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ABSTRACT: The thermal stability of first-row transition-metal-doped TM@Zn;S; nanoclusters, in
which TM stands for the first-row transition metals from Sc to Zn and i = 12, 16, has been
analyzed for the two lowest-lying spin states of each metal. These structures were previously
characterized by Matxain et al. (Chem.—Eur. J. 2008, 14, 8547). We have seen that the metal
atom can move toward the surface of the nanocluster, forming the so-called surface-doped
structure. Hence, we have calculated the relative energies between these two isomers.
Additionally, we have also characterized the transition states connecting both isomers and the
energy barriers needed to move from one to another in order to predict the thermal stability of
the endohedral compounds. These values are further used to predict the lifetimes of the
endohedrally doped nanoclusters. Most of the lifetimes are predicted to be very small, although
most of them are large enough for experimental detection. Conversely, the lifetimes of
Zn@Zn,S;, and Zn@Zn S have proved to be very large.
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1. INTRODUCTION

Interest in nanoclusters made of 1I-VI compound semiconductors has grown spectacularly in
recent years for their paramount technological potential owing to their special semiconductor
properties that make these compounds suitable for applications such as photovoltaic solar cells,
optical sensitizers, photocatalysts, quantum devices, or nanobiomedicine. 2 Moreover,
nanoclusters made of these materials can be doped in order to modify their properties at will. In
this context, spherical hollow nanoclusters provide the chance for endohedral doping, namely,
the dopant is placed inside the cavity of the hollow nanoparticle. For instance, doping these
nanoclusters endohedrally with transition metals leads to nanoclusters that would combine the
appropriate optical and magnetic properties as to be used in nanomedicine, not only for
improving of diagnosis applications but also in the development of tailored nanomaterials with
therapeutic properties to treat, for example, the hyperthermic tumoral regression. 3

In this work, we focus on first-row transition-metal-doped TM@Zn;S; nanoclusters, where TM
stands for the first-row transition metals (ScZn) and i = 12, 16. Of particular relevance to the
present research is the previous characterization of the endohedral first-row
transition-metal-doped TM@Zn;S; nanoclusters, in which TM stands for the first-row transition
metals from Sc to Zn and i = 12 and 16. 1 Zn,,S,, and Zn,;S;; were chosen because of their
high stability, on account of their high symmetry and highly spheroidal shape, that allows for
favored endohedral structures as compared to other nanoclusters. 4 In this previous work by
Matxain et al., 1 they observed that the encapsulation free energies are negative, suggesting
that these compounds are thermodynamically stable. They also undertook quantum molecular
dynamics calculations for two selected cases, Zn(1S)@Zn,S;, and Ti(5S)@Zn,S;,, as
representative of the endohedral nanoclusters with the trapped atom at the center and
off-center, respectively. These calculations confirmed the thermal stability of these two
compounds. In addition, it was observed that there is negligible charge transfer between the
dopant transition metals and their hollow cluster hosts and that, after encapsulaption, the spin
densities remain localized on the transition-metal atoms. This points to an atomic-like behavior
of the trapped transition-metal atom, which gives rise to atomic-like magnetic properties in a
protected environment. Consequently, endohedral transition-metal compounds are interesting
also due to their magnetic properties, which should yield dimers with (anti)ferromagnetic
coupling. 5

In this work we have further studied the thermal stability of these previously characterized
endohedral clusters, 1 by carrying out quantum molecular dynamics calculations for several
TM@ZnS; (i = 12, 16). It has been observed that some of these endohedrally doped
nanoclusters are not thermally stable, for the dopant atom moves from the inner part of the
cluster to the surface. These latter structures will be called surface-doped structures hereafter.
In order to complement the quantum molecular dynamics simulations, we have additionally
characterized the surface-doped structures for all compounds, along with the transition states
connecting both isomers. In this manner we have estimated the lifetime of each endohedral



nanocluster using the calculated energy barriers for the endohedral-doped to surface-doped
transformations.

