicted in Fig. 2.

We have observed that a reaction complex RC1 is
formed in between reactants (n-C2F5CF(OCH3)CF(CF3)2
and OH) and TS1 for primary reaction channel R1. In
RC1, two weak interactions (i.e., between the O atom of
OH radical and H atom of −OCH3 site of distance 2.633 Å
and H atom of OH radical and O atom of −OCH3 site of
distance 2.153 Å) play a significant role in stabilizing the
RC1. As the reaction progressed, in TS1, C–H bond has
undergone a change to 1.182 Å from the C–H equilibrium
bond length 1.091 Å in n-C2F5CF(OCH3)CF(CF3)2 mole-
cule (i.e., 8.34% elongation). Additionally, a weak bond of
distance 1.368 Å is formed between the O atom of OH
r a d i c a l a n d H a t o m o f −OCH 3 s i t e o f n -
C2F5CF(OCH3)CF(CF3)2 molecule. The percentage of
elongation of this bond from the equilibrium O–H bond
length in the H2O molecule is approx. 41.37%. Thus, we
observed a lower lengthening during the bond formation
process than the bond breaking. It indicates that the transi-
tion state will be reactant-like and the reaction R1 will
advance via “early transition state” as expected from
Hammond’s postulate (Hammond 1955). Similarly, for
the R2 channel, the RC2 is stabilized due to the weak
interaction of the distance 2.995 Å between the Cl atom
a n d H a t o m o f t h e −OCH 3 s i t e o f t h e n -
C2F5CF(OCH3)CF(CF3)2 molecule (see Fig. 2). In TS2,
we observed the lengthening of the C–H bond to 1.399 Å
in correspondence to equilibrium distance of C–H bond
(1.091 Å) in n-C2F5CF(OCH3)CF(CF3)2 (i.e., approx.
28.23% elongation), while the forming weak H–Cl bond

distance is 1.471 Å. This weak H–Cl bond is elongated by
14.92% in corresponding to the H–Cl bond in the free HCl
molecule. It explains that the barrier of the reaction R2 is
close to the product like and the reaction passes through
the late transition state which further follows the
Hammond’s postulate (Hammond 1955). Further, we have
obtained two product complexes (PC1 and PC2) with
greater stability in comparison to the product radical n-
C2F5CF(OCH2)CF(CF3)2 along with the elimination of
H2O/HCl.

All the species involved in R1 and R2 channels are verified
by real positive vibrational frequencies, while the TSs are
confirmed by having only one imaginary frequency. The
imaginary frequency for TS1 and TS2 are found to be 1152i
cm−1 and 1002i cm−1, respectively. We have reported all pos-
sible modes of vibrational frequency values (cm−1) of all the
species in supporting Table S1. Further, all the transitions
states are verified by IRC calculations in which TS connects
the reactant and product-like structure smoothly.

Zero-point corrected total energy of all species along with
the relative energy w.r.t HFE-7300 + OH/Cl for the primary
reaction channels (R1 and R2) is given in supporting Table S2
atM06-2X/6-31 + G(d,p) level of theory. Using the data given
in Table S2, a schematic potential energy diagram of the ox-
idation of HFE-7300 + OH/Cl reaction is constructed and
shown in Fig. 3.

We observed that the energy barriers of TS1 and TS2
are 2.90 kcal mol−1 and 0.84 kcal mol−1 with relative to
the reactants, respectively. Since these energy barriers are
small, the H-abstraction reactions are taking place via the
formation of reaction complex (RC1 and RC2). The ener-
gy differences between the RC1 and TS1 and RC2 and
TS2 are found to be 6.87 and 2.25 kcal mol−1. These
energy differences suggest that the H-abstraction reaction
channel R2 is kinetically more dominate than the reaction
channel R1. Further, we have shown that product com-
plexes PC1 and PC2 for reaction channels (R1 and R2)
are formed with relative energies −19.59 and −2.82 kcal
mol−1, respectively, before the formation of product radi-
cal (n-C2F5CF(OCH2)CF(CF3)2). We noticed that the PC1
and PC2 are energetically more stabilized than the product
radical. The potential energy result indicates that the prod-
uct (n-C2F5CF(OCH2)CF(CF3)2 + H2O) is energetically
more stable than the product (n-C2F5CF(OCH2)CF(CF3)2
+ HCl), which is in accordance with the thermochemistry
results as discussed above.

