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Abstract To analyze the effect of redox state changes on
the second-order nonlinear optical (NLO) responses of
organoimido-functionalized Keggin-type heteropolyanions,
the excitation properties and static second-order polari-
zabilities of fully oxidized state, the first and second
reduced states were calculated by means of the time-
dependent density functional theory (TDDFT) method
combined with the sum-over-states (SOS) formalism. The
incorporation of extra electrons causes significant
enhancement in the second-order NLO activity. The
reduced complexes show more than three times the effi-
ciency of fully oxidized state. Moreover, the NLO activities
for PW,;Re NPh system can also be modified by control-
ling the spin multiplicity. The high spin state (*3) has twice
larger fyc. value than the low spin state (!3). The charac-
teristic of the charge-transfer transition corresponding to the
dominant contributions to the f,.. values indicates that
metal-centered redox processes influence the intramolecu-
lar donor or acceptor character, which accordingly leads to
the variations in the computed f values. Owing to the
reversible and manipulable redox processes, these kinds of
the POM-based hybrid complexes could comprise a prom-
ising family of three-state redox-switchable molecular
device combining chromic, magnetic, and NLO output.
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1 Introduction

The molecular switches based on the NLO materials have
continued to be of considerable current interest owing to
their potential use in optical signal processing, telecom-
munications, optical computing, and so forth [1-4]. The
NLO behavior may be switched using several methods,
such as photoisomerization [5], phototautomerizaton [6],
and phototcyclization [7, 8]. Nevertheless, the most
attractive procedures involve redox manipulation, since it
may be easier to achieve in solid-state devices. Coe et al.
[9, 10] used the redox switching of the Ru metal center to
design various switchable NLO compounds. Other
researchers subsequently reported similar effects for both
quadratic and cubic optical nonlinearities [11-19].
Recently, our group made a detailed analysis of the rela-
tionship between the reversible redox properties and the
second-order NLO responses of nitrido-functionalized
Keggin species, [PW;;039(ReN)]"" (n = 3-7) [20].
Nevertheless, NLO studies based on the reversible redox
property are relatively lacking at present, especially theo-
retical works. To achieve a pronounced switching effect,
the molecule must be stable in states that exhibit very
different NLO responses. Complete reversibility and high
switching speed are also highly desirable for practical
applications. Most polyoxometalates (POMs) can be suf-
ficient for these needs due to their extensive and reversible
redox chemistry. Furthermore, experimental and theoreti-
cal investigations have shown that POM-based hybrid
complexes hold a remarkably large NLO response [21-29].
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POMs as electron acceptors enable the formation of
hybrid materials in which delocalized electrons coexist in
both the organic network and the inorganic clusters. Such
materials not only combine the advantages of organic
materials so as to realize the so-called value-adding pro-
perties but also contribute to exploring the possible
synergistic effects. Over the past few years, considerable
efforts have been directed toward the nitride or orga-
noimido functionalization of redox-active closed-
framework POMs [30-35]. As the potential of Keggin or
Dawson over Lindqvist POM-based molecular materials
should be greater, the functionalization of Keggin-type
POMs has attracted much attention. Proust et al. synthe-
sized two kinds of nitride-functionalized Keggin-type
heteropolyanions, [PW;030MN]"~ (M = Re and Os) [36,
37]. Subsequently, Dablemont et al. obtained the first
example of a Keggin-type organoimido derivative,
[PW11039{ReVNC6H5}]4_ [38], which possesses two
reversible waves. Here, we extend our previous studied on
Keggin-type POMs [20, 28, 29, 39-41] to analyze the
redox effect on the second-order NLO responses of orga-
noimido-functionalized Keggin-type heteropolyanions
PW,ReNPh (Fig. 1) by means of TDDFT-SOS method,
including [PW] 1039(RCNC6H5)]2_ (1), [PW] 1039(R-
eNCgHs)]?~ (2) and [PW,;039(ReNCeHs)]*~ (3). As the
molecular NLO field matures, it can be anticipated that
POM-based hybrid materials which exhibit switchable
NLO properties will find various novel applications.

