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Gas-phase nucleation in the atmosphere may be initiated by the condensation of sulfuric acid and water
around ions. The thermodynamics of stepwise cluster ion growth must be known in order to model ion-
induced nucleation of the H2SO4/H2O system. In the companion paper, we measured temperature-dependent
equilibrium constants for the reactions of H2O with the H+(H2SO4)s(H2O)w cluster ions using an ion flow
reactor. In this work, H2O bond enthalpies and entropies for the HSO4

-(H2SO4)s(H2O)w, s e 6 andw e 10,
cluster ions were measured. The thermodynamics of H2SO4 ligand bonding in these clusters were also
determined using data from previous experiments. The small positive and negative cluster ions exhibit very
different chemical characteristics, but both families show trends analogous to bulk solution thermodynamics
as clusters grow in size. Small negative cluster ions have a lower affinity for H2O than positive ion species,
but H2SO4 bonding is considerably stronger in the negative clusters. Ion-induced nucleation of the negative
H2SO4/H2O cluster ions is therefore thermodynamically favored. Addition of H2O to certain HSO4-(H2SO4)s(H2O)w
cluster ions results in unusually large reaction entropies. Ab initio calculations were performed to investigate
ligand bonding in the HSO4-(H2SO4)s(H2O)w cluster ions. Stable cluster geometries comprised of multiple
ions were identified forsg 2. Large experimental entropy changes upon H2O addition may be due to multiply
ionic species formed by proton transfer within the product cluster.

Introduction

The mechanism for new particle formation in the earth’s
atmosphere has not been identified. New particle production
events observed in the atmosphere may be initiated by clustering
around ambient ions.1,2 Ions are likely aerosol precursors because
they form very stable clusters with polar ligands. Ion-induced
nucleation has been observed in the laboratory,3-5 and modeling
studies have examined cluster ion growth in aircraft and diesel
engine exhaust6 and for certain atmospheric regions.2 However,
the thermodynamics of stepwise cluster ion growth required to
accurately model ion-induced nucleation over a broad range of
conditions are not known. Sulfuric acid is likely to be an
important component of gas-phase nucleation mechanisms,7 and
H2SO4 has been identified as a component of negative cluster
ions in the atmosphere.8

In our previous laboratory study,9,10 bond enthalpies for the
pure sulfuric acid cluster ions, HSO4

-(H2SO4)s, s ) 1-5, were
measured. Sulfuric acid is extremely hydrophilic, and in the
atmosphere, growth and nucleation of H2SO4-containing cluster
ions would involve the uptake of water. In the present work,
the equilibrium constants for the association of H2O to the
sulfuric acid clusters

were measured over a range of temperatures, and bond enthal-

pies and entropies were determined. Ab initio calculations of
these cluster ions were performed to explore H2O ligand bonding
and to elucidate experimental thermodynamic results. The
accompanying article (part 1)11 describes thermodynamic mea-
surements of the analogous positive ion system, H+(H2SO4)s-
(H2O)w. The positive and negative systems are compared at the
end of this work, and the role of H2SO4/H2O cluster ions as
potential ion-induced nucleation precursors is discussed.

Experimental Method

Cluster ion thermodynamics were measured using an ion flow
reactor coupled to a quadrupole mass spectrometer. The details
of this system are given in part 1.11 Briefly, positive and negative
ions were generated at the upstream end of a temperature-
controlled, low pressure, laminar flow reactor. Water and
sulfuric acid vapor introduced into the system reacted with
primary ions to create stable secondary ions, which then reacted
with neutral molecules in the presence of helium carrier gas to
produce cluster ions. The predominant negative cluster ion
family was of the form HSO4-(H2SO4)s(H2O)w, wheres andw
correspond to the number of H2SO4 and H2O ligands, respec-
tively. Cluster ions were in chemical equilibrium with a known
concentration of gas-phase H2O. Negative ions and neutral
molecules were sampled into a vacuum chamber at the
downstream end of the reactor, where ions were focused and
collimated with a set of electrostatic lenses and detected with a
quadrupole mass spectrometer. Ion signal ratios and the absolute
concentration of gas-phase water were used to determine
equilibrium constants,Kp, for reaction 1. A van’t Hoff analysis
of equilibrium constants measured over a range of reactor
temperatures yielded H2O bond enthalpies and entropies,∆H°
and∆S°, for the HSO4

-(H2SO4)s(H2O)w cluster ions.
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9812 J. Phys. Chem. A2003,107,9812-9824

10.1021/jp0278059 CCC: $25.00 © 2003 American Chemical Society
Published on Web 10/29/2003



Results

Cluster Ion Mass Spectra.Mass spectra for the HSO4--
(H2SO4)s(H2O)w cluster ion family at 252 K are shown in Figure
1 for two concentrations of H2O. With concentrations of [H2-
SO4] e 2.0 × 1010 molecule cm-3 in spectrum (a), ions with
as many as 6 H2SO4 ligands are observed. At a relative humidity
of 1%, the dominant peak in each H2SO4 envelope (s ) 1-6)
is the unhydrated HSO4-(H2SO4)s cluster, but the H2O equi-
librium distributions suggest that the affinity for H2O increases
for the larger H2SO4 clusters. At a higher relative humidity of
67% in (b), the HSO4-(H2SO4)s(H2O)w clusters acquire several
H2O ligands. The HSO4- core ion is relatively hydrophilic, with
6 H2O ligands at the peak of the distribution. The affinity for
H2O drops dramatically when the first H2SO4 molecule is added.
The s ) 3 series characterizes a transition between small
clusters, which have a low affinity for H2O and the more
hydrophilic s ) 4, 5, and 6 clusters. Thes ) 3 envelope is
divided into two modes, one atw ) 1-4 where peak ratios
indicate rapidly falling H2O affinity andw g 5 clusters which
more readily bind H2O, indicated by consistent∼1:1 peak ratios.
The most abundant clusters in each H2O distribution are
HSO4

-(H2SO4), HSO4
-(H2SO4)2, HSO4

-(H2SO4)3(H2O), and
HSO4

-(H2SO4)4(H2O)11, exemplifying the abrupt increase in
H2O affinity from s ) 3 to 4. A dramatic widening of the H2O
distributions over HSO4-(H2SO4)s also occurs ass increases.
Comparing spectra in Figure 1 with those of the H+(H2SO4)s-
(H2O)w clusters,11 it is clear that negative H2SO4/H2O cluster
ions have a significantly lower affinity for H2O than the
corresponding positive ion family.

Thermodynamic Measurements.Measurements of HSO4--
(H2SO4)s(H2O)w cluster ion equilibria with H2O via reaction 1
were performed at reactor temperatures of 218-273 K and
pressures of 0.8-18 Torr. Cylindrical, 5/8′′ diameter quadrupole
rods were employed for the study of clusters with 0, 1, 2, and
3 H2SO4 molecules. Additional measurements were later made
for the s ) 3-6 clusters using 1/2′′ diameter quadrupole rods
with an extended mass range. Results for thes ) 3 clusters
obtained using the two mass filters were indistinguishable within
experimental precision over the entire temperature range. Van’t

Hoff plots for the HSO4
-(H2O)w and HSO4

-(H2SO4)3(H2O)w
cluster ions are shown in Figure 2. Experimental thermodynamic
results are summarized in Table 1. Total uncertainties in∆G°
values, representing both precision and systematic error, are
estimated to be approximately(1 kcal mol-1.

The mass spectrum in Figure 1a was recorded under relatively
low H2O and high H2SO4 concentrations. The peaks located 18
mass units lower than the HSO4

-(H2SO4)s peaks are identified
as HSO4

-(H2SO4)s(SO3). The SO3 vapor pressure over the H2-
SO4/H2O liquid source was∼500-50000 times lower than the
H2SO4 pressure.12 However, thermal decomposition experiments
of HSO4

-(H2SO4)s(SO3) performed in our laboratory show that
the SO3 ligand bond strength is comparable to that of H2SO4.13

Signal intensities for ions containing SO3 were generally more
than 100 times smaller than HSO4

-(H2SO4)s(H2O)w signals, and
SO3 peaks were observed in the mass spectrum only when H2-
SO4 was unusually high and very little gas-phase H2O was
present. It is likely that HSO4-(H2SO4)s(SO3) clusters also
acquire H2O ligands

The product clusters of reaction 2 have the same mass as
HSO4

-(H2SO4)s+1(H2O)w-1, and these interfering signals would
lead to a variation in the measured∆G° values over a range of
H2O concentrations.11 SO3 and H2O within a cluster may also
isomerize to form H2SO4

further complicating the equilibrium measurement. It was found

Figure 1. Mass spectra of HSO4-(H2SO4)s(H2O)w, s ) 0-6, recorded
at a flow reactor temperature of 252 K. The relative humidity with
respect to ice is listed, and H2O and H2SO4 concentrations are given in
molecule cm-3. The most intense cluster ion peak in each H2O envelope
is labeled (s,w) ≡ HSO4

-(H2SO4)s(H2O)w.

Figure 2. Van’t Hoff plots for association of H2O to form the
HSO4

-(H2O)w, w ) 1-8, and HSO4-(H2SO4)3(H2O)w, w ) 1-5, cluster
ions via reaction 1. Product clusters are labeled (s,w). Points represent
the average of from 2 to 24 individual measurements of the equilibrium
constant, and error bars are one standard deviation of lnKp. Lines are
weighted, linear least-squares fits to the data, where points are weighted
by the inverse square of the standard deviation.

