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Clusters of Hydrated Methane Sulfonic Acid CHz;SOsH+(H20), (n = 1-5): A Theoretical

Study

|. Introduction

Methane sulfonic acid (C4$OsH, MSA) and sulfuric acid
are presented in the atmosphere as two main oxidation products
of ocean-released dimethyl sulfiélé Because of its extremely
low vapor pressure, the uptake of gas-phas8® by atmo-
spheric particles plays a very important role in their formation,
growth, and ultimately their size and abundance. MSA, however,
is substantially more volatile, particularly at relatively low®
concentration found in the free troposphémlthough recent
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Ab initio and density functional methods have been used to examine the structures and energetics of the
hydrated clusters of methane sulfonic acid (MSA),:68:H+(H-0), (n = 1-5). For small clusters with one

or two water molecules, the most stable clusters have strong cyclic hydrogen bonds between the proton of
OH group in MSA and the water molecules. With three or more water molecules, the proton transfer from
MSA to water becomes possible, forming ion-pair structures betwegB@Hand HO™ moieties. For MSA

(H20)s, the energy difference between the most stable ion pair and neutral structures are less than 1 kJ/mol,
thus coexistence of neutral and ion-pair isomers are expected. For larger clusters with four and five water
molecules, the ion-pair isomers are more stabl&q kJ/mol) than the neutral ones; thus, proton transfer takes
place. The ion-pair clusters can have direct hydrogen bond betwegB8GHand HO* or indirect one
through water molecule. For MSfH,0)s, the energy difference between ion pairs with direct and indirect
hydrogen bonds are less than 1 kJ/mol; namely, the charge separation and acid ionization is energetically
possible. The calculated IR spectra of stable isomers of {t%®), clusters clearly demonstrate the significant

red shift of OH stretching of MSA and hydrogen-bonded OH stretching of water molecules as the size of
cluster increases.

solution®® however, it is difficult to obtain information
experimentally at molecular level, even though the techniques
such as surface vibrational sum frequency spectroscopy (VSFG)
can provide some structural informati&hnA simplified strategy
is to study the structure and spectroscopy of the MBA0),
clusters so as the solvation and ionization processes.

The ability of MSA to nucleate with water molecules is
determined by the strength of hydrogen bond formed between
MSA and water molecules. The initial attempts are the studies

investigations suggest that MSA is predominantly formed of structure and vibrational spectra of M40 monohydrate

heterogeneously on large particles from the oxidation of mainly

isolated in argon matri¢ and the molecular structure of MSA

dimethyl sulfoxide (DMSO¥ ¢ a small amount of MSA at surface of neat and aqueous solution using surface VSFG

produced in the gas phase can be a significant growth factor

techniqué! It was found that the MSA molecule on the surface

for the smallest particles. The atmospheric partitioning of MGA P0SSesses a preferred orientation with the methyl group pointed

between the gas phase and liquid aerosol phase is likely to occu
due to its large Henry’s law constant £210'—10° M atm™1)47
and mass accommodation coefficient of 04l &°

It is reasonable to assume the uptake of MSA into liquid
aerosol phases as a reactive proééss:

away from the surface, and the adsorption of MSA induces
significant structure change of the surrounding surface water
clusters as indicated by the red shift of water molecule
vibrational stretching modes, which arises most likely from the
formation of hydrogen bonds between MSA and water mol-
ecules and the formation of protonated water clusters.

CH,SO,H(g) == CH,SOH(ad)== CH,SO,” (aq)+ H'(aq) Previous studies on the hydration of aéfd4° show that the

proton transfer depends strongly on the size of the clusters, and

where g, ad, and aq denote the MSA molecules in gaseous phasdroton transfer normally occurs at a critical size. Since MSA is
adsorbed on the surface, and in aqueous phases. The reactiva strong acid, we would expect that proton transfer takes place
step is the deprotonation processes. The ease of MSA enteringit Sizes similar to the hydrate clusters of hydrochloride &tid,
the gas/water interface depends on its ability to act as a centersulfuric acidi**8halosulfonic acid$? CFSO:H, e etc. In present

of nucleation with water molecules and to form clusters. Once Work, the structure, energetics, and vibrational spectra of MSA
a critical cluster size is reached, the separation oI~ and (H20), clusters are investigated using theoretical calculations.
hydrated proton occurs, and MSA merges with the bulk at the

interface. Experiments have been carried out to measure thell. Computational Details

uptake coefficient of near unity for MSA to salted or acid
P y The density functional theory (DFT) and molecular orbital

*Tel: +86 20 87112900. Fax:+86 20 87112906. E-mail: wanglm@ theory calculations are carried out using Gaussian 03 suite of
scut.edu.cn. programs?® The DFT method using Becke's 3-parameter hybrid
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TABLE 1: Zero-Point Energies (ZPE, in Hartree), Electronic Energies E, in Hartree), and Stabilization Energies AH and AG,
in kd/mol) of CH 3SOsH+(H,0), Relative to CH3;SO;H + nH,O with ZPE Corrections at Theoretical Levels of B3LYP without
and with BSSE Correction (B3LYP-CP) and G3XMP2