2 Computational details
2.1 Geometry optimization

DFT calculations were carried out using the Amsterdam
Density Functional (ADF) program [42—44]. Electron cor-
relation was treated within the local density approximation
(LDA) in the Vosko—Wilk—Nusair parametrization [45].

Fig. 1 Polyhedral and ball-and-
stick representations of
calculation model
[PW,,039(ReNCcH5)]"™
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The nonlocal corrections of Becke [46] and Perdew [47]
were added to the exchange and correlation energies,
respectively. The basis functions for describing the valence
electrons of each atom are triple-{ plus polarization Slater
type orbitals, which are standard TZP basis set in the ADF
package. The core shells {C, O, N: (15)2, P: (15252p)10, W,
Re: (1s2s2p3s3p3d4s4p4d)*®} were kept frozen and were
described by means of single Slater functions. The zero-
order regular approximation was adopted in all of the cal-
culations to account for the scalar relativistic effects [48].
The value of the numerical integration parameter used to
determine the precision of numerical integrals was 6.0. The
solvent effects were employed in the calculations of
geometry optimization by using a conductor-like screening
model (COSMO) [49-52] of solvation with the solvent-
excluding-surface [53]. The solute dielectric constant was
set to 37.5 (acetonitrile). The van der Waals radii for the
POM atoms, which actually define the cavity in the
COSMO, are 1.08, 1.49, 1.41, 1.40, 1.92, 2.10, and 2.17 A
for H, C, N, O, P, W, and Re, respectively [54]. Full
geometry optimizations (assuming C; symmetry) were
carried out on each complex. Spin-unrestricted calculations
were performed for all of the considered open-shell systems.

2.2 Electronic spectra

To elucidate the origin of second-order NLO properties for
these organoimido-functionalized Keggin-type hetero-
polyanions, the electronic spectra were calculated based on
the TDDFT model implemented in ADF [55]. TDDFT has
proved its efficiency in the evaluation of electronic spectra
for a wide range of compounds. The exact time-dependent
density can be obtained from the time-dependent Kohn—
Sham (KS) equations:
2

ia%(lsi(r,l) = <—v7+vs[p](r,t)>¢i(r, 1), (1)

with the density obtained from the noninteracting orbitals:
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p(r1) = Z i, 1), (2)

The potential vy(r, f) is usually called the time-dependent
KS potential and written as

/
vslp](r, 1) = v(r, ) + / & |pr(’" ’ r’/)| + vxe(r 1). (3)

Thus, the kinetic energy of the electrons —VTZ; the
external time-dependent potential vo(r, f); the time-
dependent exchange-correlation potential vxc(r, #); and
the Coulomb interaction between the charge distribution
of all other electrons with the electron under
consideration are explicitly contained. To this end, no
approximation has been introduced and consequently the
time-dependent Kohn—Sham theory is a formally exact
many-body theory. However, the exact time-dependent
exchange-correlation potential vxc(r, f) (also called the
XC kernel) is not known, and various approximations to
this potential have to be introduced. Thus, accurate
modeling of vxc(r, f) becomes an actual problem of
TDDFT method. The first approximation generally made
is the so-called adiabatic local density approximation
(ALDA) in which the originally nonlocal (in time) time-
dependent XC kernel is replaced with a time-independent
local one based on the assumption that the density varies
only slowly with time. This approximation allows the use
of a standard local ground-state XC potential in the
TDDFT framework.

Even though the traditional LDA and GGA for vxc(r, 1)
have met with limited success, they consistently underes-
timate the zero-order excitation energy for higher
excitations due to the incorrect asymptotic behavior. The
quality of the excitation energy calculations has been
shown to be primarily dependent on the quality of the KS
potential, which should yield accurate orbital energies and
in particular occupied-virtual energy differences, and of
course the correct composition and asymptotic behaviour
of the molecular orbitals. Here, we have applied the van
Leeuwen—Baerends XC potential (LB94) with the correct
asymptotic behavior for the zeroth-order potential [56],
which has been developed specifically with the accuracy of
excitation energies and response properties. Applications
with the LB94 potential to response calculations with ADF
can be found in references [57-61]. The excitation energies
and oscillator strengths can be obtained employing the
time-dependent KS approach from the following eigen-
value equation:

QF; = o} F;, (4)

where the components of the four-index matrix Q are given
by

Qiaa,jbr = 5615ijéab(£a - 81’)2
+2 (ga - Si)Kiaﬂij (8;, - ej)' (5)

The desired excitation energies are equal to ®;, and the
oscillator strengths are obtained from the eigenvectors F;
[55].

