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ABSTRACT: As of today, the Si—Be bond remains underexplored in the literature, YN
and therefore its anomalous behavior continues to be an unsolved puzzle to date. S0

Therefore, the present study aims at evaluating the integrity of an unprecedented 20

Si—Be bond within quantum confinement. To accomplish this, first-principles-based 200 “@J

calculation are performed on Be-doped silicon clusters with atomic sizes 6, 7, and s

10. Silicon clusters are sequentially doped with one, two, and three Be atoms, and 1o

their thermal response is registered in the temperature range of 200—1500 K, which 500

discloses several research findings. During the course of the simulations, the clusters !

face various thermal events such as solid cluster phase, rapid structural

metamorphosis, and fragmentation. Si—Be nanoalloy clusters are noted to be

thermally stable at lower temperatures (200—700 K); however, they begins to disintegrate earlier at a temperature as low as 800 K.
This lower stability is attributed to the weak nature of Si and Be heteroatomic interactions, which is corroborated from the structural
and electronic property analysis of the doped clusters. In addition to this, the performance of Be-doped clusters at finite temperatures
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is also compared with the thermal response of two other popular systems, viz., C- and B-doped silicon clusters.

Bl INTRODUCTION

A century after the concept of chemical bonding was
elucidated, some unusual bonds continue to be discovered,
causing much excitement and a wide scope for the develop-
ment of novel materials. In this context, bottom up synthesis
methods of nanoclusters have an unparalleled advantage of
putting together some of the unprecedented elements for
controlled property dependent structure generation with
practically no loss of material.' > Several state of the art
methods have been deployed to Eut together monatomic
subnanoparticles such as Cu,*” 2 AL™ §i,'' 71 Rp, M
Ru,'>'*' Fe,'°7' and V*° 1nto more mlxed binary
clusters,ls_mm_27 resulting in atomic level engineering of
property dependent materials.”*~>
Silicon, being the earth’s most abundant element, has not
been left behind in this context and has been reported to
participate in distinctive or multiple bonding with itself as well
as with other heavier elements.’* > At the quantum
confinement phase space, it has been one of the most widely
studied systems both experimentally as well as computation-
ally.**~>*%%%% While, experimentally, Si has been evidenced to
bond with several main group elements such as boron, carbon,
nitrogen, oxygen, etc., a bond with the Be atom is one of the
most unprecedented ones so far. While its high ionization
potentials and small size result in Be forming covalent bonds
with many elements, B—Si bonds are quite rare. Beryllium has
a tendency to form tetravalent compounds using sp® hybrid
orbitals to give tetrahedral bonding and forms a polar bond
with carbon. Similarly, even a Be—Be bond is an unconven-
tional bond.”® Experimentally, using both NMR techniques
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and single X-ray crystallography, Be—Si bonds have been

55,56
In one

identified in a series of organometallic compounds.
such report, a combined experimental and theoretical analysis
concluded that the CpBe(SiMe;) organometallic compound
encompasses a polar Be—Si bond.”” To some extent, beryllium
to silicon bonding has been investigated within these
compounds; however, the nature of Be—Si bonds within
quantum confinement has not been explored.

Taking into consideration the unusual nature of Si—Be
bonds, reviewed above, the present investigation focuses on
beryllium-doped silicon clusters, viz., Si;Be, SigBe, and SigBe
clusters, where their physicochemical properties have been
evaluated using Born—Oppenheimer Molecular Dynamics
(BOMD). The finite temperature behavior has been
investigated by increasing the concentration of the dopant
from 1 to 3. To establish a broader perspective on Be—Si
bonds, the thermal behavior of Be-doped clusters is compared
with two of the most popular and stable doped silicon systems,

i.e, C- and B-doped silicon clusters.
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B COMPUTATIONAL DETAILS

The structures of the lowest energy conformations of Be-doped
silicon clusters (SisBe, SigBe, and SigBe) have already been
studied extensively in earlier research works.”® The geometries
of the clusters identified in these studies have been obtained
and are presented in the Figure 1. The SisBe, SisBe, and Si;Be

(e) ® (® (b)

Figure 1. Lower energy conformations of (a) SisBe, (b) Si,Be,, (c)
SisBe;, (d) SigBe, (e) SisBe, (f) Si,Be;, (g) SigBe, and (h) SigBe,
clusters. Si atoms are represented in gray color, Be atoms in green
color.