B3LYP B3LYP-C P G3XM P2

ZPE B3LYP G3XMP2 AHo AHo AHo AHagg AGygs
-1 0.08575 —740.96592 —740.07253 —38.3 —34.3 —41.8 —45.2 —6.0
-2 0.08556 —740.96494 —740.07146 —36.2 —32.2 —39.5 —42.6 —3.7
-3 0.08429 —740.95590 —740.06307 —15.8 —22.0 —21.4 10.7
-4 0.08430 —740.95603 —740.06318 —16.1 —22.4 —21.6 10.6
II-1 0.11029 —817.44484 —816.45477 —77.8 —69.4 —78.3 —85.0 —-7.0
1I-2 0.11029 —817.44475 —816.45485 —77.6 —69.1 —78.6 —85.1 —7.2
11-3 0.10997 —817.44328 —816.45323 —74.6 —66.3 —75.1 —81.2 —-4.9
1I-4 0.11038 —817.44518 —816.45519 —78.5 —69.9 —79.2 —85.8 —7.3
11-5 0.10902 —817.43409 —816.44693 —52.9 —47.1 —61.1 —64.8 5.6
11-6 0.10908 —817.43421 —816.44701 —53.1 —47.1 —61.1 —64.9 6.1
11-7 0.10916 —817.43490 —816.44784 —54.7 —48.8 —63.1 —66.9 3.9
11-8 0.10910 —817.43501 —816.44792 —55.1 —49.2 —63.5 —67.2 2.9
11-9 0.10941 —817.43814 —816.44856 —62.6 —55.2 —64.3 —68.3 —-1.0
11-10 0.10926 —817.43671 —816.44709 —59.2 —52.0 —60.9 —64.5 2.5
-1 0.13532 —893.92293 —892.83780 —113.9 —101.3 —115.7 —128.6 0.0
-2 0.13547 —893.92133 —892.83819 —109.3 —96.3 —116.3 —126.5 —5.0
-3 0.13482 —893.92271 —892.83607 —114.6 —112.4 —121.8 —6.6
-4 0.13376 —893.91432 —892.83060 —95.3 —84.8 —100.8 —107.9 1.8
-5 0.13481 —893.91435 —892.83085 —92.7 —80.5 —98.7 —107.6 9.1
111-6 0.13482 —893.91449 —892.82982 —93.0 —81.6 —96.0 —104.4 9.3
-7 0.13407 —893.91179 —892.82819 —87.9 —76.8 —93.7 —101.1 11.7
111-8 0.13396 —893.90974 —892.82656 —82.8 —72.5 —89.7 —96.2 12.9
11-9 0.13512 —893.91243 —892.82771 —86.8 —76.3 —89.7 —97.9 13.8
111-10 0.13502 —893.91230 —892.82751 —86.7 —76.5 —89.4 —97.5 13.7
V-1 0.16017 —970.40308 —969.22062 —155.8 —149.9 —152.9 —168.5 —3.7
V-2 0.16083 —970.40124 —969.22129 —149.2 —131.9 —152.9 —169.4 0.9
V-3 0.16063 —970.40273 —969.21979 —153.7 —135.9 —149.5 —166.2 1.9
V-4 0.16093 —970.39790 —969.21772 —140.2 —122.7 —143.3 —157.1 6.2
V-5 0.15944 —970.39706 ——969.21534 —141.9 —124.0 —141 —152.9 1.3
V-6 0.15938 —970.39327 —969.21503 —132.1 —115.6 —140.3 —152.4 6.8
V-7 0.15760 —970.39063 —969.21242 —129.8 —1141 —138.1 —148.7 4.5
V-8 0.16026 —970.39351 —969.21196 —130.4 —114.0 —129.9 —142.5 12.9
V-1 0.18480 —1046.88128 —1045.60165 —193.2 —172.4 —186.0 —204.1 —3.6
V-2 0.18535 —1046.87986 —1045.60191 —188.0 —165.5 —185.3 —204.5 1.1
V-3 0.18553 —1046.86964 —1045.59682 —161.2 —140.2 —171.9 —190.1 16.9
V-4 0.18420 —1046.86348 —1045.59074 —148.0 —128.4 —158.9 —175.3 25.6

functional together with LeeYang—Parr correlation functional ~ better agreement with the experimental measureniéfts.
(B3LYP?123 has been employed for geometry optimization and Present predictions indicate that 6-31G(2df,p) basis set is
vibrational frequency evaluations with a tripfe-basis set yet not large enough. For “normal” chemical bonds, the DFT
6-31HG(2df,p) as implemented in Gaussian 03. The zero-point bond lengths are usually shorter than the MP2 ones which should
energy (ZPE) corrections are obtained from the computed DFT be closer to the real values. Subsequently, the electronic energies
vibrational frequencies scaled by 0.9854eometries have also  of MP2 structures at G3X and/or G3XMP2 levels are always
been confirmed at MP2 level using the same basis set. Singlelower than those of B3LYP ones, even though the differences
point electronic energies are calculated at theoretical levels of are always less than 2 kJ/mol, i.e., the differences fos-CH
B3LYP and MP2 using 6-3HG(2df,p) basis set, and Gaussian- SO;H and CHSO;~ are 1.7 and 1.4 kJ/mol, respectively. We
3X with reduced MP2 expansion (G3XMPZ):25 For com- will base our discussions on B3LYP geometries.

