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imental and theoretical approach
to probe the synergistic effect of ammonia in
methanesulfonic acid reactions with small
alkylamines†

Véronique Perraud, a Jing Xu, b R. Benny Gerber *ac and B. J. Finlayson-
Pitts *a

While new particle formation events have been observed worldwide, our fundamental understanding of the

precursors remains uncertain. It has been previously shown that small alkylamines and ammonia (NH3) are

key actors in sub-3 nm particle formation through reactions with acids such as sulfuric acid (H2SO4) and

methanesulfonic acid (CH3S(O)(O)OH, MSA), and that water also plays a role. Because NH3 and amines

co-exist in air, we carried out combined experimental and theoretical studies examining the influence of

the addition of NH3 on particle formation from the reactions of MSA with methylamine (MA) and

trimethylamine (TMA). Experiments were performed in a 1 m flow reactor at 1 atm and 296 K.

Measurements using an ultrafine condensation particle counter (CPC) and a scanning mobility particle

sizer (SMPS) show that new particle formation was systematically enhanced upon simultaneous addition

of NH3 to the MSA + amine binary system, with the magnitude depending on the amine investigated. For

the MSA + TMA reaction system, the addition of NH3 at ppb concentrations produced a much greater

effect (i.e. order of magnitude more particles) than the addition of �12 000 ppm water (corresponding

to �45–50% relative humidity). The effect of NH3 on the MSA + MA system, which is already very

efficient in forming particles on its own, was present but modest. Calculations of energies, partial

charges and structures of small cluster models of the multi-component particles likewise suggest

synergistic effects due to NH3 in the presence of MSA and amine. The local minimum structures and the

interactions involved suggest mechanisms for this effect.
Environmental signicance

Acid–base chemistry between gas phase precursors is recognized as an important source of new particles in air. Previous experimental and theoretical calcu-
lations have shown that small alkylamines play a critical role in sub-3 nm particles through reactions with strong acids such as sulfuric acid and meth-
anesulfonic acid (MSA), the latter originating from oxidation of organosulfur compounds. As the energy landscape is transitioning away from fossil fuel sulfur
dioxide, the MSA contribution to this chemistry is expected to be more important in the future. Alkylamines are ubiquitous in the atmosphere and they oen co-
exist with ammonia; thus synergism or competition between precursors may arise. This study highlights synergistic interactions between NH3 and methylamine
and trimethylamine in their reactions with MSA. Quantum calculations provide critical molecular insights into the central role that NH3 plays in particle
formation in these systems.
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Introduction

New particle formation (NPF), the process by which gas phase
precursors combine to give birth to particles in air, has been
observed all around the world.1–4 Such events have been
measured in polluted urban areas,5–7 above forest canopies,8–11

in marine environments12–14 and Arctic regions.15,16 This
phenomenon typically leads to the formation of stable molec-
ular clusters that can further grow by uptake of trace gases and
water to sizes sufficient to impact visibility,17–19 public health20–24

and climate.25–28 Despite these observations, our understanding
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of the mechanisms of nucleation and growth is still limited,
with many open experimental and theoretical challenges.

There are many types of particles in air, and their properties
vary greatly depending on the molecular constituents.
An important type of airborne particle is that resulting
from acid:base chemistry, with sulfuric acid reactions with
ammonia and amines recognized as being particularly impor-
tant in NPF.29–54 Other species such as water42,44,55–58

and organics6,8,11,59–65 may also play a role in this chemistry.
Acid:base systems involving HNO3,66–69 HCl68,70,71 or small
carboxylic acids72–79 may contribute, although the interactions
of the respective acids with ammonia and amines were found to
be weaker than that with H2SO4.

Methanesulfonic acid (CH3S(O)(O)OH, MSA), a strong acid
(pKa ¼ �1.9),80 is oen formed alongside H2SO4 from the
photooxidation of organosulfur compounds in air.81 Previous
experimental and computational studies from our laboratory
have demonstrated that reaction of MSA with small alkylamines
can be a signicant source of NPF in air.73,74,82–85 If emissions of
sulfur dioxide (precursor to H2SO4 in air) associated with fossil
fuel combustion continue to decline in the future as ex-
pected,86–91 the relative contribution to NPF from MSA
compared to H2SO4 will increase.88 The concentration of gas
phase MSA can be 10–100% of that of current H2SO4 concen-
trations,92–99 and a role for MSA in particle formation is sup-
ported by eld observations of MSA in smaller particles.8,11,100–102

Until now, most experimental and theoretical studies of
acid:base particles have addressed particles made of one acid
component (e.g. H2SO4 or MSA), and one base component (NH3

or an amine), under dry or humid conditions. Enhancement of
NPF due to small alkylamines was reported to be greater than
that from NH3 for both H2SO4

29–33,37,41,48,52,54 and MSA reac-
tions.84 Additionally, amines have been observed to displace
ammonia from clusters and particles for both acids.67,103–106 A
few studies investigated multi-component acid:base combina-
tions with more than one acid.73,74,107–110 However, studies
investigating multi-component acid:base clusters and particles
in which both an amine and NH3 are present simultaneously at
the onset of the nucleation have been reported thus far only for
H2SO4.31,32,52,111–114

The present study adds to these recent ndings with
both experiments and quantum calculations for two specic
MSA + amine + NH3 systems, where the amines are a primary
amine, methylamine (MA) and a tertiary amine, trimethylamine
(TMA). These amines are both found in air along with NH3.115–118

The interactions in such systems are of fundamental and
atmospheric interest. First, from a theoretical molecular point
of view, one might expect proton transfer from the acid to the
base to form a stable ion pair.74,119–121 Previous studies
combining proton transfer calculations and experiments on the
same systems74,119 suggest that proton transfer could be a good
indicator for particle formation potential. For example, the MSA
+ MA system shows both proton transfer and high particle
number concentrations, whereas, the MSA + NH3 system
exhibits no proton transfer under dry conditions, and is asso-
ciated with little particle formation capacity. However, there are
other factors to take into account as well, such as the possibility
306 | Environ. Sci.: Processes Impacts, 2020, 22, 305–328
of forming hydrogen bond networks between the species.
Indeed, while the MSA + TMA system exhibits a proton transfer
between the acid and the base, this system is not experimentally
efficient at forming particles due to the lack of a hydrogen bond
network connecting the ion pairs. For reported multi-
component H2SO4-based particles that include both an amine
and NH3, the issue of competition between the two potential
acceptors of the proton then arises.112–114 Related to this is the
question of whether a synergy between NH3 and the amine
affects particle growth.112,113 Under humid conditions, the
issues are even more complex: does the presence of water
molecules affect the efficiency of proton transfer or the syner-
gism? How does it inuence particle growth? These questions
in such a complex system call for an integrated experimental
and theoretical approach. This paper addresses these questions
through experiments and calculations on multi-component
MSA-based clusters, leading to insights into the location of
the proton transfer and potential synergism between species
with regards to particle formation.

