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Structures of Water Octamers (HO)s: Exploration on Ab Initio Potential Energy Surfaces
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The potential energy surface (PES) of water octamers has been explored by the scaled hypersphere search
method. Among 164 minima on the PES (based on MP2/6+31G(3df,2p)//B3LYP/6-311+G(d,p)
calculations), the cubic structure wib,y symmetry has been confirmed to be the global minimum. In a
thermodynamic simulation using these 164 structures, the cubic structur&yvayimmetry has the highest
population at low temperature, though double rings can become dominant as temperature going up, in good
accord with a recent Monte Carlo simulation using an empirical potential. A transition temperature from
cubic to noncubic has significantly been underestimated when potential energy data of B3LYP/6-311

(d,p) calculations are employed in the simulation. This serious discrepancy between the MP2 and the B3LYP
results suggests an importance of dispersion interactions for discussions on thermodynamics of water octamers.

1. Introduction (PES) have also been exploretf:20-33 In Monte Carlo or
dynamics simulations using various model potentials have
estimated the transition temperature will be below the room
temperature of 108230 K520-26 Some ab initio calculations
have also suggested that a single ring structure can become lower
in free energy than the cubes at the room temperaturé A
{ecent Monte Carlo simulation using an empirical potential
proposed that double ring structures with nine hydrogen-bonds
are the most abundant hydrogen-bond patterns at 269 K.
Contrary to these studies, a recent ab initio study suggested that
the Dy cube is still the most probable structure at the room-
temperature based on the G3 model chemistry and seven cubic
and eleven noncubic structurés.

In this study, cubic and noncubic parts of the PES of water
octamers has been explored by the scaled hypersphere search
(SHS) method#—36 Although there have been extensive explo-
rations1® simulations?20-26.32 and global optimizatioris® by

The water octamers ()s has been studied extensively by
both theoretically and experimentally. In an early theoretical
study, a cyclic single ring structure was considered by using an
analytical potential function fitted to Hartre€&ock water-water
interaction energies A hexagonal ice-like structure was pro-
posed as the most stable form of water octamers in subsequen
theoretical studies using the polarization motfeglthough a
study using empirical model potentials revealed that a cubic
structure withD,y symmetry is more stable than the ice-like
form,* which was confirmed by a subsequent stddynother
important cubic structure witl, symmetry was discovered in
a Monte Carlo simulated annealing stufty.

The D,y and theS, cubes have nearly the same stability, and
the global minimum can be altered each other depending on
qualities of model potentials.® In gas-phase experiments of

0 2
puré? and benzene attach’é_d water octamers, both thzy . using empirical model potentials, the SHS method has directly
and theS, cubes have been identified through careful compari- been applied to an ab initio PES. Although the SHS method

sons between experimental and theoretical vibrational spectrahas originally been developed for constructing global reaction

of tha OH stretch region. It has been_shown_ th_at ”.‘e$e two CUbeSroute maps on PESs of small molecules including entire reaction
have the same MP2 complete basis set limit within the error

- route networks through equilibrium structures (EQ) and transi-
bar of the extrapolation proceduitealthough the MP2 alwa}ys tion state structures (TS), a variation for exploring lower energy
computes thé®,4 energy to be lower when aug-cc-p¥ basis

. EQs only has been introduced to make an application to water

sets are employed. Rearrangement reac_t|on p{:\thways betWeegctamers. 164 EQs have been obtained on the B3LYP/6-G11

the D and theg cubes have also been mvesﬂga’ééﬁ .(d,p) PES by the present procedure, and then energy values of
Fourteen cubic structures have been characterized theoret"each EQs have been refined at the MP2/6-81G(3df,2p)

Zally usmrg]; emp;zcal lr)nodel potent:jalshand ME 2 Cﬁlculatik?ngi_ | level. The database including coordinates, relative energies, and
mong these 14 cubes, tity and thesS, cubes have specia harmonic frequencies for these 164 EQs is available in Sup-

stability in comparison with other hlghgr energy cubes, and.there porting Information. Thermodynamic simulations have been
has been no experimental observation of other cubes in gas

hase. although a cube wi symmetry has been identified performed by using the database, and finite temperature
ipn a cr,y stalloggr]aph 9o Y y behaviors of water octamers based on the present database have

' . . . been compared with previous Monte Carlo simulations using
Another very important subject concerning with water oc-

' iti : ~empirical potentialg326.32
tamers is a transition temperature from the cubic to noncubic
structures, and noncubic parts of the potential energy surfaces The Scaled Hypersphere Search Method
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from an equilibrium structure (EQ) toward transition state ﬂ%;’fg?o “@?g@%r e&iﬁby
@ o b ok &

structures (TS) or dissociation channels (B€FS The SHS : E},o o Bl ,5?:530
method can follow approximate reaction pathways from an EQ % %ﬁ m&: O
based on a simple principle of chemical reactions “reaction EQ1 (D2d) EQ2 (S4) EQ3 (C2) EQ4 (Ci)

