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Abstract We performed a G3 investigation of the possible
stable structures of silicon—nitrogen Si,N,, clusters where
m=1-4, n=1-4, m+n=2-5. We considered the neutral,
anionic and cationic molecular species in the singlet, dou-
blet and triplet states, as appropriate. For neutral clusters,
our data confirm previous DFT and post Hartree-Fock
findings. For charged clusters, our results represent pre-
dictions. Several molecular properties related to the exper-
imental data, such as the electronic energy, equilibrium
geometry, binding energy (BE), HOMO-LUMO gap
(HLG), and spin contamination (S*) were computed. We
also derived the vertical electron attachment (VEA), the
adiabatic electron affinity (AEA), and the vertical ioniza-
tion energy (VIE), of the neutral clusters. Similar to their
carbon—nitrogen counterparts, the lowest energy structures
for neutral and cationic silicon—nitrogen clusters are found
to be linear or quasilinear. In contrast, anionic silicon—
nitrogen clusters tend to form 3D structures as the size of
the cluster increases.

Keywords G3 calculation - Silicon-nitrogen cluster -
Spectroscopic and thermochemical properties

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-013-1809-9) contains supplementary material,
which is available to authorized users.

M. M. Al Mogren - A. A. El-Azhary (0<)) - W. Z. Alkiali
Chemistry Department, Faculty of Science, King Saud University,
PO Box 2455, Riyadh 11451, Kingdom of Saudi Arabia

e-mail: azhary60@hotmail.com

M. Hochlaf (D<)

Université Paris-Est, Laboratoire Modelisation et Simulation
Multi Echelle, MSME UMR 8208 CNRS,

5 bd Descartes, 77454 Marne-la-Vallée, France

e-mail: hochlaf@univ-mlv.fr

Introduction

Nanoclusters represent the middle ground between small gas
phase molecular species and the bulk state. Their properties
and therefore their possible applications differ greatly depen-
dent on cluster size, and tend to reflect those of the bulk state
when the size of the cluster becomes large. A recent important
research domain consists of understanding and predicting
cluster evolution, and such understanding is mandatory for
the application of this class of compounds in chemistry, phys-
ics and nanotechnology. Recently, we investigated carbon—
nitrogen C, Ny, clusters [1]. The present theoretical work treats
their silicon—nitrogen counterparts, Si, Ny,

Interest in the study of Si,N,, clusters has increased in
recent decades because of their importance in various do-
mains, e.g., astrophysics, atmospheric chemistry, material sci-
ence, electronics, combustion and plasma physics. Indeed,
silicon has been identified in astrophysical media either em-
bedded in grains or in gas phase. This field has garnered
further interest since the detection by Turner [2, 3] in 1992
of SiN in the outer circumstellar envelope of the carbon-rich
star IRC +10216. In addition, silicon atoms and ions play
crucial roles in the chemistry of the low Earth atmosphere
[4-8] and of the ionosphere [9]. Silicon-nitride-containing
materials possess specific thermal and elasticity properties.
They are a popular insulating layer in silicon-based electronics
and silicon nitride cantilevers [10—13], and are also used for
the sensing parts of atomic force microscopes. Additionally,
they are used in the formation of polysilane materials [14],
which have non-linear optics properties. Finally, the gas-phase
ion-molecule reactions of Si” with ammonia and small
amines, or reactions of ammonia on Si surfaces or Si clusters,
are possible pathways toward a wide variety of Si\HyN,
compounds used in catalysis [15-19]. For instance, SiyH,N,
compounds are used as effective reagents to convert the
reactive and toxic NO into the benign gas N, in several NO-
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producing combustion systems [20]. Consequently, Si,H,N,
species have attracted a relatively large amount of attention
both theoretically and experimentally, with several molecular
species of this series having been identified in the gas phase
and in cooled matrices by means of various experimental and
theoretical techniques (see [21-23] for more details).

The SiN molecule has been investigated experimentally by
Elhanine et al. [24], Ito et al. [25] and Naulin et al. [26] and by
theoretical ab initio methods by Bruna et al. [27] Chong [28]
Cai et al. [29], Borin [30] and Jursic [31]. These latter authors
deduced a set of spectroscopic parameters for this important
astrophysical molecule using the quadratic complete basis set
(CBSQ), configuration interaction ab initio computational
methods and several hybrid density functional theory (DFT)
methods (e.g., B3LYP, B3P86, and B3PW91). Later, Kerkines
and Mavridis [32] used state-of-the-art ab initio methodology
to study the SiN and SiN  ground and electronic excited
states. They provided accurate values for the electron affinity
of SiN and for the SiN and SiN spectroscopic constants that
compare well with the respective available experimental data
(see [32, 33] and references therein).

The triatomic SiN,, trapped in cooled rare gas matrices, was
identified experimentally by Lembke et al. [34] through elec-
tron spin resonance (ESR) studies. Si;N was first presented in a
neutralization—reionization mass spectrometric study by Iraqi
et al. [35]. Both identifications were later confirmed by means
of ab initio and DFT computations [36—44]. Nevertheless, the
exact equilibrium geometries of their ground states, i.e., wheth-
er linear or cyclic, remained unclear.

In 1994, neutral, anionic, and cationic SizN clusters
were identified experimentally for the first time by Goldberg
et al. [44] using collisional-activation and neutralization-
reionization mass spectrometry. These authors also calculated
the geometries and harmonic vibrational frequencies of the
Si,N (n=1-3) for the neutral, anionic, and cationic species
with polarized split-valence basis sets (6-311+G*) at the
Hartree-Fock (HF) and MP2 levels.

Large Si,N,,, (n+m=20) clusters were treated using tight-
binding and first-principles DFT in either the local spin
density approximation (LDA) or the generalized gradient
approximation (GGA) by Jackson et al. [45] who showed
a tendency for cage formation when n+m is large enough. In
2000, these authors performed structural studies of neutral
Si,Ny, clusters (n+m<6) using similar methodologies [46].
For SioN, and Si3N, clusters, it is worth citing the detailed
HF and post-HF computations of Ornellas and Iwata on
Si,N, [47] and of Ueno and Ornellas [48] on SizN, clusters.
Very recently, a mixed Si,,_.; N (n=1-19) series was investi-
gated by Li et al. [49] using the full-potential linear-muffin-
tin-orbital molecular-dynamics (FP-LMTO-MD) method.

