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The rate coefficients for the gas phase reactions of OH radicals, k;, CI atoms, k, and
O3, k3, with  3,3,3-Trifluoro-2(trifluoromethyl)-1-propene  ((CF3),C=CH,,
hexafluoroisobutylene, HFIB) were determined at room temperature and atmospheric
pressure employing the relative rate method and using two atmospheric simulation
chambers and a static photochemical reactor. OH and Cl rate coefficients obtained by

both techniques were indistinguishable, within experimental precision, and the

average values were k; =(7.82 +0.55) 10" ¢cm’ molecule™ s and k, =(3.45 £0.24)

11 . L
x10 cm® molecule™ s, respectively. The quoted uncertainties are at 95 % level of

confidence and include the estimated systematic uncertainties. An upper limit for the

Os rate coefficient was determined to be k3 <9.0% 10_22 cm® molecule” s, In Global
Warming Potential (GWP) calculations, radiative efficiency (RE) was determined
from the measured IR absorption cross-sections and treating HFIB both as long (LLC)
and short (SLC) lived compound, including estimated lifetime dependent factors in
the SLC case. HFIB lifetime was estimated from kinetic measurements considering
merely the OH reaction, toy =14.8 days and including both OH and CI chemistry, tess
=10.3 days. Therefore, GWP(HFIB, OH) and GWP(HFIB, eff) were estimated to be
4.1 (LLC) and 0.6 (SLC), as well as 2.8 (LLC) and 0.3 (SLC) for a hundred year time
horizon. Moreover, the estimated photochemical ozone creation potential (¢"°F) of
HFIB was calculated to be 4.60. Finally, HCHO and (CF3),C(O) were identified as
final oxidation products in both OH- and Cl-initiated oxidation, while HC(O)Cl was

additionally observed in the Cl-initiated oxidation.

Keywords: OH Kinetics, Cl Kinetics, O3 Kinetics, Relative Rate Measurements

Hydro-Fluorinated Olefins (HFO), IR Absorption Cross Sections, Global Warming

Potential (GWP), Estimated Photochemical Ozone Creation Potential (£°°F)

b

Atmospheric Photochemistry
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1. Introduction
The well-established adverse effects of chlorofluorocarbons (CFC) in the
stratospheric ozone layer and the climate has led to the search of new, non-ozone
depleting substances (non-ODS) as replacements,1 in accordance to the Montreal
Protocol and the subsequent amendments. Several fluorinated compounds have been
proposed over the last decade as viable CFC substitutes, such as partially fluorinated
alkanes (HFC),” ethers (HFE)® and alcohols (HFA).* However, more recently a new
generation of compounds, such as partially fluorinated olefins (HFO), are considered
by the industry as sustainable CFC substitutes, since they have suitable
physicochemical properties for a wide range of applications (refrigeration,
propellants, etc). But prior to use of such fluorinated compounds, it is necessary to
assess their environmental impact, and at first to specify the atmospheric fate of these
volatile organic compounds upon their release into the troposphere. It is therefore
significant to study the gas phase kinetics of these compounds with the primary
atmospheric oxidants, i.e., hydroxyl (OH) and nitrate radicals (NOs), chlorine atoms
(Cl), and ozone (Os3), as well as to specify the final oxidation products at tropospheric
conditions. Also it should be stressed that the oxidation of fluorinated alkenes is of
particular interest for both atmospheric and combustion chemistry.” Finally, the
ozonolysis of alkenes is known to occur via a complex reaction mechanism that
involves the formation of highly reactive Criegee intermediate radicals, and such
processes may play a significant role in atmospheric chemistry.6'8

Furthermore, the molecular dynamics for the reactions of fluorinated alkenes
with OH and NOj radicals, Cl atoms and O; are of particular importance to the
fundamental understanding of such molecular processes. The latter is due to the
presence of the olefin double bond and the electronegative nature of F atoms that
favor the addition pathways to two sites against the hydrogen abstraction pathways,
depending on the temperature and pressure regimes.g'12 The reaction intermediates
and final products of the above reactions may also vary depending on the
stereochemistry of the fluorinated alkenes and the temperature and pressures
conditions."
The kinetics and mechanism of OH radical reactions with several fluorinated

1425 at room

alkenes have been investigated in the past by several experimental studies
temperature and atmospheric pressure, and theoretical studies.'® - *® The reactions

of Cl atoms with many fluorinated alkenes have also been examined by several

3
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16.20-29 and a few theoretical studies.' In addition, the reactivity

experimental studies
of NO; radicals with several HFOs has also been investigated.'® > *' On the contrary,
the ozonolysis of fluorinated alkenes has not been studied extensively.” **** Several
of the above studies have also performed analysis of the final oxidation products.

The present study has measured the rate coefficients for the gas phase
reactions of hexafluoroisobutylene ((CF3),C=CH,, HFIB) with OH radicals, CI atoms
and O3 at room temperature and atmospheric pressure (N, or N»/O,), employing
relative rate methods and using two atmospheric simulation chambers (SC) and the
static technique of the thermostated photochemical reactor coupled with an FTIR
spectrophotometer (TPCR/FTIR). Furthermore, the final oxidation products of the
above reactions were identified at room temperature and 700 (TPCR/FTIR) and 760
(SC) Torr total pressure (N»/O;), and the atmospheric degradation mechanism of
HFIB was examined. Finally, HFIB radiative efficiency (RE), global warming

POCP) were

potential (GWP) and estimated photochemical ozone creation potential (&
calculated using the IR absorption cross-sections and OH and Cl rate coefficients
measured in the present work, and the atmospheric impact of HFIB is discussed.
During the course of the present study, Tovar ef al.** also measured rate coefficients
for the reaction of HFIB with Cl and OH at 298 K and 760 Torr , by employing the

relative rate method and results are compared and discussed.

2. Experimental
The experimental techniques used, TPCR/FTIR™ at the University of Crete and two
atmospheric simulation chambers®® at CNRS-Orleans (France), have been presented

in detail previously, and only a short description is given herein.

2.1. TPCR/FTIR technique and Relative Rate method

A schematic of the experimental setup is given in Figure 1.
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Figure 1. Simplified scheme of the Thermostated Photochemical Reactor apparatus
coupled with FTIR Spectroscopy. Dotted lines and arrows show the reaction mixture
circulation and homogenization between reaction and optical detection cells.
Description of all the components involved is given as inset in the block diagram.

The major components of the TPCR/FTIR apparatus include: a) A 100 cm long
jacketed Pyrex reactor of internal diameter, i.d. =4 cm (Vreactor ~1.2 dm’® ), equipped
with quartz windows at both ends, so as to be transparent to the UV light and three
gas-ports that allow reactants admission, circulation, evacuation and pressure
measurement, b) an Nd:YAG laser of which the 3™ harmonic (A =355 nm) was used
to photolyze the appropriate precursors for producing Cl atoms or OH radicals, ¢) an
FTIR spectrophotometer that hosts the optical cell (Vig cen ~0.1 dm®) for performing
reactants and products analysis and d) a circulation pump that interconnects reactor
with optical cell (Viuping ~0.04 dm3) and ensure the homogeneity of the reaction
mixture between the two volumes (20 dm® min” delivery at atmospheric pressure).
The experimental room temperature was ~296 +1 K.

