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Abstract 

HClO4 is an important catalyst in organic chemistry, and also acts as a reservoir or sink species in 

atmospheric chlorine chemistry. In this study, we computationally investigate the interactions of 

Brønsted (H2SO4, HClO4, HNO3) and Lewis acids (BH3, BF3, BCl3, BBr3, B(OH)3) with HClO4 

using the B97xD method and the aug-cc-pVDZ basis set. Different isomers of clusters with up 

to 4 molecules (tetramer) were optimized, and the most stable structures were determined. The 

enthalpies, ∆H, and Gibbs free energies, ∆G, of cluster formation were calculated in the gas phase 

at 298 K. Atoms in molecules (AIM) calculations find B-O bond critical points only in the 

(BH3)nHClO4 clusters, while formation of other clusters was based on hydrogen bonding 

interactions. (H2SO4)HClO4 and (B(OH)3)HClO4, with formation enthalpies of -14.1 and -12.0 

kcal mol-1, were the most stable, and (BCl3)HClO4 with a formation enthalpy of -2.9 kcal mol-1, 

was the least stable cluster among the dimers. Clustering of the Lewis and Brønsted acids with 

HClO4 enhanced its acidity, so that clustering of four HClO4 molecules and formation of (HClO4)4 

increases the acidity of HClO4 by about 35 kcal mol-1. The most acidic dimer cluster found in the 

study was (BBr3)HClO4, with ∆Hacid of 275 kcal mol-1; 26 kcal mol-1 stronger than that of the 

HClO4 monomer. 
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1. Introduction 

Perchlorate (ClO4
-) and perchloric acid (HClO4) are inorganic oxidant, with numerous applications 

as catalysts in organic chemistry.1 However, human exposure to these compounds leads to health 

risks.2 These compounds have been found to be widespread in the soil, the atmosphere, seawater, 

rain and snow.3-6 Also, there is significant evidence for the existence of perchlorate in the 

atmosphere and soil of Mars7-9 and elsewhere in the Solar System.10 

Inorganic chlorine in the stratosphere exists as Cl, ClO, HCl, ClONO2, HOCl, and HClO4, and 

about 50% of the total inorganic chlorine is in the form of HClO4 (0.2 ppb).11 Since HClO4 is 

photochemically stable, it plays an important role as a chlorine reservoir in the stratosphere.12 

Removal of HClO4 by deposition similarly represents a sink for active chlorine. It has been 

reported that HClO4 is produced from Cl via two consecutive reactions13,14 

Cl + O3 + M → ClO3 + M (1) 

ClO3 + OH + M → HClO4 + M (2) 

While reaction (1) contributes to ozone depletion, reaction (2) removes both a Cl atom and an OH 

radical, and thus acts as a termination step for ozone-depleting HOx and ClOx catalytic cycles.  In 

addition to reaction (2), HClO4 is also emitted directly to the atmosphere from anthropogenic 

sources such as military and industrial activities.15 Because of strong oxidative property of 

perchlorate, it has been used in the production of explosives. However, most of the emitted 

perchlorate is used as an additive in propellants in missile engine and rockets.16,17 A small fraction 

of antropogenic HClO4 is thus emitted directly to the stratosphere.  

Protic molecules such as HClO4 can form clusters via hydrogen bonding interactions. 

However, to the best our knowledge, there is no systematic study on the possibility of HClO4 for 
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participating in clustering or new–particle formation reactions. Particle formation from Brønsted 

acids and bases have been investigated for multiple molecules, including H2SO4, HNO3, H2O, 

oxalic acid, sulfonic acid derivatives, formaldehydes, amines and diamines.18-26 Sometimes 

formation of these clusters has a synergic effect on the acidity enhancement, inducing spontaneous 

intermolecular proton transfer between the molecules in the cluster.21 Interaction of the Brønsted 

acids and bases with Lewis acids such as BeX2, BX3, AlX3 (X=H, F, Cl, Br), AuF3, and SbF5 has 

been also studied.27-34 One of the famous complexes from this category is the magic acid, HSbF6, 

with a ∆Gacid of 260.5 kcal mol-1.32 In contrast to the Brønsted acids, interactions with the Lewis 

acids mainly proceeds via charge transfer from the molecules to the empty orbitals of the Lewis 

acids. It has been reported that formation of the Brønsted acid/Lewis acid clusters causes a 

dramatic increase in the acidity, so that many of these complexes are classified as superacids, i.e. 

compounds more acidic than pure sulfuric acid or with a Hammet acidity function less than -12.35 

Although there is no study on the cluster formation of HClO4 with Brønsted acids, the interaction 

of HClO4 with Lewis acids AlF3 and SbF5 has been theoretically investigated.33 This study showed 

that effect of SbF5 on the acidity increment of HClO4 is more than that of AlF3, so that 

HClO4(SbF5)3 with a ∆Gacid of 242.3 kcal mol-1,33 is more acidic than many organic and inorganic 

superacids.36-40 

Recently, we studied clusters formed from the interaction of H2SO4 with the Lewis acids BX3 

