
Response to Reviews: Secondary Organic Aerosol Yields from the

Oxidation of Benzyl Alcohol

Reviewer 1

This manuscript describes SOA formation from benzyl alcohol. Benzyl alcohol is a volatile chemical product (VCP). VCPs

are a class of compounds that may be an im- portant, but previously overlooked, source of SOA. The paper is timely because

better laboratory data on SOA formation from VCPs is needed in order to constrain VCP SOA formation in chemical transport

models.5

Overall this paper is a comprehensive look at SOA formation from benzyl alcohol. Most of my comments focus on organi-

zation and structure. The paper seemed to jump back and forth between SOA yields (Section 3), SOA composition (Section 4),

and SOA yields again (Section 5). I think it would be easier to follow if all of the discussion of yield was consolidated (e.g.,

switch sections 4 and 5). Additionally, I am not sure how much value is added by Section 6.

Thank you for all your comments; each is addressed in blue text. We reorganized the paper by consolidating Sects. 4 and 5 so10

that the parts of Sect. 4 that were important for discussing SOA yields now appear alongside the actual SOA yield discussion.

We also removed some of Sect. 6.3 and moved the rest to what was Sect. 5 (and is now Sect. 4). The rest of what was Sect. 6

is now in the Appendix.

Specific Comments

Line 88-89. I am not sure what this means "Multiple FT-IR samples were taken until each spectrum gave the same concentra-15

tion; this was to ensure a minimal effect from any compound deposited on the instrument walls."

The CIMS was calibrated using measurements from an FT-IR. However, to use the FT-IR requires preparing benzyl alcohol

in a small Teflon bag and then sampling by flowing the sample from the small bag into the instrument enclosure. Since this

involves flowing through Teflon lines and the sampling enclosure itself (either of which might adsorb or absorb benzyl alcohol),

multiple FT-IR samples were taken in succession until all adsorption sites were filled and/or an equilibrium was reached within20

the sampling enclosure such that the gas-phase concentration in the sampling enclosure matched the gas-phase concentration
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in the small Teflon bag. To clarify this, the text was changed to: “Multiple FT-IR samples were taken in succession until there

were consistent spectra; this was to ensure a minimal effect from any compound deposited on the FT-IR instrument walls or

sampling lines.”

Line 103 - The TSI 3010 used t-butanol? I thought it used 1-butanol.25

Yes, it is 1-butanol, this was a typo. It has been changed to “butanol” in the manuscript.

Figure 1a - why is SOA yield not shown for the first ∼10-15 minutes of the experiment?

For all the experiments that show SOA yield, we plot the SOA formed (calculated either with the assumption that ! = 0 or

! = 1) divided by the benzyl alcohol reacted. These two values are shown in Figure 1b. Since at time 0, when the lights are

turned on, no benzyl alcohol has reacted (and so the denominator of the SOA yield calculation is 0 or nearly 0), the measurement30

noise has a large effect on the SOA yield for the first few minutes. This can make it look like the SOA is incredibly large. To

avoid this confusion, and to zoom in on the part of the curve that is relevant, we have removed the first few minutes from the

SOA yield plot. We also do this (for the same reason) for what are now Figs. 3a, 4, and 7. Additionally, for Figs. 6, 10, and A1,

which show data from the AMS, we similarly remove the first few minutes because the amount of organic aerosol present was

insufficient to produce an adequate signal to see visualize these ratios.35

In the caption for Fig. 1, we added the following sentence: “Due to low signal at the beginning, the first 10 min of the

experiment are not shown.” In the Fig. 3 caption, we add: “In panel (a), the first 30 min of oxidation are removed due to low

signal and large uncertainties in SOA yield.” In the caption of Fig. 4, we add “The first 30 min of oxidation are omitted due

to low signal and large noise at the beginnings of the experiments.” The captions of Fig. 6 (which was Fig. 3), Fig. 10 (which

was Fig. 4), and Fig. A1 still have the sentence: “Since the ratios are relevant only when there is a sufficient amount of aerosol40

present, the first 15 min after oxidation are not shown.”

Section 3.2.1 - were these wall loss experiments conducted as part of this study? Or are the authors recapping the experiments

conducted in Charan et al 2018 and 2019?

All the particle wall loss experiments discussed in Section 3.2.1 were conducted for this study. For a further explanation:

Caltech has two chambers: one is used for experiments without NOx and one is used for experiments with NOx. The exper-45

iments reported and discussed in Charan et al. 2018 were all conducted in the NOx-free chamber, which is 19.0 m3. All the

experiments in this paper, including these particle wall loss calculations, are conducted in the chamber with NOx, the volume

of which is 17.9 m3. Both chambers are located in the same enclosure. Charan et al. 2019 did not report any new experiments,

but references those conducted in Charan et al. 2018 (all in the 19 m3 chamber) and experiments conducted in Schwantes et al.

2019.50
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To clarify this, the phrase “as outlined in Charan et al. (2018)” was changed to “following the protocol in Charan et al.

(2018). The phrase “for this study” was added to the first and fourth paragraphs in Sect. 3.2.1.

Section 3.2.1 describes a fit for k_e and the electric field strength E. Some context would be helpful. For example, is E ∼
2 V/cm "large" compared to the cases where E is effectively zero? Or is the E fit for each individual experiment effectively

"small"?55

Immediately after this description of field strength, context is now given: “Note that this is small: over 20 h of solely particle

wall deposition and coagulation for an initial surface area concentration of 2.7×103 µm2 cm−3 and a lognormal distribution

centered around ∼125 nm, an Ē = 2.5 V cm−1 gave a number concentration 86% of that when Ē = 0 (Charan et. al., 2018). A

characteristic value for a chamber with charge is ∼45 V cm−1 (McMurry and Rader, 1985). This chamber, unlike many with

larger values of Ē, is constantly suspended and does not touch the enclosure walls.”60

To clarify - for Table 2 the "no correction" yield is the case where Delta_SOA is the suspended OA measured at the experi-

ment end minus the initial OA mass (which is presumably ∼0)? I’m not sure this Table needs to be in the main text.

Yes, this is correct. This sentence is added to clarify: “Table 1 shows the SOA yield that would be calculated assuming that

no particles were lost to the chamber walls during the experiment: this is simply the difference between the measured aerosol

mass at the end of the experiment and that at the beginning, divided by the total reacted benzyl alcohol mass." Additionally,65

what was Table 2 is now merged with Table 1, since it is not sufficiently critical to merit its own table.

Figure 3 and 4 need more discussion. Are there systematic changes in OA composition at different T or [NO]? For example,

in 3(c) I can see that the O:C ratios vary from experiment to experiment, but right now the reader needs to scrutinize the figure

to see if there is any sort of trend between O:C and T.

Fig. 3 and 4 are now Fig. 6 and 10, respectively. In the Fig. 6 caption, we added “At higher temperatures, O:C ratios are70

larger and H:C ratios tend to be smaller. There is also a slight increase in the NO+x ratio with temperature.” In the Fig. 10

caption, we add: “The lower NO experiments have a higher O:C ratio later in the experiment than the high NO cases; no trend

is obvious in H:C ratios.”

We integrated a lot of what was Sect. 4 into Sect. 5 (see response to your next question) and consolidated the discussion of

the aerosol from both sections into the text around the two figures. The following paragraph now appears (in Sect. 4.4), just75

before the introduction of Fig. 6: “A higher SOA yield at lower temperatures is also supported by Fig. 6, which shows how

the chemical makeup of the aerosol is different for aerosol formed at different temperatures: the O:C ratio is higher and the

H:C ratio is lower on aerosol formed at higher temperatures, meaning that more volatile compounds that might condense at

lower temperatures (and have a smaller O:C ratio and a lower H:C ratio) do not condense at the higher temperature (panels

a and c). Though the difference is slight, there is a trend for a larger NO+x ratio (panel b) and, correspondingly, a larger80

mass fraction of organonitrates at higher temperatures. The former indicates that the organonitrates may be less volatile than
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other nitrogen-containing compounds that may condense into the aerosol phase (including, potentially, inorganic ammonium

nitrate). The latter suggests that the gas-phase branching may be different. It may be that fewer organonitrates are formed at

lower temperatures.” Similarly, discussion of Fig. 10 is now located alongside the figure in Sect. 4.5.

Section 5 seems out of order. Perhaps put it with or immediately after section 3. Section 3 has a lot of detail on how SOA85

yield is calculated, and then Section 4 discusses SOA composition. It felt like a big jump and that I, as a reader, didn’t have a

sense that the SOA yields are high.

We want to discuss the aerosol chemical composition alongside the SOA yield, so we have now integrated some of the aerosol

composition discussion with the aerosol yield (and present the SOA yield first to avoid jarring the reader). The discussion of

the change in aerosol chemical composition, which was the crux of Sect. 4, is now briefer and in Sect. 4.6 (which is at the end90

of what was previously Sect. 5).

Additionally, we removed some of what was Sect. 6.3 and moved the rest (including what was Fig. 13 and now is Fig. 8) to

the discussion of SOA yield at different temperature so that we can discuss the changing gas-phase chemistry along with the

changing aerosol-phase chemistry when analyzing the changes in SOA yield.

Figure 5 and 6 - Please specify what is meant by "reproduction experiments." I assume that these are nominally identical95

experiments, but it should be clarified.

In Fig. 5 (now Fig. 4), the description of panel (a) was changed to: “(a) experiments run under approximately identical con-

ditions.” Fig. 6 has been removed (see response to Reviewer 2’s comments). In Appendix C3 (previously Sect. 6.2), the phrase

is changed to “experiments run under approximately identical conditions except for initial seed surface area concentrations

(S2–4 and R1–4).” The caption of Fig. C2 (previously Fig. 11) now has the phrase “(a) similar experiments” and to the fourth100

paragraph of Appendix C3 (previously Sect. 6.2), we add the phrase: “where the reproduction experiments are those performed

under very similar initial conditions.” The Fig. 8 (previously Fig. 13) caption is changed to “(a) similar experiments, R1–5.”

The sentence in the fourth paragraph of what is now Sect. 5 (was line 497) is changed to “Even for experiments R1–5, designed

to be nearly identical.” In Fig. 11 (previously 14), the descriptor "reproduction" is removed.

Can you explain the choice of experiments shown in Figure 7? There are a number of experiments shown in Fig 6 that are105

not shown in Fig 7.

We removed Fig. 7 in place of what is now Fig. 3. Figure 4a (like what was Fig. 7) only includes experiments run under

approximately the same initial conditions (experiments R1–5). Experiment L1, which was conducted at ∼ 8% of the light

strength of the other experiments but otherwise has the same initial conditions as experiments R1–5 is included to demonstrate

consistency at a lower fraction of the [BnOH]0 reacted. In Fig. 3a, this is now clearer because it is represented in terms of110

organic aerosol (�SOAmeas) present instead of in terms of the fraction of the initial benzyl alcohol reacted. Additionally, we

want to demonstrate that for experiments R1–5 (not for L1, since it has not had enough time to react), the yield is asymptotically
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approached as �SOAmeas increases. This was supposed to be the point of Fig. 7, which shows this asymptote in terms of the

fraction of reacted benzyl alcohol, but this is now clearer.

Since we do not expect to see the same SOA yields for the experiments run under different initial conditions (such as115

temperature for T1–4 and NO concentration for N1–6), consistency across �SOAmeas (previously, fraction of reacted benzyl

alcohol) and SOA yield is not expected. Nevertheless, we now provide this information in Fig. 3b so that they can be compared.

However, plotting the curves for each experiment made this figure too messy and so only the endpoints are shown in Fig. 3b.

I am not sure what value Section 6 adds to the paper, especially since the model seems to perform poorly for many experi-

ments. What do we learn from the modeling that cannot be learned directly from the data?120

Section 6 suggests, importantly, values for the parameters ↵p and !. The accommodation coefficient, ↵p ≈ 10−2, determines

the regime in which an experiment occurs. For some experiments, this small values of ↵p suggests that mass-transfer limitations

may be important. While the fact that ! ≈ 0 is expected, it is often a parameter under debate. We added Appendix C1 to explain

the importance of these parameters and the purpose of the chamber simulations.

As this in not important enough to include in the main text, but we still believe it adds to the discussion, we have moved125

the bulk of this section to Appendix C. For what was Sect. 6.3, we completely removed the discussion of SOA yield from

benzaldehyde and moved the consideration of hydroxybenzyl alcohol (HOBnOH) to Sect. 4.4 (the temperature-dependence

of the SOA yield). We believe that the HOBnOH discussion provides evidence of differing gas-phase chemistry at different

temperatures and so we kept it in the main text.

Regarding the mechanism discussion: I think one of the conclusions of section 6 is that SOA is not formed via the benzalde-130

hyde channel. Does this mean that there is rough closure between SOA and gas-phase measurements? E.g., about a quarter of

benzyl alcohol goes to benzaldehyde (no SOA formed). The rest forms products that can make SOA, and the SOA yield is in

the neighborhood of 75%. Obviously we need to count the oxygen mass added, but to first order this adds up.

This is difficult to say, because benzaldehyde concentrations were not measured during these experiments. The fact that

there is shift in the HOBnOH concentrations depending on experimental conditions (temperature or [NO]) does indicate that135

the differences in observed SOA yields originate from the gas-phase products (either being benzaldehyde or intermediates or

aerosol-forming products).

We do get rough mass-closure between the measured SOA yields and the predicted gas-phase branching ratios, though. The

following paragraphs were added to the conclusion (Sect. 5):

“The one-product absorptive partitioning model predicted a mass-based stoichiometric coefficient of ↵ ≈ 0.97 for oxidation140

products that partitioned into the aerosol phase. If we assume that these oxidation products can be described by very oxygenated

rings with a molecular weight of 188 g mol−1, then this corresponds to a mole-based branching ratio of 0.56. This is not much
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more than the 0.41 calculated by Wang (2015) for the formation of very oxygenated rings from benzyl alcohol oxidation (see

Fig. C1 and Appendix C2). While the SOA yields calculated here appear high, they are not far from the those predicted in the

gas-phase for the least volatile oxidation products.145

“A molecular weight of 188 g mol−1 for benzyl alcohol oxidation products also appears to be reasonable: these products

would have an Oxygen-to-Carbon atom ratio of 0.86 (see Table C1), which is close to the ratios we see in Figs. 6 and 10 of as

much as 0.95 and 0.83, respectively.”

Reviewer 2

The researchers embark on an investigation of volatile consumer products (VCPs) and for the initial compound they consider150

the photooxidation of benzyl alcohol (BnOH). The experiments are run with NOx present in the system and at levels there

are using virtually all the peroxy radicals formed react with NO to form alkoxy radicals. While the experiments are suitable

for examining ozone formation, the authors have decided to focus on SOA formation. A chemical ionization mass spectrom-

eter (CIMS) is adopted for measuring gas-phase oxidation products. For particle measurements, particularly for determining

aerosol yields (Y), a scanning mobility particle analyzer (SMPS) has been used to measure particle volumes which can then155

be converted to particle mass using a density (1.4). The results indicated extremely high yields for BnOH ranging from 0.35 –

1.0. The authors then examine values for the yield for as a function of several parameters important in atmospheric scenarios,

such as NOx levels, temperature, amount of BnOH reacted, and seed surface area.

An extensive discussion is given regarding the effect of walls on the deposition of con- densable organic compounds to

particles lost to the chamber walls to provide a corrected yield, ! (gk: omega). This turns out to be a negligible correction160

compared to the uncertainty of the SOA yield determination. Following this additional wall corrections are enumerated and

(presumably) justified. The most important is the actual particle loss to the chamber. This second correction is very important to

the interpretation of the work because it leads to the authors selection of the ammonium sulfate (AS) aerosol seed surface area

(and by extension mass) that the authors select for their experiments. They also consider gas-phase product loss to the walls

but ultimately decide that it is unimportant. When all is said and done the extent of the corrections to particle loss is 10 – 20%.165

Ultimately, the authors conclude that an aerosol yield as a function of time converges on a single value for the parameterization

considered and becomes independent on the amount of BnOH reacted.

The paper ends up by considering gas-phase mechanism relevant to the degradation of BnOH and possibly to aid in inter-

preting these very high yields, but sadly as the authors note (line 391), the considerations in Section 6 do not affect the SOA

yields. However, the section does give some clue as to the plausibility of the reported results.170

Thank you for all the comments. We have addressed each in blue text.
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General Comments

This paper caught my eye from the SOA yields approaching unity under some conditions. The results certainly merit publication

and the authors have generated a fairly comprehensive dataset for yields with NOx present under a reasonably wide set of

conditions. However, I do believe that the paper needs considerable work to entice physical scientists to read it and appreciate175

the significance of the results. My main comments will address organization, emphasis, assumptions, and consistency, in no

particular order.

(1) I believe that much of the message and findings of the paper are lost in the inordinate focus on corrections to the calculated

yield in Section 3. For example, we have a reasonably detailed discussion of the factor ! (loss of condensable organic products

to particles on the chamber walls) only to find out on line 200 that this factor is basically irrelevant to the yield determination.180

For me, this comment suggests that this section is essentially appendix material. All of Section 3 really needs to be reduced

to one or two pages. The only section that should be discussed in any detail is Section 3.2.1. Otherwise, just give the major

findings from the section.

To reduce some of the excessive length, we did move the description of how to calculate the SOA yield when ! = 1 to

Appendix B. However, the SOA yield calculations and corrections are very important to understanding the true yields. As185

this is the first part of a series of VCPs that we hope to study, we prefer to keep the focus on SOA yield corrections. To

make this clear that this is one of the goals of the paper, we added this paragraph to the end of the introduction: “While the

experiments described here were performed under conditions that minimize corrections required to extrapolate SOA yields to

the atmosphere, historically these corrections could be quite significant Zhang et al. (2014). As the first compound studied

in a set of VCPs, we devote Sect. 3 to a detailed discussion of the SOA yield calculation including possible corrections.190

Understanding these corrections is critical to ensuring that the SOA yields calculated are reasonable.”

(2) The justification for use AS seed aerosol with very high surface areas is to com- pete for condensable organics with losses

to the walls. This leads to a seed aerosol concentrations having masses probably 10 – 100 times that found in the atmosphere.

These conditions limit the relevance of these experiments to atmospheric conditions. However, I am more worried about the

mechanism for SOA formation at high surface areas. In the atmosphere, adsorption of organics while present cannot compete195

with absorption of condensable organics into the organic mass already present. I wonder if this is the case in the present

experiments. At these high surface areas, can the major process for SOA condensation be adsorption and not absorption. I

think this is a subject that should be discussed in the paper or at least explicitly discounted by performing the necessary

calculations.

Thank you for bringing up this point. We added Sect. 4.1 to address the effect of adsorption:200

“The uptake and growth of aerosol can occur either through adsorption or absorption of oxidation products. Generally, we

think of secondary organic aerosol growth as governed by absorption, though adsorption is also possible, especially at the large
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surface area concentrations used in this study to reduce the effect of vapor-wall deposition. To estimate the relative effects of

these two processes, we use the gas-particle partitioning coefficient given by (Pankow, 1994, 1987):

Kp = 1

p0L
�NsAtspRTe�Q�RT + fomRT

MWom�
� (1)205

where the first term comes from adsorption and the second from absorption. The absorbent vapor pressure, p0L is in units of

atm. If we assume that the molecular weight of the organic material MWom = 188 g mol−1 = 1.88×108 µg mol−1, which is

the molecular weight of the major low-volatility oxidation product of benzyl alcohol calculated by Wang (2015); the activity

coefficient of a compound in the organic phase is � = 1; and the temperature is T = 291 K (matching that in experiment R1), the

absorptive term is ∼ (1.3×10−10)fom m3 atm µg−1, where fom is the mass fraction of absorbing organic in the aerosol phase.210

“The specific surface area of the particulate matter, Atsp, changes little throughout experiment R1. At the beginning of the ex-

periment, when particles are the smallest, Atsp ≈ 0.14 cm2 µg−1. Using Eq. 60 from Pankow (1987), the surface concentration

of sorption sites on an adsorbing surface is Ns,om ≈ 4.5×10−10 mol cm−2 for the organic phase and Ns,amm sulf ≈ 6.7×10−10
mol cm−2 for ammonium sulfate. Note that the calculation for the organic phase uses ⇢om = 1.4 g cm−3. To get an upper-bound

estimate of adsorption, if we take Ns =Ns,amm sulf , the adsorptive term is ∼ (2.2×10−12)e1.7�Q m3 atm µg−1, where �Q is215

the enthalpy difference between desorption from the particle surface and vaporization of the pure liquid and has units of kcal

mol−1.

“To determine the relative importance of adsorption and absorption, we need �Q and fom. For liquid-like adsorption,

�Q ≈ 0, but for SOA from polycyclic aromatic hydrocarbons rings and organochlorines, �Q ≈2–4 kcal mol−1 and �Q ≈1–2

kcal mol−1, respectively (Pankow, 1987; Yamasaki et al., 1982). For experiment R1, fom is 0.1 by 10 min and 0.5 by 1 h. At220

the end of the experiment, fom = 0.8.

“Depending on the value of �Q, the length into the experiment at which adsorption is insignificant changes. If �Q ≈ 0,

adsorption will be responsible for < 15% partitioning 10 min into the experiment. If �Q � 0.9 kcal mol−1, adsorption will be

responsible for < 15% partitioning 1 h into the experiment, and if �Q � 1.2 kcal mol−1, adsorption will be responsible for

< 15% partitioning at the end of the experiment. Note that, since prior to the commencement of oxidation, no aerosol growth225

is observed, the seed aerosol neither adsorbs nor absorbs benzyl alcohol.”

