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Abstract. In this paper, we explore the use of stochastic optimizer, namely simulated annealing (SA) fol-
lowed by density function theory (DFT)-based strategy for evaluating the structure and infrared spectroscopy
of (H,0),, OH™ clusters where n = 1-6. We have shown that the use of SA can generate both global and local
structures of these cluster systems. We also perform a DFT calculation, using the optimized coordinate obtained
from SA as input and extract the IR spectra of these systems. Finally, we compare our results with available
theoretical and experimental data. There is a close correspondence between the computed frequencies from our
theoretical study and available experimental data. To further aid in understanding the details of the hydrogen
bonds formed, we performed atoms in molecules calculation on all the global minimum structures to evaluate

relevant electron densities and critical points.
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1. Introduction

Cluster chemistry and physics have become an actively
pursued area of research in contemporary chemical
physics. Both atomic and molecular clusters are studi-
ed and characterized with great effort. Experimen-
talists are interested in determining the bonding,'~'®
structure and spectroscopy of these systems and the-
oreticians have contributed to the logical explanation
of experimental findings. There are different types
of systems ranging from atomic clusters, especially
noble gas clusters (modelled by Lennard Jones (LJ)
potential), metallic and alloy clusters (modelled by
Gupta potential) and molecular clusters, especially
water clusters (modelled by ST2, SPC, TIP2P, BF,
TIPS2, TIP3P, TIP4P, SPCE/POL, etc.) and hydrated
halide ion clusters (modelled by modified TIP3P,
TIP4P, SPCE/POL, etc.), which are studied exten-
sively by different researchers.””~* These potentials
are a combination of Lennard—Jones and Coulombic
interactions with the contribution of polarizability
factors. Besides these model potentials, theoreticians
have also used brute force ab initio based quantum
chemical calculations using DFT, MP2, etc. on these
systems.*! =% Still the size-specific water-hydroxide ion
clusters where water encapsulates a single hydroxide

*For correspondence

Simulated annealing; density function theory; water clusters; infrared spectrum.

ion is an interesting system and a principal sub-
ject for molecular dynamics and statistical mechanical
simulations.

The study of these cluster systems using the above
mentioned empirical potentials is difficult because the
potential energy surface (PES) of these systems is
extremely rugged and supports multiple minima. The
task of finding the global or the deeper minima in these
systems is challenging and can be a serious test of
different optimization techniques. In scenarios such as
these, it is prudent to switch over to stochastic opti-
mization techniques against conventional determinis-
tic ones. The reason is obvious. Stochastic techniques
have a greater potential of finding global minimum
than deterministic ones. Simulated annealing (SA)?7~!7
is one such celebrated scheme and has been widely
used in contemporary chemical studies and can be a
good choice for studying hydrogen bonded''®~'?*cluster
systems of the type (H,O), OH™ as shown by us.

The motivation for studying these systems is mani-
fold. The most obvious is to see how competing hydro-
gen bonds and their relative strengths dictate the final
structure that a cluster such as these can have. The gene-
ration of size specific clusters and the characterization
of the O — H stretching frequencies for water molecules
coordinating hydroxide ion as well as its variation with
the size of the cluster is an engaging area of research.
If the central ion is OH™, one of the possible hydrogen
bonded interactions is of O — H — — — OH"™ type. In
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this situation, one might expect that the ultimate struc-
ture of a given (H,O), OH™ cluster will be dictated by
the creation of as many O — H — — — OH™ interactions
as possible. In such cluster systems, there might arise
a situation when after arranging a certain number of
O - H bonds of H,O towards hydroxide (OH™), a sat-
uration point is reached and any excess H,O molecule
added to the cluster system will form hydrogen bonded
network to other water molecules, the interaction being
of O—H———O0 type. These hydrogen bonds also leave
their mark on the infrared (IR) spectroscopy of these
systems. The general trend is the occurrence of intensi-
fied red-shifted peaks compared to the position of the O
— H stretch in free water. Cages formed by O—H———0
interaction show their signature on the infrared (IR)
spectroscopy of these systems also. This study pro-
pose and use a combined SA+DFT strategy to find
out high quality structures as well as IR spectroscopic
modes. We believe that an initial search on an empir-
ical PES by SA followed by a DFT calculation using
the optimized SA structure can lead to the achievement
of good quality structures with comparatively reduced
computational labour. As a check on the quality of
the structure evaluated, spectroscopic modes are deter-
mined and the results compared with those available in
literature.