The present theoretical work was motivated by the lack
of up-to-date theoretical treatments on the Si,N,, clusters
since previous works have consist mainly of theoretical
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investigations using DFTs prior to 2000, especially for
large-sized clusters. In addition, these previous works con-
sidered mostly neutral species and very little information is
available on the corresponding anionic and cationic species.
Here, we performed a systematic study, at the G3 level of
theory, of the possible structures of the Si N, (m=1-4, n=
1-4, m+n=2-5) clusters in the neutral, anion and cation
forms in the singlet, doublet and triplet states, as appropri-
ate. As discussed in [1], G3 computations are viewed to
provide accurate enough data. Since all isomeric species
were obtained at the same level of theory, we established
their relative stabilities. Then, we calculated the binding
energy (BE), HUMO-LUMO gap (HLG) and <S2> for the
neutral, anion and cation cluster. We deduced also the ver-
tical electron attachment (VEA), the adiabatic electron af-
finity (AEA), and the vertical ionization energy (VIE) for
the neutral clusters at the MP2/6-31G* level of theory. To
the best of our knowledge, our work represents the most
detailed and complete calculations to be reported for these
clusters. The relation between the stability and properties of
the predicted clusters is discussed.

Computational details

All computations were done using the G09 suite of pro-
grams [50]. Computations were performed for the Si,,Np,
m=1-4, n=1-4 and m+n=2-5, clusters, namely the SiN,
SizN, SiNz, Si3N, SizNz, SiN3, Si4N, Si3N2, Si2N3, and SIN4
clusters, in neutral, anion and cation forms in the singlet,
doublet and triplet states, as appropriate, assuming proposed
initial structures of these clusters as depicted in Fig. S1.
These proposed initial structures were generated intuitively.
Computations were done first at the HF/STO-3 G level. The
obtained geometries of these structures were further geom-
etry optimized at the HF/6-31G* level and structures with
imaginary vibrational frequencies were excluded. Further
computations were performed for all predicted structures at
the G3 level. For the equilibrium molecular structure opti-
mizations, we used the standard options as implemented in
the GAUSSIAN code.

The BE per atom for the neutral cluster was calculated
using the Eq.

BE = [mE(Si) + nE(N)] — [E(SimNy)]
where nE (Si) and mE (N) are the energies of the isolated C
and Si atoms and E (Si,N,) is the energy of the neutral

cluster at its optimized geometry. For the anionic cluster, the
BE per atom was calculated using the Eq.

BE = {[E(Si") + (m — 1)E(Si) + nE(N)] — [E(SinN; )] }
/(m+n)
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where £ (SimN; ) is the energy of the anionic cluster at its
optimized geometry. Similarly, the BE per atom for the
cationic cluster was calculated using the Eq.

BE = {[E(Si") + (m — 1)E(Si) + nE(N)] — [E(SinN; )] }
/(m+n)

where E(SiuN,") is the energy of the cationic cluster at its
optimized geometry.

The VEA was calculated using the Eq.
VEA = Enin(eq) — E .y
where E,., (eq) is the energy of the neutral cluster at its
optimized geometry and £, is the energy of the anionic

cluster at the corresponding neutral cluster optimized geom-
etry. The AEA, was calculated using the Eq.

AEA = Ena(eq) — E;,,(eq) + ZPEC

where Ep,., (eq) is defined as above and E, (eq) is the
energy of the anionic cluster at its optimized geometry.
ZPEC stands for the zero point vibrational energy correc-
tion. The value of ZPEC was used without any scaling. The
VIE was calculated using the Eq.

VIE = E;, ., — Emin(eq)
where E).  is the energy of the cationic cluster at the

corresponding neutral cluster optimized geometry.

A detailed description of the G3 method can be found in
Refs. [51, 52]. Briefly, the G3 method starts with calculation
of an initial geometry at the HF/6-31G* level and a more
accurate geometry at the MP2(full)/6-31G* level. The
MP4/6-31G*, MP4/6-31+G*, MP4/6-31G (2df,p) and
QCISD(T)/6-31G* energies are computed. The first calcu-
lation, MP4/6-31G*, is termed E®° and refers to the base
energy. The difference between the first and second calcu-
lation is referred to as AE" and represents the correction for
the diffuse functions. The difference between the first and
third calculation is referred to as AE* and represents the
correction for the polarization functions. The difference
between the first and fourth calculation is referred to as
AE?C" and represents a correction for the polarization ef-
fects beyond the fourth order. Finally, the energy is calcu-
lated at the MP2(full)/GTLarge level, where GTLarge refers
to a basis set that includes some core and valence polariza-
tion functions. AE®*" is calculated using the Eq.

AE%Y = MP2(full) /G3Large — MP2/6-31G(2df, p)
— MP2/6-31 + G + MP2/6-31Gx

To correct for the higher-level correction (HLC), the
correlation energy is calculated between spin-paired elec-
trons using the Eq.

AEMC = —0.006381, — 0.002977 (ng — ng)

where n, and ng are the number of a and (3 electrons,
respectively. The G3 energy, E°, is then given by

EG3 :Ebase+ AE++ AEde—Q— AEQCI+ AEG}L+ AEHLC+ AEZPE

where E“PF is the zero point energy calculated at the HF/6-
31G* level after being scaled by 0.8929.

