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10 Abstract. Size distributions of particles formed from suifuacid (HSO;) and water vapor in a Photolytic Flow Reactor
(PhoFR) were measured with a nano-particle mohsiitjng system. Experiments with added ammoniacaméthylamine
were also performed. J80,g was synthesized from HONO, sulfur dioxide, andewatapor, initiating OH oxidation by
HONO photolysis. Experiments were performed at Ra/er a range of sulfuric acid production leveisl for 16 to 82 %
relative humidity. Measured distributions gensrdélhd a large particle mode that was roughly logyad; mean diameters

15 ranged from 3 to 12 nm and widthsq)rnwere ~0.3. Particle formation conditions werab$t over many months. Addition
of single-digit pmol/mol mixing ratios of dimethytane led to very large increases in particle nundesity. Particles
produced with ammonia, even at 2000 pmol/mol, slibtkat NH is a much less effective nucleator than dimethytam A
two-dimensional simulation of particle formationPhoFR is also presented that starts with gas-phtas®lytic production
of H,SQ, followed by kinetic formation of molecular clussesind their decomposition determined by their tleglynamics.

20 Comparisons with model predictions of the experitakresults dependency on HONO and water vaporerdrations yield
phenomenological cluster thermodynamics and helinelde the effects of potential contaminants. Hugled-base
simulations and experimental results provide suppfor previously published dimethylamine$0, cluster

thermodynamics and provide a phenomenologicalfssinononia-sulfuric acid thermodynamics.

1 Introduction

25 Particle formation in the atmosphere has long b&tedied (McMurry et al. 2005; Kulmala et al. 20G4)ascertain
potential impacts on health (Nel 2005) and on demaocesses(IPCC 2013). For example, nano-pst{characterized as
< 10 nm in diameter) can have special health effest their small size allows for efficient trangpimto lung tissue
(Kreyling et al. 2006). They also influence climdiy growing to sizes large enough to affect raddatorcing and the
properties of clouds. Despite numerous and wideirg studies devoted to understanding new parfictenation,

30 mechanisms and nucleation rates applicable to megigns of the atmosphere remain uncertain.
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Sulfuric acid-driven nucleation is a prime sourdenanoparticles in the atmosphere (Kuang et al.22@ipila et al.
2010) thus it is the starting point for many laliorg studies. Previous work on particle nucleatio the binary (water-
sulfuric acid) system (Kirkby et al. 2011; Ball @&t 1999; Zollner et al. 2012; Ehrhart et al. 20Y6; et al. 2017) have
concluded that binary nucleation can be significahtlow temperatures such as at high latitudes ianthe upper
troposphere. The sulfuric acid/water binary systalso serves as an important baseline diagnosticcéonparing
experimental results. Finally, nanoparticle growsth sulfuric acid and water vapors is of interestveell as uptake of
oxidized organic compounds by acidic nanoparticlédood knowledge of the formation and stability mhary nano-
particles is needed to understand their subsequenth via other compounds.

Previous laboratory studies of nucleation in theaby system diverge widely, especially for restidteen at or near
room-temperature, suggesting experimental detadlg significantly affect results. For example, diewatter if SO, is
provided by a bulk or a photolytic source? Doestitpe of photolytic precursor-H,O,, H,O, etc.-matter? (Sipila et al.
2010; Berndt et al. 2008; Laaksonen et al. 2008 TLOUD experimental results at 278 K and belovir{gn et al. 2016;
Ehrhart et al. 2015) has alleviated some of theseerns yet room temperature results can provide siingent tests due
to a greater sensitivity to thermodynamics. Otbgues include (i) limitations imposed by partiditector characteristics as
well as cluster/particle wall losses (McMurry 1983irten et al. 2015; 2018) and (ii) determining ttencentration of
H,SO, (Sipila et al. 2010; Kirten et al. 2012; Youngakt2008) which is typically uncertain to a factdrtwo (Eisele and
Tanner, 1993), although higher accuracies (+33%tefliet al. 2012) can be achieved. These expetahehallenges can
significantly influence results and their inter@t@in yet these largely known issues can be adelldsssome degree.

Contaminants are the biggest unknown factor inghgges of experiments and it is important to @agemhether they
are present at levels that can influence partmtenétion rates. If the contaminant is an aminenea very low abundance
can be a point of concern. For example, Zollnealef2012) argued that a #bmixing ratio of methylamine could have
affected their binary system measurements. Glasak (2015) presented data from the same apgaaatéoliner et al. and
they carried this argument further and estimated tontaminant dimethylamine mixing ratios durihgit binary system
measurements were less than or equal t5.10f the contaminant is N however, it likely needs to reach the single-digi
pmol/mol (pptv) level or higher to significantlyterfere with measurements in the binary systenoairtemperature.
Kirkby et al. (2011) and more recently Kirten et(@016) estimate ammonia contaminant levels aj-4& pptv NH for
their experiments performed at 292 - 298 K; it ¢ dlear if this level of ammonia had a significaffiect on their results.
Recently, Yu et al. (2017) reported upper limits fH; and dimethylamine of 23 and 0.5 pptv, respectividy their
putative base-free nucleation experiments. Yeir thacleation rates are not extreme outliers, sstygg that their
dimethylamine level was probably much lower thah @ptv. Nonetheless, uncertainty introduced byetectable (at the
current state-of-the-art) levels of contaminantslaracores the need for multiple approaches forystgdsulfuric acid
nucleation.

Here we describe an apparatus and results fromriexgets on the formation of sulfuric acid nanopdes from

photolytically-generated sulfuric acid vapor via €0, photochemistry initiated with HONO photolysis &@50-t0-370
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nm. Although nitrous acid is considered an imputri@ontributor to OH radical formation in many sitions (Sérgel et al.
2011), little has been done to understand its pysitothat leads to sulfuric acid formation and rgavticle formation. We
also studied the effects of adding ammonia or diylatmine; both are known to greatly enhance pargorbduction rates
(Almeida et al. 2013; Glasoe et al. 2015; Yu et 2012; Ortega et al. 2012; Nadykto and Yu 2011).e @Wesent
experimental results where temporary contaminatiotihe apparatus was evident yet long-term resotticate a relatively
constant level of cleanliness in the experimerite &xperimental results are compared to simulatbtise flow reactor that
couple the flow with photo-chemical kinetics andaaid-base particle formation scheme. In additmproviding HSO,

concentrations, the model results and their coraparto experimental particle characteristics hdstdephenomenological
cluster free energies for the ammonia-sulfuric agistem at 52 % relative humidity. Finally, we et a compendium of

results from photolytic particle formation expermb& near room temperature.

