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Abstract. Size distributions of particles formed from suifuacid (HSQO;) and water vapor in a Photolytic Flow Reactor
(PhoFR) were measured with a nano-particle moksiitjng system. Experiments with added ammoniadaméthylamine
were also performed. J80,q was synthesized from HONO, sulfur dioxide, andewatapor, initiating OH oxidation by
HONO photolysis. For standard reactant flows amaddions, 296 K, 52 % relative humidity, and a ~stfesidence time,
the calculated concentration of,$0, peaked at 1.2x16 cni®, measured particle mean diameter was ~6 nm amdl tot
number density was ~1@m?. Measured distributions were influenced by molecalusters at small sizes, less than or
equal to 2 nm diameter, but were generally domahéte large particles that are roughly log-normathwnean diameters
ranging up to 12 nm and a relatively constaotdf ~0.3. Particle number density and their mdaa depended on relative
humidity, HONO concentration, illumination, and Sl@vel. Particle formation conditions were stabler many months.
Addition of single-digit pmol/mol mixing ratios afimethylamine led to very large increases in nuntgrsity. Ammonia
at levels up to 2000 pmol/mol showed that bl less effective than dimethylamine at producpagticles. A two-
dimensional simulation of PhoFR reveals thaB@, scales with HONO and its level builds along thegtl of the flow
reactor. Experimentally, particle growth scaledhwHONO, in accord with model-predicted,$0, levels. Additional
comparison between experiment and model indicatgsréaction of Hewith SO, could be a significant source 0f$0, in
this experiment. The effects of potential contaanis on particle formation rates near room tempegadre addressed and
provide context in comparisons with previous experts. The added-base experimental results prosigort for
previously published dimethylamine;8i0, cluster thermodynamics but do not support preWoupsiblished ammonia-

sulfuric acid thermodynamics.

1 Introduction

Particle formation in the atmosphere has long lstedied (McMurry et al. 2005; Kulmala et al. 20@d )ascertain potential
impacts on health (Nel 2005) and on climate prae($8CC 2013). For example, nano-particles (charzed as < 10 nm
in diameter) can have special health effects as ¢heall size allows for efficient transport intanlg tissue (Kreyling et al.
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2006). They also influence climate by growingies large enough to affect radiative forcing amel groperties of clouds.
Despite numerous and wide-ranging studies devatathtlerstanding new particle formation, mechaniant nucleation
rates applicable to many regions of the atmosptesmain uncertain.
Sulfuric acid-driven nucleation is a prime souréamanoparticles in the atmosphere (Kuang et al22@&lpilae et al. 2010)
5 thus it is the starting point for many laboratotydses. Previous work on particle nucleationtie binary (water-sulfuric
acid) system (Kirkby et al. 2011; Ball et al. 19%@liner et al. 2012; Ehrhart et al. 2016; Yu et2017) have concluded
that binary nucleation can be significant at lomperatures such as at high latitudes and in theruppposphere. The
sulfuric acid/water binary system also serves asngportant baseline diagnostic for comparing experital results.
Finally, nanoparticle growth by sulfuric acid andter vapors is of interest as well as uptake ofiegd organic compounds
10 by acidic nanoparticles. Good knowledge of them@tion and stability of binary nano-particles ieded to understand
their subsequent growth via other compounds.
Previous laboratory studies of nucleation in theaby system diverge widely, especially for restdtisen at or near room-
temperature, and experimental details may sigmiflgaaffect results. For example, does it mattét,SO, is provided by a
bulk or photolytic source or from which photolyficecursor: @ H,O,, H,O, etc. (Sipilae et al. 2010; Berndt et al. 2008;
15 Laaksonen et al. 2008) ? What are the limitationmsed by particle detector characteristics dbagecluster/particle wall
losses (McMurry 1983; Kirten et al. 2015) ? Howllwdetermined are the concentrations ofSB) (Sipilae et al. 2010;
Jokinen et al. 2018) ?
A prime concern is whether contaminants are preseabundances significant enough to influenceiglarformation rates.
For example, Zollner et al. (2012) argued that &*1fixing ratio of methylamine could have affecteeittbinary system
20 measurements; Glasoe et al. (2015) carried thisnaegt further and estimated that contaminant digh@thine mixing
ratios were less than 1® Kirkby et al. (2011) and more recently Kurterakt(2016) estimate ammonia contaminant levels
of 4-t0-10 pptv NH for their experiments performed at 292 - 298 Kecéntly, Yu et al. (2017) reported upper limits for
NHz and dimethylamine of 23 and 0.5 pmol/mol (pptespectively. Impurity dimethylamine at this lewauld very likely
overwhelm binary system nucleation which undersstine importance of assessing potential contanmsnant
25 Here we describe an apparatus and results fromriengxes on the formation of sulfuric acid nanopdes from
photolytically-generated sulfuric acid vapor (thél€50, photochemistry initiated with HONO photolysis &50-to-370
nm). Although nitrous acid is considered an imaottcontributor to OH radical formation in manyusitions (Sérgel et al.
2011), little has been done to understand its pywiothat leads to sulfuric acid formation and reavticle formation. We
also studied the effects of adding ammonia or diglamine; both are known to greatly enhance pargbduction rates
30 (Almeida et al. 2013; Glasoe et al. 2015; Yu, Morand Lee 2012; Ortega et al. 2012; Nadykto and2¥1i1). Finally,
the experimental results are compared to simulatadrthe flow reactor that couple the flow with pir@hemical kinetics
and an acid-base particle formation scheme.
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2 Methods

