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Abstract

Using molecular dynamics computer simulations we calculated the photodetachment spectra of CI~(H,0), (n=2, 3,
...15) clusters. The dependence of the spectra on the variations in the temperature of the clusters and the potential
parameters used to describe the interaction of the post-ejected ion with the water was investigated. We also studied the
dependence of the spectra on the type of the potential used in the simulations: pair-wise versus many-body. The calculated
data are compared to the experimental data for n < 7 and to the predicted data for 8 < n < 15 since the experimental data are

not available for clusters in this size range.

1. Introduction

The location of a simple anion such as F~, Cl-,
Br™ or I” in small and medium sized water clusters
is an issue of considerable recent interest both in
theory and experiment. Molecular dynamics com-
puter simulations performed on F~(H,0), (n=1, 2,
...15) clusters predict that the ion’s location is
dependent on the temperature of the cluster [1].
While at low temperatures the ion is located on the
surface of the cluster, at temperatures above 100 K
the ion moves inside the cluster and gets solvated.
For the C17(H,0), clusters the simulation results
depend on the type of the potential used. Thus, the
simulations predict that the chloride ion is solvated
inside the clusters [2] with n > 10 when the potential
model used in the simulations is of a pair-wise type,
for example the OPLS model {3,4]. The C1~ ion is
located on the surface of the water cluster when
polarizations of the water molecule and the ion are
explicitly introduced into the potential model, like it

is done in the POL1 (also known as SPCE/POL)
model [5]. The same conclusion that the location of
the C1™ ion in a cluster depends on the potential
model used in the simulations was recently reached
by Stuart and Berne who performed simulations on
Cl1 (H,0), clusters [6] using both pair-wise and
non-pair-wise potentials. In the simulations with
non-pair-wise potentials Stuart and Berne used the
fluctuating charge model for water [7] and the Drude
oscillator model to describe the polarizable nature of
the ion (DI/FQ model). From their simulations with
the DI /FQ model Stuart and Berne concluded that
the C1™ ion is on the surface of even a relatively
large cluster containing 255 water molecules [6]. For
Br~ ion both pair-wise and polarizable models pre-
dict that the ion is located on the surface of the
cluster, although the polarizable model predicts a
lower coordination number for the ion [8]. Finally, in
the case of 1™ ion both non-polarizable and polariz-
able models again agree that the ion is located on the
surface of the water cluster [9]. Only for the case of
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Cl™ ion the simulations are reported for the larger
sized water clusters (n = 255), while for other ions
the simulations are reported for small sized clusters
with n <20.

One would like to be able to resolve the question
related to the location of the chloride ion in water
clusters using the information obtained from experi-
ment. Two sets of experimental data are available
and both of them are related to the energetics of the
C17(H,0), clusters. One set gives the enthalpies of
formation of these clusters [10]. Unfortunately, the
data on formation enthalpies, which provide us with
the most direct information about the energetics of
the clusters, are available for small sized clusters
only, i.e. for clusters with »n ranging from 1 to 7.
Although the data for enthalpies of cluster formation
obtained from the simulations using the POL1 and
DI/FQ models showed a better agreement with ex-
periment compared to the data from the calculations
using OPLS potentials, uncertainty in experiment
does not allow us to make a definite conclusion
about the merits of each potential model.

The other set of data gives the electrostatic stabi-
lization energy, or the vertical excitation energy for
photodetachment of the electron from the chloride
ion [11]. To get these data it is postulated that the
peaks of the measured photoelectron spectra repre-
sent the average vertical binding energies of the
electrons in the clusters. The difference between the
vertical binding energy of a cluster and the electron
affinity of the bare ion is defined as E,(n). With
respect to photodetachment data on water clusters
with chloride there are two problems related to com-
parison of the data from experiment and simulations.
The first problem is that the data are again available
for the clusters with n up to seven water molecules.
The second problem, more general in character, and
applying to clusters with any anion, is related to the
fact that the data in experiment are obtained from the
clusters at temperatures that are estimated to be in
the region 70-100 K, while the simulations were
performed in the region 200-275 K. Moreover, the
polarizability and Lennard-Jones parameters for
post-ejected chloride should be treated in such a way
that they are closer to the values for neutral species
than for the ion. In the first calculations of photode-
tachment spectra of C17(H,0), the post-ejected
chloride was assigned the same parameters as the

