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Abstract. Atmospheric new patrticle formation
(NPF) is the process by which atmospheric
trace gases such as sulfuric acid, ammonia,
and amines cluster and grow into climatically
relevant particles. The mechanism by which
these particles form and grow has remained
unclear, in large part due to difficulties in
obtaining molecular-level information about
the clusters as they grow. Mass
spectrometry—based methods using

electrospray ionization (ESI) as a cluster source have shed light on this process, but the produced cluster
distributions have not been rigorously validated against experiments performed in atmospheric conditions. lonic
clusters are produced by ESI of solutions containing the amine and bisulfate or by spraying a sulfuric acid solution
and introducing trace amounts of amine gas into the ESI environment. The amine content of clusters can be
altered by increasing the amount of amine introduced into the ESI environment, and certain cluster compositions
can only be made by the vapor exchange method. Both approaches are found to yield clusters with the same
structures. Aminium bisulfate cluster distributions produced in a controlled and isolated ESI environment can be
optimized to closely resemble those observed by chemical ionization in the CLOUD chamber at CERN. These
studies indicate that clusters generated by ESI are also observed in traditional atmospheric measurements,
which puts ESI mass spectrometry-based studies on firmer footing and broadens the scope of traditional mass

spectrometry experiments that may be applied to NPF.
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Introduction

s a substantial source of atmospheric aerosol, new particle
formation (NPF) plays an important role in health and
climate [1, 2]. This process, by which atmospheric trace gases
cluster and grow, has been observed in the ambient atmosphere
[3—6], in atmospheric simulation chambers [7—10], and in flow

Electronic supplementary material The online version of this article (https://
doi.org/10.1007/s13361-019-02322-3) contains supplementary material, which
is available to authorized users.

Correspondence to: Christopher Johnson;
e-mail: chris.johnson@stonybrook.edu

tube experiments [11-14]. These studies have identified sulfu-
ric acid and nitrogen-containing bases as significant drivers of
NPF, with particle formation rates depending most strongly on
the concentration of sulfuric acid [9, 12-17]. Ammonia can
stabilize the particles through salt bridge formation with sulfu-
ric acid, and stronger bases such as dimethylamine are known
to enhance growth rates, with particles containing both ammo-
nia and dimethylamine growing the fastest [12, 18-21]. Recent
studies have also suggested that diamines and organic acids
may further stabilize new particles and enhance growth rates
[14, 17, 22, 23].

Despite intensive study, important questions remain regard-
ing the chemical mechanism by which new particles grow [24—
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26]. The role of water is not well understood, even though it is
ubiquitous in the atmosphere [22, 27, 28]. Structural questions
such as the partitioning of ammonia and amines to the center or
surface of the particles remain unclear [26]. The resolution of
these molecular-level questions requires experimental probes
sensitive to structure and intermolecular interactions that are
not typically accessible with traditional atmospheric techniques
such as particle sizing, counting, and online mass spectrometry.

The absence of molecular-level experimental insights has
spurred the development of computational approaches to eval-
uate cluster structures and energetics, which serve as inputs to
models predicting NPF rates [7, 29-35]. These models produce
growth rates in the range of those observed in experiments, but
their computational expense limits them to clusters of ~ 10
molecules and concerns remain in confirming that the mini-
mum energy structures are found [30, 31, 36, 37]. In order to
produce molecular-level benchmarks for these calculations and
to extend experiments beyond the size range currently tractable
by theoretical methods, it will be necessary to develop exper-
iments that provide enhanced control over cluster composition
and measurements of their structures and thermodynamics.

To answer this need, experimental techniques developed for
the study of ionic molecules and clusters have been applied to
NPF. Mass spectrometry and ion mobility—based experiments
have probed the ammonia-amine exchange mechanism [38,
39], the energetics of clusters with compositions relevant to
NPF [29, 34-36, 40, 41], and their hydration [30-32, 42].
Spectroscopic investigations, particularly employing vibration-
al or photoelectron spectroscopy of mass-selected clusters,
have elucidated structural information for clusters of sulfuric
acid with water, amines, or organic acids [43—48]. However,
the formation of clusters in these experiments, typically by
electrospray ionization (ESI), is qualitatively different than in
ambient atmosphere or in experiments simulating it, and thus,
critical questions remain as to whether the clusters studied are
truly representative of those found in the atmosphere.

