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Probing Temperature Effects on the Hydrogen Bonding Network of the Ct(H20), Cluster
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We have incorporated the flexible RWK2 water potential into the parametrization of a chiovater
interaction potential from first principles calculations and used it to investigate the temperature effects in the
infrared (IR) spectrum of C(H,0O),. We have found that spectral signatures of hydrogen bonding between
the two water molecules in the cluster disappear with increasing temperature, a consequence of the weak
water—water interaction in the cluster.

. Introduction and the intramolecular potentiaV/{"® of the water molecule:

The study of agueous ionic clusters provides molecular level n non
information about interactions between the solvent and solute inter intr
. : i vV, = + V) + V; 1
molecules. Of particular importance are the total and incremental n g( k ) Z Z 1 (1)
association energies as well as the structures of the first few
ion—water clusters as they constitute important benchmarks for \yhere the index “1” denotes the ion angdj, k are running
the parametrization of interaction potentials used to study jndices over the water molecules.

aqueous ionic solvation. Although thermodynamic quantities for  the jon—water intermolecular interaction\/"{‘,ﬁ” is de-

the gas-phase hydration of several ions can be obtained solelygipeq by a combination of atoratom and electrostatic terms
from experimental measurementghe elucidation of the between the ionge = —e) and point charges placed within
structures of small aqueous clusters requires a combinedia \water molecule according to the RWK2 convenfiap, =
experimentat-theoretical effor€ The latter has relied primarily +0.6e at each hydrogen an@ = —2qy centered at

on the assignment of the measured vibrational spectra and their

J=t1

role as a “fingerprint” of the hydrogen bonding network of the dR, +R,)
cluster. 0= — (2)
Previous first principles calculatiohésuggested that chloride 2R, cos@y/2)

favors an “asymmetric” microhydration pattern in agreement
with molecular dynamics simulatiofisRecently, the infrared ~ WhereR; andR; are the position vectors of the hydrogen atoms
spectra of small CI(H,O)n, n < 5 clusters have been meastfred ~ With respect to the oxygen ardi= 0.26 A. The ior-water
in the 3006-4000 cn? region providing a direct probing of ~ potential has the functional form
the network of OH stretches in the cluster. )
In this study we present the parametrization of an interaction T = Vi_a® + Vo (R + Vo ¢(R ©))
potential for chloride-water from first principles calculations.
This potential is used to simulate the vibrational spectrum of where
the CI(H,0), cluster and probe the variation of its hydrogen
bonding network as a function of temperature. We will, in Oy
particular, use the correspondence between structural andVi-ci(R) = A-ci €XPCHy-cR — 5 +
spectral trends in order to examine the temperature effect on
the hydrogen bonding network of this cluster. Ly—c(R= Ry_c) + V4B (4)

II. Interaction Potential Vo o(R) = %2 + V,(Bo_cR) (5)

The energy of a cluster containing a chloride ion avdater

m?]Il(eercules,Vn, is the sum of th_e i_ntermol_e_cula_r ierwat_er Vo_ci(R = Ag_¢ eXpBo_cR) + Vu(Bo_cR +
(Vi) and waterwater {/;) pairwise additive interactions Vs(Bo_cR) (6)
6\V70—Cl
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TABLE 1: lon —Water Intermolecular and Water —Water
Intramolecular Potential Energy Parameters

Intermolecular Part
Auci = 9.0710 kcal mot* By = 0.55295 At
Aoci = 9067.3 kcal mol*  Boci = 2.1386 A2
Dol = 2.5743 kcal mol! - ypo = 1.9795 At
O~ = 3.69 AS OH,0 = 1.47
hve- = 3.6127 eV hvh,o = 12.612 eV

Intramolecular Part
y1, y2=2.14125 A1 Ry=0.9573 A

Rici = 2.1308 A

D;, D, = 131.25025
kcal mol?

D3 = 98.270 kcal mott 0o=104.52

fi,=—15.1533

kcal molt A2

ys=0.70600 A1

The induction and dispersion termé&n(3R), have the form
C
R2n

wherefn(aR) is the “universal” damping function proposed by
Tang and Toenniés

Von(BR) = f,4(BR) (8)

2n Rk

Z) o exp(- SR)

=

fn(PR) =1- ©)

The coefficientsCs,, for long-rangeR™* and R% interactions
were estimated as:

Ci=-— EQSal (10)
_ 3 hv, x hw,
Co 4(h1/1 + hvz)OL10L2 (11)

wheregs andao; are the ion charge and water polarizability and
hv, and o, are ionization potentials and polarizabilities of the
interacting species.

Parameters for the iorwater interaction were determined
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Figure 1. Minimum energy path (MEP) of chloridewater along the
Cl—0 distance. The ab-initio resultg)(are from ref 4.