The Photolytic Flow Reactor (PhoFR) is a verticalligned cylindrical glass tube with an inner dideneof 5.0 cm, a length
of ~130 cm, a volume of approximately 2.5 L angped with a 23 cm conical glass piece with sevitmal inlets (Fig. 1a).
In the course of this work, a Teflon screen wastpoeed between the cone and the flow reactor tmd¢he jetting from the
inlets. A ~ 105 cm portion of PhoFR is jacketeu &ept at a constant temperature, typically 29 circulation of
thermostated water. The main flow of gas was gérofrom a liquid nitrogen gas-pack and the tdtat/frate was 2.9 sLpm
(standard L / min, 273 K and 1 atm). The flow @méed small amounts of $@nd HONO, typically a few and 0.02
Cmol/mol (ppmv), respectively, and up to several #iex vapor; relative humidity was set by sendimmpsgion of the flow
over a heated water reservoir and then througheamibstated, vertically-aligned tube that removedess water vapor.
Total pressure was slightly above ambient, ~ 0198 gauge pressure was monitored continuously amehs typically
0.001 atm. The oxygen level from the liquid niteog stated to be 10 ppmv or less, was apparenfficient for the
subsequent oxidation chemistry - noting little eliéfnces in particle size additions upon addingrs¢%é O to the flow.
Entering gas flows were monitored and set by méss fmeters under computer control. Typical floves baseline
conditions in sLpm or sccm (standard %ohmin, 273 K, 1 atm) were dry gas at 1.4 sLpmlyfaumidified air at 1.5 sLpm,
HONO-laden (~15 ppmyimol/mol) N, flow at 4.2 sccm, and S&aden flow at 32 sccm (1500 ppmv Si@-Ny). These
baseline conditions help diagnose the long termilgtaof the system. The baseline number dersitieSQ and HONO in
the flow reactor (accounting for dynamic diluticame 4x16* and 6x18' cm?®, respectively. The conical top section and the
bottom 20 cm where aerosol was sampled were nolaitesl or thermo-regulated.

The SQ-in N, mixture (Minneapolis Oxygen) was reported (Liqdidchnologies Corporation, EPA Protocol) to contain
1500 ppmv S@+/- 10%. Water vapor was taken from a gently é@at500 mL volume of deionized water (Milliporeath
also contained a few grams of concentrated sulfgid to suppress potential base contamination fterbulk water. This
humidified flow then passed through 80 cm of veiticaligned Teflon tubing (~6.2 mm ID) held at ttemperature of the
flow reactor.

Photolyte HONO was continuously produced (Febd.et395) by flowing nitrogen laden with ~15 ppmv H@por into a
small (25 mL) round-bottom flask containing 1-2 gsaof powdered NaONO(s), held at 40-50°C (Fig. 1HDNO vapor
and co-product NaCl(s) are produced in a classibdadisplacement reaction. The powder could bg sowly mixed
with a small (1 cm long) stir bar and results gafigrdid not depend on whether the powder wasestirrPeriodic gentle
shaking of the flask usually led to only temporelmanges in particle number densities.

The HONO level exiting the generator is likely t® dqual to the HCI level entering it. The HCI-gexter and a water vapor
pre-saturator were temperature-controlled at tyfyi@0 °C. A saturated (~6 m, molal) NaCl aquesodution in the pre-
saturator yields a relative humidity of 76 % in fl@w: a stable amount of water vapor stabilizes solution in the HCI-
generator, which contains a solution with a 2-tmdle ratio for NaCl to kb50,. The HCI-generator solution was prepared
initially with concentrations of 3.5 m NaCl and %.fh H,SO, and calculations (Wexler and Clegg, 2002; Frigs bel,
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2010) result in an HCI vapor pressure of 9.3%#m. UV absorption measurements to determingHtBalO level in this
flow are described in the Supplement and resuliéte that the source has a HONO level of abdall® atm. This
suggests that the HCI-generator’'s HCI vapor pressuslightly larger than the calculated value. il/the water vapor pre-
saturator minimized loss of water from the HCl-gaer, small temperature differences between thesevessels can
5 introduce variability and possibly a bias.
Four black lights that have a UVA spectral irradiarcentered at 360 nm illuminated about a 115 emtheof the jacketed
flow reactor from a distance of about 15 cm from thactor center. A rough estimate of the flugfBed 0" photons crid
s%) indicates a photolysis rate of approximately’ 83 for HONO. Described in the Supplement is an eixpent where
production of methylvinylketone and methacroleionfr the oxidation of isoprene was monitored, yigjdam estimate
10 (along with the 15 ppmv HONO level discussed abdee}he HONO photolysis rate of 8x1&™.
H,SOy is formed via (i) OH produced via HONO photolydi$), OH addition to S@ (iii) H-atom abstraction by £and (iv)
reaction of S@with H,O molecules (Lovejoy et al.) The H@nd NO radicals generated in this process carn tegether
and generate an additional OH radical. When B(present at a few ppmv, the dominant loss for i©®H + SQ: a
pseudo-first-order loss rate coefficient is givan[BO,]* konssoz = 4x10* cm® * 8.9x10™ cnfs’= 360 §". With this SQ
15 baseline level, OH reacts with HONO only about lo#the time: an OH first-order loss rate coeffidién ~3 &', from
[HONOJ*Kostiono = 5x10* cm® * 6x10™ cn’s®.  For low SQ levels, loss of OH due to reaction with HONO can b
significant.
H.SO, levels build as the flow moves down the reactorming HSO, molecular clusters and these clusters grow into
stable particles. These particles accumulate énmagerial, primarily HSO, and HO, to grow to several nm in diameter.
20 Growth due to OH or H@uptake followed by reaction with absorbed,$@y also contribute to growth.
Particles were sampled on axis at the exit of thes feactor, about 120 cm from the conical inletthwa custom-built
mobility-sizing and counter system designed for ameter-sized particles. Briefly, size-classifiedrtizles (Am-241
charger and a TSI 3085 nanoDMA) were detected withethyleneglycol (DEG), sheathed condensatiotigk@rcounter
(CPC) in tandem with a butanol-based CPC (Jiarg.e2011). This system is denoted ‘DEG systenthis study. The
25 DEG CPC was operated with a saturator temperafus@°@, a condenser temperature of 20°C, 0.36 Lkoimdenser flow
and 0.07 L/min capillary flow. The nanoDMA was ogted with 2 L/min aerosol-in and monodispersedflmwts and a 13
L/min sheath flow, as in Glasoe et al.
For a few experiments, ammonia or dimethylaminéra&se gases were added through a port at the tdpedfow reactor.
Their sources were permeation tubes, and 100s iagte-sligit pptv levels could be set by either $&agor double-stage,
30 respectively, dynamic dilution systems (FreshowaleR014; Glasoe et al. 2015). Ammonia was usdtié single-dilution
system and dimethylamine was dedicated for usehé double-dilution system. Permeation rates westerchined
periodically by re-directing the base-laden flowotlgh an acidic solution and monitoring the chaimgeH over time
(Freshour et al., 2014).
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2.1 Model

