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We present results of first-principle study for both neutral and anionic onion-like [As@Ni;2@Aszg]. The ground-

states of singly-charged and doubly-charged anions deviate from ideal I;, symmetrical geometry because of Jahn—Teller

effect, whereas the triply-charged singlet and neutral quartet have similar stable geometries of I}, symmetry. The infrared

and Raman spectra may provide a way to determine various charge states of this molecule with the same symmetry.

Based on our systematical calculations, we suggest additional experimental measurements in order to determine the

appropriate functional with great confidence, which should be important in the research for future quantum dot devices.

Keywords: clusters, density functional theory, first-principle calculation

PACC: 3640B, 3640C, 3220F

1. Introduction

Highly symmetrical molecules generally have spe-
cial properties such as high stability and chemical in-
ertness. They have been attracting much attention.
In 1985, a football-like Cgg molecule called buckmin-
sterfullerene was first reported by Kroto et allll Its
I, symmetry and stability indicated special proper-
ties for potential advanced materials. Recently, an Ij,
symmetrical carbon-free onion-like [As@Ni;o @Aszo}s_
anion has been prepared by Moses et al.l2l The struc-
tural parameters and properties have also been mea-
sured and investigated. Considering its high symme-
try, some novel properties are expected to have appli-
cations as unit of nano-structured quantum devices
with quantum dots. Therefore, it is interesting to
carry out corresponding theoretical researches for such
systems.

There have been some theoretical studies of

such onion-like clusters. A semi-empirical extended
Hiickel molecular orbital (EHMO) calculation has

been performed.[?! Since overlap integrals are fully
or partially neglected in semi-empirical methods and
artificial parameters are introduced, semi-empirical
methods are greatly faster than first-principle meth-
ods. The calculated results from semi-empirical
methods are fairly satisfactory especially for organic
molecules. Semi-empirical methods can be used to
explain their geometry structures, molecular vibra-
tions, binding energy and even experimental spectra
qualitatively. However, artificial parameters are nei-
ther flexible nor transferable because they are opti-
mized for experimental values or high-level quantum
chemistry calculations of a set of specific molecules.
The first-principle methods do not depend on artifi-
cial parameters, and give accurate and highly trans-
ferable results. So it is very necessary to perform first-
principle calculations for this system. Baruah et al
have given a detailed first-principle study by adopt-
ing PBEPBE[* functional for geometry, energetics,

electronic structures, and vibrational properties for
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both neutral and charged [As@Ni;2@Asyg] and its sub-
units, [Asyo] and [As@Niy,].l5) They have also studied
the bonding scheme in the neutral [As@Nij2@Asoq]
and the energy barrier for removal of an arsenic atom
Zhao et all®l have re-
ported geometry, energetics, and electronic proper-
ties of the [AS@NilQ@ASQO]S_ anion, which adopted
the PW91[7! functional with the plane-wave pseudo-

from this neutral cluster.

potential technique. They have also predicted the
lower-energy absorption spectrum for this system by
the time-dependent density functional theory. Be-
cause the exact energy functional is unknown, the
comparison of validity and accuracy among various
functionals is needed. In this article, both PBEPBE
and other seven energy functionals are examined in the
calculations of the triply-charged anion. All function-
als lead to similar stable structures; particularly two
hybrid functionals, i.e. B3PW91 and PBE1PBE are
found to be the most suitable for this system. Some
special techniques to reduce computational efforts are
presented such as choices of basis sets and setting of
algorithms because first-principle calculations are very
time-consuming. We perform the geometry optimiza-
tion and vibrational analysis with B3PW91 for the
two stable I}, structures, i.e. the triply-charged singlet
and the neutral quartet. Although their geometries
are very similar, there are differences between their
infrared (IR) and Raman spectra. It may provide a
way to determine various charge states of this onion-
like molecule with the same symmetry, which should
be important in the research for future quantum dot

devices.