(3) Are these results consistent with the partitioning approach developed at Caltech in the mid-1990’s. Can these results

be expressed in a two-product model described by Odum et al. (1996, 1997) with appropriate updates from Ng (2007) and

possibly others?

We added Sect. 4.2 to address this question, along with Fig. 3. Figure 4a has the one- and two-product model fits shown.230

Unlike Odum et al. (1997), which found two products are required (but any more is redundant), we find that a one-product

model performs quite well. Section 4.2 is:
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“If absorption dominates gas-particle partitioning, the SOA yield would depend on the amount of organic material in the

aerosol phase (�SOAmeas, which varies with fom) if equilibrium growth occurs, as is shown in Fig. 3 (Pankow, 1994; Odum

et al., 1996). Traditionally, this partitioning is given by235

Y =�SOAmeas

n�
i=1
� ↵iKom,i

1+Kom,i�SOAmeas
� (2)

where a one-product model has n = 1 and a two-product model has n = 2 (Pankow, 1994; Odum et al., 1996; Ng et al., 2007).

The stoichiometric fraction of product i in mass units is ↵i. Kom,i is the absorptive partitioning coefficient for the organic

phase for species i, which is Kp,i

fom
from Eq. 2 (Odum et al., 1996).

“The two-product model does not improve from the one-product model (dotted curve in Fig. 3a), but only creates a very large240

non-volatile compound (Kom >> 1) that is formed in very small quantities (↵ << 1) and the other compound nearly matches the

compound found in the one-product optimization. The one-product optimization gives ↵ = 0.97 and Kom = 0.009 if all points

are equally weighted. If we only include the end points, this gives ↵ = 1.05 and Kom = 0.005.

“At � 500 µg m−3, the SOA yield flattens out. This indicates that, above this �SOAmeas, the partitioning coefficients for

the oxidative products are sufficiently large (that is, the products are sufficiently non-volatile), that Y approaches the ↵, the245

gas-phase stoichiometric fraction in mass units for the oxidation products (Ng et al., 2007).”

(4) The error analysis needs to be addressed in more detail. Starting with the first figure, the most striking thing in the figure

is the magnitude of uncertainty associated with the yield for this experiment. If this is representative, and presumably it is, it

is likely due to random errors rather than systematic errors, since they are already discussed extensively in Section 3. Thus,

it appears to me that the random error completely swamps out the systematic error. I am not sure how the authors expect to250

convince a modeler of the accuracy with this level of uncertainty. Is it possible that these considerable random errors are due

to a relatively small SOA mass condensing onto seed aerosol of considerably higher mass leading to errors associated with the

subtraction of two large numbers? The issue of random errors needs to be better addressed in the text.

What was Sect. 3.2.3 (Effect of corrections on measured SOA yield) is now Sect. 3.3 (Errors in measured SOA yields) and

includes the additional information:255

“For experiment R1, the assumed uncertainty that comes from particle-wall-deposition is ∼ 8%. This dominates, for �SOAmeas,

the random and counting error. The total uncertainty in �SOAmeas for experiment R1 is, including the uncertainty in the

aerosol density, the wall-deposition, and the random error, ∼ 9%.

“Most of the reported uncertainty in the SOA yield comes not from the wall-deposition correction, but from the uncer-

tainty in the benzyl alcohol concentration. For experiment R1, the random error in the benzyl alcohol signal, measured during260

the background collection period, was 15%. Combined with the uncertainty of the calibration (6%), this was a 16% uncer-
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tainty. This same error was applied to the concentration of benzyl alcohol measured at the end of the experiment. Since

�[BnOH]meas = [BnOH]0 − [BnOH]t=end, the uncertainty of �[BnOH]meas is 19.5%.

“With the 9% and 19.5% uncertainties in �SOAmeas and �[BnOH]meas, respectively, we get a 21% uncertainty in the final

calculated SOA yield. Most of this comes from the precursor concentration.265

“Uncertainty from vapor-wall deposition is not included in the calculated error, but any vapor-wall deposition would only

decrease the fraction of organic aerosol observed. That is, the true �SOAmeas would be larger than the calculated �SOAmeas.

If experiments were not run at a sufficiently large aerosol surface area concentration to neglect the loss of gas-phase products

to the chamber walls, the true SOA yield will only be larger than what is reported here.”

Error is also discussed in Sect. 3.2.1 (Particle wall deposition) and the third paragraph of Sect. 2.3 (Particle-phase measure-270

ments) and the second-to-last paragraph of Sect. 2.2 (Gas-phase measurements).

(5) Section 4 seems to be an appendage to the paper. It adds little to the interpretations in the paper, is not mentioned

in the Abstract or Conclusions, and for me distracts from the main message of the paper. Unless these results can be better

incorporated into the yield consideration or perhaps in the mechanism discussion of Section 6, I would remove it from this

paper, and perhaps base a separate paper on this data. As an alternative, can the data in Section 4 be used in conjunction with275

the mechanistic discussion of Section 6, in which case I would place it immediately before Section 6.

Please see the response to Reviewer 1’s eighth specific comment (lines 88–94).

(6) I find much of Section 6 to be of little value the way it is currently presented. As noted earlier, the authors state that

the actual composition of products is decoupled from the yield measurement. Thus, this section is more of academic interest

than anything else. The photooxidation of BnOH in the presence of NOx simply follows analogous with mechanisms for280

photooxidation of toluene in terms of abstraction from the substituent group and addition to the aromatic ring.

Please see the response to Reviewer 1’s eleventh specific comment (lines 121–129).

(7) A mass balance estimation of measured and likely products from the NOx photooxidation of BnOH make it implausible

that yields approaching unity are realistic. The mechanism of BnOH oxidation with NOx is reported to give benzaldehyde as a

major product with a yield of 0.25 (Harrison and Wells, 2009; Bernard et al., 2013; see author refs). And yet the authors states285

on line 463 that benzaldehyde does not form condensable products. Benzaldehyde together with small ring-fragmentation

products also unlikely to give condensable products probably make up at least 50% of the initial reacted BnOH mass. With

half of the mass unavailable for SOA formation, it is hard for me to justify SOA yields of 1 and greater. Moreover, Figure 14

suggests that an extrapolation to atmospheric BnOH levels would make the effective yield substantially greater than 1. Where

is all the SOA mass coming from? It seems to me that this is a serious issue that the authors need to address.290
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To address the first part of this question, we added the following paragraphs to the text: “The one-product absorptive par-

titioning model predicted a mass-based stoichiometric coefficient of ↵ ≈ 0.97 for oxidation products that partitioned into the

aerosol phase. If we assume that these oxidation products can be described by very oxygenated rings with a molecular weight

of 188 g mol−1, then this corresponds to a mole-based branching ratio of 0.56. This exceeds modestly the value of 0.41 cal-

culated by Wang (2015) for the formation of very oxygenated rings from benzyl alcohol oxidation (see Fig. C1 and Appendix295

C2). While the SOA yields calculated here appear high, they are not far from the those predicted in the gas-phase for the least

volatile oxidation products.

“A molecular weight of 188 g mol−1 for benzyl alcohol oxidation products also appears to be reasonable: these products

would have an Oxygen-to-Carbon atom ratio of 0.86 (see Table C1), which is close to the ratios we see in Figs. 6 and 10 of as

much as 0.95 and 0.83, respectively.”300

The goal of Fig. 14 (now Fig. 11) was not to indicate that extrapolating to the atmosphere would lead to higher yields. The

conditions in panel b are mostly different, and so should not indicate this. While there does appear to be a vague trend in panel

a, where all experiments are run under roughly similar conditions, this trend is slight and drowned out by the error bars. The

point of Fig. 14 was simply to show that there is no obvious trend in the other direction. The text of the caption reads “No trend

is discernible in either panel” and in the text “But, these differences do not lead to a discernible trend in the observed SOA305

yield (in panel a nor panel b).”

(8) Two important parameters not tested are wet AS (metastable AS along the deliquescence curve; important for summer-

time SOA formation) and SOA yields in the absence of NOx. In addition, limitations for modeling the reported yields might

be mentioned in the discussion or conclusions.

The following sentences were added in the conclusion: “When extrapolating SOA yields to the atmosphere, one should note310

that all these experiments were conducted at < 9% relative humidity, which is far below the deliquescence point. Additionally,

all experiments were conducted in the presence of NOx. Care should be taken when extrapolating these conditions to humid

and low-NOx environments.”

Specific Comments

Line 43 – Please comment on this sentence in the conclusions. Are the authors using the word “result” to mean BnOH SOA315

yield?

Yes, this was changed to “SOA yields.”

11



Line 65 – Since H2O2 absorbs to a negligible degree at 350 nm, it would be useful to know the value for the radiation output

at FWHM of the blacklight source. It seems to me that the photolysis rate for H2O2 is of as much, if not more, value than that

of NO2 given the initial conditions.320

The H2O2 photolysis rate was added: “Ultraviolet broadband lights centered around 350 nm were used to photolyze H2O2

with a photolysis rate of jH2O2 ≈ 4.7×10−6 s−1. This was calculated using the measured variation in irradiance with wavelength

and the NO2 photolysis rate, jNO2 = 6.2(±0.1)×10−3 s−1, which was found using a 0.29 L quartz tube and the procedure

outlined in Zafonte et al. (1977).”

Line 96 – How about a consideration of systematic errors for the BnOH measurements? Also, if I understand this sentence325

correctly, Table 1 gives the variance of the reacted BnOH together with the initial BnOH. Why not simply have an additional

column with the value for the reacted BnOH together with its variance, or is the claim that the variance in the reacted BnOH

associated solely with its initial concentration?

We added the percentage of the initial benzyl alcohol that reacts by the end of the experiment to the second column of Table

1. The way that the variance in the reacted BnOH is calculated is based on the 1 h period before oxidation commences. This is330

also the way that the variance of the initial BnOH is calculated, which is why the percent error will be the same for the initial

and final benzyl alcohol concentrations. The reported error in the benzyl alcohol concentration included the random error and

the uncertainty in the calibration process (of 6%). The random error dominates the uncertainty. We added this paragraph to

what is now Sect. 3.3: ‘Most of the reported uncertainty in the SOA yield comes not from the wall-deposition correction, but

from the uncertainty in the benzyl alcohol concentration. For experiment R1, the random error in the benzyl alcohol signal,335

measured during the background collection period, was 15%. Combined with the uncertainty of the calibration (6%), this was

a 16% uncertainty. This same error was applied to the concentration of benzyl alcohol measured at the end of the experiment.

Since �[BnOH]meas = [BnOH]0 − [BnOH]t=end, the uncertainty of �[BnOH]meas is 19.5%.”

Line 120 – This sentence comes out-of-the-blue? Can a reference be added?

This was an unpublished comparison. We changed the sentence to: “Uncertainty in the particle size was assumed not to340

exceed 2 nm, as is typical.”

Table 1 – A column for the initial NO2 concentration is desperately needed. Delete the final column if room is needed. (See

below) The double-dagger appears to apply to all data in that column; is that correct? For column 7, what is the origin of the

value for [OH]?

Except for experiment E1, the initial NO2 concentration was 0 for every experiment, which is why a column is not added.345

To make this clearer, the note on experiment E1 has this sentence added: “All other experiments began with no initial NO2.”
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The double dagger applies to those in the initial seed surface area column that do not include a variance. This is only U1,

U3, U4, U7, and U8. The description of the double dagger now has this additional sentence: “This applies to experiments U1,

U3, U4, U7, and U8.”

In column 7, the reported number is kOH+BnOH [OH] taken from a first-order exponential fit of the benzyl alcohol concen-350

tration. Because we do not directly measure the OH concentration and kOH+BnOH should be the same for all the experiments,

this column is more of a measure of [OH] than it is of kOH+BnOH . The footnote is added: “The reported value is from a

first-order exponential fit of the benzyl alcohol decay.”

Lines 176-198 – Most of this material should be relegated to an appendix which is already being used in this paper or a

supplementary information section. The correction is of little use as noted.355

This is now Appendix B.

Figure 1. Is the uncertainty shown in the grey for Panel (a) representative of all experiments? If so, a more critical discussion

of this is needed. What experiment in Table 1 is represented in this figure?

The uncertainty in BnOH concentration is discussed in the third paragraph of Sect. 2.2. The uncertainty of the SOA is a

combination of the systematic uncertainty in particle wall loss and Poisson counting statistics. The details of this are in Sect.360

2.3. The uncertainty reported in Table 1 matches that shown in Figure 1. To make this more complete and clearer, we added a

few paragraphs to Sect. 3.3 (see response to General Comment 4).

Line 242 – Why is there a need to make an assumption? Is not the aerosol volume being measured during the background

measurements?

Yes, the aerosol volume is measured during the background collection period. Because of particle-wall deposition, the365

volume concentration of aerosol steadily decreases during this time. Because particle-wall-deposition rates are size-dependent,

this is not an assumption but a verification that the particle-wall-deposition rate is correct.

Section 3.2.2 – This looks like another section for an appendix or SI, since this correction is not used in any fashion as noted

in lines 273-275.

While the correction is not used, it only is not used because the conditions of the experiment are such that it is not important.370

Since most people do not test for this, we think it is important to explicitly mention in the text.

Table 2. Are the uncertainties given consistent with the random error shown in Figure 1a?

Yes, they are. This Table has been combined with Table 1, per Reviewer 1’s suggestion. In Table 1, the error on the SOA

yield is calculated as described in Sect. 3.3 (and in response to General Comment 4).
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Section 4. I would move this section to that after Section 5 and try to tie this data to the discussion of the chemical mechanism.375

Please see the response to Reviewer 1’s eighth specific comment (lines 88–94).

Line 289 – Given that mass-transfer-limited is mentioned several times in the text, it would be valuable for the authors to

give their explanation of the term. Is this term equivalent to saying that SOA formation is kinetically controlled?

Yes, this is the same. We changed what was line 289 (now the second sentence of Sect. 4.6) to “kinetically controlled.”

We also changed the phrase in the fourth paragraph of the conclusion to “kinetically controlled (or mass-transfer-limited)380

regime....” In Appendix C4, we added the sentence: “This is equivalent to saying that the system is kinetically controlled.”

Line 294 – What sort of particle-phase reactions do the authors have in mind? Oligomerization? Figure 3b. Why is the noise

in this panel so much greater than in the other two? Figures 3 and 4 add little to the discussion of the reported yields and might

be considered for elimination.

The way that the NO+x ratio is calculated involves more error because the NO+2 signal is much smaller than the carbon atom385

signal. Since the NO+x ratio has NO+2 as its denominator, there is more noise associated.

We moved Figs. 3 and 4 to the SOA yield discussion and focused, in their interpretations, on the differences in O:C and H:C

ratios at different temperatures or NO concentrations. We think they are valuable to the SOA-formation discussions.

Oligimerization seems very possible. We have added the following sentence to Sect. 4.6: “There may also be particle-phase

chemical reactions, such as oligimerization (Gao et al., 2004), that leads to the change in O:C ratio throughout the experiment.”390

Figure 6. This figure is meant to be associated with Figure 5 but does a poor job doing so. I would simply give the [BnOH]

at 200 minutes. And at what point does the system run out of NO? This may be the reason that more condensable products are

not produced after 100-200 minutes.

We now report the initial concentration, the fraction that has reacted by the end of the experiment, the length of the experi-395

ment, and the first-order exponential fit to [BnOH] in Table 1 and omit what was Fig. 6. The point of this figure was to show

that most of the benzyl alcohol had reacted by the end of the experiment and the fraction reacted (in parentheses in the second

column of Table 1) captures this information.

In experiment R1, we observe NO close to 0 ppb around 200 min. Though, since we also see NO2 and the lights are still on,

the concentration is not 0 even at the end of the experiment. In experiments N1–6, where we constantly inject NO and it never400

runs out, we also see little condensable matter forming after that point. After 200 min, for experiment R1, 75% of the precursor

has reacted and only 10% reacts for the rest of the experiment. This may be what is responsible for the SOA yield approaching
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a single value. It could also be that, after ∼ 200 min, enough organic material has formed that the amount of organic material

no longer matters. That is, in Eq. 3, as �SOAmeas increases, Y → ↵.

Figure 7. Could this figure be interpreted as showing that partitioning is occurring. Perhaps a figure of Y vs. M0 would be405

informative.

We added Fig. 3 and a discussion on absorptive partitioning (Sect. 4.2). What was Fig. 7 has now been removed, as the new

Fig. 3 makes the point that Fig. 7 previously did.

Figure 8. I see no evidence in the experimental section as to how the temperature of the chamber is controlled to allow this

data to be obtained. Moreover, how is the temperature in the chamber held constant as the irradiation proceeds when radiative410

heating from the lights is continuously occurring? As I read the figure, a 20-degree increase in temperature reduces the yield

from 1.0 to 0.4. Seems like a substantial effect.

The chamber is located within a temperature-controlled enclosure. The enclosure is heated or air conditioned depending

on the desired temperature and can be set from 15 to 40°C. The lights are located behind Teflon that is flushed with air, so

that turning them on minimally affects the chamber temperature (temperature rose by <3°C due to the lights in the first 90415

min of oxidation). The reported temperature is the temperature averaged over the duration of the experiment. The following

phrase was added: “All experiments were performed in batch mode in the Caltech 17.9 m3 FEP Teflon-walled Environmental

Chamber, which hangs in a temperature-controlled enclosure.”

Line 383; 393 – I would not call a description of the photooxidation of BnOH a theory. The “theoretical value” for ben-

zaldehyde formation (29.6%) from Wang (2015) is based on assuming the branching ratio from the abstraction channel is 25%420

(Bernard et al., 2013) and then adding 4% from the OH-addition to the substituted position of the aromatic ring (the subject of

the paper) determined by quantum chemistry calculations – hardly a theoretical value.

We chose “theory” to differentiate it from experimental, but have now changed the word that was on line 393 to “calculated”

and the subsection title to “Gas-phase reactions.” Note that this is now in Appendix C.

Figure 10. For the scheme presented here, I would explore the possibility of NO2 adding to the initial cyclohexadienyl radical425

to compete with O2 addition given in the third channel (0.41). I only mention this because nitro hydroxyaromatics could easily

partition into the particle phase and could be amenable for detection by AMS.

This very well could be a mechanism for formation of nitroaromatics, which we do detect. We add some more discussion

of nitroaromatics to the third-to-last paragraph of Sect. 4.5. We also add this sentence to Sect. 4.5: “Nitroaromatics could also

form from the addition of NO2 to a radical intermediate, as has been suggested as the formation mechanism for nitrocatechols430

from laboratory studies of m-cresol (Iinuma et al., 2010).”
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Section 6.2. This model is largely an exercise in data fitting. A discussion of the important adjustable parameters and any

physical significance would be appropriate. I’m not sure this section adds very much to the paper.

As this is a less critical part of the paper, it has been moved to Appendix C. Section C1 adds some context for the importance

of the parameters: “To interpret the SOA yields and extrapolate them to the atmosphere, there are a few parameters that are435

useful. To understand the degree of kinetic vs. quasi-equilibrium growth, the accommodation coefficient to suspended particles,

↵p, is useful; as ↵p approaches 1, the system becomes closer to quasi-equilibrium growth.

“While the difference in the assumed SOA yield between the case where gas-phase oxidation products produced in the

chamber bulk readily partition onto particles deposited on the chamber wall (! = 1) and the case where the particles cease

to participate in partitioning once deposited (! = 0) is slight, the general assumption is that ! = 0 and any verification of that440

is useful for understanding chamber data. While we do not calculate ! here, if the accommodation coefficient to particles

deposited on the chamber walls (↵pw) is ∼ 0, that indicates that ! ≈ 0.”

Line 423. Delete the word “precisely”. I am not sure what the difference is between ‘constrained’ and ‘precisely constrained’.

In my view, the model is better characterized as unconstrained. My opinion of Section 6.2 is that it detracts from the main

subject of the paper.445

This word (now in the third paragraph of Appendix C3) has been removed. The entire section is now in the Appendix.

Figures 11 12 and Table 4. I would consider these as appendix-type materials even if Section 6.2 is to remain in the paper.

These are now all in the Appendix and became Figs. C2 and C3 and Table C2.

Line 463. Given the unconstrained nature of the aerosol model for the chamber, it does not surprise me that an effect from

possible SOA products from benzaldehyde cannot be detected. This question (or assumption) regarding condensable products450

from benzaldehyde photooxidation is probably best addressed experimentally. Why not just do a photooxidation experiments

using benzaldehyde as the reactant rather than BnOH? Note: I am not asking for additional experiment(s).

These experiments have been done and found little or no SOA formed from benzaldehyde. We have removed this section

from the paper as it no longer relevant to the rest of the discussion here.

Figure 14. If the yield from this figure is extrapolated to ambient BnOH concentrations, a value of 2 or more would need455

to be used. Hardly seems plausible, especially since 25-50% of the BnOH products are non-condensable and given the yield

McDonald uses of 0.09. Thus, these experiments would suggest that the yield should be increased by a factor of 20.

Please see the response to your General Comment 7.

Line 503. Some text should be added to the appendix at least referring to Figures A1 and Table A1.

16



Text that previously appeared in the text but that directly discusses Fig. A1 and Table A1 is now in Appendix A.460

Line 546. Some indication of the availability of this report should be provided, if possible.