Nevertheless, we would like to emphasize that both techniques are approximate. On the one
hand, one single MD simulation is not representative, i.e., we are replacing a full sampling on
the appropriate statistical ensemble by a single trajectory. On the other, the Eyring model is an
approximation per se to calculate lifetimes and reaction rate constants. In addition, these
lifetimes are calculated from the reaction rate constants. These reaction rate constants are very
sensitive with respect to the activation energies. Consequently, the data obtained with both
methodologies should not be taken quantitatively, but qualitatively.

2. METHODS

All geometries have been fully optimized using the gradient-corrected hybrid B3LYP 68
functional within the KohnSham implementation 9 of density functional theory. 10 Harmonic
vibrational frequencies are determined by analytical differentiation of gradients, in order to
determine whether the structures found are true minima or transition states and to extract
zero-point energies and enthalpy and entropy contributions to Gibbs free energy, G, which is
reported at room temperature. The relativistic compact effective core potentials and
shared-exponent basis set 11 of Stevens et al. (SKBJ) have been used for Zn and S, as
described in the study of the isolated clusters, 12 and also for the Zn atom when it acts as the
dopant atom in order to be consistent with the structure. On the other hand, the fully relativistic
multielectron fit pseudopotentials, with 10 electrons in the core, developed by Dolg et al., were
used for the trapped atoms from Sc to Cu. 13,14 Nevertheless, we have done a few

calculations to check the reliability of this method using a different basis set for Zn and for the
rest of the transition metals.

Zn@Zn;S; endohedral and surface-doped structures with both SKBJ and the Stuttgart basis set
were optimized, and there is not any significant change since the relative stability between both
isomers stays constant [Zn@Zn,,S;, (SKBJ), AG surfend = 4.73 kcal/mol; Zn@Zn,S;,
(Stuttgart), AG surfend = 2.51 kcal/mol; Zn@Zn,S:s (SKBJ), AG surfend = 1.45 kcal/mol;
Zn@Zn¢S+6 (Stuttgart), AG surfend = 3.55 kcal/mol]. The same conclusion was reached from
the calculations of Cu@Zn;S; [Cu@Zn,,S;, (SKBJ), AG surfend = 9.91 kcal/mol; Cu@ Zn,,S;,
(Stuttgart), AG surfend = 9.97 kcal/mol; Cu@ZnsSs - (SKBJ), AG surfend = 7.96 kcal/mol;
Cu@Zn6S+6 (Stuttgart), AG surfend = 8.10 kcal/mol).

Note that pure angular momentum functions were used throughout this study. All the geometry
optimizations and frequency calculations were carried out with the Gaussian 03 package. 15
The transition states between the characterized endohedral nanoclusters and their
corresponding surface-doped structures have been calculated using the STQN method for
locating transition structures. 16,17 Intrinsic reaction coordinate (IRC) calculations 18,19 [GS89,
GS190] are further performed to assess that the calculated transition states connect the



appropriate reactants and products. All the atomic charges are calculated from the trace of the
atomic polar tensor.

To further explore the thermal stability of these compounds, we undertook ab-initio thermal MD
simulations at 298 K on some selected cases, controlled by means of the Nose thermostat as
implemented in the SIESTA code, 20 within the DFT approach. Exchange and correlation
effects were described using the generalized gradient approximation (GGA), within the revised
Perdew BurkeErnzerhof (rPBE) functional. 2123 Core electrons were replaced by
TroullierMartins norm-conserving pseudopotentials 24 in the Kleinman Bylander factored form.
25 Within the context of SIESTA, the use of pseudopotentials imposes basis orbitals adapted to
them. Furthermore, SIESTA employs a localized basis set to represent the KohnSham orbitals
for valence electrons. Accordingly, the basis set of atomic orbitals is constructed from numerical
solutions of the atomic pseudopotential and are constrained to be zero beyond a cutoff radius.
We used one basis set of double-z plus polarization quality (DZP). The single parameter (orbital
energy shift) that defines the confinement radii of different orbitals was AE PAO = 150 meV,
which gives typical precision within the accuracy of the used GGA functional. With this basis set,
SIESTA calculates the self-consistent potential on a grid in real space. The fineness of this grid
is determined in terms of an energy cutoff in analogy to the energy cutoff when the basis set
involves plane waves. In our calculations, we used an equivalent plane wave cutoff energy of
200 Ry. These simulations were carried out for 5 ps with a chosen time step of 1 fs.

