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Abstract

The production of secondary organic material (SOM) by the reactive uptake of isoprene
photooxidation products was investigated using partially to wholly neutralized sulfuric acid
particles. The experiments were performed at a relative humidity (RH) of < 5% and a
temperature of 20 °C. The extent X of neutralization was adjusted from that of sulfuric acid (X =
0) to that of ammonium sulfate (X = 1). Significant SOM production was observed only for X <
0.7. The threshold of 0.7 corresponded to the transition point of the sulfate particles from
aqueous to solid for < 5% RH. The phase transition of inorganic sulfate therefore regulated the
particle-phase reactions that produce isoprene SOM, at least for the investigated conditions. For
aqueous particles, a decreasing extent of neutralization was associated with increasing
production of SOM, including increased production of oligomers and organosulfates. These
results can underpin treatments of phase-dependent SOM production within chemical transport
models, thereby improving the accuracy of simulations of biogenic-anthropogenic interactions in

the atmosphere and the associated impacts of aerosol particles on climate and air quality.

Keywords: secondary organic material, isoprene photooxidation, degree of neutralization, phase,

oligomers, organosulfates
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1. Introduction

Biogenic volatile organic compounds are oxidized in the atmosphere, producing gas- and
particle-particle products that constitute the atmospheric secondary organic aerosol. The
particle-phase component comprises so-called secondary organic material (SOM)."*?
Atmospheric SOM production occurs by several parallel pathways, such as gas-to-particle
condensation as well as multiphase reactions in cloud hydrometeors and haze particles." > The
production pathways, including anthropogenic-biogenic interactions, must be adequately
understood and quantified to serve as a basis for accurate modeling of climate- and
health-relevant properties of particles.”® An important consideration for the atmosphere is the
role of sulfate particles, which are ubiquitous in the atmosphere and frequently serve as
substrates for SOM production.

Isoprene is of central importance for atmospheric SOM production because of its high
emissions.” '* Many laboratory, field, and modeling studies have been carried out.''"” Several
laboratory experiments have demonstrated that isoprene SOM production is enhanced in the
presence of acidic sulfate particles, suggesting the role of particle-phase reactions.'® '? Field
observations are also consistent with the importance of particle-phase reactions for isoprene

SOM production.'" 2

The physical state of sulfate particles in the troposphere can either be solid
or liquid,® and SOM production from isoprene can be expected to depend on physical state.
Although chemical transport models include the effects of physical state for some chemical
reactions, such as hydrolysis of N,Os,?"?* currently available experimental data sets are not
sufficient to constrain the effect of physical state on SOM production from isoprene.

Isoprene epoxydiol (IEPOX) isomers are produced in the gas phase during isoprene

photooxidation and have been confirmed as one of the most important contributors to
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particle-phase SOM production.***

The isomers are taken up into the particle phase and
subsequently undergo acid-catalyzed reactions. The importance of IEPOX has motivated several
recent laboratory studies to investigate SOM production directly from IEPOX. SOM was

produced when aqueous ammonium sulfate particles were exposed to I[EPOX. 2>+

Exposure to
crystalline ammonium sulfate particles, however, did not lead to SOM production. Moreover,
another study’’ showed that the reactive uptake coefficient of IEPOX positively correlated with
proton concentration, meaning that the acidity of sulfate particles is an important regulator of
SOM production from [EPOX.

These two leading facts, namely the importance of physical state and acidity for SOM
production from IEPOX, motivate the closer scrutiny in the present study of the detailed
relationship between the state diagram of partially to wholly neutralized sulfate particles and
isoprene SOM production. Ammonium and protons are the dominant counter ions to sulfate in

most regions of the troposphere, and the ratio of ammonium and protons determines whether the

sulfate is wholly or partially neutralized. The extent X of neutralization is quantified as follows:

X = O.SnNH+ / R, for n as the number of moles of ammonium or sulfate in the particle. By this
4 7

definition, X ranges from highly acidic (X — 0) to completely neutralized (X — 1) (Figure 1).
Extent of neutralization is one master variable of the physical state™ (cf. Figure 1, Table S2°%).
The solid or liquid state also depends relative humidity (RH) as well as the relative
concentrations of organics, nitrates, and other species mixed with the sulfates.” 3!

