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ABSTRACT: Atmospheric nucleation from precursor gases is a significant source of cloud
condensation nuclei in the troposphere and thus can affect the Earth’s radiative balance.
Sulfuric acid, ammonia, and amines have been identified as key nucleation precursors in the
atmosphere. Studies have also shown that atmospheric ions can react with sulfuric acid to form
stable clusters in a process referred to as ion-induced nucleation (IIN). IIN follows similar
reaction pathways as chemical ionization, which is used to detect and measure nucleation
precursors via atmospheric pressure chemical ionization mass spectrometers. The rate at which
ions form clusters depends on the ion−molecule rate constant. However, the rate constant
varies based on the ion composition, which is often not known in the atmosphere. Previous
studies have examined ion−molecule rate constants for sulfuric acid and nitrate ions but not for
other atmospherically relevant ions like acetate. We report the relative rate constants of ion−
molecule reactions between nitrate and acetate ions reacting with sulfuric acid. The ion−
molecule rate constant for acetate and sulfuric acid is estimated to be a factor of 1.9−2.4 times
higher than that of the known rate constant for nitrate and sulfuric acid. Using quantum
chemistry, we find that acetate has a higher dipole moment and polarizability than nitrate. This may contribute to an increase in the
collision cross-sectional area between acetate and sulfuric acid and lead to a greater reaction rate constant than nitrate. The ion−
molecule rate constant for acetate with sulfuric acid will help quantify the contribution of acetate ions to atmospheric ion-induced
new particle formation.

■ INTRODUCTION
Atmospheric new particle formation, which comprises of
nucleation and subsequent particle growth, contributes to
roughly 50% of the total number of global cloud condensation
nuclei (CCN).1−5 Clouds can either absorb or reflect incoming
solar radiation to varying extents depending on cloud
properties such as their lifetime and albedo, which are
governed in part by CCN. As such, quantifying atmospheric
nucleation rates is important to understand how aerosol
particles affect clouds and the climate. Sulfuric acid is widely
known to be a key player in new particle formation events in
the atmosphere.6−8 Basic gases such as ammonia and amines
have also been shown to stabilize sulfuric acid clusters to form
particles in the lower troposphere.9−27 In the troposphere, ions
produced from galactic cosmic rays have been predicted to
enhance sulfuric acid nucleation in a process known as ion-
induced nucleation (IIN).10,28−31 Specifically, observations
from the CERN CLOUD (Cosmic Leaving OUtdoor
Droplets) chamber showed that negative ions, such as
bisulfate, can enhance neutral sulfuric acid-ammonia nuclea-
tion rates by up to a factor of 5 in the upper troposphere.10

Many other ions are present in the atmosphere and will likely

help nucleate sulfuric acid clusters at different rates depending
on their abundance and composition. Hence, understanding
the interactions between atmospherically relevant ions and
sulfuric acid clusters is important in understanding NPF in the
atmosphere.

Acetic acid (CH3COOH) is one of the most prevalent
carboxylic acids in the atmosphere and is present in rural,
urban, and marine environments in the low-ppbv range.32−36

Acetic acid is released into the atmosphere from various
sources such as biomass burning,32 automobile exhaust,37 and
biogenic emissions.38,39 Studies have shown that over 90% of
the total acetic acid concentration in aerosols is present in the
gas-phase.35,40−43 In addition, gas-phase nitrate ions (NO3

−,
HNO3·NO3

−, or H2O·NO3
−) formed via a variety of pathways

from HNO3 and NOx emissions have also been observed at
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pptv levels in the atmosphere.44−46 Hence, acetate and nitrate
ions could play important roles in atmospheric IIN depending
on their concentrations and ionization rate constants.

IIN reaction pathways are also similar to how electrically
neutral sulfuric acid clusters are typically measured using
atmospheric pressure chemical ionization mass spectrometers
(CIMS).11,13,15,23,47 Many nucleation studies using a CIMS
have employed nitrate ((HNO3)0−2·NO3

−) as the reagent ion
to ionize and measure clusters. Acetate has also been used to
ionize and detect atmospherically relevant organic acids and
more aminated sulfuric acid clusters.48,49 The concentration of
sulfuric acid and its freshly nucleated clusters can be calculated
by ratioing their respective mass spectrometer signals to that of
the reagent ions. Two approaches have been used in literature
for calculating the concentration of sulfuric acid from
measured CIMS signals: (1) a kinetic approach, which uses
the ionization rate laws and the ion−molecule collision rate
constants between the reagent ion and the neutral sulfuric acid
molecules,11,13,48,50,51 and (2) a calibration approach, which
requires a known amount of sulfuric acid to be generated.52

