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Effect of Hydration and Base Contaminants on Sulfuric Acid
Diffusion Measurement: A Computational Study

Tinja Olenius,! Theo Kurtén,> Oona Kupiainen-Maitti,! Henning Henschel,!

Ismael K. Ortega,”” and Hanna Vehkamiiki'

'Department of Physics, University of Helsinki, Helsinki, Finland

’Department of Chemistry, University of Helsinki, Helsinki, Finland

We used quantum chemical formation free energies of hydrated
sulfuric acid-containing molecular clusters and a dynamic model
to simulate a flow tube measurement, and determined the effec-
tive diffusion coefficient of sulfuric acid as a function of relative
humidity. This type of measurement was performed by Hanson
and Eisele, who presented and applied a fitting method to obtain
equilibrium constants K; and K, for the formation of sulfuric acid
mono- and dihydrates, respectively, from the experimentally de-
termined diffusion coefficients. The fit is derived assuming that
only H,SO4 molecules hydrated by up to two water molecules are
present. To study the sensitivity of the results to this assumption,
we implemented the same fit to the modeled diffusion coefficient
data, computed including also larger H,SO4 hydrates with more
than two waters. We show that according to quantum chemical
equilibrium constants, the larger hydrates are likely to be present
in nonnegligible amounts, which affects the effective diffusion co-
efficient. This results in the fitted value obtained for K; being lower
and for K, being higher than the actual values. The results are
further altered if contaminant base molecules, such as amines, ca-
pable of binding to H,SO,4 molecules, are able to enter the system,
for example, with the water vapor. The magnitude and direction
of the effect of the contaminants depends not only on the contam-
inant concentration, but also on the H,SO, concentration and on
the hygroscopicity of the H,SO4-base clusters.

1. INTRODUCTION

Sulfuric acid has been shown to be the main compound driv-
ing atmospheric new particle formation (Weber et al. 1997;
Kuang et al. 2008). The role of other species has been the topic
of intensive research: for instance, atmospheric bases, organic
compounds, and ions have been suggested to enhance particle
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formation and growth by stabilizing acid-containing molecular
clusters (Zhang et al. 2004; Yu 2006; Erupe et al. 2011; Kirkby
et al. 2011; Yu et al. 2012). Especially strong bases, such as
amines, may be able to bind strongly to even single sulfuric acid
molecules (Kurtén et al. 2008; Loukonen et al. 2010; Almeida
et al. 2013). Whenever water vapor is present at sufficient con-
centrations, acid molecules and clusters are likely to be hydrated.
It is at the moment uncertain to which degree acid—base clusters
are hydrated at moderate RH, and how strongly hydration af-
fects their formation energetics. In any case, it is clear that in the
absence of stronger bases, for example in the free troposphere,
water plays a very important role in enhancing the clustering
of sulfuric acid. However, the equilibrium constants for hydrate
formation, or equivalently the hydrate distribution, are difficult
to predict for molecules and very small clusters.

Equilibrium constants of H,SO4—water clusters have been
previously calculated with the classical liquid droplet model
by, for example, Jaecker-Voirol et al. (1987) and Noppel et al.
(2002). However, the droplet model that describes a macro-
scopic substance is not valid for clusters consisting of only a
few molecules (Noppel et al. 2002). The most accurate and re-
liable theoretical method to study the thermodynamics of small
molecular clusters is quantum chemistry (see, for example, the
review by Kurtén and Vehkamaki [2008]). Although in general
quantitative results given by different quantum chemical meth-
ods may differ, the qualitative predictions agree (Leverentz et al.
2013, and references therein, and Kupiainen-Maatta et al. 2013
for method comparisons). Equilibrium constants for cluster for-
mation, or the corresponding cluster formation free energies
(Equation (4)), can be experimentally determined with a chemi-
cal composition measurement. However, the composition mea-
surement is performed with mass spectrometry, which can only
be applied to charged clusters. The Gibbs free energies of for-
mation of charged H,SO,4 hydrates have been measured by, for
instance, Froyd and Lovejoy (2003a, 2003b), and Sorokin et al.
(2006). Experimental determination of the formation free ener-
gies of electrically neutral clusters is very challenging, as their
composition cannot be directly measured. A method to measure

the hydration free energies of the H, SO, molecule, based on the
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effect of hydrate formation on the diffusivity of H,SO4 vapor,
was presented by Hanson and Eisele (2000).

Hanson and Eisele (2000) obtained experimental values for
the equilibrium constants for the formation of sulfuric acid
mono- and dihydrates using the following approach: the ef-
fective diffusion coefficient of H;SOy4 vapor at different relative
humidities (RHs) was determined by measuring the wall loss
rate coefficient in a cylindrical laminar flow tube (see also the
study by Hanson (2005) that reports similar results, but with
fewer data points). The gas phase acid concentration [H>SO4]
was measured with a chemical ionization mass spectrometer
(SCIMS; Eisele and Tanner 1993) which detects also the acid hy-
drates, and therefore the measured wall loss rate coefficient is the
effective loss rate of the sum of all the species H,SO4e(H,0),
with n = O0—npax, Where np. 1S the maximum number of water
molecules bound to the acid molecule. The hydrate distribu-
tion can be assumed to be in equilibrium throughout the flow
tube as the collision and evaporation rates of water molecules
are orders of magnitude higher than the rates of the diffusion
transport processes. The effective diffusion coefficient D.g was
obtained from the effective wall loss rate coefficient ky s as-
suming diffusion-limited wall loss (Brown 1978):

2

Dett = ——kw eft»
eff 365 Jeff

(1]
where r is the radius of the flow tube. Finally, D.; was con-
verted to the pressure-independent diffusion coefficient pD.
by multiplying by the total pressure in the flow tube.

