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2 

 

The rate coefficients for the gas phase reactions of OH radicals, k1, Cl atoms, k2, and 30 

O3, k3, with 3,3,3-Trifluoro-2(trifluoromethyl)-1-propene ((CF3)2C=CH2, 31 

hexafluoroisobutylene, HFIB) were determined at room temperature and atmospheric 32 

pressure employing the relative rate method and using two atmospheric simulation 33 

chambers and a static photochemical reactor. OH and Cl rate coefficients obtained by 34 

both techniques were indistinguishable, within experimental precision, and the 35 

average values were k1 =(7.82 ±0.55) ×10
-13

 cm
3
 molecule

-1
 s

-1
 and k2 =(3.45 ±0.24) 36 

×10
-11

 cm
3
 molecule

-1
 s

-1
, respectively. The quoted uncertainties are at 95 % level of 37 

confidence and include the estimated systematic uncertainties. An upper limit for the 38 

O3 rate coefficient was determined to be k3 <9.0× 10
-22

 cm
3
 molecule

-1
 s

-1
. In Global 39 

Warming Potential (GWP) calculations, radiative efficiency (RE) was determined 40 

from the measured IR absorption cross-sections and treating HFIB both as long (LLC) 41 

and short (SLC) lived compound, including estimated lifetime dependent factors in 42 

the SLC case.  HFIB lifetime was estimated from kinetic measurements considering 43 

merely the OH reaction, τΟΗ =14.8 days and including both OH and Cl chemistry, τeff 44 

=10.3 days. Therefore, GWP(HFIB, OH) and GWP(HFIB, eff) were estimated to be 45 

4.1 (LLC) and 0.6 (SLC), as well as 2.8 (LLC) and 0.3 (SLC) for a hundred year time 46 

horizon. Moreover, the estimated photochemical ozone creation potential (ε
POCP

) of 47 

HFIB was calculated to be 4.60. Finally, HCHO and (CF3)2C(O) were identified as 48 

final oxidation products in both OH- and Cl-initiated oxidation, while HC(O)Cl was 49 

additionally observed in the Cl-initiated oxidation.  50 

 51 

 52 

Keywords: OH Kinetics, Cl Kinetics, O3 Kinetics, Relative Rate Measurements 53 

Hydro-Fluorinated Olefins (HFO), IR Absorption Cross Sections, Global Warming 54 

Potential (GWP), Estimated Photochemical Ozone Creation Potential (ε
POCP

), 55 

Atmospheric Photochemistry   56 
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3 

 

1. Introduction 57 

The well-established adverse effects of chlorofluorocarbons (CFC) in the 58 

stratospheric ozone layer and the climate has led to the search of new, non-ozone 59 

depleting substances (non-ODS) as replacements,
1
 in accordance to the Montreal 60 

Protocol and the subsequent amendments. Several fluorinated compounds have been 61 

proposed over the last decade as viable CFC substitutes, such as partially fluorinated 62 

alkanes (HFC),
2
 ethers (HFE)

3
 and alcohols (HFA).

4
 However, more recently a new 63 

generation of compounds, such as partially fluorinated olefins (HFO), are considered 64 

by the industry as sustainable CFC substitutes, since they have suitable 65 

physicochemical properties for a wide range of applications (refrigeration, 66 

propellants, etc). But prior to use of such fluorinated compounds, it is necessary to 67 

assess their environmental impact, and at first to specify the atmospheric fate of these 68 

volatile organic compounds upon their release into the troposphere. It is therefore 69 

significant to study the gas phase kinetics of these compounds with the primary 70 

atmospheric oxidants, i.e., hydroxyl (OH) and nitrate radicals (NO3), chlorine atoms 71 

(Cl), and ozone (O3), as well as to specify the final oxidation products at tropospheric 72 

conditions. Also it should be stressed that the oxidation of fluorinated alkenes is of 73 

particular interest for both atmospheric and combustion chemistry.
5
 Finally, the 74 

ozonolysis of alkenes is known to occur via a complex reaction mechanism that 75 

involves the formation of highly reactive Criegee intermediate radicals, and such 76 

processes may play a significant role in atmospheric chemistry.
6-8

  77 

Furthermore, the molecular dynamics for the reactions of fluorinated alkenes 78 

with OH and NO3 radicals, Cl atoms and O3 are of particular importance to the 79 

fundamental understanding of such molecular processes. The latter is due to the 80 

presence of the olefin double bond and the electronegative nature of F atoms that 81 

favor the addition pathways to two sites against the hydrogen abstraction pathways, 82 

depending on the temperature and pressure regimes.
9-12

 The reaction intermediates 83 

and final products of the above reactions may also vary depending on the 84 

stereochemistry of the fluorinated alkenes and the temperature and pressures 85 

conditions.
13

 86 

The kinetics and mechanism of OH radical reactions with several fluorinated 87 

alkenes have been investigated in the past by several experimental studies
14-25

 at room 88 

temperature and atmospheric pressure, and theoretical studies.
10, 11, 26-28

 The reactions 89 

of Cl atoms with many fluorinated alkenes have also been examined by several 90 
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experimental studies
16, 20, 29

 and a few theoretical studies.
10

 In addition, the reactivity 91 

of NO3 radicals with several HFOs has also been investigated.
16, 30, 31

 On the contrary, 92 

the ozonolysis of fluorinated alkenes has not been studied extensively.
25, 32, 33

 Several 93 

of the above studies have also performed analysis of the final oxidation products. 94 

 The present study has measured the rate coefficients for the gas phase 95 

reactions of hexafluoroisobutylene ((CF3)2C=CH2, HFIB) with OH radicals, Cl atoms 96 

and O3 at room temperature and atmospheric pressure (N2 or N2/O2), employing 97 

relative rate methods and using two atmospheric simulation chambers (SC) and the 98 

static technique of the thermostated photochemical reactor coupled with an FTIR 99 

spectrophotometer (TPCR/FTIR). Furthermore, the final oxidation products of the 100 

above reactions were identified at room temperature and 700 (TPCR/FTIR) and 760 101 

(SC) Torr total pressure (N2/O2), and the atmospheric degradation mechanism of 102 

HFIB was examined. Finally, HFIB radiative efficiency (RE), global warming 103 

potential (GWP) and estimated photochemical ozone creation potential (ε
POCP

) were 104 

calculated using the IR absorption cross-sections and OH and Cl rate coefficients 105 

measured in the present work, and the atmospheric impact of HFIB is discussed. 106 

During the course of the present study, Tovar et al.
34

 also measured rate coefficients 107 

for the reaction of HFIB with Cl and OH at 298 K and 760 Torr , by employing the 108 

relative rate method and results are compared and discussed.  109 

 110 

2. Experimental 111 

The experimental techniques used, TPCR/FTIR
35

 at the University of Crete and two 112 

atmospheric simulation chambers
36

 at CNRS-Orleans (France), have been presented 113 

in detail previously, and only a short description is given herein.  114 

 115 

2.1. TPCR/FTIR technique and Relative Rate method 116 

A schematic of the experimental setup is given in Figure 1.  117 
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5 

 

 118 

Figure 1. Simplified scheme of the Thermostated Photochemical Reactor apparatus 119 

coupled with FTIR Spectroscopy. Dotted lines and arrows show the reaction mixture 120 

circulation and homogenization between reaction and optical detection cells. 121 

Description of all the components involved is given as inset in the block diagram. 122 

 123 

The major components of the TPCR/FTIR apparatus include: a) A 100 cm long 124 

jacketed Pyrex reactor of internal diameter, i.d. = 4 cm (VReactor ~1.2 dm
3
), equipped 125 

with quartz windows at both ends, so as to be transparent to the UV light and three 126 

gas-ports that allow reactants admission, circulation, evacuation and pressure 127 

measurement, b) an Nd:YAG laser of which the 3
rd

 harmonic (λ = 355 nm) was used 128 

to photolyze the appropriate precursors for producing Cl atoms or OH radicals, c) an 129 

