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The structure and the dipole polarizabilities of Sn clusters (n ) 2-12) have been calculated using density
functional theory within the B3LYP approximation and conventional ab initio Hartree-Fock (HF) and coupled-
cluster with single and double and perturbative triple excitations (CCSD(T)) methods. The results show that
the binding energy per atom increases with the size of the cluster and reaches the asymptotic limit for a
relatively smalln value. There is an excellent agreement between B3LYP and CCSD(T) data in predicting
the energy of the disproportionation reaction 2Sn f Sn-1 + Sn+1, which indicates that S2, S6, and S8 are
especially stable, in agreement with the experiment.〈R〉 increases withn and linearly correlates with the
molecular volume.〈R〉/n increases withn and reaches the asymptotic limit pern f ∞ from below, contrary
to what happens in small semiconductor and metallic clusters. A well-defined correlation between〈R〉 and
hardness is not found, while the〈Rn〉 - n〈R1〉 difference value linearly correlates with the atomization energy.
In the sulfur clusters, the minimum polarizability principle does not hold, the lone-pair electron polarizability
being more diffuse, hence more polarizable, in the cluster than in the free atom. Pure vibrational effects on
〈R〉 are negligible.

1. Introduction

The static dipole polarizability,R, is a fundamental property
of a molecule and governs a variety of physical and chemical
phenomena.1 It expresses the induced dipole moment value of
the molecule under the effect of a weak external field.2 Thus,
it can be taken as a measure of the stability of the electronic
distribution. The minimum polarizability principle (MPP)3,4 was
indeed formulated, which states that “the natural evolution of
any system is toward a state of minimum polarizability”. This
implies〈RM〉 < ∑i〈Ri〉, where〈RM〉 is the molecular mean dipole
polarizability and〈Ri〉 is the mean polarizability of the constitu-
ent fragment. However, the MPP does not always hold.5 The
reasons are not fully understood. The MPP is conceptually
related to the maximum hardness principle (MHP)6 based on
the absolute hardness definition2

whereN is the number of electrons andI andA are the ground-
state ionization potential and electron affinity, respectively.
According to theη definition, molecules arrange themselves
so as to be as hard as possible. Maximum hardness, minimum
polarizability, and molecular stability complement each other.7-9

Concepts underlying MPP and MHP definitions have been often
used in the literature to study a variety of chemical reactions5-10

including hydrogen-bonded complexes,8 tautomeric equilibria,11

internal rotations,7,12 and relative stability of isomers.13 Relation-
ships among polarizability, dipole moment,14 and electronic
excitations15 have been also reported. Correlation between
hardness and polarizability has been investigated for atoms,
molecules, and homonuclear clusters.12,16 As recent examples,

in furan homologues,17,18 R, as well as the first hyperpolariz-
ability, â, and the second hyperpolarizability,γ, linearly
decreases asη increases, pure electronic contributions having
been considered because vibrational contributions are small.19

Similar trends were observed in the group 14 heterocyclic series
C4H4XH2 (X ) C, Si, Ge, Sn).20 In many cases, however, no
correlation has been found betweenR and η; in a series of
molecules containing the atoms H, C, N, O, S, P, F, Cl, Br, I,
Fe, and Os5 and in the group 16 chalcogenophenes C4H4X (X
) O, S, Se, Te),17 the dipole polarizability difference

was found to be linearly related to the molecular stability
expressed as binding energy, BE) EM - ∑iEi. On the whole,
it can be stated that the interrelation betweenR and the chemical
stability is not straightforward, leaving some lack of knowledge
on the effective role of the microscopic properties associated
with the molecular dipole polarizability.

The present work aims to investigate the size dependence of
the dipole polarizability and stability of mainly cyclic sulfur
clusters, Sn (n ) 2-12), and the possible correlation among
electronic properties in these systems. Theoretical methods are
used within the conventional ab initio and density functional
theory (DFT) framework. These clusters are characterized by
the presence of many polarizable lone-pair electrons, which
likely dominate the molecular polarizability.

The chemistry of elemental sulfur has attracted much attention
owing to the richness of molecular forms it shows.21 In the
vapor, the molecules S2 to S10 are known. They have been
characterized experimentally by X-ray, IR, Raman, and UV
absorption spectroscopies, as well as by theoretical calcula-
tions.22-26 Dipole polarizabilities of cyclic S8, S12, S16, and S20,
evaluated at the semiempirical MNDO level, have been recently
reported.27
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2. Computational Methods
All theoretical calculations were made with the Gaussian 98

package.28 Molecular geometries were optimized at Hartree-
Fock (HF) and DFT-B3LYP levels using the correlation
consistent cc-pVDZ basis set.29 Moeller-Plesset second-order
perturbation theory (MP2) and coupled-cluster with single and
double and perturbative triple excitations (CCSD(T)) single point
energy and polarizability calculations were carried out on the
B3LYP/cc-pVDZ geometry forn ) 2-10 and n ) 2-7,
respectively.

