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Two Sulfuric Acids in Small Water Clusters
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We have studied clusters containing two sulfuric acid (SA) molecules a8diater molecules using density
functional methods. Our main interest was to study the energies and structures of the formed clusters. We are
interested in the SA-assisted nucleation of water, and the formation free energies of the clusters will help to
understand the first steps of this process. Also, the deprotonation of SA is interesting. For single SA, the first
deprotonations happen when three waters are present. Here, the second SA will replace the water, and the
deprotonation will happen when two waters are present. The second SA will deprotonate in clusters containing

four waters. At the larger clusten & 5—8) both of the acids are singly deprotonated. We did not observe
any doubly deprotonated sulfuric acids, 80 We also obtained several stable structures of these clusters.

The most stable structures contain solvent separated acid-hydronium ion pairs whenever it is was possible.

1. Introduction

Sulfuric acid (SA) plays an important role in atmospheric
chemistry and physics:3 Acid rain, formation of atmospheric
particulate matter, aerosol forcing of climate, as well as
stratospheric ozone depletion are all processes influenced by H,S0,
sulfuric acid. It is also known to be an effective nucleation
agent}® and extremely low concentrations of sulfuric acid will

2 ’
enhance the homogeneous nucleation rate of water signifi¢antly. l""-"q_"? IQ]_"
3.4‘.

The microscopic mechanism of this process is not known, but
it's first step is the hydration of single SAThe next step is
very likely the formation of clusters having two or more SAs.

Sulfuric acid has a tendency to form hydrates, the acids will
produce small clusters containing a few water molecules. At
298 K and 50% relative humidity (RH), a cluster with one
sulfuric acid will contain about 1.5 waters (this estimate is based
on equilibrium constants measured by Hanson and Ejsé&all
et al. have measured that the critical cluster will contain from
7 to 13 sulfuric acids at RH 2:315.3%5 At 236 K and ca. H,80, H,0 (c)

50% RH, the critical cluster should have 4 or 5 SABusS, it ) ) o
is important to understand the aeidiater and aciegacid Figure 1. Structures of the b8Q, and HSQ; H-0.

interactions in clusters having several SAs to gain some insight . o . .
of this nucleation process. ion. The water has a similar stabilizing effect in the hydration

i 10
SA with water has been studied computationally, both using rei((:)“?unrtﬁ]:ars etholoT(ZaStﬁg dissociation mechanisms, we expand
ab initio method% 15 and empirical model¥-18 The ab initio P ' P

studies were mostly limited to one sulfuric acid, except for the tchstsétfsd;z r':qoortgiokrgdlgﬁaﬁftr:\g ?] fjl:gtue”sco?glndeséul_l'ﬂ% ;23
excellent work by lanni and Bandy in which they studied There are three kindspof hydrogen b):)nds the avidter, the .
two SAs and water clusters. In general, the ab initio calculations yarog ' !

can provide information that are experimentally very difficult 3?;2;333(’: ?c?r?n‘;vithif::/;ﬁ;m gﬁérél;ca;?;eda)regzgeiirlﬁ?ds
to obtain. One such process is the proton transfer from SA to a ! AT 12w

water: HSQ; + H,0 — HSQ,~ + HyO". From previous ab pair isomers HSO, HSO;~ H30™ (H20),-1, and two ionic pairs
: ) ! 5 ' .

initio calculations, three water molecules were enough to isomers (HS@ )2 (HsO0™)z2 (H20)—2, which are assigned as

facilitate the dissociation of one sulfuric aditi® In these 2AnW(1), 2AnW(l), and 2AnW(Ill) types, respectively. lanni

clusters, one water molecule acts as a proton acceptor, whileamoI Bandy have calculated the clusters 0f%&), (H20), (n

o .= 1-6) using the Gaussian-98 program, B3LYP theory, and a
he other water molecul ilize the newly formed hydronium - : '
the other water molecules stabilize the newly formed hydroniu large basis set, 6-3%14G(2d,2p)'® Unfortunately, they gave
- ~ only one structure for each size, and many stable isomers were
*To whom the correspondence should be addressed. E-mail: kari. jjssing. Another shortcoming is that they did not include any
laasonen@oulu.fi. Lo . . . .
T University of Oulu. ionic isomers to their studies. In other words, they limit their