HSO4
-(H2SO4)s(SO3)(H2O)w-1 + H2O a

HSO4
-(H2SO4)s(SO3)(H2O)w (2)

HSO4
-(H2SO4)s(SO3)(H2O) f HSO4

-(H2SO4)s+1 (3)
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TABLE 1: Thermodynamic Results for the Reactions, HSO4
-(H2SO4)s(H2O)w-1 + H2O a HSO4

-(H2SO4)s(H2O)w for s ) 0 -6a

T (0,1) (0,2) (0,3) (0,4) (0,5) (0,6) (0,7) (0,8) T (1,1) (1,2) (1,3)

-7.83b -6.37 -5.54 -5.10 -4.73 -4.31 -4.18 -4.02 -3.97b -3.58
221 0.03c 0.03 0.03 0.07 0.07 0.05 0.01 0.01 221 0.03c 0.05

2d 6 14 18 16 14 10 4 18d 16
-6.15 -5.25 -4.78 -4.50 -3.99 -3.86 -3.63 -3.80 -3.33 -3.27

232 0.04 0.01 0.05 0.07 0.03 0.01 0.04 232 0.05 0.05 0.04
2 4 10 10 8 6 2 10 10 2

-7.30 -5.91 -4.96 -4.42 -4.16 -3.68 -3.54 -3.31 -3.58 -3.09 -2.97
242 0.01 0.01 0.03 0.04 0.03 0.02 0.02 0.01 242 0.05 0.02 0.01

6 6 10 14 12 8 6 4 16 8 4
-7.22 -5.78 -4.76 -4.20 -3.92 -3.43 -3.26 -3.07 -3.43 -2.85 -2.78

248 0.02 0.05 0.02 0.09 0.05 0.03 0.05 0.02 248 0.02 0.03 0.04
6 8 12 12 12 8 8 6 20 10 6

-6.95 -5.53 -4.41 -3.83 -3.56 -3.11 -2.99 -2.88 -3.16 -2.61 -2.33
260 0.04 0.03 0.04 0.04 0.05 0.05 0.07 0.02 260 0.08 0.04 0.04

6 12 18 14 12 8 8 6 18 8 6
-6.63 -5.16 -4.05 -3.36 -2.91 -2.29

271 0.03 0.14 0.02 0.01 271 0.06 0.00
4 8 6 4 10 4

∆H° -12.9 -11.2 -12.4 -13.2 -11.7 -11.4 -11.1 -11.2 ∆H° -8.7 -9.5 -11.1
σ 0.2 0.2 0.1 0.2 0.5 0.4 0.2 0.1 σ 0.3 0.1 0.5
95% CI 0.6 0.7 0.4 0.6 1.5 1.2 0.7 0.3 95% CI 0.7 0.4 2.0
∆S° -23.0 -22.0 -30.7 -36.3 -31.2 -31.8 -31.4 -32.3 ∆S° -21.1 -26.5 -33.5
σ 0.8 1.0 0.5 0.8 2.0 1.5 0.9 0.5 σ 1.1 0.5 1.9
95% CI 2.7 2.7 1.4 2.2 6.3 4.9 2.9 1.5 95% CI 3.0 1.5 8.3

T (2,1) (2,2) (2,3) (2,4) T (3,1) (3,2) (3,3) (3,4) (3,5) (3,6) (3,7) (3,8) (3,9)

-4.23b -5.03 -3.51 -3.71 -6.09b -4.48 -4.89 -4.70 -4.06 -4.53 -4.73 -4.98 -4.70
221 0.04c 0.04 0.04 0.03 218 0.09c 0.09 0.07 0.08 0.06 0.07 0.05 0.05 0.03

18d 16 14 2 14d 14 14 14 14 8 6 6 6
-3.97 -4.66 -3.20 -3.42 -5.86 -4.26 -4.72 -4.38 -3.99

232 0.03 0.08 0.04 0.01 221 0.05 0.05 0.05 0.05 0.06
10 10 8 4 18 16 16 14 6

-3.61 -4.22 -2.86 -3.07 -5.78 -4.14 -4.59 -4.36 -3.78 -4.27 -4.43 -4.75 -4.31
242 0.09 0.07 0.02 0.01 226 0.05 0.03 0.03 0.02 0.01 0.04 0.01 0.03 0.04

16 12 8 4 16 16 16 12 6 6 4 4 4
-3.37 -4.01 -2.60 -2.86 -5.51 -3.94 -4.36 -4.12 -3.69

248 0.08 0.10 0.03 0.03 232 0.01 0.03 0.02 0.02 0.03
14 12 8 8 10 10 10 8 6

-3.02 -3.57 -2.29 -2.47 -5.45 -3.96 -4.31 -4.13 -3.56 -4.05 -4.23 -4.45 -4.12
260 0.06 0.02 0.07 0.02 234 0.08 0.05 0.04 0.05 0.04 0.04 0.07 0.03 0.09

14 12 6 4 18 18 14 10 4 4 4 4 4
-2.58 -3.06 -5.07 -3.67 -4.06

271 0.07 0.04 242 0.03 0.06 0.01
10 6 14 10 8

∆H° -11.7 -13.6 -10.9 -11.3 -5.15 -3.66 -4.07 -3.78 -3.44 -3.87 -3.98 -4.21 -3.87
σ 0.3 0.2 0.4 0.2 242 0.05 0.03 0.02 0.03 0.05 0.01 0.01 0.06 0.01
95% CI 0.9 0.7 1.3 0.5 18 18 10 8 6 4 4 4 4
∆S° -33.5 -38.6 -33.2 -33.9 -4.81 -3.35 -3.73
σ 1.4 1.0 1.6 0.7 248 0.04 0.05 0.04
95% CI 3.8 2.7 5.2 2.2 16 12 10

-4.68 -3.20 -3.65 -3.39 -3.15 -3.52
252 0.04 0.08 0.04 0.02 0.01 0.04

26 24 14 10 4 2
-4.32 -2.99 -3.28

260 0.03 0.07 0.03
14 12 8

-4.27 -2.88 -3.33 -3.08
263 0.04 0.09 0.02 0.00

16 12 8 4
-3.84 -2.40 -2.87

271 0.04 0.04 0.04
8 4 2

-3.80 -2.49 -2.86
273 0.06 0.07 0.04

14 12 6
∆H° -15.1 -12.5 -12.9 -11.9 -9.3 -10.4 -10.6 -12.3 -11.7
σ 0.2 0.2 0.1 0.1 0.1 0.4 0.2 0.6 0.3
95% CI 0.4 0.4 0.3 0.2 0.2 1.2 1.0 2.7 1.1
∆S° -41.5 -36.8 -36.8 -33.7 -24.5 -26.8 -27.5 -33.5 -32.4
σ 0.7 0.8 0.6 0.4 0.4 1.6 1.0 2.7 1.0
95% CI 1.5 1.8 1.2 0.9 0.9 5.2 4.2 11.6 4.5
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that SO3 peaks in the mass spectrum could be almost entirely
removed by adding liquid water to the sulfuric acid source and
lowering its temperature to<330 K, thereby reducing the SO3

vapor pressure relative to that of H2SO4. To a lesser extent,
SO3 peaks were also removed by adding gas-phase H2O to the
flow reactor, suggesting that either gas-phase SO3 was converted
to H2SO4 or that HSO4

-(H2SO4)s(SO3) cluster ions were
hydrated via reaction 2. Signatures corresponding to SO3 were
not observed in H+(H2SO4)s(H2O)w mass spectra.

Measurements of∆G° for formation of HSO4
-(H2SO4)s(H2O)w

via reaction 1 were generally independent of [H2O] over a wide

range, demonstrating that cluster ions were in equilibrium with
H2O and that background interference signals (due to SO3 or
other contaminants), sampling complications, and ion loss
processes exhibited a negligible effect on the experimental
results (see part 1).11 Figure 3 shows∆G° measured at 242 and
273 K over a range of H2O concentrations for several cluster
ions. ∆G° values varied most sharply for the HSO4

--
(H2SO4)4(H2O) cluster, decreasing by up to 0.3 kcal mol-1 as
[H2O] increased by a factor of 20. This trend was most
pronounced at reactor temperatures>250 K where SO3 was
observed in the mass spectra, suggesting that the H2SO4 and

TABLE 1: (Continued)

T (4,1) (4,2) (4,3) (4,4) (4,5) (4,6) (4,7) (4,8) (4,9) (4,10)

-5.91b -5.81 -5.55 -5.26 -4.94 -5.22 -5.47 -5.06 -5.27 -5.07
218 0.00c 0.09 0.05 0.08 0.06 0.04 0.07 0.05 0.05 0.07

4d 8 8 8 8 10 10 10 12 12
-5.51 -5.47 -5.20 -4.86 -4.61 -4.85 -4.97 -4.76 -4.94 -4.62

226 0.05 0.06 0.05 0.06 0.04 0.06 0.02 0.05 0.05 0.02
10 10 10 10 12 8 8 12 12 10

-5.25 -5.23 -4.95 -4.60 -4.35 -4.60 -4.71 -4.54 -4.63 -4.38
234 0.07 0.05 0.06 0.04 0.03 0.02 0.01 0.03 0.06 0.01

