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Ab Initio Monte Carlo Simulated Annealing Study of HCI(H 20), (n = 3, 4) Clusters
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Low-lying structures of HCI (HO), (n = 3, 4) clusters have been studied by ab initio Monte Carlo simulated
annealing (MCSA), a procedure which efficiently samples minima on a potential energy surface. In the Monte
Carlo simulated annealing procedure, energies were computed ab initio at each Monte Carlo step by the
B3-LYP density functional method with 6-31G* basis sets. All geometries of the isomers found for each
cluster were refined in full conventional geometry optimizations, and frequency analyses were performed at
both the B3-LYP and MP2 levels with 6-31G** basis sets. The stability of the B3-LYP and MP2 energy
orderings was tested in single point QCISD(T) calculations performed at the MP2 optimized geometries.
Only isomers with strong HCI interaction were found for HCI(}D)s. However, both associated- and
dissociated-HCI structures of HCI¢B), were found.

1. Introduction ionize. In a classical trajectory study of the adherence of HCI
to ice, Kroes and Cla®} found only nondissociated adsorbed
In the past decade the study of smaII_H(]_EIzQ c_Iusters has species. In a subsequent molecular dynamics (MD) simulation
T e e e e "4 1l onan o siiac 19D K. Roberson nd Clkund
Heterogeneous reactiong gf chlorine compou%ds on )é)ola.rthat d.lssouatlon of HCI is energetically feasible and raised a
stratospheric cloud (PSC) particles are important in the destruc-queStlon asto the minimum number of water molecules needed
to solvate an ionized HCI. An MD study by Gertner and Hyfes

?t?en f:r?z?r?:”'ltgiizgtgfot'&gg(;h: Cﬁrireé'gjnn:f;tselgﬁcg also found ionized HCI on the simulated surface of stratospheric
y P ice particles. Recently, Packer and Cldrizave studied HCI

and HOCI, which are in turn photolyzed to chlorine atoms that clustered with as many as three waters, at the MgRlesset

!thdoﬁre] ?gﬁg;%is?n)gn20%‘:;%r:e?gt'sgﬁ?ﬁségnrﬁgﬁarrat\ge the second-order perturbation theory (MPgvel, and found only
a nondissociated stable structure in which HCI is hydrogen

mechanlsm by W.h'Ch chlorine is activated on F.)SCS' The bonded to a cyclic three-water cluster. They inferred that in the
reactions are slow in the gas phase but catalyzed by ice suffaces. - . . ; .
gas phase HCI will not dissociate to ions in complexes of fewer

As it has come to be recognized that thin layers of mobile water - :

. than four waters. The experimental study of Amirand and
molecules are likely to be present on PSCs, even at very low ., .. "¢ .

. S - -_-Maillard*® of (HCl)m(H20), clusters below 50 K also determined
temperatures, due to daytime radiation, mechanisms by which . ; ;
. . . that four waters were required to dissociate an HCI. It appears

chlorine-containing compounds react with small numbers of then that the transition from three- to four-water clusters
water molecules to produce active species have gained favor. corresponds to the transition to stability of dissociated HCI.

Amid the proliferation of experimental studies there is still a . .
paucity of detailed structural and energetic information about . HCI(H20)s has also been investigated by Planas étaho,

the species formed when HCI and water interact in small in a theoretical study of proton transfer by acids in aqueous

clusters. Delzeit et dP have studied the infrared spectrum of solution, rgported an ionic structure as the or_wly minimum on
HCl and water adsorbed on ice. Their results show coincidencesthe potesntlal energy surface pf_ _HCKG)“' (_Belger and co-
in the stretching frequencies observed in HCI adsorbed on ice WOrkers® have reported an ab initio calculation of the binding

and in the HO'CI~ complex which indicate that it is difficult energy of HCI to water tetr_amer, mimiCki“Q adsorptio_n on the
to distinguish the associated from the ionized form. Theoretical 0001 surface of hexagonal ice. The mechanism of HC ionization
electronic structure and optimization methods can potentially " Water was studied by Ando and Hydém Monte Carlo (MC)
contribute to the identification and characterization of the variety Simulations. They characterized the ionization as a complex set
of forms to be expected in small HEWater clusters. Thus we  ©f adiabatic, nontunneling proton-transfer processes.
have undertaken to study the clusters of HCI with three and  Our aim in studying HCI(HO), (n = 3, 4) clusters is to
four water molecules with the aim of identifying as many low- identify as many stable configurations as possible, including
lying structures as possible and of determining their relative all of the metastable clusters lying near in energy to the global
energies. minimum. The difficulty of identifying all low lying minima
There have been several theoretical studies of HC interacting O @ cluster potential surface increases rapidly with cluster size.
with liquid water and with ice which indicate that the transition The combination of chemical intuition with conventional
in cluster size from three to four waters is significant to the OPtimization methods, which is effective in identifying the
problem of determining the conditions necessary for HCI to configurational isomers of small clusters, is rapidly overmatched
as size increases. Thorough examination of the potential surfaces

