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Abstract
The kinetic study of the gas-phase reactions of hydroxyl (OH) radicals and chlorine (Cl) atoms with  CF3CHFCF2OCH3 
(HFE-356mec3) and  CHF2CHFOCF3 (HFE-236ea1) was performed by the pulsed laser photolysis/laser-induced fluores-
cence technique and a relative method by using Fourier Transform infrared (FTIR) spectroscopy as detection technique. 
The temperature dependences of the OH-rate coefficients (kOH(T) in  cm3s−1) between 263 and 353 K are well described by 
the following expressions: 9.93 ×  10–13exp{-(988 ± 35)/T}for HFE-356mec3 and 4.75 ×  10−13exp{-(1285 ± 22)/T} for HFE-
236ea1. Under  NOx-free conditions, the rate coefficients kCl at 298 K and 1013 mbar (760 Torr) of air were determined to be 
(2.30 ± 1.08) ×  10–13  cm3s−1and (1.19 ± 0.10) ×  10–15  cm3s–1, for HFE-356mec3 and HFE-236ea1, respectively. Additionally, 
the relative kinetic study of the Cl +  CH2ClCHCl2 reaction was investigated at 298 K, as it was used as a reference reaction in 
the kinetic study of the Cl-reaction with HFE-356mec3 and discrepant rate coefficients were found in the literature. The global 
atmospheric lifetimes were estimated relative to  CH3CCl3 at the tropospheric mean temperature (272 K) as 1.4 and 8.6 years 
for HFE-356mec3 and HFE-236ea1, respectively. These values combined with the radiative efficiencies for HFE-356mec3 
and HFE-236ea1 derived from the measured IR absorption cross sections (0.27 and 0.41 W  m−2  ppv−1) yield global warm-
ing potentials at a 100-yrs time horizon of 143 and 1473, respectively. The contribution of HFE-356mec3 and HFE-236ea1 
to global warming of the atmosphere would be large if they become widespread increasing their atmospheric concentration.

Keywords GHG replacements · Atmospheric reactivity · Atmospheric lifetimes · Radiative efficiency · Global warming 
potential · Climate change

Introduction

Hydrofluoroethers (HFEs) have been presented in the last 
decades as potential substitutes of chlorofluorocarbons 
(CFCs) and hydrochlorofluorocarbons (HCFCs) in many 
industrial applications (Tsai 2005). To evaluate the environ-
mental impact produced by their potential widespread emis-
sions, it is necessary to know a priori the atmospheric life-
time due to gas-phase homogeneous reactions with oxidants 
(e.g., OH radicals, Cl atoms, ozone, etc.) and UV photolysis 
in the actinic region. In addition, it is important to know its 
contribution to the global warming of the atmosphere, since 
HFEs strongly absorb the infrared (IR) radiation within the 
so-called “IR atmospheric window” (700–1250  cm−1).

In this work, we present the gas-phase kinetics of the 
reactions of 1,1,2,3,3,3-hexafluoropropyl methyl ether 
 (CF3CHFCF2OCH3, HFE-356mec3) and 1,2,2-trifluoroethyl 
trifluoromethyl ether  (CHF2CHFOCF3, HFE-236ea1) with 
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OH radicals as a function of temperature (263–353 K) and 
at 66.66 and 133.32 mbar (i.e., 50 and 100 Torr) of helium 
using the pulsed laser photolysis-laser induced fluorescence 
(PLP-LIF) technique.

with respect to the kinetics of reaction (R1), Urata et al. 
(2003) reported an estimate for the rate coefficient at room 
temperature, kOH(298 K), but no measurement has been 
reported yet. Therefore, an experimental study is needed 
to confirm the estimation of Urata et al. (2003). On the 
other hand, for reaction (R2), there is only a relative meas-
urement of kOH(298 K) reported by Oyaro et al. (2005) at 
1013 mbar of air using gas chromatography-mass spectrom-
etry (GC–MS) as detection technique.

There are also limited literature data on the kinetic study of 
the Cl-reaction of HFE-356mec3 (R3) and HFE-236ea1 (R4).

As far as we know, there is only an absolute kinetic study 
on reaction (R3) as a function of temperature (263–363 K) 
using a very low-pressure reactor (< 4 mbar) and a quad-
rupole mass spectrometry for monitoring HFE-356mec3 
(Papadimitriou et al. 2004). No data at tropospheric pressures 
are available to date. Regarding reaction (R4), Oyaro et al. 
(2005) employed a relative kinetic method using GC–MS to 
monitor HFE-236ea1 and the reference compound to meas-
ure kCl at room temperature, kCl(298 K), and 1013 mbar of 
air. These authors reported an average value of kCl(298 K) of 
(1.2 ± 2.0) ×  10–15  cm3s−1, with extremely large uncertainties 
(ca. 200%). Hence, an additional measurement of kCl(298 K) 
is desired to clarify this point and to reduce the uncertainty.

The present study presents (i) the first absolute measure-
ment of kOH(T) for reactions (R1) and (R2) as a function of T 
(263–353 K) and between 66.66 and 133.32 mbar using PLP-
LIF, from which the Arrhenius parameters were derived; (ii) a 
revision of the relative kinetics of reactions (R3) and (R4) using 
different reference compounds; and (iii) an estimation of the 
atmospheric lifetime of HFE-356mec3 and HFE-236ea1 from 
kOH(272 K) and kCl(298 K) for global atmosphere, and from 
kOH(298 K) and kCl(298 K) for a coastal atmosphere at dawn.

