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Abstract: The Gaussian-2, Gaussian-3, complete basis set- (CBS-) QB3, and CBS-APNO methods have
been used to calculate AH® and AG®° values for neutral clusters of water, (H,O),, where n = 2—6. The
structures are similar to those determined from experiment and from previous high-level calculations. The
thermodynamic calculations by the G2, G3, and CBS-APNO methods compare well against the estimated
MP2(CBS) limit. The cyclic pentamer and hexamer structures release the most heat per hydrogen bond
formed of any of the clusters. While the cage and prism forms of the hexamer are the lowest energy
structures at very low temperatures, as temperature is increased the cyclic structure is favored. The free
energies of cluster formation at different temperatures reveal interesting insights, the most striking being
that the cyclic trimer, cyclic tetramer, and cyclic pentamer, like the dimer, should be detectable in the lower
troposphere. We predict water dimer concentrations of 9 x 10'* molecules/cm?, water trimer concentrations
of 2.6 x 10% molecules/cm?, tetramer concentrations of approximately 5.8 x 10'* molecules/cm?3, and
pentamer concentrations of approximately 3.5 x 10'° molecules/cm? in saturated air at 298 K. These results

have important implications for understanding the gas-phase chemistry of the lower troposphere.

Introduction

Numerous experimental and theoretical studies have focuse
on understanding the structure of small water clustersQji
with n = 2—8.1724 Most of the theoretical focus has been on
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calculating accurate structures and predicting frequencies, so
dthat the actual experimental structures can be discovered by IR
spectroscopy*1® In addition, many of the recent theoretical
papers have examined the binding energy of water clusters and
the effect of including zero-point energy. In this paper we focus
on the thermochemistry for formation of the jfBl), water
clusters, withn = 2—6, using model chemistry methods. We
compareAE to those values determined by previous workers
and predicAH° andAG® for formation of various water clusters
from water monomer and water cluster precursors. Many of the
spectroscopic methods produce clusters in the temperature range
of 5—20 K, so we have calculatedG°® at 5 and 20 K. The
troposphere has a temperature range extending from 200 to 300
K, and we have calculateiG° at the lower and upper ranges
of temperature in the troposphere as well.

Methods

The Gaussiam?®>?¢ and complete basis set (CBSY° model
chemistries have been developed for the accurate calculation of structure
and energetics for gas-phase reactions. Water clusters have been
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Table 1. AEe, AEy, and AHPgg for the Incremental and Total Association Energetics of Water Clusters@

AE, AE, AH'%g
n CBS-QB3 CBS-APNO G2 G3 CBS-QB3 CBS-APNO G2 G3 CBS-QB3 CBS-APNO G2 G3
(A) (H20)n-1 + H,O= (H20).: Incremental Association Energetics
2 —5.10 —5.07 —4.98 —5.14 —3.01 —-3.12 —3.04 —-3.20 —3.39 —3.43 —3.43 —3.50
3 —10.17 —10.64 —10.20 —10.62 —6.09 —7.40 —6.84 —7.26 —7.84 —8.53 —8.25 —8.49
4 —11.36 —12.08 —-11.95 —12.46 —8.60 -9.37 —9.36 —9.84 —9.50 —10.08  —-10.22 —10.49
5 —8.31 —8.97 —8.56 —9.04 —6.09 —7.04 —6.74 —7.23 —6.60 —7.28 —7.15 —7.42
Beyclic —8.04 —8.81 —8.24 —8.70 —6.03 —6.66 —6.18 —6.62 —6.41 —7.03 —6.66 —6.96
6Bcage —11.13 —10.01 —9.97 —-10.42 —7.20 —6.70 —6.55 —7.00 —8.67 —-7.81 —7.85 —8.13
Bprism  —12.02 -10.41 -10.26 —10.92 —7.79 —6.77 —6.54 -7.20 —9.36 —8.05 —8.00 —8.49
(B) nH,O = (H20),: Total Association Energetics
—5.10 —5.07 —4.98 —5.14 —3.01 —-3.12 —3.04 —-3.20 —3.39 —3.43 —3.43 —3.50
—15.26 —15.71 —15.18 —15.76 —9.10 —10.53 —9.88 —10.46 —11.23 —11.96 —-11.68 —11.99

—26.62 —27.79 —27.13 —28.22 —17.70 —19.90 —19.22 —-20.30 —20.72 —22.04 —21.91 —22.49
—34.93 —36.77 —35.69 —37.26 —23.79 —26.94 —25.95 —27.53 —27.33 —29.32 —29.06 —29.91
Gcyclic ~ —42.97 —45.57 —43.93 —4596 —30.99 —33.60 —32.14 —34.15 —33.74 —36.35 —35.72 —36.87
6Bcage —46.06 —46.78 —45.66 —47.68 —30.99 —33.64 —32.51 —3453 —35.99 —37.13 —36.91 —38.04
Gprism  —46.95 —47.18 —4595 —48.18 —31.58 —33.71 —32.49 3474 —36.69 —37.38 —37.06 —38.40

abwnN

aAll values are given in kilocalories per mole.

