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We calculate structures and thermochemical parameters for H2SO4•(H2O)n, HSO4
–•(H2O)n, 

H2SO4•NH3•(H2O)m and HSO4
–•NH3•(H2O)m clusters (with n = 0 … 4 and m = 0 … 1) 

using the MP2/aug-cc-pV(D + d)Z quantum chemical method, with higher-order correc-
tions computed at the MP2/aug-cc-pV(T + d)Z and MP4/aug-cc-pV(D + d)Z levels. Equi-
librium constants for hydrate formation at different temperatures are computed using the 
quantum chemical results, and the predicted extent of hydrate formation is compared with 
experimental results. Hydrate distributions in different RH conditions are derived using 
the calculated free energies of hydration. The results show that the hydrogensulfate ion is 
in all conditions much more strongly hydrated than the neutral sulfuric acid molecule. The 
high-level thermodynamic data calculated for the clusters agree with the experimental data, 
and the presented hydrate model is expected to perform better than earlier versions based 
on less reliable quantum chemical data. A comparison to the ammonia-containing clusters 
indicates that ammonia probably plays at most a minor role in ion-induced nucleation 
involving the HSO4

– core ion.

Introduction

Over the past decade or so, aerosol formation 
was observed at a large number of sites around 
the world (Kulmala et al. 2004). Such obser-
vations were performed on different platforms 
(ground, ships, aircraft) and over different time 
periods (campaign or continuous-type measure-
ments). It has been proposed, and confirmed 
by observations, that atmospheric new particle 
formation depends on the sulfuric acid concen-
tration (for example Weber et al. 1996, Weber 
et al. 1997, Kulmala et al. 2006). In laboratory 
experiments (Viisanen et al. 1997, Bernd et al. 

2005), this dependence was found to obey a 
power-law form having exponents of order 4–10. 
In atmospheric conditions, the dependence is not 
as strong (for example Weber et al. 1996, Weber 
et al. 1997, Kulmala et al. 2006), with the expo-
nent of only 1–2.

However, it has not yet been resolved what 
the most important nucleation mechanisms in the 
atmosphere are. The most realistic candidates are 
(see for example Kulmala et al. 2000, O’Dowd 
et al. 2002, Kulmala 2003, Lee et al. 2003, 
Lovejoy et al. 2004): (1) homogeneous binary 
water–sulfuric acid nucleation (for example in 
industrial plumes and in the free troposphere), (2) 
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homogeneous ternary water-sulfuric acid-ammo-
nia nucleation (for example in the continental 
boundary layer), (3) ion-induced nucleation of 
binary (water–sulfuric acid) or ternary inorganic 
vapours or of organic vapours (for example in 
the upper troposphere and lower stratosphere), 
and (4) barrierless (kinetically controlled) homo-
geneous nucleation of, for example, iodine spe-
cies (in coastal environments). Mechanisms 2 
and 3 can also be kinetically limited. All these 
mechanisms have been observed in laboratory 
conditions, although the concentrations used in 
laboratory studies are typically far above those 
in the atmosphere. Laboratory studies (Couling 
et al. 2003a, 2003b ) have also demonstrated that 
the initial stages of sulfate aerosol formation is 
likely to involve sulfuric acid hydrate clusters 
with one or two water molecules per acid.

Atmospheric new particle formation might 
actually be a two-step process (see for example 
Kulmala et al. 2000). The first step would be 
the nucleation process itself, producing atmos-
pheric (neutral or ion) clusters. The second step 
would be the activation of clusters (Kulmala et 
al. 2006). The first step could also include the 
recombination of atmospheric ion clusters.

In the first step, ternary homogeneous nucle-
ation seems to be thermodynamically possible in 
many atmospheric conditions (Anttila et al 2005). 
Also ion-induced nucleation has been shown to 
contribute to observed particle formation events 
for example in boreal forest regions (Laakso et 
al. 2006). However, the precise identities of the 
participating ionic and neutral molecular species 
are as yet unknown. Laboratory measurements 
(Froyd and Lovejoy 2003, Lovejoy et al. 2004) 
yielded thermochemical data for some of the 
reactions of hydrated (HSO4

–)x•(H2SO4)y ions, 
which are very likely to play a significant role in 
the ion-induced nucleation mechanisms. Cluster 
properties predicted by bulk thermodynamics 
are not valid during the atmospheric nucleation 
processes. So far, conclusions on whether or not 
certain substances cause nucleation in the atmos-
phere are usually based on predictions given by 
the classical nucleation theory. Therefore, quan-
tum chemical studies are needed to find reliable 
formation pathways for small clusters.

As shown for example by Nadykto et al. 
(2006), quantum chemical methods are able to 

explain qualitative or even quantitative features 
of ion-induced nucleation processes which are 
not well described by classical methods. As a 
first step in the computational investigation of 
ion-induced nucleation in the sulfuric acid–water 
system, we studied the hydration thermodynam-
ics of the hydrogensulfate ion (HSO4

–) and com-
pared it to that of the neutral sulfuric acid mol-
ecule (H2SO4). We also studied the binding of 
ammonia to the hydrogensulfate ion in order to 
assess the possible role of ammonia in negative 
ion-induced nucleation.

Computational details

Our calculations were performed with the Gaus-
sian 03 program suite (Frisch et al. 2004) using 
second- and fourth-order Møller-Plesset pertur-
bation theory; MP2 (Møller and Plesset 1934) 
and MP4 (Krishnan and Pople 1978). The basis 
sets employed were the augmented correlation-
consistent polarized split-valence sets aug-cc-
pV(D + d)Z and aug-cc-pV(T + d)Z (Dunning 
2001), which are improved version of the stand-
ard aug-cc-pVDZ and aug-cc-pVTZ sets (Dun-
ning 1989, Wilson et al. 1996), and have been 
shown (Wang and Wilson 2004, Wilson and 
Dunning 2004) to produce more accurate results 
for sulfur-containing molecules. Our previous 
error analysis study (Kurtén et al. 2006) showed 
that these corrected, augmented correlation-con-
sistent basis sets describe hydrogen-bonded clus-
ters well.

For all species, several guess geometries 
were first optimized at the MP2/aug-cc-pV(D + 
d)Z level. For the minimum energy structure, and 
all metastable isomers within 2 kcal mol–1 of the 
minimum, we then carried out a frequency calcu-
lation at the MP2/aug-cc-pV(D + d)Z level. Next, 
we carried out two higher-level single-point cal-
culations on all isomers with a Gibbs free energy 
within 2 kcal/mol of the minimum structure: one 
at the MP2/aug-cc-pV(T + d)Z and another at the 
MP4/aug-cc-pV(D + d)Z level. For the neutral 
species, guess geometries were mainly obtained 
from earlier studies (Bandy and Ianni 1998, Re 
et al. 1999, Ding et al. 2003a). For the smallest 
ionic cluster HSO4

–•(H2O), the HF/6-31+G(d) 
structures of Froyd and Lovejoy (2003) were 
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used as input structures, while for the larger clus-
ters, guess geometries were obtained by a combi-
nation of molecular dynamics simulations (using 
the potential developed by Ding et al. 2003b) 
and low-level (B3LYP/6-31++G(d,p) with loose 
convergence criteria) quantum chemical optimi-
zations.

The Gaussian default convergence crite-
ria (listed in the Appendix) were used for the 
geometry optimizations and harmonic frequency 
calculations. For the anharmonic vibrational 
frequency calculations, tighter criteria of 10–5 
a.u. and 1.5 ¥ 10–5 a.u. with respect to the RMS 
and maximum forces, respectively, were used. 
The perturbative method with which the anhar-
monic vibrational frequencies were calculated is 
described by Barone (2005). All molecular struc-
ture figures were created using the MOLEKEL 
program (Portmann 2002).

Results and discussion

Method validation

Most previous studies on sulfuric acid–water 
clusters (Bandy and Ianni 1998, Re et al. 1999, 
Ding et al. 2003a, al Natsheh et al. 2004) were 
based on the density functional theory (DFT) 
methods. While DFT methods are computation-
ally effective, and have been hugely successful 
in many quantum chemical applications, they 
have so far been unable to describe disper-
sive interactions (caused by non-local correla-
tion) which play a moderately important role 
in hydrogen bonding. Recently, heavily para-
metrized functionals have been developed (see 
e.g. Zhao and Truhlar 2004, 2005) which repro-
duce well the experimentally determined binding 
energies and geometries for hydrogen-bonded 
species of some reference dataset. It should, 
however, be noted that the good agreement is 
achieved by parameter fitting instead of a fun-
damentally accurate physical description of the 
system. While these functionals probably rep-
resent the best alternative for computations on 
larger systems, correlated wave-function based 
methods are still the most systematically reliable 
tools for investigating weakly bound systems, 
especially those including bonding patterns not 

present in the datasets used to build or test the 
functionals. Functionals containing explicit dis-
persion contributions are being developed (see 
e.g. Schwabe and Grimme 2006) but they are not 
yet generally available.