* University of Kuopio. calculations® to only the most stable 2AnW(I) type clusters.
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TABLE 1: Total Energies and Selected Bond Lengths d(1-3) = 1,685
Obtained in This Work with Comparisons to Some Other ab d(2-4) = 1.685
Initio Calculations12-14 and Experiments?324 “
total energies (Hartree) .1 | ‘
structure this work Re et al. Bandy and lanti J? 4 ‘..
H2SO, —700.34479  —700.30383 —700.3878
H,SO H,O (n)  —776.80728  —776.77688 —776.8679 :
H,SO, H,0 (c) —776.80221  —776.77334 C; 0.0 keal/mol
bond length (A) d(1-3)=1.710
- - d(2-4)= 1.710
this work Bandy and Beichert and
structure bond  (exptl) Re et ak lannp Schrems € i A
H2SOy 1-2 1.640 (1.574) 1.634 1.609 1.60 &'
1-3 1.451(1.422) 1.456 1.429 1.43 g 4
2-6 0.979(0.97) 0.975 0.968 0.97 >
H,SOuH,0 (n) 1-2 1.634 (1.578) 1.636 1.611 1.61
1-4 1.604(1.567) 1.603 1.67 C> 0.3 kealimiol
1-3 1.453(1.410) 1.458 1.430 1.43 -
1-5 1.463(1.464) 1.466 1.439 1.44 d(1-4) = 1.922
2—-6 0.978(0.95) 0.975 d(2-5) = 1.649
4-7 1.023(1.04) 1.009 0.999 0.99 d(3-6) = 1.803
7-8 1.621(1.645) 1.651(1.623) 1.682 1.69 4| Y
5-9 2.141(2.05) 2.230(2.100) 2.207 2.17 ’] )
HSQuH;0 (c) 1-2 1.631 1.627 / 5
1-3 1.443 1.448 | g 6
1-5 1.468 1.471 3
2—-6 0.988 0.982 -
7-8 2.067 2.076 (2.032) Cy 03 %aine
5-9 2.156 2.319 (2.155)
. . di1-4) = 1.861
aFrom ref 13, the values in parentheses are calculated with D95(d,p) diz_jl 1861
basis.? From ref 12.¢ From ref 14.9 From ref 23.¢ From ref 24. d(3-6) = 1.668
TABLE 2: The a Water Addition Energies and Free @= ‘ ps
Energies (in kcal/mol) of the Most Stable HO, H,SO,, and r-’- 5 ©
1AnW (n = 1-6) Cluster, and Comparisons to the S 6
Calculations of Re et al. (Ref 13) and Bandy and lanni (Ref '
12y Cs 2.5 keal/mol
AEBagq Re Re Bandy : .
structure (kcal/mol) etall AGuq etalb and lann exp Figure 2. Stru.cturTS of (|?|504)2 ISOmers.
1A1W (neutral) —13.4 —12.8 —25 —-24 —06 —3.641 2. Computational Detai
1A2wW (neutra:) -126 -128 -18 -20 -01 -23+03 Our calculations were carried out by using the generalized
ﬁgw g;i‘l‘ga) :ig:g —129 :ig -5 705 gradient approximation (GGA) based on the density functional
1A4W (ionic) —142 —146 -37 -18 theory (DFT). The computations were done with the DMol3
1ABW (ionic) -133 -121 -24 -16 packagée? In the GGA, we used the Perdew-Wang exchange
1AW (ionic) ~ —14.0 -15 0.7 and correlation correction functiotstogether with the DNP
aThe addition energies has been calculatedABgis = Eo(1AnW) basis functiond® The DNP is similar to 6-31G** basis in
— Eo(1An-1W) — Eo(H20), and the free energies have been calculated Gaussian, but the basis functions are numerical atomic orbitals
at 1 atm pressure and 298 KRef 13.¢Ref 12.9Ref 7. augmented by polarization functions. This basis does not include

diffuse functions, but the basis functions have longer exp(-kr)-

The other ionic types will have lower ener§yWe are also  type tails than do the Gaussian functions. When we did
interested in how many water molecules are necessary tocomparisons to Gaussian calculations using the PW91 functional
dissociate one or two of the sulfuric acids. the 6-31+(d,p) and 6-3%+(d,p) basis produces similar restfts.

The role of the fully deprotonated S0 in these clustersis  The medium grid mesh points were employed for the matrix
not very important, or at least we did not see any of them in integrations. Self-consistent field procedures were done with a
our calculations. First, the OH bond is stronger in HS@an convergence criterion of 10 a.u. on the energy and electron
in SA, and when the cluster is very small, the dissociated proton density. Geometry optimizations were performed using the
increase the acidity of the cluster considerably. Both these factsBroyden-Fletcher-Goldfarb—Shanno (BFGS) algorith@?,with
suppress the probability of the second proton dissociations. a convergence criterion of 1®a.u. on the gradient, 18 a.u.
However, probably the most important reason we did not see on the displacement, and 10a.u. on the energy.
any fully deprotonated sulfuric acids is that, in our structures,  To check the reliability of our computational method, we first
both OH groups were very seldom well hydrated. studied the HSQ, and HSQy - H,0 structures. Our results are

In this paper, we have mainly investigated the,$@8\), represented in Figure 1 and Table 1. From this, one can see
(H20)n (n = 1—6) clusters. On the larger clustaers= 7 and 8 that the total energies correspond well with the calculations of
we focused to the lowest energy type-Iil structures. We explored Re et al'® and Bandy and lanAd2 The water addition energies
the structural and electronic properties of different isomers, to SA are 13.4 and 10.2 kcal/mol, with final structures eS8,
especially the proton transferred ones. We also studied the- H,O (n) and €), respectively. The water addition energy was
formation energies of these hydrates from different constituents. defined asAEaqq = Eo(LANW) — Eg(1An-1W) — Eo(H20).
The computational details are described in section 2 and theThese are in good agreement with the values of 12.8 and 10.5
results and discussion are in section 3. Finally the conclusion kcal/mol by Re et al® and 12.5 kcal/mol by Beichert and
is given in section 4. Schrems#
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di1-4)=1.885 d(1-4)=1.825
di2-5)=1.681 d(2-5)=1.789 di1-4)=1.767
di3-6)=1.802 di3-7)=1.083 d{2-5)=1.838
d(7-8)=1.556 di3-8=1.411 d(3-6)=1.702
( di6-9)=1,73 ‘ 4 d(7-8)=1.565 ‘ 4
- 1% o - ® C
SR I el Ne.:0e ¢
o ¥
"q. & R i :'g 36
.’ -
3
2AIW (1-a) 2ZA1W (1-b) 2AIW (I-c)
(0.0 keal/maol 0.1 keal/mol 1.4 keal/mol
d(2-5)=1.818 d(1-3)=1.672 di2-4)=1.682
d(3-b)=1.607 d(2-0)=1.772 di1-5)=1.476
di 1-8)=1.910 . di4-5)=1.481 di3-6)=1.780 \’5
di4-7y=1.561 B i 1% _3
@ ® [ = ‘|Re
L 28 o Oy
."‘ € ™ @
- 3 (] i 2
L P % LN
"
2ATW (1-d) 2ATW (I-e) 2ATW (1-6)
1.4 keal/mol 2.2 keal/mol 2.9 keal/mol
d(1-3)-1.737 d(2-4)=1.677
di2-4)=1.669 d(1-5)=1.455
d(5-T)=1.601 d(3-6)=1.823 _ 6
oSl ;
' = 2 R
.- \a -.__‘ . 4 14
2A1W (l-g) 2AIW (I-h)'
3.0 keal/mol 3.1 keal/mol

Figure 3. Structures of (HSOy), H2O isomers.