extensively studied by high-level ab initio methods, and we have used importance and results in more accurate values than the harmonic
the published results of these studies to evaluate the effectiveness ofscillator model would normally provide. All calculated values are for
the Gaussiam-and complete basis set model chemistries in modeling a standard state of 1 atm.

these clusters, without correction for basis set superposition error  The G2 G3, CBS-QB3, and CBS-APNO methods were developed
(BSSE). In principle these model _chem|§tr¥§§9 which extrapolate yith the goal of obtaining highly accurate values for thermochemical
the energies to the complete basis set limit, should provide energies narameterds 2936 Accurate values for enthalpies of formation, atomi-
that do not need to be corrected for limitations in the basis set used for ;5jon energies, ionization potentials, electron affinities, proton affinities,
the different geometries in a cluster calculatf®i.o better evaluate isodesmic reactions. catiemtom reactions. molecuteatom reactions

the ability of the Gaussian model chemistffé8and the complete basis a0 energies for deprotonation reactions, and accukatealues have

set model chemistrié&?° to accurately model gas-phase water cluster been calculated with these methd#-43 In this paper we compare

fo;n;atiog,cvvgsh:\gle\lgompe;reg the performapce IOf the Gz& thh (I:BSI- the ability of these methods to predict structures, free energy differences,
QBS3, an ) methods against previously reported high-level ;4 enthalpy differences upon formation of water clusters, which we

calculations. . . : ;
- I compare against previously reported high-level results and experiment.
The initial water cluster structures were built with SPARTABNd : e
optimized by the PM3 methdd, followed by a Hartree Fock self- We discuss the atmospheric implications of these results.
consistent field optimization with the 6-31G* basis set to produce
starting structures for the model chemistry methiSd§e used the GZ,
G325 CBS-QB3?” and CBS-APN®* methods available within Gaussian

98, version A.11.3%In the CBS-APNO method, geometries are initially K ; : : ;
’ ' nown and can be found in the Supporting Information (Figures
optimized at the UHF/6-311G** level and vibrational zero-point energy PP 9 (Fig

is obtained by use of a scale factor of 0.9251. Geometries optimized atlS_7S)'_ Table _15 (Supporting Information) .Contalns the
the QCISD/6-311G* level are then used for evaluation of the CBS- elefCtron'C gnerglesE@), the su'm of the electronic and zero-
APNO electronic energy. In the G2 and G3 methods, vibrational zero- POINt energiesky), the enthalpies at 298.15 H?ggs), and the
point energy is obtained though geometry optimization at the UHF/6- free energies at 298.15 KGfagg), determined with the CBS-
31G* level followed by scaling the frequencies by 0.8929. MP2(Full)/ QB3, CBS-APNO, G2, and G3 methods for the water molecule
6-31G* geometries are then used for the evaluation of the G2 and G3 and for each cluster reported in this paper. Table 1 includes
energies. The CBS-QB3 method uses B3LYP/6-311G(2d,d,p) geom- calculated values fohE and AH® for the incremental reactions
etries for both the zero-point energy evaluation and the evaluation of ¢ 5 \water molecule with successive water clusters and for
the CBS-QB3 elegtromc energies. The scale faf:torlls 0.99 fgr the reactions of individual water molecules to form the seven
frequency calculations. Scaling of the frequencies is of particular . . . .

clusters discussed in this paper. Table 2 contains the values for
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Results

The structures of the clusters studied in this work are well-
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Table 2. AGP, AG%0, and AGPgs for the Incremental and Total Association Free Energies of Water Clusters at 5, 20, and 298.15 K@