Finally for the waterwater interaction,V;, we used the
semiempirical RWK2 model, details of which are given
elsewheré. This potential reproduces the water dipole and
guadrupole moments, the second virial coefficient of steam, and
several ice properties. It also has good values for the dispersion
coefficients.

A 4-mode vibrational CI (VCI) calculatidd with 3097 basis
functions using our potential produces fundamentals of 3324
and 3764 cm® for the “hydrogen bonded” and “free” OH
stretches of then = 1 cluster, respectively. The potential
overestimates the experimentally meas@ifeztjuencies by 200
and 75 cm?® respectively. It should be emphasized that the
potential was parametrized using energetic and structural
information only along the MEP for the approach of chloride
to water. More accurate fundamental frequencies for the system
can in principle be obtained using a larger and more representa-
tive grid of ab-initio points on the PES, a possibility that was
not exploited in this stud{?

by fitting to the MP4/aug-cc-pVTZ energies and coordinates !ll. Simulation of Infrared Spectra

along the Ct:--O minimum-energy path.Small differences

between the ab initio equilibrium water structure and the

nter

semiempirical model were resolved by fittin‘@flk to the
magnitude of water distortion (i.eAR;, AR;, andA#) at fixed

We obtained temperature-dependent infrared spectra from the
model potential by generating Boltzmann distributions of
CI=(H20), clusters with the Metropolis Monte Carlo metiéd

CI—0O separations. The parameters given in Table 1 yield a and then performing a “frozen-field” local-mode vibrational

nearly exact fit to the ab-initio energies with fixed atomic

analysi$* on the resulting configurations. This approach defines

coordinates. Analysis of energy gradients indicates that the a “reference configuration” by assuming that every intramo-

model overestimates the €H attraction forRy_c; > 1.85 A.

lecular mode of water in the cluster behaves as an independent

Nevertheless, the model reproduces the water orientation as avlorse oscillator. The cluster is distorted from its original

function of Ro—¢; almost exactly when compared to the ab-
initio data. Allowing the model to relax at fixed €D

configuration along each local mod®,(s,, s3) holding all other
variables fixed. A Morse potential function is fitted to the

separgtions generates the energy profile givgn in Figure 1. Thepotential energy calculated along every coordinate, and the
ab-initio data are also shown for comparison. The largest eigenfunctions of these effective potentials are used to generate

deviation between the two sets of daj@ & 1.39) occurs in
the repulsive region of the potential.
The intramolecular water potentialy"™®, has the form:

3

Vi'(s, s, 89 =Y M(s) + 1,88,

12)

where Mi(s) are Morse oscillator functions arsl are local

a mean field basis set. Eigenvalues are estimated using third-
order variational calculations to include off-diagonal kinetic and
potential energy couplings. Band intensities are calculated by
including changes in both the permanent and induced dipole
moments of the water molecules in the cluster when calculating
transition moments. That is, the stretching vibration of anHO
bond near the highly polarizable chloride ion produces a larger
change in the induced dipeteand thus is more intense. At a

modes describing bend and stretch coordinates. The MorseSite i with polarizability a; in the cluster, the induced dipole

parametersly;, o;) and the coupling constafib were previously
determine®&1° using a large basis set vibrational calculation to
fit 56 vibrational levels for HO, D,O, and HDO.

moment is given by

#i = o4 (13)
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20 first-order transition state €, symmetry having an imaginary
- - T=200K frequency of 140 cm* and an .electr.onic energy bgrrier of 0..52
T 10 kcal/mol (0.17 kcal/mol with inclusion of zero-point energies)
£ M at the MP2/aug-cc-pVDZ level of theory. This isomerization
- [ pathway is lower in energy than the one proceeding Vi
g e P T T TR TR T e wrar transition stat&of higher order (3 imaginary frequencies) which
0r lies 2.2 kcal/mol above the minimum. Although our current
o . T=100K model does not utilize a polarizable potential for water it seems
ﬁ 10 to reproduce the energy difference between the minimum and
£ i the C; transition state quite well (0.56 kcal/mol) when compared
of = L N\ to the ab-initio result (0.52 kcal/mol). The (three-body)-on
30 water-water interaction was previously reported be quite
- T=31.5K small for the minimum configuration of the= 2 cluster ¢-0.7
2L kcal/mol); it is presumably of comparable magnitude atGhe
Y F transition state, a fact justifying the reproduction of the
b C magnitude of this barrier with an “effective two-body” model
£ W0 such as the one used in this study.
i The calculated spectra at four different temperatures (5, 31.5,
g i L 1 1 1 1 L. 100, and 200 K) in the 31683900 cnT1? region are shown in
50 Figure 2. The “cold” spectral(= 5 and 31.5 K) exhibit four
T=5K distinct peaks at 3275, 3390, 3590, and 3725 toorrespond-
40 | ing to the two ionic bonds (OH stretches hydrogen bonded to
[ f\ chloride), the waterwater hydrogen bond and the “free” OH
30 b 7 stretch, respectively. This spectral pattern is consistent with the
£ [ g ;@é\ “T = 0 K" picture reported earliérfrom ab-initio calculations
g 20 3 oS-l as well as recent experimental measurements. The experimen-
. r @ (b) tally observed peaks are at 3130, 3375, 3633, and 3688,cm
i respectivelyt> At higher temperatures, however, the peak at
10F ~3600 cnT! associated with the watewater interaction
J disappears. This is consistent with the expectation that at
ofF ., 4 ) . - L1 elevated temperatures there will be significant sampling of both

