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ABSTRACT

Nanoparticle formation and growth driven by acid-base chemistry was investigated by introducing
gas-phase sulfuric acid (H,SO,4) with ammonia (NHs3) or dimethylamine (DMA) into a flow tube
reactor. A thermal desorption chemical lonization mass spectrometer was used to measure the size-
resolved chemical composition of H,SO,-DMA and H,SO,4- NH; nanoparticles formed under dry condi-
tions and at 60% relative humidity. In contrast with predictions for bulk aqueous systems, nanopar-
ticles showed a strong size-dependent composition gradient and did not always reach a fully
neutralized state in excess of gas-phase base. Smaller particles were more acidic, with an acid:base
ratio of 0.7+0.1 and 1.3+0.3 for 8.6 and 9.5nm H,5S0,-DMA particles formed under dry and humid
conditions, respectively, and 3.1+£0.6 and 3.4+0.3 for 7.5nm H,SO,-NH; particles formed under dry
and humid conditions, respectively. The acidity of particles generally decreased as particles grew.
H,S04,-DMA particles became fully neutralized as they grew to 14nm, but H,SO4-NHs particles at
12nm were still acidic and were never observed to reach bulk sample thermodynamic equilibrium
for the experimental conditions in this study. Thermodynamic modeling demonstrated that the
observed trends can be reproduced by modifying acid dissociation constants to minimize acid-base
chemistry, which may be caused by steric or mixing effects, and by considering volatilization of the
neutral base.
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Introduction in many NPF events (Weber et al. 1996, 1997;

Particle nucleation from gaseous precursors repre-
sents a significant source of aerosols in the atmos-
phere (Finlayson-Pitts and Pitts Jr 2000; Kulmala
et al. 2004; Seinfeld and Pandis 2006; Zhang et al.
2012). Newly formed particles can continue growing
in the atmosphere to ~100nm, at which size, they
may act as cloud condensation nuclei and thereby
impact cloud properties and lifetimes with implica-
tions for the global radiative energy balance
(Kerminen et al. 2005; Spracklen et al. 2008; Kuang
et al. 2009; Merikanto et al. 2009). Nucleation and
subsequent growth are collectively known as new
particle formation (NPF). The species involved in
NPF, and the underlying mechanisms, have been the
subjects of many studies over the past two decades.
Sulfuric acid (H,SO,) is well recognized to be critical

McMurry et al. 2000; Weber et al. 2001; Kulmala
et al. 2006; Sipilda et al. 2010). Amines and ammonia
(NH;) can bond strongly with H,SO,4 and greatly
enhance NPF (Ball et al. 1999; Korhonen et al. 1999;
Yu 2006; Kurtén et al. 2008; Benson et al. 2009;
Berndt et al. 2010; Erupe et al. 2011; Kirkby et al.
2011; Zollner et al. 2012; Almeida et al. 2013; Glasoe
et al. 2015). Recent studies suggest that organic acids
such as methanesulfonic acid (Kreidenweis et al.
1989; Wyslouzil et al. 1991; Dawson et al. 2012;
Chen et al. 2016), and highly oxidized, low-volatility
organic compounds (Donahue et al. 2013;
Schobesberger et al. 2013; Bianchi et al. 2014; Ehn
et al. 2014; Riccobono et al. 2014; Jokinen et al
2015; Bianchi et al. 2016; Trostl et al. 2016) also
play an important role in NPF.
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While both amines and NH; can enhance NPF in
the presence of H,SO,, laboratory studies and theoret-
ical calculations have shown that amines are more
effective compared to NHj due to their higher basicity
(Kurtén et al. 2008; Barsanti et al. 2009; Berndt et al.
2010; Erupe et al. 2011; Yu et al. 2012; Zollner et al.
2012; Almeida et al. 2013; Glasoe et al. 2015). Field
studies have also reported the presence of aminium
salts in ambient particles (Facchini et al. 2008; Pratt
et al. 2009; Sorooshian et al. 2009; Smith et al. 2010),
and the strong correlation between NPF and the pres-
ence of amines (Freshour et al. 2014; Jen et al. 2014;
Hemmila et al. 2018). Displacement of NH; with
amines in H,SO,-NH; clusters and particles has been
observed in laboratory studies (Bzdek et al. 2010; Qiu
et al. 2011; Liu et al. 2012), with a close-to-collision-
limited rate for small clusters (Bzdek et al. 2010).
Given that the concentration of NH; in the atmos-
phere is at least one order of magnitude higher than
that of amines (Ge et al. 2011), both amines and NH;
are expected to be important in NPF, depending on
the proximity of their emission sources. Water vapor
has also been reported to be critical during the initial
steps of NPF (Berndt et al. 2010; Erupe et al. 2011;
Loukonen et al. 2010; Zollner et al. 2012; Henschel
et al. 2014; Yu et al. 2017).