(X=H, F, Cl, Br, CN, OH).41 In this work, interactions of HClO4 with both Lewis and Brønsted 

acids, including HClO4, H2SO4, HNO3, BH3, BF3, BCl3, BBr3 and B(OH)3, are investigated 

theoretically, and the stabilities of the corresponding clusters are assessed to determine whether 

they can be formed in either atmospheric or laboratory conditions. We also evaluate the acidity 

enhancement of HClO4 upon clustering with these compounds. 
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2. Computational details 

The geometries of (HClO4)1-4, (H2SO4)1-3HClO4, and (BX3)1-3HClO4 clusters and their 

corresponding conjugated bases were structurally optimized using the B97xD functional and the 

aug-cc-pVDZ basis set, which includes diffuse and polarization functions for both hydrogen and 

heavy atoms. Recently, we used B97xD/aug-cc-pVDZ method for similar systems (BX3)nH2SO4 

and confirmed its accuracy by comparison with CCSD(T)/F12 method.41 For further validation, 

the geometries of (BF3)HClO4-a, (BF3)HClO4-b, and (BF3)ClO4
- clusters were optimized at 

MP2/aug-cc-pVDZ level. Then, single point calculations were performed on the MP2-optimizated 

clusters using CCSD(T) method to obtain the relative energies. The calculated relative energies 

computed by B97xD, MP2 and CCSD(T) and geometries optimized by B97xD and MP2 are 

compared in Figure S1 (Supporting Information). Also, formation energies and acidity of 

(BF3)HClO4-a, computed by MP2 method, were included in Tables 5 & 6.  Comparison of these 

data shows good agreement between the B97xD, MP2 and CCSD(T) results. 

The electronic energies without thermal and zero point vibrational energy (ZPE) corrections were 

used to compare the stability of different isomers of each cluster. Formation enthalpies and free 

energies were subsequently calculated using the standard rigid rotor and harmonic oscillator 

approximations, a reference pressure of 1 atm, and a temperature of either 298 K or 200 K. The 

Gaussian 09 software was used for all calculations.42 Quantum theory of atoms in molecules 

(QTAIM) was used to determine the bond critical points (BCPs) and calculate density, ρ, its 

Laplacian, 2 , potential, V(r), and kinetic electron energy densities, G(r), at BCPs. The QTAIM 

calculation were carried out using the AIM2000 software.43 

3. Results and discussion 
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Figure 1 shows different isomers of the (HClO4)n clusters with n=2–4, and compares their relative 

stabilities. Only one isomer was considered for (HClO4)2, while for (HClO4)3 and (HClO4)4 three 

and six isomers were optimized, respectively. In both (HClO4)3 and (HClO4)4 clusters, the isomers 

a with a cyclic structure are more stable. However, the energy difference between the isomers is 

small (<5 kcal mol-1), likely because the isomers have the same number of hydrogen bonds. 
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Fig. 1 Comparison of relative stabilities of different isomers of (HClO4)n clusters, (n=2-4). The 
bond lengths and energies are in Å and kcal mol-1, respectively. Color coding: red: oxygen, green: 
chlorine, grey: hydrogen. 

The calculated values of the enthalpy (∆H) and Gibbs free energy (∆G) for formation of the 

(HClO4)2-4 clusters are summarized in Table 1. Although the formation reactions of the      

(HClO4)2-4 clusters are all exothermic, the formation ∆G values are positive because of the 

decrease in entropy upon clustering. Hence, the calculated equilibrium constants, Keq, are all 

smaller than 1 (Table 1).  From the Keq values, the relative abundance of each (HClO4)n cluster 

was obtained at 298 K for different pressure of HClO4 (10-12-1 atm). The relative abundances have 

been summarized in Table S1a (Supporting Information). To simulate the stratosphere condition, 

the relative abundances of the clusters were also computed at 200 K (Table S1b). Because of the 

small values of Keq, the relative abundances of the (HClO4)2-4 clusters are negligible at 298 K and 

pressures lower than 10-3 atm, and HClO4 exists practically solely in the monomer form. For a 

representative stratosphere concentration of HClO4 (0.2 ppb or ~10-10),11 and at 200 K, only 10-6% 

of the HClO4 exits as dimer. The results in Tables S1a and S1b show that although HClO4 clusters 

are not easily formed in stratosphere because of its low concentration, formation of HClO4 clusters 

in laboratory condition is feasible. For example, at 19 oC, when HClO4 is present at its saturation 

vapor pressure (11 Torr = 0.014 atm),44 about 0.04% of HClO4 exists as a dimer (Table S1a). 
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Table 1 The calculated values of enthalpy (∆H) and Gibbs free energy (∆G) for formation of the 
most stable isomers of (HClO4)2-4 clusters in gas phase and at 298 K 

reaction ∆H (kcal mol-1) ∆G (kcal mol-1) Keq (1/atm) 
HClO4 + HClO4 → (HClO4)2 -9.5 1.9 3.57×10-2 
HClO4 + (HClO4)2 → (HClO4)3-a -6.7 3.3 3.89×10-3 
HClO4 + (HClO4)3-a → (HClO4)4-a -5.8 5.2 1.51×10-4 

