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The pivotal role of clusters and aromaticity in chemistry is undeniable,
but there remains a gap in systematically understanding the aromati-
city of metal-organic clusters. Herein, this article presents a novel
metal—-organic n-cluster, melding both metal—organic chemistry and
aromaticity, to guide the construction of structurally stable Os-organic
n-clusters. An in-depth analysis of these clusters reveals their bonding
attributes, n-electronic composition, and origins of aromaticity, there-
by confirming their unique metal—organic n-cluster properties. Furthe-
rmore, the Oss cluster exhibits a promising third-order nonlinear
optical (NLO) response, attributable to its narrow band gap and uni-
form electron/hole distribution, suggesting its potential as an optical
switching material. This research introduces a fresh perspective on
clusters, centered on delocalization, and broadens the domain of
aromaticity studies. It also presents a novel method for designing
efficient third-order NLO materials through consideration of the struc-
ture—activity relationship.

Introduction

Clusters are significant structural units in the field of chemistry
that exist in sizes intermediate between molecules and bulk
materials," consisting of core polyhedra and peripheral ligands.
The origins of cluster structure theory can be traced back to
Sidgwick’s effective atomic number (EAN) rule of 1927.° Subse-
quently, advancements like the Wade polyhedron skeleton bonding
electron pair theory,” Lu Jiaxi’s “Unit construction” assumption in
synthesizing transition metal cubane-like clusters,®® and Tang
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New concepts

Nonlinear optical (NLO) materials demonstrate broad application per-
spectives, as their applications in atomic cooling, quantum information
storage, photonic flywheel, and optical switching. Combining the notable
applications of m-electrons and cluster materials in third-order NLO
materials, this article introduces a new concept called “metal-organic
n-cluster”’. Metal-organic chemistry and aromaticity are combined in this
concept to guide the construction of structurally stable Os-organic
n-clusters. Most existing theories mainly emphasis on geometric
configurations, with relatively few descriptions of their performance
characteristics. Therefore, it is important to explore the structure-activity
relationship between structural characteristics and properties of clusters.
The bonding attributes, n-electron composition, and origin of aromaticity
of Os-organic n-clusters were revealed through this in-depth analysis,
which confirmed their unique metal-organic n-cluster properties. The
excellent NLO effect provides new insights into the feasibility of
designing highly responsive optical materials at the electronic structure
level, while demonstrating new directions for novel and practical NLO
devices in materials science.

Aoqing’s (9n — L) rule on bonding and non-bonding orbital
numbers have enriched the theoretical framework of cluster
structures.'® Nevertheless, these theories heavily emphasize the
geometric configuration, neglecting performance attributes.
Hence, it becomes imperative to investigate the structure-
activity relationship to bridge this gap, emphasizing the link
between the structural characteristics and performance of
clusters.

Aromaticity, a vital concept in chemistry with about two
centuries of extensive research, is associated with molecules
possessing delocalized m-electrons.”” ™
bit a multitude of chemical and physical characteristics, excel-
ling in applications like organic fuels, catalytic synthesis, and
optical responses.’**® Moreover, these m-electrons are crucial
to the third-order nonlinear optical (NLO) properties of the
clusters.’” NLO chromophores are divided into electron donors
(D), electron acceptors (A), and n-electron bridges. Among them
the n-electron bridges are important linkers connecting D and
A, playing a role in electron transmission.'® However, reported

These structures exhi-
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n-electron bridges primarily consist of singular organic mate-
rials,"*** with a few Zintl phase metal clusters also displaying
aromaticity.>* Nevertheless, clusters that integrate metal d-d
n-conjugation with organic ligand p-p m-conjugation, termed
metal-organic n-clusters, have not been adequately defined or
systematically studied. These metal-organic n-clusters comprise
both cluster core and ligand n-electrons, forming a class of aromatic
system. Their structural characteristics include metal involvement in
the cluster core, a stable chemical bond linking the core and the
ligand, and an aromatic ligand with strong delocalization effects.
Such clusters should have both a clear cluster core and ligand
n-molecular orbitals (MOs) and exhibit aromaticity. Instances of this
include [Mo,S,]*" clusters and [Zn']s with cubic aromaticity,”**
though the research in this field remains limited.

Through the analysis of the electronic structure and aroma-
ticity, a series of osmium (Os)-organic clusters, comprised of
Os-organic units connected via Os-Os bonds, are identified as
characteristic examples of metal-organic n-clusters. These clus-
ters display exceptional third-order nonlinear optical res-
ponses. Notably, the Os; cluster exhibits the most remarkable
performance due to its narrow band gap and uniform electron-
hole distribution. This study provides a thorough characteriza-
tion of metal-organic n-clusters and delves into the intricacies
of their third-order NLO properties and contributing factors.