The url of this report was added to the citation. It now reads: “Carter, W. P. L., Malkina, I. L., Cocker III, D. R., and Song, C.:

Environmental Chamber Studies Of VOC Species In Architectural Coatings And Mobile Source Emissions, Tech. rep., Center

for Environmental Research and Technology, University of California, http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.81.305,

2005.”465
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Abstract. Recent inventory-based analysis suggests that emissions of volatile chemical products in urban areas are now com-

petitive with those from the transportation sector. Understanding the potential for secondary organic aerosol formation from

these volatile chemical products is, therefore, critical to predicting levels of aerosol and for formulating policy to reduce aerosol

exposure. It is clear that a plethora of oxygenated compounds are either emitted directly into the atmosphere or emitted indoors

and later escape into the outdoors. Experimental and computationally simulated environmental chamber data provide an under-5

standing of aerosol yield and chemistry under relevant urban conditions (5–200 ppb NO and 291–312 K) and give insight into

the effect of volatile chemical products on the production of secondary organic aerosol. Benzyl alcohol, one of these volatile

chemical products, is found to have a large secondary organic aerosol formation potential. At NO concentrations of ∼80 ppb

and 291 K, secondary organic aerosol mass yields for benzyl alcohol can reach 1.

Copyright statement.10

1 Introduction

A major component of ambient fine particulate matter is secondary organic aerosol (SOA), the precursors of which are orig-

inally emitted into the atmosphere in the gas-phase (Shrivastava et al., 2017; Goldstein and Galbally, 2007). Through single

or multiple generations of oxidation, emitted vapors can become progressively less volatile and eventually condense into the

particle phase to form this SOA (Seinfeld and Pandis, 2016).15

Understanding the formation of particulate matter is of critical importance. Exposure to particulate matter causes respiratory

and cardiovascular disease (Mannucci et al., 2015), and yet particulate matter has remained stubbornly high despite regulation:

over 20 million people in the U.S. live in regions with larger concentrations of PM2.5 than deemed safe (EPA, 2012). Addi-

tionally, SOA-containing particles can serve as cloud condensation nuclei; the interaction between particulate matter and cloud

formation is one of the most important processes in the Earth’s radiative budget and, therefore, in climate predictions (IPCC,20

2014).

However, accurately predicting the mass of secondary organic aerosol formed from the oxidation of volatile chemical prod-

ucts (VCPs) poses a major challenge. A mass-balance analysis of VCPs in the Los Angeles atmosphere indicates that VCPs
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could account for around half of the SOA in that area (McDonald et al., 2018). This analysis was based on estimating sec-

ondary organic aerosol yields for a number of these oxygenated compounds that have traditionally not been studied for their25

SOA formation potential. Direct measurements of the SOA yields of these compounds is paramount to constraining estimates

and formulating policy to reduce secondary organic aerosol formation (Burkholder et al., 2017).

This study focuses on one of these volatile chemical products, benzyl alcohol. Benzyl alcohol is a widely used compound in

consumer products that can be found in soaps, inks, paints and, correspondingly, indoor air (Wang, 2015; Harrison and Wells,

2009). It is also emitted from biogenic sources, such as fruits and flowers (Baghi et al., 2012; Bernard et al., 2013; Horvat30

et al., 1990). The emission inventory-based analysis by McDonald et al. (2018) of the production rates of volatile chemical

products estimated that benzyl alcohol comprised 0.06% of the total volatile organic compounds (VOCs) in the Los Angeles

basin in 2010. Using the Statistical Oxidation Model, they calculated that for half a day of oxidation under high ambient NOx

conditions, benzyl alcohol will have a SOA yield of 0.09. Based on this value, it was further estimated that benzyl alcohol

contributes 0.14% of the total atmospheric secondary organic aerosol in the Los Angeles basin.35

Whereas the SOA yield of benzyl alcohol oxidation estimated in the McDonald et al. (2018) analysis was relatively low, in

a laboratory chamber study, Carter et al. (2005) measured the SOA yield of benzyl alcohol to be ∼0.3 in a mixture of reactive

compounds and 25–30 ppb of NOx. This reactive compound mixture comprised compounds that one would not expect to form

significant SOA yield, but that may influence the fate of RO2 radicals that could be formed from benzyl alcohol oxidation. That

study also estimated the reaction rate constant of benzyl alcohol with OH as 2.56×10−11 cm3 molec−1 s−1. An extension of40

the study (Li et al., 2018), which also used a base mixture of reactive compounds, determined a benzyl alcohol SOA yield of

0.41.

The goal of determining SOA formation in an environmental chamber is to extrapolate the results
::::
SOA

:::::
yields

:
to the atmo-

sphere. Since at different times or in disparate places, different temperatures or NOx mixing ratios may be most relevant, it is

important to study SOA formation in a wide parameter-space. Studies performed under varying conditions can also assist in45

teasing out which data result from the atmospheric chamber itself and how these data ought to be corrected for the atmosphere.

For example, for toluene, a compound for which benzyl alcohol is a major photooxidation product (Hamilton et al., 2005),

Zhang et al. (2014) found a SOA yield 70% higher at low NOx concentrations than at high NOx concentrations and found

that the true SOA yield was a factor of 4 higher than that calculated without accounting for the chamber-process of vapor wall

deposition.50

:::::
While

:::
the

::::::::::
experiments

:::::::::
described

::::
here

::::
were

:::::::::
performed

:::::
under

:::::::::
conditions

::::
that

::::::::
minimize

::::::::::
corrections

:::::::
required

::
to

::::::::::
extrapolate

::::
SOA

:::::
yields

:::
to

:::
the

::::::::::
atmosphere,

::::::::::
historically

:::::
these

:::::::::
corrections

:::::
could

:::
be

:::::
quite

:::::::::
significant

::::::::::::::::
(Zhang et al., 2014)

:
.
:::
As

:
a
::::::
result,

:::
we

:::::
devote

:::::
Sect.

::
3
::
to

::
a
:::::::
detailed

:::::::::
discussion

:::
of

:::
the

:::::
SOA

:::::
yield

:::::::::
calculation

:::::::::
including

:::::::
possible

::::::::::
corrections.

:::::::::::::
Understanding

:::::
these

:::::::::
corrections

::
is

::::::
critical

::
to

:::::::
ensuring

::::
that

:::
the

::::
SOA

:::::
yields

:::::::::
calculated

:::
are

:::::::::::::
atmospherically

::::::::
relevant.
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2 Instruments and procedure55

2.1 Experimental method and chamber description

All experiments were performed in batch mode in the Caltech 17.9 m3 FEP Teflon-walled Environmental Chamber,
::::::
which

:::::
hangs

::
in

:
a
:::::::::::::::::::
temperature-controlled

:::::::::
enclosure. The chamber volume was characterized according to the procedure outlined in

Schwantes et al. (2017a). While the chamber pressure remains constant throughout the duration of an experiment, the volume

decreases as air is sampled by various instruments; the fraction of the volume at the end of the experiment compared to the60

beginning of it is given in Table 1. Before each experiment, the chamber was flushed for > 24 h with clean air (compressed

air with ozone, nitrogen oxides, water vapor, and organic carbon removed). The radical source H2O2 was injected at 42○C
and 5 Lpm into the chamber, followed by the injection of benzyl alcohol (Sigma Aldrich ReagentPlus, ≥99%) with gentle

heating (60○C) at 2 Lpm (5 Lpm for experiments S1–3 and E1) for >50 min. The purity of the benzyl alcohol was verified

with Nuclear Magnetic Resonance (NMR) spectroscopy. Meanwhile, a 0.06 M (NH4)2SO4 solution (0.15 M for experiments65

S2 and E1) was atomized and the resulting particles dried, charge-conditioned with a TSI Model 3088 soft x-ray neutralizer,

and then injected into the chamber for varying lengths of time (depending on the desired initial seed concentration; note that

no particles were injected for experiment S1). The solution was sonicated before each injection. Then, NO (506.9 ppm ± 2%,

Airgas Specialty Gases, Certified Standard) or, for experiment E1, NO2 (488 ppm, Air Liquide) was injected into the chamber

at 5 Lpm to achieve the desired initial NO or NO2 concentration. Ultraviolet broadband lights centered around 350 nm were70

used to photolyze H2O2 . The
::::
with

:
a
::::
rate

::
of

:::::::::::::::
jH2O2 ≈ 4.7×10−6::::

s−1,
:::::::::
calculated

::::
using

:::
the

:::::::::
measured

:::::::
variation

::
in

:::::::::
irradiance

::::
with

:::::::::
wavelength

::::
and

:::
the

:
NO2 photolysis rate , (jNO2 = 6.2(±0.1)×10−3 s−1, was measured

:
)
:::::
found

:
using a 0.29 L quartz tube

and the procedure outlined in Zafonte et al. (1977).
:::::::::
Experiment

:::
L1

::::
was

:::::::::
performed

::
at

::::
8%

::
of

:::
the

::::
light

:::::::
strength

:::
of

:::
the

:::::
other

::::::::::
experiments

::::::::::::::::
(jH2O2 ≈ 3.7×10−7::::

s−1).
:

A Vaisala HMM211 probe was used to measure the temperature and humidity of the chamber. Humidity was calibrated for75

RH from 11 to 95% (using LiCl, KNO3, Mg(NO3)2, and MgCl2 salts). A Teledyne Nitrogen Oxide Analyzer (Model T200)

was used to measure the NO and NO2 concentrations throughout the experiments; note that this instrument measures the

contribution of NOy compounds (e.g., organic nitrates) as NO2. Owing to some drift between experiments, linear fits were

performed on the slope and offset calibrations, except for experiments S2–3 and U5, due to a calibration problem. Ozone

was measured with a Horiba Ambient Monitor. NO, NO2, and O3 measurements were recorded every 30 s. Humidity and80

temperature uncertainties were calculated as standard deviations from the mean value, where measurements were taken every

30 s throughout the experiment. Initial NO and NO2 mixing ratios were determined (as well as their standard deviations) prior

to irradiation during the background collection period (usually �60 min). For experiments N1–6 and U6, NO was continuously

injected during oxidation to maintain a stable NO mixing ratio.

2.2 Gas-phase measurements85

A CF3O− chemical ionization mass spectrometer (CIMS), operated in the negative mode, measured oxidation products and

the benzyl alcohol concentration by scanning m/z ratios between 50 and 330. The CIMS is equipped with a Varian 1200 triple

3



Table 1. Experiments analyzed
::
for

:::
this

:::::
study.

Label/Day
:
te

[BnOH]0

(ppb)

::
(%

::::::
Reacted

::
at

::::::::
Experiment

::::
End)

T (K)

Initial Seed

Surface Area†

(103 µm2 cm−3)

[NO]‡

(ppb)

Wall-Loss

Slope

(µm3 cm−3 s−1)

kBnOH+OH[OH]
�

(10−4 s−1)

Length (h)

(% of Total

Volume at

Experiment End)

::::::::
uncorrected

::::
SOA

::
Y

::
(%

::
of

::::
SOA

::
Y

:::
with

:::::
! = 0)

SOA Y

(! = 0)

SOA Y

(! = 1)

R1/190321 199±32
:::::
(82%) 291.0±0.3 1.74±0.17 77.3±0.9 0.048±0.050 1.10±0.06 6.1 (86%)

:::
0.68

:::::
(89%) 0.76±0.16 0.79±0.16

R2/190323 160±18
:::::
(88%) 290.9±0.3 1.98±0.18 77.4±0.8 -0.041±0.145 1.03±0.06 6.5 (85%)

:::
0.87

:::::
(88%) 0.99±0.16 1.04±0.16

R3/190312 202±24
:::::
(95%) 291.1±0.2 1.50±0.16 72.6±0.7 -0.027±0.042 0.86±0.04 12.0 (73%)

:::
0.54

:::::
(77%) 0.70±0.13 0.75±0.13

R4/190319 199±28
:::::
(85%) 291.0±0.2 1.97±0.18 74.0±1.0 -0.009±0.076 1.03±0.06 6.3 (85%)

:::
0.70

:::::
(88%) 0.79±0.15 0.83±0.15

R5/190128 222±27
:::::
(78%) 291.2±0.2 2.19±0.21 93.7±0.7 -0.017±0.059 0.71±0.03 8.8 (80%)

:::
0.58

:::::
(81%) 0.72±0.13 0.78±0.13

S1/191219 455±29
:::::
(60%) 291.3±0.2 0.00±0.00 72.4±0.6 0.49±0.03 5.3 (90%)

:::
0.41

:::::
(91%) 0.45±0.06 0.47±0.06

S2/191002 252±16
:::::
(85%) 291.2±0.2 0.33±0.07 ∼96 -0.008±0.013 0.99±0.04 6.3 (88%)

:::
0.34

:::::
(87%) 0.39±0.04 0.41±0.04

S3/190930 174±15
:::::
(83%) 291.0±0.2 0.64±0.10 ∼90 0.016±0.017 1.17±0.05 4.5 (91%)

:::
0.48

:::::
(88%) 0.52±0.06 0.54±0.06

S4/190325 153±27
:::::
(82%) 291.0±0.3 5.47±0.32 77.8±0.8 0.010±0.213 1.08±0.09 5.1 (88%)

:::
0.81

:::::
(84%) 0.96±0.25 1.04±0.25

T1/190419 216±30
:::::
(86%) 296.7±0.4 2.33±0.21 75.6±0.9 -0.069±0.062 1.44±0.07 5.0 (91%)

:::
0.54

:::::
(89%) 0.60±0.11 0.63±0.11

T2/190417 193±23
:::::
(89%) 301.6±0.4 1.93±0.19 71.7±0.9 -0.012±0.060 1.44±0.08 5.0 (91%)

:::
0.48

:::::
(88%) 0.54±0.09 0.57±0.09

T3/190422 212±34
:::::
(91%) 306.6±0.4 2.76±0.23 76.9±0.7 0.070±0.144 1.13±0.09 6.3 (89%)

:::
0.53

:::::
(84%) 0.63±0.13 0.67±0.13

T4/190410 266±43
:::::
(87%) 311.6±0.5 2.12±0.2 80.4±0.8 -0.013±0.114 1.18±0.08 5.5 (90%)

:::
0.32

:::::
(87%) 0.37±0.08 0.39±0.08

N1/190408* 191±27
:::::
(92%) 291.1±0.3 2.00±0.19 4.8 (0.7–8) 0.056±0.101 1.27±0.05 5.0 (91%)

:::
0.63

:::::
(91%) 0.70±0.12 0.73±0.12

N2/190403* 190±35
:::::
(86%) 290.9±0.3 2.09±0.19 14.3 (8–18) 0.003±0.094 1.02±0.11 5.0 (88%)

:::
0.61

:::::
(90%) 0.68±0.16 0.71±0.16

N3/190426* 166±32
:::::
(79%) 290.9±0.3 2.71±0.23 64.0 (56–69) 0.027±0.070 0.77±0.06 6.0 (90%)

:::
0.56

:::::
(84%) 0.66±0.17 0.70±0.17

N4/190401* 183±17
:::::
(73%) 291.0±0.3 1.84±0.18 76.2 (52–106) 0.008±0.059 0.86±0.05 5.0 (88%)

:::
0.54

:::::
(90%) 0.60±0.09 0.63±0.09

N5/190424* 167±19
:::::
(76%) 290.9±0.3 2.84±0.23 111.7 (103–118) 0.027±0.186 0.77±0.05 5.0 (91%)

:::
0.46

:::::
(85%) 0.54±0.10 0.58±0.10

N6/190405* 189±18
:::::
(76%) 290.9±0.1 1.78±0.18 200.6 (194–208) 0.000±0.082 0.76±0.03 5.0 (88%)

:::
0.42

:::::
(89%) 0.47±0.08 0.50±0.08

E1/200109� 295±18
:::::
(78%) 291.1±0.2 2.83±0.22 1.4±1.0 0.091±0.093 0.83±0.02 5.5 (89%)

:::
0.29

:::::
(82%) 0.35±0.05 0.38±0.05

L1/190110 135±12
:::::
(52%) 285.78±0.03 2.58±0.21 80.4±1.1 0.033±0.009 0.115±0.002 16.7 (58%)

:::
0.10

:::::
(27%) 0.37±0.18 0.51±0.18

U1/190327 189±22 290.9±0.2 ∼4.03 81.1±0.7 2.09±0.25 5.2 (88%)

U2/190430 136±20 291.1±0.2 1.36±0.13 71.0±0.9 1.16±0.07 5.2 (91%)

U3/190628 291.2±0.4 ∼1.48 77.7±0.9 5.0 (91%)

U4/190529 139±26 291.1±0.3 ∼5.40 70.7±0.7 1.10±0.06 5.5 (90%)

U5/190828 325±20 284.5±0.1 1.70±0.14 ∼69 0.19±0.01 5.4 (86%)

U6/190428* 152±25 291.1±0.2 3.11±0.23 137.8 (133–144) 0.74± 0.06 5.9 (90%)

U7/190225 290.9±0.2 ∼2.2 71.6±1.0 6.6 (84%)

U8/190227 290.9±0.3 76.9±0.9 9.6 (78%)

*For these experiments,
:::
N1–6

::
and

:::
U6, [NO] was held constant through a continuous injection.

†Experiments with particles outside the range of the SMPS used for particle measurement or those with other measurement issues are reported without uncertainties and should

be taken as approximate values.
:::
This

::::
applies

:
to
::::::::

experiments
::
U1,

::::
U3–4,

::
and

::::
U7–8.

‡For constant [NO] experiments, the average [NO] is reported along with the range of [NO] throughout the experiment. For all other experiments, the initial [NO] is given with

the standard deviation during the background collection period. For experiments with NOx measurement problems, an approximate value is given.

:::
�The

:::::
reported

:::
value

::
is

:::
from

:
a
::::::
first-order

::::::
exponential

::
fit
::
of

::
the

::::
benzyl

::::
alcohol

::::
decay.

�Experiment E1 had an initial NO2 mixing ratio of 71.0±0.8
:::
ppb.

::
All

:::
other

:::::::
experiments

::::
began

:::
with

::
no

:::
initial

::::
NO2.
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quadrupole mass analyzer. A custom-built inlet was used to ensure that the sample was taken at a constant temperature (the top

of the inlet was 25○C). To reduce loss of vapor to the tubing prior to analysis, the CIMS sampled off of a bypass flow that was

accelerated using a mechanical pump.90

The 193 m/z signal (the mass of benzyl alcohol + CF3O– ), which was measured every 162 to 172 s, was normalized to the 86

m/z signal (the M+1 peak for CF3O– ) and used to measure the benzyl alcohol concentration. This signal was calibrated using

dilutions of an 800 L Teflon bag of ∼44 ppb benzyl alcohol. The concentration in this bag was verified using Fourier transform

infrared absorption (FT-IR) spectroscopy with a 19 cm path length and absorption cross sections from the Pacific Northwest

National Laboratory (PNNL) database. In this way, any wall or sampling loss was accounted for since the CIMS sampled95

from the same volume as the FT-IR. Multiple FT-IR samples were taken until each spectrum gave the same concentration
::
in

:::::::::
succession

::::
until

:::::
there

::::
were

:::::::::
consistent

:::::::
spectra; this was to ensure a minimal effect from any compound deposited on the

instrument walls
:::::
FT-IR

:::::::::
instrument

:::::
walls

::
or

::::::::
sampling

::::
lines.

During the background collection period of ∼1 h for each experiment, the standard deviation of the benzyl alcohol mixing

ratio, along with the uncertainty in the calibration, was used to estimate the uncertainty of the initial benzyl alcohol mixing ratio100

(see Table 1). This combined standard deviation was also considered as the uncertainty in the measurement of the time-resolved

gas-phase mixing ratio throughout the experiment. The SOA yield is determined from the reacted benzyl alcohol, which is the

difference between the measured benzyl alcohol concentration at any given time and the initial benzyl alcohol concentration.

The variance of the reacted benzyl alcohol is the sum of the variances of the initial and measured benzyl alcohol mixing ratios.

The uncertainty reported in Table 1 is, then, the square root of the reacted benzyl alcohol mixing ratio variance.105

The conversion from mixing ratio to mass concentration of reacted benzyl alcohol was performed assuming a constant

pressure of 1 atm. Note that the chamber is located three floors from a weather station, which reported an average atmospheric

pressure of 0.97 atm in the year 2019 (TCCON Weather Data, 2020); thus, 1 atm is a reasonable estimate of the pressure in the

experiments.

2.3 Particle-phase measurements110

To measure the particle size distribution, a custom-built scanning mobility particle sizer (SMPS) with a 308100 TSI Differential

Mobility Analyzer (DMA) and a TSI 3010 t-butyl alcohol
:::::
butanol

:
condensation particle counter (CPC) was used with a sheath

flow rate of 2.64 Lpm, an aerosol flow rate from the chamber of 0.515 Lpm, and a dilution flow of 0.485 Lpm. A full size-

scan was collected every 5.5 minutes (for experiments S1–3 and E1 scans were performed every 6 min), and the voltage was

scanned over 4 min from 15 to 9875 V. Data inversion was performed using the method described in Mai et al. (2018). Total115

number, volume, and surface area concentrations were determined assuming 431 size bins between 22 and 847 nm. When the

sample flow was <0.515 Lpm, an adjustment to the total number concentration was performed to account for the sampled flow.

Particles were charged with a 500 microcurie Po210
:::::
Po-210

:
source, except for experiments S1–3 and E1, which used an X-ray

source.

When the aerosol size distribution was close to the edges of the measurable range, a logarithmic fit of the distribution tail120

was performed on the edges of the distribution: diameters of 382 to 600 nm were used to fit particles above 600 nm, and
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those with diameters 35 to 200 nm were used to fit particles with diameters smaller than 35 nm. Fits of the tail distribution

were performed on the upper end of the size distribution for experiment N5, which produced an average of a 3.4% decrease

from the raw measurement in the volume concentration; the lower end of the size distribution for experiment S2, which led

to a volume concentration adjustment of <0.1%; and on both the upper and lower ends of the size distribution for experiment125

S1 (the nucleation experiment )
:::
S1, which (for those points after at least 100 min of oxidation) led to a volume concentration

difference of <1% from that measured in the absence of any adjustment. Particle volume was converted to particle mass with

a SOA density of 1.4 g cm−3, consistent with past work on isoprene (Dommen et al., 2006; Kroll et al., 2005, 2006) and on

benzyl alcohol (Li et al., 2018).