2.Theoretical method and calcu-
lation results

Density functional theory (DFT)E~1 has be-
come more and more popular in recent years because
of its successful balance of less computational require-
ment and adequate accuracy almost comparable with
expensive post-SCF methods, such as, Mgller-Plesset
perturbation theory (MP),[U] configuration interac-
tion (CI),2=14 coupled-cluster (CC) method,!>:16]
and complete-active-space multiple-configuration self-
consistent-field method (CAS-MC-SCF).['7-20] De-
spite the great success in a wide range,[21:2? the ex-
act functional is still unknown for the DFT method,
so uncertainty to determine approximate energy func-
tional exists in various specific applications. Be-

fore applying it to an unknown system, the validity

and accuracy must be taken care of. More specifi-
cally, a more suitable functional for a given system
must be chosen carefully from among lots of devel-
oped approximate functionals. The local density ap-
proximation (LDA) is simple, but very efficient and
widely used for molecules, clusters and solid. But
LDA has a general tendency to overbinding, i.e. con-
traction of bond length and overestimation of cohe-
sive energy.?3] The generalized gradient approxima-
tion (GGA) introduces gradient correction and at-
tempts to improve LDA results though overcorrection
exists sometimes. Hybrid functional was initially sug-
gested by Becke to mix a fraction of Hartree—Fock
exchange into GGA functionals.?¥ People found that
hybrid functionals had often given better results of
energetics, structures and properties. They even drew
a conclusion that hybrid functionals was most accu-
rate in the DFT methods,5 although the computa-
tional effort of hybrid functionals was slightly more
than LDA. All calculations reported here are per-
formed by the Gaussian 03 suite of programs.!?¢! In
this work, we perform comparisons among eight differ-
ent, functionals, i.e., SVWN, BLYP, BP86, PBEPBE,
HCTH407,27-29 B3LYP, B3PW91 and PBE1PBE.
More specificallyy, SVWN is a popular LDA func-
tional in Gaussian 03; BLYP, BP86, PBEPBE and
HCTH407 are GGA functionals; B3LYP, B3PW91
and PBE1PBE are hybrid functionals. Note that the
B3LYP and PBE1PBE are hybrid functionals based
on the BLYP and PBEPBE, respectively. For exam-
ple, the PBE1PBE exchange-correlation functional is

1
given by the formula ETBEIPBE — 1 (EEF - E:E’BE) +

EECBE,[?’O] where the ENF is the Hartree-Fock ex-
change, the EYBE is the PBE exchange functional,
and the ELBE is the PBEPBE exchange-correlation

functional, respectively.

Two standard types of all-electron and DFT-
optimized basis sets in Gaussian 03 are cho-
sen: a double-( valence plus polarization basis set
(DGDZVP)B132 which is used earlier in another
package DGauss, and a larger triple-¢ valence plus po-
larization basis set (TZVP).[3334 For example, in the
calculations of triply-charged [As@Nilg@Asm]‘% an-
ion with the PBEPBE functional, very similar results
are obtained for these two basis sets. More specifically,
less than 0.001nm between optimized geometries, and
only 4.2cm ! for the root mean square (RMS) error of
vibrational frequencies. It shows that the DGDZVP

is sufficient for the geometry optimization and vibra-
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tional analysis. Moreover, additional single point cal-
culation using TZVP at the geometrical structure de-
termined with DGDZVP gives a HOMO-LUMO (the
highest occupied molecular orbital and the lowest un-
occupied molecular orbital) gap only 0.01eV below the
TZVP optimized value. So we adopt DGDZVP for the
geometry optimization and vibrational analysis, and
TZVP for accurate properties such as energetics and
HOMO-LUMO gap. For self-consistent field (SCF)
calculation, tight convergence criterion less than 108
is adopted. The direct inversion in iterative subspace
method (DIIS)I*?! is used in order to accelerate SCF
convergence. Since a grid-based integration scheme
is used for the DFT calculation in Gaussian 03, a
pruned (99,590) integration grid is used to reduce the
error from numerical integration. Moreover, spin is
restricted for a closed-shell triply-charge state, and
In the follow-

ing sections, we will use the eight different functionals

unrestricted for other charge states.

for calculations of geometry optimization, vibrational

analysis, and electronic structures.

