
Open-Shell Character and Second Hyperpolarizabilities of One-
Dimensional Chromium(II) Chains: Size Dependence and Bond-
Length Alternation Effect
Hitoshi Fukui,† Shota Takamuku,† Taishi Yamada,† Kotaro Fukuda,† Taku Takebayashi,†

Yasuteru Shigeta,† Ryohei Kishi,† Benoît Champagne,‡ and Masayoshi Nakano*,†

†Department of Materials Engineering Science, Graduate School of Engineering Science, Osaka University, Toyonaka, Osaka
560-8531, Japan
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ABSTRACT: Using the long-range corrected spin-unre-
stricted density functional theory (LC-UBLYP) method, we
have investigated the longitudinal third-order nonlinear optical
(NLO) properties, i.e., the second hyperpolarizabilities γ of
open-shell singlet one-dimensional (1D) extended metal atom
chain (EMAC) systems, chromium(II) chains CrII2n (n = 1−
4), with different metal−metal bond lengths from the
viewpoint of the open-shell character dependences of each d
orbital contribution (dσ, dπ, dδ) to γ and of the chain-length
dependence of γ. It turns out that the chain length
dependences of the open-shell characters of dπ and dδ orbitals at any metal−metal bond length are negligible, while the dσ
open-shell character decreases as a function of chain length. The systems display bell-shaped behaviors of γ as a function of the
metal−metal bond length, in which the γ values attain maxima for intermediate dσ open-shell character. The maximum γ value
(γmax) exhibits remarkable enhancement as a function of chain length. It is also found that the bond length alternation (BLA)
significantly affects the γ values and their chain-length dependences. The present results provide the guiding principles for
designing transition-metal complexes with open-shell singlet 1D metallic chains exhibiting large third-order optical nonlinearity.

1. INTRODUCTION

Recently, open-shell singlet molecules have been theoretically
proposed as a novel class of nonlinear optical (NLO) systems.1

The key factors for enhancing the second hyperpolarizability γ
(the third-order NLO property at the molecular scale) in
singlet diradical systems are the intermediate diradical
character2 and the distance between the diradical electrons.1b,3

The former represents the sensitivity of the diradical electrons
to the applied electric field, while the latter corresponds to the
distance of the field-induced charge transfer. These two factors,
however, are generally antagonistic, because a large distance
between diradical electrons leads to a large diradical character,
whereas an intermediate diradical character often requires a
relatively small diradical distance to achieve an intermediate
overlap between the α and β spatial orbitals. One way to
attenuate this trade-off relationship consists of building open-
shell singlet one-dimensional (1D) systems, referred to as “1D
multiradicalization”,3c with tuned multiple diradical characters.
Indeed, if the radical sites are aligned with an appropriate
distance as shown in Scheme 1, the distance between both-end
radicals can be elongated while keeping intermediate
interactions between these radicals, which should give rise to
a nonlinear enhancement of γ as a function of increasing chain
length (number of radical sites). Such an increase in γ of open-

shell singlet multiradical chains was computationally sub-
stantiated using model hydrogen chains (Hn).

4

On the other hand, 1D transition-metal-atom chain
complexes such as extended metal atom chains (EMACs)
have attracted a great deal of attention due to their interesting
bond nature and physicochemical properties, including
electronic and magnetic properties.5−12 They are also of
interest from the viewpoint of the open-shell singlet because
some 1D transition-metal-atom chains with even-numbered
cores can present 1D multiradical characters originating from
d−d orbital interactions.5 For example, 1D tetrachromium(II)
and tetramolybdenum(II) systems (CrII4 and MoII4) have been
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Scheme 1. One-Dimensional Open-Shell Singlet Systems
with an Intermediate Open-Shell (Multiradical) Charactera

aThe electron arrows indicate the up and down spins.
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predicted to present 1D tetraradical characters of dσ, dπ, and
dδ orbitals, which are controllable through the metal−metal
bond length.13 The 1D multiradical nature of singlet transition-
metal-atom chains is expected to strongly enhance their third-
order NLO properties. In a previous study,3c using the spin-
unrestricted coupled cluster singles and doubles with
perturbative triples UCCSD(T) method, we revealed that 1D
CrII4 and MoII4 are σ-dominant third-order NLO systems,3a,b