FTIR spectrophotometer that hosts the optical cell (VIR Cell ~0.1 dm
3
) for performing 130 

reactants and products analysis and d) a circulation pump that interconnects reactor 131 

with optical cell (Vtubing ~0.04 dm
3
) and ensure the homogeneity of the reaction 132 

mixture between the two volumes (20 dm
3
 min

-1
 delivery at atmospheric pressure). 133 

The experimental room temperature was ~296 ±1 K. 134 

 The basic concept in the relative rate method is to monitor the competitive loss 135 

of the reactants of interest, i.e., HFIB, and reference compound (ref).  The key 136 
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condition in relative rate determinations is to ensure that both reactants are solely lost 137 

due to their gas phase reaction with OH radicals or Cl atoms and no other sinks or 138 

production pathways affect the measured reactants concentrations. The reference 139 

reactions for the OH and Cl rate measurements were chosen the well-established 140 

reactions of OH with ethylene (CH2=CH2), k4, and Cl + ethylene (CH2=CH2), k5, and 141 

Cl + ethane (CH3CH3), k6, respectively. The generic reaction scheme is: 142 

 X (OH or Cl) + (CF3)2C=CH2    products, k (1) 143 

 OH + reference      products, kref (2) 144 

and by employing rate laws, it can be proved that the rate coefficients are related via 145 

the expression: 146 

  (3) 147 

where the indices 0 and t refer to the initial and at time t concentrations of HFIB and 148 

reference compounds, respectively. The reference reaction rate coefficients used 149 

were: k4(296 K, 700 Torr) = 6.97 ×10
-12

 cm
3
 molecule

-1
 s

-1
, k5(296 K, 700 Torr) = 150 

1.03 ×10
-10

 cm
3
 molecule

-1
 s

-1
 and k6(296 K, 700 Torr) = 5.7 ×10

-11
 cm

3
 molecule

-1
 s

-
151 

1
.
37

 It is worth to note that that k4 and k5 has been determined from the corresponding 152 

termolecular expressions at 296 K and 700 Torr.
37

 OH radicals were produced inside 153 

the TPCR reactor via 355 nm photolysis of CH3ONO in presence of O2 and NO, 154 

following the reaction scheme: 155 

������			
���	�	

���� 			����		 + 		��  (4) 156 

����		 + 			��
																

���� 			��� 		+ 		����  (5) 157 

��� 			+			��			
																		

����� 			��		 + 		���  (6) 158 

CH3ONO UV cross-section at 355 nm has been determined by Taylor et al.
38

  to be 159 

σ(CH3ONO, 355 nm) = 2.16 ×10
-19

 cm
2
 molecule

-1
 with a dissociation yield of ~0.8. 160 

Similarly, Cl atoms were formed via Cl2 pulsed lased photolysis at 355 nm: 161 

��� 			
���	�	

���� 			2��  (7) 162 

Burkholder et al.
39

 have measured the UV absorption cross-section of Cl2 at 355 nm to 163 

be σ(Cl2, 355 nm) = 1.66 ×10
-19

 cm
2
 molecule

-1
, with a quantum yield of 2. Note that 164 

UV cross-sections and quantum yields are not necessary in measuring the relative rate 165 

coefficients, but they are used to estimate the initial concentrations of OH radicals and 166 

Cl atoms, given by the expression: 167 

[X]0 = [Precursor] ×  σ(Precursor, 355 nm) × ΦΧ × F                                                 (8) 168 

[ ]
[ ]

[ ]
[ ] 









=








tet k

k

ref

ref
ln

HFIB

HFIB
ln 0

fr

0
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7 

 

where [Precursor] represents Cl2 or CH3ONO initial concentration, σ(Precursor, 355 169 

nm) is the precursor UV cross-section at 355 nm, ΦΧ declares the reactive species 170 

production quantum yield and F, the laser fluence in photons cm
-2

.  171 

 In a typical kinetic measurement HFIB, reference compound, Cl2 or CH3ONO 172 

and synthetic air (80% N2/O2) were initially added into the reactor and consequently 173 

were mixed for adequate time to ensure homogeneous mixing, both in the reaction 174 

and optical cells. The latter was confirmed by monitoring characteristic IR peaks of 175 

HFIB during the whole process until less than 1% intensity change to be observed, 176 

and mixing time was ~15 minutes. The initial pressure range of reactants was 177 

(3.3−28.0) ×10
16

 molecule cm
-3

 (Cl2 or CH3ONO), (2.0 −5.6) ×10
16

 molecule cm
-3

 178 

(HFIB), (0.6 −8.5) ×10
16

 molecule cm
-3 

(CH3CH3, CH3CH2CH3 or CH2CH2), and 179 

synthetic air (N2/O2) was added to reach a total pressure of 700 Torr. Once reaction 180 

mixture homogeneity was achieved the infrared absorption spectrum was recorded. 181 

Then, the reaction mixture was irradiated to produce Cl atoms or OH radicals and the 182 

competitive reactions were initiated. The reaction mixture was initially recycled 183 

through the reaction and optical cells during photolysis period, then the circulation 184 

was stopped and a second infrared absorption spectrum was recorded, which register 185 

the relative losses of HFIB and reference compound. IR spectra were recorded in the 186 

range 400 – 4000 cm
-1

 and at 1 cm
-1

 resolution, using 20 co-added scans. Depending 187 

on the initial precursor concentration the number of laser photolysis pulses (at 355 188 

nm) was ~1000 – 2000 in order, to yield 5 – 10 % losses for both compounds. Typical 189 

laser fluence was 35 mJ pulse
-1

. The photolysis experimental cycle was repeated 190 

several times until a ~70 % depletion of both compounds to be reached, where it was 191 

possible. Before any kinetic measurement, both reactant and reference compound 192 

losses were measured under dark conditions (no laser photolysis) to estimate other 193 

probable reactant losses (e. g., wall losses) besides the main reaction. Moreover, the 194 

reaction mixtures were also irradiated in the absence of Cl or OH precursors to test 195 

any possible photolysis of reactants. In both separate test measurements, no 196 

significant fluctuation (<1%) of reactant concentrations was observed. Finally, several 197 

experiments were performed using N2 (no O2) as bath gas to evaluate the role of O2. 198 

For the OH reactions, the rate coefficients were indistinguishable within experimental 199 

precision in the presence or absence of O2, while for the Cl reactions there was a non-200 

linear behavior. In particular, for O2 partial pressures lower than 5 Torr, the rate 201 
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8 

 

coefficient plots showed a systematic curvature that was more intense at higher 202 

reactants losses. The latter suggests the formation of unstable intermediate adducts, 203 

which initiate secondary reactions that lead to additional reactant losses. Therefore, 204 

the reported Cl atom rate coefficients correspond to experiments without any such 205 

non-linear behavior within experimental precision, by using the appropriate O2 206 

concentration, 207 

 208 

2.2. Atmospheric Simulation Chambers (SC) 209 

Investigations were carried out at 296 ± 2 K and atmospheric pressure in two different 210 

collapsible FEP Teflon reaction chambers, with volumes of approximately 7300 and 211 

140 L, respectively. Fans positioned at the lower part of each chamber were ensured 212 

the homogeneity. The chambers were surrounded by banks of fluorescent lamps, 213 

which provided sources of radiation centered at 254 nm (Philips germicidal lamps 214 