3. RESULTS

First of all, in subsection 3.1 we present the results for the ab-initio molecular dynamics
simulations on two selected cases, namely, Mn(4D)@Zn,,S;, and Ni(1D)@ZnS+. Then, in
subsections 3.2 and 3.3 the surface-doped and TS structures are characterized.

3.1. Quantum Molecular Dynamics. In ref 1, Matxain et al. carried out quantum molecular
dynamics for two selected cases, Zn(1S)@Zn.,S;, and Ti(5S)@Zn,,S;,. These calculations
confirmed the thermal stability of these two compounds, since in both cases the dopant atom
was kept inside the cage. We have extended these calculations for the remaining transition
metals and here we present two selected cases, Mn(4D)@2Zn,,S;, and Ni(1D)@ZnS+s, where
the guest transition metal does not remain confined in the cavity but moves to the surface of the
nanocluster. We have set a simulation time of 5 ps, with a time step of 1 fs, and the trajectories
have been calculated at a constant average temperature of 298 K.

Figure 1 shows how the energies vary during the simulation. It can be observed in both cases
that, at a given time, the energy decreases noticeably. This happens when the transition metal
moves toward the surface of the nanocluster, which leads to a more stable structure. Together
with the total energy pictures, the representations of the distance of the Mn and Ni, respectively,
from the center of mass of the nanoclusters during the simulation time, confirm that the guest
atom moves away from the center. Likewise, the final structures of these two clusters are
depicted. Observe that in the resulting structures the Mn and the Ni that were initially at the
center of the cage lies on the surface of their corresponding clusters interacting covalently with



the Zn and S atoms adjacent to them. Therefore, quantum dynamics calculations of these
selected cases suggest that they are not thermally stable and the TM would move toward the
surface of the cage through a transition state. In the next subsections we will discuss the
characterization of these surface-doped and transition state structures, in order to rationalize the
behavior and stability of these compounds.

3.2. Surface Structures. In this subsection the nanoclusters with the corresponding transition
metal at the surface will be analyzed and their properties will be discussed. For each TM, the
two lowest-lying spin states have been considered, like in the endohedrally doped ones. 1 In
Table 1 the geometrical, electronic, and energetic properties of the characterized local minima
are given. The spin densities of each metal and the maximum spin density of zinc and sulfur
atoms in the surface-doped and endohedral compounds are shown in Table 2. The spin
densities of the transition metals in the endohedral nanoclusters are taken from the work of
Matxain and co-workers. 1 Hereinafter, a comparison between endohedral nanoclusters and
surface-doped structures will be made.

The surface-doped compounds do not resemble the square-hexagon structure of bare
spheroids in the neighborhood of the TM. The TM breaks some of the ZnS bonds and forms
new polarized covalent bonds with a number of Zn and S atoms. Depending on the TM, the
number of bonds, i.e., the coordination number changes, as can be seen in Table 1. To
determine the coordination number, we have considered a bond when the bond length between
two atoms is smaller than the sum of their van der Waals radii. Different local minima have been
characterized for each TM, from two-coordinated to six-coordinated structures. For the sake of
clarity, the properties presented here are those corresponding to the most stable isomer of the
surface-doped structure. For further information about other isomers, see the Supporting
Information.

For Ti(5F), Mn(4D), Co(2F), Co(4F), and Zn(1S), the coordination number is the same in both
Zn 12 S 12 and Zn 16 S 16 compounds. There are mainly two facts that must be pointed out
regarding the coordination number of the metals in these surface-doped structures.

On one hand, in most of the nanoclusters, the coordination number is higher or the same in
TMZn,,S,, compared to TMZn,;S;s compounds. On the other hand, in most cases low-spin
compounds are higher coordinated than high-spin ones. Combining these two facts, we observe
that the highest coordinated compound is Ni(1S)Zn,,S;,. There are a few exceptions. For
instance, the high-spin compounds are higher-coordinated than the low-spin ones for VZn,,S,,,
ScZn,S; and TiZn S 4.