14 14 14 10 6 6 6 8 8 6
-4.94 -4.99 -4.67 -4.36 -4.16 -4.35 -4.52 -4.17 -4.37 -4.19

242 0.06 0.03 0.05 0.02 0.04 0.05 0.01 0.02 0.02 0.02
12 14 14 8 6 6 6 4 6 8

-4.48 -4.52 -4.25 -3.90 -3.78 -3.97 -4.00 -3.80 -3.97 -3.73
252 0.09 0.05 0.04 0.05 0.05 0.04 0.03 0.05 0.05 0.01

24 22 20 12 10 10 10 10 10 4
-4.06 -4.18 -3.85 -3.57 -3.43 -3.59 -3.55 -3.43 -3.56 -3.28

263 0.13 0.04 0.03 0.05 0.02 0.01 0.03 0.04 0.03 0.03
16 14 10 10 8 6 4 4 2 2

-3.56 -3.77 -3.38 -3.12 -3.03
273 0.14 0.02 0.02 0.01 0.03

14 14 8 6 4
∆H° -15.1 -14.0 -14.1 -13.8 -12.2 -12.8 -13.3 -13.1 -13.5 -12.7
σ 0.3 0.2 0.2 0.1 0.2 0.2 0.2 0.3 0.3 0.1
95% CI 0.7 0.5 0.5 0.3 0.5 0.4 0.5 0.8 0.7 0.4
∆S° -41.9 -37.6 -39.2 -39.1 -33.6 -35.2 -36.8 -36.8 -37.7 -35.7
σ 1.2 0.8 0.8 0.5 0.7 0.6 0.8 1.2 1.1 0.6
95% CI 3.2 2.0 2.0 1.3 1.8 1.7 2.1 3.3 3.0 1.6

T (5,1) (5,2) (5,3) (5,4) (5,5) (5,6) (5,7) (5,8) (5,9) (5,10) T (6,1) (6,2) (6,3) (6,4)

-5.62b -5.67 -5.68 -5.63 -5.25 -5.41 -5.93b -5.75
218 0.04c 0.04 0.02 0.11 0.05 0.04 234 0.04c 0.04

2d 2 4 6 8 8 2d 2
-6.02 -5.68 -5.40 -5.29 -5.44 -5.29 -5.22 -4.97 -5.04 -6.89 -6.14 -5.51 -5.39

226 0.01 0.01 0.04 0.10 0.06 0.03 0.06 0.06 0.11 242 0.01 0.07 0.03 0.04
4 6 6 8 8 8 4 6 6 4 6 8 6

-6.62 -5.73 -5.40 -5.08 -5.07 -5.11 -4.94 -4.96 -4.62 -4.74 -6.35 -5.58 -5.07 -4.95
234 0.03 0.04 0.04 0.04 0.10 0.03 0.02 0.02 0.04 0.06 252 0.03 0.04 0.03 0.03

6 10 10 10 8 8 6 6 6 6 2 4 6 6
-6.26 -5.41 -5.16 -4.85 -4.83 -4.83 -4.65 -4.72 -4.30 -4.37 -5.82 -5.15 -4.60 -4.58

242 0.04 0.03 0.05 0.05 0.08 0.01 0.02 0.08 0.01 0.03 263 0.04 0.03 0.03 0.00
8 8 10 10 6 4 4 6 6 4 6 8 8 4

-5.73 -4.97 -4.62 -4.38 -4.41 -4.39 -4.20 -4.26 -3.94 -4.04 -5.27 -4.66 -4.24 -4.28
252 0.04 0.03 0.05 0.07 0.03 0.05 0.01 0.02 0.00 0.07 273 0.10 0.01 0.04 0.06

8 12 10 14 10 6 6 8 6 8 6 4 6 4
-5.27 -4.52 -4.36 -4.11 -4.03 -4.00 -3.88 -3.91 -3.60 -3.70 ∆H° -19.7 -17.3 -16.0 -14.8

263 0.03 0.07 0.06 0.09 0.02 0.04 0.03 0.04 0.06 0.04σ 0.4 0.4 0.3 0.3
10 12 8 8 8 8 8 8 6 4 95% CI 1.7 1.5 0.9 0.8

-4.74 -4.06 -3.91 -3.71 -3.64 -3.59 -3.47 -3.54 ∆S° -53.0 -46.4 -43.2 -38.9
273 0.02 0.05 0.01 0.06 0.03 0.01 0.06 0.03 σ 1.6 1.3 1.2 1.0

10 14 8 8 6 6 4 2 95% CI 7.1 5.6 3.7 3.2
∆H° -17.9 -15.3 -14.2 -13.5 -13.4 -14.6 -14.6 -13.5 -13.5 -13.7
σ 0.2 0.2 0.1 0.3 0.2 0.1 0.1 0.2 0.2 0.3
95% CI 0.6 0.5 0.2 0.9 0.5 0.2 0.3 0.5 0.6 0.8
∆S° -48.4 -40.9 -37.5 -35.8 -35.8 -40.2 -41.3 -36.6 -38.0 -38.1
σ 0.8 0.8 0.3 1.3 0.8 0.3 0.6 0.8 0.8 1.2
95% CI 2.5 2.3 0.9 3.7 2.0 0.8 1.4 2.1 2.3 3.3

a Product clusters are labeled (s,w). Values for each cluster correspond tob∆G°, cthe standard deviation, anddthe number of measurements.∆H°
and∆S° values are listed along with standard deviations and 95% confidence intervals for the fits to the van’t Hoff equation.∆G° and∆H° are
given in units of kcal mol-1 and∆S° is in cal mol-1 K-1.
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SO3 equilibrium reactions 1 and 2 were happening concurrently,
resulting in a HSO4-(H2SO4)3(SO3)(H2O)2 signal coincident
with HSO4

-(H2SO4)4(H2O). The signal intensities of HSO4--
(H2SO4)3(SO3) were<10% of HSO4

-(H2SO4)4, and the varia-
tion in ∆G° with [H2O] for formation of HSO4

-(H2SO4)4(H2O)
was near typical experimental precision. Therefore, uncorrected
average∆G° values are reported for all clusters.

Cluster ions may undergo unimolecular decomposition in the
high vacuum region during ion analysis.14,15 The unimolecular
decomposition rate constant increases with temperature, and
temperature-dependent shifts in the cluster ion distribution due
to decomposition during sampling are not easily distinguished
from the temperature dependence of equilibrium reaction 1. In
such a case, a van’t Hoff analysis of the apparent equilibrium
constants may lead to values of∆H° and ∆S° for H2O
association that are anomalously negative. Sunner and Kebarle15

used binding energies and vibrational frequencies calculated with
an electrostatic technique to determine RRKM unimolecular
decomposition rate constants,k(E), for the K+(H2O)w cluster
ions. They found that significant decomposition occurred in their
mass analysis system forw > 4. To avoid decomposition, they
recommended that cluster equilibrium measurements be per-
formed at the lowest accessible temperatures, such thatKw-1,w

> 10 Torr-1. The majority of the equilibrium constants measured
in the current work conform to this limit. However, a more
rigorous investigation was undertaken to determine the extent
of unimolecular decomposition for the HSO4

-(H2SO4)s(H2O)w
cluster ions.

The microcanonical, unimolecular decomposition rate con-
stant depends on the density of states of the reactant ion,F(E),
and the number of accessible reaction channels at the transition
state,N(E)

The density of states is a strong function of internal energy,
and large and/or strongly bound clusters have much higher
values ofF(E) at the dissociation threshold,Ed. However,N(E)
also increases sharply with energy, and at some energy above
Ed, unimolecular decomposition of cluster ions will become
sufficiently rapid to occur on experimental time scales. Ion flight

times through the electrostatic lenses and quadrupole filter are
on the order of∼50 µs so that only values ofk(E) > 104 s-1

will result in significant ion decomposition. States that have
decomposition rate coefficients,k(E), greater than the collision
rate coefficient in the flow reactor will have negligible popula-
tions because these states decompose faster than they are
populated by collisions of the carrier gas. Typical collision rate
coefficients in the flow reactor are (0.5-5) × 108 s-1, and thus,
states with k(E) > 108 s-1 have negligible steady state
populations in the experimental apparatus. Therefore, for the
conditions of the present study, ion signal intensities will not
accurately reflect ion concentrations in the flow reactor for
clusters that decompose with rate coefficients between 104 and
108 s-1.