In advance of the present study and in the context of current literature, several
relationships between the state diagram of partially to wholly neutralized sulfate particles and
SOM production from IEPOX could be hypothesized. SOM production from IEPOX by acidic

particles might be expected to be parameterized as a continuous function of X and RH if the

3
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availability of protons plays the key role. In contrast, a discontinuous function with X might be
expected to describe SOM production if the phase transition plays the critical role. Another
possibility is that the sensitivity to physical state and acidity for SOM production from IEPOX
uptake might differ from that for the full case of isoprene photooxidation, which includes many
more products than IEPOX alone.”* The present study was undertaken to experimentally
determine the validity of these possible hypotheses.

2. Experimental

A schematic diagram of the experimental setup is shown in Figure 2. Two serial reactors
were used to separate gas-phase photooxidation reactions from particle-phase reactions. In the
first reactor (Harvard Environmental Chamber; HEC), isoprene was photooxidized in the gas
phase under conditions for which the HO, reaction pathway dominated over NO and RO,
pathways."> Conditions were such that SOM production did not occur in the first reactor. The
outflow of the gaseous reaction products from this reactor passed into a second reactor, which
was a 72-L glass flask. A flow of sulfate particles of variable X also entered this reactor.
Depending on reaction conditions SOM production occurred in the second reactor. Mass spectra
of the particle phase and the gas phase were collected from the outflow of the second reactor.
2.1 Production of isoprene photooxidation products (reactor 1)

The HEC was operated as a continuously mixed flow reactor (CMFR) under steady-state
conditions.®® The flow rate was 21 Lpm, corresponding to a mean residence time of 3.7 hr. As
described in ref 15, isoprene was injected from a standard cylinder (250 ppm in N,; Scott gas
specialty) through a mass flow controller, resulting in an inflow concentration of 120 ppb into
the HEC. An aqueous H,O; solution (31.5% w/w; TraceSELECT Ultra, Fluka) was injected into

the inflow using a syringe pump. Irradiation photolyzed H,0O, to produce OH radicals, initiating
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photochemical reactions. The particle number concentration in the HEC outflow was < 0.5 cm™,
as monitored using a condensation particle counter (CPC, TSI model 3776). This concentration
was low enough to confirm the absence of new particle production for the reaction conditions.
The outflow isoprene concentration was 36 ppb, meaning that 84 ppb of isoprene was oxidized in
the HEC.
2.2 Production of sulfate particles

A 0.01% (w/w) aqueous solution of ammonium sulfate was atomized (TSI, model 3076
atomizer) to produce aqueous aerosol particles (Figure 2). The particle flow was dried to < 5%
RH using a diffusion dryer, causing the particles to crystallize.”® The flow subsequently passed
through a radioactive source (*'°Po) to neutralize charge. A fraction of the particle population
was selected by a differential mobility analyzer (DMA, TSI model 3085). The DMA was
operated at sheath-to-sample flow ratio of 10:1. The central mobility diameters of +1 and +2
particles were 50 and 72 nm, respectively. They were produced in a number ratio of 2:1,
corresponding to a volume ratio of 1:1. The combined number concentration was 5000 cm”™.

