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14 Abstract: Chemical ionization (CI) mass spectrometers are used to study atmospheric nucleation by detecting clusters
15 produced by reactions of sulfuric acid and various basic gases. These instruments typically use nitrate to deprotonate
16 and thus chemically ionize the clusters. In this study, we compare cluster concentrations measured using either nitrate
17 or acetate. Clusters were formed in a flow reactor from vapors of sulfuric acid and dimethylamine, ethylene diamine,
18  tetramethylethylene diamine, or butanediamine (also known as putrescine). These comparisons show that nitrate is
19 unable to chemically ionize clusters with high base content. In addition, we vary the ion-molecule reaction time to
20 probe ion processes which include proton-transfer, ion-molecule clustering, and decomposition of ions. lon
21 decomposition upon deprotonation by acetate/nitrate was observed. More studies are needed to quantify to what extent
22 ion decomposition affects observed cluster content and concentrations, especially those chemically ionized with
23 acetate since it deprotonates more types of clusters than nitrate.

24 Model calculations of the neutral and ion cluster formation pathways are also presented to better identify the
25 cluster types that are not efficiently deprotonated by nitrate. Comparison of model and measured clusters indicate that
26 sulfuric acid dimer with two diamines and sulfuric acid trimer with two or more base molecules are not efficiently
27 chemical ionized by nitrate. We conclude that acetate CI provides better information on cluster abundancies and their
28  base content than nitrate CI.

29 Introduction:

30 Atmospheric nucleation is an important source of global atmospheric particles (IPCC, 2014). In the
31 atmospheric boundary layer, sulfuric acid often participates in nucleation(Weber et al., 1996;Kuang et al.,
32 2008;Kulmala et al., 2004;Riipinen et al., 2007) and its clusters react with other trace compounds to produce stable,
33 electrically neutral molecular clusters; these compounds include ammonia (Kirkby et al., 2011;Coffman and Hegg,
34 1995;Ball et al., 1999), amines (Almeida et al., 2013;Zhao et al., 2011;Glasoe et al., 2015), water (Leopold, 2011),
35  and oxidized organics (Schobesberger et al., 2013). The primary instruments used for detecting freshly nucleated,
36 sulfuric acid-containing clusters are atmospheric pressure chemical ionization mass spectrometers (CIMS) such as the
37 Cluster CIMS (Zhao et al., 2010;Chen et al., 2012) and the Cl atmospheric pressure interface-time of flight mass
38 spectrometer (CI-APi-ToF) (Jokinen et al., 2012). Both mass spectrometers use nitrate to chemically ionize neutral
39 sulfuric acid clusters. Depending upon conditions, NOs™ core ions generally have one or more HNO3 and possibly
40 several H,O ligands The signal ratio of the ion cluster to the reagent ion translates to the neutral cluster concentration
41  (Berresheim et al., 2000;Hanson and Eisele, 2002;Eisele and Hanson, 2000).

42 The amounts and types of ions detected by the mass spectrometer are affected by four key processes: the
43  abundance of neutral clusters, their ability to be chemically ionized, product ion decomposition, and clustering
44 reactions of the product ions (ion-induced clustering, 11C). The first process, neutral cluster formation, follows a
45 sequence of acid-base reactions (Chen et al., 2012;Jen et al., 2014;Almeida et al., 2013;McGrath et al., 2012) whereby
46 sulfuric acid vapor and its clusters react with basic molecules to produce clusters that are more stable than aqueous
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47 sulfuric acid clusters. The concentration of a specific cluster type depends on its stability (i.e. evaporation rates of the
48 neutral cluster) and the concentrations of precursor vapors (i.e. the formation rate).

49 Neutral clusters then need to be ionized to be detected with a mass spectrometer. In most prior work, this has
50 been accomplished by chemical ionization with the nitrate ion whereby the neutral clusters are exposed to nitrate for
51  a set amount of time known as the chemical ionization reaction time (or ion-molecule reaction time). Chemical
52 ionization (CI) can be conceptualized as another acid-base reaction where an acid (sulfuric acid) donates a proton to
53  the basic reagent ion (nitrate, the conjugate base of nitric acid). To illustrate, the ClI reaction of an aminated sulfuric
54 acid dimer, (H2SO4)2DMA, is shown in Reaction 1.

Kk, .
(H,S0,), * DMAe(H,0)_+HNO, ¢ NO; —HSO; ¢ H,SO, e DMA+2HNO, +x(H,0) Reaction1

55 This dimer of sulfuric acid contains a dimethylamine (DMA) molecule and x water molecules. At room temperature,
56  water molecules evaporate upon ionization or entering the vacuum region and are assumed to not significantly affect
57 chemical ionization rates. The forward rate constant, k», is assumed to be the collisional rate coefficient of 1.9x10°°
58 cm® s (Su and Bowers, 1973), while the reverse rate constant is zero.

59 Reaction 1 can be extended to CI reactions for larger neutral clusters of sulfuric acid, with the assumption
60  that every collision between nitrate and a sulfuric acid cluster results in an ionized cluster. However, Hanson and
61 Eisele (2002) presented evidence that some clusters of sulfuric acid and ammonia were not amenable to ionization by
62 (HNOs3)1.2°NOs3'. In addition, Jen et al. (2015) showed that ClI with (HNO3)1-2*NOs™ leads to significantly lower neutral
63  concentrations of clusters with 3 or more sulfuric acid molecules and varying numbers of DMA molecules compared
64  toresults using acetate reagent ions. Furthermore, neutral cluster concentrations detected using acetate Cl are in overall
65  better agreement with values measured using a diethylene glycol mobility particle sizer (DEG MPS). As no other
66 experimental conditions changed except the CI reagent ion, we hypothesized that nitrate’s lower proton affinity than
67 acetate renders it less able to chemically ionize clusters that contain nearly equal amounts of sulfuric acid and base.
68 Poor Cl efficiency reduces the amount and types of ions detected by the mass spectrometer.

69 After neutral clusters are ionized, the resulting ion may decompose. Experimental studies have shown ion
70 decomposition in the ammonia-sulfuric acid system at 275 K (Hanson and Eisele, 2002), and computational chemistry
71 studies present evaporation rates of ion clusters of sulfuric acid with various bases on the order of the Cl reaction time
72 used here (Kurtén et al., 2011;Lovejoy and Curtius, 2001;Ortega et al., 2014). For example, these studies predict an
73 evaporation rate, Eq (Reaction 2), of DMA from a sulfuric acid dimer ion with 1 DMA molecule of ~100 s* at 298 K
74 (Ortega et al., 2014).