The equilibrium constants were obtained by assuming that
H,SO,4 can be hydrated by up to nnax = 2 water molecules, in
which case pD.s at RH, calculated as a weighted average over
the equilibrium hydrate distribution (Jaecker-Voirol et al. 1987),
is given as

pDy+ pD K \RH + pD, K, K, (RH)?
1+ K|RH + K, K, (RH)

P Dt = . [2]

where pD,, is the diffusion coefficient of H,SO,e(H,0), and K,
is the equilibrium constant for the formation of H,SO4e(H,0),

from H,SO4e(H,0),,_; and H,O, which can be converted to the
standard reference pressure of Pys = 1 atm as

P, ref

eq
H,O

K = x 100 x K, [3]

where Pf,go is the saturation vapor pressure of water (see Wexler

1976 for a parameterization for Pﬁjo). The equilibrium constant
is related to the change in the Gibbs free energy as

Kyt = exp
( AG™ (H,S0, o (H,0),) —AG™ (H,SO, o (Hzo)n1)>
kT ’

(4]

where AG™/(i) is the Gibbs free energy of formation of cluster
i from monomers at reference pressure P, and temperature 7',
and kg is the Boltzmann constant.

The experimental procedure described above is a straight-
forward method to estimate the K; and K, constants, provided
that only the H,SO4e(H,0O)y., species affect the diffusion mea-
surement and that values for the diffusion coefficient of each
molecule and cluster species (pD,,) are known (see Section 2.3).
Hanson and Eisele (2000) also tested the effect of extending
Equation (2) to include the third hydrate H,SO4e(H;0)s, but
the K; and K, values reported in the study are obtained by in-
cluding only the first and second hydrates. The work by Hanson
and Eisele (2000) is to our knowledge the only study present-
ing experimental equilibrium constants for electrically neutral
sulfuric acid hydrates, which makes the results very important
benchmarking parameters for theoretical work, for example,
quantum chemistry or liquid droplet model.

In this work, we use quantum chemical equilibrium constants
for H,SO,4 hydrates and small acid-containing clusters to study
how the presence of larger hydrates and other compounds affects
the measurement result. First, we examine the effect of includ-
ing H,SO4 hydrates containing more than two water molecules.
Second, we assess the sensitivity of this type of experiment to
the potential presence of base molecules that may form stable
clusters with H,SQOy, as these types of molecules have been ob-
served in the CLOUD chamber experiments at background-level
concentrations (Kirkby et al. 2011). We apply the fitting method
of Hanson and Eisele (2000) to the modeled diffusion coefficient
data, and compare the values of the K| and K, constants ob-
tained from the fit to the actual values that were used to generate
the data. We emphasize that the main purpose of this study is
not a direct comparison of absolute experimental and quantum-
chemical equilibrium constants (such comparisons have been
done for example by Kurtén et al. (2007) and Nadykto and Yu
(2007) for a large variety of different methods). Instead, we
focus on the relative effect of H,SO4eX clusters (where X is
anything else than H,O or (H,0),) on the K and K, values ob-
tained using Equation (2). The results provide insights into the
directions and magnitudes of the changes that the presence of
such clusters may cause in the measurable diffusion coefficient
and the fitted K| and K, parameters.

2. METHODS

We calculated theoretical diffusion coefficients for sulfuric
acid and representative base contaminant molecules and small
acid—base clusters and their hydrates. The effective diffusion
coefficient of each molecule or cluster at different RHs was
calculated as a weighted average over the equilibrium hydrate
distribution. The hydrate distributions were computed from the
Gibbs free energies of hydration obtained from quantum chem-
ical calculations (as in Kurtén et al. 2007 and Henschel et al.
2014; see also the study by Marti et al. [1997], who calculated
the effective diffusion coefficient of H,SO,4 in a similar man-
ner using classical thermodynamics as in Kulmala et al. 1991
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FIG. 1. Flowchart of the procedure and methods implemented in this study.

for determining the Gibbs free energies and hydrate distribu-
tions). The saturation vapor pressure of water was calculated
with the temperature-dependent parameterization derived by
Wexler (1976). We used the calculated diffusion coefficients
and a dynamic cluster model (McGrath et al. 2012) to gener-
ate a set of “measurable” H,SO, diffusion coefficient data as
a function of RH in different conditions (see Sections 2.1 and
2.4). We applied the fitting method used by Hanson and Eisele
(2000), which is based on the assumption that there exist only
H,SO4e(H,0), clusters (Equation (2)), to obtain the equilib-
rium constants K| g and K» g from the generated data, com-
puted including also species other than H,SO4e(H,0)p,. We
then compared the fitted values to the actual input values K input
and K3 inpyc to determine the effect that the presence of the other
species may have on the experimentally fitted parameters. A
flowchart illustrating the procedure is presented in Figure 1.

2.1. Modeled Molecules and Clusters

First, we considered a system consisting solely of acid
monomers and their hydrates H,SO4e(H,0),,, n = 0—npx, and
studied the effect of including hydrates containing more than
Nmax = 2 water molecules in the calculation. Then, we assumed
that there exists a background concentration of base molecules
B and its hydrates that can collide with H,SO4e(H,0),, to form
H,SO,4eB clusters and their hydrates. In the case of the base-

contaminated system, we focused on dimethylamine (DMA;
(CH3),NH) as a representative base compound, with additional
simulations performed using ammonia (NH3), monomethy-
lamine (MMA; CH3NH,) or trimethylamine (TMA; (CH3);N).
Finally, we studied the effect of formation of larger clusters by
including (H,SOy), clusters and their hydrates in the system
with no bases. For the system containing H,SO4 and DMA, we
tested the effect of incorporating B,, H,SO4eB,, (H,SO4),eB,
and (H,SO4),eB; clusters, as well as their hydrates. A sum-
mary of the examined systems is presented in Table 1. To avoid
unnecessary computational burden, the free energies of hydra-
tion that are not previously published by Henschel et al. (2014)
(i.e., mainly the hydrates containing MMA or TMA) were not
computed up to a fixed number of water molecules. Instead, the
hydration energies were first computed for the first hydration
steps, and if the formation of these small hydrates proved to be
unfavorable, larger hydrates were omitted. Hydrates of clusters
that are in any case very unstable and therefore not abundant
(those consisting of only two base molecules or two bases and
one acid) were also omitted.