A vibrational analysis was performed to discriminate between
minima and transition states in the potential energy surface
(PES). IR and Raman frequencies were obtained analytically.
The HF and B3LYP components of the static electronic dipole
polarizability were obtained analytically as the second deriva-
tives of the energy with respect to the Cartesian components of
the electric field:

MP2 and CCSD(T)Rij terms were obtained numerically from
a Taylor expansion of the cluster energy,E, in the electric field,
F:

using a field strength of 0.005 au within the finite field method
as developed by Kurtz et al.30

Vibrational contributions to the polarizability were evaluated
in the double harmonic approximation following summation
over mode expression:

where the symbols have their usual meaning.31

The mean polarizability〈R〉 is reported as

and the polarizability anisotropy is reported as

3. Results and Discussion
3.1. Cluster Structure and Stability. The B3LYP/cc-pVDZ

molecular structures of the clusters investigated are reported in
Figure 1, and their geometrical parameters are reported in Table
1. Forn g 5, we have considered only cyclic structures because
these clusters occur as monocyclic rings.21 S2 has a3Σg

- ground
state with a bond length of 1.934 Å and a vibrational frequency
of 702 cm-1. Both of these figures are in reasonable agreement
with the corresponding experimental values of 1.889 Å and 726
cm-1.32

S3 and S4 clusters have been investigated in some detail
because their PES is rather flat and because many valuable
theoretical computations exist in the literature for compar-
ison.23-25,33-39 The experimental structure of S3 is not known;

nevertheless the S-S bond length was estimated to be 1.90
( 0.05 Å.40 We know the ionization potential (9.68 eV),41

the electron affinity (2.093( 0.025 eV),40 and the absorption
in the visible region (λmax ) 430 nm).42 Earlier correlated
methods predicted the openC2V structure to be more stable than
the ring D3h form by 5-10 kcal/mol. TheC2V structure is
compatible with the vibrational spectrum.43 The B3LYP/aug-
cc-pVDZ results (Table 2) indicate theC2V form as the global
minimum with theD3h form being 8.14 kcal/mol less stable,
which are in agreement with the DFT results of Goddard et
al.38 and with those obtained with the multireference configu-
ration interaction (CI) method,37 and are corroborated by
the present CCSD(T)/aug-cc-pVDZ//B3LYP/cc-pVDZ calcula-
tions. TheC2V (3A2) form is less stable by 14.37 kcal/mol in
agreement with the results by Hohl et al.,23 which found the
lowest energy triplet state 16-18 kcal/mol above the ground
state. As to theC2V molecular geometry, the B3LYP/cc-pVDZ
calculations predict a S-S bond length of 1.960 Å and a bond
angle of 117.5° in very good agreement with the results of
previous ab initio correlated and multireference calculations:
1.948 Å (MP2),24 1.951 Å (MRCI/DZP),35 and 1.932 Å (CCSD-
(T)),37 the bond angle being, in every case, in the small 117-
118° range. Thus, despite its single-reference character, the
B3LYP method adequately describes the structure and PES
of S3.

Figure 1. Ground-state structures of Sn clusters.
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In the case of S4, we have considered four isomers withD2d,
D2h, C2V, andC2h symmetry. They all are minima in the B3LYP/
cc-pVDZ PES, except the rectangularD2h form, which is a
transition state. The experimental molecular geometry of S4 is
not known. IR spectra of sulfur vapor44 gave evidence for the
presence of two different S4 open-chain structural isomers.
Earlier theoretical studies indicated that at MRCI,25,45 CCSD-
(T),25 MD-DF,46 and QCISD(T)47 levels the two most stable
isomers are the planar cis and the rectangularD2h forms, the
former being slightly favored, while MP2, MP4,24 and MD-
DF23 calculations predicted theD2h isomer to be the global
minimum. Our B3LYP/aug-cc-pVDZ//B3LYP/cc-pVDZ data
agree with the former results and with those of very recent
BLYP/CEP-121(BPF) and BLYP/6-31G(BPF) calculations48 by
predicting theC2V (1A1) cis planar form of S4 to be the ground

state and putting theD2h, cis C2V (3B2), C2h, andD2d structures
2.11, 2.18, 6.89, and 17.99 kcal/mol higher in energy (Table
2). CCSD(T)/aug-cc-pVDZ//B3LYP/cc-pVDZ calculations in-
dicate that theD2h and C2V (1A1) isomers are practically
isoenergetic. The cisC2V (3B2) is a local minimum lying 6.02
kcal/mol above the ground state, in agreement with the MD-
DF results of Hohl et al.23 Compared with the recent QCISD-
(T)/6-311G(d) results, the B3LYP/aug-cc-pVDZ geometrical
parameters appear to be somewhat overestimated, as expected,
by 0.088 and 0.09 Å forr1-2 and r2-3, respectively.