2 Methods

The Photolytic Flow Reactor (PhoFR) is a verticalligned cylindrical glass tube with an inner diaeneof 5.0 cm, a
length of ~130 cm, a volume of approximately 2.and topped with a 23 cm long conical glass pieite several flow
inlets (Fig. 1a). In the course of this work, dlde screen was positioned between the cone anflavereactor to calm the
jetting from the inlets. A ~ 105 cm length of PIo#s jacketed and kept at a constant temperatypically 296 K, by
circulation of thermostated water. The main flolgas was nitrogen from a liquid nitrogen gas-pac#l the total flow rate
was 2.9 sLpm (standard L / min, 273 K and 1 atife flow contained small amounts of S&hd HONO, typically 16 and
0.02umol/mol (ppmv), respectively, and up to several #ex vapor; relative humidity was set by sendirgpgion of the
flow over a heated water reservoir and then thraugirermostated, vertically-aligned tube that reeabexcess water vapor.
Total pressure was slightly above ambient, ~ 098 gauge pressure was monitored continuously ameas typically
0.001 atm. The oxygen level from the liquid nittog stated to be 10 ppmv or less, was apparentficisat for the
subsequent oxidation chemistry - noting little €ifnces in particle size distributions upon addiegeral % @to the flow.
For all liquid nitrogen cylinder change-overs, tligh pressure side of the regulator is flushed rsd\tiEnes before exposing
the lines to the new supply of gas - a standardgutore used by Ball et al., Zollner et al. and Géast al. Also keeping in
line with that past work, filters have not beendisa any gas-supply lines.

Entering gas flows were monitored and set by misg meters under computer control. Typical floves baseline
conditions in sLpm or sccm (standard *ormin, 273 K, 1 atm) were dry gas at 1.4 sLpmlyfaumidified air at 1.5 sLpm,
HONO-laden (~15 ppmv) Nflow at 4.2 sccm, and S&aden flow at 32 sccm (1500 ppmv $i@-N,). These baseline
conditions help diagnose the long term stabilityhaf system. The baseline number densities gfe®@® HONO in the flow
reactor (accounting for dynamic dilution) are 4¥18nd 5.2x18' cm?®, respectively. Three sections were not insulated

thermo-regulated: (i) the conical top section, i top 10 cm of the flow reactor where the batiten port resides, and
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(i) the bottom 20 cm where aerosol was samplddhe fully humidified line and the port where it erg the cone were
gently heated (298-300 K) to eliminate condensatitben room temperature was less than 296 K.

The SQ-in N, mixture (Minneapolis Oxygen) was reported (Liqliiechnologies Corporation, EPA Protocol) to contain
1500 ppmv S@+/- 10%. Water vapor was taken from a gently égat500 mL volume of deionized water (Milliporeath
also contained a few grams of concentrated sulfrid to suppress potential base contamination frebulk water. This
humidified flow then passed through 80 cm of veiticaligned Teflon tubing (~6.2 mm ID) held at ttesnperature of the
flow reactor.

Photolyte HONO was continuously produced (Febd.et995) by flowing nitrogen laden with ~15 ppmv H@por into
a small (25 mL) round-bottom flask containing 1famgs of powdered NaONO(s), held at 40-50°C (Fig. HONO vapor
and co-product NaCl(s) are produced in a classibedisplacement reaction. The powder could brg gowly mixed
with a small (1 cm long) stir bar and results gafigrdid not depend on whether the powder wasestirr Periodic gentle
shaking of the flask usually led to only temporalanges in particle number densities.

The HONO level exiting the generator is likely te &équal to the HCI level entering it. The HCI-getter and a water
vapor pre-saturator were temperature-controllegcally 20 °C. A saturated (~6 m, molal) NaCluagus solution in the
pre-saturator yields a relative humidity of 76 %he flow: a stable amount of water vapor stabdlitee solution in the HCI-
generator, which contains a solution with a 2-tmdle ratio for NaCl to b50,. The HCI-generator solution was prepared
initially with concentrations of 3.5 m NaCl and &.th H,SO, and calculations (Wexler and Clegg, 2002; Friess Bbel,
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 (S5.1) andlteindicate that the source has a HONO levelbafua 1.5x10 atm.
This suggests that the HCI-generator's HCI vapesgure is slightly larger than the calculated vaM#hile the water vapor
pre-saturator minimized loss of water from the H€herator, small temperature differences betweesethwo vessels can
introduce variability and possibly a bias.

Four black lights that have a UVA spectral irradi@rcentered at 360 nm illuminated about a 115 cigtheof the
jacketed flow reactor from a distance of about a6fm the reactor center. An estimate of therfaee(5x16° photon crif
s%) indicates a photolysis rate coefficient of appnmtely 10° s* for HONO. Described in the Supplement (S5.2) are
experiments where production of methylvinylketorred anethacrolein from the oxidation of isoprene werenitored,
yielding (together with the 15 ppmv HONO level hetsource flow) a HONO photolysis rate coefficieh8x10* s™.

H,SO, is formed via (i) OH produced via HONO photolydi§), OH addition to S@, (iii) H-atom abstraction by £and
(iv) reaction of S@Qwith H,O molecules (Lovejoy et al., 1996). The H&hd NO radicals generated in this process can reac
together and generate an additional OH radicaleM®Q is present at a few ppmv, the dominant loss fori©®8H + SQ:

a pseudo-first-order loss rate coefficient is gibgr{SO* konssor = 4x10* cm® * 8.9x10™ cn’s?= 360 §'. With this SQ
baseline level, OH reacts with HONO for typical didions only about 1 % of the time: the OH firstder loss rate
coefficient is ~3 3, from [HONO]*konsrono = 5x10* cmi® * 6x10*2 cnfs™. Yet at low SQ levels, loss of OH due to
reaction with HONO can be significant.
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H,SQO, levels build as the flow moves down the reactorming H,SO, molecular clusters and these clusters grow into
stable particles. These particles accumulate dnmagerial, primarily HSO, and HO, to grow to several nm in diameter.
Growth due to OH or H@uptake followed by reaction with absorbed,$aay also contribute to growth.

Particles were sampled on axis at the exit of b feactor, about 120 cm from the conical inletthva custom-built
mobility-sizing and counter system designed for amaeter-sized particles. Briefly, size-classifiedrtitles (Am-241
charger and a TSI 3085 nanoDMA) were detected witliethyleneglycol (DEG), sheathed condensatiotigh@rcounter
(CPC) in tandem with a butanol-based CPC (Jiars).2011). This system is denoted ‘DEG systemnthis study. The
DEG CPC was operated with a saturator temperafus@°&, a condenser temperature of 20°C, 0.36 Lk&oimdenser flow
and 0.07 L/min capillary flow. The nanoDMA was ogied with 2 L/min aerosol-in and monodispersedflmwts and a 13
L/min sheath flow, as in Glasoe et al. (2015).