Here we discuss methods for the synthesis of NPF-relevant
ionic clusters in an ESI mass spectrometer. Our primary goal is
to compare ESI-sourced clusters to those generated in chemical
ionization mass spectrometers used in typical atmospheric
measurements. We also introduce an approach to generate
more complex multi-component clusters by exchange or addi-
tion of gaseous species introduced into the ESI environment
and use vibrational spectroscopy to validate that these ap-
proaches yield the same cluster structures. These studies put
ESI mass spectrometry—based studies on firmer footing and
broaden the scope of traditional mass spectrometry experi-
ments that may be applied to NPF.

Methods
Sample Preparation

For cation clusters, a 1 mM ammonium sulfate solution, aque-
ous in 50% methanol, was spiked with 0.01 vol% formic acid.
To induce amine addition and substitution, two methods were
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explored: aqueous introduction in the solution and gaseous
introduction in the spray environment. For aqueous introduc-
tion, the three amines (methylamine, dimethylamine, and
trimethylamine) were added separately to the ammonium sul-
fate solution, in a 1:2 ratio of ammonium sulfate:amine. For
gaseous introduction, a reservoir containing aqueous amine
was attached to the electrospray region of the instrument. A
valve on the capsule isolating the amine capsule was opened
slightly, allowing the amine to be slowly bled into the
electrospray region.

For anion clusters, a 5-mM ammonium sulfate solution,
aqueous in 50% methanol, was spiked with 0.1 vol% ammo-
nium hydroxide. The abundance of these clusters was indepen-
dent of concentration over the range of 1-10 mM, with higher
concentrations yielding more unstable signal. A 25-mM aque-
ous sulfuric acid solution in 75% acetonitrile, similar to that
suggested by Heine and coworkers, was used in experiments
where the amine vapor was introduced [45].

Description of the Apparatus

The instrument used for this work is a home-built guided ion
beam/ion trap/tandem time-of-flight (TOF) photo-
fragmentation mass spectrometer, which is shown diagrammat-
ically in Figure 1. The ion source for the work described here is
a micro-electrospray ionization interface housed inside a
completely sealed, leak-tight chamber held near atmospheric
pressure. This source is critical to the success of the experi-
ments described here and will be discussed in more detail in the
next section. lonic clusters produced in the ESI source de-
scribed below are introduced into the vacuum system through
a 3.5-in.-long capillary with a 0.0625-in. outer diameter and a
0.0325-in. inner diameter and skimmed into an octopole ion
guide that doubles as a room-temperature ion trap. From this
trap, ions pass through a quadrupole mass filter featuring 0.75-
in. rods and a 440-kHz power supply, providing mass selection
up to 4000 amu/e. Next, ions pass through a LN,-cooled
octopole ion trap capable of operation between room temper-
ature and 80 K. For this study, the LN, octopole is operated at
room temperature and as an ion guide. From here, they are
turned 90° by an electrostatic quadrupole bender and guided to
another octopole ion trap mounted to the 2nd stage of a cryo-
genic cold head with operation between 3 and 310 K. A
mixture of gas (e.g., D,, H,0O) is introduced into this trap via
a Parker Series 9 pulsed valve attached to a 3/16-in. Teflon
tube, thus stopping and collisionally cooling the ions.

After an appropriate amount of time, ions are extracted from
the cryogenic trap through a tube lens and a 1D focusing and
deflecting lens into an orthogonal-acceleration tandem TOF
mass spectrometer. The accelerator, based on the arrangement
of Wiley and McLaren [49], is pulsed to give a beam energy of
~4.1 keV. Critically, the ions are accelerated towards ground,
permitting all other times in the TOF to be referenced to
ground. lons at high energy are deflected and spatially focused
by two sets of deflectors and einzel lenses and optionally mass-
selected by a pulsed parallel-plate mass gate, reaching the time
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Figure 1. Schematic of the home-built photofragment mass spectrometer. The source components are highlighted red, the time-
of-flight (TOF) components are blue, and the detector components are orange. lons are created in a controlled electrospray
environment and guided to a cryogenic ion trap that can be operated from 3 to 310 K. The ions are released from the trap and
extracted into a tandem TOF mass spectrometer, where ions are guided and focused through a laser interaction region, and finally
collide with a detector. The detector output is amplified, digitized, and saved by a computer. See text for more details