pre-ejected ion [12], since it is difficult to know the
exact values of polarizability and Lennard-Jones pa-
rameters for the post-ejected ion. The temperature of
the cluster was taken to be above 200 K in order to
effectively explore the configuration space available
to the cluster. In our subsequent work on the pho-
todetachment spectra from Br (H,0), (n=1, 2,

.. 15) clusters [8] the value of the polarization for
the post-ejected bromide was the same as for bromine
atom and the Lennard-Jones parameters were deter-
mined in such a way that the calculated maxima for
the spectra with two and three water molecules were
close to the ones from experiment. The temperature
of the cluster with Br™ still remained above 200 K in
our simulations. A simple procedure was devised
recently to sample configurational space and perform
simulations for clusters at temperatures around 100
K [13). This procedure was used to calculate the
photoelectron spectra of C17, Br~ and I” in aceto-
nitrile clusters [13]. In these simulations the values of
polarizabilities for the post-ejected ions were taken
to be equal to atomic polarizabilities and Lennard-
Jones parameters were modified to obtain good
agreement with experiment for the smallest sized
clusters (n=2 and 3). In the present Letter we
return to the issue of the comparison of the photo-
electron spectra obtained from experiment and simu-
lations on the C1-(H,0), (n=2, 3, ...15) clusters
and study the dependence of these spectra on the
temperature and on the values of the potential pa-
rameters used to treat the post-ejected ion.

2. Prediction for the stabilization energies of
C1~(H,0), (n=8,9, ...15) clusters

As we have already mentioned, the first problem
that appears when one compares the experimental
data with the simulation results for the photodetach-
ment spectra of chloride in water clusters is due to
the fact that experimental data are available only for
clusters with n < 7. To circumvent this problem we
devised a procedure that extrapolates the data for
clusters that contain more than seven water
molecules. The' procedure is based on the idea of
similarity of stabilization energies for the
Cl~(H,0),, Br (H,0), and I"(H,0), clusters
when n=1, 2, ...15 [12]. We observed that the
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experimental data for Br (H,0), and I"(H,0),
clusters with n =1, 2, ... 15 can be superimposed if
properly scaled. That means that for both cluster
systems the stabilization energy E,,, , which depends
on the size of the cluster # and the nature of the ion
p, can be multiplied by a scaling factor C, to
produce a universal function f(#n) independent of the
nature of the ion in the cluster, i.e.

f(n) = C,Eg(p;n). e))

We also observed that the data for photodetachment
spectra on C1-(H,0), clusters with n=1, 2, ...7,
if scaled, can be superimposed with the curve given
by Eq. (1). While experiment shows that Eq. (1) is
correct for chloride /water clusters with up to seven
water molecules we assume that it is also correct for
clusters with up to 15 water molecules. Therefore
Eq. (1) can be used to predict the photodetachment
spectra for C17(H,0), clusters with n=8,9, ...15.
To find these values we first of all assume that
Cq =1 and therefore we get

f( n) = Estab(ch n)‘ (2)
For bromide from Eq. (1) one has

7 7
Z f( Il) = CBr Z Estab(Br; n) * (3)

n=1 n=1

Finally, from Egs. (2) and (3)

7
L E,u(Clin)
n=1
CBr = 7 . (4)
2 Estab(Br; n)
n=1

The same procedure is applied to the data on clusters
with iodide. This results in the following values for
scaling factors: Cp =121 and C;=1.52. Using
these two factors we get scaled stabilization energies
for clusters with iodide and bromide. The predicted
stabilization energy of clusters C17(H,0), with n
between 8 and 15 is taken to be the average between
the scaled stabilization energies of the same size
clusters with bromide and iodide, i.e.

