Chapter 5

The Structures of CHOH+ and CH;SH in Water
Clusters
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Abstract

The purpose of this chapter is to predict the geometries
and charges on atoms of CH30H2+ and CH3SH2+ in agqueous solution.
For this purpose, I carried out full geometry optimizations with
the MP2/6-31+G(d,p) for CHg0H,"(H,0), (n = 0,1,2,3,4,5) and
CHgSH, " (H,0), (n = 0,1,2,3,4). I also performed vibrational
analysis for all clusters at the optimized structures to confirm
that all wvibraticnal freguencies are real. Those clusters have
all real vibrational frequencies and correspond to equilibrium
structures. For CH3OH2*(H20)H, when n becomes larger, (1) the C-
0 bond length hecomes smaller, (2) the C-H bond lengths do not
change, (3) the 0-H bond lengths beccome larger,(4) the OCH bond
angles become larger, (5) the COH bond angles become smaller, {(6)
the charge on Chiq becomes less positive, (7) these predicted
values except for the 0-H bond lengths of CH3OH2+(H20)n approach
to the corresponding values of CHqO0H, with the n increment. The
C-0 bond length of CHz0H,"(H,0)5 is smaller than that of CHaOH,™
in the gas phase by 0,061 ; at the MP2/6—31+Q(d,p) level of
theory. Therefore, i1t is predicted that the structure of ¢3H30H2+
in aqueous solution is considerably different from that in the
gas phase. The structure of CH3SH," moiety except for the S-H
bond lengths in CH3SH2+(H20)n, however, does not change.with the
n increment, Thusg, it is predicted that the structure of CH38H2+
except for the S-H bond lengths in aqueocus sclution is almost

equal to that in the gas phase.
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1. Introduction

I Chapter 3, | obtained an interesting prediction: (1) the
geometry ol UHHU* in agqueous solution differs from that in the
gas phase; Lhe discrepancy stems from a lower contribution of the
resonance shkructuro, H_...CH2=0, in aqueous solution than in the
gas phasce. (2) hy way ol conlrast, the geometry of CHBS" in
aqueous solubion is almost equal to that In the gas phase. This
means that the contribution of the resonance structure, H™
o CHy=S, In aqueons solutlion is almost equal to that in the gas
phase. Theroelore, l,h:: peometries of CI-130H2+ and ChSSHZ+ in
agueous sofution are inLeresting. |

lHowever, (he stLructures of (31-13()1-12+(}120)n (n 1) and

IIv

CH4SH, " (1,00, (n = 1) were not Investigated, yet.

The purposce ol this chapter is Co predict the geometries

and charges on atoms ol (:IIHUIIZJr and CI-I3SHZ+ in aqueous solution.
2. Method

I carricd out alt geometry optimizations with the MP2/6-
31+G(d,p) method (or (!IIH()IIQ"'(I]E{))” (n = 0,1,2,3,4,5) and CHg0H in
Fig, 1. The core cleclrons were [rozen. CI-IBOI-12+(I-IZO)n {n > 8)
was nol fully optimized with MP2/6-31+G(d,p) due to the program
Timltation.

For ClLSHy," (11,0}, the structures were fully optimized using
the MP2/6-31+G(d,p)y lovel of theory (for n = 0,1,2,3,4).

(31-13.‘5[-]:;(Ilz())n {n = 5) can not be fTully optimized using MP2/6-
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31+G(d,p).

I also performed vibrational analysis for all clusters at
the optimized structures to confirm +that all wvibrational
frequencies are real.

The energy changes (ZXEn—l,n) of

CHgOH, " (H0),_; + Hp0 —> CHg0H,*(H,0)
were calculated by the following formula:

ANERy o= E(CH30H, (H)0) ) - E(CHqOH,Y (He0), 1) - E(H,0)

The enthalpy changes (/\H298K

n—l,n) were also calculated by
similar formula.

AHZQBK _—N Eeo + AEVO " A(AEvzgaK) + AErZQBK

v AEL2IBK A Py
where ZAEBO is electronic energy change, ZSEVO is the change in
the =zero-point energy, ﬁ;(ﬁ;EVZQBK).is the change in the
vibrational energy on going to 298K, and the remaining quantities
are for the changes in rotational and translational energy and
the work term which were treated classically.

For the evaluation of the reliability of MP2/6-31+G(d,p),
the following calculations were performed: (1) Because the proton
affinity difference between CH4OH and H,O0 is important, the
proton affinity difference evaluated at the MP2/6-31+G(d,p) level
aof theory was compared with the experimental one; (2) The
(A 298K

enthalpy changes n-1.n! in MP2/6-31+G(d,p) were compared

with the experimental A HC For CHgSHpt (H,0),, similar

fn.
comparisons were done,

In order to reproduce LLHO I performed MP4S8SDTQ/65-

n-1,n-

311++G(d,p)//MP2/06-31+G(d,p) energy calculations. Thermal
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corrections were evaluated using the MP2/6-31+G(d,p) results.
I used the Gaussian 94 [1l] program and the HPC and SX-5

computers in the Institute for Molecular Science.
3. Results

All the present clusters have all real wvibrational
frequencies and correspond to equilibrium structures. All O-H...0

(83
angles are nearly 180.
CHAOH, ™"

The proton affinity difference evaluated by the MP2/6-~
31+G(4d,p) (AH = 15,4 kecal/mol) is egual to the experimentally
determined difference (AH = 15.4 kecal/mol) [2].

Table 1 and 2 show that -A H298K both at the MP2/6-

n-1,n
31+G(4,p) and MPA/6-311++G(Ad,p) levels are close to the
experimental _ﬁﬁnonml,n [3].

