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 43 

Figure S1. Simplified schematic of the experimental setup, e.g., at 60% RH, utilized in the 44 
described chamber experiments. Specific to the proposed research, UV light at 254 nm is provided 45 
by low-pressure mercury lamps to photolyze externally generated O3. This photolysis produces 46 
O(1D) which then reacts with water vapour in the reactor (grey-outlined cylinder) to generate the 47 
necessary OH radicals. Approximately 10 mL min-1 N2 is constantly flowing over a permeation 48 
device housing the liquid 4:2 FTOH. The N2 flow containing permeated 4:2 FTOH will then meet 49 
a flow of humified zero air before combining with the O3 flow. This total flow (O3 + humified zero 50 
air + 4:2 FTOH) then enters a conical diffusion inlet leading into the OFR prior to passing into the 51 
PTR-ToF-MS. 52 
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 72 
 73 
Figure S2. Offline calibrations were performed to measure the decay of CO with increasing OH 74 
exposure (molecules s cm-3). Plotted against OH exposure is the ratio of [CO]0, the initial CO 75 
concentration (parts-per-million-by-volume; 10-6 mol mol-1, ppmv) without O3 photolysis to 76 
generate OH (i.e., UV lamps were off; ~1.07 to 1.08 ppmv), and [CO]t, the CO concentration in 77 
the presence of constant OH from O3 (i.e., UV lamps were turned on). 78 
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Section S1. Determining OH Exposures at Different Relative Humidities 103 
 104 
The OH exposure (molecules s cm-3), which is the product of OH concentration (molecules 105 

cm-3) and residence time (s) in the OFR, was determined by measuring the loss of CO as a function 106 

of time with respect to OH concentration (Figure S2; EQ S1).  107 

 108 

OH exposure =  − ቀ
ଵ

୩ిో
ቁ ln

[େ୓]౪

[େ୓]బ
    (EQ S1)  109 

 110 
Here kCO is the second-order rate constant at 298 K ((1.54  ± 0.14) × 10-13 cm3 molecules-1 s-1)1, 111 

[CO]0 is the CO concentration without O3 photolysis (i.e., UV lamps were off) to generate OH, 112 

and [CO]t is the CO concentration in the presence of constant OH from O3 photolysis controlled 113 

by voltages applied when the UV lamps were turned on.2 The reaction between CO and OH is 114 

bimolecular and corresponds to a second-order rate law: 115 

 116 
୼[େ୓]

୼୲
 = -kେ୓[CO][OH]  (EQ S2) 117 

 118 
Within the OFR, OH is continuously being produced via the photolysis of externally generated O3 119 

and is assumed to be constant over the residence time. Thus, under this condition, the reaction 120 

follows pseudo-first-order kinetics with respect to CO. Therefore, EQ S2 can be rewritten as: 121 

 122 
୼[େ୓]

୼୲
 = -k’[CO]   (EQ S3) 123 

 124 
then with respect to the conduct of an experiment over a given observation time for CO as: 125 

 126 
୼[େ୓]౪

[େ୓]బ
 = -k’Δt   (EQ S4) 127 

 128 
 129 

 130 
Here, the OH exposure is defined as the time integrated OH concentration:  131 
 132 
 133 

OH exposure =  [OH]Δt (EQ S5) 134 
 135 
 136 
Substituting EQ S5 into EQ S4 and rearranging to obtain an expression for OH exposure yields 137 

EQ S1. 138 

 139 
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The errors of the ln ቀ
[େ୓]౪

[େ୓]బ
ቁ term (EQ S6) and of the OH exposure (EQ S7) were determined to 140 

assess the precision of the kinetic method. 141 

  142 
ୗ୷

୷
   = ට ቀ

[஼ை]బ ௘௥௥௢௥

[஼ை]బ 
ቁ

ଶ

+ ቀ
[஼ை]೟ 

[஼ை]೟ 
ቁ

ଶ

     (EQ S6) 143 

 144 
 146 

 
ୗ୷

୷
 = ඩቀ

௞಴ೀ ௘௥௥௢௥

௞಴ೀ 
ቁ

ଶ

+ ቌ
௟௡ቀ

[಴ೀ]೟
[಴ೀ]బ

ቁ ௘௥௥௢௥

௟௡ ቆ
[಴ೀ]೟

[಴ೀ])బ
ቇ

ቍ

ଶ

    (EQ S7) 145 

 147 
 148 
 149 
 150 
Table S1. The OH exposure ranges and corresponding atmospheric photochemical ages when 151 
assuming a global average tropospheric OH concentration of 1.50 × 106 molecules cm-3.3  152 

