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ABSTRACT: Previous studies have shown that methanesulfonic
acid (MSA) reacts with amines and ammonia to form particles, which
is expected to be particularly important in coastal and agricultural
areas. We present the first systematic study of temperature
dependence of particle formation from the reactions of MSA with
trimethylamine (TMA), dimethylamine (DMA), methylamine (MA),
and ammonia over the range of 21−28 °C and 0.4−5.9 s in a flow
reactor under dry conditions and in the presence of 3 × 1017 cm−3

water vapor. Overall activation energies (Eoverall) for particle
formation calculated from the dependence of rates of particle
formation on temperature for all of these bases are negative. The
negative Eoverall is interpreted in terms of reverse reactions that
decompose intermediate clusters in competition with the forward
reactions that grow the clusters into particles. The average values of
Eoverall for the formation of detectable particles are: TMA, −(168 ± 19) kcal mol−1; DMA, −(134 ± 30) kcal mol−1; MA, −(68 ±
23) kcal mol−1; NH3, −(110 ± 16) kcal mol−1 (±1σ). The strong inverse dependence of particle formation with temperature
suggests that particle formation may not decline proportionally with concentrations of MSA and amines if temperature also
decreases, for example at higher altitudes or in winter.

■ INTRODUCTION

New particle formation (NPF) from gas phase precursors is an
important source of atmospheric particles.1−4 It also contrib-
utes significantly to cloud condensation nuclei (CCN), which
influence radiative forcing by changing cloud coverage and
properties.5−9 The species and mechanisms involved in NPF
need to be well understood to quantitatively predict the
impacts on visibility, human health, and climate.1,10,11 While
new particle formation events have been often observed to be
associated with sulfuric acid (H2SO4),

12−21 other acids such as
methanesulfonic acid (MSA, CH3SO3H) have also been
suggested to contribute.22−30

Atmospheric MSA as well as SO2 (the precursor to H2SO4)
are formed from the oxidation of organosulfur compounds that
originate in biological processes, agricultural activities, industrial
operations, and biomass burning.31−35 The major anthropo-
genic source of SO2 (and hence H2SO4) in the troposphere is
combustion of sulfur-containing fossil fuels. Particle formation
from MSA could be comparable to that from H2SO4 in
relatively clean coastal and ocean areas where the concen-
trations of atmospheric gas phase MSA are in the range of 105−
107 molecules cm−3, which is typically ∼10−100% of that of
H2SO4.

36−40 In a recent study,41 it was shown that while the gas
phase concentrations of MSA and hence its potential
contributions to particle formation in a typical coastal urban
area are small compared to those of H2SO4 under current
conditions, it will be of increasing importance as sulfur in fossil

fuels decreases in response to controls.42 In addition, MSA has
been predicted to enhance particle formation from H2SO4 by
15−300% over the temperature range from 258 to 298 K when
equivalent amounts of MSA and H2SO4 are present.30

Ammonia and amines play a key role in NPF for both MSA
and H2SO4.

18,26−29,43−52 While acid−base reactions are known
to play major roles in NPF in air, it should be recognized that
organics, about which less is known, may also be
important.53−61

While the effect of temperature on NPF is important for
predicting nucleation under varying atmospheric conditions
both temporally (time, date, season) and spatially (longitude,
latitude, altitude), our understanding of the temperature
dependence of particle formation is very limited. Here, we
present the first systematic study to investigate the temperature
dependence of particle formation from the reaction of MSA
with amines and NH3. Overall activation energies for the
formation of detectable particles (≥1.4 nm mobility diameter)
from the reactions of MSA with trimethylamine (TMA),
dimethylamine (DMA), methylamine (MA), and NH3

combined with previously published quantum chemical
calculations26,29 provide some insight into the basis for the
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relative efficiencies of particle formation and into the
atmospheric conditions where this chemistry is likely to play
a role.