The optimized ground-state structures of S5-S12 are reported
in Table 1, together with the available experimental data. X-ray
structures are known for S6,49 S7,50 S8,51 S10,52 S11,53 and S12.54

The B3LYP/cc-pVDZ calculations correctly reproduce the
cluster configuration. Bond distances are systematically over-

TABLE 1: B3LYP/cc-pVDZ Optimized Geometries of Sn Clustersa

parameter calcd exptl parameter calcd exptl

S2 (D∞h, 3Σg
-) r(1-2) 1.934 S8 (D4d, 1A1) r(1-2) 2.108 2.055

θ(1-2-3) 108.3 108.2
S3 (D3h, 1A1′) r(1-2) 2.127 φ(1-2-3-4) 98.4 98.5

(C2V, 1A1) r(1-2) 1.960 S9 (C2, 1A) r(1-2) 2.116
θ(1-2-3) 117.5 r(2-3) 2.094

r(3-4) 2.131
(C2V, 3A2) r(1-2) 2.033 r(4-5) 2.109

θ(1-2-3) 94.2 r(5-6) 2.117
θ(9-1-2) 104.0

S4 (D2d, 1A1) r(1-2) 2.168 θ(1-2-3) 110.1
θ(1-2-3) 85.2 θ(2-3-4) 108.1
φ(1-2-3-4) 32.3 θ(3-4-5) 107.0

θ(4-5-6) 108.2
(D2h, 1Ag) r(1-2) 1.926 φ(9-1-2-3) 74.9

r(1-4) 2.604 φ(1-2-3-4) -76.1
φ(2-3-4-5) -62.5

(C2V, 1A1) r(1-2) 1.939 φ(3-4-5-6) 113.7
r(2-3) 2.230 φ(4-5-6-7) -85.7
θ(1-2-3) 103.6

S10 (D2d, 1A) r(1-2) 2.104 2.048
(C2V, 3B2) r(1-2) 1.930 r(2-3) 2.130 2.074

r(2-3) 2.722 r(3-4) 2.094 2.035
θ(1-2-3) 93.7 θ(10-1-2) 112.1 110.2

θ(1-2-3) 105.0 103.4
(C2h, 1Ag) r(1-2) 1.960 θ(2-3-4) 106.9 107.1

r(2-3) 2.137 φ(10-1-2-3) 79.2 78.6
θ(1-2-3) 110.4 φ(1-2-3-4) -122.0 -122.6

φ(2-3-4-5) 75.9 76.1
S5 (Cs, 1A ′) r(1-2) 2.133

r(2-3) 2.072 S11 (C2, 1A) r(1-2) 2.109 2.046
r(3-4) 2.248 r(2-3) 2.114 2.065
θ(5-1-2) 90.5 r(3-4) 2.100 2.046
θ(1-2-3) 99.9 r(4-5) 2.133 2.064
θ(2-3-4) 100.9 r(5-6) 2.088 2.037
φ(5-1-2-3) 63.3 r(6-7) 2.155 2.110
φ(1-2-3-4) -39.8 θ(11-1-2) 104.0 103.8

θ(1-2-3) 106.8 104.6
S6 (D3d, 1A1g) r(1-2) 2.120 2.068 θ(2-3-4) 108.2 105.4

θ(1-2-3) 102.5 102.6 θ(3-4-5) 108.5 106.9
φ(1-2-3-4) 74.0 73.8 θ(4-5-6) 109.8 107.6

θ(5-6-7) 108.7 106.3
S7 (Cs, 1A′) r(1-2) 2.099 2.048 φ(11-1-2-3) 89.1 91.5

r(2-3) 2.165 2.090 φ(1-2-3-4) -72.3 -71.5
r(3-4) 2.031 1.998 φ(2-3-4-5) -83.0 -82.0
r(4-5) 2.262 2.175 φ(3-4-5-6) 116.5 115.0
θ(7-1-2) 106.5 105.0 φ(4-5-6-7) -103.1 -104.0
θ(1-2-3) 102.4 102.1 φ(5-6-7-8) 134.0 140.0
θ(2-3-4) 106.6 105.3
θ(3-4-5) 108.0 107.4 S12 (D3d, 1A1g) r(1-2) 2.111 2.052
φ(7-1-2-3) 76.4 76.7 θ(12-1-2) 107.3 106.0
φ(1-2-3-4) -106.1 -107.8 θ(1-2-3) 107.8 107.2
φ(2-3-4-5) 82.2 83.2 φ(1-2-3-4) 87.5 88.0

a r ) bond length (Å),θ ) bond angle (deg),φ ) dihedral angle (deg).
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estimated by ca. 0.05 Å. Bond and dihedral angles are
satisfactorily reproduced (to within 2°), the most difficult case
being S11 for which ∆φ(5-6-7-8) is ca. 6°.

