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dy of the Cl-initiated oxidation
products of CFC replacements: (E/Z)-1,2,3,3,3-
pentafluoropropene and hexafluoroisobutylene

Cynthia B. Rivela,a Rodrigo G. Gibilisco,b Carmen M. Tovar,b Ian Barnes,†b

Peter Wiesen,b Maŕıa B. Blanco a and Mariano A. Teruel *a

A product study of the reactions of (E/Z)-1,2,3,3,3-pentafluoropropene ((E/Z)-CF3CF]CHF) and

hexafluoroisobutylene ((CF3)2C]CH2) initiated by Cl atoms were developed at 298 � 2 K and

atmospheric pressure. The experiments were carried out in a 1080 L quartz-glass environmental

chamber coupled via in situ FTIR spectroscopy to monitor the reactants and products. The main

products observed and their yields were as follows: CF3C(O)F (106 � 9)% with HC(O)F (100 � 8)% as

a co-product for (E/Z)-CF3CF]CHF, and CF3C(O)CF3 (94 � 5)% with HC(O)Cl (90 � 7)% as a co-product

for (CF3)2C]CH2. Atmospheric implications of the end-product degradation are assessed in terms of

their impact on ecosystems to help environmental policymakers consider HFOs as acceptable

replacements.
1 Introduction

The adverse effects of chlorouorocarbons (CFCs) on the
stratospheric ozone layer are known and have been exten-
sively studied.1,2 Several viable CFC replacements have been
proposed in the last decade, such as hydrouorocarbons
(HFCs), hydrouoroethers (HFEs), and hydrouoroalcohols
(HFAs). Moreover, recently, hydrouoroolens (HFOs) have
been proposed as the fourth-generation replacements for
CFCs.3 Hydrouoroolens (HFOs) have been proposed as
replacements mainly of refrigerants.4,5 In addition, HFOs
have numerous other industrial applications as foaming
agents, aerosol propellants, mobile air conditioning systems,
precision solvent cleaners, MDIs (metered dose inhalers),
medical propellants, coatings, and as basic components in
the production of uoropolymers, etc.4,6,7 HFOs are known to
be highly reactive due to the presence of a C–C double bond,
resulting in short atmospheric lifetimes and therefore zero
ozone depletion potentials (ODP) and minimized global
warming potentials (GWP).

Several experiments determined that the reactions of uo-
rinated alkenes in the troposphere are mainly controlled by OH
radicals,8,9 while oxidation via Cl atoms can also be an impor-
tant homogeneous loss process at dawn in coastal or marine
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regions and has also been observed in the central and urban
areas.10,11

This present work aims to perform a detailed study on the
atmospheric degradation mechanism of the reaction of E/Z-
isomeric mixture of 1,2,3,3,3-pentauoropropene (PFP) and
hexauoroisobutylene (HFIB) initiated by Cl atoms.

Only one product study related to OH and Cl-initiated
oxidation of individual (Z) and (E) isomers of 1,2,3,3,3-penta-
uoropropene has been reported in the literature using a Pyrex
reactor and the FTIR technique as a detection system.12 The
authors have reported for both Cl and OH radical-initiated
oxidations of CF3CF]CHF, and the presence of CF3C(O)F and
HC(O)F in 100% indistinguishable molar yields for both (Z) and
(E) isomers.

Only a product identication study of the reactions of hex-
auoroisobutylene with OH radicals and Cl atoms was previously
reported.13 This study was performed at 296 � 1 K and atmo-
spheric pressure using a Pyrex reactor and FTIR spectroscopy to
monitor the reactants and products. HC(O)H andCF3C(O)CF3 were
identied as nal oxidation products in both OH- and Cl-
initiated oxidation reactions, while HC(O)Cl, HCl, and CO
were observed in the Cl-initiated oxidation reaction. In
addition, a theoretical study of the reaction of hexa-
uoroisobutylene (HFIB) with OH radicals has been per-
formed, where two different reaction channels of HFIB with
OH radicals were postulated: addition to the pC]C bond
and one H-abstraction reaction channel. These authors re-
ported three possible reaction pathways for this reaction: two
addition channels associated with the addition of OH radi-
cals to the pC]C bond and the abstraction of the H atom
from the –CH2 group. They further observed that while the
RSC Adv., 2021, 11, 12739–12747 | 12739
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addition channels dominate the kinetics of this reaction, the
contribution of the H abstraction channel cannot be
completely neglected. This observation was particularly
shown at the high temperature range of 250–1000 K used this
study.9