parison, energies are also calculated at full G3X level for MSA T glectronic energies at B3LYP and G3XMP2 levels are
H20 and MSA(HzO). The DFT stabilization energies of MSA  jisted in Table 1. Previous studies on the thermochemical
(Hz20)n to MSA + nH.0 are corrected for basis set superposition properties for sulfur-containing molecules and reactions found
error (BSSE) using the full counterpoise method (B3LYP- hat the theoretical results depend strongly on the level of

CP)ze2t correlation and the size of the basis sets even if the isodesmic
) ) reactions are used: 3¢ MP2 always predicts higher stabilization
IIl. Results and Discussions energies than B3LYP and G3XMP2 for MS{,0), clusters.
The geometries of C}8O;H and CHSOsH+(H-0), (n = Similar trend has also been observed in previous stide

1-5) have been optimized at B3LYP and MP2 levels using B3LYP stabilizatiqn energi(_as agree_we_l_l with the G3XMP2
6-311+G(2df,p) basis set (Figures 1-5). Since M@A0), ones; however, dlscrepanues are significant after BSSE cor-
clusters can normally be viewed as the complexes between MSArections. The correlation level of the G3XMP2 method is
and water clusters or between g30;~ and protonated water ~ @pproximately QCISD(T)/G3eXlarge, therefore being considered
clusters, the geometries of neutral and protonated water clustergS the most reliable in present study. Discussions will be based
are also optimized. The initial geometries of water clusters and On the G3XMP2 stabilization energies of MEH,0), relative
their protonated forms are obtained from previous stutfie. to MSA + nHz0. For comparison, G3X results for mono- and
For sulfur-containing species, previous studies have shown thatdihydrates will also be presented.

the DFT-B3LYP method with small doubgbasis sets tends A. Methane Sulfonic Acid and Its Monohydrates. Figure

to overestimate the bond lengths such as tkeOSbond in 1shows the structures of methane sulfonic acid and its mono-
DMSO, while MP2 predictions with triplé-basis sets are in  hydrate optimized using the MP2 and B3LYP methods with
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Figure 1. Optimized structures of MSA and MSKH,O complex
determined with MP2 and B3LYRr(italics) methods using 6-3HG-
(2df,p) basis sets. The bond lengths are in A.

6-311+G(2df,p) basis set. Various possible hydrogen-bonded
complex between MSA and#® have been examined and four
structures have been identified (Figure 1). The first two
structures agree with the ones identified by Givan et al. at
B3LYP/aug-cc-pVTZ (AVTZ) level? The most stable structure
(I-1) has a cyclic form with a strong hydrogen bond (1.696 A,
B3LYP) between the oxygen atom of water and the proton of
MSA and a weak hydrogen bond (2.074 A) between the
hydrogen atom of water and one oxygen atoms{8bond in
MSA. Structure |-2 differs from I-1 by only a flip-flop of the
dangling OH bond of the water molecule relative to the cyclic
plane with a transition barrier of about 1.1 kJ/mol at B3LYP/
AVTZ level.12 Structures I-3 and 1-4 have only one weak
hydrogen bond (2.070 and 2.051 A, respectively) which is
formed between the O-atom of=® bond of MSA and one
H-atom in water.

Of the four complexes identified, I-1 is the most stable one.

Wang

fitted value of 44.3 kJ/mol for EBOy-H,O from the experi-
mental pressure daté.

Similar cyclic structures with hydrogen bonds have also been
found in HLSOy-H,0O, CRSO;H-H,0, and XS@H-H,O (X =
F, Cl, Br) complexes with similar bond length changes. For the
most stable complexes, the stabilization energy is 42.7 kJ/mol
for H,SOy°H,0 at B3LYP/D95++(d,p) level** 57.7 kd/mol for
CFR;SO;H-H,0 and 44.6-48.1 kJ/mol for halosulfonic acids
at B3LYP/6-311#+G(d,p) levelt> compared to 34.3 kJ/mol for
MSA-H,0-1 here at B3LYP/6-31£G(2df,p).

B. CH3SO3H-(H,0), Cluster. Figure 2 depicts the optimized
structures for the dihydrated complex ¢30O;H-(H20),. In
structures I11-(+-4), the water dimer is bonded to MSA through
one strong (1.5391.550 A) and one weak (1.863.882 A)
hydrogen bonds, forming a cyclic structure. Compared to the
monohydrates I-1 and I-2, these structures have further shorten-
ing of the S-OH bond lengths, elongation of S€H bonds
(1.021-1.025 A), and shortening of the SGHDH, hydrogen
bond. The hydrogen bond lengths within the,@) dimer
(1.721-1.746 A) are also much shorter than that in isolated
water dimer (1.940 A). Structures 11-¢4) differ only on the
orientations of the dangling ©H bonds in water molecules,
and interconversion between them should be extremely fast as
that between I-1 and I-2. Structures lI<{4) represent the most
stable CHSGO;H-(H20), clusters with the largest G3XMP2
stabilization energy of 79.2 kJ/mol (84.9 by G3X) relative MSA
+ 2H,0 and 67.0 kJ/mol relative to MSA- (H,0), for II-4.
Similar structures have the lowest energies fe88;:(H,0),,
CRSOsH-(H20),, and XSQH-(H»0), clusters as well. The
B3LYP-CP stabilization energy of 69.9 kJ/mol for 1l-4 with
6-311+G(2df,p) basis set is smaller than those of 87.5 kJ/mol
for H,SOy+(H,0), with DP95++(d,p) basis set? of 114.9 kJ/
mol for CRSO;H-(H20),, and 91.6-94.6 kJ/mol for XSGQH-
(H20)2 (X = F, Cl, Br) with 6-31H1-+G(d,p) basis se16

The structures l-(58) are combinations of the two types of
hydrogen bonds observed in M8A0O. The lengths of the
hydrogen bonds are not significantly different from those in
monohydrates, and the stabilization energies—&4 kJ/mol,
G3XMP2) are also approximately the summation of those in
monohydrates (41.8 and 22.4 kJ/mol for I-1 and 1-4). Namely,
the binding of two water molecules can be considered as
independent of each other.