The 2-dimensional model of the flow reactor incogimg the photochemical kinetics o6$0, formation was built on a
previous model of acid-base molecular cluster fairwnawhich was fully corroborated against a comri@rcomputational
fluid dynamics simulation (Hanson et al. 2017). eTlow profile can be set to either plug or fullgsgloped laminar,
5 clusters up to ten }$0, and base molecules can be simulated. The 2D niedelincorporates the detailed photochemistry
in our experiment, from the production of OH thrbauts reactions with S£as well as with HQ NO, NO,, HONO, HNQG,
H,0, etc. The acid and base species and all molecluisters as well as OH are lost on the walls lichitely by diffusion.
The model reacts, convects and diffuses all regetamd products and yields the abundance,83 molecular clusters, the
largest clusters are then correlated to the abuwsdahexperimentally determined particles (Pantal.e2012; Hanson et al.
10 2017). Coagulation is only crudely implementedt these cluster-cluster interactions are not sicguift for most of the
conditions of the present work. Also, the larggasters can be grown to very large sizes via w@taEkH,SO, (and HO)
assuming no loss. Further analysis of cluster graamd loss processes, including growth-only fais@rs larger than 10
H,SO, molecules, is presented in the Supplement.
Ammonia or dimethyl amine could be included ataérlevel with the flow entering the simulated teagvhereupon acid-
15 base clustering commences and thus particle foomgtiote that base is also lost to the wall, liohitey diffusion). The
photochemistry is described in detail in the Sup@et and the acid-base clustering reactions areritled in detail in
Hanson et al. 2017 along with thermodynamic schefoeglusters of the bases with sulfuric acid (#hased here are
primarily the NH3_I and DMA_| schemes from that wQr

3 Results and Discussion
20 3.1 Particleformation evaluation.

The stability of particle formation conditions ov@veral months is demonstrated by presentinguh@ar and the average
size of particles for baseline conditions. In tigxt section, the modeled photochemistry for basatbnditions is presented
to provide baseline particle formation conditionghim PhoFR. Here, we also discuss how the siztridutions were
analyzed. In subsequent sections, these analgtizétes will be applied to the results of expentsevhere reactant levels
25 were varied.
Shown in Figure 2 are results over a 4 month peidodbaseline conditions: 52 % relative humidity-HR296 K, total flow
of 2.9 sLpm, and a flow of Nthrough the HONO source ,f 4.2 sccm. The data was binned accordingedlitdw of the
SO, mixture, Q, either 4 sccm or > 20 sccm. The abundance of B@N\20 ppbv and SQOs either 2 ppmv or >10 ppmv.
Fig. 2a shows the total particle number density,a¥d Fig. 2b shows representative particle siggidutions - corrected for
30 size-dependent diffusion losses in CPC transpattilalet lines. N was determined by summing the particle concenmati

with D, of ~2.4 nm and larger. The two smallest diame@ncentrations are not included because they hange |
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uncertainties due to large corrections appliedow tount rates; furthermore, a mobility diameter204 nm is a local
minimum for most of the size distributions.

The measured size distributions are governed byntieeplay between the spatial distribution o, 8], whether base is
added, and the nature of potential contaminantiepecFor example, the small- and the middle-sigadicles decrease
considerably between Feb. 23rd and May 15th (Flg. ®hich is probably due to a decrease in pargécikancing
contaminants. Yet the concentrations of the largesticles are comparable in these two data $etether words, the
leading edges of the distributions are similar.e Tdrgest particles must originate at the top efréfactor, having the highest
overall exposure to $50,. These so-called leading-edge particles areatwasfof our analysis.

The leading-edge particles are greatly enhancedhwhee was added, whether ammonia or dimethylaniméhese cases,
the leading-edge particles are prominent in theilisions and are described by log-normals (seedtktributions presented
below). The leading-edge volume-mean diametershidadded-base experiments are similar to thosieeofio-added base
distributions. So we propose that the leading-quiyéicles are indicative of the nucleation comhig at the top of PhoFR.
In the Supplement is more discussion of the leadiohge mode of the particle size distributions, plof modeled
distributions and experimental leading-edge modenéters () over time.

