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Abstract

The purpose of this chapter is to predict the geometries and
charges on atoms of CH3O’ and CH38" 1in aqueous solution. Also, I
predict the maximum number of water molecules that can directly
interact with the 0O of CHBO". For this purpose, using the ab
initio closed-shell self-consistent field method with the energy

gradient technique, I c¢arried out full geometry optimizations

with the MP2/aug-cc-pVDZ for CH30 (H,0), (n = 0,1,2,3) and the
MP2/0-31+G{d,p) (for n = 5,6). The structures of CH3S"(H20)n (n =
0,1,2,3) were f{ully optimized using MP2/6-31++G(2d,2p). It 1is

predicted that the CH30"(H20)6 does not exist. I alsc performed
vibrational analysis for all clusters [except CH30"(H20)6] at the
optimized structures to confirm that all vibrational frequencies

are real, Those c¢lusters have all real vibrational frequencies

and correspond 0 equilibrium structures. The results show that
the above maximum number of water molecules for CHBO~~ is five in
the gas phase. VFor CHBO"(HZO)n, when n beccomes larger, the C-0
bond length becomes longer, the C-H bond lengths become smaller,

the HCO bond angles become smaller, the charge on the hydrogen
of CHz becomes more positive, and these values of CHz0 (H50),
approach the corresponding values of CHa0H with the n increment.
The C-0 bond length of CHa0 (H,0)3 is longer than the C-~0 bond
length of CHBO" in the gas phase by 0.044 ; at the MP2/aug-cc-
pvDZ level of theory. Therefore, it is predict that the structure
of CHBO" in agueous solution 1s considerably different from that

in the gas phase. The structure of the CHSS_ moiety in CHBS_
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(HZO)n does not change with the n increment. Thus, it is
predicted that the structure of CHBS' in aguecus solution is

almost equal to that in the gas phase.
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1. Introduction

Many chemically and bilologically important species exist in
RO~ and RS™ in aqgueocus sclution. Many important drugs (for
example, alcohols) exist in RO~ in aqgueous solution. The
compounds (for example, thiols) related to the protection of DNA
from radiation damage exist in RS~ in agueous solution. However,
at the present stage of experimentation, it i1s impossible to
determine the geometries of RO™T and RS™ in aqueous solution., As
the initial step in determining the geometries of RO™ and RS~ in
aqueous solution, the structures of CHBO" and CHSS" in agueous
solution are interesting.

However, for CHf07, only CHq0 (H,0) was investigated by
many theoretical researchers. The acidities and deprotonation
energiles were calculated [1]. The geometry and energy were
calculated using 6~31G(d) {2]. Calculated and experimental
hydrogen bond strengths were compared [3]. The geometry and
energy were cocalculated using 6-31+G(4d) [41. The full
optimizations were performed using ST0-3G, 3-21G, 6-31G(4),
MP2/6-31G(d), 6-31+G(d) and MPZ2/6-31+G(d) [5]. Fully optimized
structures, normal vibrational modes, and thermodynamic functions
were obtained at the MP2/6-31L1l++G(d,p) level [6]. A numbér of
density functional metholegies were systematically examined for
their ability +to describe strong hydrogen bonds [71.
Experimentally, the following were performed: The thermochemistry
of the mixed water-methanol anionic clusters [(HZO)H(CHSOH)m~H]_

was determined [8], the relative acidities of water and methancl
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were measured [Y], and CH3O—(H20)6 was analyzed using x-ray
studies of the crystal [10). In aqueous solution, the Monte Carlo
calculation shows that five water molecules strongly bond the O
of CH3O_ in agueous solution [4]. For CH3S'(H20)n, the geometry
of CH3S'(H20)n was optimized using the 6-31G(d) [2] and 6 -
31+G(d)} basis sets [4]. The interaction enérgy and interatomic
distances for the thiolate-one water complex were calculated
using STO-3G, 3-21G,6-31G(d), 6-31+(d), MP2/6-31G(d), MP2/6-
31+G(4d), PM3, and AM1 [5]. The structures and energetics of CHSS"
(H20)n {(n = 1-—— 4 ) were calculated using ROHF/6-31G(d4d) [11].
Experimentally, £3“On~l,n for CHSS"(HZO)n (n = 1,2,3,4) were
measured [12]. In agueous solution, the Monte Carlo calculation
shows that six water molecules strongly bond the 8 of CHSS" [4].
The purpose ©of this chapter is to predict the geometries and
charges on atoms of CH40 and CH3S" in agueous solution., Also, I
predict the maximum number of water molecules that can directly