The kinetic and calibration methods are used for calculating
sulfuric acid concentrations from measured mass spectrometer
signals. To convert measured mass spectrometer signals to
actual concentrations using the calibration method, a
calibration factor is needed. Obtaining this calibration constant
for sulfuric acid monomer is straightforward with a constant
source of sulfuric acid vapor. However, it is challenging to
obtain calibration constants for the wide range of sulfuric acid
clusters that could form via nucleation in the atmosphere. As
such, calculating concentrations of sulfuric acid clusters using
the calibration method is limited due to the inability to
produce and measure calibration constants for all cluster types.
The calibration method which has previously been explained
by Berresheim et al.50 has no explicit value for ionization rate
constants and ionization reaction times as these are captured in
the calibration constant. Thus, cluster concentrations obtained
using the calibration method have uncertainties associated with
unknown ionization reaction times and ionization rate
constants that are grouped into the calibration factor. For
the kinetic approach, the ionization reaction time is
determined by the electric field strength driving ions into the
CIMS, reagent ion mobility, and mass spectrometer inlet
dimensions.51 Hence, the only unknown factor in the kinetic
approach is the ionization rate constant, which is typically
assumed to be the collisional rate constant between the reagent
ion and the nucleated clusters.11,48 Previous measurements
indicate that the rate constant for nitrate and sulfuric acid is
the collision rate constant, which equals 1.9 × 10−9 cm3

s−1.53,54 The ionization rate constant for acetate ions with
sulfuric acid molecules is unknown.

The purpose of this study is to determine the ionization rate
constant for acetate ions with sulfuric acid. Previous studies
using acetate reagent ions have assumed the ion−molecule rate
constant for acetate and sulfuric acid to be equal to that of
nitrate with sulfuric acid.48 To evaluate this assumption, the
relative rate constant for acetate reaction with sulfuric acid was
measured relative to the known nitrate rate constant with
sulfuric acid. Two identical, clean sulfuric acid flow reactors
with highly reproducible conditions were each connected in-
line with custom-built nitrate/acetate atmospheric pressure
chemical ionization (1) long time-of-flight mass spectrometer
(Pittsburgh Cluster CIMS, PCC) and (2) quadrupole mass
spectrometer (Minnesota Cluster CIMS, MCC).11,13,55 The

measured acetate rate constant obtained from the PCC and
MCC was compared with the rate constant calculated from
ion−molecule collision theory. Note, temperature effects were
not examined, and the relative ion−molecule rate constants
presented in this study only apply at 303 K. The presented
acetate ionization rate constant will enable more accurate
measurements of sulfuric acid clusters using a CIMS and
improve current models used to predict the rate of ion-induced
nucleation in the atmosphere.

■ EXPERIMENTAL METHODS
Two identical laminar flow reactors were used to produce a
constant concentration of gaseous sulfuric acid. Details of these
flow reactors are given in Fomete et al.56 with important
parameters provided here. The flow reactors were operated at
atmospheric pressure, 20% RH, and 303 K. Sulfuric acid vapor
is produced by flowing nitrogen gas over a temperature-
controlled reservoir containing liquid sulfuric acid (99.999%
based on trace metal analysis, MilliporeSigma) and injected
into the top of the flow reactor. A constant sulfuric acid
concentration was achieved in the reactor by maintaining a
given flow rate of gaseous sulfuric acid with a constant total
flow of either 4.5 or 4.0 sLpm (see the Supporting Information,
Figure S1).

Two chemical ionization mass spectrometers (CIMS) were
used to measure sulfuric acid. The Pittsburgh Cluster CIMS
(PCC) contains a custom-built transverse atmospheric
pressure chemical ionization inlet with two quadrupoles to
focus the ion beam and a long time-of-flight mass filter.55 The
Minnesota Cluster CIMS (MCC) includes another custom-
built transverse atmospheric pressure chemical ionization inlet
with dimensions and geometries that vary from PCC. This
results in different inlet electric fields between the PCC and
MCC. In addition, the MCC contains a conical octupole
followed by a quadrupole mass filter.11,13

The PCC and MCC were each connected in-line with a
sulfuric acid flow reactor to minimize sampling losses.13,55 For
both the PCC and MCC, reagent ions were produced by
passing nitrogen over liquid acetic acid (≥99.7% Millipor-
eSigma, diluted to 60% v/v in HPLC-grade water) or nitric
acid (69.3% Fisher Chemical) and then over 210Po (model
1U200, NRD). The holder containing the 210Po strip was
shielded with a stainless-steel plate to prevent alpha particles
from escaping into the reactor’s flow and ionizing sulfuric acid.
The acetate reagent ions measured by the PCC included H2O·
CH3CO2

−(∼1 × 103 Hz), CH3CO2H·CH3CO2
− (∼6 × 103

Hz), and CH3CO2
− (∼1 × 105 Hz). For nitrate, the resulting

ions measured by the PCC included NO3
− (∼1 × 105 Hz),

HNO3·NO3
− (∼2 × 105 Hz), and (HNO3)2·NO3

− (∼4 × 102

Hz). Meanwhile, the acetate reagent ions measured by the
MCC included H2O·CH3CO2

− (∼70 × 103 Hz), CH3CO2H·
CH3CO2

− (∼2 × 103 Hz), and CH3CO2
− (∼20 × 103 Hz).