To evaluate cluster ion decomposition during mass analysis,
we employed a kinetic master equation model developed by
Lovejoy and Curtius.10 Ab initio vibrational frequencies,
rotational constants, and experimental bond enthalpies were used
to calculatek(E) values above the dissociation threshold at
various experimental temperatures. Boltzmann distributions were
calculated for clusters in the flow reactor to determine the
relative state populations at energies where unimolecular
decomposition during sampling was important (i.e.,k(E) ) 104-
108 s-1). For some clusters, frequencies and rotational constants
were extrapolated from ab initio results based on the methods
of Curtius et al.9 The HSO4

-(H2SO4)(H2O) cluster ion has a
dissociation energy ofEd ≈ ∆H° ) 8.7 kcal mol-1, andk(E)
increases sharply above this energy. At 271 K, the highest
experimental measurement temperature for this cluster, only 6%
of the thermal population exists in the energy range wherek(E)
) 104-108 s-1. The low average vibrational energy of the
HSO4

-(H2SO4)(H2O) cluster ion (Evib ) 5.1 kcal mol-1) limits
the thermal population above its dissociation threshold, and there
is little overall decomposition in the vacuum region. For the
much larger HSO4-(H2SO4)5(H2O) cluster ion at 273 K,Ed ≈
18.0 kcal mol-1 andEvib ) 18.8 kcal mol-1 so that nearly half
of the thermal population is above the dissociation threshold.
The relevantk(E) window (104-108 s-1) spans a wide energy
range,E ) 25.8-34.0 kcal mol-1, but only 8% of the total
HSO4

-(H2SO4)5(H2O) ion population exists within this range.
The HSO4

-(H2SO4)5(H2O) cluster ion is large and quite stable,
andk(E) values only exceed 104 s-1 at energies>7 kcal mol-1

aboveEd. Significant unimolecular decomposition is predicted,
however, for HSO4-(H2SO4)3(H2O)5, a relatively large and
weakly bound cluster ion. At 252 K, it is predicted that 77% of
the sampled ions decompose before they are detected. Decom-
position subsides at lower temperatures, but even at 218 K, 42%
of these clusters fall apart in the vacuum region. Both the
HSO4

-(H2SO4)3(H2O)4 and HSO4
-(H2SO4)3(H2O)6 cluster ions

also undergo significant decomposition (24% and 64%, respec-
tively, at 252 K). To examine the effect of cluster decomposition
on the thermochemical results, decomposition estimates were
used to adjust experimental∆G° values for the HSO4--
(H2SO4)3(H2O)5 cluster ion. Because the adjacent cluster ions
also decompose similarly, errors in the measured thermochemi-
cal parameters for HSO4-(H2SO4)3(H2O)5 are largely offset. The
correction to∆G° was only∼0.2 kcal mol-1 and nearly constant
over all temperatures. Corrections to∆H° and∆S° were<0.1
kcal mol-1 and <1 cal mol-1 K-1, respectively. In general,
significant unimolecular decomposition is predicted for large,
weakly bound HSO4-(H2SO4)s(H2O)w cluster ions during mass
analysis, effectively shifting the H2O distribution fromw to w
- 1. However, simulations indicate that the thermochemical

Figure 3. Variation of experimental∆G° values for reaction 1
measured at various concentrations of H2O in the flow reactor.
Representative results for the formation of HSO4

-(H2SO4)s(H2O)w
clusters at 242 K (open circles) and 273 K (open squares) are shown,
where product clusters are labeled (s,w). The filled triangles are results
for the HSO4

-(H2SO4)4(H2O) cluster ion at 273 K. Lines are average
∆G° values.

k(E) )
N(E)

pF(E)
(4)
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results of this study are not greatly affected, and final∆G°,
∆H°, and ∆S° values for all reactions are presented without
adjustment.

Ab Initio Calculations. Numerous theoretical studies have
investigated hydrogen bonding in small ionic clusters containing
H2O.16 Structures for the HSO4-(H2SO4)s cluster ions were
calculated in our earlier work9 for s ) 0-4. Three research
groups have investigated structural trends in neutral sulfuric acid
hydrates, H2SO4(H2O)w, using density functional theory. Arstila
et al.17 first published structures of H2SO4(H2O)w, w ) 0-3
using a valence-only basis set. Higher level B3LYP calculations
were performed by Bandy and Ianni18 for w ) 0-7 and by Re
et al.19 for w ) 0-5. The latter two studies investigated proton-
transfer isomerizations within these H2SO4(H2O)w clusters. In
the present study, ab initio calculations were performed for the
HSO4

-(H2SO4)s(H2O)w cluster ion family to investigate struc-
tural aspects of H2O ligand bonding. Although computational
expense limited the current study to relatively low levels of
theory, the HF method employed is expected to produce
qualitatively accurate geometries, and the structures presented
here provide a framework for further theoretical investigations
using more accurate methods. The GAMESS ab initio package20

was used for all structure calculations. Geometry optimizations
and calculations of the force constant matrix were performed
at the HF/6-31+G(d) level. A maximum gradient tolerance of
<(2-10) × 10-6 Hartree/Bohr on the potential energy surface
was required to attain convergence, and a consistent set of RHF
integral control parameters was used for calculating final
geometries. Molecular structures were built and visualized with
Molden.21

We attempted to identify the global minimum structures for
the HSO4

-(H2SO4)s(H2O)w cluster ions,s e 3 and w e 2.
Geometry optimization routines were initiated with multiple
starting geometries constructed based on chemical intuition and
attempts to both maximize the number of hydrogen bonds and
create favorable hydrogen bonding geometries. Converged
structures are shown in Figures 4-8, and Cartesian coordinates,
vibrational frequencies, and rotational constants are provided
as Supporting Information. Calculated thermochemical results
are listed in Table 2. The total thermal cluster energy,E, was
determined from ab initio molecular properties as follows:

In the above equations,Ee, Evib, Erot, andEtransare the electronic,
vibrational, rotational, and translational energies, andEZP is the
vibrational zero-point energy. The stabilities of isomeric forms
of a cluster ion are compared in terms of their internal energy

relative to the most stable isomer,δEint. Energy, enthalpy, and
entropy values were calculated from standard statistical mechan-
ics formulas22 using ab initio harmonic oscillator vibrational
frequencies and rigid rotor rotational constants. Vibrational
frequencies were scaled by a factor of 0.89 to correct for
systematic error in the HF method.23 Thermochemical param-
eters were calculated at 246 K, corresponding to the mean
temperature of experimental equilibrium measurements. Hy-
drogen bonding geometries of the H2O ligands in the cluster
ions are described as (d(O-H), ∠(O-H‚‚‚O), d(H‚‚‚O)). In this
work, stronger hydrogen linkages are generally indicated by
elongated covalent O-H bonds,d(O-H) > about 0.98 Å, nearly
collinear geometries,∠O-H‚‚‚O ≈ 170-180°, and shorter
intermolecular bond distances,d(H‚‚‚O) < about 1.9 Å.

HSO4
-(H2O). Three conformations of the HSO4

-(H2O)
cluster ion are presented in Figure 4. The isomer in Figure 4b
is aCs symmetric structure with two equivalent weak hydrogen
bonds (0.95, 137, 2.19) connecting the hydrogen atoms on H2O
with the oxygens on the HSO4-. This conformation has the
lowest electronic energy,Ee, but structure 4a, with two very
similar hydrogen bonds, (0.95, 144, 2.18) and (0.95, 140, 2.24),
has a slightly lower overall internal energy,Eint. These two
isomers are energetically indistinguishable within the uncertainty
of the method. The lowest frequency vibrational modes of
structure 4b are H2O torsional motions. The torsional frequencies
of structure 4b are slightly higher than those in 4a because of
the interaction of the H2O oxygen with the hydrogen on HSO4

-,
lowering the entropy of structure b relative to that of a. The
doubly linked HSO4

-(H2O) structure 4c was first calculated by
Arstila et al.17 using the DFT-BLYP method. Bandy and Ianni18

and Re et al.19 also observe this same type of linkage between
neutral H2SO4 and H2O molecules. A stable structure of 4c was
not found in the present study using the HF method even with
more extensive basis sets, e.g., 6-311++G(3df,3p), but the DFT
calculation was recreated here at the B3LYP/6-31+G(d) level.
One hydrogen atom on H2O forms a favorable bond with the
H2SO4 oxygen, (0.99, 160, 1.76), but the bond to the oxygen
on H2O is considerably weaker, (0.98, 145, 2.15). H2O in this
structure is more vibrationally constrained, and using unscaled
frequencies,23,24 the calculated entropy of this structure has the
lowest value of all of the HSO4-(H2O) isomers.

HSO4
-(H2SO4)(H2O). Three isomers of HSO4-(H2SO4)(H2O)

are shown in Figure 5. The H2O ligand in structures a and b is
bound to the ion by two weak hydrogen bonds of the same type
as in the HSO4-(H2O) isomer 4a. The bond lengths and angles
of the triply bonded HSO4-(H2SO4) core in these structures are
nearly unperturbed by the presence of one H2O ligand.9 Not
surprisingly, the two structures, 5a and 5b, have very similar
energies and entropies. Structure 5b hasCs symmetry, but the
weaker hydrogen bond to the protonated oxygen atom on
HSO4

-, (0.95,129,2.54), gives this structure a slightly higher
internal energy than structure 5a . The H2O ligand in structure
5c is incorporated within the cluster ion, and this geometry
allows more favorable hydrogen bonds to form, (0.97,167,1.79)
and (0.98,176,1.71). However, the cluster energy is 2.8 kcal
mol-1 higher than that of 5a due to the loss of one of the strong
HSO4

-‚H2SO4 bonds [∆H°(298 K) ) 41.8 kcal mol-1 for
HSO4

-(H2SO4) f HSO4
- + H2SO4].9,10The two stronger H2O

linkages in 5c give the cluster more rigidity, and the absolute
entropy of structure 5c is lower than that of 5a and 5b by 2-3
cal mol-1 K-1 due to one less low-frequency torsional mode.

HSO4
-(H2SO4)(H2O)2. Structures 5d and 5e were built from

the lowest energy HSO4-(H2SO4)(H2O) structure, 5a, by adding
another doubly hydrogen-bonded H2O ligand to the cluster ion.

Figure 4. Convergent structures of the HSO4
-(H2O) cluster ion.

