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Abstract 

Redox-switchable second-order nonlinear optical (NLO) responses of a series of 

ferrocene-tetrathiafulvalene (Fc-TTF) hybrids have been studied based on density 

functional theory calculations. The hyper-Rayleigh scattering (HRS) responses as well 

as the dynamic (λ= 1064 nm) HRS hyperpolarizabilities have been calculated in gas 

phase within the T convention. The electron-correlation effects have been investigated. 

The long-range corrected LC-BLYP and wB97X-D functionals provide satisfactory 

results. The electron donor strength of the Fc-TTF in a donor-π-conjugated-acceptor 
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structure has been assessed. The results indicate that the Fc unit does not display the 

role of the electron donor in the Fc-TTF unit. Because the Fc-TTF hybrid unit is a 

multistep redox center, the one- and two-electron-oxidized processes have been 

considered to control their second-order NLO responses. For a known Fc-TTF hybrid, 

the one-electron-oxidization leads to a significant increase of the HRS 

hyperpolarizability, while the calculated HRS hyperpolarizabilities are not affected by 

the two-electron-oxidization according to our DFT calculations. Interestingly, in 

another system the two-electron-oxidization significantly enhances the HRS 

hyperpolarizability, and the one-electron-oxidization does not largely affected the 

HRS hyperpolarizability. 
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1. Introduction 

Because of the appealing potential applications in optical communication or data 

storage, the development of materials exhibiting switchable nonlinear optical (NLO) 

properties have motivated a number of works during the past two decades.
1-3

 The 

reported method for switching of NLO properties includes redox,
4-9

 

protonation/deprotonation,
10-12

 photoisomerization,
13, 14

 boron site reduction,
15

 ion 

induction in solution,
16, 17

 etc. In order to obtain an effective redox-switching of 

second-order NLO responses (the molecular first hyperpolarizability β), several 

questions should be considered. Such as, the stability of two forms relative to the 

switching of ‘on’ and ‘off’ is important because they can preferably be switched from 

one to other in an easily controlled way and the fast response time.
7
 Molecular system 

with redox-switchable NLO responses is particularly attractive because the oxidation 

or reduction (removal or addition of electrons) enables fine control of their NLO 

properties. Although a large variety of redox-active molecular systems have been 

reported, the excellent redox center possessing the ability of reversible modification 

of second-order NLO responses is rare.  

 

Chart 1. Sequential and reversible oxidization of TTF unit 

As illustrated in Chart 1, the redox-active tetrathiafulvalene (TTF) unit is able to 

exist in three different stable redox states (TTF, the radical cation TTF
·+

, and dication 

TTF
2+

), and the oxidation to the radical cation and dication occurs sequentially and 
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reversibly at low potentials.
18-24

 Due to the 14 π-electron structure, the TTF unit is 

lack of a π-electron cyclic conjugation, and thus is nonaromatic according to Hückel 

rule. But the radical cation and dication with one and two 6 π-electrons are aromatic 

in the Hückel sense, and thus both oxidized species are the thermodynamically stable. 

On the basis of the present points, the TTF unit is an ideal model for the redox 

switching of NLO responses. A series of redox-switchable second-order NLO 

molecules containing TTF unit have been studied experimentally and 

theoretically.
13,14,25-27 

 A large contrast in their second-order NLO responses has been 

obtained in TTF→TTF
·+

 oxidization. By contrast, the TTF
·+

→TTF
2+

oxidization does 

not largely affect their second-order NLO responses.
13,14

 It is well-known that the 

neutral TTF unit possesses a bent geometry, and the bent TTF unit changes to a fully 

planar geometry in the one-electron-oxidized process. Thus the large contrast in 

second-order NLO responses in TTF→TTF
·+

 oxidization is relative to a significant 

geometrical change of the TTF unit.  

The ferrocene (Fc) is another typical redox center for reversibly modifying 

second-order NLO responses because it is easy to prepare and energetically 

convenient Fe
II
/Fe

III
 couple.

28-36
 It has been demonstrated that the oxidization of Fe

II
 

to Fe
III

 caused the electron absorption spectra (charge transfer transition) of the Fe
II
 

and Fe
III

 derivatives are decisively different from each other in a chromophore 

containing octamethylferrocenyl and nitro-thiophenyl groups.
37

 According to 

sum-over-state description, any modification of the absorption spectrum of a molecule 

would alter the first hyperpolarizability. The hyper-Rayleigh scattering (HRS) 
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experiments indicated that the Fe
II
→Fe

III
 oxidization led to the first 

hyperpolarizability to decrease very substantially.  

Due to the coexistence of 3d and π-spin electrons in the same molecule, the 

preparation of Fc−TTF hybrid has attracted considerable attention in the past three 

decades.
38-46

 Several Fc-TTF and Fc-metalladithiolene hybrids have been reported, 

and their multistep redox properties have been investigated by cyclic voltammetry. 

