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S1 Non-continuum correction factor for the mass growth rate of particles  23 

For the diffusive growth of a particle of diameter Dp, the Knudsen number Kn was 24 

calculated as Kn=λj,i/Dp, whereλj,i was the mean free path of the generation-j organic gas in the 25 

i
th

 volatility bin (Gj,i): 26 

��,� = ���	

��� ���,��

                         Eq (S1) 27 

Dgas was the gas diffusion coefficient of the organic gases (0.05 cm
2
 s

-1
).

1
 R was the universal gas 28 

constant (8.314 J mol
-1

 K
-1

). T was the temperature in units of K. Mj,i was the molar mass of 29 

organic gas Gj,i  (set to a constant of 250 g mol
-1

). The correction factor for non-continuum 30 

conditions was 31 

����, �� = �
�����/                   Eq (S2) 32 

 33 

S2 Representation of the loss of particles to chamber walls in the box model 34 

We implemented the particle wall-loss module from the Aerosol Dynamics, gas- and 35 

particle-phase chemistry model for laboratory CHAMber studies (ADCHAM)
2
 into our box 36 

model to simulate the loss of particles to chamber walls. In the module, the loss of particles to 37 

chamber walls was analogous to particle migration in an effective electrical field and could be 38 

represented by a first-order deposition rate.
2
 The particles suspended in the chamber were 39 

assigned zero, one, two, or three elemental charges assuming a Boltzmann charge distribution in 40 
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each size bin. The total deposition rate in each size bin was the number-weighted-mean of the 41 

deposition rates for the zero, one, two, and three charged particles. 42 

For zero-charge particles, the first-order deposition rate to the chamber walls was calculated 43 

following Lai and Nazaroff
3
, assuming that the turbulence in the chamber was homogeneous and 44 

isotropic. The deposition velocities for the vertical surfaces (kdv), the upward horizontal surface 45 

(kdu), and the downward horizontal surface (kdd) were calculated by Eq (S3-S5): 46 

!"# = $∗
&                           Eq (S3) 47 
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           Eq (S4) 48 
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             Eq (S5) 49 

where µ* was the friction velocity, which was unknown for PNNL chamber and needed to be 50 

fitted. I was a parameterized integral related to the flux of particles across the boundary layer and 51 

calculated by the equations in Table 2 from Lai and Nazaroff
3
 (not listed in detail here). vs was 52 

the terminal setting velocity of a particle with a diameter of Dp: 53 

34 = �
��

�56789:
$                      Eq (S6)  54 

µ was the dynamic viscosity of air in the chamber (1.8×10
-5

 kg m
-1

 s
-1

). Cc was the Cunningham 55 

slip correction factor: 56 

;< = 1 + �?�
�5 [1.257 + 0.4exp	�− �.��5

�?� �]             Eq (S7) 57 

 58 

The deposition rate for non-charged particles, knon-charge (s
-1

) was calculated by Eq (S8): 59 
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!non-charge = TU.V.�TUWVW�TUUVU
X                        Eq (S8) 60 

where Av, Au, and Ad were the surface areas of the vertical surfaces, the upward-facing surface, 61 

and the downward-facing surface, respectively. V was the volume of the chamber. 62 

For the charged particles, the first-order deposition rate, kcharge (s
-1

), for particles of diameter Dp 63 

was calculated by Eq (S9): 64 

!<YZ[\* = V
X
�]9^_
��$�5             Eq (S9) 65 

where A was the chamber surface area, V was the chamber volume, n was the number of 66 

elemental charges of the particle, e was the elementary charge, E was the mean electrical field 67 

strength.  68 

The effective electrical field strength E in Eq (S9) and the friction velocity µ* in Eq. (S3-S5) 69 

were two unknown and tunable parameters in our box model, which could be fitted using 70 

experimental data. Xu et al.
4
 injected ammonium sulfate particles into the PNNL chamber and 71 

used the SMPS to monitor the temporal evolutions of the particle number concentration and size 72 

distribution. We varied the values of E and µ* in our box model (with no gas- and aerosol-phase 73 

chemistry) to find the best fit to the observed total number concentration and size distribution 74 

(Figure S1). The resulting optimized values for E and µ* in the PNNL chamber were 10 V cm
-1