pathways can be detected and then followed starting from an = %g-2g°, Y g B
equilibrium structure by noting anharmonic downward distor- Q& T Wﬂ?é“ﬁ
tions as symptoms of chemical reactions”. This principle is based oK, hgk& }3&%{
on a consideration on characteristic features of PESs. Typical EQS (C1) EQ6 (C1) EQ7 (C1) EQ8 (C1)
reaction paths always change their curvatures from a concave _
to a convex on going to a TS or a DC. This indicates that slopes i\f&?“gh &4%\59‘5"‘ oi"b?“oﬂ QD%;?E"
should always decline their inclinations anharmonically because }‘ .J.)Nf h@,gf P’é&c{ pﬂé}ﬂ
of the energy lowering interactions leading to a TS or a DC.
Thus, one may expect that reaction pathways can be found as
anharmonic downward distortions (ADD) around an EQ on a "‘5 <§oo., s f3=° &"%"9“0’
guantum chemical PES. u%_, (g; %fcg“i‘ N ‘}f?‘%&f
Directions containing the maximal ADD can be detected as L ton B4 (o) Ea15(01) Eae (1)
energy minima on a scaled hypersphere surface centered at the
starting EQ, when one employs the scaled normal coordinates ﬂ( ?;g(g“‘?a e Wc@@fff’
g = A4i2Q; based on normal coordinat€ and corresponding o )p %’,on ----- { } .}"’ i m% { ,9
Eigenvalueg,; obtained by the normal-mode analysis at the EQ. Yool - S o %
The ADD following by the SHS method can be used for finding Q17 (C1) EQ18 (C1) EQ19 (C1) EQ20 (C1)
many reaction pathways around an EQ, and a one-after-anothefigure 1. The 20 lowest potential energy structures among the
algorithm has been established for global reaction route mapping164 EQs.
(GRRM) on a quantum chemical PES by combining downhill
walking by the intrinsic reaction coordinafgIRC) following were collapsed into lower energy EQs during geometry opti-
technique®32with uphill walking by the SHS metho#36 mizations. Then, single point energies at these 164 EQs were
In GRRM by the one-after-another algorithm, all possible refined by t.he MP2/6-311+G(3df,2p) galculation. In this series.
reaction pathways leading ADDs are followed starting from all ©f calculations, energy values, gradient vectors, and Hessian
obtained EQs in the process to disclose whole IRC network Matrices at each geometrical arrangement were obtained from
via EQs and TSs. Although this has successfully been appliedth® GAUSSIANO3 program®. Other parts such as the SHS
to small systems with 57 atoms, its application to larger ~Procedure, geometry optimizations by the rational function
systems including more than 20 atoms may not be straightfor- 0Ptimization (RFO) methoff; and normal-mode analyses were
ward, since numbers of EQs of larger systems should be soMade by the GRRML1.0 programs written by the autffois
many that applications of the SHS procedure to all obtained Pased on potential energy data from the GAUSSIANOS.
EQs can be impossible. In this study, some simplifications, Carte_S|an _coordlnate_s and relatl\_/e energies of these 164 EQs
including a parallel tempering Monte Carlo simulatidft like are given in Supporting Information.
treatment, have been introduced to explore lower free energy Figure 1 shows the 20 lowest potential energy structures
structures of water octamers at various temperatures (see2Mong the 164 EQs. Their relative energy values (potential

EQ9 (C1) EQ10 (C1) EQ11 (C1) EQi2 (C1)

Appendix for details). energiesAE, internal energie?\U, and free energieAG at
400 K) are listed in Table 1, where internal energies and free
3. Results energies were estimated using structures and harmonic frequen-

cies of the B3LYP/6-311G(d,p) calculations. As has been

The SHS method was applied to a PES of water octamersreported in previously, the cubic structure withy symmetry
based on the RHF/6-31G calculations. In total, 181 EQs were (EQ1) is the lowest-energy structure among the present 164 EQs.
obtained by the application. These 181 structures were confirmedAlthough 14 cubic structures are known for water octa#ie®
to be minima by normal-mode analyses at each structure; insix of those have higher energy than 25 kJ/mol relative to the
119 of 181 EQs were found in a search starting from the first lowest-energy cubic structure witbyy symmetry!® and these
initial structure among 24 initial structures, and subsequent higher energy cubes have not been found in the present
searches starting from other initial structures were finished very application of the SHS method because of the simplifications
quickly with rediscovering old EQs to which the SHS procedure to search for lower energy structures only. Among eight lower
has already been applied in previous searches. Moreover, all ofenergy cubic structures, a structure wi8symmetry has not
important EQs (cubes, double rings, and a single ring) discussedbeen included in the present results, because its relative energy
below were included in these 119 EQs. It follows that the present to the Doy Structure is also higher than 25 kJ/mol on the RHF/
parametrizations fan, m, andl (see Appendix) can be sufficient  6-31G surface. This is a problem to make an application of the
to explore lower energy EQs of water octamers. In total, 212 444 SHS method to the lower quality RHF/6-31G surface, although
times force calculations and 6427 times Hessian calculations effects of an inclusion of th€s cube have been very small on
were required to complete the procedure. These numbers arghe following thermodynamic simulations. There have been

comparable with those required for GRRMs of-B atom many distorted cubes such as EQ8 with eleven hydrogen bonds
systems, and so the calculation was completed within 1 month at 22-26 kJ/mol above thB,4 cube, some of them can be lower
by using one CPU (Itanium 2, 1.6 GHz). in free energy than some of cubes at higher temperatures by

EQs obtained by the SHS method were re-optimized on a the entropy effect due to the smaller number of hydrogen bonds.
PES based on the B3LYP/6-3t6G(d,p) calculations using these Figure 2 shows the 20 lowest free energy structures (at
181 EQs as initial guesses for geometry optimizations. 164 EQs400 K) among the 164 EQs. Their relative energy values
were obtained as minima (confirmed by normal-mode analyses)(potential energieAE, internal energiedAU, and free energies
on the B3LYP/6-311G(d,p) surface, although 17 initial guesses AG at 400 K) are listed in Table 1, where internal energies and
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TABLE 1: Relative Energies (in kJ/mol) for Equilibrium Structures (EQ) in Figures 1 and 22