focus of the linear portion of the tandem TOF. At this point, the
ions can be intersected by a pulsed, tunable IR laser directed
parallel to the plane of the accelerator and retroreflected by a
three-mirror arrangement for a total of four passes. Fragmented
and unfragmented ions fly freely to a linear reflectron that
separates and refocuses them in time on a 40-mm microchannel
plate—based timing detector that is amplified by a factor of 100
by a 100-MHz AC-coupled amplifier. Typically, a mass reso-
lution of 2000-3000 M/AM is obtained for this instrument,
with the exact value depending strongly on the details of ion
extraction from the cryogenic trap. Further resolution enhance-
ment is expected by replacement of the single-stage reflectron
with a two-stage device; however, the current resolution is
sufficient for all experiments discussed here.

The electrospray source used in these experiments requires
complete isolation of the spray atmosphere from the laboratory
environment and is depicted in Figure 2. This is accomplished
by construction of a vacuum-tight Teflon and polycarbonate
cylindrical capsule with all joints sealed by Viton O-Rings. The
capsule features a slip-seal flange permitting alignment of the
emitter with the inlet capillary, typically in a collinear arrange-
ment with a gap of approximately 2—10 mm. The emitter is a
360-um fused silica capillary pulled to 15 or 30 pm inner
diameter (New Objective Picotip). Stable ESI is typically
achieved using voltages between 2 and 3 kV and solution flow
rates of 0.2-0.6 pL/min, yielding ESI currents of 100 nA—
10 pA and ion currents of several nA measured at the inlet.
Dry and CO,-purged compressed air or N, is introduced into
the chamber via a manual valve that can be metered to maintain
a steady-state pressure near 1 atm. Additional reactant gases
can be similarly introduced via similar ports arranged on the
circumference of the capsule. This arrangement permits the use
of toxic or noxious gases, such as the amines described here,
without disruption of the laboratory atmosphere. Experience

has shown that the residence time of gas in the capsule is~ 15 s,
and the time required to purge gases adsorbed on the inner
surface of the capsule when switching reactant gases is approx-
imately 1 h.

Computational Methods

The structure and IR spectrum of the (DMAH");(HSOy ),
cluster were calculated using the Gaussian 09 program suite
for electronic structure calculations [50]. The combination of
the CAM-B3LYP hybrid density functional and an aug-cc-
pVTZ basis set was chosen due to its success in previous
studies describing clusters with similar compositions and inter-
nal bonding [48]. An initial guess at the cluster structure was
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Figure 2. Side view of the electrospray source. lons generated
from the emitter tip pass into the first vacuum stage via an inlet
capillary. The ESI environment is controlled by introducing var-
ious gases and/or vapors through compression fittings fitted
with valves
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based on the previously published (3,0,2) structure described
by Johnson and coworkers [48, 51, 52]. The bridging ammo-
nium molecules were replaced by dimethylammonium, with
the methyl groups replacing non-hydrogen bonding hydrogens.
The harmonic vibrational spectrum was obtained after a geom-
etry optimization and is presented without the use of empirical
scaling factors. The (0,3,2) and (3,0,2)pma cluster structures
can be found in the Supporting Information (SI4).

Results and Discussion

Critical Features of the Electrospray lonization
Source

We first discuss the qualitative aspects of the ESI source used
in these studies, as it enables source chemistry not amenable to
those typically found on commercial instruments. This source
is encapsulated in a sealed chamber, which can be held at
variable pressures but is typically near 1 atm that is isolated
from the ambient air. Dry air or N is introduced via a manifold
to replace air entering the vacuum system, but no other gas
flows, such as nebulizing gas, are added. This allows reactant
gases to also be introduced into the manifold with time to mix
and reach steady state. The time required for this chamber to
pump out via the vacuum system inlet is tens of seconds.
Solutions are delivered to the ESI emitter via a fused silica
capillary fed through a union embedded in the chamber wall,
such that the solution is not exposed to the chamber atmosphere
until it is sprayed.

