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Structures, Energies, and NMR Shieldings of Some Small Water Clusters on the
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The structures of water clusters varying in size fror¥ 2 ton = 6 (cyclic, prism, and cage isomers) have

been redetermined on a counterpoise-corrected potential energy surface and result ir-oxygen distances

that are some 0.1 A longer than would otherwise be found. NMR shielding calculations have also been carried
out on the reoptimized structures and show that the shieldings of the hydrogen bonded protons tend to reproduce
the gas-to-liquid shielding change observed for water, whereas those for oxygen do not. Use of the COSMO
self-consistent reaction field to determine additional shielding changes does not significantly improve the
situation.

Introduction that the G-O separations actually increase at the 6 cluster

size and maintain more or less a uniform behavior at higher

It is well-known that the calculation of aggregation energies
nd to provide too large a result due to basis set superposition
error (BSSE)*15 and that a method like the counterpoise
method of Boys and Bernards needed to correct this artificial
effect. Up until recently, the counterpoise correction was applied
in a single stepafter the optimization (a posteriori) of the

Water clusters with a small number of waters-@0) have
been of great interest for some time now. Several reviews te
discuss their structures and properfiesand a number of recent
key papers® contain very useful references and data that
illustrate the complexities in the larger clustems> 6). Beyond
the classic gwater dimer with a single hydrogen bond, the

c_Iusters of sizen = 2_.5 are generally agreed to ha\_/e a cyclic molecular aggregate. This does not represent the proper
ing structure as their low energy _form where ?‘dJaPe”t non- counterpoise corrected potential energy surface, however,
bonding hydrogen atoms tend to orient to opposite sides of they, .5, .se BSSE is not taken into account in the optimization.

rng. Atn=6a .““”?ber of low energy isomers appear, and the Significant changes in optimized geometries can occur using
structures at .th's size and beyond tend to assume more of &he new and correct formulation of Simon, Duran, and Dan-
three-dimensional character. _ o nenberé®17in which the optimization is carried out explicitly
Using rather large basis sets and geometries optimized at &ontaining the counterpoise correction. This is particularly so
MP2(FC)/TZ2P++ level, Kim and Kwang found then = 6 for relatively shallow potential energy minima such as those
cage conformer lowest in energy, followed closely by the book qynd in hydrogen bonded systems. Employing the counterpoise
(within 0.1 kcal/mol) and prism (within 0.2 kcal/mol) structures. g rected potential energy surface results in intermolecular
These authors included zero-point energy corrections (ZPE) asyisiances that tend to be larger and aggregate energies of
well as a single, pqst-optimizgtion basis set superposition error {oymation that are greater (more negative).
(BSSE) counterpoise correctién. In the present study, we have reoptimized tive 2—6 water
Similar results were found by Xanthéasho studied coop-  clusters starting from literature examples and explicitly contain-
erativity in the hydrogen bonded networks in water clusters USing |ng the Counterpoise correctidh.This optimization on the
MP2(FULL) with the aug-cc-pVDZ basf? Counterpoise-  counterpoise-corrected potential energy surface results in oxygen
corrected energies showed the= 6 prism to be the lowestin  oxygen distance that are some 0.1 A longer than would
energy followed closely by the cage and book forms; the otherwise be found. We also find, in agreement with Mahesh-
inclusion of ZPE then placed the cage structure lowest. Xantheaswary et al8 that the oxygeroxygen bond distances increase
pointed out the cooperative effects in the cyclic clusters as on the average in the= 6 clusters compared to those of smaller

revealed by a systematic contraction of the @ separatio®  sjze. Although the water clusters are of intrinsic interest in
and the red shift of the hydrogen bonded OH stretch with themselves, they have often been looked upon as giving some
increasing cluster siz€:'* insight into the structure and properties of liquid water. In this

Maheshwary et dl.used a “computationally manageable” regard then, we thought it would also be interesting to determine
6-31G(d,p) basis at both RHF and B3L¥P3levels of theory  their NMR shieldings for the unique = 2—5 cyclic species
to study larger clusters from = 8 to n = 20 and found the  and the prism, cage, and cyclic hexameric species and compare
most stable geometries to arise from fusion of tetrameric or them to what is known for gaseous and liquid water. We find
pentameric rings. They also studied the smaller clusters, and,that the shieldings for the hydrogen bonded protons tend to
like others, found the = 6 prism to be the lowest in energy in  reproduce the experimental gas-to-liquid shielding change
the absence of the ZPE correction, the cage form being theobserved for water while those for oxygen do not.
lowest when ZPE energies are included. They also demonstratel_h .