Results and discussion
Aromaticity analysis of the Os-organic structural unit

The selection of the Os-organic structural unit as the founda-
tional element is based on experimental synthesis results.>*
Each unit is composed of a single osmium atom, seven carbon
atoms, and six hydrogen atoms. As depicted in Fig. 1a, the
valence electron configuration of the involved atoms includes
the 5d° 6s” electron arrangement for osmium (Os), the 2s> 2p>
electron arrangement for carbon (C), and 1s' electrons for

(@
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hydrogenium (H). Together, the fragment carries 42 valence
electrons. Of these, 12 are employed for C-H o-bonding, 12 for
C-C o-bonding, 6 for Os-C o-bonding, and 2 for Os-Os
c-bonding between units, with no lone pairs of electrons.
Consequently, the residual 10 m-electrons contribute to three
types of m-bonds: d-d orbital n-bonds between Os-Os, p—d-p
orbital m-bonds between C-Os-C, and three p-p-p orbital
n-bonds within the C-C-C chain (highlighted in green).

In molecular systems exhibiting strong delocalization, elec-
trons can move freely within a certain range, as observed with
the n-electrons in benzene. When subjected to a magnetic field,
a significant annular current is generated within the ring. The
anisotropy of the induced current density (AICD) function is a
useful tool to evaluate molecular aromaticity,>"** indicative of
the degree of system delocalization. AICD is defined as follows:

1
AT = 5[(% — 1)+ (tyy — 1) 4 (to: — txx)z}
1

+ 5[('/‘-‘0' - lyx)2+(lxz - t:x)2+(ty2 - t-’)’)z] (1)

In particular, AICD-n focuses exclusively on all n-orbitals. As
depicted in Fig. 1b, a notable ring current on the surface of the
Os-organic structural unit mirrors the behavior seen in benzene
(Fig. S1, ESIt). The direction of the induced current follows the
left-hand rule, thus demonstrating the n-electron aromaticity of
this structural component. The iso-chemical shielding surface
(ICSS),%%*” a valuable analytical tool, enables a three-dimen-
sional assessment of the shielding effect of structural units on
the magnetic field, facilitating the determination of aromati-
city. Fig. 1c presents a distinct isosurface perpendicular to the
ring, which represents a shielding cone (green) surrounded by a
deshielding loop (blue). These observations underscore strong
magnetic shielding within the ring, attesting to the aromaticity
of the Os-organic structural unit and aligning with the results
from the AICD analysis.

s

0s-Os C-0s-C

) C: 2s22p?

Sum Seven C(7e):
Three C-C-C (6e),
One C-Os-C (1e)

FZSO i ot

Three kinds of C-C-C

ICSS

Fig. 1 Analysis of the distribution of the n-electrons and the aromaticity of the Os-organic structural unit: (a) distribution of n-electron composition. (b)
Anisotropy of the induced current density (AICD, iso = 0.04 a.u.), and & contribution (AICD-n). (c) Iso-chemical shielding surfaces (ICSS, iso = 0.50 a.u.),

and ICSS in the Z direction (ICSSzz, iso = 1.50 a.u.).
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Geometric structures and aromaticity analysis of Os-organic
n-clusters

The Os-organic structural unit, linked through Os-Os bonds,
exhibits the capability to form seven unique models with three
to nine cores. After structural optimization, seven stable
Os-organic clusters are obtained (Fig. 2a). To elucidate the
structural characteristics of these clusters, bond length, and
angle analysis are conducted. It is discernible from Fig. 2b that
with an increasing number of core atoms, the average Os-Os
bond length shows a dwindling trend (ranging from 2.527 A to
2.415 A) while the average Os-Os-Os bond angle increases
(ranging from 60.0° to 120.8°). Moreover, even-kernel Os-
organic clusters exhibit more uniform bond lengths and angles
than their odd-kernel counterparts (Tables S1 and S2, ESIT).
Natural population analysis (NPA) is utilized to examine the
charge distribution of Os-organic clusters. The results revealed
that the Os element carries a slight positive charge ranging
from 0.10 to 0.40 (Fig. 2c and Table S3, ESIt), suggesting that
the cluster core acts as a positively charged center of the