Relative Humidity 
OH Exposure Ranges 

(molecules s cm-3) 
Photochemical Age Range 

(days) 

22% 1.94 × 1011 to 1.65 × 1012 1.50 to 12.76 

44% 3.71 × 1011 to 2.35 × 1012 2.86 to 18.15 

60% 5.98 × 1011 to 2.68 × 1012 4.61 to 20.66  

 153 
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 173 
 174 
Figure S3. Gas-phase 4:2 FTOH was generated using a temperature-controlled (75°C), custom-175 
made permeation device. Plotted here is the mass of 4:2 FTOH lost (ng) over a 26-week period. 176 
The permeation device’s emission rate was determined as 254 ± 2 ng min-1 with a R2 value of 177 
0.9977 and a relative standard deviation, indicated by the green shading over each marker, of ± 178 
0.8291%.   179 
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Section S2. Calibrating the PTR-ToF-MS for 4:2 FTOH 204 
 205 

Assuming standard temperature and pressure, the following equations were used to 206 

calculate the 4:2 FTOH mixing ratios (EQ S8; ppbv), and their respective errors (EQ S9), on the 207 

calibration curves:  208 

[4: 2 FTOH] = y = (Eସ:ଶ ୊୘୓ୌ)(Qସ:ଶ ୊୘୓ୌ)(MWସ:ଶ ୊୘୓ୌ)(V୫)(1 x 10ଽppbv)      (EQ S8) 209 
 210 

ୗ୷

୷
 =ඩቀ

୉ర:మ ూ౐ోౄ ୣ୰୰୭୰

୉ర:మ ూ౐ోౄ
ቁ

ଶ

+ ቌ
ට൫୕ొమ ౛౨౨౥౨൯

మ
 ା ( ୕ౖఽ ୣ୰୰୭୰)మ

(୕ొమ ౛౨౨౥౨ା ୕ౖఽ)
ቍ

ଶ

  (EQ S9) 211 

 212 
In EQ S8, E4:2 FTOH is the emission rate (ng min-1) of the gaseous 4:2 FTOH generated using a 213 

custom-made permeation device, Q4:2 FTOH is the volumetric flow rate within the OFR (L min-1) 214 

during each experiment, MW4:2 FTOH is the molecular weight of the 4:2 FTOH (g mol-1), and Vm is 215 

the molar volume of air (~22.4 L mol-1). In EQ S9, Q୒మ
 and NZA are the volumetric flow rates of 216 

nitrogen gas and zero air maintained by their respective mass flow controllers (mL min-1). 217 

 218 

 219 

Figure S4. Calibration curves for the 4:2 FTOH at 0%, 22%, 44%, and 60% RH. Prior to starting 220 
the calibration, a dilution flow of zero air – containing no 4:2 FTOH – flowed through the system. 221 
Each RH had a R2 greater than 0.99 and a minimum of three non-zero points. The y-axis depicts 222 
the blank corrected and normalized average signal of the 4:2 FTOH (ncps) and each calibration 223 
point’s corresponding standard deviation. The x-axis shows the mixing ratio of 4:2 FTOH 224 
permeating off the PD (ppbv) and the propagated error at each calibration point.225 
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Section S3.  OFR: Assessing the Role of System Artifacts 226 
 227 
 To assess the impact of RH on the 4:2 FTOH + OH rate constants, three approaches were 228 

taken to determine the role of system artifacts. First, we ensured the flow within the OFR was 229 

laminar and calculated a Reynolds (Re; EQ S10 to S13) number of 16 indicative of this (i.e., Re < 230 

2000) for an OFR residence time (τ) of 468 s and an OFR volume (V) of 0.016 m3. 231 