2.2. Quantum Chemical Data

The equilibrium hydrate distribution calculations and dy-
namic simulations were mainly performed using quantum-
chemical Gibbs free energies of formation of the clusters cal-
culated with a multi-step method proposed by Ortega et al.
(2012), that combines B3LYP/CBSB7 optimized geometry
and frequency calculations with RI-CC2/aug-cc-pV(T+d)Z sin-
gle point energy calculations (Ortega et al. 2012, and ref-
erences therein). Thermochemical data computed with the
B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z method for the un-
hydrated sulfuric acid—ammonia and sulfuric acid—-DMA clus-
ters are published in our previous work (Ortega et al. 2012),
and the data for the hydrated clusters, as well as for clusters

TABLE 1
Clusters included in the systems studied using the B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z cluster energies. The number of
water molecules in the cluster is indicated in parenthesis. Additional clusters, that were included only in the simulations where
the system was extended to clusters containing up to two H,SO,4 and two base molecules, are marked with an asterisk; otherwise
only clusters containing up to one H,SO4 and one base molecule were included

0 base molecules

1 base molecule 2 base molecules

0 H,SO4 molecules
H,SO4

(nm,0 = 0-5)

(H2S04), (nm,0 = 0-5)*

DMA (nH20 = 0—1)
NHj (np,0 = 0-4)
MMA (11,0 = 0-2)
TMA (31,0 = 0-1)
DMA (I’leo = 0—5)
NHj3 (nn,0 = 0-5)
MMA (11,0 = 0-3)
TMA (11,0 = 0-2)
DMA (31,0 = 0-5)*

DMA (I’l]-[zo = 0)*

DMA (nHzo = 0)*

DMA (np,0 = 0-5)*
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containing MMA or TMA, are given in the online supplemen-
tary information (SI).

For the system containing only H,SO,e(H,0), species, we
used also Gibbs free energies computed at different quantum-
chemical levels of theory by Kurtén et al. (2007), Nadykto
and Yu (2007) and Temelso et al. (2012). Kurtén et al. (2007)
used the MP2/aug-cc-pV(D+d)Z level for optimization and fre-
quency calculations, and performed higher-level calculations at
the MP2/aug-cc-pV(T+d)Z and MP4/aug-cc-pV(D+d)Z lev-
els to obtain the single-point energy, denoted with AE(,3-step
(Kurtén et al. 2007), as a combination of the MP2/aug-cc-
pV(D+d)Z and MP4/aug-cc-pV(D-+d)Z energies and a basis set
limit energy extrapolated from the two MP2 energies (for more
detailed descriptions of the methods, see the section ‘‘Method
validation” in Kurtén et al. 2007). Vibrational anharmonicity
was taken into account with scaling factors (the “sf2” scaling
factor set, see Kurtén et al. 2007). Nadykto and Yu (2007) used
the PW91PW91/6-3114++G(3df,3pd) level of theory. Temelso
et al. (2012) computed thermodynamic corrections at the RI-
MP2/aug-cc-pVDZ level and the single-point energy by ex-
trapolating RI-MP2/aug-cc-pVDZ, RI-MP2/aug-cc-pVTZ and
RI-MP2/aug-cc-pVQZ energies to the complete basis set limit,
denoted as CBS (Temelso et al. 2012), and also used anharmonic
scaling factors (for more details, see Temelso et al. 2012). All
the thermochemical data used in this study were computed at
298.15 K.

2.3. Diffusion Coefficients

The diffusion coefficients of molecules and clusters in ni-
trogen gas were calculated as in the Enskog—Chapman theory
(Chapman and Cowling 1952), according to which the first ap-
proximation for the diffusion coefficient of two vapor species,
in this case molecule or cluster i and nitrogen Ny, is

. 3 T (1 1N\
l’N2_8Ctot("i+er)2 2 \m; N, ’

where r; and m; are the radius and mass of species 7, and ry, and
mn, those of the nitrogen molecule, respectively. Cyo is the total
vapor concentration which can be obtained from the ideal gas
law and total vapor pressure P as Cror = Piot/(kgT). The radius
of the nitrogen molecule ry, was taken to be 1.85 A (Haynes
2014), which is obtained from the viscosity of pure nitrogen
gas 17, according to the kinetic gas theory as (Chapman and
Cowling 1952)

1 5 12 mNszT /4 [6]
N, = = —_— .
Y72 6y, T

The radii of other molecules and clusters were calculated from
the molecular masses and liquid densities of the pure compounds
assuming spherical clusters and ideal mixing (the used densities
were 1830 kg m—3 for H,SO4, 680 kg m—> for DMA, 696 kg
m~> for NHs, 656 kg m~ for MMA, 627 kg m~3 for TMA,

and 997 kg m~3 for H,O; Haynes 2014). This approach gives
the value of 0.096 atm cm? s~! at 298.15 K for the diffusion
coefficient of the unhydrated sulfuric acid molecule, which is
in agreement with the experimental values 0.094 atm cm? s~!
(£7%) at 298 K (Hanson and Eisele 2000), 0.11 atm cm? s~!
(£20%) at 295 K (Lovejoy and Hanson 1996) and 0.088 atm
cm? s7! (£2%) at 303 K (Poschl et al. 1998). The values ob-
tained for the diffusion coefficients of the sulfuric acid mono-
and dihydrates (87 and 78% of the value for the dry H,SOy4
molecule, respectively) also agree closely with those used by
Hanson and Eisele (2000) (85 and 76% of the dry value), who
used contemporary quantum chemical hydrate structures to es-
timate the collision cross sections with the nitrogen molecule.
The calculated diffusion coefficients of all the molecules and
clusters included in the dynamic simulations are given in the SI.

2.4. Dynamic Simulations

The effective diffusion coefficients pD.g for the system con-
taining only the H,SO4e(H,0), species were obtained directly
by taking the weighted average of the diffusion coefficients of
the hydrates. For the systems containing also molecular clusters,
we modeled the dynamics of the systems with the Atmospheric
Cluster Dynamics Code (ACDC; McGrath et al. 2012; see Ole-
nius et al. 2013 for a description of the current version) to obtain
the measurable diffusion coefficients. “Measurable” refers to de-
termining the effective diffusion coefficient from the simulation
data with the same method that was used to obtain it in the flow
tube measurement (Section 2.4.2).

