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Size- and Shape-Dependent Polarizabilities of Sandwich and Rice-Ball Co,Bz,, Clusters
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The dipole polarizabilities of Co,Bz,, (n, m = 1—4, m = n, n + 1) clusters are studied by means of an
all-electron gradient-corrected density functional theory and finite field method. The dipole moments are
relatively large for most of the clusters, implying their asymmetric structures. The total polarizability increases
rapidly as cluster size, whereas the average polarizability shows “odd—even” oscillation with relatively large
values at (n, n + 1). The polarizabilities exhibit clear shape-dependent variation, and the sandwich structures
have systematically larger polarizability and anisotropy than the rice-ball isomers. The dipole polarizabilities
are further analyzed in terms of the highest occupied molecular orbital —lowest unoccupied molecular orbital
(HOMO—-LUMO) gap, ionization potential, and electron delocalization volume. We conclude that the
polarizability variations are determined by the interplay between the geometrical and electronic properties of

the clusters.

I. Introduction

Metal—ligand complexes comprised of transition metal (TM)
atoms and benzene molecules (TM,Bz,, Bz = Cg¢Hg) have
attracted enormous interest either from a fundamental science
or application point of view in the past decades.!? Earlier ion
mobility, reactivity, and photoelectronic spectroscopic experi-
ments suggested that multidecked sandwich structures are
favored for early transition metal (Sc, Ti, V) complexes and
rice-ball conformations for late ones (Fe, Co, Ni).3™> More
interestingly, both Stern—Gerlach molecular beam deflection
experiments and density functional theory (DFT) computations
revealed the complexes like V,Bz,+; and Co,Bz,, are magnetic,
whereas Ti,Bz,+ are paramagnetic.0~13

The experimental and theoretical explorations on optical
properties of TM—Bz complexes have also been made although
most studies are restricted to small sizes like half-sandwich and
smallest full sandwich.'%=23 Jaeger et al.'* investigated the
infrared photodissociation spectroscopy of cationic TMBz and
TMBz, complexes in the gas-phase spectra and characterized
vibrational bands in the 600—1700 cm™! region with DFT
computations; systematic shifts of the bands of the Bz molecule
caused by the metal bonding were observed. The neutral TMBz
and TMBz, complexes were investigated with infrared spec-
troscopy and DFT computations, and the ground-state structures
and vibrational frequency were well-determined.>~!7 Nagaoka
et al.'® extended the soft-landing infrared reflection absorption
spectroscopy to the multidecker sandwich V,Bz3 and character-
ized the typical bands in the range of the 600—1600 cm™!
region. We explored the size-specific infrared spectra of
V,Bz,+1, n = 1—6 with DFT computations and provided a
possible way to verify the structural transition from achiral Dg,
structure to chiral D, structure with broadened IR spectra or
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with the appearance of new IR modes.!” On the other hand,
Imura et al.?% determined the electric dipole moment of TiBz is
2.4 £ 0.3 D. Rabilloud et al.?! explored the dipole moment of
half-sandwiches TMBz (TM = Sc, Ti, V) and found ScBz has
the large dipole moment of 1.6 & 0.3 D, in contrast to the much
smaller moment of 0.17 4= 0.3 D for VBz. Rabilloud?? also made
complete active space self-consistent field (SCF) and multiref-
erence configuration interaction calculations on the TMBz (TM
= Sc, Ti, V) sandwiches and found the dipole moment is 0.90,
0.60, and 0.47 D, respectively. Rayane et al.>> performed the
electric dipole moment measurements and DFT calculations on
the smallest full sandwiches TMBz, (TM = Sc, Ti, V, Nb, Ta,
Zr, Ni, Co) and obtained 0.7 & 0.3 and 1.3 £ 0.3 D for CoBz,
and NiBz; and nearly zero for other complexes. Whereas the
dipole moments reflect the charge distributions within the
TM,Bz,, complexes, the linear polarizabilities measure their
response against an external field, both being widely used in
understanding the structural and electronic properties of the
cluster systems.?*~2¢ However, there still lacks any experimental
and theoretical reports on the linear polarizability of transition
metal—Bz complexes. The goal of this article is to study the
dipole moment and linear polarizabilities of the Co,Bz,, clusters
of m =n,n+ 1, m, n = 1—4 within the framework of an
all-electron gradient-corrected DFT. In our previous study,!? we
have revealed that the two types of structures, sandwich and
rice-ball, are energetically competitive in Co,Bz,, clusters. In
this study, we explored the polarizabilities of these clusters using
a DFT-based finite field approach. Both the geometric effect
and the electronic effect on polarizabilities are addressed, and
a close relationship between cluster volume and polarizability
is observed, which is then used to understand the polarizability
variations in the Co,Bz,, clusters.

