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Intermolecular interactions of sulfur trioxide and sulfuric acid dimers 
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Density functional theory with 6-311++G** basis sets has been applied to the investigation of intermolecular 
interactions of sulfur trioxide and sulfuric acid dimers. Counterpoise procedure was used for the basis set 
superposition error (BSSE) correction. The corrected binding energy for (HSO4) 2 is –71.37 kJ/mol at the B3LYP/ 
6-311++G** level, and –37.79 and –39.04 kJ/mol for two H2SO4/SO3 binary complexes (denoted as dimers B and C) 
respectively. Dimers B and C can be spontaneously produced when gaseous sulfur trioxide mixes with sulfuric acid, 
which is in agreement with the experimental fact that sulfur trioxide is prone to dissolve in sulfuric acid. The O…S 
interacting is stronger than the O…H interacting in the heterodimer of H2SO4/SO3. Electron density at bond critical 
points and natural bond orbital analysis were performed to probe the origin of the intermolecular interactions.
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Intermolecular forces play a key role in determining the 
structures as well as the properties of supermolecules. Study of 
van der Waals forces continues to interest both physicists and 
chemists.1-7 Although the chemistry of individual molecules 
is generally dominated by covalent or ionic bonding, van der 
Waals forces govern the molecule-molecule interactions that 
are responsible for the stability of intermolecular complexes. 
Consequently, studies of atomic and molecular clusters can be 
expected to clarify some chemical behaviour, such as molecular 
recognition, physical adsorption, and aggregation. For example, 
sulfuric acid in high concentration can easily adsorb sulfur 
trioxide to form oleum. To elucidate the formation and the 
structure of non-covalent H2SO4/SO3 binary complexes, we 
performed DFT calculations on an adequate model.

Calculating model and methods
To study the intermolecular interaction of such a complex, 
either first principles or semiempirical methods can be 
employed. Computational practices show that first principle 
methods are superior to the latter for supermolecular systems 
formed through weak interaction instead of chemical bonding. 
So we used DFT method for the study of the title systems. 
Computational practice showed that the method is efficient for 
supermolecular systems with strong hydrogen bonds. In this 
paper we wish to report the structures, the binding energies in 
the process of the dimerisation.

For this type of study, usually a substantial size of basis 
set is required for an accurate description of the structures 
and energies of clusters. Hence we employed the triple-zeta-
quality 6-311++G** basis sets,8-9 which has been proved valid 
for intermolecular interaction studies.10

The monomers, sulfuric acid and sulfur trioxide, and their 
most stable dimers obtained from Chem3D software were 
fully optimised by using the Berny method at the DFT levels 
with 6-311++G** basis sets. In this study, sulfur trioxide 
was treated as an ideal gas without any intermolecular 
interaction between the molecules, while sulfuric acid and its 
SO3-adsorbed solution were modeled as dimers of (H2SO4)2 
and H2SO4/SO3 respectively. When sulfuric acid and sulfur 
trioxide form a heterodimer, the decomposition of the sulfuric 
acid dimer is actually involved. Therefore, the homodimer of 
sulfuric acid was also studied.

The basis sets commonly used to calculate the energies in 
the above equation are far from saturated and, hence in any 

complex, each subsystem will tend to lower its energy by 
using the basis functions of the other subsystem. The energies 
obtained at the equilibrium geometry of the complex for 
each subsystem are lower than those calculated at the same 
geometry with the basis functions of the respective subsystem 
alone. This energy difference is the so-called BSSE that can be 
checked by the Boys and Bernardi’s counterpoise procedure 
(CP).11-13

All quantum chemical calculations were performed with the 
GAUSSIAN 98 suite of programs.14 The evaluation of electron 
density is derived from the AIM2000 program. The atoms in 
molecules (AIM) theory of Bader15 defines a discrete rather 
than a fuzzy boundary on which space partitioning can be 
based. It is relatively basis-set independent compared with 
other methods such as Mulliken population analysis and its 
variations.

Results and discussion
Optimised geometries
Of all possible stable dimers, only the most stable structures 
of homogeneous dimer and heterodimers are shown in  
Figure 1. Table 1 lists some optimised geometrical parameters.