Figure 2 shows the average S-S bond length,〈r〉, variation
with the cluster size. For smaller clusters (n ) 2-4), which
have an open structure,〈r〉 reflects a greater double bond
contribution. As the cluster size increases,〈r〉 rapidly converges
to the asymptotic limit, showing a clear even-odd alternation,
which well reproduces the experimental behavior. Figure 2 also
suggests that even-membered clusters should be more stable
than their odd-membered neighbors.

The absolute energies of the S5-S12 clusters are listed in
Table 2, while Figure 3 shows the evolution of the binding
energy per atom, BE/n. The results indicate that a great part of
the cohesion energy is due to the electron correlation, the DFT-
B3LYP approach somewhat overestimating BE with respect to
the MP2 and CCSD(T) methods. For smaller clusters, BE
monotonically increases from S2 to S6 and then smoothly
converges to the extrapolated limit value forn f ∞ of 2.56
(MP2) and 2.67 (B3LYP) eV, which compares well with the
experimental value of 2.74 eV,21 the asymptotic limit being
obtained by fitting the property to an inverse polynomial of the
form BE/n ) a + b/n + c/n2. Thus, in these compact types of
clusters, the cohesive energy in the solid appears to be reached
for a relatively smalln value. The same behavior was found by
DFT calculations in Sin clusters.55 It is of interest to note that
the cohesive energy of Si in the bulk, 4.63 eV,56 is about 2
times the S∞ figure.

The monotonic increase of BE withn suggests that the cluster
is stable toward the fragmentation reaction

whereas the energy of the disproportionation reaction

which is a sensitive quantity reflecting the local stability of the
cluster and can be compared to the experimental relative
abundance, shows that S2, S6, and S8 clusters are especially
stable, in agreement with the experiment21,57 (Figure 4). MP2
and MP4, but not CCSD(T), calculations confer a pronounced
relative stability also to S4. Indeed, mass spectroscopy studies
on the fragmentation process of chalcogen microclusters57

provided evidence for sizable production of S4
+. Furthermore,

at 450° and 20 Torr, S4 is assumed to account for about 20%
of the sulfur vapor.57 It is remarkable that B3LYP results are
in excellent agreement with the CCDS(T) ones.

3.2. Polarizabilities. Table 3 reports〈R〉 and∆R values of
Sn clusters obtained by correlated methods using the diffuse
aug-cc-pVDZ basis set. The best results refer to CCSD(T)
calculations, which are known to give accurate values of
atomic58 and molecular59 polarizabilities and hyperpolarizabili-
ties. An indication of the accuracy of the calculated〈R〉 values
is provided by the comparison between the CCSD(T) (18.1 au)
and B3LYP (18.5 au) and the most recent experimental〈R〉 value
of the S atom of 19.6 au.60 From the methodological point of
view, it is of interest to investigate the basis set effect on the
calculated properties of homonuclear clusters because it has been
often reported in the literature that in oligomeric compounds
the enlargement of the basis set is less and less important as
the size of the oligomer increases.61 Our results for the Sn
clusters are reported in Table 4 and diagrammatically shown in

TABLE 2: Total, ET (au), and Relative ,ER (kcal/mol),
Energy of Sn Clusters

B3LYP/aug-cc-pVDZ//
B3LYP/cc-pVDZ

CCSD(T)/aug-cc-pVDZ//
B3LYP/cc-pVDZ

ET ER ER
a ET ER

S1 -398.127 993 -397.610 557
S2 -796.410 899 -795.354 760
S3 (C2V, 1A1) -1194.617 558 0.00 0.00-1193.036 164 0.00

(D3h, 1A1′) -1194.604 584 8.14 7.35-1193.022 859 8.35
(C2V, 3A2) -1194.594 663 14.37 14.12-1193.006 628 18.53

S4 (C2V, 1A1) -1592.837 190 0.00 0.00-1590.730 807 0.16
(D2h, 1Ag) -1592.833 825 2.11 1.26-1590.731 063 0.00
(C2V, 3B2) -1592.833 723 2.18 0.52-1590.721 468 6.02
(C2h, 1Ag) -1592.826 213 6.89 7.47-1590.716 081 9.40
(D2d, 1A1) -1592.808 527 17.99 18.80-1590.701 832 18.34

S5 -1991.067 597 -1988.432 966
S6 -2389.301 915 -2386.141 527
S7 -2787.522 759 -2783.834 275
S8 -3185.753 024
S9 -3583.960 175
S10 -3982.180 001
S11 -4380.398 901
S12 -4778.625 470

a B3LYP/cc-pVDZ//B3LYP/cc-pVDZ results.