Cation Cluster Generation

For all cation clusters discussed here, the naming convention
(m,n) denotes clusters of the form (NH3),,(H,SO,),H", while
(I,m,n) indicates the number of constituents in a cluster (amine).
{(NH3),,(H,S04),H" [51, 53]. Computational and experimental
studies have shown that, in most cases, proton transfer is
complete and the cluster constituents exist in maximally ion-
ized forms such that the formulas of these clusters can be
written as (aminium"),(NH,"),,(HSO, ), [26, 30, 54, 55].
These ionized clusters gain additional stability from Coulomb
interactions between the ions, likely explaining the narrow
distribution of ammonia molecules per sulfuric acid.

Typical distributions of clusters formed by ESI of ammoni-
um sulfate solutions differ by charge. For cations, clusters with
(NH,"), + (HSO,"), are predominantly generated. Singly
charged clusters with up to six bisulfate molecules and several
doubly charged cation clusters are routinely produced in our
source, as shown in Figure 3. Chemical ionization mass spectra
from the CLOUD chamber primarily show clusters of the (n +
1,n) and (n,n)H" formulas [18]. As seen in Figure 3, the (n +
1,n) series are the dominant clusters generated by ESI. Lower
intensity (n,n)H" clusters can also be observed. In our instru-
ment, this second set of clusters are readily produced, presum-
ably by collision-induced dissociation (CID) in the first room
temperature octopole ion trap in our instrument, under harsh
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Figure 3. An overview of clusters generated by electrospray
ionization of ammonium bisulfate solutions in positive mode.
The (m,n) naming convention indicates the number of ammonia
and sulfuric acid molecules comprising a cluster and is the form
(NH3)m(H2S04),H*
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source conditions. It was previously shown that loss of neutral
ammonia is facile in these clusters under thermal decomposi-
tion, surface-induced dissociation, or infrared irradiation [48,
54, 56]. Recent studies of ionic liquid [57, 58], ammonium/
dimethylammonium bisulfate [59], and bisulfate/sulfuric acid
[60] cluster decomposition in atmospheric pressure interface
mass spectrometers show that dissociation readily happens in
the moderate-pressure region of the ion transport system. Thus,
while the two ion sources produce essentially identical popu-
lations of ions, it is unclear whether each quantitatively repro-
duces those in the ambient CLOUD chamber. In fact, similar
dissociation processes are likely occurring in the ion interfaces
of both instruments. A similar set of clusters, albeit with a
different set of relative intensities, was observed in a substan-
tially different ESI source, suggesting that source-to-source
variations may play a role in the relative abundances of the
clusters but not in their identity [61]. Table 1 compares the
cation cluster compositions formed via ESI and chemical ion-
ization at the CLOUD chamber. The columns and rows indi-
cate the number of ammonium and bisulfate molecules, respec-
tively, in a cluster. For comparison with CLOUD, clusters
generated from ESI have a green background while CLOUD
clusters are outlined by bold, black borders. Clusters that are
observed both from ESI and at CLOUD lie within the bold,
black borders and are highlighted green. The vast majority of
clusters formed from ESI are identical in composition to those
detected at the CLOUD chamber.

Amine Substitution in Cation Clusters

Amine incorporation or exchange has been proposed to sub-
stantially increase NPF rates compared with ammonia [13, 16,
35, 62]. In the studies presented here, two methods were used
to create aminium-containing clusters. The simplest is ESI of a
mixture of ammonium sulfate and an amine of interest (i.c.,
methylamine (MA); dimethylamine (DMA); or trimethylamine
(TMA)). Alternatively, the same ammonium sulfate solution