For a few experiments, ammonia or dimethylamindrase gases were added through a port at the tdpeoflow
reactor. A discussion of their mixing into the mdlow is presented in the Supplement (S7.1). Tleurces were
permeation tubes, and 100s or single-digit pptelewcould be set by either a single- or a douldgest respectively,
dynamic dilution system (Freshour et al. 2014; Gdast al. 2015). Ammonia was used in the sindlatidn system and
dimethylamine was dedicated for use in the doublgidn system. Permeation rates were determirezibgically by re-

directing the base-laden flow through an acidicisoh and monitoring the change in pH over timesfiour et al., 2014).

2.1 Model

The 2-dimensional model of the flow reactor incagimg the photochemical kinetics 0$$0, formation was built on a
previous model of acid-base molecular cluster faimnawhich was fully corroborated against a comnarcomputational
fluid dynamics simulation (Hanson et al. 2017). eTflow profile can be set to either plug or fullgweloped laminar, the
formation of clusters with up to ten,§O, and ten base molecules can be simulated. If swedk clusters larger than ten
H,SO, molecules can be simulated using a growth-onlyhaerism. Note that clusters without a base mole@peesent a
weighted average of the binary30,-H,O thermodynamics for a given relative humidity. eTdetailed photochemistry in
our experiment includes the production of OH, &aations with S@as well as with HQ NO, NO,, HONO, HNQ, H,0,
etc. The rate coefficients and mechanisms arespted in the Supplement (S7, Table S1). The awidbase species and
all molecular clusters as well as OH are lost towialls limited only by diffusion.

The model reacts, convects and diffuses all re&etmd products and yields the abundance,8Qgand its molecular
clusters, the largest clusters are then correletdédde abundance of experimentally determined glagi(Panta et al. 2012;
Hanson et al. 2017). Coagulation was not implepginbecause cluster-cluster interactions are goifgiant for most of
the conditions of the present work. Water molesalee not explicitly tracked but hydration is taketo when calculating
the collisional rate coefficient and the size af tusters, assuming bulk properties. Increasesnnputational times can be
significant when large clusters are simulated usireggrowth-only mode, e.g. a factor of eight fddimg clusters up to 250

H,SO, molecules compared to stopping growth at the 1@, & base cluster. Yet it is desirable to simulaéry large
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clusters via uptake of 430, assuming no loss to compare results to measuredstributions. Further analysis of cluster
growth and loss processes, including growth-only dtusters larger than 10,80, molecules, is presented in the
Supplement (S1.3).

Ammonia or dimethyl amine could be included atacér level with the flow entering the simulated teaevhereupon
acid-base clustering and particle formation comregfmote that base is lost to the wall, limited lifjudion). The model
assumes rapid mixing of base into the main flowustification for this is presented in the Suppleméi7.1). The
photochemistry is described in detail in the Supyaet (S7) and the acid-base clustering reactiomsl@scribed in detail in
Hanson et al. (2017) along with thermodynamic sa®for clusters of the bases with sulfuric aci¢hesne DMA | from
that work was used here while a new cluster thegmanhics scheme for the ammonia-added experimergsieseloped for
NH3-H,SGQ, clusters at 52 % relative humidity (see S8).

3 Results and Discussion
3.1 Particle formation evaluation.

The stability of particle formation conditions oveeveral months is demonstrated by presenting tinebar and the
average size of particles for baseline conditiolmsthe next section, the modeled photochemistrybftseline conditions is
presented to provide baseline sulfuric acid comeéinns within PhoFR and we discuss how the siatridutions were
analyzed. In subsequent sections, these analgisates will be applied to the results of experitsavhere reactant levels
were varied. In the Supplement (S1.0) is a typiicaé series of the raw data (the count rates &chechannel) and a table
with the overall correction factors.

Shown in Figure 2 are (a) the total particle numbensity, N, and (b) so-called “leading-edge” (see S1.1 in the
Supplement) mode diameters over a 6 month periodseline conditions: 52 % relative humidity (RB6 K, total flow
of 2.9 sLpm, and a flow of Nthrough the HONO source,,0f 4.2 sccm. The data were binned accordindpeoflow of
the SQ mixture, Q, either 4 sccm or > 16 sccm. The abundance of B@N20 ppbv and SQAs either 2 ppmv or > 8
ppmv. Shown in the Supplement (S1.2) are reprateatparticle size distributions - corrected faresdependent diffusion
losses in CPC transport and inlet lines, wWés determined by summing the particle conceofmativith [y of ~2.4 nm and
larger because the two smallest diameter concanigatare the local minimum for most of the sizetrdisitions.
Furthermore, these small diameter data can hage lemdom uncertainties due to large correctiomdiexpto low count
rates. Discussed in the Supplement (S4) are gessiirces of the scatter in the data.

Note the data presented as gold diamonds: thed¥,dtew SG,) on the day of, and the day after, a gas supfinasr
change-over. This event could be due to entraihmidust particles into the supply lines. Nothiiige this happened on
the five other cylinder change-overs that occudedng this time interval. What is different abahis cylinder exchange is
not known. The effects are temporary as a 90 %edse in j occurred in a few hours, an additional 70 % dropuored

overnight and a day later,Ns within the upper range of the scatter for basetonditions.
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The measured size distributions are governed byntieeplay between the spatial distribution oL, §@,], whether base
is added, and the nature of potential contamingeties. For example, small- and mid-sized pagigeobably form
somewhat downstream of the top of the reactor vasetbe largest particles at the leading edge ofdibiibutions are
formed near the top of the reactor. The largesighes must originate at the top of the react@vihg the highest overall
exposure to kB0O,. These so-called leading-edge particles areatesfof our analysis.

The leading-edge particles are greatly enhanced wlase was added, whether ammonia or dimethylaminghese
cases, the leading-edge particles are prominetiteirdistributions and are described by log-nornis¢® the distributions
presented below). The leading-edge volume-meametexrs for the added-base experiments are simoildrose of the no-
added base distributions. So we propose thaetding-edge particles are indicative of the nueatonditions at the top
of PhoFR. In the Supplement (S1.1) is more disonsef the leading-edge mode of the particle simributions and
supporting results from the simulation (S1.2: platsnodeled distributions with and without added4NH

The high SQ data (Fig. 2a) exhibits anyNhat averages about 216m° since late February; also the leading edge of
the size distributions (Fig. 2b), fit to log-nornfahctions, indicate mode diameters of about 6 rith o values of ~0.35.
The large drop in Non the 23rd of February is due to a Teflon mestna@onically cleaned and soaked overnight in atelil
sulfuric acid solution) placed between the conetaedlow reactor. The edges of the Teflon mesmfthe gap of the glass
joint without disturbing the Teflon-encapsulatedimg. The mesh was installed because flow visatibn experiments,
similar to those described in Ball et al. (199@Vealed extensive back-streaming into the coneckBaeaming can carry
H,SO, from the illuminated section into the cone toiaii nucleation there. With the Teflon mesh incplea trend in N
with time cannot be discerned in Fig. 2a. Simjlaktading-edge mode diameters indicate thaidroughly constant over
the time period Feb 24 to Jun 20 (Fig. 2b).