Dimers B possesses Cs symmetry. It was found that 
these cyclic dimers are more stable than the chained one  
(a dimer with single hydrogen bond), that is, it is favourable 
to form multi-hydrogen bonds instead of a single H-bond.  
For example, when optimised from the initial chained 
structure of dimer C (let angle O4–H6…O9 of C to be 180°), 
the structure automatically collapses to the cyclic one as 
shown in Fig. 1. A noticeable geometrical feature for B is its 
planarity of two hydroxyl groups in the sulfuric acid moiety, 
where the dihedral angle of H6O4O5H7 became ca. zero.  
The necessary energy of 8.6 kJ/mol required to deform the 
torsion angle is compensated for by the formation of two  
strong hydrogen bonds in dimer B. Similarly, two 
hydroxyl groups in a submolecule of A are also coplanar.  
The intermolecular distances in A are shorter than those in B 
and C, at the same time, there exists three H…O contacts in 
A. Judged from the distance and the number of intermolecular 
contacts, the strength of interaction in A is larger than that in B 
and C. Compared with the corresponding bond in SO3 and H2SO4 
monomers, all the bonds associated with the intermolecular 
contacts increase by 0.8–2.2 pm, while all the bonds outside 
the intermolecular interacting ring decrease somewhat.  
For example, the lengths of S1–O2, O4–H6, O5–H7,  
S8–O9, S8–O10 and O11–H13 increase, while those of O1–H4,  
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Fig. 1  Optimised structures of the stable dimers (data on dashed lines are intermolecular distances in nm).

O1–H5, S1–O3, S8–O11 and S8–O12 decrease to facilitate the 
combination of submolecules. The discrepancies of the bond 
angles between dimers and the corresponding monomers are 
less than 6.9°. However, changes of the absolute values of 
the dihedrals are as large as 67°, indicating that the internal 
rotation of the hydroxyl group around S-O bond occurs in the 
dimerisation.

Binding energies
Table 2 summarises the binding energies. The discrepancies 
of the uncorrected binding energies from the BSSE corrected 
energies are 5.61–6.75 kJ/mol for the dimers, indicating that 
the BSSE cannot be neglected, while corrections for the 
zero-point vibrational energies hardly influence the binding 
energies. The binding energy of dimer A is much larger 
than those of B and C. Although there exists only one H…O 
interaction in C, its binding energy is comparable with that of 
B, indicating the strength of the individual H…O bond of C 
is much stronger that those in the latter. The corrected binding 
energies for A, B and C are –71.37, –37.79 and –39.04 kJ/mol 
at the B3LYP/6-311++G** level, respectively. It is interesting 
to note that the changes the energies in the process of 2SO3 + 
A → 2(H2SO4/SO3) are all negative. It can be then deduced 

that dimers B and C would be favourably produced when SO3 
is being mixed with dimer A. The binding energies of dimers 
B and C are large enough to compensate for the energy needed 
for the dissociation of dimer A, which is in agreement with 
the experimental fact that the gaseous sulfur trioxide easily 
dissolves into the sulfuric acid solution.

NBO charges and charge transfer
Table 3 lists the atomic charges obtained by the natural bond 
orbital (NBO) analysis. Oxygen atoms that contact with 
neighbor H or S atoms carry more negative charge than those 
in the monomer, while hydrogen atoms that contact with 
neighbor O atoms carry more positive charge than those in the 
monomer, which facilitates the formation of O…H or O…S 
in the dimers. For dimers, the net result of charge transfer is 
that a submolecule of dimer A acquires 0.0108 e, whereas the 
sulfuric acid moiety of dimers B and C lost 0.0636 and 0.0226 e  
respectively. The dipole moments are 5.57, 2.71 and 3.08 
Debye for A, B and C respectively.

Table 1  Optimised parameters at the B3LYP/6-311++G** level (bond length in nm, bond angle and dihedral angle in degrees)