clusters are then sequentially doped at various chemically
distinct atomic sites with two and three dopant atoms. We
believe that the clusters smaller than 6—10 atoms do not
represent an ideal case to fully understand the nature of Si—Be
bonds via performing BOMD simulations. However, larger
clusters (more than 20—30 atoms) would be computationally
expensive to perform ab initio molecular dynamics simulations.
Therefore, we have selected specific cluster sizes within a range
of medium-sized clusters for our investigation. Also, it is noted
that the majority of DFT calculations have been focused on
these specific cluster sizes within a medium size range. The
geometries determined for these clusters (Si,Be, and Si;Be;,
SisBe, and Si,Be;, and SigBe,) are also displayed in the Figure
1.

All the clusters chosen in the present investigation were
optimized using Density Functional Theory (DFT)-based
methodology as implemented in deMon 2K code.”” The
optimizations were carried out using Becke exchan%e with Lee,
Yang, and Parr correlation (BLYP) functional®®" with the
DZVP basis set. No additional polarization functions were
added. The GEN-A2 auxiliary functions were set to fit the
charge density.”” The convergence of the geometries was based
on gradient and displacement criteria with a threshold value of
107> au, and criteria for convergence of SCF cycles were set to
1076 au. Only the lowest spin state was considered for all the
Si,X,, (X = Be, B, and C, n = 6—3, 9—8, and m = 1—3) clusters
in the study. The calculations for each cluster were further
extended to evaluate the credibility of the obtained results
using a Generalized Gradient Approximation (GGA) func-
tional, viz, a PBE functional®® and a meta-GGA, viz.,, M06
functional.”*

The lowest energy conformations shown in Figure 1 were
subjected to finite temperature simulations using Born—
Oppenheimer Molecular Dynamics (BOMD) as implemented
in deMon2K for an NVT ensemble. We held the total angular
momentum of the cluster to zero, suppressing the cluster
rotation. The simulations were carried out between 200 and

1500 K, at temperatures of 200, 300, 400, 500, 600, 700, 800,
900, 1000, 1100, 1300, and 1500 K, respectively. For each
temperature, the cluster was equilibrated for a time period of
70 ps followed by a simulation time of 80 ps. The temperature
of the cluster was maintained using the Nosé—Hoover
thermostat®>*® as implemented in deMon 2K. The nuclear
positions were updated with the velocity Verlet algorithm with
a time step of 1 fs. The ionic motions were analyzed and
quantified using traditional parameters such as root-mean-
squared bond length fluctuations (J,,,) and the Mean Square
Displacements of atoms (MSDs). 8, is defined as

rms

2 () — ()
Oms = N(N - 1) 2

i<j rl]>t

where N is the number of particles in the system, r; is the
distance between the ith and jth particles in the system, and
(-); denotes a time average over the entire trajectory. The

MSD of an individual atom is defined as
, MoN
2 2
ri(t) > — Ritm+t _Ritm
2(t) NMEI;[(O ) = Ry(to,)]

where N is the number of atoms in the system, R,(t,,,) is the
instantaneous position of atom i at t;, and Ri(t,,, + t) is the
corresponding position of atom i after a time interval . Thus,
we average over M different time origins t,, spanning the
entire trajectory. The interval between the consecutive £, for
the average was taken to be about 0.0125 ps. The MSD
indicates the displacement of atoms in the cluster as a function
of time. In the solidlike region, all atoms perform oscillatory
motion about fixed positions resulting in a negligible MSD of
individual atoms. In a liquidlike state, on the other hand, atoms
diffuse throughout the cluster, and the MSD eventually reaches
a saturated value of the order of the square of the cluster
radius.