As the focus of this study is on obtaining 
accurate thermochemical results for relatively 
small clusters, we decided to use Møller-Plesset 
perturbation theory (MPn), which is known to 
describe hydrogen-bonded systems well. How-
ever, the use of MPn methods is challenging 
in three ways. First, the computational effort is 
significant, as even the MP2 method scales as 
roughly the fifth power of the system size (while 
DFT methods scale as the third or fourth power). 
Second, the MP methods converge much slower 
with respect to the basis set than do DFT meth-
ods. This is apparent for example in the basis-set 
superposition errors (BSSE) calculated in our 
earlier error analysis study (Kurtén et al. 2006). 
For the H2SO4•H2O cluster and the large aug-cc-
pV(T + d)Z basis set, the DFT methods B3LYP 
and PW91 yielded BSSE errors of less than 0.2 
kcal mol–1, while the BSSE error at the MP2 
level was over 1 kcal mol–1. However, this large 
value may be an overestimation, since the coun-
terpoise correction (Boys and Bernardi 1970) 
used to evaluate BSSE errors often yields incor-
rect results for basis sets including multiple dif-
fuse functions (Feller 1992). Third, the harmonic 
vibrational frequencies predicted by the MP2 
method are usually (Foresman and Frisch 1996) 
further from the experimental (anharmonic) fre-
quencies, resulting in larger errors if anharmo-
nicity is neglected. Furthermore, it should be 
noted that as the MP2 method only recovers part 
of the correlation energy, higher-level correc-
tions at even more prohibitively expensive levels 
(for example MP4, which scales formally as the 
seventh power of the system size) are required 
for accurate results.

In order to obtain accurate thermochemi-
cal parameters with a feasible computational 
effort, we clearly require some sort of multistep 
method: a scheme in which the geometry and 
vibrational frequencies are calculated at a lower 
level, after which various corrections to the 
binding energy — for example with respect to 
the basis set or the level of electron correlation 
— are then computed at this geometry. Vari-



434	 Kurtén et al.  •  Boreal Env. Res. V ol. 12

ous well-established multistep methods already 
exist, such as the Gn family, but they are not well 
suited to weakly bound complexes as the basis 
sets employed in them contain few diffuse func-
tions. For example, the G2 method (Curtiss et al. 
1991) uses no diffuse functions in the geometry 
optimization, and only one set of diffuse func-
tions on non-hydrogen atoms in the calculation 
of higher-level corrections. Diffuse functions on 
hydrogen atoms are not included at all.

In this study, we adapted the philosophy of 
established multistep methods to the aug-cc-
pV(X + d)Z basis sets, which we have shown 
(Kurtén et al. 2006) to be more suitable for the 
study of sulfuric acid–water clusters. After the 
initial MP2/aug-cc-pV(D + d)Z optimization and 
frequency calculations, two higher-level correc-
tions were calculated: the MP2/aug-cc-pV(T + 
d)Z energy to account for basis-set effects beyond 
the double-zeta level, and the MP4/aug-cc-pV(D 
+ d)Z energy to account for electron correlation 
beyond the MP2 level. From the two MP2 ener-
gies, the basis-set limit energy could be extrapo-
lated using the formula (Helgaker et al. 1997):

	 	 (1)

where E(∞) is the basis-set limit energy, A is a 
constant, X = 2 for the aug-cc-pV(D + d)Z set 
and X = 3 for the aug-cc-pV(T + d)Z set. The 
purpose of the extrapolation is to remove not 
only basis-set superposition errors but also basis-
set incompleteness errors, and thus provide a 
more reliable estimate of the basis-set limit than 
that given e.g. by the counterpoise correction 
(Boys and Bernadi 1970) (see the Appendix for 
test calculations of basis set dependencies on 
MP2 energies). The MP2 and MP4 energies can 
then be combined as follows:

	 	 (2)

Were aug-[D or ∞]Z is an abbreviation of 
aug-cc-pV(X + d)Z and the difference in paren-
theses in the right-hand side of the expression 
accounts for the higher-order correlation.

We tested the validity of our method with a 
series of test calculations on the smallest clus-

ters structures in our study: H2SO4•H2O and 
HSO4

–•H2O. We optimized the geometry of these 
smallest clusters at the MP2/aug-cc-pV(T + d)Z 
level, and also calculated electronic energies 
at the computationally very demanding MP4/
aug-cc-pV(T + d)Z level. The results are pre-
sented in appendix, and show that the combi-
nation of MP2/aug-cc-pV(D + d)Z geometries 
with MP2/aug-cc-pV(T + d)Z and MP4/aug-
cc-pV(D + d)Z single-point energies provide a 
relatively cost-effective way of calculating very 
accurate binding energies. We further carried out 
anharmonic frequency calculations at the MP2/
aug-cc-pV(D + d)Z level on the H2O, H2SO4, 
HSO4

–, H2SO4•H2O, HSO4
–•H2O (two isomers), 

H2SO4•(H2O)2 and HSO4
–•(H2O)2 (two isomers) 

systems. The resulting vibrational frequencies 
and anharmonicity constants were used to deter-
mine two sets of scaling factors for the neutral 
clusters. The sf1 scaling factor set was used to fit 
the harmonic enthalpy and entropy contributions 
to the corresponding anharmonic ones calculated 
by using the anharmonic fundamental vibrational 
frequencies in the expressions derived for har-
monic oscillators (a SPT model by Truhlar and 
Isaacson 1991, Barone 2004). The sf2 set was 
used to fit the harmonic enthalpy and entropy 
contributions to the corresponding anharmonic 
ones calculated using more accurate expressions 
involving the anharmonicity constants. For the 
hydrogensulfate ion, scaling factors could not be 
determined as one of its anharmonic vibrational 
frequencies was negative. Further test calcula-
tions revealed that this was caused by an inter-
nal rotation, which the perturbative anharmonic 
vibrational method was unable to treat properly. 
The anharmonic thermochemical parameters for 
HSO4

– were determined by treating its lowest 
vibrational mode as a hindered internal rotation, 
and using the computed anharmonicity constants 
to calculate thermochemical contributions for the 
other modes. One of the HSO4

–•H2O isomers also 
appeared to posess an internal rotation, which 
caused one of the anharmonic overtone frequen-
cies to be negative. This was also accounted for 
by treating the mode as a hindered internal rota-
tion. The process is described in greater detail 
in the appendix. The sf2 and sf1 scaling factor 
sets for the larger clusters were determined by 
fitting to the anharmonic values of the dihydrate 
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structures HSO4
–•(H2O)2 and H2SO4•(H2O)2 (see 

Appendix for details).

Comparison of neutral and ion clusters

The structure of the most stable neutral cluster 
structures (with respect to the Gibbs free energy 
of formation, calculated using the harmonic 
approximation, at 298 K) H2SO4•(H2O)n with n 
= 1–4 is shown in Fig. 1 (cartesian co-ordinates 
of these structures, along with several metast-
able isomers, are given at http://www.borenv.net/

BER/pdfs/ber12/KurtenS1.pdf). The structures 
are qualitatively similar to those obtained in 
earlier DFT studies (Bandy and Ianni 1998, Re et 
al. 1999). It should be noted that the high-level 
method employed here does not predict proton 
transfer to occur for the H2SO4•(H2O)4 cluster, 
unlike the B3LYP/6-311++G(2d,2p) study by 
Bandy and Ianni (1998). However, in both cases 
the energy difference between the most stable 
clusters with and without proton transfer is very 
small.

The structure of the most stable (with respect 
to the Gibbs free energy of formation, calculated 

Fig. 1. Structure of the 
most stable neutral clus-
ters:
(a) H2SO4•H2O,
(b) H2SO4•(H2O)2,
(c) H2SO4•(H2O)3,
(d) H2SO4•(H2O)4.