2.1. Geometry optimization

The Born-Oppenheimer approximation is used
to separate the fast moving electrons from the
the to-
tal wavefunction is written as Wioa({R},{r}) =
Unuclei({R}) Pelectrons ({7}; {R}) , which means the

nuclear and electronic motions are decoupled. The ge-

slow moving nuclei. More specifically,

ometry optimization can be described as follow. With
reasonable initial guessed coordinates, movement of
electrons with fixed nuclear configuration is obtained
by solving the Kohn-Sham (KS) equations.[®! Note
that the shape of potential energy surface (PES) is
good enough to compare with experimental or high-
level post-SCF results despite of approximate energy
functional.[®®] Then, the forces on nuclei are calcu-
lated by Hellmann—Feynman theorem and the coordi-
nates of nuclei are updated according to classic me-
chanics based on a given searching algorithm. With
this process going on until given convergence crite-
ria of forces and displacements are reached, a sta-
tionary point is obtained. For the accurate geometry,
very tight convergence criteria of geometry optimiza-
tion are used: the maximum and the RMS forces are
less than 2 X 1076 and 1 x 1078 a.u., respectively; the
maximum and the RMS displacements are less than
6 x 107 and 4 x 107% a.u., respectively. A frequency
analysis can be performed to distinguish an equilib-

rium point from a saddle point, which will be eluci-

dated in detail in the next subsection.

For large systems, the optimization strategy and
initial calculation settings should be chosen carefully
It should
be noted that final results are independent of the

because of great computational efforts.
initial calculation settings. In our calculations, the
Hellmann—Feynman forces are obtained with analytic
derivatives, which are calculated by solving coupled-
perturbed Kohn-Sham (CPKS) equations.[*7:38 The
analytic derivative is useful for both accuracy and sav-
ing computational effort. Moreover, the performance
of the geometry optimization depends on the adopted
coordinate system. Because the redundant internal
coordinates are proved to be the most efficient, 941l
we adopt the Berny algorithm with redundant internal

coordinates[42]

in our calculations. The point group
symmetry is also important in the geometry optimiza-
tion, which can be required for less computational ef-
fort, or neglected for exploring more degrees of free-
dom. Therefore we restrict [As@Nilz@Asm]s_ anion
to experimental [}, symmetry, and vibrational analysis

will be requested to validate this precondition.

Fig.1. Structure of [As@Nilg@As20]37 anion.

The geometry of [As@Ni;, @Aszg]Sf can be illus-
trated as an three-shell onion-like structure as shown
in Fig.1. More specifically, the outer-shell is a do-
decahedral cage-like Assg, the intermediate-shell is a
homocentric icosahedral cage-like Nijo, and the inner
arsenic atom is situated at their center. The experi-
mental and theoretical structural parameters are de-
picted in Table 1. Note that the experiment is per-
formed on crystal but the environmental effect on

the triply-charged [As@Nilg@As%]sf

neglected,[?! thus the comparison between the exper-

is weak to be

imental results and calculated values is reasonable.
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It is shown that most DFT results are in reasonable
For LDA
results, the Ry, Ry, and R3 accord with the exper-
imental results within about 0.007nm. For GGA re-
sults, BLYP exhibits the greatest discrepancies within
about 0.014nm, and the Rq, R2 and R3 of other GGA

functionals are in accordance with the experimental

agreement with the experimental results.

results within about 0.005nm. For hybrid functionals,
B3LYP results deviate less than 0.008nm from exper-

imental results; BSBPW91 and PBE1PBE results ex-
hibit better agreements with the experimental results
within about 0.003nm, which are also indicated by the
AR in Table 1. The earlier first principle calculation
results are also listed in Table 1. Their AR are larger
than our BBPW91 and PBE1PBE results by a factor
of three to five. Our PBEPBE results are close to
Baruah’s calculation,!®) which adopted the same func-

tional and a bigger basis set.

Table 1. Structural parameters of [As@Nilg@As20]37 anion.