■ EXPERIMENTAL SECTION
The borosilicate glass flow reactor (briefly described in the
Supporting Information) was used to study particle formation
and growth over reaction times on the order of seconds at
varied temperatures. Its characteristics are reported elsewhere.27

A total flow of 17 slpm (slpm = standard liters per minute at 25
°C and 101.3 kPa) of air was used, of which 14 slpm was from
ring A and ring B, 2 slpm from spokes C, and 1 slpm from
spokes D (Figure S1). The source of air in these studies was dry
compressed air (dew point −73 °C, <5.2 × 1013 cm−3 H2O)
from a purge air generator (model 75-62; Parker Balston) that
was then passed through carbon/alumina media (Perma Pure,
LLC) and a 0.1 μm filter (DIF-N70; Headline Filters) for
further purification. Relative humidity was adjusted by passing
part of the 14 slpm dry purified air through a bubbler filled with
Nanopure water (>18.0 MΩ cm; model 7146; Thermo
Scientific). Prior to introduction of the gaseous bases through
spokes D to initiate particle formation and growth, a mixture of
MSA flow and dry purified air was introduced through spokes
C at a flow of 2 slpm for 2−3 days to passivate the walls of the
inlet and the flow reactor and minimize wall losses of MSA.
Particle formation was examined at 28, 26, 23.5, and 21 °C by
decreasing the temperature of the circulating water within the
water jacket in a stepwise fashion while keeping all other factors
constant, including the system pressure and the absolute
amount of water vapor. The temperature in the flow reactor
was measured to be the same as that of water in the circulating
jacket, consistent with characterization studies of the flow
system that indicate that convection driven by temperature
gradients across the cross-sectional area of the reactor is not
important.27 The change in number concentrations of MSA,
base, and water vapor in molecules cm−3 from 21 to 28 °C is
∼2% (the mixing ratios remain constant), and concentrations
reported here are those calculated for 23.5 °C. Because
temperature has a significant negative effect on particle
formation as discussed later, the range of precursor
concentrations and temperatures that could be studied here
was limited. Concentrations of gaseous precursors were
adjusted to form enough particles to be detected at the highest
temperature (28 °C) on our experimental time scales but not
exceed 107 particles cm−3 at the lowest temperature (21 °C) to
minimize particle coagulation. The relatively small change in
temperature has a negligible effect on wall losses of gaseous
precursors and particles as discussed in the Supporting
Information (Figure S2). A portion of the sampling tube
outside the flow reactor was not temperature controlled, but
control experiments show that this does not produce significant
artifacts (Figure S3, details shown in Supporting Information).
Dry purified air was passed over MSA liquid (99.0%, Fluka)

contained in a trap at ambient temperature (∼23.5 °C) to
create gas-phase MSA with the MSA concentration adjusted by
changing the air flow rate. Amines/ammonia standards were
generated by passing a steady flow of dry purified air through a
U-shaped glass tube that held a permeation tube (VICI AG
International) containing the selected base which was
immersed in a water bath either at ambient temperature or at
30 °C to ensure a constant permeation rate. The following
anhydrous compounds were used by the provider to prepare
the permeation tubes: TMA, 99.0% Aldrich; DMA, 99%

Aldrich; MA, 98% Aldrich; NH3, 99.99% Aldrich. The
concentrations of the base in the flow reactor were adjusted
by introducing measured fractions of the flow from the glass
permeation tube holder into the reactor.
The concentrations of MSA and the bases directly from the

sources before dilution were determined with ultra performance
liquid chromatography coupled with a tandem mass spec-
trometer (UPLC-MS/MS, Waters) and ion chromatography
(IC, Metrohm), respectively.26,28,29,62 The concentrations of
MSA and the bases in the flow reactor were then calculated
based on the measured concentrations from the sources and the
dilution factor. Both MSA and amines/ammonia are sticky
compounds, so there may be wall losses in the flow reactor
inlets and the flow reactor itself even after extensive
conditioning. The calculated concentrations of MSA and
amines/ammonia reported here therefore represent upper
limit concentrations in the flow reactor.
The possible presence of amines or ammonia in the flow

reactor from diluent air or water was examined by collection of
the dry/humidified air through the sampling tube onto a low-
concentration cartridge.62 The analysis confirmed that the gas
phase bases, if present, were all lower than the 10 ppt detection
limit. There were no particles observed from MSA-H2O in the
absence of amines , consistent with earlier studies,22−25 or
amine-H2O in the absence of MSA even at 21 °C, further
suggesting that background contamination is negligible.
Particle number concentrations were measured with a