TUV, 15W) and 365 nm (Philips, TL 20W/05), respectively. The reaction chambers 215 

were approximately half-filled by a diluent gas, typically zero-grade air, via Teflon 216 

tubing, using calibrated flow meters. Measured pressures (MKS Baratron capacitance 217 

manometers) of the reactants were then expanded into the evacuated vacuum line and 218 

isolated in a calibrated mixing bulb, from which they were swept into the reaction 219 

chamber by a stream of zero-grade air. HFIB was also introduced via expansion into 220 

the chamber from a 0.9 L calibrated reference volume. Concentrated hydrogen 221 

peroxide solution was injected directly into the chamber, in the beginning of the 222 

experiment, after bubbling N2 over a 35 % H2O2 sample, overnight. Ozone was 223 

generated by passing zero-grade air through an ozone generator (Monitor Labs) and 224 

was supplied into the reaction chamber. Ozone was detected both via an ozone 225 

monitor (HORIBA APOA 370) and FTIR spectroscopy and kinetic results were 226 

consistent to each other. Cl2 was expanded to the 140 L volume chamber from a 227 

calibrated volume of 40 L, to an approximate of (5.4 – 6.4) ×10
14

 molecule cm
-3

. 228 

Reactants were initially introduced into the chamber and then zero-grade air to ca. 760 229 

Torr total pressure was added; the mixture was kept in dark for at least 1 h to allow 230 

complete mixing of reactants. A homogeneous reaction mixture was confirmed by 231 

consistent, reproducible FTIR or gas chromatographic analysis. 232 

Hydroxyl radicals were generated by the photolysis of hydrogen peroxide:  233 

���� 			
���	�	

���� 			2	��                                                    (9) 234 
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Molecular chlorine was photolyzed to produce chlorine atoms: 235 

��� 			
���	�	

���� 			2	��                                                        (10) 236 

Typical initial mixing ratios for HFIB and references were (3.7 – 4.2) ×10
13

 (HFIB) 237 

and (3.7 – 4.2) ×10
13

 (C2H6) and (2.2 – 3.7) ×10
13

 (C3H8) molecule cm
-3

 in OH 238 

measurements and (19.8 – 24.8) ×10
13

 (HFIB) and (8.7 – 21.1) ×10
13

 (C2H6) molecule 239 

cm
-3

 in Cl kinetic measurements, respectively. In ozone rate coefficient 240 

determinations, [O3] was varied between (0.3 – 49.6) ×10
13

 molecule cm
-3

, while 241 

HFIB was varied between (0.05 – 5.5) ×10
13

 molecule cm
-3

. It is worth to note that in 242 

the O3 kinetic measurements, no HFIB reactivity was measured for a single 243 

concentration of either compound in excess. Thus only the upper limit for O3 rate 244 

coefficient was determined, by measuring dilution and other possible losses of the 245 

reactants inside the chamber.  Mixtures of HFIB, reference, and radical precursors 246 

were photolyzed until about 50% depletion of the HFIB and/or reference compound 247 

were achieved. These conversion levels minimize any complications arising from 248 

secondary chemistry and competing reactions of primary photolysis products. The 249 

reaction mixtures in Cl rate measurements were analyzed using gas chromatography 250 

coupled to a flame ionisation detector (GC-FID, Star 3800 CX, Varian). Sampling 251 

volume and dilution were determined to be negligible for Cl kinetic measurements. In 252 

OH and O3 kinetics, reactants and oxidation products are detected in the ppb – ppm 253 

range (~10
12

 – 10
15

 molecule cm
-3

) via a multi-reflection white type mirrors system 254 

(143 m path length), which is mounted inside the reactor and interfaced to an FT-IR 255 

spectrometer (Nicolet Magna 5700), fitted with mercury cadmium telluride (MCT) 256 

detectors. Spectra were recorded over the range 600-4000 cm
-1

 and with a resolution 257 

of 1 cm
-1

. Each resulting spectrum was derived from the co-addition of 130 scans 258 

under these conditions. SF6 was used as a marker in OH and O3 experiments in order 259 

to determine dilution and other possible non-reactive HFIB losses. NOx 260 

concentrations were continuously monitored using an online analyzer (HORIBA 261 

APNA 360).  262 

 263 

2.3 Infrared Absorption Spectra 264 

The infrared absorption spectra of HFIB were determined at 296 ± 1 K over the range 265 

500 to 4000 cm
-1

 using an FTIR spectrometer (JASCO FT/IR-6300). The spectra were 266 

measured at 1.0 cm
-1

 resolution, by taking 20 co-added scans in a 16.3 cm long optical 267 
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cell, with KBr windows attached at both ends. Absorption cross sections, σ, and 268 

integrated bands strengths, IBS, were determined using the Beer’s law, A = σ × l × 269 

[HFIB], where A represents the absorbance in base e, σ, the IR cross-section in cm
2
 270 

molecule
-1

, l, the optical path length in cm and HFIB concentrations in molecule cm
-3

. 271 

HFIB concentration was determined using absolute pressure measurements and the 272 

ideal gas law, while absorbance was varied between 0.05 and 0.7. The HFIB samples 273 

were added to the infrared absorption cell from dilute manometrically prepared 274 

mixtures in He, with 0.97% and 1.43% mixing ratios varying the total pressure 275 

between 10 and 100 Torr. HFIB mixtures were prepared either via turbulent mixing or 276 

via freezing HFIB at liquid N2 temperature and filling round bulb’s head space with 277 

the required He pressure, in order to minimize systematic errors in mixture 278 

preparation method. At least 8 different concentrations were used in the cross section 279 

determination for each set of the measurements. HFIB concentrations used were in the 280 

range (0.37–3.05) × 10
16

 molecule cm
-3

.  IR spectra were also recorded at higher 281 

resolutions, R =0.5 and 0.25 cm
-1

 with increased co-added scans, to achieve similar 282 

sensitivity with the spectra recorded at R =1 cm
-1

. No significant cross-section 283 

dependence on resolution was observed within experimental precision with the 284 

exception of the Q-branch peak cross sections, where ca. 5% decrease was measured 285 

between the highest and the lowest resolution. IBS values of HFIB were independent 286 

of resolution and pressure, therefore may be used to accurately estimate the radiative 287 

efficiency. 288 

 289 

2.4 Materials 290 

N2 (UHP, 99.99%) and synthetic air, 80% N2/O2, (UHP, 99.99%) were used as 291 

supplied.  Concentrated H2O2 was prepared by bubbling N2 through a sample that was 292 

initially at ~35% mole fraction for a few days.  10 % mixtures of Cl2 in He were 293 

prepared manometrically from pure Cl2 (Linde, 99.8 %) and He (Linde, 99.996 %).  294 

HFIB (Apollo Scientific, >99.8%), C2H6 (Alpha Gaz or Linde, 99.5%), C2H4 295 

(Alpha Gaz or Linde, 99.99%), C3H8 (Alpha Gaz, 99.8%) and SF6 (Alpha Gaz, >99.9 296 

%) samples were degassed several times through freeze-pump-thaw cycles at 77 K 297 

prior to use. HFIB samples, in particular, were further analyzed using 
1
H, 

13
C and 

19
F 298 

gas phase NMR spectroscopy. Apart from the main HFIB peak, the 
19

F NMR gas 299 

phase spectrum (Figure S1) contained two minor peaks from unknown fluorinated 300 

impurities, in the chemical shift range characteristic of –CF3 groups. Assuming the 301 
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impurities contain one –CF3 group per molecule, HFIB is calculated to be 98.8% pure, 302 

while for two –CF3 group per molecule, HFIB is 99.4% pure. Integration of the 
1
H 303 