Although HFEs are not expected to absorb radiation at 
λ > 200 nm (Orkin et al. 1999), the UV spectra of HFE-236ea1 
and HFE-356mec3 were measured in this work between 190 
and 400 nm. The absorption cross section ( �� ) at 248 nm was 
determined for HFE-356mec3 and HFE-236ea1 to assess 
their potential photolysis during the absolute kinetic experi-
ments. Regarding the IR absorption cross sections ( ��̃  ) in 

(R1)OH + CF3CHFCF2OCH3 → Products

(R2)OH + CHF2CHFOCF3 → Products

(R3)Cl + CF3CHFCF2OCH3 → Products

(R4)Cl + CHF2CHFOCF3 → Products

the mid-infrared region, Le Bris et al. (2020) determined this 
parameter for HFE-356mec3 between 550 and 3500  cm−1. 
Oyaro et al. (2005) reported ��̃ for HFE-236ea1 in a similar 
wavenumber range (400–3200  cm−1). These authors also pro-
vided global warming potential (GWP) calculations (Le Bris 
et al. 2020; Oyaro et al. 2005). In the present work, Fourier 
transform infrared (FTIR) spectroscopy was used to rein-
vestigate the IR spectra of the titled HFEs between 500 and 
4000  cm−1. Based on the results obtained in this work, the 
lifetime-corrected radiative efficiencies (REs) and GWPs rela-
tive to  CO2 for both HFEs were reexamined.

Experimental set‑ups and techniques

Absolute gas‑phase kinetics of OH‑reactions

The experimental system and procedure to determine the 
second-order rate coefficient kOH(T) has been explained else-
where (Albaladejo et al. 2002; Antiñolo et al. 2012; Blázquez 
et al. 2017). Briefly, the pulsed laser photolysis at 248 nm of 
hydrogen peroxide  (H2O2) was employed to generate in situ 
OH radicals in a 200  cm3 jacketed Pyrex® cell. The monitor-
ing of the electronic ground state OH was performed by laser 
induced fluorescence at 310 nm, emitted from excited OH 
radicals at 282 nm. Under pseudo-first order conditions (i.e. 
HFE in large excess with respect to OH), the LIF signal (ILIF) 
follows a single exponential function. Some examples of the 
temporal evolution of ILIF are shown in Figure S1 of the sup-
porting information (SI). From the analysis of such decays, 
the pseudo-first order coefficient (k’) for a given HFE concen-
tration, temperature, and pressure (pT) is obtained. The loss 
of OH in the absence of HFE is due to reaction with  H2O2 or 
diffusion out of the detection zone (k’0), as shown in Eq. E1.

The second-order rate coefficient kOH(T) for reactions 
(R1) and (R2) is obtained from k’-k’0 versus [HFE] plots. pT 
was set to 133.32 mbar of helium except for the experiments 
carried out at 298 K, where experiments were also performed 
at 66.66 mbar. All gases were introduced into the reactor by 
calibrated mass flow controllers (MFCs), particularly impor-
tant for the HFE/He mixtures. An example of the calibra-
tion of the mass rate flow (FR) of the relatively concentrated 
HFE mixtures (9.8–10.4% for HFE-356mec3 and 25.5% for 
HFE-236ea1) from the storage bulb is shown in Figure S2. 
As shown, the “real” mass flow rate is much lower than the 
set one (50% for HFE-356mec3 and 66% for HFE-236ea1). 
By changing FR and the total flow rate, [HFE] in the reactor 
was varied ([HFE-356mec3] = (0.36–8.12) ×  1016  cm−3 and 
[HFE-236ea1] = (0.06–2.08) ×  1017  cm−3).

(E1)k� − k�0 = kOH(T)[HFE]
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Relative kinetics for Cl‑reactions

The experimental system and procedure to determine kCl(298 K) 
has been described elsewhere (Antiñolo et al. 2020; Asensio 
et al. 2022, 2023; Ballesteros et al. 2017; Ceacero-Vega et al. 
2012). Briefly, it consists of a White-type Pyrex gas cell (V = 16 
L) with an optical pathlength of (59.0 ± 4.9) m, which is sur-
rounded by 3 actinic lamps (Philips Actinic BL TL 40W/10 
1SL/25, λ = 340–400 nm) to generate Cl atoms in situ by photol-
ysis of  Cl2. The cell is coupled to a FTIR spectrometer (Thermo 
Nicolet, Nexus 870) with a liquid  N2-cooled MCT (Mercury 
Cadmium Telluride) detector. In the kinetic study of reaction 
(R3), methane  (CH4) and 1,2,2-trichloroethane  (CH2ClCHCl2) 
were used as reference compounds, while for reaction (R4) 
due to the difficulty of finding a suitable reference compound, 
only 1,1,1-trichloroethane  (CH3CCl3) was used. As discrep-
ant kCl(298 K) values for  CH2ClCHCl2 (reaction (R5)) were 
found in the literature, we decided to determine it before using 
 CH2ClCHCl2 as a reference compound to study reaction (R3).

The reference compounds used in these preliminary kinetic 
experiments were  CH4 and dichloromethane  (CH2Cl2).

Considering all loss processes for the HFE and the refer-
ence compound, the integrated rate equation is given by:

kref refers to the rate coefficient for the Cl-reaction with 
the reference compound at 298 K and 1013 mbar;  [HFE]0, 
 [HFE]t,  [Ref]0 and  [Ref]t are the concentrations of the HFE 
and the reference compound at the beginning of the reaction 
and at a reaction time t, respectively. kloss and kRef,loss are 
the first-order rate coefficients for the secondary losses for 
the HFE and the reference compound, respectively. [HFE] 
and [Ref] were measured by FTIR spectroscopy.  [HFE]0 and 
 [Ref]0 are listed in Table S3. The IR spectra were recorded 
in the 650–4000  cm−1 range under static conditions and at 
an instrumental resolution of 2  cm–1. They were recorded 
every 2 min during 130 min for HFE-356mec3, 150 min for 
HFE-236ea1 and 90 min for  CH2ClCHCl2. kloss and kRef,loss 
(Table S4) were measured prior to each experiment and 
include heterogeneous losses, photolysis and/or reaction 
with  Cl2, as described in previous works (Antiñolo et al. 
2020; Asensio et al. 2022).

