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Abstract

We investigated the reaction between a sodium atom and water molecules in both
small and medium-size vibrationally excited water clusters using ab initio molecular
dynamics simulations. Formation of NaOH was observed in small (n = 4, 5) clusters,
while water dissociation and subsequent geminate recombination accompanied by a
transient formation of a Na™OH™ pair occurred in a 34 water cluster. Our results
show that the initial step of the vibrationally excited reaction between a single
sodium atom and water does not shut off in larger clusters and that it can also
occur in the bulk water, however, more sodium atoms are likely required to stabilize

the product.
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1 Introduction

The reaction of sodium in water is a textbook example of a vigorous oxidation
process. Nevertheless, the microscopic mechanism of this reaction is still an
open issue to which cluster studies are shedding new light [1-5]. Based on both
experimental and theoretical investigations of clusters, a complex mechanism
involving at least three sodium atoms was proposed, consequently water clus-
ters containing a single Na atom were shown to be unreactive [6,7]. Recently,
based on density functional theory (DFT) calculations, a new mechanism re-
quiring only one sodium atom and characterized by a relatively low (below
20 kcal/mol) activation barrier was suggested [8-10]. The reaction, however,
becomes feasible at ambient conditions only upon effectively vibrationally ex-
citing a water O-H bond. It was also predicted that Na(H20),, clusters should
preserve their reactivity beyond the largest studied clusters of n = 17, whereas
in isoelectronic Mg*-doped clusters the hydrogen loss reaction shuts off for
n > 17 [10,11]. However, such large sodium doped clusters have not been yet

investigated computationally regarding their reactive properties.

In this work we focus on the dynamics of the reaction between a sodium
atom and water molecules in Na(H20),, clusters of increasing size using “on-
the-flight” ab initio molecular dynamics (MD) simulations. In previous DFT
studies the reaction Na + (H,0), — Na®™ + OH™ + H + (H30),_; was
characterized along the minimum potential energy path, i.e., effectively at
T=0 K [10]. Here, we study this reaction at finite temperature conditions
and facilitate it via a sizable vibrational excitation of a water OH bond. Our
previous ab initio MD calculations showed that both in small and large (up to

n = 34) vibrationally 'cold’ clusters containing only a single sodium atom the



reaction does not occur at the picosecond timescale thermally at 350 K [12].
Nevertheless, DFT results suggest that the reaction path is connected with
an elongation of the O-H bond in a water molecule located in the vicinity of
sodium atom in the cluster [10]. In this study, we vibrationally excite such an
O-H bond and computationally investigate the feasibility of the subsequent

chemical reaction.

2 Computational details

We studied the reactivity of a sodium atom in water clusters using ab initio
MD where atoms followed classical equations of motion, while forces were cal-
culated at each step using a quantum mechanical electronic structure method.
We employed the cp2k/Quickstep software package which describes the elec-
tronic structure using the density functional theory (DFT) with a mixed gaus-
sian and plain waves basis [14,15]. We used the BLYP functional combined
with the DZVP basis set and the GTH-type pseudopotential [16-18]. The
plain-waves energy cutoff was set to 400 Ry. This choice of parameters was
based on our previous study of collisions of a sodium atom with a water clus-
ter [12]. We employed the unrestricted Kohn-Sham scheme for the open-shell
neutral sodium-water clusters. Na(H50),, clusters with n = 4,5, and 34 were
studied. We used simulation boxes of sizes of 16x16x16 A for n = 4,5 and
20x20%20 A in the case of n = 34, employing the cluster boundary conditions.
Each simulation was started from a cluster pre-equilibrated in a canonical
(NVT) ensemble at T=300 K. Then, in order to model vibrational excitation,
we elongated one O-H bond of a selected water molecule close to sodium to a

chosen initial length (7;,;;) and then continued the simulation within the mi-



crocanonical (NVE) ensemble observing the subsequent non-equilibrium time
evolution of the system. Additionally, for selected clusters we performed ge-
ometry optimization runs using the DFT method with the BLYP functional

and the aug-cc-pVDZ basis set employing Gaussian software package [19].