NMR gas phase spectrum showed HFIB to be approx. 98.8% pure (Table S1). Typical 304 

gas phase NMR spectra are presented in supporting information (Figure S1).  For 305 

kinetic measurements, the sample was directly introduced into the reactor from the 306 

container since fluorinated impurities at this levels are not expected to have any effect 307 

(see error analysis section). The pressure inside the reactor and the optical cell was 308 

measured with calibrated differential pressure sensor diaphragms. 309 

 310 

3 Results 311 

This section includes the kinetic results for the gas phase reactions of OH radicals, Cl 312 

atoms and O3 with HFIB at 296 K and 700−760 Torr, using both experimental 313 

techniques. Moreover, IR cross-sections of HFIB and the end-products analysis for 314 

the OH- and Cl-initiated oxidation are presented. 315 

 316 

3.1 OH Kinetics 317 

The results and conditions of the relative OH rate coefficient measurements are 318 

summarized in Table 1. The rate coefficients represent the average values obtained by 319 

both experimental techniques. The quoted uncertainties also include the extremes of 320 

the estimated uncertainties for the reference reactions. The precision of rate 321 

coefficient measurements was high, and the agreement between both experimental 322 

techniques was excellent, validating the reproducibility of our measurements.  323 

 324 

Table1. Relative rate ratios and rate coefficients and conditions for the gas phase 325 

reaction of OH radicals with (CF3)2C=CH2.  326 
Pressure

a
 

(Torr) 

[(CF3)2C=CH2]
b
 [CH3ONO]

b,c
 [CH2=CH2]

b
 r:(k1/kRef) 

±2σ
d 

 

k1±2σ
d 

(10
-11

 cm
3
 molecule

-1
 s

-1
) 

Reference Reaction: OH+CH2=CH2,
37

 kCH2=CH2(296K)=6.97×10
-12

 cm
3
 molecule

-1
 s

-1
 (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 7.3 0.11±0.01 7.99±0.30 

k1(296 K, 700 Torr)= (7.92 ±0.20) ×10
-13

 cm
3
 molecule

-1
 s

-1
 

Reference Reaction: OH+CH3CH2CH3,
37 kCH3CH2CH3(296K)=1.10×10-12 cm3 molecule-1 s-1 (SC) 

760 0.33 - 0.32 0.71±0.01 7.54±0.11 
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760 0.37 - 0.53 0.73±0.01 7.77±0.12 

k1(296 K, 760 Torr)= (7.66 ±0.23) ×10
-13

 cm
3
 molecule

-1
 s

-1
 

Reference Reaction: OH+CH3CH3,
37

 kCH3CH3(296K)=2.50×10
-13

 cm
3
 molecule

-1
 s

-1
 (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) ×10
-13

 cm
3
 molecule

-1
 s

-1
 

a
 All experiments performed with synthetic air (80% N2, 20% O2) as a bath gas 327 

b
 CH3ONO, (CF3)2C=CH2 and CH2=CH2 concentrations referred in 10

15
 molecule cm

-3
.  328 

c
 Dashes in CH3ONO concentrations column denote that H2O2 has been used as OH 329 

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

330 
d
 The quoted uncertainties are at 95% level of confidence and refer only to the 331 

precision of the least-square fit of ln ([(CF3)2C=CH2]0/[(CF3)2C=CH2]t) versus ln 332 

([CH2=CH2]0/[CH2=CH2]t) 333 

 334 

The plots of expression 3 for OH reactions with HFIB and three reference compounds 335 

at T = 296 K and P = 700 Torr (TPCR/FTIR) and 760 Torr (SC) are presented in 336 

figure 2. These plots also compare the experimental results obtained by both 337 

experimental techniques. Three different reference reactions were used to minimize 338 

possible systematic uncertainties stemming from the reference reactions. All reference 339 

reactions have been well studied in the past and have rate coefficients comparable to 340 

the title reaction, and k/kref was varied ~30 times (0.10 – 3.2). The latter demonstrates 341 

the high sensitivity of our method, because even for the highest and lowest kref values 342 

the derived k/kref values were identical and very precise. In Figure 2, all three 343 

references provide reproducible results and are well represented by straight lines with 344 

negligible (almost zero) intercepts, in consistence with expression 3. Rate coefficients 345 

were obtained by forcing the fits to pass through zero, in accordance with expression 346 

3 and since the intercepts were negligible and within our experimental precision. The 347 

obtained k/kref values were in agreement within ~3 % for all three reference reactions 348 

(see Table 1). For each reference reaction several independent measurements were 349 

carried out to evaluate the precision of our measurements. Both precision and 350 

reproducibility were high. It is worth to note, that no pressure dependence was 351 

observed between 700 and 760 Torr, within measurements precision, indicating that 352 

the reaction, in that pressure regime, is approaching the high pressure limit. Therefore, 353 

even though the independent rate coefficients determined in the two different facilities 354 

were measured at different pressures (700 and 760 Torr), this difference has a non-355 

measurable, if any, effect in reaction kinetics in that regime; thus, an average value at 356 
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P =1 atm is quoted in this work, without any pressure correction to be included, since 357 

it would probably increase the uncertainties of the quoted rate coefficient values. The 358 

average value of all three independent measurements resulted in a rate coefficient 359 

k1(296 K, 1 atm) = (7.82 ± 0.30) ×10
-13 

 cm
3
 molecule

-1
 s

-1
. The quoted uncertainties 360 

are the 2σ precision of the fits and encompass the uncertainties extremes of each 361 

measurement.  362 

 363 

 364 

Figure 2.  Relative rate data obtained at room temperature, 296 K, and 700 365 

(TPCR/FTIR) and 760 (SC) Torr for the reaction of OH with (CF3)2C=CH2 using 366 

CH3CH3 and CH3CH2CH3 and CH2=CH2 as reference compounds. Synthetic air was 367 

used in all measurements. Symbols are explained as insets and dotted lines are linear 368 

least-squares fits of the data to equation VII and the average rate coefficient that they 369 

yield is k1(296 K, 1 atm) = (7.82 ±0.30) ×10
-13 

 cm
3
 molecule

-1
 s

-1
. Note that reaction 370 

system is approaching the high pressure limit at that regime and no substantial 371 

differences are expected between 700 and 760 Torr for the rate coefficient (see also 372 
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text). The quoted uncertainty is at 95 % level of confidence and encompasses the error 373 

limits of the three independent measurements. The error bars represent an upper limit 374 

for the precision of the measurements. 375 

 376 

3.2 Cl Kinetics 377 

The summary of the experimental conditions and results for the gas phase reactions of 378 

Cl atoms with HFIB are presented in table 2. Experiments were carried out using N2 379 

as bath gas and with O2 pressures varied between 0 – 140 Torr. At O2 pressures less 380 

than 5 Torr, the kinetic measurements’ plots exhibited a curvature indicating that the 381 

excited Cl-adduct formed is less stable than the corresponding OH-adduct.
16

 382 

Therefore, all Cl kinetic measurements were performed with sufficient amounts of O2 383 

to inhibit secondary chemistry.  384 

 385 

Table 2. Relative rate ratios and rate coefficients and conditions for the gas phase 386 

reaction of Cl atoms with (CF3)2C=CH2. 387 

Pressure
a 

(Torr of O2) 

[Cl2]
b
 [(CF3)2C=CH2]

b
 [Reference]

b
 r0:(k2/kRef) 

±2σ
c
 

k2±2σ
c
 

(10
-11

 cm
3
 molecule

-1
 s

-1
) 

Reference Reaction: Cl+CH3CH3,
37 kCH3CH3(296K)=5.70 × 10-11 cm3 molecule-1 s-1 (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) 32.4 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) × 10
-11

 cm
3 

molecule
-1

 s
-1

 
Reference Reaction: Cl+CH2=CH2,37 kCH2CH2(296K)=1.03 × 10-10 cm3 molecule-1 s-1 (SC) 