Results and discussion

For better clarity of the manuscript, the full set of results is
given as Supplementary Material. Only those results rele-
vant for the discussion are detailed below. Figure S1 depicts
the initial structures of the two-, three-, four- and five-atom
systems. The symmetry, term symbol, BE, HLG, spin con-
tamination (S?), VEA, AEA and VIE of the ground state
predicted structure of the SiN, SirN, SiN,, Si;N, Sir)N,,
SiNs, SizN, Si3N,, Si,N3, SiNy neutral clusters are listed
in Table 1. Tables 2 and 3 list the symmetry, term symbol,
BE, HLG and (S?) of the same clusters in the anion and
cation forms, respectively. The calculated vibrational fre-
quencies at the HF/6-31+G* level of the G3 method of
the predicted ground state clusters are listed in Table 4.
The ground state structures of these predicted clusters in
the neutral, anion and cation forms are depicted in Figs. 1, 2,
3,4,5,6,7,8,9 and 10, respectively. The symmetry, term
symbol, HF/6-31G*, MP2(full)/6-31G* and G3 (0 K) rela-
tive energies, BE, HLG, (5?), VEA, AEA and VIE of all
predicated structures of the SiN, Si,N, SiN,, SizN, Si;N»,
SiNj3, SigN, SizN,, Si,N53 and SiNy neutral, anion and cation
clusters, as appropriate, are listed in Tables S1-S22. Each
predicted conformation is given a number, typed in bold
face, according to its G3 energy. The structure of all pre-
dicted clusters is shown in Figs. S2-S29. In the following,
we discuss the structure of each of the considered SiN, Si;N,
SiN,, Si3N, Si,N,, SiN3, SiyN, SizN,, Si,N3 and SiNy
clusters separately. In this discussion, we compare our data
for Si,N,, clusters to their C,N,, counterparts [1].

Equilibrium structures

SiN

There is only one possible structure of this diatomic cluster,
which is linear. This ground state of this neutral cluster is of

23" nature. The calculated relative energies in Table SI
show that the singlet state (X'X") of the SiN anion cluster

@ Springer
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Table 1 Binding energy (BE,

¢V), HOMO-LUMO gap (HLG,  Cluster Sym TS BE HLG® ($%) VEA® AEA® VIE®
eV), spin contamination <S2>,
vertical electron attachment SiN Cov > 3.99 10.6 1.07 2.99 3.18 11.03
(VEA, eV), adiabatic electron Si,N Doy 1, 435 6.57 0.94 -0.01 0.57 5.54
affinity (AEA, V) and vertical - g Coy 4, 5.29 9.08 155 0.54 831
ionization energy (VIE, eV) of ) s
the neutral clusters, Sym Sym- SisN C, 4 457 6.80 0.81 0.93 -0.03 6.12
metry, 7S term symbol Si,N, Do ! Z; 5.23 8.67 -0.96 0.65 8.39

< 2> SiN3 Cs 24 5.46 9.42 0.83 —2.65 0.68 8.99
*HLG and (S*) are calculated at . 2

SiyN C B 4.39 6.45 0.79 1.22 3.06 6.02

the G3 level and VEA, AEA and .+ 2 2
VIE are calculated at the MP2/6- SizN; Cooy 2 5.73 3.27 7.98 11.10 3.13
31G* level. The spin contami- SirN3 Cs 24" 5.13 0.98 0.94 3.15 6.15
nation <Sz> was calculated at the SiN, C, 1y 571 9.63 ~1.39 ~1.11 9.69

MP2(full)/GTLarge, see text

is more stable than the triplet state, while for the SiN cation
cluster the triplet state (X*X7) is more stable than the singlet
state. At the G3 level, the singlet state of the SiN anion
cluster is more stable than the triplet state by 3.14 eV, while
for the SiN cation cluster the triplet state is more stable than
the singlet state by 0.69 eV. Although the three levels
considered in this work—HF/6-31G*, MP2/6-31G* and
G3—have the same energy order for the two predicted
structures of the SiN anion and cation clusters, the relative
energies of the three levels is different. For example, for the
SiN cation cluster at the HF/6-31G*, MP2/6-31G* and G3
levels, the triplet state is more stable than the singlet state by
3.96, 1.68 and 0.69 eV, respectively. Our findings are in
good agreement with those of previous investigations [44,
46]. For the corresponding CN clusters, the singlet state was
more stable than the triplet state for both the anion and
cation clusters.

There is elongation of the SiN bond length of the SiN
cluster by either the addition or removal of an electron. At
the MP2/6-31G* level, the SiN bond length of the SiN anion
cluster is calculated to be about 0.10 A longer than that of

Table 2 BE (eV), HLG (eV) and spin contamination <S2> of the anion
clusters®

Cluster Sym. TS BE HLG (%)
SiN Coon Iyt 491 8.23
Si,N Coy 4, 4.73 6.32
SiN, Cooy 11 5.34 5.69 0.89
SisN Coy 4, 439 7.34
Si;N, Coy 24, 5.46 7.99 0.81
SiN; Csy 4, 5.41 8.70
SiyN Csy 4, 4.86 7.36
SisN, Csy ’B, 537 6.72 0.82
Si;N; Coy 4, 5.66 6.90
SiN, Coy ’B, 5.47 7.65 0.81

#See footnote in Table 1
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the neutral SiN cluster while that of the SiN cation cluster is
calculated to be about 0.25 A longer than that of the neutral
SiN cluster. For the corresponding CN clusters, the CN bond
length of the CN anion cluster is calculated to be about
0.06 A longer than that of the neutral cluster and that of
the CN cation cluster is calculated to be about 0.1 A longer
than that of the neutral CN cluster. Notice also that the CN
bond lengths of the CN clusters are calculated at the MP2/6-
311+G** level while those for the SiN clusters are calcu-
lated at the MP2/6-31G* level. Therefore, we redid the
computations for the SiN neutral, anion and cation clusters
at the MP2/6-311+G* level. The calculated SiN bond length
of the SiN neutral, anion singlet and cation triplet clusters
are 1.533, 1.633 and 1.781 A, respectively. These values are
too close to those obtained at the MP2/6-31G* level, i.e.,
within less than 0.01 A. For the neutral SiN cluster, our
value is slightly shorter than that computed previously and
measured experimentally [32, 46, 53]. For the SiN equilib-
rium distance of the SiN anion cluster, the differences be-
tween our value, that deduced from the large computations

Table 3 BE (eV), HLG (eV) and spin contamination <S2> of the
cation clusters®

Cluster Sym. TS BE HLG (s%)
SiN Cooy iy 2.56 10.40 2.01
Si_N Do DI 5.13 11.53

SiN,?