The high SQ data (Fig. 2a) exhibits an,Nhat averages about 2X16m? since late February; also the leading edge of the
size distributions (Fig. 2b), fit to log-normal fetions, indicate mode diameters of about 6 nm Imithvalues of ~0.35. The
large drop in Iy on the 23rd of February is due to a Teflon mestia@onically cleaned and soaked overnight in atelil
sulfuric acid solution) placed between the cone #radflow reactor. The mesh limits backstreamsnfithe illuminated
section that may introduce,80, and thus nucleation in the cone. Ever since ltigsdrop in N, a trend in | can be
discerned in Fig. 2a that is consistent with thangies with time of the size distributions in Figp. 20n the other hand,
mode diameters (presented in the Supplement) itedtbat Oy is roughly constant from January to May.

Since changes in/Dare small or negligible, the growth conditiondPinoFR must be stable during this 4-month time lerio
The cumulative exposure of particles tgS8)y as they travel down PhoFR is constant, indicathg the UV flux and
reactant concentrations are also. The decredsege particle numbers during this time likely icalies an increase in the
purity of the system, for example a decrease intaztomant base levels entering the flow reactor. idgrease in the
cleanliness of the system could also be due tolagidup on surfaces, potentially binding base-#ngtcontaminants. The
changes in the distributions over 2.5 months (fg.&re due to decreases in particles in the midélithe distribution.
Based on their size, these particles were nucleddedstream of where the leading edge particles atee flow reactor

wall may accumulate enough acid that may tie upragrted contaminant responsible for the mid-sizadicles.

3.1.1 Simulated reactant distributions

Shown in Fig. 3 are the results of a simulatiomgshe 2D model that shows centerline concentratiminthe gas-phase
species and two molecular clusters. In order ahdlnce at the end of the reactor: On the left &kiSO,, NO,, NO, HO,,
H.0,, HO,NO, and NH; and on the right axis, OH, §80,).,NHz and 100 times the SAluster abundance. This simulation

6
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was performed with [HONO] = 5x1bcm?, simulating an experiment with,& 4 sccm. These conditions are close to those
for the size distributions depicted in Fig. 2b.

Sulfuric acid rises steadily and reaches 1.2%&@° by the end of the lighted section that extendmffbto 110 cm. NH
was introduced at the inlet at a level of 70 pphicln drops with axial distance due to wall loss:dbncentration drops to
~20 % of the inlet value by 40 cm. The effect dfled base on particle formation is primarily at tbp of the reactor
despite the lowest sulfuric acid abundances th&he remaining 2/3 of the reactor has the highelftiric acid levels: over
the distance 40 to 125 cm, {610;] averages about 8xi@m?.

This crude partitioning of the reactor is somewdudtitrary but it provides a point of view for dissing the experimental
results. Furthermore, this point of view is coregruwith the experimental finding that a large jgéetmode at the leading
edge of the size distributions is discernible, eglly so when base was added. So although chistes formed and
particles are nucleated along the length of thetoeawe seek to explain only the largest of them.

With this perspective, we can estimate the growtthe leading-edge particles due to their accurmgat,SO, and HO
(assuming no evaporation) as they traverse theoinof/3 of the flow reactor. Using centerline valuan increase in
particle diameter of 4.8 nm is estimated as thayetr from 40 to 125 cm, using the bulk approximatio calculate the
increase in diameter (Verheggen and Mozurkewicl®22@exler and Clegg, 2002). Modeled particleg ttentain up to
250 HSO, molecules yield particle size distributions in egment with this estimate from bulk properties (Hee
Supplement).

The behavior of the truncated clusters shown in igrovides some justification for partitioningetheactor into a top 1/3
and a bottom 2/3. The abundance o0§g8,),NH; peaks at about 50 cm indicating that nucleatiomoliing base has
reached its peak. The accumulation cluster (tfzgt allowed to build up at 8 SA molecules but nahierr and with no SA
evaporation) tells a similar story regarding théstjtioning where its abundance levels off in theér section of the reactor.
Its behavior in the middle of the reactor, a lagtsnabundance profile compared to the,SHj; cluster, indicates that some
catching up is needed to grow the clusters to 8r&fecules. The increase in the abundance of ttlasters with Z reaches
a maximum near 60 cm. This indicates that theitpaning is a decent rhetorical tool for discussiig results and for

drawing broad conclusions.

3.2 Variation of Np, Dp with [reactant]
3.2.1 Variation of HONO with no added base.

Depicted in Fig. 4a are representative particle siistributions as a function of,Mow through the HONO source,,Qa
proxy for HONO abundance. ;Qvas varied from 1.6 to 5.3 sccm while the abundanaf the other reactants were held
constant. The size distributions are strongly ddpet on HONO over this range, with concentratiooseasing by a factor
of ~ten at small sizes and the large particle abBood by a hundred-fold. Log-normal distributioms also shown as the

dashed lines in the figure with leading-edge modendter [ and Iro noted in the legend. The log-normals shown in the
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figure were not those from the fitting proceduree(she Supplement for more discussion of the tpnocedure) because
two of the fits failed. For a consistent preseaotgtinoc was fixed and each log-normal was adjusted viguallbest cover
the four or five points nearest the peak of easlriution. N (Fig. 4b) and the volume-mean diameter of theifgpddge
mode, Oy (Fig. 4c) are plotted vs. £and N, has a power-dependence opdD about 4 while B increases linearly over
most of this range.

