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a b s t r a c t

Density functional theory (DFT) combined with the finite field (FF) method has been carried out to
investigate the switching nonlinear optical (NLO) action of the TEMPO-bound dithiolate ligands and
metal (Pt, Pd) complexes. The TEMPO unit is a redox-active radical and can stably exist in different redox
states (TEMPOH, TEMPOþ, TEMPO�, TEMPO�). The DFTeFF calculations show that a substantial
enhancement in second-order polarizability has been obtained in TEMPOþ-bound dithiolate ligand, with
a value of 461 � 10�30 esu. It is because that the TEMPO moiety as donor strength has been lowered by
one-electron-reduced, and then the TEMPO moiety becomes the acceptor character in one-electron-
oxidized species 1Lþ. On the whole, the btot values of metal complexes within their four different states
exhibit excellent NLO switching characters. Thus, this kind of metal complexes has a possibility to be
excellent switching second-order NLO materials. Among four states of the metal complexes, the radical
PtL� and hydroxylamine PtLH species are nonlinearity “on”, while the one-electron-oxidized 3PtLþ and
one-electron-reduced 3PtL� species are nonlinearity “off”. It can be seen from the following the real
process. Specifically, the electron-acceptor ability of the diimine ligand decreases within its reduction
process. However, the electronic character of dithiolate ligand will be changed from electron-donor to
electron-acceptor when it is oxidated.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Multiproperty molecular materials are of growing interest,
especially because they should provide opportunities for interplays
between the properties, in relation to the emerging concept of
molecular switches [1e5]. “Switchable” molecular properties are
also of intense interest for sensor applications. Despite this interest,
molecules that can stably exist in more than two and indepen-
dently addressable states, which could be employed for complex
and higher-order logic functions, have been explored significantly
less than two-state molecules. One potentially important proce-
dure to exploit molecular switches is to utilize their NLO properties
[6e9], and in particular their nonlinear absorption. Recently, Green
and co-workers show that a specific binuclear metal alkynyl
complex incorporating a functionalized 5,50-dithienylper-
fluorocyclopentene (DTE) bridge can afford six stable and switch-
able states at most that possess distinct cubic NLO properties [10].
A more appealing method of controlling the second-order NLO
).
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response of a molecule would be a reversible redox change, in
which either the donor (D) unit is oxidized or the acceptor (A) unit
is reduced [11,12]. The result in either case would be a loss of the
charge transfer capability and a consequent drop in the second-
order polarizability b. To date, there are many examples in the
literature [13e17], one is from the group of Coe, comprising a {Ru
(NH3)5}2þ donor linked to a víologen-like acceptor; the value of
b decreased by an order of magnitude in one-electron-oxidized
process of the Ru(II) center. Subsequent re-reduction of the Ru(II)
center completely restored the SHG properties of the complex [18].

Radical and open-shell metal complexes presenting large NLO
properties have been actively studied both theoretically and
experimentally [19e24]. TEMPO (2, 2, 6, 6- tetramethylpiperidine-
1-oxy radical) which as donor in tempodt ligand shows interesting
properties attributable to the unpaired electron, and has been
extensively employed in preparing functional materials [25,26]. It is
well known that the TEMPO radical can participate in various redox
reactions and form the reversible systems [27e34] (TEMPOH,
TEMPOþ, TEMPO�, TEMPO�) (see Chart 1). Despite the wide elec-
trochemical applications of TEMPO and its redox partners, there
have been no measurements of the NLO properties for the electron
transfer steps linking TEMPO to the reversible redox systems.
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Chart 1. The charge/discharge process of TEMPO radicals.
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Especially, the excellent redox properties of the TEMPO moiety can
affect the frontier molecular orbitals delocalization, which might
cause the change in its NLO properties, thus provide an ideal model
for redox switching of NLO responses.