Relative energies,δEint, are shown in kcal mol-1 and absolute entropy
values at 246 K,S°, are in cal mol-1 K-1. Structures a and b were
calculated at the HF/6-31+G(d) level, whereas structure c was generated
using B3LYP/6-31+G(d) density functional theory. The entropy for
structure c was determined using unscaled vibrational frequencies.

E ) Eint + Evib + Erot + Etrans (5)

Eint ) Ee + EZP (6)
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The lowest energy structure is theCs symmetric 5d, with 2 equiv
H2O ligands bound to the HSO4- core ion by weak hydrogen
bonds with geometries similar to the smaller clusters. Adding
the second H2O ligand instead to the H2SO4 molecule results
in 5e. This structure is 1.8 kcal mol-1 higher in energy because
the H2SO4‚H2O hydrogen bonds, (0.95, 136, 2.51) and (0.95,
143, 2.31), do not benefit from the stabilizing ion-dipole forces
of the HSO4

-‚H2O linkages. Force constant calculations yielded
12 vibrational modes with frequencies< 200 cm-1 for both 5d
and 5e geometries, and the absolute entropy values are within
2 cal mol-1 K-1. Structure 5f is built from the HSO4--
(H2SO4)(H2O) structure in 5c by adding an H2O ligand that
bridges HSO4- and H2SO4 and forms a hydrogen bond with
the free H on the first H2O. Three new bonds are formed with
the addition of this ligand, and all the isomers, 5d, 5e, and 5f,
have the same number of hydrogen bonds. The energy of 5f
lies between the energies of the two isomers that preserve the
triply bonded HSO4-(H2SO4) arrangement. However, the 5f
structure is much more vibrationally constrained; the torsional
motions within the cluster occur at higher frequencies (only 9
modes haveν <200 cm-1), resulting in an entropy more than
10 cal mol-1 K-1 lower than for the most energetically stable
isomer, 5d.

HSO4
-(H2SO4)2(H2O). The two most stable HSO4--

(H2SO4)2(H2O) structures, 6a and 6b in Figure 6, have nearly
identical bonding arrangements, a central HSO4

- ion surrounded
by two H2SO4 molecules with an H2O molecule bridging the
neutrals and the ion. Both structures possess one favorable
hydrogen bond to the oxygen atom of H2O, (0.98,179,1.71) in
6a and (0.97,176,1.73) in 6b. Both isomers are related to the
HSO4

-(H2SO4)2 structureâ reported in our previous study,9 with
the H2O ligand incorporated into the hydrogen bond between
the two H2SO4 molecules of that structure. The thermal
vibrational energy of these clusters,Evib ≈ 7.3 kcal mol-1 at
246 K, is probably large enough for these two structures to
readily interconvert. Structure 6c retains the triply bonded
character of the HSO4-(H2SO4) cluster, resembling theR
HSO4

-(H2SO4)2 isomer reported in Curtius et al.9 The total
number of hydrogen bonds is the same as in the other isomers
of HSO4

-(H2SO4)2(H2O), but the H2O ligand in 6c is bound
by only two weak linkages, (0.95, 161, 2.17) and (0.95, 161,
2.31). The energy of 6c is 1.3 kcal mol-1 higher than 6a, but
structure 6c has an entropy nearly 7 cal mol-1 K-1 higher due
to the additional vibrational freedom of the H2O ligand.
Rearranging protons within the 6b structure yielded 6d, aCs

symmetric cluster ion consisting of one neutral H2SO4 and two
HSO4

- ions separated by H3O+. This structure was verified to
exist at a local minimum on the potential energy surface, but it
is nearly 15 kcal mol-1 higher in energy than the similar 6b
structure. The strong electric field produced between the H3O+

and HSO4
- ions shortens the two symmetric hydrogen bonds,

(1.00, 170, 1.58), by 0.6 Å. As a result, structure 6d is more
rigid, with an absolute entropy about 5 cal mol-1 K-1 lower
than for 6b.

HSO4
-(H2SO4)2(H2O)2. Up to nine hydrogen bonds can form

within the HSO4
-(H2SO4)2(H2O)2 cluster ion, resulting in many

possible conformations. Structures where every hydrogen atom
participates in intermolecular bonding have the lowest internal
energies, and several of these convergent isomers are shown in
Figure 7, parts a-g. The global minimum structure for the
HSO4

-(H2SO4)2(H2O)2 cluster ion is shown in Figure 7a. The
bonding arrangement is similar to HSO4

-(H2SO4)2(H2O) in 6a
and 6b, with the H2SO4 ligands each bound to the central ion
by two strong hydrogen bonds and both H2O ligands incorpo-
rated between the H2SO4 molecules. The H2O hydrogen bond
geometries range from (0.99,178,1.67) to (0.95,151,2.15). The
Cs symmetric structure in 7b is built by adding an H2O ligand

Figure 5. Convergent structures of the HSO4
-(H2SO4)(H2O) and HSO4

-(H2SO4)(H2O)2 cluster ions.

Figure 6. Convergent structures for the HSO4
-(H2SO4)2(H2O) cluster

ion. * indicates a multiply ionic structure.
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to the HSO4
- ion of 6b via two weak hydrogen bonds, (0.95,

140, 2.34). This H2O bonding arrangement increases the energy
by about 5 kcal mol-1 and entropy by about 8 cal mol-1 K-1

relative to the most stable isomer. In structure 7c, the HSO4
-

core ion is solvated by 5 hydrogen bonds, whereas HSO4
- in

7a has 6 ligand bonds. Poorer solvation of the core ion and
strained H2O hydrogen bonds in the 7c structure, (0.95, 142,
2.25) and (0.95, 146, 2.22), result in a 6 kcal mol-1 higher
internal energy than that in 7a. By rearranging protons, many
viable isomers can be constructed with the same bonding
arrangement as structure 7c, but only the structure shown here
was convergent using the HF method.

The four isomers, 7d-7g, are built from a similar geometric
framework, and all are significantly higher in energy than the
global minimum HSO4-(H2SO4)2(H2O)2 structure 7a. Structures
7d and 7e are singly ionic, but they differ in the placement of
the HSO4

- ion. In the 7d structure, HSO4- is poorly solvated

by only four hydrogen bonds, with H2O linkages ranging from
(1.00, 177, 1.58) to (0.95, 150, 2.30). The ion in 7e is solvated
by one additional hydrogen bond, and consequently, the energy
of 7e is 2 kcal mol-1 lower than that of 7d. The transfer of one
proton in 7d from H2SO4 to H2O results in the multiply ionic
7f isomer, which contains two HSO4- ions separated by H3O+.
The H3O+‚HSO4

- hydrogen bonds in 7f, and in the very similar
7g isomer, are quite favorable, ranging from (1.00, 173, 1.57)
to (0.99, 164, 1.66). Both multiply ionic structures haveCs

symmetry, but stronger bonds between H3O+ and the HSO4-

ions in 7f result in about a 2 kcal mol-1 lower energy. According
to relative HF energies, ionization within these isomers does
not impose a significant energetic cost: the energies of structures
7d-7g span a range of only 3.5 kcal mol-1. However, stronger
electrostatic forces within the H3O+-containing structures result
in slightly increased rigidity, the entropies of 7f and 7g are 4
cal mol-1 K-1 lower than those for singly ionic 7d and 7e
isomers. Multiply ionic isomers having geometries similar to
the minimum energy structure 7a were not convergent.

HSO4
-(H2SO4)3(H2O). As with HSO4

-(H2SO4)2(H2O)2, there
are many possible isomers of the HSO4

-(H2SO4)3(H2O) cluster
ion: more than 10 local minima on the potential energy surface
were found, with cluster energies spanning a range of nearly
20 kcal mol-1. Four of these isomers, representing the most
stable and chemically interesting structures, are shown in Figure
8. The lowest energy isomer, structure 8a, is constructed by
adding an H2SO4 ligand to available oxygen atoms on the central
HSO4

- ion of the HSO4
-(H2SO4)2(H2O) structure 6a. However,

8b, similarly built from 6b by adding H2SO4 to HSO4
-, is only

1.5 kcal mol-1 higher in energy and has a comparable entropy.
The large amount of vibrational energy (Evib ≈ 10.5 kcal mol-1

at 246 K) and similar energies suggest that isomerization may
readily populate both 8a and 8b. The 8c isomer has a pinwheel-
like structure with a central HSO4- ion surrounded by three
H2SO4 molecules, which are in turn bound to a central H2O
ligand. Hydrogen bonds to the H2O ligand are highly collinear:
(0.95, 176, 1.66), (0.95, 176, 1.98), and (0.95, 173, 2.01). The
calculated energy of this structure is within 1 kcal mol-1 of

Figure 7. Convergent structures for the HSO4
-(H2SO4)2(H2O)2 cluster ion. * indicate a multiply ionic structures.

Figure 8. Convergent structures for the HSO4
-(H2SO4)3(H2O) cluster

ion. * indicates a multiply ionic structure.
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both 8a and 8b, and all three of these structures probably exist
in a thermal system.

