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Chamber Setup and Instrumentation 

The biogenic and anthropogenic hydrocarbons used in this study were longifolene (MP 

Biomedicals-Solon, OH, U.S.A.), α-pinene (Sigma-Aldrich-Saint Louis, MO, U.S.A., ≥99%), 1-

methylnaphthalene (Sigma-Aldrich-Saint Louis, MO, U.S.A., 95%), phenol (Acros Organics-

Fair Lawn, NJ, U.S.A., 99%), and toluene (OmniSolv- Billerica, MA, U.S.A, 99.99%). All 

experiments were conducted in a 2 m3 PFA Teflon chamber bag, enclosed by a metallic frame, 

irradiated by 16 Sylvannia black lights under relative humidity ranging from 20-30% (Vaisala, 

HMP60 Series relative humidity and temperature probe) at temperatures between 22-25 °C.  

The experiments used either the photolysis of hydrogen peroxide (H2O2, Sigma-Aldrich-

Saint Louis, MO, U.S.A., 50 % wt. in water) or nitrous acid (HONO) as the hydroxyl radical 

source (OH) for intermediate- and high-NOx conditions, respectively. For intermediate-NOx 

experiments, ~75 µl of H2O2 was evaporated into the chamber. For high-NOx conditions, HONO 

was produced by dropwise addition of 150 l sulfuric acid (Fluka Analytical-Gillman, SA, Aus, 

13 mM) in a bulb, containing ~0.67 ml sodium nitrite (Fluka Analytical-Gillman, SA, Aus, 1 M). 

In experiments with HONO as the OH source, additional NO (PRAXAIR, 484 ppm) was also 

injected into the chamber to achieve initial NO mixing ratios of ~500 ppbv in the chamber. In all 

experiments, hexafluorobenzene (Sigma-Aldrich-Saint Louis, MO, U.S.A., 99%) was added as a 

tracer to determine the dilution rate in the chamber. Hydrocarbons were injected by flowing zero 

air over a specific volume of the hydrocarbon liquid sample in a glass bulb. Gas phase 

concentrations of the hydrocarbon were measured with Gas Chromatography coupled with a 

Flame Ionizing Detector (GC-FID) using a Hewlett Packard 5890 Series II and DB-5 (0.25 mm 

I.D. x 30 m, 0.25 µm film thickness, (5% phenyl-Agilent) column. The response of the GC-FID 
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to each hydrocarbon was calibrated by injecting known amounts of the hydrocarbon into a small 

Teflon bag.  

To determine OH concentrations in the chamber, experiments were performed where 

H2O2 or HONO+NO injections were followed by injection of octane (Sigma-Aldrich-Saint 

Louis, MO, U.S.A., 99%). Once hydrocarbon gas phase concentrations were stable, black lights 

were turned on, and the decay of octane and C6F6 was monitored for 3-4 hours. Considering the 

OH reaction rate constant of octane and its dilution corrected concentrations, average OH 

concentrations of the H2O2 (intermediate-NOx) and HONO (high-NOx) experiments were 

measured as 6.3 × 106 molecules cm-3 and 3.6 × 107 molecules cm-3, respectively.  

In SOA formation experiments, after injection of the OH source, the hydrocarbon of 

interest and C6F6 were injected, and the GC-FID monitored their concentrations. For 

intermediate-NOx systems with H2O2 as the OH source, high and low hydrocarbon 

concentrations were tested. For high-NOx systems with HONO as the OH source, only high 

hydrocarbon concentrations were tested.  