*To whom correspondence should be addressed: e-mail, ishikawa@ Of medium- to large-sized clusters requires an efficient sampling
rrpac.upr.clu.edu; fax, (787) 750625. method, such as Monte Carlo Simulated Annealing (MCBA).
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! Z After each movement of an atom or molecule, the energy of
the newly created configuration is evaluated and the change in
the total energy of the cluster,

AE =E{R.eut — E{Ryd} )

is computed. IAE is negative, the new configuratiofiR,ew} ,

is accepted agRyqt for the next random move. IAE is
positive, the new configuration is accepted with a probability
given by the Boltzmann factor,

p = exp(—AE /KT) 3)

The Metropolis acceptance criterion permits both uphill and
downhill movement on the potential energy surface, the
magnitude of said motions determined by the temperature.

v MCSA can, therefore, avoid being trapped in local minima. For
X N XI a given temperature, a number of Metropolis samplings are
‘ performed to simulate structural equilibria.

After a complete cycle in which every atom is moved, an
annealing adjustment is made. The next cycle proceeds with a
new lower temperature,

MCSA is based on the Metropolis algorithifhwhich has been Toew="Ton 4
shown to be effective in locating minima on complicated energy ) ) )

hypersurface® We employ ab initio MCSA324 energies at ~ Wherey is termed the quenching factor. In this study values of
each MC step are calculated ab initio, rather than with an ¥ ranged from 0.950 to 0.999. Simulated annealing is conceptu-
analytic potential function previously fit to the surface. When @lly based on the crystal forming process. During the simulation
a minimum structure is identified, it is refined by conventional the temperature is Iowgred slowly from a sufficiently high
gradient search optimization. The energy ordering is establishedt€mperature to a “freezing” temperature via the temperature-

accurately in single-point calculations at the MP2 minimum duenching scheme of Kirkpatrick and co-work&ts The
energy structures with progressively higher-order ab initio choice of quenching factor affects the outcome of a simulation.

Figure 1. Water molecule, original and rotated Cartesian coordinates,
and Euler angles characteristic of a molecular rotation.

methods. Slow enough annealing locates the global minimum on the
Born—Oppenheimer surface, while faster annealing can find
> Methods local minima. StepsizeSR andAA are correspondingly lowered

to maintain detailed balance, e.g.,

Ab initio MCSA is a traditional Metropolis Monte Carlo —
procedure modified in two ways:2* Energies are computed ARsew = 7ARsig ®)
by ab initio electronic structure methods rather than via analytic  In our MCSA procedure, energies are computed ab initio at
function, and the temperature of the MC simulation is not held each Monte Carlo step using density functional theory (DFT)
constant, but gradually lowered to anneal the system. An MCSA with Becke’s three parameter hybrid plus the Lee, Yang, and
procedure is started at a given temperature by calculating theParr correlation functional (B3-LYP326 and 6-31G* basis
total energy of an initial cluster configuratigiy} . A complica- sets?’” DFT methods offer savings in computational time over
tion in MC simulation of HCtwater clusters is that the the conventional MP2 method which has been applied success-
procedure must describe aggregations in which HCI is both fully in studies of metal and molecular clusté?$* Recent
ionized and bound. For this reason the motions of the H and Cl progress in developing nonlocal corrections to the local density
of HCI are treated independently. In addition, one water approximatioR® 3! has produced DFT methods which reliably
molecule is selected at random to be moved atom-by-atom, predict geometries of hydrogen bonded systéhi3.
allowing the simulation of the formation of hydronium ion. For The electronic structure calculations were performed with the
molecules moved atom-by-atom the atomic Cartesian coordi- GAUSSIAN 94 suite of programs. Structures obtained by
nates are displaced by a random fraction of a preselectedsimulated annealing were checked and refined by standard
stepsize AR, geometry optimization at the B3-LYP and MP2 levels of theory.
The basis sets were progressively improved by adding diffusion
Xnew = o) (G — 0.5)(AR) Q) and polarization functions. For each optimization, frequency
calculations were performed to confirm that the structures were