 232 

𝑹𝒆 =  
ఘu஽

μ
    (EQ S10) 233 

 234 
u = 

୕

୅
     (EQ S11) 235 

 236 

𝐀 =  π ቀ
஽

ଶ
ቁ

ଶ

    (EQ S12) 237 

 238 

Q = 
୚

த
     (EQ S13) 239 

 240 
 241 
In EQs S10 to S13, ρ is the density of air assuming standard temperature and pressure (1.293 242 

kg m-3),  μ is the dynamic viscosity of air (1.714 x 10-5 Pa s)4, u is the flow velocity (1.06 x 10-3 m 243 

s-1), D is the OFR diameter (I.D., 0.203 m), Q is the volumetric flow rate (m3 s-1), and A is the 244 

cross-sectional area (m2). With laminar flow present in these experiments, the competition of 245 

diffusion driven wall losses relative to loss to OH was calculated using Fick’s second law of 246 

diffusion (EQ S14). Here we provide a simplified estimate of the time (t) a molecule takes to 247 

diffuse (d) the length of the radius of the OFR (r). The 6.8 x 10-2 cm2 s-1 diffusion coefficient of 1-248 

hexanol5 was used as a proxy for that of 4:2 FTOH. 249 

 250 

t = 
௥మ

ସௗ
                   (EQ S14) 251 

 252 
 253 

Since the diffusion coefficient of 1-hexanol is an upper limit for the diffusivity of 4:2 254 

FTOH, it can take up to 417 s for 4:2 FTOH molecules to reach the OFR surface under our 255 

experimental conditions. Therefore, the loss of the 4:2 FTOH in our experiments may not result 256 

exclusively from reaction with OH and when the wall effects are assumed to be inconsequential 257 

the resulting first ‘original’ rate constants are obtained (Table S2). System effects, including those 258 

of the inlet and reactor surfaces, were then assessed by applying single and double exponential 259 

fitting functions to the calibration and 4:2 FTOH decay curves from OH oxidation using Igor Pro 260 
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(WaveMetrics®; Portland, OR, USA). Using each exponential fit, the plateaus at the conclusion 261 

of each OH exposure/decay period were compared to the originally determined rates.  262 

This was done for both the calibration curves (Table S2) and 4:2 FTOH + OH experiments 263 

(Table S3) at each RH to compare and quantify the potential for system artifacts impacting our 264 

experimental observations. Within the calibrations, we found no evidence of surface effects, as the 265 

determined slopes were the same within error at each RH for each of the three fitting methods. 266 

Between the different RHs, changes in instrument response were observed – where the response 267 

was lower at 44% and 60% RH relative to 22% RH, yet within 10% of one another. All three 268 

responses were substantially lower than that determined under dry conditions.  269 

For the oxidation experiments, the three different kobs values for each RH are within the 270 

same order of magnitude and within 5 to 25% of one another. The single and double exponential 271 

fits result in different rate determinations in the oxidation experiments (Table S3), compared to the 272 

original assumption that no wall effects exist in the system. We believe that system artifacts may 273 

play a role in the slower kobs at higher RH, and that RH does alter the PTR-ToF-MS sensitivity and 274 

likely affects the rate of reaction between 4:2 FTOH and OH radicals. Further study into the effects 275 

of RH on FTOH reaction rates with OH is necessary on systems with potential surface and 276 

instrumentation effects minimized. 277 

 278 

Table S2. Comparing the original humified calibration curve data (Figure S4) to the data after 279 
being fit to single and double exponential functions. 280 

22% RH 
 Original Single Exponential Fit Double Exponential Fit 

R2 0.9989 0.9992 0.9992 
a (intercept) (-3.21 ± 14.8) × 10-4 (-5.86 ± 12.5) × 10-4 (-5.92 ± 12.6) × 10-4 

b (slope) (7.27 ± 0.14) × 10-3 (7.25 ± 0.12) × 10-3 (7.26 ± 0.12) × 10-3 
44% RH 

 Original Single Exponential Fit Double Exponential Fit 
R2 0.9941 0.9961 0.9964 

a (intercept) (2.39 ± 3.20) × 10-3 (1.91 ± 2.59) × 10-3 (1.83 ± 2.49) × 10-3 
b (slope) (6.66 ± 0.30) × 10-3 (6.65 ± 0.24) × 10-3 (6.65 ± 0.23) × 10-3 

60% RH 
 Original Single Exponential Fit Double Exponential Fit 

R2 0.9922 0.9990 0.9993 
a (intercept) (-4.21 ± 2.29) × 10-4 (-5.71 ± 9.20) × 10-4 (-6.72 ± 7.95) × 10-4 

b (slope) (7.20 ± 0.26) × 10-3 (7.07 ± 0.10) × 10-3 (7.06 ± 0.08) × 10-3 
 281 
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Table S3. Comparing the original humified kobs (Figure 3) to the data after being fit to single and 282 
double exponential functions. 283 