After clusters formed in the H,SO,-base system,
they can continue to grow by the formation of par-
ticle-phase ionic (and thus non-volatile) dissociated
acids and bases, condensation of H,SO, due to its
very low saturation vapor pressure, and coagulation
with existing clusters and/or particles (Kurtén et al.
2008; Chen et al. 2012; Keskinen et al. 2013; Lawler
et al. 2016; Lehtipalo et al. 2016). Although many
studies have focused on NPF in the H,SO,-base sys-
tem, only a few studies focused on the chemical com-
position of those newly formed clusters and particles
due to the challenges associated with the determin-
ation of chemical composition of clusters and nano-
meter-sized particles. Measurements of molecular
clusters that have fewer than 20 molecules in the
H,SO,-base system (corresponding to a particle diam-
eter of about 2nm) made at the Cosmics Leaving
OUtdoor Droplets (CLOUD) chamber at CERN show
a formation process involving stepwise addition of
H,SO, and base, typically in a 1:1 ratio (Kirkby et al.
2011; Almeida et al. 2013; Schobesberger et al. 2013;
Bianchi et al. 2014; Kurten et al. 2014; Schobesberger
et al. 2015). Strong acid-base interactions in these
molecular clusters drive cluster growth during the
early stages of NPF. However, in a recent study at the
CLOUD7 campaign, hygroscopicity measurements of
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H,SO,4-base particles formed in excess of dimethyl-
amine (DMA) or NHj show that particles as small as
10nm are much more hygroscopic than particles at
15nm, suggesting that the smaller particles are more
acidic in the acid-base system (Kim et al. 2016). The
acidity of newly formed particles decreases as they
grow (Kim et al. 2016). This is further confirmed by
direct measurements of the chemical composition of
those nanoparticles formed in the same experiments
using Thermal Desorption Chemical Ionization Mass
Spectrometry (TDCIMS) (Lawler et al. 2016). The for-
mation of highly acidic particles in excess of base is
not consistent with the theory for bulk aqueous sys-
tems, which predicts that bulk sample thermodynamic
equilibrium between H,SO, and base should be
reached (Lehtipalo et al. 2016). These findings demon-
strate that uncertainties remain in understanding par-
ticle growth in the H,SO,-base system.

In this study, we present chemical composition
measurements of newly formed particles in the diam-
eter range of 8-21nm in the H,5S0,-base system. We
specifically focus on size-resolved acid:base ratios of
newly formed H,SO,-base nanoparticles. The effect of
relative humidity (RH) on nanoparticle composition is
also explored. Thermodynamic modeling studies were
performed to provide possible explanations for the
experimental observations. The work provides valu-
able insights into the growth of particles after nucle-
ation from gaseous precursors.

Experiment
Experimental setup

Particles were formed by mixing gaseous H,SO, and
DMA or NH; in purified air using a flow tube reactor
fabricated from borosilicate glass as shown in
Figure 1. The flow tube measured 7.6 cm in diameter
and 100cm in length, with a total volume of 4.8L.
Three inlets were located at the upstream end for sep-
arately introducing reactants: gas-phase H,SO,, DMA
or NH;, and dry or humidified air. The inlets were
perforated to enable rapid mixing of reactant gases in
the upstream region. Particles were collected at the
downstream end of the flow tube for analysis. The
residence time of gases in the flow tube was ~1 min.

Perforated inlets Water jacket

To dew point monitor
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Figure 1. Schematic of the flow tube reactor.
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Gas flows were controlled and monitored with
mass flow controllers. Gas-phase H,SO, was generated
by passing a 1 sLpm flow of gaseous N,, generated
from the headspace of a liquid N, dewar, through a
30cm long glass saturator filled with 5ml of 96%
liquid H,SO, (Fisher Scientific). The saturator was
water jacketed to control the H,SO, temperature at
30°C. Concentrations of H,SO, in the flow tube were
calculated by assuming that gas-phase H,SO, reached
its saturation vapor pressure before exiting the satura-
tor. This assumption is supported by several experi-
mental and theoretical studies (Brus et al. 2010;
Herrmann et al. 2010; Panta et al. 2012; Zollner et al.
2012; Neitola et al. 2015). Our apparatus is identical
to that described in Zollner et al. (2012), who meas-
ured the [H,SO,] as it exited a 30°C saturator as a
function of carrier gas flow rate. They found that con-
centration varied linearly with flow rate over the range
of 0.5-1.5 sLpm, and concluded that saturation condi-
tions apply over this flow range. Neitola et al. (2015)
employed a lower carrier gas flow (0.5 sLpm) and dir-
ectly measured [H,SO,] over a broader range of tem-
peratures (0-40°C), also concluding that the carrier
gas is saturated with sulfuric acid under these condi-
tions. Gas-phase NH; and DMA were generated with
two permeation tube systems. Each consisted of a
mass flow controller that passed 0.1 sLpm of N,
through a glass tube holding a permeation tube (VICI
AG International) containing liquid NH; (Aldrich,
99.99%) or DMA (Aldrich, 99%). The permeation
tubes were both kept at 30°C to ensure constant per-
meation rates. The NH; and DMA flows were
directed into an active dilution system that mixed the
sample with purified air to achieve the desired con-
centration (Freshour et al. 2014). Concentrations of
DMA and NHj; were determined from the dilution
factor and permeation rates, the latter of which were
gravimetrically calibrated over 3-6 months. Purified
air (2.9 sLpm) was generated from the compressed
dry air with a zero air generator (Aadco, model 737-
12). Water vapor was introduced into the flow tube
by passing the dry purified air through a flask con-
taining 60 °C nanopure water (>18 MQ) followed by
a saturator. The saturator was water jacketed and
maintained at a constant temperature to control RH
in the flow tube. A dew point monitor (General
Eastern, model M3) was placed downstream of the
flow tube to measure RH.