HSO, e H,S0, s DMA—5— HSO;, ¢ H,SO, + DMA Reaction 2
75  Experimental observations at room temperatures have never seen the aminated sulfuric acid dimer ion, even at CI
76 reaction times as short as a few ms. Thus, the decomposition rate is likely even faster than the computed value of ~100
77  s'at298 K (Ortega et al., 2014).
78 lon clusters can also be produced by ion-induced clustering (11C) whereby the bisulfate ion (HSO4’), formed
79 by CI of sulfuric acid monomer, further reacts with H.SO4 (with ligands) and larger clusters. Charged clusters can also
80 cluster with neutrals to form larger ion clusters. The signal due to these 1IC products must be subtracted from the
81  observed signals to determine neutral cluster concentrations. Specifically, the sulfuric dimer ion can be formed via the

82 I1C pathway given in Reaction 3, with ligands not shown.

HSO;, + H,S0, —4—HSO; H,S0, Reaction 3
83  The forward rate constant, ka1, is the collisional rate constant of 2x10-° cm?® s™t because this reaction involves switching
84 ligands between the two clusters. Both reactants also contain water, nitrate, and/or base ligands that detach during

85 measurement. I1C-produced dimer signal interferes with the CI detected neutral dimer but can be calculated from
86 measured sulfuric acid vapor concentrations and Cl reaction times (Chen et al., 2012;Hanson and Eisele, 2002).
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87 11C can also produce larger clusters, but in general its contribution is less than for the dimer, even if all rates

88 are assumed to be collisional. Furthermore, bisulfate may not efficiently cluster with chemically neutralized sulfate
89  salt clusters formed by reactions of sulfuric acid and basic compounds. If so, assuming the collisional rate constant
90  forall lIC-type reactions would lead to an over-correction of the neutral cluster concentrations.
91 Measured CIMS signals reflect the combined influences of all these processes, with each occurring on time
92 scales that depend on the chemistry, experimental parameters, and techniques. Assuming a process is either dominant
93 or negligible can lead to large errors in reported neutral cluster compositions and concentrations. Here, neutral cluster
94  formation, chemical ionization, IIC, and ion decomposition are examined experimentally and theoretically to
95 determine the influence of each process on the abundance of ion clusters composed of sulfuric acid and various bases.
96 These bases include DMA, ethylene diamine (EDA), trimethylethylene diamine (TMEDA), and butanediamine (also
97 known as putrescine, Put). The diamines, recently implicated in atmospheric nucleation, react with sulfuric acid vapors
98  tovery effectively produce particles compared to monoamines (Jen et al., 2016). We present observations that 1) show
99 a clear difference between acetate and nitrate CI for all clusters larger than the sulfuric acid dimer with any of the
100  bases, 2) provide evidence of ion decomposition, and (3) identify specific bases that influence the detectability of the
101 dimer neutral clusters. Also presented are modeling results that help elucidate specific processes that influence
102 measurement: neutral cluster formation pathways, cluster types that do not undergo nitrate CI, and clusters that are
103  formed by IIC.

104 Method:

105 Sulfuric acid clusters containing either DMA, EDA, TMEDA, or Put were produced in a flow reactor that
106  allows for highly repeatable observations (see Jen et al. (2014) and Glasoe et al. (2015)). Glasoe et al. (2015) showed
107 that the system has a high cleanliness level: 1 ppgv level or below for amines. Each amine was injected into the flow
108 reactor at a point to yield ~3 s reaction time between the amine and sulfuric acid (see Jen et al. (2014) for a schematic).
109 The initial sulfuric acid concentration ([Aa]o) before reaction with basic gas was controlled at specified concentrations.
110 The base concentration, [B], was measured by the Cluster CIMS in positive ion mode (see Sl of Jen et al. (2014) for
111 further details) and confirmed with calculated concentrations (Zollner et al., 2012;Freshour et al., 2014). The dilute
112 amines were produced by passing clean nitrogen gas over either a permeation tube (for DMA and EDA) or a liquid
113 reservoir (TMEDA and Put), and further diluted in a process described in Zollner et al. (2012). The temperature of the
114  flow reactor was held constant throughout an experiment but varied day-to-day from 296-303 K to match room
115  temperature. This was done to minimize thermal convection which induces swirling near the Cluster CIMS sampling
116 region. The relative humidity was maintained at ~30%, and measurements were done at ambient pressure (~0.97 atm).
117 Total reactor N flow rate was 4.0 L/min at standard conditions of 273 K and 1 atm.

118 Two types of experiments were conducted: one set where specific base, base concentration ([B]), and [A1lo
119  were varied at constant Cl reaction time (similar to those in in Jen et al. (2014)), and the second set where CI reaction
120  time was varied for a subset of reactant conditions (see Hanson and Eisele (2002) and Zhao et al. (2010)). The resulting
121 concentrations were measured with the Cluster CIMS using either nitrate or acetate as the Cl reagent ion. Nitrate and
122 acetate were produced either by passing nitric acid or acetic anhydride vapor over Po-210 sources. Separate Po-210
123 sources and gas lines were used for the acetate and nitrate to avoid cross-contamination. The reagent ions for nitrate
124 Cl was (HNOs)1.2*NO4', and the reagent ions for acetate Cl were H,O+ CH3CO,", CH3CO,H+ CH3CO>", and CH3COy»
125  (in order of abundance). The inferred neutral cluster concentrations were calculated from the CI reaction time,
126 measured and extrapolated mass-dependent sensitivity (see Supporting Information), and the assumed collisional rate
127 constant between CI ion and sulfuric acid clusters (see Jen et al. (2014) and (2015) for a discussion on the data
128 inversion process). The CI reaction time, tci, was determined from the inlet dimensions and electric field strength
129 inside the sampling region; for this set of experiments, tc; was fixed at 18 ms for nitrate and 15 ms for acetate.

130 Varying tc at fixed [B] and [Ai]o was achieved by changing the electric field used to draw ions across the
131 sample flow into the inlet. Similar experiments have been performed with other atmospheric pressure, Cl mass
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132 spectrometer inlets (Hanson and Eisele, 2002;Zhao et al., 2010;Chen et al., 2012) with the detailed mathematical
133 relationship between tc; and ion signal ratios developed more in depth in the following sections and the SI.