SisN Csy 4, 4.79 8.38

SN, Dip e 5.00 9.70 0.77
SiN; Cooy 'y 5.64 18.78

SiyN Csy 4, 4.63 8.25

SisN, Cs 24’ 5.45 10.26 0.76
Si,N;3 Cs 34" 5.43 12.93 2.03
SiN, Cs 24" 5.30 11.44 0.87

4 See footnote in Table 1

®No conformations were predicted
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Table 4 Calculated vibrational frequencies (in cm™') at the HF/6-31G* level of the ground state structures. Symmetry and intensity are in

parenthesis
Species  Frequencies
SiN 925 (0, 30.2)
SiN~ 1322 (o, 32.5)
SiN* 814 (o, 77.5)
Si,N 214 (m,, 9.4)%, 291 (m,, 20.1)%, 623 (0, 0.0), 821 (o, 1773.8)
SiLN™ 450 (ay, 49.7), 746 (b, 6.1), 950 (a;, 90.9)
SbN' 237 (m,, 27.6)%, 237 (7, 27.6)°, 695 (0, 0.0), 1464 (,, 1230.6)
SiN, 700 (a;, 0.9), 845 (b, 13.9), 1693 (a;, 158.7)
SiN,™ 373 (m, 0.0)% 410 (o, 286.7), 432 (m, 21.6)", 1870 (o, 2980.9)
SiN," No structure was predicted
SisN 85 (d', 20.6), 282 (a", 1.6), 349 (', 25.1), 508 (d', 86.9), 674 (d', 70.0), 858 (d’, 230.3).
SisN™ 11 (by, 13.2), 162 (b, 15.7), 168 (bs, 0.9), 269 (ay, 3.6), 593 (ay, 0.1), 1297 (ay, 0.2).
SizN' 224 (m,, 19.4) %, 224 (m,, 19.4) %, 702 (0, 0.0), 1473 (0,, 1243)
Si,N, 183 (7, 29.7)%, 183 (m,, 29.7), 456 (74, 0.0)%, 456 (7, 0.0)%, 635 (0, 0.0), 1349 (0, 221.4), 1788 (0, 0.0)
Si,N,™ 322 (By, 13.7), 511 (B, 0.0), 575 (4, 145.2), 650 (By, 0.0), 691 (B,, 220.7), 934 (44, 0.0)
SiNo' 152 (my, 18.7), 164 (7, 33.6)%, 343 (m,, 0.0)%, 382 (m,, 0.0)", 604 (0, 0.0), 1099 (a4, 1126.5), 1925 (a4, 0.0)
SiN; 192 (a', 13.7), 251 (a", 15.3), 588 (d', 33.3), 818 (d', 8.0), 1341 (d', 1.9), 1528 (d', 70.2)
SiN;™ 661 (e, 6.3), 661 (e, 6.3), 759 (ay, 3.2), 909 (e, 26.4), 909 (e, 26.4), 1288 (a;, 56.8)
SIN;' 168 (m, 18.6), 168 (, 18.6)% 635 (m, 31.8)", 635 (m, 31.8)%, 755 (0, 67.9), 1626 (0, 948.5), 2714 (0, 386.8)
SiuN 90.4 (by, 1.1), 163 (by, 1.1), 262 (by, 1.9), 303 (by, 2.2), 386 (a;, 0.8), 495 (a;, 0.1), 529 (bs, 22.6), 590 (a,, 44.7), 1058 (a;, 900.2)
SiuN~ 273 (e, 10.6)°, 273 (e, 10.6)°, 340 (e, 16.2)°, 340 (e, 16.2)°, 459 (ay, 0.7), 387 (a1, 57.0), 541 (e, 2.3)°, 541 (e, 2.3)°, 799 (a;, 87.1)
SiyNT 176 (e, 11.3)°, 176 (e, 11.3) °, 254 (e, 2.8) °, 254 (e, 2.8) °, 336 (a1, 9.3), 422 (ay, 62.5), 624 (e, 99.3) °, 624 (e, 99.3) ®, 657 (a;, 50.3)
SizN, 25 (m, 1.2)%, 25 (m, 12.6)%, 158 (7, 12.6), 158 (mr, 12.6)%, 262 (m, 17.4)", 262 (m, 17.4)*, 470 (o, 21.3), 882 (o, 10.5), 1358 (o, 137.0)
SizN, ™ 128 (by, 1.4), 161 (by, 2.2), 242 (by, 3.0), 446 (ay, 1.4), 522 (b,, 50.2), 551 (a,, 58.5), 946 (ay, 233.7), 992 (b,, 432), 1138 (a;, 467)
SisN,”  7.2(d, 0.3), 21.4 (', 1.1), 33.5 (', 1.7), 74.8 (d', 1.7), 218 (', 15.7), 241 (', 25.1), 291 (d', 0.8), 715 (d', 8.7), 1463 (d', 1686)
Si,N; 123 (a', 9.9), 126 (a', 1.7), 340 (d', 6.8), 356 (a', 22.0), 564 (a', 11.0), 796 (a', 156.2), 982 (a', 271), 1065 (a’, 257), 1518 (d', 248)
SibuN3~ 176 (by, 0.5), 322 (ay, 0.0), 432 (by, 53.2), 491 (ay, 17.1), 548 (ay, 27.5), 723 (ay, 6.0), 861 (a1, 47.2), 1112 (b,, 437), 1773 (ay, 27.3)
Sib,N;T 86 (', 1.1), 219 (a', 7.0), 234 (a', 14.4), 236 (a", 34.4), 292 (a”, 0.4), 362 (', 22.6), 701 (a, 3.0), 1460 (', 761), 2418 (a’, 228.3)
SiN, 135 (d', 5.6), 313 (a", 15.2), 370 (a, 20.1), 594 (a”, 17.4), 665 (', 14.9), 936 (d', 9.2), 1217 (', 280.5), 1641 (a', 1132.3), 2429

(a, 1132.3)
SiNg~ 181 (b, 0.0), 257 (bs, 2.1), 572 (ay, 0.1), 837 (by, 0.0), 909 (bs, 103.0), 1078 (a;, 44.2), 1296 (b, 236.7), 1347 (ay, 16.6), 1569 (ay, 1.1)
SiNG' 65 (a”, 4.4), 168 (a', 26.1), 344 (a', 40.7), 452 (a", 5.4), 685 (a', 32.2), 817 (', 127.6), 1026 (a', 53.4), 1330 (&', 374), 2313 (a', 297)