The solvent effects were included using the above
mentioned COSMO method. Spin-unrestricted TDDFT
calculations were adopted and performed for all of the
considered open-shell systems. Moreover, the value of
the numerical integration parameter used to determine the
precision of numerical integrals was 6.0.

2.3 Second-order polarizability calculations

Then the static second-order polarizabilities were calcu-
lated by using the sum-over-states (SOS) formula [62],
because they cannot be obtained for open-shell systems in a
spin-unrestricted response calculation using the current
ADF program. The expression of the second-order polar-
izabilities’ [ tensors can be obtained by application of
time-dependent perturbation theory to the interacting
electromagnetic field and microscopic system. The zeroth-
order Born—-Oppenheimer approximation was also
employed to separate the electronic and atomic compo-
nents of f§. The expression for By is

|
B = ﬁp(lmk; — g, 01, ®7)

x> D

m#g n#tg

(:ui)gm(laj)mn(:uk)ng
(C{)mg + wg — iVl?zg)(wng —w — iyng)

(6)

where (1), 15 an electronic transition moment along the i
axis of the Cartesian system, between the ground state and
the excited state, (i), is the dipole difference equal to
(1) mm — (1) gg> Mimg 1s the transition energy, w; and w, are
the frequencies of the perturbation radiation fields, and
w, = w1 + o, is the polarization response frequency; P(i,
J» k; —m4, @1, ;) indicates all permutations of w,, @,, and
w, along with associated indices i, j, k; 7, is the damping
factor. When input and output frequencies are all zero, that
is, the static case, w;, w,, w4, and 7,,, can be neglected.
The ground state dipole moments, transition energies, and
transition moments between ground states and excited
states can be obtained from the calculated results on the
basis of the TDDFT model. However, it is very difficult to
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get the transition information between excited states for so
large systems by the TDDFT computations based on the
current ADF program. So, the calculated static f§ values in
our manuscript were obtained by means of the SOS for-
malism combined with the excitation data between ground
states and excited states. We have calculated many typical
molecules to test the accuracy of this method in the pre-
vious works [63-66]. The results are found to be in good
agreement with the experimental and other calculated
values, which indicates that the transitions between excited
states have a small contribution to the f value. Therefore,
to adopt this approximation should also be reasonable for
our so large calculation model, and the result base on this
method is reliable. Furthermore, TDDFT-SOS method’s
accuracy has been proved by Cheng et al. [67, 68]. We
have used this method to investigate the NLO properties of
a series of compounds [20, 69-71].

The accuracy of the SOS method mainly depends on the
convergence of calculation results. Thus, it is necessary to
investigate the convergent behavior in the summation of
excited states and to determine whether the results calcu-
lated from the TDDFT-SOS method are reliable to our
chosen compounds. In principle, the more the excited states
participate in the calculation, the more accurate the results.
But the more excited state information enters in the
SOS formula, the more computational time is demanded.
Nevertheless, we endeavored to accomplish TDDFT
calculations with the lowest 100 and even 120 excited
states, so as to make our conclusions more reliable. Those
physical values were then taken as input of the SOS for-
mula to calculate the static f values.

2.4 NBO calculations

Natural bond orbital (NBO) calculations at the B3LYP
level were performed through the use of the Gaussian 03
suite of programs [72] based on the optimized geometries
in solution. The basis set used for H, C, N, O, and P is the
standard Gaussian basis set 6-31G(d), in which one set of
d-polarization functions is included. For 5d transition
metals, Stuttgart/Dresden effective core potentials basis set
(SDD) [73] was used.