For the H,SO,+ DMA experiments, initial concen-
trations of H,SO, and DMA were estimated to be
2.5%x 10 and 89x10°%cm™3, respectively, under
both dry and humid conditions. For the H,SO, + NH;,

experiments, initial concentrations of H,SO, and NH;
were estimated to be 1.3 x 10'® and 2.5 x 10"*cm 7,
respectively, under both dry and humid conditions.
The initial gas phase acid:base ratio was below bulk
sample thermodynamic equilibrium values of 1:2 (ie,
excess base was always present) in both H,SO, + DMA
and H,SO,+ NH; experiments. The total flow rate
through the flow tube was 4 sLpm, resulting in an aver-
age residence time of 72 s. It should be noted that add-
itional wall losses occur within the flow tube for both
H,SO, (most likely, irreversible) and base compounds
(possibly irreversible due to reactive uptake by
adsorbed H,SO,). Based on a prior study that
employed a flow tube with a similar diameter but twice
the length and twice the flow rate, with similar resi-
dence time (Brus et al. 2010), we estimate total wall
loss of H,SO, to be 50-66% of the initial concentration
over the entire length of the flow tube.

The size distribution of particles emerging from the
flow tube was measured continually with a scanning
mobility particle sizer (SMPS) consisting of a nano-dif-
ferential mobility analyzer (nano-DMA; model 3085,
TSI, Inc.) and a butanol-based ultrafine condensation
particle counter (CPC; model 3025, TSI, Inc.). The
minimum detectable diameter of the CPC, as reported
by the manufacturer for 50% detection efficiency,
is ~2.5nm.

Nanoparticle composition measurements

A TDCIMS was used to measure the size-resolved
chemical composition of newly formed particles. The
instrument has been previously described in detail
(Voisin et al. 2003; Smith et al. 2004; Lawler et al.
2014). Briefly, aerosol particles were sampled continu-
ally from the flow tube reactor at 1.5 Lpm. Particles in
the sampled flow were charged by a unipolar charger
(UPC) (Chen and Pui 1999; McMurry et al. 2009).
The charged particles were then size-selected by a
nano-DMA and collected by electrostatic deposition
onto a Pt filament. The collection potential of the fila-
ment was set to 4000 VDC. The collection time
ranged from 30-120 min, depending on the particle
concentration and collection efficiency. After collec-
tion, the Pt filament was translated into the ionization
region of the mass spectrometer, where the filament
was resistively heated under atmospheric pressure
from room temperature to ~550°C to desorb and/or
decompose particle-phase species. The volatilized mol-
ecules were ionized by chemical ionization and
detected using a high-resolution time-of-flight mass
spectrometer (HTOF; Tofwerk AG). The heating of
the Pt filament was programmed to be at constant



ambient temperature for the first 10s, ramp up to
~550°C for the next 40s, maintain at ~550°C for
15s, and then return to ambient temperature for 5s.
The timespan of the heating cycle was 70s for each
collected sample. The filament and the ionization
region were continually purged with N, to minimize
contamination. Instrument background was assessed
after each collection by performing the same proced-
ure but without applying a collection potential to the
Pt filament. The TDCIMS can operate in either posi-
tive or negative ion mode, and only one polarity can
be monitored for each collection. Base-related species
were detected in positive ion mode and H,SO,-related
species in negative ion mode. Chemical ionization
reagent ions were generated directly in the ion source
using a 219p4 source. Trace amounts of H,O and O,
in the N, flow formed (H,0),H" and (H,0),0,,
which served as reagent ions in positive and negative
ion modes (with n=1-3), respectively. All ion signals
reported were corrected for the background and nor-
malized to reagent ion abundance. The TDCIMS data
are presented as sums of background-corrected,
detected ions integrated over the whole desorption
period for each collected sample.

The TDCIMS was periodically calibrated using
laboratory-generated, 20nm diameter dimethylami-
nium sulfate (DMAS) and ammonium sulfate (AS) par-
ticles. The DMAS and AS particles were generated by
atomizing dilute DMAS and AS solutions, respectively,
using a constant output atomizer (model 3076; TSI,
Inc.). The DMAS solution was made by stoichiometric-
ally mixing DMA (Aldrich, 40wt. % in water) and
H,SO, (Fisher Scientific, 96.2%) in nanopure water.
The AS solution was made by dissolving ammonium
sulfate (Alfa Aesar, 99%) powder in nanopure water.
Acid:base ratios for particles generated during the flow
tube experiments were determined by comparing the
measured ion ratios with those of atomized DMAS and
AS particles. For the atomized particles, we assign
TDCIMS-measured acid:base ratio to the ratio corre-
sponding to fully neutralized salts (0.5). We have con-
firmed that 20 nm diameter AS particles were close to
fully neutralized with an acid:base ratio of ~0.60 £ 0.05
by performing ion chromatography on particle samples
that were atomized and then collected on aluminum
foil disks using a sequential spot sampler (model
SSS110, Aerosol Devices, Inc.).

