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Hybrid density functional theory method is applied for investigating the diradical character dependence of
the second hyperpolarizability (y) of square planar nickel complexes involving several types of bidentate
ligands [0-C¢H4XY, where X =Y = O, NH, S, Se, and PH as well as (X, Y) = (NH, NH») and (S, NHy)].
It is found that, as a function of the donor atoms, the diradical character of these complexes varies from 0.0
to 0.884 and is associated with substantial variations of y ranging from 14 x 103 to 819 x 103 au. In particular,
the largest v values are associated with intermediate diradical characters in good agreement with the
structure—property relationship obtained for pure hydrocarbon systems. Increasing the electronegativity of
the X and Y donor groups of the ligands leads to larger diradical characters as a result of the enhancement
of the double bond nature of the C=X(Y) bonds, which further stabilizes the diradicals on both-end benzene
rings. This demonstrates that the electronegativities of the donor atoms of the ligands become a tuning parameter

of the diradical character and then of the y values of these complexes.

1. Introduction

For the past three decades, many kinds of organic compounds
exhibiting highly efficient nonlinear optical (NLO) properties
have been intensely studied owing to their potential applications
in photonic devices such as optical switching, three-dimensional
memory, optical limiting, and photodynamic therapy.'™ In
particular, a great deal of attention has been paid to the third-
order NLO properties, for example, two-photon absorption,* of
organic sr-conjugated compounds because of their large second
hyperpolarizabilities (y), the microscopic origin of the third-
order NLO properties, and the ultrafast response. The experi-
mental and theoretical studies on these third-order NLO systems
have revealed several tuning parameters of the amplitude and
sign of vy, including the 7-conjugation length, the bond length
alternation, the strength of donor/acceptor substituents, and the
charge,>™® but most of these studies have focused on closed-
shell systems. Recently, we have investigated open-shell mo-
lecular systems as a novel class of NLO systems and, in
particular, we have found that the singlet diradical systems with
intermediate diradical character tend to exhibit a large enhance-
ment of y as compared to the parent closed-shell and pure
diradical systems.'°~12 The mechanism governing the relation-
ship between the diradical character and y was theoretically
clarified by adopting the valence configuration interaction (VCI)
method using a two-site system.!? This relationship has then
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been verified by computational and experimental studies on
several model and real organic molecular systems: the H;
dissociation model,!%¢ the twisted ethylene model,!* the
diphenalenyl diradical systems,'%¢!! and the s-conjugated
diradical systems involving imidazole rings.!0¢14

On the other hand, transition-metal compounds are known
to display diradical character.'>® In particular, recent theoretical
and experimental studies have shown that square planar nickel
complexes involving two bidentate ligands [Ni(o-CcHaXY),]
[where X =Y = O, NH, and S as well as (X, Y) = (NH, S)
and (NH, O)] give different singlet diradical characters and that
the amount of the diradical character is related to the stability
of the semiquinone forms of the ligands depending on the
strength of the double bond between the donor atom (X, Y)
and the ring carbon.'> Several experimental studies employing
the degenerate four wave mixing (DFWM) technique have also
shown that some of these complexes exhibit large y values.!”
However, the latter systems have been considered to be closed-
shell and have not so far been investigated from the viewpoint
of their possible open-shell character. Indeed, the large y values
of these systems have been predicted to only originate from
the extended m-delocalization over both-end rings through the
core metal whereas the open-shell (diradical) character has
recently turned out to be essential for the description of
electronic structures of these complexes as mentioned above.

The present study, therefore, contributes to the elucidation
of the origin of y in these open-shell complexes. Namely, the
diradical character dependence of y in metal involving singlet
diradical complexes [Ni(0-C¢H4X5)] is rationalized as a function
of the donor atoms (X = O, NH, S, Se, and PH) by using the
density functional theory and a hybrid exchange-correlation
functional containing 50% of Hartree—Fock exchange, the
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Figure 1. Resonance structures of smglet diradical square planar nickel
complexes involving o-semiquinonate type ligands [Ni(o-CeHsX>)2],
where X = O (1), NH (2), S (3), Se (4), and PH (5). Reference closed-
shell complexes [Ni(0-CsHsXY),], where (X, Y) = (NH, NH,) (6) and
(S, NH») (7), are also shown.