The basic concept in the relative rate method is to monitor the competitive loss

of the reactants of interest, i.e., HFIB, and reference compound (ref). The key
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condition in relative rate determinations is to ensure that both reactants are solely lost
due to their gas phase reaction with OH radicals or CI atoms and no other sinks or
production pathways affect the measured reactants concentrations. The reference
reactions for the OH and Cl rate measurements were chosen the well-established
reactions of OH with ethylene (CH,=CH,), k4, and Cl + ethylene (CH,=CH,), ks, and
Cl + ethane (CH3CH3), kg, respectively. The generic reaction scheme is:

X (OH or Cl) + (CF3),C=CH, —> products, £ (D)

OH + reference —> products, ks 2)
and by employing rate laws, it can be proved that the rate coefficients are related via
the expression:

h{ [HFIB], J_ k. ln{[ref]oJ 3)

[HFIB], ) k. \ [ref]

where the indices 0 and ¢ refer to the initial and at time ¢ concentrations of HFIB and
reference compounds, respectively. The reference reaction rate coefficients used
were: k4296 K, 700 Torr) = 6.97 x107"* ¢cm® molecule™ s, £5(296 K, 700 Torr) =
1.03 x10™'° cm® molecule™ s and £4(296 K, 700 Torr) = 5.7 x10™"! cm® molecule™ s
137 1t is worth to note that that k4 and ks has been determined from the corresponding
termolecular expressions at 296 K and 700 Torr.>” OH radicals were produced inside
the TPCR reactor via 355 nm photolysis of CH30ONO in presence of O, and NO,

following the reaction scheme:

355nm
CH,ONO —5 CH,0 + NO (4)
CH;0 + 0,—— HO, + HCHO (5)

138 to be

CH3;0ONO UV cross-section at 355 nm has been determined by Taylor et a
6(CH;0NO, 355 nm) = 2.16 x10™° ¢cm? molecule” with a dissociation yield of ~0.8.

Similarly, Cl atoms were formed via Cl, pulsed lased photolysis at 355 nm:

355nm
cl, —— 2Cl (7)

Burkholder et a/.*” have measured the UV absorption cross-section of Cl, at 355 nm to
be o(Cla, 355 nm) = 1.66 x10™"° cm” molecule, with a quantum yield of 2. Note that
UV cross-sections and quantum yields are not necessary in measuring the relative rate
coefficients, but they are used to estimate the initial concentrations of OH radicals and
Cl atoms, given by the expression:

[X]o = [Precursor] x o(Precursor, 355 nm) x ®x x F ®)

6
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where [Precursor] represents Cl, or CH30ONO initial concentration, o(Precursor, 355
nm) is the precursor UV cross-section at 355 nm, ®x declares the reactive species
production quantum yield and F, the laser fluence in photons cm™.

In a typical kinetic measurement HFIB, reference compound, Cl, or CH;0NO
and synthetic air (80% N»/O,) were initially added into the reactor and consequently
were mixed for adequate time to ensure homogeneous mixing, both in the reaction
and optical cells. The latter was confirmed by monitoring characteristic IR peaks of
HFIB during the whole process until less than 1% intensity change to be observed,
and mixing time was ~15 minutes. The initial pressure range of reactants was
(3.3-28.0) x10'® molecule cm™ (Cl, or CH;ONO), (2.0 —5.6) x10'® molecule cm™
(HFIB), (0.6 —8.5) x10'® molecule cm™ (CH3CH3, CH3CH>CH; or CH,CH,), and
synthetic air (N,/O,) was added to reach a total pressure of 700 Torr. Once reaction
mixture homogeneity was achieved the infrared absorption spectrum was recorded.
Then, the reaction mixture was irradiated to produce Cl atoms or OH radicals and the
competitive reactions were initiated. The reaction mixture was initially recycled
through the reaction and optical cells during photolysis period, then the circulation
was stopped and a second infrared absorption spectrum was recorded, which register
the relative losses of HFIB and reference compound. IR spectra were recorded in the
range 400 — 4000 cm™ and at 1 cm™ resolution, using 20 co-added scans. Depending
on the initial precursor concentration the number of laser photolysis pulses (at 355
nm) was ~1000 — 2000 in order, to yield 5 — 10 % losses for both compounds. Typical
laser fluence was 35 mJ pulse”. The photolysis experimental cycle was repeated
several times until a ~70 % depletion of both compounds to be reached, where it was
possible. Before any kinetic measurement, both reactant and reference compound
losses were measured under dark conditions (no laser photolysis) to estimate other
probable reactant losses (e. g., wall losses) besides the main reaction. Moreover, the
reaction mixtures were also irradiated in the absence of Cl or OH precursors to test
any possible photolysis of reactants. In both separate test measurements, no
significant fluctuation (<1%) of reactant concentrations was observed. Finally, several
experiments were performed using N> (no O,) as bath gas to evaluate the role of O,.
For the OH reactions, the rate coefficients were indistinguishable within experimental
precision in the presence or absence of O,, while for the Cl reactions there was a non-

linear behavior. In particular, for O, partial pressures lower than 5 Torr, the rate
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coefficient plots showed a systematic curvature that was more intense at higher
reactants losses. The latter suggests the formation of unstable intermediate adducts,
which initiate secondary reactions that lead to additional reactant losses. Therefore,
the reported CI atom rate coefficients correspond to experiments without any such
non-linear behavior within experimental precision, by using the appropriate O,

concentration,

2.2. Atmospheric Simulation Chambers (SC)

Investigations were carried out at 296 + 2 K and atmospheric pressure in two different
collapsible FEP Teflon reaction chambers, with volumes of approximately 7300 and
140 L, respectively. Fans positioned at the lower part of each chamber were ensured
the homogeneity. The chambers were surrounded by banks of fluorescent lamps,
which provided sources of radiation centered at 254 nm (Philips germicidal lamps
TUV, 15W) and 365 nm (Philips, TL 20W/05), respectively. The reaction chambers
were approximately half-filled by a diluent gas, typically zero-grade air, via Teflon
tubing, using calibrated flow meters. Measured pressures (MKS Baratron capacitance
manometers) of the reactants were then expanded into the evacuated vacuum line and
isolated in a calibrated mixing bulb, from which they were swept into the reaction
chamber by a stream of zero-grade air. HFIB was also introduced via expansion into
the chamber from a 0.9 L calibrated reference volume. Concentrated hydrogen
peroxide solution was injected directly into the chamber, in the beginning of the
experiment, after bubbling N, over a 35 % H,0O, sample, overnight. Ozone was
generated by passing zero-grade air through an ozone generator (Monitor Labs) and
was supplied into the reaction chamber. Ozone was detected both via an ozone
monitor (HORIBA APOA 370) and FTIR spectroscopy and kinetic results were
consistent to each other. Cl, was expanded to the 140 L volume chamber from a
calibrated volume of 40 L, to an approximate of (5.4 — 6.4) x10'* molecule cm™.
Reactants were initially introduced into the chamber and then zero-grade air to ca. 760
Torr total pressure was added; the mixture was kept in dark for at least 1 h to allow
complete mixing of reactants. A homogeneous reaction mixture was confirmed by
consistent, reproducible FTIR or gas chromatographic analysis.