3 Results and discussion

First of all, the optimized calculations were performed at
various possible spin multiplicities in order to find the
ground state (the lowest energy state) for each studied
complex in acetonitrile. For closed-shell system 1, the
ground state is obviously from the singlet state. The ground
state of system 2 has only one unpaired electron; thus, the
doublet state is the most stable state. There are two possible
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electronic configurations for system 3 and the singlet state
('3) is more stable than the triplet state (*3) by 8.62 kcal/
mol in acetonitrile. For the present spin-unrestricted cal-
culations, the calculated square of total spin is quite close
to its eigenvalues s(s + 1), indicating that the spin con-
tamination is minor (see the Supporting Information).

3.1 Molecular structures

Unfortunately, Dablemont et al. [38] failed to obtain the
corresponding geometric parameters for PW;;03;0ReNPh
because it was systematically contaminated with
PW;,059ReO. So, it is impossible to compare the calcu-
lated results with the experimental measurements. But
previous DFT calculations have been proven to reproduce
the geometry of POMs very well [39, 74]. The selected
optimized bond distances for systems 1-3 in the ground
state are shown in Table 1. In accord with previous studies,
most of the bond distances increase through successive
one-electron reductions [20]. It indicates that the reduction
processes are accompanied by an expansion of the POM
framework, especially for ReOs group (including Re-O,,
Re—-Oy; and Re-O; bonds). This behaviour suggests that
the Re center should play an important role in redox
activity. Compared with PW | ReN complexes [20], the
incorporation of phenyl group lengthens the bond distances
of Re-N by about 0.05 A for PW{ReNPh complexes.
However, the presently studied complexes still possess
similar Re=N triple-bond character [75]. To further
interpret the bonding character of Re=N, we preformed
NBO calculations on three PW;;ReNPh complexes. For
simplicity, Table 2 lists selected natural bond orbitals,
occupancy, orbital coefficients and hybrids, and the orbital

Table 1 The selected bond distances (in A) of systems 1-3 computed
in acetonitrile

1 2 '3
Re-N 1.733 1.731 1.725
Re-O, 2314 2.324 2.360
Re-Oy; 1.913 1.951 1.970
Re-O, 1.927 1.964 1.990
W;—Oy; 1.953 1.906 1.872
W1-Ogq; 1.721 1.726 1.732
W,—O, 1.951 1.895 1.858
W,-Ocs 1.927 1.938 2.004
Wo—On 1.723 1.728 1.733
W3O, 1.946 1.932 1.906
W3-Ogs 1.720 1.726 1.734
N-C; 1.356 1.365 1.369
C,-C, 1.420 1.416 1.414
C,—Cs 1.388 1.390 1.392
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Table 2 The selected natural bond orbitals, occupancy, orbital
coefficients and hybrids, and orbital type of system 1

Natural bond  Occupancy  Orbital coefficients Orbital
orbitals and hybrids type
Re-N 1.98 0.53 (sd*®)re + 0.85 (sp)n ©
Re-N 1.94 0.64 (d)gre + 0.77 (p)n i
Re-N 1.82 0.65 (d)re + 0.76 (p)n b

types of system 1 (for other systems, see the Supporting
Information). NBO analysis reveals that the Re=N triple
bond is composed of a Re-N ¢ bond and two Re-N =
bonds. Moreover, it is noticeable that the bond distances of
Re-N appreciably shorten with successive one-electron
reductions, which indicates the interaction between rhe-
nium and nitrogen becomes stronger and stronger by the
incorporation of extra electrons. NBO results show a con-
sistent change law on the basis of the Wiberg bond index of
Re=N (see the Supporting Information). This kind of
strong interaction is favorable for forming the POM-based
hybrid complexes.

3.2 Redox properties

As shown in a previous theoretical study, the incorporation
of rhenium-nitrido fragment modified the unoccupied
orbitals of PW;ReN complexes [20, 41], which accordingly
leads to the change in the redox properties. Then, how does
the ReNPh group affect the electronic properties of this kind
of organoimido-functionalized Keggin-type heteropolyan-
ion? To shed further light on the redox properties for these
complexes, we have systematically investigated various
possible redox states in solution. Figure 2 shows the frontier
molecular orbital distribution for four PW;;ReNPh com-
plexes in acetonitrile. Compared with PW,;Re""'N complex
[20], the incorporation of phenyl group changes the highest
occupied molecular orbital (HOMO) of fully oxidized 1,
which formally delocalizes over the carbon atoms and par-
tially on the rhenium atom. The lowest unoccupied
molecular orbital (LUMO) for system 1 delocalizes mostly
over d-rhenium orbitals at 35%, and d-tungsten orbitals