Figure 2. Calculated and experimental average S-S bond length as a
function of the Sn cluster size.

Figure 3. Binding energy per atom as a function of the Sn cluster
size. Basis set is aug-cc-pVDZ.

Figure 4. Disproportionation energy as a function of the Sn cluster
size. Basis set is aug-cc-pVDZ.

Sn f Sn-1 + S

2Sn f Sn+1 + Sn-1
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Figure 5 as mean dipole polarizability per atom〈R〉/n. It can be
seen that the effect of diffuse functions on〈R〉 is noticeable.
〈Rn〉/n uniformly increases by about 25% along the series on

passing from the cc-pVDZ to the aug-cc-pVDZ basis set. Further
addition of diffuse s, p, and d functions (d-aug-cc-pVDZ basis)
has a modest effect. The presence of higher angular f functions

TABLE 3: Calculated Mean Static Dipole Polarizability, 〈r〉 (au), and Polarizability Anisotropy, ∆r (au), of Sn Clustersa

B3LYP MP2 MP3 MP4-DQ MP4-SDQ MP4-SDTQ CCSD CCSD(T)

〈R〉 ∆R 〈R〉 ∆R 〈R〉 ∆R 〈R〉 ∆R 〈R〉 ∆R 〈R〉 ∆R 〈R〉 ∆R 〈R〉 ∆R
S1 18.50 4.09 17.92 3.91 17.97 4.11 17.98 4.15 17.99 4.15 18.04 4.18 18.02 4.18 18.10 4.26
S2 40.10 29.22 38.23 24.60 39.02 27.05 39.46 28.14 39.93 29.36 39.52 27.81 40.73 31.36 40.53 30.39
S3 (D3h,

1A1′)
57.72 19.77 57.54 19.62 57.07 19.84 57.21 19.94 57.37 19.90 57.68 19.57 57.39 19.82 57.65 19.66

(C2V,
1A1)

68.70 66.49 64.10 52.92 67.70 64.62 70.51 72.50 71.02 73.48 67.41 61.79 70.72 72.49 69.33 67.55

(C2V,
3A2)

71.66 62.34 83.41 99.75 81.56 94.88 81.42 94.23 75.57 76.78 74.88 73.89 72.24 64.31 70.87 58.78

S4 (C2V,
3B2)

93.15 64.55 78.58 46.24 84.51 46.22 86.51 46.22 90.66 55.70 85.02 46.19 94.71 66.58 92.55 60.84

(C2h,
1Ag)

111.39 85.58 117.72 94.15 123.97 104.12

(D2d,
1A1)

78.85 27.78 78.44 27.05 77.52 26.96 77.64 27.12 77.99 27.21 78.61 27.02 78.05 27.24 78.61 27.15

(C2V,
1A1)

94.34 72.30 96.09 74.66 100.23 85.40

S5 103.34 37.70 102.14 35.70 99.82 34.43 99.91 34.49 101.01 35.32 102.76 36.16 101.50 35.89 103.28 36.97
S6 124.16 53.40 122.92 50.55 120.56 49.15 120.57 49.20 121.71 50.22 123.56 51.16 122.00 50.62 123.79 51.76
S7 152.94 33.40 151.25 31.90
S8 179.01 92.85 176.34 87.46
S9 199.81 76.60 196.13 70.79
S10 228.38 100.64 223.43 92.74

a All the calculations are carried out on the B3LYP/cc-pVDZ geometries with the aug-cc-pVDZ basis set.

TABLE 4: Dependence on the Basis Set of the Mean Static Dipole Polarizability,〈r〉 (au), and Polarizability Anisotropy, ∆r
(au), of Sn Clustersa