Bl RESULTS AND DISCUSSION

Figure 1 presents the ground state conformers of Be-doped
silicon clusters of atomic sizes 6, 7, and 10. The ground state
structure of the Sis pristine cluster is a D, tetragonal
bipyramid as shown in Figure Sla of the Supporting
Information (ESI). Doping with a single Be atom results in a
slightly deformed tetragonal bipyramid geometry with the Be
atom sitting at the corner of the tetragonal ring. Subsequent
doping with two and three Be atoms gives rise to ground state
geometries where Be atoms acquire an edge and a triangular
face of the bipyramid in Si,Be, and Si;Be; clusters, respectively.
The geometry of the Si;Be conformer (Figure 1d) is
obtained by replacing a silicon atom with a Be atom within the
pristine Si, cluster (Figure S1b). The lowest energy conformer
is determined to be the one in which the Be atom prefers to
stay at the pentagonal ring rather than at the capping site.”’
Followed by this, replacement of another Si atom with a
second Be atom is seen to be favorable at the capping position
(Figure 1e). In the case of Si,Be;, the third Be atom acquires a
position at the central four-membered ring of the cluster.
Substitution of a single Si atom with a Be atom within the
Sij pentagonal prism (Figure Slc) leads to a ground state
structure where the Be atom sits at the capping site of the
pentagonal ring (Figure 1g). In the case of SigBe,, the two Be
atoms acquire an edge of the deformed pyramid (Figure 1h).
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Finite Temperature Behavior. The finite temperature
behavior of Si,Be,, (n = 5—3, m = 1-3), Si,Be,, (n = 6—4, m =
1-3), and Si,Be,, (n = 9—8, m = 1-2) clusters is discussed
here. Throughout the course of their trajectories, the clusters
are seen to undergo some major thermal events such as solid
cluster phase (starting geometry remains intact), structural
transformation (transition into different high energy con-
formations), and fragmentation (disintegration into specific
fragments). The temperature range for which these events last
varies with the cluster. The course of actions picked up by
these clusters at finite temperature is discussed in detail in the
following sections.

SipBen, (n = 5—3, m = 1—-3). We analyze the ionic motion of
beryllium-doped silicon clusters as noted in the simulation
trajectories. The SisBe cluster is seen to remain in its original
conformation until 600 K (Figure 2). Around 700 K and
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Figure 2. 0., plots for SisBe, Si,Be, and Si;Be; at various
temperatures.

onward, the cluster experiences rigorous structural transitions
giving rise to different conformers. Some of the notable
conformers are presented in Figure SSa—c (Supporting
Information). The rate of atomic displacements increases.
which eventually leads to the Be atom transiting away from the
cluster above 1300 K. This can be noticed in the MSD plots
shown in Figure S2a. Si,Be, behaves similarly to SisBe, viz., the
cluster undergoes conformational transitions from 700 K
followed by its fragmentation above 1300 K (Figure SSd—g).
During the structural transition phase, the two Be atoms
translate away from the central ring of the cluster, giving rise to
a conformation where the Si, acquires a bent rhomboid shape
(Figure SSd—g). Eventually, above 1300 K the Be, dimer exits
the cluster, leaving behind a planar Si, cluster.

The thermal response recorded for the Si;Be; cluster is the
same as that for Si;Be and Si,Be, clusters until 600 K. As the
temperature increases to 700 K, two of the beryllium atoms
transit to one plane while the other beryllium atom moves in
another plane as a consequence of constant metamorphosis. In
contrast to the other two six-atom clusters (Si;Be and Si,Be,),
SizBe; with an equal concentration of Si and Be fragments into
Si; and Be; (Figure SSh—k) at a much earlier temperature (800
K), indicating lower thermal stability.

Altogether, the solid cluster phase (starting structure is
retained) of Si,Be,, (n = 5—3, m = 1—3) clusters continue until
500—600 K, accompanied by rigorous structural transitions
and comparatively sooner disintegration of the clusters at finite
temperature.

Si,Be,, (n = 6—4, m = 1-3). The bond length fluctuations
of SicBe are measured as a function of temperature and are
plotted in Figure 3. The 6,y values (red curve) vary marginally
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Figure 3. 6§, plots for SisBe, SisBe,, and Si,Be; at various
temperatures.

from 0.03 to 0.0S. Thus, the only movement noted in this
temperature range is that the atoms in the cluster vibrate about
their original positions until 700 K. The Be atom sitting at the
center of the pentagonal ring begins to deviate from its
equilibrium position giving rise to a distorted pentagonal
bipyramidal conformation (Figure S6). Following this, the six
Si atoms form a square-pyramidal structure with a Si capping
and a Be atom forming a dangling bond with a Si atom above
800 K (Figure S6a—c). Beyond this temperature, the Be atom
transits away from the silicon cluster leading into its
dissociation into Sig and Be.