After the DMA, the mobility-classified particles were exposed to sulfuric acid vapor. The
vapor was produced by heating a concentrated solution (96% w/w) of sulfuric acid to 25 to
70 °C.** The mass of depositing vapor was regulated by the heater temperature, ultimately
determining X of the mixed particles. The condensing liquid sulfuric acid partially to wholly
dissolved the ammonium sulfate. In this way, both X and particle phase were regulated according
to the state diagram of sulfate (Figure 1). No new particle production (i.e., of H,SO4) was
observed in the number-diameter data sets. Because of the differing diameters of the +1 and +2
particles, X;; was more acidic than Xy,, reaching up to (X;; - Xi2) =-0.1 for X of 0.3,

corresponding to the most acidic particles produced using the DMA (Table S3). Herein, the
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mass-weighted value of X for the particle population, as determined by measurement of sulfate
and ammonium mass concentrations by mass spectrometry, is reported. Both the uncertainty in
the AMS data and the different acidities of X, and X, particles were considered in calculating
the uncertainty of X.

For X< 0.1, the DMA voltage was turned off, meaning that no ammonium sulfate
particles were injected into the glassware. The temperature of the sulfuric acid bath was
increased up to 70 °C to induce new particle production, leading to concentrations of up to 10°
cm™ in the second reactor. For these experiments, adventitious NHj slightly neutralized the
particles (i.e., 0 <X <0.1), as observed in the NH4+:SO42' mass ratio determined by particle mass
spectrometry.”

2.3 Mixing of isoprene photooxidation products and sulfate particles (reactor 2)

The flows of photooxidation products from the HEC and of sulfate particles from the
particle generator were mixed together in a second reactor, consisting of a 72-L glass flask (Ace
Glass, Inc. 6533-28). The experiment was conducted in continuous flow, and the mean residence
time in the reactor was 1.4 hr. The reactor was covered in aluminum foil to avoid irradiation by
laboratory lighting. The relative humidity in the reactor was < 5%, indicating that the liquid
water was less than 5% (w/w) or lower, based on the water uptake of hygroscopic growth of
ammonium bisulfate.’® The reactor was capped by a head (Ace Glass, Inc. 6530) having four
ports for tubing of 6.35 mm (o.d). Stainless steel tubing was used for the particle inflow. Teflon
tubing was used for the gas inflow. The stainless steel and Teflon tubing were inserted into the
reactor at different heights to facilitate mixing. Stainless steel tubing and Teflon tubing were also

used for outflow sampling to particle and gas instrumentation, respectively. Comparison of
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inflow to outflow particle concentrations indicated that 41 + 4% of the particles were lost in the
reactor 2.%
2.4 Characterization of reaction products

The particles in the outflow from the second reactor were sampled by a Scanning
Mobility Particle Sizer (SMPS; TSI model 3936) to record the number-diameter distribution of
the particle population.®® The SMPS consisted of a DMA (TSI model 3081) and a CPC (TSI
model 3776). The DMA voltage was scanned from 32 to 6358 V, corresponding to a diameter
range of 25.5 to 487 nm for a sheath flow of 3.0 Lpm and a sample flow of 0.3 Lpm. The
scanning time of the DMA was 100 s. The overall time resolution of the measurement was 120 s.

The particles in the outflow of the second reactor were sampled by a high-resolution
time-of-flight Aerosol Mass Spectrometer (HR-ToF-AMS; Aerodyne. Inc).*’ The mass spectra
were analyzed to obtain the mass concentrations of sulfate, ammonium, and organic species as
well as information about the chemical composition about the organic species. Ionization was at
70 eV by electron impact, resulting in extensive fragmentation. Although the fragmentation
precluded identification of specific compounds, the SOM spectra were nevertheless
characteristic of different chemical types. The data analysis of the particle mass spectra
incorporated updates to the fragmentation table (cf. Supporting Information).** The data analysis
software packages Sequential Igor Data Retrieval (SQUIRREL ver. 1.51H) and Peak Integration
by Key Analysis (PIKA ver. 1.10H) were employed.