For nitrate, the resulting ions measured by the MCC included
NO2

− (∼8 × 103 Hz), HNO3·NO3
− (∼2 × 105 Hz), and

(HNO3)2·NO3
− (∼3 × 103 Hz). The abundances of these

reagent ions follow their computed binding free energies with
HNO3·NO3

− having a binding energy of −21.7 kcal/mol,
CH3CO2H·CH3CO2

− of −17.8 kcal/mol, and H2O·CH3CO2
−

of −8.3 kcal/mol (DLPNO−CCSD(T)/aug-cc-pVTZ/
wB97X-D/6-31++G** at 298.15 K).

The neutral sulfuric acid monomer (H2SO4) and dimers
(H2SO4)2) in the sample flow were chemically ionized by
either acetate or nitrate ions and measured by the PCC and
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MCC in negative ion mode. The inlet flows and voltage tuning
parameters for each instrument were held constant between
nitrate and acetate experiments. Chemical ionization of sulfuric
acid clusters by nitrate or acetate depends on the chemical
ionization reaction time (tCI). This tCI is a function of the
dimensions of the PCC or MCC inlet, the electric field
strength driving ions into the mass spectrometer, and the
mobility of the reagent ions (see Supporting Information).
Varying the voltages in the atmospheric pressure inlet alters the
electric field strength and thus tCI between the reagent ion and
the sample flow. Time-dependent ion processes such as ion-
induced clustering (IIC) and ion decomposition can be probed
in the PCC or MCC inlet by varying tCI.

11,13,48,51

In this study, two types of experiments were conducted
using the PCC and MCC: (1) At constant tCI, the sulfuric acid
concentration ([H2SO4]) in the reactor was varied and (2) At
a given [H2SO4], tCI was varied. Each type of experiment was
performed using nitrate and acetate as reagent ions. The rate
constant for chemical ionization of sulfuric acid by acetate was
determined when tCI was held constant while sulfuric acid
concentrations in the flow reactor were varied. The ion-
induced clustering (IIC) rate constant of charged sulfuric
monomer (bisulfate) with neutral sulfuric acid was obtained by
varying tCI at a fixed sulfuric acid concentration in the reactor.
The determined IIC rate constant confirmed the estimated
ionization rate constant for acetate and sulfuric acid.

■ RESULTS AND DISCUSSION
The ion−molecule/cluster reactions that can occur between
nitrate/acetate and H2SO4 and (H2SO4)2 are shown below.
Note, the nitrate dimer (HNO3·NO3

−) is the dominant
reagent ion for the PCC and MCC. The acetate monomer
(CH3CO3

−) is the main ion for the PCC whereas acetate with
water (CH3CO2

−·H2O) is the dominant reagent ion for the
MCC. It is likely that acetate with water is the main ionizing
ion in the PCC but fragments in the vacuum region. Ions
experience more fragmentation in the PCC as evidenced by the
larger fraction of nitrate compared to nitrate dimer signals
(50%) compared to 4% for the MCC. The below ionization
reactions are therefore written for the nitrate dimer and acetate
with waters.

Nitrate−Sulfuric Acid.

H SO HNO NO HSO HNO HNO
k

2 4 3 3 4 3 3
1,nitrate+ · · +

(R1)

(H SO ) HNO NO

H SO HSO 2HNO
k
2 4 2 3 3

2 4 4 3
2,nitrate

+ ·

· + (R2)

Acetate−Sulfuric Acid.

H SO CH CO H O

HSO CH CO H H O

2 4 3 2 2
k

4 3 2 2
1,acetate

+ ·

+ + (R3)

(H SO ) CH CO H O

H SO HSO CH CO H H O
k
2 4 2 3 2 2

2 4 4 3 2 2
2,acetate

+ ·

· + + (R4)

Ion-Induced Clustering (IIC) Reactions.

H SO HSO HNO H SO HSO HNO
k

2 4 4 3 2 4 4 3
21,nitrate+ · · +

(R5)

H SO HSO H SO HSO
k

2 4 4 2 4 4
21,acetate+ · (R6)

Reactions R5 and R6 represent the ion-induced clustering
reactions whereby a charged sulfuric acid monomer (HSO4

−·
HNO3 or HSO4

−) ionizes another neutral sulfuric acid
monomer (H2SO4). This and previous studies have measured
most sulfuric acid monomer ions with nitrate as HSO4

−·
HNO3.

11,48 The only measured sulfuric acid monomer with
acetate is HSO4

−. It is likely that the HSO4
−·CH3CO2H is

unstable and the acetic acid ligand quickly evaporates. In
addition, neutral sulfuric acid monomers and dimers could
contain ligands such as water which are lost from these clusters
during measurement.50,57 The chemical ionization rate
constant has previously been measured to be k1,nitrate = 1.9 ×
10−9 cm3 s−1 and was estimated to equal the ion-induced rate
constant, k21,acetate.

28,53,54k2,nitrate is assumed to be 2 × 10−9 cm3

s−1 from collision theory.58,59 The acetate rate constants,
k1,acetate, k21,acetate, and k2,acetate, have not previously been
measured.