Model description

A series of calculations were performed to provide a
mechanistic explanation for the TDCIMS-based
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observations. Neutral and ionized fractions of acid
and base at thermodynamic equilibrium were esti-
mated by numerically solving a system of non-linear
equations including: mass balance, electroneutrality,
and acid dissociation (K,). Activity coefficients of
both the ionic and neutral species were neglected.
While consideration of activity coefficients would
change the absolute pH values and ratios presented, it
would not change the conclusions regarding the likely
mechanisms responsible for the observed acid:base
ratios. Further, realistic consideration of activity coef-
ficients requires knowledge of the dielectric constant
of the solvent, which is arguably unknown in these
particles. A bulk aqueous solution was assumed for
the base case calculations, thus pK, values for H,SOy,
NH;, and DMA in water were used (Barsanti et al.
(2009) and references therein). For the H,SO,-NH;
base case, a comparison of our results with those
obtained using the online Extended Aerosol
Inorganics model (“E-AIM Model”; Clegg et al. 1998;
Wexler and Clegg 2002), the latter of which includes
activity coefficient corrections, demonstrates <1% dif-
ference in calculated moles of the major ions (S04,
NH, ). The activity coefficients of the neutral species
were close to unity in the aqueous solution, while the
activity coefficients of the ionic species were <I.
Sensitivity cases were also explored for both H,SO,-
NH; and H,SO,-DMA, in which the pK, values and
acid:base ratios were varied to represent deviations in
acid dissociation equilibria from a bulk aque-
ous solution.

Results and discussion

Size distributions of H,SO,-DMA and H,SO,-NH;
nanopatrticles

Figure 2 shows size distributions of H,SO,-DMA
(Figure 2a) and H,SO,-NH; (Figure 2b) particles gen-
erated in the flow tube. The reactions of H,SO, with
DMA or NHj; effectively formed particles under both
dry conditions and at 60% RH. Particles were formed
in the diameter range of 4-40nm with a geometric
mean mobility diameter of 13.5nm in the H,SO,-
DMA system, and in the diameter range of 3-18 nm
with a geometric mean mobility diameter of 8.5nm in
the H,SO,-NHj; system. Compared to the dry condi-
tions, the presence of water vapor enhances particle
number concentration by a factor of 1.3 and 2.1 for
the H,SO4,-DMA and H,SO4-NH; systems, respect-
ively, suggesting that water plays an important role in
particle nucleation. Although H,SO,-base particles are
highly hygroscopic, the diameters of particles
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generated under humid conditions do not show sig-
nificant increases compared with those formed under
dry conditions. The similarity in the measured particle
size distributions under dry and humid conditions
most likely represents the competition of gas-phase
precursors between nucleation and nanoparticle
growth. Higher levels of H,SO,4 and base participating
in nucleation under humid conditions resulted in
fewer precursors available in the flow tube for nano-
particle growth.

The enhancing effect of water on nucleation has
previously been observed in laboratory experiments in
the H,SO,4-base systems (Berndt et al. 2010; Erupe
et al. 2011; Zollner et al. 2012; Yu et al. 2017).
Theoretical calculations showed that some clusters in
the H,SO,-NH; and H,SO,-DMA systems are stabi-
lized by water, and could be more important in clus-
ter growth pathways (Loukonen et al. 2010; Henschel
et al. 2014). However, an inhibiting effect of water
vapor on NPF has been postulated to explain field
observations (Sihto et al. 2006; Laaksonen et al. 2008),
presumably caused by other indirect effects. For
example, combining field measurements and aerosol
dynamics model simulations, Hamed et al. (2011)
attributed the inhibiting effect of water on NPF to the
fact that solar radiation, which drives photochemistry
and leads to the H,SO, formation, usually peaks at
noon when RH is low.