Structures 11-9 and 11-10 can be viewed as the binding
between MSA and one molecule of the water dimer. This
hydrogen bonding is stronger that those in monohydrates I-1
and I-2. Compared to I-1/2, the-®H and SOG-H bond lengths

For I-1, the strong hydrogen bond causes the elongation of thein 11-9/10 are further slightly shortened, and the hydrogen bond

O—H bond of MSA and the shortening of the-®H bond from

the isolated MSA, and leads to the stabilization of the system
by 41.8 kJ/mol &0 K and 45.2 kJ/mol at 298 K at G3XMP2
level (44.3 and 47.6 kJ/mol at G3X level). The=© bond is

SOH-0OH; is significantly shortened bga. 0.1 A, and the
hydrogen bond within (kD). shortened byca. 0.11 A from
the free (HO), dimer. The binding energies between MSA and
(H20), are 52.1 and 48.7 kJ/mol for 11-9 and 11-10 (G3XMP2),

also lengthened slightly by the weak hydrogen bond. The Gibbs respectively, being stronger than those between MSA a@l H

free energy change upon formation of I-1 6.0 kJ/mol
(G3XMP2) at 298 K; i.e., the I-1 formation can take place to

in monohydrates (41.8 and 39.5 kJ/mol for I-1 and I-2). The
differences between structures I1-{4) and 11-9/10 areca. 16

certain extend at ambient condition. Compared to I-1, complex kJ/mol, being close to the difference cd. 17 kJ/mol between

I-2 is slightly less stable by 2.7 kJ/mol. Once formed, its
conversion to I-1 will be extremely fast because of the small
transition barrier. Complexes I-3 and |-4 & 23 kJ/mol above
I-1, leading to their negligible population at room temperatures.
The relative energy of-37.7 kJ/mol at 298 K predicted by
B3LYP-CP for I-1 agrees with the previous prediction-85.9
kJ/mol at B3LYP/AVTZ level also with BSSE correctiéAOn

the other hand, the relative energy 6#5.2 kJ/mol at 298 K
for CHzSOsH-H,0—1-1 at G3AXMP?2 level is comparable to the

similar structures in B8Oy (H20),.14

C. CH3SOsH-(H20)3 Cluster. From the cases of 130,
(H20)3, HCI-(H,0)3, and XSQH-(HO)3 clustersi3-15 one
might expect the proton transfer from MSA to water molecule
and the coexistence of neutral and ion-pair clusters for MSA
(H20)s. Figure 3 depicts the optimized structures of various
isomers of MSA(H,0)s. There are three most stable isomers
[1I-(1 —3). Structure 1lI-1 is a proton-transferred ion-pair com-
plex with symmetry of G point group. The structure is
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Figure 2. Optimized structures of stable isomers of M#A.0), calculated at B3LYP and MP2 levels with 6-3tG(2df,p) basis set.

characterized by two strong cyclic hydrogen bonds between The relative stability of IlI-+-3 depends on the level of theory
CH3SO;— and HO' moieties, and positive charge-Q.74, employed. At B3LYP level, the neutral structure IlI-3 is the
natural charg®) is located on HO™ and negative charge most stable, and the ion pair Ill-1 is less than 1 kJ/mol above
(—0.81) on CHSO;— moiety. All three hydrogen atoms of the it. At MP2 level, IlI-1 becomes the most stable structure with
HsO™ ion form strong hydrogen bonds (one 1.423 and two 1.568 the neutral I1l-2 being higher bga. 4—5 kJ/mol. At G3XMP2

A) which stabilize this structure, along with two other hydrogen level, 11I-2 becomes the most stable isomer, while the energy
bonds (1.747 A). The conformation of€;™ moiety in complex difference between the IlI-1 and 1lI-2 is less than 1 kJ/mol.
-1 is close to that of free KHDs™, though the hydrogen bond  Nevertheless, the small energy difference implies the coexistence
between HO and HO" is somewhat weaker. Structures IlI-2  of ion-pair form Ill-1 and neutral form3 111-2/3 for MSAH,0);

and IlI-3 have no proton transfer between MSA and water. clusters. Note that the BSSE correction for B3LYP calculations
Structure 1lI-2 has six hydrogen bonds, the most among all of lll-1 is relative to CHSO;~ + H3O™ + 2H,0, and similarly
MSA-(H,0); isomers located here, therefore being the most for larger ion-pair clusters. The difference to MStAnH,0 is
stable. Cluster 111-3 has only four hydrogen bonds, forming a the BSSE correction for the reaction energy of SB;H +
large cyclic structure. However, all these hydrogen bonds H,O — CH3SO;~ + H3O™, which should be negligible.
possess almost linear structures which maximize the bond Figure 3 also shows the optimized structures of other less
strength and minimize the strain energy. stable conformers for MSAH,0); clusters. The relative stable
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Figure 3. Optimized structures of stable isomers of M#40); calculated at B3LYP and MP2 levels with 6-3&G(2df,p) basis set.