Hydroxyl radicals were generated by the photolysis of hydrogen peroxide:

254 nm

H,0, —— 20H 9)

Page 8 of 33
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Molecular chlorine was photolyzed to produce chlorine atoms:

365 nm

Cl, —— 2Cl (10)
Typical initial mixing ratios for HFIB and references were (3.7 — 4.2) x10" (HFIB)
and (3.7 — 4.2) x10" (C,Hg) and (2.2 — 3.7) x10" (C3Hg) molecule cm™ in OH
measurements and (19.8 — 24.8) x10"* (HFIB) and (8.7 — 21.1) x10"* (C,Hg) molecule
cm® in Cl kinetic measurements, respectively. In ozone rate coefficient
determinations, [O;] was varied between (0.3 — 49.6) x10" molecule cm™, while
HFIB was varied between (0.05 — 5.5) x10" molecule cm™. It is worth to note that in
the O; kinetic measurements, no HFIB reactivity was measured for a single
concentration of either compound in excess. Thus only the upper limit for O; rate
coefficient was determined, by measuring dilution and other possible losses of the
reactants inside the chamber. Mixtures of HFIB, reference, and radical precursors
were photolyzed until about 50% depletion of the HFIB and/or reference compound
were achieved. These conversion levels minimize any complications arising from
secondary chemistry and competing reactions of primary photolysis products. The
reaction mixtures in Cl rate measurements were analyzed using gas chromatography
coupled to a flame ionisation detector (GC-FID, Star 3800 CX, Varian). Sampling
volume and dilution were determined to be negligible for CI kinetic measurements. In
OH and Os kinetics, reactants and oxidation products are detected in the ppb — ppm
range (~10'2 — 10" molecule cm™) via a multi-reflection white type mirrors system
(143 m path length), which is mounted inside the reactor and interfaced to an FT-IR
spectrometer (Nicolet Magna 5700), fitted with mercury cadmium telluride (MCT)
detectors. Spectra were recorded over the range 600-4000 cm™ and with a resolution
of 1 cm™. Each resulting spectrum was derived from the co-addition of 130 scans
under these conditions. SF¢ was used as a marker in OH and O3 experiments in order
to determine dilution and other possible non-reactive HFIB losses. NOx

concentrations were continuously monitored using an online analyzer (HORIBA

APNA 360).

2.3 Infrared Absorption Spectra
The infrared absorption spectra of HFIB were determined at 296 + 1 K over the range
500 to 4000 cm™' using an FTIR spectrometer (JASCO FT/IR-6300). The spectra were

measured at 1.0 cm™ resolution, by taking 20 co-added scans in a 16.3 cm long optical
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cell, with KBr windows attached at both ends. Absorption cross sections, o, and
integrated bands strengths, /BS, were determined using the Beer’s law, A = ¢ X | X
[HFIB], where A represents the absorbance in base e, o, the IR cross-section in cm’
molecule™, /, the optical path length in cm and HFIB concentrations in molecule cm™.
HFIB concentration was determined using absolute pressure measurements and the
ideal gas law, while absorbance was varied between 0.05 and 0.7. The HFIB samples
were added to the infrared absorption cell from dilute manometrically prepared
mixtures in He, with 0.97% and 1.43% mixing ratios varying the total pressure
between 10 and 100 Torr. HFIB mixtures were prepared either via turbulent mixing or
via freezing HFIB at liquid N, temperature and filling round bulb’s head space with
the required He pressure, in order to minimize systematic errors in mixture
preparation method. At least 8 different concentrations were used in the cross section
determination for each set of the measurements. HFIB concentrations used were in the
range (0.37-3.05) x 10'® molecule cm™. IR spectra were also recorded at higher
resolutions, R =0.5 and 0.25 cm’' with increased co-added scans, to achieve similar
sensitivity with the spectra recorded at R =1 cm™. No significant cross-section
dependence on resolution was observed within experimental precision with the
exception of the Q-branch peak cross sections, where ca. 5% decrease was measured
between the highest and the lowest resolution. IBS values of HFIB were independent
of resolution and pressure, therefore may be used to accurately estimate the radiative

efficiency.

2.4 Materials
N, (UHP, 99.99%) and synthetic air, 80% N,/O,, (UHP, 99.99%) were used as
supplied. Concentrated H,O, was prepared by bubbling N, through a sample that was
initially at ~35% mole fraction for a few days. 10 % mixtures of Cl, in He were
prepared manometrically from pure Cl, (Linde, 99.8 %) and He (Linde, 99.996 %).
HFIB (Apollo Scientific, >99.8%), C,H¢ (Alpha Gaz or Linde, 99.5%), C,Hy
(Alpha Gaz or Linde, 99.99%), C3;H;g (Alpha Gaz, 99.8%) and SF¢ (Alpha Gaz, >99.9
%) samples were degassed several times through freeze-pump-thaw cycles at 77 K
prior to use. HFIB samples, in particular, were further analyzed using 'H, ">C and °F
gas phase NMR spectroscopy. Apart from the main HFIB peak, the "’F NMR gas
phase spectrum (Figure S1) contained two minor peaks from unknown fluorinated

impurities, in the chemical shift range characteristic of —CF; groups. Assuming the

10
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302  impurities contain one —CF3 group per molecule, HFIB is calculated to be 98.8% pure,
303  while for two —CF3 group per molecule, HFIB is 99.4% pure. Integration of the 'H
304 NMR gas phase spectrum showed HFIB to be approx. 98.8% pure (Table S1). Typical
305 gas phase NMR spectra are presented in supporting information (Figure S1). For
306  kinetic measurements, the sample was directly introduced into the reactor from the
307  container since fluorinated impurities at this levels are not expected to have any effect
308  (see error analysis section). The pressure inside the reactor and the optical cell was
309  measured with calibrated differential pressure sensor diaphragms.

310

311 3 Results

312  This section includes the kinetic results for the gas phase reactions of OH radicals, Cl
313  atoms and O; with HFIB at 296 K and 700-760 Torr, using both experimental
314  techniques. Moreover, IR cross-sections of HFIB and the end-products analysis for
315  the OH- and Cl-initiated oxidation are presented.