HF B3LYP HF B3LYP

basis set 〈R〉 ∆R 〈R〉 ∆R 〈R〉 ∆R 〈R〉 ∆R
cc-pVDZ S1 8.40 0.89 8.27 0.59 S5 76.81 40.70 79.29 42.51
aug-cc-pVDZ 17.74 3.35 18.50 4.09 97.31 34.68 103.34 37.70
d-aug-cc-pVDZ 19.05 3.62 20.51 4.53 98.83 34.95 105.29 37.72
cc-pVTZ 12.46 0.35 12.49 0.55
aug-cc-pVTZ 18.86 3.27 20.12 4.04
cc-pVDZ S2 30.99 47.66 27.01 35.69 S6 94.04 52.34 96.64 55.38
aug-cc-pVDZ 42.76 38.40 40.10 29.22 117.71 49.09 124.16 53.40
d-aug-cc-pVDZ 44.08 37.98 41.83 28.81 119.07 48.90 125.92 52.96
cc-pVTZ 36.28 43.82 33.05 33.90
aug-cc-pVTZ 44.05 37.89 41.79 28.90
cc-pVDZ S3 (D3h, 1A1′) 43.28 34.40 41.81 31.36 S7 115.74 31.25 120.82 34.56
aug-cc-pVDZ 56.91 22.33 57.72 19.77 143.18 20.05 152.94 33.40
d-aug-cc-pVDZ 58.61 22.82 60.22 20.10 144.66 30.03
cc-pVTZ 49.89 29.66 49.54 27.89
aug-cc-pVTZ 59.98 20.26 59.98 20.26
cc-pVDZ (C2V, 1A1) 56.01 87.31 50.26 69.46 S8 134.95 78.19 142.71 88.41
aug-cc-pVDZ 72.78 81.15 68.70 66.49 166.43 80.65 179.01 92.85
d-aug-cc-pVDZ 74.49 80.79 70.60 65.84 167.91 80.09
cc-pVTZ 63.81 84.57 58.84 68.77
aug-cc-pVTZ 74.45 80.47 70.55 65.83
cc-pVDZ (C2V, 3A2) 58.13 80.60 53.54 66.61 S9 150.40 60.31 160.06 71.73
aug-cc-pVDZ 73.45 72.45 71.66 62.34 184.75 63.81 199.81 76.60
d-aug-cc-pVDZ 75.30 72.25 73.73 61.78 186.27 63.41
cc-pVTZ 63.97 73.92 62.40 66.49
aug-cc-pVTZ 74.49 70.03 73.87 62.46
cc-pVDZ S4 (D2d, 1A1) 60.18 39.75 58.85 37.41 S10 171.26 79.37 183.71 94.28
aug-cc-pVDZ 77.04 29.46 78.85 27.78 209.73 83.66 228.38 100.64
d-aug-cc-pVDZ 78.71 29.94 81.18 28.06 211.32 83.11
cc-pVDZ (C2V,

1A1) 93.30 131.66 72.36 74.41 S11 192.59 69.54 208.15 86.59
aug-cc-pVDZ 114.72 131.45 94.34 72.30 234.59 74.48 256.50 92.52
d-aug-cc-pVDZ 116.88 130.21 96.42 71.17
cc-pVDZ (C2V, 3B2) 84.14 91.19 71.97 68.42 S12 209.40 94.35 225.56 114.46
aug-cc-pVDZ 103.08 86.78 93.15 64.55 254.75 100.15 277.82 122.17
d-aug-cc-pVDZ 104.65 86.59 95.07 64.09
cc-pVDZ (C2h,

1Ag) 129.92 155.55 86.69 87.55
aug-cc-pVDZ 156.18 155.26 111.39 85.58
d-aug-cc-pVDZ 158.33 155.45 113.66 85.16
cc-pVDZ (D2h, 1Ag) 71.71 71.16
aug-cc-pVDZ 93.29 67.70
d-aug-cc-pVDZ 95.35 66.74

a All the calculations are carried out on the B3LYP/cc-pVDZ geometry.
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(aug-cc-pVTZ basis) has very modest effect with respect to the
results obtained with the d-aug-cc-pVDZ basis. The results
indicate that, contrary to what has been observed in oligomeric
compounds,61 in the present case a constant level of theory is
necessary through the series.

In the ring structures, the effect of the electron correlation
on 〈R〉 is positive (compare the results in Tables 3 and 4), the
increment being within 10%. In the open structures, it is negative
and, in S4, rather large. TheD2h conformer of S4 is a difficult
case. It is a pseudoclosed structure, where two S2 fragments
are held together by weak S-S interactions (r1-4 ) 2.604 Å,
Table 1). For this structure, we were unable to obtain reliable
HF and MPn polarizability values. Negative contributions to the
polarizability in the open structures may be traced back to the
presence of low-lying unoccupied p orbitals available in the
correlated wave function for charge polarization.62 It is of
interest to note that MP2 and B3LYP calculations give results
very close to the CCSD(T) ones. Similarly the comparison
between CCSD and CCSD(T) data shows that the effect of the
triple substitution is quite small. As a conclusion, it can be stated
that the B3LYP/aug-cc-pVDZ leVel of theory accurately de-
scribes the static polarizability of cyclic sulfur clusters. Note
that the present ab initio values for S8 and S12 are 66% and
60% higher, respectively, than the MNDO ones.27

The simplest model for the polarizability of a spherical cluster
of size n assumes thatR can be taken as proportional to the
cluster volume,V.63 This relation was applied to metal63a,64-67

and Si clusters.68 Figure 6 illustrates that also cyclic Sn clusters
follow the model; thus,RSn increases monotonically withn and
describes a surface area proportional ton. The linear cor-
respondence between〈R〉 andV, within the theory of atoms in
molecules, was pointed out previously.69,70

