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Abstract To probe the cooperativity of charge transfer

between organoimido and hexamolybdate, and enhance the

second-order nonlinear optical (NLO) response of orga-

noimido derivatives of hexamolybdates, electronic

structures and second-order NLO properties of a series of

charge-transfer covalently bonded organoimido derived

hexamolybdate complexes with donor-(p conjugated

bridge)-acceptor-(p conjugated bridge)-donor or acceptor-

(p conjugated bridge)-donor-(p conjugated bridge)-accep-

tor structures were studied by density functional theory.

Studies show that different combinations of the donor,

acceptor, heterocycle, –C:C– and –N=N– moieties, and

orientation of heterocycle remarkably affect the second-

order NLO responses. The complexes containing electronic

acceptor matched with the direction of charge transfer

possess remarkable large molecular second-order polari-

zabilities. Electronic transitions to crucial excited states

show that x-polarized transition, contributed to the off-

diagonal second-order polarizabiliy tensor (bzxx), possesses

lower excited energy compared with z-polarized transition

which accounted for the diagonal second-order polarizabiliy

tensor (bzzz) and thus led to the large in-plane nonlinear

anisotropy (u = bzxx/bzzz) value, as well as good two-

dimensional (2-D) second-order NLO properties. These

complexes can be used as excellent 2-D second-order NLO

materials from the standpoint of both large b and u values.
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1 Introduction

The design and synthesis of second-order nonlinear optical

(NLO) materials have been receiving more and more

attention due to their potential applications in optoelec-

tronic technology [1–3]. On the basis of the experimental

and theoretical explorations, several principles to enhance

second-order NLO responses have been proposed, such as

planar donor-p conjugated bridge-acceptor (D-p-A) model

[4], bond length alternation (BLA) theory [5], auxiliary

donors and acceptors model of heterocycle [6–8], and

twisted p-electron system etc. [9–11]. Directed by these

strategies, the large second-order NLO responses can be

achieved by optimizing the D/A strengthes and/or extend-

ing the conjugated bridge [12].

In the past two decades, considerable efforts have been

focused on the development of one-dimensional (1-D)

NLO materials. However, there are several apparent

problems for the 1-D NLO molecules to construct the large

bulk NLO materials, such as the dipole–dipole interaction

[13]. The 1-D push–pull molecules always possess large

permanent dipole moment, which would favor the
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formation of the centrosymmetric arrangement in the

crystal. Thus, no bulk NLO responses were observed in the

1-D push–pull molecules. Another problem arises from

the phase-matching orientations of 1-D molecules in the

crystal [14]. For example, the typical PNA molecule, the 1,

2, m, and mm2 crystal point groups are in better agreement

with the optical phase-matching conditions, the angle

between the molecular charge transfer (CT) axis and the

crystal principal dielectric axis is predicted as 54.7� (or

125.3�). As a result, only one b tensor component is

assumed to be nonegligible. It is well known that the

macroscopic NLO polarizabilities equal the summation of

individual molecules. Obviously, the phase-matching ori-

entations of 1-D compounds are allowed to recover fewer

macroscopic NLO responses in crystal materials. Recently,

Würthner group [15, 16] and Koleva group [17–20] syn-

thesised and characterized a series of 1-D organic

compounds exhibiting excellent NLO response due to

strong self-aggregation.

Thus, the multidimensional compounds with large off-

diagonal b tensor components are highly desirable to probe

by using experimental and theoretical methods. Studies

show that various organic multidimensional compounds can

be used as excellent candidates for the second-order NLO

applications [21–27]. These compounds have exhibited the

following merits compared with the 1-D compounds, (1) the

multidimensional NLO compounds display large off-diag-

onal b tensor components because of the high oscillator

strength, low-lying energy excited states with electron

transition dipole moment between two states perpendicular

to the dipolar axis, and (2) the multidimensional NLO mole-

cules show an increased stability of polar order in poled

polymers and Langmuir-Blodgett (LB) films, and (3) com-

paring with the 1-D structures, the multidimensional NLO

compounds can increase second-order NLO responses

without losses of transparency in the visible region, which

may offer advantage of better nonlinearity/transparency

tradeoff, and (4) the multidimensional NLO compounds

under the phase-matching orientations can offer larger

macroscopic NLO responses because of large off-diagonal b
tensor component compared with the 1-D compounds.