S. E. Waller et al.: Validating ESI Methods for Atmospheric Cluster Production

2271

Table 1. (NH,"),,(HSO,), Cation Clusters Generated from ESI (green) and from CLOUD (Outlined in Black). Columns Indicate the Number of NH; " Molecules

and Rows Indicate the Number of HSO, Molecules in a Cluster

#NH,* —

0 1 2 3 4 5 6 7 8 9 10

1101 11 31 41 51 61 71 81 91 101
2102 1,2 42 52 6,2 72 82 92 10,2
3/03 13 23 53 63 73 83 93 10,3
:';:: 4,04 14 24 34 6,4 84 94 104
»mw|5105 15 25 35 45 85 95 105
9 606 16 26 36 46 5,6 9,6 10,6
ll 7107 1,7 27 3,7 47 57 6,7 7,7 10,7
8,08 18 28 38 48 58 68 78 10,8
909 19 29 39 49 59 69 79 89 99 109
10| 0,20 1,10 2,10 3,10 4,10 5,10 6,20 7,10 8,10 9,10 10,10

discussed above can be electrosprayed in the presence of amine
vapor, yielding a distribution of partially or fully amine-
substituted clusters. Mass spectra of clusters generated from
amine solutions and by introducing MA, DMA, or TMA
vapors into the electrospray environment are compared in
Figures 4 and 5.

Figure 4 compares the distributions of clusters containing
one bisulfate ion. Mass spectra are color-coded with NHj; in
black, MA in red, DMA in blue, and TMA in purple. Clusters
generated from amines in solution are presented upright, while
mass spectra collected with amine vapors are inverted below
their solution counterparts. Clusters with the same mass are
formed when the amine is dissolved in solution and as when it
is introduced in the ESI environment as a vapor. The inverted
mass spectra presented in Figure 4 were collected by carefully
controlling the amount of amine vapor introduced into the
electrospray environment in order to create distributions with
similar relative intensities to those produced via ESI. The
exception to this is the TMA-containing clusters, which readily
exchanges with ammonia at partial pressures below our ability
to stably control in the current experimental setup.

The mass spectra of clusters containing two bisulfate mol-
ecules are presented in Figure 5. For MA and DMA substitu-
tion, clusters with identical masses are generated by both
solution- and vapor-phase syntheses. However, no substituted
TMA clusters are observed when TMA is introduced in the ESI
solution, even for up to 16 equivalents of TMA. However,
clusters with TMA are readily formed when TMA vapor is
present. Additionally, a peak corresponding to the (3,0,1)tpa
cluster is observed, while no similar clusters are seen for MA or
DMA. Cation clusters containing three bisulfate molecules
formed by amine introduction in the ESI solution and as a
vapor can be found in the Supporting Information (SI3).

The lack of TMA-containing clusters in the solution-phase
case is curious and allows us to speculate on the formation
mechanism of these clusters from solution. We hypothesize
that the key factor is the inability of TMA to form multidentate

hydrogen bonds, leading to substantial partitioning of it at the
droplet surface. In the ion evaporation model of ESI, it could be
expected that TMA-containing clusters would be readily made,
as ions would last reside in the TMA-enriched interface. In the
charge residue model of ESI, TMA would more likely evapo-
rate and the resulting cluster would be expected to be TMA-
poor. The observation of TMA-poor clusters points to the
charge residue model, though it by no means proves it. In the
likely case these clusters result from dissociation of larger
clusters nascent from the spray, an alternative hypothesis can
be proposed that suggests that cluster dissociation does not
yield TMA-rich clusters of this size. This question remains
unresolved in our setup.

The formation mechanism of the vapor-synthesized clusters
is unclear. The fact that TMA-containing clusters could only be
made using the vapor method suggests that vapors are not
quickly diffusing into the volume of the droplet to yield nascent
clusters that are already substituted. However, this does not rule
out the possibility that surface-bound amines exchange with
ammonia during ejection of ions from the droplet (in the ion
ejection picture) or at the end of solvent evaporation (in the
charge residue picture). The other likely scenario is that fully
desolvated ammonium bisulfate clusters exchange with amines
in the gas phase, much the same as they do in the ambient
atmosphere. Bzdek et al. showed that, at high vacuum, ex-
change of DMA for ammonia was facile, while the reverse
process occurred only minimally, suggesting that the vapor-
phase process is plausible [39]. This picture is further compli-
cated by the fact that, as discussed above, the clusters likely
dissociate during transport in the mass spectrometer, and thus,
it is unclear if exchange occurs at atmospheric or reduced
pressures.