The time development of the cluster concentrations in con-
ditions relevant to a flow tube experiment is given as

dc; 1
o =2 D Bii-iCiCivj+ Y Viri-iiCitj
J<i J
1
- Z,Bi,jcicj -3 Z Yiojii—j) — kwani Ci, [7]
i j<i

where C; is the concentration of cluster or molecule i, 8;; is
the collision rate coefficient between clusters i and j, y 4 is
the evaporation rate coefficient of cluster k£ fragmenting into
clusters i and j, and kyqy; is the wall loss rate coefficient for
cluster i. The collision coefficients were calculated according to
the kinetic gas theory (Chapman and Cowling 1952) assuming
that all collisions stick, and the evaporation coefficients were
determined from the quantum chemical Gibbs free energies of
formation according to the condition of detailed balance (for
more detailed descriptions of calculating the rate coefficients;
McGrath et al. 2012 and Ortega et al. 2012). The wall loss rate
coefficients were obtained from the calculated diffusion coeffi-
cients (Equation (5)) according to Equation (1). All the collision,
evaporation, and wall loss rate coefficients were calculated as
weighted averages over the equilibrium hydrate distributions
(Jaecker-Voirol et al. 1987) as suggested by Paasonen et al.
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(2012) (Almeida et al. 2013). In other words, all the H,SO,4 and
base molecules and H,SO,—base clusters are explicitly treated
in the model, and water is implicitly taken into account by as-
suming equilibrium hydrate distributions for all the molecules
and clusters. All the species except for water are assumed to be
lost on the wall of the instrument at the diffusion limit. Includ-
ing water explicitly in the model is in practice computationally
impossible due to the approximately ten orders of magnitude
difference in the characteristic collision and evaporation fre-
quencies of water compared to those of all other compounds.
This results from the extremely high concentration of water with
respect to the other species, which is also the reason why the
timescale of equilibration of the hydrate distributions can be as-
sumed to be much faster than the timescales of the other kinetic
processes, and why the wall loss of water can be neglected. As
new particle formation is not assumed to occur in a diffusion
measurement, clusters were not allowed to grow out of the sim-
ulated system. This was done by disabling collisions leading
to clusters outside the system. Additional test simulations per-
formed with different boundary conditions, described in the SI,
showed in practice no changes in the results.

2.4.1. Simulated Conditions

The simulations were run by setting initial concentrations
for H,SO,4 and base monomers, and integrating the time de-
velopment of the cluster concentrations for selected residence
times (Section 2.4.2). As the acid concentration measured with
SCIMS is likely to include contributions from H,SO4 molecules
clustered with base molecules, both dry and hydrated, in addi-
tion to single H,SO4 molecules and its hydrates (Kurtén et al.
2011; Kupiainen-Maatta et al. 2013), the measurable final acid
concentration was defined as the sum of all clusters containing
one H,SO,4 molecule and 0-2 base molecules. The initial acid
monomer concentration at the beginning of the flow tube was
setto 3 x 107, 3 x 10%, and 3 x 10° cm™3, as the typical ini-
tial concentration in the experiment was reported to be (0.3-3)
x 10° cm~3, with lower concentrations down to approximately
3% 107 cm™3 at high RHs. The initial base concentration was first
set to 2.5 x 107 cm™3 and 2.5 x 10% cm™3 (corresponding to
typical atmospheric mixing ratios of 1 and 10 ppt, respectively)
for all the RHs. However, a more realistic approach may be to
assume that the contaminant base molecules enter the system
with the water vapor, in which case the base concentration is
proportional to the RH. Therefore, the initial base concentration
[base]inic was set to be linearly proportional to RH (in percent) as

[base]iyi = [base]r X RH, (8]

where [base].; was set to 2.5x10® cm™ (corresponding to a
mixing ratio of 0.1 ppt in the atmosphere) to produce back-
ground level concentration values of a few ppt. For ammonia,
also higher reference concentration [base].; values of 2.5 x 107
cm 3 and even 2.5 x 108 cm™ were tested, since atmospheric
ammonia concentrations may be orders of magnitude higher

ran = 2
0.1 T . . ; _ -
o a nmax =5
x b, noax = 2
0.095} obn =4
«Cn = 2
TA 0.00" acn = 6 1
N‘n ¢ Experimental data
|- ¢ - ;
g 0.085f
& : v
~ A
]
S o0.08f
0.075
0 10 20 30 40 50 60 70

RH (%)

FIG. 2. Effective diffusion coefficient as a function of RH for the
system containing only single sulfuric acid molecules and its hydrates
H;SO4e(H20),, with n = 0—2 and n = O—nmax, calculated using (a)
B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z (nmax = 5; plus signs and circles),
(b) MP2/aug-cc-pV(D+d)Z// AEp,3-step (nmax = 4; X’s and squares), and (c)
RI-MP2/aug-cc-pVDZ//RI-MP2/CBS (nmax = 6; asterisks and triangles) Gibbs
free energies.

than amine concentrations. All the simulations were performed
at the standard temperature of 298.15 K and total pressure
of 620 Torr. It must be noted that the pressure affects only
the calculated diffusion coefficients (Equation (5)), as the
evaporation rate coefficients, calculated from the quantum
chemical Gibbs free energies of formation via detailed balance,
are independent of it (Ortega et al. 2012).