MP2/6-311+G( 3df,2pp B3LYP/6-311G(d, p)
AE AU° AG® AE AUS AG®
EQ1 0.0 0.1 5.3 0.0 0.3 215
EQ2 0.3 0.0 2.4 0.1 0.0 18.5
EQ3 12.7 10.1 10.0 13.1 10.6 26.6
EQ4 13.1 11.4 9.3 13.0 11.4 25.4
EQ5 17.3 14.3 10.8 17.7 14.8 27.5
EQ6 17.6 14.7 11.4 18.3 15.5 28.2
EQ7 18.0 15.4 11.9 18.3 15.8 28.4
EQS 225 17.4 6.7 20.1 15.1 20.5
EQ9 235 18.0 7.2 20.3 14.9 20.2
EQ10 23.9 18.6 8.6 21.0 15.8 21.9
EQ11 24.2 18.8 7.8 21.8 16.6 21.6
EQ12 25.1 19.9 9.5 221 17.0 22.7
EQ13 25.7 21.0 12.1 22.4 17.9 25.0
EQ14 26.1 20.6 9.9 23.7 18.4 23.8
EQ15 26.1 20.6 10.3 22.7 17.3 23.1
EQ16 26.4 21.0 10.3 25.0 19.8 25.2
EQ17 28.3 21.7 8.1 25.7 19.3 21.8
EQ18 28.3 21.7 9.1 23.3 16.7 20.2
EQ19 28.6 23.2 13.0 26.7 21.4 27.3
EQ20 28.8 23.2 8.8 26.9 215 23.2
EQ21 44.4 32.7 0.0 32.3 20.7 4.1
EQ22 47.4 34.8 0.4 33.0 20.6 2.2
EQ23 53.3 39.2 0.4 40.9 27.0 43
EQ24 437 322 0.5 315 20.1 45
EQ25 44.4 328 0.9 32.3 20.8 5.0
EQ26 445 32.9 1.0 32.4 20.9 5.0
EQ27 45.4 333 1.0 31.3 19.3 3.1
EQ28 50.5 37.1 1.2 36.7 23.3 3.6
EQ29 476 34.7 1.9 335 20.8 4.0
EQ30 316 22.8 2.1 24.5 15.9 11.2
EQ31 456 33.7 2.2 31.4 19.7 42
EQ32 50.0 36.9 2.5 35.6 226 43
EQ33 456 33.8 2.8 35.6 23.9 8.9
EQ34 48.0 355 3.0 33.2 20.8 4.4
EQ35 40.1 295 3.1 31.1 20.6 10.3
EQ36 43.2 32.3 3.1 32.9 22.1 9.0
EQ37 48.1 355 3.3 33.0 20.5 4.4
EQ38 515 38.6 3.6 37.7 24.9 6.0
EQ39 64.5 465 43 43.9 26.0 0.0

a Relative potential energieSE, relative internal energieAU, and relative free energiesG (at 400 K) are shown with respect to the lowest-
energy structure® At optimized structures on the B3LYP/6-3t6G(d,p) surface® Estimated using harmonic frequencies by B3LYP/6-8GL{d,p)
calculations.

free energies were estimated using structures and harmonidrequency motions enlarge their vibrational entropy, and con-
frequencies of the B3LYP/6-3#1G(d,p) calculations. Most of ~ sequently, they have very low free energy at higher temperatures.
low free energy EQs in Figure 2 are double ring structures ) .

except for EQ2, 30, 33, 35, and 36, in good accord with a recent 4. Discussion

Monte Carlo simulation by Miyake and Aid&In the following A. Thermodynamic Simulation. To compare the present
discussions, double rings (DR) composed of four-membered andresults with previous studies in more detail, thermodynamic
five-membered rings, two five-membered rings, four-membered simulations have been performed based on the superposition
and six-membered rings, and three-membered and seven-approach**°using the present 164 EQs. The canonical prob-
membered rings are denoted as DR45, DR55, DR46, and DR37 ability of finding a system in a regionA” is5

respectively. DR37s have also been obtained, although they are

not included in Figure 2. In total, there are four DR45s, four B z ieaZi(T)
DR55s, seven DR46s and two DR37s in the 164 EQs. The single Pa= z_z_ M 1)
ring structure withs symmetry is also stable at high temperature "

as suggested in previous pap€rs?® Although these double and
single rings are much higher in potential energy thanDhg
cube (theSs single ring is the highest potential energy structure
among the 164 EQs), many such ring structures could safely

whereZ; is the partition function of-th minimum.Zz; can be
obtained based on the harmonic approximation around each
minimum a$®

be detected in this study owing to the parallel tempering 2N! exp(—fE;)
simulatiorf®#! like treatment to search for lower free energy zMm=——— 2)
structures at eleven different temperatures (see Appendix). These m ﬂf“‘ﬁ(ﬁhvij)