3 Results and Discussion

3.1  Small water clusters

In order to identify the conditions required for reaction and to elucidate the
possible vibrationally excited reaction mechanisms we started with studies of
relatively small (n = 4,5) neutral water clusters doped with a sodium atom.
For both values of n we performed an extended search of initial configurations
(varying the initial value of the O-H bond elongation 7,; and the location
of an excited water molecule) that would lead to water dissociation and cre-
ation of NaOH. We systematically tested different O-H bond elongation values
starting from 7;,; = 1.0 A with a 0.1 A step (an equilibrium O-H distance
in water molecule in the gas phase calculated with the BLYP/aug-cc-pvDZ
method is equal to 0.98 A, the experimental value being equal to 0.96 A [13]).
We observed the reaction occurring typically for r;,; = 1.7 A , the shortest
'reactive’ O-H bond elongation was found to be 1.6 A for n = 5. The reaction

was not observed at the picosecond timescale for r;,; < 1.5 A.

As an example, Fig. 1 (solid line) presents the time evolution of the O-H dis-
tance of the initially elongated bond for one of the n = 5 clusters for the case
when the reaction was observed. The ¢ = 0 point corresponds to the moment

when the bond was elongated (7, = 1.7 A) Additionally, in order to test if



the presence of sodium was the factor inducing reactivity we followed a trajec-
tory for an analogical cluster with the sodium atom removed from the system,
and with the trajectory started with identical positions and velocities of atoms
of water molecules (dashed line in Fig. 1). In the presence of the sodium atom
the hydrogen from the elongated bond was ejected from the cluster after 2
periods of oscillation(at t ~ 40fs) and the NaOH product was formed. In con-
trast, in the system without sodium the energy from the elongated bond was
dissipated within the cluster and water dissociation was not observed (the am-
plitude of O-H bond oscillations decreases with time). Similar time evolution
patterns and the same behavior in the absence of sodium atom were observed
for other reactive n = 4,5 clusters investigated during this study. Therefore,
we can conclude that the presence of sodium was the necessary condition for

water dissociation in our simulations.

We studied also another reaction scenario starting from the sodium-doped
n =5 cluster with ry; = 1.7 A and a fully relaxed geometry of the remaining
water molecules to model an adiabatic vibrational excitation of the cluster.
These initial conditions corresponded to the transition state studied by Chan
et al. [10]. In this case, as for the reactive cases described above, we also
observed dissociation of a water molecule. However, a hydrogen atom was not
ejected from the cluster, and the dissociated water molecule recombined in the

final stage of the trajectory.

3.2  Medium-size water clusters

The n = 34 system was studied as an example of a medium-size water cluster.

We collected 4 trajectories, each with a single sodium atom inside the cluster.



As in the case of smaller clusters, one O-H bond of a water molecule in the
vicinity of sodium atom was initially elongated to 1.7 EA, corresponding to a
vertical vibrational excitation. In each trajectory a different water molecule
was chosen to be vibrationally excited. Fig. 2 presents time evolution of the
excited O-H bond length along each of the four trajectories. In three cases
(“B”, “C”, “D”) the reaction was not observed, rather the O-H bond length
oscillated between about 0.8 and 1.6 A with the period of about 30 fs. In
the trajectory “A” we observed more significant variations of the bond length.
Namely, shortly after the beginning of the simulation the excited O-H bond
was strongly elongated reaching more than 2 A at t = 30 fs. To test if the
presence of the sodium atom influences these results we calculated analogi-
cal trajectories with sodium atom removed from the cluster. The absence of
sodium did not change the behavior of 'non-reactive’ trajectories “B”, “C” and
“D”. In contrast, evolution of O-H distances for the trajectory corresponding
to the trajectory “A” changed qualitatively (see Fig. 3): without sodium atom
the extreme elongation of O-H bond was not longer observed and thus this tra-
jectory resembled the three remaining ones. Therefore, we can conclude that
the presence of the sodium atom was directly connected with the extreme

elongation of O-H bond observed in trajectory “A”.