The formation and growth of particles in the flow
tube were very stable (Figure S1). This enabled us to
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Figure 2. Size distributions of particles measured by SMPS
from the reactions of (a) 25x10°cm™3 H,50, with
89%10"cm™ DMA, and (b) 2.5x10°cm™ H,50, with
1.3 x 10"2cm™2 NH; under dry conditions and at 60% RH.

continually collect particles to explore their size-
resolved chemical composition over a long period of
time. The results of these size-resolved composition
measurements are presented next.

lons detected by TDCIMS and their
desorption profiles

Particles collected onto the Pt filament started to
desorb as the temperature of the filament was ramped
from ambient temperature to ~550 °C. Figure 3 shows
desorption profiles of ions in negative and positive
ion modes during typical heating cycles for particle
samples collected from the H,SO,-DMA (Figures 3a
and c) and H,SO,-NH; (Figures 3b and d) systems.
For both systems, ions including SO;~, HSO, , and
SOs~ appeared in the negative ion mode as the tem-
perature of the Pt filament increased. Ion intensities
increased with time due to the increasing temperature
of the Pt filament, and then decreased due to the sam-
ple depletion. All of the detected negative ions show
multiple peaks throughout the thermal evolution of
the collected samples. The HSO,™ ions first appeared
at a lower temperature, and this early peak is likely
attributable to sulfuric acid. Detected HSO, ions
later in the desorption arise from a combination of
H,SO, re-volatilization from the ion source walls and
further decomposition of salts on the wire, the latter
of which is described in detail by Kiyoura and Urano
(1970). Overall, HSO,~ was a minor component of
the late desorption products. The SO;~ ion dominated
the later generated ions as the Pt filament was ramped
to a higher temperature, followed by SO5~ formed by
the reaction of SO; with the reagent ion O, . Later
generated ions of SO;~ and SOs~ showed similar
desorption patterns, and they are attributed to the
thermal decomposition of sulfate salts. Desorption
profiles of atomized DMAS and AS particles in the
calibration experiments are shown in Figure S2 for
comparison. Ions including SO;~, SOs~, and HSO,™
were observed in the negative ion mode in the calibra-
tion TDCIMS spectra. Their desorption profiles are
similar to particles generated in the flow tube.
Dimethylammonium (C,H¢NH," or DMAH™") and
ammonium (NH,") ions were detected as the main
ions in the positive ion mode in the H,SO,-DMA
(Figure 2c) and H,SO4-NHj; (Figure 2d) systems,
respectively. An elevated level of NH," was observed
even before heating the Pt filament, suggesting that
NH," started to desorb from particle samples imme-
diately after the Pt filament was moved into the ion-
ization region, whose surfaces were kept at 60°C to
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Figure 3. Typical desorption profiles of ions formed by heating H,S0,-DMA (a, ¢) and H,S04-NHz (b, d) particles collected on the
Pt filament. The top panels show ions collected in the negative ion mode. The lower panels show ions collected in the positive
ion mode. The dashed lines show the evolution of the filament temperature.

reduce partitioning of semi-volatile compounds. While
NH, " was observed before heating the Pt filament for
particles formed in the H,SO,-NHj system, atomized
AS particles used for calibration showed a similar
trend (Figure S2). Since both experiment and calibra-
tion analyses were conducted under identical operat-
ing conditions, we omitted NH," ions produced prior
to the heating of the Pt filament in our calculation of
total jon signal.

Trace amounts of DMAH™ were observed as a con-
taminant in H,SO4-NH; particles and did not dis-
appear even after the TDCIMS inlet system was
thoroughly cleaned. Atomized AS particles (Figure
S2b) showed no significant DMAH™, indicating that
the contaminant was not from the TDCIMS inlet sys-
tem, but from gas-phase DMA residue adsorbed on
walls of the flow tube from earlier H,SO,-DMA
experiments. The DMAH™ signal was ~10% of the
NH, " signal and did not show a clear dependence on
particle size. Given that the TDCIMS has higher sensi-
tivity to DMAH" than to NH," (Figure S2c), the
lower intensity of the DMAH™ signal indicates that
the presence of this ion does not significantly impact
the interpretation of our measurements.

Acid:base ratio of H,SO,-NH; and H,SO,-DMA
nanoparticles

Figure 4 shows size-resolved acid:base ratio of H,SO,-
DMA particles formed under dry conditions and at
60% RH in excess of DMA. The acid:base ratio of
H,SO4-DMA particles at 8.6nm formed under dry
conditions is 0.7+0.1; all ratios presented here are
averages and the uncertainties are represented by the
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= 0O 60% RH
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Figure 4. Size resolved acid:base ratio of newly formed par-
ticles in the H,SO4,-DMA system under dry conditions and at
60% RH. The concentrations of H,SO, and DMA introduced
into the flow tube reactor were 25x10'° and
8.9 x 10" cm ™3, respectively, for both the dry conditions and
at 60% RH. The error bars represent standard deviations of at
least three repeated measurements. The horizontal black line
represents the acid:base ratio of fully neutralized H,S0,-
DMA particles.

standard deviation obtained from repeated experi-
ments. The ratio decreases as the size increases, reach-
ing a minimum of ~02 at 10.6nm, and then
increases again with increasing particle size until the
neutralized state is reached (acid:base ratio =0.5). An
acid:base ratio of 0.2 suggests that excess DMAH™
was present in the 10.6nm H,SO,-DMA particles.
The acid:base ratio for 20 nm particles was 0.5+0.1,
indicating that particles became fully neutralized once
they grew to 20nm under dry conditions. Particles
formed at 60% RH show a different trend compared
to those formed under dry conditions. Smaller par-
ticles at 9.5 nm were acidic, showing an acid:base ratio
of 1.3£0.3. The ratio rapidly decreases with size, and
reaches ~0.5 at 12nm. Particles larger than 12nm
were fully neutralized by DMA.
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Figure 5. Ratios of SOs :5S05;~ and HSO, :SO;™ as a function
of particle size for newly formed particles in the H,SO4,-DMA
system under dry conditions. The concentrations of H,SO, and
DMA introduced into the flow tube reactor were 2.5 x 10"
and 8.9 x 10'°cm™, respectively. The error bars represent
standard deviations of at least three repeated measurements.
The horizontal black line represents a SOs :S0;™ ratio of 0.44.