eoretical Methods
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TABLE 1: Interatomic Distances (R, A) between Oxygen
Atoms Involved in Hydrogen Bonds for Cluster Geometries
with No Counterpoise Correction (ncp) and with

J. Phys. Chem. A, Vol. 106, No. 29, 2002877
SCHEME 1

Counterpoise Correction (cp), and Distance Differences >
(AR, A)2 ) N
n Rucp Rep AR AN "
2 2.917 3.025 0.108 A \(
3 2.799+ 0.005  2.885-0.033  0.086+ 0.003 A SO A N
4 2.751 2.845 0.094 ' E L
5 2.736+ 0.008  2.834-0.007  0.099t 0.002 ' ; A
6 cyclic 2725 2.822 0.097 : . ; <
cage 2.825-0.108  2.915-0.104  0.09Gt 0.011 ; e . :
prism 2.852+:0.095 2.943: 0.095  0.09H 0.007 e p '

a Standard deviations of the distributions are showmgepresents
the cluster size.

of programg8 Because the = 6 isomers are so close in energy  TaBLE 2 Energy Changes (AE, kcal/mol), upon Water
we found it useful to initially optimize those structures using a n-mer Cluster Formation from the Monomeric Species
Z-matrix with a somewhat constrained symmetry, and then (E = —76.278 55 au) for Clusters Optimized on the
removing the constraints with the final optimization carried out Non-Counterpoise Potential Energy Surface {AExcy),

in unconstrained Cartesian coordinates. Those Optimized on the Counterpoise Potential Energy

o . . Surface (—AEy), and Their Differences (—AAE)?
The NMR determinations used a particular mixture of RHF- CAE) ¢ )

(FULL) and MP2(FULL)/6-313G(d,p) approaches with Ditch- ~_" —AEnep —AEgp —AAE

field's gauge invariant atomic orbital (GIAO) methidin what 2 4.44 (1.54) 4.54 (1.30) 0.10
we have called the estimated MgHePlesset infinite order 3 1355  (3.96) 1383  (3.40) 0.28
(EMPI) shielding?® We found that in many cases the Mglier g gg'gg ({g'gg %‘i'gi %g'gg; g'gg
Plesset series of corrections appears to converge in a mannerg cyclic 38.51 (12'_30) 3943 (10'_ 45) 0.92
that allows the infinite series to be summed (approximately), cage 38.30 (12.28) 39.29  (10.17) 0.99
so that the EMPI shielding is given by prism 38,52 (12.30) 39.35 (10.64) 0.83

aValues in parentheses are the counterpoise correction energies (kcal/
mol).

2
Ogmpi = Orur T é(UMPZ ~ Ogrup) 1)
For both types of surfaces the mean O distances converge
with increasingn for the cyclic species but then exhibit an
increase in the more three-dimensional cage and prism hexa-
mers. Both these latter structures have increased number of

Function counterpoise optimizations (and frequency determina-
tions) used the approach of Simon, Duran, and DanneriBerg.
No counterpoise corrections were made to the shielding,
although this can be of concern when determining changes in .
shielding anisotropie®. Here, for the counterpoise geometry formal hydrpgen ponds (8 for the cage, 9 for the pnsm), but
of the water dimer, NMR counterpoise corrections were found the thre_e-dlm_ensmnal character of the geometries (shown
to be less than 2.0 ppm for oxygen and less than 0.25 for schematlcallyln Scheme l') tends to prevent stronger bonpls from
hydrogen. being formed and longer distances result. These longer distances
Shieldings are on an absolute scale such that more positiviel€nd t0 be the norm as larger and larger clusters are fofmed.
shielding (and positive shielding changes) are considered "€ converging value of the mean oxygeosxygen distance in
diamagnetic, whereas more negative shieldings (and negativeln® cyclic structures approaches that of liquid water (2-8_22'&)’
shielding changes) are considered paramagnetic. but this is misleading because if one averages these distances
for the three, larger hexameric species, a significantly higher
value (2.893 A) obtains; the mean of the noncounterpoise-
optimized species (2.801 A) is closer to experiment but this is
fortuitous because one is employing an incorrect potential energy
surface. The distance reported for ice is 2.743/0ur value
or the distance in the water dimer of 3.025 A is larger than

Results and Discussion

Structures and Energies.Although our purpose here is not
to explicitly study in a detailed way the relative energies of the
various water clusters, it is still important to report our results,
especially because the correct counterpoise corrected potenti hat observed from microwave studies of 2.978425
energy surface has been employed. .