CBr Estab(Br; n) + Cl Estab(I; n)
2 5
(5)

Estab(CI; n) =

Table 1

Experimental and predicted electrostatic stabilization energies (in

eV) of CI~ (H,0), clusters. Predicted values were based on

scaling of experimentai data for Br~ and I~ with respect to those

for C1~ (H,0), (n=1...7)

n  Br I~ Cl-
(Exp.) Scaled (Exp.) Scaled Exp.

Prediction

1 (057 069 0.45)  0.68 0.76  (0.69
2 (1.08) 131 0.86) 131 136 (131
3 (158 192 (1.23) 187 1.89  (1.90)
4 (191) 232 (1.53) 233 231 (232)
5 (217) 264 .71y 260 260 (2.62)
6 (245 298 (2.05) 3.12 297 (3.05)
7 @71) 329 2.14) 3.25 327 (32D
8 (283) 3.4 (222) 3.38 - 3.41
9 (287) 3.49 (2349 356 - 3.52
10 (296) 3.60 (2.40) 365 - 3.62
11 (299 3.64 (2.43) 3.70 - 3.67
12 (3149 382 (2.49) 3.79 - 3.80
13 (3.17) 385 257 391 - 3.88
14 (3.32) 404 (2.58) 392 - 3.98
15 (333) 405 (2.63) 4.00 - 402

where n= 8,9, ...15. The values of experimentally
measured E,,,(u; n), scaled values of E,(u; n)
obtained from Eq. (1) and predicted values of
E,,,(CL; n) obtained from Eq. (5) are given in Table
1.

3. Calculation of stabilization energies

The electrostatic stabilization energies can be cal-
culated from molecular dynamics simulations. This
is done by calculating the difference in energies of
the cluster with the post-ejected halide and the clus-
ter with the ion prior to ejection. In this calculation
the nuclear configurations remain frozen while the
fast degrees of freedom (induced dipoles) are al-
lowed to relax. The average of the energy difference
over the equilibrated trajectory represents the stabi-
lization energy. To study the effect of temperature
and potential parameters on the stabilization energy
we performed simulations at ‘high’ temperature (i.e.
above 200 K), at ‘low’ temperature (i.e. 100 K), and
calculated stabilization energies using different val-
ues of the Lennard-Jones parameter o and polariz-
ability o for the post-ejected ion when the POL!
model was used. We also studied the effect of tem-



34 I1.-C. Yeh et al. / Chemical Physics Letters 264 (1997) 31-38

perature and the parameter ¢ on the stabilization
energy calculated from the simulation using the OPLS
potential. Results from six sets of calculations are
reported here: three sets of calculations performed
with the POL1 model (sets 1, 2 and 3) and three sets
performed with the OPLS model (sets 4, 5 and 6).
Every set contains calculations for clusters
CI7(H,0), where n=2, 3, ...15. As we observed
it previously, the results from the calculations on
clusters with n =1 may depend on the initial condi-
tions and that is why we do not report them here.

The energy of the cluster in the simulations under
the POL1 model is:

Uto( = Uel + ULJ + Upo] + U3<body 4 (6)

where U, is the electrostatic energy, U, is the
Lennard-Jones energy, U, is the polarization energy
and U, is the water—ion—water correction en-
ergy. The functional forms of these energies are well
known and are given in our previous papers [1,2,12].
The changes in parameters that distinguish between
the sets of simulations under the POL1 potential are
related to the terms that describe the Lennard-Jones
post-ejected ion—water interaction:

(el - (22
"o Tio

and the polarization energy of the post-ejected ion:
UpoI(I) = _%a]EI 'E10~ (8)

Uy = 4e)0

(M

In Eq. (7) oy is the Lennard-Jones o parameter for
the post-ejected ion—water oxygen interaction which
is obtained using the sum rule:

oy + 0po

. (9

It is the parameter o; that we change in the calcula-
tions of the stabilization energies. In Eg. (8) «; is
the polarizability and E,; and E_ are respectively the
total electric field and the electric field due to perma-
nent charges at the ion site. The polarizability «;
from Eq. (8) is also changed to reflect the ejection of
the electron. For the OPLS model only the Coulomb
energy and the Lennard-Jones energy terms con-
tribute and therefore we change only the parameter
oy to reflect the change due to the ejection of the
electron. A more detailed description of the Hamilto-
nian for the cluster and the methodology used in the