rings can be very important at higher temperatdfe®3?since
they have extremely low-frequency vibrational normal modes wherem is the order of point group dfth minimum,E; is the
corresponding to their bending and twisting motions. These low- potential energy of-th minimum,; is j-th harmonic frequency
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i ey e previous simulation of 1296 probably because of lack s
.8 }) “5 ‘p && ‘wg,g ?V ‘i\?‘ ﬁ---&%y “00 and higher energy cubes in the present simulation. Although
ﬁ-?a\w"&n ﬁ\q,,&aqv oo, . fad ‘-\@,‘.--& the Boltzmann distribution for cubic structures at 298.15 K was
?" estimated to be about 90% in the recent G3 study based on
Fazen Faz(en Famen EW;;} 18 EQs and the harmonic approximation around eacH¥e
Rl s % mqtf'&m?" Jp’“-~f"'&%\ ? e "oy present estimate based on eqgs 1 and 2 and the 164 EQs is about
"“9-"%\_ P [ % 1 1 ] : 65%. This discrepancy can be explained from the difference in
s v ‘3”0 ?7”0“9 9"’_‘5‘\@»'"&" the numbers of EQs considered in each simulation, since
SR S0 SRALeh S Eazsich 125 EQs with populations of only 0.2% on average can reduce
P-- e “}Jv’ ’Q.__m%_,ud? 5 e the cube’s population from 90% to 65%. The population of cubic
6@ Q? % A’@: o Iy ﬁ structures becomes smaller than 50% around 310 K. It follows
p"o“’fi o "ﬁ cr,&,cg %ﬁ"‘f’ that the present estimate of the transition temperdiuséwater
EQ28 (C1) £Q30 (C1) EQ31 (C1) £Q2 (S4) octamers can be about 310 K, although there may be some
A e 2 ambiguities on thd as discussed below.
T Y f'})"“bﬂ"'q“"'QP ?"Y B4 = b At first, one needs to consider about the accuracy of the
oo, & . rf Dbﬁq Oy B R x{ bl quantum chemical calculations. It has been shown by Xantheas

and Aprathat the discrepancy between the binding energy values
» 3. 2 of the Doy cube computed by MP2 and CCSD(T) is smaller
P A A SR than 0.04 kcal/mol (0.17 kJ/molf,and so the effects of higher
5’"@:2) Bﬂ Q? Y m@ R n?%,p 4 I'g electron correlation may not change fhevalue significantly.
‘}, qo 9»---6\ PN Ca, ,Gr-"‘s u&\ £ While, corrections on the basis set superposition error (BSSE)
s Doy’ and the error of B3LYP harmonic frequencies can shiftThe
EQss € EQs7 e EQ38 (C1) EQ39(58) 10—20 K to lower and ca. 55 K to higher, respectively, as
Figure 2. The 20 lowest free energy structures at 400 K among the estimated in Sections 4D and 4E. Another important error that

EQ32 (CT) EQ33 (C1) EQ34 (C1) EQ35 (C1)

164 EQs. should be taken into account is caused by the harmonic
10 approximation assumed in eq 2. Anharmonic corrections can
CUBE-all be crucial in cluster systems, and Doye and Wales demonstrated
c 08 CUBE-2(S4) that T2Nhameniprharmonic are 0 82 and 0.87 for Lennardones
-% 0.6 clusters of Ld; and LJs, respectively** Since Lennard-Jones
EE DRl Cras (raLe-gas) clusters are more floppy than hydrogen bonding ones,
nnarmoni armonic
& 02 CUBE-1(D2d) DR45| /DRSS L ?T{‘ for water octamers may be _Iarger than these
)/ DR37 values. Finally, present estimate of thevalue is 286-320 K,
0.0 L L SR after considerations on the BSSE correction of-20 K, the
0 100 200 300 400 500

correction concerning with the quality of B3LYP harmonic

] ] ) frequencies of ca. 55 K, and the anharmonic correction of
Figure 3. Temperature dependences of populations of cubic structuresO g > Tanharmonigrharmonic . o go
. N t .82.

(CUBE-all), double ring structures (DR-all), and the single ring (SR)

Temperature / K

(thick lines) and temperature dependences of populations dbhe There have been many Monte Carlo and dynamics simulations

cube, thes; cube, DR45s, DR55s, DR46s, and DR37s (thin lines), based using empirical model potentiaf$%-26 According to extensive

on the MP2/6-31++G(3df,2p) energy values. simulations by Pedulla and Jordan using seven different
empirical potentiald® T; can vary between 112 and 228 K

of i-th minimum,N is the number of atoms, arfi= 1KT. In depending on qualities of employed model potentials. For an

this study, cubes, double rings, and the single ring have beenexample, the TIP3P and the TIP4P modégmve about 100 K

considered as regiong\* in eq 1. Contributions from th®yq different values ofl; = 112 K23 andT; = 212 K28 respectively.

cube, theS, cube, DR45s, DR55s, DR46s, and DR37s have On the other hand, the lower bound of the present estimate of
further been decomposed into individual components for more 280 K is higher than all of these values. Although the MP2

detailed discussions. The summation in the denominator in surface employed in this study may be the more reliable than
eq 1 has been taken over the all of 164 EQs. model potentials, there are still some ambiguities in the present

Temperature dependences of populations of cubic structuresc@lculations as mentioned above and discussed in detail in the
(CUBE-all), double ring structures (DR-all), and the single ring following Sections 4D and_4E. T_he more reliable estimation
(SR) are shown in Figure 3 with thick lines. Thin lines show on theT; value_may be ach!eygd if all of _prese_nt 164 EQs are
temperature dependences of populations of@agcube, the trea_ted by a high-level ab initio calculation with a very large
S cube, DR45s, DR55s, DR46s, and DR37s, respectively. basis set.