“For the two Renner-Teller components of this IT electronic state

®For the two Jahn-Teller components of this doubly degenerate electronic state

of Kerkines and Mavridis [32] and the indirectly extracted
experimental value of 1.604 A, fall within the experimental
error of present and previous calculations. For the SiN
cation cluster, we computed an equilibrium distance in good
agreement with that found by Goldberg et al. [44] [R, (Si-
N, X*¥7)=1.78 A)]. Similar conclusions can be drawn for
the harmonic frequencies. See Table 4 for more details.
1.790

1 2 3

Fig. 1 Ground state structure of the SiN neutral (1), anion (2) and
cation (3) clusters

SioN

The ground state predicted structure of the Si,N neutral,
anion and cation clusters is shown in Fig. 2. For the neutral
Si,N cluster, Goldberg et al. [44] showed that the inclusion
of electron correlation stabilizes the linear form rather than

1.624 1.633

1.774

2.291 3

2

Fig. 2 Ground state structure of the Si,N neutral (1), anion (2) and
cation (3) clusters
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1.737

<<

1.162

1.864

1.257
1 2

Fig. 3 Ground state structure of the SiN, neutral (1) and anion (2)
clusters. No structure was predicted for the cation cluster, see text

the bent structure. At the G3 level, a bi-Si-terminated linear
D, structure is predicted for the neutral (XZHg) and cation
(X12g+) clusters, and a bent Cs, structure (X'A4,) is predict-
ed for the anion cluster. A similar bi-Si-terminated linear
D, structure to that of the neutral and cation clusters is
predicted for the anion cluster only 0.06 eV, at the G3 level,
higher in energy than that of the bent C,, structure and of
triplet state. For both the Si;N anion and cation clusters, the
ground state structure is singlet state. For the neutral species,
we confirm the DFT results of Jungnickel et al. [46].

For the corresponding C,N neutral and cation clusters, a
similar singlet bi-C-terminated linear D, structure is pre-
dicted to be the ground state. The predicted ground state
structure of the C,N anion cluster is a triplet C-terminated
linear structure. The SiN bond length of the Si,N neutral and
cation clusters is predicted to be too close to each other,
within less than 0.01 A, with that of the cation cluster being
longer. The SiN bond length of the Si,N anion cluster is
predicted to be about 0.15 A longer than that of the Si,N
neutral cluster. For the C,N neutral and cation clusters, the
difference between the CN bond length of the neutral and
cation clusters is also about 0.01 A, with that of the cation
cluster being longer, but that of the C,N anion cluster is
shorter than that of the neutral cluster by about 0.06 A.

SiN>

The ground state structure of the SiN, neutral and anion
clusters is shown in Fig. 3. No stable structure was predicted
for the cation cluster most likely because the potential energy
surface is too flat so that the G3 methodology is not applica-
ble. We have generated the three-dimensional (3D) potential
energy surface (PES) of the SiN, cation cluster in the internal
coordinates [R;=R(SiN), R,=R(NN), in-plane angle=0] at

1.811 1.669

1

Fig. 4 Ground state structure of the SisN neutral (1), anion (2) and
cation (3) clusters
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Fig. 5 Ground state structure of the Si,N, neutral (1), anion (2) and
cation (3) clusters

the CASSCF/aug cc-pVTZ level of theory. The most stable
isomer is a linear X°II state SiNN cation cluster. The equilib-
rium geometry has a SiN bond length of 2.243 A and NN
bond length of 1.104 A. The calculated harmonic frequencies
at this level are 191 (bend), 206 (bend), 220 (stretch) and
2,334 (stretch) cm™'. As can be seen in Fig. S30, the PESs
are flat along the SiN elongation and the SiNN bending. This
cannot be performed by the standard methodologies
implemented in the Gaussian program.

The predicted ground state structure of the SiN, neutral
cluster is a singlet state triangular C,, structure (X'A)) close to
that found in [46]. The lowest predicted triplet state structure
is higher in energy than the ground state singlet structure by
4.67 eV, at the G3 level. The predicted ground state structure
of the SiN, anion cluster is a Si-terminated linear structure
(X*ID). A triangular C», structure similar to that of the SiN,
neutral cluster is predicted for the SiN, anion cluster to be
0.86 eV higher in energy, at the G3 level. A Si-terminated
linear structure similar to that of the SiN, anion cluster is
predicted for the SiN; neutral cluster to be 0.44 eV higher in
energy, at the G3 level, than the ground state triangular Cy,
structure. Surprisingly, the SiN bond length of the SiN, neu-
tral cluster is longer than that of the anion cluster by about
0.13 A. This is contrary to that calculated for the SiN neutral
and anion clusters. For the CN, cluster, a linear bi-N-
terminated structure is predicted for both the neutral and anion
clusters. This structure is predicted to be the highest energy
predicted structure for the SiN, neutral and anion clusters with
relative energies, at the G3 level, of 4.67 and 2.85 eV for the
neutral and anion clusters, respectively.

SisN

Figure 4 depicts the predicted ground state structure of the
SisN neutral (Cy, X?4"), anion (C,, X'4,) and cation (Cs,,

1.628 1.157
1.592
1.366 1.237
1 2 3

Fig. 6 Ground state structure of the SiN3 neutral (1), anion (2) and
cation (3) clusters
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Fig. 7 Ground state structure of the SiyN neutral (1), anion (2) and 1 2 3

cation (3) clusters

X'A4,) clusters. These structures are similar to those predicted
at the MP2(full)/6-311+G* level treatment [44]. For the neu-
tral and cation clusters a similar T-shaped structure is predicted
with a C; symmetry for the neutral cluster and a C,, symmetry
for the cation cluster. For the cation cluster, a similar C,,
structure of the neutral cluster has one imaginary vibrational
frequency, while a similar C structure of triplet state for the
cation cluster failed to converge at the HF level. A singlet state
C; structure of the cation cluster converged at the HF level to
the same C,, structure. The lowest energy predicted structure
of the anion cluster is also a T-shaped Si-terminated structure.
The second most stable structure of the neutral, anion and
cation clusters is the same Si-terminated T-shaped structure,
which lies higher in energy (but not more than 1.3 eV) at the
G3 level, than the lowest energy predicted structure (Figs. S9—
S11, Table S4). Both the anion and cation clusters have a
triplet state. This structure for the three neutral, anion and
cation clusters has similar bond lengths with a difference
between the corresponding bond lengths of the three neutral,
anion and cation clusters of less than only 0.03 A. For the
similar CsN neutral, anion and cation clusters, a C-terminated
linear structure was predicted as the ground state structure of
the three clusters. For these three clusters, the elongation of the
CN bond length is about 0.07 A at the most upon addition or
removal of an electron to the C;N neutral cluster.

