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The geometries, interaction energies, and harmonic vibrational frequencies of water clusters (with up to 8
molecules) have been studied using density functional theory (DFT) at the gradient corrected level. The
water monomer and water dimer calculations have been used as benchmarks to investigate different choices
for basis sets and density functionals. Our results for larger clusters agree with both available high-level ab
initio calculations and experimental information. The calculations of the vibrational frequencies and IR
absorption intensities for the larger clusters, for which no other reliable quantum-chemical calculation is
available, are presented to facilitate the frequency assignment of experimental spectra.

1. Introduction monomer and dimer, using several basis sets of varying
Small clusters of water molecules have been the subject of aflexibility and two gradient corrected density functionals.
large number of theoretical studies in the last 25 y&&rsSince One gradient corrected density functional (labeled PP) is

the early ab initio computatiorisit was clear that the larger ~ Obtained by combining the gradient correction of Perdew and
the cluster, the larger the number of energetically closely spacedWang® for the exchange and that of Perd€wfor the
energy minima. For clusters with up to 6 water molecules, the correlation. The other one (labeled BP) is built by combining
combinaton of Monte-Carlo minimizations and ab initio com- the exchange functional of Beckand the Perdei® functional
putations with reliable basis sets pointed!ahie existence of ~ for the correlation. In both density functionals the parameter-
cyclic structures, which were assumed to be either the lowestization of the correlation energy of the homogeneous electron
or near to the lowest energy. Lafethe water clusters were ~ 9as due to Voskd was used.

revisited and it was confirmed that the cyclic structures Lee etal. have recently reported the binding energies for water
correspond to the lowest energy minima for small clusters, at clusters, with up to 20 molecules, evaluated with DFT with local
least up to 5 molecules, whereas for larger clusters clathrate-and nonlocal functional¥)the reportetf binding energies have
type structures have this characterization. Today, structural andnot been corrected for BSSE or ZPE and the results are, in
vibrational determinations of water clusters are the object of general, comparable to ours. However, we find no agreement
studies, because of the importance of these systems forin the most stable geometry of the clusters composed by 6 and
understanding hydrogen bonding, which plays a key role on 8 molecules; this will be remarked in the appropriate sections
many chemical and biological problems. Furthermore, ad- of this work.

ditional motivations are (i) the existence of experimental  Inarecentwork onthe water monomer and dimer, itis shown
information based on spectroscopic studies of clugténahich that the density functional obtained by combining the new
complements the theoretical calculations through experimental Becke’s exchange potentidland the nonlocal correlation
theoretical feedback; (i) the development of models of liquid functional of Lee, Yang, and Péfr(labeled B3LYP) yields
water based on the existence of discrete clusterlike structuresbetter results (particularly for the harmonic vibrational frequen-
in the bulki01! and (jii) the need of developing improved cies) than either the BP and the PP potentials. Unfortunately,
water-water interaction potentials, flexible enough to deal with the B3LYP functional requires the evaluation of the exact

situations ranging from the isolated molecule to the condensedexchange matrix elements; therefore, for systems of the size
phasé'? we are interested in, it scales with about the fourth power of

As it is now very We||-|(n0wn’ accurate studies of the water- the number of the basis fUﬂCtiOﬂS, and we lose the advantages
water interaction by means of ab initio techniques require the of schemes, like PP and BP functionals, which scales nominally
use of larger and flexible basis sets and methods which consideras the third power of the number of basis functions.
correlation effect$.1214 Since high-level ab initio post- The results here reported for the clusters@j, n = 3-8,
Hartree-Fock calculations are unfeasible because of their high have been obtained using the PP functional and a moderate size
computational cost for systems with many degrees of freedom, basis set, which yields results close to very large basis sets for
density functional theory (DFT), which is more economical from the water monomer and dimer.
the computational point of view, has emerged as a powerful
alternative. 2. Computational Methodology

Recently, several papers have appeared where the DFT
method has been applied to hydrogen-bonded systerifs.

In the present work, we present results of structural param-
eters, dipole moments, and vibrational frequencies for the water

The calculations reported in this study have been carried out
with the Molecole-DFT prograrf? where the Koha-Sham self-
consistent proceduf&is applied to obtain the electronic density
and energy through the determination of a set of one-electron

* Author to whom correspondence should be addressed. orbitals (the solution of the KohnSham equations). Gaussian
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TABLE 1: Water Monomer: Distances (angstroms), Angles (degrees), Dipole Moments (debyes), and Frequencies {&m
expt 1A 1B 2A 2B 3A 3B 4A 4B 5A 5B

PP Potential
R(O—H) 0.9572 0.984 0.981 0.981 0.981 0.977 0.976 0.972 0.971 0.972 0.971
OHOH 104.52 104.22 103.35 103.25 103.30 103.59 103.66 104.67 104.73 104.56 104.72

u 1.85% 1.824 1.854 1.952 1.966 2.009 2.022 1.855 1.867 1.853 1.864

21 365F 3561 3598 3632 3646 3628 3648 3664 3689 3661 3686

V2 1595 1588 1606 1605 1615 1610 1620 1613 1623 1613 1621

V3 3756 3664 3707 3722 3747 3723 3756 3752 3793 3751 3793
BP Potential

R(O—H) 0.9572 0.982 0.980 0.979 0.977 0.975 0.974 0.970 0.969 0.971 0.969
OHOH 104.52 103.25 103.34 103.44 103.63 103.75 103.83 104.40 104.56 104.43 104.63

u 1.85% 1.843 1.863 1.952 1.964 2.007 2.021 1.857 1.869 1.854 1.866
V1 365F 3607 3632 3667 3698 3660 3680 3692 3717 3687 3715
V2 1595 1591 1601 1601 1607 1606 1616 1611 1620 1613 1620
V3 3756 3705 3741 3761 3804 3759 3791 3783 3825 3777 3823

aReference 332 Reference 34S Reference 51.