This topic is also of signicant relevance to NPF in the
atmosphere. Gas phase amines and NH3 are ubiquitous in
air.115 For example, they have beenmeasured above oceans,122,123

at urban124–128 and agricultural sites,116–118,129–132 from biomass
burning,117,133 and from vegetation and forested
areas.126,132,134–136 Ammonia almost always co-exists with amines
and its gas phase concentration is typically an order of magni-
tude higher than that of the amines. Both ammonium and
aminium ions have been frequently measured in the same
particles that contain signicant amounts of methanesulfo-
nate.8,11,16,100,137–141 This study is also of particular signicance as
NH3 is ubiquitous in air both outdoors and indoors132,142 due to
its many sources, including human breath143,144 and water or gas
supplies used in laboratory studies.7,29,33,34,45,53,111,145,146

Experimental methods
(1) Flow reactor description

Formation of detectable (>2.0 nm) nanoparticles was investi-
gated using two 1-m borosilicate ow reactors over reaction
times from 0.3 to 6 s at 296 K and 1 atm (Fig. 1). The charac-
teristics of the ow reactors have been described else-
where73,74,83–85,147 and details for both congurations are
presented in the ESI.† Briey, both reactors had xed ring inlets
at the upstream end of the reactor and spoked inlets mounted at
the end of a set of movable concentric tubes. One reactor had
three xed ring inlets (rings A–C) located at the upstream end of
the ow reactor and three spoked inlets (spokes 1–3) while the
second had two xed rings (rings A and B) and two movable
spoked inlets (spokes 2 and 3). A total of �17 L min�1 of dry
clean air owed through the reactor and was distributed as
follows: 13 L min�1 was introduced at ring A, 1 L min�1 (mixed
with NH3) was either introduced at ring B or spoke 1, with 2
L min�1 at spoke 2 (MSA injection port) and 1 L min�1 at spoke
3 (MA or TMA injection port). The ow reactor temperature was
maintained at 296 K using a water jacket. Prior to each set of
experiments, the ow reactor was cleaned with nanopure water
and dried with dry clean air with the water jacket set at 343 K.
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematics of the flow reactors used to investigate new particle formation from (a) the MSA +MA (�NH3) reaction and (b) the MSA + TMA
(� NH3) reaction. The diagrams are adapted from ref. 73 and 147.
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The ow reactor was conditioned with a ow of gas phase MSA
for at least two days prior to experiments.

These studies were performed using dry clean air provided
by a purge air generator (Parker-Balston, model 75-62) followed
by a purication system composed of carbon/alumina media
(Perma Pure, LLC) and a 0.1 mm lter (DIF-N70; Headline
Filters). Tominimize contaminant NH3 that might be present in
purge air, in most experiments the entire 13 L min�1 of the air
feeding the rst ring inlet (ring A) was passed through a trap
containing phosphoric acid (H3PO4; ACS grade, EMD) coated
glass beads followed by a drierite drying trap (anhydrous
calcium sulfate, 100%; W. A. Hammond Drierite Company LTD)
This journal is © The Royal Society of Chemistry 2020
prior to being added to the ow tube. Note that it was not
experimentally possible for the entire ow of purge air to be
treated, but the 13 L min�1 represents 76% of the total air ow.
Blank measurements of air owing through the reactor were
performed by collecting air in custom-made cartridges con-
taining 150 mg of glass wool as the sorbent material. The
cartridges were extracted successively three times with 10 mL of
0.05 M oxalic acid aqueous solution followed by ion chroma-
tography analysis (Dionex ICS 1100). The solution was freshly
made each day from pure oxalic acid (Aldrich, 98%). No
measurable NH3 was found, suggesting that if a small amount
Environ. Sci.: Processes Impacts, 2020, 22, 305–328 | 307
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of NH3 was present, it was lower than the 10 ppt limit of
detection.

In each experiment, the reaction of MSA with MA or TMA took
place at the spoked inlets, while NH3 was added either at one of
the upstream rings or at the upstream spoke (spoke 1; Fig. 1a). In
either case, all reactants were present simultaneously rather than
reacting sequentially. Variable relative humidity (RH) inside the
ow reactor was achieved by diverting part of the 13 L min�1

ow
of air (ring A) through a bubbler lled with Nanopure™ water
(18.2 MU cm; model 7146; Thermo Scientic, Barnstead) to yield
RH < 3% to �45–50% (corresponding to a water vapor concen-
tration of�3� 1017 molecules per cm3 at T¼ 296 K). The RH was
monitored with an RH probe (model HMT338; Vaisala) located in
the end cap of the ow reactor. The nanopure water was analyzed
using the IC system described above to verify that it did not
contain any NH3 contamination, and the water trap was relled
with fresh water prior to each experiment. Particles were sampled
through a moveable 0.635 cm o.d. stainless steel tube mounted
on the downstream end-cap of the ow tube to access reaction
times ranging from 0.4 s to 5.3 s (MSA + MA system) and 0.3 s to
5.9 s (MSA + TMA system). Total particle number concentrations
and size distributions were measured as a function of reaction
time as described below.
(2) Reactants

Gas phaseMSA was generated by passing 0.1 or 0.2 Lmin�1 of dry
clean air over the pure liquid (Sigma-Aldrich, $99%) which was
maintained at room temperature in a glass trap. Periodically, the
entire ow of MSA was directed into a 0.45 mm Durapore lter
(Millex-HV) for 10 min. Aer sampling, the lter was extracted
with 10 mL of nanopure water (each lter was extracted with 3 �
3 mL of nanopure water ow in the opposite direction to that
used for sampling. This was followed by one additional extraction
with 1 mL of nanopure water and the extracts were combined
together to yield a 10 mL sample). The combined extracts were
then analyzed by UPLC-ESI-MS/MS (Quattro Premier XE, Waters;
MRM method following the m/z 95 0 m/z 80 transition). Note
that during the development of the method, a second extraction
of the lter was performed and the second extract did not show
any traces of MSA, suggesting that one extraction is efficient at
extracting all of the MSA collected. In some occasions, collection
of the MSA exiting the trap was performed with two lters in
series, but no MSA was measured in the second lter. Each
measurement was done in triplicate.

Gas phase MA and TMA were generated by owing dry clean
purge air over commercially available permeation tubes con-
taining the amines (VICI Metronics) that were maintained in
a U-shaped glass trap at room temperature. The concentration
of amine exiting the traps was determined periodically by ion
chromatography (Dionex ICS 1100) aer trapping the gases onto
a custom-made cation-exchange resin, followed by three
successive extractions with 10 mL of a 0.05 M oxalic acid
aqueous solution ow in the opposite direction to that used for
sampling.116 The sum of the these three extractions was used for
quantication, and each permeation tube measurement was
done in triplicate. No quantiable ammonia or other
308 | Environ. Sci.: Processes Impacts, 2020, 22, 305–328
contaminants were detected for either permeation tube. The
concentrations of the reactants determined herein may be
upper limits due to potential wall losses even aer extensive
conditioning.
(3) Particle measurements

Total particle number concentrations (Ntotal, particles per cm3)
were measured at each reaction time using an ultrane butanol-
based condensation particle counter (CPC; model 3776; TSI; ow
rate 1.5 L min�1). Detectable particles are dened hereaer as
those with a mobility diameter greater than 2.0 nm, which is the
lowest diameter size the 3776 CPC can measure. The counting
efficiency increases from 0% at 2.0 nm to 100% at 3.0 nm with
a manufacturer-specied d50 for this instrument of 2.5 nm
dened as the diameter at which 50% of the particles are detected
based on sucrose particles. Note that due to this limitation, the
initial clusters nucleated from the present reactions were not
detected, and it is only those that have grown to diameters >
2.0 nm that were measured; thus our measurements include
nucleation and the rst steps of growth. Parallel measurements
using a combination of the CPC with a particle size magnier
(PSM;model A10; Airmodus)148 leading to a lower diameter cut-off
were also performed. As described in the ESI,† the operating
conditions were set so that the d10, d50 and d80 cut-offs (diameters
at which 10%, 50%, and 80% of the particles are detected
respectively) were 1.2 nm, 1.4 nm and 2.1 nm respectively,
according to the manufacturer calibration using negatively
charged ammonium sulfate particles. It is recognized that the
true cut-off sizes for both the CPC and PSM strongly depends on
the chemical composition of the particle sampled.148–153 The cut-
off sizes for the present MSA + amine particles are not known,
thus the cut-offs dened for the reference compounds are applied
here. Despite these distinctions, as reported in Fig. S1 and S2† no
signicant differences were observed between the CPC and the
combination PSM + CPC measurements for any of the systems
studied. Thus, Ntotal values are reported hereaer for the CPC and
SMPS as described below.Measurements with a HEPA lter at the
beginning of each experiment were performed to ensure there
was a zero background reading. When necessary (i.e. total counts
> 3 � 105 particles per cm3), the particle stream exiting the ow
tube was diluted with purge air prior to entering the CPC.