The bond lengths of the 230, and HSQO, - H,O obtained
compare very well with other theoretical calculatidfst
especially with the calculations by Re at'&lusing D95(d,p) 2AnW(lll-a) ( n = 0—8) in kcal/mol
basis and experiments by Kuczkowski efahnd Fiacco et AEo AEs/ (n+2) AEo AEo/(N+2) AEo, AEo/ (n+ 2)
al?* The oxyger-hydrogen distance-59 (and 7-8) seem to n (1-a) (I-a) (Ill-a)
be the most sensitive to the basis and GGA functional. When

TABLE 3: Binding Energies AE, and Average Binding
Energies AEq / n + 2) of the 2AnW(I-a), 2AnW/(lI-a), and

—14.4,-7.2
using Gaussian-98 and PW9L1 functionals, this distance was 1.96 1 —29.4,-93
A with 6—31(d,p) basis, 2.11 A with 6-34(d,p) basis, and 2.15 2 —43.0,—-10.8 —45.5-11.4
A with 6-31+-+(d,p) basis. With the same basis but BLYP 3 —58.1,-11.6 —61.4,—12.3 —61.1,—-12.3
functional, this distance was 2.08 A, 2.22, and 2.21 A. The other g :;g-g':ﬂ-g :;g-;':%g :gg-‘?":ig-i
distances changed very little. From this comparison, our 6 964 121 _100.6-126 1091136
calculation agree well with the 6-3%-(d,p) basis. The calcula- 7 B R ~121.8-135
tions by Re et al. were done with B3LYP theory using D95- g —134.5—-13.4

(d,p) and D95-+(d,p) basis sets Bandy and lanni used
B3LYP and 6-31%+G(2d,2p) basid? Beichert and Schrems Table 2 gives the water addition energies and free energies
used MP2 with 6-31%+G(2d,2p) basig* to different size of clusters. These energies are compared with
We also compared the binding energy differences of the singethe calculations of Re et &F, Bandy and lani? and the
SA neutral and ionic isomers to the Re et al. calculations. Our experimental estimations of Hanson and Eidefes one can
model will favor the ionic clusters by ca. 2 kcal/mol compared see, the agreement with the addition energies are good, but the
to Re et al3 At n = 3, the ionic cluster was 2.3 kcal/mol lower  free energies are not very consistent. The values of Bandy and
in energy than the neutral one. In the Re et al. calculations, thelanni}2 in particular, are much higher than the other values.
neutral one was 0.9 kcal/mol lower. At= 4, the ionic structure The free energies are calculated at 298 K and 1 atm pressure
was lower by 2.4 kcal/mol and in the Re et al. calculations, the as
ionic one was 0.6 kcal/mol lower. We also calculated the energy
difference between the 2A6W(llla) and (Ib) structures using
BLYP functional both with DMol3 and Gaussian®&using
6-31+G(d,p) basis. The energy difference was 17.0 kcal/mol
(dmol), 17.9 kcal/mol (Gaussian), whereas our original PW91
value was 20.2 kcal/mol. Also, single point calculations with where theH is the enthalpy of the system a&ds the entropy.
the BLYP/6-3H1-G(d,p) geometries using B3LYP and 6-31-1G- The Ey is the electronic energy at 0 K, ZPE is the Zero Point
(2d,2p) basis was done. The energy difference between 2A6W-Energy correction, théE,i,, 0E;x, anddEy, denote the finite
(INa) and (Ib) was 14.7 kcal/mol. Even our model favors the temperature corrections from the vibration, rotation, and transla-
ionic structures by a few kcal/mol compared to Re et al. or tion degrees of freedom, respectively. To fhéterm, the ideal
Bandy and lanni. This change does not depend of the size ofgas law was used amV = nRT. T is the temperature298
the cluster and thus does not change the conclusions. K), R is the gas constant. All these terms are based on the

G=H-TS
H=E,+ ZPE+ 0E,;, + OE, + 0E,,+ pV. (1)
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d(1-11)=1.937

d(2-8) = 1.504
d(2-8) = 1.547 di4-7)=1.612 d(2-9) = 1.459
d(9-10)=1.488 d(9-10y=1.520 d(5-10)=1.740
d(6-7) = 1.626 " dil-5)=1.728 d(7-8)=1.573
d(1-4)=1.720 ; "B d(3-6)=1.759 d(1-4) = L.810