Polydispersed dry ammonium sulfate and carbon black (Cabot Corp.-Negeri, Sembilan, 

Malaysia, R400R) aerosols were used to calibrate for βscat and βabs components of PAX, 

respectively (Nakayama et al. 2015). Dry ammonium sulfate was used to obtain extinction from 

a purely scattering material. Since ammonium sulfate is a purely scattering material, a 1:1 

relationship between the calculated βext and measured βscat is expected. The intensities of laser 

light reaching the detector during filter and ammonium sulfate measurements were recorded and 

applied to Beer-Lambert Law in equation S1 to determine the calculated βext:  

𝛽𝑒𝑥𝑡 =  −
1

𝐿
∗ 𝑙𝑛

𝐼

𝐼𝑜
∗ 106 (𝑀𝑚−1)  (S1) 
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where βext is the calculated extinction coefficient at 375 nm, L is the path length (m) of the laser 

beam in the system’s sampling cavity at a value of 0.354 m, Io is the radiation intensity during 

filter sampling time, and I is the radiation intensity during sampling of ammonium sulfate. The 

slope of a linear regression fit to the calculated βext against the measured βscat was used as the 

correction factor to the scattering calibration factor of the system. Similarly, the process above 

was repeated to calibrate the absorption component of the measurement, using carbon black. The 

calculated βext was obtained again using the Beer-Lambert Law from equation S1, while the 

measured βscat was subtracted from the calculated βext to obtain the calculated βabs. The slope of 

the calculated βabs against measured βabs was used to correct the absorption calibration factor. 

Sizing accuracy of the SEMS was determined to be ~ ± 3% by comparing the mode of the 

measured size distributions when sampling 90 nm, 150 nm, 300 nm, 500 nm, and 700 nm 

standard polystyrene latex sphere standards (Polysciences, Inc.-Warrington, PA, U.S.A). 

Counting accuracy of the SEMS is expected to be better than ~ ± 10% (Personal communication, 

Brechtel Manufacturing Inc.).  
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Single Scattering Albedo (SSA) Calculations  

 

We measured the single scattering albedo (SSA) of the SOA products using the 

Photoacoustic Extinctiometer (PAX) at 375 nm. SSA is defined as the ratio of light scattering to 

total light extinction (βscat + βabs) in Equation S2, and is another important property to consider 

for climate forcing calculations (Langridge et al. 2012, McComiskey et al. 2008). 

𝑆𝑆𝐴 =
𝛽𝑠𝑐𝑎𝑡

𝛽𝑠𝑐𝑎𝑡+𝛽𝑎𝑏𝑠
  (S2) 

Due to size dependence of SSA, we explored the evolution of SSA in the experiments as a 

function of size parameter, defined as the following, (Moosmüller and Arnott 2009): 

𝑥 =
𝜋𝑑

𝜆
  (S3) 

 

where d represents the mode of the size distribution from SEMS and  refers to the wavelength 

of radiation (375 nm for this setup). The relative uncertainties of the measured SSA were 

calculated by propagating errors in the measured βscat and βabs (4.5% and 6%, respectively). We 

determined that the relative uncertainties  of SSA varied within 5.8-6.3% at different times of the 

experiments.  
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Mass Absorption Coefficient (MAC) Calculations  

Using SOA mass concentrations based on the SEMS integrated volume distributions and 

estimates of average effective density in each experiment, we calculated the bulk mass 

absorption coefficient (MAC), i.e., mass-normalized value of βabs at 375 nm. Effective densities 

were determined by comparing the SEMS volume distributions as a function of mobility 

diameter and mAMS mass distributions as a function of vacuum aerodynamic diameter, at 

several times during an experiment (Bahreini et al. 2005, DeCarlo et al. 2004). The calculated 

effective densities were 1.31 ± 0.08 g cm-3 and 1.52 ± 0.03 g cm-3 for 1-methylnaphthalene SOA 

particles under high- and intermediate-NOx conditions, respectively. Effective densities for 

longifolene and phenol mixture experiments were 1.21 ± 0.05 g cm-3 and 1.21 ± 0.10 g cm-3 

under high- and intermediate-NOx conditions, respectively. 
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Refractive Index Calculations 

To establish the applicability of the RI determination method, we applied it to compounds 

with known values of RI, e.g., ammonium sulfate (Thermo Scientific-Fair Lawn, NJ, U.S.A, 99.7 