However, few examples of the systematic optimization and

determination of off-diagonal b tensor component have been

reported in literatures. Most of them reported in literatures

are based on the benzene derivatives [24], ruthenium (II) or

iron (II) complexes [28–30], and dipolar D-A-substituted

Schiff base complexes [2, 27]. Recently, the investigation of

2-D carbazole-cored chromophores demonstrated that

introduction of heterocycles auxiliary donor can signifi-

cantly enhance the off-diagonal b tensor component because

of the strong, low-lying energy, perpendicular CT transition

[31]. Furthermore, Würthner group [32, 33] and Koleva

group [34] characterized three kinds of 2-D organic

compounds, which could become potential NLO materials

due to the strong noncovalent interactions.

Polyoxometalates (POMs) are a rich class of inorganic

cluster systems and exhibit remarkable chemical and

physical properties, which have been applied to a variety of

fields, such as medicine, catalysis, biology, analytical

chemistry, and materials science [35]. Among different

types of POMs, organically derived POMs have been

extensively studied, especially; charge-transfer covalently

bonded organoimido derived hexamolybdate clusters have

attracted particular interest because the organic p electrons

can extend their conjugation to the inorganic framework,

which would generate the strong d-p interactions [36–39].

A series of organoimido derivatives containing various

delocalized p-organic ligands have been synthesized [37],

and the efficient CT between the organic ligands and

hexamolybdate clusters has been reported according to the

electronic spectroscopic studies, which demonstrats that

the Mo–N p bond of organoimido derived hexamolybdate

cluster is delocalized on the organic conjugated p system.

In general, an excellent charger transfer is the premise of

larger NLO response. Recently, our group has been inter-

ested in the investigations on the NLO properties of

organoimido derivatives of hexamolybdates, which exhibit

remarkable large second or third-order NLO response. The

CT from organoimido to polyanion is responsible for the

NLO response [40–42].

The substitution of the terminal oxygen of hexamolyb-

date clusters with organoimido ligands provids the

effective approach to synthesize difunctionalization hexa-

molybdates possessing the C2v symmetry [37], which can

be utilized to build 2-D ^-shaped structures. On the other

hand, introduction of various heteroatoms in the conjugated

polymer is a well-known approach to change their elec-

tronic and optical properties, increase chemical stabilities

and introduce flexibilities for further molecular engineering

[6–8, 43]. Moreover, aromatic heterocycles can modulate

the NLO responses through the different aromatic delo-

calization energy, the different charge density, the various

orientation of the heterocycles dipole moment, even the

variable longitudinal charge-transfer interaction due to the

auxiliary electron donor/acceptor nature of the heterocy-

cles. All of these factors can be properly chosen to design

the good NLO materials. For the organoimido derivatives

of hexamolybdates, how to tune these factors to obtain the

cooperativity of charge-transfer between organoimido and

hexamolybdate, and enhance the second-order NLO

response is not fully studied. Thus, we designed two kinds

of complexes (four series of complexes are shown in

Fig. 1), donor-(p conjugated bridge)-acceptor–(p conju-

gated bridge)-donor (DAD) (set I and II) and acceptor-(p
conjugated bridge)-donor-(p conjugated bridge)-acceptor

(ADA) (set III and IV), to probe donor and acceptor
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substituted, different conjugated bridges, and various hetero-

cycles effects on second-order NLO responses. The four

complexes were chosen as the reference systems (Ia in set

I, IIa in set II, IIIa in set III, and IVa in set IV).