Structure 8d shares the same pinwheel-like bonding arrange-
ment of 8c, but 8d hasC3V symmetry and is multiply ionic.
This isomer consists of an SO4

2- central ion surrounded by three
neutral H2SO4 molecules, which are in turn linked by one H3O+

ion. The 8d isomer is only 6.4 kcal mol-1 higher in energy than
8a, indicating that very strong solvating bonds, (0.98, 170, 1.68),
in 8d help stabilize the charge separation in the cluster. Two
other isomers (not shown) with the same bonding arrangement
as 8d, but instead containing H3O+ and two HSO4

- ions, had
higher relative energies,δEint ) 13.4 and 19.4 kcal mol-1. The
absolute entropies of structures 8a-8c span a range of only 2
cal mol-1 K-1, but the symmetric 8d isomer has an entropy
about 16 cal mol-1 K-1 lower. A total of 13 torsional modes
with frequencies<100 cm-1 are associated with the H2O ligand
in structure 8a, constituting more than half the cluster’s
vibrational entropy. Structure 8d has only 7 such modes that
involve H3O+. Structures 8c and 8d may be interchanged by
the transfer of only two protons. Protonation of the H2O
molecule to give 8d increases the cluster rigidity and signifi-
cantly lowers the entropy at a relatively small energetic expense.

Discussion

Thermodynamic Measurements. A limited number of
equilibrium constants have been measured previously for H2O
association reactions to form HSO4

-(H2SO4)s(H2O)w cluster
ions. Thermodynamic measurements from this work are com-
pared to literature values in Figure 9. Bo¨hringer et al. measured
equilibrium constants for reaction 1 to form the HSO4

-(H2O)
product cluster over a 65 K temperature range in a flowing
afterglow apparatus.25 Böhringer also determined an upper limit
to ∆G°(300 K) for formation of HSO4-(H2SO4)(H2O) of >-3.6
kcal mol-1. Room-temperature measurements were made for
HSO4

-(H2O)w, w ) 1 and 2, by Blades et al. using ions
produced by electrospray.26 Extrapolated HSO4-(H2O)1,2 van’t

Hoff lines from the present work overlie the van’t Hoff lines
of Böhringer and intersect the single temperature results of
Blades. Extrapolation of the current van’t Hoff data for
HSO4

-(H2SO4)(H2O) is also consistent with the upper limit
reported by Bo¨hringer. Arnold et al. estimated∆G°(233 K) to
form the HSO4

-(H2SO4)2(H2O), HSO4
-(H2SO4)3(H2O), HSO4

--
(H2SO4)3(H2O)2, and HSO4

-(H2SO4)4(H2O) clusters from at-
mospheric ion measurements using a balloon-borne mass
spectrometer.27 However, these estimations (not shown) are 2.4-
3.3 kcal mol-1 more negative than∆G°(233 K) values reported
here.

Plots of∆H° and∆S° versus the number of H2O ligands for
the HSO4

-(H2SO4)s(H2O)w cluster ions are presented in Figure
10. The shapes of the∆H° and ∆S° curves are qualitatively
similar, and in general, one would expect a correlation between
ligand bond strength and the vibrational rigidity of the cluster.
As evident from the mass spectra, the∆H° trends in Figure 10

TABLE 2: HF/6-31+G(d) ab Initio Results for the HSO4
-(H2SO4)s(H2O)w Cluster Ion Familya

molecule or cluster structure Ee EZP Eint E-Ee H°-Ee S°
H2O -76.0177 12.79 -47688.34 14.26 14.75 43.45
HSO4

- -697.5461 16.50 -437693.66 18.78 19.27 68.63
H2SO4 -698.0488 23.74 -438001.86 26.13 26.62 67.48
HSO4

-(H2O) 4a -773.5860 31.31 -485393.90 35.16 35.65 85.23
4b -773.5863 31.84 -485393.55 35.42 35.91 82.60
4c -775.9422 32.18 -486871.53 35.68 36.16 81.12

HSO4
-(H2SO4)(H2O) 5a -1471.6978 57.08 -923433.31 63.38 63.86 111.21

5b -1471.6969 56.97 -923432.86 63.32 63.81 112.26
5c -1471.6942 57.52 -923430.59 63.56 64.04 109.03

HSO4
-(H2SO4)(H2O)2 5d -1547.7310 71.53 -971129.67 79.62 80.11 129.96

5e -1547.7277 71.23 -971127.88 79.38 79.87 131.38
5f -1547.7309 73.02 -971128.14 80.31 80.80 119.13

HSO4
-(H2SO4)2(H2O) 6a -2169.7925 83.09 -1361461.73 91.85 92.34 135.35

6b -2169.7907 82.83 -1361460.82 91.67 92.16 136.01
6c -2169.7893 82.34 -1361460.43 91.56 92.05 142.16
6d* -2169.7673 83.01 -1361445.98 91.44 91.93 130.74

HSO4
-(H2SO4)2(H2O)2 7a -2245.8322 98.57 -1409161.15 108.57 109.06 146.21

7b -2245.8218 97.26 -1409155.91 107.91 108.40 154.57
7c -2245.8222 98.29 -1409155.15 108.39 108.88 147.12
7d -2245.8153 97.90 -1409151.21 107.99 108.48 147.73
7e -2245.8190 98.27 -1409153.17 108.36 108.85 147.79
7f* -2245.8173 98.85 -1409151.49 108.48 108.97 143.49
7g* -2245.8144 98.84 -1409149.70 108.49 108.97 143.73

HSO4
-(H2SO4)3(H2O) 8a -2867.8770 107.95 -1799484.85 119.90 120.39 170.61

8b -2867.8745 107.88 -1799483.35 119.81 120.30 169.88
8c -2867.8760 107.85 -1799484.34 119.68 120.17 168.52
8d* -2867.8681 108.71 -1799478.52 119.67 120.15 153.69

a Ee is given in hartrees.EZP, Eint, E, andH°are in kcal mol-1, andS° is in cal mol-1 K-1. Structures are labeled according to Figures 4- 8.
Thermochemical values are calculated for 246 K. *Denotes multiply ionic structures.

Figure 9. Van’t Hoff comparison of laboratory measurements of
HSO4

-(H2SO4)s(H2O)w-1 + H2O a HSO4
-(H2SO4)s(H2O)w equilibria.

Labels indicate the product cluster (s,w). aReference 25.bReference
26.
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show quantitatively that the HSO4- ion generally has a higher
affinity for H2O than the slightly largers ) 1-3 cluster ion
groups but that thes ) 4-6 clusters again become more
hydrophilic. Strong ion-dipole forces between HSO4- and H2O
account for the relative stability (∆H° ≈ -12 kcal mol-1) of
the first few ligands in HSO4-(H2O)w. The H2O bond enthalpy
for HSO4

-(H2SO4)(H2O) is -8.7 kcal mol-1, more than 4 kcal
mol-1 weaker than in HSO4-(H2O), but∆H° for thes) 1 series
becomes more favorable with additional H2O ligands. H2SO4

very effectively solvates the HSO4- ion, as indicated by the
strong bond, large negative reaction entropy (∆S° ) -42.6 cal
mol-1 K-1),28 and triply bonded structure of HSO4

-(H2SO4).9,10

Evidently, the presence of one solvating H2SO4 ligand signifi-
cantly disrupts the electrostatic attraction between HSO4

- and
H2O. The small negative entropy of association to form both
HSO4

-(H2O) and HSO4
-(H2SO4)(H2O) clusters via reaction 1

(∆S° > -25 cal mol-1 K-1) suggests that the H2O ligand has
considerable freedom of motion.

As H2SO4 ligands are added to the HSO4
-(H2SO4)s(H2O)w

clusters, H2O becomes more strongly bound. Reaction enthalpy
values for the larger HSO4-(H2SO4)3(H2O) and HSO4

--
(H2SO4)4(H2O) clusters are∆H° ≈ -15 kcal mol-1. The
magnitude of∆S° also increases further for these clusters,
indicating significant molecular rearrangement or a more rigidly
bound H2O ligand than in the smaller clusters. The nearly
identical ∆H° and ∆S° values to form HSO4-(H2SO4)3(H2O)
and HSO4

-(H2SO4)4(H2O) suggest very similar bonding for the
H2O ligands in these clusters. In thes ) 3 series, distinct peaks
in both the∆H° and∆S° curves atw ) 5 (Figure 10) coincide
with the abrupt change in the shape of the HSO4

-(H2SO4)3(H2O)w

cluster ion distribution (Figure 1b). H2O bond strength continues
to increase with additional H2SO4 ligands: ∆H° ) -18.0 and
-19.7 kcal mol-1 for HSO4

-(H2SO4)5(H2O) and HSO4
--

(H2SO4)6(H2O), respectively. Interestingly,∆S° values for these
clusters are approximately-50 cal mol-1 K-1. Translational
and rotational entropy loss in an association reaction typically
accounts for about-30 cal mol-1 K-1, and the∼20 cal mol-1

K-1 discrepancy must be due to vibrational entropy loss as H2O
is added to HSO4-(H2SO4)s, s ) 5 and 6. Large changes in
both enthalpy and entropy suggest that H2O ligands are
incorporated rigidly within the HSO4-(H2SO4)5(H2O) and
HSO4

-(H2SO4)6(H2O) cluster ions and probably have very
different bonding arrangements than in the smaller clusters. Ab
initio structures of the HSO4-(H2SO4)s(H2O)w clusters were
calculated to investigate these trends in H2O ligand bonding,
and cluster entropies are discussed in more detail below.