structures lll-(4-7) have cyclic forms between MSA and a water between IlI-4 and 111-7 is ca7 kJ/mol. Structure 1lI-4 can be
dimer (HO), with the third water bonded to=80 bond in MSA viewed as almost independent combination of the weak hydro-
(Il-4), to OH group in MSA and one molecule in (B), (- gen bonds in MSAH,0 of 1-3/4 and the strong cyclic ones in
5), to (HO), (I11-6), and to S=O bond in MSA and one MSA:-(H20), of 1I-(1—4), and the stabilization energy of 101
molecule in (HO), (11I-7), respectively. The energy difference  kJ/mol relative to MSA+ 3H,0O (G3XMP2) is approximately
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Figure 4. Optimized structures of stable isomers of M#4.0), calculated at B3LYP and MP2 levels with 6-3&G(2df,p) basis set.

the summation of those in I-4 (21 kJ/mol) and 1I-4 (79 kJ/mol). OH bonds. The bond lengths of-®H and SOH-OH; in IlI-
Similar structures are expected to have different orientations of 9/10 are between those in I-1/2 and 1-4) (see Figures-13);

dangling G-H bond in HO molecules as in 11-(£4) and the

subsequently, the G3XMP2 bonding strengtrcaf47 kJ/mol

H,O bonding to SO bond as in I-3/4; however, these structures between MSA+ (H2O)s in 111-9/10 is slightly higher than those

are also expected to be nearly degenerate in energy.

The least stable structures IlI-{80) have one strong cyclic

between MSA+ H,0 (41.7 and 39.3 kJ/mol for I-1 and 1-2),
and lower than those between MSA (H,0), (67 kJ/mol for

hydrogen bond between MSA and one water molecule. In 1I-4).

structure 111-8, one water dimmer is hydrogen bonded to MSA
through one weak hydrogen bond with O-atom &f@ bond
and one with H-atom of Cklgroup in MSA. In structures llI-

D. CH3SO3H+(H20)4 Cluster. Figure 4 shows the optimized
structures of MSA(H,0), clusters. Similar to those in430,-
(H20)4 clusters, the ionic structures of MS@,0), clusters

9/10, the water dimer is hydrogen bonded to the strongly bondedcan be classified into two groups. In 1V-1/2, thg®f moiety
water molecule, and they can be viewed as the bonding betweeninteracts directly with CHSO;~, while in IV-3, indirectly via

MSA and one water molecule in B)s. No further effort is

one water molecule. In these structures, position charges on

undertaken to exhaust all possible conformations of dangling HsO™ moiety are ca0.71-0.75, and strong hydrogen bonds
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vY-3 V-4
Figure 5. Optimized structures of stable isomers of M8AO)s calculated at B3LYP level with 6-3H#G(2df,p) basis set.
are formed between4®* and water molecules and/or G55~ is not transferred from MSA to water here. It is noticed that
to stabilize the system. Structure 1V-3 has pseGdeymmetry. DFT and MP2 methods behave differently on isomer I1V-7, for

Structures with different orientation of dangling OH bonds of which DFT predicts an ionic structure while MP2 a neutral one,
water are located as well for IV-1 and IV-3 (not shown in Figure even though they have almost the same relative stability at
4), however, to have approximately equal stability. The energy G3XMP2 level. The stabilization energy of 138.9 kJ/mol for
differences between three ion-pair structures are less than 3 kJIV-7 relative to MSA+ 4H,0 is approximately the sum of that
mol, being similar to HSO,(H,0), ionic clusters* Structures in llI-1 and 1-4 (115.4 and 22.1 kJ/mol, respectively), indicating

IV-2 and IV-3 can be viewed as the complex betweers&64~ that the interactions of MSA- (H,O); and MSA+ H,0 are
and HO4* bonded by hydrogen bonds and Coulomb interaction. almost independent of each other.

The HO4T moiety in IV-2 corresponds to the cyclic freg®L+ E. CH3SOsH+(H20)s Cluster. Although there must be many
and in V-3 the pyramidal one. Even though the cycligChi" isomers of CHSOs;H:(H20)s clusters due to the various