Particle size distributions were also measured using a scan-
ning mobility particle sizer (SMPS; TSI) equipped with
a 0.071 cm impactor nozzle, a 210Po bipolar charger (10 mCi;
model 2021; NRD), an electrostatic classier (model 3080; TSI),
a nano differential mobility analyzer (nanoDMA; model 3085;
TSI) and the 3776 model CPC. The SMPS was operated with the
following settings: sheath air ow rate, 15 L min�1 (recirculat-
ing mode); sample ow rate, 1.5 L min�1. Under these condi-
tions, the SMPS measured particles with mobility diameters
ranging from 2 nm to 64 nm. To test for changes in the size
distributions due to drying within the SMPS, some TMA
experiments were carried out in which the sheath air was
humidied to an RH of �52% (apparatus shown in Fig. S3a†).
The MSA + TMA combination was chosen because it is the most
hygroscopic of the two systems studied and is thus expected to
This journal is © The Royal Society of Chemistry 2020
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be most sensitive to water.154,155 As shown in Fig. S3b,† the size
distributions were very similar between measurements per-
formed with humid sheath air (RH � 52%) versus those per-
formed with dry recirculating air. No signicant changes in the
mobility geometric mean diameter (GMD) were observed when
the sheath air was externally humidied (difference of only
2.9%). However, there was an apparent loss of the smallest
particles with diameter < 20 nm (13% lower total number
concentration for the humid runs compared to the dry recir-
culating sheath air runs). The use of an external dry air supply
(Fig. S3c†) produced a slightly stronger drying effect (difference
in GMD of 4.1%). For simplicity, all measurements were carried
out with dry recirculating sheath air (i.e. normal SMPS oper-
ating conditions) where the loss of the smallest particles is
minimized. To avoid potential reaction time bias, all particle
measurements were performed aer the system had reach
steady state in the following order: 5.3–5.9 s, 2.9–3.1 s, 0.28–
0.37 s, 1.6–1.7 s, 4.2–4.5 s and 5.3–5.9 s (the range represents the
times for the two different ow tubes). Data collected from the
SMPS were also used to estimate particle formation rates
(J>2.0nm) following the linear change in total particle number
concentration (Ntotal) as:2

J. 2:0nm ¼ DNtotal

Dt

(1)

The determined J>2.0nm values represent apparent particle
formation rates for each condition, as this treatment does not
separate out processes such as the real nucleation rate of the
smallest clusters (too small to see using our instrumentation),
coagulation, scavenging or wall losses of the particles
throughout the ow reactor (those processes might be more
important at the largest concentrations observed, i.e. >107

particles per cm3).
Theoretical methods

In this study, quantum calculations were carried out for small
clusters of the precursor gases to provide theoretical insights
into the formation and growth of particles in the MSA + amine
(� NH3) (� H2O) systems. Thus, calculations of the energies,
structures and partial charge distributions of relevant multi-
component clusters were calculated using density functional
methods. The effectiveness of this approach was previously
demonstrated for clusters that include binary MSA–amine
clusters and ternary MSA–amine–H2O clus-
ters.74,82,85,119–121,154,156,157 Similar approaches were previously
used for acid:base particles containing H2SO4 with an amine or
NH3, and water.30,54,55,157–160

Proton transfer to the amine was generally found for the
lowest energy clusters, and this seems a key feature consistent
with the interpretation of experimental observations.119 One
must therefore employ quantum-chemical potentials that can
adequately describe the acid + amine reaction, in addition to
the hydrogen-bonding and Van der Waals interactions that are
involved. The presence of both an amine and NH3 in the multi-
component clusters implies that competition for the MSA
This journal is © The Royal Society of Chemistry 2020
proton may take place. Accurate treatment of the proton
transfer is thus essential.

All of the electronic structure calculations including geom-
etry, frequency, and energy calculations were done using B3LYP
variant161–163 of density functional theory (DFT) with Grimme's
dispersion correction.164 The Dunning augmented double-z
correlation-consistent basis set was employed. Note that basis
set superposition errors were not considered here, based on the
fact that the contribution of this effect was previously tested for
similar systems,165 and found to be small. In previous studies,119

this method was tested against the MP2 method and the high
level CCSD(T) method for the low-lying isomers of the binary
MSA–MA cluster. The results show better-than-qualitative
agreement between the three methods and support the
adequacy of the B3LYP-D3 method for our purpose. There is
evidence that DFT variants with hybrid functionals (including
B3LYP) with Grimme's dispersion interaction corrections are
reasonably successful methods in predicting the global
minimum structures of hydrogen-bonded clusters and the
structures of low-lying conformers of involved water mole-
cules.166–169 Hence, B3LYP-D3 was chosen here as it offers
a reasonable level of accuracy while being computationally
efficient.

The initial structures of each system were randomly gener-
ated in an 8 � 8 � 8 Å cube with a minimum distance criterion
of 1.8 Å between each molecule using the PACKMOL
package.170,171 Using this program, 300 different initial struc-
tures were generated for each system, and energy minimization
was carried out for these structures. To obtain Gibbs free
energies (DG), the contribution from vibrational entropy was
computed for each structure (at 298 K) and added in. Dissoci-
ation energies (De) and Gibbs free energies (DG) are calculated
as followed: De ¼ E(AB) � E(A) � E(B) and DG ¼ G(AB) � G(A) �
G(B). Note that the aug-cc-pVDZ basis may not always be suffi-
ciently accurate for binding energies, but most oen that basis
set is adequate, and this is likely to be the case also here. All of
the structures reported here were geometrically optimized at the
level of B3LYP-D3/aug-cc-pVDZ. Note that no imaginary vibra-
tional frequencies were observed in any of the cases presented,
and all cases have the correct number of positive frequencies. In
addition, zero-point energies (ZPE) were used to correct elec-
tronic energy values. Partial charges (denoted by d) were calcu-
lated using natural bond orbital (NBO) analysis.172,173 All the
calculations presented in this paper were performed using the
Q-CHEM 4.3 program package.174

Results and discussions
(A) MSA + MA (� NH3) reaction

(1) Dry conditions. Fig. 2a shows the total number concen-
trations of particles (Ntotal) measured using the CPC for the MSA
+ MA system ([MSA] ¼ 6.4 � 1010 molecules per cm3; [MA] ¼ 6.1
� 1010 molecules per cm3), with or without NH3 as a function of
reaction time. In the absence of NH3, nucleation of new parti-
cles is already extremely efficient with Ntotal ranging from �50
particles per cm3 at 0.37 s to (7.4 � 1.1) � 104 particles per cm3

at 5.3 s. Upon the addition of NH3 (2.9 � 1011 molecules per
Environ. Sci.: Processes Impacts, 2020, 22, 305–328 | 309
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Fig. 2 (a) Total particle number concentrations (Ntotal) from MSA + MA and MSA + MA + NH3 reactions as a function of reaction time measured
using the CPC (dry conditions). Each data point corresponds to the average Ntotal measured over a 5 min scan (error bars correspond to 1
standard deviation). (b) Comparison ofNtotal values measured at 5.3 s for MSA + NH3, MSA +MA andMSA +MA +NH3 reactions. Size distributions
measured using the SMPS are presented in (c) for the MSA + MA and (d) for the MSA + MA + NH3 reactions respectively. Each size distribution is
given in light colors with a log normal fit to guide the eye (each distribution corresponds to an average from five successive scans, except for
reaction time 5.3 s where ten scans were averaged instead (standard deviation are not shown for clarity)). Concentrations of reactants for all
panels are [MSA] ¼ 6.4 � 1010 molecules per cm3; [MA] ¼ 0 or 6.1 � 1010 molecules per cm3; [NH3] ¼ 0 or 2.9 � 1011 molecules per cm3.
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cm3) to the MSA + MA system, the same trend is observed as
a function of reaction time, with Ntotal being systematically
higher than that measured in the absence of NH3. An
enhancement factor (EF), dened as Ntotal measured at 5.3 s in
the presence of NH3 (or H2O) ratioed to that measured in the
absence of NH3 (or H2O) was determined from this CPC dataset.
The EF observed for MSA + MA (� NH3) is modest, with a value
Table 1 Total particle number concentration enhancement factors (EF)