Si2N2

Here, a bi-Si-terminated linear structure is predicted to be the
ground state structure of the Si,N; neutral and cation clusters.
For the neutral Si,N, cluster, DFT also leads to a similar
structure [46]. For the Si,N, anion cluster, a square structure
is predicted to be the ground state structure. For the similar
C,N, neutral and cation clusters, a linear structure is also
predicted to be the ground state structure but in this case it is
bi-N-terminated, rather than bi-Si-terminated. The C,N, anion
cluster is predicted to have a zigzag, also bi-N-terminated,
structure as the ground state structure [54]. The predicated

1.696

1.990 1.660 1.651
1.875 1.%
1.600 1.614
1.716

Fig. 8 Ground state structure of the Si3N, neutral (1), anion (2) and
cation (3) clusters

Fig. 9 Ground state structure of the Si,N; neutral (1), anion (2) and
cation (3) clusters

ground state structure of the Si,N, neutral cluster is singlet
state (X' Eg+). The lowest energy triplet state predicated struc-
ture of the Si,N, neutral cluster is structure 7 (Table S5,
Fig. S12), which has an L-shaped structure that is higher in
energy by 1.86 eV, according to the G3 level, than the ground
state structure. While ten structures were predicted for the
Si,N, neutral cluster, only three and two structures were
predicted for the Si,N, anion and cation clusters, respectively.
None of the predicted structures of the Si,N, cluster is a bi-N-
terminated linear structure (Figs. S12-S14). Similar to the
Si3N cluster, for the ground state Si,N, neutral and cation
clusters, there is no significant difference between the SiN and
NN bond lengths, within about 0.05 A, of the neutral and
cation clusters. However, the SiN bond length of the Si,N,
anion cluster is longer by about 0.14 A.

SiN3

Only two structures were predicted for the SiN; neutral
cluster: one is a Si-terminated zigzag structure and the
second is a Si-terminated T-shaped structure. The latter
structure is higher in energy than the ground state structure
(X24"), at the G3 level, by 2.83 eV. The predicted ground
state structure of the SiNj cation cluster (X'X") is a Si-
terminated linear structure, while a tetrahedral structure
was predicted as the ground state structure of the SiN; anion
cluster (X'4,). For the analogous CN5 neutral, anion and
cation clusters, a N-terminated T-shaped, bi-N-terminated
V-shaped, and bi-N-terminated linear structures, respective-
ly, were predicted as the ground state structures. The ground
states of the SiN; anion and cation clusters are singlet. The
energy difference between the ground state singlet structure
and the first lowest energy triplet state structure at the G3
level is 0.25 and 4.08 eV for the anion and cation clusters,

Fig. 10 Ground state structure of the SiN4 neutral (1), anion (2) and
cation (3) clusters
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respectively. Assuming the neutral and cation clusters have
a somewhat similar structure, as was mentioned above for
the other silicon-nitrogen clusters, there is a small difference
between the bond lengths of the neutral and cation clusters,
within 0.04 A, with that of the cation cluster being longer
than that of the neutral cluster. An exception is the central
N-N bond where the difference is 0.13 A, with that of the
cation cluster being shorter than that of the neutral cluster.

Si,N

The SiyN cluster has the largest number of Si atoms of the
clusters considered in this work. The ground state predicted
structures of the Si;N neutral (X?B,), anion (X'4,) and
cation (X'4,) clusters are an Si-terminated rhombic struc-
ture with an external Si atom connected to the unique
nitrogen atom, triagonal bipyramidal and triagonal bipyra-
midal structures, respectively (Fig. 7). For the neutral and
cation clusters, none of the predicted structures are linear
(Figs. S18, S20). Hence we confirm the 3D structure found
by DFT [46] for the anion and the cation clusters whereas
we compute a planar structure for the neutral cluster. For the
anion cluster, a linear structure is predicted, structure 12
(Fig. S19), which is 3.24 eV higher in energy at the G3
level than the ground state structure (Table S12). The
ground state structure of the anion and cation clusters is
singlet. For the anion cluster, the lowest energy triplet state
structure is structure 4, which is also of triagonal bipyrami-
dal structure and higher in energy by 1.02 eV at the G3 level
than the ground state singlet structure. For the cation struc-
ture, a T-shaped structure (structure 5 in Table S19 and
Fig. S20) is the lowest energy triplet state structure, which
is higher in energy by 0.77 eV at the G3 level than the
ground state singlet structure. The corresponding C4N neu-
tral, anion and cation clusters have bi-N-terminated V-
shaped, pentagonal and bi-N-terminated V-shaped struc-
tures, respectively. The SiN and SiSi bond lengths of the
triagonal bipyramidal structures of the anion and cation
clusters (Fig. 7), are close to each other within 0.05 A at
most, with that of the anion cluster longer than that of the
cation cluster for both the Si-N and Si—Si bonds.

Si_gNZ

This cluster is characterized by the large number of predict-
ed clusters: 17, 17 and 9, for the SizN, neutral, anion and
cation clusters, respectively. An alternate SiN singlet state
linear structure is predicted as the ground state structure for
the Si,Nj neutral cluster—a reflection of the stability of the
SiN bond over the Si—Si and N-N bonds. The lowest energy
triplet state structure (structure S, Fig. S21, Table S14) is a
pyramidal structure that is higher in energy than the ground
state singlet structure at the G3 level by 3.64 eV. The

@ Springer

predicted ground state structures of the anion and cation
clusters are Si-terminated T-shaped and bi-Si-terminated V-
shaped structures, respectively. Interestingly, the SiN bond
lengths of the Si,Nj neutral, anion and cation clusters are
comparable to those of the corresponding SiN neutral, anion
and cation clusters, within 0.08 A, with that of the Si,Nj
clusters being longer. The predicted structures of the corre-
sponding C,N; neutral, anion and cation clusters are bi-N-
terminated linear, V-shaped and T-shaped structures,
respectively.