UV and IR absorption spectroscopy in the gas‑phase

The UV absorption spectroscopy system has been described in 
detail elsewhere (Asensio et al. 2022; Blázquez et al. 2020). It 

(R5)Cl + CH2ClCHCl2 → Products

(E2)

ln

(

[HFE]0

[HFE]t

)

− klosst =
kCl(298K)

kref

[

ln

(

[Ref]0

[Ref]t

)

− kRef,losst

]

consists of a deuterium lamp (StellarNet, SL4 DT-200) placed 
at the entrance of a jacketed Pyrex® cell (optical path length, �
=(107.0 ± 0.5)cm), connected by an optical fiber to a f/2 spec-
trograph (StellarNet, BLK-C) that possesses a concave holo-
graphic grating (590 grooves/mm) and a slit of 100 µm The 
transmitted intensity was detected in a charge-coupled device 
detector (2048 pixels). The UV cell was filled with pure HFE-
356mec3 (38–71 mbar ≡ 28.67–53.35 Torr), and HFE-236ea1 
(92–133 mbar ≡ 68.68–99.76 Torr), resulting in [HFE] ranges 
of (0.93–1.74) ×  1018  cm−3 and (2.24–3.25) ×  1018  cm−3, respec-
tively. The UV spectra were recorded at room temperature 
between 190 and 400 nm under static conditions by accumu-
lating 6000 scans at an instrumental resolution of 3 nm.

The IR absorption spectra of the HFEs were recorded 
between 4000 and 500  cm1 using a FTIR spectrometer 
(Bruker, Tensor 27) with a liquid nitrogen cooled mercury 
cadmium telluride detector (Blázquez et  al. 2022). The 
instrumental resolution was set to the highest one avail-
able with the FITR spectrometer, 0.5  cm−1. A single path 
( �=10 cm) stainless steel cell, sealed with ZnSe windows, 
was used to measure the absorbance at each wavenum-
ber ( A�̃ ) under static conditions. The cell was filled with a 
pure sample of HFE-356mec3 (total pressure in the cell, 
 Pcell = 1.79–12.95 mbar (≡1.34–9.70 Torr)) or HFE-236ea1, 
 (Pcell = 0.96–6.64 mbar ≡ 0.72–4.98 Torr). The HFE concen-
tration ranges were [HFE-356mec3] = (0.43–3.15) ×  1017  cm–3 
and [HFE-236ea1] = (0.23–1.61) ×  1016  cm−3.

A total of 3–9 spectra were used to obtain σλ, and ��̃ 
from the slope of the Beer-Lambert’s plots as shown in 
the examples presented in Figure S3. In addition, the inte-
grated IR absorption cross section of a band, Sint (in base 
e), defined by Eq. E3, was determined from the Beer-Lam-
bert’s law (Eq. ES2) expressed in terms of the integrated 
absorbance, Aint (Eq. ES3), for comparison purposes.

Plots of the Beer-Lambert’s law for Sint are presented 
in Figure S4 of SI.

Chemicals

Helium (99.999%, Nippon Gases), synthetic air 
(99.999%, Air Liquide), HFE-236ea1 (95%, Apollo Sci-
entific and 95%, Chemspace), and  CH4 (99.995%, Sigma-
Aldrich) were gases used as supplied. Aqueous solution 
of  H2O2 (> 50% v/v, Scharlab) was pre-concentrated 
as described in (Albaladejo et al. 2002). Liquid HFE-
356mec3 (> 98%, Chemspace),  CH2Cl2 (99.8%, Sigma-
Aldrich),  CH2ClCHCl2 (> 98%, Cymit), and  CH3CCl3 
(95.10%, Cymit) were used after degasification by sev-
eral freeze–pump–thaw cycles.

(E3)Sint = ∫ band

��̃d�̃
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Results and discussion

Kinetic study of the OH‑ and Cl‑reactions with HFEs

Temperature dependence of  kOH(T)

The individual kOH(T) for HFE-356mec3 and HFE-
236ea1 are listed as a function of temperature and total 
pressure in Tables S1 and S2 of the SI. The rate coef-
ficients at a single temperature provided in Table 1 are 
the average of the rate coefficients obtained from the 
slope of the plot of k’-k’0 vs [HFE]. As it can be seen in 
Table 1, over the temperature range investigated kOH(T) 

are on the order of  10–14  cm3s−1 for HFE-356mec3 and 
 10–15-10–14  cm3s−1.

The rate coefficient kOH(T) increases when tempera-
ture increases. For HFE-356mec3, kOH(353 K) is around 
three times higher than kOH(263 K), while for HFE-236ea1 
kOH(353 K) is four times higher than kOH(263 K). In Fig. 1, 
k’-k’0 vs [HFE] plots are shown for both HFEs at 263 K 
and 353  K together with those at 298  K at 66.66 and 
133.32 mbar.

When the kinetic data were fitted to an Arrhenius expres-
sion, the uncertainty (± 2σ, only statistical) in A and Ea/R 
parameters was very large due to the scattering of the data, 
as shown by Eqns. E4 and E5.

(E4)HFE − 356mec3∶ kOH(T) = (9.93 ± 6.65) × 10−13exp{−(971 ± 213)∕T} cm3s−1

(E5)HFE − 236ea1∶ kOH(T) = (4.75 ± 4.41) × 10−13exp{−(1262 ± 602)∕T} cm3s−1

By fixing the A factor, the uncertainty in Ea/R (± 2σ, only 
statistical) is reduced and the Arrhenius expressions that 

describe the observed T-dependence of kOH(T) (solid red 
line in Fig. 2) between 263 and 353 K are given by:

(E6)HFE − 356mec3∶ kOH(T) = 9.93 × 10−13 exp{−(988 ± 35)∕T} cm3s−1

(E7)HFE − 236ea1∶ kOH(T) = 4.75 × 10−13 exp{−(1285 ± 22)∕T} cm3s−1

The dashed blue lines in Fig. 2 represent the confidence 
bands at a 95% level. The observed temperature depend-
ence of kOH(T) is positive in both cases, yielding (Ea ± 2σ) of 
(8.2 ± 0.3) and (10.7 ± 0.2) kJ/mol−1 for reactions (R1) and 
(R2), respectively. Blázquez et al. (2022) reported an expres-
sion that relates Ea with log(kOH(298 K)) for a series of 
OH + HFE reactions. For HFE-356mec3 and HFE-236ea1, 
the estimated Ea using that expression are 10.3 kJ/mol−1 and 

13.3 kJ/mol−1, respectively, which are in both cases 20% 
higher than the experimental value determined in this work.