Speciation of the gas-phase species was conducted using a selective-reagent-ionization
time-of-flight mass spectrometer (SRI-NO'-ToF-MS, Ionicon Analytik GmbH) using NO" as the
reagent ion.*' Soft chemical ionization by NO" (9.6 eV) resulted in one or a few product ions,

and the attribution of ions to specific molecules was possible.** The instrument settings and data
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analysis procedures of SRI-NO'-TOF-MS were described in ref 15. Instrument sensitivity was
checked periodically using isoprene and methacrolein supplied from a standard cylinder.
2.5 Injection of IEPOX isomers

For selected experiments, instead of using isoprene photooxidation products from the
HEC (i.e., reactor 1), a gas flow containing one of the [EPOX isomers (¢rans-f- or 61-IEPOX;
Table S4) was injected into the second reactor. The IEPOX synthesis was described in ref +*.
Prior to an experiment, the purity of an IEPOX isomer after storage was re-confirmed by nuclear
magnetic resonance (NMR) spectroscopy. For volatilization, liquid IEPOX isomer was placed
inside of a Teflon T-fitting, and the fitting was flushed by purified air, thereby producing a
volatilized stream of the IEPOX isomer. The liquid evaporated slowly across several days,
providing a stable IEPOX source across the time period of the conducted experiments.
3. Results
3.1 Time series

Figure 3 shows a typical time series of the temperature of the sulfuric acid bath and
particle mass concentrations of organic, sulfate, and ammonium species (Moq, M504, and My,
respectively). The calculated extent X of particle neutralization is also plotted. The SRI-
NO'-ToF-MS signal intensity of the CsHgO" ion, which is a marker for the gas-phase
concentration of ﬁ-IEPOX,15 is also shown. As described in ref *’, decreases in the concentration
of f-IEPOX correlated linearly with the production of SOM.

At the beginning of the shown experiment (Figure 3), the heater for sulfuric acid was off,
meaning that ammonium sulfate (X = 1) particles entered the second reactor. Although there was
an inflow of isoprene oxidation products from the HEC, no SOM was produced in the second

reactor. When the heater was turned on, Myo, increased and X decreased. Corresponding
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increases of M,,, and decreases of gas-phase IEPOX were observed. The magnitude of these
changes increased for higher heater temperatures. In the last step of the experiment, the DMA
voltage was set to zero, meaning that no ammonium sulfate particles passed over the sulfuric
acid bath. For this condition, sulfuric acid particles were produced by homogeneous nucleation
of molecules volatilized from the bath, leading to the least neutralized particles (X < 0.1) and the
highest M,,, of the study. At the end of the experiment, the injection of sulfuric particles was
terminated, and the particle concentrations decreased rapidly. The signal intensity of CsHsO"
from gas-phase sampling, however, responded more slowly, indicative of the stickiness of
IEPOX of reactor surfaces and its subsequent condensation and evaporation.
3.2 Organic particle mass spectra

Examples of the mass spectra collected for the organic component of particles in the
outflow from the second reactor are shown in Figure 4 for X of 0.01 and 0.60. For comparison to
these spectra, mass spectra are also shown for particle-phase organic material produced by the
uptake of [IEPOX isomers by less neutralized sulfate particles (X' <0.1). A further reference
spectrum obtained from ref ** is shown for SOM produced during isoprene photooxidation in the
HEC in the presence of ammonium sulfate particles (i.e., a single reactor and using neutral, solid
sulfate particles). The major ions that are present in panels a to d of Figure 4 are listed in Table 1
for m/z <110 and in Table 2 for m/z > 110. Overall, the mass spectra for SOM produced by the
uptake of isoprene photooxidation products (Figures 4a and 4b) are similar to those obtained for
SOM produced by the uptake of the two IEPOX isomers in the presence of non-neutralized
sulfate particles (Figures 4c and 4d). The similarity is consistent with the correlation between
increasing particle-phase M,,, and decreasing gas-phase CsHsO" (Figure 3), suggesting that the

IEPOX family is a dominant contributor to the produced SOM.*’

Page 10 of 29
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4. Discussion
4.1 Physical state of sulfate particles and SOM production

