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The scaled hypersphere search method was applied to ab initio potential energy surfaces,8f(tHgOhi/

SH +H30"+(H,0)n—1 system withn = 5—7. Local minima databases including 121, 326, and 553 structures

for n = 57, respectively, were obtained based on calculations at the MP2/6-8G{3df,2p)//B3LYP/6-

31+G** level. In these small cluster sizes, the SH3;O"-(H,0),-1 type is still unstable relative to the,&

(H20), type, and the global minima for43-(H.O), are very similar to those of pure water clusters of@h. ;.
Thermodynamic simulations based on the present databases showed a structure transition from the well-
mixed (H,O)n+1-like global minimum at low temperatures to unmixed complexes betwe8reHd (HO), at

high temperatures.

Introduction problems. Analyses of thermodynamic behaviors of H-bond
clusters are very difficult, and huge numbers of low-lying local
minima will be necessary even for qualitative discussions.
Although such explorations have been performed by using MD
or Monte Carlo simulations, their applications have been limited
to empirical model potentials, in general, due to the large number
of potential energy calculations required to achieve sufficient
sampling. Unfortunately, there is no reliable model potential
that can describe proton-transfer events in th&-fH,0),/SH™-
H30"+(H20),-1 system correctly, and therefore, one needs to
employ quantum mechanical methods such as ab initio calcula-
tions and DFT. Obviously, large numbers of energy calculations
by such expensive methods are impossible, and geometry
optimizations starting from carefully chosen initial structures
by intuition and/or experiences have been performed in most
of ab initio based computational studies.

Recently, we proposed the use of the anharmonic downward
distortion following (ADD-following) algorithmi'~43 as a fully
non-empirical approach, concerned with both potential and
exploration, for finding many low-lying local minima of H-bond
examined by theoretical calculations concerning th8 fiH,0)/ cluster system$&! The ADD-following, which can efficiently
SH+H30*+(Hs0)n_1 (n = 2) system. On the other hand,${ be perf_o_rmed by the scaled hypersphere_ search (SHS) me_thod,

was originally developed for the exploration of global reaction

(H2O)n is very similar to pure water clusters of {8),+1, where . . .
only one oxygen is substituted by the sulfur atom. Since there route networks on potential energy surfaces (PES) via equilib-

have been a number of studies concerning small water fium structures (EQ). and transition state structures (TS), and
cluster®~40it may be very interesting to compare the structures its applications to unimolecular systems with 12 atoms have .
and thermodynamic behavior 0b8(H20), with (H20)s1. It succgilsgully located many new EQs and TSs in an automatic
is well-known that a H-bond via a SH group is much weaker way: Although we have employed the full ADD-following

than a H-bond via a OH group and, furthermore, that the van (FADD-following) method in these unimolecular systems to

der Waals radiusfaa S atom is larger than that of an O atom. examine the whole area of the PES including very high-energy

How such differences influence structures and/orthermodynamic.regions’ the large ADD-following (LADD-following) was

behavior may be determined from the results of extensive search'mrOduced for efficient exploration of only low-energy regions

for structures of KS+(H;0), clusters of the PES via low-barrier pathwagsFrom many EQs obtained
N :

i i i initi 49
Here, a search for the most stable structure in terms of free by applications of the LADD-following to ab initio PES;

enerav at several temperatures is required to study suche reprodyced qualitative fgaturgs of thermodynamic behavior
9y P g y observed in Monte Carlo simulatio®$?! of (H,O)g based on
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Structures of microsolvated acid molecules have been inves-
tigated by many groups;1® and the occurrence of the proton
transfer from an acid molecule of AH to,® in microsolvation
clusters (i.e., AH(H,O), — A~-H30*"+(H,O),—1) has been
discussed. It has been shown that the stability of theH3O™"-
(H20)n—1 type depends on two parameters: (1) the number of
water molecules and (2) the acidity of the solute. The
A~+H30"+(H,0),-1 type can be more stable than the AH,O),
type with less than five water molecules in cases of strong acid
molecules such as HER:57.9.12and BHSOy,*6 while weak acid
molecules of HF and $ cannot be ionized with a few water
molecules:58911.12.14n the case of HF, extensive explorations
of cluster structures fan = 7—10 were performed by Odde et
al. based on high-quality quantum chemical calculatidras)d
it was shown that HF still is not dissociated in these clusters.