 75 

and 0.14 m s
-1

, respectively.  76 

To further evaluate our particle wall-loss calculation, we also simulated the SOA 77 

concentrations using our best-fit chemical scenarios and product yields with the particle wall-loss 78 

calculations turned off. We compared the results to the particle wall-loss corrected SOA mass 79 

concentration measurements from Xu et al.
4
, as shown in Figure S2. We found that our box 80 
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model, in addition to being able to fit the raw measured time series of SOA mass (as shown in 81 

the main text), was also able to reproduce the measured wall-loss-corrected time series of SOA 82 

mass, especially in the latter half of the experiment. This indicates that our particle wall-loss 83 

calculation is consistent with the wall-loss corrections applied to the SOA measurements in Xu et 84 

al.
4
. 85 

 86 

S3 Representation of the irreversible loss of semi-volatile gases to chamber walls in the 87 

box model 88 

In our box model, we included the irreversible deposition of semi-volatile organic gases onto 89 

chamber walls. The rationale for the irreversibility assumption was threefold. Firstly, chamber 90 

measurements by Zhang et al.
5
 and Ye et al.

6
 showed that the wall-loss of several semi-volatile 91 

gases (including several semi-volatile products from isoprene oxidation) was irreversible/quasi-92 

irreversible in Teflon chambers with surface-to-volume ratios that were similar to the PNNL 93 

chamber at around 25
o
C. Secondly, Zhang et al.

5
 showed that the mass accommodation 94 

coefficient (aw) of semi-volatile gases increases with decreasing volatility. Thirdly, Zhang et al.
5
 95 

used their parameterization for aw to simulate the concentrations of semi-volatile gases in the 96 

Caltech chamber. They found that sensitivity simulations assuming either reversible or 97 

irreversible wall-loss both matched the measured semi-volatile gas concentrations up to 98 

approximately 18 hours into the experiment. 99 

The quasi-irreversible deposition rate for the semi-volatile gases in the i
th

 volatility bin to 100 

chamber walls was calculated as:
5
   101 
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"9�
"` = − V

X �  a,�b� c⁄
� a,�b� �e��	
�f��⁄ � ∙ ;�                  Eq (S10) 102 

where aw,i was the mass accommodation coefficient on the wall for the semi-volatile gases in the 103 

i
th

 volatility bin, νi was the mean thermal speed, and Ke was the eddy diffusion coefficient. 104 

3� = ���
��

                  Eq (S11) 105 

We first estimated the value of Ke for the PNNL chamber. We fitted the observed size-dependent 106 

deposition rates of ammonium sulfate particles (kw,particles) from Xu et al.
4
 by tuning a 107 

parameterization for particle deposition rate from Zhang et al.
7
: 108 

!h,particles = V
X [

�e�f�
� + 34 ∙ coth	�m��]             Eq (S12) 109 

where D was the particle diffusion coefficient and vs was the particle terminal settling velocity 110 

(Eq S6). D and x were calculated as in Eq (S13) to Eq (S14):
8
 111 

n = T�9^
��$�5                          Eq (S13) 112 

o = �b
�e�f�                          Eq (S14) 113 

where g was the earth gravitational constant and k was the Boltzmann constant. We found that a 114 

best-fit value of Ke = 0.006 s
-1

 for the PNNL chamber resulted in a good agreement between the 115 

observed and parameterized size-dependent particle deposition rates, as shown in Figure S3.   116 

Zhang et al.
5
 showed that log10aw,i decreased linearly with log10C

*
i, as described in Eq (S14): 117 

pqr�s�h,� = −0.1919 × pqr�s;�∗ − v	       Eq (S15) 118 
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where b = 6.32 for the Caltech Teflon chamber. To find the appropriate value of b for the PNNL 119 

chamber, we simultaneously varied the value of b in Eq (S15) and the generation-one product 120 

yields αi in our box model using a “Non-aging” chemical scenario in the HO2-dominant 121 

experiment. We then looked for the combination of b and αi that led to the best fit of the 122 

measured time series of SOA mass, as described in the fitting procedure in the main text. In the 123 

end, we selected the value b =6.04 as the best-fit for the PNNL chamber. The corresponding set 124 

of values of aw,i were 1.43×10
-6

, 9.12×10
-7

, 5.89×10
-7

, 3.8×10
-7

 for the semi-volatile gases with 125 

saturation vapor concentrations C
*
 = 0.1, 1, 10, 100 µg m

-3
, respectively. 126 

 127 

S4 Comparison of simulated and measured particle size distribution 128 

Figure S4 compared the temporal evolution of the particle size distributions simulated by 129 

our box model (using the best-fit chemical scenarios and product yields) against the 130 

measurements by Xu et al.
4
 We found that our box model was able to reproduce the temporal 131 

evolution of the measured SOA size distributions, indicating that the particle wall-loss and 132 

aerosol microphysical processes were well represented in our box model.  133 

For each of the three experiments at different levels of NOx, the simulated particle size 134 

distributions assuming the two best-fit chemical scenarios were very similar. As a result, it was 135 

not possible to determine which one of the two best-fit chemical scenarios was more appropriate 136 

based on the particle size distribution evolution. This is not surprising, as we used the observed 137 

initial particle size distribution at t0 as de facto seeds to initialize our model and subsequently 138 

fitted the generation-one product yields in our box model to match the measured SOA mass 139 