II. Computational Methodology

The equilibrium geometries were taken from our previous
work in which Becke’s functional with the correlation functional
of Lee, Yang, and Parr (BLYP)?"? as well as a double-
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numerical basis set including d- or p-polarization functions
(DNP) for Co, C, and H atoms were exploited, implemented
within the DMol3 package.?® The methodology justification was
assessed for the Co atom, Co, dimer, and C¢Hg molecule, and
the details can be found in ref 13.

The static electric dipole moment and polarizability compo-
nents were calculated using the combination of BLYP/DNP and
Kurtz’s finite field (FF) approach.3® The DNP basis set has been
used in studying the polarizability and second-order hyperpo-
larizability of CsoClyo clusters and produces comparable results
with other theoretical studies.?! The dipole moment u; and
polarizability component o; are evaluated, respectively, as

oE
M= —(ﬁ) (M
and
P’E o
aif - aFI aFj (l’.] =X, Z) (2)

where E is the total energy of the complex and F; (i = x, y, z)
are components of the applied field in different directions. One
of the problems in the finite field method is the choice of field
strength. Sim et al.3> found that stable linear and nonlinear
polarizabilities can be obtained when F; are in the range of
0.001—0.005 au. In this work, the external field strength F; was
set to 0.005 au. A tight SCF convergence criterion was adopted
to ensure the precision of the computed polarizability. We have
justified of our computational strategy by computing the
polarizabilities of a single Co atom and benzene molecule, which
are 9.10 and 11.73 A3, respectively, in reasonable agreement
with the measured values of 9.99% and 10.54 A334 and the
previously computed value of 10.09 A3 at the CCSD/aug-cc-
pVQZ level™® for benzene. Neither experimental nor theoretical
polarizability for the Co atom is available to our knowledge.
We have performed MP2 and CCSD(T) calculations with the
LANL2DZ basis set implemented in Gaussian033¢ on the Co
atom and obtained the polarizabilities of 10.86 and 10.75 A3,
respectively, which are close to our BLYP/DNP result. As
polarizability calculations become computationally demanding
for large systems, this combination reaches a good compromise
between accuracy and computational cost and may give a
reasonable description of the static electric dipole and linear
polarizability of the Co—Bz complexes.

III. Results and Discussion

In our previous work,'3 we performed an all-electron gradient-
corrected DFT study on the geometrical and electronic properties
of Co,Bz,,, (n, m = 1—4, m = n, n + 1) clusters, and two
families of structures, sandwich and rice-ball, were identified
and are energetically competitive. For the sizes smaller than
(2, 3), sandwich conformations are preferred, whereas the rice-
ball structures are more favorable for n = 3. For the case of
Co,Bz3, the sandwich structure is most stable, and the rice-ball
structure is only 0.117 eV higher in energy with a comparable
highest occupied molecular orbital—lowest unoccupied molec-
ular orbital (HOMO—LUMO) gap and ionization energy,
indicating the coexistence of both structures as suggested from
chemical reaction experiments.? The most stable structures and
their metastable isomers of the Co—Bz complexes are displayed
in Figure 1.