There have been a few studies concernia§ H-bond cluster
systems;2516-28 and then = 4 case,25three structures of the
n = 7 casé, and one type of structure of tle= 20 case where
H.S was inserted into a @) dodecahedral caéfewere
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Figure 1. Ten most stable structuresof= 5 case in terms of (a) potential energyH) and (b) free energy at 298.15 KG). Energies are relative
to the most stable structure in kJ/mol. Symmetry is denoted in parentheses.

In this study, we applied this LADD-following to ab initio  transformed into a simple hypersphere by using the scaled
PESs of the 5+(H,0)y/SH™+H30"+(H20)n-1 System. Fon = normal coordinateg;, where all normal coordinat€y are scaled
5-7, 121, 326, and 553 EQs finally were obtained, respectively, by corresponding eigenvaluek as q = 4;¥2Q;. By this
at the MP2/6-311+G(3df,2p)//B3LYP/6-3%G** level. On transformation, the algorithm of the ADD-following is reduced
the basis of this database of EQs, the occurrence of protonto energy minimizations on a series of different sizes of scaled
transfer from HS to HO in clusters and the thermodynamic hyperspheres with expanding their radii.

behavior of clusters was also studied. We have applied the SHS method to many unimolecular
systems with 412 atoms®>48 and the SHS method has
provided many new EQs and TSs in an automatic way. On the

The ADD-following by the SHS Method. The ADD- basis of these results of the FADD-following where all possible
following was introduced based on insight into the characteristics ADDs are followed, we have reported the global reaction route
of potential energy curves of bond breaking and bond map (GRRM) of each chemical formula. Since applications of
reorganizatiort!=*3 Since typical reaction paths always change the FADD-following to larger systems including more than 20
their curvatures from concave to convex upon going to a TS or atoms may not be straightforward, we recently introduced some
a dissociation channel (DC), slopes should always decline from simplifications to explore quickly the low-energy portions of
the respective harmonic curve because of energy lowering PES connected via low-barrier pathwd§dhe most important
interactions leading to a TS or a DC. It follows that such an point in this simplification is the use of the LADD-following,
anharmonic effect (i.e., ADD) can be a symptom of chemical in which only large ADDs are followed as important pathways
reactions near or around an EQ, and one can determine reactioeading to lower energy EQs via low barriers. We reported
channels starting from the EQ by following ADD without applications of this LADD-following to ab initio PES of ¢@)s
wandering away from the reaction routes. Directions containing and H"(H,O)s clusters’*4° and thermodynamic simulations
the maximal ADD can be detected by the SHS method as thebased on these results showed excellent agreement with
energy minima on the iso-energy hypersurface of the harmonic experimental observations as well as the extensive model
potential. Although this hypersurface is a hyperellipsoid when potential based Monte Carlo simulations. In this study, we
normal coordinates such a®; are employed, it can be applied this LADD-following to the title system.

Materials and Methods
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Figure 2. Ten most stable structuresof= 6 case in terms of (a) potential energyH) and (b) free energy at 298.15 KG). Energies are relative
to the most stable structure in kJ/mol. Symmetry is denoted in parentheses.

Computational Details. The SHS method was first applied The populationd?(T) of theith EQ at temperatur& were
to the surface at the RHF/3-21G* level. Searches were beguncalculated by using the superposition approaci as
from N (number of atoms) random structures, whergOH
molecules, SH, and H were distributed in a certain ellipsoid

with randomization of their center-of-mass position and orienta- (M = mZz(T) (1)
tion. Here, 172 369 force calculations and 5340 Hessian I Zk mZ(T)
calculations fom = 5, 415 750 force calculations and 13 153

times Hessian calculations fan = 6, and 464 344 force

calculations and 14 818 Hessian calculationsrfor 7 were wherem is the number of permutational isomers of itieEQ56
required. Then, all structures were reoptimized at the B3LYP/ andz(T) is the partition function of théth EQ at temperature

6-31+G** level, and vibrational frequencies for zero-pointand T The value ofZ(T) was estimated based on the harmonic
free energy corrections were also evaluated at this level. Single'approximation for vibrational motion and the rigid rotor

point energies were further refined at the MP2/6-8315(3df,-

2p) level. All calculations were made by using a developing
version of the GRRM prograffr#4in which energy, gradient,
and Hessian values were calculated using the Gaussian 0

rograme® This choice of the series of ab initio levels was based ' . X .
gn gur previous applications to §8)s and H' (H,0)s““where error?® lack of dispersion energy in the B3LYP calculatidfs,