Given the elementary reactions shown in reactions R1 and
R3, rate expressions for the formation/depletion of the reagent
ions HNO3·NO3

− and CH3CO2
−·H2O as well as HSO4

− and
H2SO4·HSO4

− can be solved with respect to tCI, the chemical
ionization reaction time, to obtain the neutral sulfuric acid
monomer and dimer concentrations (see the Supporting
Information).48,50 For the first set of PCC experiments, tCI was
held constant (nitrate was 28 ms and acetate 26 ms) while
sulfuric acid concentration was varied in the reactor.
Meanwhile for the MCC experiments, tCI was kept constant
at 20 ms for nitrate and 19 ms for acetate. Uncertainty in the
calculated tCI could arise due to nonidealities in the assumed
parallel plate electric field in the PCC and MCC inlets.
However, any systematic uncertainties in the calculated tCI will
not affect the rate constants determined in this study as the
same inlet electric fields and flow rates were used for the
nitrate and acetate experiments. The concentration of H2SO4,
([H2SO4]) can be calculated from the signal ratio of HSO4

− to
the reagent ion signal (see Supporting Information) and is
shown below:

S
S

z k tH SOi
sulfuric acid monomer

reagent
1 2 4 CI= [ ]

(1)

Equation 1 is similar for both nitrate and acetate where the rate
constant, k1, is either k1,nitrate or k1,acetate, zi is the factor
describing the mass-dependent transmission efficiency (MTE)
of the measured sulfuric acid ion relative to either the weighted
average of the observed acetate or nitrate reagent ions. The
MCC has a known MTE curve which was previously measured
by Jen et al., and the PCC’s MTE curve was estimated from the
absolute transmission of Heinritzi et al.60,61Ssulfuric acid monomer is
the sum of the signals at 160 m/z and 97 m/z (i.e., S97+160) for
nitrate. For acetate, Ssulfuric acid monomer is the bisulfate ion signal
at m/z 97 (i.e., S97) only since there were no observed sulfuric
acid molecules clustered to acetate ions for either instrument.
Sreagent for nitrate is the sum of the signals at 62 m/z (NO3

−),
125 m/z (HNO3·N3

−), and 188 m/z ((HNO3)2·NO3
−))

which will be denoted as Snitrate. For acetate, Sreagent is the sum
of the signals at 59 m/z (CH3CO2

−), 77 m/z (H2O·
CH3CO2

−), and 119 m/z (CH3CO2H·CH3CO2
−) and is

denoted as Sacetate. Given that chemical ionization of sulfuric
acid is driven mostly by the most abundant reagent ion, it is
reasonable to assume one rate constant characterizing the
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dominant reagent ion. The formation rate of HSO4
− from

chemical ionization of H2SO4 with reagent ion is much faster
than the rate at which HSO4

− is lost via IIC to H2SO4. Hence,
eq 1 assumes negligible losses of HSO4

− via IIC and constant
reagent ion concentration. In addition, the flow reactor
contained almost no neutral sulfuric acid dimers and larger
clusters as these are only present with other stabilizing bases
and other contaminant species.11 Absence of these larger
sulfuric acid clusters leads to negligible formation of HSO4

−

and H2SO4·HSO4
− from the decomposition of larger ion

clusters.
Figure 1 shows the signal ratio S97/Sacetate plotted against

S97+160/Snitrate with varying [H2SO4] and constant tCI ∼ 26−28

ms for the PCC (red) and constant tCI ∼ 19−20 ms for the
MCC (black). Each point for the PCC measurements
represents a six-day average of the signal ratios at a given
sulfuric flow rate/concentration in the flow reactor whereas the
points for the MCC represent a three-day average. Plotting

Ssulfuric acid monomer/Sreagent versus tCI shown in eq 1 yields a slope
equivalent to k1[H2SO4]. Thus, the ratio of S97+160/Snitrate to
S97/Sacetate derived from the nitrate and acetate expressions of
eq 1 yields k1,nitrate/k1,acetate. The linear relationship between
S97/Sacetate vs S97+160/Snitrate corrected for MTE shows a slope of
2.4 for the PCC and a slope of 1.9 for the MCC each with a
near zero y-intercept (solid lines). For the case where zi = 1
(dashed lines shown in Figure 1), the slope of S97/Sacetate vs
S97+160/Snitrate is 2.4 for both the PCC and MCC. A slope of
1.9−2.4 implies that the ionization rate constant of acetate ions
is 1.9−2.4 times greater than that of the nitrate collision rate
constant with sulfuric acid at T = 303 K. Therefore, the acetate
rate constant with sulfuric acid is 1.9 to 1.4 times greater the
previously measured53k1,nitrate = 1.9 x10−9 cm3 s−1 with k1,acetate
estimated to be (3.6−4.6) × 10−9 cm3 s−1.