To the best of our knowledge, previous product quantica-
tion studies of the reactions of Cl atoms with the isomeric
mixture (E/Z) of 1,2,3,3,3-pentauoropropene, or for hexa-
uoroisobutylene, are not available in literature. Consequently,
the current work is the rst determination of the product
distribution for the title reactions.

Before the widespread use of these species, it is essential to
investigate the potential environmental effects of its degrada-
tion products. For this purpose, the reaction products of the Cl
atom-initiated gas phase degradation of the E/Z-isomeric
mixture of 1,2,3,3,3-pentauoropropene (PFP) and hexa-
uoroisobutylene (HFIB) have been studied:

(E/Z)-CF3CF]CHF + Cl / products (1)

(CF3)2C]CH2 + Cl / products (2)
2 Experimental

The product studies were performed in a quartz chamber of
1080 L capacity in synthetic air at 298 � 2 K and 760 Torr
coupled with in situ FTIR spectroscopy. The reactor consists
of two quartz glass container cylinders, each 3 m long and
45 cm internal diameter, joined in the middle with both open
ends closed by aluminum anges. The photolysis system
consists of 32 super actinic black lamps (Philips TL05 40 W:
320–480 nm, lmax ¼ 360 nm) and 32 low-pressure mercury
vapor germicidal lamps (Philips TUV 40 W; lmax ¼ 254 nm).
The quartz chamber reactor has been used previously at the
Wuppertal laboratory, and more relevant details are
described by Barnes et al.14,15

Chlorine atoms were generated by the photolysis of molec-
ular chlorine (Cl2) using the black lamps:

Cl2 + hn (l ¼ �360 nm) / 2Clc (3)

The initial mixing ratios used in the experiments for HFOs
in ppm (1 ppm ¼ 2.46 � 1013 molecule cm3 at 298 K and 760
Torr total pressure) were 1.5 ppm for 1,2,3,3,3-penta-
uoropropene, (E/Z) mixture and 1.5 ppm of hexa-
uoroisobutylene. The initial concentration for the precursor of
the oxidant was typically around 6 ppm of Cl2. The infrared
absorption frequencies at 1407.8 and 1383.7 cm�1 were used to
monitor the concentration–time behavior of 1,2,3,3,3-penta-
uoropropene, (E/Z) mixture and hexauorobutylene, respec-
tively. Readily identiable products were monitored at the
following absorption frequencies (in cm�1): CF3C(O)F at 1897.7;
HC(O)F at 1837.7; CF3C(O)CF3 at 974.7 and HC(O)Cl at 738.6.

The chemicals used in the experiments had the following
purities as given by the manufacturer and were used as supplied:
synthetic air (Air Liquide, 99.999%); 1,2,3,3,3-pentauoropropene
12740 | RSC Adv., 2021, 11, 12739–12747
(Apollo Scientic, mixture (E/Z) isomers 97%, no manufacture
details on isomer ratio), hexauorobutylene (Apollo Scientic,
purity not specied), and Cl2 (Messer Griesheim, $99.8%). Wall
deposition, reaction with the precursor of Cl, or photolysis was
found to be negligible for both HFOs studied.
3 Results and discussion

To investigate the oxidation mechanism of HFOs initiated by Cl
atoms, a mixture of HFO, Cl2, and air was irradiated for the time
period of 10–30 minutes, during which infrared spectra were
recorded on an FTIR spectrometer. Typically, up to 128 inter-
ferograms were co-added per spectrum for approximately 40 s,
and 15–20 spectra were collected. Prior to the initiation of the
reaction by Cl atoms, 5 spectra were collected in dark to check
the homogeneity and the unexpected dark decay of the
compounds (e.g., wall losses or dark reactions).
(E/Z)-isomeric mixture of 1,2,3,3,3-pentauoropropene + Cl
reaction

In Fig. 1, a schematic representation of the expected reaction
mechanism of PFP with Cl atoms and the obtained products,
triuoroacetyl uoride (CF3C(O)F) and formyl uoride (HC(O)
F), is presented. The proposed mechanism suggests that the Cl
atom could be added to the carbon atom C1 or C2 of the double
bond, followed by the subsequent reactions with O2 to form RO�

2

with further 1,2-chloroalkoxy radical production. This radical
formed could decompose to give CF3C(O)F and HC(O)F.