AG% AG% AG%g
n CBS-QB3 CBS-APNO G2 G3 CBS-QB3 CBS-APNO G2 G3 CBS-QB3 CBS-APNO G2 G3
(A) (H20)n-1 + H,O= (H20).: Incremental Association Energetics
2 —3.05 —3.16 —3.18 —3.24 —2.96 —3.07 —3.08 —-3.15 1.74 2.08 2.01 1.94
3 —6.14 —7.42 —7.06 —7.33 —5.91 —-7.21 —6.85 —-7.12 4.25 1.43 1.97 1.83
4 —-8.70 -9.35 —9.52 -9.77 —8.45 -9.11 -9.28 —9.52 —0.09 -1.07 -1.29 —1.66
5 —5.88 —7.03 —6.94 -7.22 —5.63 —6.80 —6.71 —6.99 1.85 —0.28 -0.11 —0.46
Beyclic —6.05 —6.64 —6.31 —6.60 —=5.77 —6.34 —6.02 —6.31 1.92 1.92 1.98 1.77
Bcage —7.23 —6.68 —-6.71 —6.98 —6.95 —6.39 —6.42 —6.69 3.57 3.94 3.85 3.66
Bprism —7.82 —6.75 —6.70 —7.18 —7.54 —6.46 —6.40 —6.89 3.49 4.54 4.50 4.07
(B) nH,O = (H20),: Total Association Energetics
2 —3.05 —3.16 —3.18 —3.24 —2.96 —3.07 —3.08 —-3.15 1.74 2.08 2.01 1.94
3 —9.18 —10.58 —10.24 —10.57 —8.87 —10.28 —9.94 -10.27 5.99 3.51 3.98 3.77
4 —17.88 —19.93 —19.76 —20.34 —17.32 —19.39 —19.21 —19.79 5.90 2.43 2.69 2.11
5 —23.76 —26.97 —-26.70 —27.56 —22.95 —26.19 -25.92 —-26.77 7.76 2.16 2.58 1.65
Beyclic —29.81 —33.60 —33.01 —34.16 —28.73 —32.53 —31.94 —33.08 9.68 4.07 4.56 3.43
Bcage —30.99 —33.65 —33.41 3454 —29.90 —32.58 —32.34 3346 11.33 6.10 6.43 5.31
Bprism  —31.58 —33.72 —33.40 —34.74 —-30.49 —32.65 —32.32 —33.66 11.25 6.69 7.08 5.72

aAll values are given in kilocalories per mole.

Table 3. Free Energies, Equilibrium Constants, Partial Pressures of Water Monomers and Dimers, Mole Fraction of the Water Dimer, and
Number of Water Monomers and Dimers per Cubic Centimeter Predicted to Be Present in the Atmosphere at 216.65, 292.4, and 298.15 K?

T AG? Kp P(H;0) P(H,0), X(H:0) N(H.0) N(H.0),
216.65 0.544 0.282 3.40 10°° 3.26x 10710 9.59x 1076 1.15x 105 1 x 100
292.4 1.97 0.0336 0.022 28 1.6710°° 7.50x 1074 5.59x 107 4 x 1014
298.15 2.08 0.0299 0.031 86 3.0410°5 9.54x 1074 9.30x 10%7 9 x 1014

aFree energies are given in kilocalories per mole; partial pressures are given in atmospheres. Calculated values are based on the CBS-APNO values

reported in Tables 1 and 2, and the saturated water pressures were obtained from the-Glaigjuisn equatior*

with the partial pressure of water vapor at each temperéture,

energies (reaction A, Table 1) predicted by the CBS and G

the partial pressure of the water dimer, the mole fraction of the model methods are-10.2 to—10.6 for AEe, —6.1 to—7.4 for
dimer complex, the number of water molecules at each AEp, and—7.8 to—8.5 kcal/mol forAH%gs For formation of
temperature per cubic centimeter, and the number of waterthe tetramer from the trimer, even more energy is released, with
dimers at each temperature per cubic centimeter. From the AH%gg values ranging from-9.5 to —10.5 kcal/mol for the
calculated equilibrium constant and the partial pressure of the four different methods. For formation of the pentamer from the
water monomers at specified temperatures, the abundance ofetramer, the enthalpy decreases, witH%gg values ranging

each complex was determined.
Discussion

Structures. The structures of the water dimer, cyclic trimer,

from —6.6 to—7.4 kcal/mol. Clearly the CBS-QB3 results are
lower than the results for the other three methods. There are
many possible hexamer structuf&s?® and we have focused

on the cyclic, cage, and prism forms in this study. Previous

cyclic tetramer, cyclic pentamer, and three hexamers are veryresults have shown that the global minimum on the MP2/CBS
similar to previous results (see Supporting Information estimated electronic energy surface is the prism, followed by
for figures and values for bond distances and bond the cage, then the book, and then the cyclic strucihis

angles):1112.15202224The earliest experimental work with

result follows the number of hydrogen bonds in each cluster,

molecular beam deflection studies is consistent with a linear with the prism containing nine hydrogen bonds and the cage,
dimer and a cyclic trimer, tetramer, and pentamer structure. book, and cyclic structures containing eight, seven, and six
Both experiment and theory have shown that the hexamer ishydrogen bonds, respectively. As shown in Table 1, all model
the transition point from two-dimensional cyclic structures to chemistry methods predict that the prism hexamer tends to be
three-dimensional structures. As the overall geometries obtainedthe global minimum when defined by electronic energy, in
by different research groups are similar, and the main focus of agreement with extensive MP2 calculatihand the CBS

this paper is on thermodynamic calculations, we will defer a estimates with the MP2 meth@8All of the model chemistry
discussion of the structural details to a future paper. Interestedmethods show that the energy differences between the cage and
readers can view the structures, bond distances, and bond anglesrism isomers are very small, in agreement with previous

in the Supporting Information.