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 

k2(296K, 700Torr)=(3.40±0.17) × 10
-11

 cm
3 

molecule
-1

 s
-1

 
Reference Reaction: Cl+CH3CH3,

37
 kCH3CH3(296K)=5.70 × 10

-11
 cm

3 
molecule

-1
 s

-1
 (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) × 10
-11

 cm
3 

molecule
-1

 s
-1

 
a 
All experiments performed with synthetic air (80% N2, 20% O2) as a bath gas unless 388 

otherwise noted 389 
b 

Cl2, (CF3)2C=CH2 and Reference concentrations referred in 10
15

 molecule cm
-3 

390 
c
 The quoted uncertainties are at 95% level of confidence and refer only to the 391 

precision of the least-square fit of ln ([(CF3)2C=CH2]0/[(CF3)2C=CH2]t) versus ln 392 

([Ref]0/[Ref]t) 393 

 394 

Figure 3 shows the plots of expression 3 for Cl atom reactions with HFIB and two 395 

reference compounds at T = 296 K and P = 700 and 760 Torr, taken by both 396 

experimental techniques. Solid square symbols represent data taken using the 397 
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TPCR/FTIR technique, and solid circles data taken using the atmospheric simulation 398 

chambers (SC).  399 

 400 

Figure 3.  Relative rate data obtained at room temperature, 296 K, and 700 401 

(TPCR/FTIR) and 760 (SC) Torr for the reaction of Cl atoms with (CF3)2C=CH2 402 

using CH3CH3 and CH2=CH2 as reference compounds. Synthetic air was used in all 403 

measurements. Symbols are explained as insets and dotted lines are linear least-404 

squares fits of the data to equation VII and the average rate coefficient that they yield 405 

is k2(296 K, 1 atm) = (3.45 ±0.10) ×10
-11 

 cm
3
 molecule

-1
 s

-1
. The quoted uncertainty 406 

is at 95 % level of confidence and encompasses the error limits of the three 407 

independent measurements. The error bars represent an upper limit for the precision 408 

of the measurements. Note that reaction system is approaching the high pressure limit 409 

at that regime and no substantial differences are expected between 700 and 760 Torr 410 

for Cl the rate coefficient (see also text). 411 

 412 

Reference reactions were selected such as the k/kref ratios, for the two different 413 

reference compounds to be relatively close to unity and to differ by a factor of ~2, 414 
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(kCH3CH3/kCH2=CH2) in order to evaluate the sensitivity of our measurements. CH3CH3 415 

was a common reference compound in both experimental techniques to compare the 416 

corresponding results. The other reference compound was CH2=CH2, with well-417 

known and comparable Cl atoms rate coefficient with HFIB.  Note that both Cl atom 418 

reactions proceed via an association mechanism, and therefore their rate coefficients 419 

are temperature and pressure dependent. The rate coefficient for the reference reaction 420 

was taken by interpolation of the non-linear fit of the data, and has higher uncertainty. 421 

Similarly to OH rate coefficients, no substantial pressure dependence is expected in 422 

that relatively high pressure regime (approaching the high pressure limit). Thus, the 423 

kinetic results from the two independents facilities measured at 700 and 760 Torr can 424 

be treated and analyzed together and the quoted value is referred to 1 atm without any 425 

pressure correction. Adopting a linear least squares fit of the data, and forcing the fits 426 

to pass through zero (since intercepts were always negligible) obtained the Cl reaction 427 

rate coefficient, which was k2(296 K, 1 atm) = (3.45 ±0.10) ×10
-11 

 cm
3
 molecule

-1
 s

-1
. 428 

The quoted error limits are at 95 % level of confidence and refers to the precision of 429 

the fit, which also includes the error limits of the independent measurements. 430 

Although the precision of relative rate measurements is very high (figure 3), it is 431 

worth to note that the rate coefficients obtained using the relative rate method depends 432 

strongly on the inherent systematic uncertainty of the selected reference reactions. 433 

Therefore, the ratio ro is also given in table 1 and the errors in the k1 and k2 including 434 

the systematic uncertainties are presented in the subsection of kinetics in Discussion. 435 

 436 

3.3 O3 Kinetics 437 

To the best of our knowledge, the present rate coefficient value for the reaction of O3 438 

with HFIB is the first in the literature. The O3 kinetics was investigated under pseudo-439 

first-order conditions for both HFIB and O3. However, due to possible multiple 440 

pathways of the O3 loss or concentration drop inside the chamber, e.g., dilution, we 441 

decided to maintain pseudo-first-order kinetic conditions for O3 (in excess) and 442 

monitor HFIB decays. Any dilution or other first order dark losses of HFIB were 443 

measured in separate experiments, in the absence of O3. The pseudo-first-order rate 444 

coefficient that represents HFIB concentration drop, due to other than reaction with 445 

O3 processes was determined to be kother =(6.36 ±0.15) ×10
-6

 s
-1

, where the quoted 446 

uncertainty is the 2σ precision of the fit. The loss rate of HFIB is given: 447 
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�[����]

��
= ��[��][����] + � �!"#[����]                                  (11) 448 

while for O3 excess (k3 ×[O3] = k3’) leads to: 449 

�$
[����]%

[����]&
= (��

( + � �!"#)[����]                                            (12) 450 

Figure 4 depicts the pseudo-first-order decay plots of HFIB at high O3 concentrations 451 

(i.e., (~37.2 – 44.6) ×10
13

 molecule cm
-3

) that yields a total rate coefficient k3’ = (5.95 452 

±0.12) ×10
-6

 s
-1

, which is identical to the dilution and other first-order losses of HFIB 453 

(kother), within experimental precision. Since no HFIB reactivity was observed even at 454 

high O3 concentrations, an upper limit for the rate coefficient of the O3 reaction with 455 

HFIB was found to be k3 <9.0 ×10
-22

 cm
3
 molecule

-1
 s

-1
, considering the marginal 456 

difference between dark and reaction loss rate of HFIB. Note that any conversion of 457 

O3 to OH radicals would lead to a faster HFIB loss and to even lower upper limit for 458 

the reaction rate coefficient of O3 with HFIB. However, since no HFIB reactivity was 459 

observed in our chamber experiments there was no need for OH scavengers. . 460 
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 461 

Figure 4. HFIB first order decay plot in the presence of O3. The HFIB loss rate was 462 

independent of dilution or any other first-order dark losses of HFIB, leading to an 463 

upper limit for the O3 rate coefficient k3(296 K, 1 atm) < 9.0 × 10
-22

 cm
3
 molecule

-1
 s

-
464 

1
. 465 

 466 

3.4 IR Spectra and cross-sections 467 

The infrared absorption spectra of HFIB were measured at 296 K using FTIR 468 

spectroscopy with a spectral resolution of 1 cm
-1

. The IR spectra obeyed the Beer’s 469 

law, ±1% precision, leading to linear dependence between absorbance and 470 

concentration with negligible intercept, i. e., <1 %. Total pressure inside the optical 471 

cell was varied between 10 and 100 Torr (He) without any pressure dependence. 472 