2. Experimental
2.1 Potential for the system

To model the (H,O), OH™ cluster system, we have
used intermolecular potential function known as TIP3P
as suggested by Jorgensen et al. 2! It is a combi-
nation of Lennard Jones and electrostatic or coulomb
terms which acts between all intermolecular pairs of
charges. The model consists of a rigid water monomer
which has three interaction sites. Here, the LJ poten-
tials are present between oxygen atoms. Besides this,
the model has charge separation for which it pos-
sesses a negative charge (—0.834¢) on oxygen and posi-
tive charge (0.417¢) on hydrogen and to accommodate
excess negative charge, the charge on oxygen of OH™
ion is —1.417e. Total potential energy expression for
the cluster system can be written as

Utotal = ULJ + Ucoula (1)

where Uyp; is the Lennard Jones interaction energy
and U,y is the coulombic interaction energy. Detailed
expressions of the potential energy are given in the
paper by Jorgensen et al.'®~>! The parameters for the
potential function are given in table 1. It must be
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Table 1.
potential.

Potential energy parameters used in model

Parameters for potential energy function

r(OH), A 0.9572
/HOH, deg 104.52
A x 1073, keal A'2/mol 582.0
C, keal AS/mol 595.0
q(0) —0.834
q(H) 0.417

mentioned, here that other models for water clusters
exist, which incorporate more interactions over TIP3P
such as SPCE/POL or TIP4P. We perform our initial
evaluation of structures using SA with the TIP3P poten-
tial because our strategy ultimately is to perform a DFT
calculation with the pre-optimized SA structures. Since
the TIP3P-supported structures will be further verified
at the DFT level, we desist from using other models
such as the SPCE/POL or TIP4P.

2.2 Simulated annealing method

After generating potential energy for the system, we
use stochastic global optimizer called simulated anneal-
ing to determine the critical points which are supported
by the potential energy function and ultimately deter-
mine structures of the water—hydride clusters. SA is a
technique which borrows its working principle from the
physical process of annealing. In physical annealing, a
moistened melt of metal is heated to a very high tem-
perature and then cooled down very slowly to reach
the thermodynamic minimum energy state. The origin
of the working of SA is based on metropolis sampling
scheme. If find out the minima (global and local) of a
potential energy function, one has to start with a ran-
domly generated and guessed solution. This solution is
far away from the actual solution. Here, one needs to
modify the starting solution using some criteria so that
at the end, the desired minimum (global and local) solu-
tion is found out. The solution with which the process
is started can be updated in the following way, for the
initial set, one coordinate is randomly selected say y;.
Then, a random change is given in the following way,

yi =y + (=1 AR. 2)

In eq. (2), i is a random integer, R is a random num-
ber (between 0 and 1) and A is the desired ampli-
tude of change. Now, the variable can change in both
the positive and negative direction. After obtaining the
new set of coordinates, one can calculate U., where

tota
U/ is the total potential energy from the new set.
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The U, is evaluated by using the updated coordinates
and eq. (1) to calculate the energy of the instantaneous
structures at the TIP3P level of theory. The value of
U/ ., can be compared with the potential energy U?,
which is evaluated with the older set of coordinates. The
move is accepted when U! =~ < U?,  and if the reverse
occurrs, the move is not rejected directly and it is sub-
jected to the Metropolis Sampling Test. Now we have
constructed a function, generally known as objective
function (F)

F = Ugu — Up)*, 3)
where Uy is lower bound energy and its value is sup-
plied. Through the search, the value of F' will be mini-
mized and it is obtained when Uy, 1S minimized. With
U .» FO is evaluated and with U, F, is evaluated.
Now, if AF(F,— Fy) is negative, the move is accepted,
otherwise it is subjected to the Metropolis Sampling
Test.