Thermochemistry. As shown in Table 1, the CBS andhG
model methods predickE. energies of-5 to —5.1 kcal/mol
and AEp energies 0f—3.0 to —3.2 kcal/mol for formation of
the water dimer. The values f&Ee are in agreement with the
value calculated at the MP2/CBS limit estimate -04.98 +
0.2 kcal/mol?* For the trimer, the incremental association

(44) stull, R. B.Meterology for Scientists and Engineg2nd ed.; Brooks/
Cole: Pacific Grove, CA, 2000.

results?246 Formation of a hexamer from the pentamer favors
the prism structure over the cage by 689 kcal/mol.

Total association energies show the energy or enthalpy
released when waters form an (KHO), cluster. The estimated
CBS limits for the cluster total association energies at the MP2

(45) Kryachko, E. SChem. Phys. Lettl999 314, 353-363.

(46) Kim, J.; Kim, K. S.J. Chem. Phys1998 109 5886-5895.

(47) Tissandier, M. C.; Singer, S. J.; Coe, J.W Phys. Chem. 200Q 104
752—-757.

(48) Hartke, B.; Schiz, M.; Werner, H.-JChem. Phys1998 239 561-572.
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level of theory are—15.8 kcal/mol (trimer}222 —27.6 kcal/ cyclic structure releases 5:6.1 kcal/mol per hydrogen bond.

mol (tetramer),—36.3 kcal/mol (pentamer);-45.9 kcal/mol Since the cyclic structure with six hydrogen bonds has less
(prism hexamer);-45.8 kcal/ mol (cage hexamer), andi4.8 entropy than the cage structure with seven hydrogen bonds,
kcal/mol (cyclic hexamenr}? Effects of higher correlation suggest  which has less than the prism structure with eight hydrogen
that the error bars on these numbers @2 kcal/mol?? By bonds, we anticipate that at higher temperatures the cage will

this criterion the CBS-APNO method matches best for formation quickly become more stable than the prism, and then the cyclic
of the trimer, tetramer, pentamer, and cyclic hexamer, while structure will be more stable than both of the more constrained
the G2 method matches best for formation of the cage and prismstructures.

hexamers. The CBS-QB3 model is the least consistent, with  The structures that release the most heat per hydrogen bond
energies diverging from the other three model chemistry are the cyclic pentamer, with an average of 5.8 kcal/mol from
methods and the estimated CBS MP2 limit as cluster size all four model chemistry methods, and the cyclic hexamer, with
increases. an average of 5.9 kcal/mol per hydrogen bond. Excluding the

The electronic energies favor formation of the prism structure CBS-QB3 numbers, which are a couple of kilocalories per mole
from six individual water molecules with all four model lower than for the other three methods for the larger clusters
chemistry methods. Inclusion of zero-point energies reduces the(Table 1), the average enthalpy per hydrogen bond is 5.9 kcal/
differences between the structures, with CBS-QB3 predicting mol for formation of the cyclic pentamer from five water
that formation of the prism from six water molecules is 0.6 kcal/ molecules. This same analysis reveals that the average enthalpy
mol lower in energy than the isoenergetic cage and cyclic per hydrogen bond is 6.0 kcal/mol for formation of the cyclic
structures. CBS-APNO and G3 maintain the ordering of prism, hexamer from six water molecules. The cyclic pentamer and
cage, cyclic but with an energy spread of just 0.11 kcal/mol for hexamer structures have near-tetrahedral geometries that are the
CBS-APNO and 0.35 kcal/mol for G3. G2 has formation of most icelike of all the water clusters reported in this paper. The
the cage structure just 0.02 kcal/mol lower than formation of enthalpy analysis reveals that these two structures are the best
the prism structure, which is another 0.35 kcal/mol lower than stabilized geometries on a per-hydrogen bond basis.
for formation of the cyclic structure. Previous results generally ~ The experimental free energy for formation of the water dimer
show that the ZPE tends to increase with increasing number ofat 298.15 K can be approximated from théil® and AS® of
hydrogen bonds and that either cage, book, or prism is the lowestdimerization measured between 358 and 386 K by thermal
energy structure for MP2 calculations with large basis sets (with conductivities®® Assuming thatAH does not change too
and without correction for basis set superposition edb#};%6 drastically with temperature, the experimentdt® value can
although one study at the MP2/aug-cc-pVTZ//IMP2/aug-cc- be combined with the experimentalS’ value of —18.59 &+
pVDZ level predicts that the cyclic hexamer is the lowest energy 1.3 cal/(K mol) (both obtained at 373 K) to get a pretty good
conformer?® Estimates at the MP2 complete basis set limit estimate of 1.95 kcal/mol at 298 K. This value compares quite
predict that the prism structure is lowest in energy, 0.1 kcal/ well to the model chemistry methods, with values ranging from
mol lower than the cag® The CBS-APNO method predicts 1.74 to 2.08 kcal/mol (Table 3). By comparison, Vaida and
this same energy difference, with G3 predicting a slightly bigger Headrick® have used statistical thermodynamics along with
energy spread. known values from spectroscopy to calcula®@® of 2.3 kcal/