O =

simulations are given in our previous papers [1,2,12].
For simulations with the POL1 potential the first set
(set 1) was done in the same way as in our previous
simulations, i.e. the values of the Lennard-Jones
parameter oy and the polarizability for the post-
ejected ion remained the same as for the Cl~ ion
(oy =432 A and ;=325 A% [12). Also the
temperature of the clusters was ‘high’; more specifi-
cally for clusters with 2 to 4 water molecules it was
275 K, for clusters with 5 to 9 water molecules it
was 250 K and for clusters with 10 to 15 waters it
was 225 K. For each cluster size we performed after
50 ps equilibration a molecular dynamics run of 1 ns
duration. The time step was 1 fs and every 100th
configuration was saved, providing us with 10000
configurations, which were used for calculations of
the stabilization energies. To see the effect of tem-
perature, we selected equally spaced 100 (out of
10000) configuration points from the ‘high’ tempera-
ture trajectory and dropped the temperature of these
points to 100 K. Each point served as a starting point
for a trajectory at the ‘low’ temperature of 100 K.
The total runtime of each trajectory was divided into
two periods: equilibration and production. We report
here results with 5 ps equilibration and 5 ps produc-
tion run. We tested different periods of equilibration
and production, including lengthier ones of 50 ps.
No substantial difference in the results was found.
During the 5 ps production run, configurations were
recorded at every 50 fs giving us 100 configurations
per each 100 starting configurations. The stabiliza-
tion energy for each cluster was therefore computed
from an average over these 100 X 100 = 10000 pcints
in the configuration space. We observed that lower-
ing the temperature and retaining the potential pa-
rameters results in increased values of the stabiliza-
tion energies. The reduction of the o parameter for
the post-ejected ion decreased the values of the
stabilization energies. We report here the values of
the stabilization energies for two sets of calculations
both of which were performed at 100 K and in both
of the sets we assigned the same value of polarizabil-
ity o; =230 A? 1o the post-ejected ion. This value
corresponds to the polarizability of the neutral Cl
atom. Sets 2 and 3 differed in the value of the oy
parameter. In the second set we used o = 3.70 A,
as prescribed by Markovich et al. [13], while in the
third set we used ay; = 4.00 A. The results are given
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Table 2
Electrostatic stabilization energies (in eV) for C1~(H,0), calculated from the POL1 model
Exp. and prediction Set 1 Set 2 Set 3
Ta_al 432 A 370 A 4.00 A
P 325A 2,30 A3 230 A3
Temperature *high’ ‘low’ ‘low’
n (unscaled) scaled (unscaled) scaled (unscaled) scaled
1 0.76 - - - - - -
2 1.36 (1.3 1.34 (1.29) 1.29 (1.32) 1.30
3 1.89 (1.89) 1.88 (1.79 1.86 (1.90) 1.88
4 231 .32) 2.31 2.27) 236 (2.39) 2.36
5 2.60 2.71) 2.70 (259 2.69 (2.73) 2.70
6 2.97 (2.99) 2.98 (2.87) 298 3.01) 2.97
7 3.27 (3.22) 3.21 (3.09) 321 (3.23) 3.19
8 3.41 (3.44) 3.43 (3.29) 3.42 (3.449) 3.40
9 3.52 (3.58) 3.57 (3.39) 3.52 (3.54) 3.50
10 3.62 (3.74) 3.73 (3.48) 3.62 (3.63) 3.59
11 3.67 (3.83) 3.82 (3.59) 3.73 (3.75) 3.70
12 3.80 (3.88) 3.87 (3.63) 3.77 (3.78) 3.73
13 3.88 (3.92) 3.91 3.71) 3.86 (3.87) 3.82
14 3.98 (4.02) 4.01 (3.78) 3.93 (3.94) 3.89
15 4.02 (4.06) 4.05 (3.80) 3.95 (3.96) 3.91
in Table 2 and are denoted as ‘unscaled’. Similarly, of the oy; parameter for the post-ejected ion was the
three sets (sets 4, 5 and 6) of calculations were same as for the pre-ejected ion. The temperatures for
performed using the OPLS model. In set 4, the value the clusters in this set was ‘high’. The calculation
Table 3
Electrostatic stabilization energies (in eV) for C1~(H,0), calculated from the OPLS model
Exp. and prediction Set 4 Set 5 Set 6
Ga-al 431 A 3.69 A 398 A
Temperature ‘high’ ‘low’ ‘low’
n (unscaled) scaled (unscaled) scaled (unscaled) scaled
1 0.76 - - - - - -
2 136 1.21) 1.17 (1.13) 1.17 (1.18) 1.18
3 1.89 (1.78) 1.73 (1.65) 1.70 1.72) 1.71
4 231 (2.30) 2.23 17 2.24 (2.25) 2.24
5 2.60 (2.78) 2.70 (2.60) 2.69 (2.69) 2.68
6 2.97 (3.21) 3.11 (3.03) 3.13 3.14) 3.13
7 3.27 (3.57 3.46 (3.36) 347 (3.47) 3.46
8 3.41 (3.86) 3.74 3.61 3.79 (3.79) 3.78
9 3.52 (4.13) 4.00 (3.95) 4.08 (4.10) 409
10 3.62 437 4.24 4.19) 433 (4.32) 431
11 3.67 (4.60) 4.46 (4.41) 4.56 (4.55) 4,53
12 3.80 (4.76) 4.62 (4.55) 4.70 (4.69) 4.67
13 3.88 4.91) 4.76 (4.78) 494 4.92) 490
14 3.98 .11 4.96 (4.88) 5.04 (5.03) 5.01