%) and nigrosin (Sigma-Aldrich-Saint Louis, MO, U.S.A.). Polydispersed ammonium sulfate 

aerosols were generated by a Collison type atomizer and dried with a silica-gel diffusion dryer 

before being sampled by SEMS, PAX, CAPS-PMex, and Centrifugal Particle Mass Analyzer 

(CPMA, Cambustion). We performed the Mie calculations and determined the refractive index 

of n=1.51-1.53 (2=0.36-0.97) for ammonium sulfate aerosols, which is in good agreement with 

the reference RI value of 1.53 (Macdonald and Lide 2003, Toon et al. 1976). Similarly, the 

refractive index of dry, polydispersed nigrosin was determined to be (1.58-1.59) + (0.103-0.104)i 

at 375 nm (2=0.45-0.63). Bluvshtein et al. (2017) performed wavelength-dependent RI 

retrievals for nigrosin using Spectroscopic ellipsometer measurements and determined that at 

=375 nm, n and k were 1.659 and 0.143, respectively, which are ~4% and 27% higher than our 

estimates, respectively. Ugelow et al. (2017) performed RI retrievals using photoacoustic 

spectroscopy and cavity ring-down spectroscopy (CASCaRD) techniques at 405 nm for nigrosin 

dye and estimated n=1.57 ± 0.03 and k=0.133 ± 0.014; these values are 3.3% and 14% lower 

than estimates of  Bluvshtein et al. (2017) at =405 nm. One reason for differences in n and k 

values may be the non-standard nature of nigrosin dye that it is not a pure molecule itself but a 

mixture of dyes, resulting in different ‘blackness’ of the dye in different sample batches.  

Having established the validity of our approach to estimate RI values, we applied this 

technique to determine time-dependent RI values of SOA particles. Figure S1 presents examples 

of contour plots of k vs. n, color-coded to the log of the χ2 values, during different oxidation 

stages of 1-methylnaphthalene by OH radicals. In this particular case, the minimized χ2 values 
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were at 0.0017, 0.0071, 0.49, and 0.066, respectively. Generally, χ2 >>1 indicates unacceptable 

agreement between the measured and calculated optical coefficients while χ2 <1 indicates 

satisfactory agreement (Taylor 1997). Once the optimized n and k values were determined based 

on the minimized values of χ2 calculations, the corresponding calculated βscat and βabs at 375 nm 

and βscat at 632 nm were compared with the measured values to further examine the closure 

between the measured and calculated optical coefficients. These comparisons indicated that the 

closure was within ~ ± 10% for βscat and ± 15% for βabs in each experiment, with strong 

correlation coefficients (r2 >0.73).   
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Supplementary Table 

 

 Refractive index (m = n-ki)  

 n (375 nm) k (375 nm) n (632 nm)  