(a)
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structure. The negative formation energies further confirm
the stability of the Os-organic clusters (Fig. 2d and Table S4,
ESIT). Nucleus-independent chemical shift (NICS) is a prevalent
measure of aromaticity,”®*° with negative values indicating
aromaticity and positive values signifying antiaromaticity. To
evaluate the aromaticity, we sifted through the occupied orbi-
tals based on the total number of n-electrons and conducted
NICS calculations on the n-MOs (Table S5, ESIt). NICS(0),zz
and NICS(1),, values, representing the Z component of NICS,,
are utilized to describe m-aromaticity. All seven Os-organic
clusters exhibited negative values for both NICS(0),, (from
—59.40 ppm to —10.01 ppm) and NICS(1),.z, (from —38.18 ppm
to —6.15 ppm), corroborating their aromatic nature (Fig. 2e).
The Natural Adaptive Orbital (NAAO) method involves a
linear transformation of the occupied MOs, paving the way
for an intuitive exploration of orbital contributions to bonding.
As shown in Fig. 2f and g, the Os-Os bonding within the Os,
and Os; clusters encompasses both o and n-bonds, demon-
strating a stable covalent bond with pronounced delocalization.
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Fig. 2 Structural characteristics of Os-organic n-clusters. (a) Structures of seven clusters. (b) Average bond angle and average bond length of Os—0Os. (c)
The overall charge of the Os element. (d) The calculated formation free energy. (e) Nucleus independent chemical shift (NICS) values for key occupied
n-MOs (NICSn). (f) and (g) Natural adaptive orbital analysis (NAJO) of Os—Os bonds of Os4 and Oss clusters, respectively. (h) and (i) Different n-LMOs of

Os,4 and Oss clusters, respectively.
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In non-planar systems, localized molecular orbitals (LMOs)
provide valuable insights into both ¢ and m-electrons. These
LMOs, like canonical molecular orbitals (CMO), are orthogonal
sets with equal dimensions that can be interconverted via
unitary transformation. The Os, and Oss clusters exhibit var-
ious types of m-orbitals, including d—-d metal n-LMOs between
0s-Os, d-p n-LMOs composed of Os and adjacent C, and p-p
ligand n-LMOs composed of C-C. AICD and ICSS analyses are
utilized to evaluate the aromaticity of these Os-organic clusters.
As shown in Fig. S1 (ESIt), a clockwise ring current is obser-
vable on the Os ring, coupled with a pronounced shielding
isosurface perpendicular to the ring, affirming its aromaticity.
This type of Os-organic cluster comprises the metal that parti-
cipates in the cluster core, and the aromaticity ligand via a
stable covalent bond. Notably, it possesses distinct cluster core
n-orbitals and ligand m-orbitals, both exhibiting aromaticity,
therefore typifying a classic metal-organic n-cluster.

Third-order nonlinear optical properties and molecular orbital
analysis

Considering the aforementioned findings, further investiga-
tions have proceeded to evaluate the third-order NLO perfor-
mance of these Os-organic n-clusters. Under static conditions,
both total and average third-order NLO coefficients are
computed, as indicated in Table S6 (ESIf), and represented
graphically in Fig. S2 (ESIf). The static third-order NLO
response coefficient (y) was calculated by the coupled perturbed
Kohn-Sham method. The Taylor expansion of the energy (E) to
the uniform external electric field (F) is as follows:

1 1 1
E(F) = E(0) = poF = 50F* = (fF? = 5F* —... . (2)

The i components of y are defined as

1 ..
Vi = (E) Z(Vijji + Vi + “/i;‘jj) i,j=1{x»,z} 3)

J
The total magnitude of y is measured as

Tow = \/7 70+ 07 4)
Particularly noteworthy is the exceptional third-order NLO
response displayed by the Oss cluster (Fig. 3a). Furthermore,
the frequency-dependent second hyperpolarizability of the Oss
cluster in the visible light range is examined utilizing the sum-

over-states (SOS) method as the following formula:**>!

VABCD(fwa'; D1, W3, CU3) = ﬁ[A(fwa)i B(wl)i C(wl)i D(wS)](VI - VH)

(5)

ATB,.C,D

I Moy i Hze o
V= (6)

#ZO.#ZO;(Ai_wG)(A/_wz_w3)(Ak_w3)

A,B,C,D

1 Hoilio oo
7= . )

2 & oo on) (& )

A, B, C... denote one direction; w is the energy of the
external field; 4; stands for the excitation energy of state i
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Fig. 3 Third-order nonlinear optical (NLO) properties of Os-organic
n-clusters. (a) Average third-order NLO coefficients. (b) Frequency-
dependent second hyperpolarizabilities in the visible-light range of the
Oss cluster.

concerning the ground state; yﬁ} is a component of the transi-
tion dipole moment between state i and j.