2.4.2. Determining the Measurable pD .y from the Simulations
To estimate the effect of varying conditions in a realistic
way, the effective diffusion coefficient pD.s was determined
from the measurable wall loss coefficient (Equation (1)) fol-
lowing the experimental procedure. Hanson and Eisele (2000)
measured the acid concentration [H,SO4] with an SCIMS at dif-
ferent sample residence times by varying the position of the acid
source. Representative results are presented in Figure 3 in the
study by Hanson and Eisele (2000), which shows In([H,SO4]/
[H,SO4]ref)) as a function of the distance z between the acid
source and the SCIMS at a known flow speed v. Here, [H,SO4]
is the measured acid concentration and [H,SO4 et = 108 cm ™3
is a reference concentration. The effective acid wall loss coef-
ficient ky, (cm™') was then obtained as the slope of a linear
fit to the (z, In([H,SO4]/[H2SO4];er))—data by assuming that
the acid concentration decays exponentially. Finally, ky,; was
converted from cm™! to s~! by multiplying by the flow velocity
v, and pD.g was obtained from ky,y according to Equation (1).
In this study, ACDC was used to simulate the time evolu-
tion of the molecule and cluster concentrations as the sample
proceeds through the flow tube. The measurable final acid con-
centration, as defined in Section 2.4.1, was recorded at residence
times ¢ of 20, 27, 34, and 41 s, corresponding to the distances
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FIG. 3. Effective diffusion coefficient as a function of RH for the system
containing H»SOy, base, and HySO4ebase species and their hydrates at varying
initial RH-independent base concentration when the base is DMA (top panel)
and TMA (bottom panel), calculated using the B3LYP/CBSB7//RICC2/aug-cc-
pV(T+d)Z Gibbs free energies.

z in Figure 3 in the study by Hanson and Eisele (2000). The
simulated acid concentration was then presented as in Figure 3
by Hanson and Eisele (2000) in (¢, In([H2SO4)/[H2SO4]cet))-
coordinates. As in the experiment, a linear fit was applied to
the data, and the effective wall loss coefficient kyay (s~!) was
obtained as the slope of the fit. Again, pD.g was calculated as
in Equation (1). A demonstrative figure of the determination
of kyan from the simulation data in representative conditions is
presented in the SI.

3. RESULTS AND DISCUSSION

Theoretical effective diffusion coefficients as a function of
RH in the studied conditions are presented in Figures 2-5.
The data are depicted as separate markers, and the fits to
the data according to Equation (2) are depicted as lines. Un-
less otherwise stated, the theoretical data are obtained us-
ing the B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z cluster en-
ergies. The experimental data measured by Hanson and Eisele

(2000) are also shown for reference. The equilibrium constants
K and K, obtained from the fits, and their changes with respect
to the actual input values are presented in Table 2. Note that
following the convention of the results reported by Hanson and
Eisele (2000), the K constants are not at the standard state of
1 atm, but can be converted to it by multiplying by a factor of
100 x 1 atm/Pyg,, where Pyl is the saturation vapor pressure
of water (see Wexler 1976 for a parameterization for Pyi). The
fitting procedure and the goodness of the fits are briefly dis-
cussed in the SI. However, it must be noted that as the function
given by Equation (2) is not suited for the simulated data in all
the studied cases, the quantitative results for the K constants
should be examined with some caution. Moreover, as the ab-
solute K values in any case depend on the quantum chemical
dataset, the focus of the results is on the qualitative effects and
the directions of the changes in the K constants.
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FIG. 4. Effective diffusion coefficient as a function of RH for the system
containing HpSO4, base, and HySO4ebase species and their hydrates at RH-
dependent base concentration and varying initial HySO4 concentration when
the base is DMA (top panel) and TMA (bottom panel), calculated using the
B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z Gibbs free energies. The shaded
(green) area presents the spread of the results for pDegr as the initial HySO4
concentration varies between 3 x 107 cm™> and 3 x 10° cm™3.
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FIG. 5. Effective diffusion coefficient as a function of RH for the
H,SO4—DMA system extended to include larger clusters, calculated using the
B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z Gibbs free energies. The shaded
(green) area presents the spread of the results for pDegr as the initial HySO4
concentration varies between 3 x 107 cm~3 and 3 x 10° cm™3. The upper limit
of the shaded area corresponds to [HySO4Jinit = 4 % 108 cm™3.

3.1. Effect of Enabling Further Hydration

Figure 2 shows the effective diffusion coefficient for the sys-
tem containing only single sulfuric acid molecules and its hy-
drates with the hydrate distribution determined from quantum-
chemical Gibbs free energies calculated with different levels
of theory, assuming that the H,SO4 molecule can be hydrated
by up to fipmax = 2 OF NApax = 5 (Or Ny = 4 in the case of
the MP2/aug-cc-pV(D+d)Z// AE,,3-step data, for which the hy-
drate containing five waters had not been calculated, and 7,
= 6 in the case of the RI-MP2/aug-cc-pVDZ//RI-MP2/CBS
data, for which the hydrate containing six waters had also
been calculated) water molecules. For figure clarity and the rea-
son explained below, results obtained with the PW91PW91/6-
311+4G(3df,3pd) data are not shown in the figure. While the
magnitude of the effect of including hydrates with more than
two waters is dependent on the quantum chemical method, all
the methods predict similar trends: as the formation of the larger
hydrates is allowed, the value obtained for K| decreases and the
value for K, increases. The changes are the largest in the case
of the high-level method MP2/aug-cc-pV(D+d)Z// AE,3-step,
for which K decreases by two orders of magnitude and K, in-
creases by an order of magnitude, as shown in Table 2. For the
B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z and RI-MP2/aug-
cc-pVDZ//RI-MP2/CBS methods, the changes are less than an
order of magnitude. It has to be noted that the changes due to
further hydration (Table 2) are larger for K| for the MP2/aug-cc-
pV(D+d)Z// AEy,3-step method, and considerably larger for K,
for all the methods, than the error estimates of the experimental
values K; = 0.13 &+ 0.06 (AK; = £46%) and K, = 0.016 +
0.006 (AK, = £38%) calculated by Hanson and Eisele (2000).