BHandHLYP functional. As reference systems, we examine two
closed-shell nickel complexes [Ni(o-CcHaXY)2] [where (X, Y)
= (NH, NH3) and (S, NH»)]. On the basis of these results, we
discuss the applicability of the structure—property relationships
deduced from the results of pure organic diradical systems to
these transition-metal complexes, and we propose a way of
controlling the diradical character.

2. Theoretical and Computational Aspects

2.1. Molecular Structures and Diradical Character. Figure
1 shows the structures and coordinate axes of singlet diradical
square planar nickel complexes involving o-semiquinonato type
ligands [Ni(0-CsHaX>2)2], where X = O (1), NH (2), S (3), Se
(4), and PH (5), and their reference closed-shell analogues [Ni(o-
C¢H4XY),], where (X, Y) = (NH, NH») (6) and (S, NHy) (7).
All complexes lie in the xy plane with their longitudinal axis
along the x-direction. The structures of 1—5 (6—7) belong to
the Dy, (Cy;) point group in which the longitudinal axis is
defined as a line passing through the midpoints between C3
and C4 and between C9 and C10 (Figure 1). From the possible
resonance structures of 1—5 shown in Figure 1, the diradical
character of structure II is predicted to be larger than that of
structure I because of (1) the stabilization of the unpaired
electrons through the delocalization in both-end phenyl rings
in IT and (2) the increase of singlet—triplet gap by superex-
change interaction between two unpaired electrons on donor
atoms X through Ni atom in L. It is expected that a modification
of the donor atoms (X) in the ligands of [Ni(o-CsHaX3)2] will
change the weights of I and II, which will lead to variations in
the diradical character of these complexes.

Structures 1—2 were optimized at the spin-unrestricted
B3LYP (UB3LYP) level of approximation since the B3LYP
method is known to well reproduce the experimental structures
of this type of conjugated diradical systems.'®!° The geometry
optimizations for 3—7 were performed using the spin-restricted
B3LYP (RB3LYP) method because the symmetry broken
solutions are not obtained using the UB3LYP method. For the
fourth-row atoms, Ni and Se, we employed the SDD basis set
developed by Bergner et al.,?%?! while the 6—31G* basis set
was employed for the other atoms. The SDD basis set of Ni
includes a pseudopotential representing Ne-like core and
(8s7p6d1f)/[6s5p3d1f]-GTO valence basis set, whereas that for
Se has a pseudopotential representing [Ar]3d!%-like core and
(4s5p)/[2s3p] valence basis set. This type of basis set combina-
tion was employed here owing to its reliability of reproducing
the experimental geometries and of providing relative diradical
characters of this kind of complexes. '>'8 So, the optimized
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geometries of 1—3 (see Supporting Information) can be
compared to the X-ray structures reported in ref 15 for systems
that only differ by the presence of 7-butyl substituents. In
particular, the theory well reproduces the experimental trend
describing an increase of diradical character from 3 to 1 with
subsequent lengthening of the C1—C6 bond and shortening of
the C1—X bond.