Fig. 2. Structure of the 
most stable anionic clus-
ters:
(a) HSO4

–•H2O,
(b) HSO4

–•(H2O)2,
(c) HSO4

–•(H2O)3,
(d) HSO4

–•(H2O)4.

http://www.borenv.net/BER/pdfs/ber12/KurtenS2.pdf
http://www.borenv.net/BER/pdfs/ber12/KurtenS2.pdf
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using the harmonic approximation, at 298 K) 
anionic cluster structures HSO4

–•(H2O)n with n 
= 1–4 is shown in Fig. 2 (cartesian co-ordinates 
of these structures, along with several metast-
able isomers are given at http://www.borenv.
net/BER/pdfs/ber12/KurtenS1.pdf). By compar-
ing the structures of the neutral and anionic clus-
ters (Figs. 1 and 2), it can be seen that the larger 
anionic clusters contain more hydrogen bonds 
than the corresponding neutral clusters. Presum-
ably, the H-bonds are also stronger, as the hydro-
gen atoms of the water molecules are attracted 
toward the negatively charged core ion.

The electronic energies, enthalpies, entro-
pies and Gibbs free energies computed for the 
water addition reaction to various clusters are 
listed in Tables 1 and 2. All the values refer to 
reactions between the most stable cluster struc-
tures (with respect to the Gibbs free energy, 
calculated using the harmonic approximation, 
at 298 K). More information on the calculated 
energies for both these and all studied metastable 
cluster structures is given at http://www.borenv.
net/BER/pdfs/ber12/KurtenS2.pdf. Note that the 
most stable isomers with respect to the electronic 
energy and free energy are different for some 
cluster stoichiometries. The reaction energies at 
all three computed levels [MP2/aug-cc-pV(D 
+ d)Z, MP2/aug-cc-pV(T + d)Z and MP4/aug-
cc-pV(D + d)Z] are presented in Table 1. ‘∆E0, 
3-step’ corresponds to the combination of the 
fitted MP2/aug-cc-pV(∞ + d)Z basis set limit 
with the MP2 – MP4 difference, as described 
in the section ‘Method validation’. The param-
eters presented in Table 2 are calculated using 
the multistep electronic energies and the scaling 

factor sets sf1 and sf2, described in detail in the 
Appendix.

The formation free energies for the 
H2SO4•H2O and H2SO4•(H2O)2 clusters are in 
excellent agreement with experimental results 
(see Hanson and Eisele 2000) when the anhar-
monic vibrational corrections are accounted for. 
For the ionic clusters, the reaction enthalpies and 
entropies for individual water addition reactions 
vary strongly, and the agreement with experi-
mental results (Blades et al. 1995, Froyd and 
Lovejoy 2003) is not always good. However, 
the computed (anharmonic, using the sf2 scal-
ing factor set) enthalpy and entropy changes for 
example for the cumulative reaction HSO4

– + 
4 H2O => HSO4

–•(H2O)4 (–48.84 kcal mol–1 and 
–110.7 cal Kmol–1, respectively) are very close 
to the corresponding experimental values (–49.7 
kcal mol–1 and –112 cal Kmol–1, respectively). 
This indicates that the differences observed for 
individual water addition reactions may be due to 
configurational sampling issues, such as the fact 
that only the most stable isomers (with repect to 
the free energy at 298 K) were used to calculate 
the reaction energetics shown here. As the experi-
ments were performed at quite low temperatures 
of 221–271 K (the experimental 298 K values are 
extrapolations), it is quite possible that the exper-
imental values contain significant contributions 
from some isomers which are less stable at 298 
K (see http://www.borenv.net/BER/pdfs/ber12/
KurtenS2.pdf). We tested the effect of includ-
ing contributions from the metastable isomers 
to the computed enthalpies and entropies to give 
“ensemble-averaged” values. We also tested the 
effect of using the scaling factors obtained from 

Table 1. Reaction energies computed for the water addition reactions at different levels. DZ and TZ correspond to 
aug-cc-pV(D + d )Z and aug-cc-pV(T + d )Z, respectively.

Reaction	 ∆E0, MP2/DZ	 ∆E0, MP2/TZ	 ∆E0, MP4/DZ	 ∆E0, 3-step
	 (kcal mol–1)	 (kcal mol–1)	 (kcal mol–1)	 (kcal mol–1)

H2SO4 + H2O => H2SO4•H2O	 –12.73	 –13.01	 –12.74	 –13.14
H2SO4•H2O + H2O => H2SO4•(H2O)2	 –12.63	 –12.72	 –12.71	 –12.84
H2SO4•(H2O)2 + H2O => H2SO4•(H2O)3	 –12.39	 –12.65	 –12.30	 –12.66
H2SO4•(H2O)3 + H2O => H2SO4•(H2O)4	 –13.12	 –12.91	 –13.09	 –12.79
HSO4

– + H2O => HSO4
–•H2O	 –14.77	 –14.77	 –15.00	 –15.01

HSO4
–•H2O + H2O => HSO4

–•(H2O)2	 –16.48	 –16.67	 –16.71	 –16.97
HSO4

–•(H2O)2 + H2O => HSO4
–•(H2O)3	 –15.13	 –14.88	 –15.49	 –15.13

HSO4
–•(H2O)3 + H2O => HSO4

–•(H2O)4	 –10.89	 –10.64	 –11.09	 –10.74

http://www.borenv.net/BER/pdfs/ber12/KurtenS2.pdf
http://www.borenv.net/BER/pdfs/ber12/KurtenS2.pdf
http://www.borenv.net/BER/pdfs/ber12/KurtenS2.pdf
http://www.borenv.net/BER/pdfs/ber12/KurtenS2.pdf
http://www.borenv.net/BER/pdfs/ber12/KurtenS2.pdf
http://www.borenv.net/BER/pdfs/ber12/KurtenS2.pdf
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the more anharmonic HSO4
–•(H2O)2 (ii) isomer 

to compute the thermochemical parameters for 
the larger clusters. The results (see Table A8 of 
the Appendix) indicate that including contribu-
tions from metastable isomers has a moderate 
effect on the thermochemical parameters. For the 
HSO4

– + H2O => HSO4
–•(H2O), HSO4

–•(H2O) + 
H2O => HSO4

–•(H2O)2 and HSO4
–•(H2O)2 + H2O 

=> HSO4
–•(H2O)3 reactions, ensemble-averaging 

and using the more anharmonic scaling factor 
sets somewhat improves the agreement of com-
puted and experimental enthaply and entropy 

changes. However, for the HSO4
–•(H2O)3 + H2O 

=> HSO4
–•(H2O)4 reaction, all computed datasets 

are far from the experimental values. It is possible 
that this discrepancy is related to unidentified hin-
dered rotations in the ionic tri- or tetrahydrates.

The fact that the cumulative reaction energet-
ics agree, while the individual reaction energet-
ics differ, might also indicate that there could be 
some uncertainty in the experimentally meas-
ured number of water molecules in a cluster. If 
this is the case, e.g. the data reported by Froyd 
and Lovejoy (2003) for two-water clusters could 

Table 2. Reaction thermodynamics computed for water addition reactions at 298 K and a reference pressure of 1 
atm.

Reaction	 ∆S, 298K	 ∆H, 298K 	 ∆G, 298K
	 (cal Kmol–1)	 (kcal mol–1)	 (kcal mol–1)

H2SO4 + H2O => H2SO4•H2O	 –29.15a	 –11.50a	 –2.81a

	 –27.49b	 –11.50b	 –3.30b

	 –25.76c	 –11.12c	 –3.44c

			   –3.6 ± 1d

H2SO4•H2O + H2O => H2SO4•(H2O)2	 –30.90a	 –11.08a	 –1.87a

	 –29.33b	 –11.10b	 –2.35b

	 –28.90c	 –10.92c	 –2.30c

			   –2.30 ± 0.3d

H2SO4•(H2O)2 + H2O => H2SO4•(H2O)3	 –29.20a	 –11.07a	 –2.37a

	 –28.11b	 –11.07b	 –2.69b

	 –27.46c	 –10.94c	 –2.75c

H2SO4•(H2O)3 + H2O => H2SO4•(H2O)4	 –34.49a	 –11.19a	 –0.90a

	 –33.43b	 –11.18b	 –1.21b

	 –32.79c	 –11.04c	 –1.26c

HSO4
– + H2O => HSO4

–•H2O	 –28.01a	 –13.35a 	 –5.00a

	 –24.32b	 –13.47b	 –6.22b

	 –22.64c	 –12.95c	 –6.20c

	 –23.00e	 –12.90e	 –5.90f

HSO4
–•H2O + H2O => HSO4

–•(H2O)2	 –32.61a	 –13.48a 	 –3.76a

	 –32.44b	 –13.11b	 –3.44b

	 –33.35c	 –13.39c	 –3.45c

	 –22.0e	 –11.20e	 –4.70f

HSO4
–•(H2O)2 + H2O => HSO4

–•(H2O)3	 –39.83a	 –12.90a 	 –1.03a

	 –39.12b	 –14.46b	 –2.80b

	 –38.95c	 –14.39c	 –2.78c

	 –30.70e	 –12.40e

HSO4
–•(H2O)3 + H2O => HSO4

–•(H2O)4	 –25.13a	 –9.30a	 –1.81a

	 –24.02b	 –9.28b	 –2.12b

	 –23.76c	 –9.22c	 –2.14c

	 –36.30e	 –13.20e

a) Harmonic values, internal rotations are ignored. b) Anharmonic values, using fundamental frequencies for the 
smaller clusters and the sf1 scaling factor set for clusters that contain more than two water molecules, account-
ing approximately for the identified internal rotations. c) Anharmonic values, using anharmonicity constants for the 
smaller clusters and the sf2 scaling factor set for clusters that contain more than two water molecule, accounting 
approximately for the identified internal rotations. d) Experimental values, Hanson and Eisele (2000). e) Experimental 
values, Froyd and Lovejoy (2003). f) Experimental values, Blades et al. (1995), at 293 K. All computed values cor-
respond to the ∆E0, 3-step electronic energies (Table 1).
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contain some contributions from one- and three-
water clusters.