whose γ values are enhanced by dσ electrons with an
intermediate open-shell character (tetraradical character), and
that their γ values are significantly enhanced in comparison to
those of their dimetallic analogues, which supports our
speculation on the third-order NLO properties of open-shell
singlet 1D transition-metal-atom chain complexes. In the
present study, we investigate the γ values of open-shell singlet
1D chromium(II) chains CrII2n (n = 1−4) with equivalent CrII−
CrII bond lengths in relation to their open-shell characters. To
confirm our hypothesis, the chain length dependence of γ is
revealed by comparing chromium(II) chains with different n
values. In addition to regular chains, we address chromium(II)
chains with alternating R1 and R2 bond lengths, defining a
bond-length alternation (BLA) (see Figure 1). Indeed, in real

transition-metal-atom chain complexes, the metal−metal bonds
have different lengths, depending on their ligands, while there

are many bonding patterns and the number of them increases
with chain length.5−12 On the basis of these results, we propose
guiding principles for designing highly efficient third-order
NLO compounds with open-shell singlet 1D transition-metal-
atom chains.

2. THEORETICAL AND COMPUTATIONAL ASPECTS
2.1. Model Systems. Figure 1 shows the model systems examined

in this study: dichromium(II) (CrII2) (a), 1D regular chromium(II)
chains with equivalent bond lengths (regular CrII2n, n = 2−4) (b), and
1D chromium(II) chains with bond-length alternation (bond lengths
R1 and R2) (BLA CrII2n, n = 2−4) (c). The dz2−dz2, dyz−dyz, dxz−dxz,
dxy−dxy, and dx2−y2−dx2−y2 orbital interactions in CrII2n lead to 2n dσ, dπ,
dπ′, dδ, and dδ′ orbitals, respectively (5 × 2n orbitals in total). The
dπ′ orbitals are rotated by 90° with respect to the dπ orbitals around
the bond axis (defined as the z axis), while the dδ and dδ′ orbital sets
are rotated 45° with respect to each other. The 4 × 2n d electrons
formally occupy the lowest n orbitals of each dσ, dπ, dπ′, and dδ
symmetry, though in the UHF formalism the highest n natural orbitals
(NOs) of each symmetry possess fractional occupation numbers
smaller than 1. This electron configuration leads to the 2n radical
nature for each dσ, dπ, dπ′, and dδ orbital in CrII2n, resulting in a
quadruple 2n radical nature for the whole system. As an example,
Figure 2 shows the dσ-, dπ-, dπ′-, and dδ-type NOs with their
occupation numbers for regular CrII4 with R1 = 2.5 Å obtained by the
UHF method. For each orbital symmetry, the highest two NOs
(LUNO and LUNO+1) possess relatively large occupation numbers,
the feature of which leads to the emergence of the tetraradical
character in dσ, dπ, dπ′, and dδ orbitals and thus a quadruple
tetraradical nature in CrII4. In order to clarify the bond length
dependence of the 2n radical character (open-shell character) and thus
to quest for optimal bond lengths to maximize γ, the bond length R1 is
varied from 2.1 to 3.5 Å, the range of which includes the typical
experimental bond lengths 2.0−2.6 Å.5

The UHF spin density distributions of regular CrII2n (n = 2−4) with
R1 = 2.5 Å are shown in Figure 3 for each type of occupied d MO.
Note that the spin polarization, which results from the broken-
symmetry solution, is an artifact but it helps to analyze the spatial spin
correlation.14,15 For all systems, the α and β spin densities display an
alternating pattern in accordance with Scheme 1, demonstrating that
these systems meet our strategy of 1D multiradicalization. For dπ
electron contributions, since the dπ and dπ′ orbitals present the same
open-shell character and the same contributions to γ, we discuss only
the contribution of one set (dπ orbitals).

2.2. Calculation of Open-Shell Character. The singlet multi-
radical nature is quantitatively characterized by the open-shell
character evaluated from quantum chemical calculations. Here, the
open-shell character of the dX orbitals (yodd(dX), where X = σ, π, δ) is

Figure 1. Structures of model systems: (a) dichromium(II) system;
(b) chromium(II) chain CrII2n (n = 2−4) without bond-length
alternation (BLA; referred to as regular CrII2n); (c) BLA CrII2n (n = 2−
4). R1 and R2 represent the bond lengths.