Kinetic theories and rate constant calculations

To understand the reaction kinetics, the rate constants of
the H-abstraction reaction channels are evaluated using
the transition state theory (TST) (Laidler 2004) and ca-
nonical variation transition state theory (CVTST) (Garrett

Table 1 The change in enthalpy (ΔrH°298) and Gibb’s free energy
(ΔrG°298) for the reaction channels (R1–R6) at M06-2X/6-31 + G (d,p)
level of theory. All values are in kcal mol−1

Primary channels ΔrH°298 ΔrG°298
R1 −16.82 −17.08
R2 −0.49 −1.98
Secondary channels ΔrH°298 ΔrG°298
R3 −31.67 −20.41
R4 −16.64 −16.97
R5 14.38 7.15

R6 −1.66 −15.21
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et al. 1986; Truhlar and Garrett 1984). The rate constant
values are obtained within the temperature range 250–
1000 K for these two kinetic theories with the help of
KiSThelP program (Canneaux et al. 2014). In previous
studies (Díaz-de-Mera et al. 2009; Rao et al. 2018), we
observed that rate constants of H-abstraction from HFEs
initiated by oxidants are independent of the total pressure.
So, we have not determined the pressure dependence rate
constants in this work.

First, the rate constant of the H-abstraction reaction chan-
nels are calculated from the TST theory by using the following
Eq. 1

k ¼ σrΓ Tð Þ kBT
h

Q#
TS

QR
exp

−ΔΕ#

RT
ð1Þ

In Eq. 1,σr stands for the symmetry number which depends
on the reaction path degeneracy, and Γ(T) is the tunneling
correction factor at temperature T, which is calculated by

Fig. 2 Optimized geometries of
all species for primary H-
abstraction reactions at M06-2X/
6-31 + G(d,p) level of theory.
Bond lengths are given in Å

Environ Sci Pollut Res (2020) 27:907–920 911



Eckart’s unsymmetrical barrier method (Johnston and
Heicklen 1962).ΔE# is the barrier height and other terms have
the usual meaning. Here Q‡

TS and QR are the total partition
functions for TS and R, respectively, and these are obtained by
using harmonic oscillator approximations. Due to the spin-
orbit coupling, partition functions are also corrected for OH
radical and Cl atom. It is important to note that a fast equilib-
rium supposition has been made between the reactants and
pre-reactive complex for calculation of rate constant as men-
tioned by Singleton and Cvetanovic (Singleton and
Cvetanovic 1976).

Next, the rate constants are calculated from the CVTST
(Garrett et al. 1986; Truhlar and Garrett 1984) theory, which
is based on the notion of varying the TS dividing surface along
the reaction coordinate that minimizes the rate constant with
the use of the following equations:

kCVT T ; sð Þ ¼ minkGT T ; sð Þ ð2Þ

kGT T ; sð Þ ¼ kBT
h

QGT T ; sð Þ
ΦR Tð Þ exp

� −VMEP sð Þ
kBT

ð3Þ

Here, kGT and kCVTST indicate the rate constants general-
ized from TST and CVTST. QGT and ΦR represent partition

functions for TS and reactants, respectively, and VMEP(s) is
the potential energy of the generalized TS at reaction coordi-
nates. The rate constant values obtained from the TST and
CVTST theories within the temperature range of 250–1000
K for reaction channels (R1 and R2) are given in Table 2.