 

Deprotonation of the (HClO4)n clusters leads to formation of anionic conjugated bases,      

(HClO4)n-1ClO4
-. The optimized structures of different isomers of (HClO4)n-1ClO4

- clusters are 

shown in Figure 1.  The calculated enthalpies (∆Hacid) and Gibbs free energies (∆Gacid) for 

deprotonation of the (HClO4)n clusters in the gas phase are tabulated in Table 2. The calculated 

∆Hacid and ∆Gacid values for HClO4 are 301.4 and 294.7 kcal mol-1, respectively, indicating that 

HClO4 is a stronger acid than H2SO4 with ∆Hacid and ∆Gacid values of 309.6 and 302.3 kcal mol-1 

in the gas phase,45 respectively. As the number of HClO4 monomers increases, the acidity of the 

(HClO4)n clusters increases. This may be due to stronger hydrogen bonds in the anionic conjugate 

bases (HClO4)n-1ClO4
-, (Table S2) stabilizing the negative charge.46,47 The ∆Hacid values for 

(HClO4)2, (HClO4)3, and (HClO4)4 are 284.7, 270-274, and 260-270 kcal mol-1, respectively. 

Although HClO4 is a stronger acid than H2SO4 (∆Hacid = 313 kcal mol-1), the acidity of (HClO4)2 

is comparable to (H2SO4)2 with ∆Hacid of 281-284 kcal mol-1.41,48 However, (HClO4)2 is more 

acidic than the heterogeneous cluster (HNO3)H2SO4 with ∆Hacid of 289 kcal mol-1.41 
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Table 2 The calculated values of ∆Hacid and ∆Gacid for the most stable isomers of (HClO4)n clusters 
and formation the most stable conjugated bases in gas phase at 298 K 

Deprotonation reaction ∆Hacid (kcal mol-1) ∆Gacid (kcal mol-1) 
HClO4 → ClO4

- + H+ 301.4, 298.4a, 299.9b 294.7, 293.3a 

(HClO4)2 → (HClO4)ClO4
- + H+ 284.7 277.2 

(HClO4)3-a → (HClO4)2ClO4
--a + H+ 274.1 263.9 

(HClO4)4-a → (HClO4)3ClO4
--b + H+ 266.5 254.6 

a calculated by B3LYP/6-311+G(d,p) from reference;49 b measured experimentally.50  

Figures 2 and 3 show the optimized structures of the (H2SO4)1-3HClO4 and (HNO3)1-3HClO4 

clusters and their conjugated bases, respectively. In the case of (H2SO4)1-3HClO4 clusters, the 

isomers with larger numbers of hydrogen bonds are usually more stable. Also, the isomers in which 

the HClO4 is at the center of the cluster, and HClO4 participates in multiple hydrogen bonds, are 

much higher in energy than the global minima. This may be because of weaker hydrogen bonding 

interactions in the HClO4/H2SO4 and HClO4/HNO3 systems compared to those in the 

H2SO4/H2SO4 and HNO3/HNO3 systems. For example, in (H2SO4)2HClO4-a, the hydrogen bond 

lengths of SO–H…OCl, ClO–H…OS, and SO–H…OS, are 1.779, 1.685, and 1.640 Å, with angles 

of 169.9o, 173.1o, and 175.8o, respectively. Also, the calculated ρ(r) values at bond critical points 

of these hydrogen bonds are 0.034, 0.042, and 0.046, respectively. In the case of conjugate bases, 

(H2SO4)2ClO4
- clusters mostly have linear structures, while (H2SO4)3ClO4

- clusters tend to fold 

and form caged structures. In all isomers, the deprotonated species is ClO4
-, except for 

(H2SO4)3ClO4
--g and (H2SO4)3ClO4

--h in which HSO4
- anions cluster with H2SO4 and HClO4. 

However, (H2SO4)3ClO4
--g and (H2SO4)3ClO4

--h are considerably less stable than other isomers.  
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Fig. 2 The optimized structures of the (H2SO4)nHClO4 clusters and their conjugated bases, 
(H2SO4)3ClO4

-. The bond lengths and energies (numbers in the parenthesis) are in Å and kcal 
mol-1, respectively. Color coding: red: oxygen, green: chlorine, grey: hydrogen, yellow: sulfur. 
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Fig. 3 The optimized structures of the (HNO3)nHClO4 clusters and their conjugated bases, 
(HNO3)3ClO4

-. The bond lengths and energies are in Å and kcal mol-1, respectively. Color coding: 
red: oxygen, green: chlorine, grey: hydrogen, blue: nitrogen. 