A series of Pt(diimine)(dithiolate) complexes show interesting
optical properties, including luminescence and nonlinear optics
[35e40]. Scott D. Cummings and co-workers had prepared a series
of mixed-ligand transition metal diimine dithiolate complexes, and
investigated their nonlinear optical properties. The molecular
hyperpolarizabilities of these complexes had been obtained from
electric field induced second harmonic generation (EFISHG)
experiments at 1.9 mm and range in magnitude from 0 to
�39� 10�30 esu [41]. The direct combination of TEMPO radical and
Pt(diimine)(dithiolate) unit into the same molecular system has
been achieved by Tetsuro Kusamoto and co-workers [42] recently.
Cyclic voltammetry of (tempodt)Pt showed that the first oxidation
peak potential ðEoxp Þ was �0.26 V vs Fc/Fcþ and the first reduction
potentials (Ered) was �1.80 V vs Fc/Fcþ. Experimental results
showed that the electron absorption spectra of (tempodt)Pt and its
one-electron-oxidized species are obviously different from one
another. In terms of the sum-over-states (SOS) description of the
optical nonlinearity, any modification of the absorption spectrum
of a molecule contributes to the modification of the second-order
polarizability.

To elucidate the detailed band assignments of the electron
spectrum of TEMPO-bound dithiolate ligand (¼tempodt) and its Pt
complex, the relationship between second-order NLO properties
and the molecular structure, and the four stable states switching of
theNLO responses in detail,wedecided to investigate the four redox
states of the tempodt ligands and their metal complexes, where
transition metal ions, Pt2þ and Pd2þ, have been introduced for
optimization of the second-order NLO properties (see Fig. 1). The
four states are interconvered along such pathway that tempodt L�

canbe reversibly reduced to the L�, reversiblyoxidized to the Lþ, and
then Lþ is reduced to the hydroxylamine LH as depicted in Fig. 1.

2. Computational details

The geometries of all complexes were optimized at the B3LYP
(UB3LYP)/6-31G* level. Considering relativistic effects for transition
metal ions, the SDD basis set containing the Stuttgart/Dresden
effective core potentials [43] was applied for the metal atom. To
obtain a more intuitive description of the band assignments of the
electron spectrum and the trends in the NLO behavior of the
Fig. 1. Structures formula of LH, Lþ, L�, L�, an
studied complexes, time-dependent density functional theory
(TDDFT) method was used to describe the molecular electronic
spectra. TDDFT has been used to study the electron spectra of
numerous systems, including closed- and open-shell systems. By
far, the accuracy and reliability of spin-unrestricted TDDFT for
open-shell systems has been tested by studying both the organic
and transition metal complexes [44e52]. The present spin-unre-
stricted calculation shows that the hS2i of L� is 0.753 and these of L�,
PtLþ, PdLþ, PtL�, PdL� are 2.01, 2.03, 2.03, 2.04, 2.03 respectively,
which are closed to the theoretical values (S2 ¼ 0.75, 2.00). This
indicates that the spin contamination is negligible.

The finite field (FF) method was broadly applied because this
methodology can be used in concert with the electronic structure
method to compute nonlinear optical coefficients [53]. When
a molecule is subjected to a static electric field (F), the energy (E) of
the molecule is expressed by eq (1):

E ¼ Eð0Þ �miFi�
1
2
aijFiFj�

1
6
bijkFiFjFk�

1
24

gijklFiFjFkFl�// (1)

In this expression, E(0) is the energy of the molecule in the absence
of an electronic field, mi represents the components of the dipole
moment vector, a is the linear polarizability tensor, and b and g are
second-order and third-order polarizability tensors, respectively.
The subscripts i, j, and k label x, y, and z components. The molecular
Hamiltonian includes a term (�m$F) describing the interaction
between the external uniformstatic field and the molecule. It is
clear that the values of m, a, b, and g can be obtained by differen-
tiating E with respect to F. In the present paper, the second-order
polarizability b was calculated using the FF method with a field
frequency of 0.0010 au at the B3LYP and BHandHLYP two methods
in order to get the reliable qualitative analysis. To calculate the
dipole moment and the nonlinear optical coefficients tensors, the
origin of the Cartesian coordinate system was located at the metal
(see Fig. 1). That is, z-axe pointed to the TEMPOmoiety, the xz plane
is the plane of molecular. All of the calculations in this work were
carried out by using the Gaussian 03 program package [54].

3. Results and discussion

3.1. Redox properties

According to an excess of a-electronswith respect to b-electrons,
it therefore can formvarious spin configurations for tempodt radical
in redox processes from the standpoint of theory. Changes of the
electronic properties are related to the occupied orbitals, and
they also affect the lowest unoccupied orbitals, thus the redox
properties of these complexes are changed. Since tempodt and
(tempodt)Pt have different redox centers [42], the assignments of
the oxidation center, the reduction center and spin states are
particularly important. We first determine the stable state and the
d (tempodt)M complexes. (M ¼ Pt, Pd).