Our analysis revealed prominent third harmonic generation
(THG), degenerate four-wave mixing (DFWM), and electro-
optical Kerr effect (EOK) responses at specific wavelengths,
namely 404 nm, 441 nm, 448 nm, 526 nm, 553 nm, and
629 nm. These wavelengths correspond to the purple, green,
and red light bands, hinting at the potent signal detection
capabilities of these clusters.*”

Understanding the exceptional third-order NLO response of
the Oss cluster demands a thorough analysis of the band gap
and MO composition across the seven structures (Fig. 4).
Compared to the original Os-organic structural unit, all seven
Os-organic n-clusters show a decrease in Eg,, (Table S7, ESIf).
There is a fluctuation in the Eg,, value with the number of
nuclei, with the Os; cluster presenting the narrowest band gap
(1.47 eV), a result of an increase in the highest occupied
molecular orbital (HOMO). The density of states (DOS) is
utilized for analyzing the orbital contributions (Fig. S3, ESIT).
The partial DOS (PDOS) is employed to discern the specific
contribution of individual fragments to the total DOS (TDOS),
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Fig. 4 Molecular orbitals and band gaps of Os-organic clusters.
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Fig. 5 (a) Normalized UV-vis absorption spectra and electron—-hole dis-

tribution smoothing isosurface schematic (inset part) of Os-organic
n-clusters. (b) Contribution ratio of cluster cores and ligands to elec-
tron—hole distribution.

revealing that the Os-organic n-clusters consist of two compo-
nents: the Os cluster core and ligand, each contributing differ-
ent proportions. Interestingly, the difference between the Os;
cluster from the other six Os-organic n-clusters is that it has a
significant contribution (44.13%) from the 2p orbitals of car-
bon (C) in its HOMO. Moreover, the C 2p orbitals exhibit higher
energy in occupied orbitals compared to the Os 5d and 6s
orbitals (Fig. S4, ESIt). This greater presence of C 2p orbitals in
the HOMO encourages its rise, subsequently leading to a
narrower band gap. A smaller band gap promotes elec-
tronic transitions, thereby enhancing the third-order NLO
response, a conclusion that aligns with reported experimental
studies."”*%3*

Excited state analysis

Employing UV-vis absorption spectra and electron-hole analy-
sis, the superior third-order NLO response performance
demonstrated by the seven Os-organic m-clusters under con-
sideration is further elucidated (Table S8, ESIt). Fig. 5a high-
lights that the clusters’ intense absorption in the low-energy
section chiefly occurs within the 500-700 nm range. This
corresponds to S, — S, (Osz, 557 nm), Sy; (Osy, 564 nm), Sy
(Oss, 526 nm), S;; (0sg, 567 nm), Sg (Os;, 654 nm), S;5 (OSg,
546 nm), and S,; (Osy, 545 nm) excitations. The smoothed
electron (Cee) and hole (Cpoe) contours profile the extent of
electron-hole distribution in different directions.**™*” Notably,
the Oss cluster demonstrates an enhanced distance bet-
ween the center of mass of holes and electrons (Table S9, D
index = 0.868 A, ESI{) when compared to the other Os-organic
n-clusters. To further delineate the distribution, the holes and
electrons of each Os-organic n-cluster are divided into cluster
core and ligand components, as illustrated in Fig. 5b and
Table S10 (ESIt). The line-fill radar map provides a compre-
hensive visualization of the proportion of different compo-
nents. Among these, the Oss; cluster approximates more
closely to the ideal average value of 50% regarding the propor-
tion of cluster cores and ligands in electrons/holes. The

This journal is © The Royal Society of Chemistry 2024
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distributional differences of metal and ligands (DDML) in holes
and electrons are further defined as DDMLy;,. and DDMLge,
respectively, to refine our understanding of this process.

DDMLyy,je = |Holey — 0.5] + |[Holep, — 0.5] (8)
DDMLg. = |Eleys — 0.5] + |Eley, — 0.5] 9)

DDMLgym = DDMLyjore + DDMLge (10)

The value of DDMLg,, for the Os; cluster, calculated at 0.41,
highlights its relatively small size, implying a more balanced
distribution of metal and ligand in the electron/hole compo-
nents. This balance is critical in achieving optimal performance
in third-order NLO responses. Thus, our findings suggest
that enhancing the third-order NLO response of Os-organic
n-clusters can be accomplished by extending the electron-hole
distribution range and maintaining a consistent contribution
ratio between the components. This nuanced understanding
could prove pivotal in future developments and applications
within the field of nonlinear optics.

Conclusions

In conclusion, this research introduces a concise and clear
definition of metal-organic n-clusters that retain the aromati-
city of both the cluster core and the ligand. Under this con-
ceptual framework, a variety of stable Os-organic n-clusters,
derived from Os-organic structural units through Os-Os bonds,
have been identified and recognized as exemplary metal-
organic m-clusters. Our analysis of electronic structure and
aromaticity simultaneously verifies the origins of n-electrons
in these clusters. Notably, the Oss cluster manifests a robust
third-order NLO response, with an average gamma magnitude
of 3.28 x 10" a.u., attributable to its narrow band gap of 1.47 eV
and relatively balanced electron/hole distribution, as indicated
by a DDMLg,,, value of 0.41. This research thus expands the
understanding of aromaticity and its connection to third-order
NLO properties, offering a fresh perspective for the design and
synthesis of high-response optical materials.
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