The calculated rate constants (kOH) for HFE-7300 + OH
reaction are found to be 1.81 × 10−14 cm3 molecule−1 s−1 and
8.62 × 10−16 cm3 molecule−1 s−1 using TST and CVTST,
respectively. The calculated rate constant value (at 298 K)
using TST is close to the experimental value 1.11 × 10−14

cm3 molecule−1 s−1 reported by Ana Rodríguez et al. (2014).
Further, the calculated rate constants (kCl) for HFE-7300 + Cl
reaction are found to be 3.46 × 10−12 cm3 molecule−1 s−1 and
2.06 × 10−13 cm3 molecule−1 s−1 using TST and CVTST,
respectively. In this case, rate constant value reported by
CVTST is found to be in good agreement with the experimen-
tal rate constant value 1.50 × 10−13 cm3 molecule−1 s−1 report-
ed by Ana Rodríguez et al. (2014). The better value of kcl
obtained at CVTST than the TST is because the energy barrier
is very low for HFE-7300 + Cl reaction.

Further, in Fig. 4(a, b), we have shown the temperature
dependence on the change in the value of kOH and kcl. It is
observed that kOH and kcl are increasing with the increasing
temperatures.

Fig. 3 Potential energy diagram
for the HFE-7300 + OH/Cl reac-
tions at M06-2X/6-31 + G(d,p)
level of theory
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We have also fitted our calculated rate constant values of
the titled reaction within the temperature range 250–450 K by
using the modified three parameters Arrhenius expression ((
i.e., k = ATn exp(−Ea/RT)), the results are shown below:

For TST theory

kOH ¼ 6:51� 10−23 T3:47exp −90:71=Tð Þ ð4Þ

kCl ¼ 1:43� 10−19 T2:83 exp 250:43=Tð Þ ð5Þ

For CVTST theory

kOH ¼ 1:54� 10−15 T0:20 exp −515:14=Tð Þ ð6Þ

kCl ¼ 6� 10−18 T1:73exp 170:07=Tð Þ ð7Þ

Atmospheric lifetime and global warming
potentials

Equation 8 serves the purpose of the evaluation of the OH
radical-driven atmospheric lifetime of HFEs. For the evalua-
tion of lifetime in Eq. 8, it takes into account the use of 272 K

as scaled temperature and the atmospheric lifetime of methyl
chloroform (MCF).

τHFEOH ¼ kMCF 272 Kð Þ
kHFE 272 Kð Þ τMCF

OH ð8Þ

where τMCF
OH represents the lifetime of HFE-7300 and kHFE

and kMCF represent the rate constants for the reactions of HFE-
7300 and methyl chloroform (MCF) with OH radicals at
272 K and τMCF

OH = 5.99 years (Spicer et al. 1998). Taking
kMCF = 6.14 × 10−15 (Spivakovsky et al. 2000) and our calcu-
lated kHFE−7300 = 1.29 × 10−14 cm3 molecule−1 s−1 (TST) at
272 K, the estimated lifetime is found to be 2.91 years, which
is reasonably in good agreement with the value of 5.24 years
reported by Ana Rodríguez et al. (2014).

The atmospheric lifetime τOH and τCl of HFE-7300 mole-
cule can be obtained by assuming that its elimination from
troposphere occurs only by the reactions with OH radicals
and Cl atom, respectively. The value of τOH and τCl can be
obtained from the following Eq. 9 and Eq. 10.

τOH ¼ kOH � OH½ �ð Þ−1 ð9Þ
andτCl ¼ kOH � Cl½ �ð Þ−1 ð10Þ

Here, [OH] and [Cl] represent the global weighted average
OH radical and Cl atom concentrations, and its values are 1.0
× 106 molecule cm−3 and 1.0 × 104 molecule cm−3, respec-
tively (Hein et al. 1997; Wingenter et al. 1996). By taking the

Table 2 Rate constant values for
H-abstraction reactions of HFE-
7300 with OH radical and Cl at-
om calculated at M06-2X/6-31 +
G(d,p) level of theory