134 Acetate vs. Nitrate Comparison:

135 Figure 1 (a and c) compare inferred cluster concentrations derived from measured signals (assuming the
136  collisional rate constant, k¢, and no ion breakup) using acetate (red squares) and nitrate (black triangles) reagent ions
137  ataconstant [A;]o~4x10° cmfor two different [DMA]. The grouped points represent clusters that contain equivalent
138 number of sulfuric acid molecules (N is the monomer, N2 is the dimer, etc.) but with different number of DMA
139 molecules (e.g., As* DMAg 3 where A is sulfuric acid). The number of base molecules in each cluster is given by the
140 grouping bracket. Since the tetramers and pentamers have similar mass ranges, N4 clusters are given as half-filled
141 symbols and Ns clusters as outlined symbols. Note, N1 is detected at different masses between the two reagent ions,
142 with nitrate at 160 amu=HSO4*HNO3 and acetate at 97 amu=HSO4". The total cluster concentrations, [Nm], compared
143 between the two CI ions are shown in Figure 1 (b and d). The notation used here differs slightly from Jen et al. (2014)
144 such that [Nm] denotes the total concentration for clusters that contain m sulfuric acids molecules (i.e.,
145  [Nm]=[An]*[Am*Bi]+Amn*B:]...) and AneB; represents a specific cluster type with m sulfuric acid molecules and j basic
146 molecules (B). The measured [N1] and [N2] obtained using nitrate and acetate are in good agreement for DMA. In the
147 set of bases studied in Jen et al. (2014) (ammonia, methylamine, DMA, and trimethylamine), DMA is the strongest
148 clustering agent, and these results reaffirm the accuracy of previously reported values of [N1] and [N2] in Jen (2014)
149  at high [Ado.

150 Figures 2, 3, and 4 show the acetate and nitrate comparison for EDA, TMEDA, and Put, respectively.
151  Although nitrate appears to consistently detect less [N1] than with acetate, the estimated systematic uncertainty on
152 acetate detected [N1] is higher than with nitrate due to higher background signals detected by acetate, sensitivity for
153  the low masses (see Sl), and possible influence of diamines on the ion throughput in the mass spectrometer. Other
154  factors that may influence the detected [N1] are discussed in the SI. The true acetate [N1] could be up to a factor of 5
155  lower. Therefore, for monomer clusters formed from diamines, it is difficult to conclude that acetate and nitrate lead
156  to significant differences in measured [Na].

157 Both acetate and nitrate primarily detect the bare dimer, with [N2] up to a factor of 5 higher with acetate Cl
158  than nitrate. The systematic uncertainties of acetate [N] are about a factor of 2-3 for similar reasons to the uncertainties
159  for Ni. These comparisons seem to suggest that for clusters formed from diamines, nitrate does not detect as many
160  types of N, as does acetate; however, the large uncertainty in acetate [N2] prevents a definitive conclusion as to whether
161 or not nitrate chemically ionizes all types of dimers. More information is gained from experiments that vary tc; as they
162 are more sensitive to the various formation pathways. These results are presented in the subsequent sections.

163 Figures 1 through 4 (b and d) clearly show that more of the larger clusters (N3 and higher) were detected by
164 acetate CI than nitrate. For all bases, the measured [N3] by acetate is up to a factor of 10 higher than concentrations
165  measured by nitrate Cl. Nitrate detected small amounts of N4 and no Ns, likely due to the ionizable fraction of [N4]
166 and [Ns] falling below detection limits (<10° cm®). In addition as [B] increases, the differences between acetate and
167 nitrate cluster concentrations become more pronounced. This likely occurs because sulfuric acid clusters become more
168  chemically neutral as [B] increases, thereby decreasing their tendencies to donate protons to nitrate ions. The
169 differences between acetate and nitrate measured cluster concentrations cannot be explained only by the larger
170  uncertainties in the acetate measurements. The systematic uncertainties in acetate detected larger clusters is at most a
171 factor of 2 below reported concentrations. Thus, acetate is more efficient than nitrate at chemically ionizing the larger
172 cluster population.

173 The large differences between nitrate and acetate measured [N3] and [N4] provide information to better
174 understand recent atmospheric and chamber measurements. Chen et al. (2012) and Jiang et al. (2011) published [N3]
175  and [N4] measured in the atmosphere using a larger version of the Cluster CIMS (Zhao et al., 2010). For both studies,
176  the measurements were conducted using nitrate CI and only at the clusters’ bare masses (Az and As). Trimer and
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177 tetramer may have been under-detected, though this is uncertain because the atmosphere contains numerous
178 compounds that may behave differently than DMA and diamines. If the actual concentrations of trimer and tetramer
179  were higher than those reported by Jiang et al. (2011), then the fitted evaporation rate of Es=0.4+0.3 s from Chen et
180 al. (2012) is too high and the true value would be closer to 0 s* (collision-controlled or kinetic limit) that was reported
181 by Kiirten et al. (2014) at 278 K. In addition, Kiirten et al. measured [N3] and [N4] about a factor of 10 lower than the
182 collision-controlled limit. They attribute this discrepancy to decreased sensitivity for the larger ions, but it could also
183 be due to inefficient CI by nitrate.

184 Comparing our results to the CLOUD experiments, the amount of clusters detected via nitrate CI using the
185  Cluster CIMS differ from those detected by nitrate using the CI-APi-ToF (Kurten et al., 2014). They observed more
186 ion clusters that contained nearly equal number of sulfuric acid and DMA molecules (e.g., As*DMAy). Our
187 experiments suggest that such highly neutralized clusters are not efficiently ionized by our nitrate core ions. We do
188  not fully understand this difference but longer acid-base reaction times, the amount of ligands on the nitrate core ions,
189  various inlet designs (e.g., corona discharge vs. our Po-210 or high vs. our low flow rates), temperature (278 K