15 4.02 (5.18) 5.02 (5.02) 5.19 .17 5.15
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sets 5 and 6 were performed at 100 K and with the
reduced value of the parameter o. The reduction
was taken to be in the same proportion as in the case
of the POL1 model. The results from the calculations
with the OPLS model are given in Table 3 and are
also denoted as ‘unscaled’. As we can see from
Tables 2 and 3 the stabilization energies do not
change substantially with the change in temperature
and with the change of the Lennard-Jones parameter
(and polarizability, in case of the POL1 model) of
the post-ejected ion. As a matter of fact we found
that by reducing the temperature to 100 K and the
Lennard-Jones parameter op; by = 10% we retain
practically the same stabilization energy as calcu-
lated from the simulations with temperatures above
200 K and with unchanged polarization and
Lennard-Jones parameters. This is seen from the
comparison of sets 1 and 3 in case of the POLI
model and sets 4 and 6 in case of the OPLS model.
The close agreement between the calculated stabi-
lization energies in these sets occurs because the
decrease in temperature increases the stabilization
energy and the reduction in Lennard-Jones parameter
decreases the stabilization energy, therefore the two
factors compensate each other.

As we can see the calculated stabilization energies
using the POL1 model show a good agreement with
the experimental data for clusters with up to seven
water molecules and with the predicted data for
clusters that contain 8 to 15 water molecules. The
energies do not change much when the temperature
of the clusters is lowered and when the potential
parameters for post-ejected ion are changed. For the
simulations with the OPLS model we observed that
by reducing the Lennard-Jones parameter we get
results closer to the predicted data for clusters with
more than seven water molecules, but at the same
time we get further away from the experimental data
for clusters with 1 to 3 water molecules. It seems
that in this case, the experimental data together with
the predicted data are described by one type of
curve, while the calculated data, if scaled, belong to
another type of curve. This idea can be easily
checked. Let us say that the stabilization energies
obtained from the ith calculation set can be scaled to
some curve g(n) which is independent of the set, i.e.
we can write that

g(") =éiEstab(i;n)' (10)