In SA, there is a temperature-like quantity (7).,
which is similar to annealing temperature at every step.
It helps to evaluate the sampling probability, which is

Ps = exp (_?F) . 4)

at

The value of Pg is in between 0 and 1. A random num-
ber R which is also in between O and 1 is called and it
is compared with Pg. If Pg is larger than R, the move is
accepted, otherwise it is rejected. In the initial stage 7',
is kept high so that the value of P will be about one and
hence most moves will pass the Metropolis Sampling
Test. Initially, as the T’ is high, the system can over-
come any potential energy barrier and the correct direc-
tion is achieved easily. The temperature is decreased
gradually which is called the annealing schedule. The
T, is a parameter which controls the thermal fluctua-
tion. At higher 7', thermal fluctuation is also high and
it helps the system to move out from a local attractive
basin towards a deeper energy basin. In later stage of
the search, the annealing temperature as well as thermal
fluctuation decreases so that the value of Pg becomes
low. It is essential as in the later stage only, those moves
are accepted for which energy decreases. Gradu-
ally, when T,, — 0, the system finds out the desired
solution.

2.3 Quantum chemical calculations

The SA-based search has generated various low-lying
energy structures for (H,0), OH™ system (n = 1-6).
Now, the geometries of the structures are used as an
input for DFT calculations ([with basis set 6-311G++
(d, p) and B3LYP functional]) to obtain frequencies
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of the IR modes. We have used Gaussian package for
quantum chemical calculations. Energies of SA and
DFT calculation are different. This is because SA evalu-
ates the energy from empirical potential energy func-
tion while DFT evaluates the total energy of the system
concerned.

3. Results and discussion

3.1 Structures and spectroscopy of (H,0), OH™
clusters obtained from SA-based search and DFT
calculations

In the literature, vibrational frequencies of water-
hydroxide clusters are reported.’®-3!:36-% The IR spec-
trum of the global minimum clusters are shown in
figures 1 and 2. While figure 1 shows IR peaks in the
entire frequency range, figure 2 depicts peaks in the
range of 3400—4000 cm~'. This is the frequency range
where the effects of hydrogen bonding on the stretch-
ing modes are expected to be visible. This is done to
highlight the high frequency modes and in the larger
clusters to prominently display the red-shifted hydro-
gen bonded peaks with respect to the free O-H stretches.
The spectral details are depicted in table 2.

(i) (H,O) OH™

The SA and DFT based structures show close similarity.
Both of the structures show one hydrogen atom close
to the coordinating OH™ ion. The structures are shown
in figure 3a and b, respectively. The H-bond lengths are
different in figure 3a and b. This is because the first one
is obtained after SA calculation and the second after
DFT. The SA calculation uses only a empirical potential
and the results are expected to be quantitatively differ-
ent from the DFT one. The empirical potential in gene-
ral underestimates the strength of the interaction and
hence predicts a larger length as opposed to the more
accurate DFT evaluation.

The spectrum of this cluster is shown in figures 1
and 2. In this system, only two peaks of weak inten-
sities are obtained. These are 3816.11 c¢cm™' and
3849.80 cm~' with intensities 18.4159 and 0.8765,
respectively. The main contribution to the peak at
3816.11 cm™! occurs due to vibration of the O(4) and
H(5) bonds, while the vibration of the O(1) — H(3)
bond contributes to the peak at 3849.80 cm™.

(i) (H,0), OH~

Structures obtained using the SA and DFT are very
similar. In both of the cases, there are two O — H---O
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Figure 1.

hydrogen bonds of equal strength and proximity with
the central OH™ ion. The other two hydrogen atoms are
away from each other in order to minimize the Coulom-
bic interaction between them. The structures are shown
in figure 4a and b, respectively. The local structure from
SA is shown in figure 4c and it shows that the two
O — H--- O interactions are of almost equal strength
and equal proximity. It is seen from the structures that
the two H-bonds present in each have certain notice-
able differences. Specifically in figure 4c the two H-
bonds are unequal. This is because, figure 4c is a local

IR spectrum of (H,0),, OH™ cluster systems.

structure and has some degree of asymmetry compared
to the global which is totally symmetric. Generally, in
this type of cluster systems the relatively symmetric
structure seems to be lower in energy.