3-5)y= 5 - H)= (
d(3-5)=1.750 3! d(3-6)=1.798 .
%

X %

2A2W (Il-a) 2A2W (II-b)
0.0 kcal/mol 2.4 keal/mol 2A2W (I-a)
2.5 keal/mol
d(3-7) = 1.329
d(6-11)=1.682 d(10-11=1.569 d(3-9) = 1.405
d(9-10)=1.411 d(3-8) = 1447 d4-7) = 1.554
d(1-4)=1.733 d6-9) = 1.725 d(6-10)=1.713
d(2-5)=1.682 d(14) = 1.758 d(1-8) = 1.852
LT d(2-5) = 1,761 d(2-5)=1.796 t
' ‘ : > (2-3) . A ( . G '\5’
-t aw}. - 4 P
1 P e Oyl Yo
9 1] L« ST ;
o E S
2A2W (Il-¢) 2A2W (I-b) =
2.6 kecal/mol 2.7 keal/mol 2A2W (I-¢)
3.4 keal/mol
d(1-3) = 1.730
d(1-3) = 1.749 d(2-4)=1.730 d{1-6)=1.776
d(2-4) = 1.655 d(5-9) = 1.608 d(3-5)=1.444
d(5-7)=1.433 d(6-10)=2.357 di4-4)=1.827
d(B8-9) = 1.662 d(7-11)=1.608 d(2-T)=1.474
d(6-10)=1.902 _ d(8-12)=2.357 # \ﬁ.é»
[ 7 L
3.‘ & §bﬂ - s gt ’ x
\ : & lua Y e 34 - k"“ﬂ g %
- A% ' “ . g
: 6 [ 2 . -
(%
2A2W (1-d) 2A2W (l-e) 2A2W (I-f)
3.5 keal/mol 3.8 kcal/mol 5.5 keal/mol

Figure 4. Structures of (HSQy), (H20), isomers.

structure and harmonic frequencies of the clusters. The standard 3.2. (H;SO,), H,O. There are two ways to form @3Oy); -
equations are used and the details can be found from PhysicaH,O clusters from two sulfuric acids and one water molecules.
Chemistry textbook3> We have used the values provided by In one, the water molecule is between the two sulfuric acids.
the DMol3 program. The isotope masses used were: S, 32.0600n the other, the water is outside of the,&Oy), unit, and it
amu; O, 15.9994 amu; and H, 1.0079 amu. No scaling to the interacts with only one sulfuric acid. The optimized structures
frequencies are used. are shown in Figure 3. The most stable structure 2ATVJl
These preliminary calculations and their good agreement with belongs to the class where the water is outside of the sulfuric
previous works and experiments demonstrate that our compu-acid dimer. The SOH-OH, hydrogen bond has shortened
tational scheme is suitable to study the hydrated sulfuric acid somewhat (0.06 A) compared to the$y + H,O. This cluster

clusters. can also be seen as the,&Dy), C; structure interacting with
] ] one water molecule. By inserting one water molecule between
3. Results and Discussion H(6) and O(12) in the Cstructure of (HSOy)2, we get the

3.1. (HSOy).. Figure 2 shows the four structures;(Cs, C, 2A1W(l—b) structure, which has almost the same energy as
and G) of (H2S0y),, their energies, and some distances. The 2A1W(I—a). The bond length between O(2) and H(6) turns out
lowest energy Ccluster has two strong hydrogen bonds+H  to be 0.07 A longer, and the hydrogen bond between H(6) and
O distance: 1.685 A), and the binding energy is 14.4 kcal/mol. water molecule becomes very short, 1.411 A, or 0.2 A shorter
This can be compared with the lanni and Bandy's wirk compared to bSO, + HO. This indicates that the proton transfer
which they report for Cstructure a distance of 1.685 A and might be easier in the case of the hydrates of two sulfuric acids.
binding energy of 12.6 kcal/mol. The next lowest energy We have examined many different structures of§&), - H.O
structure that ha€, symmetry is only 0.3 kcal/mol higher in  and found that they are less stable than 2A1¥#) and (-b).
energy, and the H-O distance is 1.710 A. The nonsymmetrical All the lowest energy structures d-d have four hydrogen
structure, G, has one very short hydrogen bond (1.649 A) and bonds, whereas the other structures have three H-bonds. The
two long ones (1.803 and 1.922 A). Its energy is the same asenergies of the 2A1W clusters do not correlate with the 2A0W
the G structure. The €structure is 2.5 kcal/mol less stable clusters. The I-g structure contains,&0,), with C; symmetry,
than the G The G has one strong hydrogen bond (1.668 A) which was lowest in energy above, and the I-c contains SA
and two weak bonds (1.861 A). dimer with Cs symmetry, which when unhydrated was 3 kcal/
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d(1-8)=1.552
d(2-10)= 1.810
d( 4-9)=1.649
d(6-11)=1.564 d(1-7) = 1.396 d(7-12) = 1.393
d(1-7) = 1.703 d(4-8) = 1.434 d(11-13)=1.588% |
d(4-13)=1.893 . d(2-9) = 1.626 © d(2-5)=1713 ¢ ’
di2-4)=1.721_ 8 .9*5 d(3-13)=1.985 d(3-6)=1.705 1’ 10
d(3-5) = 1.704 L @FUOSE 7 d(5-10)=1.625 » (32 ,,‘ It 3
dB-10)=1453 ¢ d(6-14)=1 842 ‘3?11_ Leog -
d(9-12)=1.538 !: d(11-12)=1.396 \'“L @0 4 - W s @
s ;€ G ol o
@
2A3W (11-a) 2A3W (I11-a) 2A3W (11-b)
0.0 keal/mol 0.3 keal/mol 1.0 keal/mol
d(1-5) = 1.654 d(1-12)=1.379
d(2-12)=1.529 d(2-6) = 1.723 d(9-11)=1.624
d(5-11)=1.577 d(4-13)=1.501 d(4-10)=1.912
d(7-13)=1.515 ( dis-14)-1.841 ¢ d(3-13)=1.470
di4-14)=1.902 d(3-10)=1.952 9, ?i d(7-14)=1.470
d(1-9)=2.263 29 4 do-12=1.649 40 1 d(2-6)= 1,785 :
d(8-10)=1.583 E.‘i g2 d(7-11)=1.390 v d(5-8)=1.773 <& 3 ™S
d(3-6)=1.643 ™ i 4 k (|l 5 LIS F3
! bm }‘ gf}‘ (’V\m “‘!._n' rr
L9 ~ = &
5 ., 4 5
q 13’1-4
2A3W (Il-c) 2A3W (I-a) 2A3W (I-b)
2.3 keal/mol 3.4 keal/mol 4.3 keal/mol
d(1-7) = 1.262 d(1-11)=1.616
d(8-9)=1.510 d(3-12)=2.173
d(5-10)=1.851 d(2-7) = 1.469
d(3-12)=1.832 d(5-8) = 1,775
d(6-11)=1.516 3 ! d(6-9) = 1.459
d(2-4) = 1.682 ¢ o ad | 1@ i_s 5 d(4-10)=1,720
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y 12 ‘
8 Q‘a’l 3 W‘ﬁ
L &