Fig. 2 The frontier molecular

orbital diagram for the studied W Band
complexes in acetonitrile 10.42
GO0 W -10.63
1091 o
ssnW i 1107 S —d—-11.06
35%Re i
15%W :
= BT
—H— -12.14
C Band
a-orbitals
1

account for about 15%, which accords with that of
PW,;Re"!N complex. The LUMO + 1 in system 1 con-
centrates on tungstens and slightly on bridge oxygen atoms.
Hence, it suggests that the first reduction of system 1 should
take place preferentially at the d-rhenium orbitals. The
second reduction can occur at two possible sites, the rhenium
center (system 13) or the tungsten centers (system 33). The
energy difference between the two possibilities was calcu-
lated to be ~ 8.6 kcal/mol, which indicates the second-
reduction process of system 1 is preferentially reduced in
the rhenium center. The Miilliken spin populations confirm
these qualitative predictions. The spin density distribution
for system 2 shows that most of the spin density (0.48) is
localized on the Re atom, while the rest of the cage atoms
(W, N, and O) together carry a small spin density. So, the
first- and second-reduction process of system 1 is
PW,,;ReV"'NPh (1) » PW,;Re"'NPh (2) - PW,;Re¥NPh
('3), which fully agrees with the experimental study [38].

3.3 Second-order polarizabilities

Previous TDDFT-SOS calculations revealed that the sec-
ond-order NLO behaviors can be switched by reversible
redox processes for PW;ReN complexes [20]. Furthermore,
experimental and theoretical investigations have showed
that the POM-based hybrid complexes hold remarkably
large NLO response [21-29]. These facts inspired us to
further investigate the redox switching effect on the second-
order NLO properties of organoimido-functionalized Keg-
gin-type heteropolyanions by theoretical computation. The
accuracy of the SOS method mainly depends on the con-
vergence of calculation results. It can be found from Fig. 3
that the convergences are stable after summation over about
60 states for systems 1 and 2. However, it looked as if sys-
tem 3 has no good convergence. To ensure that the result is
reliable, we calculated 120 excited states for system 3 (see
the Supporting Information). The computational result
indicates that the states after 80 have no large contribution to
the static second-order polarizabilities (fyec). Accordingly,
it is a reasonable approximation in the calculation of .. by
employing 100 states in the SOS method in this work.
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The calculated results show that PW;;ReNPh complexes
have much larger f,.. values than PW;;ReN complexes
[20], especially for each fully oxidized state, the difference
between their f3,.. values exceeds 600 times. This indicates
that the incorporation of phenyl group results in a large
effect on the f,.. value. Moreover, compared with
PW,ReN complex, similar trend can be seen from the
calculated data obtained for PW;;ReNPh complexes: the
introduction of extra electrons causes significant enhance-
ment in the molecular nonlinearity. The f,.. values of
PW,;ReNPh complexes increase monotonically with suc-
cessive one-electron reductions (-71.15 x 1073 esu for
system 1, —212.37 x 107 esu for system 2 and
—300.71 x 107 esu for system 3). The reduced com-
plexes show more than three times the efficiency of fully
oxidized 1. On the other hand, the spin multiplicity effect
on the fi,.. value is investigated by comparing two spin
states of system 3. The calculated results show that the
NLO activities for the present studied systems can be
modified by controlling the spin multiplicity. As shown in
Fig. 3, the high spin state (system >3) has a computed fycc
value of —490.67 x 1073° esu, which is about twice as
large as that of the low spin state (system '3). Therefore,
these kinds of the POM-based hybrid complexes with the
reversible and manipulable redox processes could act as a
three-state redox-switchable molecular device combining
chromic, NLO, and magnetic outputs [18].