316

317 3.1 OH Kinetics

318  The results and conditions of the relative OH rate coefficient measurements are
319  summarized in Table 1. The rate coefficients represent the average values obtained by
320  both experimental techniques. The quoted uncertainties also include the extremes of
321 the estimated uncertainties for the reference reactions. The precision of rate
322 coefficient measurements was high, and the agreement between both experimental
323  techniques was excellent, validating the reproducibility of our measurements.

324

325  Tablel. Relative rate ratios and rate coefficients and conditions for the gas phase
326  reaction of OH radicals with (CF;),C=CH,.

Pressure® [(CF;),C=CH,]" | [CH;0NO]"* | [CH,=CH,]" | r:(k;/Kgep) k26"

(Torr) +2¢6! (10'll cm’® molecule™ s'l)

Reference Reaction: OH+CH,=CH.,” Kcir-ci2(296K)=6.97x10"2 em® molecule™ s (TPCR/FTIR)

700 18.2 230 10.8 0.11+0.01 7.70+0.30
700 20.1 280 10.8 0.12+0.01 8.07+0.40
700 40.2 268 73 0.11+0.01 7.99+0.30

k1(296 K, 700 Torr)= (7.92 £0.20) x10™" cm’ molecule™ s™

Reference Reaction: OH+CH,;CH,CH;,” kCH3CHZCH3(296K)=1.10><10'12 cm’® molecule! s (SO)

760 0.33 ‘ - ‘ 0.32 0.71£0.01 ‘ 7.54+0.11

11
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760

0.53

‘ 0.73+0.01 ‘

7.77+0.12

k(296 K, 760 Torr)= (7.66 £0.23) x10™" cm’ molecule” s

Reference Reaction: OH+CH;CHa,” Kcyscs(296K)=2.50x10"" ¢cm® molecule™ s™ (SC)

760 0.33 - 0.14 3.18+0.06 7.96+0.15
760 0.34 - 0.36 3.16+0.07 7.90+0.16
760 0.34 - 0.37 3.08+0.05 7.71+£0.12

k1(296 K, 760 Torr)= (7.86 £0.25) x10™" cm’ molecule” s

Page 12 of 33

* All experiments performed with synthetic air (80% Ny, 20% O,) as a bath gas

b CH3;0NO, (CF;),C=CH; and CH,=CH; concentrations referred in 10"° molecule cm™.
¢ Dashes in CH;ONO concentrations column denote that H,O, has been used as OH

precursor, which was directly inserted into the chamber via a bubbler.

4 The quoted uncertainties are at 95% level of confidence and refer only to the

precision of the least-square fit of In ([(CF3),C=CH,;]¢/[(CF3),C=CH;];) versus In

([CH,=CH,]o/[CH,=CHx];)

The plots of expression 3 for OH reactions with HFIB and three reference compounds
at T =296 K and P = 700 Torr (TPCR/FTIR) and 760 Torr (SC) are presented in
figure 2. These plots also compare the experimental results obtained by both
experimental techniques. Three different reference reactions were used to minimize
possible systematic uncertainties stemming from the reference reactions. All reference
reactions have been well studied in the past and have rate coefficients comparable to
the title reaction, and k/k..f was varied ~30 times (0.10 — 3.2). The latter demonstrates
the high sensitivity of our method, because even for the highest and lowest ki values
the derived k/k.r values were identical and very precise. In Figure 2, all three
references provide reproducible results and are well represented by straight lines with
negligible (almost zero) intercepts, in consistence with expression 3. Rate coefficients
were obtained by forcing the fits to pass through zero, in accordance with expression
3 and since the intercepts were negligible and within our experimental precision. The
obtained k/k.svalues were in agreement within ~3 % for all three reference reactions
(see Table 1). For each reference reaction several independent measurements were
carried out to evaluate the precision of our measurements. Both precision and
reproducibility were high. It is worth to note, that no pressure dependence was
observed between 700 and 760 Torr, within measurements precision, indicating that
the reaction, in that pressure regime, is approaching the high pressure limit. Therefore,
even though the independent rate coefficients determined in the two different facilities
were measured at different pressures (700 and 760 Torr), this difference has a non-

measurable, if any, effect in reaction kinetics in that regime; thus, an average value at
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P =1 atm is quoted in this work, without any pressure correction to be included, since
it would probably increase the uncertainties of the quoted rate coefficient values. The
average value of all three independent measurements resulted in a rate coefficient
k1(296 K, 1 atm) = (7.82 + 0.30) 10" cm’ molecule™ s™. The quoted uncertainties

are the 2o precision of the fits and encompass the uncertainties extremes of each

measurement.
1.0
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N
T
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Figure 2. Relative rate data obtained at room temperature, 296 K, and 700
(TPCR/FTIR) and 760 (SC) Torr for the reaction of OH with (CF3),C=CH, using
CH;CHj3 and CH3;CH,CH3 and CH,=CH, as reference compounds. Synthetic air was
used in all measurements. Symbols are explained as insets and dotted lines are linear
least-squares fits of the data to equation VII and the average rate coefficient that they
yield is k;(296 K, 1 atm) = (7.82 +£0.30) X10™"* cm’ molecule” s™'. Note that reaction
system is approaching the high pressure limit at that regime and no substantial
differences are expected between 700 and 760 Torr for the rate coefficient (see also
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373 text). The quoted uncertainty is at 95 % level of confidence and encompasses the error
374  limits of the three independent measurements. The error bars represent an upper limit
375  for the precision of the measurements.
376
377 3.2 Cl Kinetics
378  The summary of the experimental conditions and results for the gas phase reactions of
379  Cl atoms with HFIB are presented in table 2. Experiments were carried out using Nj
380  as bath gas and with O, pressures varied between 0 — 140 Torr. At O, pressures less
381  than 5 Torr, the kinetic measurements’ plots exhibited a curvature indicating that the
382  excited Cl-adduct formed is less stable than the corresponding OH-adduct.'
383  Therefore, all CI kinetic measurements were performed with sufficient amounts of O,
384  to inhibit secondary chemistry.
385
386  Table 2. Relative rate ratios and rate coefficients and conditions for the gas phase
387  reaction of Cl atoms with (CF3),C=CHa,.
Pressure® | [CL]" | [(CF3);C=CH,]" | [Reference]” | ro:(Ky/Kgef) k26"
(Torr of O,) +2¢6°¢ 10" cm® molecule™ s™)
Reference Reaction: CHCH;CH;,” keyscn3(296K)=5.70 x 10" ¢m® molecule™ s (TPCR/FTIR)
700 87.5 42.1 71.3 0.60+0.01 3.40+0.03
700 90.7 45.8 84.1 0.61+0.01 3.50+0.03
700 (20) 324 39.9 55.0 0.61+0.01 3.46+0.04
700 (5) 127 41.9 73.6 0.60+0.01 3.43+0.04
k2(296K, 700Torr)=(3.45+0.08) x 10™"" cm’ molecule s
Reference Reaction: CIH+CH,=CH2,*’ Kcn2cm(296K)=1.03 x 10" cm® molecule™ s (SO)
700 217 31.9 10.6 0.33+0.01 3.44+0.13
700 156 58.7 8.3 0.33+0.01 3.37+0.04

k»(296K, 700Torr)=(3.40+0.17) x 10" cm’ molecule s

Reference Reaction: CI+CH;CH3,”” keyscns(296K)=5.70 x 10" ¢m® molecule™ s™ (SC)