butanol-based condensation particle counter (CPC, model
3776; TSI). The CPC was coupled either to a diethylene
glycol-based particle size magnifier (PSM, model A10;
Airmodus; designated PSM-CPC throughout) to measure
total particles or to a scanning mobility particle sizer
(designated SMPS-CPC; TSI) to determine particle number
size distributions. The SMPS consists of an electrostatic
classifier (model 3080; TSI) and a nano-differential mobility
analyzer (model 3085; TSI) to size-select particles before
sending them to the CPC. Geometric mean mobility diameters
determined by the SMPS are reported here as particle
diameters. The d50 cutoff size of the CPC for sucrose particles
was reported by the manufacturer to be ∼2.5 nm, and the PSM
has a stated d50 cutoff size of ∼1.4 nm for ammonium sulfate
particles. Dilution of the particle flow with zero air right before
the PSM inlet is necessary when particle number concen-
trations surpass 105 cm−3 (approaching the upper detection
limit of the CPC).
Figure S4 shows typical particle number concentrations from

MSA and the amines/ammonia: TMA (Figure S4a), DMA
(Figure S4b), MA (Figure S4c), and NH3 (Figure S4d)
measured either using the CPC alone or coupled to PSM under
dry or humid conditions at ambient temperature (∼23.5 °C).
The initial concentrations of both MSA and the selected bases
were similar across experiments in order to make direct
comparisons. Consistent with our previous study,29 which
could only measure particles ≥2.5 nm, the effectiveness of each
base in forming particles is in the order of MA ≫ TMA ≈
DMA≫ NH3. The CPC alone and PSM-CPC data were within
experimental error for TMA and DMA, indicating that particles
had grown to diameters larger than 2.5 nm under the
experimental conditions. There were some differences between
the CPC only and PSM-CPC data for MA under all conditions
studies, and NH3 under low or zero added water vapor,
indicating that under these reaction conditions there were
particles smaller than 2.5 nm. In the temperature dependence
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studies discussed later, particle number concentrations were
measured with either the PSM-CPC or SMPS-CPC depending
on the size and number of particles formed. Particle number
concentration typically shows a linear increase with time. Rates
of formation of detectable particles (J) in units of cm−3 s−1 were
estimated using the linear regions of the number concen-
tration−time profiles. By doing this, particles are inherently
defined as those detected by PSM-CPC or SMPS-CPC.
In previous studies from this lab,26−29 custom gas mixtures of

the individual bases in N2 were provided by commercial gas
suppliers, but significant problems were later encountered both
in terms of their true concentrations and with contamination
from NH3 or other amines than the one ordered and specified
on the tank by the manufacturer. The source of contaminants

in the tanks according to one gas supplier was that the gas
cylinders had previously been used for these contaminant
species and there must have been carryover. Yu et al.51 showed
that a combination of NH3 and DMA gave enhanced particle
formation compared to what is expected for the sum of the two
acting individually, and Glasoe et al.52 reported that particle
formation from H2SO4 and DMA or MA was enhanced by 1−3
orders of magnitude by the addition of 0.2 ppb NH3. Thus, the
presence of such contaminants can have significant effects. As a
result, a changeover to the use of permeation tubes was made in
the current studies, where such problems have not been
encountered. The number concentrations of particles in the
present study are up to several orders of magnitude lower
compared to those of previous studies for TMA and DMA,28,29

Table 1. Summary of Experiments, Rates, and Overall Activation Energies for Particle Formation from MSA and Amines/
Ammonia

J (cm−3 s−1) at different temperaturesc

base
[MSA]a

(1010 cm−3)
[base]a

(1010 cm−3)
[H2O]

(1017 cm−3)
diameterb

(nm) 28 °C 26 °C 23.5 °C 21 °C Eoverall (±1σ) (kcal mol−1)