energy. The use of this fit reduces the integral evaluation and (111111/1) for oxygen and hydrogen, respectively; both
process dependency froNf to N°M (whereN is the number auxiliary basis are derived with slight modifications from basis
of functions in the orbital basis set aii is the total number  found in literature’?
of functions in the auxiliary basis, typically of comparable size
to N). It could be noted that this type of procedure has been 3 Rasults
proposed also for Hartred-ock computational (see the “dy-
namical basis” in ref 28). 3.1. The Water Molecule. The geometrical parameters,
Matrix elements of the exchange-correlation potential are dipole moments, and harmonic vibrational frequencies have been
evaluated by a numerical integration scheme based on the gridsvaluated with all the basis sets described previously, both with
and quadratures proposed by Beékeln performing the the PP and the BP functionals. The corresponding computed
numerical integration of the exchange-correlation potential data and experimental resdfs®* are summarized in Table 1.
matrix elements, in the SCF step, we have used a grid with 25 The agreement with the experiments is acceptable, with excep-
radial shells for the oxygen atoms, 20 for the hydrogen atoms, tion of the computed ©H bond length, which remains too
and 50 angular points per shéll. At the end of the SCF  large. From Table 1, we can notice that the deviation of the
procedure, the exchange-correlation energy and its contributioncomputed values from the experimental results decrease while
to the gradients have been evaluated using an augmented gridimproving the basis set quality. In particular, a noteworthy
with 35 radial shells for the oxygen atoms, 30 for the hydrogen improvement is observed for the dipole moment, a quantity
atoms, and 194 angular points per radial shell. known to be very sensitive to the choice of the basis set. The
The geometry optimization has been performed by using a values of the OH bond length and the HOH bond angle are, for
guasi-Newton minimization method in Cartesian coordinates the larger basis sets, within 0.015 bohrs and 0.2 deg from the
with analytical energy gradients. The Cartesian force constantsexperimental one, for both the BP and the PP functionals.
and dipole moment derivatives are calculated by numerical |t can be noticed that results obtained with basis sets 4 and
differentiation of the energy gradients and dipole moments using 5 gye very similar, an indication that basis set 4 is almost
Cartesian displacements of 0.010 au. From the force CO”Stamacceptable; we note also that the major variations for the
matrix, vibrational frequencies and zero-point energies have bee”computed changes, observed relative to the use of basis set 3
obtained. The infrared absorption intensities have been calcu-5,4 pasis set 4, are due to the additional of diffuse polarization
lated by taking the numerical derivatives of the dipole moment ¢, tions. From Table 1, it can be seen, also, that the auxiliary
and transforming them to the corresponding ones with reSpeCtbasis sets have, on their own, noticeable effects in the predicted
to the normal modes. results. Calculations on the water monomer using DFT have
Fpr the water molecule and the water dimer., five differgnt also been reported by Sim et #l.and Laasonen et &. Al in
basis sets have been used, combined with two different auxiliary 5|, reasonable qualitative agreement is found between our results
basis sets. The first basis set (labeled 1), has a contractionynq those in ref 15, whereas our results disagree considerably
pattern (5211/311/1) and (51/1) for oxygen and hydrogen, it those reported in ref 16, probably due to additional

respectively, and it has been optimized for HF calculatins. 555r0ximation introduced in using pseudopotentials and plane
The second set has a contraction pattern (5211/411/1) and (41(Naves.

1) for oxygen and hydrogen, respectively, and has been . . . .
optimized for DFT calculatior’$ (labeled 2). The third one The DFT r_esults, obtained with thg B3LYP potential by K'm
et al.1® predict an HO bond length in better agreement with

labeled 3}°h tracti tt f (73111/521/1) and (721/
(labeled 3j°has a contraction pattern of ( yand ( experiment than those reported in Table 1, and dipole moments

1) for oxygen and hydrogen, respectively. The fourth set - . . :
(labeled 4) is constructed by augmenting with two diffuse and HOH angles of similar quality as the ones obtained with

polarization functions (exponents 1.8 and 0.3 for oxygen and the BP and PP potentials.

1.4 and 0.3 for hydrogen) basis set 3. Finally, the fifth set  Vibrational frequencies obtained with the PP and BP func-
(labeled 5) is an almost completely uncontracted basis set, withtionals are more similar to the anharmonic experimental values
a contraction scheme of (7111111/11111111/111) and (7111/than the values calculated with the B3LYP potential; however,
111) for oxygen and hydrogen, respectively. For the auxiliary the latter better reproduces harmonic experimental frequeficies.
basis sets, one (labeled A) has the contraction pattern (1111111Averaged deviations of the calculated values from the experi-
11/1) and (111111/1) for oxygen and hydrogen, respectively, mental ones are=0.2, 0.7, and 3.7% for the PP/4A, BP/4A,
and the other (labeled B) has the pattern (11111111/1111/111)and B3LYP/aug-cc-pVQZ® potentials, when considering an-
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TABLE 2: Water Dimer: 2 Distances (angstroms), Angles (degrees), Dipole Moments (debyes), Frequencies {§nEnergies

(kcal/mol)
expp 1A 1B 2A 2B 3A 3B 4A 4B 5A 5B
PP Potential
R(O:H,) 0.982 0.982 0.982 0.982 0.978 0.977 0.973 0.971 0.973 0.971
R(O:Hy) 0.982 0.982 0.982 0.982 0.978 0.977 0.973 0.971 0.973 0.971
R(O;H3) 0.992 0.991 0.991 0.991 0.987 0.987 0.981 0.980 0.981 0.980
R(OzH4) 0.981 0.980 0.981 0.979 0.976 0.974 0.971 0.969 0.971 0.969
R(0:0,) 2.98 2.900 2.912 2.897 2.893 2.889 2.892 2.907 2.895 2.899 2.893
0OH10:H, 103.71 104.05 104.23 104.18 104.76 104.58 105.21 105.24 105.09 105.22
OH30:H4 102.39 102.09 103.46 102.87 104.08 103.27 105.02 105.01 104.79 104.94
0JO1H30; 6420 3.74 497 5.68 1.37 3.99 1.43 6.19 6.42 6.47 6.41
u 2.60 2.740 2.871 3.312 2.856 2.867 2.942 2.617 2.654 2.621 2.644
AE —5.444+ 0.7 —5.23 —5.53 —5.51 —5.79 —5.84 —6.08 —5.90 —5.99 —5.79 —5.96
AE (BSSE) -3.01 —-2.87 -5.17 —5.49 —5.18 —5.45 -5.77 —5.90 —5.61 —5.80
Do —3.594+ 0.5 -0.79 —-0.72 —-2.91 —3.50 —2.92 —-3.31 —3.53 —3.66 —3.43 —3.63
BP Potential
R(O:H1) 0.981 0.979 0.981 0.979 0.976 0.975 0.971 0.970 0.971 0.970
R(O:Hy) 0.981 0.979 0.981 0.979 0.976 0.975 0.971 0.970 0.971 0.970
R(OzH3) 0.990 0.989 0.989 0.989 0.986 0.985 0.980 0.979 0.980 0.979
R(OzH4) 0.981 0.980 0.979 0.977 0.974 0.973 0.970 0.968 0.970 0.968
R(0:0,) 2.98 2.913 2.914 2.903 2.926 2.864 2.903 2.921 2.917 2.919 2.913
0OH;0:H, 103.57 103.69 104.07 103.90 104.56 104.67 105.08 105.29 104.96 104.93
OH30.H, 102.29 102.27 103.92 103.69 104.26 104.10 104.79 104.57 104.50 104.70
0O:H30, 6+ 20 3.52 3.40 6.57 5.00 3.99 3.24 6.05 6.13 3.76 6.17
u 2.60 2.687 2.704 2.794 2.784 3.040 2.926 2.616 2.613 2.677 2.608
AE —5.444+ 0.7 —3.95 —4.17 —4.26 —4.44 —4.53 —4.72 —4.37 —4.54 —4.35 —4.53
AE (BSSE) -1.97 —2.19 —3.97 —4.18 —4.05 —4.28 —4.28 —4.47 —4.18 —4.37
Do —3.59+ 0.5 0.34 0.29 —-1.95 —2.21 —-1.84 —2.08 —2.21 —2.31 —-2.01 —2.31

aSee Figure 1a for the atom labelBy is the binding energy corrected for ZPE and BSSE contributibReference 51¢ Reference 38.