Equation 1 is applied to each of the Cartesian coordinates oftrue minima at each theoretical level. A final energy ordering

the atom is a different random number on [0.0,1.0] for each of the various minima was established in single-point quadratic
coordinate. The maximum displacement paéa’mémR)(is singles and doubles configuration interaction plus perturbative

adjusted to give a global step acceptance ratio of between 0.1tf1Ples (QCISD(T)J® calculations at the MP2 optimized struc-
and 0.5. The remaining molecules in each MC step are treated!"es With 6-313G** basis sets for HCI(HO); and 6-31%G*
as units, randomly translated and rotated in three-dimensions.for HCI(H20)a. HCI, M0, and (HEO)“ were T*SO op_t|m|zed at
The angular stepsize\A, is chosen by a criterion similar to (e MP2 and B3-LYP levels with 6-331G** basis sets to
that applied toAR. Figure 1 illustrates the Euler angles of the permit the energetics of cluster formation to be examined.
body-fixed rotation. This partitioning into atomic and molecular
motions is less time consuming than complete atom-by-atom
treatment but has the flexibility to sample the important A number of DFF-MCSA simulations of each cluster were
configurations. performed with different starting geometries. The initial tem-

3. Results and Discussion
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-690.00 6-311+G** basis sets reduced the number of distinct structural
minima to five. MP2 optimized structures of the five isomers

: are shown in Figure 3. Four of the simulations terminated with
isomer Al, confirming it as the global minimum with a
-690.01 + confidence rati& well over 99%. A2 of Figure 3 is a local
minimum cluster structure derived from Al by “flipping”, or
turning through an angle of approximately 286ne or more

of the free hydrogens. A set of such “torsional isomers” may
be generated from each of the minimized structdfe® but

we have restricted the number presented to one pair from each
class of cluster we have examined. We hope thereby to provide
-690.03 4 an adequate idea of the structural and energetic variations to be

expected in these species without obscuring discussion of the
- 1 structural isomers that are the primary interest of this study.
Geometrical parameters for the three-water clusters appear in

T T T Tables 1 and 2. All isomers show strong-Bl interaction, with
0 250 500 750 1000 interatomic distances of 1.27.39 A, quite near the equilibrium

Temperature (K) bond length of gas-phase HCI. The predicted equilibrium bond
Figure 2. Plot of the energies of accepted Monte Carlo steps versus 1€ngth of isolated HCI with 6-31#G** basis sets is 1.287 A
temperature in a simulated annealing procedure for HE{k at the B3-LYP and 1.273 A at the MP2 level.

peratures used in each simulation lay in the range of-@@D0 For HCI(H;O),, five isomers were found. Three of these show
K, with quenching factors of from 0.950 to 0.999. The procedure little perturbation of the HCI bond, while two display either
by which initial conditions are chosen has been discussed moresignificant elongation of the bond or actual dissociation. Figures
fully in refs 20 and 23. Figure 2 illustrates the ranges of cluster 4 and 5 exhibit the MP2 structures of the HCi(B)s isomers.
energies encountered in a typical simulation. The variation in The structures of Figure 4 are those in which HCl is undisso-
total energy of an HCI(kD)s cluster obtained at each accepted ciated, while Figure 5 shows the structures in which dissociation
step at a given temperature is plotted versus temperature. In ahas taken place. Each figure shows one pair of torsional isomers.
number of instances, the energy is seen to rise, behaviorSelected geometrical parameters are tabulated in Tables 3 and
permitted by the Metropolis algorithm. 4 for the isomers displayed in Figures 4 and 5, respectively,
DFT—MCSA simulations of HCI(HO)s; produced twelve and data for the torsional isomers are included. While we are
geometries. Conventional B3-LYP and MP2 optimizations with confident that our investigation has revealed all, or nearly all,

TABLE 1: Selected Geometrical Parameters of Optimized Structures of HCI(HO)3?

u.)

-690.02

|

Accepted step energy (a.