190 compared to our 300 K), and ion breakup upon sampling may all play a role.
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192 Figure 1 (a and c¢) Comparison of specific cluster concentrations ([Am*Bj]) using acetate (red squares) and nitrate (black
193 triangles) reagent ions at two different [DMA] and constant intial sulfuric acid concentration, [A1]o~4x10° cm. Each cluster
194 species is shown at its ion mass. The brackets represent the number of DMA molecules in a cluster with a given number of
195 sulfuric acid. The half-filled symbols show the tetramers and the outlined symbols are the pentamers. Bar graphs b and d
196 compare total cluster concentration of a given size ([Nm]) between aceate (red) and nitrate (black) for the same [DMA] and
197 [A1]o as a and b respectively.
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Figure 2 (a and c¢) Comparison of specific cluster concentrations ([AmeBj]) using acetate (red squares) and nitrate (black
triangles) reagent ions at two different [EDA] and constant intial sulfuric acid concentration, [A1]o~4x10° cm™. Each cluster
species is shown at its ion mass. The brackets represent the number of EDA molecules in a cluster with a given number of
sulfuric acid. The half-filled symbols show the tetramers, outlined symbols as the pentamers, and crossed symbols as 6-mer.
Bar graphs b and d compare total cluster concentration of a given size ([Nm]) between aceate (red) and nitrate (black) for
the same [EDA] and [Aa]o as a and b respectively.
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Figure 3 (a and c¢) Comparison of specific cluster concentrations ([Am*Bj]) using acetate (red squares) and nitrate (black
triangles) reagent ions at two different [TMEDA] and constant intial sulfuric acid concentration, [A1]o~4x10° cm?. Each
cluster species is shown at its ion mass. The brackets represent the number of TMEDA molecules in a cluster with a given
number of sulfuric acid. The half-filled symbols show the tetramers and outlined symbols as the pentamers. Bar graphs b
and d compare total cluster concentration of a given size ([Nm]) between aceate (red) and nitrate (black) for the same
[TMEDA] and [A1]o as a and b respectively.
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Figure 4 (a and c¢) Comparison of specific cluster concentrations ([Am*Bj]) using acetate (red squares) and nitrate (black
triangles) reagent ions at two different [Put] and constant intial sulfuric acid concentration, [A1]o~4x10° cm3. Each cluster
species is shown at its ion mass. The brackets represent the number of Put molecules in a cluster with a given number of
sulfuric acid. The half-filled symbols show the tetramers and outlined symbols as the pentamers. Bar graphs b and d
compare total cluster concentration of a given size ([Nm]) between aceate (red) and nitrate (black) for the same [Put] and
[A]o as a and b respectively.

Chemical ionization efficiency clearly plays a role in both the types and amounts of clusters that can be
detected. However, the concentrations in Figures 1 through 4 were calculated by assuming negligible contributions of
IIC and ion decomposition. The validity of these assumptions was tested by examining the ion behavior with CI
reaction time (tc)) for a variety of bases. Presented in the following sections are ion signal variations with tc; and a
discussion of possible scenarios that explain these observations. To help understand these measurements, we
developed a model to describe these complex series of reactions that govern neutral cluster formation, chemical
ionization, 11C, and ion decomposition. The model combines two box models: one for neutral cluster formation and
one for the ion processes. When compared to observations, the model was useful in identifying the controlling process
for the monomer and dimer but, due to the numerous reactions, only provided general scenarios to explain observations
for the larger clusters.

Monomer, Ni:

Over the 3 s neutral reaction time in this flow reactor (i.e., the reaction time between neutral sulfuric acid
vapor and the basic gas), initial monomer concentration ([N1]) is depleted as it forms larger clusters/particles and is
lost to walls; N1 may re-enter the gas phase by evaporation of larger clusters. Two types of N1 may have significant
abundances in the sulfuric acid and DMA system: A; and A;1*DMA. One computational chemistry study predicts the
latter has an evaporation rate of 102 s (all computed rates at 298 K unless otherwise stated) (Ortega et al., 2012) with
others suggesting an evaporation rate closer to 10 s (Nadykto et al., 2014;Bork et al., 2014).

Following the neutral reactions, the remaining monomer is readily chemically ionized and the product ion
can decompose and undergo I1C with the monomer or clusters. For example, the decomposition rate of A;*DMA is
predicted to be 10° s** (Ortega et al., 2014). Therefore, whether or not A;*DMA is a significant fraction of the total
monomer concentration, A;  is the only ion with significant abundance. This agrees with our experimental
observations.
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241 Neutral [N1] can be estimated from mass spectrometry signals because there is negligible ion breakup in the

242 Cluster CIMS that leads to A;". As discussed above, a number of experiments and the current results have shown this
243 to be the case (Hanson and Eisele, 2002;Eisele and Hanson, 2000;Lovejoy and Bianco, 2000). The signal ratio of the
244 sulfuric acid monomer at 160 amu for nitrate (Si60) to the nitrate ion at 125 amu (Si25) can be converted to neutral [Na]
245  following Equation 1 (Eisele and Hanson, 2000), where tc; is the Cl reaction time.

Equation 1
h = kl [ Nl]tCI
125
246 For N;+HNO3*NOg3, ki=1.9x10"° cm?® s (Viggiano et al., 1997) which is assumed to not depend on whether water or
247 bases are attached onto the monomer. Equation 1 was derived for short tc; where reagent ion and neutral N, are not
248  depleted. These assumptions are tenuous at long tci ; however, the rigorous analytical solution to the population
249 balance equations (derived in the Sl and given in Equation S6) shows that Equation 1 is a good approximation: at
250  tci=15 or 18 ms, the differences between Equation 1 and Equation S6 are ~1%.

251 Figure 5 (a and b) shows the signal ratios as a function of tc for DMA and EDA as detected by nitrate CI at
252 equivalent [A;]o=4x10° cm. TMEDA and Put graphs look very similar to EDA (see Sl). The green points shown in
253 this figure and subsequent figures provide measurements at base concentration of 0 pptv from eight different days and
254  offer a useful guide for the measurement uncertainty. For all base concentrations as tci increases, more [N] is
255 chemically ionized, leading to higher Si60/S125. As [B] increases, the signal ratios and therefore the slopes of the lines
256 decrease. This indicates that [N1] is depleted during the 3 s neutral reaction time via uptake into large clusters that
257 increase with [B].

258 The model, as mentioned above, was used to interpret the results presented in Figure 5 and subsequent graphs.
259 The neutral cluster concentrations after [A1]o and [B] react over the 3 s neutral reaction time are modeled first. This
260  portion of the model also takes into account base dilution from its injection point in the flow reactor (see Jen et al.
261 (2014)), wall loss, and particle coagulation. However, the model does not take into account possible dilution of N1 by
262 the base addition flow which may affect measured [N1] as explained in the SI. The neutral model is then coupled to
263 the ion model which simulates chemical ionization and IIC. lon decomposition is implicitly included by assuming
264  certain cluster types instantly decompose into the observed ion.