Comparison of  kOH(298 K) for HFE‑356mec3 and HFE‑236ea1 
with previous studies Table 2 summarizes kOH(298 K) for 
reactions (R1) and (R2) and those previously reported in 
the literature. For HFE-356mec3, Urata et al. (2003) esti-
mated kOH(298 K) (1.77×10–14  cm3  s−1) using the modi-
fied Heicklen equation, which is half of the one reported 
in this work. For reaction (R2), there is only one rela-
tive kinetic measurement of kOH(298 K), which was per-
formed by Oyaro et al. (2005) using GC–MS as a detection 
method for HFE-236ea1 and the reference compounds used 
 (CH3CCl3,  CH3CN, and  CHF2CH2F). The reported indi-
vidual kOH(298 K) obtained with each reference compound 
were: (6.9 ± 1.3)×10–15  cm3  s−1, (5.3 ± 2.7)×10–15  cm3s−1 
and (8.3 ± 3.6)×10–15  cm3  s−1, respectively. Even though 
the scattering in the individual kOH(298 K), Oyaro et al. 
(2005) reported a weighted average of (6.8 ± 1.1)×10–15 
 cm3s–1, which agrees, within the uncertainty limits, with 
kOH(298 K) obtained in this work by an absolute kinetic 
method. The large uncertainty in the individual kOH(298 K) 
reported by Oyaro et al. (2005) is greatly influenced by 
uncertainties in recommended kref, although they are 

Table 1  Summary of the average rate coefficients obtained in this 
work for reactions (R1) and (R2) as a function of temperature at 
133.32 mbar of He

a  Uncertainties are ± 2σ statistical. b Including additional measure-
ments at 66.66 mbar

kOH(T) a /  10–14  cm3  s−1

T/K CF3CHFCF2OCH3  
(HFE-356mec3)

CHF2CHFOCF3 
(HFE-236ea1)

263 2.25 ± 0.17 0.35 ± 0.02
273 2.71 ± 0.56 0.40 ± 0.02
283 3.14 ± 0.43 0.55 ± 0.15
298 3.68 ± 0.95 b 0.66 ± 0.13 b

313 4.75 ± 1.26 0.99 ± 0.09
333 5.76 ± 0.93 1.04 ± 0.16
353 6.19 ± 0.75 1.36 ± 0.18
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well-known and currently recommended by the JPL-NASA 
panel (Burkholder et al. 2020).

Relative kinetics of the Cl +  CHCl2CH2Cl reaction

In Figure S5a, a relative plot according to Eq. E2 is shown 
for reaction (R5) for each reference compound used. The 
kCl(298 K)/kref ratio was obtained from the slope of such 
plots, as shown in Table S5. Individual kCl(298 K) obtained 
with both reference compounds are in good agreement, 
despite the large data scattering observed with  CH2Cl2 (Fig-
ure S5b). A weighted average of (3.08 ± 0.36)×10–13  cm3  s–1 
is reported. The weighting factor was 1/σ2, where σ is the 
standard deviation in the individual kCl(298 K).

Comparison of  kCl(298 K) for  CH2ClCHCl2 with previous stud‑
ies As shown in Table 3, kCl(298 K) reported here is in very 
good agreement, within the error limits, with the absolute 
value reported by Wine and Semmes (1983). The relative 
kinetic studies of Cillien et al. (1967) and Tschuikow‐Roux 
et al. (1986) yield a much lower kCl(298 K). Note that the 
complex relative method used by these authors determines 
independently the rate coefficient for each H-abstraction 
channel and the values listed in Table 3 are the overall 
rate coefficient. Tschuikow‐Roux et al. (1986) recalcu-
lated kCl(298  K) for reaction (R5) reported by Cillien 
et al. (1967) using the recommended value of kref for  CH4, 
finding an even lower value than originally reported. The 
reported uncertainties in kCl(298 K) for (R5) are very large 

Fig. 1  Plots of equation (E1) for the OH-reaction at 263 K, 298 K, and 353 K as a function of total pressure for (A) HFE-356mec3 and (B) HFE-
236ea1

Fig. 2  Arrhenius plots of kOH(T) obtained in this work together with the previously reported kinetic data at room temperature for (A) HFE-
356mec3 and (B) HFE-236ea1. Quoted errors are statistical ± 2σ
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(see Table IV of Tschuikow-Roux et al.’s work). Note that 
Cillien et al. (1967) reported kCl(323 K), the lowest tem-
perature they measured, so kCl(298 K) should be somehow 
lower, according to our observations. In conclusion, we have 
elucidated the discrepancy among previous relative studies 
and kCl(298 K) for  CH2ClCHCl2 determined in this work 
was used as kref in the kinetic study of the Cl + HFE-236ea1 
reaction.

Relative kinetics of Cl + HFE reactions

In Fig. 3A, the plots of Eq. E2 for the Cl-reaction with HFE-
356mec3 are depicted for each reference compound. The 
good linearity and the zero intercept of these plots indicate 
the absence of interfering secondary chemistry that can 
affect the determination of kCl(298 K). The used kref for  CH4 
and  CH2ClCHCl2 were those recommended by Atkinson 
et al. (2006) and the obtained in this work, respectively. As 
shown in Fig. 3B, where both datasets are combined, there 
is some scattering. Nevertheless, the individual kCl(298 K) 
(Table S6) lies within the stated uncertainties and, thus, a 
weighted average is reported in Table 4. For HFE-236ea1, 
kref for  CH3CCl3 was taken from the JPL-NASA evaluation 
panel (Burkholder et al. 2020).