The diradical character was obtained from spin-unrestricted
Hartree-Fock (UHF) calculations as follows. The diradical
character y; related to HOMO-i and LUMO+i, where HOMO
and LUMO mean the highest-occupied and the lowest-occupied
molecular orbitals, respectively, is defined by the weight of the
doubly excited configuration in the multiconfigurational self-
consistent field (MC-SCF) theory and is formally expressed in
the spin-projected UHF (PUHF) theory as*>23

2T;

y’:l_1+172 M

where T7; is the orbital overlap between the corresponding orbital
pairs?>? (yuomo.; and 7uomo-;) and can also be represented using
the occupation numbers (7;) of UHF natural orbitals (UNOs):

T = Ngomo—-i — "LuMo-+i ?)
! 2

The diradical character y; obtained from the UNO occupation
numbers takes a value between 0 and 1, which correspond to
the closed-shell and pure diradical systems, respectively. The
present calculation scheme using the UNOs is the simplest, but
it can well reproduce the diradical character calculated by other
methods such as the ab initio configuration interaction (CI)
method.?* The present formula employs the UHF NOs and not
the UDFT NOs, which would lead to incorrect lower diradical
character in the present formula.

2.2. Calculation and Analysis Methods of Static Second
Hyperpolarizability. It turns out from our previous studies!02¢11
that the UBHandHLYP method? well reproduces the y values
of diradical molecules with intermediate and large diradical
characters calculated using the highly correlated UCCSD(T)
methods, at least for systems, the size of which enables such
comparison. Moreover, in these systems, the spin-polarized
orbitals are dominantly located on both-end benzene rings as
well as on the ligands and, as a consequence, the core metal
orbitals only provide a marginal contribution to y. We therefore
employed the UBHandHLYP method to calculate .., (hereafter
referred to as y), the longitudinal tensor component, which
dominates the third-order response and is sufficient for unravel-
ing the relationship between the diradical character and 7.
Although extended basis sets are known to be necessary for
obtaining quantitative y values for st-conjugated systems, we
employ the standard 6—31G* basis set except for Ni since this
basis set is found to be sufficient to provide semiquantitative y
values for several hydrocarbon s7-conjugated diradicaloids with
intermediate and large diradical characters: the 6—31G*+diffuse
p (&, = 0.0523) was shown to increase the y value of a
polycyclic diphenalenyl radical, IDPL, by only 10% as com-
pared to that calculated by the 6—31G* basis set at the Hartree-
Fock (HF) level of approximation.''® For the Ni atom, the
valence part of the SDD basis set was supplemented by one
diffuse s (s = 0.01), one diffuse d (g = 0.09), and two diffuse
p (&p1 = 0.126499 and {» = 0.031784) functions whereas the
validity of the pseudopotential was assessed from comparison
with all-electron calculations. This was achieved by carrying
out UBHandHLYP y calculations for compound 2 using
Huzinaga’s basis sets MIDI+p (&, = 0.088), MIDI+pd ({4 =
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TABLE 1: y Values of 2 Calculated Using the MIDI+diff
(diff = p, pd, and pdf) and SDD Basis Sets for Ni Atom

y4 [x10° au]

basis set for Ni

MIDI+p 617
MIDI+pd 586
MIDI+-pdf 595
SDD 612

4The y values are calculated by the UBHandHLYP method using
the 6—31G* basis set for all atoms except for Ni.

0.088), and MIDI+pdf (§par = 0.088)% for Ni and 6—31G*
for other atoms. The results given in Table 1 demonstrate the
good agreement between Huzinaga’s basis sets and those using
the SDD+6—31G* basis set. For Se, we also employed the SDD
basis set.

The y values were calculated using the finite-field (FF)
approach,?” which consists of a fourth-order differentiation of
the energy with respect to the applied external electric field. A
power series expansion convention (called B convention?®) was
chosen for defining 7, and the following fourth-order numerical
differentiation formula was employed:

_ 1
36(F)*

y {EGF)— 12EQ2F) + 39E(F) — 56E(0) +

39E(—F) — 12E(=2F)+ E(—=3F)} (3)
E(F) indicates the total energy in the presence of the static
electric field F in the x-direction. We used F values ranging
from 0.0005 to 0.0050 au to obtain numerically stable y values.
Moreover, to achieve sufficiently accurate y values, an ultrafine
integration grid® and a tight convergence threshold of 10710
au on the energy were adopted. The y values are given in atomic
units (au): 1.0 au of y is equal to 6.235377 x 1079 C* m* J=3
and 5.0367 x 10740 esu. All calculations were performed using
the Gaussian 03 program package.?
We now briefly explain the v density analysis,”?° which
describes the spatial contribution of electrons to y. This method
is based on the expression

y=—3.f o @

where the third-order derivative of the electron density with
respect to the electric field is given by