This is quantified through the analysis of the mean square
displacements given in Figure S3 of the ESI. Figure S3a and b
indicates that the atomic displacements are negligible at 200 K
and minimal at 600 K, whereas they increase to a maximum
value at 800 K, indicative of Be dissociation (represented by
gray lines) from the rest of the silicon cluster as demonstrated
by the geometries (snapshots from the trajectories) shown in
the Figure S6.

In the case of SiBe, it is noted that the cluster undergoes
fragmentation at the same temperature (around 800 K) as the
Si¢Be cluster. The two Be atoms dissociate from Sis, which can
be corroborated from the 6, plots presented in Figure 3.
Besides this, a hump is noted at 500 K in the J,,, curve on
account of the emergence of another conformation as shown in
Figure S6e of the ESI. The cluster remains in this conformation
at 600 and 700 K as well, where Sis forms a capped tetrahedron
with two Be atoms acquiring two apex positions within the
cluster. Above this temperature, the two Be atoms form a
dimer and leave the cluster as shown in Figure S6f and g of the
ESI. Similar behavior is also noted from the mean-square
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displacement of atoms given in Figure S3b at 200, 500, and
800 K, respectively. The major difference in the thermal
response of the SisBe, and SigBe clusters is that the former
retains its initial structure until its fragmentation while the later
experiences structural transformation before disintegrating into
Be, and Sig fragments.

From 200 to 500 K, Si,Be; encounters a solid cluster phase.
As noted from the 6, plots given in Figure 3, the cluster is
seen to fragment only above 900 K. Before undergoing
fragmentation, the Si,Be; cluster faces structural trans-
formations from 600 to 800 K (Figure S7a—d). The
conformational changes and the subsequent dissociation of
Be atoms one after the other from the silicon matrix are also
assessed through the mean-square atomic displacement given
in Figure S3c at 200, 600, and 1000 K, respectively.

Overall, the thermal response of 7-atom beryllium-doped
silicon clusters is similar to that of Si,Be,, (n = 5—3, m = 1-3)
clusters in the lower temperature range (<700 K, solid cluster
phase). However, in the former case, the cluster experiences
premature disintegration (700—900 K), and in the latter case
the fragmentation is noticed at higher temperatures (at 1300
K, except Si;Be;).

Si,Be, (n = 9—8, m = 1-2). In order to establish a better
understanding, thermal behavior of the SiBe,, cluster with
higher atomic size (10 atoms) is also taken into account. In
this case, doping is restricted at two atoms only, since
increasing the concentration of beryllium atoms to 3 leads to
isoenergetic structures.

Different conformers of the SigBe cluster begin to emerge in
the simulation trajectories at higher temperature after
preserving its initial structure until 400 K as displayed by the
Oums plots in Figure 4. In the course of structural transition
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Figure 4. 6, plots as a function of temperature for SigBe, and SigBe,
clusters.

(between 400 and 1100 K), the cluster gives rise to a
pyramidal cage conformation as shown in Figure S7b.
Afterward, the single beryllium atom eventually shifts away
from the remaining cluster above 1100 K. Contrastingly, the
SigBe, cluster retains its starting conformer until 500 K,
followed by a conformational transformation (Figure S7d—f)

at 600 K which subsequently leads to its fragmentation at 1300
K, corroborated from the MSD plots (Figure S4b).

As compared to Si,Be,, (n = 9—8, m = 1-2) clusters, the
duration of the solid cluster phase (200—500 K) is
comparatively longer in the case of smaller sized Be-doped
silicon clusters (200—700 K). In general, among the Be-doped
silicon clusters, it is eminent that all the systems are vulnerable
at high temperature, and they undergo fragmentation. The
lowest and highest temperatures at which these clusters
disintegrate are 700 K (Si;Be and SisBe,) and 1300 K
(SisBe, SisBe,, and SigBe,), respectively. These doped clusters
breaking at earlier temperatures indicates lower structural
strength which ultimately amounts to the nature of interaction
between the dopant and the host cluster (Si—Be).

Case Study: Comparison with Si,C,, and Si,B,, (n = 6—4,
m = 1-3). In the next set of case studies, we performed a
molecular dynamics study on two of the most notable and
stable doped silicon clusters, viz., Si,C,, and Si,B,, (n = 6—4, m
= 1-3). The physicochemical properties of these clusters have
been studied significantly in the literature.*>**7° The ground
state geometries of these clusters are presented in Figure S8 of
the ESI Similar to the case of Be doping, the concentration of
the dopant is varied from 1 to 3 in these cases as well.