Hydrocarbon Initial Final Initial Final Initial Final Plot Ref.a 

Lgf 1.49 − 0.06
+ 0.07 1.45 − 0.07

+ 0.08 0.000 − 0.000
+ 0.001 0.000 − 0.001

+ 0.001 1.46 − 0.08
+ 0.09 1.49 − 0.07

+ 0.08 I 

Lgf 1.49 − 0.06
+ 0.08 1.48 − 0.07

+ 0.08 0.000 − 0.000
+ 0.001 0.000 − 0.000

+ 0.001 1.46 − 0.08
+ 0.10 1.48 − 0.07

+ 0.08 II 

Lgf 1.50 − 0.06
+ 0.08 1.50 − 0.07

+ 0.09 0.002 − 0.000
+ 0.001 0.002 − 0.000

+ 0.001 1.46 − 0.08
+ 0.09 1.47 − 0.07

+ 0.09 III 

Lgf 1.51 − 0.06
+ 0.08 1.49 − 0.07

+ 0.09 0.001 − 0.000
+ 0.001 0.002 − 0.001

+ 0.000 1.46 − 0.08
+ 0.09 1.45 − 0.07

+ 0.08 IV 

α-P 1.47 − 0.06
+ 0.08 1.44 − 0.05

+ 0.08 0.002 − 0.000
+ 0.003 0.002 − 0.001

+ 0.002 1.45 − 0.07
+ 0.09 1.46 − 0.07

+ 0.09 I 

α-P 1.46 − 0.05
+ 0.08 1.47 − 0.06

+ 0.07 0.001 − 0.001
+ 0.002 0.002 − 0.001

+ 0.001 1.45 − 0.07
+ 0.09 1.47 − 0.07

+ 0.09 II 

α-P 1.47 − 0.06
+ 0.07 1.40 − 0.05

+ 0.07 0.001 − 0.000
+ 0.001 0.002 − 0.001

+ 0.001 1.45 − 0.07
+ 0.09 1.45 − 0.07

+ 0.08 III 

α-P 1.48 − 0.06
+ 0.00 1.44 − 0.06

+ 0.07 0.001 − 0.001
+ 0.000 0.000 − 0.001

+ 0.001 1.46 − 0.07
+ 0.09 1.45 − 0.07

+ 0.08 IV 

1-MN 1.47 − 0.07
+ 0.08 1.44 − 0.06

+ 0.07 0.002 − 0.000
+ 0.001 0.004 − 0.001

+ 0.001 1.48 − 0.09
+ 0.04 1.45 − 0.08

+ 0.04 I 

1-MN 1.52 − 0.08
+ 0.09 1.46 − 0.06

+ 0.07 0.004 − 0.001
+ 0.002 0.007 − 0.002

+ 0.001 1.47 − 0.09
+ 0.04 1.43 − 0.09

+ 0.11 II 

1-MN 1.49 − 0.07
+ 0.09 1.46 − 0.05

+ 0.08 0.004 − 0.001
+ 0.001 0.006 − 0.001

+ 0.002 1.45 − 0.08
+ 0.11 1.42 − 0.07

+ 0.09 III 

1-MN 1.48 − 0.07
+ 0.09 1.46 − 0.06

+ 0.08 0.001 − 0.000
+ 0.001 0.007 − 0.001

+ 0.002 1.48 − 0.09
+ 0.12 1.44 − 0.07

+ 0.09 IV 

1-MN 1.55 − 0.08
+ 0.10 1.55 − 0.07

+ 0.09 0.013 − 0.003
+ 0.004 0.017 − 0.003

+ 0.004 1.52 − 0.10
+ 0.13 1.50 − 0.09

+ 0.11 V 

1-MN 1.55 − 0.09
+ 0.11 1.55 − 0.07

+ 0.09 0.016 − 0.004
+ 0.005 0.018 − 0.003

+ 0.005 1.52 − 0.08
+ 0.11 1.51 − 0.08

+ 0.11 VI 

Phe 1.41 − 0.05
+ 0.07 1.42 − 0.06

+ 0.07 0.003 − 0.001
+ 0.001 0.005 − 0.001

+ 0.001 1.49 − 0.08
+ 0.11 1.51 − 0.08

+ 0.09 I 

Phe 1.45 − 0.06
+ 0.07 1.45 − 0.07

+ 0.09 0.003 − 0.001
+ 0.001 0.005 − 0.001

+ 0.001 1.46 − 0.08
+ 0.10 1.48 − 0.07

+ 0.08 II 

Phe 1.47 − 0.07
+ 0.09 1.45 − 0.06

+ 0.09 0.004 − 0.000
+ 0.003 0.006 − 0.002

+ 0.002 1.50 − 0.08
+ 0.10 1.53 − 0.08

+ 0.09 III 

Phe 1.50 − 0.07
+ 0.08 1.45 − 0.07

+ 0.09 0.004 − 0.001
+ 0.001 0.012 − 0.002

+ 0.002 1.46 − 0.07
+ 0.09 1.46 − 0.06

+ 0.08 IV 

Phe 1.49 − 0.07
+ 0.08 1.49 − 0.07

+ 0.10 0.006 − 0.002
+ 0.002 0.013 − 0.002

+ 0.002 1.46 − 0.07
+ 0.09 1.47 − 0.07

+ 0.09 V 

Tol 1.48 − 0.07
+ 0.07 1.41 − 0.06

+ 0.08 0.001 − 0.001
+ 0.000 0.001 − 0.000

+ 0.001 1.51 − 0.08
+ 0.09 1.49 − 0.07

+ 0.09 I 

Tol 1.44 − 0.06
+ 0.07 1.38 − 0.05

+ 0.07 0.001 − 0.000
+ 0.001 0.002 − 0.001

+ 0.000 1.49 − 0.08
+ 0.09 1.48 − 0.07

+ 0.09 II 

Tol 1.46 − 0.07
+ 0.06 1.49− 0.06

+ 0.12 0.007 − 0.002
+ 0.000 0.005 − 0.000

+ 0.003 1.46 − 0.08
+ 0.10 1.56 − 0.09

+ 0.10 III 

Tol 1.45 − 0.06
+ 0.08 1.46 − 0.07

+ 0.12 0.001 − 0.001
+ 0.000 0.001 − 0.000