22% Relative Humidity 
 Original Single Exponential Fit Double Exponential Fit 

R2 0.9772 0.9673 0.9756 
a (intercept) (-1.71 ± 0.87) × 10-1 (-1.97 ± 0.98) × 10-1 (-1.77 ± 0.86) × 10-1 
-b (-slope) (1.0 ± 0.1) × 10-12 (9.8 ± 0.9) × 10-13 (9.9 ± 0.8) × 10-13 

44% Relative Humidity 
 Original Single Exponential Fit Double Exponential Fit 

R2 0.9843 0.9690 0.9720 
a (intercept) (-3.50 ± 0.67) × 10-1 (-3.65 ± 1.10) × 10-1 (-2.91 ± 1.14) × 10-1 
-b (-slope) (6.5 ± 0.4) × 10-13 (7.5 ± 0.7) × 10-13 (8.1 ± 0.7) × 10-13 

60% Relative Humidity 
 Original Single Exponential Fit Double Exponential Fit 

R2 0.9982 0.9866 0.9816 
a (intercept) (-3.93 ± 0.27) × 10-1 (-4.69 ± 0.85) × 10-1 (-4.18 ± 1.07) × 10-1 
-b (-slope) (6.3 ± 0.1) × 10-13 (7.4 ± 0.4) × 10-13 (7.9 ± 0.5) × 10-13 

 284 
 285 
 286 
 287 
 288 
 289 
 290 
 291 
 292 
 293 
 294 
 295 
 296 
 297 
 298 
 299 
 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
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Section S4. Comparing Gas-phase FTOH Measurements   309 
 310 

While I-CIMS has been previously used for the identification of volatile PFAS in a laboratory 311 

setting6-8, PTR-MS has many advantages over the conventional CIMS technique. For example, the 312 

generation of reagent ions within the PTR and the subsequent ionization of VOCs are spatially 313 

separated and individually controlled processes. While CIMS allows for more user control, the 314 

fixed PTR-MS conditions result in constant and well-defined settings in the drift tube and thus, 315 

makes the determination of absolute concentrations easier. Additionally, in the case of I-CIMS, 316 

water vapour plays an important role in the ionization efficiency of the iodide-adduct which 317 

ultimately influences instrument sensitivity.9-12 The ionization of organic acids using I-CIMS has 318 

been shown to exhibit a strong dependence on RH.13 Careful calibration of an I-CIMS as a function 319 

of the ion-molecule reactor water vapour pressure is necessary to map the instrument sensitivity 320 

for a given analyte to its quantity. In this work, the PTR sensitivity for the 4:2 FTOH appeared to 321 

decrease with increasing RH (Table S4). This was expected as PTR-MS sensitivities are known to 322 

be sample RH-dependent for some VOCs.14 If the drift tube electric field is kept low to reduce 323 

fragmentation of analyte ions, a fraction of H3O+ can be converted to H3O+(H2O) and instrument 324 

sensitivity decreases with increasing humidity. 325 

 326 
 327 
Table S4. Comparing the 4:2 FTOH sensitivities and two-second LODs determined for this work 328 
against measurements made by an I-CIMS. 329 

 This Study I-CIMS 

RH 
(%) 

R2 
Sensitivity 

(ncps ppbv-1) 
LOD 

(2 s, pptv) 
Sensitivity 

(ncps ppbv-1)6 
LOD 

(3 s, pptv)6 
Sensitivity 

(ncps ppbv-1) 8 
LOD 

(3.33 s, pptv)8 

0 0.9913 
(12.7 ± 0.6) 

× 10-3 
63 

(3.0 ± 0.7) 
× 10-3 

7.9 2.0 ± 0.2 2.9 

22 0.9989 
(7.3 ± 0.1) 

× 10-3 
74 

 44 0.9941 
(6.7 ± 0.3) 

× 10-3 
200 

60 0.9922 
(7.2 ± 0.3) 

× 10-3 
54 

 330 
 331 
 332 
 333 
 334 
 335 
 336 
 337 
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Table S5. Comparing the sensitivity and two-second LOD determined for this work against those 338 
associated with VOC measurements made by a Vocus PTR-ToF-MS and a traditional PTR-ToF-339 
MS. The one-second pptv LODs were calculated as(reported LOD) × [(1/(sqrt(1 s/reported time 340 
in s))]. 341 