“m*

2A3W (I1-d) 2A3W (I-c)

5.7 keal/mol 9.6 keal/mol
Figure 5. Structures of (HSQy), (H20); isomers.
mol higher in energy, but the I-c is 1.6 kcal/mol lower in energy. than 2A2W(I-a). lanni and Bandy’s structute2A2W(I-f),

When compared to the lanni and Bandy wétkheir structure where the SA's are bridged with the waters, is 3.0 kcal/mol less
2A1W(I—=h) is 3.1 kcal/mol less stable than the 2A1W#). stable than the 2A2W(l-a).

Table 3 shows the binding energia&y(2AnW) (n = 0—8) When a water dimer interacts with both the SAs, there will
of the most stable structures for all three types of isomers. The pe proton dissociation from one of the SAs (ll-a, 11-b, or li-c).
binding energyAE, of 2AnW is defined as Figure 4 shows 2A2W(lI-a), which is the most stable deproto-

nated isomer. It is interesting to compare the structure of 2A2W-
(ll-a) with one of the HSO, (H,O); (ionic-a). The three
hydrogen atoms of §0" have three strong hydrogen bonds
(1.488, 1.547, and 1.626 A), which are very similar to those of
; . 1A3W (ionic-a)!3 Here, the second sulfuric acid takes the place
3.3. (H:SOy), (H20),. We obtained th t stabl . o
isomer(ngZV‘\ll)(zl-(a)zbgzaddein(g); aalvr\}:tter nqul] gcsulse %eENZZT:OSg) of the third water molecule of LA3W (ionic-a), except that there
and O(5) of the 2A1W(l-a) structure (Figure 4). This second are two hydrogen bo_nd.s. between the acids. The Z_AZW(”'C)
water molecule has a very strong hydrogen bond (1.459 A) with W&S pbtalned by optimizing a structure 2A1W() with an
H(2) and weak bond (1.740 A) with O(5). Adding a water to additional water between O(6) and H(9). We found that the

2A1W(I-c) and 2A1W(I-d), we have 2A2W(I-b) and 2A2W- second water molecule not only lead to the formation of a strong
(I-c) isomers that are only slightly less stable than 2A2w(l-a), hydrogen bond (1.411 R) with the first water but also pulls the

with 0.2 and 0.9 kcal/mol, respectively. We found that structures H(3) from the acid and formed a hydronium ion. This is a

stable than the 2A2W(1-a) isomer (see 2A2W(d) of Figure ~ Protons of the hydronium are not H-bonded.
4). Two water molecules of 2A2W(l-e) are bonded individually ~ We think that we have mapped all the basic hydrogen bonding
to the two sulfuric acids and its energy is 1.3 kcal/mol higher configurations here. The I-a and I-b structures have one water

AEy = Eo(2AnW) — 2+ Ey(H,SO,) — n - E(H,0)

where Eo(2AnW), Eo(H2SOy) and Eo(H20) are the electronic
energies B0 K of the 2AnW, H,SQ,, and HO, respectively.
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Figure 6. Structures of (HSQy), (H20)4 isomers.

between the acids and one water “outside”. In I-c, there are water, the direct acidacid H-bonds are stronger, and they are
two acid bridging waters and one H-bond between the acids. favored over the water bridging bonds.

The I-d and I-e have no bridging waters, and last, the I-f have  3.4. (H,SOy), (H20)s. For trinydrates of (HSQy),, we found
only bridging waters and no direct H-bonds between the acids. that the proton transferred clusters are becoming clearly lower
The water-acid structure of the ionic ll-a and ll-b are similar to in energy than the neutral ones. The energy difference of the
I-a and I-b. The ll-c is similar to I-d. Only missing ionic  ll-a and I-a structures is 3.4 kcal/mol (see Figure 5). The ionic
structure would be similar to I-c. lanni and Bandy repotted  structures of 2A3W can be classified into two groups. In the
only the (I-f) structure, which is 3.0 kcal/mol higher than 2A2W-  first group, the HO3' forms three hydrogen bonds with, 80,

(I-a) and 5.5 kcal/mol higher than (ll-a). As in the case of one HSQ,™, in the other group, the proton is in as®" complex,
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Figure 7. Structures of (HSQy), (H20)s isomers.