interact with the 0 of CHBO".
2. Method

Using the ab initio closed-shell self-consistent field {SCF)
method with the energy gradient technique, I carried out full
geometry optimization with the MP2/aug-cc-pVDZ for CHSO-(HZO)n (n
= 0,1,2,3) and CHgOH in Fig, 1. The frozen core was used. In
general, MPZ2/aug-cc-pVDZ 1is reliable for such systems. CHg0™
(Ho0), (n 2 4) was not fully optimized with MPZ2/aug-cc-pVDZ2

because of a huge amount of CPU time. Therefore, to predict the
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above maximum number of water molecules, the structures of CHSO'
(HyO0), (n = 5,6) were fully optimized using MP2/6-31+G(d,p).

For CHBS"(Hzoln, the structures were fully optimized using
MP2/6-31++G(2d,2p) (for n = 0,1,2,3). CHBS"(HQO)n (n 2 4) were
not fully optimized using MP2/6-31++G(2d,2p) because of the huge
amount of CPU time necessary.

I also performed vibrational analysis for all clusters at
the optimized structures to confirm that all wvibrational
freguencies arc real.,

The energiecs waere calculated using MP2/aug-cc-pVDZ for CH3O"
(HyQ),, and MP2/6-31++G(2d,2p) for CHaS (H,0),. The energy changes
([gEn_l'n) of

CH40 (H50),, .y + HpoO0 — CHgO (H50),
were calculated by the following formula:

iﬁEn—l,n = E(CH07 (H0),) - E(CH30 (Hn0),,_1) - E(H,0)

The enthalpy changes ([LI@QBK were also calculated by a

n—l,n)
similar formula, and basis =set s=superposition error (BSSE) was
also corrected using the counterpcise method [13].

lengK _ /\Eeo + K&EVO +

/\(/\EVQQBK) " [XEr298K + ﬁxEtQQBK v A (PY),

where A;Eeo is the electronic energy change, [;EVO is the change
in the zerc-point energy, [X(ZXEVZQBK) is the change in the
vibrational energy on going to 298K, and the remaining guantities
are for the changes in rotational and translational energy and
the work term that were treated classically. Similar calculations
were performed for CHaS™ (HHy0).

For the evaluation of the reliability of MP2/aug-cc-pVDE,
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the following calculations were performed: (1) Because the proton
affinity difference between CH40  and OH™ 1is important, the
proton affinity différence evaluated by MP2/aug-cc-pVDZ was
compared with the experimentally determined proton affinity

( 1 n298K

difference and (2) the enthalpy changes in

n~l,n)
MP2/aug-cc-pVDZ were compared with the experimental ,Q_Honml’n.
Similar comparisons were made for CHSS_(Hzo)n'

For the analysis of atomic electron populations, the natural
population analysis was used [14].

I used the Gaussian 94 [15] and Gaussian 98 [16] programs
and the SP2, HSP, HPC, and SX-5 computers at the Institute for

Molecular Science. I also used the Gaussian 94 program and SP2

computer in the Computer Center of Tokyo Metropolitan University.
3. Results

All clustors [except CH3O“(H20)6] have all real wvibrational

frequencies and correspond to equilibrium structures.
CHBO_

The proton offinity difference evaluated by MP2/aug-cc-pVDI
(AE = 7.4 kcal/mol) is close to the experimentally determined
proton affinity difference (AH = 9.5 kcal/mol) [9].

Table 1 shows the —Z&E{ZQSKn_l’n in MPZ/aug-cc-pvVDZ to be
egqual to the experimental “ﬁiHOn—l,n [Bl]., The counterpoise

corrected values are worse than the uncorrected wvalues, which
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agrees with Ref. [17]. This is true for CH38 (H,0),. Table 2
shows literature data for -AE and -AH in CHBO"(HZO). Qur
results agree with MP2/6-31+G{(d) and MP2/6-311++G(d,p)
calculations and experimental data.

Fig. 1 shows the  structures. There are some similarities
between the CH3O"(!-I20)n and OH (H50), (n = 2,3,4) [18]. The
following findings are true for CHaS (H50),.