Figure 3 is based on MP2 energies and B3LYP harmonic Relaf[ions among  the prese?‘; ~ 310 K without an3y
frequencies fol; andv; in eq 2, respectively. correctionsT; &~ 210 K by TIP4P® andT; ~ 110 K by TIP3P

. o indicate that Figure 2 for 400 K in this study can be compared
As can be seen in Figure 3, contributions from Bi@ cube it the 200 K results of the recent Monte Carlo simulation
and theS, cube amount to almost 100% at low temperatures, using the TIP3P potential by Miyake and Aidfand Figure 2
agrees well with the observations of these two cubes in gas- may supports their finding that double ring structures with nine
phasé®'2as well as previous simulatiof8?2° As suggested  hydrogen bonds can be the most abundant hydrogen-bond
previously® the & cube can be more probable at medium patterns at the temperature. Finally, we may conclude that the
temperatures than theyg cube because of lower point group  present database including 164 B3LYP structures and their MP2
order (n) in the denominator of eq 2. Contributions from other energies can qualitatively be consistent with previous Monte
cubes have been very small no more than 9% with a maximum Carlo simulations using empirical model potent#&f$-32over
around 300 K, although this 9% is slightly smaller than in the a fairly wide temperature range.
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1.0 CUBEI TABLE 2: MP2/6-311++G(3df,2p) Energies Calculated at
08 Different Geometries Based on Different Methods (B3LYP
s CUBE-2(S4 DR-all or MP2) and Basis Set3
5 08 method basis EQ1 EQ2 EQ27 EQ39
§ 04 DRSS DR46 B3LYP 6-31G 61.86 63.28 6857  64.59
02/l CUBE-1(D2d) 6-31G(d) 9.69 10.11 b 15.19
00 B balia() 333 35l 410 48l
-0 . -31+ . . . .
0 100 Tem?gratur:‘/m}( 400 500 6-31+G(d,p) 138 160 223  2.72
6-311H-G(d) 1.69 2.12 2.98 3.36
Figure 4. Temperature dependences of populations of cubic structures 6-31H-G(d,p) —-0.61 —0.39 0.25 0.54
(CUBE-all), double ring structures (DR-all), and the single ring (SR) 6-31++G(d,p) —0.61 —0.38 0.20 0.55
(thick lines) and temperature dependences of populations obthe MP2 6-31G 28.03 29.23 33.26 29.50
cube, thes, cube, DR45s, DR55s, DR46s, and DR37s (thin lines), based 6-31G(d) 4.43 4.61 b 8.39
on the B3LYP/6-31+G(d,p) energy values. 6-31+G 34.02 34.86 38.38 33.00
6-31+G(d) 4.43 4.60 5.57 6.48
. 6-31+G(d,p) 0.12 029 0.33 0.71
B. MP2 Energy and B3LYP Energy. As can be seen in 6-311+G(d) 253 2.85 4.62 3.50
Table 1, energetics based on the MP2 method and the B3LYP 6-311+G(d,p) 0.04 0.07 0.06 —0.13
method is significantly different especially for EQ2EQ39 in a Energies (in kJ/mol) are relative to the single-point energies at the

Figure 2. The magnitudes of these discrepancies seem 10 b§py/e-311++G(d,p) geometry® Geometry optimization using the
depending on numbers of hydrogen bonds. Differences betweengouble ring structure as an initial guess collapsed into a three-
MP2 energies and B3LYP energies are smaller than 1 kJ/mol dimensional structure with lower potential energy.
for cubic structures of EQ17 with twelve hydrogen bonds,
larger than 2 kJ/mol for distorted cubes such as EQ8 with eleven
hydrogen bonds, 510 kJ/mol for triple rings such as EQ30 C. Reliability of B3LYP Geometry. Although energy values
with ten hydrogen bonds, larger than 10 kJ/mol for double rings are very different between MP2 and B3LYP when numbers of
with nine hydrogen bonds, the largest of 21 kJ/mol for the single hydrogen bonds are different, geometries have not been very
ring with eight hydrogen bonds. much sensitive to the levels of calculations. This may be because
This propensity can be explained based on the long-rangedispersion interactions among water molecules are almost
dispersion interactions that cannot be described by the B3LYP isotropic as assumed in many model potentials such as TIP4P,
functional. Dispersion energy can be expressed tyterms where r=8 terms are placed at each oxygen atom without
centered at each atom in conventional force field metifds. Legendre expansiorf§.Table 2 shows MP2/6-31-+G(3df,-
Since dispersion energy can be explained by instantaneously2p) energies at different geometries based on different combina-
induced dipole-dipole interactions due to dynamical electron tions of methods (MP2 or B3LYP) and basis sets, where energy
correlations, their magnitudes can depend on numbers ofvalues are relative to the MP2/6-313+G(3df,2p) potential
electrons. In the case of water clusters, dispersion energies arenergies at the MP2/6-3¥H4-G(d,p) geometry. Two lowest-
mainly governed by oxygeroxygen distanceo—o,*® since most energy cubes (EQ1 and EQ2), the lowest-energy double ring
of electrons are distributed around oxygen atoms. Thus, disper-composed of two five-membered rings (EQ27), and the single
sion interactions can be the more important for the more ring (EQ39) were chosen for the following comparisons.
compact structures with many smaller—O distances, and The 6-31G and 6-3tG basis sets cannot be acceptable in
consequently, the energy splitting between cubes and ringshoth MP2 and B3LYP calculations even about relative energy
become larger when dispersion interactions are taken intovalues. Additions of polarization functions to oxygen atoms can
account by the MP2 method. significantly improve the absolute deviations, although the
This discrepancy between MP2 energies and B3LYP energiesrelative energy of EQ39 with respect to EQ1 is overestimated
can be visualized when the thermodynamic simulation is more than 5 kJ/mol. Moreover, an important double ring
performed. Figure 4 shows the results of the simulation using structure of EQ27 is lacking on both MP2/6-31G(d) and B3LYP/
the B3LYP/6-313-G(d,p) energies, where all notations are 6-31G(d) surfaces. At least the 6-8G(d) basis set is required
the same as Figure 3. The transition temperature significantly for both MP2 and B3LYP calculations to obtain reliable
shifts to lower in Figure 4 in comparison with Figure 3. geometries as suggested in studies 6i(H4O), cluster® and
AlthoughT; &~ 240 K estimated from Figure 4 shows better fit NH,*(H,0), clusters® According to Table 2, the B3LYP/6-
to the TIP4P simulation®, this should be an accident caused 311+G(d,p) geometries employed in this study may yield errors
by cancellations between lack of dispersion energy and BSSEof about 1 kJ/mol with respect to the MP2/6-31+G(d,p)
and anharmonic corrections. Some previous thermodynamicsgeometries, which is much smaller than errors of dispersion
studies based on HF or DFT potential energy #eftmay also  energies described above as well as BSSEs discussed below.
suff_erfrom this drawback to result in indicating an importance  p Basis Set Superposition Errors The MP2/6-313+G-
of ring structures at room-temperature based on the harmonlc(sdflzp) energies should be compared with the MP2 complete
approximation. F!gure 4. overestimates pqpulatlons qf doqble basis set (CBS) limit estimated by Xantheas and ‘Abta
rings in comparison with Figure 3, while populations in g a1 ate basis set superposition errors (BSSE) in the present
Figure 3 for DR45, DRSS, and DR46 are around 10% at 400 K roq1t The total binding energs without BSSE correction
in good accord with the recent Monte Carlo simulat®n. ... pe calculated as
Oppositely, the B3LYP result underestimates importance of
triple rings such as EQ30 as can be seen in Table 1 of their
free energies. Therefore, discussions or simulations using
B3LYP energies can be dangerous for water clusters when .
structures containing different numbers of hydrogen bonds are where,Equsieris the energy of a water octam@onomer-seameiry
compared. is the energy of an isolated water molecule. The total binding