Fig. 2. The molecular orbitals and energy levels of tempodt (a) and (tempodt)Pt (b).
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redox center during the four states switching by analyzing the MOs
andenergy levels of tempodt. As shown inFig. 2(a), forone-electron-
oxidized of tempodt, an electronwould be removed from a-HOMO,
and then it becomes single state for 1Lþ. While for one-electron-
reduced of tempodt, an electron would be injected in b-LUMO, the
energy of b-LUMO is higher than that of a-HOMO, then it becomes
triple state for 3L�. Both the a-HOMO and the b-LUMO are localized
on the TEMPO moiety, it is more likely that the TEMPO unit is the
redox center. Unrestricted optimized calculations of one-electron-
oxidized and one-electron-reduced species on various spin config-
urations were performed to check predictions made by molecular
orbital analysis. The calculation results also show the energy of the
singlet state (1Lþ) lies below that of the triplet state (3Lþ), the triplet
state (3L�) is more stable than the singlet state (1L�). As shown
in Fig. 3(a), the spin density of 3L� mainly localizes on the TEMPO
moiety and dithiolate-base, which is in agreement with the mole-
cular orbital predictions. To further interpret the bonding character
of NeO during the redox processes, we performed NBO calculations
on ligands. The calculated NeO bond length in the L� was 1.289 �A
reproducible with 0.01�A compared to data available in experiment
(1.293 �A) and similar to that in other TEMPO derivatives give reli-
ability to our contribution. Table 1 lists selectedNeObonddistances,
natural bond orbitals, occupancy, orbital coefficients and hybrids,
and the orbital types of ligands. The NeO bond distance of 3L� (the
one-electron-reduced) is similar to that of L�. When L� is oxidized to
the 1Lþ (the one-electron-oxidized), the NeO bond distance
decreases andbecomesdoublebond.NBOanalysis reveals thatN]O
double bond of 1Lþ is composed of one NeO s bond and one NeO p

bond, and the s bond is formed by one N sp2.78 orbital and one O
sp2.63 orbital, while the p bond is made up of one pure p-N orbital
and one pure p-O orbital, respectively. LH is formed by reducing 1Lþ
Fig. 3. The spin density plots of 3L� (a) and PtL�, 3PtLþ, 3PtL� (b) obtai
to the hydroxylamine. Then, the NeO bond distance increases to
1.450 �A. These bond parameters indicate that the NeO site in the
TEMPO moiety is the redox center for ligands.

While for the complexes, experimental results indicated that the
NeO radical survives under 1e� oxidation of PtL�, the peak resulting
from the NeO radical bond stretching mode does not appear at
around 1650e1700 cm�1, while N]Oþ stretchingmode is expected
in this range, suggesting that NeO radical is not oxidized [42]. The
calculated results show that all stable statemetal complexes possess
NeO single-bond character, indicating that the redox center is not
the TEMPO moiety, but the metal, dithiolate, and diimine. The MOs
and energy levels of (tempodt)Pt are shown in Fig. 2(b). The single
occupied orbital (SOMO) of PtL� is centered on the TEMPO moiety,
and the energy level is lower than that of the HOMO, namely the
SOMO-HOMO level conversion, triggered by themetal coordination,
this result strongly suggests that the removed one electron in the
one-electron-oxidized process comes from the HOMO but not from
the SOMO. HOMO is composed mainly of sulfur 3px orbitals that
antibonding coactionwithmetal dyz orbitals and carbon 2pxorbitals
contraction on the p-conjugated bridge. The high contribution of
sulfur 3px orbitals on the HOMO orbital is probably the reason that
these complexes are easily oxidized to give sulfinated as has been
reported before, and it is more likely that the dithiolate-base is the
oxidation center. The LUMO orbital is calculated to be almost
exclusively located on diimine, it is more likely that diimine ligand
accepts the electron in the reduction of PtL� to PtL�. The drastic
electronic structure conversion [42] causes that the triple state is the
stable state for one-electron-oxidized species (PtLþ, PdLþ) and one-
electron-reduced species (PtL�,PdL�)whichare consistentwithour
computational results. The spin density plots of PtL�, 3PtLþ and
3PtL� based on the DFT optimized calculations were performed to
ned by UB3LYP/6-31g(d) calculations (SDD basis set on metal ion).