Comparison of  kCl(298 K) for HFE‑356mec3 and HFE‑236ea1 
with previous studies In Table 4, kCl(298 K) obtained in 

this work for reactions (R3) and (R4) are compared with 
those reported in the literature (Oyaro et al. 2005; Papadimi-
triou et al. 2004). Papadimitriou et al. (2004) reported kCl(
298 K) = (2.09 ± 1.48)×10–13  cm3  s−1 for HFE-356mec3 at 
ca. 4 mbar. In this work kCl(298 K) has been determined for 
the first time at sea level pressure. kCl(298 K) determined 
by Papadimitriou et al. (2004) is in good agreement, within 
their large error limits, with that reported here. This means 
that no pressure dependence of kCl(298 K) is observed in that 
wide pressure range. Oyaro et al. (2005) used  CH3CCl3 and 
 CHF2CH2F as reference compounds to study the kinetics 
of the Cl + HFE-236ea1 reaction. These authors reported 
individual kCl(298 K) with three times the standard deviation 
(± 3σ) uncertainties. Despite that, these authors reported a 
weighted average of kCl(298 K). Even considering ± 2σ, as in 
our work, the individual kCl(298 K) still present large uncer-
tainties: (1.1 ± 1.4)×10–15 and (2.0 ± 4.6)×10–15  cm3  s−1. 
Current recommendations of kref for the Cl-reactions of 
 CH3CCl3 and  CHF2CH2F (Burkholder et al. 2020) present 
lower uncertainty factors, f(298 K) (see Table 4). Hence, 
considering these values in kref and f(298 K), we recalcu-
lated the weighted average kCl(298 K) from Oyaro et al.’s 
results to be (1.34 ± 0.14) ×  10–15  cm3s−1 (see Table 4). This 
manifests the importance of reporting accurate absolute rate 
coefficients to reduce the uncertainty in the recommended 
kref which will be further used in relative measurements of 
kCl(298 K).

Table 2  Comparison of 
kOH(298 K) (in  10–14  cm3  s−1) 
obtained in this work with those 
from the literature

a  Uncertainties are ± 2σ statistical b Weighted average with ± 3σ statistical uncertainties. c PLP-LIF: pulsed 
laser photolysis-laser induced fluorescence; RR: relative rate method; GC/MS: gas chromatography-mass 
spectrometry

HFE kOH(298 K) Technique c Reference compound Reference

CF3CHFCF2OCH3 
(HFE-356mec3)

3.68 ± 0.95 a PLP-LIF - This work

1.77 Estimate - Urata et al. (2003)
CHF2CHFOCF3 

(HFE-236ea1)
0.66 ± 0.13 a PLP-LIF This work

0.68 ± 0.11 b RR-GC/MS CH3CCl3
CHF2CH2F

Oyaro et al. (2005)

Table 3  Comparison of 
kCl(298 K) (in  10–13  cm3s−1) 
reported here for  CHCl2CH2Cl 
with literature values

a  Uncertainties are ± 2σ statistical that includes the error propagation in kref. b See text; c RR, relative rate; 
FTIR, Fourier transform infrared; GC/FID, gas chromatography/flame ionization detection; LFP-FR, Laser 
flash photolysis- resonance fluorescence

P/ mbar (Torr) kCl(298 K) Technique c Reference 
compound

Reference

1013 (760) 3.21 ± 0.89 a RR-FTIR CH4 This work
2.96 ± 0.83 a RR-FTIR CH2Cl2 This work
3.08 ± 0.36 Weighted average - This work

28 (16) 0.89 ± 0.54 b RR-GC/FID CH4 Tschuikow‐Roux et al. (1986)
107–335 (80–250) 1.92 b RR-GC/Katharometer CHCl3 Cillien et al. (1967)
133 (100) 3.49 ± 1.44 LFP-RF - Wine and Semmes (1983)
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Comparison of the OH‑ and Cl‑reactivity of HFEs with their 
structurally analogous HFCs

The equivalent HFC to  CF3CHFCF2OCH3 (HFE-
356mec3) is  CF3CHFCF2CH3 (HFC-356mec) but 
no information is available, as far as we know. When 
comparing kOH(298 K) and kCl(298 K) determined in 
this work for HFE-356mec3 with those reported by 
Barry et al. (1997) for the analogue HFC, HFC-365mfc 
(Table  S7), it is clear that the presence of the ether 
group increases both rate coefficients. Particularly for 

the Cl-reaction, kCl(298  K) increases more than two 
orders of magnitude with respect to the HFC. Concern-
ing the temperature dependence of kOH(T), Ea for the 
OH-reactions of HFE-356mec3 and its HFC analogue 
are similar, within the experimental uncertainties. For 
 CHF2CHFOCF3 (HFE-236ea1), the equivalent HFC is 
 CHF2CHFCF3 (HFC-236ea). The decrease in kOH(298 K) 
for HFC-236ea reported by Atkinson et al. (2006) is less 
pronounced than that for HFE-356mec3. However, the 
same trend is observed in Ea. No kinetic data has been 
found in the literature for the Cl + HFC-236ea reaction.

Fig. 3  Relative plots obtained for the Cl-reaction with HFE-356mec3 (A) and HFE-236ea1 (B). kref for  CH4 and  CH2ClCHCl2 are listed in 
Table S6

Table 4  Comparison of 
kCl(298 K) for HFE-236ea1 and 
HFE-356mec3 with literature 
relative values

a  Uncertainties are ± 2σ statistical; b Stated uncertainties are ± 3σ. kref = 7 ×  10–15  cm3  s−1 (uncertainty given 
by JPL-NASA evaluation number 14 f(298 K) = 2) for  CH3CCl3 and kref = 4.9 ×  10–14  cm3  s−1 (f(298 K) = 3) 
for  CHF2CH2F; c Using current recommendations: kref = 9.0 ×  10–15  cm3   s−1 (uncertainty given by JPL-
NASA evaluation number 19, f(298 K) = 1.15) for  CH3CCl3 and kref = 2.5 ×  10–14  cm3  s−1 (f(298 K) = 1.3) 
for  CHF2CH2F (Burkholder et al. 2020)

P/ mbar (Torr) kCl(298 K) /  10–13  cm3  s−1 Reference compound Reference

CF3CHFCF2OCH3 (HFE-356mec3)
1013 (760) 1.74 ± 0.48 a CH4 This work
1013 (760) 2.56 ± 0.33 a CHCl2CH2Cl This work