A comparison of the electronic and Gibbs free 
energies for hydration reactions demonstrates that 
the hydrogensulfate ion binds water significantly 
more strongly than sulfuric acid. For the first two 
water addition reactions, the differences in elec-
tronic or free energies are around 1.5–2 kcal mol–

1, with the application of anharmonicity correc-
tions tending to decrease the differences. For the 
third and fourth addition reactions, the difference 
decreases to below 1 kcal mol–1 as the additional 
water molecules are increasingly bound to other 
waters instead of to the core acid or ion. Presum-
ably, the difference would decrease even further 
if more water molecules were added. However, 
as the degree of hydration in atmospheric condi-
tions is mainly determined by the equilibrium 
constants of the first water addition reactions, we 
can conclude from the data that the hydrogen-
sulfate ion will be much much more extensively 
hydrated than the neutral acid molecule.

Basis-set superposition errors have been evalu-
ated for the two-molecule clusters using the coun-
terpoise method (Boyd and Bernadi 1970). The 
results (see Table A4 of the Appendix) seem to 
indicate that the magnitude of the basis-set super-
position errors for the dimer clusters at the MP2 
level is around 2 kcal mol–1 for the aug-cc-pV(D 
+ d)Z and 1 kcal mol–1 for the aug-cc-pV(T + d)Z 
basis sets. However, further test calculations (see 
Table A5) on larger basis sets up to aug-cc-pV(5 + 
d)Z quality show that the differences between aug-
cc-pV(D + d)Z or aug-cc-pV(T + d)Z and basis set 
limit binding energies are likely to be almost an 
order of magnitude smaller than predicted by the 
counterpoise correction. This is probably related 
to the presence of multiple diffuse functions in 
the basis sets, as noted e.g. by Feller (1992). We 
also note that including the counterpoise correc-
tions would significantly deteriorate the agree-
ment between computed and experimental results 
for almost all clusters studied.

Sulfuric acid hydrate formation

In atmospheric studies of particle formation 
involving sulfuric acid, it is vital to know the ratio 
of free sulfuric acid molecules to the total number 

of sulfuric acid molecules (free molecules + those 
bound to small clusters). The total number is the 
measured sulfuric acid concentration, but the free 
number enters the calculation of formation free 
energy of the clusters, and thus also the expo-
nential of this energy, which is the main factor 
determining the particle formation rate.

The equilibrium constants Ki for hydrate for-
mation are defined as

	 ,	 (3)

where aiw is the concentration of hydrates with 
one acid and i water molecules, w is the con-
centration of water molecules, 0 is the reference 
vapor concentration (0 = 1 atm/(kbT)), kb is 
Boltzmann’s constant, R is the molar gas con-
stant, and ∆Haiw and ∆Saiw are the standard reac-
tion enthalpy and entropy per mole for a reaction 
where a i-hydrate is formed from a (i – 1)-
hydrate and a water molecule. In the atmosphere, 
where the concentration of water is much higher 
than the concentration of sulfuric acid, hydrate 
formation does not cause the free water molecule 
concentration to deviate significantly from the 
total water concentration. The ratio of total to 
free number of acid molecules is given by

	 	 (4)

It can be seen from Fig. 3 that to get agree-
ment with experiments, we have to select the 
most accurate treatment possible. Both basis-set 
effects, higher-order correlation and anharmo-
nicity must be accounted for in order to quan-
titatively match quantum chemical results with 
experiments. It should be noted that though the 
predicted free to total ratios are still slightly 
higher than the experimental ones, our predictions 
are well within the experimental error limits.

The present hydrate model used in atmos-
pheric applications (Noppel et al. 2002) is partly 
based on the classical liquid drop model, partly 
on quantum chemistry, the combination of 
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which has been fitted to yield the experimental 
results (shown in Fig. 3). In the view of large 
experimental uncertainties and the accuracy of 
the quantum chemical results of this study, we 
present here a solely quantum chemistry-based 
hydration model using the computational results 
that match the experiments most closely.

Below we present polynomial fits for the 
temperature dependence of the reaction entro-
pies and enthalpies in the range of 140 K < T < 
400 K. The accuracy is 0.2% for the enthalpies, 
0.3% for the entropies, and 3% for the equilib-
rium constants. The temperature T in the fol-

lowing equations is given in Kelvin. The fits are 
based on the 3-step electronic energies presented 
above, with anharmonicity taken into account by 
using the scaling factor set sf2.

	∆Ha1w(T)/(R ¥ K) = –5640.7 – 2.714T
		 + 0.01119T 2 – 5.348 ¥ 10–6T 3
	∆Ha2w(T)/(R ¥ K) = –5456 – 1.976T
		 + 0.006128T 2	 (5)
	∆Ha3w(T)/(R ¥ K) = –5603 + 1.391T
		 – 0.003662T 2
	∆Ha4w(T)/(R ¥ K) = –5331 – 1.647T
		 + 0.003766T 2

Fig. 3. Comparison of ab initio hydration results with experimental data by Marti et al. (1997) at T = 298.15 K. The 
large cross characterizes the uncertainty of experimental data (Marti et al. estimated the composition uncertainty of 
solutions in their experiments to be 15% and the uncertainty of obtained total vapor pressures of acid to be 36%. 
The uncertainty of pure vapor pressure of acid by Ayers et al. (1980) is also included. The thick part of the cross 
corresponds to the uncertainty of mass fraction of acid ± 0.028 estimated by the scattering of data points (Noppel et 
al. 2002). RH is the relative humidity in the saturated vapor above an aqueous solutions of sulfuric acid. MP2harmonic 
corresponds to MP2/aug-cc-pV(D + d )Z electronic energies, with free energies computed using the harmonic oscil-
lator and rigid rotor approximations. MP4BSLharmonic corresponds to the three-step electronic energies described in 
this article (with basis-set limit and MP4 corrections), with free energies computed using the harmonic oscillator and 
rigid rotor approximations. MP4BSLanharm sf1 and MP4BSLanharm sf2 contain anharmonic corrections computed using 
the sf1 and sf2 scaling factor sets, respectively (see the article text and appendix for details). MP4BSLanharmK1 has 
been computed by combining the anharmonic formation free energy for the acid monomer with the harmonic forma-
tion free energies of the dimer, trimer and tetramer. We also show the free to total acid ratio calculated using the 
experimental equilibrium contants of Hanson and Eisele (2000) for mono-and dihydrate formation (K1 and K2), and 
classical liquid drop model for the hydrates with 3–5 water molecules.
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	∆Sa1w(T)/R = –13.34 – 0.01104T + 5.784
		 ¥ 10–5T2 – 5.556 ¥ 10–8T 3
	∆Sa2w(T)/R = –14.79 – 0.003969T
		 + 1.572 ¥ 10–5T 2	 (6)
	∆Sa3w(T)/R = –13.55 + 9.039 10–4T
		 – 8.041 ¥ 10–6T 2
	∆Sa4w(T)/R = –15.32 – 0.008266T
		 + 1.580 ¥ 10–5T 2

For the H2SO4•(H2O)3 cluster, the most stable 
structures with respect to the electronic energy 
and the Gibbs free energy at 298 K were differ-
ent. Hence, contributions from both isomers are 
included in Eqs. 5 and 6 (see also http://www.
borenv.net/BER/pdfs/ber12/KurtenS2.pdf). As 
the combinatorial nature of the configurational 
sampling problem makes it almost certain that 
all minimum geometries have not been sampled 
at least for the larger cluster structures, no other 
metastable isomers were included in the calcula-
tions.