The range of k1,acetate reflects the uncertainty in the MTE
curves for the MCC and PCC. Only two calibration points
exist for the MTE curves in the mass range of interest (59−195
m/z).13,60,61 In addition, slight differences in inlet config-
uration, electric field, and flow rates compared to the MTE
calibration setup will impact the transmission efficiency.
Regardless, the MCC and PCC still observe a factor of 1.9−
2.4 times higher for k1,acetate compared to k1,nitrate despite major
instrumentation differences. This strongly indicates that
acetate ionizes sulfuric acid faster than nitrate given the
equivalent concentrations.

With a known ionization rate constant, [H2SO4] in the flow
reactor can be obtained from the monomer and reagent ion
signals (eq 1). Figure 2 shows [H2SO4] measured with nitrate
and acetate at different sulfuric acid flow rates injected into the
reactors connected to PCC and MCC averaged over a period
of six and three days, respectively. Correcting the PCC
measured [H2SO4] with k1,acetate = 4.6 × 10−9 cm−3 s−1 yields a
better agreement of [H2SO4] measured with nitrate and
acetate as shown in Figure 2A. With the corrected k1,acetate,
there is only a ∼ 25% difference between [H2SO4] measured
with acetate and nitrate compared to a ∼ 70% difference when
k1,acetate is assumed to be equal to k1,nitrate. For the MCC,
k1,acetate = 3.6 × 10−9 cm−3 s−1 produces measured [H2SO4]
with less than 15% difference compared to nitrate and is shown
in Figure 2B. The largest difference in [H2SO4] is seen at low

Figure 1. Plot of the sulfuric acid monomer to reagent signal ratios for
acetate (S97/Sacetate) vs the monomer to reagent signal ratio for nitrate
(S97+160/Snitrate). A linear fit of the MTE-corrected signal ratios reveals
slopes of 2.4 and 1.9 respectively for the PCC (solid red line) and
MCC (solid black line). The PCC and MCC signal ratios not
corrected for MTE (red and black dashed lines respectively) have a
slope of 2.4.

Figure 2. Calculated sulfuric acid monomer concentration [H2SO4] vs flow rate of sulfuric acid injected in two different flow reactors for acetate
(black) and nitrate (red). (A) Squares show [H2SO4] calculated with k1,acetate= k1,nitrate = 1.9 × 10−9 cm3 s−1 for PCC measurements. Triangles are
[H2SO4] calculated with k1,acetate = 4.6 × 10−9 cm3 s−1. (B) Squares show [H2SO4] calculated with k1,acetate= k1,nitrate = 1.9 × 10−9 cm3 s−1 for MCC
measurements. Triangles are [H2SO4] calculated with k1,acetate = 3.6 × 10−9 cm3 s−1. The error bars show the extent to which the sulfuric acid
concentrations varied for a given sulfuric acid flow rate over the 6-day and 3-day measurement periods for the PCC and MCC, respectively.
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sulfuric acid flow rates and is likely due to difficulty in
maintaining a consistent low flow rate over the sulfuric acid
reservoir.

The IIC rate constant for the formation of sulfuric acid
dimers is also examined to validate the estimated k1,acetate.
Sulfuric acid dimer ions measured by the PCC and MCC are
primarily formed by IIC of a H2SO4 with HSO4

− due to
negligible concentration of neutral sulfuric dimers in the flow
reactor. IIC reactions between charged and neutral sulfuric
acid molecules (reactions R5 and R6) for nitrate and acetate
can be probed by varying tCI at constant sulfuric acid
concentration. The IIC rate constant for the formation of
sulfuric acid dimers using nitrate and acetate reagents, k21,acetate
and k21,acetate, respectively, could differ from each other
depending on if HSO4

− has a ligand attached to it and the
identity of this ligand.

As shown in the Supporting Infomation, the rate expression
for the formation of H2SO4·HSO4

− from reactions R5 and R6
can be integrated at short tCI to obtain an expression in terms
of dimer and monomer−ion signal ratios as shown below:
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Here k21 is the IIC rate constant, k2 is the sulfuric acid dimer
ionization rate constant, k1 is the sulfuric acid monomer

ionization rate constant, and zj is the MTE between the
sulfuric acid dimer and monomer. Ssulfuric acid dimer is measured
by the PCC and MCC at m/z 195 and will therefore be
subsequently denoted as S195. eq 2 assumes negligible
formation of dimer ions from ion decomposition of larger
clusters, constant reagent ion concentration, and constant
[H2SO4] and [H2SO4]2 during the chemical ionization.

Panels a and b of Figure 3 illustrate the MTE-corrected
ratios of sulfuric acid monomer to reagent signals (S97/Sacetate
and S97+160/Snitrate) as a function of tCI and the ratio of sulfuric
acid dimer to monomer−ion signal (S195/S97 and S195/S97+160)
vs tCI, respectively, measured with the PCC. Similarly, panels c
and d of Figures 3 illustrate MTE-corrected S97/Sacetate and
S97+160/Snitrate vs tCI along with S195/S97 and S195/S97+160 vs tCI
for the MCC. Note, the PCC measurements are 6-day averages
and the MCC measurements are 4-day averages. Dividing the
slope of the lines in panels a and c of Figure 3 to the
corresponding slopes in panels b and d of Figure 3 yields k

k
2 1

21

(see Supporting Information). Using this IIC approach to
calculate k1,nitrate eliminates any systematic uncertainties in the
calculated tCI which could arise from uncertainties in ion
mobilities and imperfections in electric field as this approach is
independent of the exact tCI used for acetate and nitrate. For
the PCC, the ratio k

k
2 1

21
is 10.8 and 6.0 for acetate and 3.4 and

2.5 for nitrate with and without MTE correction, respectively.