While the effects on N(Fig. 2a) due to the addition of the mesh aredathe effects on mode diameter are less
pronounced. On the other hand, there is a fivekvgegiod beginning the middle of April 2018 thatshmode diameters
about 1 nm larger than those during the precedmiyfallowing time periods. What was different abthis time period is
not known however potential changes in flow paeand variations in room temperature are poteetiplanations.

Since changes in Dare small or negligible, the growth conditionsHhoFR must be stable during this 5-month time
period. The cumulative exposure of particles t&®, as they travel down PhoFR is constant, indicativeg the UV flux
and reactant concentrations are also. The owasdlility in N, during this time also indicates that the puritytled system is
stable. Variations in Nmight have been influenced by changes in poteatiataminants, yet the HCI source for the HONO
generator is temperature-sensitive and flow padteem be influenced by temperature variations efrtbn-thermoregulated
sections of the flow reactor. An expected incraasdeanliness over time, due to acid buildingampsurfaces and binding

potential base-emitting contaminants, is not exédin the data.
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3.1.1 Simulated reactant distributions

Shown in Fig. 3 are simulated centerline conceiotnatof the gas-phase species and two moleculatetks In order of
abundance at the end of the reactor on the left &E50,, NO,, NO, HG,, H,O,, HO,NO, and NH; and on the right axis,
OH, (H,SOy), and 16 times the (HSOy)q, cluster abundance. This simulation was performitd [HONO] = 5.2x18* cm
% simulating an experiment with,G 4.2 sccm. These conditions are close to thosthé data depicted in Fig. 2 with the
simulation being strictly binary nucleation.

Sulfuric acid rises steadily and reaches 1.3%tén* by the end of the lighted section that extendsffdto 110 cm.
The downstream section of the reactor with the dsgjlsulfuric acid level is where particles achiewest of their growth:
over the bottom 2/3 of PhoFR, an axial distancéd®to 125 cm, [SO,] averages about 8xi@m?® We partition the
reactor into a top third and a bottom two thirddthough somewhat arbitrary, it provides a poinvaw for discussing the
experimental results. Furthermore, this pointiefwis congruent with the experimental finding thdarge particle mode at
the leading edge of the size distributions is disitéde, especially so when base was added. Sowgthclusters are formed
and particles are nucleated along the length ofehetor, we seek to explain only the largest efith

With this perspective, we can calculate from bulkperties the growth of the leading-edge partides to their
accumulating BSO, and HO (assuming no evaporation) as they traverse thwrho2/3 of the flow reactor. Using
centerline values, an increase in particle diametet.8 nm is estimated as they travel from 4028 tm, using the bulk
approximation to calculate the increase in diam@terheggen and Mozurkewich, 2002; Wexler and Cl@f®2). This is
in accord with the leading-edge mode diametersgn Z of about 6 nm, considering that nascentiglast are roughly 1.3
nm in diameter; using bulk properties for the 4dadiuster assuming it is large enough for evaponato be negligible.
There is also a 0.3 nm difference between mobdity volume/mass diameters (Larriba et al. 201¢jusTmodeled kSO,
on-axis concentrations and residence time alonig thi#¢ assumption of bulk properties for the smaittiples is an adequate
starting point for discussing growth in this expeznt.

Growth was also explored with the model and sinedagparticle size distributions (Supplement, S1ig. 57.1) are
consistent with the growth calculation in the paing paragraph. The simulated clusters were grimwundreds of 5580,
molecules using growth-only for clusters largemti® HSO, molecules. The ammonia-added simulations show. &fD
about 4 nm (Fig. S1.3.1b) and 6 nm (Fig. S7.1YJor 2.1 and 4.2 sccm, respectively. These modeeatenmare consistent
with the bulk-properties growth analysis.

The added-base simulations also provide informatiomucleation near the top of the reactor. Thal ahstribution of
critical clusters, assumed to contain 4S8, molecules, and those just larger reach a steadg Bl about 40 cm (Fig.
S1.3.2) while very few of the 20 and largeiS8, clusters have yet formed. Nucleation in the tapltof the flow reactor is
important and heavily influences the large partitiede when base is present. Downstream regiorisitmatie mid-sized
particles that influence the shape of the simulgtadicle size distributions; this can be seenimaty, added-dimethylamine

and added-ammonia simulations that are compare@ys S1.3.1c. Nonetheless, these simulationsastipgpartitioning of
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the reactor as a rhetorical tool for discussing tesults and for drawing broad conclusions aboet phesence of

contaminants in this region.

3.2 Variation of N, with [reactant]
3.2.1 Dependence on HONO

Shown in Fig. 4a are \rs. Q, the flow through the HONO source while the otfesrctants were held constant: 296 K,
52 % RH, SQat 8 ppmv or higher. The data are primarily measents without added base (black squares) buetuts
from two runs where base was added are also shdwg. 4b are typical size distributions for measoueats at Q = 4.2
sccm for experiments with and without added baSeveral more representative size distributions ametion of Q are
shown in the Supplement (S1.2).

The N, flow through the HONO source,,ds a proxy for HONO abundance and thus sulfucid.aThe variation of the
volume-mean diameter of the leading-edge mode @iths presented in the Supplement (Fig. S1.2.2) atice size
scales approximately linearly with,QThis suggests that particles are exposed tadipéncreasing amounts of,H0O, over
this range of @ This data supports the@s-proxy notion that $$0, levels are proportional to the HONO concentration
PhoFR which is set by the nitrogen flow,J@hrough the HONO source.

The nominally binary Nhas a power-dependence on @ about 4 (dashed line) which is also the casetlfe NH;
added (230 pptv) data. For ammonia added atefii there is only a modest effect op W qualitative finding that is not
congruent with recent experimental work (Kirteraket2016; Glasoe et al. 2015). For added dimethiyla at ~ 2 pptv,
however, there is a large effect op &hd on its dependence on, Qonsistent with other experimental work (e.g. Bk et
al.; Almeida et al. 2013). More results and distms of the added-base experiments are presented.be

A power dependence of 5 for,dn H,SO, was exhibited for the }$0,-H,0 binary system (Zollner et al. 2012) which is
somewhat larger than that exhibited in Fig. 4bpothulk experiments have power dependencies &OHthat range up to
~20 (Wyslouzil et al. 1991; Viisanen et al. 199Net the CLOUD experiment (Klrten et al. 2016),0algith photolytic
generation of K50, shows a power dependency of 3.7 at 292 K feB[Bj] concentrations from 3x£@o 1.5x16 cm®. An
ammonia-contaminant abundance of 4 pptv was stategply to those results. Experimental resultgGe et al. 2015;
Almeida et al. 2013) indicate power dependenciesls80, are significantly affected when a base is presemtaborating

the assertion that our nominally pure results vedfected by the presence of an impurity base comgou