Hartree-Fock with a doublez class basis for initial search, and anharmonic effects in the vibrational partition funcfién.
B3LYP with double plus polarization functions and a diffuse Therefore, it cannot quk even qualitatively when transitions
function for the oxygen atom for geometries and harmonic OCCur very frequently with an interval of several tens of degrees
frequencies, and MP2 with a tripeplus diffuse function and Kelvin. However, the present system is not such a difficult case
many polarization functions for electronic energies was suf- as can be seen in the following results where transitions take
ficient to reproduce the previous Monte Carlo simulation based place only one or two times within-8600 K, and therefore,
thermal behaviors as well as experimental thermal behaviorsthe present treatment may be used for qualitative discussions
of such clusters qualitatively. of this system.

approximation for rotational motiotl. This thermodynamic
simulation coupled with the present computation level may cause
4n error of several tens of degrees Kelvin as discussed in a
previous papet! mainly due to the basis set superposition
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Figure 3. Ten most stable structuresof= 7 case in terms of (a) potential energyH) and (b) free energy at 298.15 KG). Energies are relative
to the most stable structure in kJ/mol. Symmetry is denoted in parentheses.

Results and Discussion

Panel a in Figures-13 shows the 10 lowest energy EQs in
terms of potential energy among 121, 326, and 553 EQs obtaine
for n = 57, respectively. As may be expected, the global
minima of each size are very similar to those of the@b+1
clusters. In the case of= 5, both 5-EQ1 in Figure la and the
ab initio based global minimuf# 6 of (H,O)s are the prism-
type structure with nine H-bond§Forn = 6, 6-EQ1 in Figure
2a has a form in which a # molecule breaks into an H-bond
in 5-EQ1, similar to the relationship between the prism-like
global minimum of (HO)s and the global minimufd of (H,0);.
Furthermore, 7-EQL1 in Figure 3a is very similar to the global
minimunf8-7244of (H,0)g with Doy sSymmetry, and most of the
low-lying minima of HS+(H,0); are cubic structures similar
to the (HO)s case. Panel b in Figures-B shows the 10 lowest
energy EQs in terms of free energy (at 298.15 K) among 121,
326, and 553 EQs obtained for= 5—7, respectively. As can
be seen from Figures-13, the lowest-lying EQs in terms of
free energy are different from those of potential energy in all
of then = 5—7 cases, which implies structural transitions; the
thermodynamic behavior will be discussed later. Although only
free energy at 298.15 K is considered in Figures3%o show

Figure 4a-c shows the five lowest energy structures in terms
of potential energy among the SHH30"+(H,O)—1-type EQs

dobtained fom = 5—7, respectively. Although there have been

a few EQs with the Zundel (D,") ion core, they have a much
higher energy than structures with the Eigen@H) core. The
most stable SH-H30"+(H,0),-1-type EQs are less stable than
the HS-(H20)x-type EQs in all of then = 5—7 cases. Moreover,
thermal entropy effects (at 298.15 K) significantly emphasize
the energy difference between the SH;O"+(H,0),-1 type and

the HS(H20), type because the loss of one SH bond vibrational
mode in BS (~2600 cnt!) and simultaneous generation of
one OH bond vibrational mode ing@* (~3500 cnT?) will
increase the total vibrational free energy correction value. Figure
5 depicts the potential energy distributions of thgSHH,0),
type and the SH-H30"+(H,0),-1 type forn = 5-7, and SH-
H3O*+(H.0)r—1-type EQs occupy the higher energy region in
all panels of Figure 5. It follows that 4% is still undissociated

in clusters with 5-7 water molecules, similar to the HF cdde.
Figure 5 also indicates that the increase in the number of water
molecules can dramatically increase the density of the-SH
H30*"+(H,0)r—1-type local minima and gradually decrease the
energy difference between the,$(H.0), type and the

structures after the transition that occurs in the temperature rangeSH *HsO™+(H20)n-1 type.

of 100-200 K, free energy at any temperature can be calculated To look into the thermodynamic behavior of the present
from electronic energies, structures, and harmonic frequenciessystem, we performed simulations via eq 1. Although the
listed in the Supporting Information without further ab initio  simulations were based on all EQs, the SHyO"+(H20),-1
calculationg’ type had nearly no contribution to each result. Panel a in Figures
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Figure 4. Five most stable structures among SH;O"-(H,0),-1 types of (a)n = 5, (b)n = 6, and (c)n = 7 cases in terms of potential energy
(AE). AG corresponds to free energy at 298.15 K. Energies are relative to the most stable structure in kJ/mol. Symmetry is denoted in parentheses.
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t6._8 SthI\EN N thgttgrnpfia;urehdepgnciﬁ nce oft:he S]:uhm dOf pOpUIa'Figure 6. (a) Temperature dependence of population of 5-EQ1, 5-EQ2,
lons of EQs withz = » Wherezis the nUmDber of Nyarogen 54 syryctures with = 1—3 for then = 5 case, where is the number