Temperature (K) Rate constant ( in cm3 molecule−1 s−1)

kOH kCl

TST CVTST TST CVTST

250 9.39 × 10−15 6.10 × 10−16 2.45 × 10−12 1.68 × 10−13

298 1.81 × 10−14 8.62 × 10−16 3.46 × 10−12 2.06 × 10−13

300 1.86 × 10−14 8.72 × 10−16 3.51 × 10−12 2.07 × 10−13

350 3.30 × 10−14 1.15 × 10−15 4.82 × 10−12 2.50 × 10−13

400 5.43 × 10−14 1.42 × 10−15 6.42 × 10−12 2.96 × 10−13

450 8.40 × 10−14 1.69 × 10−15 8.35 × 10−12 3.45 × 10−13

500 1.24 × 10−13 1.94 × 10−15 1.06 × 10−11 3.98 × 10−13

550 1.75 × 10−13 2.18 × 10−15 1.33 × 10−11 4.55 × 10−13

600 2.40 × 10−13 2.40 × 10−15 1.64 × 10−11 5.16 × 10−13

650 3.21 × 10−13 2.61 × 10−15 2.00 × 10−11 5.81 × 10−13

700 4.19 × 10−13 2.80 × 10−15 2.40 × 10−11 6.49 × 10−13

750 5.37 × 10−13 2.98 × 10−15 2.85 × 10−11 7.20 × 10−13

800 6.76 × 10−13 3.15 × 10−15 3.36 × 10−11 7.94 × 10−13

850 8.38 × 10−13 3.30 × 10−15 3.91 × 10−11 8.72 × 10−13

900 1.03 × 10−12 3.44 × 10−15 4.52 × 10−11 9.52 × 10−13

950 1.24 × 10−12 3.58 × 10−15 5.19 × 10−11 1.03 × 10−12

1000 1.49 × 10−12 3.70 × 10−15 5.91 × 10−11 1.12 × 10−12
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value of the calculated rate constant kOH = 1.81 × 10−14 cm3

molecule−1 s−1 and kCl = 2.06 × 10−13 cm3 molecule−1 s−1 at
298 K, the individual atmospheric lifetimes (τOH and τCl) for
the titled molecule are calculated using Eqs. 9 and 10. The
calculated τOH and τCl values are found to be 1.75 years and
153.93 years, respectively, which is reasonably in good

agreement with the reported value of 2.96 years (OH-
initiated) and 211.40 years (Cl initiated) at 298 K given by
Ana Rodríguez et al. [22]. The atmospheric lifetimes of HFE-
7300 are found in years, which suggest that it can contribute to
the increase of GWPs. Thus, we have estimated the GWPs
(Hammitt et al. 1996) of the title molecule.

Fig. 4 Variation of rate constants
versus temperature for a HFE-
7300 + •OH reaction and b HFE-
7300 + Cl reaction along with
experimental rate constant.
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GWP is an essential atmospheric parameter, and it provides
the relative measure of how much heat a greenhouse gas traps
in the atmospheric environment. Hodnebrog et al. (2013)
gives an expression for the estimation of GWP of any VOCs
or HFEs with respect to CO2, which is given as

GWPi Hð Þ ¼ ∫HO RFi tð Þ
∫HO RFCO2 tð Þdt

¼ AGWPi Hð Þ
AGWPCO2 Hð Þ ð11Þ

where AGWPi and AGWPCO2 are the absolute GWP of gas
i (i.e., HFE-7300) and reference gas CO2, respectively.
AGWPi (Hodnebrog et al. 2013) depends on radiative forcing
efficiency (Ai or RE) and lifetime (τ) of HFE-7300 molecule,
and it is expressed as:

AGWPi Hð Þ ¼ Aiτ 1−exp −
H
τ

� �� �
ð12Þ

Here, H is the time horizon and the value of Ai is given in
the unit ofWm−2 ppb−1. The infrared intensities and the wave
numbers of harmonic vibrational modes are obtained at M06-
2X level of theory as suggested by Bravo et al. (2010, 2011a,
b), and then these wave numbers are scaled by νscal ¼ 0:977
νcalc þ 11:664 cm−1. After that, the radiative forcing efficien-
cy (RE) of HFE-7300molecule is calculated by the expression
(13) given by Pinnock et al. (1995).

RE ¼ ∑
k
Ak F νk

� �
ð13Þ

Here, Ak is the absorption cross section in cm
2 molecule−1,

and F νkð Þ represents the instantaneous, cloudy sky, radiative
forcing per unit cross section per wave number.