The peak at 3842.70 cm™! with relative intensities
of 3.5178 occurs due to the vibration of O(7) — H(8)
mode. There are two peaks at 3870.03 ¢cm~! and
3870.21 cm™! and their intensities are 3.9091 and
4.3991, respectively. Both of the peaks occur due to
O(1) — H(2) bond vibration coupled with O(4) — H(5)
bond vibration.
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Figure 2. IR spectrum from 3400 to 4000 cm ™' of (H,0), OH™ cluster systems.

(i) (H,O); OH™

Structures with SA and DFT based method are shown
in figure 5a and b, respectively. The SA-based struc-
ture similar to a triangular structure while the DFT-
based structure looks similar to a tetrahedral one. In
both of the cases, there are three O — H--- O hydro-
gen bond interactions of equal strength and equal
length. The higher energy structure (local) obtained
from SA is shown in figure 5c. The structure is simi-
lar to the lower energy structure obtained from SA with
slight difference in the three O — H--- O interaction
lengths.

The IR spectrum of the cluster is shown in figures 1
and 2. For this system we have five vibration
frequencies which give rise to five peaks out of which
the peak at 3023.40 cm™! has high intensity of 754.9940
and it occur due to O(1) — H(2), O4) — H(5) and
O(7) — H(8) vibration. The peak at 3851.99 cm™! with
intensity 0.0025 and originates from O(10) — H(11)
vibrational mode. The peak at 3870.89 cm~' with
intensity of 11.2489 occur due to O(1) — H(3) and
O(7) — H(9) vibrational modes. The peaks at
3871.04 cm~! with 11.5559 intensity and at
3871.51 cm™! with intensity of 13.4634 occur due to
bond vibrations involving O(1) — H(3), O(4) — H(6)
and O(7) — H(9) simultaneously.
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Table 2. Infrared spectroscopic modes of (H,O), OH™ clusters.
Spectral data of (H,O),, OH™ clusters
(O-H) stretching frequencies (cm™1)
Species DFT calculated (harmonic) DFT calculated (anharmonic) Experimental*~!?
(H,O) OH™ 1669, 2144, 3816, 3849 1491, 2029,3656, 3866, 3877 055, 3380, 3653
(H,0), OH™ 2647,3842, 3870 2745, 3553, 3858, 3882 2700, 3660, 3694
(H,0); OH™ 2859, 3023, 3851, 3870, 3871 2609, 2631, 2674, 3682, 3872, 3874 2600, 3695
(H,0), OH™ 3218, 3233, 3381, 3820, 2843,2875, 2964, 2968, 3434, 3497, 2900, 3447, 3489, 3615, 3675
3823, 3826, 3856 3502,3571, 3620, 3633, 3654, 3683
(H,0); OH™ 3253, 3318, 3454, 3508, 3096, 3298, 3357, 3456, 3491, 3523, 3446, 3532, 3572, 3621,
3579, 3744, 3754, 3801, 3541, 3569, 3605, 3629, 3654, 3648, 3700
3830, 3835, 3848 3698, 3853
(H,0)c OH™ 3068, 3272, 3433, 3602, 3639, 2975, 3167, 3400, 3420, 3430,

3659, 3700, 3751, 3844, 3866,
3867, 3878

3472,3546, 3642, 3869,
3875,3876

(iv) (H,0), OH™

For this cluster system, the structure with SA and DFT
based methods are shown in figure 6a and b, respec-
tively. Both the structures are present on the same line
with minor difference in angular disposition and the
DFT-based structure is more symmetric than the other
one. In both the structures O — H---O bond interac-
tion with the central OH™ ion is present. The local mini-
mum structure with less symmetric and lesser number
of O — H- - - O bonds with central OH™ ion is shown in
figure 6¢.

g

O
(a) (b)

Figure 3. (a) Global structure (SA) of (H,O)OH™.
(b) Global structure (DFT) of (H,O) OH™.