	 A		  B		  C

R1-2	 0.1467 (0.1448)	 R1-2	 0.1479 (0.1448)	 R1-2	 0.1457 (0.1448)
R1-3	 0.1429 (0.1436)	 R1-3	 0.1426 (0.1436)	 R1-3	 0.1435 (0.1436)
R1-4	 0.1605 (0.1637)	 R1-4	 0.1602 (0.1637)	 R1-4	 0.1601 (0.1637)
R1-5	 0.1604 (0.1610)	 R1-5	 0.1602 (0.1610)	 R1-5	 0.1618 (0.1610)
R4-6	 0.0982 (0.0970)	 R5-7	 0.0980 (0.0970)	 R8-9	 0.1460 (0.1447)
R5-7	 0.0983 (0.0970)	 R8-9	 0.1455 (0.1447)	 R8-10	 0.1440 (0.1447)
R8-9	 0.1460 (0.1448)	 R8-10	 0.1436 (0.1447)	 R8-11	 0.1441 (0.1447)
R8-10	 0.1449 (0.1436)	 R8-11	 0.1455 (0.1447)	 R4-6	 0.0983 (0.0970)
R8-11	 0.1593 (0.1610)	 q2-1-3	 121.0 (122.3)	 R5-7	 0.0971 (0.0970)
R8-12	 0.1594 (0.1637)	 q2-1-4	 107.5 (107.7)	 q2-1-3	 122.2 (122.3)
R11-13	 0.0992 (0.0970)	 q2-1-5	 107.5 (110.6)	 q2-1-4	 109.1 (107.7)
R12-14	 0.0971 (0.0970)	 q3-1-4	 107.8 (110.2)	 q2-1-5	 104.1 (110.6)
q2-1-3	 121.3 (122.3)	 q3-1-5	 107.9 (106.2)	 q3-1-4	 107.0 (110.2)
q2-1-4	 107.9 (107.7)	 q4-1-5	 103.8 (96.9)	 q3-1-5	 109.9 (106.2)
q4-1-5	 103.8 (96.9)	 q1-4-6	 110.9 (108.8)	 q4-1-5	 102.9 (96.9)
q1-4-6	 111.3 (108.8)	 q9-8-10	 120.7 (120.0)	 q1-4-6	 110.0 (108.8)
q4-6-10	 163.7	 q9-8-11	 117.5 (120.0)	 q1-5-7	 110.1 (110.3)
q5-7-9	 163.8	 j10-8-11	 120.7 (120.0)	 q4-6-9	 156.6
q9-8-10	 118.3 (122.3)	 j2-1-4-6	 –27.1 (40.2)	 q9-8-10	 119.0 (120.0)
j4-6-10-8	 1.2	 j2-1-5-7	 26.2 (39.9)	 q10-8-11	 121.5 (120.0)
j5-7-9-8	 2.1	 j1-2-8-10	 –179.9	 j4-6-9-8	 –3.8
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Electron density at bond critical points
Based on the B3LYP/6-311++G** optimised structure, 
the electron densities at bond critical points and the ratio 
of ρO…H(S) to ρO-H are calculated and listed in Table 4.  
The discrepancies of the electron densities from the AIM 
theory at different levels are very small. This indicates that 
the values of ρ are insensitive to both the basis set and 
the electron correlation. The ratios of electron density on 
intermolecular O…H or O…S to that on the neighbor O-H  
are in the range of 0.06~0.13, which reveals that there exist 
strong intermolecular interactions in the dimers. The ratios 
of ρO…H(S)/ρO-H also indicated that the strength of O…S is 
stronger than that of O…H.

Natural bond orbital analysis
Table 5 summarises the second-order perturbative estimates 
of ‘donor-acceptor’ (bond-antibond) interactions in the NBO 
basis for all the dimers. This is carried out by examining 
all possible interactions between ‘filled’ (donor) Lewis-
type NBOs and ‘empty’ (acceptor) non-Lewis NBOs, 
and estimating their stabilisation energy by second order 
perturbation theory.15-17 The stabilisation energies E(2) are 
proportional to the NBO interacting intensities. When the 
donor and the acceptor belong to different submolecules 
in a cluster, we call it intermolecular NBO interaction. It is 
the intermolecular NBO interaction that reveals the origin 
of intermolecular interactions. As can be seen from the 
intermolecular NBO interaction in Table 5, the main NBO 
interactions in dimers are that the lone pair on oxygen of one 
submolecule acts as donor and that the O-H or O-S antibond 
of another submolecule as acceptor. Two lone pairs of each 
oxygen interact with O-H or O-S antibonds in the dimers, 
and the total stabilisation energies of the largest two NBO 
interactions are over 50 kJ/mol, forming an intermolecular 
interaction. Judged from the stabilisation energies, the O…S 
interaction is stronger than the O…H interaction, which is 
consistent with the result from the electron density at bond 
critical points as mentioned above.

Table 2  Binding energies of the dimers (kJ/mol)a

Binding energies	 A	 B	 C

DE(DFT)	 –77.66	 –47.26(–16.86)b	 –46.32(–14.98)
DE(DFT)C	 –71.77	 –40.51(–9.25)	 –40.71(–9.65)
DE(DFT)C,ZPEC	 –71.37	 –37.79(–4.20)	 –39.04(–6.70)
aDEC is the 50% BSSE corrected binding energy and DEC,ZPEC the BSSE and ZPE corrected energy. Binding energy for dimer A 
refers to the process of 2H2SO4 = (H2SO4)2, and binding energies for dimers B and C refer to SO3 + H2SO4 = SO3···H2SO4. bData in 
parenthesis are the changes of energies in the process of 2SO3 + (H2SO4)2→2(SO3···H2SO4), i.e., 2 × DEC or B-DEA.