If the function g(r) can be scaled to f(n), the same
function that was defined by Eq. (2), we have that

f(n)y=Cyg(n). (11)
From the last two equations one gets
f( n) = CoéiEstab(i;n) = CiEstab(i;n)' (12)

To find the coefficients C; we sum the last equation
for clusters with n = 2-7 to get:

7
Y f(n)
C,= —2=2

¥

e (13)
2_:2 Estab( i; n)

In Eq. (13) f(n) are the experimental data for stabi-
lization energies in clusters C1-(H,0), with n=2,
3, ...7 (see Eq. (2)). The coefficients C; from Eq.
(13) were calculated for all six sets of cluster calcu-
lations and the calculated stabilization energies were
scaled using these coefficients. The results, which
are denoted as ‘scaled’, are presented together with
the ‘unscaled’ data in Tables 2 and 3. To get a quick
grasp on the data we have also presented them in a
graphical way. The unscaled data calculated using
three sets under the POL1 model together with the
data from experiment and predictions are presented
in Fig. la. The scaled data from the POLI sets,
experimental data and predicted data are presented in
Fig. 1b. Fig. 2a and b present the same type of data
calculated using the OPLS model. Finally in Fig. 3
we present the experimental, predicted and best fit to
scaled data from the calculations using POL1 and
OPLS models. As we can see from Fig. 3 the
agreement between the curve from the POL1 model
and the experimental data and predictions is quite
remarkable. At the same time there is an obvious
disagreement between the experimental data together
with predictions and the scaled curve obtained from
the calculations using the OPLS model.

4. Conclusions

Recently it was pointed out [6] that to compare
the computed stabilization energies for C17(H,0),
clusters with the measured ones, the temperature of
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Fig. 1. (a) Electrostatic stabilization energies calculated using the
POL1 model. Squares, diamonds and triangles denote E,, ob-
tained from simulations using the POL1 model with parameter
sets 1, 2 and 3, respectively. Circles and stars represent experi-
mental and predicted data for C1™, respectively. (b) Same sets of
data as in (a), only with scaling for calculated Eg,, .

the clusters in the simulations must be close to the
experimental one, i.e. around 100 K. Also, the poten-
tial parameters describing the interaction of post-
ejected ion with water should be different from the
ones describing the interaction of the pre-ejected ion
with the water. We reported here calculations that
take the changes in temperature and potential param-
eters into account. Our results show that for calcula-
tions on the CI"(H,0), clusters with n=2, 3,
... 15 the results do not change dramatically. More-
over, when the results are scaled in a simple fashion,
we see that they are independent of temperature or
the potential parameters and that they belong to the
same curve. We observed that simulations under
different potential models produce different curves.
We also observed that the curve that is obtained by a
best fit to the scaled data from the simulations where
the potential includes explicit polarization (POL1), is
in a very good agreement with the data from the
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Fig. 2. (a) Electrostatic stabilization energies calculated using the
OPLS model. Squares, diamonds and triangles denote Eg,, ob-
tained with parameter sets 4, 5 and 6, respectively. (b) Same sets
of data as in (a), only with scaling for calculated E,,-
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Fig. 3. Comparison between the calculated, the experimental
(circles) and the predicted (stars) stabilization energies. Solid and
dotted lines represent the best fitted curves for scaled Eg,,
calculated from the simulations with POL1 and OPLS models,
respectively.



38 1.-C. Yeh et al. / Chemical Physics Letters 264 (1997) 31-38

experiment and with the predicted data, while the
curve obtained from the simulations with the pair-
wise potential is different from the experimental/
prediction curve.

One should not forget that the data for the stabi-
lization energies in the clusters with more than seven
water molecules are our predictions. If they are
correct (the very good agreement between the calcu-
lations with POL1 potential and the predictions indi-
cates that this may be the case), then the comparison
given in Fig. 3 illustrates why the inclusion of the
explicit polarization into the computational scheme
is really needed to correctly describe the photode-
tachment experiment for the Cl~ ion in aqueous
clusters and the location of the ion in these clusters.
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