In this system, there are eight peaks in the spec-
trum range of 30004000 cm~'. Two peaks with inten-
sities 1165.5844 and 1165.6159 are at the same posi-
tion of 3233.79 cm™'. Both of them are highly intense
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Figure 4. (a) Global structure (SA) of (H,O), OH™.
(b) Global structure (DFT) of (H,0), OH™. (¢) Local struc-
ture (SA) of (H,0), OH™.
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(b) Global structure (DFT) of (H,O0); OH™. (¢) Local struc-  (b) Global structure (DFT) of (H,0), OH™. (¢) Local struc-
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in the spectrum and arise due to strong contribution
of O(7) — H(8) and O(1) — H(3) vibrational modes
with weak contribution of O(4) — H(6) and O(10) —
H(12) vibrational modes. The peak at 3381.26 cm™!
with strong intensity of 1048.8439 also originates from
the above bond vibrations. The peaks at 3820.74 ¢cm™'
(67.2507 peak intensity), 3823.80 cm~! (79.3363 peak
intensity), 3823.80 cm™! (79.3374 peak intensity) and
3826.61 cm™!' (0.0002 peak intensity) occur due to
vibrations of O(1) — H(2), O(4) — H(5), O(7) — H(9)
and O(10) — H(11) bonds. The peak at 3868.69 cm™!
(0.0107 peak intensity) occurs due to O(13) — H(14)
vibrational mode. The spectrum of the above system is
shown in figures 1 and 2.

(v) (H,0); OH™

The SA and DFT based structures for this system are
shown in figure 7a and b, respectively. The structures
are broadly similar with all the five water molecules
having close O — H---O bond interactions with cen-
tral OH™ ion. However angular dispositions of the
non-coordinating hydrogen atoms are slightly differ-
ent in these two structures. The structure related to
local energy is shown in figure 7c. Here, the number of
hydrogen-bonded interactions with the central OH™ ion
is less than that of global structure.

The IR spectrum corresponding to this system
is shown in figures 1 and 2. A total number of
11 peaks are observed in the spectrum. The most
intense peak is observed at 3318.59 cm™' (1306.5764
peak intensity) which is due to equally strong con-
tribution of O(1)—H(2) and O(13)—H(14) vibra-
tional modes with weak contribution of O(4)—H(6),
O(7)—H(9) and O(10)—H(12) vibrational modes. The
peak at 3253.79 cm™' (424.9876 peak intensity) occur
mainly due to O(1)—H(2) and O(13)—H(14) vibra-
tions. The peak at 3454.58 cm™' (403.4347 peak
intensity) occur due to O(4)—H(6) and O(7)—H(9),
at 3508.46 cm~! (391.9892 peak intensity) due to
0O#)—H(6), O(1)-H(@®) and O(10)—H(12) and at
3579.67 cm~! (486.2181 peak intensity) because of
0O(10)—H(12) interaction with moderate contribution of
O(4)—H(6) and O(7)—H(9) interactions. The other two
intense peaks occur at 3744.34 cm~! (190.3778 peak
intensity) and at 3754.82 cm~! (130.4440 peak inten-
sity). Both these peaks occur due to O(7)—H(8) and
O(10)—H(11) bond interactions.

(vi) (H,0), OH"

The two structures obtained from SA and DFT based
calculations are shown in figure 8a and b, respec-
tively. Here, we can again see that both the structures
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Figure 7. (a) Global structure (SA) of (H,O); OH™.
(b) Global structure (DFT) of (H,O); OH™. (¢) Local struc-
ture (SA) of (H,0); OH™.
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Figure 8. (a) Global structure (SA) of (H,O)q OH™.
(b) Global structure (DFT) of (H,O); OH™. (¢) Local struc-
ture (SA) of (H,0), OH™.

are essentially similar with minor difference in spa-
tial orientation. In both the structures, all the six water
molecules are close to the coordinating OH™ ion and
are able to form O — H- - - O hydrogen bonded interac-
tions. Figure 8c shows the local energy structure where
five water molecules are close proximity to the central
OH™ ion.