is ~10 kJ/mol less stable than the pyramidal one, the energy combination of hydrogen-bonding sites, the most stable struc-
difference between structures IV-2 and IV-3 a2 kJ/mol since tures are expected to be ionic as for M@A,0),. The possible
the short distance between position and negative charge centersonformations have been built by simply adding one additional
in IV-2 leads to stronger Coulomb interaction. water molecule to the stable MS@,0), isomers and pre-
For MSA:(H,0), clusters, the proton-transferred ion-pair optimize their geometries at B3LYP/6-31G(d) level. The final
structures are at lower energies than non-transferred neutrals afour geometries optimized at B3LYP/6-3tG(2df,p) level is
all levels of theory employed in present study. The energy shown in Figure 5, all being ion pairs. In structures V-1/3/4,
difference between the most stable structures of ion pair IV-1 the CHSO;~ and HO™ moieties are bonded through direct
and neutral 1V-4 is calO kJ/mol at G3XMP2 level, i.e., the  hydrogen bonds, and in structure V-2 indirectly via water
ion-pair structures are much favored over the neutral ones. Thismolecules. In structures V-1 and V-2, all water molecules are
is similar to CRSO;H and halosulfonic acid systers!6while bonded through strong hydrogen bonds (bond lengths less than
it is significantly different from HSOy-(H,0), clusters, for 1.8 A), thus being the most stable, while structure V-3 can be
which the energy difference between the most stable ion pair viewed as MSA(H,0), IV-1 with an additional weakly bonded
and neutral is less than 4 kJ/mol, and it is hard to conclude water, and V-4 as MSAH,0); llI-1 with a weakly bonded
which isomer is the most stabléThe equal stability of ionic water dimer. The energy difference between structure V-1 and
and neutral BSOy+(H20), is due to the capability of two OH V-2 is less than 1 kJ/mol, but structures V-3 and V-4 arelda
groups in HSO, in forming strong neutral hydrogen bonds. kJ/mol or more higher. The equal stability of direct and indirect
As illustrated in Figure 4, the most stable neutral isomer IV-4 bonding between C}$O;~ and HO™ moieties implies that
has hydrogen bond between MSA and three water moleculesseparation of positive and negative charge becomes energetically
of most stable (KO), tetramer® while isomer V-8 has a possible at such cluster size, while for$0y-(H.0)s, the
hydrogen bond between MSA and two water molecules of indirect one is less stable by .cd kJ/mol!* The proton
(H20)4 and is less stable than IV-4 by.ck4 kJ/mol. Structures  nontransferred Ck8O;H-(H,0)s5 clusters are expected to have
IV-4, 6, and 7 can be viewed as IlI-1 (MSA water trimer) relatively weak hydrogen bonds between water molecules; and
with an additional water molecule added; however, the proton will be energetically less favored.
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TABLE 2: Calculated Vibrational Frequencies of CH3SO;~ and CH3SO;H at B3LYP and MP2 Level with 6-311+G(2df,p)
Basis Set, and Their Comparison to Experimental Values

CH;SOs™ CH3SO;H
B3LYP MP2 B3LYP DFT MP2 MP2 expt expt
freq freq freq lir freq lir (in Ar) (gas) description
1 212 227 183 56.4 194 56.8 Gland OH tortion
2 313 321 207 17.4 224 16.0 Gltbrtion
3 313 321 310 121 318 10.6 CSO bend
4 508 517 322 14.9 333 18.6 GMag
5 508 517 429 14.3 440 17.3 454.4 473  —8-0H deform
6 524 546 484 194 495 21.6 496.5 502 220ti-sym deform
7 724 758 509 39.8 526 42.7 526.9 528 339Pm deform
8 948 961 718 39.3 760 43.9 746.5 748 —@H and C-S stretch pseudo sym
9 948 961 803 218.8 839 214.0 832.5 828 —@H and C-S stretch pseudo anti-sym
10 1015 1049 981 2.8 989 3.6 967.0 980 £k
11 1206 1245 991 29.5 999 34.1 975.3 980 3@tk
12 1206 1245 1122 27.0 1121 414 1118.3 1122 SOH bend
13 1308 1325 1186 216.2 1218 196.0 1193.6 1202  , §@ stretch
14 1460 1478 1357 12.9 1372 19.3 1332.8 1336 3 SHin deform
15 1460 1478 1389 285.1 1430 276.4 1393.4 1403  , @f-sym stretch
16 3038 3074 1457 5.3 1474 5.5 1422.1 1418  ;@hti-sym deform
17 3128 3187 1459 0.5 1478 4.1 1434.0 1418 3@hti-sym deform
18 3128 3187 3066 0.1 3097 0.2 3047.0 £3hm stretch
19 3160 0.2 3213 0.9 3188.5 GHnti-sym stretch
20 3170 0.1 3222 0.4 3204.5 GHnti-sym stretch
21 3777 132.3 3782 149.5 3579.4 3609 —Bstretch

F. Free Energy Changes and Fraction of Hydrated H>0 in argon matrix are also accompanied by additional bands
Clusters. From Table 1, the G3XMP2 stabilization energies of from MSA and (MSA). Even though it is necessary to account
MSA:(H,0), relative to MSA+ nH,0 are 41.8 (I-1), 79.2 (lI- for the vibrational unharmonicity in order to predict precisely
4), 115.7 (lI-1), 152.9 (IV-1, ionic), and 186.0 (V-1) kd/mol the frequencies for species with hydrogen bonds, especially for
for n = 1-5, respectively, for the most stable isomers. Itis ca low-frequency intermolecular modé%i°the tasks demand large
36 kJ/mol for each successive hydration. The values are 34.3,computational resources. It is usually adequate to apply one or

69.9,~102.0, 149.9, and 172.4 kJ/mol at B3LYP/6-31G- more scale factor®. Tables 2 and 3 list the comparisons between
(2df,p) level with BSSE corrections. The interactions are weaker theory and experiment for MSA and MSH,;0. The values for
than those of 44, 87, 130, 177, and 213 kJ/mol foB&sH- intermolecular modes are largely underestimated comparing to
(H20)n,2* those of 57.7, 114.9, 162.9, 239.0, and 282.6 kJ/mol vibrational self-consistent calculatiofstherefore, the corre-

for CRSQ:H+(H.0)n,16 and those for XSeH-(H0), (X = F, sponding values in Table 3 are for reference only. For MSA
Cl, and Br)!® This is consistent with the fact that80;, CFz- and MSAH,0, the agreement between the unscaled MP2
SGsH, and halosulfonic acids are stronger acids than®hH, frequencies and experimental measurements for low frequencies
and CRSG;~ and XSQ~ are more stable than GBO;™. (<ca 1300 cntl) are within 20 cnm! with a few exceptions