Comparison of neutral and ion hydrate 
formation

Hydrate distributions derived from earlier quan-

tum chemical studies were in strong disagree-
ment with Hanson and Eisele (2000) experimen-
tal data (Fig. 4).

The hydrate distributions (at 298 K and three 
relative humidities) for the neutral sulfuric acid 
and hydrogensulfate ion computed from the data 
in this study are shown in Figs. 5 and 6. The dis-
tributions were computed using the anharmonic 
(sf2 scaling factor set) formation enthalpies and 
entropies with Eq 3. Relative humidities were 
converted into water partial pressures with the 
formula given by Seinfeld and Pandis (1998). 
The results show that, as expected from the 
thermodynamic data, the hydrogensulfate ion 
is more extensively hydrated than neutral sul-
furic acid in all conditions. While a significant 
percentage of the neutral sulfuric acid remains 
unhydrated at RH 20% and 50%, the fraction of 
unhydrated hydrogensulfate ions is negligible in 
all studied conditions. For the neutral acid, the 
peak of the hydrate distribution is located at 1 
water molecule for RH 20%, approximately 2 
water molecules for RH 50% and 3 water mol-
ecules for RH 80%. For the hydrogensulfate ion, 
the peak is located at 3 water molecules for RH 
20% and 50%, and at 4 water molecules or pos-
sibly more for RH 80%.

Test calculations were carried out to inves-
tigate the temperature and RH data ranges for 
which truncation of the dataset at 4 water mole-
cules is likely to significantly affect the predicted 
total degree of hydration. If a limit of 20% for 
the relative concentration of the four-water clus-
ters is taken as a indication of possibly signifi-
cant truncation errors, the neutral sulfuric acid 
hydrate distribution is unlikely to be affected 
at any temperature as long as the RH does not 
significantly exceed 100% (e.g. at 298 K, a RH 
of 130% is required for the limit to be reached). 
This confirms the assumption, made in the pre-
vious section, that neutral hydrates with more 
than 4 water molecules do not affect the free to 
total acid ratio significantly. However, for the 
ionic hydrate distribution the situation is very 
different. The limit of 20% concentration for 
the HSO4

–•(H2O)4 cluster is reached already at 
RH 40% at a temperature of 298 K. Decreasing 
the temperature raises the limiting RH value, 
but quite slowly, e.g. at 240 K it is still only 
50% (the reason for the small change is that the 
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Fig. 4. Hydrate distribution of neutral sulfuric acid at 
298 K and RH = 50% as predicted by the earlier quan-
tum chemical studies of Re et al. (1999), Bandy and 
Ianni (1998), the experimental study of Hanson and 
Eisele (2000), and the classical model of Noppel et al. 
(2002). The y-axis is the relative fraction of sulfuric acid 
molecules bound to each type of cluster, and the x-axis 
indicates the number of water molecules bound to the 
cluster. “Free” corresponds to the unhydrated acid.
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strong temperature dependencies of the hydrate 
formation free energies and the saturation vapour 
pressure of water mostly cancel out each other). 
We can thus conclude that modelling the full 
hydration of the HSO4

– ion at all atmospheric 
conditions would require the addition of several 
more water molecules to the dataset.

Assessing the role of ammonia in ion-
induced nucleation

Finally, we calculated the formation energies, 
enthalpies, entropies and Gibbs free energies for 
the H2SO4•NH3, (HSO4

–)•NH3, H2SO4•NH3•H2O 
and (HSO4

–)•NH3•H2O clusters (only har-
monic thermochemical parameters are shown 
as the comparison is intended to be qualitative 
in nature, and no scaling factors were deter-
mined for ammonia-containing clusters). The 
most stable cluster structures are shown in Fig. 

7. The neutral clusters structures are similar to 
those presented by Ianni and Bandy (1998). Our 
results (see Tables 3 and 4) show that ammonia 
is much more strongly bonded to the neutral acid 
molecule than to the hydrogensulfate ion. Indeed, 
the binding of ammonia to HSO4

– is predicted to 
be weakly endothermic at 298 K. The reason 
for the large difference in the binding energies 
is probably the fact that H2SO4 is a strong acid, 
and thus highly attracted to ammonia (which 
is a moderately strong base), while HSO4

– is a 
very weak acid, and therefore less attracted to 
the basic ammonia molecule. Additionally, a 
comparison of the results for the ammonia-con-
taining and ammonia-free clusters (Tables 1–2 
and 3–4, respectively) shows that the presence 
of ammonia does not increase the affinity of the 
HSO4

– toward water. These results imply that 
ammonia will probably not enhance ion-induced 
nucleation in the sulfuric acid-water system like 
it does for neutral nucleation. However, further 
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Fig. 5. Hydrate distribution of neutral sulfuric acid at 
298 K and three different relative humidities. The y-axis 
is the relative fraction of sulfuric acid molecules bound 
to each type of cluster, and the x-axis indicates the 
number of water molecules bound to the cluster. “Free” 
corresponds to the unhydrated acid.

Fig. 6. Hydrate distribution of the hydrogensulfate ion 
at 298 K and three different relative humidities. The 
y-axis is the relative fraction of ions bound to each type 
of cluster, and the x-axis indicates the number of water 
molecules bound to the cluster. “Free” corresponds to 
the unhydrated ion.

Table 3. Reaction energies for ammonia-contaning clusters computed at different levels. DZ and TZ correspond to 
aug-cc-pV(D + d )Z and aug-cc-pV(T + d )Z, respectively.

Reaction	 ∆E0, MP2/DZ	 ∆E0, MP2/TZ	 ∆E0, MP4/DZ	 ∆E0, 3-step
	 (kcal mol–1)	 (kcal mol–1)	 (kcal mol–1)	 (kcal mol–1)

H2SO4 + NH3 => H2SO4•NH3	 –16.99	 –17.08	 –16.59	 –16.72
H2SO4•NH3 + H2O => H2SO4•NH3•H2O	 –12.10	 –12.32	 –12.20	 –12.51
HSO4

– + NH3 => HSO4
–•NH3	 –10.78	 –10.59	 –10.99	 –10.71

HSO4
–•NH3 + H2O => HSO4

–•NH3•H2O	 –14.63	 –14.70	 –14.73	 –14.84
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calculations on larger clusters containing neutral 
sulfuric acid and additional water molecules in 
addition to the HSO4

– core ion will be required to 
conclusively settle this issue.

Conclusions

We computed formation energies for clusters con-
taining one sulfuric acid molecule or hydrogen-
sulfate ion and up to four water or one ammonia 
and one water molecules. The results demonstrate 
that the hydrogensulfate ion is bonded much 
more strongly to water than the neutral sulfuric 
acid molecule, and is hence expected to be more 
extensively hydrated in atmospheric conditions. 
This study represents the first high-level quantum 
chemical study of ion-induced nucleation of the 
hydrogensulfate core ion. In contrast to previ-
ous, lower level studies, the quantum chemical 
data presented here replicate the experimentally 
observed free to total acid ratio for hydrated sul-
furic acid. A comparison of ammonia-containing 
clusters indicates that ammonia might not play 
any role in ion-induced nucleation involving the 

hydrogensulfate core ion. However, further cal-
culations on larger clusters are needed to deter-
mine whether or not this is the case.
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Appendix

In order to test the validity of our method, we performed a series of test calculations on the smallest 
cluster structures in our study: H2SO4•H2O and HSO4

–•H2O. First, we optimized both structures at 
the MP2/aug-cc-pV(D + d)Z and MP2/aug-cc-pV(T + d)Z levels to test the magnitude of basis-set 
effects on the geometry. For the HSO4

–•H2O cluster, the minimum structures with respect to the elec-
tronic energy and the free energy at 298 K were different. Both structures (shown in Fig. A1) were 
analyzed here. The corresponding bond lengths, angles and binding energies are given in Table A1. 
The binding energies (defined as the electronic energy change for the formation reaction) at the MP2 
level are given for aug-cc-pV(D + d)Z and aug-cc-pV(T + d)Z basis sets. The convergence criteria 

for the geometry optimizations were the Gaussian defaults: 3 ¥ 10–4 and 4.5 ¥ 10–4 atomic units (a.u.) 
with respect to the root mean square (RMS) and maximum force, respectively. The convergence with 
respect to the electronic energy in the self-consistent field (SCF) step was 1 ¥ 10–6 a.u.