It is reasonable to assume that the HONO concéorat PhoFR is linearly proportional to,Qhe nitrogen flow through
the HONO source. The data in Fig. 4c shows that 8cales approximately linearly with,@Qp to about 7 sccm, suggesting
that particles exposure to,80; is also linear over this range. The departure flioarity is noticeable in Fig. 4c and is
probably affected by the inability of the fittinggzess (see Supplement) to yield leading edge dogral distributions at
low values of Q (indeed about half failed for £X 2.2 sccm) and scavenging 0§30, by particle surface area at the large
N, that develops at high number densities and lamgps svhen Qis 8 to 10 sccm.

A power dependence of 5 for,dn H,SO, was exhibited for the $$0,-H,O binary system (Zollner et al. 2012) which is
somewhat larger than that exhibited in Fig. 4bpothulk experiments have power dependencies &Othat range up to
~20 (Wyslouzil et al. 1991; Viisanen et al. 199et the CLOUD experiment (Kurten et al. 2016),0a¥gth photolytic
generation of LSO, shows a power dependency of 3.7 at 292 K feB[Bj] concentrations from 3x£@o 1.5x18 cm?®. An
ammonia-contaminant abundance of 4 pptv was stategply to those results.

Experimental results (Glasoe et al. 2015; Almeidale2013) show that power dependencies ¢804 are affected when a
base is present. The presence of an impurity basgound probably affected our experimental resultsnay be due to
two sources: (i) contaminant entering with the #oand (ii) contaminant emanating from internal aces. The added base
experiments have more discussion on this topiaveubote here that our system is slowly cleaningugr time.

Particles grow due to uptake 0£$0, and HO: the estimate from the,BO, profile from the model simulation discussed
above suggests an increase in diameter of aboutrd ®r a Q of 4.0 sccm. The data in Fig. 4c show that tHeme mean
diameter is about 6 nm at this HONO level, whichassistent with that estimate. The agreementongs considering that
nascent particles must attain a certain size t@rfecstable, roughly 1.3 nm diameter or larger daegough such that
evaporation becomes negligible). There is als@anfh difference between mobility and volume/maasn@ters. Presented
in the Supplement are simulated particle size ibigions for Q= 2 sccm that peak at 3.7 nm in good agreement with

measurements.

3.2.2 SO.,.

Particle size and number density were found to demsn SQ abundance. Shown in Figs. 5 (a) and (b) are piblg;, and
Dy e (volume mean diameter of the leading-edge modethesflow rate of the SOmixture, Q. HONO source flow rate Q
was 4.2 sccm for this data. Despite its scatter,data show the SQevel affects both the number of large particled a
their size, R e: both increase with [SP and begin to level-off at high [SP This behavior is expected as the ;SO
abundance must be high enough to ensure it scaseatigef the OH and beyond that there should nanbeh effect.

8
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However, a set of simulations that includes a feadtetween H@and SQ are shown as the lines in Figs. 5. Note that a
level of 70 pptv of NH entering the flow reactor was included. The sated size is given by the growth estimate from the
simulated HSQO, profile plus an initial size of 1 nm and the mdpildiameter to mass-diameter offset of 0.3 nm (de
Mora et al.) The experimental results show inasasith SQ that are roughly in line with the model simulagonWithout

a reaction between HG@nd SQ, the model shows small increases (A0 % vs. 250 % with the reaction) and size (10%
vs. 20 % with the reaction) as g®as increased from 2 to 16 pptv.

The simulation assumed a value of 3x16m/s for ko502 There are disagreements in whether, liacts with S@as
well as potential end products (Chen et al. 2014rtdh et al. 2011); we assumeg3®, and OH. Published values for this
rate coefficient range from upper limits of 1Xf@&nt/s (Graham et al. 1979) and 25{@nt/s (Burrows et al. 1979), to a
value of 8x10® cni’/s (Payne et al. 1973). A heterogeneous reactonrdng in the particles involving SQvould help
explain the dependence of 2 on SQ abundance while leaving,Nindisturbed.

The dependencies upon S®ere much smaller when minute amounts of dimethile were included in the model. Low
levels of (0.003 pptv) dimethylamine gave simulakggin the 1d cm?® range but at this level its ability to influendeet
change in N with H,;SO, was limited due to being scavenged by clusterkis Was also observed in simulations where
HONO was varied in the presence of 0.005 pptv diylamine (see the Supplement). This suggests ahpdtential
contaminant in our system is not a strong nucleéerdimethylamine.

3.2.3 Added ammonia.

Shown in Fig. 6 is the number of large particlesh®NO flow rate taken with and without Nkddition. The level of
added NH when fully mixed and without any loss to the wabuld be 230 pptv. With data for nominal condisofor
comparison, the effect of 230 pptv Blbin the number of large particle abundance is Bggmt, about a factor of 5, a factor
that does not significantly depend on the leveHGINO and thus k50O, present in the flow reactor. Variation of,@s
HONO was varied is shown in the Supplement andreddase results in an increase qf @ about 20%. The shift in the
distributions to slightly larger sizes could be dagarticle formation occurring slightly upstrearhthat in the absence of
added NH. Nevertheless, the leading-edge mode of thedistgbutions are distinct in Fig. 6(b): even tohevest Q in 6(b)
can be fit by a log-normal function.