harmonic experimental findings, while they &4.3, 3.7, and energy (i.e., nonbonded dimer) for the BP functional. It must
0.9%, again for the PP/4A, BP/4A, and B3LYP/aug-cc-pV®Z  be noted that in ref 19 a value &E = —5.36 kcal/mol is
potentials, when considering harmonic corrections to the experi- reported for the DFT-BP functional. This is outside the range
mental values. In the overall, we safely can state that the B3LYP of values we find for DFT-BP (see Table 2); however, our values
DFT potential yields structural results more accurate than both are in agreement with those reported in ref 15 for the same
the PP and BP potentials. From the results in Table 1, as expecfunctional. The true value of the water dimer binding energy
ted, the improvement on the quality of both orbital sets and s an issue still not completely settled. It we assume as reference
auxiliary sets brings about closer agreement with experimental the experimental value 6£3.59 0.50 kcal/mol from ref 38,
data. Finally, the results obtained with basis set 4 are almostinen the BP underestimates the water dimer binding energy,
identical to those obtained with the larger basis set 5. and the PP potential overestimates it. However, the PP yields
3.2. The Water Dimer. Geometrical parameters, dipole numerical values closer to those of ref 38. We will comment

moment, and binding energies for the water dimer have beenfurther on the binding energy issue, in this and following
evaluated with all basis sets described previously, and with both gections.

the PP and the BP functionals. The calculated results are
summarized in Tables 2 and 3, where we report also the
corresponding experimental d&e® We refer to Figure 1a for
the indexing scheme which identifies the atoms. Independently
from basis set quality, the minimum geometry corresponds to
the Cs structure, in agreement with ab initio calculations and
microwave spectroscopy.

As in the case of the water monomer, the computation of
dimer improves compared with the experimental values, by ! . L .
adding flexibility to the basis set. Itis apparent from the results agreemept with gxperlm_entgl values, 'S St”.l not opt_lmal, and a
obtained for both the BP and PP functionals that reasonable™°"® flexible basis sgt V\."th diffuse polarlzatlon. functions Seems
agreement with experimental data is reached when the basid® be needed fo_r achlevmg better r_esults, pa_rt|cularly for dipole
set includes diffuse polarization functions. As for the water MOments and vibrational frequencies. In this respect, we must
monomer, the computation for the dimer results agree qualita- &M Once again on the fact that we are comparing DFT
tively with those of Sim et &5 but are considerably different ~harmonicvibrational frequencies with experimengiharmonic -
from those reported by Laasonen efl. vibrational frequencies. In this light, the DFT results of this

In Table 2 we also present the results obtained for the binding work are superior to MP2 resul%é‘“;.whlch, n wrn, seem o
energies, withoutAE) and with basis set superposition errors describe more accurately tharmonicvibrational behavior of
(AE(BSSE)), evaluated within the counterpoise schéfme, the system; Qf course, this copS|derat!on is ap.pllcable.only for
whereas theD, values include both the BSSE and the zero- those cz_ises in which harmonic experimental informations can
point energy (ZPE) correctionsD, ranges from 0.29 te-2.31 be obtained.
kcal/mol for the BP potential, and from0.72 to—3.66 kcal/ The water dimer has been studied in many theoretical works
mol for the PP potential. Notice that basis set 1 yields a large using different ab initio methods; in Table 4 we compare our
BSSE value, which makes positive the value of the binding results obtained with the PP functional and the 4A basis set

The computed harmonic vibrational frequencies of the water
dimer are reported in Table 3. As for the water monomer, even
if the intramolecular mode frequencies are underestimated, the
overall agreement with experimental data for both the PP and
the BP potentials is acceptable. Again, our results are similar
to those reported by Sim et &P put differ considerably from
those reported by Laasonen et@llt can be observed that the
basis set used in ref 15, even if it yields results in reasonable
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TABLE 3: Water Dimer: 2 Vibrational Frequencies (cnT1)2

modé expe 1A 1B 2A 2B 3A 3B 4A 4B 5A 5B
PP Potential
acc asym str 3714 3687 3754 3713 3738 3712 3748 3746 3785 3745 3784
donor asym str 3698 3603 3694 3692 3720 3684 3723 3719 3759 3720 3757
acc sym str 3626 3567 3613 3625 3639 3609 3632 3659 3685 3659 3684
donor sym str 3548 3435 3408 3502 3503 3482 3495 3539 3555 3542 3554

donor and acc bend 1618 1615 1659 1630 1642 1631 1642 1636 1647 1635 1644
acc and donor bend 1600 1583 1583 1598 1607 1605 1610 1615 1624 1616 1625

O;H30; bend 520 674 706 625 646 669 648 639 646 639 647
acc rot., donor wag 320 391 628 344 362 387 370 382 383 363 368
O—O str 243 255 205 218 228 222 221 232 238 231 235
acc and donor rock - 214 192 162 170 189 188 166 164 162 160
acc rot., donor wag 155 181 143 157 123 162 153 159 156 144 150
acc and donor rock - 165 63 152 100 138 93 135 124 119 116
BP Potential
acc asym str 3714 3713 3753 3747 3780 3750 3782 3775 3815 3775 3818
donor asym str 3698 3671 3697 3725 3754 3722 3756 3750 3787 3749 3789
acc sym str 3626 3596 3627 3658 3682 3657 3678 3687 3712 3689 3718
donor sym str 3548 3450 3476 3513 3529 3490 3517 3551 3567 3545 3567

donor and acc bend 1618 1630 1641 1620 1633 1630 1643 1634 1647 1637 1645
acc and donor bend 1600 1588 1596 1604 1614 1607 1615 1615 1623 1617 1626

O,H30; bend 520 695 693 641 638 683 674 637 645 640 642
acc rot., donor wag 320 422 420 357 366 388 390 383 387 380 376
O—O str 243 281 271 186 183 203 192 187 188 189 186
acc and donor rock - 212 214 178 158 174 177 167 163 161 155
acc rot., donor wag 155 192 188 130 135 172 163 159 157 156 134
acc and donor rock - 158 155 111 123 120 127 142 145 140 107

aSee Figure 1a for atom labefsAcc = acceptor water molecule, doner donor water molecule, st= stretching, bend= bending, wag=
wagging, rock= rocking, rot= rotation.c Reference 52¢ Reference 46.