2 Computational details

All calculations were performed by using Amsterdam

Density Functional (ADF) program developed by daerends

et al. [44–46], and the local exchange correlation approxi-

mation of Vosko, Wilk, and Nusair was used along with

the correction of Becke and Perdew [47, 48]. Triple-f basis

set of Slater orbitals (STO) augmented with a set of

polarization functions was used to describe the valence

electrons of main group atoms and the metal atoms. The 1s

shell of C, N, O, 1s to 2p shells for S, P, and 1s to 3d shells

for Mo have been treated by the frozen core approximation,

and described by means of single Slater functions. The

relativistic effects were taken into account by using the

zero-order regular approximation (ZORA) [49–52].

The van Leeuwen–Baerends XC potential (LB94) was

chosen for calculations of all the response properties [53].

The adiabatic local density approximation (ALDA) was

applied for the evaluation of the first and second functional

derivatives of the XC potential. The transition energies and

transition moments can be obtained from the calculated

results on the basis of the TD model of ADF. The

integration parameter used to determine the precision of the

numerical integral, was set to 6.0. The default optimization

convergence criteria were used in the ADF.

3 Results and discussion

3.1 The choice of studied models

To generate 2-D NLO properties, the two organic ligands

were introduced with an angle of *90� relative to each

other. Why the pyrimidine ring is chosen to attach to the

Mo–N bond as the first organic p conjugated bridge? Our

previous studies have shown that replacement of a carbon

atom with a nitrogen atom within the conjugated sub-

stituent can remarkably increase the second-order NLO

response, which is attributed to a larger amount of elec-

tronegativity in the nitrogen atom than that in the carbon

atom [54]. Firstly, we design three simple complexes to test

this effect on POMs (Fig. 2). The calculated static second-

order polarizabilities, second-harmonic generation (SHG),

optical rectification (OR), and electron-optic Pockels

effect (EOPE) values [55–59] at the optical frequency

(�hx = 0.65 eV) are presented in Table 1. We find that the

replacement of the benzene ring with the heteroaromatic

ring containing two nitrogen atoms significantly enhances

the second-order NLO responses not only static but also

dynamic values. Thus, the pyrimidine ring is chosen to

Fig. 1 Structural formulas for

all complexes (Set I: X = C,

Y = NH2, Set II: X = N,

Y = NH2, Set III: X = C,

Y = NO2, Set IV: X = N,

Y = NO2)

Fig. 2 Calculated models of

three simple complexes

Theor Chem Account (2009) 122:217–226 219

123



attach to the Mo–N bond. Subsequently, to obtain the

cooperativity of charge-transfer between organoimido and

hexamolybdate, and enhance the second-order NLO

response, –C:C– moiety, –N=N– moiety, various five-

and six-membered rings, donor (NH2), and acceptor (NO2)

are attached to the pyrimidine ring, respectively. Then, four

kinds of studied complexes (I–IV) are formed. Among

them, DAD complexes are in set I and II, ADA complexes

are in set III and IV.

3.2 DAD-like complexes (set I and II)

3.2.1 The static second-order NLO properties

In set I, the organic p conjugated bridges are comprised of

two aromatic rings separated by an ethyne moiety (Ia-Ip).

Set II is the substitution of the –C:C– moiety in set I with

–N=N– moiety. The calculated values of the second-order

polarizabilities and their tensor components are listed in

Table 2. According to the results, we can find the following

results: (1) in general, the NLO values of the complexes

containing –C:C– moiety are larger than those containing

–N=N– moiety. (2) Some five-membered rings derivatives

display larger second-order polarizabilities than their ben-

zenoid analogues (Ij, Im, In, Io, Ip vs. Ia). (3) The second-

order polarizabilities of six-membered rings derivatives are

not only larger than that of the benzenoid analogues, but

also larger than that of the five-membered rings derivatives.

(4) As expected, complex Ib containing tetrazine rings

generates the largest second-order polarizability in set I.

However, the second-order polarizability magnitude of

different regiochemistries, such as, pyrimidine (Ic), pyrid-

azine (Id, Ie), and pyridine (If, Ig, Ih, Ii) is different.

Replacement of phenyl ring with pyridine ring generates

four different complexes (If, Ig, Ih, Ii). Complexes Ih and Ii

with heteroatom adjacent to ethyne moiety yield only a

smaller increase in the second-order polarizabilities com-

pared with the reference complex Ia, and the orientation of

the pyridine within the complex have no substantial effect.