265 For the monomer, the model has identical neutral cluster formation pathways for all sulfuric acid and base
266 systems. The acetate vs. nitrate comparison suggests that monomers containing various bases are chemically ionized
267  similarly, with a slight possibility that nitrate may not chemically ionize sulfuric acid monomers that contain a diamine.
268  The modeled reactions pertaining to the monomer are given in Table 1, where k. is 2x10° cm?® s. The full list of
269  modeled reactions, including loss of monomer to form larger clusters, is given in the SI.
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Figure 5 Measured (a,b) and modeled (c, d) Sie0/S125 as a function of CI reaction time for DMA (a, ¢) and EDA (b, d). The
measurements were conducted with nitrate as the reagent ion and at [A1]o~4x10° cm3. Each color represents a different [B]

with the linear regressions for the measurements given in colored text.

Table 1 Summary of possible pathways for neutral monomer formation and chemical ionization

Neutral formation Nitrate Cl and ion decomposition
DMA and Diamines: | DMA:

A+BTk’A°B A +NO; ——>HNO, e A’
A eB+NO; —%>HNO,s A B
HNO,e A ¢B—"' 5> HNO,e A +B

Diamines:
A +NO; — 5 HNO, e A"

A ¢B+NO; 5> HNO, s A" oB

HNO,e A  eB - HNO, e A +B

Figure 5 (c and d) displays the modeled results for DMA and EDA at the same [B] and [Ai], as the
measurements presented in panels a and b. The model predicts the linear dependence of Si60/S125 On tci as seen in
Equation 1. In addition, the predicted values of Sis0/S125 and their dependence on [B] are in good qualitative agreement
with observations. Including or excluding nitrate Cl of Aiediamine has little effect on S160/S125 because [B] is typically
less than [Ax]o in these experiments. As a result, the majority of monomers will remain as A: even if the evaporation
rate of the A;*B (E4) is very small. Further experiments that quantify the fraction of A;ediamine in N; are needed to
definitely conclude the efficacy of nitrate in chemically ionizing all Ni.

Dimer, Na:

Neutral dimers (N.) largely form by collision of the two types of monomers (A; and A:*B) and, to a much
lesser extent, decomposition of larger clusters. For sulfuric acid+DMA, the N likely exists as A2»DMA and A2*DMA;,
with both clusters predicted to have low evaporation rates of ~10° s (Ortega et al., 2012) with another study
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286 suggesting a higher evaporation rate of A,>DMA, ~10* times higher (Leverentz et al., 2013). Chemically ionizing
287 these dimers results in ions that undergo I1C and ion decomposition. Computational chemistry predicts that Az * DMA
288  and A;*DMA have DMA evaporation rates of 108 s and 102 s, respectively (Ortega et al., 2014). However, the
289 computed evaporation rate of A, DMA may be too low because during the 18 ms CI reaction time used here, all N,
290  are detected as A>” (195 amu). Similarly, the diamine molecule is lost from A «diamine as all dimers were detected as
291 Ar.

292 A" can also be created from 11C between A; and N3 (see Reaction 2) that proceeds with a rate coefficient of
293 k21. Including both processes in the cluster balance equations leads to the ratio of sulfuric acid dimer (195 amu) to
294  monomer (160 amu) signal intensities shown in Equation 2. This relationship includes a time-independent term (the
295  tci=0 s intercept) that is proportional to the neutral dimer to monomer ratio in the sampled gas, and a term due to 11C
296  that increases linearly with tc; (Chen et al., 2012;Hanson and Eisele, 2002).

3195_ﬁ[N2]+1k N. Tt
S - k N 2 21[ 1] Cl
160 1 [ 1]

297  The rate constants, ki, are the collisional rate constants. Equation 2 was also derived from the assumption of short tic.
298  The relation for Sies/S160 Vs. tci for long tc is also derived in the SI. Equation 2 is a good approximation for the more

299  rigorous solution even at long tic.

Equation 2

300 Figure 6 (a-c) shows measured Si9s/S160 as a function of tcy for DMA, EDA, and TMEDA respectively as
301 detected by nitrate CI at [A;]o=4x10° cm. Put is similar to EDA and is presented in Figure 7 (left). For all bases,
302 increasing the Cl reaction time leads to more 1IC-dimer. The observed linear increase in the Si95/S160 ratio for all bases
303  provides evidence for the influence of 1IC on dimer measurements (Equation 2). However, the y-intercepts for DMA
304 exhibit a pattern that is distinctly different from those observed for the diamines, indicating different trends for the
305 neutral monomer to dimer concentration ratios. For DMA, the y-intercept increases with increasing [B]. This is due
306  to higher concentrations of base depleting the monomer and enhancing dimer concentrations. A different trend was
307 observed for the diamines with the intercepts showing no clear dependence on diamine concentration.
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Figure 6 Measured Si9s/S160 as a function of tci for DMA (a), EDA (b), and TMEDA (c) measured by nitrate Cl at [A1]o~4x10°
cm3. The tables in panels a-c provide the measured [A1] at that [B]. Observations were fitted according to Equation 2 with
the y-intercept shown by the dashed line. Panels d-f present modelled results for each base.

There are a number of scenarios that could partly explain the diamine trends. First, the neutral trimer
evaporation rate(s) could be very low such that the formation of trimer and larger clusters will deplete both [N] and
[N1]. A; evaporation rate from AzsDMA is predicted to be ~1 s (Ortega et al., 2012) and likely lower for cluster with
diamines (Jen et al., 2016). The second possibility is A" could be the decomposition product of larger ions such as
Az ediamine forming Ay +A;ediamine. A third possibility is that A;ediamine, cannot be readily ionized by nitrate as
compared to A;*DMA; possibly due to differences in cluster configurations and dipole moments. As [diamine]
increases, the fraction of dimers containing two diamines increases, resulting in a growing fraction of N, that may not
be ionizable by nitrate. For example, the model predicts [A2*EDA] is 10% of [A2*)EDA>] when [EDA]=90 pptv.