Previous work has shown large increases jwNen ammonia was added to a (nominally clean)rpisalfuric acid-water
nucleating system. For example Ball et al. (192®)Iner et al. (2012), and Glasoe et al. (2015evbed factors of 10-to-
1000, ~1000, and $dor ammonia levels of a few pptv, 25 pptv, andppbv, respectively. Kuerten et al. (2016) preseénte
the CLOUD experiment data in a comprehensive mammer showed that a factor of about 100 increaseairicle
production was observed upon addition of severatired pptv NH at 292 K and an [580] = 1.5x16¢ cm?®.

Simulations are shown in the Supplement with twitedént NH; levels (70 and 300 pptv) that mimicked the NpQsdata
remarkably well (70 pptv Niifor the no-added base and 300 for the added lze&s).c Dimethylamine levels at 0.003 pptv
yielded N, in the range of the experiment base suggestingviiry small amounts of a contaminant can influebiceary
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nucleation experiments. An amide may be consistéthtthe experiment: it is intermediate in stran@Blasoe et al. 2015),
stronger than ammonia but not so strong that sgargrtould be a major loss process.

3.2.4 Variation of N, with added NH; level.

Shown in Figs. 7 are the total number of partigiested as a function of added Kl¢vels for a fixed amount of HONO: (a)
Q; = 4.3 sccm and (b) &= 2.2 sccm. The red squares at nominally zerg idresent the range of data obtained without
added base. There are large effects gl to the addition of Niat the top of the reactor, up to a factor of nkfoth
sets of data. At high NHevels (or prolonged exposure) particles counse rdramatically. This is demonstrated in the
Supplement with measurements on days when 2000N#pfwas added.

The large variability in Figs. 7 mirrors the ungémb variability in N, without added NEI(Figs. 4b and 5a). Yet, within the
scatter of the measurements the dependence apdh NH can be approximated as linear. This is a smdlgendence
than the 1.6 power dependence found in the bulkesoexperiments of Glasoe et al. (2015). A lirggpendence is similar
to other photolytic SO, production experiments, the flow reactor experithesf Benson et al. (2011) and Berndt et al.
(2010), and the 292 K CLOUD chamber experimentslits (Kuerten et al. 2016; Kirkby et al. 2011).

Simulated N are shown in Fig. 7a for two different thermodymaischemes (Hanson et al., 2017); both clearlycaigi a
stronger dependence on Bthan is exhibited in the experimental resultsilufa to mimic the experimental results can be
due in part to poor representation of the actual fin the simulations, however inaccurate thermaahyics are probably the
dominant contributor. We had concluded (Hanscel.e2017) that NH3_Il was better than NH3_| basaccomparisons to
the experimental data of Glasoe et al. (2015). Thmparison shown in Fig. 7a indicates that neitbegisfactorily
represents the full range of the data with NH3_ dvVihg particularly overly strong binding free-eniesgwhile, relatively

speaking, NH3_I is a better approximation of thesNHSO, cluster binding energies for the present condstion

3.2.5 Water variation and addition of dimethyl amine.

Shown in Fig. 8 are theg\and Q. vs. humidity, calculated from the flow rate of themidified nitrogen. Total flow rate,
HONO, and SQ@levels were kept constant; the humidified floweratas varied from 0.5 to 2.4 sLpm. Although therall
data is phenomenologically exponential (see thim fihe figure), over limited ranges the data ekbipower dependencies.
The power dependence of Nn RH is between 4 and 6 whilg, | varies from 5 nm to about 10 nm; there appeatsta
rise in both above 80 % RH. A strong dependendbehumber of particles on RH is expected forkiimary sulfuric acid
water nucleating system, and the power dependesredlies at the low end of range (5-to-9) repokig&oliner et al.

A set of data with 2-to-5 pptv dimethylamine addedshown as the diamonds. There is much less vespeendence
(approximately linear) when dimethylamine is preasehich is consistent with theoretical notions (&lida et al. 2013;
Henschel et al. 2016). This indicates that clgstbat lead to large particles are not particuladysitive to KO when
dimethyl amine is present, because the amine isichrbetter base than,® and nucleation associated with a strong acid-
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base interaction is preferred. This postulateldesen elucidated in previous publications (e.g. &uret al. 2008; Coffman
and Hegg 1995).

Supposing there is dimethylamine-type base contamiim the putatively base-free experiments (sstjdares), it clearly
does not reach the single digit pptv level for iase52 % RH conditions. Indeed, as shown in thpgement, simulated
particle number densities with a level of 0.003vpgitmethylamine entering the flow reactor were éstesit with the 52%
RH, Q=4 sccm results. A set of simulations were rummfrd.005 up to 2 pptv dimethylamine and predictgdsbhaled
linearly with base level. At the 2 pptv level, Bip of about 16 cmi® was predicted while experimental, b 3x16 cni®.
Note that an N at the 16 cm® level will be significantly affected by coagulatiovhich is not well captured in the

simulations.

3.2.6 Variations of dimethylamine and HONO.

Shown in Fig. 9 are measured size distribution$ wérying levels of added dimethylamine. The dffat the number of
particles is large and even the smallest partigiesbility diameter of 1.7 nm) increased by aboutr8ers of magnitude.
The zero-added base data between these runs neiglifdzted by dimethylamine holdover but this appéa be small: the
N, are within a factor of two of the 2.2 sccm data in Fig. 4a. It is clear that mdreethylamine leads to more particles,
with N, increasing approximately linearly with dimethylam@iabundance. Note that the leading edge of stghiitions is
clearly the dominant mode for these conditions.e Thh does not change significantly with the amount aded dimethyl
amine (see the legend for values @f@hd Iro).