Table 3  Atomic NBO charges (a.u.) at the B3LYP/6-311++G** levela

	 A			   B	 C

Atom		  Charges	 Atom	 Charges	 Atom	 Charges

S1	 2.4667 (2.4167)	 S1	 2.4596 (2.4167)	 S1	 2.4533 (2.4167)
O2	 –0.9721 (–0.8743)	 O2	 –0.9354 (–0.8743)	 O2	 –0.9216 (–0.8743)
O3	 –0.8325 (–0.8407)	 O3	 –0.8109 (–0.8407)	 O3	 –0.8391 (–0.8407)
O4	 –0.8574 (–0.8607)	 O4	 –0.8476 (–0.8607)	 O4	 –0.8566 (–0.8607)
O5	 –0.8585 (–0.8430)	 O5	 –0.8478 (–0.8430)	 O5	 –0.8461 (–0.8430)
H6	 0.5215 (0.5000)	 H6	 0.5228 (0.5000)	 H6	 0.5272 (0.5000)
H7	 0.5215 (0.5020)	 H7	 0.5229 (0.5020)	 H7	 0.5055 (0.5020)
S8	 2.4569 (2.4167)	 S8	 2.3581 (2.2856)	 S8	 2.3491 (2.2856)
O9	 –0.9189 (–0.8743)	 O9	 –0.8398 (–0.7607)	 O9	 –0.8618 (–0.7607)
O10	 –0.8945 (–0.8407)	 O10	 –0.7419 (–0.7639)	 O10	 –0.7545 (–0.7639)
O11	 –0.8556 (–0.8607)	 O11	 –0.8400 (–0.7610)	 O11	 –0.7554 (–0.7610)
O12	 –0.8285 (–0.8430)
H13	 0.5396 (0.5000)
H14	 0.5117 (0.5020)
aData in parenthesis are those of monomer.

Table 4  Electron density at bond critical points from different 
levels

Dimer	 Bond	 r/'-3	 rO…H(S)/rO-H

A	 O2…H13	 0.2349	 0.11
	 O9…H7	 0.1800	 0.08
	 O10…H6	 0.1650	 0.08
	 O11-H13	 2.1940	 1.00
B	 O2…S8	 0.3067	 0.13
	 O9…H6	 0.1436	 0.06
	 O11…H7	 0.1452	 0.06
	 O4-H6	 2.2951	 1.00
C	 O2…S8	 0.2064	 0.09
	 O9…H6	 0.1891	 0.08
	 O4-H6	 2.2660	 1.00

Table 5  Intermolecular natural bond orbital interacting and 
the corresponding the stabilisation energy E(2) associated 
with delocalisation for the dimersa

Dimers	 Donor NBO (i)	 Acceptor NBO (j)	 E(2)/kJ/mol

A	 LP(1) O2	 BD* O11-H13	 38.5
	 LP(3) O2	 BD* O11-H13	 21.8
	 BD* S1-O2	 BD* O11-H13	 20.0
	 LP(1) O9	 BD* O5-H7	 15.5
	 LP(3) O9	 BD* O5-H7	 26.1
	 LP(1) O10	 BD* O4-H6	 13.2
	 LP(3) O10	 BD* O4-H6	 21.8
B	 LP(1) O2	 BD*(2) S8-O10	 13.4
	 LP(3) O2	 BD O9-O11	 7.0
	 LP(3) O2	 BD* S8-O9	 9.2
	 LP(3) O2	 BD*(2) S8-O10	 70.5
	 LP(3) O2	 BD* S8-O11	 9.2
	 BD* S1-O2	 BD* S8-O10	 5.1
	 LP(1) O9	 BD* O4-H6	 7.8
	 LP(2) O9	 BD* O4-H6	 5.8
	 LP(1) O11	 BD* O5-H7	 8.0
	 LP(2) O11	 BD* O5-H7	 5.9
C	 LP(1) O2	 BD*(2) S8-O10	 9.7
	 LP(3) O2	 BD*(2) S8-O10	 36.4
	 LP(1) O9	 BD* O4-H6	 19.4
	 LP(3) O9	 BD* O4-H6	 24.8
aLP means lone pair, BD* represents antibond and BD(2) 
denotes π bond. Threshold for E(2) is 5 kJ/mol.
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Conclusions
The ab initio calculations on the title dimers demonstrate that 
there exist cyclic structures in all the dimers with binding 
energies of much larger than double of the experimental 
dissociation energy (ca 15 × 2 kJ/mol) of the water dimer.20-21 

The binding energy of dimers B and C are high enough to 
compensate for the energy needed for the dissociation of 
dimer A. The process of A + 2SO3→2B(or 2C) is energetically 
favourable.
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