The dimer (S195) to monomer signal (Se7) ratio for sulfuric acid+Put dimers measured using acetate Cl as a
function of tc) was examined to better understand which of these explanations is the most relevant. As mentioned
previously, acetate detects the sulfuric acid monomer as 97 amu, but the detected dimer is at 195 amu for both nitrate
and acetate. Figure 7 shows the ratio of these signals for Put between nitrate (a) and acetate (c). At [Put]=40 pptv,
acetate shows a Sigs/Se7 y-intercept 25 times higher than the intercepts shown in the nitrate graph. The higher y-
intercepts are most likely due to improved CI efficiency. Decreased detection efficiency of 97 amu and an increased
contribution due to As«diamine decomposition due to better CI of N3 by acetate may also contribute (although high
[Asediamine] in Figure 4 suggests these ions are stable enough during the acetate tc;j=15 ms). More acetate results
similar to Figure 7 (c) are needed to draw a more definitive conclusion, but these comparisons do suggest that dimers
containing 1-2 diamines are not inefficiently chemically ionized by nitrate in these experiments.

11/20



Atmos. Chem. Phys. Discuss., doi:10.5194/acp-2016-492, 2016 Atmospheric

Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Published: 1 July 2016 and Physics
(© Author(s) 2016. CC-BY 3.0 License. Discussions
0.30 - . . . — . . . 0.6 . . .
a) Nitrate ClI e |b) Nitrate CI Modeled c) Acetate ClI
025 Pl [A] o) i T [Put] (pptv) 1 %51 y=(0.3+0.4)x+0.514:0.009
(pptv)’ ° ° —_—0 ~
§ 0.20r e 0 4E9 [ ] T — 0.4+ |[Pu [A](cm?®) 4
2 m 4 1269 —5 ) L) seo
o A 5 1.2E9 — _1 3 L 4
8 0151 1 (12 soes i 12 0 %3 |vao 1E9
0.10 + o B 0.2+ B
005} y=(1.77+0.03)x+0.021+0.001 | ] 01} ]
~ y=(1.59+0.03)x+0.015+0.001
2 y=(1.03+0.03)x+0.025+0.002
000 1 1 1 1 1 1 1 1 00 1 1 1
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08 0.00 0.01 0.02 0.03
Cl Reaction Time, t_, (s
330 o ()

331 Figure 7 Measured dimer to monomer signal ratios as a function of CI reaction time using nitrate (a) and acetate CI (c). In
332 both cases, [A1]o was held constant at 4x10° cm. Panel (b) shows the modeled results for Put.

333 The model adds more clarity on why N containing diamines behave differently than DMA using nitrate CI.
334 For DMA, the best fit to the observations was achieved by assuming all clusters can undergo nitrate ionization and
335 can be formed by IIC. In addition, base evaporation rates from AzB; and sulfuric acid evaporation rates from the
336 trimer were set to 0 s’%; increasing these evaporation rates (up to 10 and 5 s respectively) had little effect on the ratio
337 trends. The model also assumed that Az B does not decompose into A,". Figure 6 (d) shows modeling results for
338  DMA. To reproduce Sios/S160 trends of EDA and Put, the model followed that of DMA except Az*B. cannot be ionized
339 by nitrate. For TMEDA, the model also assumed A,*TMEDA does not form. Modeled results are shown in Figure 6
340 (e and f) for EDA and TMEDA, respectively, and Figure 7 (b) for Put. The modeled pathways for N are listed in
341  Table 2. Several of the modeled reactions are simplified versions of multi-step reactions. For example, preventing the
342 formation of A2*TMEDA; could also mean A2*TMEDA. forms at the collision rate but instantly decomposes into
343 Ax*TMEDA. For all three diamines, we were unable to reproduce the observations with other combinations of
344 reactions and evaporation rates. The model only matched the observed trends when turning off the CI or formation of
345 Ayediamine;.

346 Other explanations may exist to explain the differences between DMA and diamines observations (the most
347 likely being semi-efficient Cl of Azediamine instead of zero nitrate CI of Azediaminey), but additional thermochemical
348  data (e.g., from more targeted experiments and computational chemistry) are needed to better inform the model.
349 Regardless, our observations and modeling show that dimer’s neutral formation pathways and/or the nitrate CI differs
350  between the DMA and diamine systems.

351 The model also provides an estimate of the fraction of [A27] formed by I1C at tc;=18 ms (used for the nitrate
352 Cl experiments). For base concentration of 0 pptv, the model is very similar to what was measured in Figure 6,
353 indicating that Az is almost completely formed by Ai+A; (i.e., is an IIC artifact) and not by the Cl of Az. The
354  abundance of A; is low at 300 K (Hanson and Lovejoy, 2006), below detection limit of the Cluster CIM. For DMA,
355 11C dimers typically account for 1% (less at high [DMA]) of the total dimer signal which agrees with the conclusions
356 drawn in Jen et al. (2015). In contrast, the IIC fraction of A, using nitrate for EDA and Put is ~50%, due to the
357 potentially large fraction N2 not undergoing chemical ionization. The nitrate ion’s inability to chemically ionize some
358 of the dimers is further highlighted since 11C is suppressed in the diamine system: less N1 is available (due to formation
359 of larger clusters) thus both [A4] and [A17] are depressed. 11C-produced Az accounts for ~20% of the total dimer signal
360  for TMEDA. However, these numbers are uncertain due to the assumptions in the model and uncertainties in the
361 measurement. For instance, the model is not sensitive to whether A;™ can cluster with A;*B, which would significantly
362 influence the amount of 11C dimer without significantly affecting S19s/Si60. 11C contributes much less Az” when acetate
363 is used as the reagent ion because acetate detects up to 5 times more total neutral dimer concentration ([N2]) than
364  nitrate when base is present. Acetate measurements show that I1C produced ~3% of the [A,] when [Put]=2 pptv and
365 near zero when [Put]=40 pptv (Figure 7 c).
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366 Table 2 Summary of possible pathways for neutral and ion dimer formation
Neutral formation Nitrate Cl and 11C reactions (only Ar)
ion decomposition reactions

DMA, Put, EDA: DMA: All bases:

AeB+A—5>5A B A eB+NO;, —5>A eB+HNO,| A +A S5 A

AeB+AeB— A B, | A eB_ ™ A 1B A +AeB—X A B

A eB+B—>AeB, | A eB,+NO; —<>A ¢B; +HNO,
AeB,—23>A eB+B | A eB,— = A B

TMEDA: o

AeB+A—>A B Diamines: i .
AeB+AeB>EA B, AZQB+NOBL>AZQB
A eB+B>5A B, A, eB—=5 A +B

A +B,+NO; > A, +B,

367

368 Trimer, Na:

369 Neutral trimers (N3) are primarily formed by combining one of the two types of monomers with one of the
370  two types of dimers; evaporation of large clusters also contributes. In the sulfuric acid+DMA system, computational
371 chemistry predicts As*DMA; and Az*DMA; are relatively stable, with AzDMA; exhibiting the lowest evaporation
372 rate (Ortega et al., 2012). Also Az*DMA may be present in significant amounts due to a high production rate via
373 A*DMA+A;. Cl of N3 leads to ions such as (i) A *DMA3 which evaporate at a rate of 10* s into Ag*DMA; and (ii)
374  As*DMA; and As*DMA which have predicted evaporation rates of ~10* and 102 s (Ortega et al., 2014),
375 respectively, resulting in lifetimes comparable to tc, used here. From Figure 1, nitrate CI resulted in Az *DMA; (only
376  at [DMA]=110 pptv), As*DMA, and A;. The DMA-containing clusters were detected to a much lesser extent than
377  with acetate Cl.