Table 1
The selected natural bond orbitals, bond distances (�A), occupancy, orbital coefficients and hybrids, and orbital type of L�, LH, 3L�, 1Lþ.

Complex Natural bond orbitals Bond length (�A) Occupancy Orbital coefficients and hybrids Orbital type

L� NeO 1.289 0.996 0.690(sp2.92)N þ 0.724(sp3.34)O s
LH NeO 1.450 1.989 0.654(sp4.47)N þ 0.756(sp4.16)O s
3L� NeO 1.293 0.996 0.688(sp2.97)N þ 0.725(sp3.31)O s
1Lþ N]O 1.224 1.993 0.683(sp2.78)N þ 0.730(sp2.63)O s

1.990 0.685(p)N þ 0.729 (p)O p

Table 2
TDDFT results for the (tempodt)Pt and (tempodt)Ptþ obtained by B3LYP/6-31g(d)
calculations (SDD basis set on metal ion).

Complexes Eexp(nm) Ecalc(nm) fos Major contributions

(tempodt)Pt 650 636 0.0034 a-HOMO / aLUMO þ 1(42%)
b-HOMO / b-LUMO þ 1(55%)

(tempodt)Ptþ 820 816 0.2790 b-HOMO � 1 / b-LUMO(97%)
580 621 0.0277 a-HOMO � 1 / aLUMO(96%)
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check predictions made bymolecular orbital analysis. It can be seen
from Fig. 3(b) that the spin density of PtL� mainly localizes on the
NeO site in the TEMPO moiety. For one-electron-oxidized species
(3PtLþ) and one-electron-reduced species (3PtL�), except for the
TEMPO moiety, the spin density also mainly localizes on the
p-conjugated dithiolate-base and diimine moiety respectively.
The spin density plots show that the redox centers are in agreement
with the molecular orbital predictions. The Pd complexes have the
same characteristic as Pt complexes. The calculated results show
that the one-electron-reduced and -oxidized species must involve
orbitals which display predominantly ligands character because the
spin densities are nearly independent of the nature of the dithiolate
and diimine ligands. These are in agreement with the specific
structure of Pt(diimine)(dithiolate) complex. The specific structure
is dominated by the existence of the two different unsaturated
chelating ligands in the same molecule, one of which is more easily
reduced (the diimine ligand) and the other is more easily oxidized
(the dithiolate ligand) [55,56].

UVevis spectra of (tempodt)Pt showed a broad peak around
650 nm, and the peak can be assigned to the intramolecular charge
transfer from dithiolate to diimine. In the course of the oxidation of
(tempodt)Pt, new peaks at 820 and 940 nmwere observed, then the
peaks showed a decrease and a newpeak at 580 nmwas observed as
the reaction proceeded [42]. To rationalize the observed spectral
properties, the electron absorption spectrum have been calculated
in the Gaussian 03 program package at the TD-B3LYP/6-31 G* level.
As shown in Table 2, the TDDFT calculations predict that the
absorption of (tempodt)Pt at 636 nm can be assigned to ligand-to-
ligand charge transfer(LLCT) transition from the b-HOMO to
Table 3
The second-order polarizabilities (1 � 10�30 esu) obtained by B3LYP and BHandHLYP me

Complex bxxz byyz

BHandHLYP B3LYP BHandHLYP B3LYP

L� �0.50 �0.52 0.13 0.11
LH �0.41 �0.35 0.09 0.07
3L� 2.68 8.07 0.03 0.00
1Lþ �2.17 �1.60 0.29 0.52
PtL� �10.48 �26.06 �1.00 0.75
PtLH �11.48 �27.65 �0.97 0.83
3PtL� �4.17 �6.72 �1.84 �1.81
3PtLþ 0.09 �4.23 �1.32 �1.18
PdL� �6.10 �25.33 �1.81 0.31
PdLH �6.52 �27.45 �1.76 0.60
3PdL� �5.34 �6.88 �2.10 �2.44
3PdLþ 1.34 �1.02 �1.60 �154
b-LUMO þ 1, and the absorption of (tempodt)Ptþ at 816 nm is
categorized as intraligand charge transfer (ILCT) combined with
metal-to-ligand charge transfer (MLCT) transitions from the b-
HOMO� 1 to b-LUMO. The experimental UVevis spectra results are
well reproduced by our DFT and TDDFT calculations.
3.2. Second-order polarizability (b)