Pp(r)

AF |r=0
and is referred to as the y density.? Positive and negative values
of p®(r) multiplied by F? represent field-induced increase and
decrease of the charge density, respectively, and are thus at the
origin of the third-order dipole moment (third-order polarization)
in the direction from positive to negative v densities. The y
densities were calculated for a grid of points using a numerical
third-order differentiation of the electron densities calculated
by the Gaussian 03 program. The box dimensions (—10 < x <
10 A, —6 < y=<6 A, and —5.0 < z < 5.0 A) ensure that the
y values obtained by integration are within 1% of the FF results.
The relationship between y and p®(r) can be illustrated by
considering the example of a pair of localized y densities with
positive and negative values: the sign of their contribution to
the total y is positive when the direction from positive to
negative y values coincides with the direction of the applied
electric field and vice versa. Moreover, the magnitude of the
contribution is proportional to the distance between two y
densities.

PP = )
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3. Results and Discussion

3.1. Effects of the Donor Atom on the Diradical Character
and the Orbitals. Table 2 lists the y values for complexes 1—7
calculated at the (U)BHandHLYP/SDD+6—31G* level as well
as the diradical characters (calculated from UNO/SDD+6—31G*
occupation numbers), the Mulliken electronegativities of the
donor atoms, and the natural population analysis (NPA)3
charges on the Ni and donor atoms calculated by the (U)B-
HandHLYP/SDD+6—31G* method. The diradical characters
of these complexes are found to vary from 0.0 to 0.884 upon
changing the donor atoms. In this section, we discuss the cause
of the variation in diradical characters.

Figure 2 shows the frontier UNOs corresponding to the
unpaired electrons on both-end phenyl rings together with their
occupation numbers for 1—5. The increase of the diradical
character is accompanied by an increase in the distribution of
the frontier UNOs on both-end phenyl rings and the decrease
of the distribution of these orbitals on the donor atoms in ligands.
We also calculate the magnetic orbitals, which represent o and
pB spin unpaired electrons for 1—5 at the UHF level of
approximation (see Figure 3.) The magnetic orbitals for the a
spin electron are predominantly localized on one ligand, while
those for the 3 spin electron are localized on the other ligand.
The in- and out-of-phase mixing between the magnetic orbitals
reproduces the main feature of the spatial distributions of the
frontier UNOs. For complexes with larger diradical characters,
the unpaired electrons are primarily distributed on both-end
phenyl rings, whereas for complexes with smaller diradical
character, the distributions at the donor atoms of the ligands
are significantly enhanced. Moreover, the magnetic orbitals of
the complexes with intermediate and small diradical characters
are localized on one-side ligands but have tails on the opposite-
side ligands, which allows the magnetic orbitals to overlap with
each other and leads to a decrease of diradical character.
Although the tail of 5§ (y = 0.342) is smaller than those of 3
and 4 (y = 0.595 and y = 0.556, respectively), the smaller
diradical character is attributed to the large overlap in the core
region.

The tendency obtained from the frontier UNOs and magnetic
orbitals coincides with that from the resonance structures (Figure
1): the diradical character of structure II with unpaired electrons
on both-end phenyl rings is larger than that of structure I with
unpaired electrons on the X donor atoms. On the basis of the
resonance structures shown in Figure 1, it is predicted that the
relative st-bond stability between C1—X (or C12—X) and
C1—C6 (or C7—C12) determines the diradical characters of
complexes. When the donor atoms tend to form strong sr-bond
with the phenyl-ring carbons, the contribution of structure II
increases leading to an increase of the diradical character. Such
an increase is generally associated with larger C1—C6/C7—C12
bond lengths (Figure S1).