 S8

evolution. As such, the particle number and total particle mass in our fitted simulations were 140 

both strongly constrained by the observations. 141 

 142 

S5 Validation of best-fit chemical scenarios and product yields against additional 143 

chamber measurements 144 

To further validate our parameterized product yields, we used our best-fit chemical scenarios 145 

and product yields to simulate the SOA concentrations in the five additional chamber 146 

experiments in Xu et al.
4
, as shown in Figure S5. Note that the experiments in Xu et al.

4
 were 147 

conducted in different Teflon bags: experiments 1, 4, and 5 were conducted in Bag A, while 148 

experiments 2, 3, 6, 7, and 8 were conducted in Bag B. The particle wall-loss rate for Bag A was 149 

three times larger than that of Bag B. To make the SOA mass concentrations across different 150 

experiment comparable, the SOA mass measurement shown in Figure S5 were corrected for 151 

particle wall-loss, and the simulations were conducted with the particle wall-loss calculations 152 

turned off. The initial NOx concentrations for experiment 1 and 3 was below 1 ppb; the initial 153 

NOx-to-isoprene ratios for experiment 4, 5, and 7 were 0.7, 1.26, and 4.42, respectively. We 154 

characterized experiments 1 and 3 as “HO2-dominant” experiments, experiments 4 and 5 as 155 

“intermediate-NOx mixed” experiments, and experiment 7 as a “high-NOx mixed” experiment. 156 

We simulated each of these five experiments using the recommended chemical scenarios and 157 

product yields obtained for the corresponding NOx conditions. 158 

Figure S5 shows the comparison between measured and simulated time series of SOA mass 159 

concentrations. For the HO2-dominant experiments (experiments 1 and 3), the FragH_OligS_P 160 

scneario was able to better reproduce the measured SOA. For the intermediate-NOx mixed 161 

experiments (experiments 4 and 5), the FragL_OligS scenario performed better than the 162 
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FragL_OligF scenario. The FragL_OligF reproduced the peak SOA mass concentration but 163 

overestimated the SOA mass at longer times. For the high-NOx mixed experiment (experiment 164 

7), the FragM_OligF scenario simulated the measured SOA better than the the FragM_OligS 165 

scenario did. Overall, the correlation coefficients between the measured and simulated SOA 166 

mass time series all exceeded 0.8., except for the simulations with the FragL_OligF scenario in 167 

experiments 4 and 5. This indicated that the best-fit chemical scenarios and product yields 168 

obtained from fitting experiments 2, 6, and 8 in Xu et al.
4
 was generally applicable to other 169 

experiments. 170 

 171 

S6 Impacts of different gas-phase chemical aging rates and aerosol oligomerization 172 

rates on the parameterized yields of semi-volatile products  173 

In our parameterization presented in the main text, we assumed that the lumped generation-174 

one semi-volatile gas products were oxidized by OH to form lumped higher-generation products 175 

at a fixed rate constant k2 = 2×10
-11

 cm
3
 molecule

-1
 s

-1
. In reality, the value of k2 is dependent on 176 

the reactivity of the lumped higher-generation semi-volatile products. Chamber experiments 177 

have indicated that, under high-NOx conditions, the oxidation of isoprene by OH produces 178 

MACR as the main first-generation product, which further reacts with OH and NO2 to produce 179 

MPAN.
4
 Under low-NOx conditions, isoprene + OH produces ISOPOOH as the main first-180 

generation product, which goes on to react with OH to produce IEPOX as a major product.
4
 181 