Fig. 2 trace A shows the infrared spectrum of a PFP/Cl2/air
reaction mixture aer irradiation and subtraction of residual
PFP. The spectra of the identied products are presented in
Fig. 2, where trace B shows a reference spectrum of tri-
uoroacetyl uoride and trace C shows a formyl uoride spec-
trum. Trace D shows the residual spectrum obtained aer the
subtraction of the spectra in traces A, B, and C. The presence of
unidentied absorption bands was negligible in the residual
product spectrum. Therefore, it is assumed that triuoroacetyl
uoride and formyl uoride are the main reaction products of
PFP with Cl atoms. This result is in agreement with results
obtained in previous studies on the atmospheric degradation of
PFP.16,17 The concentration–time proles of PFP and its identi-
ed products are shown in Fig. 3. This graph supports the result
that triuoroacetyl uoride and formyl uoride are both
primary products.

In Fig. 4, the concentrations of the products formed versus
the consumed PFP in the reaction with Cl atoms show reason-
able linearity. The average product yields obtained from the two
experiments are CF3C(O)F (106 � 9)% and HC(O)F (100 � 8)%
(Table 1). These results indicate that the products formed are
the result of the decomposition of the CF3CF(Cl)COHFc and
CF3COFcCHF(Cl) radicals formed via the C1 and C2 bond
scission.

The same results are expected for both (E) and (Z) isomers in
the mixture of 1,2,3,3,3-pentauoropropene.

Previous studies for the reactions of the (Z) and (E) isomers
of CF3CF]CHF initiated by OH radicals, Cl atoms, and O3
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Reaction mechanism of (E/Z)-1,2,3,3,3-pentafluoropropene with Cl atoms via the addition to the double bond.
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View Article Online
molecules by Hurley et al.18 using a 140 L Pyrex reactor inter-
faced to a Mattson Sirius 100 FTIR spectrometer reported yields
of (98 � 4)% for CF3C(O)F and (100 � 5)% for HC(O)F for the Cl
reactions with both CF3CF]CHF isomers. These results are in
Fig. 2 Trace A shows the infrared spectrum obtained from a PFP/Cl2/
air reaction mixture after UV irradiation. Traces B and C show the
reference spectra of trifluoroacetyl fluoride and formyl fluoride,
respectively. Trace D shows the residual product spectrum obtained
after the subtraction of features due to the reference spectra from the
spectrum in trace A.

© 2021 The Author(s). Published by the Royal Society of Chemistry
agreement with those obtained in the present study. Further-
more, Papadimitriou et al.16 reported rate coefficients and
product yields for the gas-phase reactions of Cl atoms and NO3

radicals with (Z)-CF3CF]CHF using a temperature-regulated
Pyrex reactor with a pulsed excimer laser photolysis source to
produce Cl atoms and FTIR to monitor the reactant and product
concentrations. The experiments were carried out in the
Fig. 3 Concentration–time profiles of PFP and the reaction products,
trifluoroacetyl fluoride and formyl fluoride, obtained from the UV
photolysis of the PFP/Cl2/air reaction mixture.