760 0.33 0.21 0.09 0.64+0.01 3.66+0.06
760 0.27 0.22 0.14 0.60+0.01 3.42+0.05
760 0.27 0.48 0.21 0.60+0.01 3.45+0.06

k2(296K, 760Torr)=(3.51+0.21) x 10" cm’ molecule s

388
389
390
391
392
393
394

395
396
397

* All experiments performed with synthetic air (80% Ny, 20% O,) as a bath gas unless

otherwise noted

b Cly, (CF3),C=CH; and Reference concentrations referred in 10" molecule cm

3

¢ The quoted uncertainties are at 95% level of confidence and refer only to the
precision of the least-square fit of In ([(CF3),C=CH;]o/[(CF3),C=CH;];) versus In

([Ref]o/[Ref]o)

Figure 3 shows the plots of expression 3 for Cl atom reactions with HFIB and two
reference compounds at T = 296 K and P = 700 and 760 Torr, taken by both

experimental techniques. Solid square symbols represent data taken using the
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TPCR/FTIR technique, and solid circles data taken using the atmospheric simulation

chambers (SC).

1.2
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114 T=296K,P=1atm {.&f
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Figure 3. Relative rate data obtained at room temperature, 296 K, and 700
(TPCR/FTIR) and 760 (SC) Torr for the reaction of Cl atoms with (CF3),C=CH,
using CH3CH; and CH,=CH; as reference compounds. Synthetic air was used in all
measurements. Symbols are explained as insets and dotted lines are linear least-
squares fits of the data to equation VII and the average rate coefficient that they yield
is k2(296 K, 1 atm) = (3.45 +0.10) x10™"" cm® molecule™ s™'. The quoted uncertainty
is at 95 % level of confidence and encompasses the error limits of the three
independent measurements. The error bars represent an upper limit for the precision
of the measurements. Note that reaction system is approaching the high pressure limit
at that regime and no substantial differences are expected between 700 and 760 Torr
for Cl the rate coefficient (see also text).

Reference reactions were selected such as the k/k.r ratios, for the two different

reference compounds to be relatively close to unity and to differ by a factor of ~2,
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(kcmscms/keme=ciz) in order to evaluate the sensitivity of our measurements. CH;CHj3;
was a common reference compound in both experimental techniques to compare the
corresponding results. The other reference compound was CH,=CH,, with well-
known and comparable CI atoms rate coefficient with HFIB. Note that both Cl atom
reactions proceed via an association mechanism, and therefore their rate coefficients
are temperature and pressure dependent. The rate coefficient for the reference reaction
was taken by interpolation of the non-linear fit of the data, and has higher uncertainty.
Similarly to OH rate coefficients, no substantial pressure dependence is expected in
that relatively high pressure regime (approaching the high pressure limit). Thus, the
kinetic results from the two independents facilities measured at 700 and 760 Torr can
be treated and analyzed together and the quoted value is referred to 1 atm without any
pressure correction. Adopting a linear least squares fit of the data, and forcing the fits
to pass through zero (since intercepts were always negligible) obtained the Cl reaction
rate coefficient, which was k,(296 K, 1 atm) = (3.45 £0.10) X10™"" ¢cm’® molecule™ s
The quoted error limits are at 95 % level of confidence and refers to the precision of
the fit, which also includes the error limits of the independent measurements.
Although the precision of relative rate measurements is very high (figure 3), it is
worth to note that the rate coefficients obtained using the relative rate method depends
strongly on the inherent systematic uncertainty of the selected reference reactions.
Therefore, the ratio 1, is also given in table 1 and the errors in the k; and k, including

the systematic uncertainties are presented in the subsection of kinetics in Discussion.

3.3 O3 Kinetics

To the best of our knowledge, the present rate coefficient value for the reaction of O;
with HFIB is the first in the literature. The O; kinetics was investigated under pseudo-
first-order conditions for both HFIB and O;. However, due to possible multiple
pathways of the Os loss or concentration drop inside the chamber, e.g., dilution, we
decided to maintain pseudo-first-order kinetic conditions for Oz (in excess) and
monitor HFIB decays. Any dilution or other first order dark losses of HFIB were
measured in separate experiments, in the absence of O;. The pseudo-first-order rate
coefficient that represents HFIB concentration drop, due to other than reaction with
Os processes was determined to be komer =(6.36 £0.15) x10° s, where the quoted

uncertainty is the 2o precision of the fit. The loss rate of HFIB is given:
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d[HFIB
L) = k3[05][HFIB] + Kogner [HFIB] (11)

while for Os excess (k3 X[O3] = k3”) leads to:

[HFIB);
[HFIB],

In = (k3 + Kotner) [HFIB] (12)

Figure 4 depicts the pseudo-first-order decay plots of HFIB at high O3 concentrations
(ie., (~37.2 — 44.6) x10" molecule cm™) that yields a total rate coefficient k3* = (5.95
+0.12) x10° 5!, which is identical to the dilution and other first-order losses of HFIB
(komer), Within experimental precision. Since no HFIB reactivity was observed even at
high O3 concentrations, an upper limit for the rate coefficient of the O; reaction with
HFIB was found to be k3 <9.0 x10”* ¢cm’ molecule” s, considering the marginal
difference between dark and reaction loss rate of HFIB. Note that any conversion of
O3 to OH radicals would lead to a faster HFIB loss and to even lower upper limit for
the reaction rate coefficient of O; with HFIB. However, since no HFIB reactivity was

observed in our chamber experiments there was no need for OH scavengers. .
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Figure 4. HFIB first order decay plot in the presence of Os;. The HFIB loss rate was
independent of dilution or any other first-order dark losses of HFIB, leading to an

upper limit for the O; rate coefficient k3(296 K, 1 atm) < 9.0 x 10_22 cm’ molecule™ s
1

3.4 IR Spectra and cross-sections

The infrared absorption spectra of HFIB were measured at 296 K using FTIR
spectroscopy with a spectral resolution of 1 cm™. The IR spectra obeyed the Beer’s
law, £1% precision, leading to linear dependence between absorbance and
concentration with negligible intercept, i. e., <1 %. Total pressure inside the optical
cell was varied between 10 and 100 Torr (He) without any pressure dependence.
Figure 5 shows the HFIB absorption spectrum in the atmospherically more relevant

wavenumber range, i. e., 600-1600 cm™. Strong absorption features were observed in
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this region, in consistence with most fluorinated compounds. The peak cross section
at 1197 cm™ was (3.21 £ 0.10) x10™"® cm® molecule™, and the integrated band strength
(IBS) over the most relevant to the atmosphere range, 600—1600 cm’, was (227 £
0.07) x 10"® ¢cm® molecule’ cm™. The quoted uncertainties include estimated
systematic errors. The infrared spectra are provided in digital form in the

Supplemental Material (Table S2).
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Figure 5. IR cross section spectrum of (CF3),C=CH, recorded at 296 K and 1 cm™
resolution.