— _ Monomer_basis
EB_ (Ecluster 8EMonomer_geomet (3)
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TABLE 3: Estimations of the Basis Set Superposition Error
(BSSE) of MP2/6-31#+G(3df,2p) Calculationst

EQ1 EQ2 EQ27  EQ39
Es 322.8 3225 277.4 2583
EFeP) 278.2 277.9 2411 2259
Es — EFCP) 44.6 447 36.2 32.4
CBS 304.2+1.7  304.2+1.7
EgC 304.2 303.9 262.2 2448

aBinding energies (in kJ/mol) withE °) and without Es) BSSE
corrections (by the full counterpoise (FCP) method) are calculated by
using egs 4 and 3, respectivelComplete basis set limit values taken
from ref 13.¢Improved binding energies so theg for EQ1 repro-
duces the CBS value in ref 13, by using a simple equation, &583
0.417EFCP)

energy with the BSSE correction by the full counterpoise (FCP)
method® EF") can be calculated &

8
(FCP) _ _ _ Cluster_basis /:
EB - (Ecluster ZECIuster_geometg)_I_
=
8

EMonomer_basis

A Monomer_basis
Cluster_geometr)(l) 8E,

Monomer_geometll/ (4)
=

where,Eg:ﬂzﬁgﬁ—gzzﬁetg) is the energy of theth water molecule
in a cluster with the cluster basi€g e remmy) is the
energy of tha-th water molecule in a cluster with the monomer
basis.

Table 3 showsEg and EF®” for the same set of EQs in
Table 2 of EQ1, EQ2, EQ27, and EQ39. The MP2/6-8115-
(3df,2p) method overestimates thg about 18-19 kJ/mol at
geometries of EQ1 and EQ2 in comparison with the MP2/CBS
limit2 also listed in Table 3. Oppositels ) underestimates
the MP2/CBS limit of EQ1 and EQ2. Since magnitudes of BSSE

corrections are not equivalent for different structures but depend
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TABLE 4: Comparisons between Products of Harmonic
Frequencies,[1;®hv;, in the Denominator of Eq 2 (in cm©6)
Based on the MP2/ -313G(d,p) Method and the B3LYP/
6-311-G(d,p) Method

EQ1 EQ2 EQ27 EQ39
MP2 1.79x 10'%8  1.51x 10'88 4.48x 10'®® 1.23x 10'8
B3LYP 1.22x 10 9.78x 10%8 514x 10 1.36x 10%!
ratic® 0.15 0.15 0.87 0.91

a I—]jGGhVi’}APZ/I—I?GhViJBSLYP.
M7%w; values based on the MP2 method and the B3LYP
method for the same set of EQs in Table 2 of EQ1, EQ2, EQ27,
and EQ39. As can be seen in Table[#hw; values for all
EQs in the table are overestimated by the B3LYP method in
comparison with MP2 values. This is not expected from the
results of rigid molecules, where the MP2 almost always gives
higher frequency values and requires the smaller scaling factor
of ~0.94 in comparison with the factor for B3LYP frequencies
of ~0.98.