The dependence of the produced SOM mass concentration M, on the extent X of
neutralization is shown in Figure 5a. For X < 0.7, M, decreases for increasing X, and SOM
production becomes insignificant for X > 0.7. This threshold value of 0.7 is related to the solid or
liquid physical state of the sulfate particles. For sufficiently low values of RH, the solids
ammonium sulfate (Xsoig = 1.0; AS) and letovicite (Xsoig = 0.75; LET) crystallize from aqueous
solution for X > 0.7 (Figure 1). By comparison, for submicron particles at room temperature the
solid ammonium bisulfate (Xsoig = 0.5; AHS) does not crystallize from aqueous solution by

homogeneous nucleation even at low RH, meaning that the liquid state is metastable.*” *>*° Th

e
implication for the present study is that the aqueous sulfate particles of X < 0.6 do not crystallize.
For 0.6 < X < 0.7, within a population of particles, some individual sulfate particles can
crystallize completely as two crystals (i.e., LET +AHS) whereas others can remain aqueous.*” **
For X > 0.7, all particles in the population crystallize.*® The data set of Figure 5a for the
dependence of M, on X, in conjunction with the dependence of phase on X, leads to the
inference that SOM production is greatly inhibited in the presence of solid compared to aqueous
particles.*’

An alternative presentation of the results is shown in Figure 5b. Literature results suggest
that isoprene SOM production correlates with proton concentration.' For the present
experiments, this possibility is explored by using the quantity M/Mu2s04 as the ordinate Figure
5b in place of M, as the ordinate in Figure 5a. As for the plot of M, with X (Figure 5a), the

plot of Moo/ Mussos with X (Figure 5b) shows a threshold point for X < 0.7, which is related to

the solid or liquid state of the sulfate particles. For a counter hypothesis that the reactions might

10
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be limited entirely by the stoichiometry of excess sulfuric acid, the plot of Figure 5b would then
be anticipated as a horizontal line for X < 0.7. The data in the figure, however, do not support
this explanation.

Several explanations for the observed behavior can be considered. One possibility is a
kinetic limitation. According to this hypothesis, the reactions proceed faster for lower X (e.g.,
acid catalyzed), and greater M, is therefore observed for lower X. The implication of this
hypothesis is that the reactions do not go to completion within the residence time in reactor 2,
meaning that additional particle growth ought to be observed for additional residence time. The
experimental observation, however, is that the particle number-diameter distribution does not
change after turning off the inflow of sulfate particles (Figure S2). The implication of this
counter observation is that the reactions go to completion within the residence time of the
reactor.

The observed behavior of Figure 5b can be explained by consideration of the turnover
number for the catalytic reactions by proton to produce SOM from IEPOX, meaning that the
reactive uptake of [IEPOX molecules is limited by the number of protons. Protons, both as
hydronium H;O" and bisulfate HSO, ions, are catalytic acidic agents for ring-opening reactions
of epoxides as well as further reactions in the condensed phase.’” The reactions series of SOM
production therefore consists of initiation, propagation, and termination steps, and the reaction
series is characterized by a turnover number for proton species. According to this explanation,
the implication of the data set of Figure 5b is that the turnover number is higher for lower X.

The turnover number can be calculated from M,,o/Mp2s04, as follows. Prototypical
particle-phase products from IEPOX uptake and oxidation include non-sulfate species such as

methyl tetrol (CsH; 204, 0.136 kg mol'l) and organosulfates such as trihydroxy methyl

11
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hydrogensulfate (formula CsH;,04S; 0.119 kg mol ™! as organic + 0.097 kg mol ™! as sulfate; the
AMS detects only the organic portion as part of Mos). As an assumption for further development
of the analysis, the average of these two values (0.128 kg mol™) is taken as the average
molecular weight of the SOM monomeric products. In this case, Mor/Mhu2so4 = 2.7 for a turnover
number of 1, considering that one sulfuric acid molecule contains two protons. The value of
Moo/ Mypsos varies from 3 for X approaching 0.7 to 12 for X < 0.5, which corresponds to an
enhancement of turn over number of proton from 1.1 to 4.5. The turnover number could be a
useful constraint in chemical transport models for isoprene SOM production by particle-phase
reactions, especially at times of limited available excess sulfate.
4.2 Oligomers and Organosulfates