On the basis of the optimized structures of Co,Bz,,, (n, m =
1—4, m =n, n + 1) clusters displayed in Figure 1, we calculated
their dipole moments and static polarizabilities with the finite
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Figure 1. Most stable structures and low-lying isomers of Co,Bz,, (n,
m = 1—4, m = n, n + 1) complexes.

field approach. The computed dipole moment, mean and
anisotropic polarizability, together with the relative energies,
HOMO—-LUMO gaps, ionization energies, and volumes of the
clusters are presented in Table 1. The dipole moments are all
relatively large (around 0.5—1.65 D) except the coaxial Co,Bz,
(lo » I) and the rice-ball Co4Bz4, indicating that most of these
clusters possess asymmetric structures. The nearly zero dipole
moments in the coaxial Co,Bz, and rice-ball CosBzs mainly
stem from their symmetrically geometric feature. The former
has highly symmetric Dg;, structure with the Co—Co bond
collinear with the Cg axis of the benzene ring, and the latter is
roughly in 7, symmetry. Thus, their charge distributes sym-
metrically around the geometric centers (principal axis) of the
clusters, and this results in very small values in dipole
moment. However, we should point out that the computed
dipole of 1.61 D is quite a bit larger than the measured value
of 0.7 £ 0.3 D? along the principal inertial axis of the CoBz,
complex, although it is in good agreement with the earlier
theoretical computation by the same group (1.58 D).?? This
indicates that some uncertainty still remains either in theory
or experiment for CoBz,.

To illustrate the size dependence of the polarizability, we plot
the total and average polarizabilities per unit, defined as a/(n
+ m), of the lowest energy structure of the complexes in Figure
2. The total polarizability increases monotonically with increas-
ing cluster size from 11.47 A3 of CoBz to 56.67 A3 of CosBzy,
while the increase of adding one more benzene is more
significant than that of adding one more Co atom. One may
also note that the increase of the total polarizability becomes
slower for larger size, which is highlighted in Figure 2a. The
average polarizability per unit shows “odd—even” oscillation
with larger values at (n, n + 1) than their neighboring (n, n),
and the magnitude tends to increase from (1, 1) to (2, 3) but
decreases from (2, 3) to (4, 4).

To address the shape dependence, we investigated the
polarizability of the sandwich and the rice-ball structures as a
function of cluster size separately. As displayed in Figure 3,
the polarizabilities increase linearly with cluster size for both
kinds of structures while the sandwiches have larger values
(about 5.5—15.2 A3) than their rice-ball isomers, indicating that
the geometric effect plays an important role in determining the
polarizability of the complexes.
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TABLE 1: Structure/Point Group Symmetry (PGS), Spin Multiplicity (1), Relative Energy (AE), Spin-Allowed
HOMO-LUMO Gap (A), Vertical Ionization Energy (VIP), Volume, Dipole Moment (u), Polarizability (o), and Polarizability

Anisotropy (Aa) of the Co—Bz Complexes

system structure/PGS M AE (eV) A (eV) VIP (eV) vol (cm*/mol) u (D) a (A% Ao (A3
CoBz half-sand/Ce, 2 0.000 0.841 5.468 79.51 1.435 11.47 4.45
CoBz, sand/C) 2 0.000 1.148 5.614 135.30 1.650 23.42 7.15
Co,Bz, per/C, 3 0.000 0.943 5.353 161.36 1.034 26.80 8.53
col/Dg, 3 1.041 0.489 5.032 147.70 0.000 34.82 35.32
sand/C, 3 1.209 0.542 5.525 155.05 0.874 35.60 36.23
Co,Bz3 sand/C, 3 0.000 1.256 5.107 224.41 0.504 43.32 36.38
rice/C) 1 0.117 1.201 4.980 235.41 1.559 37.72 15.06
CosBz; rice/C) 6 0.000 1.052 4.855 252.60 1.271 46.82 20.87
sand/C, 2 1.721 0.960 4.870 232.48 1.170 55.77 72.32
CosBzy rice/C) 6 0.000 1.018 4.800 300.07 1.374 54.77 9.24
sand/C, 4 0.567 0.819 4.566 281.55 1.623 69.95 86.43
CoyBzy rice/C) 1 0.000 1.105 4.415 313.75 0.043 56.67 0.09

To further characterize the dependence of polarizability on
the shape of the clusters, we explored the anisotropy of the
polarizability Aa, defined as®’

1

Ac= (E)w[(a)‘x - ayy)z + (ay.v - O‘zz)z + (o, — a‘xx)z +

6(a,” + oo+ o, 1" (3)

where the off-diagonal components are found to be very small
and can be negligible for the Co,Bz, complexes.