Si;N;

This cluster has the largest number of predicted structures: 7,
26 and 16 for the neutral, anion and cation clusters (Figs. S24—
S26), respectively, in this work. A Si-terminated T-shaped-
like structure is predicted as the ground state structure (X>4")
of the Si,Nj; neutral cluster (Fig. 9). This differs from the DFT
results. This is not surprising for this large number of isomers,
the order of which should depend strongly on the electron
correlation accounted for. Indeed, the high density of struc-
tures is associated with a high density of electronic states of
different spin-multiplicities close to the ground state, which
are not described equivalently by the DFT or ab initio ap-
proaches. This is the case, for instance, for pure carbon chains
(C,) or their hydrides (HC,) [55-61].

Only one linear structure is predicted for this Si;Nj;
neutral cluster (structure 6, Fig. S24). This linear structure
is predicted to be higher in energy by 1.26 ¢V at the G3 level
than the ground state structure. The ground state structures
of the Si,N; anion and cation clusters are of singlet state
pentagonal (X'4,) and triplet state V-shaped (X°A4") nature,
respectively (Fig. 9). For the corresponding C,N3 neutral,
anion and cation clusters, bi-C-terminated V-shaped, V-
shaped and linear structures, respectively, are predicted as
the ground state structures. It might be constructive at this
point to compare the SiN bond length of the SiN neutral,
anion and cation clusters and those of the corresponding
Si,N; neutral, anion and cation clusters. The calculated SiN
bond lengths of the SiN neutral, anion and cation clusters at
the MP2/6-31G* level are 1.536, 1.640 and 1.790 A, re-
spectively (Fig. 1). At the same MP2/6-31G* level, the
calculated SiN bond lengths for the Si,N; neutral, anion
and cation clusters are 1.542 A (for the terminal SiN bond),
1.693 A (for one of the SiN bonds and 2.008 A for the other
bond) and 1.613 A (for the terminal SiN bond), respectively
(Fig. 9). It is interesting to note then that there is no significant
change in the SiN bond lengths (within 0.06 A) for the
corresponding neutral and anion clusters, with those of the
SiN clusters being shorter than those of the corresponding
Si,Nj5 clusters. However, for the cation clusters the difference
is as much as about 0.18 A, with that of the SiN cluster longer
than that of the Si,Nj cluster. It is clear from the SiN bond
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lengths of the Si,N5 neutral, anion and cation clusters, men-
tioned above, that there is an elongation of SiN bond length
upon addition or removal of an electron.

SiN,

The ground state predicted structure of the SiN, neutral
cluster is singlet state Si-terminated V-shaped structure
(Fig. 10). In fact, the three lowest energy structures of the
SiN,4 neutral cluster are V-shaped or V-shaped-like struc-
tures (Fig. S27). No linear structure was predicted for this
SiNy neutral cluster. The lowest energy triplet state structure
is less stable than the ground state structure by only 0.64 eV
at the G3 level (Table S20). This triplet state structure has a
pyramidal structure (structure 4, Fig. S27). The ground state
predicted structure of the SiN, anion cluster is a Si-
terminated structure, while that of the SiN, cation cluster
is a N-terminated structure. For the SiN,4 anion and cation
clusters, similar to the SiN4 neutral cluster, no linear struc-
ture was predicted (Figs. S28, S29). Both the predicted
structures of the SiyN anion and cation structures have T-
shaped-like structures. For the similar CN,4 neutral, anion
and cation clusters, the predicted ground state structures had
V-shaped, pentagonal and V-shaped structures, respectively.
Neither of the V-shaped structure of the CN4 neutral and
cation clusters is an N-terminated structure. The calculated
SiN bond length of the SiN, neutral, anion and cation
clusters is 1.590, 1.671 and 1.915/1.784 A, respectively.
There is then a significant elongation, within 0.3 A, of the
SiN bond length upon addition or removal of an electron.

Binding energy, HOMO-LUMO gap, vertical electron
attachment, adiabatic electron affinity, and vertical
ionization energy

Tables 1-3 list the calculated BE, HLG, VEA, AEA and
VIE at the G3 level of the ground state structure of the
SIN, SizN, SiNz, Si3N, SizNz, SiN3, Si4N, Si3N2, Si2N3
and SiN, clusters in the neutral, anion (BE and HLG
only) and cation (BE and HLG only) forms. The calcu-
lated BE, HLG, VEA, AEA and VIE at the G3 level of all
predicted structures of all considered clusters in the cur-
rent work are listed in Tables S1-S22. The VEA, AEA
and VIE are calculated for the neutral clusters only. Fig-
ure 11 represents the variation in the BE, for the neutral,
anion and cation clusters, as the cluster size increases due
to the increase in the number of Si atoms. Figure 12
represents the variation in BE, for the neutral, anion and
cation clusters, as the cluster size increases due to the
increase in the number of N atoms. Figure 13 represents
the variation in BE, of the neutral, anion and cation
clusters for the five-atom clusters with the increase of
the number of N atoms and consequent decrease of the
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Fig. 11 Calculated binding energy (BE, eV) at the G3 level of the SiN
(1), SipN (2), SizN (3) and SizN (4) clusters

number of Si atoms. Figures 14, 15 and 16 are similar to
Figs. 11, 12 and 13 except that they are for the HLG.
Figures 17, 18 and 19 represent the variations as those in
Figs. 11, 12 and 13 except they are for the VEA, AEA
and VIE of the neutral clusters. The data in Figs. 12 and
15 show a discontinuation of the lines corresponding to
the SiN, cation cluster since we were not able to identify
stable structures of the SiN, cation cluster.

Binding energy

The calculated BEs of all considered clusters, except that of
the SiN cation cluster, fall in the range of 4-6 eV. The
calculated BEs of the similar C,\N,,, clusters fall in the range
of 57 eV. This reflects the higher stability of C,N, clusters
over Si,N,, clusters. The calculated BE of the SiN cation
cluster has the lowest value of all clusters considered in this
work, of only 2.56 eV (Table 3). The data in Fig. 11 reflects
a general decrease of the stability of the Si, N, clusters with
the increase of the number of the Si atoms, whereas the data
in Fig. 12 reflect the increase in the stability of the clusters
by the increase in the number of nitrogen atoms. The results
displayed in Fig. 13 generally support this conclusion as the
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Fig. 12 Calculated BE (eV) at the G3 level of the SiN (1), SiN, (2),
SiN; (3) and SiNy4 (4) clusters
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Fig. 13 Calculated BE (eV) at the G3 level of the SiyN (1), SizN, (2),
Si,N3 (3) and SiNy (4) clusters

Si4N, neutral, anion and cation, clusters have the lowest BE
and the SiNy, neutral, anion and cation, clusters have almost
the highest BE. A similar conclusion was drawn about the
similar C,N,, clusters, where there was an increase in the
BE with the increase in the number of N atoms and conse-
quent decrease in the number of C atoms.