Reference case
[MSA]
(molecules per cm3)

[H2O]
(molecules per cm3)

Enhanc

+H2O
b

Methylamine ([MA] ¼ 6.1 � 1010 molecules per cm3)
MSA + MA 6.4 � 1010 — 63 � 1.
MSA + MA + H2O 6.4 � 1010 �3 � 1017 —

Trimethylamine ([TMA] ¼ 5.0 � 1010 molecules per cm3)
MSA + TMA 7.9 � 1010 — (1.8 �
MSA + TMA + H2O 7.9 � 1010 �3 � 1017 —

a From data in Fig. 1 and 2 (MA) and Fig. 5 and 7 (TMA). b Experiments per
c [NH3] ¼ 2.9 � 1011 molecules per cm3. d [NH3] ¼ 2.2 � 1010 molecules pe
1.0 � 1011 molecules per cm3 (see Fig. 5; [MSA] ¼ 6.4 � 1010 molecules per
did not generate enough particles to be observable by the SMPS.

310 | Environ. Sci.: Processes Impacts, 2020, 22, 305–328
of 1.6 � 0.1 (Table 1). A separate series of measurements was
performed under which MSA was in excess compared to MA
([MSA]/[MA] � 2; [MSA] ¼ 4.6 � 1010 molecules per cm3; [MA] ¼
2.3 � 1010 molecules per cm3), and again a modest enhance-
ment was observed when NH3 (1.1 � 1011 molecules per cm3)
was added to the ow reactor (average factor of 1.7 � 0.8;
Fig. S4†). These enhancements may be lower limits as particles
for each MSA + amine reactiona

ement factor (EFCPC) Enhancement factor (EFSMPS)

+NH3 +H2O
b +NH3

3 1.6 � 0.1c (2.0 � 0.4) � 102 3.7 � 0.7c

1.1 � 0.02c — 0.86 � 0.1c

0.4) � 102 (1.1 � 0.3) � 104 d,e n/af n/af

(2.6 � 0.5) � 102d — (3.8 � 0.7) � 102d

formed at �45–50% RH corresponding to �3 � 1017 molecules per cm3.
r cm3. e Enhancement factors up to 1.1 � 106 were observed for [NH3] ¼
cm3; [TMA] ¼ 4.8 � 1010 molecules per cm3). f The MSA + TMA reaction

This journal is © The Royal Society of Chemistry 2020
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formed from the MSA + MA + NH3 condition were approaching
the limit for efficient CPC counting. Fig. 2b presents the
comparison between themixedMSA +MA + NH3 system and the
respective MSA + MA and MSA + NH3 systems ([MSA] ¼ 6.4 �
1010 molecules per cm3; [MA] ¼ 0 or 6.1 � 1010 molecules per
cm3; [NH3] ¼ 0 or 2.9 � 1011 molecules per cm3). It is evident
that a modest synergy is present for this system, and the effect is
simply not just additive: the MSA + NH3 system is not efficient at
forming particle on its own (only 5 particles per cm3 were
observed at 5.3 s, despite the large concentration of NH3);
however, the addition of NH3 to the MSA + MA system enhances
the total number of detectable particles by a factor of 2
compared to the MSA +MA binary system, as described above. It
is likely that NH3 grew the initial MSA + MA clusters that were
too small to be detected to now be within the measurable range
of our instrumentation (>2 nm). These results thus show the
rst evidence for a synergism between MA and NH3 in forming
particles with MSA.

Experiments for which reaction time (5.3 s) and initial MSA
concentration ([MSA] ¼ 6.4 � 1010 molecules per cm3) were
xed are illustrated in Fig. S5.† Fig. S5a† (lled red squares; no
NH3) shows that Ntotal is correlated with the MA concentration,
with few particles (<40 particles per cm3) observed for MA
concentrations smaller than 1.7 � 1010 molecules per cm3

(excess MSA conditions). For MA concentrations larger than 3.2
� 1010 molecules per cm3, a signicant particle number
Fig. 3 (a) Total particle number concentrations (Ntotal) from MSA + H2O, M
reaction time measured using the CPC (RH � 45–50%). Each data point c
correspond to 1 standard deviation). (b) Comparison of Ntotal values measured
NH3 reactions. Size distributionsmeasured using the SMPS are presented in (c
respectively. Each size distribution is given in light colors with a log normal fi
successive scans, except for reaction time 5.3 swhere ten scanswere average
reactants for all panels are [MSA]¼ 6.4� 1010 molecules per cm3; [MA]¼ 0 o

This journal is © The Royal Society of Chemistry 2020
concentration is observed (>5000 particles per cm3). Previous
studies154,156 predicted that MA can form tight nanosize (MSA–
MA)4 clusters with MSA that are extremely stable due to
a substantial hydrogen bonding network, consistent with these
observations. Indeed, quantum calculations indicated that the
dissociation energies (De at 0 K as well as DG at 298 K) of this
cluster into various smaller complexes were endothermic. In
addition, dynamics showed that this cluster was stable for at
least 100 ps at temperatures up to 500 K, well above atmo-
spheric temperatures. Note that, on the other hand, the MSA +
NH3 system (Fig. 2b and S5b;† lled red triangles) itself is not as
efficient at forming particles, with Ntotal only reaching �5
particles per cm3 for NH3 concentration of 2.9 � 1011 molecules
per cm3 under dry conditions at 5.3 s.

Fig. 2c and d show the size distributions for MSA + MA and
MSA + MA + NH3 conditions. Small particles with mobility
diameters < 5 nm were observed for the MSA + MA system ([MSA]
¼ 6.4� 1010 molecules per cm3; [MA] ¼ 6.1� 1010 molecules per
cm3), and in presence of NH3 (2.9 � 1011 molecules per cm3),
Ntotal increased but no signicant growth was observed. The
mobility geometric mean diameter (GMD) for particles measured
at 5.3 s without NH3 was 3.2 � 0.1 nm, while it was 3.3 � 0.1 nm
in presence of NH3 (Fig. S6a†). In brief, NH3 has only a modest
impact on the MSA + MA system under dry conditions. Based on
the SMPS data collected as a function of reaction time, particle
formation rates (J>2.0nm) were determined (Fig. S6b†). The
SA + MA + H2O and MSA + MA + H2O + NH3 reactions as a function of
orresponds to the average Ntotal measured over a 5 min scan (error bars
at 5.3 s for MSA + H2O + NH3, MSA + H2O +MA and MSA + H2O +MA +

) for theMSA +MA+H2O and (d) for theMSA+MA+H2O+NH3 reactions
t to guide the eye (each distribution corresponds to an average from five
d instead (the standard deviation is not shown for clarity)). Concentrations of
r 6.1� 1010 molecules per cm3; [NH3]¼ 0 or 2.9� 1011 molecules per cm3.

Environ. Sci.: Processes Impacts, 2020, 22, 305–328 | 311
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resulting values of J>2.0nm for MSA + MA and MSA + MA + NH3

systems are (2.2� 0.4)� 104 particles per cm3 per s and (8.0� 0.7)
� 104 particles per cm3 per s respectively.