3.2.2 Effects of added ammonia and dimethylamine.

When base was added to PhoFR, its mixing ratio caé=ulated assuming it has fully mixed and theraddoss to the
wall. There is wall loss in the experiment and imixof the base into the main flow takes an amaditime. Nonetheless,

these mixing ratios are convenient for discussioe they are directly linked to the flow of addedséa Care needs to be
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taken using these mixing ratios when comparingréseilts with simulations and other experimentse e Supplement
(S3.1 and S7.1) for more on base mixing into thevfl

With data for nominally clean conditions for comigan, the effect of 230 pptv Ntbn the large particle abundance is
significant in Fig. 4a, about a factor of 5, a tadhat does not significantly depend on the lefdHONO and thus k80,
present in the flow reactor. The experimental siztributions (e.g. red triangles in Fig. 4b) rava more distinct and
larger leading edge mode than the nominally putae.d®&Ilots of [ as HONO was varied are presented in the Supplement
(S3.1) and the effect of added B4 a ~20% increase in D The shift in the distributions to slightly larggizes is due to
enhanced particle formation in the top third of tleev reactor, shifting upstream the peak nucleatimtes compared to that
in the absence of added BIHThis is supported by the simulated size distiins shown in the Supplement (S1.3) where
the leading-edge of the size distributions becomee distinct when ammonia is added to the sinutat{Figs. S1.3.1).

Previous work has shown large increases jnNen ammonia was added to a (nominally clean)riisalfuric acid-
water nucleating system. At,80, concentrations of a few times *16m?®, Ball et al. (1999), Zollner et al. (2012), and
Glasoe et al. (2015) observed factors of 10-to-16A000, and 10for ammonia levels of a few pptv, 25 pptv, andpffv,
respectively. Also, Kirten et al. (2016) showedttparticle production in the CLOUD experiment gased by about a
factor of 100 upon addition of several hundred ppk at 292 K and [HSO;] of 1.5-2.2x18 cm®: this factor may have
been even larger if the nominally binary system naisaffected by a purported 4 pptv ammonia contamti. We think that
the presence of a contaminant in our nominally poeasurements is responsible for the low enhandeiaetors in particle
numbers when 100s of pptv Nldre added. There will be more discussion onkibisw.

Dimethylamine addition at 2 pptv (+100/-50%) hathaye effect on the number of particles (blue eis¢lFig. 4a) and
even the smallest particles (mobility diameter af Am) increased by about 2 orders of magnitudg. @). Nonetheless,
the leading edge of the distributions is clearky ttominant mode for these conditions. It is irgéng that the shape of the
distributions is similar to the nominally binaryses (black diamonds, Fig. 4b). The SupplementjS§8esents additional
measured size distributions for the dimethylamiddeal experiments.

It is notable that Nis not particularly sensitive to,80, above Q= 2.7 sccm. Model results also indicate a lepbiff
in the calculated Nas Q increases (see section 3.3 below) which appedrs thue to scavenging of the amine by particles.
Nonetheless, it appears that the potential contamifor the nominally binary experiments is a mless effective nucleator
than dimethylamine is at a level of 2 pptv.

Since effects due to adding dimethylamine at thglsidigit pptv level are large, it would be debisato experimentally
investigate amine additions at lower levels. With current dynamic dilution system, base additibfevels lower than a
few pptv are swamped by the precision uncertaimthé flow meter readings. More results from thgpes of experiments
await further improvement in the dimethylamine dety system. Another alternative is exploring dtiods where

nucleation is expected to slow such as at lovadl/or at temperatures warmer than 296 K.
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3.2.2.1 Variation of N, with added base.

Shown in Fig. 5 are the total number of particlésttpd as a function of added ammonia level foixad amount of
HONO either Q = 2.1 (yellow) or 4.2 (red) sccm. The open sgsiaepresent the range of data obtained for nonginall
binary conditions (without added base). Theresigaificant effects on Ndue to the addition of NiHat the top of the
reactor, over a factor of ten for both sets of data

At large NH; exposures (high levels and/or prolonged additjpau}icle counts increased dramatically with expesur
time, indicating a conditioning of the flow reactarall. This is demonstrated in the Supplement (88}t presents
measurements on days when 2000 ppty Mels added. The 2000 pptv MHata in Fig. 5 were taken soon after ammonia
introduction, minimizing the effects of high ammamxposure.

The large variability of the Niidata in Fig. 5 mirrors the underlying variabilityN, without added N (Fig. 4a). Yet,
within the scatter of the measurements the depeedenN, upon NH is smaller than the 1.6 power dependence found in
the bulk-source experiments of Glasoe et al. (20¥5klose to linear dependence on ammonia carsberimined from the
results of other photolytic $$0, production experiments: the flow reactor experitaesf Benson et al. (2009, 2011) and
Berndt et al. (2010), and the 292 K CLOUD chambgregimental results (Kurten et al. 2016; Kirkbyaét2011). On the
other hand, the 292 K ACDC theoretical ammoniatsidfacid nucleation rates predict a power depecel@m ammonia of
between 2 and 3, depending on conditions (Kurtexh. &016).

Simulated N as a function of added ammonia is shown in Figné they are roughly in accord with the experimenta
data. The major discrepancy is at low added; MHere simulated Nis significantly lower than experimental.N The
presence of a contaminant that influences the é@xpetal N, particularly at low ammonia levels, can contribtiv this
discrepancy. At high NH levels, the effect of the contaminant was assureede diminished and the cluster
thermodynamics were adjusted so that simulatiortstmed experiment. Thus the experimental dataat Q2 sccm with
ammonia> 500 pptv guided the development of thgSBy-NH; cluster thermodynamics used in these simulatisase the
Supplement S8). We do not seek to establish tharacy of the cluster thermodynamics but instegih@nomenological
description of the results: the MH,SO, thermodynamics developed and used here are phendogeal.

Incomplete agreement across the full range of thegmt experimental results can also be due intpat inadequate
representation of the actual flow and the mixingbake into the flow in the simulations, howeveis tivould not be
expected to depend on the amount of added-ammowia @, (see Supplement S7.1 for more on base mixingthedlow.)
Small changes to a few cluster free energies,2ZLkmal/mol, can significantly alter predicteg.N

For ammonia levels greater than a few hundred pipiw,set of thermodynamics (labeled NH3_52) yiedusulated Iy
that varies with NHto the 1.6 power for £ 4.2 sccm conditions and Nltb the 1.9 power for the £2.1 sccm conditions.
Since the dependencies on Nidr these simulations and those of the theoreA&GIDC rates (Kurten et al. 2016) are greater
than is exhibited in the present and previous wWBdnson et al. 2011; Berndt et al., 2010; KirtealeR016; Kirkby et al.