In Table 3, we have given the calculated RE and GWP
values of HFE-7300 for the particular time interval 20, 100,
or 500 years of time horizon. The estimated RE of the HFE-
7300 is found to be 0.38 W m−2 ppb−1 which is slightly lower
than the reported RE given by Ana Rodríguez et al. (2014). To
calculate the GWPs, we have used the updated values of
AGWP for CO2 of 2.495 × 10−14, 9.171 × 10−14, and 32.17
× 10−14Wm−2 yr (kgCO2)

−1 for time horizons of 20, 100, and
500 years, respectively, as given by Hodnebrog et al. (2013).
Our estimated GWP values of HFE-7300 at 272 K are 736,
196, and 56 for the 20, 100, and 500 years, respectively. These
calculated GWPs at 272 K are found to be lower than the
GWPs estimated by Rodríguez et al. (2014), which is because
our calculated lifetime and RE values are slightly lower than
their values. Further, we have also estimated the GWPs of
HFE-7300 at 298 K for the reaction with OH radical and Cl
atom and given in Table 3. The GWP values are found to be
445, 118, and 34 for the OH-initiated reaction and 4746, 4943,
and 2848 for Cl-initiated reaction with HFE-7300 for the 20,
100, and 500 years, respectively. Our computed GWP values
indicate that these values are significantly lower than the CFC-

11 (Hodnebrog et al. 2013). Thus, it may contribute to in-
crease the GWPs and make a significant contribution to the
radiative forcing of climate change.

Aerial degradation of product radical
[n-C2F5CF(OC

•H2)CF(CF3)2]

As we have discussed in the above section, the product radi-
cal, i.e., n-C2F5CF(OC

•H2)CF(CF3)2, is formed from the H-
abstraction reaction of n-C2F5CF(OCH3)CF(CF3)2 by OH
radical and Cl atom, which further oxidized with O2 molecule
to produce peroxy radical n-C2F5CF(OC(OO

•)H2)CF(CF3)2.
This peroxy radical readily reacts with NO radical (which has
significantly higher concentration in the troposphere than the
O H r a d i c a l ) a n d u l t i m a t e l y f o r m e d n -
C2F5CF(OC(O

•)H2)CF(CF3)2 radical (known as alkoxy radi-
c a l ) v i a t h e f o r m a t i o n o f n -
C2F5CF(OC(OONO2)H2)CF(CF3)2 intermediate. Since alk-
oxy radicals act as crucial intermediates in the atmospheric
oxidation of halogenated hydrocarbons (Orlando et al. 2003;
Vereecken and Francisco 2012; Gour et al. (2017, 2019), these
radicals have become the important species for experimental
and theoretical studies among the researchers. Due to the sig-
nificant role played by alkoxy radicals formed in the destruc-
tion of a variety of volatile organic compounds, we have ad-
dressed the importance of studying the fate of n-
C2F5CF(OC(O)H2)CF(CF3)2 radical from the viewpoint of
understanding its role in the atmosphere. To the best of our
knowledge, we have not observed any detailed theoretical
elucidation of aerial degradation pathways of product radical.
The degradation of n-C2F5CF(OCH2)CF(CF3)2 and
u n i m o l e c u l a r d e c o m p o s i t i o n o f n -
C2F5CF(OC(O)H2)CF(CF3)2 in the atmosphere are envisaged
to occur via the following reactions:

n−C2F5CF OCH2ð ÞCF CF3ð Þ2
þ O2 → n−C2F5CF OC OOð ÞH2ð ÞCF CF3ð Þ2

ðR3Þ

n−C2F5CF OC OOð ÞH2ð ÞCF CF3ð Þ2
þ NO•→n−C2F5CF OC Oð ÞH2ð ÞCF CF3ð Þ2 þ NO2

ðR4Þ

n−C2F5CF OC Oð ÞH2ð ÞCF CF3ð Þ2
→ n−C2F5CF OCHOð ÞCF CF3ð Þ2 þ H

ðR5Þ

→ n−C2F5CF OHð ÞCF CF3ð Þ2 þ CHO ðR6Þ

First, the thermochemistry of the above reactions (R3 to
R6) is calculated at the same level of theory. The values of
ΔH°r,298 andΔG°r,298 for reaction channels R3 to R6 are also
listed in Table 1. From the Table, we observed that the
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formation of n-C2F5CF(OC(OO)H2)CF(CF3)2 radical and
subsequent formation of n-C2F5CF(OC(O