The second-order polarizability, btot for all complexes can be
calculated using the following equation:

btot ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
bx þ by þ bz

q
(2)

Where bi is defined by the following formula (3):

bi ¼ biii þ
1
3

X
isj

��
bijj þ bjij þ bjji

��
i; j ¼ x; y; z (3)

The ligands and complexes belong to C2v symmetry (LH, PtLH,
PdLH belong to Cs), so several b tensor components values are zero.
In Table 3, we present the components of b and btot values of all
ligands and complexes with two methods. The calculated results
show that bxxz, byyz, and bzzz are the dominant contributors to the
second-order nonlinear optical response. For both ligands and
complexes, the btot values obtained by B3LYP method are larger
than those obtained by BHandHLYP method except for L�, 3Lþ, but
they are basically in the same magnitude. As previous reported, the
B3LYPmethod overestimates the btot values for some large systems,
while BHandHLYP method includes more percentages of HF
exchange comparedwith the B3LYP, then it successfully reduces the
overestimation of the second-order polarizability [57e60]. As
a result, the btot values in this paper are based on the BHandHLYP
method.

3.2.1. Redox switching of NLO responses for ligands
We investigated the redox center in TEMPO moiety within the

four states of the ligands to afford the possibility of NLO switching.
In our case, the TEMPO moiety was integrated in the donor part of
thods and dipole moments (Debye) of present investigated complexes.

bzzz btot m

BHandHLYP B3LYP BHandHLYP B3LYP B3LYP

�1.15 0.20 1.52 0.22 2.11
0.06 4.45 0.25 4.20 5.70
5.80 12.22 8.52 20.29 35.61

�459.59 �216.09 461.46 217.16 16.12
�210.99 �612.63 222.82 637.94 16.99
�233.80 �754.44 246.25 781.26 14.73
�11.15 �25.99 17.16 34.51 11.36
�71.41 �100.45 72.64 105.87 6.21

�137.12 �742.35 145.03 767.38 17.84
�154.90 �913.38 163.18 940.22 15.61

2.38 4.31 5.07 5.01 11.41
�5.22 �68.76 52.47 71.32 5.96



Table 4
The oscillator strengths, transition energy, transition moment, and the crucial
excited states of ligands.

Complex fos E (eV) Mz
gm (a.u.) Major contributions

L� 0.0432 4.3941 0.6332 a HOMO � 1 / a LUMO þ 3 (48%)
b HOMO � 1 / b-LUMO þ 3 (31%)

LH 0.0612 4.0878 0.7819 HOMO � 1 / LUMO þ 6 (96%)
0.0537 4.3622 0.7090 HOMO � 1 / LUMO þ 3 (87%)

3L� 0.0174 2.0042 0.5944 a-HOMO / a LUMO þ 1 (97%)
0.0181 2.1118 0.5920 bHOMO / b LUMO (99%)