Formation of a water dimer releases between 3.4 and 3.5 kcal/mol at the earth’s surface. At 373 K, the experimental free
mol of heat at 298 K, as predicted by the enthalpy of €nergy of dimerization is 3.34 0.5 kcal/mol{® which compares
dimerization with the four model chemistry methods. The to values of 3.0, 3.44, 3.35, and 3.29 kcal/mol for the CBS-
experimental value for the standard enthalpy of dimerization QB3, CBS-APNO, G2, and G3 model chemistries. Clearly the
has been determined through thermal conductivity measurementggreement between theory and experiment is excellent for the
to be —3.59 4+ 0.5 kcal/mol at 373 K? The four model CBS-APNO, G2, and G3 methods and increases our confidence
chemistry enthalpies of dimerization at 373 K are-all.2 kcal/ in using these methods to evaluate larger water clusters. The
mol, in good agreement with the experimental value. Focusing CBS-QB3 value is less than the experimental value but still
on the lower half of Table 1, formation of a trimer from three Within the range of the estimated experimental uncertainty. The
water molecules is predicted to release about 3.9 kcal/mol peréxcellent agreement between the experimental and model
hydrogen bond. Formation of the tetramer is predicted to releasechemistry results implies that the model chemistry scaling of
about 5.4 kcal/mol, and formation of the pentamer is predicted the frequencies appears to be an effective method for over-
to release about 5.8 kcal/mol per hydrogen bond. coming the anharmonicity of frequency calculations.

For the hexamers, enthalpies at 298 K follow the ordering of ~ The free energy calculations displayed in the top part of Table
the number of hydrogen bonds, with formation of the prism 2 reveal that the sequential building of larger clusters from
structure that forms eight hydrogen bonds releasing slightly more Smaller clusters is favored at 5 and 20 K. So for instance, at 5
heat than formation of the cage structure with seven hydrogen K. the G3 calculations predict that formation of the trimer from
bonds, whose formation releases2kcal/mol more than does ~ the dimer has aAG® of —7.3 kcal/mol, with subsequent
formation of the Cyc”c structure with six hydrogen bonds. formation of the tetramer from the trimer haVing a Subsequent
Formation of the prism structure from six water molecules AG® of —9.8 kcal/mol. Formation of the pentamer from the
releases 4:64.8 kcal/mol per hydrogen bond according to the tetramer has a standard free energy change®g kcal/mol,
four model chemistry methods, while formation of the cage and formation of any of the three hexamer structures from the

releases 5:15.4 kcal/mol per hydrogen bond. Formation of the Pentamer yieldAG® values between-6.6 (cyclic) and—7.2
(prism) kcal/mol. At 20 K the absolute values &fG° are