We analyzed the electronic structure of the system along the trajectory “A”
for clusters both with and without the sodium atom. We focused on two char-
acteristic points in both trajectories, defined by the shortest and the longest
values of the O-H bond length. In the case of the sodium doped cluster these
characteristic points occurred at ¢t = 10 fs and ¢ = 30 fs (see Fig. 2A), while
for the system without sodium they were located at t = 7 fs and ¢ = 30 fs (see

Fig. 3). Fig. 4 presents two snapshots of the system without sodium atom in



both characteristics points of the trajectory. The spin polarization (i.e., the
difference between alpha and beta spin densities) is depicted on the plots and
the water molecule that was initially vibrationally excited is highlighted. At
t = 7 fs the O-H distance was equal to 0.81 A and no spin polarization can
be seen, i.e., all electrons in the system were paired. At ¢ = 30 fs, as the
O-H distance reached 1.8 A, a qualitatively different situation occurred. The
hydrogen atom was close to dissociation and there was a non-negligible un-
paired spin density located near both the hydrogen and the oxygen atom of
the remaining OH fragment with an opposite sign between both spin density
differences. Thus, near t = 30 fs for about 10 fs we observe a near-dissociation
of a water molecule. The difference in the sign of spin polarization reveals that

the dissociation products have a partially radical character.

Two corresponding snapshots displaying the difference between alpha and beta
spin densities for the open-shell cluster doped with sodium atom are depicted
in Fig. 5 (here, only positive values occur). At the step with the shortest O-H
distance (t = 10 fs, rog = 0.78A) the spin density reveals the presence of the
solvated electron shared both by sodium and the excited water molecule in the
cavity formed by surrounding water molecules, i.e., a pair of a sodium cation
and a solvated electron is formed. This picture is consistent with the results
from our previous study concerning a sodium atom in vibrationally unexcited
water clusters [12]. As the O-H distance in the excited water molecule increased
the distribution of electrons changed dramatically. The hydrogen atom from
the elongated bond penetrated the cavity where the solvated electron previ-
ously resided and the spin density then became localized on this dissociating
hydrogen atom. Moreover, some part of the spin density was localized in the

vicinity of the oxygen atom of the OH fragment. This observations revealed



that in the presence of sodium the dissociation reaction occurred according to

the overall scheme:

H,O + Na®* = Na* + OH™ + H* (1)

In other words, within this trajectory we observed the reaction of a neutral
sodium atom with a vibrationally excited water molecule and the formation of
dissociated sodium hydroxide. The reaction mechanism involves the following

steps:

e creation of solvated electron in the cavity formed by water molecules next
to sodium; this electron originates from the 3s electron of the sodium atom,

e interaction between the hydrogen atom of vibrationally excited water molecule
with the solvated electron which causes the breaking of the O-H bond in
the excited water molecule,

e creation of hydrogen radical located in the cavity previously occupied by

solvated electron.

This mechanism can be summarized by the following set of elementary pro-

cesses:

Na®* = Na™ +°
H,O=H" +OH" (
H +*=H" (

—
-~ W N
S~— N

The mechanism is similar to the one proposed by Chan and co-workers [10].
It should be stressed that in the end for n = 34 we observed neither hydrogen
loss nor the NaOH formation. The time scale of the reactive process was in a
range of tenths of femtoseconds and the products lived for about 100 fs, after-

wards they recombined forming back a water molecule, a sodium cation, and



a solvated electron. Chan’s studies suggest that the activation barrier for this
reverse reaction is very low, about 2 kcal /mol, therefore, the products quickly
recombined. The recombination was also possible because the hydrogen atom
was not ejected from the cluster and resided near the reaction site. We, there-
fore, observe a classical example of a cage effect leading to geminate recombi-
nation. It is likely that in order to stabilize Na™ and OH™ more sodium atoms
are required in order to provide additional hydrogen atoms that can form H,
molecules and thus shut off the reverse process. The necessity of having more
than a single sodium atom for reaction has been proposed previously for vi-
brationally unexcited clusters [6] and is also observed macroscopically when

gaseous hydrogen is formed as a product.