and the third water is separate. Both these groups are bondedC; symmetry, in which three €S of each HS@™ have three
to H,SOy HSOy~. The calculations show that the first group hydrogen bonds (1.529, 1.567, and 1.758 A) with the hydrogen
has lower energy (ll-a and 1l-b). The;83™ in 2A3W(ll-a) have atoms of HO™ and HO. It is 2.6 kcal/mol less stable than the
three hydrogen bonds with, 8O, HSO,~ (1.564, 1.703, and  2A4W(lll-a).
1.893 A). The 2A3W(lI-c) belongs to the second group and is  In the 2A4W(ll-a) cluster, the kD" ion is not in direct
2.3 kcal/mol less stable than 2A3W(lI-a). contact with the acids. There are always waters between them.
We also explored the possibility of having two ion pairs in Like the 1A4W ionic casé? this water bridging ion pair
the cluster (HS®), (H30"), H,O. One such structure was  structure is more stable than the direct ones, 2A4W(ll-b) and
found, 2A3W(Ill-a). Here, all six &S of (HSQ™), are 2A4W(lI-c). The lowest energy neutral cluster, 2A4W) is
connected with the D, and HsO™ complexes. This structure  formed from 1A2W (neutral-a) and 1A2W (cis neutr&)t is
is only 0.3 kcal/mol less stable than the most favorable one more stable than the water bridging structured) by 6.2 kcal/
ionic pair cluster 2A3W(ll-a). mol. Like above, the direct acighcid H-bonds are favored in
The neutral water bridging structure 2A3W(l-c), also obtained the type-l and Il structures, but the type-Ill structures have
by lanni and Bandy? is 6.2 less stable than the most stable waters and hydronium ions between the acids.
neutral isomer 2A3W(l-a) and 9.3 kcal/mol less stable than ionic  3.6. (HxSOy), (H20)s. In general, the five water clusters do
isomers 2A3W(ll-a). In the type-I and type-Il structures, there not add much new to the previous clusters (see Figure 7). The
are always several direct aetdcid H-bonds, indicating that  two ion clusters (type-lll) are the most stable ones, the type-II
this type of bond is stronger than the different water bridging are next, and the neutral clusters are relatively high in energy.
bonds. The situation in the type-IIl is very different; there, all From Figures 3-7, we found that in the neutral and one ionic
the waters are between the acids. pair isomers the acid molecules will favor direct acatid
3.5. (H:SOy), (H20)4. Our optimized results for (b50y)2 bonds, while the isomers with two ion pairs favor the indirect
(H20)4 structures are listed in Figure 6. The most stable isomer H-bonds via the water/hydronium molecules. The latter is due
is the 2A4W(llI-a), which is more stable than the neutral isomer to the Coulomb repulsion of the negative HSQons. When
2A4W(l-a) and the singly deprotonated 2A4W(ll-a) by 9.1 and enough water is availablen(> 3) the hydronium in type-I
2.8 kcal/mol, respectively. Ill-a has a very compact structure clusters are separated with waters from the acids. As the number
with symmetry of G. The six G=S of the two HSQ@ have of water molecules is increased, the structures with two ion pairs
four strong hydrogen bonds (ca. 1.58 A) within the twgOp" become more stable than the other types, but we have not seen
ions and several weak hydrogen bonds (ca. 1.92 A) betweenany fully deprotonated acids, $O.
the HsO,*'s and the acids. The 2A4W(llI-b) is a structure with 3.7. (H:SOy), (H2O)s. The 2A6W isomers are shown in
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Figure 8. Structures of (HSQy), (H20)s isomers.

Figure 8. The 2A6W(lll-a) has th€, symmetry, and the bond  changes were not very large, and more importantly, the order
lengths between the=SD of HSQ,;~ and HOs™ are 1.671, 1.741,  of the structures did not change.
1.764, and 1.801 A. The structure of 2A6W(l1I-b) is similar to 3.8. (H:SOy)2 (H20)7 and (H.SO4), (H20)s. Because the
2A6W(lll-a), and the hydrogen bonds of 2A6W(lll-b) are studies above clearly indicate that the 2AnW(ll) structures are
slightly weaker than 2A6W(lll-a) (1.625, 1.729, 1.827, and much more stable than the 2AnW(l) and 2AnW(Il) when the
1.891 A). Both have the common property that the two bisulfate cluster size increases, we concentrate only on the 2A7W(Il)
ions interact indirectly via the 05", just as stated above. and 2A8W(lIl) structures. The structures are shown in Figure
However, in the structure of 2A6W(llI-c), there is one direct 9. we got the most stable isomer 2A7W(lll-a) by adding a water
bond between two bisulfate ions, and it is 5.3 and 2.5 kcal/mol molecule between the two bisulfate ions of 2A6W(|||-a) Note
less stable than Ill-a and Ill-b, respectively. that adding this water molecule leads to a solvent-separated ion
We found that two ionic pairs clusters here are clearly more pair and thus stabilizes the structure. We also obtained the
favorable than the neutral and one ionic pair isomers. The energystructure 2A7W(llI-b), in which a water molecule interacts with
differences from 2A6W (lll-a) to 2A6W(II-a) and 2A6\W{la) one of the acids from “outside” and forms a strong bond (1.644
are 8.4 and 12.6 kcal/mol, which are significantly larger than A). This structure is only 1.3 kcal/mol less stable than the
in the 2A5W structures (4.0 and 11.1 kcal/mol). Figure 8 also 2A7W(llI-a).
shows the structure 2A6W(ib) studied by lanni and Bandy. For the 2A8W clusters, the most stable Ill-a has symmetry
As we stated befor& our neutral structures are more compact, of C,, in which both of the HO*s are interacting indirectly
and the number of hydrogen bonds is larger (12) than in the with HSO,~s. The hydroniums ions are surrounded by three
Bandy and lanni structure (10 bond$)The compact neutral  water molecules. It is interesting to compare the Ill-a with I1l-
isomer is 7.6 kcal/mol more stable than the neutral isomer d. |n the 2A8W(lII-d) structure, kD" is directly interacting
studied by them. with HSO,~, and it is 3.1 kcal/mol less stable than Ill-a (i.e.,
Here, we also reoptimized and calculated the energy differ- the structure with solvent-separated ion pairs are more favorable
ences of some of the structures using BLYP functional. The than the one with the contact ion-pairs). We obtained the Ill-b
lll-a structure was the lowest. The Il-a was 6.1 kcal/mol, the isomer by adding a water dimer to 2A6W(lll-a), forming a
I-a 10.5 kcal/mol, and thedb 17.1 kcal/mol higher. The energy  hydrogen-bonding cyclic structure with a HSOThe 2A8W-
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Figure 9. Structures of (HSQy), (H20); and (HSQy), (H20)s isomers.