Functional Type R1/0.1nm? R3/0.1nm" R3/0.1nm®) AR/0.1nm%)
SVWN LDA 2.73 2.49 2.39 0.041
BLYP GGA 2.85 2.69 2.48 0.10
BP86 GGA 2.80 2.60 2.44 0.045
PBEPBE GGA 2.79 2.58 2.44 0.036
HCTHA407 GGA 2.77 2.54 2.42 0.020
B3LYP Hybrid 2.80 2.63 2.44 0.055
B3PW91 Hybrid 2.77 2.56 2.41 0.012
PBE1PBE Hybrid 2.75 2.53 2.40 0.014
PBEPBE, Baruah et all5 GGA 2.80 2.59 2.44 0.042
PW91,Zhao et all6! GGA 2.80 2.65 2.43 0.063
Exp.[2] 2.752 £ 0.025 2.558 + 0.012 2.396 + 0.008 0.000

a) Ry: the distances between two neighboring arsenic atoms of the Asag cage.

b)

Rs: the distances between the central arsenic atom and a nickel atom.

©) Rj3: the distances between a nickel atom and its neighboring arsenic atom of the Asyo cage.

2 2 2
D AR \/ (AR + (AR + (AR [ p p oo

3
2.2. Vibrational frequencies and spectra

The vibrational analysis is useful in determining
whether the optimized structure is stable. The vibra-
tional modes can be calculated by diagonalizing the
mass-weighted Hessian matrix/*3 based on the har-
monic oscillator approximation. IR intensities/** and
Raman scattering activities!*®! will be obtained by
transforming the dipole derivative and polarizability
derivative matrix to the normal coordinates respec-
tively. Both Hessian matrix and the dipole derivative
can be obtained analytically by solving CPKS equa-
tions but the polarizability derivatives have to be com-

puted by numerical differentiation.

For Ij, symmetrical [As@Ni;q @Aszo]?h
the irreducible representation of vibrational structure
is I'"P=2A, ® 1T, ® 1Ty, ® 3G, @ 5H, @ 4T1,®

anion,

(i =1,2,3).

3Ty ® 3G, ® 3H,. All computed vibrational frequen-
cies are presented in Table 2. There is no imaginary
frequency, which indicates that structures obtained
All calculated

Note that some

by various functionals are all stable.
frequencies are less than 330 cm™1.
imaginary frequencies are found in the Hartree—Fock
(HF) calculation. As listed in Table 2, for most modes,
the LDA type SVWN and the GGA type BLYP give
the greatest and smallest frequencies respectively. For
hybrid functionals, the B3PW91 and PBE1PBE re-
sults are mostly intermediate between the LDA and
GGA results. It is interesting to note that there are
extreme soft modes for BLYP and B3LYP (only 12.7
cm~! and 7.4cm~! for the lowest H, mode, respec-
Our PBEPBE results are mostly in good
agreement with Baruah’s calculation!® which is also
listed in Table 2

tively).
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Table 2. Vibrational frequencies of [As@Ni;2@Asy0]®>~ anion (cm™1).

Type LDA GGA Hybrid
SVWN BLYP BP86 PBEPBE PBEPBE®?) HCTH407 B3LYP B3PW91 PBE1PBE
Ag 168.6 125.5 143.7 148.3 144 147.7 139.2 155.0 161.3
247.3 201.4 220.6 226.1 227 230.3 220.4 238.0 246.4
Tig 230.7 195.0 210.6 215.4 95 220.7 196.3 212.0 215.1
Tag 97.6 83.5 90.0 92.2 222 96.1 89.7 95.7 98.0
Gg 104.6 72.7 86.5 90.0 89 90.4 73.6 87.9 91.4
199.1 168.5 182.3 186.2 188 191.0 181.7 193.9 199.3
276.9 229.9 250.1 256.0 258 259.4 243.0 261.2 267.8
Hy 87.3 51.6 69.3 74.3 72 78.8 56.9 73.4 78.1
119.0 96.2 105.4 107.9 108 111.6 102.2 111.1 114.7
142.5 114.2 126.3 129.4 131 129.0 122.8 134.1 138.7
199.4 158.2 176.1 181.7 180 188.5 172.5 188.8 195.8
316.7 262.6 285.6 291.8 295 294.3 280.8 301.3 309.4
Tiu 105.8 84.9 94.0 96.4 95 99.8 91.7 99.9 102.8
225.1 144.5 182.9 194.1 187 205.2 161.3 195.8 207.7
233.4 192.1 209.4 214.2 213 219.1 209.6 225.1 232.3
286.9 239.5 259.6 265.1 269 268.3 253.9 271.9 278.6
Tau 126.1 79.0 102.3 109.6 106 118.9 86.9 109.0 115.6
146.2 119.3 129.2 131.9 135 131.8 124.3 133.6 137.3
211.3 176.4 192.1 196.5 199 199.6 192.8 206.3 212.6
Gu 128.8 102.7 114.3 117.5 117 121.4 111.9 122.8 127.1
157.7 130.9 142.7 146.4 147 152.8 142.8 153.5 158.4
323.8 269.1 292.3 298.6 302 300.9 286.8 307.3 315.4
H. 63.8 12.7 43.7 48.1 49 39.2 7.4 41.9 46.8
104.6 78.5 89.3 92.7 96 92.1 86.9 97.3 102.0
247.1 205.5 223.6 229.1 233 234.2 212.2 229.8 234.9