Figure 5 shows the HFIB absorption spectrum in the atmospherically more relevant 473 

wavenumber range, i. e., 600–1600 cm
-1

. Strong absorption features were observed in 474 
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this region, in consistence with most fluorinated compounds. The peak cross section 475 

at 1197 cm
-1

 was (3.21 ± 0.10) ×10
-18

 cm
2
 molecule

-1
, and the integrated band strength 476 

(IBS) over the most relevant to the atmosphere range, 600–1600 cm
-1

, was (2.27 ± 477 

0.07) × 10
-16

 cm
2
 molecule

-1
 cm

-1
. The quoted uncertainties include estimated 478 

systematic errors.  The infrared spectra are provided in digital form in the 479 

Supplemental Material (Table S2). 480 

 481 

 482 

Figure 5. IR cross section spectrum of (CF3)2C=CH2 recorded at 296 K and 1 cm
-1

 483 

resolution.  484 

 485 

3.5 OH radicals and Cl atoms initiated oxidation end-products 486 

Figure 6 (a)-(c) shows the IR spectra of the reaction mixture in the Cl-initiated 487 

oxidation of HFIB and for the absence of reference compounds. In particular, the IR 488 
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spectrum prior to laser photolysis is shown in panel (a), after photolysis and 489 

substantial reactant conversion in panel (b), and last for complete reactant conversion 490 

in panel (c). Panel (d) shows the reference IR spectrum of hexafluoro-acetone. Panels 491 

(b) and (c) show the presence of the CO vibration band centered at 2146 cm
-1

, and the 492 

P, Q and R branches around ~1783 cm
-1

 that correspond to HC(O)Cl.
16

 CO could be 493 

formed either via thermal decomposition of HCHO or via reactions of Cl atoms with 494 

HCHO and/or HC(O)Cl. The observation of CO peak in the OH-initiated oxidation of 495 

HFIB verifies the formation of HCHO in both atmospheric oxidation schemes. 496 

Moreover, separate experiments were performed in the absence of laser light and by 497 

recording sequential spectra after substantial and complete reactant conversion. It was 498 

found that the HCl formation was increasing, which indicates an additional source of 499 

HCl formation, besides the Cl atom reactions with HCHO and HC(O)Cl primary end-500 

products. Such HCl source could be the thermal decomposition of HC(O)Cl, which 501 

also leads to the formation of CO. However, the higher rate of CO increase compared 502 

to that of HCl, clearly demonstrates that there is an additional pathway of CO 503 

formation, suggesting that HCHO was also formed in Cl-initiated experiments either 504 

in presence or absence of NOx.   505 
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 506 

Figure 6. IR spectra of the reaction mixture in the Cl-initiated oxidation of HFIB and 507 

in the absence of reference compound: a) prior to laser photolysis, b) at partial 508 

conversion of reactants, c) at complete conversion of reactants, and d) (CF3)2C(O) 509 

reference spectrum at 1 cm
-1 

resolution. 510 

 511 

The observed end-products suggest that all reactions proceed mainly via an 512 

electrophilic addition to the unsaturated double bond, in agreement with previous 513 

kinetic studies with other HFOs.
16, 18, 19, 21, 22, 34, 36, 40

 Figure 7 presents a simplified 514 

atmospheric oxidation scheme of HFIB initiated by Cl atoms and based on the above 515 

end-products analysis. 516 
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 517 

Figure 7.  Simplified atmospheric oxidation scheme of (CF3)2C=CH2. Major end-518 

products are noted in squares.  519 

 520 

3.6 Error Analysis 521 
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The precision, repeatability and reproducibility, of OH and Cl atom relative rate 522 

coefficient measurements were tested by using two independent experimental setups 523 

and were proven high. Several experiments with each reference compound were 524 

carried out in both facilities, by selecting different spectral bands and peaks for 525 

monitoring HFIB and reference losses. HFIB impurity levels, <1.2 %, as determined 526 

using NMR spectroscopy, are not expected to affect relative rate determinations, since 527 

it is highly unlikely for compounds with similar degree of fluorination to have 528 

significantly higher IR cross sections than HFIB, and significantly and systematically 529 

interfere with HFIB in C-F absorption region, especially considering HFIB symmetry. 530 

It is worth to note, that although the impurity was not identified, a higher degree of 531 

fluorination would have resulted in higher purity levels in NMR analysis and thus the 532 

effect in bands interference would have been canceled out. However, to further test 533 

any impurity interference in the selected bands that HFIB was monitored, multiple 534 

bands were simultaneously monitored in absence of the reference compounds, in 535 

order to compare their relative loss. Different bands loss rate were identical, within 1 536 

%, showing that HFIB impurities have a negligible effect, if any. Moreover, the 537 

selected spectral bands for kinetic analysis were free of reaction products features, as 538 

well, enabling highly precise measurements, better than ±2%. In addition, the rate 539 

coefficients obtained using three different reference compounds and two independent 540 

lab facilities were in agreement within ~3%. Probable systematic errors stemming 541 

from the corresponding errors in the rate coefficients of the reference reactions were 542 

minimized using several well-established reference reactions that were checked in 543 

both laboratories. Therefore, the precision of our rate coefficient measurements was 544 

on the order of 3%, while the overall absolute uncertainty is estimated to be ~7% or 545 

less, which includes the uncertainty in the reference reaction rate coefficients. 546 

 547 

4. Discussion  548 

4.1 Kinetics  549 

During the course of this study Tovar et al. measured the relative rate coefficients for 550 

the title reactions at 298 K and 760 Torr of synthetic air by using a reaction chamber, 551 

and reported the values k(OH+(CF3)2C=CH2) =(6.58 ±2.25) ×10
-13

 and 552 

k(Cl+(CF3)2C=CH2) =(3.50 ±0.85) ×10
-11

 cm
3
 molecule

-1
 s

-1
.
34

 Although the Cl rate 553 

coefficient value is identical to that of Tovar et al., within experimental precision, the 554 

OH rate coefficient value is ~17 % higher compared to the one of Tovar et al.. It 555 
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should be noted that the uncertainty of Tovar et al. value was ~34 %. Although our 556 

value lies within their error limits, theirs is not encompassed in our 2σ uncertainty, 557 

even including the estimated systematic errors, which results in k1(296 K, 1 atm) = 558 

(7.82 ± 0.55) ×10
-13

 cm
3
 molecule

-1
 s

-1
 and k2(296 K, 1 atm) = (3.45 ± 0.24) × 10

-11
 559 

cm
3
 molecule

-1
 s

-1
, respectively. The reason of such marginal difference between OH 560 

rate coefficients is unknown, although the relatively high uncertainty in their value is 561 

mainly due to the high error limits of reference reaction and the substantial scattering 562 

of their data.  563 

 564 

4.2 Atmospheric Implications 565 

4.2.1 Tropospheric lifetimes 566 

The atmospheric loss of HFIB is expected to occur via the gas-phase reactions with 567 

the dominant oxidative species in the troposphere, i. e., OH radicals, Cl atoms, NO3 568 

radicals and O3, and via the heterogeneous wet and dry deposition losses. Due to the 569 

low absorption cross-sections of hydrofluoroolefins (HFO), within the actinic 570 

spectrum region,
18

 photolysis is not expected to contribute significantly in the removal 571 

of HFIB from the troposphere. NO3 radicals might also be an important sink, 572 

particularly in night chemistry, since it is known that association reactions might be 573 

relatively fast processes and NO3 radicals relative abundance is quite high.
41-44

 574 

However, Papadimitriou et al.
16

, have shown that NO3 chemistry does not have an 575 

important contribution to the atmospheric oxidation of CF3CF2=CH2 and a similar 576 

behavior is expected for HFIB. The latter argument may also be supported by the 577 

similar molecular structure of both compounds, since one –F atom in CF3CF2=CH2 578 

has been replaced by a –CF3 group in HFIB. Taking into account that –F atom and –579 