2011), there may be a commonality across this Sekjerimental work: that contaminants affected nbeninally binary
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measurements. The low dependence of particle tivmeate on ammonia (or low ‘enhancement facterg. Benson et al.,
2011) exhibited in previous work (Benson et al. ZOBerndt et al. 2010; Kirkby et al. 2011; Kirtenaé 2016) may have
been due in part to the influence of contaminaitssaturation effect’ at high ammonia levels masoaact to limit (Kirkby
et al. 2011) the ammonia dependence of the nuctesdte. Yet there is congruence of results frdewaof the experiments
at high ammonia conditions (see 3.4.1 below.)

The added-dimethylamine data in Fig. 5 show thatedliylamine has a very large effect op, I8 to 3 orders of
magnitude (Q = 2.1 sccm for this data). There is a low depangeon dimethylamine abundance wherg $dales
approximately linearly with amine mixing ratio. nSilations using DMA _| thermodynamics (Hanson et28l17) are also
shown in Fig. 5 and simulated, Nnimic fairly well the experimental Nand its variation with dimethylamine, except
perhaps at 30 pptv dimethylamine where simulatgdsrsxld cmi®. Coagulation would reduce simulated ddnsiderably:
with a coagulation rate coefficient of 2x1@m’s, an N of 3x10 cm® results in a coagulation rate of 2X8x10)* =
2x1¢° cm® s’ In just five seconds, a third of the simulatedticles can coagulate. This rough estimate suggestgulation
is important for those conditions and the effectudti be properly evaluated in the simulations.

The dimethylamine results presented in Figs. 45ade small sets of data and for Fig. 4 dimethytemvas added at a
level that challenges the lower range of the dywadiiution system. Nonetheless, the thermodynasolteme DMA _|
yields cluster concentrations that are consistetit the measured Nand its trends with dimethylamine level. Since th
thermodynamics scheme DMA_| (Hanson et al. 2017 developed by comparing to the dimethylamin&®, data of
Glasoe et al. (2015), the present data and theoGlas al. dimethylamine results are tied togethea isemi-quantitative

sense.

3.2.3 Water variation and addition of dimethyl amire..

Shown in Fig. 6 as filled squares are measurgdsNhumidity, calculated from the flow rate of themidified nitrogen.
Total flow rate, HONO, and SOevels were kept constant; the humidified floweratas varied from 0.5 to 2.4 sLpm.
Although the overall data is phenomenologically angntial (the solid line in the figure), over lieit ranges the data
exhibits power dependencies on RH of between 46and strong dependence of the number of particteRH is expected
for the binary sulfuric acid water nucleating systeand the power dependence here lies at the lahwoémange (5-to-9)
reported by Zollner et al. (2012). A plot of theesof the leading edge mode vs. humidity is presgbin the Supplement
(Fig. S1.2.2b).

A set of data with 2-to-5 pptv dimethylamine addgedhown as the diamonds (filled and open afe4Q@ and 2.1 sccm,
respectively). There is much less water dependgapproximately linear) when dimethylamine is preshich is
consistent with theoretical notions (Almeida et2013; Henschel et al. 2016) that dimethylamin&®, clusters are not
particularly sensitive to ¥0. This postulate has also been elucidated inrakwéher publications (e.g. Kurten et al. 2008;
Coffman and Hegg, 1995). The data indicates tineag be a slightly higher sensitivity to water vamdrthe low Q

conditions. A complicating factor in fully intergting this data is that the steady-stap&®, abundance (the monomer and
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all its hydrates) changes with RH because its diveiffusivity changes about 10 % as RH varies fréBhto 80 % (Hanson
and Eisele, 2000.) More experimental work is ndadehis interesting system.

Supposing there are dimethylamine-type base contmts in the putatively base-free experiments dssd¢juares), it
clearly does not reach the single digit pptv lefegl baseline 52 % RH conditions. Indeed, simulgbedticle number
densities with a level of 0.005 pptv dimethylamérgering the flow reactor were consistent with 5286 RH, Q=4.2 sccm
results (see section 3.3 below). A set of simofetiwere run from 0.005 up to 2 pptv dimethylamamel predicted |N
scaled linearly with base level. At the 2 pptvekwan N, of about 10 cm® was predicted while experimental, i$ 3x10

3

cmi®. Note that an Nat the 16 cm® level will be significantly affected by coagulatiovhich is not captured in the

simulations.

3.2.4 SQ.

Particle size and number density were found to dem® SQ abundance. Shown in Fig. 7 ig ¥. the flow rate of the
SO, mixture, Q. HONO source flow rate Qwas 4.2 sccm for this data. Despite its scatter,data show the SQevel
affects both the number of large particles and tsiee, Oy . (Shown in Fig. S1.2.2c): both increase with j5&nd begin to
level-off at high [S@]. This qualitative behavior is expected as at B® abundance not all of the OH will react with SO
and above a certain level there should not be rmmte of an effect with increases in SOroung et al. (2008) also report a
stronger-than-expected dependence of their resnlQ abundance.

A set of simulations that includes a reaction betwklQ, and SQ is shown as the solid line in Fig. 7. Note thag\ael
of 200 pptv of NH entering the flow reactor was included. The ekpental results show increases with ;Sat are
roughly in line with the model simulations. Withdhis reaction the model shows (the dashed linggimsmaller increases
in N, (40 % vs. 250 % with the reaction) and in sizg(H1.2.2c, 10% vs. 20% with the reaction) as BCreases from 2 to
16 pptv.

The simulation assumed a value of 3x1@nT/s for kiopesoa There is disagreement whether H®acts with SQas
well as potential end products (Chen et al. 2014rtéh et al. 2011); we assumed3dd, and OH. Experimental values for
this rate coefficient range from upper limits oftOX® cni/s (Graham et al. 1979) and 2x1@nt/s (Burrows et al. 1979), to
a value of 8x18° cnt/s (Payne et al. 1973). A heterogeneous reactionrdng in the particles involving S@vould help

explain the dependence of 2 on SQ abundance (Fig. S1.2.2c) while leavingusdisturbed.

3.3 Characteristics of a potential contaminant

Shown in Fig. 8 are the experimentg} & a function of HONO from Fig. 4a along with mbdenulated N. The
simulations were run for NHat 0 and 200 pptv using NH3_52 thermodynamicsfandimethylamine at 0.005 pptv using
DMA_| thermodynamics (Hanson et al. 2017). Theesipental data is for nominally-clean conditions.