@ Baruah’s work, see Ref.[5].

Then we move on to considering IR intensities

and Raman scattering activities, which are displayed
in Table 3. The four T;, modes are IR-active, to-

gether with two A, and five H, Raman-active modes.

As shown in Table 3, the IR intensities and Raman

scattering activities calculated by most functionals are

consistent.

Table 3. IR intensities and Raman scattering activities of [As@Nilz@Aszo]S_ anion.

Functional  Type IR intensities/(km/mol) Raman scattering activities/((0.1nm)*/amu)
1Tie  2T1a  3T1a  A4T1g 1A,  2A, 1H; ©2H, 3H; 4H, 5H,
SVWN LDA 8.2 7.6 1.6 11.7 33.5 100.2 9.8 0.3 2.4 7.2 7.5
BLYP GGA 9.1 1.1 7.1 6.3 24.0 124.5 8.7 1.8 3.1 8.8 11.3
BP86 GGA 8.4 2.5 6.1 8.7 28.8 116.3 9.4 0.9 2.9 8.4 9.8
PBEPBE GGA 8.2 3.2 5.1 9.6 32.7 112.8 9.6 0.6 3.1 8.3 9.5
HCTH407 GGA 8.1 3.7 2.7 12.3 41.7 99.2 8.9 0.1 4.2 7.8 8.2
B3LYP Hybrid 12.8 2.0 7.6 14.6 294 113.2 8.3 1.1 2.3 7.7 9.6
B3PW91 Hybrid 11.7 3.9 5.8 18.0 34.8 105.9 9.0 0.4 2.1 7.3 8.4
PBE1PBE Hybrid 12.2 4.9 5.0 21.6 38.1 101.5 9.1 0.3 2.0 6.9 7.9

2.3. Electronic structures

The ground electronic state of [As@Nio @ASQO]S_

anion is a fully symmetrical 'A,. The order of com-

puted molecular orbitals depends on the functional
and the basis set. In our calculations, the LUMO is
a fivefold degenerated h, proposed by all function-
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als. For the HOMO, SVWN, BP86, PBEPBE and
HCTHA407 give five-fold degenerated h,, but BLYP,
B3LYP, B3PW91 and PBE1PBE give a three-fold de-
generated tq,. All calculated HOMO-LUMO gaps are
presented in Table 4. It shows that GGA and hybrid
functionals give the smallest and greatest values, re-

spectively. The hybrid functionals are anticipated to

be better. The earlier first-principle calculation re-
sults are also listed in Table 4. Our PBEPBE results
are in good agreement with Baruah’s work,®! and the
HOMO-LUMO gap calculated by most GGA func-
tionals is also in agreement with the Zhao’s work.!®!
Note that all earlier results predict that the HOMO is

of h, symmetry.

Table 4. Electronic configuration and HOMO-LUMO gap of [AS@Nilz@Aszo]S_ anion.