2.30 ± 1.08 a Weighted average This work
 < 4 (3) 2.09 ± 1.48 a - Papadimitriou et al. (2004)
CHF2CHFOCF3 (HFE-236ea1)
1013 (760) 0.0119 ± 0.0001 CH3CCl3 This work
1013 (760) 0.011 ± 0.021 b CH3CCl3 Oyaro et al. (2005)

0.014 ± 0.003 c recalculated This work
1013 (760) 0.020 ± 0.070 b CHF2CH2F Oyaro et al. (2005)

0.013 ± 0.014 c recalculated This work
1013 (760) 0.012 ± 0.020 b Weighted average Oyaro et al. (2005)

0.0134 ± 0.0014c Average recalculated This work
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Absorption cross sections in the UV and IR region

HFEs weakly absorb at wavelengths longer than 200 nm (Fig-
ures S6 and S7), especially HFE-236ea1 which presents σλ 
lower than 1 ×  10–23  cm2  molecule−1 at λ > 210 nm. In con-
trast, HFE-356mec3 presents higher absorption at λ > 210 nm, 
σ210nm = (1.08 ± 0.04) ×  10–21  cm2. σλ are listed at 0.5 nm inter-
vals in the Excel spreadsheet provided in the SI. Considering 
σλ at the photolysis wavelength (σ248nm = (1.17 ± 0.35) ×  10–22 
 cm2), the laser fluences and [HFE] employed in this work, 
HFE-356mec3 and HFE-236ea1 are not photolyzed during the 
kinetic experiments. A photolysis quantum yield for HFEs of 
1 was assumed.

In the mid-IR region, the obtained �ṽ for HFE-356mec3 
and HFE-236ea1 are listed in the Excel spreadsheet pro-
vided in the SI between 500 and 4000  cm–1 and depicted 
in Figure S8. In the 2700–1600  cm−1 range, both HFEs 
present negligible absorption, and a very weak band 
in the 3100–2700  cm−1 range. The obtained IR spectra 
between 500 and 1500  cm−1 in terms of �ṽ for both HFEs 
are depicted as black lines in Figure S9, while IR spectra 
reported in the literature are plotted as blue lines.

In Table S8, the value and the position of the absorp-
tion peak ( �ṽ,max ) are listed together with those reported in 
the literature. �ṽ,max for HFE-356mec3 and HFE-236ea1 is 
located at 1211.9  cm−1 and 1136  cm−1, respectively. For HFE-
356mec3, the position of �ṽ,max is in excellent agreement with 
the high-resolution study of Le Bris et al. (2020) at 305 K 
(1211.9  cm−1), which reports �ṽ,max 7% higher than ours. For 
HFE-236ea1, Oyaro et al. (2005) reported that �ṽ,max was 
located at 1136  cm−1 which is in excellent agreement with 
�ṽ,max determined in this work although �ṽ,max at 1136  cm−1 is 
21% lower than ours. With respect to Sint, it is summarized in 
Table S8 to compare with previous works. For HFE-356mec3, 
Sint(1650–660  cm−1) is 7% lower than that of Le Bris et al. 
(2020). For HFE-236ea1, Sint(1600–465  cm–1) reported by 
Oyaro et al. (2005) is around 22% lower than the reported in 
this work, consequence of their lower IR absorption cross sec-
tions in the 1100–1300  cm−1 region. Additional experiments 
carried out at an instrumental resolution of 1  cm−1 provide the 
same IR absorption cross section for HFE-236ea1 (See Fig-
ure S10). Thus, the instrumental resolution of the FTIR spec-
trometer used is not the source of the observed discrepancy.

Atmospheric implications

Tropospheric lifetimes, τtropos

As shown in Figure S7, the investigated HFEs do not appre-
ciably absorb in the solar actinic UV region (λ > 290 nm), 
which may indicate that their degradation by UV photoly-
sis in the troposphere can be negligible, especially if their 

photolysis quantum yield is very low in the actinic region. 
Further studies would be necessary to confirm this asser-
tion. Therefore, the tropospheric lifetime of HFE-356mec3 
and HFE-236ea1, τtropos, mainly depends on their reactivity 
towards the atmospheric oxidants (OH, Cl,  O3 or  NO3).

τOx is the lifetime due to the reaction of HFE-356mec3 and 
HFE-236ea1 with the oxidant, Ox. To our knowledge, the 
rate coefficients for the reactions of  O3 and  NO3 with the 
HFEs are not known, although they are expected to be very 
low compared to the reaction with OH and Cl. Thus, here we 
consider only the removal by OH and Cl, and τOx is denoted 
as τOH and τCl.

Two scenarios were considered to estimate the tropo-
spheric lifetime of HFEs due to homogeneous reactions: a 
global atmosphere (scenario i) and a coastal atmosphere at 
dawn (scenario ii), where the Cl chemistry can play a sig-
nificant role. The atmospheric lifetime due to the reaction 
of HFEs with OH determines the degree of homogeneity in 
their distribution in the atmosphere. For long-lived gases 
(τOH greater than a few months), the atmospheric lifetime 
is usually estimated relative to  CH3CCl3 at the tropospheric 
mean temperature, 272 K (Spivakovsky et al. 2000):

where �OH
(

CH3CCl3
)

 is the atmospheric lifetime of 
 CH3CCl3 due to reaction with OH (5.99  years) and 
kOH+CH3CCl3

(272 K) is 6.03 ×  10–15  cm3   s−1 (Hodnebrog 
et al. 2020). The rate coefficient for (R1) and (R2) at 272 K, 
kOH(272 K) , were obtained from equations  E5 and E6, 
respectively. For HFE-356mec3, kOH(272 K) = 2.63 ×  10–14 
 cm3   s−1 and for HFE-236ea1, kOH(272 K) = 4.22 ×  10–15 
 cm3  s−1. The estimated �OH for HFE-356mec3 and HFE-
236ea1 is 1.4 and 8.6 years, respectively.

To evaluate the relative importance of the degradation of 
the HFEs by Cl with respect to the OH reaction, the estima-
tion of the atmospheric lifetime of HFEs due to Cl-reaction, 
�Cl(HFE) , was carried out using Eq. E9, the rate coefficients 
obtained in this work at 298 K and the 24-h average Cl con-
centration (see Table S9).