Table 1 reports the mean oxygeaxygen distances, a key Table 2 shows the energy changes upsmer formation,
geometric parameter and basically the only notable bond 29&in for both types of potential energy surfaces. Use of the
distance change. Aside from the unique bond in the water dimer PrOPer counterpoise corrected potential energy surface results
and the equivalent distances in the cyclict&tramer and the in larger (n_10re negatl_ve) stablllzat_lon energies, as expect_ed. The
cyclic S hexamer, there are a variety of distances in the other COUNterpoise corrections shown in parentheses are quite large
species that basically lack symmetry. The distribution of fo_r both types of surfaces. The stabilization energies increase
distances is reported as a standard deviation in Table 1 whereVith the number of hydrogen bonds for the cyclic species, but
data from both the counterpoise corrected potential energy drop off for the cage and prism species, commensurate with
surface (cp) and the uncorrected or noncounterpoise surfacethe longer mean ©0 (and, therefore, hydrogen bond) distances.
(ncp) are given. A key observation here is the general increaseThe change in the stabilization energy moving from the
of about 0.095 A in ©-O distances when the correct potential uncorrected to the counterpoise correct potential energy surface
energy surface is employed, the magnitude of the increase beingends to behave in a similar manner.
essentially what Hobza and Havlas repd@rthis is the type of Table 3 shows the absolute and relative energies of the three
increase in length expected and is significant in magnitude. hexameric species studied here, and is different from the results
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TABLE 3: Absolute Electronic (Eeeo au) and Zero-Point 30 — — 77
(Ezpe, au) Energies, Their Individual Relative Values ° o
(AEE., AES.:, kcal/mol), and Total Relative Energies 2 L o ° i
(E!, kcal/mol) for the Cyclic, Cage, and Prism Hexameric | o *
Water Clusters. Data are Given for both Geometries
Determined on the Counterpoise-Corrected Potential Energy 2 28 .o .
Surface (A) and for Those for Whom the Counterpoise = g o
Correction Was Applied a Posteriori (B) s o b © i
‘e e)
Eelec AEgec Ezre AEpe  Egu 2 c@é) 1
A. counterpoise corrected potential energy surface 2. 7
cyclic —457.73414 0.0 0.14874 0.0 0.0 o
cage —457.73392 0.14 0.15064 1.19 1.33 2 | o i
prism —457.73402 0.08 0.15135 1.64 1.71
B. post-optimization counterpoise corrected geometries 24 L N T PN S
cyclic —457.73208 0.39 0.15171 0.0 0.0 26 2.7 28 29 3 3.1 3.2
cage —457.73235 0.22 0.15258 0.55 0.38 R(0-0)
prism —457.73270 0.0 0.15311 0.88 0.49

TABLE 4: Isotropic Shieldings for the Counterpoise
Corrected Geometries (A,ais,, ppm) and Differences
between Counterpoise-corrected Geometries and
Non-Counterpoise-Corrected Geometries (Bdais,, ppm)

Figure 1. Variation of the isotropic NMR shieldings (ppm) of water
cluster hydrogen bonded protons with their associated equilibrium
oxygen-oxygen distances (open circles) and of the singular water dimer
hydrogen bonded proton as a function of its oxygerygen distance
(closed circles).

for Hydrogens Not Involved in a Hydrogen Bond
(H-nonbonding), Those Involved in a Hydrogen Bond

(H-bonding), and O M Several key observations are apparent from part A of Table
-bonding), and Oxygen

4 which presents the absolute shieldings employing the geom-
etries found on the counterpoise corrected potential energy
surface. First, the non-hydrogen-bonded hydrogen species show

A. isotropic shieldings

n 0o (H-nOnbonding) ciso (H-honding) aiso (0xygen) very little shielding change with cluster size, maintaining

% gigg (0.43) 28.86 333%92 (1.4) essentially the gas phase value, as is basically to be expected

3 31.16 (0.04) 28.18 (0.07) 331.8 (0.3) for protons not involved in h_ydroge_n _bonds. On th_e other hand,

4 31.07 26.69 328.1 the hydrogen bonded species exhibit a monotonic decrease for

5 31.10 (0.06) 26.25 (0.09) 327.4(0.7) the cyclic species which then increases for the cage and prism