From Xu et al.
4
, the reaction rates of MACR and ISOPOOH with OH were 2.9×10

-11
  and 7×10

-
182 

11
 cm

3
 molecule

-1
 s

-1
, respectively. The reaction rates of MPAN and IEPOX with OH were 183 

2.9×10
-11

 and 1.5×10
-11

 cm
3
 molecule

-1
 s

-1
, respectively. We thus conducted additional fittings 184 
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for the HO2-dominant experiment using the best-fit FragH_OligS_P scenario, while varying the 185 

value of k2, to evaluate the impacts of the assumed k2 value on the resulting parameterized semi-186 

volatile product yields (Table S2). Figure S6 compares our best-fit simulated SOA mass 187 

concentrations using different k2 values (1.5×10
-11

, 2.0×10
-11

, 7.0×10
-11

 cm
3
 molecule

-1
 s

-1
) 188 

against the measurements. We found that our box model assuming all three k2 values were able 189 

to fit the measured time series SOA well (correlation coefficients were 0.93, 0.94, and 0.95, 190 

respectively).  Assuming larger values of k2 (faster aging) in the model led to larger yields of the 191 

lower-volatility products (Table S2), which compensated the faster fragmentation of low-192 

volatility products under the FragH_OligS_P scenario.  193 

Similarly, we investigated the impacts on the parameterized semi-volatile product yields due 194 

to different aerosol oligomerization rates, which at present are not well constrained. We fitted the 195 

intermediate-NOx mixed experiment assuming the best-fit FragL_Olig chemical scenario, except 196 

that the aerosol oligomerization time scales (τolig = 1/ kolig) were varied between 20 hours, 10 197 

hours, 1 hour, and 10 minutes, respectively. The best-fit simulated time series of SOA mass are 198 

compared to the measurements in Figure S7, and the associated optimized product yields are 199 

shown in Table S3. We found that the different oligomerization rates could all fit the  SOA mass 200 

(r > 0.93) reasonably well, although the faster oligomerization rates (τolig = 1 hour or 10 minutes) 201 

better captured the measured slow decay of SOA mass during the latter half of the experiments. 202 

We found that the assumption of faster oligomerization led to larger yields of the lower-volatility 203 

(C
*
 = 0.1 and 1 µg m

-3
) products, likely to suppress SOA formation in the early stages of the 204 

experiment by allowing more wall-losses of the semi-volatile gases. 205 

 206 

 207 
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 208 

Figure S1. (a) Time series of the total number concentration of ammonium sulfate particles in 209 

the PNNL chamber as measured by Xu et al.
4
 (black) and as simulated by our box model (red). 210 

(b) The size distributions of the ammonium sulfate particles in the PNNL chambers measured at t 211 

= 0 hr (blue) and at t = 17 hr (black), as well as the size distribution simulated by our box model 212 

at t = 17 hr (red).  The temporal evolution of the particle numbers and size distribution in the box 213 

model were mainly due to the loss of particles to chamber walls, which were simulated here 214 

using the optimized values of E = 10 V cm
-1

 and µ* 0.14 m s
-1

, respectively. 215 

Coagulation/coalescence processes were also accounted for in our box model but had lesser 216 

impacts on the temporal evolution of the particle size distribution.  217 

 218 
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 219 

Figure S2. Comparison between the particle wall-loss corrected SOA mass measurement and the 220 

model simulated SOA mass concentrations with the particle wall-loss turned off for (a) the HO2-221 

dominant experiment, (b) the intermediate-NOx mixed experiment, and (c) the High-NOx mixed 222 

experiment. Black lines indicate the measurements without wall-loss correction, and red lines 223 

indicate the particle wall-loss corrected measurement. Blue lines denote the model simulation 224 

using the best-fit chemical scenarios and product yields with the particle wall-loss turned off. 225 

 226 

  227 
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 228 

Figure S3. The observed deposition rates of ammonium sulfate particles (black) were used to 229 

find the optimized value for the eddy diffusion coefficient (Ke) for the PNNL chamber. The 230 

parameterized particle deposition rates using Ke = 0.006 (red) led to a good agreement with the 231 

observation. 232 

  233 
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 234 

 235 

Figure S4. The comparison between observed and simulated size distribution for (a, b) HO2-236 

dominant experiment, (c, d) Intermediate-NOx mixed experiment, and (e, f) High-NOx mixed 237 

experiment. The black dots in the left panels showed the initial measured size distributions at t = 238 

t0 (t0 = 0.75 hours, 1 hour, and 3 hours for experiments 2, 6, and 8 in Xu et al.
4
, respectively. See 239 

the main text for details). The left three panels showed the size distributions at the time when the 240 