〈R〉/n increases with the cluster size at all the levels of theory
showing some even-odd oscillation and reaching an extrapo-
lated limit value of 25.4 and 26.1 au at MP2/aug-cc-pVDZ//
B3LYP/cc-pVDZ and B3LYP/aug-cc-pVDZ//B3LYP/cc-pVDZ,
respectively, the same extrapolation procedure being used as
before: Rn/n ) a + b/n + c/n2. These figures can be compared
with the bulk value of 28.1 au per atom estimated from the
Clausius-Mosotti relation

whereε is the dielectric constant of the sublimed S (3.69)1 and
Vat is the volume of the S atom evaluated as 36.8 cm3/mol by
B3LYP/aug-cc-pVDZ calculations. It is of interest to note that
the 〈R〉bulk value of S is very close to the corresponding value
for Si of 24-25 au.68,71,72

Figure 5 shows that static Sn polarizabilities have〈R〉/n values
below the predicted bulk limit unlike what happens in metallic,73

small Sin, Gen, GanAsm,72 and II-VI semiconductor clusters,74

for which 〈R〉/n decreases with the cluster size and the bulk
limit is reached from above. On the contrary in large Sin clusters
(60 < n < 120), the mean observed cluster polarizabilities are
smaller than the bulk value.72 This was ascribed to size
dependence of the dielectric constant due to quantum size
effects. In polisylane75 andπ-conjugated polyene76 compounds
〈Rn〉/n usually increases withn, although examples are also
reported in the literature showing that in some donor-acceptor
substituted polyenesRn/n vs n decreases as well as increases
with the polyene chain length, depending on the donor-acceptor
substituent.77 These findings suggest that the size dependence
of 〈Rn〉 is not straightforward.

Within the two-state model, the molecular polarizability is
essentially related to the HOMO-LUMO energy gap. The
variation along the series of the HF HOMO-LUMO energy
gap, as well as the HF and B3LYP IP- EA values, evaluated
through a∆SCF procedure from the total energies of the neutral
molecule and the ion, is reported in Figure 7. The comparison
with the results in Figure 5 shows that no clear correlation exists
between the HOMO-LUMO gap andRn/n, suggesting that the
cluster hardness is not the leading factor for the polarizability
evolution in the homocyclic sulfur clusters. In addition, no
relation is found betweenRn/n and the lowest electronic
transition energy and/or the transition moment, as evaluated by
TD-B3LYP/aug-cc-pVDZ//B3LYP/cc-pVDZ calculations. A
simple two-state model thus appears to be not applicable.

The interplay between polarizability, hardness, and chemical
stability has suggested that for the generic reaction AmBn f
mA + nB a linear relationship can be established between the
change in dipole polarizabilityδR and the bond dissociation
energy:5,79

whereB is a positive term, which implies that, in agreement
with the MPP,RAmBn < mRA + nRB. For the atomization reaction
Sn f nS, we have an opposite behavior withRn > nR1. We
attribute this behavior to the particular electronic structure of
the clusters containing many mutually interacting lone-pairs.

Figure 5. Mean dipole polarizability per atom as a function of the Sn

cluster size.

Figure 6. Mean dipole polarizability of the Sn cluster as a function of
the cluster volume. The computed volume corresponds to the 0.001 au
density contour. Theory is B3LYP/aug-cc-pVDZ//B3LYP/cc-pVDZ.

〈R〉bulk ) 3
4π(ε - 1

ε + 2)Vat

D ) A + BδR
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Indeed, as was clearly expressed by Dykstra et al.,78 “in a point-
multipole distribution a dipole induced at one point by an
external field will augment the field experienced at a neighboring
point”. As a consequence “ the net dipole polarizability of the
distribution will be greater than the sum of theR’s from the
points”. This is thought to happen in the present case. Obviously,
the comparison betweenRn andnR1 sees the polarizability in
terms of additive contributions of the individual fragments.
Nonadditivity should imply incorporating intramolecular po-
larization.80 To validate this point, we constructed difference
density maps,∆F ) FM - F(atoms), in the planar S3 and S4

C2V structures. Figure 9 clearly shows, besides the expected
concentration of charge in the bonding region, a strong electron
transfer from the atoms to the outside of the cluster, indicating
that the lone-pair density in the molecule is more diffuse and
hence more polarizable than in the free atom. Clearly, in a
situation where the polarizability increment due to mutual
polarization is not more than balanced by a polarizability
decrease owing to bond formation, the MPP cannot hold. Thus,
although the atomization energy of Sn increases withn, the
polarizability difference〈RM〉 - ∑i〈Ri〉 may also increase with
n (Figure 8). In the circumstance, difference polarizabilityδR
is expected to increase with the number of the valence electrons,
N. Figure 10 shows thatδR and N are linearly related.
Furthermore, the difference polarizability per atom,δR/n, also
linearly increases withN (r2 ) 0.95), indicating that, not
unexpectedly, mutual polarization interactions become progres-
sively stronger.