Functional Type Electronic configuration® HOMO-LUMO Gap/eV
SVWN LDA (- ) (t2u)®(hg)'*(8u)®(85)® (t1u)° (ag)? (hu)** (hg)® (gu)° (t1u) (- - ) 1.58
BLYP GGA  (-+)(8u)®(t2u)®(hg) " (ag)?(gg)® (hu) " (t1u)® (hg)® (t1u)° (gu) (- - ) 1.33
BP86 GGA (- )(8u)®(t2u)® (hg)*(ge)® (ag)* (t1u)® (hu) ' (hg)® (t1u)° (8u) (- - ) 1.46
PBEPBE GGA  (-+-)(t2u)®(gu)®(hg) " (gg)® (ag)? (t1u)® (hu) " (hg)® (gu) (t2u) (- ) 1.46
HCTH407 GGA  (---)(t2u)®(hg) " (8u)® (g2)® (ag)? (t1u)® (hu) " (hg)® (gu)° (t2u)° (- ) 1.55
B3LYP Hybrid (- ) (t2u)® (hg)'%(gu)® (g¢)® (ag)® (hu) ' (t1u)® (hg)® (t1u)® (gu) (- - ) 2.39
B3Pwo1 Hybrid (- -)(t2u)® (hg)'%(gu)® (g¢)® (ag) (hu) ™ (t1u)® (hg)® (t1u) (gu)° (- - ) 2.54
PBEIPBE Hybrid (- ) (t2u)® (hg)'"(8u)®(82)® (ag)* (hu)* (t11)° (hg)® (t1u)° (8u) (- - ) 2.83
PBEPBE, Baruah et all5l GGA  (---)(t2u)%(gu)® (he) 0 (g¢) (ag)? (t1u) € (ha) 0 (hg )0 (- - -) 1.45
PW9L, Zhao et allf] GGA  (---)(hu)"%(gu)® (t14)° (hg) ' (gu)® (8)® (hu)'® (hg)® (t1u)° (gu) (- - ) 1.44

a) Most closed shells are omitted in the representations of electronic configurations.

2.4. Polarizability

The mean polarizability of the [As@Ni; o @ASQO]S_
anion is listed in Table 5. The LDA type SVWN
and the hybrid functional PBE1PBE give the small-
est value, and the GGA type BLYP gives the great-
est value. Most of our results are in the range from
25.1 to 26.6 bohr®/atom which are in agreement with
the PW91 results,®/ but our results are less than the
PBEPBE result calculated by Baruah et all5] Note
that the hybrid functional B3SPW91 and PBE1PBE

give consistent results.

Table 5. Mean polarizability of the [As@Nilz@Aszo]s_ an-

ion.

Functional Type Mean polarizability
/(bohr® /atom)
SVWN LDA 25.1
BLYP GGA 27.5
BP86 GGA 26.6
PBEPBE GGA 26.4
HCTH407 GGA 25.5
B3LYP Hybrid 26.1
B3PW91 Hybrid 25.4
PBE1PBE Hybrid 25.1
PBEPBE, Baruah et alll  GGA 29
PW91,Zhao et allf GGA 25.4

Based on above systematical calculations, the

PBE1IPBE and B3PW91 are found to be the most
appropriate for the present physical system, which is
consistent with available experimental measurements
and theoretical results. Furthermore, in order to de-
termine the appropriate functionals with great confi-
dence, which should be important in the research for
future quantum dots devices, we also suggest addi-
tional experimental measurements such as HOMO-
LUMO gap, polarizability, IR and Raman spectro-

scopic measurements etc.

3. Discussion

As mentioned above, we have compared eight dif-
ferent functionals in the calculations for triply-charged
[As@Nilg@Aszo]37 anion. As shown in Table 1 and
Table 2, all calculated geometries of the onion-like Iy,
structure are stable and in agreement with the ex-
perimental results. The hybrid functionals, BSPW91
and PBEIPBE exhibit the best results. As shown
in Table 4, the LUMO calculated by all eight func-
tionals are hg; For the HOMO, there are two pre-
dictions: one is predicted as ti,, the other is as hy.
Although experimental measurements have not been
performed yet, the hybrid functionals, BSPW91 and
PBE1IPBE are anticipated better; they predict the
HOMO as t;, and the HOMO-LUMO gaps as 2.54
and 2.83 eV, respectively. It deserves further exper-
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imental measurements. A well-known drawback of
LDA is the ‘band gap problem’,[*®! which means that
LDA underestimates the band gap generally, and for
a finite system the band gap is corresponding to the
HOMO-LUMO gap. This problem is even more severe
for GGA because they give smaller HOMO-LUMO
gaps than LDA in this work. The hybrid functionals
are believed to meliorate the ‘band gap problem’ of
LDA and GGA,[*"=% and show good agreement with
more accurate theoretical values (for example, by the
GW approximation,®*52 and quantum Monte-Carlo
method[53’54]) and experimental results.’5] In sum-
mary, hybrid functional B3PW91 and PBE1PBE are
the most appropriate for this system. Furthermore,
besides the HOMO-LUMO gap, we suggest additional
experimental measurements such as polarizability, IR
and Raman spectroscopic measurements etc., in order
to determine the appropriate functionals with great

confidence.