6 cyclic 31.07 26.04 326.7 hexamers. The average of the hexameric species is 27.27, which
g":‘igfn 3301842 (((C)J.0172)) zzg -fg ((11-2%) 3::’2254? ((3?58)) is very close to the experimental change. It seems clear from

our results that the formation of the hydrogen bonds is the chief
B. differences in isotropic shieldings between counterpoise-corrected element in shielding change upon formation of the liquid. On
geometries and those geometries uncorrected for bsse. the other hand, although the oxygen shieldings show a behavior

n 0iso (H-nonbonding) aiso (H-bonding)  aiso (0Xygen) similar to that of the bonded hydrogens in their dependence on
2 0.05 (0.08) 0.54 13(0.3) cluster size, the average of the hexameric species is only 325.2,
3 0.04 (0.01) 0.69 (0.04) 3.1(0.1) far above the experimentally observed value. One cannot, then,
4 0.06 1.13 4.6 use the water clusters as overall valid models of the liquid state,
5 ) 0.05 (0.03) 1.30(0.02) 6.0(0.2) at least at the size of cluster considered here.
6 cyclic 0.07 1.28 6.0 Part B of Table 4 gives the shielding changes between the
cage 0.06 (0.02) 0.89 (0.41) 5.6 (0.9) t tential £ tri Little effect i
prism 0.05 (0.3) 0.74 (0.38) 5.1 (1.0) wo potential energy surface geometries. Little effect is seen

for the non-hydrogen-bonding hydrogens or, for that matter, for
“ Values in parentheses are standard deviations and give a measurgyyqgen. Significant changes are seen for those protons involved
I(;fc'lt(filﬁgr;r/lrgr]]%gr;hleldlngs and shielding changes for those clusters;, hydrogen bonds which, in large part, must arise from the
' larger O-0 distances when the counterpoise corrected potential
noted earlier in that the cyclic species is predicted to be the energy surface is employed. The shieldings, of course, depend
lowest energy isomer of the three. Inclusion of zero-point on all of the geometrical variablé&Figure 1 shows the isotropic
energies is clearly important, and we note that this correction shieldings for the hydrogen bonded atoms as a function of their
is smaller when the counterpoise corrected potential energyassociated ©0 distance (open circles) along with the same
surface is used. We also observe that the relative ordering ofshieldings for the water dimer (closed circles) whergy the
the three species here is independent of the use of theO—O distance is varied. Clearly, more than just the@
counterpoise corrected potential energy surface. Our resultsdistance changes are important for those clusters having the
reinforce the fact that the > 6 isomers simply lie very close  shorter hydrogen bonds.
in energy and their relative ordering can well depend on the  There are other approaches available to mimic the changes
level of theory and basis set employed. seen in the gas-to-liquid phase change. Both self-consistent
Isotropic NMR Shieldings. The isotropic shieldings for  reaction field (SCRF} and molecular dynamics methd4s?
hydrogen and oxygen are given in Table 4 along with the have been employed. The early SCRF method used a simple
differences in shielding arising from use of the counterpoise spherical cavity and yielded poor results for a variety of small
corrected potential energy surface. The changes in shielding inmolecules, not just for species expected to hydrogen bond and
going from the gas to the liquid phase of water are known to for which SCRF methods were really not designed. The
be—4.26 ppm for hydrogel§2”and—36.1 ppm for oxygeR82° molecular dynamics methods showed promise in its initial
On the basis of our shielding values for gaseous water (the applicatiorf* and quite good results in extension of that method
monomer), one then expects a shielding of 27.10 ppm for by Malkin et al3? who employed a wider range of potential
hydrogen and 301.9 ppm for oxygen in the liquid phase. energy functions. In the molecular dynamics method used by
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TABLE 5: Mean Shielding Differences (averaged over all surface and result in oxygeroxygen distances that are some

the clusters) from monomeric water for the isolated water 0.1 A longer than would otherwise be found. NMR shielding

gﬁfg&ﬁfggﬂa&%gggzat Obt)alned with the COSMO calculations have also been carried out on the reoptimized
cosMo structures and show that the shieldings of the hydrogen bonded

Adisolated Aocosmo protons tend to reproduce the gas-to-liquid shielding change
oxygen —9.6+4.0 —5.8+6.0 observed for water but those for oxygen do not. Use of the
H (bonding) —3.96+1.00 —4.04+0.66 COSMO self-consistent reaction field to determine additional
H (nonbonding) —0.27+ 0.09 —1.46+ 0.08

shielding changes does not significantly improve the situation.
In general, we conclude that such water clusters do not represent
an overall valid model for NMR shieldings in water’s liquid
state.

Malkin et al., a system of approximately 343 water molecules

is equilibrated afl = 300 K in a box with periodic boundary

conditions. Upon equilibration, the shielding of a central water

molecule in clusters of waters ranging in size was then  Acknowledgment. | am indebted to the North Carolina

determined quantum mechanically. By also calculating the Supercomputing Center for providing CPU time on the IBM

shielding of the isolated central water molecule one can also SP and SGI Origin 2000 platforms that allowed these calcula-

separate the liquid-phase shielding into a part due to hydrationtions to be carried out.

(hyd) and a part determined by distortion of the molecule from
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