RSC Adv., 2021, 11, 12739–12747 | 12741
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Fig. 4 Plots of the concentrations of the reaction products, tri-
fluoroacetyl fluoride and formyl fluoride, as a function of reacted PFP
obtained from the UV photolysis of PFP/Cl2/air reaction mixtures.
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presence of O2 over a range of temperatures (247–380) K and
pressures ranging from (50–630) Torr. As a result, the authors
observed that the reaction was independent of temperature and
pressure. The product yields obtained were (108 � 8)% for
CF3C(O)F and (112 � 8)% for HC(O)F. The present study is in
excellent agreement with all previous determinations for the
reactions of similar HFOs from the literature.
Hexauoroisobutylene + Cl reaction

In the same way as the reaction described above, the reaction of
Cl atoms with HFIB follows the addition of the Cl atom to the
C1–C2 double bond to form chloroalkyl radicals, which react
rapidly under experimental conditions with O2 to form the
peroxy radicals, and aer further reduction, chloroalkoxy radi-
cals are formed. The proposed reaction mechanism is displayed
in Fig. 5.

Fig. 6 trace A shows the infrared spectrum of an HFIB/Cl2/air
mixture recorded aer UV irradiation and subtraction of
residual absorptions of HFIB. The presence of the CO vibration
band centered at 2140 cm�1 can also be observed. Fig. 6 trace B
shows a reference spectrum of hydrochloric acid (HCl), trace C
Table 1 Formation yields of the oxidation products from the Cl atom
oxidation of HFOsa

HFOs Product Yield (%)

(E/Z)-CF3CF]CHF CF3C(O)F (106 � 9)b

HC(O)F (100 � 8)b

(E)-CF3CF]CHF CH3C(O)F (98 � 4)c

(Z)-CF3CF]CHF HC(O)F (100 � 5)c

(Z)-CF3CF]CHF CH3C(O)F (108 � 8)d

HC(O)F (112 � 8)d

(CF3)2C]CH2 CF3C(O)CF3 (94 � 5)b

HC(O)Cl (90 � 7)b

a The errors quoted are 2s statistical errors from the linear regression
analysis. b This work. c Hurley et al.18 d Papadimitriou et al.16

12742 | RSC Adv., 2021, 11, 12739–12747
is the reference formyl chloride (HC(O)Cl) spectrum, trace D is
the hexauoroacetone reference spectrum, and trace E is the
residual product spectrum aer the subtraction of all four
identied products from trace A. In the residual spectrum, the
unidentied absorption bands were negligible. No other reac-
tion products were expected, and again, these results are
consistent with the previous study of the reaction of HFIB
initiated by Cl atoms rather than atmosphere.13

The CO and HCl infrared absorptions observed could be due
to the rapid thermal decomposition of HC(O)Cl via a reaction in
the walls. This has been previously observed by Libuda et al.19

and Papadimitriou et al.13 This decomposition can also be
observed in the concentration–time proles shown in Fig. 7. In
Fig. 8, the concentrations of carbonyls formed versus the
consumed HFIB in the reaction with Cl atoms show reasonable
linearity. The average product yields obtained from the two
experiments are CF3C(O)CF3 (94 � 5)% and HC(O)Cl (90 � 7)%
(Table 1).

In a previous product identication study performed by
Papadimitriou et al., the experiments were carried out under
atmospheric conditions in two different collapsible Teon FEP
reaction chambers of 7300 L and 140 L, respectively. Chlorine
atoms were generated by the photolysis of molecular chlorine
using uorescent lamps, which provided radiation sources
centered at 365 nm. The reagents and oxidation products were
detected using a multiple reection target-type mirror system
(path length 143 m), which is mounted inside the reactor and
connected to an FT-IR spectrometer (Nicolet Magna 5700).13

CF3C(O)CF3, HC(O)Cl, HCl, and CO were identied as HFIB
degradation products in the reaction with Cl atoms, although
no product yields were reported. The experiments were carried
out at room temperature and atmospheric pressure using two
atmospheric simulation chambers and a static photochemical
reactor. The identied products are in accordance with the
identied and quantied products reported in this study. To the
best of our knowledge, no other study has been conducted on
the atmospheric degradation mechanism of HFIB with Cl
atoms. Consequently, this is the rst product quantication
study of the reaction of HFIB with Cl atoms.