20 22

To further explore the size-dependent acid:base
ratio of H,SO,-DMA particles, the ratios of different
negative ions integrated over the desorption period
were compared as shown in Figure 5. Total ions of
SO;~ and SOs~ are linearly correlated, showing a
SO5;:SOs~ ratio of ~0.44 regardless of the particle
size. The good linear correlation of SO;~ and SO;~
suggests their common sources, ie., the thermal
decomposition of sulfate salts as discussed earlier. The
HSO, :SO; ™ ratio, however, shows a strong depend-
ence on size. The ratio decreases with size in the size
range of 8.6-14 nm, and increases with size in the size
range of 14-21nm. While HSO,  was mainly from
particle-phase H,SO, and/or bisulfate salts, the higher
HSO,:SO;™ ratio indicates that the smallest particles
contain more H,SO, and/or bisulfate salts, which
decrease and then increase as particles grow. The
trend is qualitatively similar to the size-dependent
acid:base ratio shown in Figure 4 and provides a pos-
sible explanation for the observed variability.

The size-resolved acid:base ratio of H,SO,-NH;
particles generated under dry conditions and at 60%
RH are shown in Figure 6. For both the dry condi-
tions and 60% RH, 7nm diameter H,SO,-NH; par-
ticles were highly acidic, showing an acid:base ratio
that ranged from 3.1+0.6 to 3.4%0.3. The ratio grad-
ually decreased as particles grew from 7nm to 12 nm,
reaching ~2 and ~1 for 12nm particles generated
under dry conditions and at 60% RH, respectively.
Unlike H,SO4,-DMA particles shown in Figure 4,
H,SO,-NH; particles did not reach bulk sample
thermodynamic equilibrium even for particles at the
largest size collected in the experiment. Particles gen-
erated in the H,S0,-NH; system were much smaller
than those generated in the H,SO,-DMA system
(Figure 2), and may not have grown enough to reach
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Figure 6. Size resolved acid:base ratio of newly formed par-
ticles formed in the H,S04-NH3 system under dry conditions
and at 60% RH. The concentrations of H,SO, and NHs intro-
duced into the flow tube reactor were 2.5x 10 and
1.3 x 10"2cm ™3, respectively, for both the dry conditions and
60% RH. The error bars represent standard deviations of at
least three repeated measurements. The horizontal black line
represents the acid:base ratio of fully neutralized H,S0,-
DMA particles.

bulk sample thermodynamic equilibrium for the
experimental conditions that were employed in
this study.

For both H,SO,-DMA and H,SO,-NH; systems,
the TDCIMS results indicate that smallest particles
generated either under dry conditions or at 60% RH
were acidic and did not reach a fully neutralized state
even in excess of base. The base fraction in particles
increased with size, but the incorporation of the base
into particles shows different trends among individual
experiments under different conditions.

It is important to consider the potential role that
particulate water may play in these experiments. At
60% RH, H,SO4-NH; nanoparticles always contain
liquid water since their measured acid:base ratio is
greater than that of ammonium bisulfate, the latter of
which has a deliquescence RH of 40% (Tang and
Munkelwitz 1977). As H,SO4-NH; particles become
more acidic, they increase in hygroscopicity and the
deliquescence point eventually disappears completely.
It is, therefore, possible that some H,SO,-NH; par-
ticles may contain residual water even under “dry”
conditions. In contrast, experiments with H,SO,-
DMA particles show no clear deliquescence point over
all observed acid:base ratios. Micron-sized particles
with acid:base of 1:2 show a 50-75% increase in mass
when exposed to 60% RH, and particles may contain
some residual water at sub-3% RH (Chan and Chan
2013; Rovelli et al. 2017). Unlike the H,SO,-NHj sys-
tem, an aminium bisulfate particle is slightly less
hygroscopic than its sulfate counterpart (Sauerwein
et al. 2015). In summary, under “dry” conditions, par-
ticles from both systems may contain some residual
water that may depend on acid:base ratio, whereas at



60% RH they likely contain significant water over all
observed acid:base ratios.