Figure 3. Panels a and c show MTE-corrected signal ratios of sulfuric acid monomer to the reagent (S97/Sacetate and S97+160/Snitrate) vs tCI at constant
sulfuric acid concentration for acetate (black) and nitrate (red) for PCC and MCC respectively. Panels b and d show MTE-corrected signal ratios
of the sulfuric acid dimer to the monomer (S195/S97 and S195/S97+160) vs tCI for acetate (black) and nitrate (red) for PCC and MCC, respectively.
The lines are linear fits, and the error bars show the extent to which the signal ratios at a given tCI varied over the measurement period.
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In addition, the MCC ratio k
k
2 1

21
is 9.1 and 5.3 for acetate and 2.9

and 2.6 for nitrate with and without MTE correction,
respectively. See the Supporting Information for PCC and
MCC slope ratios obtained when signals were not corrected
for MTE. These results demonstrate two potential conclusions:
(1) Assuming k1,acetate= (1.9−2.4) × k1,nitrate (from above), then
k21,nitrate= (1.1−1.3) × 10−9 cm3 s−1 and k21,acetate = 8 × 10−10 to
2 × 10−9 cm3 s−1. (2) Assuming that IIC occurs at the collision
limit such that k21,nitrate= k21,acetate = 1.9 × 10−9 cm3 s−1, then
k1,acetate is approximately a factor of 2−3 higher than k1,nitrate.
The estimated ion−molecule rate constants reported in this
study are summarized in Table 1. Note, k21,acetate agrees with

the collision rate constant of 1.9 × 10−9 cm3 s−1 when zj is
assumed to be 1 (i.e., when the sulfuric acid dimer and
monomer have similar transmission efficiencies). Also, the
k1,acetate better matches the previously estimated factor of (1.9−
2.4) × k1,nitrate when zj = 1. This suggests that the MTE values
of the sulfuric acid dimer (195 m/z) for both the PCC and
MCC may be too high. Overall, this additional experimental
approach with variations in tCI provides further evidence that
k1,acetate is (1.9−2.4) × k1,nitrate.

A slope ratio k
k
2 1

21
close to 2 suggests that k21,nitrate= k1,nitrate.

However, the MTE-corrected slope ratios for the PCC
mentioned above were about 3.4 and 2.5 when not corrected
for MTE. The MCC exhibited slope ratios of 2.6 and 2.9 when
not MTE corrected. Jen et al. suggest that a slope ratio higher
than 2 indicates a potential contamination in the flow
reactor.61 However, the values of the y-intercept in this
study for S195/S97 and S195/S97+160 vs tCI for acetate and nitrate,
respectively, in Figure 3, panels b and d, are almost zero which
suggests a near zero concentration of neutral sulfuric acid
dimers (eq 2). This implies that the flow reactors were free of
stabilizing compounds that would allow the formation of the
neutral sulfuric acid dimer.11,48 In addition, any uncertainty in
the calculated tCI values in Figure 3 would not affect the slope
ratio since this uncertainty will affect each individual slope to
the same extent. The largest uncertainty in the calculated tCI
likely occurs at the lower tCI where any imperfections in the
parallel plate electric field in the mass spectrometer inlets
would significantly bias the drift time for ions.

Current ion−molecule collision theories, such as average
dipole orientation (ADO)62 or angular momentum average
dipole orientation (AADO),63 do not capture the exper-
imentally determined factor of 1.9−2.4 difference between
acetate and nitrate with sulfuric acid. For example, ADO
predicts acetate and nitrate to have similar collision rate
constants with sulfuric acid such that k1,nitrate = k1,acetate = 2 ×
10−9 cm3 s−1. This is due to acetate and nitrate having
comparable reduced masses with respect to sulfuric acid.64

Specifically, ADO treats an ion as a point charge which then

induces a dipole moment in the molecule.64,65 In contrast, the
acetate ions, including acetic acid and water ligands, have
significant dipole moments and polarizabilities compared to
nitrate. The dipole moments of CH3CO2

−, CH3CO2
−·H2O,

and CH3CO2H·CH3CO2
− (4.03, 4.24, and 3.93 D, respec-

tively) are more than 3 times greater those that of NO3
− and

HNO3·NO3
− (0 and 1.3 D, respectively). The polarizability of

CH3CO2
−, CH3CO2

−·H2O, and CH3CO2H·CH3CO2
− (6.03,

7.00, and 10.7 Å3, respectively) are also greater than that of
NO3

− and HNO3·NO3
− (4.08 and 7.88 Å3 respectively). These

dipole and polarizability values were calculated from computa-
tional chemistry using the ωB97X-D/6-31++G** level of
theory and summarized in Table S2.66

Similar to when an ion is treated as a point charge, the ion’s
dipole will also induce a dipole in the neutral molecule.
However, this system now contains four partial charges, two
from the ion’s permanent dipole moment and two from the
induced dipole of the molecule. Note, sulfuric acid also has a
dipole moment. The additional charge interaction, including
dipole−dipole, ion-induced dipole, and ion−molecule, could
contribute to a higher force between the ion and molecule.
This would expand the collision cross-sectional area and result
in a higher rate constant.