a b C 2 o1 TABLE 4: Water Dimer: Comparison between Different
- .«"{62 Y ?%2 Methods. Lengths A, Angles (deg) Dipole Moments
é)mm o1 OQ{E;I ; / : (debyes), Binding Energies (kcal/mol)
he* W *%éos 0405 {03 DFT  DFT
0 —<q PP B3-LYP® MP2 MPZX CASSCE  expt
Dimer Trimer Tetramer d(OH) 0.973 0.963  0.960 0.967
e ég; d(OHz) 0.973 0.963 0.960 0.967
d o1 S f d(O;Hsz) 0.981 0.970 0.965 0.964 0.948
Ny odF” e~ &91 d(O:Hs) 0.971 0961  0.958 0.964 0.943
QQ/ ~. 02 : ?7 03¢ ¢ d(0,0,) 2.907 2917  2.889 2911 3.084 2.98
pos ?" : ! ; o 1,02 OH;0H, 105.2 1055  104.7 104.3
! og,& Qo3 04y ! OHsOHs 105.0 1054  104.7 105.9
0& {03 ool %97 “Qos O0OH0, 6.2 5.2 50 45 0 & 20
) %904 u 2.617 2.637  2.653 1.977 2.60
Pentamer Cvelic hexamer 3D hexamer AE —5.90 —457 —5.63 —5.44 —5.44+ 0.7
; Do —3.53 —3.59+ 0.5
g i 2 This work; 4A basis sef Reference 18; aug-cc-pVTZ basis set.
&ng }"O\, h L,.__gg ¢ Reference 39; 6-3H+G(2d,2p) basis set.Reference 13c; aug-cc-
™ o ‘g{’) ? % pVDZ basis set¢ Reference 51" Reference 38.

gt G Pe
O‘i ‘7& MQQ&O ﬁ&m&%% the basis set labeled 4 and the auxiliary set labeled A (4A).
G%ﬁ Q=07 This combination, in the cases of the water monomer and dimer,
yields nearly converged results in the computed dipole moments,
geometries, vibrational frequencies, and dimer binding energy.
Figure 1. Water clusters studied in the present work. For the trimer and the bigger clusters, we have performed
calculations only with the PP potential, since the water dimer
(which will be used for all the calculations presented in the Pinding energy seems to be more accurately described with this
next sections) and selected results from literature, also obtainedPotential than with the BP potential.
after systematic improvements of the basis set qulity.As The water trimer has been the subject of several experi-
is evident from the table, the DFT-PP results differ considerably menta$4%-42 and theoretical studiég34345 As is known, since
from the other methods: it predicts too long OH bond lengths, the pioneering works of ref 1, the lowest energy corresponds
and a too short ©0 distance. Even if th®y PP resultis in  to a cyclic structure; however, an accurate experimental geom-
agreement with the experimental vaftfrom the systematic  etry is not available.
study of Tab_le 2 and equivalent studies in ref 39 for the MP2 We have optimized the structure of the water trimer, and the
method and in ref 18 for the MPZ and DFT'BSLY_P' we do not results are given in Table 5. The numbering of the atoms is in
rule out that DFT-PP overestimates the dimer binding energy. ,..orqance with Figure 1b. The structure we found, a ring with

3.3. The Water Trimer. All calculations performed on  two O—Hjsee bonds pointing on one side of the ring plane and
clusters larger than the water dimer have been performed witha third O-Hyee bond on the opposite side, agrees with MP2

Octamer C1 Octamer D2d Octamer S4
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TABLE 5: Water Trimer: Distances (A), Angles (deg) (See Figure 1b for the Atom Labels), Energies (kcal/mol)

this work MP2 MPZ ccsp expe
d(0s—0y) 2.784 2.789 2.825
d(0,—0y) 2.780 2.806-2.798 2.801 2.837 2.942.97-2.97
d(0,—03) 2.781 2.793 2.828
d(O1—Hey) 0.990 0.977 0.970 0.976
d(O2—Hy2) 0.990 0.978 0.970 0.977
d(Os—Hya) 0.989 0.978 0.970 0.976
d(O1—Hp) 0.971 0.964 0.958 0.966
d(O2—Hyp) 0.971 0.964 0.958 0.966
d(Os—Hss) 0.971 0.965 0.959 0.967
d(O1—Hy3) 1.872 1.901 1.915 1.943
d(O2—Hpy) 1.879 1.920 1.939 1.970
d(Os—He2) 1.870 1.901 1.915 1.944
D (Hp1—O1—Hr) 106.2 105.3 105.2 105.4
®(Hpr— 02— Hp) 106.2 105.3 105.0 105.3
D (Hps—Os3—His) 105.8 105.0 104.9 105.2
0(0O1—Hpi—0y) 150.0 148.4 146.8 146.7 150
(02— Hp2—05) 151.8 151.3 149.2 149.4 153
0(0O3—Hps—0y) 151.9 1511 148.5 148.9 152
Hpz 0(O1—0,—05) -55 -16.0 0 0
Hpz 0(01—0,—03) 0.1 -0.6 0 0
Hps 0(01—0,—05) 0.4 1.8 0 0
Hi 0(01—0,—05) 72.3 57.3 41.0
Htz 0(01—02—053) 78.4 50.9 40.2
Hizs (01— 0,—03) —77.9 —62.6 —47.6
AE —-12.71 —8.50 —10.6 —-9.79

a Reference 16 reports the-@ distances in the range 272.81 A and the) angle in the range 150154°. Ref 13c reports the ©0 distance
at 2.807 A, from MP4 calculation§.Reference 13c; aug-cc-pVDZ basis SdReference 13b; 6-3#1G(d,p) basis set Reference 45; DZP-diff
basis set® Reference 7a.

TABLE 6: Vibrational Frequencies of the water trimer experimental structure of the trimer from a single set of
(cm™) and Infrared Intensities (km/mol) (in Parentheses) rotational constants cannot be unique. In comparing the
mode thiswork pwDFT-BP MP2  CCSD expt geometrical results obtained for the water dimer with the same
vs 3727 (43) 3710 3898 (97) 3957 basis_ set and same_PP potential, ‘we found _for the trimer a
vs 3727 (44) 3680 3896 (107) 3953 37037032 considerable shortening of the-®@ distance, pointing out the
3695 importance of nonadditive and dispersive contributions beyond
v3 gﬁg Eg%)n gggg gg‘ﬁ ggg% ?éggé 358400 a two-body approach. A collection of geometrical parameters
V1 G i i I
v 3412 (652) 3200 3632 (492) 3762 3368340 selected from IlteratL.Jre.ls presented in Tgble .5. . o
v, 3336 (5) 3200 3573 (11) 3692 3528517¢ No experimental indications on the trimerization binding
3516 energy have been reported so far. We calculated a valDg of
vy, 1644 (22) 1660 (10) 1729 1632 = —12.71 kcal/mol when both ZPE and BSSE corrections are
v, 1625 (38) 1635 (65) 1671 1620 included.
V2 18522 ((g)g ) 1§g’§ ((19(%) 1&;34?17 1602 The vibrational frequencies for the water trimer are reported
710 (279) 667 (291) 664 in Table 6. Our results agree well with experimental frequencies
641 (190) 571(148) 536 (uncorrected for anharmonicit§);*2and are considerably better
485 (130) 444 (132) 443 than the corresponding frequencies obtained using HF calcula-
386 (6) 351(37) 356 tions* (even when scaling procedures are used). As for the
%g ggg ggg 83 ggi water dimer case, DFT fre_que_ncies match experimental results
248 (42) 218 (4) 208 better than MP2 frequencié&;in particular, our results agree
232 (54) 193 (85) 195 with the experimental gas-phase assigniierof the absorp-
226 (38) 185 (29) 186 tion bands around 3357 and 3400 ¢nand around 33463366
211 (61) 173 (84) 177 cm~1, assignment which has been conte¥iedn the basis of
185 (107) 158 (79) 170 MP2 calculations and on solid and matrix measuren&dts.