By contrast, complexes If and Ig with heteroatom adjacent

amido afford a larger increase in the second-order polari-

zabilities, and the relative orientation of the pyridine ring

within the complex does not play a crucial role in

determining the second-order polarizability. According to

DFT calculations, introduction of heterocycles in set II also

enhances the second-order NLO properties compared with

the reference complex IIa. The complex IIb (tetrazine ring)

displays the largest second-order NLO response in set II.

The regiochemistry of pyridazine and thiazole rings (IId

and IIe, IIg and IIi) also affects their nonlinear properties in

set II. However, the influence of heterocycles on the sec-

ond-order polarizabiloty in set II is smaller than that in set

I. So, only partial complexes containing heterocycles are

studied in set II.

3.2.2 The character of electronic transition

From Table 2, the significant enhancement of the off-

diagonal components bzxx in those complexes is observed.

The off-diagonal components of most of complexes Ia-Ip

Table 1 The calcualted second-order polarizability (910-30 cm5

esu-1) at �hx = 0.0 eV (static) and �hx = 0.65 eV (SHG, EOPE, and

OR) for simple systems 1–3

Static SHG EOPE OR

1 -697.50 -1,009.90 794.45 -786.55

2 -942.02 -1,141.00 1,007.60 -1,001.00

3 -689.80 -1,073.90 791.20 -791.96

Table 2 The calcualted second-order polarizabilities (bvec 9 10-30

cm5 esu-1), tensor (bzzz and bzxx), anisotropy (u = bzxx/bzzz), exci-

tation energy (DEge, eV), and oscillator strength (foc, a.u.) in DAD-

like complexes (set I and II)

Complex bzzz bzxx u bvec DEge foc

Set I

Ia 45.03 62.22 1.38 -64.94 2.29 1.11

Ib 218.75 369.92 1.69 -353.90 1.97 0.60

Ic 158.15 261.82 1.66 -252.76 2.13 1.04

Id 169.56 261.24 1.54 -259.27 2.21 0.54

Ie 147.82 259.90 1.76 -245.16 2.22 0.56

If 116.55 177.16 1.52 -176.98 2.15 0.77

Ig 108.15 179.19 1.66 -172.98 2.15 0.70

Ih 91.50 123.53 1.35 -129.67 2.29 0.59

Ii 76.45 133.86 1.75 -126.66 2.22 0.66

Ij 65.33 105.28 1.61 -103.10 2.32 1.12

Ik -8.92 7.87 0.88 0.14 2.42 1.27

Il -47.81 -62.59 1.31 65.73 2.43 0.76

Im 56.62 72.38 1.28 -78.73 2.37 0.99

In 112.56 168.21 1.49 -169.35 2.27 1.02

Io 117.03 168.54 1.44 -172.09 2.29 1.08

Ip 158.27 224.35 1.42 -230.46 2.21 1.04

Set II

IIa 38.75 97.29 2.51 -82.53 1.96 0.84

IIb 77.41 191.18 2.47 -161.97 2.05 1.51

IIc 57.07 143.59 2.52 -121.15 2.07 1.06

IId 57.02 127.51 2.24 -111.68 2.10 1.25

IIe 55.49 171.13 3.08 -136.61 2.02 0.80

IIf 38.26 114.59 3.00 -92.47 2.11 0.98

IIg 73.03 187.66 2.57 -157.49 1.95 1.32

IIh 57.03 135.74 2.38 -116.83 1.90 1.14

IIi 76.92 185.99 2.42 -158.75 1.96 1.11

IIj 52.85 121.18 2.29 -105.45 2.13 1.19
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are larger than diagonal component bzzz. For a molecule

with C2v symmetry in the XZ plane (see Scheme 1), two b
tensor components (bzzz and bzxx) should display signifi-

cant values. Therefore, the bvec of our studied complexes

can be described by the following Eq. 1:

bvec � bzzz þ bzxx ð1Þ
In order to investigate the 2-D character of the micro-

scopic nonlinearity of these complexes, we introduced the

‘‘in-plane nonlinear anisotropy’’ concept (u), which

depends on the ratio u = bzxx/bzzz [60]. The u values of

complexes in set I are listed in Table 2, and the results

show that all of complexes in set I display significant u

values (from 0.88 to 1.76), which demonstrates that all of

these complexes possess good 2-D NLO properties.