-690.04

Al A2 B
parameter B3-LYP MP2 B3-LYP MP2 B3-LYP MP2

Cl—H(1) 1.358 1.316 1.356 1.313 1.315 1.296
H(1)-0(1) 1.585 1.676 1.594 1.684 1.804 1.806
O(1)-H(2) 0.988 0.979 0.986 0.977 0.985 0.977
O(1)-H(3) 0.962 0.960 0.962 0.960 0.963 0.960
H(2)—0(2) 1.726 1.764 1.747 1.785 1.781 1.803
0(2)-H(4) 0.981 0.974 0.981 0.974 0.975 0.972
H(4)—0(3) 1.790 1.816 1.791 1.817 1.896 1.906
O(3)-H(5) 0.972 0.966 0.972 0.966 0.970 0.964
H(5)—Cl 2.370 2.392 2.370 2.393 4.272 3.243
ClI—H(1)-0(1) 174.572 173.318 174.670 172.994 180.407 167.873
Cl-H(5)—0(3) 159.530 159.588 159.797 159.913 133.220 100.711
0(2)-H(4)-0(3) 166.660 166.201 167.090 166.906 145.050 144.882
H(2)—O(1)-H(3) 107.071 105.150 107.268 105.572 107.213 105.861

aDistances in angstroms, angles in degrees. All optimizations were performed with+&31basis sets. Parenthetic numbering of atoms
corresponds to Figure 3.

TABLE 2: Selected Geometrical Parameters of Optimized Structures of HCI(HO)s?

c D E
parameter B3-LYP MP2 B3-LYP MP2 B3-LYP MP2

Cl-H(1) 1.3893 1.3318 1.3640 1.3189 1.2911 1.2747
H(1)-0(1) 1.4991 1.6149 1.5711 1.6662 5.0688 4.7727
0(1)-H(2) 0.9756 0.9683 0.9749 0.9690 0.9837 0.9704
O(1)-H(3) 0.9756 0.9683 0.9740 0.9678 2.8110 2.8522
H(2)-0(2) 1.8989 1.9680 1.8508 1.8793 1.8903 1.9357
H(3)-0(3) 1.8979 1.9679 1.9250 1.9745 1.8905 1.9349
0(3)-H(4) 0.9662 0.9627 0.9677 0.9636 0.9838 0.9704
H(4)—Cl 2.8866 2.8573 2.6809 2.6759 3.7081 3.5975
Cl-H(1)-0(1) 170.1063 168.9113 169.7802 168.6409 18.48 19.65
0(2)-H(2)-0(1) 149.3421 144.4684 174.5989 174.9796 148.0509 147.219
H(2)-O(1)-H(3) 107.2108 105.2032 107.6831 105.7233 21.28 41.76

a Distances in angstroms, angles in degrees. All optimizations were performed withH63"1asis sets. Parenthetic atomic numbering corresponds
to Figure 1.
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Figure 3. Structural isomers of HCI(}D)s, top and side views. A2, torsional isomer of Al, is shown in side view only; compare the positions of
the free hydrogens above and below the plane formed by the oxygen atoms to those in Al.

of the low-lying isomers of HCI(KO)s, the complexity of the Some B3LYP minima proved to be spurious. Several
four-water surface makes it likely that we have not found all author$23%4°have found that DFT optimization of hydrogen-
possible structures for this cluster. Still, we are confident in bonded systems can locate more structures than does MP2 and
having located the global minimum structure. This is the that some of the minima are therefore spurious®3kave noted
structure that emerges from a sequence of simulations in theinstances in which DFT methods have underestimated the
limit as the quenching factor approaches unity. strengths of hydrogen bonds, producing nonphysical open
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Figure 4. Isomers of HCI(HO), in which HCI is undissociated, top and side views. C1 and C2 are torsional isomers.

structures as minima. In recent work on hydrated clusters of another of the reported structures (ref 39, Figure 2, structure
HCI, Re et aP® have reported B3LYP three- and four-water 1Vb; this work Figure 5, structure E).

structures that are not minima at the MP2 level. Smith é? al. Although DFT potential surfaces of hydrogen bonded systems
have reoptimized, at the MP2 level with the original B95- can be somewhat more convoluted than MP2, this and other
(p,d) basis sets, one of the three-water cluster structures reportedtudies have not found the aberrations to be dramatic, and so
by Re et al. (ref 39, Figure 1, structure llIb), beginning at the among the DFT minima are minima near those to be found by
original B3LYP geometry. They found a structure in which HCI MP2 optimization. In this sense, and provided the DFT
remains undissociated, in contrast to the dissociated structurestructures are reoptimized at the MP2 level, DFT optimizations
obtained at the B3LYP level. We have repeated the exerciseof these systems are reliable. The fact that each DFT minimum
with one of the four-water structures reported by Re et al. (ref energy structure must be confirmed by conventional MP2
39, Figure 2, structure 1Vd). At the MP2 level the reported optimization encumbers the process of searching the potential
structure is not a minimum, and upon optimization merges into surface. Still the speed with which the DFMCSA method
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Figure 5. Isomers of HCI(HO). in which HCI is dissociated, top and side views. E1 and E2 are torsional isomers.