TMAd 10.4 10.4 dry 5−15 4.9(2) 1.2(3) 4.3(4) 1.9(5) −(161 ± 23)
10.1 10.4 dry 5−13 1.1(2) 3.4(2) 6.7(3) 5.1(4) −(160 ± 13)
24.9 6.4 dry 5−15 e 9.7(1) 3.9(3) 3.7(4) −(208 ± 30)
7.9 21.5 dry 4−12 e 1.1(2) 3.5(3) 1.5(4) −(172 ± 41)
7.7 8.6 2.9 7−21 4.6(2) 1.0(3) 2.6(4) 3.6(5) −(175 ± 20)
11.6 12.8 3.0 7−24 6.8(3) 4.4(4) 6.9(5) 5.7(6) −(172 ± 7)
18.0 9.6 2.8 8−32 4.7(3) 3.8(4) 3.3(5) 2.2(6) −(153 ± 8)
6.9 32.4 2.9 6−16 1.0(3) 4.4(3) 2.4(4) 3.8(5) −(146 ± 12)

average: −(168 ± 19)
DMA 12.8 12.4 dry f 4.5(2) 2.1(3) 5.7(3) 4.7(4) −(112 ± 11)

9.1 12.4 dry f 2.9(1) 1.1(2) 1.1(3) 9.4(3) −(148 ± 5)
5.9 6.2 dry f 1.2(1) 1.3(2) 2.3(3) 8.3(3) −(167 ± 21)
4.0 4.9 2.9 4−11 2.9(2) 8.8(2) 1.5(3) 1.7(4) −(95 ± 19)
6.7 6.9 2.9 5−17 2.1(3) 3.4(3) 2.1(4) 1.2(5) −(105 ± 12)
7.7 9.9 3.0 6−17 5.6(2) 7.8(3) 1.0(5) 5.2(5) −(172 ± 19)
10.9 4.0 2.9 6−18 1.8(3) 2.7(3) 1.8(4) 1.7(5) −(118 ± 17)
2.2 31.1 3.0 f 1.1(1) 2.1(1) 3.5(2) 3.8(3) −(153 ± 18)

average: −(134 ± 30)
MA 5.9 1.7 dry f 5.7(4) 1.3(5) 2.5(5) 3.2(5) −(43 ± 9)

4.2 6.2 dry f 1.6(4) 2.6(4) 9.0(4) 9.4(4) −(49 ± 12)
4.4 3.5 dry f 1.3(3) 4.1(3) 1.2(4) 2.8(4) −(77 ± 7)
1.0 1.2 3.0 f 1.3(4) 2.6(4) 7.1(4) 1.3(5) −(60 ± 5)
3.5 0.5 3.0 f 3.1(3) 6.8(3) 2.5(4) 9.9(4) −(88 ± 4)
0.7 3.0 3.0 f 6.7(4) 1.0(5) 2.5(5) 5.2(5) −(53 ± 3)
1.0 2.5 2.9 f 7.9(2) 1.9(3) 1.2(4) 4.3(4) −(104 ± 7)

average: −(68 ± 23)
NH3 13.1 18.8 dry f 5.0(3) 2.7(4) 1.2(5) 1.1(6) −(132 ± 7)

9.6 72.4 dry f 3.9(2) 9.4(2) 4.5(3) 2.6(4) −(107 ± 7)
5.7 7.9 dry 4−11 2.4(2) 7.2(2) 2.9(3) 1.4(4) −(101 ± 2)
14.8 11.6 2.8 5−14 2.7(4) 1.1(5) 4.3(5) 1.6(6) −(102 ± 4)
7.7 21.7 2.9 5−13 1.6(4) 4.8(4) 1.6(5) 6.0(5) −(90 ± 2)
15.1 4.0 3.0 4−16 2.4(4) 1.9(5) 1.3(6) 5.8(6) −(137 ± 12)
2.2 50.6 2.9 3−8 6.2(3) 1.5(4) 6.0(4) 3.9(5) −(104 ± 8)
2.2 15.6 2.9 3−6 4.0(3) 1.0(4) 3.7(4) 2.4(5) −(103 ± 8)