For the above discussion, we adopt only the
B3PWO91 in the following study for other charge states.
According to the electronic configuration listed in Ta-
ble 4, obtained by the hybrid functional BSPW91, the
anticipated electronic configurations of various charge
states are listed in Table 6. For I}, symmetry, the Ty,
T1u, He and H,, states are unstable due to Jahn-Teller
effect.[5] More specifically, the T1g and T, electronic
states interact with H, vibrations, as well as the Hg
and H, electronic states interact with both G, and

57,58] Therefore, the stable geometry of

H, vibrations.!
the ground states for the singly-charged and doubly-
charged anions can not be of I, symmetry. The stable
geometries of the triply-charged singlet and neutral
quartet are of I, symmetry, because their electronic
states are non-degenerated. The calculations of I},
structure of the neutral quartet will be reported be-

low.

Table 6. Electronic states of anionic and neutral [As@Nij2@Asgq].

Charge state

Electronic configuration

Electronic states

-3 () (t20)® (hg) 1 (8u)® (22)® () (hu) ** (t1u)® tAg
-2 () (t2u)® (hg) 1 (gu)* (22)® () (hu) ** (t1u)° Ty
1 ( . ')(t2u)6(hg)10(gu)8( S(ag)2(hu)10(t1u)4 lAg@ng@STlg
0 () (t20)® (he) 1 (gu)® (82)® (ag)® (hu) ** (t1u)? *T1u®’Hu®* Ay

Some interesting results are shown in the compar-
ison between the two optimized I} equilibrium struc-
tures: the triply-charged singlet and the neutral quar-
tet. They have very similar geometrical structures:
Asgg cage of neutral [As@Ni;»@Asy] is nearly identi-
cal with the triply-charged anion, and Nij5 cage is less
than 1% dilated for losing three electrons. The neutral
species is 2.51eV energetically higher than the triply-
charged anion, and has a 0.96eV HOMO-LUMO gap
(which is defined as the smallest value of alpha and
beta gaps), which is smaller than the 2.54eV gap of the
triply-charged anion. For the neutral cluster, we find
that the LUMO is of t1, symmetry, which is in agree-
ment with Baruah’s calculation;!®! but the HOMO is
of a; symmetry instead of the h, symmetry predicted
by Baruah et al[5! The mean polarizability of the neu-
tral cluster is 24.9 bohr® /atom, which is less than that
of the triply-charged anion (25.4 bohr®/atom). All vi-
brational frequencies of the triply-charged anion and
the neutral cluster are listed in Table 7. Note that
the two A, and five H; modes are Raman-active and

the four T, modes are IR-active. Most of our calcu-

lated frequencies are similar to Baruah’s result.[?! Note
that for the lowest T, mode of the neutral species
our result is 33 cm ™! less than Baruah’s result.[’] For
most modes, the differences in vibrational frequency
between the triply-charged anion and neutral cluster
are in agreement with Baruah’s results,® as shown
in Table 7. The IR and Raman spectra are shown in
Fig.2. The Raman intensities are calculated by the
method of Wojciechowski et al[®® Note that our IR
spectrum of the [As@Nilg@Aszg]LF anion is in agree-
ment with the Baruah’s result,® but the IR spectrum
of the neutral [As@Ni;3@Asy] cluster is different from
their work.[®! Peak positions in our Raman spectra are
in agreement with Baruah’s work,® but the intensity
distributions are different. It deserves further exper-
imental measurements for verification, which should
be important to determine the most appropriate func-

tional for this system.