TABLE 3: Selected Calculated B3-LYP/6-31%#G** and MP2/6-311+G** Interatomic Distances of HCI(H ;0), Isomers in which
H and Cl are Bonded®

isomer A isomer B isomer C1 isomer C2

distances B3-LYP MP2 B3-LYP MP2 B3-LYP MP2 B3-LYP MP2
Cl—H(1) 1.316 1.293 1.336 1.292 1.367 1.319 1.372 1.323
Cl—=H(2) 4.403 3.065 2.564 2.948 2.318 2.350 2.301 2.314
H(1)—0(1) 1.797 1.834 1.677 1.875 1.541 1.641 1.533 1.632
H(3)—0(2) 1.687 1.711 1.721 1.764 1.694 1.728 1.683 1.721
H(4)—0(3) 1.752 1.766 1.980 1.838 1.730 1.753 1.747 1.773
H(5)—0(4) 1.790 1.797 1.792 1.725 1.770 1.792 1.766 1.788
H(6)—0(1) 1.874 1.930 4.486 1.913

aDistances are in angstroms. Atomic identification numbers correspond to those in Figure 4.

samples the surface outweighs the additional time required toLYP and 1.316 A at the MP2 levels) indicates strong participa-
confirm the structures that are located, and the advantagetion of the molecule in the ring. HCI acts as the donor to a
increases with the size of the system. strong hydrogen bond, while one water interacts weakly with
3.1. Optimized Geometries of HCI(HO)s. The most stable  chlorine. Isomer Al has been reported by Packer and Ctary.
structure of the three-water cluster is a nearly planar cyclic Because they employed basis sets comparable in quality to those
quadrilateral with the chlorine and oxygens at the corners used in this study, their reported geometry is essentially identical
(isomer A1, Figure 3). Each4® acts as both a single hydrogen to ours. Small water clusters have been intensely theoretically
bond donor and a single acceptor. The free hydrogens of thestudied*: 43 Al is similar to the structure found to be most
water molecules lie alternately above and below the buckled stable for isolated water tetramer in experimental and theoretical
plane. The elongation of the-HCI bond (1.358 A at the B3-  studies, but with HCI replacing a water. The distortion of the
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TABLE 4: Selected Interatomic Distances in HCI(HO)4
Clusters in which H—CI is Dissociated, Determined in
B3-LYP and MP2 Optimizations with 6-311+G** Basis Set$

isomer D isomer E1 isomer E2
distances B3-LYP MP2 B3-LYP MP2 B3-LYP MP2
Cl—H(1) 2104 2.069 2.364 2.398 2.378 2.393
Cl—H(2) 2.106 2.069 1.804 1.706 1.788 1.704
CI=H(3) 2103 2.069 2186 2.174 2176 2.171
O(1)-H(4) 1544 1534 1714 1750 1.726 1.743
O(2-H(5) 1545 1534 1528 1547 1551 1.561
O(3)—H(6) 1544 1534 1689 1.709 1.691 1.710

aDistances are in angstroms. Atomic identification numbers cor-
respond to those in Figure 5.

cyclic structure caused by HCl is reflected in the hydrogen bond
lengths. The optimum structure of §8), has a mean H-bond

distance of 1.775 A at the B3-LYP and 1.789 A at the MP2
levels, with small deviations from the mean. Note the relatively
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other two waters. B3-LYP and MP2 predictions of the HCI
hydrogen bond length and of the+Cl bond length differ
markedly. B3-LYP predicts an HCI separation of 1.364 A and
a hydrogen bond length of 1.571 A, while MP2 yields,
respectively, values of 1.319 A and 1.666 A (Table 2). Overall,
the B3-LYP geometry is more compact than the MP2. The
water—water interactions are weaker than in isomers A and B
(see Tables 1 and 2).

The isomer labeled D in Figure 3 is structurally related to C
but is more symmetric. The HCl separation is longer than in
C, 1.389 A in B3-LYP and 1.332 A in MP2 calculations. The
HCI hydrogen bond to the central waters is 1.499 A (B3-LYP)
and 1.615 A (MP2), at B3-LYP, the strongest H-bond in this
isomer. The charge distribution as reflected in the gross charges
is quite similar to that of C. The double donorAB); structures
of isomers C and D can be compared with similar local minima
found by Moet al#4 on the (HO); energy surface. In isomers
C and D we find the central water coordinated to three

wide range of hydrogen bond lengths in isomer Al, presented hydrogens, and thus positioned to form hydronium ion were
in Table 1. The data in Tables 1 and 2 show that in general the g,ch formation possible.