CF3 group are characterized by similar electron withdrawing effects, 
34, 45

 the 580 

electronic density of the double bond is expected to have similar distribution and the 581 

reactivity towards NO3 radicals to be similar too. On the top of that, the increased size 582 

of –CF3 group compared to the –F atom is expected to lead to an increased steric 583 

hindrance compared to –F atoms and to a further decrease in reactivity of HFIB 584 

towards NO3 radicals. Therefore, we conclude that NO3 radicals are not expected to 585 

have a significant effect in tropospheric lifetime of HFIB. Another potential gas phase 586 

loss of HFIB could be the reaction with O3. As noted in O3 kinetics section, due to the 587 

lack of kinetic data for the O3 reaction with HFIB, in the literature, the present results 588 
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cannot be compared with other studies. For an average O3 concentration of 35 ppb
46

 589 

and an upper limit value of k3 <9.0 ×10
-22

 cm
3
 molecule

-1
 s

-1
, a lower limit of lifetime 590 

~41 years was estimated using the expression *+, =	
-

./,[0,]
. The latter suggests that 591 

the O3 chemistry constitutes a negligible atmospheric sink of HFIB. On the other hand 592 

both OH radicals and Cl atoms lead to a rapid decomposition of HFIB and thus those 593 

two processes were considered as the dominant reactions for the gas phase 594 

degradation of HFIB in the troposphere, which also determine the tropospheric 595 

lifetime of HFIB. However, it is worth to note that HFIB is a relatively short-lived 596 

compound and thus it is expected that its lifetime is mainly governed by regional 597 

emissions and it is very difficult to be determined globally. In this work we have 598 

estimated HFIB local lifetime using the expression  
-

123452
= 	

-

1/6
+

-

172
, where *0� =599 

	
-

./6[0�]
 and  *89 =	

-

.72[89]
, using as [OH] and [Cl] the average concentration in the 600 

free troposphere, [OH]avg = 10
6
,
47, 48

 and [Cl]avg =10
4
 molecule cm

-3
.
49, 50

 It is worth 601 

noting that there is currently a large uncertainty in Cl atmospheric concentration 602 

levels and the above average Cl concentration can be considered as a local maximum, 603 

representative though, for the regions, where HFIB emissions are expected to be 604 

higher. Therefore, the local OH lifetime was estimated to be ~15 days, while the local 605 

Cl lifetime is ~34 days. The effective local lifetime including both OH and Cl 606 

chemistry was estimated to be ~10.3 days. The latter demonstrates the importance of 607 

the Cl chemistry to the atmospheric oxidation of HFIB (~30% lower lifetime) and to 608 

unsaturated fluorocarbons in general, in agreement with Papadimitriou et al..
16, 18

 The 609 

substantially more rapid degradation of HFOs induced by Cl atoms, which is in the 610 

order of some decades to hundred times faster than OH radicals, may compensate for 611 

the Cl non-well mixing and the lower mixing ratios in the atmosphere. Moreover, for 612 

such short-lived compounds with the highest emissions expected in large cities, the Cl 613 

contribution might be even more important, since the highest Cl levels have been 614 

detected in polluted areas and in the marine boundary layer (MBL), where most 615 

metropolitans are located. It is worth to note that the reported Cl average 616 

concentrations in MBL are 1.3 ×10
5
 molecule cm

-3
,
50

 and thus Cl importance is 617 

expected to be even higher in those regions.  618 

 619 
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4.2.2 Radiative Efficiency (RE), Global Warming Potentials (GWPs) and 620 

Estimated Photochemical Ozone Creation Potential (ε
POCP

) 621 

Radiative efficiency (RE) of HFIB was estimated using the IR spectra and the lifetime 622 

estimations at 296 K obtained in this study by employing the approximation method 623 

developed from Pinnock et al..
51

 This approach is more appropriate for compounds 624 

with diffuse absorption bands (like HFIB) and calculates REs for long-lived 625 

compounds (LLC) with an estimated 10 – 15 %
52

 uncertainty. Recently, Hodnebrog et 626 

al.
53

 revised the Pinnock et al.
51

 model in order to improve the clouds representation 627 

and the spatial atmospheric distribution of temperature and water vapor to scale 628 

resolution 1 cm
-1

. They also considered lifetime-dependent correction factors for 629 

short-lived compounds (SLC), in order to include VOC that are not well mixed in the 630 

troposphere. They estimated uncertainties of ca. 23 % for gases with lifetimes shorter 631 

than 5 years and known IR absorption cross-sections. No significant difference in the 632 

RE values was observed by adopting either model (<6%), and treating HFIB as LLC. 633 

Thus we report only the results obtained using the Hodnebrog et al. 
53

 model and we 634 

calculated RE by taking into account only the OH chemistry (RE(OH)), as well as 635 

including the Cl chemistry (RE(eff)). Therefore, HFIB radiative efficiency was found 636 

to be RE(LLC) =0.254 W m
-2

 ppb
-1

 (Pinnock et al.
51

: 0.270 W m
-2

 ppb
-1

) considering 637 

HFIB as LLC. Taking into account lifetime correction factors we calculated the 638 

radiative efficiencies to be RE(SLC,OH) =0.033 W m
-2

 ppb
-1

, considering a lifetime-639 

dependent factor of 0.13 and solely the OH chemistry. In addition, RE(SLC,eff) 640 

=0.024 W m
-2

 ppb
-1

 by including the Cl chemistry, which corresponds to a ca. 28 % 641 

decrease. The global warming potentials (GWP) of HFIB for the 20, 100, and 500 642 

year-time horizons are given in Table 3, along with the REs and the estimated 643 

lifetimes.   644 

 645 

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

Lifetime (days) Radiative Efficiency (W m
-2

 ppb
-1

) 

τOH 
14.8 

 

LLC
a
 SLC(OH)

b
 SLC(eff)

c
 

0.254 0.033 0.017 

τCl 33.5 

GWP, OH (eff)
d
 

Time Horizon (years, LLC) 

  20                100               500 

Time Horizon (years, SLC) 

  20                100               500 
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τeff 10.3 14.3 (9.9)       4.1 (2.8)      1.2 (0.8)        1.9 (1.0)       0.6 (0.3)      0.2 (0.1)          

a
 LLC stands for long lived compound 647 

b
 SLC stands for short lived compounds and OH denotes the parameters estimates 648 

taking into account only OH tropospheric removal of HFIB 649 
c
 eff denotes the parameters estimates including both OH and Cl processing of HFIB 650 

in the troposphere 651 
d
 GWPs in parentheses refer to the values including the Cl chemistry  652 

 653 

Our GWP calculations used the same integrated radiative forcing of CO2 as in WMO 654 

2007, and the obtained values are given in Table 3, which may be compared with the 655 

GWP values reported by WMO 2007. The GWPs for HFIB treated as LLC are 656 

GWP(OH)=4.1 and  and GWP(eff)=2.8, excluding and including Cl chemistry, 657 

respectively, for a hundred year-time-horizon. Treating HFIB as SLC resulted in even 658 

lower GWPs by a factor of 7 to 8, for the same time horizon. Although HFIB 659 

emissions to the atmosphere are currently unknown, the short atmospheric lifetime 660 

and low GWP of HFIB will lead to minor impact to global warming and climate 661 

change, unless HFIB emissions become significantly high. Finally, the ε
POCP

 was 662 

calculated by adopting the Jenkin
54

 and Derwent et al.
55

 method that is based only on 663 

the molecular properties of considered compounds and their reactivity towards OH 664 

radicals. ε
POCP

 estimates the total incremental ozone increase in a multi-days 665 

modeling, as by-product of the atmospheric oxidation of hydrocarbons, relative to 666 

ethene, in the same mass basis. The expression used was: 667 

:;08; = <- × >? × >@
A
(1 − <� × $8)                           (13) 668 

where a1, β and a2 are the fit parameters obtained by plotting POCP versus ε
POCP

 for 669 

similar VOC, γS is the structure based ozone index (γS =(nB/M)×(28/6)),  >@
A

is the 670 

relative OH reactivity of the VOC compared to ethane ((>@
A

 =(kOH/nB)×(6/8.64×10
-

671 

12
)), M is the molecular mass, nB is the number of C-C and C-H bonds and nC is 672 

number of carbons. For reactions with kOH between (0.4 – 4) ×10
-12

 cm
3
 molecule

-1
 s

-
673 

1
, the suggested β value is 0.5, while a1 and a2, are not defined for that reaction rate 674 

coefficients range of alkenes, and thus a1 was calculated normalizing alkanes behavior 675 

to alkenes for intervals β = 0.25 and 0.5, leading to an increase of ~17 % and to an a1 676 