average: −(110 ± 16)
aMeasured at the sources and therefore represent upper limits for the concentrations given the possible losses in flow reactor inlets and the flow
reactor itself. bRange of geometric mean diameter of particles over reaction times of 0.4−5.9 s. Typical data for particle diameter as a function of time
are shown in Figures S5 and S9 in the Supporting Information. cParticle formation rates J calculated from number concentration−time plots as
discussed in the text. Further, 4.94(2) = 4.94 × 102. dValues of J for TMA may underestimated, as discussed in the text. eToo few particles to be
detected by SMPS (<5 × 103 cm−3); therefore, particle formation rates cannot be derived. fParticle number concentrations measured with PSM-CPC
rather than SMPS due to the presence of either few or small particles. The efficiency of the PSM as a function of particle size was not measured in
these studies but is known to depend on both particle size78 and composition.79 If the number concentrations measured using PSM are
underestimated by the same factor, the slope of the log J vs 1/T plots and the overall activation energy derived will not change.
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which may be due to ammonia in the cylinder gas mixtures that
was unrecognized at the time of the previous experiments.
Thus, in one MSA-TMA and one MSA-DMA experiment
where the amines were from permeation tubes, NH3 was added,
and large increases in particles were observed. However, as
shown by the data in Figure S4, the conclusions from previous
studies are robust, i.e., that water greatly enhances particle
formation and the efficiency of the amines in forming particles
follows the order MA > TMA ≈ DMA > NH3.

26,28,29

■ RESULTS AND DISCUSSION

The temperature dependence of the formation and growth of
detectable particles was studied under a range of initial
conditions shown in Table 1. Typical data for particle
formation as a function of time at different temperatures are
shown in Figure 1 for reactions of MSA with TMA (Figure 1a),
DMA (Figure 1b), MA (Figure 1c), and NH3 (Figure 1d) at a
water vapor concentration of 2.9−3.0 × 1017 cm−3,
corresponding to a relative humidity of 41−42%, respectively,
if at 23.5 °C. Expanded plots for the data at temperatures from
23.5−28 °C are shown in Figure S5. Similar data under dry
conditions are shown in the Supporting Information for TMA
(Figure S6), DMA (Figure S7), MA (Figure S8), and NH3

(Figure S9). SMPS-CPC data showed particle growth with time
for TMA, DMA, and NH3 (Figure S10); the ranges of
diameters are summarized in Table 1 (particles from MA were
too small to measure size distributions by SMPS). Once new
particles are formed, there is a competition between uptake of
the precursors to existing particles to grow them and formation
of new clusters and particles. Note that although the d50 cutoff
size of SMPS is 2.5 nm, it was only used when there were no
detectable particles smaller than 2.5 nm present (Table 1).
For all of these bases, decreasing temperature significantly

enhances the formation of detectable particles. Based on the
Arrhenius equation (k = Aexp(−Eoverall/RT)), this indicates that
the effective overall activation energy for the net processes that

lead from the gas phase precursors to the formation of
detectable particles is negative.
Rates of formation of detectable particles (J) in units of cm−3

s−1 were estimated from plots such as those in Figure 1. Particle
number concentrations from MSA and TMA level off quickly
(Figure 1a), indicating that the initial rate of particle formation
was too fast to be captured by the shortest sampling times.
However, particles kept growing with time (Figure S10a),
suggesting condensational growth of MSA-TMA particles
dominated over nucleation once particles grow large enough,
which is consistent with the larger diameters (Table 1). In this
case, the values of J were estimated by taking the total particle
number concentrations at the first measurement time of 0.4 s
and dividing by 0.4 s. If particle number concentration levels off
before 0.4 s, the calculation would underestimate individual
values of J for the TMA reaction. However, if all of the initial
rates are underestimated by the same proportion, the slope of
ln J vs 1/T and hence overall activation energy would not be
affected.
In the case of MA (Figure 1c), concentrations of gaseous

precursors were kept below those which formed high particle
concentrations where coagulation becomes significant. This use
of low concentrations results in an apparent induction period at
short reaction times before particle number concentrations
linearly increase; this is at least in part due to the fact that
nucleation of MSA-MA(-H2O) is so efficient that more and
smaller particles (as indicated by the difference between the
PSM-CPC and CPC-only data in Figure S4) were formed at
short reaction times compared to those of the other amines.
The apparent induction time represents time required for
MSA-MA(-H2O) clusters to grow into detectable size particles.
Thus, for MA, the linear portion of the curve after the
induction time was used to obtain the particle formation rate.
Figure 2 shows plots of ln J vs 1/T for the amines and

ammonia calculated from data in Figure 1. Overall activation
energies Eoverall were calculated from the slopes of these plots
and are summarized in Table 1. It is noteworthy that while