As can be seen in Figure 2, the MP2/aug-cc-
pV(D+d)Z// AEy,3-step method predicts in general more hy-

dration than the two other methods, for which the pD.g val-
ues are higher. The lower pD.s values obtained with this high-
level method agree well with the measurements. Anyhow, con-
clusions of the presence of larger hydrates in the measure-
ment cannot be drawn due to the scatter in the experimental
data. The qualitative predictions regarding the larger hydrates
agree: according to all three quantum chemical methods, the
inclusion of the fourth hydrate ny.x = 4 still affects the cal-
culated pD.g compared to allowing hydration by up to three
waters. According to the RI-MP2/aug-cc-pVDZ//RI-MP2/CBS
and B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z methods, in-
creasing nmax from four to five (and also from five to six in
the case of the RI-MP2/aug-cc-pVDZ//RI-MP2/CBS method
for which the data for the sixth hydrate was available) does
not in practice have any effect, indicating that the addition of
the fifth water is not favorable at the studied temperature and
RH values. The PW91PW91/6-3114++G(3df,3pd) data include
hydrates containing up to only three waters, and therefore the
results obtained with the data were excluded from Figure 2, as
they might be altered by the inclusion of hydrates with four or
more waters. The qualitative changes in K| and K, due to the
incorporation of the third hydrate are similar to the results ob-
tained with the other methods: K| decreases and K, increases,
the changes in both constants being approximately an order of
magnitude.

To test whether taking into account the larger hydrates affects
the K| and K, obtained from the original experimental data, we
extended the fit (Equation (2)) to include hydrates with up to four
waters, and applied the fit to the experimental data. Since the
values obtained for the fitting parameters K,, with the nonlinear
least-squares procedure may depend on the initial guesses given
for them, different initial values were tested. The obtained K,
values are presented and discussed in more detail in the SL
Setting the initial value for K3 to be lower than that for K,
resulted in K| and K, values close to those obtained by including
in the fit hydrates with up to only two waters; setting the initial
value for K3 to be higher than that for K, gave different K| and
K, values with essentially the same goodness of fit. Therefore,
neglecting the larger hydrates n = 3—4 in the case that their
K coefficients are actually higher or comparable to those of
the smaller hydrates n = 1-2 may distort the values obtained
for K| and K. If the larger hydrates are unstable and their
K coefficients are low, the experimental data can in principle
be treated by including hydrates with up to only two waters;
however, it cannot be inferred from the experimental data if this
is the case.

3.2. Effect of Base Contaminants

Out of the base compounds studied in this work, DMA and
TMA proved to be capable of having a significant effect at
background-level concentrations. NH3 concentrations of a few
hundred ppt or MMA concentrations of a few ppt have no effect
at the studied acid concentration range, since the fraction of
H,SOy clustered with the base in the NH; and MMA systems
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TABLE 2
Equilibrium constants K and K, obtained from the fits (Equation (2)) to the theoretical effective diffusion coefficients presented
in Figures 2-5, and their changes AK; and AK, with respect to the actual input values, defined as AK,, = (K, fic—K input)/Kn input>
for the systems where the changes in the simulation result were significant (note that the constants are not at the standard state of
1 atm). 95% confidence bounds for the absolute values K, are stated in the parenthesis. N/A indicates that the fit could not be
unambiguously applied because the initial acid and base concentrations as a function of RH are not known; K, corresponding to
specific concentrations are given in the square brackets

Studied Quantum chemical
system method K, AK; K> AK»
H,SO4 hydrated by up a 0.02506 (actual value) - 0.006512 (actual value) -
to 2 waters b 0.1039 (actual value) - 0.01517 (actual value) -
c 0.03971 (actual value) - 0.002536 (actual value) -
d 0.01467 (actual value) - 0.04945 (actual value) -
H,SO4 hydrated by up a 0.02088 (0.02028, —17% 0.01085 (0.01054, 67%
tO Nyax Waters 0.02148) 0.01116)
b 0.003249 (0.0, —97% 0.5877 (0.0, 1.446) 3774%
0.008021)
c 0.02303 (0.02096, —42% 0.01449 (0.01335, 471%
0.02511) 0.01563)
d 0.001134 (0.0, —92% 0.8650 (0.0, 1.88) 1649%
0.002479)
H,SO4,~DMA a N/A [0.001467 (0.0, N/A N/A [0.6030 (0.0, N/A
0.003912)*] [—94%*] 1.592)*] [9159%*]
H,SO,~TMA a N/A [0.04238 (0.04141, N/A N/A [0.01845 (0.01814, N/A
0.04336)*] [69%*] 0.01876)*] [183%*]
H,S0O4-DMA, extended a N/A [0.02043 (0.02000, N/A N/A [0.005097 N/A
to include larger 0.02085)*] [—18%*] (0.004943, [—22%*]
clusters 0.005252)*]

a: B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z, i = S.
b: MP2/aug-cc-pV(D4-d)Z// AE,3-step, Npax = 4.

c: RI-MP2/aug-cc-pVDZ//RI-MP2/CBS, 1, = 6.

d: PW91PW91/6-311++G(3df,3pd), nmax = 3.

*At [HySO4init = 3% 10% cm™2 and [base]iy = 2.5 x 10°cm™3 x RH.

is negligible. This is due to the evaporation rate of the clusters
being significantly higher than the corresponding collision rate.
For example, the evaporation rate of the H,SO,eNH; dimer is
3.2 x 10* s~!, and at an NH; concentration of 2.5 x 10° cm™3,
the collision rate of an H,SO,4 molecule with an NH3; molecule
is only 1.2 s~!. Corresponding evaporation and collision rates
for the H,SO,eMMA dimer at an MMA concentration of 2.5
x 108 cm™3 are 4.7 x 10 s~ and 1.2 x 107! s7!, respectively.
DMA and TMA, on the other hand, are able to cluster with sul-
furic acid efficiently. The essential difference between these two
amines is the degree of clustering with H,SO, as a function of
RH. Although hydration increases the collision rates as the col-
lision cross-sections increase, water molecules have a different
effect on the stability of the H,SOseDMA and H,SOseTMA
clusters: H,SO,eDMA is somewhat further stabilized, that is,
its effective evaporation rate decreases, whereas H;SO,eTMA
becomes less stable by the addition of water, and thus remains
mainly unhydrated also at high RH. This can be explained by

the different structures of these two alkylamines. As the number
of methyl groups is two for DMA and three for TMA, DMA
is capable of forming two hydrogen bonds, whereas TMA can
form only one bond. Thus, in the case of H,SO,eTMA clusters,
the water molecules can bind only to H,SO,4 molecules, but in
the case of H,SO4eDMA clusters, they can bind to both H,SOy4
and amine molecules.