•)H2)CF(CF3)2 rad-
ical (i.e., R3 and R4) are highly exothermic (i.e.,ΔH°r,298 < 0)
and spontaneous (ΔG°r,298 < 0) in nature. Further, it is found
that the unimolecular decomposition reaction of R5 is thermo-
dynamically not feasible (i.e., endothermic and non-spontane-
ous). On the other hand, the unimolecular decomposition

reaction of R6 (i.e., n-C2F5CF(OC(O)H2)CF(CF3)2 → n-
C2F5CF(OH)CF(CF3)2 + CHO) is thermodynamically feasi-
ble with the ΔH°r,298 and ΔG°r,298 values of−1.66 and
−15.21 kcal mol−1 , respectively.

Further, geometries of the all species involved in reaction
channels R3 to R6 along with TSs are optimized at the same
level of theory as used earlier and are shown in Fig. 5. In this

Table 3 Atmospheric lifetimes (τ), radiative forcing efficiency (RE), and GWPs of HFE-7300 are shown. The values given in the parenthesis are
representing the experimental values reported by Ana Rodríguez et al. (2014).

Species τ (in years) RE (inWm–2 ppb–1) GWPs

20 yrs 100 yrs 500 yrs

HFE-7300 2.91 (5.24) (reaction with •OH) at 272 K 0.38 (0.48) 736 (1620) 196 (440) 56 (126)

1.75 (2.96) (reaction with •OH) at 298 K 445 118 34

153.93 (211.40) (reaction with Cl) at 298 K 4746 4943 2848

Fig. 5 Optimized geometries of
all the species in the aerial
degradation of product radical in
the presence of NO radical at
M06-2X/6-31 + G(d,p) level of
theory
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unimolecular decomposition reaction channels R5 and R6,
transition states (TS3 and TS4) are characterized by only
one imaginary frequency obtained at 979i cm−1 and 537i
cm−1, respectively, and other species are characterized by pos-
itive frequencies which are also given in Table S1. In the
optimized structure of TS3, the length of C–H bond of
CH2O site elongated to 1.718 Å with respect to C–H bond
of alkoxy radical of distance 1.103 Å. At the same time in
TS3, C–O bond of –CH2O site decreased to 1.204 Å from
1.330 Å as well as C–O bond of ether linkage shrinkage to
1.395 Å from 1.439 Å. In the same way in TS4, we observed
the increases of the length of C–O bond of ether linkage from
1.439 to 1.983 Å and decreases of the C–O bond of –CH2O
site from 1.330 to 1.196 Å.

Moreover, the zero-point corrected total energies of all the
aerial degradation reactions (R3–R6) are given in the
Tables S2. Following the observed changes in energies, we
have constructed the PES diagram for the degradation path-
way of product radical from the Table S2, and it is shown in
Fig. 6. From the figure, we have found that the relative energy
of the n-C2F5CF(OC(OO)H2)CF(CF3)2 w.r.t P1 radical and
O2 is −30.96 kcal mol−1. It suggests that the peroxy radical
formation from P1 radical is the kinetically dominant reaction,
which is consistent with the thermodynamic results. Further,
the relative energy of the n-C2F5CF(OC(O)H2)CF(CF3)2 rad-
ical formed from C2F5CF(OC(OO)H2)CF(CF3)2 radical in the
presence of NO radical is −48.31 kcal mol−1. This n-
C2F5CF(OC(O)H2)CF(CF3)2 radical undergoes two