1Lþ 0.1417 0.9528 2.2714 HOMO / LUMO (36%)
0.1177 4.3719 1.0484 HOMO / LUMO þ 2 (80%)
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the L� on the btot value. This is known as type I switching [61e63]
where the donor ability has been lowered by one-electron-
reduced. The btotvalue of radical L� nearly disappears. While the btot
value of 1Lþ increases to 461 �10�30 esu, 303 times as large as that
of L�. Next 1Lþ can further reduce to the hydroxylamine LH, the btot
value of LH also nearly disappears. One-electron-reduced species
3L� shows small increase tendency in btot value which is 5 times as
large as that of L�. This indicates that a system corresponds to three
forms of nonlinearity “off” in the L�, LH and 3L� species and one
form of nonlinearity “on” in the 1Lþ species, and thus, this
approximation is not well for the second-order NLO switching
among four states. However, switching of NLO properties can be
achieved between L� and one-electron-oxidized species 1Lþ, and
potentially, be afforded up to two NLO states. To gain more insight
into the redox processes “switching on” optical transition, we have
performed TDDFT calculations on electron spectrum (see Table 4).
The crucial electron transition (possess a low-energy CT excited
state with large oscillator strength) of radical L� mainly arises from
a-HOMO � 1 to a-LUMO þ 3. As shown in Fig. 2(a), a-HOMO � 1
localizes on TEMPO moiety with the p-conjugated dithiolate-base,
a-LUMO þ 3 localizes on the dithiolate moiety, so TEMPO moiety
acts as the donor, dithiolate moiety as the acceptor. In addition, the
crucial electron transition character of LH is analogous to that of
the L�, they are all assigned to an ILCT transition. While for the
Fig. 4. The orbital transitions associated with the crucial excited states of ligands and c
reduced form 3L�, the crucial electron transition is from a-HOMO
to a-LUMO þ 1, a-HOMO localizes on the dithiolate moiety,
a-LUMO þ 1 localizes on the C^N acceptor, which is the same as
the LLCT from electron-rich dithiolate to classic acceptor C^N
derivatives. For one-electron-oxidized species 1Lþ, the crucial
electron transition is from HOMO to LUMO. HOMO localizes on the
p-conjugated dithiolate moiety, and minor on NeO site in the
TEMPO moiety, however, LUMO localizes on the NeO site in the
TEMPO moiety with a minor extension to the p-conjugated
dithiolate moiety, which indicates that dithiolate moiety acts as the
donor, TEMPO moiety acts as the acceptor. Thus, TEMPO moiety
competes with strong C^N acceptor at the end of ligand, which
cause that the direction of charge transfer is altered (see Fig. 4(a)).
This LLCT transition is the key factor to originate large NLO
response for 1Lþ. The switching effect is illustrated in Fig. 5(a). The
characteristics show that TEMPO-centered redox processes influ-
ence the intramolecular donor or acceptor character, which
accordingly lead to the different nonlinear optical responses.

To further understand the variations in the computed b values,
the following two-level expression is employed [64,65]:

bf
Dmgmfgm

E3gm
(4)

Where fgm, Egm and Dmgm are the oscillator strength, the tran-
sition energy, and the difference of the dipole moment between the
ground state (g) and the mth excited state (m), respectively. The
second-order polarizabilities are mainly proportional to the oscil-
lator strength and inversely proportional to the cube of the tran-
sition energy [66,67]. The transition energies, oscillator strengths,
transition moments and the major contributions of crucial excited
states [68e71] for ligands are listed in Table 4. The results show that
the order of fgm=E3gm values is in agreement with btot values
calculated with FF in either B3LYP method or BHandHLYP method.
For 1Lþ, the crucial transition is associated with the lowest transi-
tion energy and the highest oscillator strength, so it is reasonable
that the btot value of 1Lþ is the largest in ligands.
omplexes obtained by B3LYP/6-31g(d) calculation (SDD basis set on the metal ion).
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3.2.2. Redox switching of NLO responses for complexes
Interestingly, the order of btot values of the Pt complexes is as

follows: PtLH > PtL� > 3PtLþ > 3PtL�, which reversed the order of
btot values in ligands. On the whole, the btot values of complexes
within their four different states differ largely, suggesting that
exchange electron processes are also conducive for the “switching
on” the btot values. The one-electron-reduced and oxidized
processes show a decrease in btot value of 3PtL� and 3PtLþ.
However, PtL� and PtLH possess considerable large first hyper-
polarizabilities, 13 and 14 times as large as that of 3PtL�, respec-
tively. PtL� and PtLH represent a very promising class of complexes
for NLO materials, in view of their peculiar electronic structures.
This specific structure which is formed by combining an M(II)
center with a dithiolate electron-donor ligand and a diimine elec-
tron-acceptor ligand leads to a large optical charge transfer. In our
case, new dithiolate ligands having electron-donating tempo
substituent would be effective in increasing the donor strength of
the dithiolate and larger values of btot than analogues having Rcda,
demd, or edt donor ligands substituent [41]. According to the
TDDFT calculations, the crucial transition of PtL� can be assigned to
the b-HOMO / b-LUMO þ 1, the intramolecular charge transfer
from a p-conjugated dithiolate-based orbital to one that is diimi-
neebased. For PtLH, the crucial electron transition is from HOMO
to LUMO. As shown in Fig. 4(b), HOMO localizes on the NeO site in
the TEMPO with extension to the p-conjugated dithiolate moiety,
no pure dmetal orbital has been observed due to the noinnocent
nature of the dithiolate ligand, while LUMO exhibits the analogous
character of the PtL� in unoccupied orbitals. The overlap between
frontier molecular orbitals is favorable to provide an efficient
pathway for ligand-to-metal s electron donation, thus the ligand-
to-ligand charge transfer (LLCT), and substantial ligand-to-metal
charge transfer (LMCT), have a biggish contribution to second-
order NLO coefficient of PtLH. The crucial transitions within 3PtL�

have similar character to that of in PtL�, which can be assigned to
the b-HOMO / b-LUMO þ 1. However, the electron-acceptor
ability of the diimine ligand has been lowed by one-electron-
reduced, which reflects the btot value decrease. A low-energy p*

orbital of some dithiolates is capable of acting as an acceptor orbital
in a charge transfer-to-dithiolate transition. In our case, charge
transfer-to-dithiolate excited states have been characterized for
3PtLþ, molecular orbital calculations suggest that it lies at higher
energy than the charge transfer-to-diimine transition. The crucial
transitions of 3PtLþ aremainlymade up of b-HOMO� 1/ b-LUMO.
b-HOMO � 1 localizes on the p-conjugated dithiolate moiety and
partial on the Pt, while b-LUMO delocalizes over the p-conjugated
dithiolate moiety. Two forms of nonlinearity “off” in the 3PtL� and
3PtLþ species and two forms of nonlinearity “on” in the PtL� and
PtLH species could become the principal permit switching among
four redox states. This situation is illustrated in Fig. 5(b) which
depicts the donor/acceptor character in redox processes. The effect
of complexes redox processes on the btot values is opposite, compare
to that of the ligands, which indicates that the redox processes can
either enhance or decrease the btot values.

Herein the second-order polarizabilities of (tempodt)Pd analo-
gous complexes are also presented in Table 3. The results indicate
that Pt(II) complexes have enhanced btot values over Pd(II)
analogues whose structures differ only in the metal ion. This trend
is attributed to the better metal-ligand overlap induced by the 5d-
orbitals of Pt compared to 4d-orbitals of Pd, and the higher
participation of metal’s contribution in occupied (a-HOMO, 22.79%
for PtL� compared to 18.72% for PdL�) and virtual orbitals (a-LUMO,
6.48% for PtL� and 4.50% for PdL�). The above-mentioned results are
agreement with that the greater SHG efficiency of Pt(II) diimine
dithiolate complexes relative to Pd(II) diimine dithiolate analogues
reported in the literature[41]. The ground-state dipole moment
does not change appreciably between complexes with different
metal ions, and this result reflects the placement of the metal ion in
the center of the molecule, supporting the idea that ground-state
dipole moment is insensitive to the metal ion.

4. Conclusions

The TEMPO-bound dithiolate ligands and metal (Pt, Pd)
complexes are found to possess a significant potential for reversible
switching and modulation of NLO properties by redox process. The
results show that for ligands and complexes, they have the different
redox centers. Ligands can exist in four stable redox states, and
exhibit three forms of nonlinearity “off” in the L�, LH and 3L�

species and one form of nonlinearity “on” in the 1Lþ species. The
DFTeFF calculations indicate that the redox processes significantly
affect the TEMPO moiety as donor/acceptor ability and change the
charge transfer feature. Thus, the btot value of one-electron-
oxidized species, 1Lþ, increases to 461 � 10�30 esu, 303 times as
large as that of TEMPO� radical ligand. For complexes, the btot values
of PtL� and PtLH are large and very close in magnitude of
222 � 10�30 esu, 246 � 10�30 esu respectively, and this attribute to
their specific structure. The specific structure combining of
a dithiolate electron-donor ligand which is more easily oxidized
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and a diimine electron-acceptor ligand which is more easily
reduced, at the same time, the two ligands coordinated to an M(II)
center lead to a large charge transfer. The one-electron-reduced
and -oxidized of PtL� cause a decrease in the btot values. The two
forms of nonlinearity “off” in the 3PtL� and 3PtLþ species and two
forms of nonlinearity “on” in the PtL� and PtLH species could
become the principal permit switching between four redox states.
By analyzing TDDFT calculations on electron spectrum, the results
show that large NLO response is strongly related to the ligand-to-
ligand charge transfer (LLCT) transitions. Our investigation has not
only turned out the origin of larger NLO values in TEMPO-bound
dithiolate ligands and metal (Pt, Pd) complexes but also predicted
the possible significant potential of the present studies systems as
a new type of “On/Off” switchable NLO molecular materials.
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