(49) Curtiss, L. A.; Frurip, D. J.; Blander, M. Chem. Physl979 71, 2703—
2711. (50) Vaida, V.; Headrick, J. E]. Phys. Chem. 200Q 104, 5401-5412.
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slightly lower but follow the same general trends. The bottom easy to imagine a mechanism whereby the cyclic pentamer
part of the table reveals that formation of each clustesQO0H incorporates one additional water to form the cyclic hexamer,
from n H,O molecules at 5 and 20 K are spontaneous reactions.as this structure allows very facile torsional motion and
The bigger the cluster, the more free energy is produced. tunnelingl® so the argument that the barrier for conversion from
Formation of the prism hexamer produces slightly more free cage to cyclic is the reason that the cyclic structure is not seen
energy than the cage hexamer, at both temperatures, by the CBSbelow 8 K does not seem to be corrééin other words, Table
APNO and G3 methods. G2 predicts that formation of both 2 shows that the cyclic hexamers can be formed either by
structures is isoenergetic, withG°® values of—33.4 kcal/mol formation from smaller clusters (like reaction A), by formation
at 5 K and—32.3 kcal/mol at 20 K. CBS-QB3 predicts that the from six individual waters directly (reaction B), or by inter-
cage hexamer is preferred & K and the prism hexamer is  conversion of the hexamer structures. Our results suggest that
preferred at 20 K. thermodynamics rules the formation of these clusters, and at
Comparing these predictions with previous results, Losada temperatures arodrB K the structures with the most hydrogen
and Leutwyler® using MP2/aug-cc-pVDZ geometries and bonds are the most stable. Of course a definitive answer to the
frequencies, have estimated the hexamer gas-phase interconease and mechanism of the interconversion of these clusters
version equilibria by calculating the temperature dependencecan only be established by examining the kinetics for these
of the partition functions of five hexamer isomers. They predict reactions, which would require locating the transition-state
that the cyclic hexamer is the most abundant isomer below 8 structures that connect various pathways for rearrangement of
K, the cage is the most abundant between 8 and 26 K, and thethese clusters. Only if the barriers are low would we have
book is the most abundant isomer above 28 Khey rationalize theoretical evidence that our suggestion is correct.
that the failure of the cyclic structure to be observed by gas- The so-called melting points for water clusters have been
phase spectroscopy might be because the book or cage is formegredicted by some groups and presumably occur wk@h is
first in the supersonic expansion and that the barrier for zero. Rodriguez et & have used classical molecular dynamics
conversion from cage to cyclic must be too high for the cyclic with the TIP4P and MCY pseudopotentials, and they predict
structure to form from the cage. Kim and Kifrhave calculated  thatT,, is around 50 K for the transition from the cage structure
AG° values using larger basis sets than Losada and Leutwyler,to a liquidlike structure. The melting point is a bit of a misnomer,
with and without correction for BSSE, and they predict that, however, as this temperature actually represents the transition
without inclusion of BSSE, cage is the most abundant speciespoint in an equilibrium process where the concentration of water
at 6 K, followed by book, then prism, then cyclic. With the monomers raised to theh power is equal to the concentration
BSSE correction, cage and book are both predicted to produceof water clusters made fromwaters. At the melting poin
32.0 kcal/mol upon formation of their structures from six water = 1, and at higher temperaturé&s < 1. As the temperature
molecules, followed by prism (29.0 kcal/mol) and then cyclic rises we expect changes in the equilibrium ratio of clusters,
(28.9 kcal/mol). Pedulla and Jorddrhave noted that MP2  which we should characterize as structural changes. Using the
calculations using large flexible basis sets predict the cage CBS-APNO numbers, we find thit= 1 at 189 K for the water
hexamer to be more stable than the prism, even without dimer, 231 K for the water trimer, 26869 K for the tetramer
inclusions of zero-point energies, so it seems clear that MP2 and the cyclic hexamer, and 27876 K for the pentamer. These
predicts the cage hexamer to be the global minimum, consistenttemperatures are all much higher, and in disagreement, with
with its experimental observation at very low temperatures. Our the classical results. Quantum chemistry can be used to predict
results suggest that at the very lowest temperatures formationthat these small-sized clusters will rearrange on the potential
of the prism structure is slightly preferred, followed by the cage energy hypersurface, to form various different combinations of
and then the cyclic structure. We do not in fact know the actual clusters. However, it is difficult to imagine that a small cluster
temperature of the supersonic beam expansion, but we can seef 2—6 waters can ever be described as liquidlike, as a gas-
that as the temperature increases the preference switches iphase cluster composed of8 waters would not be subject to
accordance with the number of hydrogen bonds of the water the same intermolecular forces as a group eb2vaters that
cluster structures. According to our results the coldest beam are embedded within liquid water. Since the temperature of the
should form the prism structure (nine hydrogen bonds), and astroposphere ranges roughly from 200 to 300 K, it is clear that
the temperature is raised the next structure formed should besignificant numbers of water clusters will be found in the lower
the cage (eight hydrogen bonds), then the book (seven hydrogertroposphere. We will consider the implications of the formation
bonds), and then the cyclic (six hydrogen bonds). The model and presence of these water clusters in the next section of this
chemistry methods predict that around 270 K the lowest entropy paper.
cyclic structure will form from six water monomers, while the Implications for Atmospheric Chemistry. A recent study
cage and prism are no longer predicted to form spontaneouslyof the atmosphere in the near-infrared has revealed that the water
from water monomers. In terms of mechanism of formation, as dimer is present at a temperature of 292.43Klheir study
noted above, all of the hexamers are predicted to form from suggests that the water dimer concentration is approximately 6
the cyclic pentamer at 5 and 20 K by the CBS and G3 methods x 104 molecules/crh for saturated air at 292.4 K, and they
(Table 2A). The prism isomer is favored over the cage, which conclude that the water dimer absorbs energy in the lower
is favored over the cyclic, according to the CBS and G3 results. troposphere, thus reducing heating of the earth’s surface. They
The G2 model favors the cage just slightly over the prism, but speculate that larger water clusters, with= 3—6, may exist
all methods agree that the cyclic structure is least favored. It is