The estimated Gibbs free energy changes for MISAH,0 for monohydrate (bold in Table 3), while the B3LYP method
— MSA:-(H;0), using the DFT geometries and vibrational tends to underestimate the low frequenciegg 900 cnt?).
frequencies (treated as harmonic oscillators) a0, —7.3, Both MP2 and B3LYP methods predict higher values for high
—6.6,—3.7, and—3.6 kJ.mol at 298 K for I-1, 1I-4, 11I-3, IV-1, frequencies. A difference between DFT and MP2 is noticed on
and V-1, respectively, at GAXMP2 level. Since the frequencies the CH; antisymmetric stretch modes in MSA. At DFT level,
for intermolecular vibrational modes are greatly underestimated the CH; modes are isolated from-€H stretch mode of MSA,
when they are treated as harmonic oscillat8rentropies of thus the transition moment and IR intensity is negligible, while
the clusters are overestimated. ThereafterAGevalues should at MP2 level, the Chl modes are mixed with ©H stretch
be smaller. The upper limits of the equilibrium constakits modes, thus a noticeably strong IR transition is obtained.
are 11.3, 19.0, 14.3, 4.4, and 4.3 atrat 25°C. From{ P[MSA However, this can hardly be resolved experimentally since the
«(H20) ]} { P[IMSA]} = K,P[H,0]" and the low vapor pressure difference in frequency is less than 10 ctmSince the DFT
of H,O (~0.03 atm), only the formations of mono- and calculations are available to large clusters and the features of
dihydrates are significant at room temperature, with fractions the IR spectra will be dominated by the strong absorptions at
of 0.34 and 0.018. At lower temperatures, the equilibrium high-frequency range, the discussions below will be based on
constants are larger while the water vapor pressures are lowerDFT frequencies. The B3LYP vibrational frequencies and
e.g.,K1(0 °C) = 53 andK(—10 °C) = 113,Ky(0 °C) = 483 infrared transition intensities of other clusters can be obtained
andKy(—10 °C) = 2000 atn1?, while P(0 °C) = 6.03 x 1073 from the author upon request.
andP(—10°C) = 2.83 x 1072 atm?! The monohydrate is still One significant observation upon hydration is the red shift
the dominant form with fractions of 0.32 and 0.32 and the of the O—H stretching mode in MSA due to the formation of
dihydrates of 0.0160 and 0.0176-al.0 and 0°C. The ability strong hydrogen bonds, similar to typical hydrogen-bonded
of MSA to form hydrated clusters is weaker than that gf H  systems31442The B3LYP frequencies are 3777, 3194, 2786,
SOy, whereK; = 656 andK, = 86.0 atnT! at 25°C;38 therefore and 2323 cm? for MSA, I-1, 1I-4, and llI-2, respectively, where
being less efficient in forming new condensation nuclei. proton is not transferred. The correspondingtbond lengths

G. Vibrational Analysis. The infrared spectra of MSA, are 0.970, 0.999, 1.025, and 1.064 A. The stretching vibrational
(MSA),, and MSAH,0 have been studied experimentally and modes of OH bonds in ¥ and HO' moieties are red-shifted
theoretically'233Theoretical prediction showed that IR spectrum as well when forming hydrogen bonds. As noticed above, the
of gaseous MSA is indeed from (MSA)nd spectra of MSA OH bonds are significantly stretched when forming hydrogen
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TABLE 3: Calculated Vibrational Frequencies of Two Isomers of CH,SO3H-H,0O at B3LYP and MP2 Level with