To the best of our knowledge, no previous study has
developed a theory that further includes the effect of an ion’s
dipole and polarizability on the collision rate constant of
nitrate and acetate ions with sulfuric acid. Eichelberger et al.
showed that while many ion−molecule reactions can be
approximated such that the ion is a point charge, an additional
attractive potential should be considered when the ion is highly
polarizable compared to the neutral molecule.67 This addi-
tional attractive potential between the ion and the neutral
molecule increased the collision cross-sectional area and alter
the angle of collision between the ion and neutral molecule.
Furthermore, preliminary molecular dynamic simulations
following Neefjes et al.68 suggest a higher collision rate
constant for acetate ions (with and without water ligand) with
sulfuric acid compared to nitrate dimer ion due in part to
acetate’s dipole moment. A forthcoming molecular dynamic
simulation study will examine the role ion’s dipole and
composition play on collision rate constants with molecular
dipoles.

■ CONCLUSION
In this study, the relative ionization rate constant of sulfuric
acid with acetate ions was determined to be 1.9−2.4 times
higher than with nitrate ions at 303 K and 20% RH. This
results in an ionization rate constant of (3.6−4.6) × 10−9 cm3

s−1 for sulfuric acid with acetate. The IIC rate constant
between charged sulfuric acid monomer and neutral sulfuric
acid monomer was also determined in order to confirm the
observed k1,acetate. The higher rate constant of acetate with
sulfuric acid compared to nitrate may be due to the higher
dipole moment and polarizability of the acetate ions compared
to nitrate. The additional dipole on the ion could contribute to
the interaction force between the ion and molecule which
would increase the collision cross-sectional area and thus ion−
molecule rate constant. Combined, these results demonstrate
how ion composition impacts the rate at which ion-induced
nucleation occurs and ultimately influences atmospheric
aerosol number concentrations.

Table 1. Summary of Estimated Ion−Molecule Rate
Constants at T = 303 K and RH = 20%

ion−molecule rate constant (cm3 s−1)

k1,nitrate
a 1.9 × 10−9

k1,acetate (3.6−4.6) × 10−9

k21,nitrate 1.1 × 10−9 to 1.3 × 10−9

k21,acetate 8 × 10−10 to 2 × 10−9

aCollision rate constant previously measured by Viggiano et al.53
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(52) Kürten, A.; Jokinen, T.; Simon, M.; Sipilä, M.; Sarnela, N.;

Junninen, H.; Adamov, A.; Almeida, J.; Amorim, A.; Bianchi, F.; et al.
Neutral Molecular Cluster Formation of Sulfuric Acid-Dimethylamine
Observed in Real Time under Atmospheric Conditions. Proc. Natl.
Acad. Sci. U. S. A. 2014, 111, 15019.
(53) Viggiano, A. A.; Perry, R. A.; Albritton, D. L.; Ferguson, E. E.;

Fehsenfeld, F. C. Stratospheric Negative-Ion Reaction Rates with
H2SO4. J. Geophys. Res. 1982, 87, 7340−7342.
(54) Viggiano, A. A.; Seeley, J. V.; Mundis, P. L.; Williamson, J. S.;