Depicted in Fig. 10 are results from an experinvemtre HONO, Q was varied (and thus,BO,) in the presence of 2 pptv
(+100/-50%) dimethylamine. Interestingly, the n@miof particles is not particularly sensitive tg3@, above Q = 2.7
sccm while their size is linearly dependent on he model indicates a leveling off in the cadtetl N as Q increases
(see the Supplement) which appears to be due t@isgeng of the amine by particles. Another conttilhg factor to an
insensitivity of particle number concentrationsHgSO, is particle-particle collisions. A rough estimatethese effects,
assuming a coagulation rate coefficient of 2Xir’/s, for an N of 4x16 cm® is 2x10%(4x10%° = 3x1d cmi® s ;
multiplying by a 30 s residence time and roughlyl®Pxcm® would coagulate. This rough estimate suggestseffest
should be properly evaluated, particularly for tada presented in Fig. 9. Note also that thessmaedl sets of data and for
Fig. 10 base was added at a level that challetge®tver range of the dynamic dilution system.

Model simulations with DMA_I thermodynamics (Hansetnal. 2017) at @= 2 sccm with dimethylamine at levels of 5 and
10 pptv predict N of 5x16 cm® and 1x16 cmi®, respectively. These compare favorably with theasured Nat 5 and 10
pptv of 2.5 and 5 xTcm?®, respectively. The modeled values would be redwdéh a proper treatment of particle-particle
collisions. Nonetheless, the thermodynamic sch&MA_| yields cluster concentrations that are cotesis with the
measured Nand its trends with dimethylamine level. Schemé/D | was able to mimic the dimethylamine;$0, data of

Glasoe et al., tying that data to the present data.
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Since effects due to adding dimethylamine at tinglsidigit pptv level are large, it would be debleto experimentally
investigate amine additions at lower levels. Wit current dynamic dilution system base additankevels lower than a
few pptv are swamped by the precision uncertaintflawmeter readings. More results from these sypeexperiments
await further improvement in the dimethylamine dety system.

3.3 Comparison to previousresults.

A number of previous results are compiled alonghwiihie present measurements in Fig. 11 for nominbadge-free
conditions. The present results are assignedithelated HSO, value in the center of the reactor and at 30 dm fhe
illuminated region. The nucleation rate J was tiakebe N divided by the time the center of the flow travietsm 20 to 40
cm, 4 s. This time is presumed to apply for thenimally clean conditions here. On the other hamith base added
intentionally, significant nucleation may also ocauthe 0 to 20 cm region where base abundanbigis Uncertainties in
J are probably on the order of a factor of 2. Utagety in HSO, is about a factor of two, based on the calculatddes at
15 and 60 cm, which are -49 and +106 %, resp., ff@80 cm value. The radial profile 0§$0, at 30 cm axial distance is
flat from the center out to a radius of 1.7 cm.

The previous experimental data in Fig. 11 wereraikeer a range of temperatures, 288 to 300 K, afative humidities,
2.3 to 75 % RH; conditions indicated in the legerithe present results extrapolate to rates thainafa@ir agreement with
Benson et al. 2009 and much of the CLOUD datalkseklfy et al. 2011; Kurten et al. 2016) except floe 40 % RH at 298
K data. The bulk-source,BO, data reported by Zollner et al. is included fderence; it was corrected from 38% RH to 52
% RH, increasing by about a factor of 5 using a°RlEpendency. The difference between the bulk-soarm present
photolytic SO, is about 4 orders of magnitude; the Kurten e{2016) 40 % RH data is closest to this set of lldka,
within about two orders of magnitude.

There is apparent agreement of several data setsi;®0, concentrations of fOto 10 cm?® our lowest J (and the
extrapolation of our data, dotted line), Yu et(@017), Benson et al. (2009), Kurten et al. (20469 Kirkby et al. (2012)
but it is complicated by the wide range of relativemidities: 2.3 % RH up to 75 % RH. Lack of expmmtal water
dependencies and assessment of base-levels maké@agiconclusions fraught with difficulty. Nonetéss, it is interesting
that the dependencies of J on sulfuric acid levelsamilar in many of these studies. This suggtsge is an underlying
similarity in particle formation conditions such asntaminant identity and level (which seems utyiker the critical
cluster’'s HSOy-content is not particularly sensitive to the typeabundance of the contaminant.

4 Summary

We presented a new experimental apparatus for istyigparticle formation involving photolytically-fared HSO, vapor
and results show the system is reproducible angorets to changes in water, HONO and,$Oncentrations largely as
expected. Modeled particle formation rates cowddniade congruous with experimental observationgtlyding either
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dimethylamine at a level of 3xT® mole fraction or NH at a level of ~18° mole fraction. Also, the dependence Qfdvh
SO, level was best explained by a reaction between H@ SQ that yields (ultimately) k5O, and OH with a rate
coefficient of 3x13” cnt/s.

Comparison of the present results to other phatoliSO, experiments yields several suppositions. Thejerdjence from
the bulk-source data of Zollner et al. suggestsahexperiments are not clean enough and/or theyudject to an unknown
reaction or photochemistry. The similarity of theesent results to those of Benson et al. (2008kbi« et al. (2011),
Kurten et al. (2016) and Yu et al. (2017) suggastemmon element that affects nucleation beyond t&-source HSO,
experiments reveal. The outlier results of Beetdil. (2010, 2014) and Benson et al. (2011) méfgistrom relatively high
level of contaminants: Berndt et al. (2014) sugegshat a pptv-level of amine could have been piteisetheir experiment.
As can be seen in Fig. 11, there is a remarkabieeagent of the 80, power dependencies for Kirkby et al. (2011), Yu et
al. (2017), and the present results. This mayugetd a similarly-sized critical cluster acrosssthstudies.