The calculated values of ∆H and ∆G for formation of the (H2SO4)nHClO4 and 

(HNO3)nHClO4 clusters in gas phase are summarized in Table 3. The formation reactions of 
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(H2SO4)nHClO4 clusters are more exothermic than those of the analogous (HNO3)nHClO4 and 

(HClO4)n+1 clusters. This may be due to the larger number of OH groups in H2SO4 compared to 

HNO3 and HClO4 allowing for the formation of more hydrogen bonds. The ∆G values show that 

formation of the (H2SO4)1-3HClO4 clusters is thermodynamically favorable (at a reference pressure 

of 1 atm), while (HNO3)nHClO4 clusters are not formed spontaneously. While the heterogeneous 

(H2SO4)nHClO4 clusters are more stable than the corresponding homogeneous (HClO4)n+1 clusters, 

the stabilities of (HNO3)nHClO4 and (HClO4)n+1 clusters are generally comparable. The general 

trend in stability is illustrated by the dimer interaction energies for H2SO4/H2SO4, HClO4/HClO4, 

HNO3/HNO3, HNO3/H2SO4, HNO3/HClO4, H2SO4/HClO4, which are -13.2,51 -9.5, -8.4,52 -10.9,53 

-9.0, and -14.1 kcal mol-1, respectively. From the Keq values, the relative abundances of the 

(H2SO4)nHClO4 and (HNO3)nHClO4 clusters in H2SO4 and HNO3 pressure range of 10-12–1 atm 

and at 200 and 298 K were calculated (Tables S3 and S4). The reported saturation vapor pressure 

of H2SO4 at 296 K is ~3×10-8 atm.54 Table S3a shows that in this condition and in the presence of 

HClO4, 1.5×10-5% of HClO4 is as (H2SO4)HClO4. However, it should be mentioned that self-

clustering of H2SO4 and/or HClO4 will compete with H2SO4/HClO4 clustering. Our calculations 

showed that the ∆G values for formation of (H2SO4)2, (H2SO4)nHClO4, and (HClO4)2 are -5.3, -

1.6, and 1.9 kcal mol-1, respectively. Hence, in the mixture of H2SO4 and HClO4, the clusters 

(H2SO4)n and (H2SO4)nHClO4 are more abundant than (HClO4)n. The formation of (HNO3)nHClO4 

clusters is thermodynamically less favored than (H2SO4)nHClO4 clusters (Table 3); however, 

because of the higher saturation vapor pressure of HNO3, the former clusters can more easily be 

generated in laboratory conditions. For example, when HNO3 is present at its saturation vapor 

pressure at 298 K (0.08 atm),55 0.6% of HClO4 exists as (HNO3)HClO4.  
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Table 3 The calculated values of enthalpy (∆H) and Gibbs free energy (∆G) for formation of the 
most stable isomers of (H2SO4)nHClO4 and (HNO3)nHClO4 clusters in gas phase at 298 K  

reaction ∆H (kcal mol-1) ∆G (kcal mol-1) Keq (1/atm) 
H2SO4 + HClO4 → (H2SO4)HClO4-a -14.1 -1.6 1.53×101 
H2SO4 + (H2SO4)HClO4-a → (H2SO4)2HClO4-d -14.8 -3.4 2.99×102 
H2SO4 + (H2SO4)2HClO4-d → (H2SO4)3HClO4-a -16.1 -5.6 1.20×104 
HNO3 + HClO4 → (HNO3)HClO4 -9.0 1.6 6.69×10-2 
HNO3 + (HNO3)HClO4 → (HNO3)2HClO4-c -5.3 2.7 9.55×10-3 
HNO3 + (HNO3)2HClO4-c → (HNO3)3HClO4-d -8.1 0.8 2.59×10-1 

 

The calculated ∆Hacid and ∆Gacid for deprotonation of the (H2SO4)nHClO4 and (HNO3)nHClO4 

clusters in gas phase are summarized in Table 4. Increases in the number of H2SO4 and HNO3 

molecules in the clusters enhances their acidity. Although HClO4 is more acidic than H2SO4, the 

(H2SO4)nHClO4 and (HClO4)n clusters with the same number of molecules have comparable 

acidity - in many cases, the (H2SO4)nHClO4 clusters are actually slightly more acidic. This can be 

attributed to the higher stability of the (H2SO4)nClO4
- clusters relative to (HClO4)nClO4

-, which 

can also be seen from a comparison of the data in Tables S2 and S5 (Supporting Information). 

However, (HClO4)n clusters are more acidic than the (HNO3)nHClO4 clusters, again in accordance 

with the higher stability of (HClO4)nClO4
- clusters compared to (HNO3)nClO4

- (Tables S2 and S5). 