(IN-c) is a symmetric structure and can be produced by adding p of the products in Table 5 we used the definition of the
single water molecules on each side of 2A6W(lll-a). The 2A8W- equilibrium constankK®
(IN-b) and (lll-c) are 1.6 and 2.7 kcal/mol less stable than .
2A8W(llI-a), respectively. Ke _pp®
3.9. Hydration Energies. From Tables 2 and 3, we can pl/p° x p2/p°
calculate the reaction energies to form 2AnW's from 1AW

K°® = exp(—AG°/RT) )

Herep® is 1 atm,pl andp2 are the partial pressures of the
H28Q,, 2A(n B D)W + Hz0 and 1AW + 1AnW (m + nz = reactants, andG° is the free energy difference of the reaction.
n), as shown in Table 4 _ _ The partial pressures of the reactants are difficult to obtain
- We have also calculated the corresponding free energies an general. Using the equilibrium constants from ref 7 at 298 K
298 K and 1 atm pressure. The free energy calculations hasgng 5096 RH, there are 8% of unhydrated sulfuric acids, 51%
been explained in section 2. The (free) energy differencies in ¢ monohydrates, and 41% of dihydrates. The equilibrium
Table 4 were obtained by subtracting the (free)energies of the cqnstants for larger hydrates were not measured, so the
reactants and products. concentrations of them are not known, but as a crude estimate
Clearly, the reactive energies of 1AnW H,SO, — 2AnW we use the same partial pressure for all species containing one
are more than those of 2A(A 1)W + H,O — 2AnW, because  SA, 1012 atm. In our case, the most important are the mono-,
the addition of an acid can create more hydrogen bonds thandi-, and trihydrates. For water, we used partial pressure of 0.016
the addition of a water. We found that the reactive channels atm, which corresponds to 50% RH at 298 K, and partial
from 1AW + 1AW (np =n/2 orng = (n — 1)2,m + mp pressure of the reacting 2AnW was taken from Table 4. The
= n) are more favorable than those from 1AmMAH,SO, when highest partial pressure for each reacting dimer was chosen. As
n=4,5, and 6. Also, all the free energies are negative, so atone can see, the model is crude, but we feel it will give
1 atm, all these reactions would happen. Note that lanni and reasonable values for the partial pressures of 2AnW species. A
Bandy* have also computed the same quantities as we have,more realistic model will require several different reaction
but with different structures. We did some comparison to their channels, and we are working with such a model.
structures, and the agreement in binding energies are good.  |n this model, partial pressures of all 2AnW are lower than
On the other hand, to use 1 atm partial pressure for sulfuric 10712 atm, but in channel 1A3W- 1A3W — 2A6W the partial
acid is not realistic if we are interested in atmospheric pressure is ca. 18°atm (or 10 cm~3), thus the 2A6W dimers
conditions. In the atmosphere, the density of sulfuric acid is are rather common. This is in good agreement with recent
only of the order of 10 particles/crd.26 This corresponds to  experiments by Hanson and EigéJén which they detect partial
partial pressures of 1®? atm. To estimate the partial pressures pressure of SA dimers of X 10° cm2 at 265 K. In this
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TABLE 4: Reactive Energies without the Zero-Point Energy more, the deprotonation of the second sulfuric acid will also
gr?éfleag:ggls éﬁal'zs%)ﬁr%gtg?lt%gsP%gahtzr%? ;:r?\;\?lﬁf) re(i?riw take place at the larger clusters. In the case ef 4 to 8, the
i two ionic pairs isomers (HSO), (H30"), (H20)n—2 are more
+ 1An,W (n; + n; = n) and 2A(nh — 1) W + H,O Channelg . . .
W (N 2 ) ( ) z stable than the neutral isomers,&0).(H>0), or one ion pair

A& AH AG® log(p/p?) isomers HSO; HSO;~ HzO* (Hz0)n-1.

A égfl\/(zc,&W(lfa) e e s et When the number of water molecules increase, the two sulfate
2A0W+H§O——2A1W(|—a) ~15.0 135 -26 —216 ions have a tendency to form indirect hydrogen bongis via the
1A2W-H,SO,— 2A2W(Il—a) -19.5 —18.3 —-4.0 -21.0 water molecules. This is due to the Coulomb repulsion of the
;ﬁmﬁmlmg%g\g'\;ﬁ) —12-1 _ﬂ{g —g-g —gig two negative HS@" ions. Due to the very limited amount of
1A3W(+Hj§o41 2A3W(II7(a) 3) 196 188 66 199 water in the clusters, all the waters and hydronium ions will
LATWH1A2W — 2A3W(I—a) —21.9 —211 -57 -19.8 prefer to be between the acids, and the hydronium ions will
2A2W(ll—ay+H,0 — 2A3W(I1—a) —15.9 —-148 -42 -20.3 repel each other. This explains the bipyramidal structure of
123%112%15233&855”‘) :’ﬂ-g C117p —256 90 174 2A4W(lll-a) and similar structures of 2A5W(lll-a) to 2A8W-
TATW-1A3W — 2A4W(111 —a) o1 —228 —92 -173 (ln-a). In general, the sulfate .and hygronium ions prefgr to be
1A4W+H,SO,— 2A4W(II1 —a) —23.4 —22.1 —-8.0 -18.1 solvent separated when possible. This has been seen in the case
iﬁgwﬂll—Aasr\X/Hzoz;\'Sa/\TI\{V(lll—a) —;g-g —;i-g _1?% —g-j of single acid® and in this work in several clusters where only
LAZW-1A3Wna— 2A5\(N(|_ag) 134 (-11.7) : : : one acid is deprotonated. When both the acids are deprotonated,
1ABWHH,SO;— 2A5W(lIl —a) —24.3 -239 -99 -16.8 the fully solvent-separated structure is possible only at 2A8W
1AIWH1A4W — 2A5W(I1l —a) —24.2 —-235 —-9.8 -16.8 and larger clusters. The structure of 2A8W(lll-a) clearly
2A4W(Ill —ay+H,0 — 2A5W(lll —a) —14.2 -13.4 -4.3 -16.8 ; i
1A3WH1A3W — 2A6W/(IIl —a) —25.4 -239-12.0 -15.2 conf_lrrr.ls the hypotheas at?o"e-
1A3Wnat1A3Wna— 2A6W(I—b)  —9.9 (—-12.1y It is interesting that we did not see any doubly deprotonated
1A2W+1A4W — 2A6W(IIl —a) —27.0 —255-10.0 —16.7 sulfuric acids, S@~. The reason for this is that the solvation
ﬁéwﬁfgg:;:g\\,’v\’(q:: _Z)) _ggs’ _3451'3 _13'2 _125 of the singly deprotonated acid is not very good in small clusters.