3.8 Activation energy

For the reactive trajectory in the n = 5 cluster presented in Fig. 1 we calculated
a vertical vibrational excitation energy of AFE,..; = 83 kcal/mol as an energy
difference between the vibrationally excited system (the configuration at ¢t = 0
with 7, = 1.7 A) and a fully optimized one. This energy can be viewed as an
activation energy of the studied reaction in the vertical excitation scenario. We
also performed a partial geometry optimization with the length of the excited
O-H bond kept unchanged, optimizing only the geometry of the remaining
atoms. The energy change during this optimization which corresponds to the
relaxation of water molecules around the vibrationally excited one was equal
to AFE,er = 67 kcal/mol. The difference AFE,e;q — AFE eqr = 16 kcal/mol
is the energy of excitation from the fully optimized system to the one with

both an elongated O-H bond and with relaxed geometry of the system, which
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corresponds to the transition state of the process studied by Chan and co-

_ adiabatic
=E act

workers in [10]. Therefore, the energy difference AF,ery — AE,ejan
can be viewed as the activation barrier of the reaction in the adiabatic reaction
scenario. Note that it correlates well with the value of 16 kcal/mol of the

minimal energy barrier for water dissociation in sodium-doped n = 5 clusters

[10].

In the case of n = 34 system we calculated the energy difference between the
vertically excited doped cluster and a similar system with the O-H distance
in the previously excited water molecule shortened to 0.98 A. This quantity
AFE],., = 47 kcal/mol is a measure of the vertical excitation energy, however,
it is not exactly equal to AFE,.,; defined above because here the non-excited
reference state was unrelaxed. £, is significantly lower than the correspond-
ing AE,+ = 83 kcal/mol for n = 5. This suggests that also the adiabatic
activation energy F2diabatic for the n = 34 cluster shall be lower than the cor-
responding value of 16 kcal/mol calculated for the smaller clusters. This is
also supported by the study of Chan et al., where activation barrier drops to
8 kcal/mol for n = 9 [10]. These results indicate that upon moving from small
(n = 4,5) to medium size (n = 34) clusters the activation energy of the re-
action between sodium and water possibly goes down below 16 kcal /mol, and
that in bulk water the barrier for the reaction involving a single sodium atom
mechanism can also be below this value. Note that experimentally it is diffi-

cult to vertically excite vibrational modes of water above some 60 kcal/mol,

however, adiabatic excitations above 16 kcal/mol are accessible [20].
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4 Conclusions

Using ab initio molecular dynamics we confirmed the possibility of both water
dissociation and NaOH formation in small vibrationally excited water clusters
(n =4,5) doped with a single sodium atom. We demonstrated that a vertical
vibrational excitation of about 80 kcal/mol is needed in order to initiate the
reactive process but if water molecules are allowed to relax a low-barrier reac-
tion path is possible with an activation energy of about 16 kcal /mol. We also
observed water dissociation and a transient formation of a Na®-OH™ pair in
a 34 water vibrationally excited cluster. This shows that the initial step of the
vibrationally excited reaction between a single sodium atom and water does
not shut off in larger clusters and that it can also occur in the bulk water.
However, in our simulations the reverse process of geminate recombination
occurs in the larger cluster due to the cage effect. This suggests that although
the investigated microscopic mechanism can involve in the very first step only
a single sodium atom, more sodium atoms are likely required to stabilize the

product.
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Fig. 1. Time evolution of O-H distance in the bond that was initially elongated for

two small (n = 5) water clusters: doped with sodium and a neat water one.
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Fig. 2. Time evolution of O-H distance in the elongated bond in medium-size

(n = 34) water clusters doped with sodium atom.
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Fig. 3. Time evolution of O-H distance in the elongated bond in the system corre-

sponding to trajectory “A” in Fig. 2 without sodium atom. cluster.

Fig. 4. Spin polarization for the shortest (¢ = 7 fs, left-hand-side plot) and the
longest (t = 30 fs, right-hand-side plot) O-H distance in the tagged water molecule
for n = 34 water cluster without sodium. Positive (green) and negative (blue) dif-

ferences between 0.0025 isovalues of alpha and beta spin densities are presented.
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Fig. 5. Spin density (0.0025 isovalue) for the shortest (¢ = 10 fs, left-hand-side plot)
and the longest (¢t = 30 fs, right-hand-side plot) O-H distance in the tagged water

molecule for n = 34 water cluster doped with sodium atom (blue ball).
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