3.5 OH radicals and Cl atoms initiated oxidation end-products
Figure 6 (a)-(c) shows the IR spectra of the reaction mixture in the Cl-initiated

oxidation of HFIB and for the absence of reference compounds. In particular, the IR
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spectrum prior to laser photolysis is shown in panel (a), after photolysis and
substantial reactant conversion in panel (b), and last for complete reactant conversion
in panel (c). Panel (d) shows the reference IR spectrum of hexafluoro-acetone. Panels
(b) and (c) show the presence of the CO vibration band centered at 2146 cm’™, and the
P, Q and R branches around ~1783 cm™ that correspond to HC(O)CL' CO could be
formed either via thermal decomposition of HCHO or via reactions of CI atoms with
HCHO and/or HC(O)CI. The observation of CO peak in the OH-initiated oxidation of
HFIB verifies the formation of HCHO in both atmospheric oxidation schemes.
Moreover, separate experiments were performed in the absence of laser light and by
recording sequential spectra after substantial and complete reactant conversion. It was
found that the HCI] formation was increasing, which indicates an additional source of
HCI formation, besides the Cl atom reactions with HCHO and HC(O)CI primary end-
products. Such HCI source could be the thermal decomposition of HC(O)CI, which
also leads to the formation of CO. However, the higher rate of CO increase compared
to that of HCI, clearly demonstrates that there is an additional pathway of CO
formation, suggesting that HCHO was also formed in Cl-initiated experiments either

in presence or absence of NOx.
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Figure 6. IR spectra of the reaction mixture in the Cl-initiated oxidation of HFIB and
in the absence of reference compound: a) prior to laser photolysis, b) at partial
conversion of reactants, ¢) at complete conversion of reactants, and d) (CF5),C(O)
reference spectrum at 1 cm™ resolution.

The observed end-products suggest that all reactions proceed mainly via an

electrophilic addition to the unsaturated double bond, in agreement with previous

16, 18, 19, 21, 22, 34, 36, 40 1
”””’Flgure

atmospheric oxidation scheme of HFIB initiated by Cl atoms and based on the above

end-products analysis.
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The precision, repeatability and reproducibility, of OH and CI atom relative rate
coefficient measurements were tested by using two independent experimental setups
and were proven high. Several experiments with each reference compound were
carried out in both facilities, by selecting different spectral bands and peaks for
monitoring HFIB and reference losses. HFIB impurity levels, <1.2 %, as determined
using NMR spectroscopy, are not expected to affect relative rate determinations, since
it is highly unlikely for compounds with similar degree of fluorination to have
significantly higher IR cross sections than HFIB, and significantly and systematically
interfere with HFIB in C-F absorption region, especially considering HFIB symmetry.
It is worth to note, that although the impurity was not identified, a higher degree of
fluorination would have resulted in higher purity levels in NMR analysis and thus the
effect in bands interference would have been canceled out. However, to further test
any impurity interference in the selected bands that HFIB was monitored, multiple
bands were simultaneously monitored in absence of the reference compounds, in
order to compare their relative loss. Different bands loss rate were identical, within 1
%, showing that HFIB impurities have a negligible effect, if any. Moreover, the
selected spectral bands for kinetic analysis were free of reaction products features, as
well, enabling highly precise measurements, better than +2%. In addition, the rate
coefficients obtained using three different reference compounds and two independent
lab facilities were in agreement within ~3%. Probable systematic errors stemming
from the corresponding errors in the rate coefficients of the reference reactions were
minimized using several well-established reference reactions that were checked in
both laboratories. Therefore, the precision of our rate coefficient measurements was
on the order of 3%, while the overall absolute uncertainty is estimated to be ~7% or

less, which includes the uncertainty in the reference reaction rate coefficients.

4. Discussion

4.1 Kinetics

During the course of this study Tovar ef a/. measured the relative rate coefficients for
the title reactions at 298 K and 760 Torr of synthetic air by using a reaction chamber,
and reported the values k(OH+(CF;3),C=CH;) =(6.58 +£2.25) X 10" and
k(Cl+(CF3),C=CH,) =(3.50 +0.85) x10"" cm’ molecule™ s*'.** Although the Cl rate
coefficient value is identical to that of Tovar et a/., within experimental precision, the

OH rate coefficient value is ~17 % higher compared to the one of Tovar et al.. It
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should be noted that the uncertainty of Tovar et al. value was ~34 %. Although our
value lies within their error limits, theirs is not encompassed in our 26 uncertainty,
even including the estimated systematic errors, which results in k;(296 K, 1 atm) =
(7.82 + 0.55) x10" cm® molecule” s and k(296 K, 1 atm) = (3.45 + 0.24) x 10
cm’ molecule™ s, respectively. The reason of such marginal difference between OH
rate coefficients is unknown, although the relatively high uncertainty in their value is
mainly due to the high error limits of reference reaction and the substantial scattering

of their data.

4.2 Atmospheric Implications

4.2.1 Tropospheric lifetimes

The atmospheric loss of HFIB is expected to occur via the gas-phase reactions with
the dominant oxidative species in the troposphere, i. e., OH radicals, Cl atoms, NO;
radicals and O3, and via the heterogeneous wet and dry deposition losses. Due to the
low absorption cross-sections of hydrofluoroolefins (HFO), within the actinic
spectrum region,'® photolysis is not expected to contribute significantly in the removal
of HFIB from the troposphere. NOj; radicals might also be an important sink,
particularly in night chemistry, since it is known that association reactions might be
relatively fast processes and NOs radicals relative abundance is quite high.*'*
However, Papadimitriou et al.', have shown that NOs chemistry does not have an
important contribution to the atmospheric oxidation of CF;CF,=CH, and a similar
behavior is expected for HFIB. The latter argument may also be supported by the
similar molecular structure of both compounds, since one —F atom in CF;CF,=CH;
has been replaced by a —CF; group in HFIB. Taking into account that —F atom and —
CF; group are characterized by similar electron withdrawing effects, ** ** the
electronic density of the double bond is expected to have similar distribution and the
reactivity towards NOj radicals to be similar too. On the top of that, the increased size
of —CF3; group compared to the —F atom is expected to lead to an increased steric
hindrance compared to —F atoms and to a further decrease in reactivity of HFIB
towards NO; radicals. Therefore, we conclude that NO; radicals are not expected to
have a significant effect in tropospheric lifetime of HFIB. Another potential gas phase
loss of HFIB could be the reaction with Osz. As noted in O3 kinetics section, due to the

lack of kinetic data for the O3 reaction with HFIB, in the literature, the present results
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cannot be compared with other studies. For an average O3 concentration of 35 ppb46

and an upper limit value of ks <9.0 x10%* cm® molecule™ s™, a lower limit of lifetime