Estimates of �Cl for HFE-356mec3 and HFE-236ea1 are 
138 years and 26605 years, respectively. Although in this 
estimation the temperature conditions of the surface were 
used instead of the tropospheric mean temperature, the 
global removal of these HFEs is dominated by the reaction 

(E8)
1

�tropos
=
∑

Ox

1

�Ox

(E7)�OH(HFE) =
kOH+CH3CCl3

(272 K)

kOH(272 K)
× �OH(CH3CCl3)

(E9)�
Cl
(HFE)=

1

kCl(298 K)[Cl]
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with OH radicals. Therefore, the global atmospheric lifetime 
can be taken as �OH and were considered in the calculation 
of GWP (see “Other potential atmospheric sinks of HFE-
236ea1 and HFE-356mec3” section).

In a coastal atmosphere at dawn, �Cl(HFE) and �OH(HFE) 
were estimated using Eq. E9 and E10, respectively, where 
[Cl] and [OH] are the concentrations of the oxidants at the 
first hours of the day (see Table S9).

Even though �Cl(HFE) are reduced two orders of magni-
tude (see Table S9), the OH reaction is still the main degra-
dation route for HFE-356mec3 and HFE-236ea1 at the first 
hours of the day.

Other potential atmospheric sinks of HFE‑236ea1 
and HFE‑356mec3

Other potential removal processes for these HFEs in the 
troposphere may be the direct dissolution of the gaseous pol-
lutant into seawater or transfer from rainwater. Fluorinated 
ethers are expected to be very soluble in water, according to 
the estimation of the water solubility from US Environmen-
tal Protection Agency’s EPISuite™. For HFE-356mec3, the 
water solubility is estimated to be 522.2 mg/L at 25 ºC, while 
for HFE-236ea1 it is estimated to be 5946 mg/L. These val-
ues are in fresh water and can be taken as upper limits, since 
the ocean salinity may decrease the water solubility of the 
HFEs, as estimated for several HFCs by Li et al. (2019). 
Therefore, if these HFEs are uptaken onto the ocean and 
dissolved they could affect their atmospheric residence time 
(Wang et al. 2023) since it involves not only atmospheric 
loss rates (i.e., reaction with OH) but also ocean processes 
(such as ocean uptake and outgassing) and other processes 
(such as stratospheric photochemistry).

If these HFEs were rainout, these pollutants may be 
transferred into the ocean. However, calculations made to 
assess the contribution of wet deposition to the atmospheric 
removal of these HFEs show that it is negligible compared 
to chemical removal by OH radicals. Based on the EPISuite 
estimated Henry’s law constants for  CF3CHFCF2OCH3 and 
 CHF2CHFOCF3, kpc = 0.3487 and 0.02826 atm  m3/mole, 
respectively, at 25 ºC, their lifetime due to wet deposition is 
on the order of thousands of years. This lifetime was esti-
mated from Eqn. (E11) (Jiménez et al. 2009).

where kcp = 0.0029 M   atm−1 for  CF3CHFCF2OCH3 and 
0.035 M  atm−1 for  CHF2CHFOCF3 at 25 ºC and the annual 
average precipitation rate (vprecip) was taken for Spain over 

(E10)�
OH

(HFE)=
1

kOH(298 K)[OH]

(E11)

�wet =
z(km)

vprecip(mmyr
−1)R(atmM−1K−1)T(K)kcp(Matm−1)

106mm∕km

the 1991–2020 period (636 mm/yr). The individual life-
time for  CF3CHFCF2OCH3 and  CHF2CHFOCF3 due to wet 
deposition is extremely long (11,213 yrs and 909 at 0.5 km 
altitude and 25ºC) to affect the atmospheric overall lifetime.

On the other hand, as the transport time from troposphere 
to stratosphere is of several years, these long-lived HFEs can 
be then transported to the stratosphere. Thus, the dynamical 
coupling between stratosphere and troposphere cannot be dis-
missed. The potential photolysis rate (J) of HFE-356mec3 and 
HFE-236ea1 in the stratosphere strongly depends on the pho-
tolysis quantum yield. Considering the UV absorption cross 
sections determined in this work between 190 and 400 nm and 
the spectral actinic flux between 180 and 400 nm at an altitude 
of 50 km (Demore et al. 1997), in the most favorable scenario 
(a photolysis quantum yield of 1) J would be 1.7 ×  10–6  s−1 
and 4.8 ×  10–7  s−1, respectively. These J values translate in a 
stratospheric lifetime for HFE-356mec3 and HFE-236ea1 due 
to photolysis of around 7 and 24 days. But these numbers may 
not be realistic if the photolysis quantum yield is much lower 
than unity, and have to be taken cautiously. Further photo-
chemical studies would be needed to determine the photolysis 
quantum yield of these HFEs as a function of wavelength.

Radiative efficiencies and GWPs

Using the same methodology as in our previous works 
(Blázquez et al. 2022, 2017), REs (in W  m−2  ppbv−1) and 
GWPs relative to  CO2 of HFEs were calculated for a time 
horizon of 100 years, GWP(100 yrs). In this work, the instan-
taneous REs were corrected with �OH(HFE) as explained by 
Shine and Myhre (2020). The fractional correction factors 
were calculated from �OH(HFE) in scenario i of Table S9 to 
be 0.793 for HFE-356mec3 and 0.948 for HFE-236ea1. The 
obtained lifetime-corrected REs are summarized in Table 5. 
As shown, RE for HFE-236ea1 is higher (34%) than that for 
HFE-356mec3, mainly due to the smaller correction of the 
instantaneous RE (5% versus 21%).