The effect of DMA and TMA at varying RH-independent
amine concentration and initial sulfuric acid concentration of
[H2SO4linic = 3 x 10® cm™ is presented in Figure 3. In the
case of DMA (top panel), the effect on the slope of the (RH,
pDesr)-curve (and thus also on the K constants) is insignificant,
but the values of pD.¢ are systematically decreased. For TMA
(bottom panel), the slope becomes gentler as the amine con-
centration increases and may approach zero (or even change
sign) at high enough TMA concentration. This is explained by
the H,SO,eTMA clusters becoming less stable as RH increases
(see above), resulting in a smaller fraction of H,SO, being
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clustered with the contaminant. This in turn increases the dif-
fusivity of the H,SO, species that can be detected by SCIMS,
and consequently the measurable pD. is increased. It must be
noted that even if the slope is unaffected by the contaminant,
as in the case of DMA, the apparent diffusion coefficient of the
unhydrated sulfuric acid molecule at RH = 0% obtained from
the measurement decreases if HySOy is actually clustered with
the contaminant in dry conditions.

However, as there is no clear physical reason for the contam-
inant concentration to be constant throughout the experiments,
and the water vapor is the most likely source of contaminants,
we will from now on concentrate on the cases where the base
concentration is proportional to RH as in Equation (8). Figure 4
shows that both DMA and TMA have a significant effect on
the slope of the pD.g curve at an RH-dependent amine concen-
tration. Again, the slope is steeper at higher RH for DMA (top
panel) compared to TMA (bottom panel), since as opposed to
DMA, increase in RH actually decreases the degree of clustering
in the case of TMA, but the assumption that the base concentra-
tion increases with RH compensates for the de-stabilizing effect
of water on the H,SO,eTMA clusters.

A very important parameter affecting the pDegr values in the
presence of base contaminants is the initial acid concentration
[H2SO4]init, as illustrated in Figure 4. Decreasing [H SOy Jinit
increases the fraction of H,SO, clustered with the base, which
correspondingly decreases the pDs values. The effect on the
slope depends also on the hygroscopicity of the H,SO4ebase
clusters, as discussed above. From the experimental point of
view, the variation of the initial acid concentration during the
experiment, for instance along the RH axis as in the measure-
ment by Hanson and Eisele (2000), on which the [HySOyJini¢
values used in the simulations are based, is a noteworthy issue:
it may cause considerable extra scattering of the measurement
data along the pD.¢ axis, and distort the slope of the curve. If
[HySO4]inic varies between 3x 107 cm™2 and 3 x 10° cm 3, the
measured pD.g values may be anywhere in the shaded areas of
Figure 4. On the other hand, Hanson and Eisele (2000) solved
the [HySO4]inic from a fit to the measured final acid concen-
tration as a function of residence time as described in Section
2.4.2. If the measurable acid concentration does not decay ex-
ponentially as it was assumed, the deduced initial concentration
is incorrect. We tested the magnitude of this effect by solving
the [H,SOy4]inie from the simulation data in the same manner,
and found that in all the studied conditions, the difference be-
tween the true [HySO4linie used as an input in the simulation
and the one obtained from the fit was minor compared to the
overall range in which the input concentration was varied; the
difference compared to the true [HySO4]iyie Was found to be ap-
proximately 30% at its largest. As obtaining the modeled pD.
curve, and consequently applying the fitting method, requires
more accurate knowledge on the [H,SO4linit as a function of
RH than what is reported in the study by Hanson and Eisele
(2000), the K coefficients could not be determined in the case
of a base-contaminated system. We provide only a couple of

estimates of the effect of an RH-dependent amine concentra-
tion if [HSO4]init is constant throughout the RH axis (Table 2):
at [HySOy4linie = 3 x 108 cm™ and [DMAJ;y; = 2.5 x 10°
cm~3 x RH, the changes in the K values obtained from the fit
with respect to the actual values are AK; = —94% and AK,
= 9159%. In the case of TMA, the corresponding changes are
AK| = 69% and AK, = 183%, demonstrating that the magni-
tude and direction of the changes AK, depend on the identity
of the contaminant species—and in addition also on the initial
sulfuric acid concentration [H>SOy4]inic (even if it is constant),
as different values are obtained at [HySO4linie = 3 x 107 cm™3
and 3x10° cm™3 for both amines.

While different quantum chemical methods agree that amines
bind to sulfuric acid more efficiently than ammonia (Kurtén
et al. 2008; Nadykto et al. 2011; Ortega et al. 2012), according
to some methods (Nadykto et al. 2011) the amine clusters are
less stable than predicted by the B3LYP/CBSB7//RICC2/aug-
cc-pV(T+d)Z method. In that case higher than merely
background-level amine concentrations are required to produce
a nonnegligible fraction of clustered H,SO4 molecules (see
Kupiainen-Maatta et al. 2013 for a comparison of different quan-
tum chemical methods regarding the formation of acid-DMA
clusters). The results by Almeida et al. (2013) show that the
concentrations of clusters containing two H,SO4 molecules
are significantly increased in the presence of DMA, indicating
that DMA is capable of binding strongly to very small sulfuric
acid clusters. However, until more definitive estimates on the
stability of the H,SO4eamine dimers are available, we can state
that the results presented in Figures 3 and 4 provide predictions
of the effect of amine contaminants in the case that the dimers
are bound strongly enough to exist in sufficient amounts.