Looking at the energy difference between the surface-doped and endohedral nanoclusters, AG
surfend , which is defined as G surf G end , it is clear that the surface-doped compounds are
thermodynamically more stable than the corresponding endohedral ones, except for Zn( 1
S)@ZnS1s and Cr-(7S)@Zn.¢S+¢ (the latter one is remarkable for its large spin momentum).
However, kinetically the endohedral compounds could be metastable. Large enough barriers



would prevent the TM from moving toward the surface. The kinetics of these reactions will be
analyzed in subsection 3.3.

The relative energies between the high-spin and low-spin state of each compound are shown in
Table 1. These values reveal that transition-metal surface-doped structures favor the low-spin
states, with the exception of the middle transition metals, unlike the endohedral nanoclusters,
where high-spin were, in general, more stable than the low-spin compounds. In general, the
charges of the transition metals, given in Table 1, are larger in the surface-doped structures than
in the endohedral ones. In the endohedral cases, most of the atomic charges reported by
Matxain and co-workers 1 were lower than 0.2. Therefore, the TM trapped inside maintains its
atomic-like properties, the interaction with the cage being weak. In surface-doped structures, on
the other hand, the TM now interacts strongly with the cage, in fact, it is part of the cage and is
covalently bonded to other atoms. Therefore, the charge of the TM is larger in this case. The
spin densities given in Table 2 also support this idea: comparing the spin densities of the
charactized structures and the values corresponding to their multiplicities, in most cases, they
are more similar in the endohedral compounds than in surface nanoclusters. So, the interaction
between the guest and the host is bigger in the latter.

3.3. Transition States. The endohedral and surface-doped structures are connected by a
transition state (TS), a maximum in a reaction coordinate, as was observed in the quantum
dynamics simulations. In this subsection, we have characterized these transition states in order
to analyze the kinetic and thermal stability of the endohedral compounds. Although
surface-doped structures are thermodynamically more stable, large enough barriers would
prevent endohedral compounds from rearrange into the surface-doped structures. In Table 3 the
energy barriers between the endohedral structures and the TS, AG*, the reaction rate constants
(k), and the lifetimes of the endohedral compounds are given. The calculated energy barriers,
AG* are calculated as AG* = AG;g - AG,,y. These values are further used to calculate the
reaction rate constants (k), at room temperature, using the Eyring equation

L — ks T AG*/RT
= —€
h

where k is the reaction rate constant, T is the absolute temperature, AG* is the energy barrier as
defined above, kg is the Boltzmann constant, h is the Planck’s constant, and R is the gas
constant. The lifetime of each endohedral nanocluster is then calculated as the inverse of the
reaction rate constant. It is important to note that the reaction rate constants calculated are
approximate, because the Eyring model has been used as well as because they are very
sensitive with respect to the calculated activation energies, there being an exponential
dependence between them. So, our aim is to have qualitative information about the stability of
the endohedral nanoclusters and to point out potential stable structures.



At first glance, it is worth noticing that most of the calculated lifetimes are very small, although
most of them are predicted to be large enough for experimental detection. We must emphasize
that the lifetimes of Zn(1S)@2Zn,,S;, and Zn(1S)@Zn.cS+s are the largest ones, being 2.86 days
and 836 years, respectively. To explain this fact, we have to take into account that, in the
endohedral compounds, the interaction between the guest and the host is very weak, while in
the surface-doped structures this interaction is stronger. Moreover, the 3d-orbital shell in the Zn
atom is full. Hence, Zn is the least reactive of all the first-row transition metals. This fact also
explains why the endohedral Zn(1S)@Zn:cSs is thermodynamically more stable than the
surface-doped Zn(1S)ZnsS:s. Additionally, lifetimes reveal that endohedral nanoclusters favor
high-spin states which coincide with the most stable endohedrally doped nanoclusters.

In subsection 3.1 we described the results of the quantum dynamics simulations of
Mn(4D)@Zn,S;, and Ni(1S)@ZncSs and observed that after a few picoseconds the
endohedral compounds converted into the more stable surface-doped structures. Notice that the
calculated energy barriers for these compounds are 3.93 and 2.13 kcal/mol, respectively. These
small barriers explain the obtained dynamical results. In the same vein, the energy barriers
calculated for Zn(1S)@Zn,S,, and Zn(1S)@Zn.Ss are the largest ones. The dynamical
behavior of the former was analyzed in the previous work by Matxain et al. 1 They carried out a
quantum molecular dynamic simulation of 5 ps and they observed that in the endohedral
structure the Zn atom remained confined at the center of the nanocluster, in agreement with the
large energy batrrier.