During particle collection, particle-phase bases may
be preferentially lost from the Pt filament compared
to particle-phase H,SO,. This would lead to artificially
high acid:base ratios. To investigate this possible arti-
fact, a control experiment was carried out in which
the collection time of particles was varied for the
same size of H,SO4-DMA particles. This method was
used previously to determine particulate compounds
that were of intermediate volatility for nanoparticles
generated by a-pinene ozonolysis (Winkler et al.
2012). The TDCIMS signals for both negative and
positive ions showed a linear correlation with collec-
tion time (Figure S3), suggesting that losses of par-
ticle-phase H,SO, and base from the Pt filament are
minimal. Previous studies on ammonium or dimethy-
laminium sulfate aerosols also showed that the
TDCIMS does not exhibit a strong tendency to lose
bases prior to analysis (Lawler et al. 2016).

Another potential artifact that would affect
observed acid:base ratios is that particles collected on
the Pt filament were contaminated by H,SO, that des-
orbed from the walls of the TDCIMS inlet system.
However, the H,SO, signal did not significantly
change even after the TDCIMS inlet system was thor-
oughly cleaned. TDCIMS data for the calibration aero-
sol particles did not show any indication of H,SO,
contamination. We, therefore, conclude that contam-
ination of H,SO, was not an issue in the
TDCIMS analysis.

The experimental evidence presented above sup-
ports the observation that the growth of nanoparticles
above 3nm differs from that of H,SO,-base clusters,
which were proposed to grow through a stepwise add-
ition of H,SO, and base molecules (Kirkby et al. 2011;
Almeida et al. 2013; Schobesberger et al. 2013; Bianchi
et al. 2014; Kurten et al. 2014; Schobesberger et al.
2015). The size-dependent acid:base ratio of particles
is consistent with previous observations in the
CLOUD7 experiments (Kim et al. 2016; Lawler et al.
2016). The heterogeneous oxidation of SO, (the
H,SO, precursor introduced into the CLOUD cham-
ber) was offered as a possible explanation for the high
H,SO, in small particles in previous CLOUD7 experi-
ments (Lawler et al. 2016). In this study, however,
gas-phase H,SO, was directly introduced into the flow
tube, ruling out such a source of aerosol mass.

If oxidative kinetics is not the reason for the unex-
pected acid:base ratios, other factors must explain the
deviations of the newly formed nanoparticles from
bulk solution chemistry. One possibility is a kinetic
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limitation for the uptake of ammonia or amine. There
is some evidence for the presence of an activation bar-
rier to ammonia incorporation in charged clusters of
ammonium and sulfate (Bzdek et al. 2013). While
such a barrier for nanoparticles may explain their
high acidity, it does not explain the size dependence
of the acid:base ratio. In addition, thermodynamic
modeling presented below suggests that a mere reduc-
tion in the particulate base cannot explain the size-
dependent behavior of the HSO, :SO;™ ratio. Finally,
the effect of an activation barrier to uptake would be
most apparent when concentrations of base and sul-
furic acid were of similar magnitude, whereas for our
experiments with ammonia and sulfuric acid, the
ammonia concentrations exceeded sulfuric acid levels
by two orders of magnitude.

Aerosol phase state is known to play a major role
in the equilibrium particle composition reached in
systems of amines, ammonia, and sulfuric acid, due to
the much more facile exchange for liquid particles
compared with solid particles. In a study of micron-
sized dimethylaminium sulfate particles, the experi-
mental study by Chan and Chan (2013) found that
these particles were in a liquid phase, even at sub-3%
RH. Cheng et al. (2015) highlighted the challenge of
predicting the phase of aerosol nanoparticles and con-
cluded that below some threshold size (dependent on
material, temperature, and water content) nanopar-
ticles will be liquid. Specifically, their measurements
of particle hygroscopicity suggested that ammonium
sulfate nanoparticles are “molten” in the diameter
range of 4-10nm, depending on assumptions regard-
ing the amount of residual particulate water. Lawler
et al. (2016) applied the assumption that nanoparticles
formed in the ammonia-dimethylamine-sulfuric acid
system were liquid and presented arguments for why
a liquid phase may result in the measurement of more
acidic nanoparticles. In the following section, we simi-
larly assume that the present particles are “aqueous,” a
term that we interpret as meaning a liquid state with
varied amounts of residual water. With this assump-
tion, we explore the possible roles of deviations of
acid dissociation constants from bulk behavior using
theoretical modeling.

Thermodynamic modeling of H,SO,-NH; and
H,S0,-DMA nanoparticles

The use of aqueous acid dissociation constants to
describe thermodynamic equilibrium in the experi-
mental systems may be insufficient, leading to the
deviation between the observed size-dependent
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Table 1. Thermodynamic modeling of H,S04,-NH5 and H,SO4,-DMA particles.