Uncertainty in the particle size was assumed not to exceed 2 nm, based on a comparison with the SMPS at the University130

of California, Riverside
::
as

::
is

::::::
typical. For the CPC-associated margin of error, according to approximate Poisson statistics, the

uncertainty of the number in each particle size bin was taken as the square root of the number concentration in that bin and

that value of uncertainty was propagated into surface area and volume measurements both by bin and, eventually, for the total

number concentration. Additionally, an uncertainty in the measured volume concentration due to sample noise was added from

the uncertainty of the wall-loss corrected volume concentrations in the background collection period prior to lights on (see135

Sect. 3.2.1).

Aerosol-phase bulk composition was determined using an in situ high-resolution time-of-flight aerosol mass spectrometer

(AMS, Aerodyne Research) in the high-sensitivity V-mode. Data were analyzed with Igor Pro (version 6.37) and the Squirrel

(1.57l) and Pika (1.16l) toolkits. Elemental composition was determined following the improved-ambient method from Cana-

garatna et al. (2015) and Aiken et al. (2008). Absolute uncertainties of O:C and H:C ratios are ±28% and ±13%, respectively140

(Canagaratna et al., 2015).

Measurements from the AMS can be utilized to determine the mass fraction of organonitrates (RONO2) in the aerosol-

phase following the method described by Farmer et al. (2010). Both inorganic and organic nitrates fragment to an m/z of 30

(NO+) and an m/z of 46 (NO +
2 ), but the ratio of these two fragments for organonitrates (including those derived from aromatic

hydrocarbons) and for ammonium nitrate is quite different and this difference can be utilized to determine the contribution145

of organonitrates to the nitrate signal in the AMS (Farmer et al., 2010; Fry et al., 2013; Kiendler-Scharr et al., 2016; Sato

et al., 2010).
:::
The

::::::::
measured

::::
mass

::::
ratio

:::
of

:::::::
NO/NO2::::::

(called
:::
the

:::::
NO +

x :::::
ratio)

::
is

::::
used

::
to

::::
show

:::
the

:::::::::::
contribution

::
of

::::::::::::
organonitrates

::
to

::::::
aerosol

::::
mass

::::
(see

::::::::
Appendix

::::
A2).

:
Note that fragments of the form CxHyN +

z are sufficiently scarce that they are neglected(
:
: the

N:C ratio was never more than 0.026 for the experiments considered here).

The measured mass ratio of NO/NO2 (called the NO +
x ratio) is calibrated for ammonium nitrate for experiments R4 and U7–8150

(3.20±0.04) and is assumed for organonitrates (7.2±1.1). The organonitrates ratio was calculated using the ammonium nitrate

ratio and the correlation derived by Fry et al. (2013). From this NO +
x ratio, the time-resolved ratio of the fraction of the nitrate

signal that comes from organonitrates for each experiment (xON ) can be obtained using Eq. 1 in Farmer et al. (2010). With

the mass concentration of nitrates (mNO3 ) and the mass concentration determined to be organics (mOrg), the time-resolved

organonitrate mass fraction of the aerosol is xON∗mNO3

xON∗mNO3+mOrg

. This is plotted in Sect. 4.4 and in Fig. A1.155
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For experiments N1–3 and U1–6, the chemical composition of particle-phase compounds was further analyzed using offline

ultra-high performance liquid chromatography electrospray ionization quadruple time of flight mass spectrometry (UPLC/ESI-

Q-ToFMS) (Zhang et al., 2016). Post-oxidation samples were taken using 47 mm Pall Teflon filters, which were collected for

≥2 hours at 6.5 Lpm using an upstream activated carbon denuder. Additional Teflon filters were collected during photooxidation

at 2 Lpm. This experimental set up is described by Nguyen et al. (2014).
::::
This

:::::::
method

:
is
:::::::::
described

::
in

::::::::
Appendix

:::
A1.

:
160

The SOA collected was extracted by placing each filter sample into 6 mL of milliQ water and agitating the samples on an

orbital shaker for 1 h. In an effort to prevent on-filter chemistry from occurring, samples were stored at -14○C after initial

collection and before extraction. Analysis using UPLC-MS was carried out in negative mode (where the parent molecule

is observed at M-H) which is sensitive to the nitroaromatics formed in the aerosol-phase. The 12 min eluent program for

UPLC-MS and MS/MS fragmentation analysis required 4 µL of sample with gradient eluents between a 0.1% formic acid/99.9%165

water solution and a 100% acetonitrile solution. The total flow rate was 0.3 mLpm, and masses were scanned from m/z

= 7 to 4000. MassLynx software was used to analyze the resulting spectra, which calculates possible chemical formulas

based on masses quantified during analysis. Mass assignments were limited to carbon-, oxygen-, and nitrogen-containing

formulas as these were the only chemically viable formulas for benzyl alcohol oxidation chemistry. The structures assigned

to chemical formulas from MassLynx analysis were based on structures that corresponded to expected oxidation products and170

were confirmed based on MS/MS fragmentation analysis. Isomeric analysis was not conducted for these compounds, thus

structures in Table A1 represent just one possible isomer. Several experiments with similar reaction conditions (U1–4; see

Table 1) were analyzed to probe reproducibility of this technique; these experiments showed consistent results.

Other organic compounds may be present in the SOA collected that is insoluble in the extractant solvent, not able to elute

from the chromatographic column, or not detectable in negative ion mode (Surratt et al., 2008). Additionally, the UPLC-MS175

exhibits different sensitivities to compounds depending on the polarizability of the compound as well as its ability to ionize. It

is likely that the UPLC-MS is quite sensitive to the nitroaromatics reported in this work as compared to other compounds.

3 Calculations of SOA yield

3.1 Method

The secondary organic aerosol yield (SOA Y) is given by180

Y = �SOAmeas

�BnOHmeas
(1)

where �SOAmeas is the difference between the measured and wall-deposition-corrected aerosol mass concentration at a given

time and the aerosol concentration prior to the beginning of oxidation. �BnOHmeas is the reacted mass of benzyl alcohol; that

is, the difference between the initial concentration and the measured concentration at a given time.

This SOA yield calculation uses �SOAmeas, which is the
::::::::::
�SOAmeas ::

is
:::
the

:::::::::
difference

:::::::
between

:::
the

::::::::
measured

::::
and

:
wall-185

deposition-corrected SOA mass .
::::::
aerosol

:::::
mass

:::::::::::
concentration

::
at

:
a
:::::
given

::::
time

:::
and

:::
the

::::::
aerosol

:::::::::::
concentration

:::::
prior

::
to

::
the

:::::::::
beginning

::
of

::::::::
oxidation.

:
The wall-deposition correction assumes that once a particle deposits on the wall, suspended gas-phase molecules
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no longer condense onto it; its growth ceases. This corresponds to the technical assumption that ! = 0, where ! is a proportion-

ality factor that describes the degree to which vapor condenses onto particles already deposited on the chamber walls compared

to those suspended in the bulk of the chamber: if ! = 0, once a particle deposits on the chamber wall it is lost to the system and190

no longer acts as a condensation sink; if ! = 1, a particle deposited on the chamber wall acts as a condensation sink identically

to that of a suspended particle (Trump et al., 2016; Weitkamp et al., 2007).

The SOA yield is bounded by the assumptions that ! = 0 and ! = 1. The extent of difference between these cases is dependent

on characteristics of the chamber (e.g., the rate of particle-wall-deposition) and of the chemical system (e.g., the amount of ki-

netic vs. equilibrium particle growth that occurs) (Trump et al., 2016).
::::::::
Appendix

::
B

::::::::
describes

::
the

::::::::::
calculation

::
of

:::::::::::::
�SOAmeas,!=1195

:::
and

:::
the

::::::::::::
corresponding

:::::::::::
assumptions.

To estimate the upper bound (! = 1) of the yield, we assumed that only particles that deposited after the onset of oxidation

would take up vapor. That is, inorganic seed deposited during the background collection period of each experiment is not

considered.

While different-sized particles both deposit to the wall at different rates and grow due to condensation at different rates, to200

simplify the calculation of the SOA yield upper bound, the volume-weighted mean diameter of the suspended size distribution

was determined for each time point such that Dp,av,t = � 1
Ntotal,t

∑nbins
i=1 �D3

p,iNi,t��1�3, where Ntotal,t is the total number

concentration at time point t, nbins is the number of diameter size bins measured by the SMPS, Dp,i is the mean diameter of

each size bin, and Ni,t is the number concentration of particles of diameter Dp,i at time t. Then, the upper bound assumption

of SOA mass formed during the experiment is given by205

�SOAmeas,!=1 =�SOAmeas + ⇡
6
⇢
tend�
t=t1
��D3

p,av,tend
−D3

p,av,t�Nlost,t�

where ⇢ is the particle density, Nlost,t is the number concentration of particles lost to the chamber wall between ti and ti+1,

and tend is the time in the experiment considered. This calculation was performed for 1 min time steps.

Table 1 shows the SOA yields calculated with uncertainties for the ! = 0 and the ! = 1 assumption. The SOA yield calcu-

lation with both ! = 0 and ! = 1 is shown for experiment R1 in Fig. 1. Since the difference between the SOA yield calculated210

with ! = 1 and with ! = 0 is dependent on the amount of organic aerosol that deposits onto the chamber walls, experiments with

a higher initial aerosol concentration or that simply last for a longer period tend to have a greater disparity between SOA yields

calculated with the ! = 0 assumption and those calculated with the ! = 1 assumption. Even so, for all the experiments consid-

ered here, the ! = 1 calculated SOA yield is within the uncertainty of the SOA yield found assuming that ! = 0.
:::::::::::
Furthermore,

::::::::::
optimization

::
of

::::::::
chamber

:::::::::
parameters

::::::::
indicates

:::
that

:::
the

:::::
! = 0

::::
case

::
is

:::::
closer

::
to

::::::
reality

::::
than

:::
the

:::::
! = 1

::::
case

:::
(see

:::::
Table

:::
C2

::::
and

:::
the215

::::::::
discussion

::
in
:::::::::
Appendix

::::
C4).
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Figure 1. (a) The SOA yield for experiment R1 calculated with the assumption that ! = 0 is shown as a solid curve and with ! = 1 as a

dashed one. The shaded regions is the associated uncertainty for the ! = 0 case.
:::
Due

::
to

:::
low

:::::
signal

:
at
:::

the
::::::::
beginning,

:::
the

:::
first

:::
10

:::
min

::
of

:::
the

::::::::
experiment

:::
are

:::
not

:::::
shown.

:
Panel (b) shows the wall-deposition-corrected mass concentration of SOA formed assuming ! = 0 (blue solid

curve fitted to the circles and error bars) and ! = 1 (dashed blue curve). The measured mass concentration of benzyl alcohol is the yellow

circles with associated error bars, to which the yellow curve is fit.

3.2 Corrections

The chamber walls have, primarily, two effects on the SOA yield results: particles with organic mass on them may deposit on

the chamber walls and not be detected (called particle wall deposition) or low-volatility compounds that, in the atmosphere,

would condense onto suspended particles and form secondary organic aerosol mass instead deposit directly onto the chamber220

walls (called vapor wall deposition).

Since vapor wall deposition involves the
::
can

:::::::
involve

:
loss to the wall of

::
the

:::::::::
oxidation

:::::::
products

::::
and not just the precursor

compound, in this case benzyl alcohol, but also of all the oxidation products, which, as is the case here, are often not all fully

measured and characterized, it is difficult to directly correct for the effect of vapor wall
:::::::::
vapor-wall deposition on the observed

SOA yield.
:::
This

::
is
::::::::

because,
:::::
often,

:::
as

::
is

:::
the

::::
case

::::
here,

::::
not

::
all

::::
the

::::::::
oxidation

:::::::
products

:::
are

:::::
fully

::::::::
measured

::::
and

::::::::::::
characterized.225

Instead, one can minimize its effect by increasing the presence of the suspended aerosol surface area concentration so that the
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suspended aerosol outcompetes the chamber wall as a condensation sink. To do so, however, increases the effect of particle

wall deposition because as there are more particles in the chamber, a greater fraction will generally deposit onto the chamber

walls (due to a nonlinear decay) (Charan et al., 2019).

Noting that one must always account for particle wall deposition, since even a nucleation experiment will produce particles230

that may deposit on the chamber walls while one is attempting to measure them, we take this approach of correcting for particle

wall deposition and operating our experiments in a regime that minimizes the effect of vapor wall deposition.

3.2.1 Particle-wall deposition

To determine the particle-wall-deposition correction parameters for the 17.9 m3 chamber, two-parameter fits to the eddy-

diffusivity coefficient (ke) and the mean electric field experienced within the chamber (Ē), as outlined
::::::::
following

:::
the

:::::::
protocol235

in Charan et al. (2018), were performed on dry, ammonium sulfate experiments with an assumed density of 1770 kg m−3.

Two
:::
For

:::
this

::::::
study,

:::
two

:
experiments were carried out for 8 h in the dark with only ammonium sulfate seed present, one was

a 6 h experiment under irradiation, and an additional four were 4 h dark experiments with the precursors of a VOC oxidation

experiment. All dark experiments were carried out at 25.6○C and that in the presence of light was performed at 28.6○C. Analysis

began 30 min after initial mixing and used 15 size bins to improve the counting statistics. All bins were included in analysis.240

When a two-parameter minimization on ke and Ē for each experiment was performed following the protocol described in

Charan et al. (2019), initial guesses of ke were varied between 0.15 and 5 s−1 and of Ē between 0 and 50 V cm−1. Three of

the seven experiments gave Ē < 0.1×10−9 V cm−1, and the other four gave Ē = 2.1, 2.3, 3.9, and 5.1 V cm−1.
::::
Note

:::
that

::::
this

:
is
::::::
small:

::::
over

::
20

::
h

::
of

:::::
solely

:::::::
particle

::::
wall

::::::::
deposition

::::
and

::::::::::
coagulation

:::
for

::
an

:::::
initial

::::::
surface

::::
area

::::::::::::
concentration

::
of

::::::::
2.7×103

::::
µm2

::::
cm−3

::::
and

:
a
:::::::::
lognormal

::::::::::
distribution

:::::::
centered

:::::::
around

::::
∼125

::::
nm,

:::
an

::::::
Ē = 2.5

::
V
:::::

cm−1
:::::
gave

:
a
:::::::
number

:::::::::::
concentration

:::::
86%

::
of

::::
that245

::::
when

:::::
Ē = 0

:::::::::::::::::
(Charan et al., 2018)

:
;
:
a
:::::::::::
characteristic

:::::
value

:::
for

:
a
:::::::
chamber

::::
with

::::::
charge

::
is

::::
∼ 45

::
V

::::
cm−1

::::::::::::::::::::::::
(McMurry and Rader, 1985)

:
.
::::
This

:::::::
chamber,

::::::
unlike

:::::
many

::::
with

:::::
larger

:::::
values

:::
of

::
Ē,

::
is

:::::::::
constantly

:::::::::
suspended

:::
and

::::
does

:::
not

:::::
touch

:::
the

::::::::
enclosure

::::::
walls.

When all the experiments were analyzed together, with an initial guess of ke varying between 0.001 and 10 s−1, the minimiza-

tion function converged with ke = 0.0769 s−1. Even for those experiments that gave Ē ≠ 0 when optimized, all fit approximately

as well to their one-parameter minimization and to the all-experiment optimized value (ke = 0.0769 s−1) as to their individually250

optimized values. One-parameter optimization (optimizing only for ke, while assuming Ē = 0) was also performed for each of

the 7 experiments. Uncertainty in wall-loss was determined by taking the smallest ke value found from each of these experi-

ments (0.0004 s−1) as a lower bound and the largest ke value (0.5 s−1) as an upper bound. The total mass concentration of SOA

formed, which was used to calculate the SOA yield, was found from a smoothing spline fit of the particle-wall-deposition-

corrected volume concentration (R2 ≥ 0.994). Wang et al. (2018a) have shown, for a similarly configured chamber to those255

used here, that neither UV lightsturning on and off, nor flushing of the chamber, nor gas-phase injections had an effect on

particle wall deposition.

As additional verification, for three experiments performed under the standard replication conditions
::
for

::::
this

:::::
study, the

contents of the chamber were allowed to sit undisturbed for 4 h prior to the lights being turned on. During these 4 h, the wall
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loss correction was performed using the parameters ke = 0.0769 s−1 and Ē = 0, for which it was verified that these values gave260

constant volume concentrations.

Prior to the commencement of oxidation, all experiments were mixed and then allowed to sit undisturbed for ≥1 h. Dur-

ing this background-collection period, during which we assume no aerosol growth took place, the wall-deposition-corrected

volume concentration was calculated using the ke and Ē parameters given above. To quantify the degree to which this vol-

ume concentration was properly wall-deposition corrected, the slope of a linear fit of the volume concentration as a function265

of the time (with a 95% confidence interval) during this background period is reported in Table 1. Since experiment S1 was

performed in the absence of initial seed, the aerosol volume concentration during the background collection time was 0 and

no slope is reported. For all 20 experiments in which a SOA yield is reported (excluding S1), the wall-deposition-corrected

volume concentration during the background collection time was relatively constant: the absolute value of the slopes for all

experiments was < 0.1 µm3 cm3 s−1 and the mean was 0.03 µm3 cm−3 s−1.270

The initial particle surface area concentration was taken to be the average of the wall-loss corrected values of the seed volume

during the background-collection period.

3.2.2 Vapor-wall deposition

Based on three periods of vapor wall loss prior to experiment S3, each >100 min, the timescale of the loss of benzyl alcohol to

the Teflon chamber walls is on the order of days (∼2 to 5 days). While benzyl alcohol itself may be lost slowly, the significant275

SOA yield dependence on initial seed surface area seen for the similar toluene-oxidation system (Zhang et al., 2014) suggests

that other benzyl alcohol oxidation products might partition to the wall. A low derived
:::
The accommodation coefficient of

vapor to suspended particles (↵p) , as discussed in Sect. ??,
::::
was

::::::
derived

::
to

:::
be

::
on

:::
the

:::::
order

:::
of

::::
10−2

::::
(see

::::::::
Appendix

::::
C).

::::
This

also implies the presence of a seed surface area effect . For,
::::::
because

:
the slower the gas-particle equilibration, the more likely

that the chamber wall is an attractive condensation sink.
::::::
Indeed,

:::
this

:::::
value

:::
of

:::
↵p::::::::::

corresponds
:::

to
::::::::::
competitive

::::::
kinetic

::::
and280

::::::::::::::
quasi-equilibrium

::::::
growth

:::
for

:::
the

:::::::::
parameters

:::
of

::
the

::::::::
chamber

:::
and

::::::::
predicted

::::::::
oxidation

::::::::
products

:::
(see

:::
the

::::::::::::
dimensionless

:::::
group

:::
Ki

::
in

::::::::::
Charan et al.

:
,
::::
2019

:
).
:

To understand the extent to which the chamber wall is competitive with the suspended aerosol as a condensation sink, the

initial seed surface area concentration was varied for otherwise identical experimental conditions. Figure 2 shows this observed

SOA yield, where no vapor-wall-deposition corrections are performed, for a range of initial seed surface area concentrations.285

Above ∼1800 µm2 cm−3, there appears to be little change in the observed SOA yield; thus, we assume that the effect of vapor

wall deposition is minimal.
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Figure 2. Variation in observed benzyl alcohol SOA yield with an initial NO mixing ratio of 80 ppb at 291 K as a function of the amount of

benzyl alcohol reacted and the initial aerosol seed surface area. The lack of a difference in the yield over differing seed surface areas above

∼1800 µm2 cm−3 indicates that the experiments lie within a regime where the seed surface area does not affect the measured SOA yield.

For each chamber and each chemical system, the initial seed surface area concentration at which the effect of vapor wall

deposition is no longer significant is different: this is a function of, among other factors, the particle-vapor equilibration time,

the accommodation coefficient of the gas-phase product to the chamber walls, the chamber dimensions, and the initial precursor290

concentration (Charan et al., 2019; Zhang et al., 2015).

In theory, the fact that we can neglect the effects of vapor wall deposition on SOA yield at a temperature of 291 K and

an initial NO mixing ratio of ∼80 ppb (as is the case for experiments R1–5 and S1–4, which are shown in Fig. 2), does not

mean that we can neglect the effects for all temperatures and all NO mixing ratios, since different experimental conditions may

change the chemistry of the system. However, while the identities and relative ratios of gas-phase products may differ for the295

different experiments explored in this paper, and hence the propensity to partition into the wall may vary, it is assumed that

the products are sufficiently similar that the range at which vapor-wall deposition is considered insignificant remains the same.