6-3114+G(2df,p) Basis Set, and their Comparison to Experimental Values

CHsSO; H-H0 I-1 -2
B3LYP Iir (DFT) MP2 lir (MP2) B3LYP MP2 expt description

1 35 8.9 36 8.8 39 32 intermolecular

2 153 20.8 160 19.9 149 156 intermolecular

3 200 25 213 3.9 197 209 Ghbrsion

4 217 18.1 229 1.3 216 223 intermolecular

5 259 105.0 251 130.5 239 232 intermolecular

6 296 7.9 304 4.5 296 302 -5—OH bend

7 325 0.9 332 1.2 322 315 -€5=0 bend

8 350 93.4 352 101.5 328 335 intermolecular

9 455 25.8 462 34.3 462 470 0OSO bend
10 499 17.8 508 19.4 496 502 0OSO bend
11 515 39.4 532 46.3 511 522 534.2 Shetch
12 576 201.3 558 160.5 551 540 intermolecular
13 733 24.0 775 21.8 733 776 761.3 —6 stretch
14 816 119.2 842 118.5 788 812 877.2 OH torsion MSA
15 855 194.1 891 189.6 854 891 884.1 —@H stretch
16 982 3.3 991 4.2 981 990 Glbck
17 993 42.1 1002 53.0 993 1002 979.7 CHS3 rock
18 1153 164.6 1193 165.9 1152 1191 1173.1 2 §Ydn stretch
19 1317 181.6 1341 129.4 1317 1334 1304.0 SO2 anti-sym stretch
20 1358 20.2 1372 27.6 1356 1372 £3ym def
21 1408 218.0 1431 270.6 1400 1423 1334.0 SOH bend
22 1458 4.0 1474 4.2 1458 1474 eahti-sym def
23 1460 3.2 1479 7.6 1459 1477 gahti-sym def
24 1619 75.1 1612 77.0 1617 1611 1600.0 HOH bend in water
25 3065 0.3 3095 0.3 3066 3097 esim stretch
26 3161 2.1 3212 179.7 3161 3212 Caehti-sym stretch
27 3167 0.1 3218 1.5 3168 3219 gahti-sym stretch
28 3194 1217.4 3208 1065.3 3210 3219 2930.0 OH stretch in MSA
29 3704 153.4 3744 119.1 3712 3753 3539.2 HB-bonded OH stretch in water
30 3875 118.9 3917 148.4 3883 3927 3687.2 dangling OH stretch in water

bond. A correlation between the red shift of vibrational

The features of the IR spectra of hydrated clusters are

frequencies and the bond lengths for all OH bonds forming dominated by the OH-stretching modes forming strong hydrogen
hydrogen bonds are illustrated in Figure 6a. The red shift is bonds. The absorptions below 2000 ¢nare weak, compared

approximately proportional to the lengthening of-8 bond
caused by the hydrogen bond, and the largest shifts are due t@absorptions than the neutral ones. For ion-pair isomer Ill-1, three
the hydrogen bonds with4®* moieties and with OH group of
MSA moiety. On the other hand, the IR transition intensity of from HzO™. With the increase of the number of water molecules,
these O-H stretching modes is also greatly enhanced (Figure peaks between 2000 and 3000 ¢nare still prominent, while
6b). For the dangling OH bonds in water molecules, the unscaledstrong transitions from other strong hydrogen-bondedHO
DFT frequencies fall in the range of 3858950 cnt! and the
IR intensities around 100 km/mol. Note that the correlation here the pure water clusters, and they agree qualitatively with the
applies only to the OH bonds forming strong hydrogen bonds VSFS observation of MSA on aqueous surfates.

with hydrogen bond length less than &¢&9 A, so that the ©H
stretching mode is almost a local mode. For weakly bonded IV. Conclusions

H,O molecule, the ©H stretching can be treated as pseudo

symmetric and antisymmetric modes.
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Figure 6. The correlations for ©H bonds forming hydrogen bonds

in MSA-(H20), (n = 0—5): (a) vibrational frequencies vs OH bond
lengths; (b) Infrared transition intensities vs-& bond lengths.

to the OH stretching modes, and the ionic clusters have larger

strong peaks can be assigned to the thre¢iQtretching modes

stretching appears. These strong transitions are red-shifted from

The hydration process of methane sulfonic acid has been
studied using ab initio and DFT calculations. Because of the
multiple sites of MSA and capability of water in hydrogen bond
formation, the CHSO;H-(H.0), clusters have various isomers.
Strong hydrogen bonds are formed between OH group of MSA
and water molecules. With the size of the clusters increased to
three water molecules, the ionic isomers with proton transferred
from MSA to water appears, forming GBHO;~ and HO*
moieties in the clusters. For GHO;H-(H,0)3 clusters, the
energy of the ionic isomer is not significantly different from
the neutral ones; thus a coexistence of ionic and neutral isomers
is expected. For C¥$Os;H-(H,0), clusters and larger, the ionic
structures have lower energy than the neutral ones, and the ionic
clusters will dominate the population. The stabilization energies
of the most stable MSAH,0), isomers relative to MSA+
nH,O are 41.8 (I-1), 79.1 (11-4), 115.6 (ll-1), 152.8 (IV-1,
ionic), and 186.0 kJ/mol at G3XMP2 level far = 1-5,
respectively. The stabilization energies are close to those-in H
SOy (H20), clusters, while smaller than those for £50;H-
(H20), and XSQH-(H,0),.14"16 The formation of strong
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hydrogen bonds also causes strong red shift-eHXibrational (19) Avrstila, H.; Laasonen, K.; Laaksonen, A.Chem. Physl998 108

stretching mode and greatly enhances the IR transition of theselo?zld) Frisch, M. J.; Trucks, G. W Schlegel, H. B.; Scuseria, G. E.; Robb
modes when the OH bond participates hydrogen bond formation. y ‘a ’cheeseman, J. R.. Montgomery, J., J. A.; Vreven. T.: Kudin, K. N..

A good correlation is found between the lengthening of the Burant, J. C.; Millam, J. M.; lyengar, S. S.; Tomasi, J.; Barone, V.;
bonds and the magnitude of the red shifts, while it is only an Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A;

approximation with the enhancement of the IR transition. The l’\éﬂ!ﬁs‘ﬂ;_’_",'\'Ig:j:}?n?aM.lf__Eggrr]?j’aM\'(:_.T%'gg’ g:f Egi:?aﬁs'kﬁizeﬁwa J

red shift is in qualitative agreement with the observed SpeCtra X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Bakken, V.: Adamo, C.;
of MSA on air-aqueous solution interfaces using VSFS tech- Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.;
nique Cammi, R.; Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.;
' Voth, G. A.; Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich,
: ; S.; Daniels, A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.; Rabuck, A.
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