As seen from Table 2, the ability of the donor atom (X) to
form st-bond with the phenyl-ring carbon atoms is related to
the electronegativity of X. Donor atoms with large electrone-
gativity possess low-lying HOMO (composed of outermost p
orbital for O, N, S, Se, and P) that can form stable s-bonds
with the phenyl-ring carbon atoms. It is therefore expected that
the complexes involving donor atoms with larger electronega-
tivities exhibit larger diradical characters. Indeed, the order of
diradical characters for 1—5 is in good agreement with that of
the X atom electronegativities (see Table 2). This suggests
further that the diradical character of this type of complex can
be controlled by adjusting the electronegativities of the donor
atoms in the ligands.
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TABLE 2: y Values, Diradical Characters (y), Mulliken Electronegativities yy of Donor Atoms (X,Y), and NPA Charges on Ni

and X(Y) for Complexes 1—7

complex (ON¢)) NH (2) S @3 Se (4) PH (5) NH, NH; (6) S, NH; (7)
¥ [ 0.884 0.718 0.595 0.556 0.342 0.0 0.0
am of XP [eV] 7.54 7.30 6.22 5.89 5.62 7.30 6.22
am of Y2 [eV] 7.30 7.30
charge on Ni¢ 1.268 1.103 0.631 0.499 0.448 1.101 0.893
charge on X¢ —0.706 —0.432 —0.030 0.067 0.238 —0.639 —0.368
charge on Y¢ —0.053 —0.031
y¢ [x10° au] 176 612 677 807 819 16 14

@The y values are calculated from UNO/SDD+6—31G* occupation numbers. ” Reference 32. < The NPA charges on Ni are calculated by the
(U)BHandHLYP/SDD+6—31G* method.  The NPA charges on the donor atoms X(Y) are calculated at the (U)BHandHLYP/SDD+6—31G
level of approximation. For 2, 5, 6, and 7, the charges indicate the sum of charges on the donor atoms and hydrogens bonded with the donor
atoms. ¢ The y values are calculated by the (U) BHandHLYP/SDD+6—31G* method.

HOMO LUMO
(a)1X=0 1 7
y=0.884
Dy = 1.057 e = 0.942
I\
(b)2X =NH ¢ ) K
y=0.718
Nun=1.144 N, = 0.856
(c)3X=8S >
y=0.595 '
M = 1.212 e, = 0.788
(d)4 X=_Se ' -
y=0.556 g
M = 1.234 e, = 0.766
]
(e)5X=PH
y=0.342
N = 1.376 e = 0.624

Figure 2. Frontier UNOs and their occupation numbers (nxomo and
niumo) as well as diradical characters (y) for 1—5 calculated by the
UHF/SDD+6—31G* method. The yellow and blue regions represent
positive and negative NOs with contour values of £0.05 au, respectively.

The variations in diradical character of 1—5 are also ac-
companied by changes in the NPA charges on the central Ni
atom and the donor atoms (see Table 2). When the diradical
character increases, the positive NPA charge on Ni increases,
while that on the donor atom decreases and then becomes
negative for 1—3. The diradical character was also evaluated
in ref 15 for compounds similar to 1—3. Though using either
of their approximations the values are smaller or larger than
ours, the largest diradical character was found for compound 1
and the smallest was found for compound 3.