378 Acetate CI results help shed light on these processes with much higher [As*DMA1,] than with nitrate CI
379 (Figure 1) which could be due to decomposition of larger ion clusters. The acetate Cl results depicted in Figure 1 show
380  that As*DMA; is the most abundant type of trimer ion, suggesting that the dominant neutral clusters are Az*DMA.3,
381  withany As*DMA; quickly decomposing into Az *DMA.. Neutral A;*DMA; is predicted by our model to be dominant
382 at high [DMA]. This picture is consistent with our postulate that nitrate cannot ionize Az*DMA; (and also, possibly,
383  A3zDMA,) and thus little Az * DMA; » is observed using nitrate CI.

384 The trimer ions observed using acetate Cl may have contributions from decomposition of large clusters. For
385 example, As* DMA; could be formed by the decomposition of A; s DMA; or Ay *DMAg; via loss of A1 or A1*DMA,
386 respectively. If these types of processes are significant, they might explain some of the differences in the trimer ion
387 observations between nitrate and acetate Cl. Highly aminated tetramer neutrals would be more readily ionized by
388 acetate and result in larger contributions to the trimer ion signals than compared nitrate Cl. Thus, this may be one
389 drawback to acetate Cl: a possible shift downwards in sulfuric acid content in the distribution of ions vs. the neutrals.

390 The sulfuric acid + diamine system shows nitrate Cl detection of Asediamineo., but at much lower
391 abundances than acetate ClI, particularly for EDA. Interestingly, the most abundant trimer ions after acetate CI contain
392 on average 1 diamine molecule compared to 2 in the DMA system. This is consistent with particle measurements that
393 show one diamine molecule is able to stabilize several sulfuric acid molecules, and thus form a stable particle, while
394  at least 2 DMA molecules are required for the same effect (Jen et al., 2016). The two amino groups on the diamine
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395 molecule can both effectively stabilize trimers, and this size is stable for the relevant time scales in this flow reactor
396 (Glasoe et al., 2015;Jen et al., 2016). Therefore, larger clusters can be produced with higher acid to base ratios.

397 To better understand the trimer ion behaviors, we monitored the bare trimer signal (As", Sze3) and monomer
398  signal (Sie0) as a function of CI reaction time, tci. Figure 8 shows Sz93/S160 for nitrate Cl for DMA, EDA, and TMEDA
399 at [A1]o=4x10° cm. Note, equivalent measurements for Put are similar to those of EDA. Low values of Spos/Sieo for
400 all conditions indicate minimal creation of As” from the Cl of N3. Thus, 11C-produced Az can be a significant fraction
401 of observed As. Without base present, IIC is the only way to produce detectable amounts of Az (green circles in
402 Figure 8).

403 As can also be formed by the decomposition of larger ions such as As*B. Evidence of this decomposition
404  can be seen in Figure 9 where Sas.s/Sis0 measured using nitrate Cl is shown as a function of tc,. For diamines at high
405 concentrations and short tci, Sas.s/Sie0 decreases with tc; and can be attributed to decomposition of this ion. Shorter
406  tc allows the instrument to capture short-lived ions. Az ediamine decomposes at longer times and could form As,
407  thereby decreasing Sas.s/Sie0 and increasing Sze3/S1s0. HOWever, Sxes/Sig0 for the diamines does not increase with tcy,
408 indicating that Asediamine likely decomposes into products other than Az. The DMA system also exhibits a very
409 small decrease of Sas.s/Si60 at short tc, but ratio values are within measurement uncertainties. Thus no conclusion
410  can be drawn from this decrease of Sas.oma/Sieo at short tc;.

411 Another, more likely scenario to explain these time dependent behaviors for the trimer ion signals is if As*B
412 decays into Ay and a neutral A;*B at short tc;. Assuming we have captured most of the initial As*B signal at the
413  shortest tc/=15 msin Figure 9 (a-c), the increase in Az” due to this mechanism would be small compared to the observed
414 A7 signal. Acetate data for Put (Figure 7 c) provide some evidence supporting this because the slope of the [Put]=2
415 pptv is 3.7 and is higher than the 2.6 slope of [B]=0 pptv case. Since A, when [B]=0 pptv is primarily produced by

416 11C, a higher slope when [Put]=2 pptv indicates larger ion decomposition contributing to the A, signal.
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Figure 9 Nitrate measured Sas-s/Sio as a function of tci for DMA (a), EDA (b), and TMEDA (c) at [A1]o=4x10° cm3. Note
the different y-axis scales between bases.

Scenarios deduced from these trimer ion observations and previous computational chemistry studies for the
sulfuric acid and DMA system are summarized in Table 3. These reactions have little effect on the modeled dimer
results since they introduce minor dimer ion sources. In contrast, each trimer pathway adds large uncertainty to the
modeled trimer behavior. For example, including ion decomposition reactions of larger ions (tetramer and larger),
postulated from the acetate CI results, may greatly influence concentration of smaller trimer ions which already exhibit
very low signals using nitrate Cl. In addition, nitrate inefficient ionization of neutral trimers leads to large uncertainties
in modeling the unobserved trimer types. More detailed observations of the chemically neutral trimers and
computational chemistry studies on evaporation rates for sulfuric acid+diamine systems will improve future efforts to
model these processes.