Figure 1. Typical examples of number concentrations of particles as a function of time at varied temperatures from (a) 11.6 × 1010 cm−3 MSA, 12.8
× 1010 cm−3 TMA, and 3.0 × 1017 cm−3 H2O; (b) 6.7 × 1010 cm−3 MSA, 6.9 × 1010 cm−3 DMA, and 2.9 × 1017 cm−3 H2O; (c) 1.0 × 1010 cm−3

MSA, 2.5 × 1010 cm−3 MA, and 2.9 × 1017 cm−3 H2O; (d) 7.7 × 1010 cm−3 MSA, 21.7 × 1010 cm−3 NH3, and 2.9 × 1017 cm−3 H2O. The lines
between data points are drawn as guides to the eye. Error bars represent one standard deviation from triplicate SMPS measurements and lie within
the symbols in some cases.
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different approaches were used to calculate the values of J due
to the different time profiles in Figures 1a−d, overall activation
energies reflect the temperature dependence of J calculated
with a uniform approach within each base. This should
minimize possible systematic errors. The overall activation
energies do not show a significant trend with the concen-
trations of gaseous precursors. The average values of Eoverall are
TMA, −(168 ± 19) kcal mol−1; DMA, −(134 ± 30) kcal
mol−1; MA, −(68 ± 23) kcal mol−1; and NH3, −(110 ± 16)
kcal mol−1 (±1σ).
For simple gas phase reaction systems, interpretation of

negative activation energies is relatively straightforward. For
example, consider a mechanism consisting of the following
reactions:

+ ↔
−

A B AB
k

k

1

1

(1)

+ →AB C ABC
k2 (2)

This is the classic case of gas phase termolecular reactions.
Assuming that AB is in steady state, the overall activation
energy can be shown3 to be given by Eoverall ∼ (E1 + E2 − E−1),
where E1, E−1, and E2 are the activation energies for the
individual steps. If E1 and E2 are small so that (E1 + E2) < E−1,
an apparent negative activation energy results.
Consider a slightly more complicated system where ABC is

also an intermediate that can decompose (reaction 3) or
undergo further reaction (reaction 4):

→ + + +ABC (AB C) or (AC B) or (A BC)
k3

(3)

+ →ABC D ABCD
k4 (4)

Note that the decomposition of AB or ABC need not be back
to the original reactants. This is relevant to the MSA-base-H2O
system where the reacting species are likely MSA·H2O and
base, but as discussed below, decomposition of MSA·base·H2O
may involve evaporation of water. If the species ABCD is the
final “product” that does not evaporate or further react/grow in
this scheme, then its rate of formation is given by

=
t

k
d[ABCD]

d
[ABC][D]4 (I)

where the steady-state concentration of ABC is [ABC]ss = (k2/
kloss_ABC) × [AB][C] and kloss_ABC is the rate constant for the
net loss of ABC via decomposition (reaction 3) and reaction 4
with a D molecule, i.e., kloss_ABC = (k3 + k4[D]). Assuming that
ABC decomposes much faster than its reaction with D, i.e., k3

≫ k4[D], the loss rate constant for ABC, kloss_ABC ≈ k3. If AB is
mainly formed from reaction 1, the steady-state AB
concentration is given by [AB]ss = (k1/kloss_AB)[A][B], where
kloss_AB ≈ k−1 if the decomposition of AB is faster than its
bimolecular reaction 2. Then, the rate of formation of ABCD
becomes

= ≈
−t

k
k k k
k k

d[ABCD]
d

[ABC][D] [A][B][C][D]4
1 2 4

3 1 (II)

Assuming the Arrhenius expression applies to the individual
steps over the limited temperature range used here, the effective
overall rate constant is given by

=

= −
+ + − +

−

−

−⎡
⎣⎢

⎤
⎦⎥

k
k k k
k k

A A A
A A

E E E E E
RT

exp
( ) ( )

overall
1 2 4

3 1

1 2 4

3 1

1 2 4 3 1

(III)