Figure 2. dσ, dπ, dπ′, and dδ natural orbitals (NOs) and their occupation numbers for regular CrII4 with R1 = 2.5 Å calculated using the UHF
method. The red and green surfaces represent positive and negative NOs with contour values of ±0.10 a.u., respectively.
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defined as the total odd electron number (Nodd(dX)) of the 2n dX
NOs divided by the maximum odd electron number (Nmax

odd) (2n in the
present case):2c,3

=
∑

==y
n

N
N

N
(dX)

(dX) (dX)k
n

kodd 1
2 odd

max
odd

odd

max
odd (1)

where the odd electron number is obtained according to Head-
Gordon:16

≡ −n n n(dX) min{2 (dX), (dX)}k k k
odd (2)

nk(dX) is the occupation number of the kth dX NO. yodd(dX) values
range from 0 to 1, which correspond to the closed-shell and pure
open-shell states, respectively. In the present study, we employ the
UHF method combined with a spin-projection correction2b,c,17

(referred to as the PUHF method) to obtain the open-shell characters
because the PUHF method reproduces the open-shell characters of
CrII2 and CrII4 calculated with the highly electron-correlated method:
i.e., spin-unrestricted coupled-cluster singles and doubles (UCCSD)
(see the Supporting Information).

2.3. Evaluation and Analysis of Static Second Hyper-
polarizability. The longitudinal γzzzz (≡γ) tensor components
(with z the bond axis) were calculated using the finite-field (FF)
approach.18 This time, γ is obtained as the first-order differentiation of
the first hyperpolarizability (β) with respect to the applied external
electric field, which allows minimizing the numerical error. The β
values are calculated using the coupled perturbed Kohn−Sham
(CPKS) method.19 The perturbation series expansion convention
(called the B convention20) is chosen for defining γ and the following
first-order numerical differentiation formula is employed:

γ

β β β β β β

= ×

− + − − + − − −F F F F F F
F

1
3

(3 ) 9 (2 ) 45 ( ) 45 ( ) 9 ( 2 ) ( 3 )
60

(3)

Here, β(F) is the first hyperpolarizability (B convention) in the
presence of the static electric field F in the z direction. It is noted that
the Gaussian 09 program package21 employs the T convention (Taylor
series expansion) to calculate β, so that the obtained β values are
converted from the T to B convention using the relation 2βB = βT.20

We used F values ranging from 0.0002 to 0.0015 a.u. to obtain
numerically stable γ values. The γ values are given in a.u.: 1.0 a.u. of γ
is equal to 6.235377 × 10−65 C4 m4 J−3 and 5.0367 × 10−40 esu. For
the calculation of γ, we employed the long-range corrected UBLYP
(LC-UBLYP) method with a range-separating parameter (μ) of 0.8
bohr−1 (referred to as LC-UBLYP(0.8)), which was demonstrated to
be reliable to calculate γ in dimetallic systems with a transition-metal−
transition-metal bond.22 Note that this optimal μ value for metal−
metal-bonded systems is larger than that (μ = 0.33 bohr−1) for small-
size organic π-conjugated systems.23 This difference in the optimal μ
values is understood by the fact that μ−1 represents an effective
electron screening (delocalization) length or the characteristic radius
of a molecule.24 The fact that the optimal μ value of metal−metal dσ
bonded systems is larger than that of pπ delocalized organic systems
means that dσ bonds are more localized than pπ bonds. It is also noted
that to include relativistic effects, we used the SDD basis sets,25 the
effective core potential (ECP) of which has been shown to well
reproduce the Dirac−Hartree−Fock γ values obtained with an all-
electron basis set.26 We should also pay attention to the diffuse basis

Figure 3. Spin density distributions of dσ, (dπ + dπ′), and dδ electrons
for regular CrII4 (a), Cr

II
6 (b), and Cr

II
8 (c) with a bond length (R1) of

2.5 Å obtained from UHF molecular orbitals. The red and blue
surfaces represent α and β spin densities with contour values of ±0.05
a.u., respectively.

Figure 4. Bond length (R1) dependences of the open-shell characters yodd(dσ) (a), yodd(dπ) (b), and yodd(dδ) (c) for regular CrII2n (n = 1−4)
calculated using the PUHF/SDD method.
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functions because, as for closed-shell systems,27 extended basis sets
(with diffuse functions) might be indispensable for obtaining
quantitative γ values in open-shell singlet systems.28 The SDD basis
set is expected to be sufficiently extended, since it already includes one
set of diffuse s, two sets of diffuse p, and one set of diffuse d functions.
Indeed, the addition of a set of d and f diffuse functions to the SDD
basis set only provides small variations of the γ value of CrII2 at the
UCCSD and UCCSD(T) levels of approximation (see the Supporting
Information of ref 3a).
For a detailed analysis of γ, the contributions of the dX electrons