Interestingly, (HNO3)HClO4 and (HNO3)H2SO4 with ∆Hacid values of ~289 kcal mol-1,41 have the 

same acidity. The acidity trends in the binary clusters is (H2SO4)2 > (H2SO4)HClO4 > (HClO4)2 > 

(HNO3)HClO4 ~ (HNO3)H2SO4. It thus seems that there is a direct relationship between the acidity 

of clusters and their stability, so that clusters containing H2SO4 are both more acidic and more 

stable.  
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Table 4 The calculated values of ∆Hacid and ∆Gacid for deprotonation of the (H2SO4)nHClO4 
clusters in gas phase and at 298 K. Only the most stable isomers have been considered  

Deprotonation reaction ∆Hacid (kcal mol-1) ∆Gacid (kcal mol-1) 
H2SO4 → H2SO4

- + H+ 313.4 (312.1)a 305.3 (304.5)a 

HNO3 → NO3
- + H+ 322.5 (324.5)b 315.5 (317.8)b 

(H2SO4)HClO4-a → (H2SO4)ClO4
--a + H+ 283.7 275.8 

(H2SO4)2HClO4-d → (H2SO4)2ClO4
--c + H+ 275.3 266.8 

(H2SO4)3HClO4-a → (H2SO4)3ClO4
--f + H+ 270.5 265.2 

(HNO3)HClO4 → (HNO3)ClO4
- + H+ 289.6 280.7 

(HNO3)2HClO4-c → (HNO3)2ClO4
--a + H+ 279.4 271.5 

(HNO3)3HClO4-d → (HNO3)3ClO4
--a + H+ 275.9 268.4 

aCalculated by G4 method;56 bExperimental values from ref.57 

Figure 4 shows the optimized structures of the (BH3)HClO4, (BF3)HClO4, (BCl3)HClO4, and 

(BBr3)HClO4 clusters. Two isomers were considered for each cluster. The “a” isomers containing 

a OH…XB (X=H, F, Cl, Br) interaction are in all cases more stable that the “b” isomers which 

lack this interaction. We expected that the boron atoms would interact with the oxygen atoms of 

HClO4. However, the results of AIM calculations show that there is a B-O interaction only in the 

(BH3)HClO4 cluster, while the other clusters, including (BF3)HClO4, (BCl3)HClO4 and 

(BBr3)HClO4 (Table S6), lack such interactions. This can to some extent also be deduced from a 

comparison of the B-O bond lengths in Fig. 3. Also, BF3, BCl3, and BBr3 maintain their planar 

geometry in the corresponding clusters, while BH3 undergoes a planar/pyramidal conversion upon 

interaction with HClO4. The required energy for the conversion of the planar form of BH3 to its 

pyramidal structure is less than that for BF3, BCl3, and BBr3.41 Hence, BH3 can more easily form 

a B-O bond with HClO4. Also, because of the strong acidity of HClO4, its H atom tends to form 

hydrogen bonds with F, Cl, and Br atoms of BX3, and this interaction is preferred over the 

formation of B-O bonds. (Formation of a strong and thus short B-O bond would likely distort the 

H-bonding distances and angles far away from the optimum geometry, thus these two modes of 

interactions can be thought to compete with each other).  In the case of BH3, the interaction 

proceeds via B-O bond formation due to the lack of an H-bond acceptor group. 
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Fig. 4 The optimized structures for two isomers of the (BH3)HClO4, (BF3)HClO4, (BCl3)HClO4, 
and (BBr3)HClO4 clusters. The bond lengths and energies are in Å and kcal mol-1, respectively. 
Color coding: red: oxygen, green: chlorine, grey: hydrogen, yellow: fluorine, brown: bromine, 
pink: boron. 

The calculated values of ∆H and ∆G for formation of the (BX3)HClO4 clusters are summarized in 

Table 5. Comparison of the ∆H values for BX3/HClO4 interactions shows that the BH3 has the 

strongest interaction with HClO4, while Cl and BBr3 show the weakest interactions. The AIM 

results (Table S6) show that the strong BH3/HClO4 interaction is because of a B-O bond critical 

point in this cluster, which is absent in other (BX3)HClO4 clusters.  

In a previous study, we showed that in the (BX3)H2SO4 clusters, the B atoms of all BX3 molecules 

interact with oxygen atoms of H2SO4.41 These results can be interpreted based on the fact that 

HClO4 is a stronger acid and consequently a weaker Lewis base than H2SO4, and cannot easily 

donate its electron to an empty orbital of the B atom of BX3. 
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Table 5 The ∆H and ∆G values for formation of the most stable isomers of (BX3)nHClO4 
clusters in gas phase at 298 K calculated by B97xD/aug-cc-pVDZ method 

reaction ∆H (kcal mol-1) ∆G (kcal mol-1) Keq (1/atm) 
BH3 + HClO4 → (BH3)HClO4-a -6.6 4.2 8.45×10-4 