(2) In the presence of water vapor. Fig. 3a shows Ntotal values
measured using the CPC for the MSA + MA + H2O system at
�45–50% RH with and without NH3 as a function of reaction
time ([MSA] ¼ 6.4 � 1010 molecules per cm3; [MA] ¼ 6.1 � 1010

molecules per cm3). Comparing Fig. 2a (MSA +MA; red trace) and
Fig. 3a (MSA + MA + H2O; orange trace), it is apparent that the
addition of water vapor alone (without added NH3) increases the
total number of particles detected, leading toNtotal values of�107

particles per cm3 at 5.3 s (enhancement factor of 63 � 1.3
compared to the dry case; Table 1). The size distribution with
water present (Fig. 3c) showed larger particles than the corre-
sponding dry system with GMD of 4.7� 0.07 nm at 0.37 s and 6.1
� 0.1 nm at 5.3 s (Fig. S7†), compared to �3 nm for the dry
system. This is consistent with a previous study154 where a large
enhancement in particle formation and growth was observed for
MSA + MA when water was added simultaneously with MSA and
MA (measurements performed at t ¼ 13.9 s). In contrast, subse-
quently exposing initially dry particles fromMSA + MA reaction to
water vapor did not enhance particle formation or signicantly
grow them (in this case, the MSA and MA reacted for 8.2 s before
interacting with water vapor for an additional 5.7 s to reach the
sampling line). A proposed molecular explanation based on
quantum chemical calculations154 is that in the former case, water
molecules incorporated into the cluster can act as the hydrogen
bond donor and acceptor for the initial cluster to grow, whereas
in the latter case, the tight MSA–MA ion pair system is too stable
to be disrupted by water molecules. By comparison, MSA + H2O
itself only formed about 20 particles per cm3 throughout the ow
reactor at �45–50% RH (light blue trace in Fig. 3a). Fig. S5a†
shows near identical Ntotal values for the MSA + MA + H2O reac-
tion at both �18% RH and 45–50% RH.

In the presence of NH3 (Fig. 3a; [NH3]¼ 2.9� 1011 molecules
per cm3) no apparent enhancement is observed. As seen in
Fig. 3c, d and S7a,† the particles did not grow upon addition of
NH3, and Ntotal is similar at 5.3 s (Fig. S7b†). Either with or
without NH3, a plateau in the number concentrations is
observed aer 1.6 s, suggesting that particles form quickly (0–
1.6 s) and then continue to slowly grow by condensation of
vapors. This highlights the role of water in the growth of
particles when present as MSA and MA are reacting, consistent
with our earlier studies.73,85,154

It is noteworthy that the MSA + NH3 + H2O reaction where
[NH3] ¼ 2.9 � 1011 molecules per cm3 (with [MSA] ¼ 6.4 � 1010

molecules per cm3) actually produces a similar number of
particles to the MSA + MA + H2O reaction (Fig. S5;† [MSA] ¼ 6.4
� 1010 molecules per cm3; [MA] ¼ 6.1 � 1010 molecules per
cm3). The effect of NH3 (2.8 � 1011 molecules per cm3) on the
MSA + MA + H2O system is not additive (Fig. 3b and S8†), and
little enhancement in Ntotal is observed. This suggests that most
of the MSA is tied up with MA and water, and little is le in its
‘free’ form to interact with NH3. It also suggests that NH3 does
not disrupt the MSA–MA–H2O clusters. Chemical composition
measurements on these sub-20 nm particles would conrm the
312 | Environ. Sci.: Processes Impacts, 2020, 22, 305–328
presence or absence of NH3 in these particles, but was outside
of the scope of this paper.

From the SMPS data collected as a function of time (Fig. 3c
and d), particle formation rates (J>2.0nm) were estimated to be
1.4 � 107 particles per cm3 per s (no NH3) and 1.5 � 107 parti-
cles per cm3 per s (with NH3) (Fig. S7b†), which are much higher
than the dry case, highlighting the importance of water in this
system.

(3) Insights from theoretical calculations. The structures of
the most stable MSA–MA clusters with and without NH3 are
shown in Fig. 4. The corresponding energies for dissociation to
the monomers, and corresponding Gibbs free energies are lis-
ted in Table 2. First, for the 1MSA–1MA (Fig. 4a) and 2MSA–2MA
(Fig. 4c) clusters without NH3, the most stable structures involve
a proton transfer (d ¼ 0.83–0.85) from the acid to the base
forming an ion pair, consistent with our previous studies.85,119

For the 1MSA–1MA–1NH3 (Fig. 4b) and 2MSA–2MA–2NH3

(Fig. 4d) clusters, the key skeletons of the clusters do not change
signicantly compared to those without NH3, and the positive
charges on NH3 (d ¼ 0.06) mean that NH3 makes only a small
contribution to charge transfer from MSA. Note that extensive
sampling of the initial congurations was carried out using the
PACKMOL code. In principle, this approach should reveal
signicant changes in structural parameters, if such changes
indeed occur. The dominant charge acceptor (d ¼ 0.79–0.81)
remains the stronger base, MA (gas phase basicity, GB, is
864.5 kJ mol�1 for MA versus 819.0 kJ mol�1 for NH3).175 When
compared to those without NH3, the dissociation energies of
clusters with NH3 increase from 15 to 29 kcal mol�1 for the
1MSA–1MA–1NH3 cluster and from 68 to 92 kcal mol�1 for the
2MSA–2MA–2NH3 cluster (Table 2). The corresponding Gibbs
free energies increase from 4 to 10 kcal mol�1, and from 35 to
40 kcal mol�1, respectively. The fact that the energies are
systematically higher in the presence of NH3 indicates that the
species are more strongly bound to each other within the cluster
and that the cluster, if formed, is more thermodynamically
stable with respect to dissociation compared to that without
NH3. In brief, the main effect of NH3 in the MSA + MA system is
to provide hydrogen bonds to MSA and MA, forming a more
stable closed structure. Furthermore, although the skeletons of
clusters with and without NH3 do not change signicantly, the
addition of NH3 provides extra hydrogen bond opportunities to
incoming gas phase molecules where they can potentially attach
to grow the initial clusters to detectable particles. These calcu-
lations are consistent with the experimental ndings where only
a modest enhancement in particle number concentration was
observed upon addition of NH3.

The structures of the 1MSA–1MA–1H2O and 2MSA–2MA–
2H2O clusters with and without NH3 are shown in Fig. 4e–h, and
the corresponding dissociation energies and Gibbs free ener-
gies are given in Table 2. In all these clusters, the proton is
always transferred from MSA to MA whether or not NH3 is
present, similar to the dry conditions. For comparison, Wang
et al.114 recently reported quantum calculations in which all the
1H2SO4–1MA–1NH3 clusters investigated with various numbers
of water molecules systematically show proton transfer from the
acid to MA. For the MSA + MA system presented here, the role of
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Structures with distances (in angstroms) and partial charges d (in atomic units) of the most stable structures of complexes composed of
MSA, MA, NH3 and H2O at the level of B3LYP-D3/aug-cc-pVDZ. Structures (a) and (c), (b) and (d), (e) and (g), (f) and (h) are the mono-cluster and
dimer cluster of MSA–MA, MSA–MA–NH3, MSA–MA–H2O, MSA–MA–H2O–NH3 respectively.
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Fig. 5 (a) Total particle number concentrations (Ntotal) from MSA + TMA and MSA + TMA + NH3 reaction systems as a function of reaction time
measured using the CPC (dry conditions). Each data point corresponds to the average Ntotal measured over a 5 min scan (error bars correspond
to 1 standard deviation). (b) Comparison of Ntotal values measured at 5.9 s for MSA + NH3, MSA + TMA and MSA + TMA + NH3 reactions. (c) Size
distribution for the MSA + TMA + NH3 reaction (the MSA + TMA reaction didn't generate enough particles to be observable by the SMPS). Each
size distribution is given in light colors with a log normal fit to guide the eye (each distribution corresponds to an average from five successive
scans, except for reaction time 5.9 s where ten scans were averaged (standard deviation are not shown for clarity)). Concentrations of reactants
for all panels are [MSA] ¼ 7.9 � 1010 molecules per cm3; [TMA] ¼ 0 or 5.0 � 1010 molecules per cm3; [NH3] ¼ 0 or 2.2 � 1010 molecules per cm3.
Note that at 0.28 s, particles (>2.0 nm) were not detectable using the SMPS for the MSA + TMA + NH3 reaction.
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NH3 is analogous to that of H2O, as both can form more
hydrogen bonds within the clusters, stabilizing their structures
compared to that of the corresponding MSA + MA system (Table
2). Both also have the capability of hydrogen bonding to
incoming molecules. For example, the 1MSA–1MA–1H2O
(Fig. 4e) exhibits one free –OH on the water molecule, while the
2MSA–2MA–2H2O (Fig. 4g) exhibits two hydrogen bond acceptor
sites on the water oxygens. Similarly, for the 1MSA–1MA–1NH3
Table 2 Dissociation energies with zero-point energy correction (De) an
pVDZ. A positive value corresponds to an endothermic process. B repre