Based on our calculation results, the vibrational
spectra may provide a way to determine various charge
states of this molecule with the same symmetry. More

specifically, for Raman spectra, vibrational frequen-
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cies of all active modes are almost independent of
charge states (within 6 cm™!), as shown in Table 7.
The intensity distributions in the range from 200 to
350 cm ™! are similar and there are some differences
for soft modes, as shown in the Fig.2(c). For IR spec-

tra, contrarily, the first, second and fourth IR-active

T1. modes are strongly red-shifted (by 48.2, 28.4 and

20.1 cm ™!, respectively) from triply-charged to neu-

tral species, as shown in Table 7. The intensity dis-
tributions of IR spectra exhibit distinguishable differ-

ences between the triply-charged anion and the neu-

tral cluster, as shown in Fig.2(d).

Table 7. Vibrational frequencies between triply-charged and neutral [As@Nij;2@Asgg].

Our work Baruah’s work!®]
Mode v_z/em~13)  pg/cm~1P)  Av/cm~19  (Av/v)/%D v_z/em™! yp/em™! Av/em™! (Av/v)/%
Ag Raman 155.0 154.6 -0.4 -0.3 144 142 -2 -1.4
Raman 238.0 236.2 -1.8 -0.8 227 227 0 0.0
Tig 212.0 216.2 4.2 2.0 95 95 0 0.0
Tag 95.7 93.6 -2.1 -2.2 222 222 0 0.0
Gg 87.9 79.9 -8.0 -9.1 89 87 -2 -2.2
193.9 179.3 -14.6 -7.5 188 175 -13 -6.9
261.2 266.1 4.9 1.9 258 265 7 2.7
Hg Raman 73.4 67.7 —5.7 -7.8 72 67 -5 -6.9
Raman 111.1 106.8 -4.3 -3.9 108 102 -6 -5.6
Raman 134.1 136.3 2.2 1.6 131 130 -1 -0.8
Raman 188.8 184.2 —4.6 —2.4 180 177 -3 -1.7
Raman 301.3 301.3 0.0 0.0 295 297 2 0.7
Tiw IR 99.9 51.7 —48.2 —48.2 95 85 -10 -10.5
IR 195.8 167.4 —28.4 -14.5 187 163 —24 -12.8
IR 225.1 219.2 -5.9 -2.6 213 212 -1 -0.5
IR 271.9 251.8 -20.1 —7.4 269 265 -4 -1.5
Tau 109.0 95.9 -13.1 -12.0 106 92 -14 -13.2
133.6 121.1 -12.5 -9.4 135 128 =7 -5.2
206.3 211.0 4.7 2.3 199 204 5 2.5
Gu 122.8 124.1 1.3 1.1 117 121 4 3.4
153.5 143.6 -9.9 -6.4 147 140 =7 4.8
307.3 307.2 -0.1 0.0 302 305 3 1.0
Hy 41.9 32.3 -9.6 -22.9 49 43 -6 -12.2
97.3 112.3 15.0 15.4 96 107 11 11.5
229.8 234.4 4.6 2.0 233 238 5 2.1

a) y_s: vibrational frequencies of the triply-charged anion.

b) 1y: vibrational frequencies of the neutral cluster.

) Av=uvg—v_3.

D Av/v=(vg—v_3)/v_3.
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Fig.2. The Raman (a) and IR (b) spectra of both triply-charged and neutral [As@Nij2@Asaq]
calculated by Baruah et al;[5] Our calculated Raman (c) and IR (d) spectra of both triply-charged

and neutral [As@Nij2@Asgg].

Finally, we would like to conclude by making the
following comments: It is important to examine func-
tionals judiciously when we are going to study a clus-
ter system. For the [As@Nilg@Aszo]?’_, the B3PW91
and PBE1PBE are determined to be the most appro-
priate. This onion-like system may be useful for future
nano-structured quantum devices with quantum dots.

The charge state of the quantum dots may be impor-

tant for the functional performance. The IR and Ra-
man spectra may provide a way to determine various
charge states of this molecule with the same symme-
try. Furthermore, based on our systematical calcu-
lations, we suggest additional experimental measure-
ments in order to determine the appropriate functional
with great confidence, which should be important in

the research for future quantum dot devices.
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