And, so, we apply the assumption that vapor wall deposition minimally affects the observed SOA yield at initial seed surface

area concentrations above ∼ 1800 µm2 cm−3 to all experiments in this paper.
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3.2.3 Effect of corrections on measured SOA yield300

3.3
:::::::::::

Uncertainties
::
in

:::::::::
measured

::::
SOA

::::::
yields

The SOA yield is defined as the ratio of the mass of aerosol formed to the mass of precursor reacted (see Eq. 1). One may

overestimate the yield by underestimating the amount of benzyl alcohol reacted or by overestimating the amount of aerosol

formed. If the particle-wall-deposition adjustment overcorrects the aerosol formed, it would seem as if a higher yield exists than

that in actuality. Table ??
:
1 shows the SOA yield that would be calculated assuming that no particles were lost to the chamber305

walls during the experiment
:
:
:::
this

::
is

::::::
simply

:::
the

:::::::::
difference

:::::::
between

:::
the

::::::::
measured

::::::
aerosol

:::::
mass

:
at
:::
the

::::
end

::
of

:::
the

:::::::::
experiment

::::
and

:::
that

::
at

:::
the

:::::::::
beginning,

:::::::
divided

::
by

::::
the

::::
total

::::::
reacted

::::::
benzyl

:::::::
alcohol

::::
mass. Except for experiment R3 and L1, which ran for 12

h and 17 h, respectively, the raw particle volumes at the end of the experiments were > 80% of the wall-deposition-corrected

volumes. So, even if there are errors in the particle-wall-deposition correction, the SOA yields will still be quite large.
:::
For

:::::::::
experiment

:::
R1,

:::
the

::::::::
assumed

:::::::::
uncertainty

:::
that

::::::
comes

::::
from

::::::::::::::::::::
particle-wall-deposition

::
is

:::::
∼ 8%.

::::
This

:::::::::
dominates,

:::
for

:::::::::::::
�SOA+meas,310

::
the

:::::::
random

::::
and

::::::::
counting

:::::
error.

:::
The

:::::
total

:::::::::
uncertainty

:::
in

::::::::::
�SOAmeas :::

for
::::::::::
experiment

:::
R1

::
is,

::::::::
including

::::
the

:::::::::
uncertainty

:::
in

:::
the

::::::
aerosol

::::::
density,

:::
the

::::::::::::::
wall-deposition,

:::
and

:::
the

:::::::
random

:::::
error,

:::::
∼ 9%.

SOA yields in the absence of particle-wall-deposition corrections. Values are given assuming ! = 0. The number in parentheses

is the percent of the SOA yield (assuming ! = 0) without accounting for particle wall deposition compared to with accounting

for it.
::::
Most

::
of

:::
the

:::::::
reported

:::::::::
uncertainty

::
in

:::
the

::::
SOA

:::::
yield

:::::
comes

:::
not

:::::
from

::
the

:::::::::::::
wall-deposition

:::::::::
correction,

:::
but

::::
from

:::
the

::::::::::
uncertainty315

::
in

:::
the

::::::
benzyl

::::::
alcohol

::::::::::::
concentration.

:::
For

::::::::::
experiment

::::
R1,

:::
the

::::::
random

:::::
error

::
in

:::
the

::::::
benzyl

:::::::
alcohol

::::::
signal,

::::::::
measured

::::::
during

:::
the

:::::::::
background

:::::::::
collection

::::::
period,

::::
was

:::::
15%.

:::::::::
Combined

::::
with

:::
the

:::::::::
uncertainty

:::
of

:::
the

:::::::::
calibration

:::::
(6%),

:::
this

::::
was

:
a
:::::

16%
::::::::::
uncertainty.

::::
This

::::
same

::::
error

::::
was

::::::
applied

::
to

:::
the

:::::::::::
concentration

::
of

::::::
benzyl

::::::
alcohol

::::::::
measured

::
at

:::
the

:::
end

::
of

:::
the

::::::::::
experiment.

:::::
Since

::::::::::::::::::::::::::::::::::::
�[BnOH]meas = [BnOH]0 − [BnOH]t=end,

::
the

::::::::::
uncertainty

::
of

:::::::::::::
�[BnOH]meas::

is
::::::
19.5%.

Vapor-wall deposition will
::::
With

:::
the

:::
9%

::::
and

:::::
19.5%

:::::::::::
uncertainties

::
in

::::::::::
�SOAmeas:::

and
::::::::::::::
�[BnOH]meas,::::::::::

respectively,
:::
we

:::
get

::
a320

::::
21%

:::::::::
uncertainty

::
in

:::
the

::::
final

:::::::::
calculated

::::
SOA

:::::
yield.

:::::
Most

::
of

:::
this

::::::
comes

::::
from

:::
the

::::::::
precursor

::::::::::::
concentration.

:

:::::::::
Uncertainty

:::::
from

:::::::::
vapor-wall

:::::::::
deposition

::
is
:::
not

::::::::
included

::
in

:::
the

:::::::::
calculated

:::::
error,

:::
but

::::
any

:::::::::
vapor-wall

:::::::::
deposition

::::::
would only

decrease the observed mass of aerosol formed.
::::::
fraction

::
of

:::::::
organic

::::::
aerosol

:::::::::
observed.

::::
That

:::
is,

:::
the

::::
true

::::::::::
�SOAmeas :::::

would
:::
be

:::::
larger

::::
than

:::
the

::::::::
calculated

:::::::::::
�SOAmeas. If experiments were not run at a sufficiently large aerosol surface area concentration to

neglect the loss of gas-phase products to the chamber walls, the true SOA yield will only be larger than what is reported here.325

4 Aerosol chemical composition
::::
SOA

::::::
yields

4.1
:::::::::
Adsorptive

::::
and

:::::::::
absorptive

:::::::
aerosol

::::::
growth

Throughout all the experiments, the O:C ratio also first decreases and then increases. Figures 6 and 10 show the aerosol

chemical composition analyzed at different temperatures and NO mixing ratios, respectively. If particle growth is mass-transfer

limited (supported by a modeled ↵p ∼ 10−2, see Sect. ??), this might simply be a result of the greater abundance of higher330
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volatility oxidation products at the beginning of the experiment. Only the lowest volatility (which are, presumably, compounds

with the highest O: C ratios) condense initially, but as higher volatility compounds build up they may eventually partition into

the aerosol phase, decreasing the O:C ratio. As lower volatility second- and third-generation compounds are formed, these

might then increase the O:C ratio observed. There may also be particle-phase chemical reactions occurring that leads to the

change in O:C ratio throughout the experiment or the observed change could result from a change in the nitrogen-containing335

compounds in the aerosol-phase. Note that , when there is a large contribution of organonitrates to the aerosol , the O:C

ratio will be an underestimate (Aiken et al., 2008)
:::
The

::::::
uptake

::::
and

::::::
growth

::
of
:::::::

aerosol
::::
can

:::::
occur

:::::
either

:::::::
through

::::::::::
adsorption

::
or

:::::::::
absorption

::
of

:::::::::
oxidation

::::::::
products.

:::::::::
Generally,

:::
we

:::::
think

::
of

:::::::::
secondary

:::::::
organic

::::::
aerosol

:::::::
growth

::
as

::::::::
governed

:::
by

::::::::::
absorption,

::::::
though

:::::::::
adsorption

:
is
::::
also

::::::::
possible,

::::::::
especially

::
at

:::
the

:::::
large

::::::
surface

::::
area

::::::::::::
concentrations

::::
used

::
in

::::
this

:::::
study

::
to

::::::
reduce

::
the

::::::
effect

::
of

:::::::::
vapor-wall

:::::::::
deposition.

:::
To

:::::::
estimate

:::
the

::::::
relative

::::::
effects

:::
of

::::
these

::::
two

:::::::::
processes,

:::
we

:::
use

:::
the

::::::::::
gas-particle

::::::::::
partitioning

:::::::::
coefficient340

::::
given

:::
by

::::::::::::::::::
(Pankow, 1994, 1987)

:
:

Kp = 1

p0L
�NsAtspRTe�Q�RT + fomRT

MWom�
�

::::::::::::::::::::::::::::::::::

(2)

:::::
where

:::
the

::::
first

::::
term

::::::
comes

::::
from

:::::::::
adsorption

::::
and

:::
the

::::::
second

::::
from

::::::::::
absorption.

::::
The

::::::::
absorbent

:::::
vapor

::::::::
pressure,

:::
p0L::

is
::
in

::::
units

:::
of

:::
atm.

::
If
:::

we
:::::::
assume

:::
that

::::
the

::::::::
molecular

::::::
weight

::
of
::::

the
::::::
organic

:::::::
material

::::::::::::
MWom = 188::

g
:::::::::::::::
mol−1 = 1.88×108

:::
µg

::::::
mol−1,

::::::
which

::
is

::
the

:::::::::
molecular

::::::
weight

::
of

:::
the

::::::
major

:::::::::::
low-volatility

::::::::
oxidation

:::::::
product

::
of

::::::
benzyl

::::::
alcohol

:::::::::
calculated

:::
by

:::::::::::
Wang (2015);

:::
the

:::::::
activity345

::::::::
coefficient

:::
of

:
a
:::::::::
compound

::
in

:::
the

::::::
organic

:::::
phase

::
is

:::::
� = 1;

:::
and

:::
the

::::::::::
temperature

::
is

:::::::
T = 291

:
K
:::::::::
(matching

:::
that

::
in
::::::::::
experiment

::::
R1),

:::
the

::::::::
absorptive

::::
term

::
is
::::::::::::::::
∼ (1.3×10−10)fom:::

m3
::::
atm

:::::
µg−1,

:::::
where

::::
fom::

is
:::
the

::::
mass

:::::::
fraction

::
of

::::::::
absorbing

:::::::
organic

::
in

:::
the

::::::
aerosol

:::::
phase.

Variation in (a) the hydrogen to carbon atomic ratio, (b) the NO +
x ratio, and (c) the oxygen to carbon atomic ratio indicate that

the difference in SOA yield observed at different temperatures might be a result of chemical differences in the aerosol formed.

Absolute uncertainties are 13% and 28% for the H:C and O:C ratios, respectively. Since the ratios are relevant only when there350

is a sufficient amount of aerosol present, the first 15 min after oxidation are not shown. A SOA yield is not calculated for

experiment U2 due to uncertainties in the rate of particle-wall deposition, but that should not affect the chemical composition

of the aerosol.

Variation in the (a) hydrogen to carbon atomic ratio, the (b) NO to NO2 signal mass ratio, and the (c) oxygen to carbon

atomic ratio indicate that the difference in SOA yield observed at different NO mixing ratios is a result of chemical differences355

in the aerosol formed. Absolute uncertainties are 13% and 28% for the H:C and O:C ratios, respectively. Since the ratios are

relevant only when there is a sufficient amount of aerosol present, the first 15 min after oxidation are not shown. Data were

collected only after ∼2 h of oxidation for experiment N4. A SOA yield is not calculated for experiment U6 due to uncertainties

in the rate of particle-wall deposition, but that should not affect the chemical composition of the aerosol.

It appears that at the beginning of each experiment,
:::
The

:::::::
specific

::::::
surface

::::
area

::
of

:::
the

:::::::::
particulate

:::::::
matter,

::::
Atsp,

:::::::
changes

:::::
little360

:::::::::
throughout

:::::::::
experiment

::::
R1.

::
At

:::
the

:::::::::
beginning

::
of

:::
the

::::::::::
experiment,

:::::
when

:::::::
particles

:::
are

:::
the

::::::::
smallest,

:::::::::
Atsp ≈ 0.14::::

cm2
:::::
µg−1.

::::::
Using

:::
Eq.

::
60

:::::
from

:::::::::::::
Pankow (1987),

:::
the

:::::::
surface

:::::::::::
concentration

:::
of

:::::::
sorption

::::
sites

:::
on

::
an

:::::::::
adsorbing

::::::
surface

::
is
:::::::::::::::::
Ns,om ≈ 4.5×10−10::::

mol

::::
cm−2

:::
for

::::
the

::::::
organic

::::::
phase

:::
and

::::::::::::::::::::::
Ns,amm sulf ≈ 6.7×10−10::::

mol
:::::
cm−2

:::
for

::::::::::
ammonium

::::::
sulfate.

:::::
Note

::::
that

:
the first secondary

organic aerosol formed comprised a significant portion of organonitrates (as much >20% by mass), as shown in Fig. A1. While
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the mass fraction of organonitrates is not reported for the experiments shown in Figs. 6 and 10 (due to calibration issues), the365

NO +
x ratio trend is the same as that for the experiments shown in Fig. A1, where the mass fraction can be reported. Note that

one pathway to form organonitrates is by reaction with the nitrate radical; since all our analysis from the AMS is of experiments

with the ultraviolet lights on, one does not expect a significant concentration of nitrate radicals (Seinfeld and Pandis, 2016).

Instead, we expect the organonitrates to have been formed by a RO2 ⋅+NO reaction; this reaction has a high gas-phase yield for

organonitrates for large compounds (Arey et al., 2001; Rollins et al., 2010). As oxidation continued, more non-nitrogenated370

organic compounds condensed into the particle phase decreasing the mass concentration of organonitrates. Simultaneously, the

NO +
x ratio decreased, which could have been caused by nitric acid, formed from OH + NO2, partitioning into the aerosol phase

and forming nitrate ions. Partitioning of HNO3 into secondary organic aerosol has been observed by Ranney and Ziemann (2016)

. Another possibility is that other compounds, such as organonitrites, might produce NO +
2 fragments that lower the NO +

x

ratio throughout the experiment.
::::::::
calculation

:::
for

:::
the

:::::::
organic

:::::
phase

::::
uses

::::::::
⇢om = 1.4::

g
:::::
cm−3.

:::
To

:::
get

::
an

:::::::::::
upper-bound

:::::::
estimate

:::
of375

:::::::::
adsorption,

::
if

::
we

::::
take

::::::::::::::::
Ns =Ns,amm sulf ,

:::
the

::::::::
adsorptive

::::
term

::
is

::::::::::::::::::
∼ (2.2×10−12)e1.7�Q

:::
m3

::::
atm

:::::
µg−1,

:::::
where

::::
�Q

::
is

::
the

::::::::
enthalpy

::::::::
difference

:::::::
between

:::::::::
desorption

:::::
from

::
the

:::::::
particle

::::::
surface

::::
and

::::::::::
vaporization

::
of

:::
the

::::
pure

:::::
liquid

::::
and

:::
has

::::
units

:::
of

:::
kcal

::::::
mol−1.

:

Indeed, UPLC analysis found a high prevalence of compounds of the form RNO2 (see Table A1), which likely will not

lead to the same NO +
x ratios as organonitrates and might contribute NO +

2 fragments that could lower the NO +
x ratio. For

all experiments with filters collected (N1–3
::
To

::::::::
determine

:::
the

:::::::
relative

:::::::::
importance

:::
of

:::::::::
adsorption

:::
and

::::::::::
absorption,

:::
we

::::
need

::::
�Q380

and U1–6), nearly all compounds detected with UPLC analysis were nitroaromatics. This indicates that the low-volatility

products that condense into the aerosol phase retain their aromatic rings. It is possible, however, that there are non-ring retaining

compounds which condense onto SOA that are simply not detectable by the UPLC. Some of the ring-retaining compounds

have C7 structures, as does
::::
fom.

:::
For

:::::::::
liquid-like

:::::::::
adsorption,

:::::::
�Q ≈ 0,

:::
but

:::
for

::::
SOA

:::::
from

::::::::
polycyclic

::::::::
aromatic

:::::::::::
hydrocarbons

:::::
rings

:::
and

::::::::::::::
organochlorines,

::::::::
�Q ≈2–4

::::
kcal

:::::
mol−1

::::
and

::::::::
�Q ≈1–2

::::
kcal

::::::
mol−1,

::::::::::
respectively

:::::::::::::::::::::::::::::::
(Pankow, 1987; Yamasaki et al., 1982).

::::
For385

:::::::::
experiment

:::
R1,

::::
fom::

is
:::
0.1

::
by

:::
10

::::
min

:::
and

:::
0.5

::
by

::
1
::
h.

::
At

:::
the

::::
end

::
of

:::
the

::::::::::
experiment,

:::::::::
fom = 0.8.

:::::::::
Depending

::
on

::::
the

:::::
value

::
of

:::::
�Q,

:::
the

:::::
length

::::
into

:::
the

::::::::::
experiment

::
at

::::::
which

:::::::::
adsorption

::
is

:::::::::::
insignificant

:::::::
changes.

::
If
::::::::
�Q ≈ 0,

::::::::
adsorption

::::
will

:::
be

:::::::::
responsible

:::
for

::::::
< 15%

::::::::::
partitioning

::
10

::::
min

::::
into

:::
the

::::::::::
experiment.

::
If

::::::::
�Q � 0.9

::::
kcal

::::::
mol−1,

:::::::::
adsorption

:::
will

:::
be

:::::::::
responsible

:::
for

::::::
< 15%

::::::::::
partitioning

::
1

:
h
::::

into
:::
the

::::::::::
experiment,

::::
and

::
if

::::::::
�Q � 1.2

::::
kcal

::::::
mol−1,

::::::::::
adsorption

:::
will

:::
be

::::::::::
responsible

:::
for

:::::
< 15%

::::::::::
partitioning

::
at

:::
the

::::
end

::
of

:::
the

::::::::::
experiment.

::::
Note

::::
that,

:::::
since

::::
prior

:::
to

:::
the

:::::::::::::
commencement

::
of

:::::::::
oxidation,

::
no

:::::::
aerosol

::::::
growth390

:
is
:::::::::
observed,

:::
the

::::
seed

::::::
aerosol

::::::
neither

:::::::
adsorbs

:::
nor

:::::::
absorbs benzyl alcohol. However, several of the compounds detected are C6

structures, indicating the possible loss of

4.2
:::::::::

Absorptive
:::::::
particle

:::::::::::
partitioning

:
If
:::::::::
absorption

:::::::::
dominates

::::::::::
gas-particle

::::::::::
partitioning,

:
the methanol group. In particular, UPLC analysis showed a particularly high

concentration of nitrocatechol in the aerosol. The atomic ratios of oxygen to carbon atoms (O:C)are quite large: between 0.6395

and 1.0, which matches that of very oxygenated rings, but could also match nitrocatechol (O:C of 0.67)
::::
SOA

:::::
yield

::::::
would

::::::
depend

::
on

::::
the

::::::
amount

:::
of

::::::
organic

:::::::
material

:::
in

:::
the

::::::
aerosol

::::::
phase

:::::::::::
(�SOAmeas, :::::

which
::::::
varies

::::
with

:::::
fom)

:
if
::::::::::

equilibrium
:::::::

growth
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::::::
occurs,

::
as

::
is

:::::
shown

::
in
::::
Fig.

::
3

::::::::::::::::::::::::::::
(Pankow, 1994; Odum et al., 1996)

:
.
:::::::::::
Traditionally,

:::
this

::::::::::
partitioning

::
is

:::::
given

::
by

:

Y =�SOAmeas

n�
i=1
� ↵iKom,i

1+Kom,i�SOAmeas
�

:::::::::::::::::::::::::::::::::::

(3)

:::::
where

:
a
:::::::::::
one-product

:::::
model

::::
has

::::
n = 1

::::
and

:
a
:::::::::::
two-product

:::::
model

:::
has

:::::
n = 2

::::::::::::::::::::::::::::::::::::::::::
(Pankow, 1994; Odum et al., 1996; Ng et al., 2007)400

:
.
:::
The

::::::::::::
stoichiometric

:::::::
fraction

::
of

:::::::
product

:
i
:::

in
::::
mass

:::::
units

::
is

::
↵i. :::::

Kom,i::
is
:::
the

:::::::::
absorptive

::::::::::
partitioning

:::::::::
coefficient

:::
for

:::
the

:::::::
organic

:::::
phase

::
for

:::::::
species

:
i,
::::::
which

::
is

::::

Kp,i

fom ::::
from

:::
Eq.

::
2
::::::::::::::::
(Odum et al., 1996)

:
.

The prevalence of nitroaromatics may be because the UPLC analysis method is particularly sensitive to nitroaromatics: the

detection of aerosol phase compounds via the UPLC/MS method is limited to detecting compounds that are water soluble and

lie within the detection limits of the instrument. Though filter samples were stored at low temperatures, on-filter chemistry may405

be possible. Certain compounds may also be prone to hydrolysis when in the aqueous phase, which may alter the molecular

weight of the original compounds collected in the particle phase (Zhang et al., 2016).

Figure 3.
:::::::
Secondary

::::::
organic

::::::
aerosol

:::::
yields

::
as

:
a
:::::::

function
::
of

::::::
organic

::::::
aerosol

::::::
formed

::
(a)

:::::::::
throughout

:::::::::
experiments

::::::::
performed

:::::
under

::::::
similar

::::
initial

::::::::
conditions

:::::
(R1–5

:::
and

:::
L1)

:::
and

:::
(b)

::
at

:::
the

:::
end

::
of

:::::::
oxidation

:::
for

:::::::::
experiments

::::
with

::::::::
quantitative

:::::
SOA

:::::
yields.

::
In

::::
panel

:::
(a),

:::
the

:::
first

::
30

::::
min

:
of
::::::::

oxidation
::
are

:::::::
removed

:::
due

::
to

:::
low

:::::
signal

:::
and

::::
large

::::::::::
uncertainties

:
in
::::

SOA
:::::

yield.
::::
Note

:::
that

:::
the

::::::::
experiment

:::
run

::
at

:
a
:::::
lower

:::::::
oxidation

:::
rate

::::
(L1)

::::
nearly

:::::::
matches

:::
the

:::::::
outcomes

::
of
:::::

those
:::
run

::::
under

::::::::
otherwise

::::::
similar

::::::::
conditions

::::::
(R1–5),

:::::
though

:::
the

:::::::::
discrepancy

::::
may

::
be

:::
due

::
to
:::

the
:::::::
slightler

::::
lower

:::::::::
temperature

::
of

:::::::::
experiment

::
L1

::::
(286

::
K

::::::::
compared

:
to
::::

291
::
K).