Table 2 provides a list of significant ions that consist of six or more carbon atoms based
on the high-resolution m/z values. Isoprene, as the reactant molecule, comprises five carbon
atoms, suggesting that the ions in Table 2 arise from oligomers. Of these, the signal at m/z
129.0552 (C6H903+) is the strongest. Figure 6a shows the dependence of the relative intensity
(i.e., the fraction of the AMS organic mass spectrum) of this signal on X. Results similar to those
in Figure 6a are observed for other significant oligomer ions (e.g., CsH;05" at m/z 115.0394 and
CsHyO;" at m/z 117.0551; Figure S3). The implication of these results is that the overall
oligomer fraction in the produced SOM increases for smaller X, consistent with the fact that
many oligomer production processes are acid-catalyzed.** >

Figure 6b shows the dependence of the relative intensity of m/z 136.9909 (C3HsSO,") on
the X. Based on the high-resolution m/z value, the conclusion is that this ion derives from an
organosulfate species. Of the several ions present in the mass spectrum for organosulfates for m/z

> 110, this ion is the most intense (Table 2). As for the oligomer signals, the organosulfate

12
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fraction increases for decreasing X, and the organosulfate and oligomer fractions correlate
linearly (Figure S4; R* = 0.90). This correlation might be explained by several possibilities. One
possibility is that oligomer and organosulfate production both follow acid-catalyzed reaction
pathways, making proton concentration a common governing variable of both reaction pathways.
Another possibility is that the sulfate moiety in the organosulfate is a linking unit of the
oligomers so that the AMS is detecting fragment ions originating from the same compound.
4.3 Comparison to single-reactor configuration

An example of a mass spectrum of SOM produced by isoprene photooxidation in a
single-reactor configuration at 40% RH with solid sulfate particles is shown in panel e of Figure
4,* and can be compared with the mass spectra shown in panels @ and b (two reactor
configuration; this study). The reaction conditions of the two studies are similar with respect to
initial precursor concentration (200 ppb isoprene for the previous study) and photooxidation
conditions, although the RH values of the two studies differ (i.e., <5% for panels a and b and
40% RH for panel e). Comparison of the mass spectra shows that there are significant differences.
For instance, major peaks at m/z 53, 82, and 101 in panels a and b are not significant in panel e,
implying that the SOM composition differs. The intensities of possible oligomer signals for m/z
> 110 are also significantly reduced, demonstrating less occurrence of oligomerization. The
fraction of signal at m/z 82, which has been used as a tracer ion for isoprene photooxidation

17 is an order of magnitude less in panel e compared to panels a

products in some field studies,
and b.
Given that the mass spectra of SOM derived directly from IEPOX isomers (i.e., panels ¢

and d) are similar to those of the SOM produced in the present study using acidic particles (i.e.,

panels a and b), the implication by comparison to panel e is that these IEPOX compounds

13
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contribute negligibly to SOM production for the conditions of panel e, i.e., solid particles. This
conclusion is also consistent with the findings of ref 24 that compounds traceable to [EPOX
compounds by chromatographic analyses are present when acidic particles are used but are not
significant when neutral particles are employed. Moreover, the particle mass yield of ref ** is (5
+ 3)% for solid particles whereas it is as high as (26 + 2)% in the present study for acidic
aqueous particles (X <0.1). The difference in yields further supports a primary role of
particle-phase reactions for SOM production under atmospheric conditions during time periods
when aqueous particles are present.