HOMO-LUMO gap

Compared to the similar C N, clusters, the Si,N,, clus-
ters considered in this work have a generally lower HLG,
while the odd-even rule is also not clear cut for either
the Si,N,, or C,N,, clusters. For example, the HLG of
most of the Si N, clusters falls in the range of 6—14 eV,
while that of the C,N,, clusters falls in the range of 9—
16. As already noted from the calculated BEs, this re-
flects the higher stability of the C,N,, clusters over the
Si N, clusters. It is also interesting to note, similar to
the C,N,, clusters, that the cation clusters have generally
the highest HLG, reflecting their higher stability over the
neutral and anion clusters. The SiN; cation cluster has
the highest HLG (18.78 eV, Table 3) of all clusters
considered in this work. In fact this cluster has one of
the highest BEs of all of the clusters considered in this
work.
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Fig. 14 HLG (eV) at the G3 level of the SiN (1), Si,N (2), SisN (3)
and SiyN (4) clusters
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Fig. 15 HLG (eV) at the G3 level of the SiN (1), SiN; (2), SiN3 (3)
and SiNy (4) clusters

Vertical electron attachment, adiabatic electron affinity,
and vertical ionization energy

It is interesting here to compare between the VEA, AEA and
VIE of the Si,N,, and C,N,,, m=1-4, n=1-4, m+n=2-5,
clusters. Indeed, it is interesting to note that the VEA, AEA
and VIE of all the C,N,, clusters are higher than those of the
corresponding Si, Ny, clusters. The only exception is the VEA
of'the Si3N, cluster and the AEA ofthe Si,N», Si;N, and Siy;N
clusters. As mentioned with the BE and HLG, this is due to the
higher stability of the C,N,, clusters over the similar Si,N,,
clusters. As shown in Fig. 19 and Table 1, the SizN, cluster
has the highest VIE and AEA, while the VIE of the same
Si3N, cluster has the lowest VIE, indicating that it is the most
stable of the Si,N,, clusters considered in this work.

General tendencies

Bent structures became more stable as m+n increases for the
neutrals, anionic and cationic clusters, which is also the case
for their carbon—nitrogen counterparts. For C,N,, clusters
with m+n=2-5, most of the predicted lowest energy struc-
tures of the clusters were linear. For the Si,N,, clusters with
m+n=2-5 neural and cationic clusters, the situation is less
obvious since N-rich clusters lead mostly to linear or
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Fig. 16 HLG (eV) at the G3 level of the SiyN (1), Si3N; (2), Si;N3 (3)
and SiNy (4) clusters



J Mol Model (2013) 19:2657-2668

124
—— VEA
101 —o— AFA
g —— VIE
6.
4.
N v
0.
2 . . . . ,
1 2 3 4 5

Fig. 17 Vertical electron attachment (VEA), adiabatic electron affinity
(AEA) and vertical ionization energy (VIE, eV) at the G3 level of the
SiN (1), SN (2), SizN (3) and SisxN (4) clusters

quasilinear conformers and Si-rich clusters favor planar or
3D structures as already noted in [46]. For Si,N,, anionic
species, the m+n increase favors 3D structures, whereas
their corresponding C,N,, clusters are also mostly linear.
Such structural differences due to the carbon/silicon substi-
tution are not surprising since it is also observable for
common organic compounds. For instance, acetylene
HCCH is linear whereas Si,H, is a 3D di-bridged or ‘but-
terfly’-like molecule [62].

Strictly speaking, the number of clusters studied here is not
large enough to derive major solid tendencies for BE, HLG,
VEA, AEA or VIE. However, a few important remarks can be
made about the stability and behavior of these clusters. The
higher the value of BE, the more stable the cluster. For the
corresponding C,N,,, clusters, the values of the BE of these
clusters are in the range of 5-7 eV. For the Si,N,, clusters
considered in the current study the values of the BE are in the
range of 46 eV. This confirms the higher stability of carbon—
nitrogen clusters over silicon—nitrogen clusters. The SiN neu-
tral and cation clusters have the lowest BE. That of the SiN
neutral cluster has the lowest BE of only 2.56 eV (Table 3) for
all clusters considered in this work. Moreover, it is interesting
to note from Fig. 13 that, for five-atoms clusters, the SiyN
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Fig. 18 VEA, AEA and VIE (eV) at the G3 level of the SiN (1), SiN,
(2), SiN3 (3) and SiNy (4) clusters
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Fig. 19 VEA, AEA and VIE (eV) at the G3 level of the SiyN (1),
Si3N; (2), SipN3 (3) and SiNy (4) clusters

neutral, anion and cation clusters have the lowest BE. This
was noted also for the corresponding C,N,, clusters, where
there was an increase in BE with the increase in the number of
the nitrogen atoms and consequent decrease in the number of
carbon atoms. Otherwise, due to the limited number of clus-
ters considered in the current study it is not possible to derive
more general conclusions.

Conclusions

We presented a detailed theoretical characterization of the
most stable isomers of the neutral, anionic and cationic
Si,N,, clusters. This allows knowledge of their relative
stability, of their structural and thermochemical and spec-
troscopic properties to be expanded. This is certainly an
important step for the determination of their composition
and the possible reactions leading to their formation in both
laboratory and industrial environments, reactions that occur
either in the gas phase, on small aggregates or on silicon
surfaces. The results of the present systematic study should
be useful in modeling and understanding the growth of
silicon-based clusters at the nano scale. Our work should
also motivate new experimental studies on this important
class of clusters. Their complete identification and charac-
terization is mandatory to improving use of their potential-
ities in fundamental and applied areas.
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