(52) Rodriguez, J.; Laria, D.; Marceca, E. J.; Estrin, DJAChem. Physl999
(51) Pedulla, J. M.; Jordan, K. D. IRecent Theoretical and Experimental 110, 9039-9047.
Advances in Hydrogen Bonded Clustep$antheas, S. S., Ed.; Kluwer (53) Pfeilsticker, K.; Lotter, A.; Peters, C.;"Bch, H.Science&003 300, 2078—
Academic Publishers: Dordrecht, The Netherlands, 2000; pp435 2080.
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in numbers comparable to those of the ambient aerosol in thewater hexamers formed from six individual water molecules is
background troposphere, thus efficiently promoting water only 5 x 10 clusters/criat 292.4 K. At 298.15 K, the number
cluster-assisted photochemical reactions in the atmosphere. Af cyclic trimers, tetramers, pentamers, and hexamers produced
examples they list oxidation of SQo H,SO,,5455 addition or from individual water molecules is 2.6 102, 5 x 101, 2.5 x
ligand-exchange reactions of water clusters with molecules 10'° and 3x 10 The number of water trimers formed from
possessing large dipole moments or large polarizabilities, andthree water molecules in the lower atmosphere is 2 orders of
the effective solvation of these molecufé$857They point out magnitude lower than the number of water dimers formed in
that the formation of these complexes may substantially alter the lower atmosphere. The values #G° in Table 2A show
the effective gas-phase concentration of reacting mole€@les. that higher-order clusters will form from the lower clusters. So
The HQ molecule is photochemically linked directly to the most  for instance, formation of a trimer from a water dimer and a
important oxidative molecule, OH, and therefore an addition water monomer has a CBS-APN&G° of 1.43 kcal/mol at 298
or ligand-exchange reaction could change the oxidative capacityK (Table 2A), which translates to a water trimer concentration
of the atmosphere® We are able to address some of these of 2.5 x 10' molecules/cri Formation of a tetramer from a
speculations on the basis of the high-lexx&° results reported  trimer and a monomer is spontaneous at room temperature, with
in this study for water clusters. a AG° of —1.07 kcal/mol (Table 2A), which translates to a
The troposphere extends-22 km above the earth’s surface tetramer concentration of approximately 58L0 molecules/
(16—17 km in the tropics) and is the region of the atmosphere cm?. Formation of the cyclic pentamer from the tetramer and
that is directly heated by the Earth’s surface. The troposphereone additional water is also spontaneous, and use of the value
is defined in terms of temperature, from 300 K in the lower for AG® in Table 2 to calculat, and the number of water
troposphere to 216.65 K in the upper tropospliéihe pressure  pentamers formed from the water tetramer and one additional
of the atmosphere ranges from 0.2 to 1 atm over this altitude water yields 3.5x 10° molecules/crh These mass action
and temperature range. Table 3 shows the equilibrium constantgelationships based on accurate free energy calculations predict
calculated fromAG® at 216.65, 292.4, and 298.15 K. Included that the quantity of cyclic water trimers, tetramers, and pen-
in the table are the saturated water pressures calculated fromtamers are 24 orders of magnitude less than the amount of
the Clausius-Clapyron equationif the partial pressure of the  water dimer in saturated air. The concentrations of cyclic dimers,
water dimers, the fraction of each complex present at eachtrimers, tetramers, and pentamers are on the order'df 102,
temperature, the number of water molecules at each temperature]0'%, and 10° clusters/cra Simpler theories, such as Wertheim’s
and the number of water dimer complexes at each temperaturetheory of associating systems, do not predict such a high
Note that the maximum iK, occurs at the lowest temperature, abundance for water oligome?s.Our results support the
which would be in the tropopause, while the maximum partial speculations of Pfeilsticker et &lthat water clusters may exist
pressure for all water complexes occurs at the highest temper-in numbers comparable to the ambient atmosphere; in particular,
ature, which is at ground level. As has been pointed out we predict that cyclic trimers, tetramers, and pentamers should
previously, this effect is a simple mass action effect based on be directly observable in the lower atmosphere.
the partial pressure of the water monomer, which is at its highest  Vaida and co-workef8 have studied the hydration of formic
at ground level and drops precipitously as altitude increzises. acid using B3LYP density functional theory with large basis
Temperatures of 216.65 and 292.4 K are found at the tropopausesets. They note that the formic acidiater complexes containing
(the ceiling of the troposphere, starting at approximately 11 km) three waters are quite stable and closely resemble the cyclic
and near ground level, respectively. At a temperature of 292.4 water trimer attached to a formic acid molecule. Atmospheric
K, the water pressure of saturated air is 0.022 28 atm, and theaerosol formation is thought to be dominated by ionic com-
partial pressure of the dimer is 1.67 10~1% atm, which is plexes, and neutral complexes are not considered important as

equivalent to a concentration of ¥ 10" water dimers/ch they are generally less stable than ionic complexes. However,
This number is quite close to the value ok610' water dimers/ they make the case that, contrary to conventional wisdom,
cm? estimated from the recent experiméht. neutral molecules such as formic acid, complexed with water

The close agreement of the experimental and calculated molecules, may be an important route for aerosol formation in
results leads us to estimate the number of higher-order waterthe atmosphere. Our results, which show an appreciable
clusters in the atmosphere. We have used the CBS-APNO freeconcentration of the water trimer under the right conditions (high
energies to calculate the number of higher-order water oligomershumidity and temperatures near 298 K, conditions that occur
formed from individual water molecules following the same near ground level on a regular basis), provide a context for
procedure outlined in Table 3. The number of cyclic water considering the Vaida hypothesis. Since the water trimer,
trimers in saturated air formed from three water molecules is 1 tetramer, and pentamer have concentrations on the order of
x 10'? clusters/cry, the number of cyclic water tetramers 10%2—10'° molecules/crfin saturated air at 298 K, they are

formed from four water molecules is 2 10! clusters/crd, available to form complexes with small organics that have been
the number of cyclic water pentamers formed from five water delivered to the lower troposphere by anthropogenic means.
molecules is 9.5¢< 1(® clusters/cr, and the number of cyclic In a review article, Vaida et & have noted that weakly

bound water complexes could play additional roles in the Earth’s
atmosphere. Besides the aerosol formation idea, they note that