aReference 16a, planewaves DFT, Becke exchange, Perdew cor-Again, the comparison with the planewaves-DFT redttsow
relation.” Reference 13c, aug-cc-pVDZ basis sdreference 45,  considerable differences, probably because of limitations in the
DZP-+diff basis set. Reference 41, gas phdsReference 42, gas  planewaves approach when dealing with localized systems. CC
phase* Reference 6, solid Ar.Reference 47, Kr and Ar matrices. calculation®® yield values far from the experimental anharmonic

structures reported in the literatu®;3® and with a recent  findings.

coupled cluster (CC) investigatidh. The structural parameters 3.4. The Water Tetramer. Very few theoretical and
reported by the planewave-DFT calculation of ref 16 also show experimental information is available for the water tetramer.
a reasonable agreement with the present results. The values ofVe find, at the energy minimum, a flat ringlike structure, with
the O-0 distances in our case range from 2.780 to 2.784 A, H bonds shorter than in the trimer case. We have also explored
and are reported as varying from 2.798 to 2.800 A in MP2 3D structures, but all resulted to be higher in energy than the
calculationg3¢ and from 2.825 to 2.837 A in coupled cluster ring structure. Geometrical parameters are reported in Table
calculations®® The proposed experimental valéieanging from 7. This minimum energy structure shows-O distance ranging
2.94 to 2.97 A are at variance with both the calculated DFT, from 2.723 to 2.737 A; as expected, they are considerably
MP2, and CC results. Tentatively, one can ascribe this shorter than the ©0 distances in the trimer. Deviation of H
discrepancy to the fact that perhaps the deduction of the bonds from linearity is reduced, with respect to the trimer, to
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TABLE 7: Water Tetramer (Distances in A, Angles in deg) TABLE 9: Water Pentamer (Distances in A, Angles in deg)
structuré this work pwDFT-BP MP2 d(0,—0y) =2.717  d(O4Hp1) = 1.000 d(O4Hn) = 0.970
d(0-0) 2737-2.73 2.667-2.699 2.880 d(0,~0) =2.713  d(OoHyz) =1.000  d(OoHr) = 0.970

d(03—04) =2.716 d(O3Hb3) =1.000 d(O3Hf3) =0.971

3%8::*’)) oo 0999 g d(0:~0s) =2.712  d(O4Hps) =1.000  d(OsHi) = 0.971
D(O—I—; —0) 168.1-168.7 165 167.7 d(Os—01) =2.711  d(OsHps) = 0.999 d(OsHrs) = 0.971
O(H 7Obe ) 105.&106.4 105'0 OO1HpiO, =175.3 [OOHp03=177.9 [OO3Hu304=177.25
DHbE’OOO) > 1822 o4 [04HpO0s = 177.2  0OsHpO1 = 176.8
OH(000) 110.+-111.2 112.4 DH_bll(gé‘%sol) = DH_bZl((lDSS%OZ) = D"'lbi%OiOZOB) =
aHy, refers to bonded hydrogen atoms;, tbl free hydrogen atoms. OHpa(020:04) = OHps(030405) =
b Reference 16a, planewaves DFT, Becke exchange, Perdew correlation. —119.5 116.0

¢ Reference 13c, Aug-cc-pVDZ basis set. aSee Figure 1d for the atom labels.;, Fefers to bonded hyrogen

TABLE 8: Vibrational Frequencies of the Water Tetramer atoms, Hto free hydrogen atoms.

gt M 4
(cm™) and Infrared Intensities (km/mol) (in Parentheses) TABLE 10: Vibrational Frequencies of the Water Pentamer

mode this work HF MP2 (cm™) and Infrared Intensities (km/mol) (in Panentheses)
V3 3725 (40) 3747 3887 (0) this work HF
Zi g;éi g% g;ig ggg; 838 asym stretchingss; 3733 (43) 3752
Vs 3720 (31) 3745 3886 (102) g;gg ggg g;ii
" 3286 (55) 3348 3522 (20) 3718 (33) 3743
" 3245 (1549) 3306 3484 (1349) 3713 (25) 3742
" 3238 (1554) 3306 3484 (1349) .
" 3124 (6) 3211 3391 (0) sym stretchingsy; 3246 (45) 3296
3238 (25) 3295
v 1660 (0) 1703 1683 (0)
3183 (2392) 3238
V2 1632 (42) 1664 1653 (47) 3171 (2366) 3234
V2 1630 (41) 1664 1653 (47) 3063 (9) 3145
V2 1615 (88) 1659 1637 (81) bendi 1680 (15 1722
1043 (0) 996 (0) enengs 1608 305 1693
859 (165) 826 (166) 1068 gs 43 1093
856 (161) 826 (166) 1631 (15) 1075
756 (130) 754 (171) 1618 (80) 1672
466 (21) 451 (39) .
465 (23) 451 (40) intermolecular modes 91207281(242 9170551
462 (21) 435 (21) 892 &oeﬁ 952
422 (0) 403 (0) 811 (149) 918
284 (1) 291 (0) 730 (21) 829
272 (42) 261 (0) 568 (72) o1l
268 (167) 255 (199) 486 (14) 502
266 (145) 255 (197) 459 (2) 296
255 (66) 237 (59) 442 (26) 480
254 (125) 237 (61) 429 (46) 458
231 (24) 211 (0) 315 (36) 33>
221 (0) 200 (46) 308 (6) 330
89 (2) 9Q) 306 (1) 280
50 (0) 51 (0)
292 (206) 267
aReference 44. HF/4-31G. Frequencies are scaled by an empirical 263 (197) 263
factor equal to 1.0898.Reference 13c. Aug-cc-pVDZ basis set. 243 (56) 224
241 (51) 207
about 12. Similar structures have been found with H#, 231 (23) 192
MP2 3cand DFT619calculations. Also for the water tetramer, 225 (55) 185
there is no experimental binding energy value to compare with. 180 (1) 101
We find a binding energy of-24.6 kcal/mol. We will comment gg %g ?5
later on this result. 40 (0) 53
Vibrational intramolecular frequencies are reported in Table 30 (3) 22