bonds related to the sulfur atom (the number of O atoms of hydrogen bonds related to the sulfur atom (the number of O atoms
included in the S-centered sphere with a radius of 4 A). For included in the S atom centered sphere with a radius of 4 A). (b)

example, EQ1, EQ2, EQ4, EQ5, EQ9, and EQ10 are 3; Temperature dependence R and R°°, where RS is the average
EQ3, EQ6, EQ7, EQ8, EQ12, EQ13, EQ14, EQ15, EQ16, distance between possible pairs of S and O atoms, Réi%dis the
EQ17, EQ18, EQ19, and EQ20 are= 2; and EQ11 iz = 1 average dls_tance between possible pairs of two O atoms (see text for
. I further details ofRS° and R°°).

in Figure 1. Independent contributions from some EQs are also

plotted in these graphs. At low temperatures, populations are = =P;(T)r;S° andRC° = ZP;(T)r;°°, which is shown in panel b
dominated by EQs witlz = 3, which is mostly related to the  of Figures 6-8, wherePi(T) is the population of EQat T

EQs in panel a of Figures-13. As the temperature increases, calculated by eq 1I;5Cis the average distance between possible
the curve forz = 2 rises and then becomes higher thanzke pairs of S and O atoms in EQandr;°° is average distance

3 curve. At higher than room temperature, EQs wzith 1 also between possible pairs of two O atoms iniE@ these graphs,
have non-negligible contributions. This trend is common in all RCCis almost constant over the whole temperature range shown
sizes ofn = 5—7, and comparisons between panels a and b in in Figures 6-8, while RS elongates from~4 to ~5 A in the
Figures 13 indicate that this change from= 3 toz= 1 and temperature range between 100 and 300 K. This clearly shows
2 can be interpreted via structure transitions from well-mixed that HS is put out of (HO),, yielding unmixed complexes at
(H20)n+1-like structures to just a complex between3Hand high temperatures. This transition can be understood qualita-
(H20),. To illustrate this point more clearly, we calculategP tively from the property of the H-bond via the SH group in
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Figure 7. (a) Temperature dependence of population of 6-EQ1 and
structures wittz = 1—3 for then = 6 case, where is the number of
hydrogen bonds related to the sulfur atom (the number of O atoms
included in the S atom centered sphere with radius of 4 A). (b)
Temperature dependence R¥° and R°°, whereRSC is the average
distance between possible pairs of S and O atoms, Rtdis the
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SHS method. As a result, 121, 326, and 553 local minima could
be obtained at the MP2/6-3t#G(3df,2p)//B3LYP/6-3%G**
level. On the basis of analyses of the present local minima
database, we can summarize the nature of #8(H,0)/SH -
H30"+(H20)n-1 system withn = 5—7 as follows. HS is not
solvated in (HO), within a temperature range of-®00 K,
when the SH-H3;0"+(H,0),-1-type structure is defined to be a
fully solvated structure in the bulk. At low temperature®200

K), H2S is well-mixed with (HO),, with structures very similar

to well-characterized (¥0)n+1. At high temperatures<300 K),

H,S is put out of (HO),, and clusters take forms such as a
complex between 8 and (HO),.
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Figure 8. (a) Temperature dependence of population of 7-EQ1 and
structures witte = 1-3 for then = 7 case, where is the number of
hydrogen bonds related to the sulfur atom (the number of O atoms
included in the S atom centered sphere with a radius of 4 A). (b)
Temperature dependence R¥° and R°°, whereR®C is the average
distance between possible pairs of S and O atoms, Ridis the
average distance between possible pairs of two O atoms (see text fo
further details ofRS° and R°9).

bulk, which is much weaker than the H-bond via the OH group.

At low temperatures, a cluster prefers to increase the number

of H-bonds to as many as possible even if they are weak, while
it is better at high temperatures to gain stabilization energy via
vibrational entropy effects rather than maintaining weak undis-
sociated H-bonds.

Conclusion

Ab initio potential energy surfaces of the,$i(H,O)/SH-
H3O™+(H,O)n—1 System withn = 5—7 were explored by the

(3df,2p)//IB3LYP/6-31G** level, and harmonic frequencies at
the B3LYP/6-31-G** level. This material is available free of
charge via the Internet at http:/pubs.acs.org.
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