It is of interest to note that∑i〈Ri〉 is found to be smaller than
〈RM〉 in other lone-pair rich compounds such as the F2, Cl2, Br2,
I2, O2,6 O3,81 and in Ben,82 As4,83 and linear diradical carbon
clusters.84

The anisotropy of the polarizability is related to the particular
structure of the cluster. For a given cluster,∆R is a minimum

for the most compact structure (compare, for example,∆R of
the S3 and S4 isomers in Table 3). It shows a clear even-odd
alternation, the odd cluster being less anisotropic and hence more
compact.

3.3. Dipole Moment and Vibrational Effects.The experi-
mental gas-phase〈R〉 value includes contributions from disper-
sion, vibrational, and, for molecules with a permanent dipole
moment, dipole orientation effects. Dynamic〈R〉 values are here
not considered, while, to account for dipole rotation effects,
assuming that the molecular system can be freely aligned along
the external field, the total effective polarizability can be
expressed as

whereµ is the static dipole moment of the cluster. Calculated
B3LYP/aug-cc-pVDZ//B3LYP/cc-pVDZ values ofµ areµS3-
C2V (1A1) ) 0.56 D,µS5 ) 0.39 D,µS7 ) 0.16 D,µS9 ) 0.13
D, andµS11 ) 0.13 D, while cyclic even-membered clusters
are apolar by symmetry. At room temperature, under thermal
equilibrium, these numbers lead to negligible dipole-rotating
effect, except for S5, in which its contribution amounts to ca.
10%.

Pure vibrational contributions to〈R〉 are reported in Table 5.
It can be seen that at the HF level they are significant only for

Figure 7. Sn hardness as a function of the Sn cluster size. Basis set is
aug-cc-pVDZ.

Figure 8. Difference polarizability,δR ) 〈RM〉 - n〈R1〉, as a function
of the atomization energy of the Sn cluster. Theory is B3LYP/aug-cc-
pVDZ//B3LYP/cc-pVDZ.

Figure 9. Differential electronic density maps∆F ) FM - F(atoms)
for S3-C2V-1A1 and S4-C2V-1A1 structures in a plane 0.5 Å above the
molecular plane. Theory is B3LYP/aug-cc-pVDZ//B3LYP/cc-pVDZ.

Figure 10. Difference polarizability,δR ) 〈RM〉 - n〈R1〉, as a function
of the number of the valence electrons in the Sn cluster. Basis set is
aug-cc-pVDZ.

〈Reff〉 ) 〈R〉 + µ2

3kT

Structure and Polarizability of Sulfur Clusters J. Phys. Chem. A, Vol. 105, No. 41, 20019495



the lower terms (n ) 5), for which the most contributing
vibrational modes are of stretching type. For 6e n e 12, 〈R〉v

is negligible, being associated with ring deformation modes of
very low intensity. Inclusion of diffuse functions changes little
〈R〉v, contrary to 〈R〉e, which substantially increases. In the
smaller clusters (n e 5), electron correlation decreases〈R〉v,
which makes negligible its contributions also in these com-
pounds. Forn > 6, electron correlation increases〈R〉v, which
remains, however, a small fraction of〈R〉e. Therefore, inclusion
of the vibrational contributions does not change the above results
and considerations.

On passing, the comparison between the HF results in Tables
4 and 5 allows estimation of the effect of the geometry on〈R〉e:
the use of nonequilibrium geometry makes〈R〉e increase by ca.
5%.

Conclusions

The objective of the work was a description, by the aid of
quantum chemical computations, of the size dependence of
structural and electronic properties of mainly cyclic sulfur
clusters, such as ground-state geometry, relative stability,
HOMO-LUMO energy gap, and polarizability. DFT-B3LYP
methodology has been revealed to be suitable to this end, by
producing results in excellent agreement with experimental data,
where available, and with those obtained by much more
sophisticated post-HF procedures such as CCSD(T) methods.
Compact cyclic Sn structures are characterized by a rapid
convergence of the average bond length and binding energy
per atom to the asymptotic limit forn f ∞. The mean dipole
polarizability monotonically increases withn, well describing
the surface area of the spherical cluster. The mean dipole
polarizability per atom increases withn and approaches the bulk
limit from below as in the case of large Sin clusters, but contrary
to small semiconductor and metallic clusters. The〈Rn〉/n
evolution cannot be rationalized in terms of a two-state model.
It is suggested that the peculiar behavior of the sulfur cluster
polarizability is dominated by the presence of lone-pairs and
their mutual interaction, which determines〈RM〉 to be greater
than ∑i〈Ri〉. The sulfur clusters represent a clear example in

which the MPP principle does not hold. Pure vibrational effects
on 〈R〉 are negligible in dependence of low-intensity vibrational
transitions.
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