We have performed a longer simulation of 30 ps for this compound, to further confirm its thermal
stability. In Figure 2 it is observed that the energy oscillates around the same value during all the
simulation time and that the Zn atom moves around the center of the nanocluster along the
simulation up to a maximum radial distance of 0.55 A. The average radial separation of the
caged Zn atom is 0.27 +- 0.11 A. In addition, the trajectory of the zinc atom along the simulation
time is also depicted in Figure 2. Therefore, this nanocluster is predicted to be thermally stable
enough to survive a long time at room temperature to allow for its experimental detection.

4. CONCLUSIONS

The thermal stability of the first-row transition-metal-doped TM@Zn;S; nanoclusters, in which TM
stands for the first-row transition metals from Sc to Zn and i = 12, 16, has been analyzed by
using two different methodologies. The first one is to carry out quantum molecular dynamic
simulations, in which atoms and molecules are allowed to interact for a period of time, giving a
view of the motion of the particles. This technique allows us to predict the thermal stability of
Zn(1S)@2Zn1,S12, While Mn(4D)@2Zn;,S4, and Ni(1S)@Zn¢S+¢ are seen to be thermally unstable.
In these cases, the TM moves toward the surface, leading to the more stable surface-doped
structures. The large number of TM@Zn;S; structures along with the high cost of each quantum
dynamical simulation made it impossible to carry out these simulations for all structures.
Therefore, we have followed another methodology to study the thermal stability of the
endohedral compounds. On the basis of the calculated energy differences between the



endohedral compounds and the TS compounds that connect the former with the surface-doped
structures, we have estimated the lifetime of each endohedral structure. As mentioned before,
these techniques are approximate. Hence, the data obtained have not to be taken quantitatively,
but qualitatively. Thus, our aim is to point out potential stable structures. In this vein, both
methodologies are in agreement in predicting Zn(1S)@2Zn,S+, and Zn(1S)@ZncS+s as the most
stable structure with a lifetime of around 3 days and 900 years, respectively. The other
endohedral compounds have much smaller lifetimes, although large enough for experimental
detection.
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Figure 1. (Top) The variation of the energy, in eV, and the distance of the TM from the center of
mass of the nanocluster, in A, as a function of time, in fs. (Bottom) The resulting structures for
Mn( 4 D)@Zn 12 S 12 and Ni( 1 D)@Zn 16 S 16, respectively. S atoms are drawn in yellow, Zn
atoms are drawn in red, and Mn is drawn in gray, while Ni is drawn in green.



TM—Znp,S,, TM—Zn,48,6

™ 25+1 4 CN AE AG, it ond 4 CN AE NG
Sc 2 0.69 5 0.00 - 070 3 0.00 —50.23
Sc 4 0.60 3 2.16 - 058 4 9.86 -
Ti 3 029 s 0.00 - 039 3 0.00 —40.77
Ti 5 028 4 18.32 —17.42 051 4 2151 —10.45
Y 4 043 2 0.00 —26.22 071 3 0.00 —52.35
Y 6 0.05 5 5.10 —13.88 026 2 25.39 —6.36
Cr 5 0.16 4 0.00 —29.65 039 3 0.00 —27.84
Cr 7 0.29 4 12.54 229 033 2 1278 0.73
Mn 4 0.61 4 1322 —33.81 043 4 15.43 —30.29
Mn 6 0.36 2 0.00 2262 077 3 0.00 —15.67
Fe 3 0.21 4 5.39 —20.60 020 3 14.37 —14.82
Fe 3 025 2 0.00 —19.55 057 3 0.00 —22.44
Co 2 0.15 4 0.00 —21.82 0.11 4 5.66 —~11.53
Co 4 021 2 0.99 —11.98 025 2 0.00 —21.04
Ni 1 022 6 0.00 - —026 5 0.00 ~20.00
Ni 3 023 5 7.31 —15.58 032 4 5.25 —14.31
Cu 2 0.23 5 - —997 0.16 2 - —8.10
Zn 1 029 2 - —4.73 032 2 - 1.45

Table 1. Charge of Transition-Metal Atom and the Coordination Number @

@ AE is the relative energy between the low-spin state and the high-spin state, and AG,,q.cus IS
the energy difference between the endohedral and the surface-doped structures, both in
kcal/mol. The ground spin-state of each metal is in bold.