The overall activation energy is then the difference between
the sum of those for the forward reactions and the sum of those
for the decomposition reactions of the intermediates.
The kinetically simplest hypothetical case is the one in which

the bimolecular reactions 1, 2, and 4 have a zero, or very small,
activation energies. In this case, the overall activation energy is
approximated by −(E3 + E−1) where these terms reflect the
energy differences between the clusters and the species to
which they decompose (Figure 3). If similar considerations

apply for a reaction mechanism with many more clusters and
steps, the overall negative activation energy is a measure of the
sum of the energies required for decomposition of each cluster.
While eq III shows conceptually how the overall activation

energy for a complex reaction scheme is qualitatively related to
those for the individual reactions, the quantitative relationship
is clearly sensitive to the mechanism and relative importance of
various steps. As a result, extrapolation of this simplified
approach to the MSA-amine(-H2O) system is not straightfor-
ward. First, decomposition of clusters can occur by many
different pathways, including evaporation of monomers or
ejection of smaller clusters (growth can also occur via uptake of
clusters).63−66 Second, the composition of clusters that affect

Figure 2. Plots of ln J vs the reciprocal absolute temperature (1/T)
with the corresponding linear fits for the reactions of MSA with amines
and ammonia. Particle formation rates J were calculated from data in
Figure 1, as described in the text.

Figure 3. Schematic of simplified reaction scheme for a hypothetical
reaction scheme involving the formation of intermediate clusters AB
and ABC that can decompose or continue to react to form the final
product ABCD. The enthalpy of the forward reactions ΔH is related to
the change in energy ΔE via ΔH = ΔE + ΔnRT.
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particle formation may not be constant over the range of
temperatures studied, even though this range is relatively small.
Third, the decomposition of clusters is assumed to be
temperature dependent, and the forward reactions are assumed
to proceed with zero or small activation energy; the connection
between overall activation energy and those for the individual
steps becomes less direct if the activation energies for the
forward steps are not small. Fourth, the energetics for loss of
single molecules can change as the clusters become larger.
Finally, given the dynamic nature of the system, with precursor
gases both forming new particles and adding to existing ones to
grow them as well as the uncertainties in deriving particle
formation rates from data which are not always linear
throughout the time range studied, steady-state assumptions
may not be rigorously applicable. However, the concept of a
negative temperature dependence for particle formation being
due to decreasing cluster stability with increasing temperature is
consistent with the generic reaction scheme above and with
interpretation of the temperature dependence of particle
formation in sulfuric acid-amine systems.67

In the case of particle formation from sulfuric acid, a stepwise
mechanism53 similar to the simple reaction scheme above is
believed to occur, and the mechanism for particle formation
from MSA is expected to have qualitative similarities.26,28 In the
case of sulfuric acid clusters with ammonia or DMA,
evaporation of one or more of the components can occur
depending on the conditions.68 For example, quantum chemical
calculations for such clusters show that if the number of base
molecules is equal to or greater than the number of acid
molecules, evaporation of the base dominates, while with excess
acid in the cluster, the acid can evaporate.63,69 If water is
present, it can also evaporate.68

MSA is known to form hydrates22,24,25 so that when water is
present, the MSA hydrate in equilibrium with MSA is likely the
initial reacting species (equivalent to A in Figure 3). The water
vapor concentration is essentially constant in the flow system so
that the hydrate concentration is determined by that of MSA.
Shown below are a few potential initial steps in the mechanism,
which includes both addition of monomers (equivalent to C
and D in Figure 3) to clusters to grow them, and the
decomposition of the clusters (shown by the vertical dotted
lines in Figure 3):

+ ↔ ·MSA H O MSA H O2 2 (5)

· + ↔ · ·MSA H O base MSA base H O2 2 (6)

· · + ↔ · ·MSA base H O MSA (MSA) base H O2 2 2 (7)

· · + ↔ · ·MSA base H O base MSA (base) H O2 2 2 (8)

· · + ↔ · ·MSA base H O H O MSA base (H O)2 2 2 2 (9)

For the MSA-amine(-H2O) system, the binding energies are
known only for the first few steps. Taking the MSA-TMA
reaction as an example, the enthalpies for the evaporation of
MSA, TMA, and H2O from a MSA·TMA·H2O cluster are ∼27,
∼23, and ∼13 respectively.26,29 Enthalpy and energy changes
differ only by a small amount because they are related by ΔH =
ΔE + ΔnRT, where the last term is 0.6 kcal mol−1 at 298 K for
Δn = 1. The enthalpies of evaporation of MSA, TMA, and H2O
from a (MSA)2·TMA·H2O cluster are ∼25, ∼32, and ∼14,
respectively.26,29 Thus, loss of water seems likely for both
clusters. For the 1:1:1 cluster, loss of MSA is least favored,