For set II, a significant enhancement of in-plane non-

linear anisotropy has been observed, and the u values of

complexes in set II are *1.5 times larger than that of

complexes in set I. It is well known that the relative

magnitudes between the diagonal and off-diagonal b tensor

components of ^-shaped molecules are strongly related to

the angle between two D-A branches [31]. For complexes

in set II, the angel between two organic ligands increased

to *100� because of introduction of the –N=N– moiety.

Thus, these increases of in-plane nonlinear anisotropy

mainly arise from the structural difference between

–C:C– and –N=N– moiety.

On the basis of large second-order NLO responses of the

complex Ib, the transition features to crucial excited states

were studied, which largely contributes to the second-order

NLO properties. For molecules with C2v symmetry, only

the ‘‘in-plane’’ x-polarized and z-polarized transitions are

allowed. The z-polarized transition dipole moment

elements contribute to the diagonal second-order polariz-

ability tensor, and x-polarized transition dipole moment

elements account for the off-diagonal tensor (see

Scheme 1) [2]. The intense and low-lying energy charger

transfer (CT) excited states of complex Ib with A1 and B1

symmetry are listed in Table 3. The A1 symmetry is the z-

polarized transition, and B1 symmetry is the x-polarized

transition according to the transition dipole moment ele-

ment, li
ge; associated with these states, which is parallel

(A1), perpendicular (B1) to the dipole axis, respectively. It

is well known that the oscillator strength is proportional to

the transition energy and transition moment

foc ¼ ð8p2me=3e2hÞEngl2
ng

� �
; and is a key factor in deci-

sion of b values. Obviously, the oscillator strength of

transitions with B1 symmetry (perpendicular transitions) is

larger than that of the transition with A1 symmetry (see

Table 3), which would significantly contribute to the off-

diagonal tensor bzxx. Thus, the value of off-diagonal tensor

bzxx is larger than that of diagonal tensor bzzz. Although the

transitions with A1 symmetry possess the low excited

energy, the small oscillator strengths significantly decrease

the contributions to the diagonal tensor.

The orbital feature associated with intense perpendicular

transitions are shown in Fig. 3, which offers some inter-

esting results. Firstly, the p electron maily delocalizes over

organic ligand and Mo–N of the hexamolybdate cluster.

The Uv–vis spectrum measurement indicated that the

ligand-to-metal CT (LMCT) absorption band was associ-

ated with the Mo–N p-bond [37]. Moreover, our theoretical

studies also show that these LMCT arise from the organic

ligand to the Mo–N bond [40, 41]. These results showed

Scheme 1 Two-dimensional second-order NLO character in com-

plex Ib

Table 3 Computed linear

optical parameters for complex

Ib

Complex Symmetry

(polarization)

State foc (a.u.) �hxge (eV) lge
X (a.u.) lge

Y (a.u.) lge
Z (a.u.)

Ib A1 (Z) S1 0.0000 0.55 0.0000 0.0000 -0.0136

S2 0.0001 0.61 0.0000 0.0000 -0.1006

S3 0.0000 1.04 0.0000 0.0000 -0.0393

B1 (X) S11 0.6012 1.97 3.5314 0.0000 0.0000

S14 0.1448 2.01 -1.7166 0.0000 0.0000

S16 0.6884 2.18 3.5887 0.0000 0.0000
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that Mo–N bonds are related to the intense, and low-lying