(γ(dX), where X = σ, π, δ) are calculated using a partitioning
scheme2c,3 and the expression

∫γ ρ= −
!

r r(dX)
1
3

(dX) dz zzz
(3)

(4)

where ρzzz
(3)(dX) is referred to as the γ(dX) density29 and is determined

by the third-order derivative of the electron density of the set of dX
NOs with respect to the electric field in the z direction, and it reads

∑ρ ϕ= ∂
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3
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Here, ϕk
dX(r) is the kth NO of dX symmetry. The positive and negative

γ(dX) densities multiplied by Fz
3 represent respectively the field-

induced increase and decrease in the dX electron density in proportion
to Fz

3, which are at the origin of the third-order dipole moment in the
direction from positive to negative γ(dX) densities. The γ(dX) value
and its density are calculated by the LC-UBLYP(0.8)/SDD method.
Note that the γ values obtained from the numerical first-order
derivative of analytical β match closely those obtained from the γ
densities (eq 4) within an error of 5%.
All calculations on yodd(dX) and γ were performed with the

Gaussian 09 program package.

3. RESULTS AND DISCUSSION

3.1. Size Dependence of Open-Shell Character in
Regular Chromium(II) Chains. Figure 4 shows the bond
length (R1) dependences of y

odd(dσ), yodd(dπ), and yodd(dδ) for
regular CrII2n (n = 1−4), calculated at the PUHF/SDD level. In
all systems, the open-shell characters monotonically increase as
a function of the bond length. This tendency originates from
the weakness in the d−d orbital interactions, which leads to the
emergence of multiradical nature. All systems present the
following order of the open-shell characters within the R1

region, yodd(dδ) > yodd(dπ) > yodd(dσ), which is also
rationalized by the relative d−d orbital interactions: decreasing
from dxy (forming the dδ MOs) through dxz and dyz (dπ MOs)
to dz2 (dσ MOs). Regular CrII chains with different n values
show almost the same bond length dependences of yodd(dπ)
and yodd(dδ) (see Figure 4b,c), indicating that a given bond
length leads to the same multiradical natures of dπ and dδ
orbitals regardless of chain length. In contrast, the dσ orbitals
show a significant chain length dependence of the open-shell
character when R1 < ∼3.0 Å (Figure 4a). yodd(dσ) decreases as a
function of n, though the difference between n = 3 and n = 4
becomes small, predicting that dσ open-shell character
converges around n = 4 with increasing chain length. Such a
difference in the chain length dependences of yodd(dX), which
are related to the effective bond order, indicates that the
delocalization effects are mostly associated with the dσ
electrons.

3.2. Metal−Metal Bond Length Dependences of γ in
Regular Chromium(II) Chains with Different Chain
Lengths. Figure 5 displays the variations in γ and γ(dX) as a

Figure 5. Bond length (R1) dependences of γ and of its dX orbitals contributions in regular chains CrII2 (n = 1) (a), CrII4 (n = 2) (b), CrII6 (n = 3)
(c), and CrII8 (n = 4) (d), calculated using the LC-UBLYP(0.8)/SDD method.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic501334p | Inorg. Chem. 2014, 53, 8700−87078703



function of the bond length R1 in regular CrII2n (n = 1−4) as
calculated using the LC-UBLYP(0.8)/SDD method. Bell-
shaped behaviors of γ are observed for all systems, though
the maximum γ (γmax) value and the bond length giving γmax
(R1max) depend on n. The CrII8 (n = 4) compound shows a
rapid variation in γ around R1max in comparison to other
systems, which predicts that the fine control of the bond
lengths is crucial for realizing large third-order NLO properties
in large/long 1D transition-metal chains. Similar to a previous
study, which clarifies the dominant dσ contribution in
tetrametallic transition-metal systems,3c the contribution of
dσ electrons (γ(dσ)) is dominant in regular CrII6 and Cr

II
8 as in

CrII2 and Cr
II
4, while those of dπ and dδ electrons are negligible

(see Figure 5), which allows us to focus on the dσ contribution
in the analysis of γ. The bond lengths and dσ open-shell
characters (ymax

odd(dσ)) corresponding to γmax(dσ) for regular
CrII2n (n = 1−4) are given with their γmax(dσ) values in Table 1.