The simulations with Nklat 200 pptv yield N similar to the experimental and furthermore dep@otks upon HONO

align with experimental dependencies. The powartidieator dimethylamine entering the flow reaetbb ppqv (1.2 x10
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cm®) also yields a simulated pNat Q = 4.2 sccm close to the experimental & about 2.5x1bcm®  The variation of
predicted N with HONO, however, is disparate from the experitatvariation, where the simulateq, Mvels off at high
values of Q. This leveling off is due, at least in part, teimple number limitation: the largest simulate,giN4xld cm?®
which is about one third of the number density mhethylamine molecules introduced. A strict limibuld be reached
depending on how many dimethylamine molecules aresdch particle. Nonetheless, the simulations estgghe
contaminant acts more like ammonia than dimethylami

While the presence of 200 pptv ammonia is condisigin the experimental )\ methylamine has comparable power
dependencies on acid. These are plotted as tipdepeircles in Fig. 8 where the methylamine nudteatates were taken
from the expression in Table S2 of Glasoe et &15} and a 4 s nucleation time was applied. Sinisesignificantly less
powerful than dimethylamine, a larger abundanc@.5fpptv is needed to give,domparable to the experiment and the full
range of Qis covered, assuming scavenging of methylaminelisters would be minimal. An impurity with an alolance
of a fraction of a pptv may last a long time duatow evaporation rate. These considerations dvmake methylamine (or
perhaps another primary amine) a suitable candiftate potential gas-phase base contaminant in RhoBf course,
whether the contaminant is ammonia or methylamiore perhaps a combination) cannot be determinechiat time.
However, it appears that studying the primary asiweuld be interesting in this context as well @sunderstanding their

effects on sulfuric acid nucleation rates. The@eiment (S9) presents some more discussion orffdeseof SQ.

3.4 Comparison to previous results.

A number of previous results are compiled alonghvitie present measurements in Fig. 9 for nominadige-free
conditions. The present results are assignedithelated BSO, value in the center of the reactor and at 30 cm the
illuminated region. The nucleation rate J was iatkebe 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 hanith base added
intentionally, significant nucleation may also ocaquthe 0 to 20 cm region where base abundanbigls Uncertainties in
J are probably on the order of a factor of 2. Utadety in H,SO, is about a factor of two, based on the calculatddes at
15 and 60 cm, which are -49 and +106 %, resp., ft@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 cme 8& Supplement for radial profiles of$0, (Fig. S1.3.3).

The experimental data in Fig. 9 were taken ovarge of temperatures, 288 to 300 K, and relativeitiities, 2.3 to 75
% RH; conditions indicated in the legend. The pnesesults extrapolate to rates that are in fgie@ament with Benson et
al. 2009 and much of the CLOUD data set (Kirkbyalet2011; Kirten et al. 2016) except for the 40 ¢4 & 298 K data.
The bulk-source kSO, 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°Riépendency. The difference between the bulk-goant present photolytic
H,SQ, is about 4 orders of magnitude; the Kirten e{2016) 40 % RH data is closest to this set of lldta, within about

two orders of magnitude.
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There is apparent agreement of several data setd,80, concentrations of foto 16 cm® our lowest J (and the
extrapolation of our data, dotted line), Yu et(@017), Benson et al. (2009), Kirten et al. (20468) Kirkby et al. (2012)
but it is complicated by the wide range of relatiuamidities: 2.3 % RH up to 75 % RH. The data oluxg et al. (2008)
suggests a very low contamination level howeverettage unresolved issues in measuresS{d]] ( see the factor of ten
disparity in their Fig. 5). Lack of experimentalat®r dependencies and assessment of base-levelss niakwing
conclusions from these comparisons fraught witffiadity. Nonetheless, it is interesting that thepdndencies of J on
sulfuric acid level are similar in many of thesediés. This suggests there is an underlying siityilan particle formation
conditions such as contaminant identity and levdii¢h seems unlikely) or the critical cluster's3@y-content is not

particularly sensitive to the type or abundancthefcontaminant.

3.4.1 Comparison of nucleation rates for added amnmia

Plotted in Fig. 10 are nucleation rates vs. ammahiandance for measurements at lowg@], 5x10" and 1.5x18&cm?,
and temperatures between 288 and 293 K. Alsogulaite predictions according to the present dateyuke box-model
and methodology presented in Hanson et al. (20TRg experimental data from the CLOUD project {6225 K were taken
from Dunne et al. (2017) and were also presentedinyen et al. (2016). The Benson et al. (20091120wvork was
performed at 288 K and significant extrapolation rafcleation rates were applied to get comparabléurgu acid
concentrations (see the caption). The Berndt. €Rall1) work was performed at 293 K and extrajpatatvas needed to get
comparison rates for the 1.5X%16m° [H,SOy] conditions.

The model predictions using the NH3_52 thermodycandeveloped here gives rates that are congruett tive
CLOUD data and with Berndt et al. (2011) while NH&hermodynamics (calculated only for {80, = 1.5x1¢ cm?®) gives
rates too high by two-to-three orders of magnitudé-3_1 is a set of ammonia-sulfuric acid thermoayics derived in
Hanson et al. (2017) that skirted the lower linfitlee Glasoe et al. (2015) ammonia data set. Bessal. (2009, 2011) is
quite disparate and a temperate correction woudsele the discrepancy for the set of data at theHg®0, but it would
worsen it at the higherJ30,.

With the box-model predictions using NH3_52 therymamics serving as a bridge, the present ammorniaeadata
agrees with both the CLOUD data (Kiirten et al.,@@unne et al. 2017) and the Berndt et al. (2@Et®. Since the box-
model rates using NH3_| thermodynamics (Hanson.e2Q17) are much too high, we can conclude that@Ghasoe et al.
(2015) ammonia data set it was based on does ne¢ agth the present measurements. Recently, Ki2@19) concluded
that the NH3_II (stronger binding than NH3_|) thexgnamics of Hanson et al. (2017) yields nucleatates much higher

than the CLOUD measurements.
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4 Summary

We presented a new experimental apparatus for isigigharticle formation involving photolytically-fared HSO, vapor
and results show the system is reproducible angorets to changes in water, HONO and, ®0ncentrations largely as
expected. Modeled particle formation rates cowddnitade congruous with experimental observationsblyding either
dimethylamine at a level of 5xT®mole fraction or NHat a level of ~2x18° mole fraction. Also, the dependence [e}{0) ]
SO, level was best explained by a reaction between BH@ SQ that yields (ultimately) k50, and OH with a rate
coefficient of 3x10" cnts.

Comparison of the present results to other phatoltSO, experiments yields several suppositions. Theierdjence
from the bulk-source data of Zollner et al. (20%a@ygests these experiments are not clean enougbr dinely are subject to
an unknown reaction or photochemistry. The sintilasf the present results to those of Benson .e24l09), Kirkby et al.
(2011), Kirten et al. (2016) and Yu et al. (201dygests a common element that affects nucleatigorgewhat bulk-
source HSO, experiments reveal. The outlier results of Beetdil. (2010, 2014) and Benson et al. (2011) nuffeisfrom
relatively high level of contaminants: Berndt et @014) suggested that a pptv-level of amine ctalde been present in
their experiment. As can be seen in Fig. 9, tieseremarkable agreement of thgSi8y, power dependencies for Kirkby et
al. (2011), Yu et al. (2017), and the present tssurhis may be due to a similarly-sized criticlister across these studies.