energy CT transitions, however the Mo–O bonds in hexa-

molybdate do not take part in this LMCT process, which

demonstrates that extents of organic p electron delocali-

zation in the hexamolybdate cluster are on the two Mo–N

bonds. Our calculations also give the same results (see

orbitals 25a2, 32b2). The electronic density is mainly

located on Mo–N bond and adjacent pyrimidine ring in

25a2 and 32b2 orbitals, and there is no electron density on

other segments of hexamolybdate. Secondly, the hexamo-

lybdate cluster in set I and II acts as rather the electron

donor than the electron acceptor. It is well known that

POMs anions can be reduced by addition of a number of

electrons in reduction processes, and thus display the fea-

ture of electron acceptor. However, introduction of organic

ligands into hexamolybdates results in the formation of the

complexes which bears many similarities to metal com-

plexes with organic p conjugated ligands. For example, the

crucial absorptions of complex Ib are due to 25a2 ? 34b2,

32b2 ? 27a2, and 30b2 ? 27a2 transitions, and can be

assigned as CT from hexamolybdate cluster and adjacent

pyrimidine ring to the ethyne moiety and tetrazine rings.

The organic ligand fragment is the CT axis, while Mo–N

bond and hexamolybdate cluster act as an electron donor. It

should be note that the organometallic substituted,

[SiW9O37(SnPh)3]7-, also displays the same feature [61].

Thus, the DAD-like structure in these complexes might not

be favored to generate the large second-order NLO

responses because the unsuitable introduction of amido

electron donor generate the reverse D-A substitutions

corresponding to the direction of CT.

3.3 ADA-like complexes (set III and IV)

The calculated values of the second-order polarizabilities

and their tensor components are listed in Table 4 for set

III and IV. In general, the b values in set III and IV are

great larger than those of set I and II. For example, the

static second-order polarizability of reference complex

IIIa is *14 times larger than that of the reference com-

plex Ia. Compared with the two complexes structures, the

enhancement of b value is mainly caused by the acceptor

substituted effects. Compared with between III and IV,

the NLO values of the complexes containing –C:C–

moiety are also larger than those of –N=N– moiety. To

our studied complexes, the –C:C– conjugated bridge is

better than –N=N–conjugated bridge. The orbitals asso-

ciated with the crucial excited states of the complex IIIb

are shown in Fig. 4. It can be seen that the crucial excited

state transition is mainly formed by the contributions of

26a2 ? 34b2, 31b2 ? 27a2, and 33b2 ? 27a2 transi-

tions. Clearly, these excitations mostly consist of CT from

the M–N bond and the hexamolybdate cluster to the

tetrazine ring and nitryl acceptor. Thus, ADA-like com-

plexes in set III provide the matched structures

corresponding to the direction of the CT. These advan-

tages on the CT of complexes in set III are also reflected

on the lower transition energy of crucial excited states

compared to the relevant complex in set I (see Tables 2,

4). For example, the first transition energy of crucial

excited states in complex Ia is *1.60 times larger than

that of complex IIIa. The low-lying transition energy and

large extent of CT would enhance the second-order NLO

Fig. 3 Molecular orbitals

associated to the crucial excited

state of complex Ib
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responses, which is well agreement with our DFT calcu-

lated results (see Tables 2, 4).

Compared with the reference complex IIIa, introduction

of the heterocycle can not effectively enhance the second-

order NLO responses in set III. For example, the b value of

complex IIIg containing pyridine ring is only slightly larger

than that of IIIa. However, the relative orientation of the

pyridine ring within the complex plays a crucial role in

determining the NLO response. For complexes IIIf and

IIIg, the heteroatom N is close to acceptor and displays the

larger b value in set III. Thus, the static second-order

polarizability for the pyridine derivatives increases in the

order IIIi \ IIIh \ IIf \ IIIg. In four sets (set I–IV), the

second-order polarizabilities of same orientation (hetero-

atom N is closed to the donor/acceptor) of the pyridine ring

are larger than that of other pyridine analogues. The

increase on second-order polarizability can be rationalized

by the dipole moment direction of the pyridine. In com-

plexes If, Ig, IIf, IIg, IIIf, IIIg, IVf, and IVg, the dipole

moment of the pyridine ring displays approximately par-

allel to the direction of the dipole moment of the complex

(see Fig. 5), as well as the large second-order NLO pro-

perties. This feature is agreement with the ‘‘matched’’

structure of the thiazole ring in thiazole and thiophene

analogues of D-A stilbenes, and the second-order polari-

zabiliy increases when the dipole moment of the thiazole

ring reinforces the molecular dipole [6].