The end-products found in both HFO reactions with Cl
atoms suggest that all reactions proceed mainly via an electro-
philic addition to the double bond. Subsequently, in the
absence of NOx, the alkyl radicals formed react with O2 to form
peroxy radicals. These peroxy radicals will undergo self- and
cross-peroxy reactions, which will result in the formation of 1,2-
chloroalkoxy radicals, as suggested by Calvert et al. for the
atmospheric oxidation of alkenes.20 This behavior is consistent
with a previous study that reported the degradation reactions of
similar HFOs with the atmospheric oxidants.21–27
Atmospheric implications

Atmospheric lifetimes of 1,2,3,3,3-pentauoropropene (PFP)
and hexauoroisobutylene (HFIB) with OH radicals and Cl
atoms have been previously reported by our research group,28,29

and they were also measured by Papadimitriou et al. and
Tokuhashi et al.13,30 Considering these results, it was possible to
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Reaction mechanism of hexafluoroisobutylene with Cl atoms via the addition to the double bond.
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observe that the reaction with OH radicals is the main atmo-
spheric sink of these species (few days). Besides, other sinks
could also be relevant, such as reactions with Cl (days) mainly in
areas with signicant concentrations of Cl.10,11,31 It is also known
that ozonolysis reactions generally represent a minor or insigni-
cant atmospheric loss for halo-olens.32 The atmospheric lifetimes
of both compounds were calculated in previous studies, and the
values obtained were sOH ¼ 4 and sCl ¼ 51 days for PFP and sOH ¼
18 and sCl¼ 66 days for HFIB by Tovar et al.28 Moreover, the values
Fig. 6 Trace A shows the infrared product spectrum obtained from
the UV photolysis of the HFIB/Cl2/air reactionmixture. Traces B, C, and
D show the reference spectra of hydrochloric acid, hexa-
fluoroacetone, and formyl chloride, respectively. Trace E shows the
residual product spectrum obtained after the subtraction of features
due to the reference spectra from the spectrum in trace A.

© 2021 The Author(s). Published by the Royal Society of Chemistry
obtained by Rivela et al.29 were sOH ¼ 2 and sCl ¼ 18 days for PFP,
and sOH ¼ 9 and sCl ¼ 33 days for HFIB. Therefore, it is expected
that HFOs will react close to their emission sources and have
a local impact due to their short lifetimes. OH-initiated degrada-
tion will be the main atmospheric sink of these species, although
in industrial areas or marine troposphere where Cl atoms could
reach a peak, the Cl-initiated oxidation could be a signicant sink
of HFO studied.

Degradation products found in the studied reactions (1) and
(2): HC(O)Cl and HC(O)F have relatively small reaction rate
coefficients towards OH radicals (3.2 � 10�13 and <5 � 10�15
Fig. 7 Concentration–time profiles of hexafluoroisobutylene and the
reaction products, hexafluoroacetone and formyl chloride, obtained
from the UV photolysis of the HFIB/Cl2/air reaction mixture.

RSC Adv., 2021, 11, 12739–12747 | 12743
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Fig. 8 Plots of the concentrations of the reaction products, formyl
chloride and hexafluoroacetone, as a function of the reacted hexa-
fluoroisobutylene obtained from the UV photolysis of HFIB/Cl2/air
reaction mixtures.
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cm�3 per molecule per s).19,33 Thus, it is reasonable to assume
that this sink is of minor importance for their atmospheric
removal. Both compounds are expected to hydrolyze when in
contact with cloud–rain–seawater on a time scale of �10–15
days. HC(O)F hydrolyzes to give HC(O)OH and HF,34 while in the
case of HC(O)Cl, it could be hydrolyzed and removed by wet
deposition in �5–15 days. The hydrolysis of HC(O)Cl also gives
HC(O)OH, which is a ubiquitous component of the
environment.35

CH3C(O)F (acetyl uoride) quantum photodissociation
yields are relatively low, giving an averaged atmospheric life-
time in the order of 41 years. Therefore, it is possible to assume
that photolysis does not represent a signicant atmospheric
removal process. The small rate coefficient of the reaction with
OH radicals of kCH3C(O)F ¼ (0.74 � 0.05) � 10�14 cm3 per
molecule per s gives an estimated atmospheric lifetime of 4.3
years. These results also suggest a negligible contribution to the
atmospheric removal of acetyl uoride.36,37 Tropospheric
removal of acetyl uoride is expected to occur primarily by
absorption in the aqueous phase with an estimated lifetime of
30 days.38 Acetyl uoride hydrolyzes in cloud droplets to
produce CH3C(O)OH and HF. Although it is known that
CH3C(O)OH is ubiquitous, abundant in the troposphere, and
one of the major contributors to cloud water acidity in remote
regions,39 while HF is not considered a main air-pollutant in the
EU, and they are among the substances normally considered as
potential contributors to acidication.40 On the other hand,
a recent study of Lindley et al. concerning the emissions of
hydrouorocarbons (HFCs), hydrouoroolens (HFOs), and
hydrochlorouoroolens (HCFOs) concluded that by 2030 these
compounds would make a negligible contribution to
acidication.41