The ymax
odd(dσ) values of regular CrII2n for n = 1−4 amount to

0.466−0.776, demonstrating that the γ(dσ) enhancement is
associated with intermediate dσ open-shell character. Then,
ymax
odd(dσ) decreases as a function of chain length except for the
slight inversion between n = 2, 3. A similar tendency was
observed in an open-shell singlet 1D hydrogen atom chain
(H2n): the PUHF average diradical character (equivalent to the
PUHF open-shell character in this study) corresponding to γmax
decreases as a function of H2n chain length.4 On the basis of the
results on open-shell singlet 1D CrII2n and H2n, the decrease in
ymax
odd as a function of chain length is predicted to be a general
property of open-shell singlet 1D multiradical systems. The fact
that extending the chain length leads to an increase in electron
delocalization and an enhancement of the γ amplitude may be
related to the decrease of open-shell character maximizing γ.
Figure 6 compares the bond length (R1) dependences of γ per n
for regular CrII2n chains with n = 1−4. Increasing chain length is
found to extraordinarily enhance the γmax/n value: 1080 a.u. (n
= 1), 170 × 102 a.u. (n = 2), 697 × 102 a.u. (n = 3), and 466 ×
103 a.u. (n = 4). On the other hand, the bond length giving γmax
(R1max) decreases with n from n = 1 (R1max = 2.9 Å) to n = 2, 3
(2.6 Å) and n = 4 (2.5 Å), predicting a further decrease in R1max
for regular CrII2n chains with larger n values.
The dominant γ(dσ) contribution was then analyzed by

using the γ(dσ) density distribution calculated by eq 5. Figure 7
displays the γ(dσ) density distributions of regular CrII2n with
R1max at the LC-UBLYP(0.8)/SDD level of theory. It is found
that the positive and negative γ(dσ) densities of CrII2 are
distributed on the terminal atoms and that their distributions
are well separated (see Figure 7a). In regular CrII2n with n = 2−
4, the positive and negative γ(dσ) densities are also distributed
on the terminal atomsleading to a positive γ(dσ) value
while positive and negative γ(dσ) densities alternate in the

internal regions and mostly cancel each other. As a result, the
positive and negative γ(dσ) densities on the both-end atoms
provide the largest contribution to γ(dσ), because they display
the largest intervals (see eq 4). Therefore, the γ(dσ) density
distributions indicate that the dσ radical electrons on the both-
end atoms give dominant contributions to γ(dσ) in regular CrII

chains with an intermediate dσ open-shell character. This
feature exemplifies the enhancement mechanism of γ by the 1D
multiradicalization.

3.3. BLA Effects on γ. To reveal BLA effects on γ, we
introduce the BLA to CrII chains in two ways: (A) changing R2

while keeping R1 constant (=R1max of regular Cr
II chains; i.e., 2.6

Å for CrII4 and CrII6 and 2.5 Å for CrII8) and (B) changing R1

while keeping R2 constant in the same way as for (A) (see
Figure 2c). The BLA is characterized by the R2/R1 ratio, where
R2/R1 = 1.00 corresponds to regular CrII chains with γmax and
R1max. The γ enhancement ratio with respect to regular chains
reads

Table 1. Bond Lengths (R1) and dσ Open-Shell Characters
(ymax

odd(dσ)) Corresponding to γmax(dσ) for Regular Cr
II
2n (n =

1−4) together with Their γmax(dσ) Values

n R1 (Å) ymax
odd(dσ)a γmax(dσ)

b (a.u.)

1 2.8 0.776 111 × 10
2 2.5 0.539 372 × 102

3 2.6 0.560 215 × 103

4 2.5 0.466 190 × 104

aObtained using the PUHF/SDD method. bCalculated at the LC-
UBLYP(0.8)/SDD level of theory.

Figure 6. Variations in γ per n (γ/n) of regular CrII2n chains (n = 1−4)
as a function of the metal−metal bond length (R1) calculated using the
LC-UBLYP(0.8)/SDD method.