In set IV, introduction of the heterocycles can not

enhance the second-order NLO responses effectively

compared with the reference complex IVa. Although, the

complex IVf displays the largest static second-order NLO

responses in set IV, the b value of complex IVf is only

slightly larger than that of complex IVa. On the other hand,

comparing with set III, introduction of –N=N– can not

increase the b values, but the in-plane nonlinear anisotropy

value yields a enhancement in set IV because the angle

between two D-A segments increases to *100�.

3.4 Comparison between DAD-like and ADA-like

complexes

On the basis of the large second-order NLO responses of set

I and set III, we take reference complexes Ia and IIIa as the

examples to analyze the 2-D second-order NLO responses.

The crucial excited states, which significantly contribute to

the second-order polarizabilities, are shown in Table 5. It

can be found that the crucial absorption of complex Ia is

assigned as metal-to-ligand (ML) CT and cluster to ligand

CT transitions (see Table S1). For complex IIIa, the crucial

absorptions are assigned to MLCT, cluster to ligand CT, and

ILCT transitions (see Table S3). It suggests that the second-

order NLO properties of complexes Ia, IIIa are related to the

Mo–N bond and organic ligands, while introduction of the

electronic donor and acceptor has no influence on the CT

direction. But, our calculations predict that these absorption

bands bathochromically shift (lower transition energies) as

introduction of electronic acceptor compared with that of

electronic donor. The lower transition excited energies can

lead to larger second-order NLO response, which is in

agreement with our calculated results.

The intense and low-lying energy CT transition of

complex Ia is the x-polarized transition (B1 symmetry). By

contrast, the crucial absorptions of complex IIIa are the

x-polarized transition (B1 symmetry) and z-polarized

Table 4 The calcualted second-order polarizabilities (bvec 9 10-30

cm5 esu-1), tensor (bzzz, bzxx), anisotropy (u = bzxx/bzzz), excitation

energy (DEge, eV), and oscillator strength (foc, a.u.) in ADA-like

Complexes (set III and IV)