In order to elucidate the origin of nonlinear second-order
responsibilities of these complexes, we took a further step
into several main excited states that contribute to the fc.
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Table 3 The corresponding transition energies (£ in eV), oscillator
strengths (f), and dominant transition of the desired excited states for
systems 1-3

System  Excited E f Major transition
state

1 S16 23212 0.0289 HOMO — LUMO + 13
S54 27909 0.0508 HOMO — 19 - LUMO
S55 2.7920 0.1583 HOMO — LUMO + 8

2 S2 0.6480 0.0093 o HOMO — LUMO + 1

'3 S2 0.7712  0.0143 HOMO — LUMO + 1
S4 0.9598 0.0183 HOMO — LUMO + 2
S68 3.0635 0.1970 HOMO -1 — LUMO + 5

’3 S2 0.4134 0.0028 o HOMO — LUMO + 2
S3 0.5184 0.0105 o HOMO — LUMO + 1
S6 0.7558  0.0068 o HOMO - 1 - LUMO

value. Several main excited states can be seen from Fig. 3.
For fully oxidized 1, the 16th, 54th and 55th excited states
(S16, S54 and S55) have large contributions to the fyec
value. For the reduced complex 2, the second excited state
(S2) has the dominant contribution to the f,.. value. For
the low spin state system '3, the large contributions to the
Pyec value can be assigned to the second, fourth and 68th
excited states (S2, S4 and S68). While for the high spin
state system 33, the second, third and sixth excited states
(S2, S3 and S6) have comparatively large contributions to
the f,c. value. Thus, these excited states should be paid
more attention. As can be seen from Table 3, the excited
states S16, S54 and S55 for system 1 are mainly made up
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Fig. 4 Frontier molecular

orbitals involved in the main - ‘O
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responsible for the molecular £ e
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of HOMO — LUMO + 13, HOMO — 19 —» LUMO, and
HOMO — LUMO + 8, respectively. The excited state S2
for system 2 is primarily composed of «HOMO — owm
LUMO + 1. The excited states S2, S4 and S68 for system
'3 consist of HOMO — LUMO + 1, HOMO -
LUMO + 2, HOMO - 1 — LUMO + 5, respectively.
While the excited states S2, S3 and S6 for system 33 consist
of «HOMO — o«LUMO + 2, «HOMO — oLUMO + 1,
and o«HOMO — 1 —» «LUMO, respectively. These
molecular orbitals involved in the main charge-transfer
transitions are illustrated in Fig. 4. It is obvious that tran-
sitions of system 1 can be assigned to the charge transfer
from p-carbon orbitals to d-rhenium and d-tungsten orbi-
tals. The electron transitions of systems 2 and '3 mainly
arise from d-rhenium orbitals to d-tungsten orbitals, while
the transition of system >3 is equal to the charge transfer
between d-tungsten orbitals. These transition characteris-
tics can provide similar information in comparison with
that of PW ;ReN complexes; metal-centered redox pro-
cesses influence the intramolecular donor or acceptor
character, which accordingly lead to the variations in the
computed f,.. values. As can be found from Figs. 2 and 4,
the phenyl group acts as a donor and the Re and W centers
act as an acceptor in system 1, whereas the Re center
becomes a donor and the W centers act as an acceptor in
systems 2 and '3. For the high spin state (system *3), the W
centers possess both donor and acceptor character.

Why can the incorporation of both phenyl group and
extra electrons cause significant enhancement in the
molecular nonlinearity? From the complex SOS expres-
sion, the two-level model that linked between f and a low-
lying charge-transfer transition has been established [76,

e 1

271
L . X Tt
" o & o d%
f- A I (."h 1y ag';;‘?,:;\.b 5 | 1
% b AN F‘_‘!‘ ‘*Ré
o«
LUMO (1) HOMO (1) HOMO-19 (1) o LUMO + 1(2)
o~ A~ A~ g
2 / e - . ¥
1&"_ ' P ,/‘(. ©
?“:! 1;} rl { @
? ek S A
% %; - AN,
LUMO+2('3) LUMO+1('3) HOMO ('3) HOMO-1('3)
~

o HOMO (*3) « HOMO -1 (3)

77]. For the static case, the following model expression is
employed to estimate fcr:

Apgnfom
ﬁCT X ngga (7)
gm
where fo, Egm, and Ap,, are the oscillator strength, the

transition energy, and the difference of the dipole moment
between the ground state (g) and the mth excited state (m),
respectively. In the two-level model expression, the sec-
ond-order polarizability caused by charge transfer, ficr is
proportional to the optical intensity and is inversely pro-
portional to the cube of the transition energy. Hence, for
the studied complexes, the low excitation energy is the
decisive factor in the f value.