The IR spectrum of the cluster obtained from
the DFT calculation is shown in figures 1 and 2.
The system generates 12 peaks between 3000 and
4000 cm~!. The peak at 3272.84 cm~! (1352.0379
peak intensity) is the most intense peak and it origi-
nates from O(1)—H(2) vibrational mode with moder-
ate contribution from O(7)—H(8), O(13)—H(15) and
0(16)—H(17) modes. The second most intense peak is
at 3068.52 cm~! (690.2588 peak intensity) and is due
to O(1)—H(2) and O(16)—H(17) interactions. The third
one occurs, at 3659.15 cm~! (572.3403 peak intensity)
and occurs, due to O(4)—H(5), O(4)—H(6) interactions.
The vibrational mode O(10)—H(11) and O(10)—H(12)
contributes to the peak at 3639.64 cm~! (227.5687
peak intensity) and at 3751.28 cm™! (249.0348 peak
intensity). The peak at 3433.27 cm™' (496.8191
peak intensity) occurs due to O(7)—H(8) vibrational
mode; at 3602.55 cm~' (205.1738 peak intensity)
occurs due to O(4)—H(5) and O(4)—H(6) vibrational
modes. The peak at 3701.00 cm™' is also moder-
ately intense (245.6067 peak intensity) and it orig-
inates from O(7)—H(8) and O(7)—H(9) vibrational
modes coupled with O(4)—H(5) and O(4)—H(6) vibra-
tional modes. Another intense peak is observed at
3751.28 cm™' (249.0348 peak intensity), which is a
contribution of O(10)—H(11) vibrational mode coupled
with O(10)—H(12) vibrational mode.

The global minimum of all the cluster systems is that
for which all the OH bonds in H,O coordinates are close
to the central OH™ ion and has been observed in ear-
lier studies.’® The local minima from n = 4 onwards
have structures with fewer H,O molecules coordinating
directly with the central OH™ ion and engaging in H-
bonds with other H,O molecules at some distance away
from the central OH™ ion.

The energies of SA and DFT calculation are dif-
ferent. This is because SA evaluates the energy from
empirical potential energy function while DFT evalu-
ates the total energy of the system concerned. The
energy values are given in table 3.

It is worthwhile to discuss the trends in the hydro-
gen bond lengths as well as the strength of the H-bond
as one changes the size of (H,O), OH™ clusters. As
evident from the structures of the clusters depicted in
the figures, the H-bond length gradually increases from
around 1.37 A for n = 1 to a high value of 2.054 for
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Table 3. Energy values obtained from SA and DFT calculations.

Energy values from SA and DFT calculation
Species Global SA (kcal/mol) Global DFT (kcal/mol) Local SA (kcal/mol) Local DFT (kcal/mol)
(H,O) OH™ —27.2465 —152.3328
(H,0), OH™ —73.7531 —228.8282 —71.8180 —228.8053
(H,0); OH™ —113.1241 —305.3183 —108.7989 —305.2954
(H,0), OH™ —146.7705 —381.8021 —132.3167 —381.7670
(H,0); OH™ —175.4105 —458.2778 —165.5462 —458.2400
(H,0)c OH™ —195.3597 —534.7640 —184.6904 —534.6995

some of the H-bonds in n = 6 cluster. This result is seen
from following the structures evaluated after the DFT
stage. This is an expected trend since the single hydrox-
ide ion engages in a larger number of interactions with
more water molecules with increasing size of the clus-
ter. Hence, we expect a single H-bond formed by inter-
acting with the oxygen of the hydroxide ion to be larger
in length compare to the case in which there is only a
single H-bond formed as is the case for n = 1 cluster.
The structure evaluated after the SA stage also shows
an increase in the H-bond length, though its effect is
not as pronounced as the DFT calculation. This is again
expected because the SA calculation employs only an
empirical potential and its quantitative accuracy has to
be less than a rigorous quantum chemical calculation
done at some level of theory. The DFT calculation can
also give us the magnitude of H-bond interaction energy
for each of the cluster systems. This is now depicted
in table 4. The total H-bonded energy shows a gradu-
al increase, as expected, since the number of H-bonds
formed increase with increase in cluster size.

In continuation with the ongoing discussion, it is
worthwhile to note certain trends in the bond para-
meters (H-bond distances) after SA calculation and
the DFT level. The SA evaluated structures show a
gradual increase in H-bonded distances while in DFT,
the increase is appreciable. This is a more accept-
able trend because the DFT calculation are expected to
be more accurate than the SA, which uses the TIP3P
model potential for water. The TIP3P model does not
incorporate polarization corrections and assumes the

Table 4. Hydrogen bond energies obtained from DFT cal-
culations on (H,0), OH™ cluster systems.