B3-LYP HCI bond lengths are underestimated in comparison

of charge transfer among species. The charges on HCl in isome

Al are H (0.35) and CI<{0.35), while in isolated HCI they are
about half that, H (0.163) and CHQ.163), a magnitude of
charge migration which is consistent with hydrogen-bond
formation. Charges for D in the same basis sets are H (0.26)
and O (0.51). In (HO), oxygens carry charges 6f0.72 au,

H-bond hydrogens 0.44 au, and free hydrogens 0.28 au. The

acceptor oxygen atom in the HCI H bond of isomer A1, O(1),
is more negative{0.71) than is an oxygen in free water. Non-

The remaining structure, E in Figure 3, is one in which HCI
is weakly associated with the trimer unit. The calculated HCI

bond length of 1.291 A (B3-LYP, 1.275 A MP2) shows that
'HCl s little perturbed by interaction with the waters. The

predominant component of bonding appears to be electrostatic
attraction between chlorine and the three free hydrogens of the
waters.

3.2. HCI(H20)4 Clusters. In all three-water clusters HCI
remains associated, and in each there is a strong covale@t H
bond. In the HCI(HO), clusters, on the other hand, we find
HCI in both associated and in dissociated, ionic, forms.

hydrogen-bond hydrogens retain the charges they display in free 3.2.1. Associa’Fed StructuresThe most stable of the asspci-
water. The charges on O(3) and H(5) indicate that the interaction at€d structures, indeed of all the four-water structures, isomer
between H(5) and Cl is too weak to be considered a hydrogenA (Figure 4) consists essentially of a square water tetramer with

bond.
A2 is a torsional conformer of HCI(}®D)s isomer Al, and it

HCI sitting on top, hydrogen bonded to one water, and canted
slightly from perpendicular. It is reminiscent of structure B of

is also a minimum energy structure on the three-water potential the three-water isomers. The four water molecules are in the
surface, lying about one-half kcal/mol higher in energy than configuration, almost unperturbed, of isolated water tetramer
the global minimum A1. The presence of HCI renders the three In itS minimum energy configuratioff:*>“°Each HO of isomer

free hydrogens nonequivalent; thus, as many as eight torsiona/® acts as a hydrogen bond single donor and single acceptor,
variants are possible. As indicated above, enumeration of the€XCept that the oxygen to which HCl is attached is a double
torsional species is not the main thrust of this study, but the cceptor. The free hydrogens lie alternately above and below
data for A2 should serve to illustrate the variations to be the plane of the square formed by the oxygens. ThetCt-O
expected among a set of such conformers. In A2 the free Nydrogen bond length is 1.797 (DFT), 1.834 A (MP2). The

hydrogens follow an up/up/down pattern in contrast to the down/
up/down of Al. The different orientation causes a small
elongation in the H(2yO(2) H-bond distance because of

O—0 separation in isolated water tetramer found by MP2/
6-31HG** optimization was 2.747 A, in substantial accord
with the MP2/aug-cc-pVDZ distance of 2.785 A reported by

interhydrogen repulsion. The remaining geometrical parametersX@ntheas and Dunning and with the experimental separations

(Table 1) and the atomic charges are quite close to the

corresponding values in Al.

Isomer B (Figure 3) is completely different from the A
structures. It is essentially a cyclic water trimer with HCI resting
on top, hydrogen bonded to one of the oxygens. TheCH

of 2.78-2.79 A2 The O-0 distances for the oxygen involved
in the H bond with HCI are slightly shortened on one side,
lengthened on the other. The gross charges on H (0.28) and ClI
(—0.29) reflect a slightly greater charge separation than in

isolated HCI. And the acceptor oxygen atom in the HCI H-bond

bond is strong, reflected in the calculated bond lengths of 1.315©f A is more negative than are the oxygens in(hh.

A (B3-LYP) and 1.296 A (MP2). The water trimer moiety is
similar to that found experimentally and theoretically to be the
most stable structure for isolated water trirdefs4+43
6-3114+-G** B3-LYP and MP2 optimizations of water trimer
yield geometries which agree with each other and with previ-
ously reported experimentafeand theoretic4l—*3 results. The
geometric data in Table 1 reveal the slight distortion in the water
cluster induced by interaction with HCI.