Dissociation reaction

D

M

MSA–B / MSA + B 1
MSA–B–NH3 / MSA + B + NH3 2
2MSA–2B / 2MSA + 2B 6
2MSA–2B–2NH3 / 2MSA + 2B + 2NH3 9
MSA–B–H2O / MSA + B + H2O 3
MSA–B–NH3–H2O / MSA + B + NH3 + H2O 4
2MSA–2B–2H2O / 2MSA + 2B + 2H2O 9
2MSA–2B–2H2O–2NH3 / 2MSA + 2B + 2H2O + 2NH3 1

314 | Environ. Sci.: Processes Impacts, 2020, 22, 305–328
cluster (Fig. 4b), the cluster has two potential hydrogen bond
donor sites located on the NH3, while for the 2MSA–2MA–2NH3

cluster (Fig. 4d) there is one on each ammonia. From the
viewpoint of partial charge, NH3 has only a small contribution (d
¼ 0.06), and H2O has a minor contribution to the separation of
charges (d ¼ 0.00–0.03). It is interesting to note that the charge
distribution on the water decreases upon addition of NH3 to the
2MSA–2MA–2H2O complex.
d Gibbs free energies at 298 K (DG) at the level of B3LYP-D3/aug-cc-
sents the alkyl amines. B ¼ base (MA or TMA)

e (kcal mol�1) DG (kcal mol�1)

A TMA MA TMA

5 20 4 9
9 29 10 10
8 63 35 30
2 89 40 35
0 32 10 9
3 40 15 11
5 80 42 27
12 113 42 41

This journal is © The Royal Society of Chemistry 2020
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(B) MSA + TMA (�NH3) system

(1) Dry conditions. Fig. 5a presents Ntotal values for the
MSA + TMA reaction system ([MSA] ¼ 7.9 � 1010 molecules per
cm3; [TMA] ¼ 5.0 � 1010 molecules per cm3), in the presence or
absence of NH3, as a function of reaction time. Under dry
conditions, the MSA + TMA reaction is not very effective at
forming particles, where only 2 particles cm3 are detected at
5.9 s. However, as seen in Fig. 5a and b, adding NH3 at about
half the concentration of TMA ([NH3] ¼ 2.2 � 1010 molecules
per cm3) produced an immediate enhancement by four orders
of magnitude in Ntotal (Table 1). Fig. 5c shows the corresponding
size distributions when NH3 is present (too few particles above
2.0 nm were generated in the MSA + TMA system alone to be
measured by SMPS). In addition to the increase in the particle
Fig. 6 (a) Total particle concentrations (Ntotal) from MSA + TMA + NH3 r
measured using the CPC (dry conditions; each point corresponds to an a
made over 2 min each). (b) Enhancement factor for particles measured as
reactants are [MSA] ¼ 6.4 � 1010 molecules per cm3; [TMA] ¼ 4.8 � 101

This journal is © The Royal Society of Chemistry 2020
number concentration, the particles are observed to grow over
time, with the GMD increasing from 4.0 � 0.1 nm at 1.7 s to
5.4 � 0.1 nm at 5.9 s (Fig. S9a†). The particle formation rate
(J>2.0nm) was estimated based on the SMPS data to be (7.6 � 0.5)
� 103 particles per cm3 per s under these conditions (Fig. S9b†).

A separate set of experiments was carried out at various
concentrations of NH3 (0 to 10 � 1010 molecules per cm3) while
keeping MSA and TMA constant ([MSA] ¼ 6.4 � 1010 molecules
per cm3; [TMA] ¼ 4.8 � 1010 molecules per cm3). As seen in
Fig. 6a, Ntotal increased with the concentration of NH3.
Enhancement factors were estimated from this dataset and are
shown as a function of the NH3 concentration in Fig. 6b. At NH3

concentrations < 1.4 � 1010 molecules per cm3 (0.55 ppb), some
enhancement is already observed (EF < 100), but at [NH3] > 1.9
eactions for varying NH3 concentrations as a function of reaction time
verage from three replicate CPC measurements � 1 standard deviation
a function of NH3 concentration (data for t ¼ 5.9 s). Concentrations of

0 molecules per cm3; [NH3] ¼ (0–10) � 1010 molecules per cm3.

Environ. Sci.: Processes Impacts, 2020, 22, 305–328 | 315
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� 1010 molecules per cm3 (> 0.78 ppb), the enhancement factor
becomes 3 to 6 orders of magnitude, with EF reaching �106 at
[NH3] ¼ 10 � 1010 molecules per cm3 (4.1 ppb). Thus, the
presence of NH3 even at relatively small concentrations drasti-
cally enhances NPF in the MSA + TMA system, which is not very
efficient in forming particles on its own. Particle nucleation
rates (J>2.0nm) were estimated from the CPC data (no SMPS
measurements were performed for this dataset) and ranged
between 1.3 particles per cm3 per s to 3.2� 104 particles per cm3

per s for NH3 concentrations of (0.96–10) � 1010 particles per
cm3 (Fig. S10†). In short, although the MSA + TMA system is not
very efficient at producing particles on its own, adding NH3 can
give particle nucleation rates similar to that of the MSA + MA
system (Fig. S6b†).

The above MSA + TMA experiments were performed with
excess MSA ([MSA]/[TMA] � 1.6). Additional experiments were
performed at various [MSA]/[TMA] ratios (Fig. S11†). In these,
a large enhancement upon addition of NH3 was systematically
observed for each condition, and for an equal concentration of
MSA and TMA ([MSA] ¼ [TMA] ¼ 6.4 � 1010 molecules per cm3),
the enhancement was still about 2 orders of magnitude under dry
conditions. Note that the enhancement is not simply due to
increase of condensing vapors. Indeed, as illustrated in Fig. S11,†
for a xed MSA concentration of 6.4 � 1010 molecules per cm3

and an equivalent total base concentration, i.e. �3 � 1010
Fig. 7 (a) Total particle number concentrations (Ntotal) fromMSA+ TMA+H
measured using the CPC (RH � 45–50%). Each data point corresponds to t
standard deviation). (b) Comparison of Ntotal values measured at 5.9 s for
reactions. Corresponding size distributions for (c) the MSA + TMA + H2O re
size distribution is given in light colors with a log normal fit to guide the eye
except for reaction time 5.9 s where ten scans were averaged instead (stan
all panels are [MSA] ¼ 7.9 � 1010 molecules per cm3; [TMA] ¼ 0 or 5.0 �

316 | Environ. Sci.: Processes Impacts, 2020, 22, 305–328
molecules per cm3, an enhancement is clearly visible when
comparing to the MSA + TMA reaction alone (middle red bar;
[total base]¼ [TMA]¼ 3� 1010molecules per cm3; no NH3).Ntotal

observed at 5.3 s is 1.7� 0.3 particles per cm3, whereas it is 216�
82 particles per cm3 whenNH3 is present (keeping [total base]� 3
� 1010 molecules per cm3; [TMA]¼ 1.4� 1010 molecules per cm3;
[NH3] ¼ 1.8� 1010 molecules per cm3). For comparison, the total
particle number concentration observed in the case ofMSA + NH3

alone ([NH3] ¼ [total base] ¼ (2.4–3.8)� 1010 molecules per cm3)
is only 0.01–0.02 particles per cm3 (Fig. S5†).