Morris, R. A. Rate Constants for the Reactions of XO3
−(H2O)n (X =

C, HC, and N) and NO3
−(HNO3)n with H2SO4: Implications for

The Journal of Physical Chemistry A pubs.acs.org/JPCA Article

https://doi.org/10.1021/acs.jpca.2c02072
J. Phys. Chem. A XXXX, XXX, XXX−XXX

H

https://doi.org/10.1029/2006JD007977
https://doi.org/10.5194/acp-14-7995-2014
https://doi.org/10.5194/acp-14-7995-2014
https://doi.org/10.5194/acp-6-4079-2006
https://doi.org/10.5194/acp-6-4079-2006
https://doi.org/10.5194/acp-6-4079-2006
https://doi.org/10.1016/j.jaerosci.2020.105733
https://doi.org/10.1016/j.jaerosci.2020.105733
https://doi.org/10.1016/j.jaerosci.2020.105733
https://doi.org/10.1038/nature12663
https://doi.org/10.1038/nature12663
https://doi.org/10.1021/acs.jpca.7b05658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.7b05658?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/2015GL066958
https://doi.org/10.1002/2015GL066958
https://doi.org/10.1002/2017JD026501
https://doi.org/10.1002/2017JD026501
https://doi.org/10.1002/2017JD026501
https://doi.org/10.1021/cr2001756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr2001756?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.6b03192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.6b03192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.6b03192?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cplett.2014.03.036
https://doi.org/10.1016/j.cplett.2014.03.036
https://doi.org/10.1016/j.cplett.2014.03.036
https://doi.org/10.1016/j.cplett.2014.03.036
https://doi.org/10.1029/2003JD004460
https://doi.org/10.1029/2003JD004460
https://doi.org/10.1029/2002RG000114
https://doi.org/10.1029/2002RG000114
https://doi.org/10.1126/science.1076964
https://doi.org/10.1126/science.1076964
https://doi.org/10.5194/acp-10-1635-2010
https://doi.org/10.1029/95JD00507
https://doi.org/10.1029/95JD00507
https://doi.org/10.1029/95JD00507
https://doi.org/10.1029/94GL03023
https://doi.org/10.1029/94GL03023
https://doi.org/10.1021/es00070a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es00070a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es00070a009?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/1352-2310(94)00211-3
https://doi.org/10.1016/1352-2310(94)00211-3
https://doi.org/10.1080/02786829508965338
https://doi.org/10.1080/02786829508965338
https://doi.org/10.1021/es00141a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es00141a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/es00141a010?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1023/A:1006289120280
https://doi.org/10.1023/A:1006289120280
https://doi.org/10.1023/A:1006289120280
https://doi.org/10.1023/A:1010632302076
https://doi.org/10.1023/A:1010632302076
https://doi.org/10.1023/A:1010632302076
https://doi.org/10.1021/jp0567974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp0567974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1029/JD093iD02p01616
https://doi.org/10.1029/JD093iD02p01616
https://doi.org/10.1016/1352-2310(96)00102-1
https://doi.org/10.1016/1352-2310(96)00102-1
https://doi.org/10.1029/JD095iD10p16799
https://doi.org/10.1029/JD095iD10p16799
https://doi.org/10.1029/JD091iD04p05183
https://doi.org/10.1029/JD091iD04p05183
https://doi.org/10.1029/JD091iD04p05183
https://doi.org/10.1029/JD094iD02p02183
https://doi.org/10.1029/JD094iD02p02183
https://doi.org/10.1029/JD089iD06p09649
https://doi.org/10.1029/JD089iD06p09649
https://doi.org/10.1002/2014JD022730
https://doi.org/10.1002/2014JD022730
https://doi.org/10.5194/acp-16-12513-2016
https://doi.org/10.5194/acp-16-12513-2016
https://doi.org/10.5194/acp-16-12513-2016
https://doi.org/10.1016/j.ijms.2008.04.032
https://doi.org/10.1016/j.ijms.2008.04.032
https://doi.org/10.1016/j.ijms.2008.04.032
https://doi.org/10.1016/j.ijms.2008.04.032
https://doi.org/10.1016/S1387-3806(00)00233-5
https://doi.org/10.1016/S1387-3806(00)00233-5
https://doi.org/10.1029/2001JD001100
https://doi.org/10.1029/2001JD001100
https://doi.org/10.1073/pnas.1404853111
https://doi.org/10.1073/pnas.1404853111
https://doi.org/10.1029/JC087iC09p07340
https://doi.org/10.1029/JC087iC09p07340
https://doi.org/10.1021/jp971768h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp971768h?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c02072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Atmospheric Detection of H2SO4. J. Phys. Chem. A 1997, 101, 8275−
8278.
(55) Fomete, S. K. W.; Johnson, J. S.; Myllys, N.; Jen, C. N.

Experimental and Theoretical Study on the Enhancement of
Alkanolamines on Sulfuric Acid Nucleation. J. Phys. Chem. A 2022,
126 (25), 4057−4067.
(56) Fomete, S. K. W.; Johnson, J. S.; Casalnuovo, D.; Jen, C. N. A

Tutorial Guide on New Particle Formation Experiments Using a
Laminar Flow Reactor. J. Aerosol Sci. 2021, 157, 105808.
(57) Pfeifer, J.; Simon, M.; Heinritzi, M.; Piel, F.; Weitz, L.; Wang,

D.; Granzin, M.; Müller, T.; Bräkling, S.; Kirkby, J.; et al.
Measurement of Ammonia, Amines and Iodine Compounds Using
Protonated Water Cluster Chemical Ionization Mass Spectrometry.
Atmospheric Measurement Techniques 2020, 13 (5), 2501−2522.
(58) Su, T.; Bowers, M. T. Ion-Polar Molecule Collisions. Effect of

Molecular Size on Ion-Polar Molecule Rate Constants. J. Am. Chem.
Soc. 1973, 95 (23), 7609−7610.
(59) Kupiainen-Määttä, O.; Olenius, T.; Kurtén, T.; Vehkamäki, H.

CIMS Sulfuric Acid Detection Efficiency Enhanced by Amines Due to
Higher Dipole Moments: A Computational Study. J. Phys. Chem. A
2013, 117, 14109−14119.
(60) Heinritzi, M.; Simon, M.; Steiner, G.; Wagner, A. C.; Kürten,
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