For HFE-356mec3, as �OH(HFE) is shorter than previ-
ously reported, the lifetime-corrected RE is lower than 
those reported (0.29–0.31 W  m−2  ppbv−1) (Burkholder 
et al. 2018; Hodnebrog et al. 2020; Le Bris et al. 2020). 
The overestimation of RE for HFE-356mec3 previously 
reported (7–13% higher) is due to the consideration of the 
atmospheric lifetime of  CF3CHFCF2OCH3 to be equal to 
that of  CHF2CF2OCH2 because no experimental data were 
available. In addition, Burkholder et al. (2018), considered 
the RE for HFE-356mec3 given by Hodnebrog et al. (2013). 
For HFE-236ea1, Oyaro et al. (2005) reported an instanta-
neous RE (0.35 W  m−2  ppbv−1) according to the procedure 
given by Pinnock et al. (1995) Applying the fractional cor-
rection factor to the instantaneous RE reported by Oyaro 
et al. (2005) the resulting RE (0.40 W  m−2  ppbv−1) is in 
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excellent agreement with the value determined in this work 
(0.41 W  m−2  ppbv−1).

The GWP(100 yrs) values in Table 5 were obtained using 
the lifetime-corrected REs and �OH(HFE) from scenario i of 
Table S9. As shown, GWP(100 yrs) for HFE-236ea1 is much 
higher than that for HFE-356mec3, because both RE and 
�OH(HFE) are higher. GWP(100 yrs) for HFE-356mce3 cal-
culated in this work is 143, around 45% lower than the val-
ues from the literature (Burkholder et al. 2018; Hodnebrog 
et al. 2020; Le Bris et al. 2020). This is a consequence of 
the combined effect of a higher �OH(HFE) and RE. For HFE-
236ea1, GWP(100 yrs) from corrected results from Oyaro 
et al. (2005) is still 9% higher than that from this work. When 
compared GWP(100 yrs) of HFE-236ea1 with that of its 
structurally analogue HFC,  CHF2CHFCF3 (HFC-236ea), it 
is reduced 6%. However, using the results from Oyaro et al. 
(2005) would GWP(100 yrs) of HFE-236ea1 would increase 
3% with respect to HFC-236ea. This indicates that accurate 
lifetimes and REs are necessary to establish the impact of 
a pollutant on global warming. Similarly, the impact on the 
global warming of the structurally analogue HFC for HFE-
356mec3,  CF3CHFCF2CH3 (HFC-356mec) has to be evalu-
ated, since no information is available, as far as we know. 
Nevertheless, as shown in Table 5, GWP(100 yrs) for an 
HFC with the same number of C-F bonds as HFC-356mec, 
i. e.  CF3CH2CF2CH3 (HFC-365mfc), is ca. 6 times higher 
than that for HFE-356mec3.

Conclusions

This work reports the first determination of the rate coef-
ficient kOH(T) for the OH-reaction with  CF3CHFCF2OCH3 
(HFE-356mec3) and  CHF2CHFOCF3 (HFE-236ea1) as 
a function of temperature (263–353 K). A positive tem-
perature dependence of kOH(T) was observed with activa-
tion energies of (8.2 ± 0.3) and (10.7 ± 0.2) kJ/mol−1 for 

HFE-356mec3 and HFE-236ea1, respectively. At room 
temperature, kOH(298  K) is (3.68 ± 0.95)×10–14  cm3s−1 
for HFE-356mec3 and (6.6 ± 1.3)×10–15  cm3s−1 for HFE-
236ea1. No pressure dependence of kOH(T) was observed 
in the 66.66–133.32  mbar range. In addition, the rate 
coefficient for the corresponding Cl-reactions at 298 K 
and 1013 mbar (760 Torr), kCl(298 K), was determined 
to be (2.30 ± 1.08)×10–13  cm3s−1 for HFE-356mec3 and 
(1.19 ± 0.10) ×  10–15  cm3s−1 for HFE-236ea1. At 298 K, 
HFE-356mec3 reacts 6 times faster with Cl atoms than with 
OH radicals. However, HFE-236ea1 reacts more than 5 
times faster with OH than with Cl.

Concerning the UV photolysis in the troposphere of the 
investigated HFEs, as they do not appreciably absorb at 
wavelengths longer than 200 nm (σλ < 1 ×  10–21  cm2 for 
HFE-356mec3 and < 2.5 ×  10–22  cm2 for HFE-236ea1), 
it is expected that this removal process is not important. 
However, the photolysis rate of these HFEs would depend 
on the photolysis quantum yield which is not known. The 
tropospheric lifetimes for HFE-356mec3 and HFE-236ea1, 
estimated relative to  CH3CCl3, were 1.4 and 8.6 years, 
respectively, being the main removal pathway for these 
HFEs the reaction with OH radicals. From the IR absorp-
tion cross sections determined in this work between 4000 
and 500  cm−1 for HFE-356mec3 and HFE-236ea1, their 
lifetime-corrected radiative efficiency was calculated to be 
0.27 and 0.41 W  m−2  ppbv−1, respectively. At a time hori-
zon of 100 years, HFE-356mec3 and HFE-236ea1 present 
GWPs relative to  CO2 of 143 and 1473, respectively, which 
implies that for the same amount of  CO2 and HFE emitted 
(1 kg) to the atmosphere, the contribution to global warm-
ing of these HFEs would be more than 100 times higher 
than  CO2 effect for HFE-356mec3 and more than 1000 
times higher for HFE-236ea1. Therefore, HFE-356mec3 
and HFE-236ea1 would largely impact on the radiative forc-
ing of the atmosphere, if they become widespread increas-
ing their atmospheric concentration.

Table 5  Lifetimes due to OH 
reaction, lifetime-corrected REs, 
and GWPs at a time horizon of 
100 years for the investigated 
HFEs and their analogue HFCs

*  Original data have been corrected here with the lifetime

Species i τOH/ years REi / W 
 m−2  ppbv−1

GWPi(100 years) Reference

CF3CHFCF2OCH3 1.4 0.27 143 This work
HFE-356mec3 2.5 0.30 250 Burkholder et al. (2018)

2.6 0.29 277 Hodnebrog et al. (2020)
2.5 0.31 260 Le Bris et al. (2020)

CF3CH2CF2CH3 HFC-365mfc 8.7 0.22 804 Hodnebrog et al. (2020)
CHF2CHFOCF3 8.6 0.41 1473 This work
HFE-236ea1 9.8 0.40* 1621 Oyaro et al. (2005)
CHF2CHFCF3
HFC-236ea

11.4 0.30 1570 Hodnebrog et al. (2020)
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