Fig. 6 Schematic potential
energy diagram for the aerial
degradation of product radical in
the presence of NO at M06-2X/6-
31 + G(d,p) level of theory
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unimolecular decomposition reactions (R5 and R6) through
the formation of transition states (TS3 and TS4). The relative
energy of TS3 and TS4 are found to be−26.21 and −21.61 kcal
mol−1 . The re la t ive energy of the products (n-
C2F5CF(OCHO)CF(CF3)2 + H and n-C2F5CF(OH)CF(CF3)2
+ CHO) are −33.93 and −49.97 kcal mol−1, respectively.
These observations indicate that reaction channel R5 is a ki-
netically dominant reaction than the reaction channel R6.
However, products formed from the R6 reaction channel is
energetically more stable than the products formed from the
R5 reaction channel. In addition to this, the R6 reaction chan-
nel is also thermodynamically more feasible than the R5 reac-
tion channel. Moreover, Ana Rodríguez et al. (2014) proposed
the decomposition of n-C2F5CF(OC(O)H2)CF(CF3)2 radical
t o n - C F 3 C F 2 C F ( O C H O ) C F ( C F 3 ) 2 a n d n -
CF3CF2CF(O)CF(CF3)2, but do not discussed about the fea-
sibility of the decomposition reactions. In our case, we ob-
s e r v e d o n e s i m i l a r p r o d u c t , i . e . ,
CF3CF2CF(OCHO)CF(CF3)2, as proposed by Rodríguez
et al. (2014). But we observed other decomposition product
n-CF3CF2CF(OH)CF(CF3)2 with the elimination of CHO rad-
ical than their reported n-CF3CF2CF(O)CF(CF3)2 product
with the elimination of CH2O molecule.

Conclusions

The OH radical and Cl atom initiated H-abstraction reac-
tions of n-C2F5CF(OCH3)CF(CF3)2, and subsequent deg-
radation of its product radical has been studied in detailed
at M06-2X/6-31 + G(d,p) level of theory. Energy values
for all species involved in reaction channels along with
intermediates and transition states have been represented
by potential energy diagrams. Results show that Cl atom-
initiated H atom abstraction reaction (R2) is kinetically
more dominant than OH radical-initiated H atom abstrac-
tion reaction, while thermodynamic values of the abstrac-
tion reactions (R1 and R2) indicate that reaction channel
R1 is thermodynamically more feasible. Further, a good
agreement of our calculated rate constant has been found
with the experimental rate constant obtained by using
TST for the HFE-7300 reaction with OH radical. On the
other hand, the rate constant reported for the HFE-7300
reaction with Cl atom is found to be close to the experi-
mental rate constant obtained by using CVTST. The esti-
mated atmospheric lifetimes for HFE-7300 by the reac-
tions with OH radical and Cl atom are found to be 1.75
years and 154 years, respectively, which are reasonably in
good agreement with reported lifetimes by Rodríguez
et al. (2014). Due to the slightly higher atmospheric life-
time of HFE-7300, our GWP analyses suggest that it may
make a moderate contribution to increasing global
warming.

In addition to these primary reaction investigations, we
have further carried out a study of the aerial degradation of
product radical in the presence of NO radical via the formation
of n-C2F5CFOCH2(O)CF(CF3)2 radical. The thermodynamic
calculations of the unimolecular decomposition channels
show that the reaction channel R6 is thermodynamically more
feasible than R5 reaction, whereas potential energy calcula-
tions suggest that R5 is kinetically dominant. During the study
of the decomposi t ion react ions , we obta ined n-
C2F5CF(OCHO)CF(CF3)2 (1,1,1,2,2,3,4,5,5,5-decafluoro-
4- ( t r i f luoromethy l )pen tan-3-y l fo rmate) and n-
C2F5CF(OH)CF(CF3)2 (1,1,1,2,2,3,4,5,5,5-decafluoro-
4-(trifluoromethyl)pentan-3-ol) two end products which have
similar no. of C–F bonds as that of HFE-7300 molecule and
may be further contribute to the global warming potentials by
absorbing the IR radiation. Our present study signifies that
both primary H-abstraction reactions and subsequent aerial
degradation reactions of product radical are important to un-
derstand the atmospheric chemistry of such types of
compounds.
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