while for the 2:1:1 cluster, loss of TMA is least likely on
energetic grounds.
The overall activation energy will be some combination of

the energies for evaporation of acid, base, water, or clusters in
each elemental step and the total number of reversible steps
that lead to particle formation. The fact that the overall
activation energies are similar regardless of the addition of
water (Table 1) has a number of possible explanations. For
example, evaporation of base or acid rather than water could
dominate in both cases so that water does not have a significant
effect. Alternatively, while the individual contributions of the
average energy per decomposition step and the total number of
steps involved in particle formation may be different with and
without water, their combination, which determines the overall
activation energy, may be similar. This could occur if there are
different evaporation routes, e.g., involving ejection of clusters
vs monomers.
The observation that formation of MSA-MA particles has an

Eoverall [−(68 ± 23) kcal mol−1] much smaller than that of
MSA-TMA particles [−(168 ± 19) kcal mol−1] could be due to
different energies for the individual decomposition steps for the
different amines and/or to a smaller number of steps to form
detectable particles in the case of MA. The limited
thermodynamic data on the smallest clusters in these
systems26,29 do not suggest large thermodynamic differences
for clusters of the same composition for the different amines.
Thus, the difference in Eoverall is more likely to be due to fewer
reversible elemental steps to form detectable MSA-MA
particles. This is consistent with MA forming particles more
efficiently compared to DMA and TMA.
The relatively few studies of the temperature dependence of

detectable particles from reactions of H2SO4 with ammonia or
amines also give negative activation energies in agreement with
the increased decomposition of clusters with increasing
temperature.67 However, the absolute values of Eoverall are
smaller for the sulfuric acid reactions. For example, data on
neutral particle formation in the H2SO4-NH3 reaction at 278,
288, and 292 K in Kirkby et al. (cf. Figure 1)47 suggests Eoverall
for particle formation of −(35−40) kcal mol−1, which is
considerably smaller than the −110 kcal mol−1 for the MSA-
NH3-H2O reaction reported here. For the H2SO4-DMA
reaction, Almeida et al.18 report a relatively small calculated
temperature dependence for the combination of neutral and
galactic cosmic ray-induced reactions with the rate constant
predicted to fall by about a factor of 2 from 21 to 28 °C rather
than by several orders of magnitude as for MSA reported here.
One reason may be that MSA·base·H2O clusters are less stable,
and evaporation of the monomer or cluster is faster. For
example, the ΔH calculated29 for formation of the MSA·DMA·
H2O cluster from the gas precursors is −36 kcal mol−1

compared to −43 kcal mol−1 for the analogous H2SO4 1
acid·1 base·1 water cluster.70 For the 2 acid·1 base·1 water
cluster for MSA and DMA,26 ΔH is ∼ −61 kcal mol−1

compared to −74 kcal mol−1 for the H2SO4 cluster.
70

Although further laboratory and theoretical studies are
needed to develop more detailed mechanistic insights, the
anticorrelation between particle formation and temperature
suggests that the rate of particle formation from MSA and
amines/ammonia will be temporally and spatially regulated in
the atmosphere with particle formation being more efficient in
winter and at higher altitudes, all other factors being equal.
However, the concentrations of both MSA and amines/NH3
are likely to decrease with altitude because their sources are at
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the Earth’s surface, and the source strengths are also dependent
on location and season. For example, the major source of MSA
is the oxidation of organosulfur compounds generated by
oceanic biological processes with fluxes to the atmosphere
enhanced in the spring and summer.71 The major sources of
amines are also at the surface.72 Field measurements have
shown particulate methanesulfonate decreases with altitude,73,74

as do ammonia and model-predicted amine concentra-
tions.75−77 This relationship between reduced concentrations
and temperature will result in counterbalancing of the two
effects in particle formation. However, the significantly
increased efficiencies at lower temperatures does mean that
many more particles will be formed than otherwise expected
based solely on precursor concentrations and ambient temper-
ature experiments. These results illustrate the importance of
taking into account temperature along with other factors such
as the nature and concentrations of nucleation precursors,
relative humidity, and the availability of pre-existing particles in
modeling studies to better predict new particle formation and
its impacts on health, visibility, and climate.
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