The reaction enthalpy for association of H2O to the largest
observable cluster in eachs series is between∆H° ) -11 and
-15 kcal mol-1. In the limit of an infinite number of H2O
ligands,∆H° will converge to the enthalpy of condensation of
bulk water,∆H°cond. The largest H2O clusters measured in thes
) 0-3 series are all within 1 kcal mol-1 of ∆H°cond(273 K) )
-10.8 kcal mol-1.29 However, the largests) 4-6 clusters bond
H2O more strongly, analogous to bulk liquid H2SO4/H2O
solutions, where the H2O vapor pressure decreases with increas-
ing H2SO4 mole fraction.∆S° values for the first H2O ligand
on the HSO4

-(H2SO4)s clusters span a considerable range from
-21 to-53 cal mol-1 K-1, but as the number of H2O ligands
increases, reaction entropies converge to values between-30
and -40 cal mol-1 K-1. The ∆S° results for HSO4--
(H2SO4)s(H2O)w, s ) 0-3, converge to within 3 cal mol-1 K-1

of ∆S°cond(273 K) ) -29.3 cal mol-1 K-1 for bulk water,29 but
∆S° values for thes g 4 series are markedly more negative.
The ∆H° and ∆S° results indicate that H2SO4 molecules
significantly affect H2O ligand bonding for a wide range of
HSO4

-(H2SO4)s(H2O)w clusters and that, as these cluster ions
grow in size, they begin to show thermodynamic trends
characteristic of bulk liquids.

Comparison of ab Initio and Experimental Thermody-
namics.Accurate cluster ion energies are not an essential result
of the current ab initio study, and consequently, MP2 corrections
to HF optimized geometries were not determined, and reaction
thermochemical values were not corrected for basis set super-
position error. Absolute enthalpies for hydrogen-bonded isomers
calculated at the HF/6-31+G(d) level have uncertainties of many
kcal mol-1, but relative energies (δEint) of individual isomers
will be more accurate. This level of theory should predict cluster
entropies accurate to within a few cal mol-1 K-1. Calculated
and experimental reaction enthalpies and entropies for the
HSO4

-(H2SO4)s(H2O)w clusters are compared in Table 3.
1. Singly Ionic Structures. Ab initio structures show that

HSO4
- and HSO4

-(H2SO4) cluster ions do not offer favorable
binding sites for H2O ligands. For the most energetically stable
HSO4

-(H2O), HSO4
-(H2SO4)(H2O), and HSO4-(H2SO4)(H2O)2

structures in Figures 4 and 5, H2O ligands are loosely bound to
the exterior of the cluster, consistent with weak experimental
bond enthalpies and low negative reaction entropies. The
calculated∆S° value for formation of HSO4-(H2O) isomer 4a
is within 4 cal mol-1 K-1 of the measured reaction entropy,
but the more vibrationally restricted H2O ligands in structures
4b and 4c result in lower absolute cluster entropies that do not
agree with experiment. Structures where H2O ligands bind to
the exterior of the HSO4-‚H2SO4 core yield∆S° values within
5 cal mol-1 K-1 of the experimental reaction entropies. Although

Figure 10. Experimental bond enthalpy and entropy derived from van’t
Hoff analyses for the reaction, HSO4

-(H2SO4)s(H2O)w-1 + H2O a
HSO4

-(H2SO4)s(H2O)w, s) 0-6. Error bars are one standard deviation
of the fit parameter and represent precision only. The dashed lines are
∆H°cond(273 K) and∆S°cond(273 K) for bulk water.
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stable geometries can be formed by incorporating H2O ligands
into the triply bonded HSO4-(H2SO4) cluster ion (structures 5c
and 5f), these isomers give calculated∆S° values 7 and 9 cal
mol-1 K-1 more negative, respectively, than the experimental
numbers. As seen previously with the HSO4

-(H2SO4)s ab initio
structures,9,10 there is surprising quantitative agreement between
calculated and experimental∆H° values. For the HSO4-(H2O),
HSO4

-(H2SO4)(H2O), and HSO4-(H2SO4)(H2O)2 cluster ions,
HF ab initio bond enthalpies agree to within 1.5 kcal mol-1

with those of the experimental measurements.
For the HSO4

-(H2SO4)2(H2O) and larger cluster ions, more
ligand binding sites are available. H2O ligands are not restricted
to the less favorable bonding geometries observed in the smaller
clusters, and they are frequently bound by three hydrogen bonds.
Interligand bonds become more prevalent, and structures with
three bonds between HSO4

- and H2SO4 are no longer calculated
to be the most stable isomers. The experimental∆S° value for
formation of the HSO4-(H2SO4)2(H2O) cluster ion is-33.5 cal
mol-1 K-1, significantly more negative than for those of the
smaller cluster ions. Calculated∆S° values for isomers 6a and
6b, where H2O is incorporated into the cluster, are in close
agreement with those of the experiment, but the reaction entropy
for 6c is 6 cal mol-1 K-1 less negative because of the loosely
bound H2O. The HSO4

-(H2SO4)2(H2O)2 structures are com-
prised of multiple rings, similar to those observed in ab initio
H2SO4(H2O)w structures,18,19which provide greater stability and
rigidity. Isomer 7a has the lowest ab initio energy, and the
calculated H2O bond enthalpy is within 2 kcal mol-1 of the
experimental value. However, the experimental∆S° value
(-38.6 cal mol-1 K-1) is at least 6 cal mol-1 K-1 more negative
than that predicted by any of the singly ionic HSO4

--
(H2SO4)2(H2O)2 isomers. The three singly ionic HSO4

--
(H2SO4)3(H2O) isomers shown in Figure 8 have nearly equiva-
lent energies and entropies. These structures are by far the lowest
energy species found in a comprehensive search for stable
HSO4

-(H2SO4)3(H2O) geometries. However, the agreement
between calculated and experimental∆H° and ∆S° values is

worse than for the smaller clusters. Ab initio H2O bond
enthalpies are more than 6 kcal mol-1 weaker, and reaction
entropies are∼10 cal mol-1 K-1 less negative than measured
values.

2. Multiply Ionic Structures. H3O+ and HSO4
- ions represent

a significant fraction of bulk H2SO4/H2O solutions.30 As strong
acid-water molecular clusters grow in size, multiple ions
become better solvated, and the stability of multiply ionic
geometries must eventually surpass that of singly ionic species.
The energy required to remove the first proton from an isolated
gas-phase H2SO4 molecule is∼310 kcal mol-1,31 145 kcal mol-1

more energy than is gained by adding the proton to H2O.32 For
proton transfer from H2SO4 to H2O to occur within a molecular
cluster, this 145 kcal mol-1 of residual energy must be offset
by strengthened intermolecular bonds due to ion-ligand sol-
vation and ion-ion electrostatic attraction. Ab initio studies of
H2SO4(H2O)w show that ionization via internal proton transfer
from H2SO4 to H2O can yield stable geometries of the form
HSO4

-‚H3O+(H2O)w-1 for w g 3,18,19 and for both H2SO4-
(H2O)w and HCl(H2O)w,33 the most stable forms of thew ) 5
cluster are multiply ionic.

In the present study of HSO4-(H2SO4)s(H2O)w clusters, stable
multiply ionic structures were identified fors ) 2 and 3. HF
theory predicts that forming SO42- or a second HSO4- ion
comes at an energetic cost that is not entirely offset by
protonation of one H2O molecule and subsequent solvation of
the multiple ions, and the most energetically stable species for
all clusters were singly ionic. However, the relative HF energies
of multiply ionic species decrease rapidly with increasing cluster
size. The multiply ionic HSO4-(H2SO4)2(H2O)2 isomers, 7f and
7g, show better agreement with the experimental reaction
entropies than do the singly ionic isomers. None of the individual
ab initio HSO4

-(H2SO4)3(H2O) structures, 8a-8d, reproduces
the experimental entropy. However, in a thermal system,
multiple stable isomers will contribute to the measured∆S°
value according to their relative populations, and a system which
includes both singly ionic isomers and the SO4

2-/H3O+ isomer

TABLE 3: Comparison of ab Initio and Experimental Thermochemical Values for the Reactions, HSO4
-(H2SO4)s(H2O)w-1 +

H2O a HSO4
-(H2SO4)s(H2O)w

a

product cluster structure ∆Eai ∆H°ai ∆H°exp ∆S°ai ∆S°exp

HSO4
-(H2O) 4a -11.8 -12.3 -12.9 (0.6) -26.8 -23.0 (2.7)

4b -11.7 -12.2 -29.5
4c -31.0

HSO4
-(H2SO4)(H2O) 5a -8.6 -9.1 -8.7 (0.7) -25.7 -21.1 (3.0)

5b -8.1 -8.6 -24.7
5c -6.2 -6.7 -27.9

HSO4
-(H2SO4)(H2O)2 5d -7.7 -8.2 -9.5 (0.4) -24.7 -26.5 (1.5)

5e -5.8 -6.3 -23.3
5f -7.0 -7.4 -35.5

HSO4
-(H2SO4)2(H2O) 6a -8.7 -9.2 -11.7 (0.9) -34.3 -33.5 (3.8)

6b -7.7 -8.2 -33.6
6c -7.0 -7.5 -27.5
6d* +6.7 +6.2 -38.9

HSO4
-(H2SO4)2(H2O)2 7a -11.3 -11.8 -13.6 (0.7) -32.6 -38.6 (2.7)