+ 0.000 1.49 − 0.08
+ 0.10 1.51 − 0.08

+ 0.10 IV 

Tol 1.50 − 0.06
+ 0.08 1.47 − 0.07

+ 0.08 0.002 − 0.000
+ 0.001 0.003 − 0.001

+ 0.000 1.47 − 0.07
+ 0.09 1.44 − 0.07

+ 0.08 V 

Tol 1.45 − 0.06
+ 0.07 1.44 − 0.06

+ 0.07 0.006 − 0.001
+ 0.001 0.006 − 0.002

+ 0.001 1.44 − 0.07
+ 0.09 1.46 − 0.07

+ 0.08 VI 
Table S1. The RI values listed are the first (40-90 min after start of reaction) and last (210-378 min after start of reaction) 

measurement of each experiment along with their associated uncertainties. 
aPlot reference number refers to the experiments mentioned in Table 1. 
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Supplementary Figures 

 

Figure S1. Sample contour plots of k vs. n, color-coded with log (χ 2), for a 1-methylnaphthalene oxidation experiment (reference 

plot III-Intermediate NOx conditions) at 30, 90, 150, and 210 minutes after initiation of the experiment. Note that the colder 

colors indicate lower values of χ2 and thus more optimized values of n and k. 
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Figure S2. Time series of longifolene experiment with an initial concentration of ~86 ppbv. (a) Gas phase concentration of 
longifolene and SOA volume concentration, (b) SOA total particle number concentration and size distribution, (c) aerosol 

scattering and absorption coefficients at 375 nm and extinction coefficient at 632 nm. 
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Figure S3. (a) SSA vs. size parameter, and (b) n at 375 nm, (c) k at 375 nm, and (d) n at 632 nm vs. OH exposure for α-pinene 

SOA particles. 
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Figure S4. Time series of 1-methylnaphthalene oxidation for reference experiment III with an initial concentration of ~54 ppbv. 

(a) Gas phase concentration of 1-methylnaphthalene and SOA volume concentration, (b) SOA total particle number concentration 

and size distribution, and (c) aerosol scattering and absorption coefficients at 375 nm and extinction coefficient at 632 nm. 
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Figure S5. Mass spectra of longifolene, longifolene+phenol, and longifolene+toluene SOA particles. 
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Figure S6. (a) SSA vs. size parameter, and (b) n at 375 nm, (c) k at 375 nm, and (d) n at 632 nm vs OH exposure for 

longifolene+phenol SOA particles. 
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Figure S7. Trends in the derived MAC with OH exposure for longifolene+phenol SOA particles. 
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Figure S8. (a) SSA vs. size parameter, and (b) n at 375 nm, (c) k at 375 nm, and (d) n at 632 nm vs. OH exposure for 

longifolene+toluene SOA particles. 
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Figure S9. Relative radiative forcing calculated for different RI values as a function of aerosol size and surface albedo. (a) global 

mean land surface albedo,  = 0.26, and (b) fresh snow surface albedo,  = 0.85. 
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