Table 3 Summary of possible pathways for neutral and ion trimers formed from sulfuric acid and DMA, excluding
decomposition of tetramer and larger ions

Neutral formation Nitrate CI and ion decomposition | 11C reactions (only Ar)
reactions

A eB+A —k>A3°B A3-B+No;f>A;oB+HNo3 A;+A1E>A;

A oB+B->A eB, A eBSA +AeB A +AeBSA oB

A eB,+A->A B, A, #B,+NO; >¢ A, oB, +HNO,

AeBiAeB SAep | A*B+NO >EA oB, +HNO,

A eB,+AeB —k>A3oB3

Tetramer, Na:

Nitrate ClI leads to very low amounts of tetramer ions and primarily as As*DMA1.; and Agediamines .
Computational chemistry suggests that the sulfuric acid+DMA tetramer likely exists as AssDMA2.4, With AssDMA4
dominating the population (Ortega et al., 2012). The acetate data appears to confirm this with A;*DMA; as the most
abundant tetramer ion which likely predominately originated from the decomposition of AssDMA4 upon ionization
(Ortega et al., 2014). Nitrate may efficiently chemically ionize AssDMA1.,, however their concentrations after the 3 s
neutral reaction time are likely below the detection limit of the Cluster CIMS (<10° cm®). Furthermore, the As
*DMA,; ions may be subject to elimination of A;*DMA. Nitrate CI results show ~100 times higher [As *diamine]
than [As s DMA] at about equivalent initial reactant concentrations. This suggests that the most stable neutral tetramers
contain fewer diamine molecules than DMA. In addition, the acetate Cl results for the diamines show the majority of
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445 N contain 1 diamine, further supporting the conclusions drawn in Jen et al. (2016) that only one diamine molecule is
446 needed to form a stable particle.

447 Due to the very low observed concentration of As*DMA, we focus on the ions of the diamine systems. The
448 stability and behavior of As«diamine can be examined by looking at nitrate detected signal ratios of As".giamine and the
449  monomer (Sas-giamine/S160) @s a function of ClI reaction time, given in Figure 10. Similar to As*EDA, Sas-epa/S160and
450 Sas-pu/S160 decreases with time at short tcy, indicating that they decompose with a lifetime shorter than a few tens of
451 ms. Sas-mepAa/S160 alSO Shows a decrease at short tc, but it is less evident. It could have a fast decay rate leading to a
452 few ms lifetime, and our measurements would have mostly missed them. Nonetheless, decomposition of A4 sdiamine
453 likely entails evaporation of N1 or N> instead of a lone diamine from the cluster as [A4] was below detection limit of
454 the Cluster CIMS using nitrate. At long CI reaction time, Sas.epa/S1e0 remained constant, indicating negligible
455 contribution of I1C to As*EDA signal. In contrast, Sas.pu/S160 and Sas.rmepa/Sieo increase at long tci. This could be
456  due to IIC or larger ion decomposition.
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458 Figure 10 Nitrate measured Sas.diamine/S160 as a function of CI reaction time for EDA (a), Put (b), and TMEDA (c).

459 Pentamer, Ns:

460 Nitrate CI did not detect any pentamer (Ns), but pentamer was detected using acetate Cl. In the diamine
461 system, acetate detected Ns with fewer diamine molecules (1-2) than DMA (4). However, As *EDAs3, As *“TMEDA 1,
462 and As *Puts, fall outside the Cluster CIMS mass range of 710 amu. Thus, we may not have measured the complete
463  pentamer population. The most abundant Ns is As*DMA4 and it increases in both concentration and in fraction of Ns
464 population with increasing [DMA]. This ion could be the result of the loss of a DMA molecule after Cl of AssDMAs.
465 This would follow similar trends predicted by computation chemistry for smaller clusters. However, since
466 [DMA]<<[A1]o (i.e., [B]/[Alo is high) and stable particles need ~2 DMA to form (Glasoe et al., 2015), [As*DMAs]
467 as high as 107 cm would not be expected. The presence of As*DMA4 could also then be the result of large ion
468 decomposition via evaporation of A; or A;* DMA. Measurements of ions larger than 700 amu are needed to better
469  understand how they evaporate upon acetate Cl and what fraction of the pentamers are not ionizable by nitrate.

470  Conclusion:

471 This study presents measurements of the behavior of neutral and ionized sulfuric acid clusters containing
472 various bases. The results show the complexities of the coupled neutral cluster formation pathways with the ion
473 processes (e.g. chemical ionization, ion-induced clustering, and ion decomposition). We provide various scenarios to
474 describe the observed trends. Our most definitive conclusions are

475 1) Nitrate very likely does not chemically ionize all types of sulfuric acid dimers containing diamines. The model
476 indicates Azediamine;, cannot be chemically ionized by nitrate. However, the model did not consider semi-efficient
477 nitrate Cl of Azediamine which could also explain our observations.
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478 2) Nitrate only chemically ionizes a small fraction of trimer and larger clusters in both the DMA and diamine with

479 sulfuric acid systems. Measurements suggest that the more chemically neutral clusters are not chemically ionized
480 by nitrate but are by acetate.

481 3) Acetate and nitrate CI measurements of sulfuric acid+DMA clusters generally agree with the qualitative trends
482 of neutral and ion cluster predicted from computational chemistry (Ortega et al., 2012;Ortega et al., 2014).
483 However, these measurements suggest that Az sB decomposes into A, and A:*B.

484  4) Nitrate measurements of Az B and A4 *B show that these ions decompose at roughly the same time scales as the
485 Cl reaction time at room temperature. In principle, ionization of neutral clusters leads to potentially large artifacts
486 even before they are sampled into a vacuum system. These decomposition reactions will likely affect the
487 calculated concentrations of the neutral clusters.

488  5) Inanacid-rich environment where [B]/[A1]<1, A;" and A3 are primarily produced via I1C pathways and contribute
489 negligible amounts to overall dimer and trimer signals when any of these bases are present and at our 18 ms Cl
490 reaction time. If some fraction of the dimer is not chemically ionized by nitrate, then 11C-produced A, is a
491 significant fraction of the dimer signal.

492 Additional computed neutral and ion evaporation rates and a more complex model combined with

493 multivariable parameter fitting would provide more clarity to these results. In addition, more acetate Cl measurements
494 of ion signal ratios as a function of CI reaction time are needed to provide more details on specific ion behaviors.
495 However, measurements using the acetate ion (which includes acetate, acetateswater, and acetic acideacetate) exhibit
496 high backgrounds in the low masses, leading to up to a factor of 5 uncertainty in measured monomer concentration
497 (IN4]) and a factor of 2-3 for dimer concentration ([N2]). A higher resolution mass spectrometer is needed to resolve
498  the background signals and reduce the uncertainties.
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