1. CH3O"(H20): H4—02—Ol...ﬂ6—07-H8 nealy forms a plane. {(In
the MP2/aug-cc-pVDZ, the Hg0.CoH, torsional angle is 7.3t the
O5HgO, bond angle is 182.37 and the HgOnHg0, torsional angle is -
16.3).

2. CHBO_(”ZO)n (n = 2,3,4): The hydrcocgen bond between water
moleculas exislts. The hydrogen bonds between water molecules are
important factor for fo}ming clusters.

CHBO"(Hzo)ﬁ does not exist because the sixth water molecule
invariably wigrated to the second solvent shell during the
optimization, leading to a structure best represented as CHSO_
(HyO )5 (Hy0) .

Table 3 and 4 show the changes in structural parameters and

charges on the atoms in CHEO_(HZO}n with each n increment. When n

becomes larger, tha C-0 bhond length becomes longer, the C-H" bond
lengths become smaller, the HCO bond angles become smaller, the
charge on the hydrogen of CHg becomes more positive, and these

values of CHaO (Hy0) approach the corresponding values of CHnOH
with the n increoment,
For the C-0 bond length of CH{0 (H,0), our result disagree

with 6-31G(d} and 06-31G(d)+P calculations.
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CHSS"

The proton affinity difference evaluated by MP2/6-
3L++G(24,2p) (/A E = 33.1 kcal/mol) is nearly equal to the
experimentally determined proton affinity difference (/A H = 34.5
kcal/mol) [19].

Table 5 shows that mlkfﬁgaKn_ltn in MP2/6-31++G(2d,2p) is
equal to the experimental “ﬁlHOn—l,n (12]. Table 2 shows that our
result is better than the MP2/6-31+G(d) calculation.

Fig. 2 shows the structures. Table 6 and 7 show that the
structure of CHq8  moiety in the CHBS"(HZO)n structure does not

depend on the numbeaer of n,
Discussion
CH,0

It is predicted that the cause for the shortening of the C-0
bond in CH40” in the gas phase is negative hyperconjugation
(R™ CH,=0) [20]. Because the C-0 bond length of CH307 (H,0)
becomes longer wilth each n increment, it is predicted that the
negative hyperconjugation decreases with the n increment. The C-0
bond length of CH3O"(H2O)3 is 0.044 ; longer than the C-0 bond
length of CH3O_ in the gas phase. Therefore, it is predicted that
the structure of CHg{0: in aqueous solution is considerably

different from thalt in the gas phase.
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The results show that the maximum number of water molecules
that can directly interact with the 0 of CH40" 1is five in the gas
phase. It is noteworthy that five water molecules strongly bond

to the O of CHg0 " in aqueous solution using the Monte Carlo

calculation.

CH3S"

The charactoeristics of CH3S’(H20)n are different from those
of CH30 (H50),,. Because the C-S bond length of CH4S (Hp0), is
close to that of CHg8H, i1t is predicted that the negative
hyperconjugation (H™ SH4=0) does not exist in the CHBS' moiety of
CH3S—(H20)D. Because the structure of CH3S" moiety in the CHSS—
(H40), structure does not change with the n increment, it is
predicted that the structure of CHBS' in agqueous solution is

almost equal Lo that in the gas phase.

Appendix

Full optimized structural parameters are available from

author (free of charge).
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Table 1

A 298K
Enthalpy change (-/AH n—l,n)

MP2/aug~cc-pVDZ

for CH0 (H50), cluster with

MP2/aug-cac-pybi Experimenta
- - _ 298k _ O
By "£3En~l,n AH n-1l,n AH n-1l,n
n {(hartree) (kcal/mol) {kecal /mol) (kcal /mol)
CH4OH ~115.42193
0 ~114.80626
1 ~191.10758 25.4 24.4 (22.3)¢ 23.9
2 . -267.40249  21.3 19.3 (17.3) 19.2
3 ~-343.69355 18.9 16.8 (14.7) 14.8
8ref. [8].
PE(1,0) = -76.26091.