1

Kou 103 The latter suggests that

~41 years was estimated using the expression 7o, =

the O3 chemistry constitutes a negligible atmospheric sink of HFIB. On the other hand
both OH radicals and Cl atoms lead to a rapid decomposition of HFIB and thus those
two processes were considered as the dominant reactions for the gas phase
degradation of HFIB in the troposphere, which also determine the tropospheric
lifetime of HFIB. However, it is worth to note that HFIB is a relatively short-lived
compound and thus it is expected that its lifetime is mainly governed by regional

emissions and it is very difficult to be determined globally. In this work we have

estimated HFIB local lifetime using the expression L =1 i, where Toy =
Tlocal ToH Tcl
and 74 = ;, using as [OH] and [CI] the average concentration in the
koy[OH] kci[Cl]

free troposphere, [OH]ay, = 106,47’ “ and [Cl]avg =10* molecule cm™.*° It is worth
noting that there is currently a large uncertainty in Cl atmospheric concentration
levels and the above average Cl concentration can be considered as a local maximum,
representative though, for the regions, where HFIB emissions are expected to be
higher. Therefore, the local OH lifetime was estimated to be ~15 days, while the local
Cl lifetime is ~34 days. The effective local lifetime including both OH and Cl
chemistry was estimated to be ~10.3 days. The latter demonstrates the importance of
the CI chemistry to the atmospheric oxidation of HFIB (~30% lower lifetime) and to
unsaturated fluorocarbons in general, in agreement with Papadimitriou ez al..'"® '® The
substantially more rapid degradation of HFOs induced by Cl atoms, which is in the
order of some decades to hundred times faster than OH radicals, may compensate for
the ClI non-well mixing and the lower mixing ratios in the atmosphere. Moreover, for
such short-lived compounds with the highest emissions expected in large cities, the CI
contribution might be even more important, since the highest CI levels have been
detected in polluted areas and in the marine boundary layer (MBL), where most
metropolitans are located. It is worth to note that the reported Cl average
concentrations in MBL are 1.3 x10° molecule cm>> and thus Cl importance is

expected to be even higher in those regions.
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620  4.2.2 Radiative Efficiency (RE), Global Warming Potentials (GWPs) and
621  Estimated Photochemical Ozone Creation Potential (sPOCP)

622  Radiative efficiency (RE) of HFIB was estimated using the IR spectra and the lifetime
623  estimations at 296 K obtained in this study by employing the approximation method
624  developed from Pinnock et al..’’ This approach is more appropriate for compounds
625 with diffuse absorption bands (like HFIB) and calculates REs for long-lived
626  compounds (LLC) with an estimated 10 — 15 %> uncertainty. Recently, Hodnebrog et
627  al.” revised the Pinnock ef al.>' model in order to improve the clouds representation
628 and the spatial atmospheric distribution of temperature and water vapor to scale
629  resolution 1 cm™. They also considered lifetime-dependent correction factors for
630  short-lived compounds (SLC), in order to include VOC that are not well mixed in the
631  troposphere. They estimated uncertainties of ca. 23 % for gases with lifetimes shorter
632  than 5 years and known IR absorption cross-sections. No significant difference in the
633  RE values was observed by adopting either model (<6%), and treating HFIB as LLC.
634  Thus we report only the results obtained using the Hodnebrog et al. >3 model and we
635  calculated RE by taking into account only the OH chemistry (RE(OH)), as well as
636  including the CI chemistry (RE(eff)). Therefore, HFIB radiative efficiency was found
637  to be RE(LLC) =0.254 W m™ ppb'1 (Pinnock et al.’': 0.270 W m™ ppb'l) considering
638 HFIB as LLC. Taking into account lifetime correction factors we calculated the
639  radiative efficiencies to be RE(SLC,0H) =0.033 W m™ ppb™', considering a lifetime-
640  dependent factor of 0.13 and solely the OH chemistry. In addition, RE(SLC,eff)
641  =0.024 W m” ppb" by including the Cl chemistry, which corresponds to a ca. 28 %
642  decrease. The global warming potentials (GWP) of HFIB for the 20, 100, and 500
643  year-time horizons are given in Table 3, along with the REs and the estimated
644  lifetimes.

645

646  Table 3. Lifetimes, Radiative efficiencies and Global Warming Potentials of HFIB

Lifetime (days) Radiative Efficiency (W m” ppb™)
o 14.8 LLC* SLC(OH)" SLC(eff)"
0.254 0.033 0.017
GWP, OH (eff)*
Ta 33.5 Time Horizon (years, LLC) Time Horizon (years, SLC)
20 100 500 20 100 500
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Teir 10.3 143(9.9) 41(28) 1208  1.9(1.0) 0.6(0.3)

0.2 (0.1)

* LLC stands for long lived compound

® SLC stands for short lived compounds and OH denotes the parameters estimates
taking into account only OH tropospheric removal of HFIB

¢ eff denotes the parameters estimates including both OH and Cl processing of HFIB
in the troposphere

4 GWPs in parentheses refer to the values including the CI chemistry

Our GWP calculations used the same integrated radiative forcing of CO, as in WMO
2007, and the obtained values are given in Table 3, which may be compared with the
GWP values reported by WMO 2007. The GWPs for HFIB treated as LLC are
GWP(OH)=4.1 and and GWP(eff)=2.8, excluding and including Cl chemistry,
respectively, for a hundred year-time-horizon. Treating HFIB as SLC resulted in even
lower GWPs by a factor of 7 to 8, for the same time horizon. Although HFIB
emissions to the atmosphere are currently unknown, the short atmospheric lifetime
and low GWP of HFIB will lead to minor impact to global warming and climate
change, unless HFIB emissions become significantly high. Finally, the £"°" was
calculated by adopting the Jenkin® and Derwent et al.”> method that is based only on
the molecular properties of considered compounds and their reactivity towards OH
radicals. €"°°F estimates the total incremental ozone increase in a multi-days

modeling, as by-product of the atmospheric oxidation of hydrocarbons, relative to

ethene, in the same mass basis. The expression used was:

POCP

POCP = a; x ys X YE (1 — ay X n¢) (13)

where a;, # and a, are the fit parameters obtained by plotting POCP versus & <" for

similar VOC, vy is the structure based ozone index (ys =(ng/M)x(28/6)), ylf is the

relative OH reactivity of the VOC compared to ethane ((y,ég =(kon/np)*(6/8.64x10
12)), M 1is the molecular mass, np is the number of C-C and C-H bonds and nc is
number of carbons. For reactions with koy between (0.4 — 4) x10"? cm® molecule™ s
! the suggested /8 value is 0.5, while a; and a,, are not defined for that reaction rate
coefficients range of alkenes, and thus a; was calculated normalizing alkanes behavior
to alkenes for intervals /4 = 0.25 and 0.5, leading to an increase of ~17 % and to an a;
=124.8. a; is not very sensitive and since no change was determined in alkanes for
0.25 and 0.5 intervals, a similar trend was assumed for alkenes; thus, the value of a;

= 0.03 was used in the above expression. Using the OH rate coefficient, the estimated
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photochemical ozone creation potential of HFIB was calculated to be € OCP(HFIB) =
4.60, which is in the same order of similar HFO and significantly lower than non-
fluorinated unsaturated hydrocarbons.® However, it is worth to note that for certain
compounds and at local scale, the Cl-initiated oxidation may be of equal importance
to the OH-initiated oxidation, especially over regions with high emissions, such as
coastal regions and polluted areas with rather high CI atoms mixing ratios. In such
cases, the Cl chemistry should be also considered, and this may lead to higher POCP

values.

4.2.3 Impact of Atmospheric Oxidation End-Products

The atmospheric lifecycle assessment of HFIB requires knowledge of the end-
products analysis, the mechanism of atmospheric degradation and the overall impact
to the atmosphere. The IR end-product analysis revealed that the dominant oxidation
end-products were hexafluoroacetone ((CF3),C(O)) and formaldehyde (HCHO) for
both OH and Cl initiated atmospheric oxidation. In addition, formyl chloride
(HC(O)Cl) was also identified as end co-product in the Cl-induced tropospheric
oxidation. (CF3),C(O) is not expected to be removed from the atmosphere via gas-
phase reactions, but most likely via heterogeneous wet and/or dry deposition
processes. Therefore, (CF3),C(O), will most likely lead to trifluoroacetic acid (TFA)
formation, which although cannot alter the global atmospheric budget, it is necessary
to identify and quantify its sources, in order to provide a better evaluation of non-
biogenic sources.'® >’ HCHO atmospheric lifetime is estimated to a few hours and the
major sinks are photolysis and OH- and Br-initiated gas phase chemistry,” producing
CHO radical, which subsequently will be converted to CO and HO,. However, HCHO
atmospheric abundance is primarily governed by the CH4 budget and the oxidation
processes, therefore HFIB can only have a negligible contribution to HCHO
atmospheric budget. Finally, HC(O)CIl, was identified as oxidation end-product in the
Cl-initiated reaction, similarly to what Papadimitriou e al.'® has observed for the
reaction of Cl atoms with CF;CF=CH,. As it has been discussed, HC(O)CI has a short
lifetime of ~1 month and cannot affect the CI load of the stratosphere, significantly.
However, other, more stable, chlorinated end-products of Cl initiated oxidation
reactions of unsaturated hydrocarbons can potentially act as tropospheric Cl carriers
into the stratosphere. Thus, the atmospheric oxidation of non-ozone depletion

substances (non-ODSs) may lead to stable ODSs that may lead to indirect threat to the
28
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stratospheric ozone layer. Therefore, hydrofluoroolefins (HFO), the most recent CFC
alternatives, need a case-by-case thorough kinetic study before their mass-scale

production and use.

5. Conclusions

In the present work, the OH radicals, CI atoms and O; gas phase kinetics towards
hexafluoroisobutylene (HFIB, (CF;),C=CH,) were studied at 296 K and 1 atm of
synthetic air. The Cl rate coefficient, k(296 K, 1 atm) = (3.45 £0.10) x10" cm’
molecule” s, was determined to be ~44 times higher compared to the OH rate,

k1(296 K, 700 Torr) = (7.82 £0.30) 10" cm® molecule™ s”'. The upper limit of the

O3 rate coefficient was, k3(296 K, 760 Torr) < (9.0 £ 0.3) x 10_22 cm’ molecule™ s,
which demonstrates that the O; chemistry has a negligible impact in atmospheric
lifetime of HFIB. Although the OH chemistry is expected to be predominant in the
tropospheric gas phase degradation of HFIB, the Cl chemistry should also be included
in the model calculations, especially in regions with elevated levels of Cl atoms, such
as coastal and polluted urban areas, where HFIB emissions may be high. The average
HFIB lifetime was determined to be ~14.8 days, considering only the OH chemistry
and ~10.3 days by including the Cl chemistry. The 30 % reduction of atmospheric
lifetime by including the CI chemistry, affects several critical atmospheric parameters,
such as radiative efficiency (RE), global warming potential (GWP) and mainly
photochemical ozone creation potential (POCP). The RE and GWP of HFIB were
estimated using the obtained IR cross-sections and average lifetimes, and treating
HFIB as LLC or SLC. In all cases, it was found a decrease of 50 % for both RE and
GWP by including the Cl chemistry. It is worth to note that although HFIB is a highly
fluorinated olefin, it has short atmospheric lifetime that leads to low GWP and
therefore is expected to have a minor impact to global warming and climate change.

In addition, £"°"

was calculated based on the molecular properties of HFIB and OH
reactivity, and was found to be ~5, which is in the same range with POCPs of similar
structure HFOs and substantially lower than that of non-fluorinated unsaturated
hydrocarbons, e. g., ethene and isopropylene. However, it is important to consider the
influence of Cl reactivity to POCP, especially considering that the atmospheric impact
of short lived compounds, such as HFIB, will be more local than global and their

main emissions would be in areas with increased levels of Cl atoms. On top of that, Cl
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reactions with HFOs are typically 10-100 times faster than OH reactions, in
comparison with alkanes that Cl initiated oxidation might be of minor importance,
since OH reactions are ~10 times slower or less and they are ~ 100 time more
abundant. Finally, the oxidation end-products of HFIB were (CF3),C(O) and HCHO,
as well as HC(O)CI in the CI initiated scheme. Both (CF3),C(O) and HCHO are
expected to have a minor impact to atmospheric chemistry, considering that their
degradation products have not a substantial input to the atmospheric budgets of TFA,
HCHO or CO. On the other hand, HC(O)CI formation indicates that CI association
reactions with HFOs (non-ODSs) may lead to ODSs formation. However, the impact
of HC(O)CI to ozone depletion is expected to be minor, considering its short lifetime,
as well as the short lifetime of HFIB (degradation in lower troposphere), which limits
the transfer of tropospheric Cl budget to the stratosphere. Hence, in the selection of an
HFO as CFC substitute, it is also important to specify the amount of potentially stable
chlorinated by-products generated via Cl atoms oxidation, which may have negative

impact to the ozone layer.
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