Complex bzzz bzxx u bvec DEge foc

Set III

IIIa 480.05 977.34 2.04 875.68 1.44 0.56

IIIb 326.69 666.50 2.04 596.94 1.46 1.11

IIIc 480.01 960.38 2.00 865.31 1.43 0.68

IIId 427.19 864.00 2.02 -776.08 1.36 0.58

IIIe 423.16 880.40 2.08 -783.22 1.37 0.62

IIIf 478.74 979.92 2.05 -876.28 1.42 0.59

IIIg 488.37 976.58 2.00 -880.26 1.42 0.59

IIIh 416.73 854.58 2.05 -764.11 1.43 0.75

IIIi 411.86 856.57 2.08 -762.21 1.43 0.75

IIIj 462.51 718.31 1.55 -709.50 1.52 0.50

IIIk 414.55 650.00 1.57 -639.45 1.56 0.50

IIIl 464.81 701.30 1.51 -700.31 2.36 0.46

IIIm 581.82 844.45 1.45 -857.32 1.29 0.47

IIIn 443.99 683.31 1.54 -677.49 2.25 0.56

IIIo 456.26 688.56 1.51 -664.60 1.42 0.51

IIIp 468.74 691.44 1.48 -697.28 2.18 1.57

Set IV

IVa 240.94 706.28 2.93 -569.46 1.55 0.84

IVb 178.77 502.03 2.81 -409.26 1.62 1.43

IVc 249.99 696.75 2.79 -568.93 1.59 0.93

IVd 249.92 696.47 2.79 -568.97 1.50 0.80

IVe 236.41 695.77 2.94 -560.39 1.48 0.75

IVf 247.00 713.04 2.89 -576.83 1.57 0.69

IVg 246.38 690.96 2.80 -563.55 1.56 0.90

IVh 216.56 635.08 2.93 -512.21 1.55 1.06

IVi 208.26 618.25 2.97 -496.94 1.54 1.03

IVj 168.38 338.63 2.01 -305.11 1.65 1.23

IVk 144.75 262.38 1.81 -244.73 1.71 1.23

IVl 154.73 284.19 1.84 -263.83 1.72 0.97

IVm 209.09 395.92 1.89 -364.32 2.13 0.71

IVn 160.62 299.26 1.86 -276.78 1.65 1.09

IVo 194.17 353.05 1.82 -329.20 1.59 1.02

IVp 233.61 402.85 1.72 -382.79 1.53 0.54
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transition (A1 symmetry), respectively (see Table 5). As

mentioned above, the z-polarized transition contributes to

the diagonal second-order polarizability tensor term, and

x-polarized transition accounts for the off-diagonal second-

order polarizability tensor term. Comparing with Ia, intense

absorption bands associated with the x-polarized transition

are red shifted by about 320 nm in complex IIIa due to

introduction of electronic acceptor. The lower transition

energies would enhance the second-order NLO responses,

thus, the off-diagonal second-order polarizability tensor

bzxx of IIIa is 15.7 times larger than that of complex Ia. For

complex IIIa, the low-lying energy CT excited states

associated with the z-polarized transition also enhance the

diagonal second-order polarizability tensor, so the bzzz

value of complex IIIa is 10.7 times larger than that of

complex Ia. Obviously, the enhancement of diagonal sec-

ond-order polarizability tensor (bzzz) is weaker than that of

off-diagonal second-order polarizability tensor (bzxx) in

complex IIIa. Thus, the in-plane nonlinear anisotropy

(u = bzxx/bzzz.) value increases to 2.04, and complex IIIa

displays a good 2-D second-order NLO property.

4 Conclusion

In the present paper, we have studied electronic structures

and the 2-D second-order NLO properties of a series of

charge-transfer covalently bonded organoimido derived

Fig. 4 Molecular orbitals

associated to the crucial excited

state of complex IIIb

Fig. 5 Dipole moment of

pyridine ring and complexes IIIi

and IIIg

Table 5 Computed linear

optical parameters and static

second-order polarizabilities

(910-30 cm5 esu-1) for

complexes Ia and IIIa

Complex Ege (eV) (k nm) foc Symmetry

(polarization)

bzzz bzxx bvec u

Ia 2.29 (541.4) 1.11 B1 (X) 45.03 62.22 64.9 1.38

IIIa 1.44 (861.0) 0.56 B1 (X) 480.05 977.34 875.7 2.04

2.33 (532.1) 0.53 B1 (X)

1.51 (821.1) 0.51 A1 (Z)
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hexamolybdate cluster and elucidated structure-property

relationships from the micromechanism by using DFT

calculations. The results show that (1) introduction of

electronic acceptor can remarkably enhance second-order

NLO responses because the cooperativity of charge-trans-

fer between organoimido and hexamolybdate are matched;

(2) the second-order polarizabilities of complexes con-

taining –C:C– moiety are larger than those of complexes

containing –N=N– moiety; (3) these complexes can

become excellent 2-D NLO candidates because x-polarized

transition contributes to the off-diagonal second-order

polarizability tensor (bzxx) according to electronic transi-

tions to crucial excited states; (4) complexes containing

–N=N– moiety exhibit larger in-plane nonlinear anisotropy

(u = bzxx/bzzz) value compared with complexes containing

–C:C– moiety, because x-polarized transition possesses

lower excited energy compared with the energy of

z-polarized transition; (5) the second-order NLO properties

of studied complexes are sensitive to the orientation of the

heterocycles because of dipole moment direction in dif-

ferent heterocycles. In summary, the cooperativity of CT

between organoimido and hexamolybdate is matched in set

III which can be used as excellent 2-D second-order NLO

candidates from the standpoint of both large b and u

values.
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