Next, we have calculated the MP4/aug-cc-pV(D + d)Z, MP4(SDQ)/aug-cc-pV(D + d)Z, MP4/aug-
cc-pV(T + d)Z and MP4(SDQ)/aug-cc-pV(T + d)Z binding energies for both clusters at the MP2/aug-
cc-pV(D + d)Z geometries (see Table A2 for results). The extrapolated aug-cc-pV(∞ + d)Z binding 
energies (using Eq. 2) obtained for the MP2, MP4(SDQ) and MP4 methods are given in Table A3.

It can be seen from Table A1 that the effect of going from a double-zeta to a triple-zeta basis set on 
the geometries is moderately small especially for the intermolecular distances, though unfortunately 
it is not negligible. Comparing Tables A1 and A2, it is evident that the triple-zeta corrections are 
important for the neutral cluster and negligibly small for the ionic clusters, while the opposite applies 
for the MP4 corrections. This surprising result indicates that both corrections are needed if accurate 
comparisons of neutral and ionic clusters are to be made. It can also be seen that the basis-set depend-
ence of the MP2 and MP4 methods are roughly similar. Thus, our three-step extrapolation presented 
above can be expected to yield reasonably reliable results even though MP4/aug-cc-pV(T + d)Z bind-
ing energies are not calculated for the larger clusters. The data also shows that the MP4(SDQ) method 
is not a good approximation to the considerably more costly MP4 method. This is unfortunate as the 
computation of the triple excitations is the most time-consuming step of the MP4 energy evaluation, 
especially for the largest clusters.

We have also compared the basis-set limit extrapolation scheme with the other common a posteri-
ori method for correcting basis-set errors, the counterpoise correction (Boys and Bernadi 1970). It is 
evident (Table A4) that the predicted corrections are relatively large as compared with the differences 
e.g. between the triple-zeta and extrapolated basis-set limit energies. Fortunately, the corrections for 
neutral and ionic clusters are relatively similar. Most importantly, the BSSE values calculated for the 
H2SO4•NH3 and HSO4

–•NH3 clusters differ by only 0.01 kcal mol–1. Our conclusions on the role of 
ammonia in ion-induced nucleation (which depend on the difference of the ammonia addition ener-
gies) are thus not affected at all.

For correlated wavefunction-based methods, the counterpoise correction is known to often give 
surprisingly large BSSE values. One explanation for this is that while the counterpoise correction 
accurately removes the basis-set superposition error, it does not remove errors arising from basis-
set incompleteness. Thus, the CP-corrected energies may actually be further from the true basis set 

Fig. A1. Schematic struc-
ture of the most stable 
one-water clusters: (a) 
H2SO4•H2O, (b) HSO4

–

•H2O (i) and (c) HSO4
–

•H2O (ii).
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limit than the uncorrected energies. To test this 
hypothesis, we performed a further series of test 
calculations with basis sets from double- to pen-
tuple-zeta quality using the recently developed 
RI-MP2 method (Weigend and Häser 1997) with 
the Turbomole (ver. 5.8) program suite (Ahl-
richs et al. 1989, Häser and Ahlrichs 1989). The 
RI-MP2 method employs an auxiliary basis set 
expansion to greatly reduce the computational 
effort while yielding relative (binding) energies 
that are essentially equal to the traditional MP2 
values (see Weigend et al. (1998) for details). The 
auxiliary basis sets needed for the RI expansion 
with the aug-cc-pV(X + d)Z basis sets used in this 
study are given by Weigend et al. (2002). The differences between the aug-cc-pV(D + d)Z and aug-cc-
pV(5 + d)Z binding energies (which should be quite close to the MP2 basis-set limit) are about an order 
of magnitude smaller than the basis-set superposition errors predicted by the counterpoise correction 
(Table A5). A comparison of the double- and triple-zeta values with those given in Table A1 confirms 
that the RI-MP2 and MP2 results are equal. For the ionic cluster, the difference between aug-cc-pV(D 
+ d)Z and aug-cc-pV(5 + d)Z values is only 0.05 kcal mol–1, though this is likely to be coincidental. 
This result is similar to that obtained by Feller (1992) who found that for a series of computations on 
the water dimer, application of the counterpoise correction often yielded incorrect results for correlated 
calculations using basis sets containing diffuse functions.

Next, we carried out a series of calculations to determine the effect of anharmonicity on the for-
mation enthalpies and entropies. As the first approximation, the anharmonic vibrational energy levels 
of molecules with non-degenerate vibrations can be expressed as (Nielsen 1959, Isaacson 1998, 
Barone 2004):

	 	 (A1)

where ni are vibrational quantum numbers, vi is the harmonic frequency, h is the Planck constant, and 
Xi,k is a matrix of anharmonic constants. The constant anharmonic term X0 effectively disappears in 

Table A2. Binding energies obtained for the H2SO4•H2O and HSO4
–•H2O clusters using different higher-level meth-

ods, at the MP2/aug-cc-pV(D + d)Z geometry. All values in kcal mol–1.

Species/level	H 2SO4•H2O	HSO 4
–•H2O (i)	HSO 4

–•H2O (ii)

MP4(SDQ)/aug-cc-pV(D + d )Z	 –12.11	 –14.49	 –15.73
MP4/aug-cc-pV(D + d )Z	 –12.74	 –15.00	 –16.51
MP4(SDQ)/aug-cc-pV(T + d )Z	 –12.36	 –14.44	 –15.69
MP4/aug-cc-pV(T + d )Z	 –12.98	 –14.96	 –16.51

Table A3. Extrapolated basis-set limit binding energies obtained for the H2SO4•H2O and HSO4
–•H2O clusters using 

different methods. All values in kcal mol–1.

Species/method	H 2SO4•H2O	HSO 4
–•H2O (i)	HSO 4

–•H2O (ii)

MP2	 –13.13	 –14.77	 –16.25
MP4(SDQ)	 –12.46	 –14.41	 –15.67
MP4	 –13.08	 –14.93	 –16.50

Table A4. Basis-set superposition error correc-
tions calculated using MP2 method and the counter-
poise method for various clusters and basis sets. All 
geometries have been optimized at the MP2/aug-cc-
pV(D + d )Z level.

Cluster	 Basis set	 BSSE correction
		  (kcal mol–1)

H2SO4•H2O	 aug-cc-pV(D + d )Z	  +2.08
HSO4

-•H2O	 aug-cc-pV(D + d )Z	  +1.69
H2SO4•H2O	 aug-cc-pV(T + d )Z	  +1.06
HSO4

–•H2O	 aug-cc-pV(T + d )Z	  +0.91
H2SO4•NH3	 aug-cc-pV(D + d )Z	  +2.52
HSO4

–•NH3	 aug-cc-pV(D + d )Z	  +2.51



448	 Kurtén et al.  •  Boreal Env. Res. V ol. 12

the evaluation of infrared transitions. We ignore this term in the following derivations, but take it into 
account later as a part of ZPE. As the perturbative method for the anharmonic vibrational frequency 
calculations (Barone 2005) used here takes also into account Fermi resonances and correspondingly 
potentially divergent terms that are related to the calculation of anharmonicity constants, we adopted as 
ZPE not the value by Eq. A1 (ni = 0) but the value proposed by Barone (2005). The corresponding cor-
rection term was also applied when Eq. A4 was used. The partition function for vibrations can be then 
expressed (first, for simplicity, we present the partition function for one vibration; Kvasnikov 2002):

	 (A2)

where Z0 denotes the partition function of harmonic vibration, ζ = hv/kbT and χ = X/kbT. For a collec-
tion of vibrations this expression can be generalized:

	 	 (A3)

From which it follows that the anharmonicity-corrected internal energy Evib and entropy Svib (per 
molecule) is:

	 	 (A4)

where f(ζ) = 1/2 + (eζ – 1)–1, and

	 	 (A5)

The first terms in these expressions represent internal energy and entropy in the harmonic approxi-
mation.

It is a common practice to calculate thermal contributions to the enthalpy and entropy that approx-
imately take into account anharmonicity by using anharmonic fundamental frequencies in expressions 

Table A5. Reaction energies for the addition of a water molecule to sulfuric acid and the hydrogensulfate ion, com-
puted using the RI-MP2 method and three different basis sets. All geometries have been optimized at the MP2/aug-
cc-pV(D + d )Z level.