=124.8. a2 is not very sensitive and since no change was determined in alkanes for 677 

0.25 and 0.5 intervals, a similar trend was assumed for alkenes; thus, the  value of a2 678 

= 0.03 was used in the above expression. Using the OH rate coefficient, the estimated 679 
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photochemical ozone creation potential of HFIB was calculated to be ε
POCP

(HFIB) = 680 

4.60, which is in the same order of similar HFO and significantly lower than non-681 

fluorinated unsaturated hydrocarbons.
56

  However, it is worth to note that for certain 682 

compounds and at local scale, the Cl-initiated oxidation may be of equal importance 683 

to the OH-initiated oxidation, especially over regions with high emissions, such as 684 

coastal regions and polluted areas with rather high Cl atoms mixing ratios. In such 685 

cases, the Cl chemistry should be also considered, and this may lead to higher POCP 686 

values.  687 

 688 

4.2.3 Impact of Atmospheric Oxidation End-Products  689 

The atmospheric lifecycle assessment of HFIB requires knowledge of the end-690 

products analysis, the mechanism of atmospheric degradation and the overall impact 691 

to the atmosphere. The IR end-product analysis revealed that the dominant oxidation 692 

end-products were hexafluoroacetone ((CF3)2C(O)) and formaldehyde (HCHO) for 693 

both OH and Cl initiated atmospheric oxidation. In addition, formyl chloride 694 

(HC(O)Cl) was also identified as end co-product in the Cl-induced tropospheric 695 

oxidation. (CF3)2C(O) is not expected to be removed from the atmosphere via gas-696 

phase reactions, but most likely via heterogeneous wet and/or dry deposition 697 

processes. Therefore, (CF3)2C(O), will most likely lead to trifluoroacetic acid (TFA) 698 

formation, which although cannot alter the global atmospheric budget, it is necessary 699 

to identify and quantify its sources, in order to provide a better evaluation of non-700 

biogenic sources.
18, 57

 HCHO atmospheric lifetime is estimated to a few hours and the 701 

major sinks are photolysis and OH- and Br-initiated gas phase chemistry,
58

 producing 702 

CHO radical, which subsequently will be converted to CO and HO2. However, HCHO 703 

atmospheric abundance is primarily governed by the CH4 budget and the oxidation 704 

processes, therefore HFIB can only have a negligible contribution to HCHO 705 

atmospheric budget. Finally, HC(O)Cl, was identified as oxidation end-product in the 706 

Cl-initiated reaction, similarly to what Papadimitriou et al.
16

 has observed for the 707 

reaction of Cl atoms with CF3CF=CH2. As it has been discussed, HC(O)Cl has a short 708 

lifetime of ~1 month and cannot affect the Cl load of the stratosphere, significantly. 709 

However, other, more stable, chlorinated end-products of Cl initiated oxidation 710 

reactions of unsaturated hydrocarbons can potentially act as tropospheric Cl carriers 711 

into the stratosphere. Thus, the atmospheric oxidation of non-ozone depletion 712 

substances (non-ODSs) may lead to stable ODSs that may lead to indirect threat to the 713 
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stratospheric ozone layer. Therefore, hydrofluoroolefins (HFO), the most recent CFC 714 

alternatives, need a case-by-case thorough kinetic study before their mass-scale 715 

production and use. 716 

 717 

5. Conclusions 718 

In the present work, the OH radicals, Cl atoms and O3 gas phase kinetics towards 719 

hexafluoroisobutylene (HFIB, (CF3)2C=CH2) were studied at 296 K and 1 atm of 720 

synthetic air. The Cl rate coefficient, k2(296 K, 1 atm) = (3.45 ±0.10) ×10
-11 

 cm
3
 721 

molecule
-1

 s
-1

, was determined to be ~44 times higher compared to the OH rate, 722 

k1(296 K, 700 Torr) = (7.82 ±0.30) ×10
-13 

 cm
3
 molecule

-1
 s

-1
. The upper limit of the 723 

O3 rate coefficient was, k3(296 K, 760 Torr) < (9.0 ± 0.3) × 10
-22

 cm
3
 molecule

-1
 s

-1
, 724 

which demonstrates that the O3 chemistry has a negligible impact in atmospheric 725 

lifetime of HFIB. Although the OH chemistry is expected to be predominant in the 726 

tropospheric gas phase degradation of HFIB, the Cl chemistry should also be included 727 

in the model calculations, especially in regions with elevated levels of Cl atoms, such 728 

as coastal and polluted urban areas, where HFIB emissions may be high. The average 729 

HFIB lifetime was determined to be ~14.8 days, considering only the OH chemistry 730 

and ~10.3 days by including the Cl chemistry. The 30 % reduction of atmospheric 731 

lifetime by including the Cl chemistry, affects several critical atmospheric parameters, 732 

such as radiative efficiency (RE), global warming potential (GWP) and mainly 733 

photochemical ozone creation potential (POCP). The RE and GWP of HFIB were 734 

estimated using the obtained IR cross-sections and average lifetimes, and treating 735 

HFIB as LLC or SLC. In all cases, it was found a decrease of 50 % for both RE and 736 

GWP by including the Cl chemistry. It is worth to note that although HFIB is a highly 737 

fluorinated olefin, it has short atmospheric lifetime that leads to low GWP and 738 

therefore is expected to have a minor impact to global warming and climate change. 739 

In addition, ε
POCP

 was calculated based on the molecular properties of HFIB and OH 740 

reactivity, and was found to be ~5, which is in the same range with POCPs of similar 741 

structure HFOs and substantially lower than that of non-fluorinated unsaturated 742 

hydrocarbons, e. g., ethene and isopropylene. However, it is important to consider the 743 

influence of Cl reactivity to POCP, especially considering that the atmospheric impact 744 

of short lived compounds, such as HFIB, will be more local than global and their 745 

main emissions would be in areas with increased levels of Cl atoms. On top of that, Cl 746 
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reactions with HFOs are typically 10-100 times faster than OH reactions, in 747 

comparison with alkanes that Cl initiated oxidation might be of minor importance, 748 

since OH reactions are ~10 times slower or less and they are ~ 100 time more 749 

abundant. Finally, the oxidation end-products of HFIB were (CF3)2C(O) and  HCHO, 750 

as well as HC(O)Cl in the Cl initiated scheme. Both (CF3)2C(O) and HCHO are 751 

expected to have a minor impact to atmospheric chemistry, considering that their 752 

degradation products have not a  substantial input to the atmospheric budgets of TFA, 753 

HCHO or CO. On the other hand, HC(O)Cl formation indicates that Cl association 754 

reactions with HFOs (non-ODSs) may lead to ODSs formation. However, the impact 755 

of HC(O)Cl to ozone depletion is expected to be minor, considering its short lifetime, 756 

as well as the short lifetime of HFIB (degradation in lower troposphere), which limits 757 

the transfer of tropospheric Cl budget to the stratosphere. Hence, in the selection of an 758 

HFO as CFC substitute, it is also important to specify the amount of potentially stable 759 

chlorinated by-products generated via Cl atoms oxidation, which may have negative 760 

impact to the ozone layer.  761 
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