Table 3 shows the changes in the structural parameters and
the gross charges on CHg in CH30H2*(H20)n. When n becomes larger,
(1) the C-0 bond length becomes smaller, (2) the C-H bond lengths
do not change, (3) the 0-H bond lengths become larger, (4) the OCH
bond angles hecome larger, (5) the COH bond angles become
smaller, (6) the charge on CHg becomes less positive, (7) these
values of CHgOH,"{H,0)  approach to the corresponding values of
CHgOH with the n increment. The C-O bond length of CH30H2+(H20)5

Q
is smaller than Lthat of CH30H2+ in the gas phase by 0.061 A at
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the MP2/6-31+G(d,p) level of theory.
+
CH4SH,

The proton affinity difference evaluated at the MP2/6-
31+G6(4d,p) (AN H = 19.7 kcal/mol) 1is nearly equal to the
experimentally determined difference (A H = 20.9 kcal/mol) [2].

Fig. 2 shows the schematic drawings of structures, and the
optimized paraneters are listed in Table 4. Table 4 shows that
the structure of CH38H2+ moiety except for the S-H bond lengths
in CH35H2+(H20)n clusters does not depend on the number of n. The
S-H bond elongates more bhecause (H20)n has & greater attraction

for H in S-H bond with the n increment.
Discussion
.i.

It is predicted that the cause for the elongation of the C-0
bond in CH30H2+ in the gas phase is the contibution of Hsc+...OH2
as resonance structure, since the C€-0 bond length of
CH3OH2"'(H20)n becomes smaller with the increase of number n, the
contibution of H3C+...OH2 decreases with the n increment. The C-0
bond length of CH30H2+(H20)5 is smaller than that of CH30H2+ in
the gas phase by 0.061 ;. The O-H bond elongates more because

(Hy0), has a greater attraction for H in O~H bond with the n

increment. Thercfore, it is predicted that the structure of

124



CH30H," in aqueous solution is considerably different from that

in the gas phase.
+
CH4SH,

The characleristic of CH38H2+(H20)n is different from that
of CH30H2+(H20)H: Because the C-5 bond length of CH3$H2+(H20)n is
close to that of isolated CH3SH, the contribution of HgC*...SH,
does not exist in CH3SH2+ moiety of CH38H2+(H20)H. Because the
structure of CH48H," moiety except for the S-H bond lengths in

CH38H2+(H20) however, does not change with the n increment, it

n-
is predicted that the structure of CH35H2+ except for the S5S-H
bond lengths in aqueous solution is almost egqual to that in the

gas phase.
Appendix

Full optimized structural parameters are available from the

author (free of charge}.
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Table 1

Enthalpy Change (nﬁxﬁzgaKn_l’n) for CH30H2+(H20)n Cluster with

MPZ/6-31+G(d,p)

n MP2/6-31+G(d, p) Experimenta
+ b 298k 0
B _ELEnul,n -\H n-1,n ~AH n-1,n
(hartree) {kcal/mol) (kcal/mol} (kcal /mol )
CH30H -115.39352
g -115,69318
1 -191.97375 29.8 28.9 25.4
2 -208.24430 23.5 21.7 21.0
3 -344.50297 16.0 14.8 14.8
4 ~420.75980 14.9 13.1 11,6
5 -497.01434 13.4 12.4 9.1
dref. [3].
PE(H,0) = -76.23311.
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Table 2
Enthal h " _ 7 298K - + '
nthalpy Change (-/ H n-1,n) for CH30H;"(Hy0), Cluster with

MP4/6-311++G{d,p)

n MP4/6-311++G(d, p) Experiment?
. b 298k 0
By "&Erhl,n -/AH n-1,n ~AH n-1,n
{hartrea) (kcal/mol) (kcal/mol) (kcal/mol)
0 ~115.77907
1 ~197. 11244 29.0 28.1 25.4
2 ~268.43646 23.1 21.3 21.0
3 -344.74827 15.5 14.2 14.8
4 -421.05851 14.5 12.7 11.6
3Ref. [31.
PE(H,0) = -76.28713.
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Table 3
The Structural Changes of CH30H2+(H20)rl Clusters with the n

Increment in the Gas Phase?

n C-0 C-H 0-H OCH COH qCHgb
0 1.516 1,082 0.978 105.5 114.4 0.507
1 1.486 1.083 1.015 106.7 114.4 0.445
2 1.471 1.083 1.018 107.3 113.8 0.405
3 1.466 1.084 1.033 107.6 113.3 0.385
4 1.461 1.084 1.037 1.07.8 112.8 0.368
5 1.456 1.085 1.060 108.1 112.5 0.347
CHgOH  1.429 1.090 0.964 109.9 108.6 0.224

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

bCharge on CHg,
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Table 4

The Structural Changes of CH3SH2+(H20)n Clusters with the n

Increment in the Gas Phase®

n C-8 C-H S5-H SCH CSH qCH3

0 1.820 1.085 1.339 108.0 100.2 0.182
1 1.818 1.085 1.357 108.2 100.0 0.159
2 1.815 1.085 1.361 108.4 99.7 0.151
3 1.815 1.085 1.374 108.5 99,1 0.126
4 1.815 1.085 1.379 108.5 98.7 0.114
CH4SH 1.815% 1.087 1.331 110.0 96.5 0.008

9g5ee Table 3.
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Fig. 1. The structures of CH30H, T (Ho Q) clusters and CH3OH.
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Fig. 2. The structures of CHaSHy(Hp0),, clusters and CH4SH.