Basis set	 ∆E0 (kcal mol–1) for the reaction	 ∆E0 (kcal mol–1) for the reaction
	H 2SO4 + H2O => H2SO4•H2O	HSO 4

– + H2O => HSO4
–•H2O

aug-cc-pV(D + d)Z	 –12.73	 –14.77
aug-cc-pV(T + d)Z	 –13.02	 –14.78
aug-cc-pV(Q + d)Z	 –12.91	 –14.65
aug-cc-pV(5 + d)Z	 –12.78	 –14.51
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that are derived for harmonic frequencies (see for example McQuarrie 1976, Truhlar and Isaacson 
1991, Barone 2004). The Gaussian 03 program package (Frisch et al. 2004) calculates anharmonic 
constants Xij using a perturbative approach (Barone 2005), but the computational costs increase rap-
idly for larger molecules. It should be noted that the anharmonic thermochemical contributions given 
by the Gaussian program are calculated simply by using anharmonic vibrational frequencies in the 
harmonic expressions.

To account for anharmonicity in larger molecules, it is rather common to introduce scaling factors 
for harmonic frequencies to estimate fundamental frequencies and anharmonic corrections to thermo-
chemical parameters. The values of these factors are usually determined by comparison with credible 
experimental data (Scott and Radom 1996). We calculated the anharmonic constants for the H2O and 
H2SO4 molecules and the H2SO4•H2O and H2SO4•(H2O)2 clusters at the MP2/aug-cc-pV(D + d)Z level 
using the perturbative method implemented in the Gaussian 03 program. Anharmonic contributions to 
thermochemical parameters were computed both by using the fundamental (anharmonic) frequencies 
in the harmonic expressions, and with Eqs. A4 and A5 (the second and third terms) (see Table A6).

We also attempted to calculate anharmonic vibrational frequencies for the HSO4
– ion and the HSO4

–

•H2O (i), HSO4
–•H2O (ii) and HSO4

–•(H2O)2 (i) and HSO4
–•(H2O)2 (ii) clusters. However, upon inspec-

tion of the results we discovered that one of the anharmonic vibrational frequencies for the HSO4
– ion 

was negative. The reported anharmonic wavenumber was –12.286 cm–1, while the corresponding har-

Table A6. Zero-point energies (ZPE) and thermal contributions to the enthalpies Htherm (defined as H(T ) – E0), entro-
pies S, and Gibbs free energies Gtherm (defined as G(T ) – E0) calculated at the MP2/aug-cc-pV(D + d )Z level, at a 
temperature of 298 K and a reference pressure of 1 atm, using various treatments for the vibrational modes. The 
first column (“harmonic”) corresponds to the harmonic vibrational approximation. The values in the second column 
(Anharmonic value, fundamentals) have been calculated using the anharmonic fundamental vibrational frequencies 
in the harmonic expressions, and the values in the third column (Anharmonic value, Eqs. A4 and A5) have been 
calculated using the computed anharmonicity constants in Eqs. A4 and A5, given above. Also reported is the aver-
age ratio of the anharmonic and harmonic fundamental frequencies, Σνfund/Σνharm.

Parameters	H armonic 	A nharmonic value, 	A nharmonic value, 
	 value	 fundamentals	E qs. A4 and A5

H2O
    ZPE (kcal mol–1)	 13.39	 13.17	 13.17
    Σνfund/Σνharm		  0.95454	
    Htherm (kcal mol–1)	 15.76	 15.54	 15.54
    S (cal Kmol–1)	 45.12	 45.12	 45.12
    Gtherm (kcal mol–1)	 2.30	 2.09	 2.09
H2SO4			 
    ZPE (kcal mol–1)	 24.27	 23.93	 23.93
    Σνfund/Σνharm		  0.96194	
    Htherm (kcal mol–1)	 28.12	 27.88	 27.93
    S (cal Kmol–1)	 71.16	 71.78	 71.97
    Gtherm (kcal mol–1)	 6.91	 6.48	 6.47
H2SO4•H2O			 
    ZPE (kcal mol–1)	 39.91	 39.20	 39.20
    Σνfund/Σνharm		  0.95006	
    Htherm (kcal mol–1)	 45.51	 45.06	 45.48
    S (cal Kmol–1)	 87.13	 89.42	 91.33
    Gtherm (kcal mol–1)	 19.54	 18.40	 18.25
H2SO4•(H2O)2			 
    ZPE (kcal mol–1)	 55.74	 54.65	 54.65
    Σνfund/Σνharm		  0.94403	
    Htherm (kcal mol–1)	 63.02	 62.34	 62.94
    S (cal Kmol–1)	 101.35	 105.21	 107.55
    Gtherm (kcal mol–1)	 32.81	 30.98	 30.88

contunued
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Table A6. Continued.

Parameters	H armonic 	A nharmonic value, 	A nharmonic value, 
	 value	 fundamentals	E qs. A4 and A5

HSO4
–

    ZPE (kcal mol–1)	 16.48a	 16.23	 16.23
    Σνfund/Σνharm	 	 0.95961	
    Htherm (kcal mol–1)	 20.23a	 19.86	 19.85
    S (cal Kmol–1)	 72.77a	 71.98	 71.94
    Gtherm (kcal mol–1)	 –1.47a	 –1.60	 –1.60
HSO4

–•H2O (i)	 	 	
    ZPE (kcal mol–1)	 31.94a	 31.41	 31.41
    Σνfund/Σνharm	 	 0.94984	
    Htherm (kcal mol–1)	 37.64a	 36.93	 37.44
    S (cal Kmol–1)	 89.88a	 92.78	 94.43
    Gtherm (kcal mol–1)	 10.84a	 9.27	 9.30
HSO4

–•H2O (ii)	 	 	
    ZPE (kcal mol–1)	 32.74	 32.15	 32.15
    Σνfund/Σνharm	 	 0.93205	
    Htherm (kcal mol–1)	 37.94	 37.60	 37.93
    S (cal Kmol–1)	 84.47	 86.58	 88.17
    Gtherm (kcal mol–1)	 12.76	 11.79	 11.64
HSO4

–•(H2O)2 (i)			 
    ZPE (kcal mol–1)	 48.10	 47.21	 47.21
    Σνfund/Σνharm		  0.94297	
    Htherm (kcal mol–1)	 55.34	 54.79	 55.03
    S (cal Kmol–1)	 102.38	 105.46	 106.20
    Gtherm (kcal mol–1)	 24.81	 23.34	 23.36
HSO4

–•(H2O)2 (ii)			 
    ZPE (kcal mol–1)	 48.90	 47.91	 47.91
    Σνfund/Σνharm		  0.93743	
    Htherm (kcal mol–1)	 55.57	 54.97	 56.01
    S (cal Kmol–1)	 96.82	 100.83	 106.03
    Gtherm (kcal mol–1)	 26.70	 24.91	 24.39

a) Calculated using the harmonic approximation, ignoring internal rotations.

monic wavenumber was 104.373 cm–1. Visual inspection of the normal mode in question showed that it 
resembles a hindered internal rotation of the hydrogen atom around the S–OH bond. We then attempted 
to use the hindered rotor analysis package of the Gaussian 03 program (Ayala and Schlegel 1998). The 
program identified the internal rotation, but unfortunately failed before completing the analysis. We are 
as yet unable to determine precisely the cause of the failure. We computed anharmonic contributions to 
the entropy and enthalpy of the HSO4

– ion by using the approximation of a simple hindered rotor with 
a periodic potential for the lowest normal mode and with Eqs. A4 and A5 with the anharmonicity con-
stants for all the other modes. Applying the method by Pitzer (1946) we calculated the reduced moment 
of inertia around bond HO–SO3 to be Ir = 0.943 amu Å2 (actually, the axis through mass centers of OH 
and SO3 was used). The periodicity of the internal rotation potential and symmetry number of rotator 
was assumed to be 3. The barrier height was derived from the harmonic wavenumber and symmetry 
number (eq. 13 in Ayala and Schlegel 1998). We calculated the entropy and enthalpy of hindered rota-
tion using the tables of Pitzer and Gwinn (1942) (see Table A6).

One of the anharmonic overtone frequencies of the HSO4
–•H2O (i) cluster was also negative, 

though all the fundamental frequencies were positive. The structure of the cluster (see Fig. A1) indi-
cates that this may also be related to an internal rotation around the S–OH bond, though a clearly 
corresponding normal mode was not found in the frequency visualization. We applied the above-
described procedure also for HSO4

–•H2O (i). The periodicity of the internal rotation potential was 
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assumed to be 3, but due to the presence of the water molecule, the symmetry number was assumed 
to be 1. The obtained reduced moment of inertia Ir = 0.938 amu Å2 for the HSO4

–•H2O (i) cluster is 
similarly to HSO4

–. As a first approximation, we have computed the thermochemical parameters for 
HSO4

–•H2O (i) similarly to HSO4
–. The HSO4

–•H2O (ii) cluster did not possess any internal rotations, 
and the data computed for this cluster should thus be considered more reliable.