As expected, the MP2 method overestimated frequencies of
intramolecular motions also in the present calculations. While,
MP?2 frequencies for intermolecular motions were mostly smaller
than corresponding B3LYP frequencies. There are the more
intermolecular vibrational modes in the case of water octamers,
and consequentl;ﬂf%vu values by the MP2 method become
smaller than those by the B3LYP method. Although the ratios,
M7} e*tYP, in Table 4 increase in the order of
EQ1,EQ2< EQ27 < EQ39 depending on numbers of hydrogen
bonds, this can also be consistent with the lack ofrtifdong-
range interaction in B3LYP calculations. Since thé term is
fairly defuse in comparison with other interaction terms such
as the e term for orbital interactions, it moves the well
position to a longer hydrogen-bond distance and can modify
the well to be flatter. Therefore, an inclusion of tine®
interactions by the MP2 method can lower the intermolecular
vibrational frequencies, especially in structures with many

on overlap between basis functions on different water molecules, smaller G-0 distances.

Es — EF°P listed in Table 3 are larger for compact cubic
structures than rings, whetgs — ES<P for two cubes are

Table 4 indicates that the population of cubes will be
underestimated about six times in coexisting regions of cubes

comparable, smaller in a double ring of EQ27, and the smallestand double rings, when B3LYP frequencies are employed. It

in the single ring of EQ39. It follows that BSSE corrections
can shift the transition temperature to lower.

Typically, Es decreases aril; “”increases as sizes of basis

follows that a temperature where the population of cubes
becomes ca. 0.14 can be a crude estimation offtl@sed on
the MP2 frequencies. Since the population of cubes becomes

sets become larger, and so it may be reasonable to make a ver.14 around 365 K in the thermodynamic simulation using

crude estimation of the CBS value usifig andES P, In this
study,Eg values in Table 3 were improved so tlit for EQ1
reproduces the MP2/CBS value by Xantheas and’ &pog
using a simple equatiorg, = 0.58Fz + 0.417EL "), This
crude correction shifts relative energies of EQ27 and EQ39 to
lower 3.4 kJ/mol and 5.1 kJ/mol, respectively, relative to EQL.
To know effects of these BSSE corrections, a thermodynamic

B3LYP frequencies, the use of the MP2 frequencies can shift
the T; about 55 K to higher.

5. Conclusions

An ab initio potential energy surface (PES) of water octamers
has been explored by using the scaled hypersphere search (SHS)
method?4~36 181 equilibrium structures (EQ) have been obtained

simulation has been made using a data where energies of theon the RHF/6-31G surface. Then, 164 EQs have been confirmed

single ring and all double rings are artificially shifted to lower
5.1 kd/mol and 3.4 kJ/mol, respectively. In this simulation, the
transition temperaturd@; has shifted about 10 K to lower in

comparison with Figure 3. Many other EQs with ten or eleven

as energy minima on the B3LYP/6-3t5G(d,p) surface by
subsequent geometry optimizations using the RFO métiand
the 181 EQs on the crude surface as initial guesses. Single-
point energy values for each EQ have been refined at the MP2/

hydrogen bonds such as triple rings and distorted cubes shoulds-311++G(3df,2p) level. Cartesian coordinates and relative

become slightly more stable (ca—3 kJ/mol) relative to the

Dyg cube. Therefore, the BSSE corrections for the 6-815-

(3df,2p) basis set can shift tAigmore than 10 kJ/mol to lower.
E. MP2 Frequencies and B3LYP FrequenciesThe popula-

energies for the 164 EQs are available in the Supporting
Information.

Among fourteen known cubic structur&s18 seven low-lying
cubes have been found in the present application because of

tion by egs 1 and 2 depends on a ratio of product of vibrational simplifications of the SHS procedure to explore lower free
frequenciesl‘lfehvi,-, of each structure, and so it is important to  energy EQs only at eleven different temperatures (see Appendix
check a quality of harmonic frequencies. Table 4 compares for details). This parallel tempering simulatfrilike treatment
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allowed to explore higher potential energy isomers with low energy EQs at a lower temperature is updated during the search
free energies such as double ring structures that can be veryat a higher temperature, temperature is decreased to the lower
important at higher temperature by vibrational entropy effects. temperature. The SHS procedure is repeated until applications
A thermodynamic simulation based on the 164 EQs and the to nlowest free energy EQs @itaxare completed. In the present
superposition approatt*® with the harmonic approximation  application,n = 24 (the number of atoms in water octamers)
has supported the finding in the recent Monte Carlo simulation and Tnax = 298.15 K were employed.
that double ring structures with nine hydrogen bonds can be The above treatment is repeated by usingandom initial
the most abundant hydrogen-bond patterns at higher temperastructures as starting points. A random structure is obtained by
ture3? Thermodynamics at low temperatures have been con- djstributing HO with random orientation in a certain ellipsoid
sistent with experimental observatiéfis? as well as previous  where lengths of three axes are also randomized to consider
simulation studie8?°-2° where theDzq and theS; cubes are  not only three-dimensional structures but also quasi-planar and
dominant. The present estimate of the transition temperaturequasi-linear structures. A problem thag Bihd HOOH appear
from cubic to noncubic structures are around room temperaturejn the first geometry optimization has been encountered
of 280—-320 K after considerations on the anharmonic correc- gometimes, and so an initial structure is discarded wheexidts
tion,*the basis set superposition error (BSStnd the quality  guring the first geometry optimization. In the present application,
of harmonic frequencies. Although the lower bound of the m= 24 (the number of atoms in water Octamers) was used.
present transition tempera’Fure of 280 K i; higher than the values An application of the SHS procedure to an EQ has also been
by the Monte Carlo simulations using various model potenfals, simplified. In general applications for global reaction route