Pon
Zn581; ZnS16
T™ 25+1 surface structures endohedral structures surface structures endohedral structures
Sc 2 0.74 — 0.99 0.87
Sc 4 145 — 1.26 —
Ti 3 2.00 — 2.06 1.86
Ti s 3.00 3.17 2.89 349
v 4 327 291 318 2.86
v 6 4.15 446 4.42 4.61
Cr N 445 3.94 4.35 3.94
Cr 7 S.11 5.53 5.37 5.61
Mn 4 427 3.16 4.14 3.35
Mn 6 5.04 4.65 4.86 4.80
Fe 3 2.84 223 2.52 227
Fe s 3.82 3.60 3.65 3.85
Co 2 1.66 125 169 2.69
Co 4 269 270 2.69 2.90
Ni 3 1.36 1.64 1.47 1.71
Cu 2 0.22 0.66 0.41 0.70

Table 2. Spin Densities of the Transition Metals in Both Endohedral (TM@Zn,,S;, and
TM@Zn¢S+¢) and Surface-Doped (TMZn,,S,, and TMZn,S;s) Compounds



TM@7Zn,58,> TM@Zn,6S16

™ 28+1 freq AGrs ena K (571) 7 (s) freq AGrs eng K (571) 7(s)

Sc 2 — — — — — — — —

Sc 4 — — — — — — — —

Ti 3 - — — - — - - —

Ti 5 71.9i 477 1.98 x 10° 5.05 x 10" - - — —

A 4 42.61 262 7.46 % 10'° 1.34x 10" - - — —

A\ 6 7441 5.54 5.39 x 10° 1.85 x 1077 63.2i 6.26 1.60 x 10° 625 x 1077
Cr 5 62.31 8.54 3.41 x 10° 293 x 1077 68.1i —198

Cr 7 4541 1245 4.64 % 10° 215 x 107* 5971 14.95 6.83 % 10 146 x 1072
Mn 4 75.2i 3.93 8.17 x 10° 122 x 10" - - — —

Mn 6 42.4i 11.95 1.08 x 10* 9.26 x 107° 45.8i 15.11 5.21 % 10 192 x 1072
Fe 3 724 4.87 1.67 % 10° 5.98 x 10 '° 40.8i 136 625 x 10" 1.60 x 102
Fe 5 105.7i 6.73 7.24 x 107 138 x 107" 45.9i 293 442 % 10" 226 x 107!
Co 2 75.2i 149 5.02 x 10" 1.99 x 102 54.9i 517 1.01 x 10° 992 x 10"
Co 4 58.1i 10.12 237 % 10° 422 % 107° 49.0i 529 8.23 x 10° 122 x 107°
Ni 1 - - 64.31 213 1.71 x 10" 5.86 x 10712
Ni 3 50.61 0.80 1.61 % 10'* 6.21 x 107" 96.61 12.18 7.32 % 10° 1.36 x 107*
Cu 2 56.2i 6.50 1.07 x 10° 937 x 107 56.7i 502 130 x 10° 770 x 100
Zn 1 474 24.81 4.04 x 107 247 x 10° 63.1i 31.66 385 x 107! 2.60 % 10"

Table 3. Characterized Transition States between Endohedral Compounds and Their
Respective Surface-Doped Compounds, for TM@Zn;,S;, and TM@Zn6S6 ?

2 AG* (kcal/mol) is the energy difference between the transition states and the endohedral
structures, i.e., the activation energy. k is the calculated reaction rate constant (s™), and 7 is the
lifetime (s). The ground spin-state of each metal is in bold.
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Figure 2. Quantum Dynamic simulation of Zn(1S)@2Zn,,S,,. The variation of the energy (eV)
and the variation of the distance R (A) of the trapped atom from the center of mass of the
nanocluster as a function of time during the simulation is depicted on the left. On the right, the
movement of the trapped Zn atom inside the cage.