(2) In the presence of water vapor. Without NH3 but in the
presence of �45–50% RH (as seen from the comparison
between the red trace in Fig. 5a and the orange trace in Fig. 7a),
the addition of water to the MSA + TMA system ([MSA] ¼ 7.9 �
1010 molecules per cm3; [TMA] ¼ 5.0 � 1010 molecules per cm3)
enhances new particle formation compared to the dry case (EF
¼ (1.8 � 0.4) � 102; Table 1). However, while Ntotal remains
relatively small ((4.1 � 0.1) � 102 molecules per cm3 at 5.9 s),
the particles are much larger, with a GMD of 20 � 0.5 nm,
compared to 4–5 nm for the dry case. This is also different from
the MSA + MA reaction system where particles only grew to
about 6 nm upon addition of water.

Upon addition of NH3 (2.2 � 1010 molecules per cm3) to the
MSA + TMA + H2O system, there is a clear enhancement in
particle number concentration (Fig. 7a and b); however,
2O andMSA+ TMA+NH3 +H2O reactions as a function of reaction time
he average Ntotal measured over a 5 min scan (error bars correspond to 1
MSA + H2O +NH3, MSA + H2O + TMA and MSA + H2O + TMA + NH3

action and (d) the MSA + TMA + H2O + NH3 reactions, respectively. Each
(each distribution corresponds to an average from five successive scans,
dard deviation are not shown for clarity)). Concentrations of reactants for
1010 molecules per cm3; [NH3] ¼ 0 or 2.2 � 1010 molecules per cm3.

This journal is © The Royal Society of Chemistry 2020
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as displayed in Table 1, the EF is less than that in the dry case
(EF ¼ (2.6 � 0.5) � 102 under humid conditions, compared to 4
to 6 orders of magnitude under dry conditions). In this case,
Fig. 8 Structures with distances (in angstroms) and partial charges d (in
MSA, TMA, NH3 and H2O at the level of B3LYP-D3/aug-cc-pVDZ. Structur
dimer cluster of MSA–TMA, MSA–TMA–NH3, MSA–TMA–H2O, MSA–TM

This journal is © The Royal Society of Chemistry 2020
the particle mobility GMD for MSA + TMA is centered around
17.9� 0.4 nm, which is slightly smaller than that in the absence
of NH3. This suggests that while water is responsible for the
atomic units) of the most stable structures of complexes composed of
es (a) and (c), (b) and (d), (e) and (g), (f) and (h) are the mono-cluster and
A–H2O–NH3 respectively.
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growth of the particles, the main effect of NH3 is to enhance
nucleation to form new particles. Note that a lower, but still
signicant enhancement was observed for experiments per-
formed under equivalent MSA and TMA conditions ([MSA] ¼
[TMA] ¼ 6.4 � 1010 molecules per cm3; RH � 45–50%), with EF
¼ 19 � 11 in this case upon addition of NH3 (1.8 � 1010 mole-
cules per cm3) (Fig. S12†).

From the size distributions measured for MSA + TMA + H2O
(Fig. 7c and d; [MSA] ¼ 7.9 � 1010 molecules per cm3;
[TMA] ¼ 5.0 � 1010 molecules per cm3; RH � 45–50%), particle
formation rates (J>2.0nm) were determined (Fig. S13†) to
be (1.7 � 0.06) � 102 particles per cm3 per s (no NH3) and
(6.5 � 0.03) � 104 particles per cm3 per s (with NH3; [NH3] ¼ 2.2
� 1010 molecules per cm3). The corresponding J>2.0nm value for
MSA + TMA + NH3 under dry conditions and equivalent
concentrations of the reactants (Fig. S9†) was only 7.6 � 103

particles per cm3 per s, suggesting that the presence of water
greatly enhanced particle formation. In addition, the quater-
nary system MSA + TMA + H2O + NH3 appears to be as efficient
at forming particles as the ternary MSA + MA + NH3 reaction
system (dry conditions; [MSA] ¼ 6.4 � 1010 molecules per cm3;
[MA] ¼ 6.1 � 1010 molecules per cm3; [NH3] ¼ 2.9 � 1011

molecules per cm3). However, the particles exhibit larger
diameters (GMD ¼ 17 nm for the quaternary MSA + TMA + H2O
+ NH3 system versus GMD � 3 nm for the ternary MSA + MA +
NH3 system).

(3) Insights from theoretical calculations. The structures of
the most stable MSA–TMA clusters with and without NH3 are
presented in Fig. 8 and the corresponding dissociation energies
and Gibbs free energies are in Table 2. In the case of the 1MSA–
1TMA (Fig. 8a) and 2MSA–2TMA (Fig. 8c) clusters without NH3, the
most stable structures involve a proton transfer (d ¼ 0.83–0.86)
between MSA and TMA forming an ion pair, consistent with our
previous studies.74,82,85 Note that for the 2MSA–2TMA cluster, there
are no hydrogen bonds between the two MSA–TMA ion pairs,
which is a distinct difference from theMSA–MA clusters presented
above. The 2MSA–2TMA cluster is bound by Van der Waals inter-
actions, of which the largest contribution is dipole–dipole inter-
action. Two dissociation pathways were considered for this cluster:
2MSA–2TMA 0 2 MSA + 2 TMA and 2MSA–2TMA 0 2 (MSA–
TMA). The corresponding Gibbs free energies for the two pathways
at T¼ 298 K are 30 kcal mol�1 and 12 kcal mol�1, respectively. The
free energy changes are positive in both indicating that the
dissociation reactions are endothermic, and the cluster, if it is
formed, is thermodynamically stable with respect to dissociation.
However due to the absence of free –NH groups on TMA, the
2MSA–2TMA cluster does not have any potential hydrogen
bonding opportunities for incoming molecules to attach to this
cluster. This is consistent with the experimental observations that
the MSA + TMA system is not very efficient at forming detectable
particles.

The role of NH3 in the 1MSA–1TMA–1NH3 cluster (Fig. 8b) is
similar to that observed in the MSA + MA system, where NH3

simply attaches to the ion pair with minimal contribution to the
separation of charges (d¼ 0.01) and the proton transfer remains
between MSA and TMA (d ¼ 0.83). However, for the 2MSA–
2TMA–2NH3 cluster (Fig. 8d), the structure surprisingly shows
318 | Environ. Sci.: Processes Impacts, 2020, 22, 305–328
a signicant change. In this case, the proton is transferred from
MSA to NH3 instead of to TMA. This is also seen in the partial
charge distribution on NH3 (d ¼ 0.77), showing that NH3 now
becomes the dominant acceptor. Similar observations were
recently reported for H2SO4–dimethylamine–NH3 clusters,112

where NH3 forms more intermolecular interactions than
dimethylamine within the cluster and it was the species
that accepts the proton from the acid, although dimethylamine
is a stronger base (gas phase basicity,175 GB ¼ 896.5 kJ mol�1).

When NH3 is present, the 2MSA–2TMA–2NH3 cluster (Fig. 8d)
possesses a closed ring structure, where two NH3 and two MSA
form a core and TMA is bound on the outside of this core, unlike
the 2MSA–2TMA open structure cluster (Fig. 8c). Although TMA is
a much stronger base (gas phase basicity, GB¼ 918.1 kJ mol�1),175

NH3 (GB ¼ 819.0 kJ mol�1)175 can form more hydrogen bonds,
leading to a much more stable structure. Indeed, the dissociation
energy increases from 63 to 89 kcal mol�1, and the corresponding
Gibbs free energy increases from 30 to 35 kcal mol�1 (Table 2). In
addition, the presence of NH4

+ in the cluster structure offers
hydrogen bonding opportunities for incoming gases to potentially
attach to the cluster and cause it to grow to detectable sizes. This
remarkable shi in charge distribution, stability and structure of
the clusters parallels the large enhancement observed in the
experiments, where the presence of 1.0� 1011 NH3 molecules per
cm3 (Fig. 6) in the dry MSA + TMA reaction system induced
enhancements in particle formation by up to six orders of
magnitude.