(rqualzttat:l\\/lerfeat%r(? ?fntthviitﬁrerse\zt thehr/lmgtdygar:rlc ‘i‘:'r'nmlljlzt'cr)]n mapping (GRRM), all possible anharmonic downward distor-
esulls were consiste previous vionte L.arlo SIMuiations ;3¢ (ADD) obtained by the iterative optimization elimination

i iri i 6,32 i i
using empirical model p_otenné’l%;z over a fairly wide IOE) technique are followetf. Here, one may consider about
temperature range. Relative energy values based on the iMF he Bell-Evans-Polanyi (BEP) principle that a location of a
ca:cullapons hﬁve b;aentvery d'.ftfﬁ[ffrr]t frortn thost,)e of t?ﬁ B;stYP transition state structure (TS) leading to a lower energy EQ is
calculations when structures with ditlerent NUmbers ot ydrogen ., -, cioser to the current EQ than that connected with higher
bonds are compared, and the transition temperature has been 152 _ <
. “energy EQS$152The BEP principle has also successfully been

underestimated when the B3LYP energy data are employed in . - . : o

. . . - - . 'used in the minima hopping technique for global optimization.
the simulation, which suggests an importance of dispersion

: . . . ; Based on the BEP principle, a criterion can be employed to
interactions for discussions on thermodynamics of water oc-
tamers reduce a number of ADDs to be followed thhtlargest

. . magnitude ADDs are selected as important reaction pathways
m(I):(;ri]fziaclxiX\ec;?]ngleuieptgv?/te:?j Zglstgnee;};?grgvﬁa;@eé’é?ﬁgt Igading to I_ower energy EQs, since larger stabilization interac-
ab initio PESs of molecular clusters. Although an extensive Flons creating the lower energy EQ ShO.UId have 'the Iarg'er
Monte Carlo or dynamics simulation based on a reliable PES influence around the c.urrent EQ .to deform its harmonic potentlal
has been required to describe finite temperature behaviors ofdOVW“N"MF]''.The IOE is a technique to search for ADDS (ie.

: S - ..~ “energy minima on a scaled hypersphere surface) using an energy
molecular clusters, their applications may be limited to empirical

. o . ) -~ minimization and a surface biasing approach, in which an ADD
or semiempirical model potentials when single laboratory size S . ) )
. . ; can be eliminated by a cosine cubic function after the ADD
computation resources are considered. The water clusters is one Lo
. . .~ Was detected by an energy minimizatfSi search forl largest
of the best established systems where reliable model potenUaI&‘ADDS by the I0E is very much easier in comparison with the
are available, while further applications of the present approach case onya whole PES b)(/ecause of the foIIowinp reasons: (1) an
to other molecular clusters, binary mixtures, or charged clustersinitial search for ADDs can be made on a ve? small h or-
may be straightforward, for studies on thermodynamics at low sphere with its radius of ca. 0.68.1 A, (2) all )(/:oordinat)(;z
temperature and for (at least qualitative) discussions about finite gve cvelic boundar conditi.on'in v.vhicr'1 all points on a scaled
temperature behaviors, even when an accurate model potentiau Y y P

. ilable. si h irect] i yper-hemi-sphgre can be reached with a minimization step
:ﬁiggtsl\ég'sab e, since our method can directly be applied to ab length of /2, which corresponds to a step length of only 0.08

A when a radius of a hypersphere is 0.05 A. In this study, the
plus and the minus directions of the softest normal mode are
chosen as starting points of energy minimizations on a scaled
Some simplifications of the scaled hypersphere search (SHS)hypersphere. At first, one minimum is obtained by an energy
method*~3¢ have been introduced in this study to explore lower minimization using the rational function optimization (RFO)
energy parts only of ab initio potential energy surfaces (PES) method! and then the minimum is eliminated by a cosine cubic
of molecular clusters, and are descried below. shape function. On a modified surface without the first
The SHS procedure is not applied to all equilibrium structures minimum, one can obtain another minimum even when an
(EQ) in the current EQ list but applied to onfylowest free energy minimization is started from the same point. This
energy EQs. Free energy for each EQ is estimated by using theoptimization-elimination procedure is repeated to search for
harmonic vibrational frequencies of each EQ, and eleven many ADDs. Typically, 2-3I ADDs were sufficient to detect
different temperatures, OTma/10, ZTma/10, ..., Tmax are | largest ADDs, and solADDs are searched around one EQ
considered in one application. This treatment is introduced to in the present application. Thelhsmaller ADDs among thel 3
sufficiently explore both lower and higher potential energy ADDs are discarded at the smallest hypersphere, and dnly 2
regions with low free energies, and this might be related to the ADDs are followed as important reaction routes with expanding
parallel tempering Monte Carlo simulation methdtt for hypersphere radii. This ADD following can efficiently be made
sampling the wider area on a PES overcoming large potential by a predictor-corrector mann&rAlthough these PADDs are
barriers. At first, energytaD K is considered until applications  followed simultaneously, the ADD following is terminated when
of the SHS procedure to lowest-energy EQs are completed. | reaction pathways enter into another potential well. This
Then, free energies dia/10 are considered. H lowest free criterion to accept judtroutes with closer TSs is also considered

6. Appendix
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for finding lower energy EQs based on the BEP princiie?
After entering into another potential well, geometry optimiza-

tions are made to search for new EQs by using the RFO

method?3 In the present applicatioh,= 5 was used.

Although, TSs can be obtained in general applications of the

SHS method? 36 TSs are discarded in this study, since
characterization of EQTS—EQ connections by IRC following
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