3.2. Effects of the Donor Atom on 7. The relationship
between y and y value is sketched in Figure 4 for 1—7 and
follows the same structure—property relationship as in organic
diradicals: the complexes with intermediate diradical characters
(3, 4, and 5) exhibit larger v values than that with large diradiral
character (1) and closed-shell complexes (6 and 7). The y value
of 5 (y = 0.342 and y = 819 x 103 au), which is the largest in

o spin B spin

(a)1X=0

ol )-eegibes-{

(b)2 X = NH . .
y=0.718
| 1
(c)3X=8 m 3 7 m
y=0.585

(d) 4 X = Se
y=0.556

| 1
J ) I ©
(€)5 X = PH 0 D

y=0.342

Figure 3. Magnetic orbitals for 1—5 calculated by the UHF/
SDD+6—31G* method. The yellow and blue regions represent contour
values of +0.02 au, respectively.

these complexes, is found to be about 60 times larger than that
of 7 (y = 0.0 and y = 14 x 10 au). This enhancement of y
suggests the advantage of diradical systems for third-order NLO
properties of metal-involving systems.

The y density distributions for 1—7 at the BHandHLYP/
SDD+6—31G* level of approximation are shown in Figure 5
in which spin-unrestricted and -restricted solutions are obtained
for 1—5 and 6—7, respectively. For all complexes, the primary
positive contributions to y come from sm-electrons, while
o-electrons provide small negative contributions. For 1-5,
extended positive and negative y densities are distributed well
separately on the left- and right-hand side ligands, respectively,
which leads to the dominant positive contributions to y. Such
distribution patterns are in good agreement with those of pure
organic diradicals, for example, diphenalenyl diradical systems.
For 1 with a large diradical character, the left- and right-hand
side y density distributions are significantly smaller than those
of 2—5. For closed-shell complexes 6 and 7, the v densities are
negligible when adopting the same isocontour (200 au). From
the y density maps of 6 and 7 (Figure 6) with a smaller contour
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Figure 4. Diradical character (y) dependence of y [au] for original
complexes 1—7 (@) and metal core eliminated complexes 1'=7" (O).

(a)1X=0 y=0884 y=176x10"au. (e)5X=PH y=0.342 y=819x10"a.u.

(c)3X=8 y=0595 y=677x10"au. (@) 7XY=5SNH, y=00 y=14x10"au.

Figure 5. y density distributions of 1—7 calculated at the (U)BHandH-
LYP/SDD+6—31G* level of approximation. The yellow and blue
meshes represent positive and negative y densities with contour values
of £200 au, respectively.

value (£10 au), positive and negative 7y densities appear
alternately along the bond pathway C7—Y—Ni—Y—C6 (C12—
X—Ni—X—Cl1) and partly cancel each other. This pattern is
also observed in conventional closed-shell polyenic systems.’
These y density distributions are found to well support the
relative amplitudes of y values for 1-7.

Now, let us compare the ¢ and diradical character for 5§ (which
exhibits the largest y value among the systems studied here)
with those of pure organic diradical systems studied recently.!0!!
The y value of 5 (y = 0.342 and y = 819 x 10° au) is about
one-third of that of IDPL (y = 0.770 and y = 2284 x 103 au
at the UBHandHLYP/6—31G* level of approximation), which
is a diradical compound exhibiting significantly large two-photon
absorption.!!¢3! The difference can be attributed to the larger
m-conjugation size in IDPL than in 5. On the other hand, the y
value of 5 is about twice as large as that of BI2Y having a
similar size to 5 (y = 0.423 and y = 484 x 103 au at the
UBHandHLYP/6—31G level of approximation'®). This feature
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(@) 6 X,Y =NHNH, y=00 y=16x10'a.u.

Figure 6. y density distributions of 6 and 7 calculated by the
RBHandHLYP/SDD+6—31G* method. The yellow and blue meshes
represent positive and negative y densities with contour values of £10
au, respectively.

TABLE 3: y Values for 1'—7" Calculated by the
(U)BHandHLYP/SDD+6-31G* Method as well as the
Diradical Characters

NH Se  PH NH,NH; S, NH;
compound O (1) (2) S@) &) (&) (6) (7
¥ [—] 0952 0914 0814 0639 0647 00 0.0
y[x103aw] 25 77 282 554 785 11 23

“The y values are calculated using the UNO/SDD+6—31G*
method.

suggests that, among diradical compounds and more particularly
those presenting intermediate diradical character, the third-order
NLO properties of transition-metal complexes could be larger
than those of similar-size pure organic compounds.