2 - - . - S . - . .
2ABW(IIl —a)+H,0 — 2A6W(lll —a) —15.4 —135 —-19 —17.2 In the stable clusters, the waters are between the acids, and the
1A3W-1A4W — 2A7TW(IIl —a) -23.9 -23.1 -9.8 -16.8 other hydroxyl groups of the acids are seldom solvated. We
ﬁiwﬁﬁgw_gﬁ;m:::—gg _gg-g —gi-g —g-g —g-‘z‘ think that the doubly deprotonated sulfuric acid could be found
2ABW(II1 —ay+H,0 — 2A7W(Ill —a) —12.7 120 15 —179 only when the clusters are large enough (at least 10 waters) to
1AAWH1A4W — 2A8W(IIl —a) -223 —205 —-8.2 —18.0 solvate well the whole acid molecule.
ﬁgwﬁﬁgwjgﬁgm”::gg o3z oo o Tt How would additional sulfuric acids effect to the proton
2ATW(II—a)tH,0 — 2A8W(III —a) —12.7 ~101 -21 -175 transfer and the structures of the clusters? The trend probably

. _ . _ would be similar to here. The sulfuric acids would take part in
All energies are in kcal/mol and at 298 K. Tpe =1 atm. The =y golvation, and only a few water molecules are needed to
free energies have been calculated at 1 atm pressure. See details of thg tonat Ifuri id. An ed ted Id be that
calculations of partial pressures in the tekRefs 12 and 15. eprotonate a su .urlc acid. An educated guess wou € tha
two waters per acid would be enough. The tendency to favor
the solvent separated ions should preserve, and all ions with
the same charge will repel each other. If the acids become

decrease first rapidly untit = 6, but then start to increase. At doubly deprotonated, the situation becomes more complex, but

n =8, the free energy is only10.8 kcal/mol. This means that 't iS very difficult to predict when this happens.

the 2A6W is the most stable dimer, not only uprte= 8, but Last, the energies and free energies of the acid dimer
very likely in all sizes. The main reason for this minimum is formation are very interesting (Table 4). They show that the
the large drop of the energies and (free) energies of the hydratedformation energy will first decrease very rapidly when the
monomers ah = 4 (see Table 2) The energies of the dimers number of waters around the acids increses to six but then start
decreases rather monotonically whenhiacreaces (Table 3).  to increase again. Our results suggest that the 2A6W would be
For the monomers, the = 4 is a special point, because there the most stable dimer, and at low sulfuric acid pressure its partial
the ionic structures become more stable. pressure is not much lower than that of SA. This is in good

In this case, the reactions happen between two H-bonded@dreement with the recent experiments by Hanson and Efsele,

clusters, which can adapt rather well when they approach eachin Which they detect partial pressure of SA dimers of 4@
other. Thus, we believe that the reaction barriers are rather smalf@t 265 K.
and do not slow the reactions. We feel that it is sensible to  Experimentally, it has been verified that the sulfuric acids
assume that the system is in equilibrium and the free energyare hydrated;?” and at 298 K there are few waters around tHem.
differences reflect the actual partial pressures of the products.Thus, it is reasonable to assume that the nucleation will occur
via the hydrated acids, and the dimerizations should occur with
the trihydrates. The critical cluster is measured to contaih3
sulfuric acids at 15.3%-2.3% R™(SA partial pressure was of

In conclusion, we have reported a comprehensive study of the order of 1@ molec/cn? and temperature 298 K). Eisele and
the structural properties of g83Qy), (H20), (n = 1—6) and the Hansofi speculate that at 236 K, 30, ~ 10° molec/cnd,
few most stable structures of the = 7,8 clusters. The and ca. 50% RH, the critical cluster should have 4 or 5 sulfuric
deprotonation of a single sulfuric acid in water clusters is rather acids. From our data, we cannot say what happens with the
easy. Only three waters were needed for the deprotonation tolarger sulfuric acid clusters, but very likely, the growth will
occur. We found that adding another sulfuric acid did not hinder happen by adding hydrated acids to dimers, trimers, etc. Do
the deprotonation. In fact, two water molecules are enough to the trimers and tetramers have similar minimum with respect
carry out the dissociation, where one water molecule acts as ato the water content as observed here? There probably is a
proton acceptor, while another water and second sulfuric acid minimum, but it is less clear because the energies of the dimers
molecules stabilize the newly formed hydronium ion. Further- are smoother.

experiment, the SA total concentration was 40° cm=3, Also
a very interesting result here is that the free energieS°}

4, Conclusion
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