After preserving their respective initial geometries until 500
and 400 K, SixC and SisC, clusters experience rapid structural
transformations until high temperatures (1300 and 1100 K,
respectively). Above these temperatures, the single- and
double-carbon-doped silicon clusters disintegrate into (Si—
C—Si + Siy) and (Si—C—Si and Si;C) fragments. This
dynamical behavior at defined temperatures is corroborated
from their J,,,, plots presented in Figure S.

In the case of the Si,C; cluster, the ground state conformer
is noted until 800 K, and from 900 K onward the Si,C; cluster
experiences conformational transtitions. The stability behavior
and fragmentation pattern in carbon-doped silicon clusters are
further elaborated upon in terms of mean-square displace-
ments, Figure S9 of the ESI For C-doped silicon clusters,
lower and medium concentrations of the dopant result in
earlier disintegration of SigC and SisC, clusters. Contrastingly,
Si,C; with a higher dopant concentration remains unbroken
until very high temperatures.

The root-mean-square bond length fluctuations of sequen-
tially doped SigB, SisB,, and Si,B; clusters are presented in
Figure S9. Minimal 8, values are noted around 500 and 600
K, viz., 0.05, 0.043, and 0.045 for Si¢B, SisB,, and Si,B; clusters,
respectively, revealing that the clusters vibrate around their
original positions. Beyond these temperatures, their trajectories
showcase rapid structural metamorphosis. However, their
geometries remain unfragmented throughout the course of
the simulations even at higher temperature (Figure S10 of the
ESI).

In general, among the three different types of doped silicon
clusters, sequential doping with Be results in earlier
disintegration of the clusters at temperatures as low as 700
K. On the other hand, C- and B-doped clusters perform well at
higher temperatures. In the former case, fragmentation is
witnessed at high temperatures (1300 K), while in the latter
case, the clusters remain unbroken during the course of
simulations. These behavior patterns are the direct manifes-
tation of the dopant-to-cluster interactions, viz., Si—Be, Si—C,
and Si—B. The dominance of these interactions is also evident
in the fragmentation channels of the respective doped clusters
(Figure S12). For instance, the predominant fragments noticed
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and Si,B;) silicon clusters.

for C-doped clusters are (Si—C—Si + Si;), (Si—C—Si + Si,C),
and (Si—C—Si + Si,C,). On the other hand, Si,Be,, nanoalloy
clusters disintegrate into their respective constituent particles,
viz., Si, + Be,. This again highlights that A—A and B—B
interactions are much more dominant than A—B interaction
within Si,Be,, nanoalloy clusters.

Overall, Be-doped silicon clusters are stable around room
temperature (300—700 K). The Si—Be bond is strong enough
to hold the ground state structure intact (solid cluster phase)
at lower temperatures. However, it is not as strong as Si—C or
Si—B bonds, and therefore the clusters undergo rapid
fragmentation at finite temperatures. The relative duration of
each phase, viz, solid—cluster, metamorphosis, and fragmenta-
tion, for all the nanoalloy clusters is presented in Figure 6.
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Figure 6. Duration of the three phases for Be-, C-, and B-doped

clusters considered in the study.

Si—Be vs Si—B vs Si—C. To discern the underlying factors
responsible for the earlier disintegration of Be-doped silicon
clusters, their structural and electronic properties are compared
with those of boron- and carbon-doped silicon clusters (7-
atom size). Si—Be bonds are one of the scarcely discussed
bonds in chemistry. While the strength of the Si—Si bond is
reported to be around 327 + 10.0 kJ/mol, and Be—Be bond
energy is reported to be around 59 kJ/mol, there is no practical
information on the Si—Be bond energy.”’ The most
fundamental structural variation noted as a function of
sequential Be doping is a marginal enlargement of Si—Si

14818

interatomic bond distances. The average Si—Si bond distance
within the Si, cluster is 2.54 A, which increases to 2.58, 2.57,
and 2.62 A in the case of SiBe, SisBe,, and Si,Be; clusters,
respectively. The Si—Be, Si—B, and Si—C interatomic bond
distances are compared and plotted in Figure 7. The figure
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Figure 7. Lowdin atomic charges (B, Be, and C) and Si—X
interatomic bond distances for SigX, SisX,, and Si;X; clusters (X =
B, Be, and C).

clearly indicates that Be doping results in lengthening of Si—Be
bonds (2.27—2.32 A) as compared to Si—C and Si—B bonds,
where the average bond distance value ranges between 2.01
and 2.14 A. This trend in the bond length values validates that
dopant-to-cluster interactions are comparatively weak in the
case of Si,Be, clusters as compared to carbon- and boron-
doped clusters.