Species Hydrogen bond energy (a.u)
(H,O) OH™ —0.046838
(H,0), OH™ —0.083663
(H,0); OH™ —0.115287
(H,0), OH™ —0.140534
(H,0)s OH™ —0.157687
(H,0)s OH™ —0.170226

charges to be localized on the hydrogen and oxygen
centres.'” So in principle, this is a point charge model
and does not allow any room for charge delocaliza-
tion, which is the feature of any quantum chemical sys-
tem. This is the main reason for the discrepancy in the
values at the two levels of theory. Our motivation for
using SA was to quickly generate good quality pre-
optimized structures which though not perfectly accu-
rate in terms of individual bond parameters, are perfect
from the point of view of symmetry. After DFT calcula-
tion, we can observe that the symmetry of the structure
does not change much but the individual bond parame-
ters are obviously updated. Another noticeable feature
is the difference in magnitudes of the H-bonds in the
local minima as compared to the global one, at least in
the smaller size clusters. This can be explained in the
sense that the local structures are relatively asymmetric
compared to the global one and are bound to show this
trend.

We have also calculated the frequencies of these
studied cluster systems incorporating anharmonic cor-
rections. This was done with a view to see if cou-
pling of the standard harmonic modes due to the
anharmonic perturbation plays a significant role or
not. Generally, it is observed that in such systems
where the central encapsulated entity is an ion, cou-
ple between modes should become prominent and the
frequencies evaluated at this level of theory should
be closer to the experimentally reported values. In
fact, this is what we observe in most cluster sizes,
if we refer to the values presented in table 2. Espe-
cially, if we look at clusters (H,0), OH™, (H,0); OH™,
(H,O), OH™, the position of highly intense ionic H-
bonded is much better evaluated with anharmonic cor-
rection and agreement with experiment is close. Specif-
ically, for (H,0), OH™, the experimental peak*!* is at
2700 cm~! while the anharmonic theory predicts a value
of 2745 c¢m~!. Harmonic approximation result shows
greater deviation with a calculated value of 2647 cm™!.
For (H,0); OH™ and (H,0), OH™, the agreements are
excellent where the theoretical predicted frequencies is
within 15 wavenumber of the experimentally reported
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one. For (H,O); OH™, again, the theoretically reported
value is within 10 wavenumber So, we can certainly
conclude that coupling of modes induced by anhar-
monicity plays a significant role in this systems.

The evaluated theoretical frequencies can also be
compared with reported theoretical ones. However, the
correspondence might not be of a high degree as the
values change significantly with change in the level of
theory.® Our effort with B3LYP functional and with
anharmonicity corrections predicts values which do not
differ significantly from the experiment.

The NPA (Natural Population Analysis) charges for
the global minimum structures (H,0),OH™ n = 1-6
have been determined to see if the charges evaluated can
throw some light on trends in the VDE (Vertical Detach-
ment Energy) of the cluster systems. Table 5 lists these
parameters. Charges on the oxygen and hydrogen atoms
of the hydroxyl group and the charges on the hydro-
gen atoms bound to the oxygen of the OH™ by hydro-
gen bonding are listed in columns 2—4. The fifth colum
lists the VDEs for the various cluster sizes. If we look
at the individual NPA charges on the atoms, the differ-
ence between them are marginal though there seems to
be a slight gradual increase in the positive charge on the
hydrogen of the hydroxyl ion as the size of the cluster
increases. However, the trend is not so regular for oxy-
gen atom of hydroxyl ion. But, it must also be noted that
the difference between magnitude of charges on vari-
ous atoms as the cluster size increases, is only nomi-
nal. So, we can come to a reasonably correct conclusion
that the strengths of various hydrogen bonds present in
the different cluster systems do no differ much. How-
ever, the number of hydrogen bonds present increases
rapidly with the increase in cluster size. For this mono-
negative cluster systems, the predominant portion of
the excess negative charge is expected to be located on
the oxygen atom of the hydroxyl group. As the size of
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Figure 9. Plot of VDE vs cluster size (n) of (H,O), OH™
systems.

the cluster increases, the oxygen atom of the hydrox-
yls gets much strongly bound to the surrounding water
molecules on account of the obvious increase in the
number of hydrogen-bonded interactions. So, if one cal-
culates the VDE, it is expected that it will be the highest
for (H,0), OH™ and least for (H,O) OH™ with a gradu-
al increase with increase in size of the clusters. This is
reflected in calculation of VDE (table 5) and plot of the
variation of VDE with size (figure 9).