As one can see from Table 1 and Figure 3, bottom, the
sandwich structures have much larger Ao than the rice-ball
structures. The Ao of the sandwich structure is relatively small
at the smallest sizes of (1, 1) and (1, 2) and increases markedly
as cluster size increases. This is because these two clusters can
be viewed as the roughly spherical structure for small sizes,
and therefore their polarizabilities do not exhibit distinct
anisotropy. However, as the cluster size increases, the anisotropy
of the polarizability becomes significant, corresponding to the
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Figure 2. Polarizability of the lowest energy structures of Co,Bz,,, m
=1—4,m =n, n + 1: (a) total a; (b) average o per unit.

prolate motif of the structures. It is interesting to note that the
sandwich structures show two smooth increasing steps at (1, 1)
to (1, 2) and (2, 2) to (2, 3). The additional Bz molecule in the
sandwiches lies in the plane perpendicular to the metal—ligand
axis and therefore enhances the polarizability contribution not
only along the axis but also along the other two directions in
the Bz plane, leading to very small increase of Aa. However,
the anisotropies of the rice-ball structures are rather complicated.
The Aa increases from (1, 1) to (2, 3), peaks at (3, 3), and
decreases afterward. This can be understood in terms of their
structural variation with size. The small Aa corresponds to the
spherical rice-ball structures. The shape of the cluster is altered
remarkably for small clusters when adding one Co atom or Bz
molecule. However, after it forms the spherical rice-ball at
(3, 3), the addition of another Co atom or Bz molecule does
not change the shape of the cluster dramatically. The spherical
shape remains but is in larger size (volume). Moreover, the large
rice-balls, (3, 3) and (3, 4), are more spherical in geometry and
have rather smaller Aa. in contrast. Therefore, the largest Aa
is obtained at (3, 3). The significantly different anisotropy
behavior again confirms the polarizability is closely correlated
with the shape of the complex.
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Figure 3. (Top) Polarizability and (bottom) polarizability anisotropy

of the sandwich and rice-ball structures of Co,Bz,,, m = 1—4, m = n,
n+ 1.
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Polarizability measures the overall electronic charge redis-
tribution in the presence of an external field and is usually
favored by weak binding of the electron to the cluster and/or a
large volume of electron delocalization. The binding strength
can be estimated with either the HOMO—LUMO gap or vertical
ionization energy of the cluster. In fact, the polarizability of
pull—push systems can be estimated qualitatively with a simple
two-state model in which a small HOMO—LUMO gap tends
to generate large polarizability.>® Such correlation is observed
in some of the Co,Bz, clusters. For open-shell electronic
configurations, the gaps between the HOMO and the LUMO
of the majority and minority manifolds that correspond to spin-
allowed electron transitions were considered, and only the
smaller one is presented in Table 1. For example, the
HOMO—LUMO gap of the sandwich structure of Co3Bz; is
0.960 eV, corresponding to the polarizability as high as 55.77
A3, whereas the gap of its rice-ball isomer is 1.052 eV and the
polarizability is only 46.82 A3. This correlation, however, does
nothold for other complexes. Forexample, boththe HOMO—LUMO
gap and the polarizability of the (2, 2) coaxial structure are
smaller than those of its sandwich isomer. The two (2, 3) isomers
have comparable HOMO—LUMO gaps but much different
polarizabilities. In perturbation theory, polarizability is expressed
as a sum of contributions from all excited states.® A clear
correlation between polarizability and the HOMO—LUMO gap
may hold if the dominant excited states are mostly described
by the transition from HOMO to LUMO, like the case of one-
dimensional push—pull systems. Our results indicate that the
electron excitations in the Co,Bz,, complexes are complicated
and their HOMO—LUMO transitions are inadequate to describe
the polarizability variations well. Contributions from other
transitions may also have considerable effect on the polariz-
abilities.