In structure C (Figure 3) a central double donor, single

Structure B (Figure 4) is a local minimum structure obtained
by slightly buckling the four-oxygen square of A. HCI is more
nearly parallel to (HO), permitting some KO---Cl interaction.

The optimized B3-LYP and MP2 structures differ in the degree
of distortion, the B3-LYP structure appearing to be more nearly
a cyclic (HO); cluster hydrogen bonded to the remaining water.

The third isomer is represented by two torsional variants, C1
and C2, in Figure 4. It is a pentagonal, nearly planar structure
with chlorine and the four oxygens at the apexes. The hydrogen

acceptor water molecule is hydrogen bonded to HCI and the of HCI is in the middle of a side of the pentagon, hydrogen



4638 J. Phys. Chem. A, Vol. 103, No. 24, 1999 Bacelo et al.

TABLE 5: Energies of Low-Lying HCI(H ,0); Structures Calculated with 6-31H-G** Basis Set$

B3-LYP MP2 QCISD(T)

isomer energy A energy energy A energy energy A energy
Al —690.2523719 0.00 —689.1121030 0.00 —689.165706 0.00

A2 —690.2514862 0.5558 —689.1113096 0.4979 —689.164946 0.4797
B —690.2477482 2.9014 —689.1090271 1.9302 —689.163193 1.5800
C —690.2442539 5.0941 —689.1039627 5.1081 —689.157758 4.9906
D —690.2446014 4.8761 —689.1044942 4.7746 —689.158377 4.6020
E —690.2363420 10.0589 —689.0989070 8.2806 —689.153881 7.4230

a|somer labels follow Figure 3. Energies are in atomic unksEnergy is the energy in kcal/mol each isomer lies above Al.

bonded to a water. The free hydrogens of the waters lie 1500
alternately above and below the plane. Three of the water Al
subunits act as both H-bond donors and acceptors. The final 1250 -
water is a H-bond acceptor and one of its hydrogens interacts
weakly with Cl at a distance of 2.3 A. The HCI bond length of
1.372 A (B3-LYP, 1.323 A MP2) is slightly longer than in
isomers A and B (Table 3). Again, B3-LYP predicts a longer
H—CI separation and smaller H-bond distances than does MP2.

C1 and C2, which differ in the orientation of two of the free
hydrogens, can be viewed as similar to the global minimum
cyclic ring structure found for (bD)s,374246with HCI substituted
for a water. Xantheas and Dunning reported a HF/aug-cc-pVDZ
optimized planar structure for @g@)s with oxygen—oxygen
distances of 2.863, 2.862, 2.863, 2.865, and 2.882 A. The B3- |
LYP structure of HCI(HO), finds O(1)-0(2), O(2)-0(3), 4“ l R i '
0O(3)-0(4), C-0(4), and C+0O(5) distances of 2.674, 2.727, 0+ i T S 7
2.746, 3.266, and 2.904 A, respectively. The corresponding MP2 0 1000 2000 3000 4000
values are 0.030.05 A longer. The atomic charges 60.37 Harmonic frequencies (cm 1)
for Cl and 0.36 for H show more charge transfer than in A or Ejgure 6. A theoretical construction of the IR (harmonic frequencies)
B, and that is consistent with the slight lengthening of the HCI spectrum of HCI(HO); isomer A1.
bond.

3.2.2. Dissociated StructuresThe most stable isomer in  shift accompanies the expected weakening of the bond and is
which HCl is dissociated is labeled D in Figure 5. It is a structure consistent with the observations of Packer and Gtay smaller
in which three water molecules form the equatorial plane of a clusters. The HCI stretching frequency of B is nearly the same
trigonal bipyramid, with a Cl and an HO™ at the apexes. This  as in structure Al. Isomer C shows a very low HCI stretching
structure has been found by Planas and co-wotkar8-LYP/ frequency that correlates with the increase in bond length. The
TZ94+P calculations; our D agrees well with the structure red-shift is reduced in structure D showing the dependence on
determined in that study. There are three hydrogens 2.07 A (B3-H—Cl distance. The theoretical frequency synthesis for the most
LYP) or 2.10 A (MP2) from ClI, showing a weak interaction. stable isomer, Al, is shown in Figure 6.
The HO™ shows strong H bonds to the;®& molecules, with For HCI(HO)s clusters, the B3-LYP and MP2 energy
separation distances of about 1.54 A in DFT calculations and orderings do not agree. The results shown in Table 6 indicate
nearly the same in MP2. There are no hydrogen bonds betweerthat the most stable B3-LYP structure is dissociated isomer D,
water molecules. Population analysis demonstrates the ionicl kcal/mol beneath associated isomer A. MP2, on the other hand,
character of the structure, with Cl carrying a charge-6£80, finds A most stable and also finds B to be more stable than D.
and hydronium iont+0.85. All-order QCISD(T)/6-313#G* calculations confirm the order