3.2 Atoms in molecule (AIM)-based study
of topological analysis

A study on cluster systems involving H-bonding can
be efficiently conducted by using the AIM method
of Bader'" and the strategy suggested by Koch and

Table 5. NPA charge and VDE calculation of (H,O),, OH™ clusters.
NPA charge and VDE calculation of (H,O),, OH™ clusters
O atom of H atom of H atoms of surrounding
Species hydroxyl ion hydroxyl ion water molecules VDE in eV
(H,O) OH™ —1.206 0.393 H(2) = 0.483 3.27
(H,0), OH™ —1.220 0.415 H(3) = 0.506, H(5) = 0.506 4.32
(H,0); OH™ —1.213 0.430 H(2) = 0.505, H(5) = 0.504, H(8) = 0.505 4.98
(H,0), OH™ —1.254 0.438 H(3) = 0.499, H(6) = 0.500, H(8) = 0.499, 5.51
H(12) = 0.500
(H,0)s OH™ —1.278 0.443 H(2) = 0.496, H(6) = 0.489, H(9) = 0.494, 5.85
H(12) = 0.498, H(14) = 0.494
(H,0)s OH™ —1.235 0.449 H(2) = 0.496, H(5) = 0.486, H(8) = 0.496, 6.00

H(11) = 0.484, H(15) = 0.507, H(17) = 0.509

Numbers in the bracket correspond to the H atoms which are attached to the central OH™ ion.
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Popelier.'?® This method has been extensively used in a 4. Bonded radius of the hydrogen atom and the cor-
number of impressive application.'*!~!2> To describe an responding acceptor atom must individually be
interaction as a hydrogen bonded one, certain criteria less than the corresponding van der Waals radii
should be satisfied based on the AIM technique. while in the non-bonded state, further, an estimate

of H-bond energy can be made as this is con-
nected to the local potential energy density at the
hydrogen bond critical point along with the atomic
volume element using the following equation.

1. The existence of a bond critical point (BCP)
between the corresponding hydrogen atom and the
acceptor atom engaged in the interaction.

2. Magnitude of the electron density parameter p(r) s

(which is the main criterion to check whether a Eqy = _@Vep- (5)
H-bond has been created or not) evaluated at the 2

BCP must be within a specified range [0.002— We have pictorially depicted the AIM-evaluated struc-
0.004 a.u] tures connecting the electron density p(r) along with

3. Moreover, the Laplacian of electron density at the the location of critical points in figure 10a—f. Moreover,
BCP (Vzpc) must be +ve and should be within  we report in tabular form, the magnitudes of all the nece-

the range of 0.02-0.15 a.u. ssary parameters evaluated using the AIM study and
0.367259
3.
0.223874
2
0.111624

@63655

1 0.368433
H2 (b) He

Figure 10. (a) Global structure (AIM) of (HO)OH™. (b) Global structure
(AIM) of (H,0), OH™. (¢) Global structure (AIM) of (H,0); OH . (d) Global
structure (AIM) of (H,O),OH™. (e) Global structure (AIM) of (H,O); OH™.
(f) Global structure (AIM) of (H,0)s OH™.
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this is represented in table 6. The table along with other
necessary values contains the electron density as well
as the H-bond energy for each and every H-bond exist-
ing in all the cluster systems, that is (H,0), OH™ where
n=1-6.

4. Conclusion

This study demonstrates the utility of a strategy based
on combined SA and DFT to study structure and spec-
troscopic aspects of water-hydroxide ion clusters. The
simple strategy discussed here can answer many ques-
tions related to spectral shits of different size clusters.
We wish to extend our strategy to many fascinating
systems in future communications.
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