8; we compare our results with those obtained either from MP2
calculation$® or from HF/4-31G, scaled with an empirical
parametef* From the values reported in Table 8, we notice,
in general, that our values are closer to the HF/4-31G-scaled clusters, the &0 distances follow the trend of decreasing with
results. We must point out, once more, that harmonic DFT the cluster size, with values ranging from 2.711 to 2.717 A.
frequencies are close to anharmonic (experimental) frequenciesAll free OH bonds point out of the ring plane, with alternate
than MP2 harmonic values. Unfortunately, no experimental directions; two adjacent ©Hs.e bonds are therefore pointing
information is available for this system to judge the quality of in the same directrion, and this symmetry breaking causes one
the results obtained with the various methodologies. The high oxygen atom to be slightly out of the plane. Differently from
IR intensity of twov; stretching modes in the region around the HF/6-31G* structuré® no O—Hiee bond is found lying on
3240 cnt! seems to be characteristic of the tetramer and the ring plane. The predicted binding energypis= —32.13
may be used in order to detect these clusters using IR tech-kcal/mol.
niques. The results from the harmonic vibrational analysis are
3.5. The Water Pentamer. We have investigated the ring  reported in Table 10. To our knowledge, these are the only
geometry of the water pentamer; the optimized geometrical results at a correlated level, and thus we compare them only
parameters are reported in Table 9. As observed in the smalleiwith scaled HF value$

@ Reference 44. HG/4-31G. Frequencies are scaled by an empirical
factor equal to 1.0898.
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TABLE 11: Water Hexamer: Cyclic Structure (Distances in

TABLE 12: Water Hexamer: 3D Structure (Distances in
A, Angles in deg}

A, Angles in deg}

d(0,—0y) = 2.703
d(0,—03) = 2.707
d(03—0,) = 2.705
d(O4_05) =2.702
d(05—06) =2.707
d(OG_Ol) =2.706
OO1Hp02 = 177.4
|:|04Hb405 =177.4
DO]_(OzOgOsoe) =
—-16.1

d(O1Hp;) = 1.000
d(OzHs2) = 1.000
d(OsHps) = 1.000
d(O4Hb4) =1.000
d(OsHps) = 1.000
d(OGHbG) =1.000
OOHp 03 = 177.5
DOsHMOG =177.5
DO4(02030506) =
16.1

d(O]_Hfl) =0.971
d(OzHp) = 0.971
d(OsHss) = 0.970
d(O4Hf4) =0.971
d(05Hf5) =0.971
d(OGHfG) =0.970
0O3Hp0s = 177.8
DOGHbeol =177.7

d(01-02)=2.750
d(02—03)= 2.807
d(03-01)= 2.965
d(04-05)=2.774
d(05-06) = 2.908
d(06-04)= 2.855
d(01-04)= 2.886
d(02—05)= 2.637
d(03-06)= 2.749
OH—O1-H = 105.6
OH—02-H = 106.2

00O1Hp1O2 = 153.8
OOzHp03 = 149.4
DOgHb30;|_ =135.6
0O4Hp40s = 156.0
DO5Hb5OG =133.9
DOeHbeO4 =149.9
0O1HpsO4 = 158.5
0O2Hp0s = 170.0
0O3HpeOs = 169.4
d(01-Hs) = 0.972
d(0O2—Hsp) =0.971

d(01—Hyy) = 0.992
d(02—Hyp) = 1.016

a See Figure 1a for the atom labels., téfers to bonded hydrogen
atoms, H to free hydrogen atoms.

OH—03—-H =101.9 d(O3—Hp3-o1) = 0.980 d(O3—Hp3-02) = 0.987

OH—04-H =103.1 d(O4be4a01) =0.984 d(O4be4a06) =0.985

OH—05-H =101.2 d(O5—Hps-06) = 0.981 d(O5—Hps-04) = 0.997
3.6. The Water Hexamer. As of today, the most stable ~ JH~067H=1059 d(06-Hw) =0.971  d(O6~Hse) = 1.000

geometry for the water hexamer has not been characterized by 2 See Figure 1f for the atom labels.; tefers to free hydrogen atoms,

experimental techniques. What seems to be clear is that thergHb to bonded hydrogen atoms.

are several possible minimum structures, with energies differing TABLE 13: Intramolecular Vibrational Frequencies of the

one each other by 1 kcal/mol at most (see, for example, ref \yater Hexamers (cnm?) and Infrared Intensities (km/mol)

14). In this work, we have investigated the ring structure, and (in Parentheses)

a 3D prismatic structure which is found to be the absolute

minima in the extended MP2 analysis on water hexamers of

ref 14.

cyclic structure 3D structure

asym stretchings;s 3726 (68)  asym stretchingg; 3720 (40)

O.pt.imizing the ring structure, we have o.btgined an hexagonal g;gi ggﬁ) 33’;(1)% ga
chairlike geometry, with ©Hsee bonds pointing alternatively 3720 (9) 3580 (169)
in opposite directions. Four oxygen atoms lie on a plane, while 3718 (70) 3571 (137)
the remaining two are out of plane by abeitt6.1°. This highly ) 3713 (1) _ 3512 (364)
symmetric structure leads to a nonpolar cluster. sym stretchingsy, 3250 (160) ~ sym stretching, 3469 (263)

The O-0 distances range from 2.702 to 2.707 A and are gggé ggg gggé 82%
smaller, as was expected, ther-O distances of the smaller 3161 (3092) 3261 (369)
clusters. The optimized parameters are given in Table 11. We 3154 (3025) 3185 (843)
found a binding energy dby, = —39.88 kcal/mol. 3058 (0) 2887 (1022)

The optimized 3D prismlike structure is also a real minimum bendingsy: 1678 (0)  bendings;, 1706 (61)
(i.e., no imaginary values in the harmonic vibrational frequen- igg? Eggg 1232 ggf)
cies); its energy is lower by 1.4 kcal/mol than the energy of the 1624 (0) 1657 (75)
cyclic structure when no corrections are applied, confirming 1622 (0) 1646 (53)
the findings of ref 14. However, the zero-point energy 1609 (99) 1637 (110)