Anion Cluster Generation

Anion clusters present three possible formation routes: (1)
solution substitution, (2) vapor substitution, or (3) direct vapor
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Figure 4. Aminium bisulfate clusters of the formula (@aminium™*).
(NHzH,(HSO, 7)1 (Mm <2; I=2-m) generated by ESI of an am-
monium sulfate solution with added amine (upright) and by ESI
of an ammonium sulfate solution sprayed in the chamber con-
taining amine vapor (inverted). The ammonia (NHz) spectrum is
presented in black; methylamine (MA) in red; dimethylamine
(DMA) in blue; and trimethylamine (TMA) in purple

incorporation as described above for ammonia. Here we again
use the notation (/,m,n) to denote cluster structure, except in the
case of anions; the cluster is proton-deficient such that its
formula is given by {(amine)(NHs),,(H,SO,),}—H". The mass
spectrum of an ammonium sulfate solution is presented at the
top of Figure 6. At smaller sizes, clusters with very little
ammonia are observed. For larger clusters, many as-yet un-
identified low-intensity peaks appear. ESI of a sulfuric acid
solution produces the second mass spectrum in Figure 6, which
consists of clusters of the formula HSO, (H,SO,),. We ob-
serve ion intensities for this approach that are typically 5-10
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Figure 5. (Aminium™)(NH4*),(HSO47), (m < 3; /= 3—-m) clusters
generated by ESI of an ammonium sulfate solution spiked with
an amine (upright) and by ESI of an ammonium sulfate solution
sprayed in an environment containing amine vapor (inverted).
The ammonia (NH3) spectrum is presented in black; methyl-
amine (MA) in red; dimethylamine (DMA) in blue; and
trimethylamine (TMA) in purple. A small peak appears in the
top TMA spectrum that appears coincident with the (1,2,2) TMA
cluster below, but is actually a contaminant one mass unit
higher

times larger than those for the ammonium sulfate solution.
Addition of gaseous ammonia to the ESI environment yields
the third mass spectrum in Figure 6, which shows the genera-
tion of ammonia-containing clusters for clusters (0,4) or larger.
For each peak in this mass spectrum, a corresponding peak can
be found in the ammonium bisulfate ESI spectrum, but the third
mass spectrum is substantially less congested. Notably, the
enhanced ion intensity gained through sulfuric acid ESI is
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Figure 6. Comparison of anion mass spectra generated under
different source chemistries. All labels follow the naming con-
vention (n,m) = (@amine),(sulfuric acid),,. At the top is the mass
spectrum of an ammonium sulfate solution, second is the mass
spectrum of a sulfuric acid solution, and third and fourth are
mass spectra taken with the same solution but with gaseous
ammonia or dimethylamine introduced in the source, respec-
tively. Detailed assignments of the smaller peaks in the top
spectrum are given in the Supplementary Information
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retained in this mass spectrum, such that this has become the
preferred experimental approach in our laboratory.

Table 2 compares the anion cluster distributions observed
from ESlI-sourced clusters and the CLOUD chamber. Anion
clusters generated by ESI exhibit a wider variety of composi-
tions than cations, presumably due to the fact that they are
richer in sulfuric acid and therefore contain more neutral con-
stituents. The distribution observed by Bianchi and coworkers,
outlined in black in Table 2, is in fact even broader. While it is
not currently clear what the source of this discrepancy is, given
that the ESI-generated clusters fall in the middle of the distri-
bution of the CLOUD clusters, we postulate that these are
likely the most stable clusters. Careful tandem mobility/mass
spectrometry experiments have recently shown that the ion
transport optics of a typical atmospheric pressure interface
mass spectrometer used in laboratory and field measurements
can lead to fragmentation of sampled ions [60]. It is possible
that this fragmentation may account for some of the breadth of
the distribution of clusters found in the CLOUD study for
anions.