To substantiate this further, Lowdin atomic charge
distributions and Frontier Molecular Orbitals (FMOs) are
plotted for these clusters (X = Be, B, and C) in Figures 7 and 8.
It is noticed that Be atoms are able to gain only a minute
amount of charge (—0.34 to —0.5 e) from the rest of the silicon
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Figure 8. Frontier molecular orbitals (FMOs) of Be-, C-, and B-doped silicon clusters of atomic size 7.

cluster. In contrast to this, carbon and boron atoms retain a
quantum amount of charge ranging between —0.7 and —1.5 e
within S§i,C,, and Si,B,, clusters, respectively. The charge
transfer occurring between the silicon cluster and the dopant
atoms is also reflected by their corresponding molecular
orbitals (Figure 8). The HOMOs and LUMOs of Si,C,, and
Si,B,, clusters represent substantial overlapping between the
atomic orbitals of silicon atoms and B/C atoms. Additionally,
there is a significant contribution from the silicon atoms to the
molecular orbital density. However, no such overlapping is
noticed between atomic orbitals of the dopant and silicon
atoms for Si,Be, clusters. Also, the participation of silicon
atoms in the formation of molecular orbitals is either very
feeble or missing. These characteristics reflected by the FMOs
reiterate that Si to Be interactions are relatively weak, resulting
in longer Si—Be bonds and low charge transfer between Si and
Be atoms. Consequently, as compared to Si,C,, and SiB,
clusters, Be doping leads to fragile clusters, and therefore they
undergo fragmentation at earlier temperatures.

B CONCLUSIONS

In the present investigation BOMD simulations are performed
on Be-doped silicon clusters with atomic sizes 6, 7, and 10. In
order to understand the anomalous nature of Si—Be bonds, a
comparison of thermal response between Be-, C-, and B-doped
silicon clusters is also conducted. The salient outcomes of the
investigation are as follows.

a. Be-doped silicon clusters experience various thermal
events during the course of simulations, such as solid
cluster phase, rapid structural metamorphosis, and
fragmentation. The solid cluster phase lasts longer for
smaller Si—Be clusters as compared to larger sized
clusters (SigBe).

b. The clusters tend to disintegrate earlier at temperatures
as low as 700—900 K (Si¢Be SisBe,, and Si,Be;) and as

high as 1300 K (SisBe, Si,Be,, and SizBe,) respectively.
This behavior is indicative of the comparatively weak
nature of the interaction between the dopant and the
host cluster (Si—Be).

c. The thermal response of Be-doped clusters contradicts
that of C- and B-doped clusters. In the former case (C),
the clusters disintegrate only at high temperatures
(around 1300 K), while in the latter case (B), the
clusters remain unfragmented throughout the simula-
tions at finite temperature.

d. Si—Be nanoalloy clusters are stable at room temperature.
The Si—Be bond is strong enough to hold the ground
state structure intact (solid cluster phase) at lower
temperatures. However, it is not as strong as Si—C or
Si—B bonds, and therefore it undergoes rapid
fragmentation at finite temperatures.

e. Structural and electronic property analysis, viz., atomic
charges and frontier molecular orbitals: Minimal over-
lapping between Be and Si atomic orbitals leads to lower
charge transfer which in turn results in lengthening of
Be—Si bonds and thereby causes the clusters to break
soon at earlier temperatures (700 K).

Although Si—Be based systems have not been understood
well, the current study clearly concludes that within quantum
confinements, the Si—Be nanoalloy clusters are thermally
stable at lower temperatures (room temperature). However, at
higher temperatures they are quite vulnerable owing to the
poor heteroatomic (Si—Be) interactions, and therefore they
undergo fragmentation.
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