7b -5.4 -5.9 -24.2
7c -5.2 -5.7 -31.7
7d -1.3 -1.8 -31.1
7e -3.2 -3.7 -31.0
7f* -2.0 -2.5 -35.3
7g* -0.2 -0.7 -35.1

HSO4
-(H2SO4)3(H2O) 8a -8.6 -9.1 -15.1 (0.4) -30.8 -41.5 (1.5)

8b -7.1 -7.6 -31.5
8c -8.2 -8.7 -32.9
8d* -3.3 -3.8 -47.7

a ∆E and∆H° are given in kcal mol-1, and∆S° values are in cal mol-1 K-1. Ab initio values were calculated usingE, H°, andS° from reactant
isomers with the lowest internal energy,Eint. Thermochemical parameters are calculated at 246 K. Values in parentheses are 95% confidence
intervals. * Denotes multiply ionic structures.
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8d would give an association reaction entropy that better agrees
with the experimental value. The comparison of ab initio and
experimental reaction entropies for the HSO4

-(H2SO4)2(H2O)2
and HSO4

-(H2SO4)3(H2O) clusters suggests that multiply ionic
isomers may be thermally populated and that, e.g., for
HSO4

-(H2SO4)3(H2O), partial ionization to 8d lowers the
measured thermal entropy. Because multiply ionic clusters are
comprised of highly polar interligand bonds, it is likely that
HF energies of the multiply ionic species relative to singly ionic
isomers (δEint) are less accurate. Higher level ab initio calcula-
tions are needed to more accurately determine the relative
energetics of singly and multiply ionic HSO4

-(H2SO4)s(H2O)w
clusters.

Comparison of Positive and Negative H2SO4/H2O Cluster
Ions. In a study of fast atom bombardment of sulfuric acid
solutions,34 positive ion clusters, H+(H2SO4)s(H2O)w, were
observed with up to three H2O molecules, whereas no H2O
ligands were found in the negative clusters, HSO4

-(H2SO4)s for
s e 20. These qualitative observations agree with current
findings11 that the small positive clusters are generally more
hydrophilic. Compared to its strong attraction to the H+ core
ion, H2O exhibits a much weaker affinity toward HSO4

-, typical
of H2O bonding to weakly basic anions such as HCO3

- and
NO3

-.35 H2SO4 and H2O have nearly identical proton affinities,32

and in small positive clusters, H2SO4 seems to resemble a H2O
ligand, having little influence on H2O bonding thermodynamics.
In contrast, H2SO4 molecules within the HSO4-(H2SO4)s(H2O)w
cluster ions have a significant impact on H2O bonding due to
strong interactions between H2SO4 and the HSO4- ion. H2O
ligand bonding to small HSO4-(H2SO4)s clusters is initially weak
but becomes much more favorable as the HSO4

- ion is solvated
by H2SO4. Using HSO4

-(H2SO4)s thermodynamic values from
our previous study9,10and those for H2O ligands presented here,
H2SO4 bond enthalpies and entropies,∆H°s-1,s and∆S°s-1,s, for
the HSO4

-(H2SO4)s(H2O)w binary clusters were determined
through thermodynamic reaction cycles. Derived∆H°s-1,s and
∆S°s-1,s values are listed in Table 4. In general, H2SO4 ligands
are stabilized by addition of H2O to the cluster (s > 1), similar
to trends in the positive cluster family, H+(H2SO4)s(H2O)w.
However, H2SO4 ligands in the negative H2SO4/H2O cluster ions
are bound more strongly than in the positive clusters, typically
by >5 kcal mol-1. As H2SO4/H2O cluster ions grow in size,
bulk thermodynamic trends become apparent in both systems.
The initial differences between H+(H2SO4)s(H2O)w and HSO4

--

(H2SO4)s(H2O)w disappear as the core ions are solvated, and
by (s + w) g 8-10, the clusters have comparable H2O bonding
thermodynamics.

Atmospheric Implications. Mass spectra show that both
positive and negative H2SO4/H2O cluster ion families can bind
many H2O ligands under atmospheric conditions. AtT e 250K
and RHg 30%, broad and well developed equilibrium H2O
distributions form on both H+(H2SO4)s and HSO4

-(H2SO4)s

clusters. Growth of the positive H2SO4/H2O cluster ions is
initially driven by favorable solvation of the proton by H2O
ligands, forming a stable distribution of H+(H2O)w ions. Because
H2O concentrations in the atmosphere are many orders of
magnitude higher than those of H2SO4, nucleation of cluster
ions will be limited by the incorporation of H2SO4 molecules.
Despite the initial growth in the H2O coordinate, addition of
H2SO4 molecules to the positive clusters is not thermodynami-
cally favorable for most atmospheric conditions. For the negative
clusters, effective solvation of the HSO4

- core ion by H2SO4

ligands results in a stable HSO4
-(H2SO4)s backbone, and these

species have repeatedly been observed in the atmosphere.8

Incorporation of H2O ligands stabilizes these clusters and allows
for further growth in the H2SO4 coordinate. The low H2O affinity
of the small HSO4-(H2SO4)s(H2O)w clusters imposes some initial
resistance to growth, but strong H2SO4 bonding gives this system
a significant advantage over H+(H2SO4)s(H2O)w for promoting
ion-induced nucleation under atmospheric conditions. This
negative polarity preference is consistent with the experiments
of Kim et al.,4 who observed that production of negative particles
was favored from charged H2SO4/H2O vapors. Theoretical
treatments36 and other laboratory studies conducted using a
variety of compounds5,37 suggest that polarity preferences in
nucleation about ions are due to chemical properties of the
precursor gases. In the atmosphere, HSO4

-(H2SO4)s(H2O)w and
H+(H2SO4)s(H2O)w clusters may incorporate additional com-
pounds such as NH3, which is likely to alter the molecular
properties of the clusters and may therefore affect the preference
for negative ion growth.

Summary

Accurate thermodynamics of the initial stages of cluster ion
growth are critical to properly model ion-induced nucleation.
Thermodynamics of H2O binding in the HSO4-(H2SO4)s(H2O)w
cluster ions were measured at tropospheric temperatures and
relative humidities, and the complete thermodynamics of
stepwise cluster ion growth for this system are now known
throughs ) 5. Thermodynamic barriers to incorporation of H2-
SO4 molecules in the analogous positive cluster ions, H+(H2-
SO4)s(H2O)w, limit their ability to attain stable particles sizes,
and growth of H2SO4/H2O cluster ions via the negative ion
channel is thermodynamically favored. A kinetic model of ion-
induced nucleation of the H2SO4/H2O system, which incorpo-
rates experimental thermodynamics presented here and in
previous works,9,10 is currently under development in our
laboratory.

The weak H2O bonding measured experimentally for the
HSO4

-(H2O), HSO4
-(H2SO4)(H2O), and HSO4-(H2SO4)(H2O)2

clusters is well described by ab initio HF/6-31+G(d) calcula-
tions. As H2SO4 molecules are added, more favorable H2O
binding geometries are made available. H2O ligands become
bound by three or more hydrogen bonds and are further
incorporated into the cluster, resulting in stronger H2O bond
enthalpies and larger negative reaction entropies measured for
HSO4

-(H2SO4)s(H2O)w as the number of H2SO4 ligands is
increased. As the clusters become larger, H2O and H2SO4 ligands
stabilize one another, analogous to strong acid-water solutions.

TABLE 4: Derived Enthalpies and Entropies for the
Association Reaction, HSO4-(H2SO4)s-1(H2O)w + H2SO4 f
HSO4

-(H2SO4)s(H2O)w Cluster Ions, s ) 1-5

number of H2SO4 ligands,snumber of
H2O ligands,w 1 2 3 4 5

∆H°s-1,s

0 -41.8a -27.4a -23.8a -21.6a -20.4a

1 -37.6 -30.4 -27.2 -21.5 -23.3
2 -35.9 -34.5 -26.2 -23.1 -24.5
3 -34.6 -34.4 -28.2 -24.2 -24.6
4 -28.9 -26.1 -24.2

∆S°s-1,s

0 -42.6a -34.4a -35.3a -35.7a -34.9a

1 -40.7 -46.8 -43.3 -36.2 -41.2
2 -45.3 -58.8 -41.6 -36.9 -44.6
3 -48.2 -58.5 -45.2 -39.3 -42.9
4 -45.0 -44.7 -39.6

a Experimental∆H° results and ab initio∆S° values from our
previous work (Reference 9,10). All other values were determined from
thermochemical reaction cycles based on the current measurements.
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Stable multiply ionic structures, HSO4-(HSO4
-‚H3O+)-

(H2SO4)s-1(H2O)w-1 and (SO4
2-‚H3O+)(H2SO4)s, are calculated

for s ) 2 and 3. The relative HF energies of these isomers
suggest that they are not significantly populated in a thermal
system. However, the energies of multiply ionic structures
become increasingly competitive with singly ionic species as
the charge separation is better solvated with additional ligands.
Proton transfer within HSO4-(H2SO4)s(H2O)w cluster ions lowers
their absolute entropy, and the large reaction entropy values
measured for thes ) 3-6 clusters may be due to the formation
of multiply ionic product clusters. Ab initio calculations of
HSO4

-(H2SO4)s(H2O)w cluster ions conducted at higher levels
of theory may yield more consistent agreement with experi-
mental bond enthalpies and entropies and may help to better
establish the stability of multiply ionic species.
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