CF3(O)CF3 will most likely lead to the formation of tri-
uoroacetic acid (TFA), and although it cannot alter the global
atmospheric amount, it is important to identify and quantify its
12744 | RSC Adv., 2021, 11, 12739–12747
sources.42,43 Probably, this uorinated VOC will be removed via
heterogeneous wet and dry deposition processes. On the other
hand, its photolysis generates CF3 and CO. CF3 radicals further
will be oxidized to produce CF2O and subsequently be hydro-
lyzed to HF and CO2.44

These compounds have high vapor pressures, and most of
them are gases at 25 �C. Consequently, these materials will not
accumulate in water and will partition rapidly into air.
Furthermore, it is known that the reactions of HFOs in the
atmosphere occur primarily with OH radicals where they are
removed from the atmosphere in the order of days.8,9 This
phenomenon occurs in marine and coastal regions and in
urban areas as well, where the oxidation through Cl atoms could
be a signicant loss.45–47

For the aforementioned, HFOs are not expected to enter
aquatic environments, including aquifers, which would prevent
their pollution.48

The short-chain HFOs studied in this work have short
atmospheric lifetimes, in the order of days, when reacting with
the main atmospheric oxidants (OH/Cl). Their ability to
contribute to the ozone photochemical potentials (POCP) is
negligible as well as the ozone depletion potential (ODP), the
global warming potentials (GWP), and the contribution to rain
acidication. As for the primary oxidation products, they are
benign, and they would have an unimportant impact on
ecosystems.49,50

This study aims to provide more information about the
degradation mechanism of the HFOs mentioned above and the
possible environmental impact of their nal degradation
products. This is necessary since HFOs have been proposed for
several industrial uses, such as eco-friendly refrigerants, aerosol
propellants, and the production of uoropolymers.4,6,7

Further experiments to study the product distribution of PFP
and HFIB in the presence of NOx would be desirable to compare
degradation mechanisms and performance of the reaction
pathways with the chemistry of polluted areas and with large
amounts of NOx.

4 Conclusions

For the rst time, in this study, the degradation products of the
reactions of Cl atoms with hydrouoroolens (HFOs), isomeric
mixture (E/Z)-1,2,3,3,3-pentauoropropene and hexa-
uoroisobutylene, in atmospheric conditions have been
studied. The end-products observed and their yields were:
CF3C(O)F (106 � 9)% with HC(O)F (100 � 8)% as a co-product
for (E/Z)-1,2,3,3,3-pentauoropropene, and CF3C(O)CF3 (94 �
5)% with HC(O)Cl (90 � 7)% as a co-product for hexa-
uoroisobutylene. The proposed mechanism for both
compounds suggest that the Cl atom could be added to the C1 or
C2 carbon atom of the double bond, followed by subsequent
reactions with O2 to give RO�

2 with additional production of 1,2-
chloroalkoxy radicals. The radicals formed could be decom-
posed to give the corresponding products. However, for the
HFIB + Cl reaction, the formation of CO + HC(O)Cl gives values
of approximately 100%, indicating that chlorine atoms attacked
the C1 of the C]C bond preferentially.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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It is known that short-chain halo-olens have a short atmo-
spheric life in the order of days when they react with OH radi-
cals or Cl atoms. Therefore, their ability to contribute towards
photochemical ozone potentials, global warming potentials,
and acidication contribution from rain are negligible. With
respect to the nal oxidation products, as discussed above,
short-chain halo-olens would not have a signicant impact on
ecosystems.
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