Tonization energy (IE) is a quantity indicating the capability
of the cluster to lose one valence electron. Chandrakumar et
al.*0 found that the cube root of polarizability (a!”3) is inversely
proportional to the ionization energy (Vio,~!) for both the sodium
and lithium clusters. This is easy to understand since the higher
IE means a stronger binding of the cluster to the valence electron
that consequently constrains the distortion of the electron density
under an external static electric field and leads to smaller static
polarizability. To explore the correlation between polarizability
and IE, the variation of o' as a function of Vo, ! is displayed
in Figure 4 for both the sandwich and rice-ball structures. Linear
trends are clearly observed separately for the rice-ball and
sandwich structures except the CoBz half-sandwich.

To give a clear picture of the electron delocalization/
localization, the HOMO and LUMO isodensity surfaces of the
sandwich and rice-ball structures of Co,Bz; and CosBz; are
presented in Figure 5. It clearly shows that the HOMO density
is mostly localized on metal Co atoms for both the sandwich
and rice-ball structures. However, the LUMO density is shared
by Co atoms and Bz molecules in the rice-ball structures and is
mainly localized in Co atoms in the sandwich structures. From
HOMO to LUMO, the density varies in different ways for these
two-family structures. The electrons flow to surrounding
benzenes in the rice-balls but to other Co atom(s) through the
benzene(s) in the sandwiches, indicating that the electrons in
the sandwiches under an external electric field may transfer in
a wider range and lead to a larger change in dipole moment
and in consequence larger polarizabilities.

The shape-dependent polarizability can be further understood
in terms of electron delocalization volume, which is computed
by integrating all points in the space with electron density greater
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than 0.001 au, as recommended by Bader.*! Figure 6 shows a
close correlation between the polarizability and the cluster
volume. The polarizabilities of both the sandwich and the rice-
ball structures increase monotonically with their volumes,
respectively. The sandwich structure has larger volume than the
corresponding rice-ball isomer because there is less volume
shared by multiple atoms in the former. The nearly linear
increase of polarizability with volume shown in Figure 6
indicates that the volume is one of the crucial factors in
determining the polarizabilities of the clusters. Interestingly, both
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the sandwich and rice-ball structures exhibit a linear dependence
in polarizability, but in different patterns that are determined
by their electronic properties, as discussed above. Therefore,
both the geometric effect and electronic effect coplay in
determining the polarizability of the Co,Bz, complexes.

IV. Conclusion

In summary, we report a study on the dipole moments and
static polarizabilities of Co,Bz,, (n,m = 1—4, m =n, n + 1)
clusters by a combination of an all-electron gradient-corrected
DFT and finite field approach. The dipole moments are relatively
large except for the Co,Bz, Dg;, coaxial structure and CosBzy
rice-ball structure, which correspond to their asymmetric
structures. The total polarizability of the most stable structure
of the complexes increase rapidly with cluster size, whereas
the average polarizability shows “odd—even” alternation and
larger values at (n, n + 1) than (n, n). The sandwich structures
have systematically larger polarizability and anisotropy than their
rice-ball isomers, indicating a close correlation between the
polarizability and the cluster shape. Although no simple
correlation is found between the HOMO—LUMO gap and the
polarizability, a linear dependence of polarizability on cluster
volume is identified for the sandwich and rice-ball structures,
respectively. The inverse relationship is also identified between
the polarizability and the IE. Both the geometric and electronic
effects play crucial roles in the determination of the polariz-
abilities of the Co,Bz,, clusters. The markedly different polar-
izabilities in sandwich and rice-ball structures suggest a possible
way to distinguish them by inspecting their polarizabilities
theoretically or experimentally.
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