 Vocus PTR-ToF-MS PTR-ToF-MS 

Analyte 
Sensitivity 

(ncps ppbv-1) 
Reported LOD 

(pptv, time) 
LOD 

(pptv, 1 s) 
Sensitivity 

(ncps ppbv-1) 
Reported LOD 

(pptv, time) 
LOD 

(pptv, 1 s) 
4:2 FTOH 
(this study) 

 
(12.7 ± 0.6) 

× 10-3 
63 (2 s) 89 

Acetone 
5000 ± 700(15) 

18400 ± 700(16) 
14 (5 s)(15) 
10 (1 s)(16) 

31.3 
10 

30.9(17) 18 (60 s) (17) 139.4 

Ethanol 80 ± 60(15) 90 (5 s)(15) 201.2 99.23(18) -(18) - 

 342 
 343 
 344 
Table S6. Average urban air concentration (pg m-3) of FTOHs in North America reported in the 345 
literature (∑gaseous and particulate phase) as parts-per-quadrillion by volume (10-15 mol mol-1, 346 
ppqv). 347 

 
Martin et al., 2002 

(~ 21.1 °C)19 
Shoeib et al., 2006 

(~ 1.0 °C)20 
Ahrens et al., 2011 – ref. 

site 12 (~ 22.0 °C)21 
Analyte pg m-3 ppqv pg m-3 ppqv pg m-3 ppqv 

6:2 FTOH 87 5.77 18 1.11 90 5.99 
8:2 FTOH 55 2.86 41 1.99 144 7.51 

10:2 FTOH 29 1.24 22 0.88 70 3.01 
 348 
 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
 357 
 358 
 359 
 360 
 361 
 362 
 363 
 364 
 365 
 366 
 367 
 368 
 369 
 370 
 371 
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Table S7. Absorption cross-sections in the 230 to 350 nm region at 297 K22 and 298 K.23 In 372 
comparing the cross sections of the 1:2 and 6:2 FTALs at different wavelengths, we can infer that 373 
– due to the smaller absorption cross sections – less photolysis is occurring at the shorter 374 
wavelength. This suggests that the photolysis of 4:2 FTAL is just as likely to occur at 254 nm in 375 
the same manner as it would in the environment (loss of -COH to form a polyfluorinated radical) 376 
but would result in decreased 4:2 FTCA yields within the OFR. 377 

 Absorption Cross-section (x 10-20 cm2 molecule-1) 

 298 K 297 K 

UV Wavelength 
(nm) 

1:2 FTAL 
(CF3CH2CHO) 

1:2 FTAL 
(CF3CH2CHO) 

6:2 FTAL 
(C6F13CH2CHO) 

230 0.272 0.250 0.683 
240 0.377 0.320 0.418 
250 0.728 0.640 1.662 
254 0.963 0.840 2.305 
260 1.403 1.280 4.050 
270 2.223 2.070 7.327 
280 3.071 2.950 10.562 
290 3.685 3.540 13.121 
300 3.753 3.540 13.555 
310 3.133 2.960 11.739 
320 1.916 1.780 8.234 
330 0.757 0.670 4.077 
340 0.277 0.230 1.973 
350 0.067 0.017 1.175 

 378 

 379 

 380 

 381 

 382 

 383 

 384 
 385 
 386 
 387 
 388 
 389 
 390 
 391 
 392 
 393 
 394 
 395 
 396 
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 397 

Figure S5. The change in 4:2 FTOH (m/z 265.027492), the detected degradation products (4:2 398 
FTAL, m/z 263.011842; 4:2 FTCA, m/z 279.006757), and the suspected dehydrated 4:2 FTCA 399 
(m/z 260.996192) with increasing OH at (a) 22%, (b) 44%, and (c) 60% RH. The right y-axis 400 
depicts the 4:2 FTOH mixing ratio of permeating 4:2 FTOH (ppbv), and the propagated error at 401 
each point, as it reacts with OH radicals. On the left y-axis are the normalized average signals of 402 
the degradation products (ncps), with each point’s corresponding standard deviation. The x-axis 403 
shows the OH exposure (molecules s cm-3) and the propagated error at each point. 404 
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