::::
The

:::::::
measured

::::
SOA

::::
yield

::::::
appears

::
to
::::::
depend

::
on

:::
the

::::::
organic

::::::
aerosol

::::
mass

::::::::::
concentration,

::::::::::
�SOAmeas,:::::

which
:::::::
indicates

:::
that

::::::
particle

:::::::::
partitioning

::
is
::::::::
important

:::
for

::::
SOA

::::
yield

:::::::::::
determination.

:::::
Panel

::
(a)

::::
also

::::::
includes

::
a

:::::::::
one-product

:::
and

:::::::::
two-product

::
fit

::
to

::
the

::::
data.

:::
The

::::::::::
two-product

::::::
model

::::
does

:::
not

:::::::
improve

::::
from

:::
the

::::::::::
one-product

::::::
model

::::::
(dotted

:::::
curve

::
in

:::
Fig.

::::
3a),

:::
but

::::
only

::::::
creates

:
a
::::
very

:::::
large

::::::::::
non-volatile

:::::::::
compound

:::::::::
(Kom >> 1)

::::
that

:
is
:::::::
formed

::
in

::::
very

::::
small

:::::::::
quantities

:::::::
(↵ << 1)

:::
and

:::
the

:::::
other

::::::::
compound

::::::
nearly

:::::::
matches

:::
the

::::::::
compound

::::::
found

::
in

:::
the

::::::::::
one-product

:::::::::::
optimization.

::::
The

::::::::::
one-product

:::::::::::
optimization

::::
gives

::::::::
↵ = 0.97

:::
and

:::::::::::
Kom = 0.009::

if
::
all

::::::
points410

::
are

:::::::
equally

::::::::
weighted.

::
If

:::
we

::::
only

::::::
include

:::
the

::::
end

:::::
points,

::::
this

:::::
gives

:::::::
↵ = 1.05

:::
and

::::::::::::
Kom = 0.005.

Nevertheless, it is clear that there are many nitrogen containing compounds in the particle phase. Differences in aerosol

chemical composition as a function of temperature and NO concentration is discussed in Sects. 4.2 and 4.3.
::
At

:::::
� 500

::
µg

:::::
m−3,
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::
the

:::::
SOA

::::
yield

::::::
flattens

::::
out.

::::
This

:::::::
indicates

::::
that,

:::::
above

::::
this

::::::::::
�SOAmeas,:::

the
::::::::::
partitioning

:::::::::
coefficients

:::
for

:::
the

::::::::
oxidative

:::::::
products

:::
are

:::::::::
sufficiently

::::
large

:::::
(that

::
is,

:::
the

:::::::
products

:::
are

:::::::::
sufficiently

::::::::::::
non-volatile),

:::
that

::
Y

::::::::::
approaches

::
↵,

:::
the

::::::::
gas-phase

::::::::::::
stoichiometric

:::::::
fraction415

::
in

::::
mass

::::
units

:::
for

:::
the

::::::::
oxidation

::::::::
products

:::::::::::::
(Ng et al., 2007)

:
.

5 SOA yields

4.1 Time dependence

While, usually, the SOA yield is reported as a single number at the end of an experiment, it can also be understood as a function

of time since multiple generations of oxidation products usually exist (Cappa et al., 2013). For example, in the ↵-pinene system,420

the SOA yield has been shown to depend on the total hydroxyl radical exposure (Donahue et al., 2012; Wang et al., 2018b).

Figure 4 shows, for each experiment, the terminal SOA yield and the bands indicating at which times each of the experiments

lie within 10%, 5%, and 1% of the final reported yield. The most atmospherically representative SOA yield
:::::
value

::
of

:
↵
:
is that to

which the experiments converge. For almost all the experiments, the yields appear to have converged sufficiently to justify the

reporting of the final yield, though the benzyl alcohol concentration may not yet have all reacted (see Fig. ??
::::
Table

::
1); as more425

reacts, more aerosol is formed but the SOA yield levels out. Experiments R3 and R5, which were run for considerably longer

than other experiments, show that the final SOA yield changed little from earlier in oxidation, when the other experiments were

terminated. Instead of looking at this in terms of reaction time, one can see instead the SOA yield as a function of the amount

of the initial benzyl alcohol reacted ( Fig. ??) and see that the yield also converges in terms of the fraction of benzyl alcohol

reacted.430
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Figure 4. SOA yield calculated assuming ! = 0 as a function of time for (a) reproduction experiments
::
run

:::::
under

:::::::::::
approximately

:::::::
identical

::::::::
conditions, (b) different initial surface area experiments, (c) the low light strength experiment (L1) and the initial NO2 experiment (E1),

(d) different temperature experiments, and (e–f) variable constant NO mixing ratio experiments. The measured SOA yields are the solid

line and the reported end yield is the circle with the reported error bars. The lightest shaded region is ±10% of the reported end yield, the

medium-shared region is ±5%, and the darkest shaded region is ±1%.
:::
The

:::
first

::
30

::::
min

::
of

:::::::
oxidation

:::
are

::::::
omitted

:::
due

::
to

:::
low

:::::
signal

:::
and

::::
large

::::
noise

::
at

::
the

:::::::::
beginnings

:
of
:::

the
::::::::::
experiments.

Benzyl alcohol decay for the (a) reproduction experiments, (b) different initial surface are experiments, (c–d) variable NO

mixing ratio experiments, (e) the low light strength experiment (L1) and the initial NO2 experiment (E1), and (f) the different

temperature experiments. All panels are scaled the same in both axes. The x-axis is time since the commencement of oxidation.

Except for experiment L1, which was run at ∼10% the light strength of the other experiments, all experiments follow a similar

decay curve.435

Secondary organic aerosol yields as a function of the fraction of initial benzyl alcohol reacted for experiments R1–5 and L1.

All experiments were run under approximately the same conditions, although experiment L1 had a light strength of <10% of

the other experiments.

Note that for experiment L1, also run for considerably longer than the other experiments, the light strength was < 10%
::::
∼ 8%

of that in all the other experiments. At this lower oxidation rate, the SOA yield takes much longer to converge but does appear440

to be somewhat a function of the fraction of benzyl alcohol that has reacted at any given time.
:::::::::
�SOAmeas:::::

(Fig.
::
3).

:
This

shows that the convergence time depends on the rate of oxidation. Figure ?? shows the decay
::::
Table

::
1

:::::::
includes

:::
the

:::::::
amount

of benzyl alcohol throughout the experiment
:::
that

:::::::
reacted

::
by

:::
the

::::
end

::
of

:::
the

::::::::::
experiment

:::
and

::
a

::::::::
first-order

::::::::::
exponential

::
fit
:::

to
:::
the

:::::
decay

:::::::::::::::
(kBnOH+OH[OH]): for all except experiment L1, the curves show a very

::::::::::::::
kBnOH+OH[OH]

:
is
:::::::
similar,

::::::::
indicating

::
a similar

decay. The first-order exponential decay constant (
::::
Note

::::
that

::::
since

:::
the

:::::
exact [

:::
OH]

:
is
::::
not

:::::::::
calculated, kBnOH+OH[OH] ) for each445

experiment is given in Table 1
:
is
::::::::
reported

::::::::
assuming

:::
that

:
[
:::
OH]

::
is

:::::::
constant

:::::::::
throughout

:::
the

::::::::::
experiment.
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4.2 Temperature dependence

Figure 5 shows the SOA yield of benzyl alcohol over a range of temperatures, all corresponding to approximately the same

initial surface area range (1500–2800 µm2 cm−3) and the same initial NO mixing ratio of ∼ 80 ppb (see R1–5 and T1–4 in Table

1). In general, a lower yield of benzyl alcohol exists at higher temperatures; this is expected due to the decreased volatility of450

oxidation products at lower temperatures and to the increased rapidity of second-generation reactions, which may potentially

form high volatility fragments before the lower volatility first-generation products have time to partition into the particle phase.

Figure 5. Variation in SOA yield over several hours of benzyl alcohol oxidation as a function of temperature with an initial NO mixing ratio

of 72 to 81 ppb as a function of the amount of benzyl alcohol reacted for experiments R1–3 and T1–4. The color is proportional to the amount

of benzyl alcohol that has reacted at the end of the experiment. Experiments began with between 78 and 102 ppb of benzyl alcohol and initial

seed surface area concentrations of 1800 to 2900 µm2 cm−3. Error bars are given for the yields at the end of each experiment (experiment

lengths are given in Table 1).

At the lowest temperature measured, where one would expect the greatest seed surface area effect (that is, the most compe-

tition between the wall and suspended aerosol condensation sinks), we have already determined that we are outside the range

of the seed surface area effect (Fig. 2). So, one would not expect that the difference in SOA yield is related to competition with455

the chamber wall.

A higher SOA yield at lower temperatures is also supported by Fig. 6, which shows how the chemical makeup of the aerosol

is different for aerosol formed at different temperatures: the O:C ratio is higher and the H:C ratio is lower on aerosol formed

at higher temperatures, meaning that more volatile compounds that might condense at lower temperatures (and have a smaller

O:C ratio and a lower H:C ratio) do not condense at the higher temperature (panels a and c). Though the difference is slight,460
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there is a trend for a larger NOx+
:::::
NO +

x ratio (panel b) and, correspondingly, a larger mass fraction of organonitrates at higher

temperatures. The former indicates that the organonitrates may be less volatile than other nitrogen-containing compounds

that may condense into the aerosol phase (including, potentially, inorganic ammonium nitrate). The latter suggests that the

gas-phase branching may be different. It may be that fewer organonitrates are formed at lower temperatures.
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Figure 6. Variation in (a) the hydrogen to carbon atomic ratio, (b) the NO +
x ratio, and (c) the oxygen to carbon atomic ratio indicate that

the difference in SOA yield observed at different temperatures might be a result of chemical differences in the aerosol formed.
::
At

:::::
higher

::::::::::
temperatures,

:::
O:C

:::::
ratios

:::
are

:::::
larger

:::
and

:::
H:C

:::::
ratios

::::
tend

::
to

::
be

::::::
smaller.

:::::
There

::
is

:::
also

::
a
::::
slight

:::::::
increase

::
in

:::
the NO +

x :::
ratio

::::
with

::::::::::
temperature.

Absolute uncertainties are 13% and 28% for the H:C and O:C ratios, respectively. Since the ratios are relevant only when there is a sufficient

amount of aerosol present, the first 15 min after oxidation are not shown. A SOA yield is not calculated for experiment U2 due to uncertainties

in the rate of particle-wall deposition, but that should not affect the chemical composition of the aerosol.
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:
If
:::
Eq.

::
3
:::::::
governs

::
the

:::::
SOA

::::
yield

:::::
curve,

::::
then

::::
one

:::::
would

:::::
expect

:::
the

:::::
curve

::
to

::::::::::::
asymptotically

::::::::
approach

::
↵

::
as

:::::::::
�SOAmeas:::::::::

increases.465

:::
The

::::::::::
partitioning

:::::::::
coefficient

:::::
Kom::

is
:::::::::

explicitly
::::::::::
temperature

::::::::::
dependent,

:::
but

::
↵

::
is

:::::::::::::::::::
temperature-dependent

:::::
only

::::::
insofar

::
as
::::

the

::::::::
oxidation

:::::::
products

::::::::
preferred

:::
for

:::::::::
formation

::::::
change

:::::
with

::::::::::
temperature.

:::
In

::::
Fig.

::
7,

:::
the

::::::::
flattening

::::
out

::
of

:::
the

:::::
SOA

:::::
yield

::::::
curves

:::::::
indicates

::::
that

:
it
::
is

::
↵

::::
(and

:::
not

:::
just

:::::
Kom)

::::
that

:::::::
changes

::::
with

::::::::::
temperature.

::::
This

::::::
points

::
to

:
a
::::::
change

::
in

:::::::::
chemistry

:::::::::
accounting

:::
for

:::
the

::::::::
difference

::
in

:::::
SOA

:::::
yields

::
at

:::::::
different

:::::::::::
temperatures.

:

Figure 7.
:::::::
Secondary

::::::
organic

::::::
aerosol

:::::
yields

::
as

::
a
::::::
function

:::
of

::::::
organic

:::::
aerosol

::::::
formed

:::
for

:::::::::
experiments

:::
R1

:::
and

::::::
T1–T4,

:::
all

:::
run

::
at

:::::::
different

:::::::::
temperatures

:::
and

::::::::
otherwise

:::::
similar

:::::
initial

::::::::
conditions.

::::
The

::::
value

::
of

:
↵
::
is
::::
from

:
a
::
fit

::
to

:::::::::::
two-parameter

::
fit

::
to

:::
Eq.

:
3
:::::
(Kom :

is
:::
not

::::::
shown).

::::
Data

:::
are

:::::
shown

:::
only

::::
after

::
30

::::
min

:::
into

::
the

:::::::::
experiment

::
to

:::::::
minimize

:::
the

::::
error

::::
from

::::
noise

::
at

::
the

::::::::
beginning

::
of

::::::::
oxidation.

Depending on the temperature and the other experimental conditions (such as the NO mixing ratio), one would expect the470

chemistry to vary between experiments
:::
This

:::::::::
difference

::
in

:::::::::
chemistry

:::::::::
accounting

:::
for

:::
the

:::::::::
difference

:::::::
observed

:::
in

:::
the

::::
SOA

:::::
yield

:
is
::::

also
:::::::::
supported

:::
by

::::::::::
observations

:::
in

:::
the

:::
gas

:::::
phase. The gas-phase concentration of hydroxy-benzyl

::::::::::::
hydroxybenzyl

:
alcohol

(HOBnOH) has a molar mass of 124 g mol−1 and is detected at M+19, corresponding to the addition of F– (Schwantes

et al., 2017b). This signal normalized to the reactant ion signal by the initial benzyl alcohol concentration (expressed in signal

normalized to reactant ion signal) for each of the experiments described here is given in Fig. 8. Note that this is, essentially, the475

HOBnOH concentration divided by the initial benzyl alcohol concentration. The temporal evolution of HOBnOH for nearly

identical experiments is fairly reproducible, as shown in panel a. The formation of HOBnOH or the rate at which it reacts away

seem
::::
seems

:
to increase slightly at higher temperatures (Fig. 8d)and possibly at higher constant NO concentrations (Fig. 8e but

not 8f), but considering that the uncertainty in initial BnOH mixing ratio is on the order of 10% (see Table 1), it is difficult to

make any concrete statements about the shift in gas-phase chemistry due to changing conditions except to say that changes are480

not hugely significant.
:
,
:::::
which

::::
also

::::::::
indicates

:::
that

::
it

::
is

:
a
::::::
change

::
in

::::::::
chemical

::::::::::
composition

::::
that

:::::::
accounts

:::
for

:::::::
changes

::
in

:::
the

:::::
SOA

:::::
yield.

:
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Figure 8. The normalized hydroxy-benzyl
:::::::::::
hydroxybenzyl alcohol (HOBnOH) signal divided by the initial normalized benzyl alcohol signal

(as calculated during the background collection period) for (a) reproduction
:::::
similar

:
experiments, R1–5, (b) different initial surface are

experiments, S1–4, (c) the low light strength experiment, L1, and the initial NO2 experiment, E1, (d) different temperature experiments,

T1–4, (e) low constant NO mixing ratio experiments, N1–3, and (f) high constant NO mixing ratio experiments, N4–6. The horizontal axis

is the time since the beginning of oxidation. For all except experiment L1, the light strength was identical.
::::

Note
::::

that
::
the

::::::
random

::::
error

::
in

:::
the

::::
initial

:::::
benzyl

::::::
alcohol

::::::
mixing

:::
ratio

::
is
::
on

:::
the

::::
order

::
of

::::
10%.

4.3 Nitric oxide mixing ratio dependence

To probe the different chemical pathways that form, the SOA yield dependence on variable NO concentrations was investigated

(Fig. 9). NO mixing ratios were maintained throughout experiments N1–6 and U6, leading to an increase in the total NOx in485

the system. NOx increased by ∼60 ppb for experiment N1 and ∼100–200 ppb for experiments N2–6 and U6. Generally, the

SOA yield seems to decrease with increased NO concentration.
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Figure 9. SOA yield under different constant NO conditions for experiments N1–6. All experiments were performed at 291 K, with initial

benzyl alcohol mixing ratios between 70 and 82 ppb, and with initial seed surface area concentrations of 1800 to 2900 µm2 cm−3. The x-axis

error bars show the full range of NO concentrations experienced throughout the experiment.

As shown in Fig. 10c, there are also larger O:C ratios after ∼2 h of oxidation for the lower NO mixing ratios (N1, N2, and

N4). Note that experiment N4 appears to behave more similarly to N1–2 than to N5–6 and U6; the control on the NO mixing

ratio for N4 was much less successful than for the other constant NO experiments (see the error bars in Fig. 9). While the [NO]490

throughout experiment N4 was, on average, 74 ppb, it was only 62 ppb on average during the first 3 h of oxidation (experiment

N3 had an average [NO] of 62 ppb during the first 3 h of oxidation).

We suspect that there are a large number of nitroaromatics in the organic aerosol(see Sect. 4.4).
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Figure 10. Variation in the (a) hydrogen to carbon atomic ratio, the (b) NO to NO2 signal mass ratio, and the (c) oxygen to carbon atomic

ratio indicate that the difference in SOA yield observed at different NO mixing ratios is a result of chemical differences in the aerosol formed.

:::
The

::::
lower

:::
NO

:::::::::
experiments

::::
have

:
a
:::::
higher

::::
O:C

:::
ratio

::::
later

::
in

::
the

:::::::::
experiment

:::
than

:::
the

::::
high

:::
NO

::::
ones;

::
no

::::
trend

::
is

::::::
obvious

::
in

:::
H:C

:::::
ratios. Absolute

uncertainties are 13% and 28% for the H:C and O:C ratios, respectively. Since the ratios are relevant only when there is a sufficient amount

of aerosol present, the first 15 min after oxidation are not shown. Data were collected only after ∼2 h of oxidation for experiment N4. A SOA

yield is not calculated for experiment U6 due to uncertainties in the rate of particle-wall deposition, but that should not affect the chemical

composition of the aerosol.
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:::
Fig.

:::
8e

:::::
shows

:
a
:::::::::

difference
::
in

:::
the

:::::::::
gas-phase

::::::::
chemistry

::
at

:::::::
different

::::
NO

::::::
mixing

:::::
ratios

:::
for

:::
the

:::::
lower

:::::::
constant

:::
NO

:::::::::::
experiments

::::::
(N1–3),

:::
but

:::::
there

:::::::
appears

::
to

::
be

:::::
little

::::::::
difference

:::
in

:::
the

::::::::
HOBnOH

::::::::::::
concentration

:::
for

:::
the

::::::
higher

:::::::
constant

:::
NO

:::::::::::
experiments

::::
(Fig495

:::
8f).

::::
This

::::
also

:::::::
matches

:::
the

:::::::
observed

:::::::
change

::
in

::::
O:C

:::::
ratios

:::::::::
(indicating

:
a
::::::
change

::
in
::::::::
chemical

:::::::::::
composition)

:::::::
between

:::::::::::
experiments

:::
N1,

:::
N2,

::::
and

:::
N3

:::
(but

:::
not

::::::::
between

:::
N5,

::::
U6,

:::
and

::::
N6).

:

::::
This

::::::
change

::
in

::::::::
chemical

::::::::::
composition

:::::
could

:::
be

::
in

:::
the

:::::::::
prevalence

::
of

:::::::::::::
organonitrates. It appears that at the beginning of each

experiment, the first secondary organic aerosol formed comprised a significant portion of organonitrates (as much >20% by

mass), as shown in Fig. A1. While the mass fraction of organonitrates is not reported for the experiments shown in Figs. 6500

and 10 (due to calibration issues), the NO +
x ratio trend is the same as that for the experiments shown in Fig. A1, where the

mass fraction can be reported. Note that one pathway to form organonitrates is by reaction with the nitrate radical; since all

our analysis from the AMS is of experiments with the ultraviolet lights on, one does not expect a significant concentration

of nitrate radicals (Seinfeld and Pandis, 2016). Instead, we expect the organonitrates to have been formed by a RO2 ⋅+NO

reaction; this reaction has a high gas-phase yield for organonitrates for large compounds (Arey et al., 2001; Rollins et al.,505

2010). As oxidation continued, more non-nitrogenated organic compounds condensed into the particle phase decreasing the

mass concentration of organonitrates. Simultaneously, the ratio decreased, which could have been caused by nitric acid, formed

from OH +
::::::::::::
Nitroaromatics

:::::
could

:::
also

:::::
form

::::
from

:::
the

:::::::
addition

::
of

:
NO2 , partitioning into the aerosol phase and forming nitrate

ions. Partitioning of into secondary organic aerosol has been observed by Ranney and Ziemann (2016). Another possibility

is that other compounds, such as organonitrites, might produce fragments that lower the ratio throughout the experiment
:
to

::
a510

:::::
radical

:::::::::::
intermediate,

:::
as

:::
has

::::
been

::::::::
suggested

:::
as

:::
the

::::::::
formation

:::::::::
mechanism

:::
for

::::::::::::
nitrocatechols

::::
from

:::::::::
laboratory

::::::
studies

::
of

::
m
::::::
-cresol

::::::::::::::::
(Iinuma et al., 2010).

Indeed, UPLC analysis found a high prevalence of compounds of the form RNO2 :::::::::
compounds

:
(see Table A1), which likely

will not lead to the same NO +
x ratios as organonitrates and might contribute NO +

2 fragments that could lower the NO +
x

ratio. For all experiments with filters collected (N1–3 and U1–6), nearly all compounds detected with UPLC analysis were515

nitroaromatics. This indicates that the low-volatility products that condense into the aerosol phase retain their aromatic rings.