Figure 7. γ(dσ) density distributions for CrII2 with R1max (2.9 Å) (a),
regular CrII4 with R1max (2.6 Å) (b), regular CrII6 with R1max (2.6 Å)
(c), and regular CrII8 with R1max (2.5 Å) (d) calculated at the LC-
UBLYP(0.8)/SDD level of theory. The yellow and blue surfaces
represent positive and negative densities with contour values of ±30,
±500, ±2000, and ±7500 a.u. for CrII2, CrII4, CrII6, and CrII8,
respectively.
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γ
γ

=r
(BLA)
(regular)BLA

max (6)

rBLA > 1 and rBLA < 1 correspond therefore to BLA-induced
increase or decrease in γ. Figure 8 shows the variations in rBLA
as a function of R2/R1 for CrII2n with n = 2−4. For all BLA
chains with constant R1 (Figure 8a), on going from R2/R1 = 0.9
to 1.3, rBLA decreases as a function of R2/R1. Thus, when R2 >
R1, γ decreases as a function of the BLA, while for R2 < R1 the
opposite is observed. The BLA chains with constant R2 display
behavior similar to those with constant R1 (see parts a and b of
Figure 8), though the γ enhancement ratio for n = 4 with R2/R1
< 1 is larger than that for the n = 4 chain with constant R1. The
largest enhancement of γ is observed for BLA CrII8 (n = 4) with
constant R2 (rBLA = 8.18 at R2/R1 = 0.862), showing further
enhancement of γ in longer alternating chains. Note that both
the γ enhancement when R2 < R1 and the γ reduction when R2
> R1 were already observed in an open-shell singlet 1D H4
chain.30 This similar tendency demonstrates that these BLA
effects are general features of open-shell singlet 1D atomic
chains and also that H2 chains are reliable model systems. Then,
the significant BLA dependence of γ indicates the wide-range
controllability of γ in open-shell singlet 1D transition-metal
chains by adjusting the metal−metal bond lengths and BLA
through the ligand modifications.

4. CONCLUSIONS
We have investigated the bond length dependence of γ in open-
shell singlet 1D CrII2n chains (n = 1−4) with equivalent Cr−Cr
bond lengths (R1) referred to as “regular CrII2n” using the LC-
UBLYP method with a range separating parameter of 0.8
bohr−1. γ values of these systems display a bell-shaped behavior
as a function of R1. The maximum γ (γmax) significantly
increases as a function of chain length, while the bond length
(R1max) giving γmax decreases. This result indicates the
possibility of further enhancement of γmax in large regular CrII

chains with smaller R1max. The partitioning scheme of γ has
revealed that the dσ electrons dominantly contribute to γ, while
the dπ and dδ electrons provide negligible contributions, which
indicates that the regular CrII chains belong to a novel class of
“σ-dominant” third-order NLO systems. The enhancement of γ
in CrII chains is attributed to the large amplitude of field-
induced charge transfer of dσ electrons between the both-end
atom sites through the dσ bonding interactions, which is
realized by its intermediate dσ open-shell character and by the

large intervals between the both-end atoms. These results
predict that open-shell singlet polynuclear transition-metal
complexes with metal atom chains such as extended metal atom
chain (EMAC) complexes also belong to “σ-dominant” third-
order NLO systems. Moreover, we have investigated the effects
of bond-length alternation (BLA) on γ in open-shell singlet 1D
CrII chains. We have examined the BLA CrII2n (n = 2−4) with
two kinds of Cr−Cr bond lengths: R1 and R2. It is found that
the BLA with both-end bond lengths larger than the adjacent
internal bond length (R1 > R2) enhances γ, while the BLA with
an inverse R1 and R2 relation (R1 < R2) tends to decrease γ.
These BLA effects on γ are further intensified by increasing the
chain length. For example, the γ values of BLA CrII4 with R2/R1

= 0.75 and BLA CrII8 with R2/R1 = 0.9 are more than twice as
large as the γmax values of regular Cr

II
4 and CrII8, respectively.

The present results indicate the wide range controllability of γ
by tuning the metal−metal bond lengths and the BLAs in open-
shell singlet 1D transition-metal chain complexes, which can be
achieved by ligand modifications.31 Recent theoretical studies
have clarified that dσ contributions to γ are also dominant and
are maximized in the intermediate diradical character y(dσ)
region not only in bare transition-metal bonded systems but
also in transition-metal complexes including equatorial32a and
axial32b ligands. Although we have focused on a regular BLA,
the transition-metal-atom chain complexes could possess a
variety of bonding patterns depending on the ligands5−12 and
various combinations of heterometals.33 At the next stage, the
investigations will focus on the variety of bonding patterns and
on the heterometal effects on γ, which will further highlight the
structural conditions for maximizing the third-order NLO
properties in open-shell singlet 1D transition-metal chain
complexes. In addition, to confirm the validity of the present
theoretical predictions, the synthesis of EMACs with various
open-shell characters and the experimental determination of
their third-order NLO properties, e.g., two-photon absorption,
are intensely desired.
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