Finally, two torsional isomers, E1 and E2, are presented in found with the MP2 approximation. The calculated harmonic
Figure 5. These have elongated HCI separations of 1.70 A (MP2)frequencies for isomers A and D are presented in Figure 7. The
or 1.80 A (B3-LYP). As in structure D, a hydronium ion forms ~ Spectra are seen to be similar enough that distinguishing these
part of the structure. In this case the®t hydrogen bonds to  species solely on the basis of their IR spectra may well be
two waters, and two waters are hydrogen bonded to each otherdifficult, a conclusion reached by Delzeit and co-workéis

1000

750 —

500

IR intensities (KM/Mole)

3.3. Energy Ordering and Frequency AnalysesThe B3- spectroscopic studies of HEWater clusters. However, the
LYP and MP2 predictions of the order of stability and even the Presence of hydronium in the dissociated clusters does produce
energy differences of the HCIg®); clusters agree very well. additional spectral features, one of which at about 3000'cm

The QCISD(T)/6-31+G** calculations confirm the order ~ May potentially be useful in identifying this form of the cluster.

obtained with these methods. Results are presented in Table 5. .

Isomer ALl is the most stable structure on the potential surface, 4 €onclusions

and its torsional variant, A2, lies less than 0.5 kcal/mol higher ~ The MCSA-DFT method has proven to be capable of finding

at the QCISD(T) level. Structure B lies 2 kcal/mol above Al. |ow-lying minima on the potential surfaces of HCH®I); and

All'isomers are within 10 kcal/mol in energy of each other and HCI(H,0)s. As expected, hydrogen bonding was found to play

thus are thermally accessible at normal temperatures. the crucial role in the stability of the HCI clusters, and the
The B3-LYP and MP2 harmonic frequencies for the three- several possible H-bond arrangements produced groups of

water clusters agree well. The HCI stretch in isomer A1 shows isomers near each other in energy. In each of the three-water

a red-shift of 500 cm! with respect to isolated HCI. The red- clusters, HCl was found to be associated with a strong covalent
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TABLE 6: Energies of Low-Lying HCI(H ,0), Structures

B3-LYP2 MP22 QCISD(TY

isomer energy A energy energy A energy energy A energy
A —766.7277398 0.00 —765.4049391 0.00 —765.3440413 0.00

B —766.7216942 3.7937 —765.4033126 1.0206 —765.3420040 1.2784
C1 —766.7260878 1.0366 —765.4022916 1.6613 —765.3401756 2.4258
Cc2 —766.7261931 0.9706 —765.4021909 1.7245 —765.3398411 2.6357
D —766.7293318 —0.9990 —765.4014781 2.1718 —765.3418012 1.4057
El —766.7266016 0.7142 —765.3993221 3.5247 —765.3383718 3.5577
E2 —766.7252820 1.5423 —765.3990025 3.7253 —765.3380152 3.7814

2 Energies calculated with 6-331G** basis sets? Energies calculated with 6-331G* basis sets. Isomers are indicated by the labels they take
in Figures 4 and 5. Energies are in atomic unisEnergy refers to the energy (kcal/mol) above isomer A.

1500 distance; as a hydrogen bond shortens, the intramolecttét O
_ bond to the same hydrogen lengthens. The behavior is noted at
1250 | b both of the theoretical levels employed in this study and has

been observed in water tetramer and in crystal structures of
chemically related H-bonded molecufés-or the free hydro-

1000 gens, the @H bond length remains constant to within 0.001
] A at both levels of theory for all isomers. As expected, the
750 + variations in energy among torsional conformers was found to
1 be somewhat smaller than those noted overall among the
500 structural isomers.

i We find in general that the structural complexity of the HCI
water potential surface is well described by both the B3-LYP
and the MP2 theoretical models with 6-32G** basis sets.

| 1’ | | | " The optimized geometrical parameters displayed in Tables 1

' ! " i exhibit two clear overall differences between the two theoretical
levels employed. The HCI bond length is overestimated in the
B3-LYP calculations when compared to the MP2, and all
| a structures show an underestimation of H-bond interactions by
B3-LYP as compared to MP2.

250
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