Side products from photolytic generation 03, that enhance nucleation were suggested by Betndt €2008),
however, Sipila et al. (2010) found no differenevieen nucleation rates whethesS, was produced photolytically or
taken from a bulk source. Yet much of the Siptléle (2010) photolytic nucleation rates are margees of magnitude too
high for the putative binary system (see Fig. 9 parnmg the present results, the Zollner et al. 220iulk-liquid data, Yu et
al. (2017) and results from the CLOUD experimeritkBy et al.(2011), Kurten et al. (2016).) Witretlexception of their
bulk 298 K 30% RH results, the Sipila et al. (20#@}a largely overlap the Benson et al. (2011) Bechdt et al. (2014)
data and probably also suffer from amine contantganthe pptv-level.

The total particle number strongly depended ortikeldhumidity with RH and RH power relationships over RH ranges
of 15 to 35 % and 40 to 77%, respectively. The ODX298 K results (Kirten et al., 2016) show a podependency of 4
on RH from 40 to 75 % at 298 K in rough agreemieitit the present results. Yu et al. (2017) repoetedicleation rate that
depended linearly on RH that seems to be out efliith these other data sets.

The weak dependence of Nn added Nkl near room temperature, also reflected in a feverostudies (Kirkby et al.
2011; Kirten et al. 2016, Benson et al., 2011)prisbably due to a contaminant that overwhelms anmrimauced
nucleation, especially at low levels of added amiaome surmised that a contaminant in our systenot consistent with
dimethylamine but is consistent with a few hundpgatv of ammonia; alternatively, we postulated tBab pptv of
methylamine could also be responsible.

The model simulations with Nf-H,SQ, thermodynamic schemes NH3_| and, because itaagér, NH3_Il (Hanson et

al. 2017), result in Nthat greatly exceed the present experimentalteesullith the simulations serving as a bridge betwe
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these two experiments, we conclude that the presgrdrimental data and the Glasoe et al. (2015-N$O, results do not
agree. Glasoe et al. (2015) noted that theig-NEEO, nucleation rates were much higher than those dfeBal. (1999)
and Zollner et al. (2012), but with the presenultssas a backdrop the Glasoe et al. criticism¢hofe two studies are
blunted. In hindsight we postulate an avenue foamine contamination in the Glasoe et al. (20h%)nania experiments:
several amino-compounds were studied in successing the same dynamic dilution system. Since anienwas used
between amines, holdover of the amine is possibi even small levels would significantly boost et numbers,
compromising the ammonia-sulfuric acid system mesmants. Note that in the present experimentapséhere were two
dynamic dilution systems, one dedicated for ammanihone for dimethylamine.

Additions of dimethylamine resulted in large abumgks of particles which limited the range of coiodis we were able
to study. The number densities are such that aehwith proper treatments of coagulation and clustkister collisions is
needed to fully interpret the results. Nonetheldss experimental results are in decent agreemintmodel simulations
using the thermodynamic scheme (DMA_|, Hanson g28l17) that best captured the Glasoe et al. (ROibdethylamine-
H,SO, experimental results. We found low RH dependenegiben dimethylamine was added, in line with exgptmhs.
Note the details of this preliminary finding needrther work: (i) RH affects the steady-state sutfuacid and (i)
coagulation effects need to be properly evaluated.

Atmospheric implications of the present work ar@afualitative nature. The current work suggdss mucleation rates
in the NH-H,SO, system for a few studies can be seen to conveugenbre measurements near room temperature are
needed to aid the development of ammonia-sulfuwiid tnermodynamics (e.g. this work, Hanson et @L72 Kurten, 2019).
We concluded that the experimental nucleation ratehkis system from Glasoe et al. (2015) are didaot. On the other
hand, as alluded to in the previous paragraphctineent work is consistent with the Glasoe et 2016) dimethylamine-
H,SO, results. Also, the much-predicted low RH depegiefor dimethylamine-650, nucleation finds experimental
corroboration here. Finally, even if the reactwhnHO, with SO, occurs with a rate coefficient of 1x30cn? s, it is
probably an insignificant source of atmosphericrbygll radicals and oxidized sulfur compounds.

In the future, a series of measurements in the thiyf@mine-HSO, system with added dimethylamine at fractional pptv
levels and low relative humidities are planned. &é&® plan to study the relative humidity depenéesicammonia-induced
H,SO, nucleation as well as variations of temperaturdotin amine- and ammonia-addition nucleation. him lbng term,
the system developed here will be used in parfobevth studies where nm-diameter particles prepargde Glasoe et al.

(2015) apparatus are directed through PhoFR alatigtarget organic compounds.

Data availability. All data presented in this manuscript are avélély contacting the corresponding author.
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added using DMA_I thermodynamics. The purple ciroks are 0.6 pptv methylamine from Glasoe et al. (2BL Power
dependencies indicated in the plot.
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Fig. 9: Comparison of results from previous work (# photolytic H,SO, production except Zollner et al., 2012) for nominby
clean conditions. RH color-coding was applied tchie points and temperatures are indicated in the lemnd.

31



100000

B CLOUD
| M Berndt 2010 4
10000 -|-&— NH3_52
| O Benson 2009
| =%~NH3_| n
1000 -| # CLOUD
|—o— NH3_52 \ g
| ® Berndt 2010
100 Benson 2011
-
17}
o 10
£
(]
= 1
0.1 -
| >/ 292.5K
0.01 5 & [H,50,] = 5x107
‘ or 1.5x10% cm™3
0.001
10 100 1000 10000 100000

ammonia, pptv

Fig. 10. Ammonia-sulfuric acid nucleation rate vsammonia abundance. Sulfuric acid level is
5x10° cm® for the blue diamonds and 1.5x1®cm?® for the red squares. CLOUD data is from
Dunne et al.,, 292.5 K, neutral conditions. Berndtet al. (2010), 293 K, has their squared
5 dependence on [HSO,] applied which results in a division by ~30 to exapolate to the 1.5x18 cm®
conditions; no corrections needed for the 5xT0cm® data point. Benson et al. (2009) report a 4
power dependence on sulfuric acid and correction faors are 5 and divide by 16. Benson et al.
(2011) requires multiplicative factors of ~40 to exapolate to 5x10 cm? [H,SO,. Box model
nucleation rates for the two different [H,SO,] are shown for the NH3_52 thermodynamics and J
10 for the 1.5x16 cm® conditions was also predicted using NH3_| from Hason et al. (2017).
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