The absence of significant SOM production in the presence of fully neutralized sulfate
particles (i.e., X = 1) for the two-reactor configuration of the present study differs from the
substantial production observed previously in a combined-reactor configuration.** Some possible
explanations are loss to the walls of low-volatility compounds in the transfer lines from the first
to the second reactor or the absence of photochemistry in the second reactor (i.e., implying a
need for particle surface area in the presence of irradiation for SOM production). A full
understanding of the differences between the two sets of experiments requires further research.
5. Conclusions and atmospheric implications

The physical state of atmospheric particles can fluctuate between solid and liquid
depending on local and prior relative humidity, particle composition, and other factors.*%*!>!
The current study finds that there is a discontinuous function in the produced SOM mass
concentration at a threshold value of 0.70 for X, at least for low RH. The implication is that an
aqueous phase is needed for isoprene SOM production by particle-phase reactions. Moreover,
isoprene SOM production, the oligomer fraction, and the organosulfate fraction all steadily

increase for increasingly acidic particles. Chemical transport models of atmospheric organic

14
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mass concentration have begun to simulate isoprene SOM production from the reactive uptake of

known photooxidation products, such as the IEPOX family.'* '°

The current experimental results
imply that updated models should also treat the physical state and the extent of neutralization of
the reactive medium. The present study was limited to <5% RH, and future laboratory studies to
continue to investigate the role of relative humidity are well motivated. Experiments at higher
RH are especially useful in quantifying the relative importance of physical state and humidity for
particle-phase SOM production. Furthermore, investigation of the roles of other materials such as
inorganic-organic mixtures and semi-solid organic materials on isoprene SOM formation are
needed. *” **These future studies can be combined toward an eventual objective of the

parameterization of the effects of the physical state, acidity, and humidity on SOM production

from isoprene.
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List of Figures
Figure 1. Scatter plot of extent X of neutralization and relative humidity for experimental

- - : 13, 18, 19, 24, 31, 44, 52-5813, 18, 19, 24, 31, 43, 51-5713, 18, 19, 24,
studies of isoprene SOM production: (

31,43,51-5713, 18, 19,24, 31, 43, 51-5713, 18, 19, 23, 30, 42, 51-5 18 19
43, 315713, 18,119, 24, 31,43, 515713, 18, 19,23, 30.42. 5157 @) Jang et al.,'® (4) Surratt et al.,”” (V)

Surratt et al.,** () Harvard Environmental Chamber,’"** (W) Czoschke et al.,’* (A)
Kroll et al.,” (%) Surratt et al.,”* (¥) Ng et al.,>* (» ) Kleindienst et al.,”> (*) Chhabra
et al.,’® (4) Jaoui et al.,”’ () Zhang et al.,>® and (+) Lin et al. *° Red circles correspond

to the experiments of the present study. Lines show (i) the crystallization relative
humidity (CRH) of partially neutralized aqueous sulfate particles and (ii) the full
deliquescence relative humidity (DRH) of particles having one or more solids in
quantities and types defined by the lever rule.*® Solids include ammonium bisulfate
AHS (Xo1ig = 0.5), letovicite LET (Xso1ig = 0.75), and ammonium sulfate AS (Xoliqg =
1.0).

Figure 2. Experimental setup. Abbreviations: condensation particle counter (CPC), epoxydiol
(IEPOX) isomers, diffusion dryer (DD), differential mobility analyzer (DMA),
scanning mobility particle sizer (SMPS), high-resolution time-of-flight Aerosol Mass
Spectrometer (HR-ToF-AMS), selective-reagent-ionization time-of-flight mass
spectrometer (SRI-NO'-ToF-MS).

Figure 3. Example of a time series of quantities measured in the outflow of reactor 2 unless
noted otherwise. (a) Heater temperature of the sulfuric acid bath. (b) Organic particle
mass concentration M., measured by the AMS. (¢) Intensity of the CsHsO" ion
measured by the SRI-NO'-ToF-MS. (d) Sulfate mass concentration Mso4 measured

by the AMS. (e) Ammonium mass concentration Myys measured by the AMS. (f)
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Figure 4.