CRSSE corrected value.
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Table 2

Literature data for CH{0 7 (H,0) and CHgS (H,0) (kcal/mol)

Cluster

CH307(H50) 1

4

8}

™ig

Reference

study

77

Basis set -AE -/NH
6-31(a) 25.2
6-311(d) 23.7
6-311G{(d,p}+p 2L.7
[5sdpld/3slp] 22.3
6-31G(d) 25.4
6-31+G(4d) 21.8
MP2/6-31+G(d) 25.4
3-21G 37.2
MP2/6-31G(d) 29.7
6-31+G(4a) 20.4
MP2/6-31+G(d) 26.4 24.3
MP2/6~311++G(d,p) 24.7
MP2/6-311++G(4,P) 26.0
B3-LYP/6-311++G(d,p) 25.1
B-LYP/6-311++G(d, p} 24.3
B-LYP/6-31++G{d,p) 25.72
B-LYP/6-31+G(d,p) 25.9
B-LYP/TZVP+ 25.7
B-LYP/TZVP 27.9
B-LYP/DNPP 28.0
MP2/aug-cc-pVDhZ 25,4 24.4
MP2/6-31++G(d) 26.3 24.8



Lxperiment 23.9

CH48™ (H50) 4 6-31+G(d) 11.6
5 : MP2/6-31+G(d) 17.1 13.0
This study MP2/6-31++G( 24, 2p) 16.1 14.8
Experimaent 15.0
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Table 3

MP2/aug-cc-pVDZ Optimized Structure of CH5;0 (H,0), Cluster®

n C-0 C-H HCO
O 1.301L 1.138 115.1
1 1.383 1.124 113.6

(1.333) (1.117) (115.2)P

(1.348) (1.110) (114.3)€

(1.330)
2 1.395 1.118 112.7
3 1.405 1.114 112.1
CH40H 1.435 1.101 110.0

8The values are mean wvalues. Bond lengths are in angstroms, and
the bond angles are in degrees.

bﬁ—BlG(d) calculation (1],

C6-31G(d)+P calculation [1].

d6-31G6(d) calculation [2].
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Table 4
Charges on Atoms of CH40 (H50),, Cluster Using MP2/aug-cc-pVDZ

n 0, Cy Hy Hy Hp

0 -1.019  -0.177 0.065 0.065 0.065
1 ~0.973  -0.195 0.098 0.114 0.098
2 -0.962  -0.205 0.128 0.127 0.115
3 ~0.960  -0.211 0.138 0.138 0.138
CH4OH ~0.770  -0.223 0.188 0.167 0.167
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Table §

Enthalpy Change (—ﬁlﬂzgsKn_l nt for CHBS"(HZO)n

MP2/6-~31++G(2d, 2p)

Cluster with

MPZ2/6-31++G{2d, 2p) Experiment?®
Etb "LLEn—l,n "LKHZQBRn—l,n "ZlHon-l,n
n {hartree) {kcal/mol) {kcal/mol) (kcal /mol)
CHSSH ~-438.02396
0 -437,44745
1 ~513.73688 16.1 14.8 (13.1)C 15.0
“(14.3)9 (12.8)°
2 ~%40.02389 14.6 13.2 (11.8) 13.5
(12.9) (12.1)
3 -666.31080 14.5 11.8 (9.8) 11.1

(11.8) (11.2)

SRef. [12].

PE(H,0) = -76.26379.

CBSSE corrected value.
d6—31G(d) calculation [11].

B6-31+G(d) caleculation [11].
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Table 6

MP2/6-31++G(2d,2p) Optimized Structure of CH3S™(H,0), Cluster?®

n C-5 C~H HCS

0 1.842 1.094 111.7
1 1.842 1.093 111.3
2 1.842 1,092 111.0
3 1.834 1.091 110.9
CH4SH 1.826 1.086 109.5

87he values are mean values. Bond lengths are in angstroms, and

the bond angles are in degrees.
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Table 7

Charges on Atoms of CHgs“(HzO)n Cluster Using MP2/6-31++G(2d,2p)

n S, Cy Hy Hy Hg

0 -0.756  -0.784 0.180 0.180 0.180
1 ~0.698  -0.779 0.186 0.193 0.187
2 ~0.6Y2 -0.776 0.198 0.200 0.192
3 -0.733  -0.764 0.197 0.197 0.197
CH4SH -0.039  -0.782 0.238 0.231 0.231
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Fig, 1. The structures of CHAO(11p0),, clusters and CH4OH.
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