As can be seen from Table 2, accounting for the presence of internal rotations for HSO4
– and 

HSO4
–•H2O (i) improved the match between experimental and computed results.

The computed anharmonic thermal contributions to the enthalpy, entropy and zero-point energies 
were used to determine two sets of scaling factors: sf1 and sf2 (see Table A7). The sf1 set is fitted to 
the column “Anharmonic value, fundamentals” (Table A6), while the sf2 set is fitted to the column 
“Anharmonic value, Eqs. A4 and A5”. It can be seen (Tables A6 and A7) that both anharmonicity 
treatments give practically identical corrections for the small water molecule, while the corrections 
are rather different for the enthalpy and entropy of sulfuric acid mono- and dihydrate. However, 
the corrections for the free energy differ less, the application of Eqs. A4 and A5 yielding e.g. a 0.15 
kcal mol–1 more negative value for the monohydrate. We see also that the scaling factors correspond-
ing to the more accurate anharmonicity treatment are considerably lower than those corresponding 
to the approximate “fundamental frequencies” treatment. It is also evident (Tables A6 and A7) that 
the effect of anharmonicity at the MP2/aug-cc-pV(D + d)Z level is rather large and should be taken 
into account in hydrate distribution calculations. The anharmonicity also increases with the size of 
the system. This is logical, as the loose intermolecular vibrational modes of the cluster structures 
are likely to be more anharmonic (at least with 
respect to their entropy and enthalpy contribu-
tions). The dihydrate clusters seem to be slightly 
more anharmonic than the monohydrates, imply-
ing that the larger clusters might be more anhar-
monic still. However, the differences between 
two ionic dihydrates are about as large as the 
average difference between the ionic dihydrates 
and the ionic monohydrate. This is probably an 
indication of the limitations of the scaling factor 
approach.

We have not calculated the scaling factors sf1 
and sf2 for the ions HSO4

– and HSO4
–•H2O (i) as 

they contain internal rotations. In all calculations 
on larger clusters, the scaling factors for the most 
stable dihydrates were used: H2SO4•(H2O)2 for 
the neutral clusters and HSO4

–•(H2O)2 (i) for the 
ionic clusters. Use of the scaling factors derived 
for the considerably more anharmonic HSO4

–

•(H2O)2 (ii) isomer for the larger ionic clusters 
would change the entropies by up to 11.5% and 
the enthalpies and Gibbs free energies by up 
to 1.5%, as discussed below. This treatment is 
highly approximate, but due to the enormous 
computational effort required to compute anhar-
monic corrections for large cluster systems it is 
the only affordable possibility.

The ab initio calculations have shown that 
hydrates with the same stoichiometry can have 
many stable structures (defined as minima on the 

Table A7. Scaling factor sets sf1 and sf2 determined 
for each molecule and thermochemical parameter. See 
text for details.

Species	 sf1	 sf2

H2O
    ZPEtot/ZPEharm	 0.98378	 0.98378
    Htherm	 0.96947	 0.97221
    S	 0.96947	 0.97226
H2SO4

    ZPEtot/ZPEharm	 0.98603	 0.98603
    Htherm	 0.95531	 0.93520
    S	 0.95049	 0.93693
H2SO4•H2O
    ZPEtot/ZPEharm	 0.98203	 0.98203
    Htherm	 0.91832	 0.80712
    S	 0.90108	 0.83024
H2SO4•(H2O)2

    ZPEtot/ZPEharm	 0.98056	 0.98056
    Htherm	 0.90648	 0.78790
    S	 0.88369	 0.82308
HSO4

–•H2O (ii)
    ZPEtot/ZPEharm 	 0.98216	 0.98216
    Htherm	 0.92030	 0.82411
    S	 0.89873	 0.83342
H2SO4

–•(H2O)2 (i)
    ZPEtot/ZPEharm	 0.98135	 0.98135
    Htherm	 0.91454	 0.86086
    S	 0.90229	 0.88126
H2SO4

–•(H2O)2 (ii)
    ZPEtot/ZPEharm	 0.97986	 0.97986
    Htherm	 0.90531	 0.70412
    S	 0.86852	 0.73542
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potential energy surface of the nuclei). As the number and type of stable structures found for some 
stoichiometry is almost always somewhat arbitrary (unless a full conformational sampling is carried 
out e.g. by monte carlo methods, which is computationally impossible for the quantum chemical 
methods used in this study), thermochemical parameters are usually computed using only the “best” 
minimum structures (i.e. those with the lowest electronic or free energy). We investigated the effect 
of the presence of multiple conformers on the computed enthalpies (Hi) and entropies (Si) of the ionic 
hydrates. The ionic hydrates were selected as there is experimental data available for all four hydra-
tion reactions, not just the first two. We considered the transfer between conformers A and B as a 
chemical reaction A ↔ B. The rate of this reaction depends on the heights of the energy barriers of 
the isomerization pathways between these conformers, and may thus be very slow. In other words, the 
time needed to reach the equilibrium state between conformers may be very long. Here, we neverthe-
less assume that the different conformers are in the equilibrium. The equilibrium constant of isomeri-
zation reaction can be expressed as:

	 	 (A6)

and

	 ,	 (A7)

where A and B are the number concentrations of conformers A and B, respectively; GA and GB are 
the corresponding standard Gibbs’ free energies. The fraction xk of the kth conformer is given by

	 .	 (A8)

The enthalpy and entropy of the mixture of conformers can be now calculated as

	 	 (A9)
and
	 	 (A10)

respectively. Comparing Tables 2 and A8 it can be seen that while ensemble averaging (or using a 
different set of scaling factors) may decrease the difference between computed and experimental 
values for some reactions, none of the datasets matches all of the experimental values. Specifically, no 
combination of ensemble-averaging and scaling is able to predict correctly the entropy and enthalpy 
changes for the HSO4

–•(H2O)3 + H2O => HSO4
–•(H2O)4 (though the errors in the entropies and 

enthalpies act in opposite directions, so that the errors in the free energy change are mostly cancelled 
out). This might be related to the presence of unidentified internal rotations in the HSO4

–•(H2O)4 clus-
ters.
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Table A8. Reaction thermodynamics computed for water addition reactions to ionic clusters at 298 K and a refer-
ence pressure of 1 atm, using ensemble-averaged values for the thermochemical parameters.

Reaction	 ∆S, 298K	 ∆H, 298K	 ∆G, 298K
	 (cal Kmol–1)	 (kcal mol–1)	 (kcal mol–1)

HSO4
– + H2O => HSO4

–•H2O	 –30.03a	 –13.78a 	 –4.83a

	 –25.45b	 –13.61b 	 –6.03b

	 –24.05c	 –13.78c 	 –6.61c

	 –23.0d	 –12.9d 
HSO4

–•H2O + H2O => HSO4
–•(H2O)2	 –33.68a	 –13.71a 	 –3.67a

	 –34.12b	 –13.71b	 –3.52b

	 –32.46c	 –13.00c	 –3.32c

	 –22.0d	 –11.2d 
HSO4

–•(H2O)2 + H2O => HSO4
–•(H2O)3	 –36.47a	 –13.67a 	 –2.79a

	 –34.45b,e	 –13.14b,e	 –3.32b,e

	 –35.99b,f	 –13.09b,f	 –2.86b,f

	 –31.09c,e	 –12.94c,e	 –3.67c,e

	 –38.10c,f	 –13.82c,f	 –2.46c,f

	 –30.7d	 –12.4d

HSO4
–•(H2O)3+ H2O => HSO4

–•(H2O)4	 –26.87a	 –9.70a	 –1.69a

	 –25.34b,e	 –9.68b,e	 –2.13b,e

	 –25.76b,f	 –9.67b,f	 –1.99b,f

	 –23.40c,e	 –9.43c,e	 –2.45c,e

	 –25.49c,f	 –9.61c,f	 –2.01c,f

	 –36.3d	 –13.2d

a) Harmonic values, internal rotations are ignored. b) Anharmonic values using the sf1 scaling factor, assuming an 
internal rotation for HSO4

– and HSO4
–•H2O (i). c) Anharmonic values using the sf2 scaling factor set, assuming an 

internal rotation for HSO4
– and HSO4

–•H2O (i). d) Experimental values, Froyd and Lovejoy (2003). e) Scaling factors 
taken from the HSO4

–•(H2O)2 (ii) isomer. f) Scaling factors taken from the HSO4
–•(H2O)2 (i) isomer.
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