Amine Substitution in Anion Clusters

Anion clusters containing other amines can be produced in a
similar fashion to the cation clusters. Clusters formed by ex-
posing electrosprayed sulfuric acid to DMA vapor are indicated
in Table 3. DMA-containing cluster distributions can be pro-
duced that closely resemble those measured at CERN (also
indicated in Table 3). Furthermore, the addition of DMA vapor
narrows the distribution of clusters for a given number of
sulfuric acid molecules, producing clusters with lower sulfuric
acid content (i.e., clusters with more ionic constituents), includ-
ing some larger sized clusters with more amines than sulfuric
acids. This likely results from enhanced stability of these
clusters as compared with the ammonia-containing ones, as

Table 2. (NH,"),,(HSO, ), Anion Clusters Generated from ESI of an Ammonium-Containing Solution (Green) and by Introducing Gaseous Ammonium into the
ESI Environment (grey) and from CLOUD (Outlined in Black). Columns Indicate the Number of NH," Molecules and Rows Indicate the Number of HSO,~

Molecules in a Cluster

#NH,* —

o 1 2 3 4 5 6 7 8 9 10
ifom] 11 21 31 41 51 61 71 81 91 101
2 22 32 42 52 62 72 82 92 102
3 43 53 63 73 83 93 103
*a 44 54 64 74 84 94 104
(5] 05 55 65 75 85 95 105
Ole| 06 5,6 86 96 106
L |7]07 o 87 97 107
8|08 18|28 38 98 10,8
909 19 29|39 49 59 HEEN 7 10,9

10/ 0,10 1,10 2,10 3,10 | 4,10 5,10 6,10
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Table 3. (DMAH"),,(HSO, "), Anion Clusters Generated from ESI of Sulfuric Acid in the Presence of DMA Vapor (Blue) and from CLOUD (Outlined in Black).
Columns Indicate the Number of NH," Molecules and Rows Indicate the Number of HSO,~ Molecules in a Cluster

# DMAH* —

0 1 2 3 4 5 6 7 8 9 10
1lo1]l11 21 31 41 51 61 71 81 91 101

2 6 1,2 22 32 42 52 62 72 82 92 102

3 33 43 53 63 73 83 93 103
Sl 0, / Z ' 44 54 64 74 84 94 104
% |5 / 55 65 75 85 95 10,5
Q 6|06 16 26 36|46 56|66 76 86 96 106
L7107 17 27 37 47|57 67 77]87 97 107
g/o8 18 28 38 48 58|68 78 8898 108
9/09 19 29 39 49 59 69|79 89 99 |109
10/ 0,10 1,10 2,10 3,10 4,10 5,10 6,10 7,10 8,10 9,10 10,10

these clusters are expected to be composed of fewer neutral
constituents. Anion clusters containing the same number of
amines and sulfur-containing molecules necessarily feature
doubly deprotonated SO,* ions, if all amines are protonated,
which may show substantially different reactivity and uptake
properties from bisulfate as is typically found at these sizes.

Structural Comparison

While we have shown that the clusters produced by gas- and
solution-phase substitutions feature the same composition, it is
not apparent that they have the same structure. Given that the
formation mechanisms are likely to be quite different, we next
look to determine their structures. Computational structure
searches often find several low-energy structures with similar
energies, and it is possible that during the rapid formation
process of clusters in ESI, they may be kinetically trapped in
higher lying isomers. Previous studies of the constituent iden-
tities and internal H-bonding networks indicate the presence of
ammonium (and/or aminium) and bisulfate ions, which stabi-
lize clusters through H-bonding and Coulomb interactions [48,
51, 52]. It is likely that exchange of ammonia in favor of an
amine is generally energetically favorable, with the energetic
gain increasing for more basic amines (all else being equal).
This also raises the possibility that the cluster could become
trapped in a local minimum geometry rather than relaxing into
the global minimum, particularly if the mechanism for relaxa-
tion requires significant reorganization such as the breaking
and reforming of multiple ionic hydrogen bonds.

In order to determine if the structures of clusters containing
solution and vapor amines are the same, vibrational spectra of
(DMAH");(HSO, ),2D, clusters generated via both methods
are compared in Figure 7. We chose the DMA-substituted
cluster because DMA has the highest basicity of the amines
that could be made via both mechanisms and thus might be the
most likely to demonstrate a trapped local minimum geometry.
The solution-amine spectrum is presented in black (middle),

and the vapor-amine spectrum in blue (bottom). Included at the
top of Figure 7 is the calculated harmonic vibrational spectrum
of the cluster as identified in previous spectroscopic studies
[48, 54, 63].