SOA mass peaked, and the right three panels showed the size distributions at the end of the 241 

experiments. 242 

  243 
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 244 

 245 

Figure S5. Comparison between the measured (black) and simulated (red and blue) SOA mass 246 

concentrations for (a) experiment 1, (b) experiment 3, (c) experiment 4, (d) experiment 5, and (e) 247 

experiment 7 in Xu et al.
4
 The measured time series of SOA mass was corrected for particle 248 

wall-loss by Xu et al.
4
 The simulations were conducted with the particle wall-loss calculations 249 

turned off. 250 

  251 



 S16

 252 

 253 
Figure S6. Observed and simulated time series of SOA mass for the HO2-dominant experiment 254 

and assuming the FragH_OligS_P chemical scenario, given different assumed values of k2. The 255 

model simulations shown here are the best-fit time series with optimized semi-volatile product 256 

yields (Table S2). 257 

  258 
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 259 

 260 

Figure S7. Observed and simulated time series of SOA mass for the intermediate-NOx mixed 261 

experiment and assuming the FragL_Olig chemical scenario, given different values of τolig. The 262 

model simulations shown here are the best-fit time series with optimized semi-volatile product 263 

yields (Table S3). 264 

  265 
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 266 

 267 

 268 

 269 

 270 

Figure S8. Observed (black) and simulated (blue) time series of SOA mass for the HO2-271 

dominant experiment. Solid blue line represents the FragH_OligS_P scenario. Dotted blue line 272 

represents the FragH_OligS_P scenario with the SOA photolysis turned off. Dashed blue line 273 

represents the FragH_OligS_P scenario with the gas wall-loss turned off. 274 

 275 

  276 

  277 
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 278 

Table S1 Gas- and aerosol-phase chemical reactions in the box model 279 

Gas-phase chemical reactions 

Isoprene	+	OH Tz→ |� ∙ G�,� ,  for i = 1,2,3,4 R (S1) 

G�,� + OH T6→ BRfrag ∙ G�,c + 0.1 ∙ G# + �1 − 0.1 − BRfrag� ∙ G�,� , for j = 1,2 R (S2a) 

G�,� + OH T6→BRfrag ∙ G�,c + BRfunc ∙ 1.15 ∙ G�,�)� + 0.1 ∙ G# ,   for i = 2,3,4; j = 1,2 R (S2b) 

Gas/aerosol diffusive mass growth/evaporation 

G�,� Tdiff�� SOA�,   for i = 1,2,3,4; j = 1,2 R (S3) 

Aerosol-phase reactions 

SOA� Tolig��� NVSOA,   for i = 1,2,3,4 R (S4) 

SOA� �→ G#,   for i = 1,2,3,4 R (S5a) 

NVSOA �→ G#  R (S5b) 

  280 
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Table S2 The impacts of gas-phase chemical aging rates on optimized product yields 281 
 282 

Gas-phase aging rate k2 
a
 

C
*
 (µg m

-3
) 

0.1 1 10 100 

k2 = 1.5 × 10
-11

 cm
3
 molecule

-1
 s

-1
 3.68× 10

-5
 3.68× 10

-5
 2.82× 10

-1
 7.40× 10

-2
 

k2 = 2.0 × 10
-11

 cm
3
 molecule

-1
 s

-1
 3.68× 10

-5
 5.52× 10

-4
 2.82× 10

-1
 6.44× 10

-2
 

k2 = 7.0 × 10
-11

 cm
3
 molecule

-1
 s

-1
 3.68× 10

-5
 9.20× 10

-3
 3.50× 10

-1
 1.80× 10

-3
 

a All fittings were based on the FragH_OligS_P chemical scenario for the HO2-dominant 283 

experiment, except that the gas-phase aging rate for semi-volatile products (k2) was varied as 284 

specified in the Table. 285 

 286 

 287 

Table S3 The impacts of aerosol oligomerization rates on optimized product yields 288 

(intermediate-NOx mixed experiment) 289 

Oligomerization time scales 
a
 

C
*
 (µg m

-3
) 

0.1 1 10 100 

τolig = 20 hours 3.68× 10
-5

 3.68× 10
-5

 1.80× 10
-3

 2.50× 10
-1

 

τolig = 10 hours 3.68× 10
-5

 3.68× 10
-5

 2.61× 10
-4

 2.50× 10
-1

 

τolig = 1 hour 1.80× 10
-3

 5.52× 10
-4

 4.42× 10
-3

 2.18× 10
-1

 

τolig = 10 minutes 1.80× 10
-3

 2.61× 10
-4

 1.80× 10
-3

 2.18× 10
-1

 

a All fittings were based on the FragL_OligS chemical scenario for the intermediate-NOx mixed 290 

experiment, except that the aerosol oligomerization time scale (τolig) was varied as specified in 291 

the table. The first-order aerosol oligomerization rate kolig = 1/ τolig. 292 

  293 
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