It is possible, however, that there are non-ring retaining compounds which condense onto SOA that are simply not detectable

by the UPLC. Some of the ring-retaining compounds have C7 structures, as does benzyl alcohol. However, several of the

compounds detected are C6 structures, indicating the possible loss of the methanol group. In particular, UPLC analysis showed

a particularly high concentration of nitrocatechol in the aerosol. The atomic ratios of oxygen to carbon atoms (O:C) are quite520

large: between 0.6 and 1.0, which matches that of very oxygenated rings
::::
(Fig.

::::
C1), but could also match nitrocatechol (O:C of

0.67).

The
::
As

::::::::
oxidation

:::::::::
continued,

:::::
more

::::::::::::::
non-nitrogenated

:::::::
organic

::::::::::
compounds

:::::::::
condensed

::::
into

:::
the

::::::
particle

:::::
phase

::::::::::
decreasing

:::
the

::::
mass

:::::::::::
concentration

:::
of

::::::::::::
organonitrates.

:::::::::::::
Simultaneously,

:::
the

:
NO +

x :::
ratio

:::::::::
decreased,

::::::
which

:::::
could

::::
have

::::
been

::::::
caused

:::
by

::::
nitric

:::::
acid,

::::::
formed

::::
from

::::
OH

::
+ NO2:, ::::::::::

partitioning
:::
into

:::
the

:::::::
aerosol

:::::
phase

::::
and

:::::::
forming

:::::
nitrate

:::::
ions.

::::::::::
Partitioning

::
of

:
HNO3 :::

into
:::::::::
secondary525

::::::
organic

:::::::
aerosol

:::
has

:::::
been

::::::::
observed

::
by

::::::::::::::::::::::::
Ranney and Ziemann (2016)

:
.
:::::::
Another

:::::::::
possibility

::
is
::::

that
:::::

other
:::::::::::

compounds,
::::
such

:::
as

::::::::::::
organonitrites,

:::::
might

:::::::
produce NO +

2 ::::::::
fragments

::::
that

:::::
lower

:::
the NO +

x ::::
ratio

:::::::::
throughout

:::
the

::::::::::
experiment.
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:
It
::
is

:::::::
possible,

::::::::
however,

::::
that

::::
there

:::
are

:::::::
non-ring

::::::::
retaining

:::::::::
compounds

::::::
which

::::::::
condense

::::
onto

::::
SOA

:::
that

:::
are

::::::
simply

:::
not

:::::::::
detectable

::
by

:::
the

::::::
UPLC.

::::::::::::
Additionally,

:::
the prevalence of nitroaromatics may be because

:
a
:::::
result

::
of

:
the UPLC analysis method

:::
that is

particularly sensitive to nitroaromatics: the detection of aerosol phase compounds via the UPLC/MS method is limited to530

detecting compounds that are water soluble and lie within the detection limits of the instrument. Though filter samples
:::::
filters

were stored at low temperatures, on-filter chemistry may be possible. Certain compounds may also be prone to hydrolysis when

::
or

:::::::::
hydrolysis in the aqueous phase , which may

::::
could

:::::
occur.

:::::
This

:::::
could alter the molecular weight of the original compounds

collected in the particle phase (Zhang et al., 2016).

Nevertheless, it is clear that there are many nitrogen containing
::
the

::::::::
presence

::
of

:::::
many

::::::::::::::::
nitrogen-containing

:
compounds in the535

particle phase . Differences in aerosol chemical composition as a function of temperature and NO concentration is discussed

in Sects. 4.2 and 4.3.

As shown in Fig. 10c, there are also larger O: C ratios after ∼2 h of oxidationfor the lower NO mixing ratios (N1, N2, and

N4). Note that experiment N4 appears to behave more similarly to N1–2 than to N5–6 and U6; the control on the NO mixing

ratio for N4 was much less successful than for the other constant NO experiments (see the error bars in Fig. 9). While the540

NOthroughout experiment N4 was, on average, 74 ppb
:
is
:::::
clear.

::::
This

::
is

::::::::
supported

:::
by

:::::
other

::::::
studies:

:::::::::::
nitroaromatic

::::::::::::
hydrocarbons

::::
have

::::
been

::::::::
observed

::::
from

:::::::
daytime

::::::::
oxidation, it was only 62 ppb on average during the first 3 h of oxidation (experiment N3 had

an average NOof 62 ppb during the first 3 h of oxidation )
:::::::
sourced

::::
from

::::::::::::
anthropogenic

:::::::
sources,

::::
and

::::::::
attributed

::
to

:::
the

:::::::
particle

:::::
phase

:::::::::::::::::
Ikemori et al. (2019).

:::::
These

::::::::::
compounds

::::
have

::::
been

::::::::
observed

::
in

:::::::
toluene

:::::::
chamber

::::::::
oxidation

::::::
studies

:::
run

::
at

:::::::
constant

::::::
15–20

:::
ppb

:
NOx :::::

mixing
::::::
ratios,

:::
for

:::::
which

::::::
benzyl

::::::
alcohol

::::
was

:::
one

::
of

:::
the

::::::::
measured

:::::::::
oxidation

:::::::
products

::::::::::::::::::
Hamilton et al. (2005).545

We suspect that there are a large number of nitroaromatics in the organic aerosol (see Sect. 4.4). Perhaps at higher NO

concentrations there are more nitroaromatics, and these compounds are more volatile than the nitrogen-free oxidation prod-

ucts (such as the very oxygenated rings). Though the differences in H:C and O:C ratios are slight, the larger O:C ratios—

corresponding to the very oxygenated rings—that are seen at lower NO concentrations support the theory that the compounds

formed differ (see Fig. 10).550

Experiment E1, which is similar to experiments R1–5 except that, prior to the beginning of oxidation, it begins with 71.0±0.8

ppb of NO2 and no NO, shows a much lower SOA yield than that from experiments R1–5. This suggests that it is the NO

that is the relevant reactant that causes initially high SOA formation. This is supported by the significant mass fraction of

organonitrates at the beginning of the experiments; organonitrates are formed by RO2 ⋅ reaction with NO.

4.4
::::

SOA
::::
bulk

:::::::::
properties555

Throughout all the experiments, the O:C ratio also first decreases and then increases. Figures 6 and 10 show the aerosol

chemical composition analyzed at different temperatures and NO mixing ratios, respectively. If particle growth is mass-transfer

limited
:::::::::
kinetically

:::::::::
controlled (supported by a modeled ↵p ∼ 10−2, see Sect. ??), this

::::::::
Appendix

:::
C),

:::
the

::::::
change

::
in
::::

O:C
:::::

ratio

:::::::::
throughout

:::
the

::::::::::
experiment might simply be a result of the greater abundance of higher volatility oxidation products at the

beginning of the experiment. Only the lowest volatility (which are, presumably, compounds with the highest O:C ratios)560

condense initially, but as higher volatility compounds build up they may eventually partition into the aerosol phase, decreasing
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the O:C ratio. As lower volatility second- and third-generation compounds are formed, these might then increase the O:C ratio

observed. There may also be particle-phase chemical reactionsoccurring
:
,
::::
such

::
as

:::::::::::::
oligimerization

::::::::::::::
(Gao et al., 2004)

:
, that leads

to the change in O:C ratio throughout the experimentor
:
.
:::
Or, the observed change could result from a change in the nitrogen-

containing compounds in the aerosol-phase. Note that, when there is a large contribution of organonitrates to the aerosol, the565

O:C ratio will be an underestimate (Aiken et al., 2008).

5 Conclusions

The secondary organic aerosol yields of benzyl alcohol determined in this study range from 0.35 to 0.99. McDonald et al.

(2018), who found that volatile chemical products might contribute very significantly to SOA formation in cities like Los

Angeles, estimated a SOA yield of 0.090±0.023 for benzyl alcohol. Even in its upper limit, this is less than a third of570

the SOA yields found in this study. While benzyl alcohol is one of a number of compounds considered, the fact that the

experimental results disagree significantly with the estimates made in accounting studies indicates that we could still be

vastly underestimating or poorly predicting SOA yields from oxygenated species
:::::
volatile

::::::::
chemical

::::::::
products

::
in

:::
the

::::::::::
atmosphere,

:::::::
estimates

:::
of

::
its

:::::::::::
atmospheric

::::
SOA

:::::
level

:::::
based

:::
on

:::::::::
accounting

::::::
studies

:::
lie

:::::::::::
significantly

:::::
below

:::::
those

::::::::
predicted

:::
by

:::::::::::
experimental

:::::::
chamber

::::::
studies

::::
such

::
as

::::
that

::::::::
presented

::::
here.

:
575

:::
The

::::::::::
one-product

:::::::::
absorptive

::::::::::
partitioning

::::::
model

::::::::
predicted

:
a
::::::::::
mass-based

::::::::::::
stoichiometric

:::::::::
coefficient

::
of

::::::::
↵ ≈ 0.97

:::
for

::::::::
oxidation

:::::::
products

:::
that

:::::::::
partitioned

::::
into

:::
the

::::::
aerosol

:::::
phase.

::
If

:::
we

::::::
assume

:::
that

:::::
these

::::::::
oxidation

:::::::
products

:::
can

:::
be

::::::::
described

::
by

::::
very

::::::::::
oxygenated

::::
rings

::::
with

::
a
::::::::
molecular

::::::
weight

:::
of

:::
188

::
g
::::::
mol−1,

::::
then

::::
this

::::::::::
corresponds

::
to

::
a
::::::::::
mole-based

::::::::
branching

:::::
ratio

::
of

:::::
0.56.

::::
This

:::::::
exceeds

:::::::
modestly

:::
the

:::::
value

::
of

::::
0.41

::::::::
calculated

:::
by

:::::::::::
Wang (2015)

::
for

:::
the

::::::::
formation

:::
of

:::
very

::::::::::
oxygenated

::::
rings

:::::
from

:::::
benzyl

:::::::
alcohol

::::::::
oxidation

:::
(see

::::
Fig.

:::
C1

:::
and

::::::::
Appendix

::::
C2).

::::::
While

:::
the

::::
SOA

:::::
yields

:::::::::
calculated

::::
here

::::::
appear

::::
high,

::::
they

:::
are

:::
not

:::
far

::::
from

:::
the

:::::
those

::::::::
predicted

::
in580

::
the

:::::::::
gas-phase

:::
for

:::
the

::::
least

::::::
volatile

::::::::
oxidation

::::::::
products.

:
A
:::::::::

molecular
::::::
weight

:::
of

:::
188

::
g
::::::
mol−1

:::
for

::::::
benzyl

::::::
alcohol

::::::::
oxidation

::::::::
products

::::
also

:::::::
appears

::
to

:::
be

:::::::::
reasonable:

:::::
these

::::::::
products

:::::
would

::::
have

:::
an

:::::::::::::::
Oxygen-to-Carbon

:::::
atom

::::
ratio

::
of

::::
0.86

::::
(see

:::::
Table

::::
C1),

:::::
which

::
is

:::::
close

::
to

:::
the

:::::
ratios

::
we

:::
see

:::
in

::::
Figs.

:
6
::::
and

::
10

:::
of

::
as

::::
much

:::
as

::::
0.95

:::
and

::::
0.83,

:::::::::::
respectively.

:::::
When

:::::::::::
extrapolating

:::::
SOA

:::::
yields

:::
to

:::
the

::::::::::
atmosphere,

::::
one

::::::
should

::::
note

::::
that

:::
all

:::::
these

::::::::::
experiments

:::::
were

:::::::::
conducted

::
at

:::::
< 9%585

::::::
relative

::::::::
humidity,

:::::
which

::
is
:::
far

:::::
below

:::
the

::::::::::::
deliquescence

:::::
point.

:::::::::::
Additionally,

:::
all

::::::::::
experiments

::::
were

:::::::::
conducted

::
in

:::
the

::::::::
presence

::
of

NOx.
::::
Care

::::::
should

:::
be

::::
taken

:::::
when

:::::::::::
extrapolating

:::::
these

:::::::::
conditions

::
to

:::::
humid

::::
and

::::
low-NOx :::::::::::

environments.
:

The benzyl alcohol mixing ratios used in this study (>130 ppb) exceed substantially those in the atmosphere. Especially

since we have suggested that, at least initially, SOA growth may proceed in a
:::::::::
kinetically

:::::::::
controlled

::
(or

:
mass-transfer-limited

:
)

regime, this could be a problem for extrapolating these results to the behavior of benzyl alcohol in the atmosphere. However,590

the long reaction time and the flattening out
:::::::::
asymptotic

::::::
nature of the SOA yields (Fig. 4

::::
Figs.

:
4
::::
and

::
3a) suggests that the SOA

yield has reached equilibrium and would be the same regardless of the precursor concentration. Furthermore, Figs. 2, 5, and

9 all show the mass of benzyl alcohol reacted at the end of an experiment as a function of SOA yield and the relevant other
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variable (initial seed surface area concentration, temperatures, constant NO mixing ratio, respectively). In none of these figures

does the amount of benzyl alcohol correlate to observed SOA yield.595

This is seen more clearly in Fig. 11, where panel a shows the set of experiments carried out under approximately the same

initial conditions and panel b shows all the experiments with a calculated SOA yield given in Table 1. Even for the reproduction

experiments (panel a),
::::::::::
experiments

::::::
R1–5,

:::::::
designed

::
to
:::
be

:::::
nearly

::::::::
identical,

:
there are some differences in initial benzyl alcohol

mixing ratios
:::::
(panel

:::
a). But, these differences do not lead to a discernible trend in the observed SOA yield (in panel a nor

panel b); if anything, there appears to be an increase in SOA yield as the initial benzyl alcohol ratio decreases and, if this trend600

were applied to extrapolation to the atmosphere, we would only expect to see larger SOA yields in the atmosphere than those

reported here.

Figure 11. Effect of benzyl alcohol concentration on SOA yield. (a) The reproduction experiments (
:::::::::
Experiments

:
R1–5), which are all run

under approximately the same conditions, with uncertainties. (b) All the experiments where a quantitative SOA yield is calculated. In both

panels, we assume that !=0. No trend is discernible in either panel.

As the SOA formed from benzyl alcohol has a NO mixing ratio dependence, a temperature dependence, and exhibits vapor-

wall-deposition effects, it seems likely that other oxygenated compounds emitted from volatile chemical products will have

similar behavior.605

Appendix A:
:::::::::::::
Organonitrates

::
in

:::
the

:::::::
aerosol

:::::
phase

A1
::::::
Offline

::::::
liquid

:::::::::::::::
chromatography

:::::::
analysis

For experiments N1–3 and U1–6, the chemical composition of particle-phase compounds was further analyzed using
:::::
Many

::::::::::::
nitroaromatics

::::
were

::::::::
observed

::
in
::::

the
::::::
aerosol

:::::
phase

::::::
using

::
an

:
offline ultra-high performance liquid chromatography electro-

spray ionization quadruple time of flight mass spectrometry (UPLC/ESI-Q-ToFMS)(Zhang et al., 2016). Post-oxidation sam-610
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ples were taken using 47 mm Pall Teflon filters, which were collected for ≥2 hours at 6.5 Lpm using an upstream activated

carbon denuder. Additional Teflon filters were collected during photooxidation at 2 Lpm. This experimental set up is described

by Nguyen et al. (2014)
:::::::::::::::::
Kenseth et al. (2018).

The SOA collected was extracted by placing each filter sample into 6 mL of milliQ water and agitating the samples on an

orbital shaker for 1 h. In an effort to prevent on-filter chemistry from occurring, samples were stored at -14○C after initial615

collection and before extraction. Analysis using UPLC-MS was carried out in negative mode (where the parent molecule is

observed at M-H) which is sensitive to the nitroaromatics formed in the aerosol-phase. The 12 min eluent program for UPLC-

MS and MS/MS fragmentation analysis required 4 µL of sample with gradient eluents between a 0.1% formic acid/99.9% water

solution and a 100% acetonitrile solution. The total flow rate was 0.3 mLpm, and masses were scanned from m/z = 7 to 4000.
::
40

::
to

:::::
1000.

:::
The

:::::::
method

:::
was

::::::
similar

::
to

::::
that

::
in

:::::::::::::::::
Kenseth et al. (2018).

:
MassLynx software was used to analyze the resulting spectra,620

which calculates possible chemical formulas based on masses quantified during analysis. Mass assignments were limited to

carbon-, oxygen-, and nitrogen-containing formulas as these were the only chemically viable formulas for benzyl alcohol

oxidation chemistry. The structures assigned to chemical formulas from MassLynx analysis were based on structures that

corresponded to expected oxidation products and were confirmed based on MS/MS fragmentation analysis. Isomeric analysis

was not conducted for these compounds, thus structures in Table A1 represent just one possible isomer. Several experiments625

with similar reaction conditions (U1–4; see Table 1) were analyzed to probe reproducibility of this technique; these experiments

showed consistent results.
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Table A1. Peak assignment for UPLC/ESI-Q-ToFMS analysis

Retention

Time (RT)
Mass Error (mDa)

Molecular

Formula
Compound

3.484, 5.384 138.0147 -3.9, -4.4 C6H5NO3

3.857 137.0195 -4.4 C7H6O3

3.956, 4.485, 4.653 170.0047/2/5 -4.2, -4.7, -4.4 C6H5NO5

4.165, 4.180 184.0199/7 -4.7/-5.0 C7H7NO5

4.279 148.0352 – unassigned

4.348 121.0245 -4.5 C7H6O2

4.561 168.0250 -4.7 C7H7NO4

4.759 154.0096 -4.4 C6H5NO4

4.820, 5.079, 5.346 182.0047 -3.9 C7H5NO5

5.673 166.0097 -4.3 C7H5NO4

5.719 198.9991 -4.2 C6H4N2O6

Other organic compounds may be present in the SOA collected that is insoluble in the extractant solvent, not able to elute

from the chromatographic column, or not detectable in negative ion mode (Surratt et al., 2008). Additionally, the UPLC-MS

exhibits different sensitivities to compounds depending on the polarizability of the compound as well as its ability to ionize. It630

is likely that the UPLC-MS is quite sensitive to the nitroaromatics reported in this work as compared to other compounds.
:

:::
The

:::::::::
prevalence

::
of

::::::::::::
nitroaromatics

::
in
:::
the

::::::::
constant

:::
NO

:::::::::::
concentration

:::::::::::
experiments

:
is
:::::::::
discussed

::
in

::::
Sect.

:::
4.3.

A2
:::::
NO

+

x :::::
ratio

The measured mass ratio of NO/NO2 (called the NO +
x ratio) is calibrated for ammonium nitrate for experiments R4 and U7–8

(3.20±0.04) and is assumed for organonitrates (7.2±1.1). The organonitrates ratio was calculated using the ammonium nitrate635
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ratio and the correlation derived by Fry et al. (2013). From this NO +
x ratio, the time-resolved ratio of the fraction of the nitrate

signal that comes from organonitrates for each experiment (xON ) can be obtained using Eq. 1 in Farmer et al. (2010). With

the mass concentration of nitrates (mNO3 ) and the mass concentration determined to be organics (mOrg), the time-resolved

organonitrate mass fraction of the aerosol is xON∗mNO3

xON∗mNO3+mOrg

. This is plotted in Sect. 4.4 and in Fig. A1.

Figure A1. The mass ratios of (a) the nitrates to organics without nitrogen, (b) the NO+ to the NO +
2 signal from the AMS, and (c) the

organonitrate to total organic aerosol mass for experiments R4, U7, and U8. All experiments were performed under similar initial conditions

(291 K, [NO]0 =71–77 ppb). Since the ratios are relevant only when there is a sufficient amount of aerosol present, the first 15 min after

oxidation are not shown. In panel (b), the assumed organonitrate and ammonium nitrate NO to NO2 ratios are shown as dashed lines with the

uncertainty as the corresponding shaded region.
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Appendix B:
::::::::::
Calculation

::
of

::::::::::::::
�SOAmeas,!=1640

To estimate the upper bound (! = 1) of the yield, we assumed that only particles that deposited after the onset of oxidation

would take up vapor. That is, inorganic seed deposited during the background collection period of each experiment is not

considered.

While different-sized particles both deposit to the wall at different rates and grow due to condensation at different rates, to

simplify the calculation of the SOA yield upper bound, the volume-weighted mean diameter of the suspended size distribution645

was determined for each time point such that Dp,av,t = � 1
Ntotal,t

∑nbins
i=1 �D3

p,iNi,t��1�3, where Ntotal,t is the total number

concentration at time point t, nbins is the number of diameter size bins measured by the SMPS, Dp,i is the mean diameter of

each size bin, and Ni,t is the number concentration of particles of diameter Dp,i at time t. Then, the upper bound assumption

of SOA mass formed during the experiment is given by

�SOAmeas,!=1 =�SOAmeas + ⇡
6
⇢
tend�
t=t1
��D3

p,av,tend
−D3

p,av,t�Nlost,t� (B1)650

where ⇢ is the particle density, Nlost,t is the number concentration of particles lost to the chamber wall between ti and ti+1,

and tend is the time in the experiment considered. This calculation was performed for 1 min time steps.

Appendix C: Benzyl alcohol oxidation chemistry
::::::::
Chamber

:::::::::
simulation

C1 Theory
:::::::::
Important

::::::::::
parameters

::
To

:::::::
interpret

:::
the

:::::
SOA

:::::
yields

::::
and

:::::::::
extrapolate

::::
them

:::
to

::
the

:::::::::::
atmosphere,

::::
there

:::
are

::
a

:::
few

:::::::::
parameters

::::
that

:::
are

::::::
useful.