The spectra of the clusters generated from solution- and
vapor-phase amines are identical to within typical experimental
variability. The peak positions between all vibrations are iden-
tical to within the laser bandwidth (~5 cm'). However, the
intensities of bands between 2500 and 3200 cm ' differ slight-
ly, likely due to saturation effects as the laser power varies
strongly as a function of frequency in this range. H-bonded
stretches and modes corresponding to CHj3, indicated by an
asterisk (*), are labeled in gray. Distinct bisulfate stretching
features are observed at the lowest energy ranges of the far-IR
spectrum. The most pronounced features are assigned to the S—
OH stretching (844 cm '), the symmetric SO5 stretching
(1057 cm™"), and the SOH bending (1119 cm™") vibrations.
The SO; asymmetric stretching vibrations cover a range of
frequencies from 1165 to 1284 cm ', with dimethylammonium
bending modes observed at slightly higher frequencies. Two
close-lying characteristic peaks associated with methyl groups
are observed near 1485 cm'. At higher energies, the bisulfate-
free OH stretches are seen at 3798 cm ', substantially red
shifted from the harmonic prediction, as is typical for these
modes. Hydrogen-bonded NH stretches span from 2792 to
3188 cm !, and the feature seen centered at ~ 2520 cm ' arises
from combination bands or overtones of lower energy vibra-
tions. The notable intensity variation of this peak is also likely
due to slight saturation in the top spectrum. The nearly identical
match of the solution- and vapor-phase substituted cluster
spectra suggests that the clusters have the same geometric
structure. The structure of the (3,0,2)ppa cluster is similar to
that of the (0,3,2) cluster determined previously and can be
found in the Supporting Information (SI 4).

The IR spectra presented here indicate that the clusters
produced from solution- and vapor-phase amines are identical
in composition and structure, at least for the smaller clusters. It
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Figure 7. (DMAH")3(HSO,"),-2D, cryogenic infrared vibration-
al predissociation spectra of clusters generated from a DMA-
containing solution (middle) and by introducing DMA in the
spray environment (bottom). Included at the top is the IR spec-
trum as predicted by DFT. For harmonic bands, the comparison
between the experimental and theoretical spectra aid in identi-
fying vibrational modes and the chemical moieties that give rise
to them. Modes associated with bisulfate molecules are labeled
in red, while dimethylammonium modes are labeled in blue. H-
bonded stretches and CH3; modes have grey labels. Computed
structures for (NH;*)3(HSO,7), and (DMAH")3(HSO, ), are
shown at the top for reference

is worth noting that as clusters grow in size, it is likely that
ammonium molecules will become fully hydrogen-bonded and
reside in the cluster interior [36, 64]. In these cases, exchange
of internal ammonia molecules with a vapor-phase amine will
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be more difficult than directly forming clusters with amines in
the ESI solution. Thus, solution- and vapor-phase structures
may diverge at larger cluster sizes. This assumption is support-
ed by our observation that solution-phase TMA does not read-
ily form clusters with two sulfuric acids from ESI, while it does
from vapor exchange. Which approach produces more atmo-
spherically relevant clusters depends on the yet-unknown in-
terplay between uptake and exchange in the NPF mechanism.

Conclusions

We have discussed several approaches to generate aminium
bisulfate clusters of relevance to atmospheric new particle
formation and have validated these approaches against clusters
generated via chemical ionization in the atmospheric simula-
tion chamber CLOUD. In all cases, we find that it is preferable
to generate the simplest clusters via ESI and subsequently
exchanging more complex amines by introducing their vapors
into the ESI environment. Additionally, some clusters contain-
ing amines with lower hydrogen bonding numbers can only be
made via vapor exchange. Infrared spectroscopy of clusters
generated by either vapor exchange or ESI solution produce
identical structures. These results place studies in which NPF-
relevant clusters are generated via ESI on firmer ground and
indicate that laboratory-based mass spectrometry techniques
are effective means to gain insight into NPF-relevant processes.
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