Proton transfer occurs between MSA and TMA in the 1MSA–
1TMA–1H2O (Fig. 8e) and 2MSA–2TMA–2H2O clusters (Fig. 8g),
as well as for the 1MSA–1TMA–1H2O–1NH3 cluster (Fig. 8f).
Note that, in the 2MSA–2TMA–2H2O cluster (Fig. 8g), H2O acts
as a bridge between the ion pairs, increasing the stability of the
cluster. In the 2MSA–2TMA–2NH3–2H2O cluster (Fig. 8h)
involving NH3, ammonia is the dominant proton acceptor
(d ¼ 0.78) as observed in the dry system, and TMA and H2O
connect with the other species through hydrogen bonds. This is
also consistent with the experiments, although a much smaller
enhancement was observed in the presence of water vapor
(�45–50% RH) compared to the dry case.
(C) Comparison of the addition of NH3 versus the addition of
H2O

For the MSA + MA reaction system, which is already very effi-
cient in forming small particles under dry conditions, the
addition of NH3 induces only a modest enhancement. However,
water promotes growth, which enhances the concentrations of
particles.

For the MSA + TMA system, a small amount of NH3 is
far more effective in enhancing new particle formation than the
larger atmospherically relevant amounts of water.
Indeed, the addition of NH3 (2.2 � 1010 molecules per cm3) to
the MSA + TMA reaction system gave a large increase in particle
formation of four orders of magnitude, compared to an increase
of (1.8� 0.4)� 102 (Table 1) upon the addition of water at much
higher concentrations, �3 � 1017 molecules per cm3 (equiva-
lent to �45–50% RH). The presence of NH3 promotes the
This journal is © The Royal Society of Chemistry 2020
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formation of a strong hydrogen bonding network which enables
the formation of stable clusters. In addition, NH3 replaces the
strong base TMA as the main proton acceptor in the dimer
systems. On the other hand, water provides hydrogen bonding
opportunities that help to grow the particles. This is seen in the
much larger diameter observed upon the addition of water,
compared to the respective dry cases (with and without NH3).

It is important to note that the reverse addition (i.e. adding
small amount of TMA to the binary MSA + NH3 system) is also
of atmospheric relevance. On its own, the binary dry
system MSA + NH3, even at high concentrations of NH3 (up to
2.8 � 1011 molecules per cm3), is not effective at forming
particles (only �5 particles per cm3 observed at t ¼ 5.3 s;
Fig. S5;† [MSA] ¼ 6.4 � 1010 molecules per cm3).
However, with both TMA (4.8 � 1010 molecules per cm3) and
NH3 (1.0 � 1011 molecules per cm3) present, Ntotal increased
by (2.1 � 0.5) � 104 (Fig. S14†).
(D) Atmospheric implications

In air, gas phase H2SO4 is generally recognized as the main
driver for new particle formation. However, increasing numbers
of laboratory studies73,74,82–85 and eld measure-
ments8,11,16,101,176–178 suggest that MSA may also contribute. For
example, we determined in this study apparent particle forma-
tion rates that suggest that multicomponent systems involving
MSA, amines and NH3 may be very efficient at forming particles;
however, direct application of these rates to atmospheric
conditions is not straightforward. Nevertheless, evidence from
eld measurements show that MSA may be a key player in
particle formation and growth. For example, MSA wasmeasured
in nucleation-mode particles above a forest canopy in Hyytiälä,
Finland.8,11 Recent measurements from the Arctic176,177 indi-
cated a strong correlation between summertime particle
number concentrations and particulate MSA concentrations,
a period during which sulfate content is lower. Furthermore,
Kerminen et al.101 showed that MSA was enhanced compared to
nss-SO4 in sub-100 nm particles collected in the Finnish Arctic.

In addition, the role of MSA in NPF is expected to increase in
the future, as anthropogenic SO2 declines worldwide.86–91 In
addition, polar sea-ice is melting at an increasing rate. This is
altering the marine ecosystem, providing more open ocean
surface, and as consequence, higher emissions of DMS
(precursor to MSA). For example, Sharma et al.179 reported
higher MSA concentrations in particles as the seasonal ice cover
was reduced throughout the Arctic region.

While there are not many simultaneous co-located
measurements of MSA and amines, there is growing evidence
that ambient particles containing MSA also contain signicant
amounts of aminium and/or aminium ions.8,11,16,100,137–141 For
example, Kollner et al.139 reported the presence of trimethyl-
amine, NH3 and MSA in the same particles in the Canadian
Arctic, while Muller et al.141 reported the co-existence of MSA
withMA and NH3 (along with dimethylamine and diethylamine)
from measurements performed in a marine environment at
Cape Verde. In more polluted regions, such as agriculturally
intensive areas where both ammonia and amines are present in
This journal is © The Royal Society of Chemistry 2020
relatively high concentrations,115–117,131,180 the chemistry high-
lighted in the present study may also play a role. Thus, MSA and
its precursor (DMS) have been previously measured in presence
of amines and ammonia in agricultural settings.88,181,182 For
example, Feilberg et al.,181 measured DMS and TMA from an
experimental pig production farm in Denmark, and Sorooshian
et al.183 reported high concentrations of MSA in particles
collected near a cattle feedlot in California (35 ng per m3).

In short, MSA, amines and NH3 co-exist in various environ-
ments in the atmosphere from remote to polluted locations.
The results presented here suggest that when combined, those
species may have a signicant role in particle formation and
growth, but clearly there is a need for more parallel measure-
ments of those species as well as the composition of the
smallest particles to fully assess the importance of this chem-
istry in air.
Conclusions

The present study demonstrates that ammonia systematically
enhances particle formation from the reaction of MSA with MA
and TMA to various degrees depending on the amine. For MSA +
MA, the addition of [NH3] ¼ 2.9 � 1011 molecules per cm3 gives
only a small enhancement (EF ¼ 1.6 � 0.1, dry conditions; little
to no enhancement in the presence of water vapor). On the
other hand, addition of much smaller NH3 concentrations
(2.2 � 1010 molecules per cm3) to the MSA + TMA binary reac-
tion system has a much larger impact, with EF up to 104 under
dry conditions, but a smaller enhancement under humid
conditions (EF ¼ (2.6 � 0.5) � 102). Most importantly, although
NPF from the MSA + TMA system is not efficient on its own,
upon addition of NH3 this system becomes competitive with the
highly effective MSA + MA system.

One of the highlights of this study is that for the MSA + TMA
reaction system, the addition of only ppb levels of NH3 produces
a much larger impact on NPF than the addition of much higher
concentrations of water (�45–50% RH corresponding to
�12 000 ppm). While NH3 stabilizes the clusters by providing
a network of hydrogen bonds, leading to stable detectable
nuclei, water bridges ion pairs and provides hydrogen-
bonding opportunities to grow the initial cluster to diameters
of 17–20 nm. In the case of MSA + TMA, surprisingly, NH3 even
becomes the acceptor for the proton from MSA in larger clus-
ters, despite its weaker gas phase basicity compared to TMA.

The powerful combination of experimental results and
quantum chemical calculations highlights the molecular basis
for synergy occurring in the acid–base reactions involving MSA
with MA or TMA in the presence of NH3. These results are of
particular importance as NH3 is ubiquitous in air, and is almost
always simultaneously present with amines both outdoors and
indoors.115,132
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