correction is larger than the value for the cyclic structure, and
by including also the BSSE correction, we fibg = —38.02 among the most stable ones, i.e., two cubic structureB,ef
kcal/mol. Unfortunately, in ref 14, the zero-point energy and & symmetries, and the trilobate structure proposed by
correction is not taken into account, and therefore it cannot be Stillinger et al®® Cyclic structures have been reported to be
ruled out that the hexagonal chairlike geometry is the most less stable, even if a recent wétkas pointed out that entropic
stable. As noted in ref 19, different DFT functionals can yield effects may have a great influence on the relative stability of
different minimum geometries. Since different structures are water octamers and stabilize cyclic structures at higher tem-
found within a narrow range of energies, all possible corrections peratures. Our results indicate (Table 14) that the two cubic
must be taken into account to determine properly the relative structure are almost equally stable, their binding energies
energy between these structures at finite temperature. differing by a few tenths of kcal/mol. This result is very much
The structure, shown in Figure 1f is ideally obtained by in agreement with the three structures C,a@d C' proposed
stacking two cyclic trimers; it presents nine hydrogen bonds: as the lowest octamer structures by Kim et aDur energetic
two of them, the one between water 1 and water 3 and the oneresult agrees with MP2//HF/DZP dataijt should be noticed,
between water 5 and water 6, are particularly weak (and they however, that at MP2//HF/DZP)32, octamer is 0.08 kcal/mol
are not highlighted in Figure 1f), their lengths being 2.184 and more stable than th&, octamer, while in our DFT results, the
2.140 A, respectively. Selected structural parameters areorder is the opposite. The DFT calculations of ref 19 find the
reported in Table 12. D,q octamer slightly more stable than tis octamer, either
The results of the harmonic normal-mode analysis for the with local and nonlocal functionals; as mentioned before, these
two structures are reported in Table 13 for the intramolecular data do not include ZPE and BSSE corrections.
modes; no correlated ab initio results are available in literature. The D,y structure consists of two square tetramers, placed
From the results of Table 13, it is evident that the two structures on parallel planes at a distance of 2.668 A, with alternate double
present different vibrational characteristics; in particular, the hydrogen donor and double hydrogen acceptor water molecules
most IR intense modes have very different vibrational frequen- (see Figure 1h); this arrangement gives a very regular structure,
cies, around 3160 cnd for the cyclic structure and at 2887  with the sides of the tetramers having an average length of 2.830
cm~1 for the prismlike structure. Ideally, the question of the A. The S, structure can be viewed as the superimposition of
lowest hexamer structure could thus be answered experimentallytwo tetramers of the kind presented in section 3.4; each water
by IR spectroscopy. molecule is both single hydrogen acceptor and single hydrogen
3.7. The Water Octamer. We have investigated three donor. In the superimposition, the two tetramers are stretched
structures for the water octamer, reported in the literature asalong perpendicular directions, resulting in a slightly distorted
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TABLE 14: Water Octamers (Distances in A, Angles in deg)

Estrin et al.

C S D2d
R(O—-0) R(O—H) R(O-0) R(O—H) R(O—-0) R(O—H)
H bonded intratetramer H bonded single donors intratetramer H bonded single donors
2.805 0.990 2.843 1.009 2.830 1.010
2.771 0.993 2.682 1.009 2.830 1.010
2.804 0.991 2.843 1.009 2.830 1.010
2.681 1.009 2.830 1.010
2.802 0.990
2.776 0.992 2.682 H bonded double donors 2.829 H bonded double donors
2.793 0.991 2.843 2.831
2.681 0.987 2.830 0.987
2.644 1.015 2.843 0.987 2.829 0.986
2.645 1.012 0.987 0.987
2.635 1.017 intertetramer 0.987 intertetramer 0.986
0.987 0.986
free 2.855 0.987 2.667 0.987
0.971 2.852 0.987 2.668 0.986
0.972 2.851 0.987 2.668 0.987
0.971 2.853 2.667
0.971 free free
0.970 0.971 0.971
0.972 0.971 0.971
0.971 0.971
0.971 0.971
TABLE 15: Intramolecular Vibrational Frequencies of the Water Octamers (cm~1) and Infrared Intensities (km/mol) (in
Parentheses)
C1 St D2d
single-donor, asym strg 3725 (41) single-donor, asym stg, 3719 (47) single-donor, asym stg, 3701 (48)
3724 (34) 3718 (39) 3701 (34)
3719 (36) 3718 (56) 3700 (57)
3718 (53) 3716 (2) 3698 (1)
3714 (49)
3712 (18)
3710 (36) double-donor, asym stg, 3488 (1146) double-donor, asym st, 3456 (1236)
3472 (626) 3455 (1236)
3472 (632) 3419 (8)
double-donor, asym strg 3394 (656) 3434 (7) 3412 (0)
sym str,vy 3388 (248) double-donor, sym st 3443 (1) double-donor, sym sir, 3393 (30)
3371 (318) 3428 (245) 3393 (14)
3350 (854) 3427 (242) 3390 (392)
3306 (1728) 3425 (376) 3390 (359)
3271 (84)
3029 (509)
2928 (2687) single-donor, sym st 3034 (1751) single-donor, sym st, 3010 (3845)
2817 (1053) 3030 (1737) 2932 (12)
2996 (23) 2932 (12)
2967 (4) 2899 (0)
bendingsy. 1695 (4)
1678 (36)
1668 (24) 1699 (31) bendings, 1701 (0)
1651 (23) 1675 (50) 1686 (1)
1645 (57) 1674 (51) 1656 (16)
1632 (77) 1669 (0) 1656 (15)
1628 (35) 1634 (0) 1640 (0)
1623 (70) 1623 (61) 1633 (4)
1623 (60) 1631 (178)
1614 (186) 1631 (181)

cube. The trilobate structure of symmety, when proposed  and double-donor water molecules have substantially different

by Stillingef® using his polarizable water model, was supposed stretching frequencies, so two new groups of fundamental modes

to be the most stable arrangement of eight water molecules;appear, characterizing the mode and the:s mode of double-

guantum-mechanical calculations do not support this conclu- donor molecules, with frequencies in the 348306 cnt! range

sion: HF/4-31G calculatioddemonstrated that this structure for the former and in the 34883394 cnt? range for the latter

is not a minimum, while our calculation, HF/DZ%¥and the (Table 15).

planewaves-DF results yield this geometry as a true mini-

mum, but not as the most stable minimum. Nevertheless, thisg  piscussion

local minimum structure is interesting, since it can be though

of having the same structure of an octamer in the hexagonal- 4.1. Geometries.We have optimized 10 different structures

ice lattice. for the clusters (KO),, with n = 1 to n = 8, obtaining local
The normal mode analysis is obviously richer in three- minima; i.e., each optimized structure is characterized by not

dimensional than in two-dimensional structures. Single-donor having imaginary frequencies in the harmonic vibrational
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TABLE 16: Binding Energies of Water Clusters (kcal/mol)?

h-bonds DFT-PP pwDFT-BF SCcH MpP2 MP4d expe
(H20), 1 -3.52 —4.38 —-1.78 —2.29 —2.23 —3.59+ 0.5
(—5.90) 3.92) (-5.34) (5.38)
(H20)s 3 -12.71 -15.43 —6.17 —8.50 -8.27
(H20)4 4 —24.18 —28.87 —11.70 —16.05 —15.52
(Hz0)s 5 -32.13 -16.29
(Hz0) 3D 9 —38.02 —40.22
(H20)s cyclic 6 —-39.88 —4552 —20.59 -39.78
(Hz0) (Cy) 9 —55.18 —67.34 —53.89 —62.42
(H20)s (D20) 12 —63.51 —76.01 —-59.76 ~70.5%
(H20) () 12 —64.06 -59.68 —70.47