the C; and intermediate configurations exhibiting no hydrogen
bonding between the water molecules. For instance, the Boltz-
mann factor for the probability of accessing tbeconfiguration
(assumingAE = 0.17 kcal/mol) is 0.3 at 100 K and 0.4 at 200
K. Another striking difference at the higher temperatures=(

100 K) is that the two “ionic” peaks tend to merge together. As
previously discussed, the minimum energy geometry ofithe

= 2 cluster can be built starting from tihhe= 1 cluster [chloride

3200 3300 3400 3500 \%69 v 3700 3800

Frequency, cm -1

Figure 2. Computed vibrational spectra for GH,O), atT = 5, 31.5,
100, and 200 K. The peak at3580 cn1* arises from hydrogen bonding
between the two water molecules which is lost at high temperatures.

where

g 1[3ri"j and water (@) in Figure 2] with the second water molecule (b)
E = z —+ Z — — 1y (14) trying to maximize the hydrogen bonding with the remaining
= & rﬁ r2 system. This results in two “ionic” bonds that have unequal

! ! Cl—0 bond lengths and strengths. At higher temperatures due
Hence, for each local mode displacement, an iterative to the breaking of the watewater hydrogen bond the reason
procedure is used to solve eqgs 13 and 14. Convergence isfor discriminating between the two ionic bonds is removed and
achieved when deviations of the dipole moment from two so does its signature in the IR spectra. The breaking of the inter-
sequential iterations fall within 0.001 D/atom. We use the water hydrogen bond has been previously experimentally

charges and polarizabilities of the iewater model, but assume  observeéf for the I7(H,O), system.
that point charges and polarizabilities within a water molecule A measure of the sampling of the configuration space away
do not interact with each other, and that intramolecular vibrations from the minimum at different temperatures is provided by the
do not affect the water polarizability. pair distribution function¥ go...4(r) andgo-o(r). These are the
probabilities of finding atom “A” at distance from atom “B”
and are shown in Figures 3 and 4. The peak-atA for go..

The optimum geometry of the QIH,0), cluster, shown in -u(r) (Figure 4) corresponds to the hydrogen bondedH@air
the insert of Figure 2, exhibits a “cyclic” structure with two between the two water molecules. At high temperatures this
“ionic” hydrogen bonds (solid lines; represent water molecules peak broadens and eventually disappears along with the
bonded to chloride) and a hydrogen bond between the two waterhydrogen bond between the two water molecules. The same

IV. Results and Discussion

molecules (dashed line). As noted earfighe hydrogen bond
between the two water molecules is weak (the two-body
attractive waterwater interaction is just1.21 kcal/mol). This
fact can, for instance, facilitate rotation of one of the water
molecules around the €0 axis as shown in Figure 2 with a
simultaneous breaking of the watewater hydrogen bond.
Isomerization of the cluster along this direction proceeds via a

pattern is observed for the @ pair distribution function
(Figure 4). At low temperatures the distribution is quite narrow
(fwhm ~ 0.1 A), and it broadens at higher temperatures as a
result of sampling configurations with larger@I—0 angles.
This result is consistent with similar trends in the pair distribu-
tion functions previously observ&dfor the Ci(H;O), and
I~(H20), clusters using rigid water potentials. However, rigid
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31.5, 100, and 200 K. ated Western Universities Fellowship during a visit to PNNL

. . . from November 1, 1997 to January 31, 1998. Computer
water potentials cannot address issues related to the intramoresources were provided by the Division of Chemical Sciences
lecular motion examined in this study. During these previous and by the Scientific Computing Staff, Office of Energy
studies a comparison was made between the classical anResearch, at the National Energy Research Supercomputer
guantum mechanical treatments of nuclear motfowe plan Center (Berkeley, CA).
to revisit these issues in the future for this and larger chleride
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