BF3 + HClO4 → (BF3)HClO4-a -4.2, -5.5a, -4.5b 4.7, 3.7a, 4.7b 3.56×10-4 
BCl3 + HClO4 → (BCl3)HClO4-a -2.9 5.5 9.74×10-5 
BBr3 + HClO4 → (BBr3)HClO4-a -3.4 4.6 4.11×10-4 
B(OH)3 + HClO4 → (B(OH3)HClO4-a -12.0 -1.3 9.29×100 
BH3 + (BH3)HClO4-a → (BH3)2HClO4-c -16.7 -5.3 7.74×103 
BF3 + (BF3)HClO4-a → (BF3)2HClO4-c -2.6 5.8 5.17×10-5 
BCl3 + (BCl3)HClO4-a → (BCl3)2HClO4-c -2.0 5.4 1.14×10-4 
BBr3 + (BBr3)HClO4-a → (BBr3)2HClO4-c -4.1 4.6 4.09×10-4 
B(OH)3 + (B(OH3)HClO4-a → (B(OH3)2HClO4-a -10.2 -0.5 2.33×100 
BH3 + (BH3)2HClO4-c → (BH3)3HClO4-c -4.0 5.2 1.41×10-4 
BF3 + (BF3)2HClO4-c → (BF3)3HClO4-b -2.1 7.0 6.75×10-6 
BCl3 + (BCl3)2HClO4-c → (BCl3)3HClO4-c -2.7 7.1 6.60×10-6 
BBr3 + (BBr3)2HClO4-c → (BBr3)3HClO4-c -3.8 5.5 9.41×10-5 
B(OH)3 + (B(OH3)2HClO4-a → (B(OH3)3HClO4-a -10.5 0.5 4.06×10-1 

a computed at MP2/aug-cc-pVDZ level, b CCSD(T)/ aug-cc-pVDZ//MP2/aug-cc-pVDZ 

Clusters with two and three BX3 molecules were also considered. The optimized structures for 

different isomers of (BX3)2HClO4 and (BX3)3HClO4 are shown in Figure 5. In all clusters, the 

isomers with BX3/HClO4 interactions are less stable than corresponding isomers with BX3/BX3 

interactions. Boron atoms cannot interact strongly with oxygen atoms of HClO4, a weak Lewis 

base. Instead, B prefers to interact with X atoms of other BX3 molecules (Table S6). Hence, the 

isomers c with BX3/BX3 interactions are more stable than isomers a with B/O interactions. Despite 

the energy differences between the isomers, the ∆G values in Table 5 shows that formation of all 

(BX3)1-3HClO4 (X=H, F, Cl, Br) clusters is not thermodynamically favored, and the Keq values are 

very small. Using the Keq values, the relative abundances of the (BX3)1-3HClO4 (X=H, F, Cl, Br) 

clusters in different pressure of BX3 at 200 and 298 K were computed. These data have been 

summarized in Tables S7-S10. Comparison of the relative abundance values shows that in the 

pressure range of 10-12 to 1 atm, HClO4 is present in its monomer form, as the relative 

concentrations of other (BX3)1-3HClO4 clusters is negligible. From the relative abundances at 200 

and 298 K it is concluded that formation of detectable amounts of (BX3)nHClO4 clusters in 



16 
 

laboratory condition (low temperature and high concentrations of BX3) is possible for at least those 

BX3 species with high enough saturation vapor pressures. 
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Fig. 5 The optimized structures for different isomers of (BX3)2HClO4 and (BX3)3HClO4 cluster. 
The bond lengths and energies are in Å and kcal mol-1, respectively. Color coding: red: oxygen, 
green: chlorine, grey: hydrogen, yellow: fluorine, brown: bromine, pink: boron. 

Figure 6 shows the optimized structures of the conjugate bases of (BX3)1-3ClO4
- clusters. Because 

of the negative charge of the conjugate bases, we expect stronger B/O interactions. Comparison of 

the B-O bond lengths in the neutral clusters, (BX3)nHClO4, (Fig. 5) and anionic clusters, 

(BX3)nClO4
-, (Fig. 6) partially confirms our hypothesis of stronger B/O interaction in the latter. 

Also, AIM calculations predict B-O BCPs in all anionic (BX3)ClO4
- clusters, while in the neutral 

case the BCP is present only for (BH3)HClO4. However, the existence of B/O interactions in the 

conjugate bases, (BX3)nClO4
-, does not lead to considerable changes in the stability trend of the 

isomers of these clusters: isomers of the type (BX3)nClO4
--b with larger numbers of BX3/BX3 

interactions are still  the most stable.  
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Fig. 6 Comparison of the relative stability of the isomers of (BX3)2ClO4
- and (BX3)3ClO4

- 

cluster. The bond lengths and energies are in Å and kcal mol-1, respectively. Color coding: red: 

oxygen, green: chlorine, grey: hydrogen, yellow: fluorine, brown: bromine, pink: boron. 

Because of B-O bond formation in the conjugate bases, (BX3)nClO4
-, we expect that BX3 

molecules enhance the acidity of HClO4. The calculated values of ∆Hacid and ∆Gacid for 

deprotonation of the (BX3)nHClO4 clusters are tabulated in Table 6. For the clusters with one BX3, 

the acidity increases as (BH3)HClO4 <  (BF3)HClO4 < (BCl3)HClO4 < (BBr3)HClO4. This trend 

shows the effect of electron withdrawing groups (EWGs) on the intensifying the electron 

deficiency of boron, leading to stronger B/O interaction. However, the same trend does not hold 

for larger clusters with two and three BX3 molecules ((BX3)2HClO4 and (BX3)3HClO4), as 

(BH3)2HClO4 and (BH3)2HClO4 which lack any EWGs are the strongest acids among the series. 