a All the results include ZPE and BSSE corrections, except otherwise indicated. Results for the water dimer, not corrected for ZPE and BSSE
contributions, are given in parenthese$his work. Value ofAH(T=298 K) for the water dimer, in the rigid rotor approximation Aiblt—z9ac =
—3.99 kcal/mol. The ZPE corrections in kcal/mol are;@h = 2.24; (HO); = 5.81; (HO), = 8.19; (HO)s = 10.27; (HO)s (3D) = 14.39;
(H20)s(cyclic) = 12.08; (HO)s (C1) = 17.20; (HO)s(D2g) = 20.75; (HO)s(S) = 20.32.¢ Reference 16a. Planewaves-DFT, Becke exch., Perdew
corr. These results are not corrected for zero-point contributiB@ference 13d. aug-cc-pVDZ basis set. MP4 results use ZPE/MP2 corrections.
e Reference 38.T = 298 K.fReference 14. Values corrected for BSSE but not for ZPE contributidReference 49. DZP basis set. MP2
results obtained at HF geometries and with ZPE/HF corrections.
spectrum. For five structures (i.e., for the systems with 1, 2, 3,  For the water dimer binding energy, results obtained at the
4, and 5 water molecules) we are confident to have obtained SCF, MP2 and MP4 level are reported. The values in Table
absolute minima, guided not only by our experience, but also 16 point out that the DFT-PP dimer binding energy, corrected
by the numerous results available in the literature. We have with ZPE and BSSE contributions, agree with the experimental
investigated also some other structures, as the closed dimer andalue better than any other correlated ab initio calculation. This
the open trimer, and a 3D tetramer, but no minimum has beenagreement is maintained when the enthalpy chane=a298
found for those structures. K is estimated by using the harmonic oscillatoigid rotor

Some trends in the cyclic cluster's geometrical parameters model, as reported in not of the same table; indeed, this
can be observed: ©0 distances decrease as the number of should be the value to be properly compared with the experi-
molecules increases, from a value of 2.907 A in the dimer to a mental value, which is measured at 298 K. The B3LYP
value of 2.705 A in the cyclic hexamer. On the contrary, potential, which looks to be superior for geometry and frequency
O—Hbonded lengths increase with increasing number of mol- data, seems to yield a too weak interaction energy Value
ecules, from 0.981 A in the dimer to 1.000 A in the cyclic (—4.71 kcal/mol with the aug-cc-pVDZ basis set without ZPE
hexamer. Both these trends appear to be very near toand BSSE corrections; the latter is expettad be~0.6 kcal/
convergence for the cyclic hexamer, and thus we expect nomol, bringing the interaction energy te—4.1 kcal/mol). We
further modifications for these parameters in larger cyclic must point out that accurate calculations with very large basis
water clusters. In all the clusters under consideration in this sets at the equilibrium geometfestimate the dimer interaction
work, the O-Hsee length has constantly the value of 0.971 A.  energy at~4.8 kcal/mol, without ZPE correction. If we
All these trends have been already reported for HF and consider this as the most accurate result available, then the DFT-
MP2 calculations* and are in qualitative agreements with our PP, MP2 and MP4 results of Table 16 are all off by-6150
results. kcal/mol.

4.2. Binding Energies. The binding energies, including The trimer binding energy predicted by the DFT-PP potential
BSSE and ZPE corrections for all the clusters studied, are is —12.71 kcal/mol; this value is considerably larger-@kcal/
collected in Table 16. As often pointed out, it is apparent from mol) than the one predicted by MP2 and MP4 calculati§As.
the results that nonadditive effects are very important, since theln ref 45 several values for the trimer binding energy have been
results deviate strongly from linearity. In the same table we obtained at different levels of theory; their “best value”, i.e.,
also report results from accurate calculations found in the the value obtained at the higher level of theoryAlE= —14.80
literature. As expected, different energies result from different kcal/mol at CCSD/TZ2R-diff, evaluated for a geometry opti-
methods, and it is difficult to draw conclusive arguments about mized with CCSD/DZR-diff, which, when corrected for ZPE
their relative accuracy. In addition, for a given method different obtained at SCF/TZ2Pdiff, gives aDg of —9.79 kcal/mol. The
basis sets can yield very different energies. From Table 16, energy spread reported in literature for the water tetramer shows
the DFT-PP seems to overestimate the binding energies for thehow sensitive the binding energy is with the level of theory
water dimer, trimer, and tetramer, with respect to MP2 and MP4 used: HF/DZP calculatio?¥® give a value forDo of —17.7
results, but, at the same time, it yields lower (in absolute value) kcal/mol, while HF/6-31G#** calculations giveDy = —20.77
binding energies than MP2//HF for the three octamers. This kcal/mol. With a MP2/DZbtechnique a value ddy = —25.6
inconsistent trend can be ascribed in part to the sensitivity of kcal/mol is obtained, and our DFT-PP value ishyf = —24.6
MP2 results to the basis set quality and to the use of geometrieskcal/mol. BSSE corrections, however, change significantly the
optimized only at the HF level. Indeed, results under the column MP2 results. More recent calculations with MP2/aug-cc-
marked MP2 are not fully consistent, since different basis sets pvVDZ13d technique report a value d@, = —20.84 kcal/mol
have been used for different cluster sizes. The sensitivity of (and Dy = —16.05 with BSSE corrections) and MP3/aug-cc-
MP2 binding energies to basis set size can be underlined bypVDZ,134at MP2/aug-cc-pVDZ geometry, yieldDgy = —20.74
taking into account additional results not reported in Table 16. kcal/mol (andDo = —15.52 with BSSE corrections). From all
For example, for th&,q octamer, ref 10b, a MP2 calculation the above results, it is clear that the “true value” of the tetramer
performed with Dunning doublé&-basis set plus polarization, binding energy cannot be settled.
at HF geometry yields a value 8 = —51.05 kcal/mol which The spread in the binding energy results is more evident for
is 19.5 kcal/mol higher than the MP2//HF vateeported in cluster sizes 5, 6, and 8. Regardimgr 5, the best HF results
Table 16, also obtained with a douldfewith polarization basis are at the HF/6-31G* levé#l, which give Dy = —27.58 kcal/
set and at HF geometry. mol, and at the HF/aug-cc-pVDZ levEX which givesDy =
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—17.67 kcal/mol Do = —16.29 kcal/mol with BSSE correction).  energies, which, in our opinion, are systematically overesti-

DFT-BP/TZVP® gives AE = —42.40 kcal/mol, in good mated; the proposed geometrical parameters are sometimes a

agreement with our uncorrected vald& = —42.93 kcal/mol. bit overestimated and, other times, somewhat underestimated.

Our DFT-PP binding energy is larger than the other available The vibrational frequencies seem, in general, to agree well with

theoretical results. However, the HF results are probably experimental data, better than those obtained from HF and MP2

underestimated, since correlation effects seems to be importantcomputations. However, as pointed out in the paper, we find

for this kind of systems. agreement between computed harmonic frequencies and ex-
For the water cyclic hexamer, the planewaves-DFT simula- perimental anharmonic frequencies, therefore pointing to cancel-

tion'6 yieldsDy = —45.52 kcal/mol and the HF/aug-cc-pVE# lations of errors.

Do = —20.59 kcal/mol, to be compared wihy = —39.88 kcal/

mol from DFT-PP. The binding energy for the 3D hexamer ~ Acknowledgment. This investigation was supported by the

structure isDp = —38.02 kcal/mol with DFT-PP, while in ref ~ Regione Autonoma della Sardegna.
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