Side products from photolytic generation ofS0, that enhance nucleation were suggested by Betrdt @008), however,
Sipila et al. (2010) found no difference betweenleation rates whether,HO, was produced photolytically or taken from a
bulk source. Since then, the Sipila et al. (201@)leation rates have been seen to be many orfleragnitude too high for
the putative binary system (i.e., extrapolatiorttef present results, the Zollner et al. (2012k4iguid data, results from
the CLOUD experiment (Kirkby et al., Kurten et 2017) and Yu et al. (2017).) Since the Sipilalef2010) data largely
overlaps the Benson et al. (2011) and Berndt €R@lL4) data, it probably also suffers from aminataminants at the pptv-
level.

The total particle number strongly depended ortikelghumidity with RH and RH power relationships over RH ranges of
15 to 35 % and 40 to 77%, respectively. The CLOREB K data reported by Kurten et al. (2017) showgower
dependency of 4 on RH from 40 to 75 % at 298 Kdngh agreement with the present results. Yu eteplorted a
nucleation rate that depended linearly on RH thatrss to be out of line with these other data sets.

A nearly linear dependence of, n added Nklwas found which is also reflected in several ostedies (Kirkby et al.,
Kurten et al., Benson et al.). This departs frw bulk-liquid experiments of Glasoe et al. whoore@ 1.6 NH-power
dependency and the ACDC model predicts a powerntlgmey of 2 to 3 (Kurten et al., 2017), albeit@vér HSO,. At
constant Ni, we found power dependencies 0SB for N, of about 3.5 which is close to that found by Geaso al.
(2015) and somewhat larger than the CLOUD dat&Q@#power dependency of 2.6.) A linear dependencaromonia is
consistent with nucleation initiated by sulfamiécda@s outlined by Lovejoy and Hanson (1996).

The model simulations with N§-H,SO, thermodynamic schemes NH3_I and NH3_II (Hansoal.e2017) resulted in N
that exceeded experiment for a large set of camditi With the simulations serving as a bridge betwthese two
experiments, we conclude that the present expetahdata and the Glasoe et al. NH,SO, results do not agree. Glasoe et
al. discussed the discrepancies between theirMlSO, results and those of Ball et al. and Zollner etkait now, since the
Glasoe et al. data are higher than the latter svavell as for much of the present results, we aglethat the Glasoe et al.
NH; results are biased high. Finally, the putativeeament between Glasoe et al. and the 292 K 4 lplydata from
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CLOUD (demonstrated in Fig. 4 of Kurten et al. 2p&Bould not be a validation of these two sets ld§N,SO, nucleation

rates.

In hindsight we can postulate a possible avenueafoeamine contamination in the Glasoe et al. amanenperiments:

several amino-compounds were studied in successgittnthe same dynamic dilution system and ammom@eements
5 were performed in between amine experiments. Measemts in the ammonia-sulfuric acid system would ntest

vulnerable to the presence of small amounts ofdwad amines. Note that in the present experimesgalp, there were

separate dynamic dilution systems for ammonia andifnethylamine.

Additions of dimethylamine resulted in large abumzizs of particles which limited the range of coiodisé we were able to

study. The number densities are such that a meidlelproper treatments of coagulation and clustéuster collisions is

10 needed to fully interpret the results. Nonethel&ss experimental results are in decent agreemihtmodel simulations
using the dimethylamine thermodynamic scheme (DMAddnson et al., 2017) that best captured the @las@l. (2015)
dimethylamine-HSO, experimental results. We found low RH dependenwiben dimethylamine was added in line with
expectations but it should be emphasized that itreality of the RH dependence of, i a preliminary finding and
coagulation effects on thesg Malues need to be investigated with a proper dagign simulation.

15 Atmospheric implications of the present work areaafualitative nature. The current work suggdsas hucleation rates in
the NH;-H,SO, system are still uncertain and need further erpemtal investigation. Furthermore, we concludée the
nucleation rate expression eq. 3 of Glasoe ep@llg) likely overestimates nucleation in the amraesiilfuric acid system.
On the other hand, as alluded to in the previousagraph, the current work is consistent with thesGe et al.
dimethylamine-HSO, results. Also, the much-predicted low RH depeggefor dimethylamine-650, nucleation finds

20 experimental corroboration here. Finally, evethé reaction of H@with SO, occurs with a rate coefficient of 1x¥oent
s, it is probably an insignificant source of atmospt hydroxyl radicals and oxidized sulfur composind
In the future, a series of measurements of pastieligh added dimethylamine at fractional pptv Ievate planned to better
determine HSO, and amine dependencies. We also plan to studyetagve humidity dependence of ammonia-induced
H,SO, nucleation as well as variations of temperaturédotih amine- and ammonia-addition nucleation. him lbng term,

25 the system developed here will be used in pargotavth studies where nm-diameter particles prepargbe Glasoe et al.
apparatus are directed through PhoFR along wigietasrganic compounds.
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5 Fig. 1 (a) PhoFR schematic and (b) HONO source. The average flow velocity of 2.8 cm/s yields an average residence time in
PhoFR of approximately 45 s. The concentrationslisted in (b) arein molal (mole per kg H,0).
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has 1.3 nm (to take into account initial cluster size of ~1 nm and the mobility to mass size difference of 0.3 nm. deLaMora et al.)

added to the growth dueto H,SO, exposur e as discussed above.
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