3.3. Effect of Central Nickel Atom on the Diradical
Character and y. To reveal the effect of the central Ni atom
on y and y, we examined model systems without Ni** core,
that is, diradical compounds [(0-C¢HsX2)2]?~ [X = O (1), NH
2", S (3), Se (4'), and PH (5')] and closed-shell analogues
[(0-CeHaXY)o]* [(X, Y) = (NH, NHy) (6') and (S, NHy) (7')].
For 1'=7', we employed the geometries of the ligand parts as
optimized geometries for 1—7. The relationship between y and
y for 1'=7" is shown in Figure 4 and Table 3. The elimination
of Ni?t does not change the diradical character of the closed-
shell 6 and 7 complexes, whereas it increases the diradical
character for 1—5 though the degree of increase depends on
the system. The increase in the diradical character of 1'—5" is
related to the amplitude of the negative charge increase on the
ligands. Indeed, the order of the increase in the diradical
character [Ay = y(n') — y(n)] upon eliminating Ni?* is 1 (Ay
= 0.068) < 4 (Ay = 0.083) < 2 (Ay = 0.196) < 3 (Ay =
0.219) < 5 (Ay = 0.305) (see Figure 4), which follows the
order of negative charge on the ligands, 1 > 2 > 3 > 4 > §,
except for 4. Moreover, the relationship between y and y for
1'=7" is in good agreement with that for 1—7 (see Figure 4).
Namely, although the metal core does not directly contribute
to the y values as shown in the y density distributions (Figure
5), it modulates y through the change in the diradical character
associated with its charge. Thus, in addition to the role of the
ligand atoms, the diradical character and second hyperpolariz-
ability of these complexes are tunable as a function of the metal
core species.

4. Summary

Using the UBHandHLYP method, we have theoretically
investigated the diradical character dependence of y in square



8428 J. Phys. Chem. A, Vol. 112, No. 36, 2008

planar complexes of Ni with bidentate ligands (0-CsHsXY).
Upon modifying the X donor atoms of the ligands, the diradical
character of these complexes changes strongly: the larger the
X electronegativities, the larger the diradical character. This
relationship can be understood by the relative contributions of
the resonance structures I and II shown in Figure 1: a large
electronegativity of X increases the contribution of II leading
to a large diradical character. Along with the variation of
diradical character from 0.0 to 0.884 by modifying the donor
atoms X, the y values change substantially from 14 x 103 to
819 x 107 au. These results indicate that the structure—property
relationship deduced from pure organic diradical systems is also
applicable to these metal-involving complexes, whose diradical
characters and y values can be controlled by modifying donor
atoms X in the ligands. Furthermore, the results of eliminating
the Ni** core suggest that a modification of the metal core also
affects the diradical character and 7y values of this type of
complexes. Unfortunately, the calculated y values cannot be
compared to the experimental results because the latter have
been recorded in resonance conditions. Nevertheless, they
provide a fundamental understanding of third-order NLO
properties of these complexes to stimulate new third-order NLO
measurements on these or related systems.

These complexes present also several advantages including
(1) their facile synthesis in comparison with diradical systems
like the diphenalenyl species, (2) the control of y by chemical
modification of the ligands or the metal, (3) the possibility to
prepare metal-coordinated polymers with multiradical characters,
which have been predicted to exhibit further enhancement of
.33 and (4) the use of ligands as molecular switches of which
the two-photon fluorescence or other NLO responses would
change upon metal recognition and complexation in the same
spirit as recent studies on molecular switches exhibiting large
variations of NLO responses when tuning the pH, the redox
potential, or irradiating with photons.3* To further confirm these
features, the investigation on this type of complex with different
metal cores as well as on more extended species involving
multimetal cores is in progress in our laboratory.
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