(55) Jayne, J. T.; Rhl, U.; Chen, Y.-m.; Dai, D.; Molina, L. T.; Worsnop, D. hemical r tions in th m here woul ltered when in
R.; Kolb, C. E.; Malina, M. JJ. Phys. Chem. A997 101, 10000-10011. chemical reactions in the atmosphere would be altered whe

(54) Loerting, T.; Klaus, R. LProc. Natl. Acad. Sci. U.S.£00Q 97, 8874
8878.

(56) Aloisio, S.; Francisco, J. S.; Friedl, R. R. Phys. Chem. 2000 104 the presence of water clusters and that small shifts in absorption
6597-6601.

(57) Huneycutt, A. J.; Saykally, R. &cience2003 299, 1329-1330. (59) Evans, G. T.; Vaida, VJ. Chem. Phys200Q 113 6652-6659.

(58) Vaida, V.; Kjaergaard, H. G.; Feierabend, Kinl. Rev. Phys. Chen2003 (60) Aloisio, S.; Hintze, P. E.; Vaida, . Phys. Chem. 2002 106, 363—
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specta of hydrates and complexes of molecules with hydratesbond. The free energy calculations reveal that the sequential
could have a significant contribution to climate effects. Indeed, building of larger clusters from smaller clusters is favored at 5
Loerting and Klau¥ have shown that larger hydrates of §O and 20 K, the estimated temperature range of the spectroscopic
with water reduce the activation energy for conversion of SO experiments on supersonic beam expansléngth the cage

to H,SO. Their calculations indicate that, in our atmosphere, and prism structures essentially isoenergetic, in agreement with
different reaction paths involving two and three water molecules previous result§8.11-200ur results show that cyclic hexamers
are taken in the process of forming sulfate aerosols, which thencan be formed either from smaller clusters by formation from
lead to acid rain. Our results suggest that, besides the dimersix individual waters directly, or by interconversion of the
and trimer, the tetramer and pentamer could also be involved hexamer structures with increasing temperature. As the tem-

in the atmospheric conversion of $@ H,SO,. Aloisio et al>® perature is increased, the stability of hexamer structures switches
have shown that the HOH,O complex is easily formed in the  from favoring the structure with the most number of hydrogen
laboratory and they predict that up to 30% of the H®the bonds to the least, in accordance with entropic considerations.
atmosphere is hydrogen-bonded to water at altitudes between The water dimer is present in the atmosphere at a temperature
1 and 3 km. of 292.4 K, with a concentration of approximately>6 1014

Global warming has been predicted to be enhanced by themolecules/crhin saturated air at 292.4 ®.We predict a water
presence of water dimers, and an estimate has been made fofimer concentration of 4x 10 water dimers/crh at this
the range of total abSOfption from 400 to 5000 nm by the water temperature, in remarkab|y good agreement with the experi_
dimer in the tropics of 1.63.3 W/n?.5: This estimate was made  mental estimate. We predict water dimer concentrationssof 9
on the basis of a range of water dimer concentrations from 1 1014 molecules/cr water trimer concentrations of 2:6 1012
107'*to 7 x 10~*3 molecules/cr Our results suggest that the  molecules/cr? tetramer concentrations of approximately 5.8
upper limit reported in this wofk is actually a lower bound 101 molecules/cry and pentamer concentrations of approxi-
for the water dimer absorption and that the absorption for cyclic mately 3.5x 101° molecules/crin saturated air at 298 K. These
water trimers, tetramers, and pentamers will also increase theresults support the suggestion that water clusters with 6
absorption of solar energy in the lower troposphere. In a global exist in numbers comparable to the ambient aerosol in the
warming scenario, an increased temperature will lead to an packground troposphef&In addition, these results support the
increase in water vapor partial pressure, which leads to asyggestion that gas-phase reaction chemistry will be catalyzed
nonlinear increase in the dimer, trimer, tetramer, and pentamerpy water clustef®:5458 and that small shifts in absorption specta
water cluster concentrations. These results support the suggestiogf hydrates and complexes of molecules with hydrates could
that increases in temperature increases the contribution of thehave a significant contribution to climate effeé#sinally, these
absorption of solar radiation by the water dimer in a positive results support the suggestion that in a global warming scenario
feedback loogs! higher temperatures will lead to increased absorption of solar

These ideas all depend on having an appreciable presence ofadiation by water clustefd.We are continuing to investigate

water clusters in the atmosphere; our highly accurate calculationsstructure and thermochemistry of conformers of larger water
on the thermodynamics of cluster formation support these cjusters in our laboratory.

hypotheses. Future experimental studies of water clusters with
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