::
To

::::::::::
understand655

::
the

::::::
degree

::
of
::::::

kinetic
:::

vs.
:::::::::::::::
quasi-equilibrium

:::::::
growth,

:::
the

:::::::::::::
accommodation

:::::::::
coefficient

::
to

:::::::::
suspended

::::::::
particles,

:::
↵p,

::
is

::::::
useful;

::
as

:::
↵p

:::::::::
approaches

::
1,

:::
the

::::::
system

:::::::
becomes

::::::
closer

::
to

:::::::::::::::
quasi-equilibrium

::::::
growth.

:

:::::
While

:::
the

:::::::::
difference

::
in

::::
the

:::::::
assumed

:::::
SOA

:::::
yield

:::::::
between

:::
the

:::::
case

:::::
where

:::::::::
gas-phase

::::::::
oxidation

::::::::
products

::::::::
produced

::
in
::::

the

:::::::
chamber

::::
bulk

::::::
readily

::::::::
partition

::::
onto

::::::::
particles

::::::::
deposited

:::
on

:::
the

:::::::
chamber

::::
wall

:::::::
(! = 1)

:::
and

:::
the

:::::
case

:::::
where

:::
the

::::::::
particles

:::::
cease

::
to

:::::::::
participate

::
in

::::::::::
partitioning

::::
once

::::::::
deposited

::::::
(! = 0)

::
is
::::::
slight,

:::
the

::::::
general

::::::::::
assumption

::
is

::::
that

::::
! = 0

::::
and

:::
any

::::::::::
verification

::
of

::::
that660

:
is
::::::

useful
:::
for

::::::::::::
understanding

::::::::
chamber

::::
data.

::::::
While

:::
we

:::
do

:::
not

::::::::
calculate

::
!

::::
here,

::
if
:::
the

::::::::::::::
accommodation

:::::::::
coefficient

::
to

::::::::
particles

::::::::
deposited

::
on

:::
the

:::::::
chamber

:::::
walls

:::::
(↵pw)

::
is
::::
∼ 0,

:::
that

::::::::
indicates

:::
that

::::::
! ≈ 0.

C2
:::::::::
Gas-phase

:::::::::
reactions

Oxidation of benzyl alcohol in the present system occurs predominantly via reaction with the hydroxyl radical (OH). The reac-

tion with OH proceeds via H-abstraction from the CH2 group or OH addition to the aromatic ring; its products are hypothesized665

to
:::
may

:
include benzaldehyde,

::::::::::::
hydroxybenzyl

:::::::
alcohol, 3-hydroxy-2-oxopropanal, butenedial, and glyoxal (Wang, 2015)

:::::::::::::::::::::::::::::::::
(Wang, 2015; Harrison and Wells, 2009)

. Measured rate constants (Harrison and Wells, 2009; Bernard et al., 2013) for reaction with the OH radical found using a

relative-rate method are (2.8±0.4)×10−11 cm3 molecule−1 s−1 at 297±3 K
::::::::::::::::::::::::::::::::::::::
(Harrison and Wells, 2009; Bernard et al., 2013).
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A chemical understanding of the gas-phase oxidation of benzyl alcohol is useful for modeling the system, which can aid in

understanding the gas- and particle-phase dynamics. Note that while gas-phase dynamics affect the SOA formed, the assump-670

tions made in this section do not affect the measured SOA yields and are only used for understanding the system.

The measured gas-phase yield of benzaldehyde from the reaction of benzyl alcohol with OH is 24±5% at 298 K (Harrison

and Wells, 2009; Bernard et al., 2013), which also matches well with a theoretical
::::::::
calculated

:
value of 29.6% (Wang, 2015). For

gas-phase modeling and related optimization(Sect. ?? and ??), we use branching ratios following the results of Wang (2015),

which combine theoretical and experimental branching results: 0.25 to form benzaldehyde, 0.11 to form o-hydroxy-benzyl675

:::::::::::::
-hydroxybenzyl alcohol (note that this differs somewhat from the measured yield of 0.22 Bernard et al. (2013)), 0.23 to high

volatility fragments (including glyoxal and butanedial), and the remaining 0.41 to low volatility and ring-containing products.

Since the intermediate reactions are theoretically much faster than the initial reaction of OH with benzyl alcohol (except for the

reactions of benzaldehyde), we employ the mechanism given in Fig. C1, in which compounds of similar volatilities are grouped

into the precursor (BnOH), benzaldehyde (BnAl), fragments (Frags), very oxygenated rings (VORings), and hydroxy-benzyl680

::::::::::::
hydroxybenzyl alcohol (HOBnOH).

H

Figure C1. Benzyl alcohol reaction scheme used for simulations, roughly derived from Wang (2015).

Molecular
::
In

:::::
Table

::::
C1,

:::
the

:::::::::
molecular

:
weights used for each compound class are the weighted values by component

(predicted by Wang (2015)) given in Table C1. For each compound class, the estimated vapor pressure is the component-

weighted value found using the EVAPORATION method (Topping and Jones, 2016) (note that using EVAPORATION gives685

results similar to the Nannoonal and Myrdal methods) at the mean temperature of the experiment under consideration; for

reference, the saturation mass concentration C∗ is given in Table C1 at 291 K.
::::
Note

:::
that

:::::
using

::::::::::::::
EVAPORATION

:::::
gives

::::::
results
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::::::
similar

::
to

:::
the

:::::::::
Nannoonal

::::
and

::::::
Myrdal

:::::::
method.

:
The Oxygen-to-Carbon ratio is also given for each compound class. Note that

none of these predicted products are organonitrates or other nitrogen-containing organic compounds, as observed in the aerosol

(see Sect. 4.4). The lack of nitrogen-containing products, especially at the very beginning of oxidation, could be responsible690

for some of the discrepancy between the observed and simulated results.

Table C1. Compound class properties for simulating chamber experiments.

Compound Class Abbreviation
MW

(g mol−1)
O:C

log10C
∗

at 291 K

(µg m−3)

Initial

Branching

Ratio

benzyl alcohol BnOH 108.14 0.14 5.73

benzaldehyde BnAl 106.12 0.14 6.88 0.25

fragments Frags 87.84 0.75 7.25 0.23

very oxygenated rings VORings 188.13 0.86 2.13 0.41

hydroxybenzyl alcohol HOBnOH 124.13 0.29 5.79 0.11

C3 Chamber simulation
:::::::::::
Methodology

All optimization procedures and modeling are based on a fixed-bin model, as described in Charan et al. (2019). A density of

1.4 g cm−3, consistent with past work on similar compounds (Dommen et al., 2006; Kroll et al., 2005, 2006; Brégonzio-Rozier

et al., 2015), and a surface tension of 28.21 dyn cm−1, that of benzene particles (Seinfeld and Pandis, 2016), are assumed695

for the particles with SOA. Wall accommodation coefficients are calculated using the saturation mass concentrations of each

compound class (see Table C1) and the empirical fit described in Huang et al. (2018).

Modeling is carried out by fixing the decay of benzyl alcohol to the second-order exponential fit of the concentration. Since,

in theory, d[BnOH]
dt = −kOH+BnOH[OH][BnOH], if [OH] were constant throughout the experiment then [BnOH] should follow

a first-order exponential decay in time (the decay constant for this fit is given in Table 1). A slightly better fit was found to a700

second-order exponential decay, so that fit
:::::
which

:
is used for modeling.

Note that the model is not designed for nucleation experiments, because seeding the model with small particles requires

these particles to grow very quickly and, therefore, requires a much smaller time step. Hence, for the surface area experiments

we do not model experiment S1.

Because several of the simulation parameters are not precisely constrained (the equivalent saturation concentration of the705

wall, Cw, the accommodation coefficient of vapor to suspended particles, ↵p, the accommodation coefficient of vapor to

deposited particles, ↵pw, the accommodation coefficient of each product to the wall, ↵w,i), modeling of the system is associated

with considerable uncertainty. If one is confident in the branching ratios under each condition, then one could determine ↵w for

each product and optimize ↵p and Cw with the surface area and reproduction experiments
::::::::::
experiments

:::
run

:::::
under

::::::::::::
approximately

:::::::
identical

:::::::::
conditions

:::::
except

:::
for

:::::
initial

::::
seed

:::::::
surface

:::
area

:::::::::::::
concentrations (S2–4 and R1–4). Differences in products could then be710
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determined at different temperatures (using experiments T1–4) and at different constant NO concentrations (using experiments

N1–6).

C4
::::::::::
Simulation

::::::
results

With the base assumption that ↵p = 1, ↵pw = 0, and Cw = 1×104 µg m3, the model reproduces experiments R1–4 fairly well,

and most of the other experiments less successfully (see Fig. C2). Even for experiment R1, where the simulation captures the715

total organic mass well (Fig. C2A), the size distribution evolution is less successfully captured (Fig. C3).

Figure C2. Comparison of measured (circles) and simulated (curves) secondary organic aerosol mass concentrations for different initial

surface area concentrations assuming no vapor-wall deposition for the (a) reproduction
:::::
similar experiments, (b) different surface area exper-

iments, (c) low constant NO concentrations, (d) high constant NO concentrations, and (e) different temperature experiments. The decay of

benzyl alcohol was simulated using a second-order exponential fit to the data. The accommodation coefficient of vapor to suspended particles

↵p = 1. Also, ↵pw = 0 and Cw = 1×104 µg m3. Simulation time steps were taken as 1 min.
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Figure C3. Comparison of measured (A) and simulated (B) particle size distributions throughout oxidation for experiment R1. The decay of

benzyl alcohol is represented using a second-order exponential fit to the data. The accommodation coefficient of vapor to suspended particles

↵p = 1. Also, ↵pw = 0 and Cw = 1×104 µg m3. Computational time steps are taken as 1 min.

Deriving the true ↵p by first optimizing solely for ↵p (with ↵pw = 0 and Cw = 104 µg m−3) for each experiment set (
::::
Five

:::::::::
experiment

::::
sets

::::
were

:::::::
chosen

::
to

::::::::
optimize

::::::::::
parameters,

:::::
where

:::
the

:::::::::::
reproduction

:::::::::::
experiments

:::
are

:::::
those

:::::::::
performed

:::::
under

:::::
very

::::::
similar

:::::
initial

:::::::::
conditions:

:
low NO mixing ratios, high NO mixing ratios, reproduction experiments , some

:::::
R1–4, surface area

experiments
:::::
S2–4 with one reproduction experiment , and some

:::
R1,

::::
and surface area experiments with some reproduction720

experiments )
:::::
S2–4

::::
with

::::::::::
reproduction

:::::::::::
experiments

:::::
R1–4.

::::::::
Deriving

:::
the

:::
true

:::
↵p::

by
::::
first

:::::::::
optimizing

::::::
solely

::
for

:::
↵p:::::

(with
:::::::
↵pw = 0

:::
and

::::::::
Cw = 104:::

µg
:::::
m−3)

:::
for

::::
each

::::::::::
experiment

:::
set

:
shows that ↵p is on the order of 10−2. This is the case for optimizations

performed on all of the experiment sets. It is also the case if, instead of holding ↵pw and Cw at constant values, they are also

allowed to change during optimization. These results are shown in Table C2. Note that this is less than the general average for

many studied aerosol (∼0.9) and specifically for the similar compound toluene, which was determined to be 0.3 ≤ ↵p ≤ 0.6 (Liu725

et al., 2019).
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Table C2. Optimization of parameters. The equivalent saturation mass concentration of the Teflon wall, Cw, has units of µg m−3. The

accommodation coefficient of vapor to suspended particles (↵p) and of vapor to deposited particles (↵pw) are unitless. For all optimizations,

starting conditions were ↵p = 1, ↵pw = 0, and Cw = 104. When not optimized, ↵pw = 0, Cw = 104, and ↵p is given in parentheses.

Experiments Used

for Optimization

↵p Optimized ↵p and ↵pw Optimized ↵p, ↵pw, and Cw Optimized Cw Optimized ↵p and Cw Optimized

↵p ↵p ↵pw ↵p ↵pw Cw

Cw Cw Cw
↵p Cw

(↵p = 1) (↵p = 10−1) (↵p = 10−2)

N1–3 2.2×10−2 2.2×10−2 6.2×10−9 2.2×10−2 4.0×10−8 1.7×104 4.0×108 1.2×108 6.8×102 2.2×10−2 1.9×104
N4–6 7.3×10−3 7.3×10−3 4.1×10−9 7.5×10−3 7.1×10−9 1.7×104 2.0×108 2.8×108 2.2×107 7.6×10−3 1.9×104
R1–4 5.7×10−2 5.7×10−2 3.1×10−8 6.0×10−2 3.2×10−8 1.7×104 7.9×108 2.9×108 1.5×102 6.0×10−2 1.8×104

S2–4 and R1 1.5×10−2 1.5×10−2 8.4×10−9 1.5×10−2 2.9×10−8 1.7×104 8.2×107 6.6×107 2.3×103 1.5×10−2 1.9×104
S2–4 and R1–4 2.2×10−2 2.2×10−2 1.3×10−8 2.2×10−2 2.0×10−8 1.7×104 6.6×107 6.6×107 7.5×102 2.3×10−2 1.8×104

This suggests that mass-transfer limitations may be important for understanding the growth of SOA under these conditions.

An accommodation coefficient close to 1 means that equilibrium between the gas- and particle-phase is quickly reached because

there are few mass-transfer limitations. The smaller ↵p found here indicates that the particles are highly viscous, i.e., that it

takes some time for the particle-phase to equilibrate with the gas-phase.
:::
This

::
is

::::::::
equivalent

::
to
::::::
saying

:::
that

:::
the

::::::
system

::
is

:::::::::
kinetically730

:::::::::
controlled. For systems with lower values of ↵p, one expects to see more of a seed surface area effect, which is discussed in

Sect. 3.2.2.

Since any optimizations involving ↵pw indicated very small values, for this chamber it appears that ! = 0 is closer to reality

than ! = 1. This is because if ↵pw ≈ 0, then effectively no gas-phase compounds are condensing onto particles that have already

deposited on the chamber wall, which is the same as the assumption that ! ≈ 0.735

C5 Gas-phase insights

Benzaldehyde, which is a first-generation product of benzyl alcohol, photolyzes in addition to reacting with the OH radical

(Bernard et al., 2013; Zhu and Cronin, 2000). Using absorption cross sections from the lamp-diode array from Thiault et al. (2004)

, assuming a quantum efficiency of 1, and normalizing the measured wavelengths in the chamber with the jNO2 value for the

chamber gives jBnAl = 4.58×10−4 s−1.740

Just as we employed chamber simulation to derive unknown chamber parameters, we can also determine which of the

compound classes (Table C1) are most similar to benzaldehyde oxidation products. To do so, one must make assumptions

about the other chamber parameters: here we take ↵p = 1, ! = 0, Cw = 104 µg m−3, the first-generation branching ratios given

in Fig. C1, the assumption that photolysis products of benzaldehyde are volatile and act similarly to the Frags compound class,

and the assumption that oxidation products of benzaldehyde condense into the particle phase (and so are most similar to the745

VORings compound class). This leaves only a single parameter to determine: kOH+BnAl[OH], which governs the amount of

the oxidation product versus the photolysis product of benzaldehyde.

Performing a minimization on the difference between the predicted and measured secondary organic aerosol products while

varying this parameter kOH+BnAl[OH] gives, for most of the experiments, a kOH+BnAl[OH] ≈ 0. Since we did not measure
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the benzaldehyde gas-phase concentration throughout the experiment, this result says nothing about the benzaldehyde that750

is actually oxidized; it indicates, instead, that benzaldehyde does not form any condensable products. That is, it implies that

the assumption that there might be any benzaldehyde products (from either photolysis or oxidation) that partition into the

aerosol phase is incorrect. We, therefore, assume that all benzaldehyde products become Frags, even those that are oxidation

products. Since we are looking at the particle-phase results, and we assume that Frags do not condense onto particles, this is

equivalent to assuming that kOH+BnAl[OH]=0 without the constraint that no benzaldehyde reacts with OH. Experiments by755

Carter et al. (2005) also indicate that benzaldehyde oxidation products do not contribute significantly to the SOA formed from

benzyl alcohol.

Depending on the temperature and the other experimental conditions (such as the NO mixing ratio), one would expect the

chemistry to vary between experiments. The gas-phase concentration of hydroxy-benzyl alcohol (HOBnOH) has a molar mass

of 124 g mol−1 and is detected at M+19, corresponding to the addition of F– (Schwantes et al., 2017b). This signal normalized760

to the reactant ion signal by the initial benzyl alcohol concentration (expressed in signal normalized to reactant ion signal) for

each of the experiments described here is given in Fig. 8. Note that this is, essentially, the HOBnOH concentration divided

by the initial benzyl alcohol concentration. The temporal evolution of HOBnOH for nearly identical experiments is fairly

reproducible, as shown in panel a. The formation of HOBnOH or the rate at which it reacts away seem to increase slightly at

higher temperatures (Fig. 8d) and possibly at higher constant NO concentrations (Fig. 8e but not 8f), but considering that the765

uncertainty in initial BnOH mixing ratio is on the order of 10% (see Table 1), it is difficult to make any concrete statements

about the shift in gas-phase chemistry due to changing conditions except to say that changes are not hugely significant.

The normalized hydroxy-benzyl alcohol (HOBnOH) signal divided by the initial normalized benzyl alcohol signal (as

calculated during the background collection period) for (a) reproduction experiments, R1–5, (b) different initial surface are

experiments, S1–4, (c) the low light strength experiment, L1, and the initial NO2 experiment, E1, (d) different temperature770

experiments, T1–4, (e) low constant NO mixing ratio experiments, N1–3, and (f) high constant NO mixing ratio experiments,

N4–6. The horizontal axis is the time since the beginning of oxidation. For all except experiment L1, the light strength was

identical.

The secondary organic aerosol yields of benzyl alcohol determined in this study range from 0.35 to 0.99. McDonald et al. (2018)

, who found that volatile chemical products might contribute very significantly to SOA formation in cities like Los Angeles,775

estimated a SOA yield of 0.090±0.023 for benzyl alcohol. Even in its upper limit, this is less than a third of the SOA yields

found in this study. While benzyl alcohol is one of a number of compounds considered, the fact that the experimental results

disagree significantly with the estimates made in accounting studies indicates that we could still be vastly underestimating or

poorly predicting SOA yields from oxygenated species.

The benzyl alcohol mixing ratios used in this study (>130 ppb) exceed substantially those in the atmosphere. Especially since780

we have suggested that, at least initially, SOA growth may proceed in a mass-transfer-limited regime, this could be a problem

for extrapolating these results to the behavior of benzyl alcohol in the atmosphere. However, the long reaction time and the

flattening out of the SOA yields (Fig. 4) suggests that the SOA yield has reached equilibrium and would be the same regardless

of the precursor concentration. Furthermore, Figs. 2, 5, and 9 all show the mass of benzyl alcohol reacted at the end of an
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experiment as a function of SOA yield and the relevant other variable (initial seed surface area concentration, temperatures,785

constant NO mixing ratio, respectively). In none of these figures does the amount of benzyl alcohol correlate to observed SOA

yield.

This is seen more clearly in Fig. 11, where panel a shows the set of experiments carried out under approximately the same

initial conditions and panel b shows all the experiments with a calculated SOA yield given in Table 1. Even for the reproduction

experiments (panel a), there are some differences in initial benzyl alcohol mixing ratios. But, these differences do not lead to a790

discernible trend in the observed SOA yield (in panel a nor panel b); if anything, there appears to be an increase in SOA yield

as the initial benzyl alcohol ratio decreases and, if this trend were applied to extrapolation to the atmosphere, we would only

expect to see larger SOA yields in the atmosphere than those reported here.

Effect of benzyl alcohol concentration on SOA yield. (a) The reproduction experiments (R1–5), which are all run under

approximately the same conditions, with uncertainties. (b) All the experiments where a quantitative SOA yield is calculated.795

In both panels, we assume that !=0. No trend is discernible in either panel.

As the SOA formed from benzyl alcohol has a NO mixing ratio dependence, a temperature dependence, and exhibits

vapor-wall-deposition effects, it seems likely that other oxygenated compounds emitted from volatile chemical products will

have similar behavior.

The mass ratios of (a) the nitrates to organics without nitrogen, (b) the NO+ to the NO +
2 signal from the AMS, and (c) the800

organonitrate to total organic aerosol mass for experiments R4, U7, and U8. All experiments were performed under similar

initial conditions (291 K, NO0 =71–77 ppb). Since the ratios are relevant only when there is a sufficient amount of aerosol

present, the first 15 min after oxidation are not shown. In panel (b), the assumed organonitrate and ammonium nitrate NO to

NO2 ratios are shown as dashed lines with the uncertainty as the corresponding shaded region.

Peak assignment for UPLC/ESI-Q-ToFMS analysis Retention Time (RT) Mass Error (mDa) Molecular Formula Compound805

3.484, 5.384 138.0147 -3.9, -4.4 C6H5NO33.857 137.0195 -4.4 C7H6O3 3.956, 4.485, 4.653 170.0047/2/5 -4.2, -4.7, -4.4

C6H5NO5 4.165, 4.180 184.0199/7 -4.7/-5.0 C7H7NO5 4.279 148.0352 – unassigned 4.348 121.0245 -4.5 C7H6O2 4.561

168.0250 -4.7 C7H7NO44.759 154.0096 -4.4 C6H5NO4 4.820, 5.079, 5.346 182.0047 -3.9 C7H5NO5 5.673 166.0097 -4.3

C7H5NO4 5.719 198.9991 -4.2 C6H4N2O6
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