Model settings

Model results

Acid:Base® Base  pKyi, HpSOs  pKas H,S0,  pK, base  pH  [HSO, 1+ [SO.2 V/[BHP  [SO.2V/IHSO, 1  [BHT/CeS
Base Case 12 NH; -3 2 925 400 0.50 99 1
DMA -3 2 1073 458 0.50 335 1
Sensitivity Case | 12 NH, 05 55 575 536 0.70 073 071
DMA 05 55 723 623 0.55 54 091
Sensitivity Case Il 21 NH; 05 55 575 078 13 <1 1.0
DMA 05 55 723 079 13 <1 1.0

3Ratio of acid:base in particle phase; °BH * represents the protonated form of the corresponding base B; “Cg represents total bulk concentration of the

base in particles.

acid:base ratio and predictions based on bulk aqueous
theory. It is known that individual pK, values vary
with ionic strength and solvent dielectric constant
(Reijenga et al. 2013; Farrokhpour and Manassir 2014;
Hartono et al. 2014). Both ionic strength and solvent
dielectric constant likely are size-dependent, as they
depend on the amount of condensed-phase water and
other components present in particles. Changes in
electrostatic interactions, polarization, charge delocal-
ization, and mixing state in nanoparticles may also
lead to deviations in effective pK, values from bulk
aqueous values.

Descriptions of the thermodynamic modeling cases
and the results are shown in Table 1. In the Base Case
and Sensitivity Case I, the acid:base ratio was assumed
to be 0.5 to allow a fully neutralized solution and gas/
particle partitioning was neglected. Relative to the
Base Case, the pK, values were modified by 3.5 units
in Sensitivity Case I, such that the H,SO, becomes
less acidic (pK, value increases by 3.5) and the bases
become less basic (pK, value decreases by 3.5).
Changing the pK, values accounts for the possibility
of strongly inhibited proton transfer in nanoparticles
due to steric or mixing effects. Compared to the Base
Case, modifying the pK, values of the acid and the
bases by 3.5 units results in an increase in the ratio of
acidic to basic ions (([HSO, ]+ [SO4*7]): [BHT)]),
and a decrease in the ratio of SO,:HSO,”
(Sensitivity Case I, Table 1). The deviation in the
ratio of ([HSO, ]+[SO,*] to [BHT] is greater in
H,SO,-NH; particles than H,SO,-DMA particles.
These modeling results reflect the observed trends in
the laboratory measurements.

The ratio of protonated form of base to the total
base ([BH']:Cg) in Sensitivity Case I (Table 1) was
less than 1, indicating the presence of neutral bases in
the condensed phase. However, the relatively high
Kelvin-corrected vapor pressures of NH; and DMA
preclude their presence as neutral compounds in
nanoparticles. Thus, in Sensitivity Case II, the relative
concentration of acid:base was assumed to be 2:1 to
reflect the decreased availability of base that partitions

from the particle phase to the gas phase. In Sensitivity
Case 11, the ratio of ([HSO, ]+ [SO,>7]):[B"] further
increases, and the ratio of SO,>:HSO,  decreases,
moving towards a better agreement with laboratory
measurements.

In summary, the model best represents the labora-
tory measurements when: (1) the acid and the bases
are assumed to be less efficient at acid-base chemistry
(represented by a change in pK, values of 3.5 units);
and (2) the fraction of the base in its neutral form is
allowed to partition back to the gas phase and is not
longer available to participate in acid-base chemistry.
These could be the reasons for the strong size-
dependent composition gradient of H,SO,4-base nano-
particles observed in the experiments.

Conclusions

In summary, we measured the size-resolved chemical
composition of newly formed particles in H,SO4-NH;
and H,SO,-DMA systems using TDCIMS. A strong
size-dependent acid:base ratio in these particles was
found, consistent with previous observations in the
CLOUD7 experiments (Kim et al. 2016; Lawler et al.
2016). Smaller particles were generally more acidic
and did not reach bulk sample thermodynamic equi-
librium even in excess of gas-phase base. The acidity
of particles decreased as particles grew to a larger size,
but the incorporation of base into particles varied
with base species, relative humidity, and particle size.
Particles reached a fully neutralized state as they grew
to 12nm in the case of DMA. In contrast, 12 nm par-
ticles generated from H,SO,-NH; were still highly
acidic. Model results suggest that acid-base chemistry
may be less efficient in nanoparticles than in bulk
aqueous solutions. Modifying pK, values of H,SO,
and base by 3.5 units resulted in more acidic particles,
leading to results consistent with observations. Due to
the less efficient acid-base chemistry, a larger fraction
of particle-phase base species present relatively volatile
neutral molecules, allowing them to partition into the
gas phase and resulting in acidic particles.



Our results suggest that small newly formed par-
ticles whose growth are driven by acid-base chemistry
are acidic, which in turn affects physicochemical prop-
erties of particles like hygroscopicity and mixing
states. These acidic particles can enhance acid-
catalyzed uptake of organics (Jang et al. 2002), oligo-
merization of organics within particles (Holmes and
Petrucci 2006), and other gas uptake pathways that
contribute to particle growth. The size-dependent
acidity together with the Kelvin effect and the poten-
tial phase transition of nanoparticles complicates the
growth process of particles. While bulk phase solution
thermodynamics provides insights into the underlying
causes of the observed size-dependence of acid:base
ratios of H,SO4,-DMA and H,SO,-NHj particles, it
does not allow us to determine the underlying causes
of the interesting local minimum in the size-
dependent acid:base ratio of particles generated by the
H,S04-DMA system under dry conditions. This will
be the subject of future experimental and model-
ing work.
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