3.3. Effect of the Formation of Larger Clusters

Allowing the formation of H, SO, dimers in the base-free sys-
tem does not have an effect on the (RH, pD.¢) curve compared
to the system containing only hydrates with a single H,SOy4
molecule, as the dimer, even when being stabilized by water
to some degree, is not stable in the studied conditions. Adding
an RH-dependent concentration of DMA and allowing the for-
mation of clusters containing up to two H,SO,4 and two DMA
molecules may decrease or increase the measurable pD.g de-
pending on the initial acid concentration (Figure 5), which is
explained in the following way: at [HySO4]init = 3 x 107 cm ™3,
the acid concentration is too low for significant amounts of
clusters containing two acids to be formed. H,SO,eDMA is the
most abundant acid-DMA cluster, and has a decreasing effect
on pDegr. At [HySO4lini = 3 x 10% em™3, two-acid clusters that
are stabilized by DMA molecules, and thus acting as a sink for
both acid and DMA, become more abundant. This effectively
decreases the detectable acid concentration (that is, the sum of
clusters containing one H, SO4 molecule), and the apparent wall
loss coefficient increases. At [HySO4linic = 3% 10° cm 3, the ab-
solute concentration of two-acid clusters is high enough for the
major fraction of DMA molecules to be bound to them, and in
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practice only DMA-free H,SO4 molecules and its hydrates con-
tribute to the detectable acid concentration. On the other hand,
the relative concentration of the two-acid clusters is nonetheless
low compared to the concentration of the H,SO,4 hydrates, and
consequently the effective diffusion coefficient is approximately
equal to that of the system containing only H,SO4e(H,0),
species (Figure 5). Since [HySOyJinic as a function of RH is not
known, the K coefficients could not be determined as explained
already in Section 3.2. The area where the results for pD.g are
spread as the initial H, SO, concentration varies between 3 x 107
cm 3 and 3 x 10° cm™3 is again presented as a shade (Figure 5).
To determine the upper limit of the shaded area in the case of
the extended system, for which pD.s first increases and then
decreases as [HySOq]ini increases, as explained above, we per-
formed additional simulations at several [H,SOy]inic between 3
x 107 cm~? and 3 x 10° cm~3. Hence, the upper limit was found
to be at [HySO4]init = 4 x 10% cm™3, which corresponds to the
highest pD.¢ values in the studied [HySO4]inic range.

4. CONCLUSIONS

We simulated the conditions of a flow tube measurement of
the diffusion of sulfuric acid in humidified nitrogen performed
by Hanson and Eisele (2000), and determined the effective dif-
fusion coefficient pDg of H,SO,4 as a function of RH as was
done in the experiment. The simulations were performed us-
ing formation free energies of small hydrated clusters contain-
ing sulfuric acid computed with a quantum chemical multi-step
method B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z, cluster dif-
fusion coefficients calculated according to the kinetic gas the-
ory, and a dynamic collision-evaporation model. We applied the
fitting method proposed by Hanson and Eisele (2000) for ob-
taining the equilibrium constants K; and K, for the formation
of the H,SO,4 mono- and dihydrates, derived assuming that only
the H,SO4e(H,0)(_ clusters contribute to pD.¢r, and examined
how the obtained values change in varying conditions where
this assumption may not be valid.

The incorporation of H,SO4e(H,0);_5 hydrates decreases
the effective diffusion coefficient at higher RHs compared to the
situation where only H,SO4e(H,0)(_, species are assumed to
be present, causing the fitted value obtained for K| to decrease
and for K, to increase. We performed the calculations using
several available sets of quantum chemical H,SO4 hydration
energies, including data computed at higher levels of theory
that are computationally too demanding for larger clusters, and
found the qualitative results to be consistent with the predictions
of the somewhat less accurate, but computationally affordable
B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z method.

The presence of a background-level concentration of a
few ppt of contaminant base molecules, the most probable
source of which is the water vapor, may have a significant
effect on the measurable diffusion coefficient. According to
the B3LYP/CBSB7//RICC2/aug-cc-pV(T+d)Z calculations,
dimethylamine (DMA) and trimethylamine (TMA) are capable
of forming stable acid—base dimers, which decreases the

measurable diffusion coefficient given that also the H,SOy4
molecules clustered with base are detected, as assumed in
this study. If the clustered H,SO4 molecules would not be
detected, the clustering would have the opposite effect on
the measurement result, as the diffusion coefficient would in
that case be overestimated. Ammonia and monomethylamine
(MMA) were found to be incapable of binding to single H,SO4
molecules and thus have no effect on pDg. The concentration
of the contaminant molecules was assumed to be proportional
to the RH, which steepens the slope of the (RH, pD.g)-curve
for DMA throughout the RH axis, as water has a stabilizing
effect on H,SOseDMA dimers. H,SO,06TMA clusters are
instead de-stabilized by water, resulting in the slope becoming
less steep at higher RH. While extending the system to include
clusters containing up to two H,SO4 molecules had no effect
in the case of the base-free system, in the DMA-contaminated
system the formation of the larger clusters may increase the
measurable diffusion coefficient, as the larger clusters act as a
sink for H,SO4 and DMA. On the other hand, at high enough
acid concentration the fraction of two-acid clusters may be
large enough to bind most of the DMA molecules, but small
enough for the single H,SO, hydrates to be the dominant
species, resulting in approximately same pD.g values as in the
H,SO4e(H,0), system. To more profoundly understand the
effect of bases on the diffusion coefficient deduced from exper-
iments, a diffusion measurement similar to the one performed
by Hanson and Eisele (2000) should be repeated (1) with only
sulfuric acid and water vapors, and (2) with sulfuric acid and
water, and an intentionally added, known base concentration.

According to the results presented in this article, the K con-
stants obtained with the fitting method of Hanson and Eisele
(2000) may vary up to approximately one or two orders of mag-
nitude in the presence of species other than H,SO4e(H,0)¢_5.
If the experiment is contaminated by base molecules, the ini-
tial acid concentration [H;SOu4lini¢ is an important parameter
affecting the measurable diffusion coefficient, as the degree of
clustering depends on it. Variation of [HySOy4Jiy;; at different RH
values may spread the measurement data along the pD.g axis,
and thus have a prominent effect on the slope of the curve fitted
to the data. While a better evaluation of the magnitude of this
effect requires estimates of the initial acid concentration—as
well as the base concentration—as a function of RH, this study
provides qualitative predictions of uncertainties due to experi-
mental conditions and the assumption regarding the degree of
hydration of HSO4.
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