The higher acidity of (BH3)nHClO4 clusters is due to strong H2BH-BH3 and ClO-BH3 interactions 

in the conjugate bases. The calculated ∆Hacid for (BH3)2HClO4-b and (BH3)3HClO4-b, the most 

stable isomers of (BH3)nHClO4 clusters, are 264.0 and 264.6 kcal mol-1, respectively.   
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Table 6 The ∆Hacid and ∆Gacid values for the (BX3)nHClO4 clusters in gas phase at 298 K calculated 
by B97xD/aug-cc-pVDZ method. Only the most stable isomers have been considered 

Deprotonation reaction ∆Hacid (kcal mol-1) ∆Gacid (kcal mol-1) 
(BH3)HClO4-a → (BH3)ClO4

- + H+ 285.8 278.1 
(BH3)2HClO4-c → (BH3)2ClO4

--b+ H+ 278.7 269.8 
(BH3)3HClO4-c → (BH3)3ClO4

--b+ H+ 267.4 258.6 
(BF3)HClO4-a → (BF3)ClO4

- + H+ 282.2, 279.5a, 280.6b  277.5, 274.6a, 275.7b 

(BF3)2HClO4-c → (BF3)2ClO4
--b + H+ 272.6 269.3 

(BF3)3HClO4-b → (BF3)3ClO4
--b + H+ 267.5 263.6 

(BCl3)HClO4-a → (BCl3)ClO4
- + H+ 277.4 273.3 

(BCl3)2HClO4-c → (BCl3)2ClO4
--a + H+ 273.5 273.4 

(BCl3)3HClO4-c → (BCl3)3ClO4
--b + H+ 273.1 268.8 

(BBr3)HClO4-a → (BBr3)ClO4
- + H+ 275.0 271.3 

(BBr3)2HClO4-c → (BBr3)2ClO4
--a + H+ 273.2 271.9 

(BBr3)3HClO4-c → (BBr3)3ClO4
--b + H+ 271.7 267.7 

(B(OH)3)HClO4-a → (B(OH)3)ClO4
--b + H+ 295.3 287.5 

(B(OH)3)2HClO4-a → (B(OH)3)2ClO4
--b + H+ 291.6 283.9 

(B(OH)3)3HClO4-a → (B(OH)3)3ClO4
--a + H+ 293.4 281.9 

a computed at MP2/aug-cc-pVDZ level, b CCSD(T)/ aug-cc-pVDZ//MP2/aug-cc-pVDZ 

B(OH)3 is a weaker Lewis acid than other BX3 molecules, and its B atom has low tendency to 

interact with Lewis bases to accept electrons.41 Because of presence of OH groups in B(OH)3, it 

participates in cluster formation via hydrogen bonding interactions. Figure 7 shows the optimized 

structures of the (B(OH)3)1-3HClO4 clusters and their conjugate bases. The relative stabilities of 

different cluster isomers have also been compared in Fig. 7. Because of existence of donor and 

acceptor sites in both B(OH)3 and HClO4, the clusters form a network of hydrogen bonds. The 

clusters with more hydrogen bonds are more stable. There were no intermolecular B/O interactions 

either in the neutral clusters (B(OH)3)nHClO4, or in the conjugate bases, (B(OH)3)2ClO4
-.  

The calculated values of ∆H and ∆G for formation of the (B(OH)3)nHClO4 clusters are summarized 

in Table 5. Unlike the (BX3)nHClO4 (X=H, F, Cl, Br) clusters, formation of (B(OH)3)nHClO4 is 

thermodynamically favored. This is because of the capability of B(OH)3 to simultaneously accept 

and donate hydrogen bonds, and thus form more stable clusters. The calculated relative abundances 

of (B(OH)3)0-3HClO4 clusters at different pressure of B(OH)3 have summarized in Table S11. 

Although the relative abundances of the (B(OH)3)1-3HClO4 clusters become considerable at 
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B(OH)3 pressure higher than 10-5 atm and 298 K, the relative abundances of these clusters are 

small at the saturation vapor pressure of B(OH)3, 2×10-9 atm.58 Although at lower temperatures, 

the formation of (B(OH)3)nHClO4 clusters is thermodynamically more favored, according to 

Clausius-Clapeyron equation, the vapor pressure of B(OH)3 decreases as the temperature 

decreases, so that its saturation vapor pressure at 200 K is about 2×10-19 atm. Table S11b shows 

that in the presence of this amount of B(OH)3, only 10-12% of HClO4 exists as  (B(OH)3)HClO4. 

The calculated values of ∆Hacid and ∆Gacid for deprotonation of the (B(OH)3)nHClO4 clusters are 

summarized in Table 6. Although clustering of B(OH)3 with HClO4 enhances the acidity of HClO4, 

the effect of B(OH)3 on the acidity enhancement is smaller than that for BH3, BF3, BCl3, and BBr3. 