In the same oxidation state of the rhenium, the incor-
poration of phenyl group can produce a larger oscillator
strength and a smaller transition energy than PW;;ReN
complexes. For example, the oscillator strength and tran-
sition energy of PW,;Re"'N complex are about 0.0044 and
0.75 eV, respectively [20], while 0.0093 and 0.65 eV for
PW, lReVINPh (Table 3). Clearly, these two crucial factors
could significantly increase the NLO responses of
PW,ReNPh complexes.

As can be seen from Table 3, the reduced systems have
a much smaller excitation energy than fully oxidized 1,
which accords with previous studies. Furthermore, there
are more relatively larger contributions to the f,.. value
(Fig. 3). These behaviors can explain why extra elec-
trons cause significant enhancement in the molecular
nonlinearity.

In addition, when the spin multiplicity changed from
the singlet to the triplet state the unpaired electrons of
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PW,,Re'NPh appear, which brings smaller transition
energy and enhances the possibility of electron transition,
then generates a larger f3,.. value.

4 Conclusions

A quantum chemical study of redox-switchable second-
order NLO responses has been performed on organoimido-
functionalized Keggin-type heteropolyanions [PW ;039
(ReNCg¢H5)]"™ (n = 2-4). DFT calculations suggested
that the successive reduction processes should be PWy
ReV'INPh (1) > PW,;ReY'NPh (2) —» PW,,ReVNPh ('3),
which fully agrees with the experimental study. Further-
more, NBO analysis reveals that the Re = N triple
covalent bond is composed of a Re-N ¢ bond and two
Re-N 7 bonds and indicates the interaction between rhe-
nium and nitrogen becomes stronger and stronger with the
incorporation of extra electrons from the standpoint of the
Wiberg bond index of Re=N, which is favorable for
forming the POM-based hybrid complexes. TDDFT-SOS
calculations showed that the second-order NLO behaviors
can be switched by reversible redox for the present studied
hybrid complexes. The f.. values of PW; ReNPh com-
plexes increase monotonically with the successive one-
electron reductions. The reduced complexes show more
than three times the efficiency of fully oxidized 1. Com-
pared with PW [ ReN complexes, the incorporation of
phenyl group results in a large effect on the f.. value.
Take each fully oxidized state for example; the f,.. value
PW,,Re"""NPh complex is more than 600 times as large as
that of PW,;Re""'N complex. Moreover, the NLO activi-
ties for PW;ReVNPh system can also be modified by
controlling the spin multiplicity. The high spin state (°3)
has twice larger fy.. value than the low spin state ('3).
Analysis of the dominant contributions to the f,.. value
suggests that, for system 1, the second-order NLO response
originates from p-carbon orbitals — d-rhenium and
d-tungsten orbitals transitions; comparatively for systems 2
and '3, the NLO responses arise from the charge transfer
from d-rhenium orbitals to d-tungsten orbitals, besides the
charge transfer between d-tungsten orbitals plays a key role
in the NLO response of system 3. These transition char-
acteristics indicate that metal-centered redox processes
influence the intramolecular donor or acceptor character,
which accordingly leads to the variations in the computed
Pvec values. The changes of f.. values can also be
explained by the two-level model on the basis of the cor-
responding transition energies and oscillator strengths of
the desired excited states. In a word, these kinds of the
POM-based hybrid complexes with the manipulable redox
states and remarkably large molecular optical nonlinearity

@ Springer

might conveniently be used for switching purposes in
molecular devices for NLO.

5 Supporting information

Comparison between the exact and expectation value of the
total spin for spin-unrestricted calculations, NBO calcu-
lated results of systems 2-3, and convergent curves of
static fye. value for systems 13 and 3.
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