Figure 5.

Figure 6.

Physical Chemistry Chemical Physics

Extent X of neutralization calculated based on sulfate and ammonium concentrations.
Data acquisition by the AMS was suspended because of a technical issue after 75 hr.
Examples of organic mass spectra recorded by the AMS. (a) SOM produced in
reactor 2 by mixing a flow of gas-phase isoprene photooxidation products from
reactor 1 with an aerosol flow of acidic sulfate particles (X = 0.6). (b) Same as panel a
using more acidic sulfate particles (X = 0.01). (c) SOM produced in reactor 2 by
mixing flows of trans-f-IEPOX isomer with acidic sulfate particles (X = 0.05). (d)
SOM produced in reactor 2 by mixing flows of 61-IEPOX isomer with acidic sulfate
particles (X = 0.02). (¢) Ref **: SOM produced in the HEC during isoprene
photooxidation in the presence of ammonium sulfate particles for a single-reactor
configuration and using solid ammonium sulfate particles (X = 1). In all panels, at m/z
110 there is a change in the ordinate scale of 100x%.

Dependence of the organic particle mass concentration Mo, produced in reactor 2 on
the extent X of neutralization of the sulfate particles. (a) The ordinate is the organic
particle mass concentration. (b) The ordinate is the organic particle mass
concentration normalized to the acidic sulfate mass concentration. Mysso4 18
calculated as (98/96Mso4) — (98/36)Mnpa, meaning that Myrsos corresponds to the
excess relative to ammonium sulfate.

Dependence of the signal fraction of specific m/z values of the AMS organic mass
spectrum on the extent X of neutralization. (a) Signal at m/z 129.0552 (C6H903+)
associated with oligomers. (b) Signal at m/z 136.9909 (C3HsSO4") associated with

organosulfates.
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Table 1. Significant ions for low m/z (i.e., m/z < 110) present in all of panels a to d of Figure 4.

m/z (unit mass resolution) m/z (high resolution)  Ion

27 27.0235 C,H;"
28 27.9949 Cco’
28.0313 C,H,"
29 29.0027 CHO"
29.0391 C,H;"
39 39.0235 C3H;"
41 41.0027 C,HO"
41.0391 C3Hs"
43 43.0184 C,H;0"
43.0548 C3H,"
44 43.9898 CO,"
44.0262 C,H,0"
53 53.0391 C4Hs"
55 55.0184 C;H;0"
55.0548 C,H,"
81 81.0340 CsHs0"
82 82.0419 CsHeO"
101 101.0603 CsHo0,"
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Table 2. Significant ions for high m/z (i.e., m/z > 110) present in all of panels a to d of Figure 4.

m/z (unit mass resolution) m/z (high resolution)  ion
111 110.9905 CsH;0S8"
111.0446 C¢H,0,"
111.0810 C-H,,0"
113 113.0603 C¢Ho0,"
114 114.0139 CsHsOS"
115 115.0395 CsH,05"
115.0548 CoH,"
115.0759 CeH 105"
117 117.0552 CsHoO3"
117.0704 CoHy",
119 119.0497 CsH,0"
119.0708 CsH,,05"
119.0861 CoHyy ™,
127 127.0395 C¢H,05"
127.0759 C-H,,0,",
129 129.0552 C¢HoO5"
129.0704 CioHy",
131 131.0497 CoH,0"
131.0708 CeH,10;"
131.0861 CioHyi"
135 134.9752 C;H;048"
137 136.9909 C3H504S"
137.0603 CsHy0,",
137.0966 CoH307,
138 137.9987 C3Hg04S"
143 143.0708 C/H,,05"
143.0861 CiH, "
145 145.0501 C¢HoO4"
145.0653 C-H,50;"
145.0865 C1oHoO"
147 147.0657 CeH, 104"
147.0810 CioH;,0"
163 163.0065 CsH;048"
167 167.0014 C4H,0s5S
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