If only the most stable isomers, (B(OH)3)HClO4-a, (B(OH)3)2HClO4-a, (B(OH)3)3HClO4-a , are 

considered, it is found that the acidity enhancement does not depend on the number of B(OH)3 

groups, and is always less than 10 kcal mol-1. The small acidity enhancement of B(OH)3 compared 

to BH3, BF3, BCl3, and BBr3 is likely related to the formation of B-O bonds in the conjugate bases 

of the latter. While there is no B-O bond in the neutral (BX3)HClO4 clusters (X= F, Cl, Br), B-O 

bonds are formed upon deprotonation, leading to greater stability of the conjugate bases, and ths 

an enhancement of the acidity. On the other hand, the interactions in both (B(OH)3)nHClO4 and 

(B(OH)3)nClO4
- are only hydrogen bonds. Although the hydrogen bonds in the negatively charged 

conjugate bases may be stronger, these stronger interactions lead to relatively smaller acidity 

enhancement of about 10 kcal mol-1. 
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Fig. 7 Comparison of the relative stabilities of different isomers of (B(OH)3)1-3HClO4 clusters 
and their conjugate bases, (B(OH)3)1-3ClO4

-. Color coding: red: oxygen, green: chlorine, grey: 
hydrogen, pink: boron. 

 

The acidity enhancement effect of the Lewis and Brønsted acids on HClO4 in the binary cluster 

follows the order (BBr3)HClO4 > (BCl3)HClO4 > (BF3)HClO4 ~ (H2SO4)HClO4 ~ (HClO4)2 ~ 

(BH3)HClO4 > (HNO3)HClO4 > (B(OH)3)HClO4. However, for the larger clusters this trends 

changes to (HClO4)4 > (BH3)3HClO4 ~ (BF3)3HClO4 > (H2SO4)3HClO4 > (BBr3)3HClO4 > 
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(BCl3)3HClO4 > (HNO3)3HClO4 > (B(OH)3)3HClO4. The effect of Lewis acids on the acidity 

enhancement of HClO4 in the binary clusters is thus greater than that of the Brønsted acids. 

However, as the size of the clusters increases the effects of the Lewis and Brønsted acids become 

almost comparable. (HClO4)4 and (BH3)3HClO4 with ∆Gacid values of 254.6 and 258.6 kcal mol-1, 

respectively, are the strongest acids studied in this work. These clusters are stronger acids than 

CB11H12H (∆Gacid=266.5 kcal mol-1),39 B12F1H11H2 (∆Gacid=265.2 kcal mol-1),40 HAlF4 

(∆Gacid=269.2 kcal mol-1), and HAl2F7 (∆Gacid=261.1 kcal mol-1),39 respectively, and have 

comparable acidity with HB(BF4)4 (∆Gacid=257.7 kcal mol-1),31 CB11F1H11H (∆Gacid=257.2 kcal 

mol-1), and CB11Cl1H11H (∆Gacid=255.3 kcal mol-1).39  

4. Conclusion 

Interactions of Brønsted (H2SO4, HClO4, HNO3) and Lewis acids (BH3, BF3, BCl3, BBr3, B(OH)3) 

with HClO4 were studied using computational methods, and clusters with up to 4 molecules 

(tetramers) were investigated. The Lewis and Brønsted acids interact with HClO4 via hydrogen 

bonds, except for BH3 in which the O atoms of HClO4 interact with the B atom of BH3. It was 

found that the interactions of the Brønsted acids with HClO4 were stronger than the interactions of 

Lewis acids with HClO4, except for B(OH)3. Thus, clusters containing either H2SO4 or B(OH)3 

were the most stable among those investigated. The calculations showed that for a mixture of 

HClO4 and B(OH)3 at 298 K, up to 10-6% of HClO4 could exist as(B(OH)3)HClO4, while at 200 K 

(stratospheric temperature), because of the lower saturation vapor pressure of B(OH)3, this amount 

decreases to 10-12%. Clustering of both Brønsted and Lewis acids with HClO4 caused acidity 

enhancement of HClO4, with some of the clusters reaching superacidity. In the dimers, the acidity 

enhancement effect of the Lewis acids was greater than that of the Brønsted acids. However, in 
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the larger clusters, their effect on the acidity enhancement becomes equal. B(OH)3 showed the 

smallest effect on the acidity enhancement of HClO4. 
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clusters (Table S1), ∆H and ∆G values for formation of (HClO4)1-3ClO4
- clusters (Table S2), 

relative abundance of (H2SO4)nHClO4 clusters (Table S3), relative abundance of (HNO3)nHClO4 

clusters (Table S4), ∆H and ∆G values for formation of (H2SO4)1-3ClO4
- clusters (Table S5), 
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HClO4 and BX3 (Table S6), structures of (BX3)HClO4 clusters (Figure S2), relative abundance of 

(BH3)nHClO4 clusters (Table S7), relative abundance of (BF3)nHClO4 clusters (Table S8), relative 
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