However, their redox-switchable second-order NLO properties have not been 

explored. The molecule existing in two stable states to switching of second-order 

NLO response has been regarded as a good candidate for binary digital architecture 

because the redox interconversion between the two stable states matched the binary 

zero and one. In order to obtain a smaller molecule-based information-processing 

device component, the higher-order digit representation (such as ternary, senary, etc.) 

may be much superiority relative to binary.
47

 Toward such goals, molecule must be 

able to exist in more than two stable and independently addressable states.
48

 The 

Fc−TTF hybrid with multistep redox properties provides a very good basis for 

development of device component with high-order digit representation.  

Here, we report a detailed theoretical study on a series of Fc-TTF hybrids with the 

aim of optimization of second-order NLO property by an effective combination of the 

Fc and TTF unit in the same molecule and describing the relationship between 

multistep redox properties and second-order NLO properties.  
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2. Computational details 

All calculations were performed using Gaussian09 program.
49

 The molecular 

structures were optimized and characterized as energy minima at B3LYP
50-52

/6-31g (d) 

level (LANL2DZ basis sets
53-55

 for metal atom). The frequency-dependent 

hyperpolarizability was calculated by using time-dependent Hatree Fock (TDHF) and 

TD density functional theory (DFT) method at 1064 nm in this work.
56-60

 The 

reliability of DFT with conventional XC functionals to evaluate the molecular 

hyperpolarizability has been questioned in a large number of studies. A correct 

description of the asymptotic behavior of the XC potential may be a prerequisite for 

the correct description of the first hyperpolarizability. Castet and Champagne have 

assessed a series of DFT XC functionals for evaluating the multipolar contributions to 

the first hyperpolarizability (the HRS responses) of some reference molecules.
61

 They 

concluded that the best functionals were LC-BLYP,
62

 M05-2X,
63,64

 and M06-2X
65

 for 

description of the HRS hyperpolarizability of their reference molecules. In the present 

paper, the six different functionals including BHandHLPY,
66

 wB97X-D,
67,68

 

CAM-B3LYP
69

, LC-BLYP, M05-2X, and M06-2X have been employed to calculated 

the frequency-dependent hyperpolarizability. In order to evaluate the electron 

correlation effect of these functionals, as a reference the Hatree Fock (HF) method 

without electron-correlation consideration also has been carried out to calculate the 

frequency-dependent hyperpolarizability in this work. The basis sets containing 

diffuse and polarization functions are necessary for accurate predictions of 

hyperpolarizability according to many literatures. In the present paper, the 6-31+g(d) 
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basis sets with a good compromise between accuracy and computational costs for 

large molecular system have been employed for the first hyperpolarizability 

calculations (LANL2DZ basis sets for metal atom). 

The available technology for measuring second-order NLO response is mainly HRS 

and electric field induced second harmonic generation (EFISHG) experimentally. 

HRS is the only experimental method to allow measuring the second-order NLO 

response of the charged species. Thus, we focused the HRS response in this work. 

Theoretically, Champagne et al. developed an effective method to estimate the HRS 

responses.
70-77

 According to Bersohn’s expression, the second-order NLO response 

βHRS(-2ω;ω,ω) can be extracted from HRS data by using the following equation:
78, 79 

{ }22

H ),;2( XZZZZZRS ββωωωβ +=−                (1) 

The depolarization ratio (DR), which is associated with the shape of the NLO-phore, 

given by  

2

2

XZZ

ZZZ
DR

β

β
=                                   (2) 

<β
2

ZZZ> and <β
2

XZZ> are orientational averages of the β tensor, which were calculated 

without assuming Kleiman’s conditions.
80, 81

 All reported HRS hyperpolarizabilities 

are given in au (1 a.u. = 3.6213 × 10
–42

 m
4
 V

–1
 = 8.639 × 10

–33
 esu) within the T 

convention
82

 as defined in ref. 82.  

In order to get more insights of the origin of second-order NLO responses, the 

TDDFT method has been employed to calculate the nature of excited state. The 

excited energy, oscillator strengths, and associated major contributions of the orbital 

transitions for the studied molecule were determined at the B3LYP level using 
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6-31g(d) basis sets (LANL2DZ basis sets for metal atom). TDDFT is a usefully 

accurate approach for many applications,
83

 especially, low-lying single excitations. 

 

3. Results and discussion 

3.1. The donor strength of Fc-TTF hybrid 

The typical second-order NLO chromophores have mostly focused on the donor-π 

conjugated-acceptor (D-π-A) structure. The Fc and TTF units are both the electron 

donor groups. The donor strength of the Fc unit is only comparable to the organic 

methoxyphenyl group according to experimental and theoretical studies.
36

 And the 

donor strength of the TTF unit is slightly smaller than that of the typical N, 

N-bis-(4-methoxyphenyl)phenyl-amino donor based on our previous works.
13

 

However, the donor strength of the combination of Fc and TTF units has not been 

reported and is thus worthy of exploration. Firstly, an array model of the two donor 

groups in a same molecule should be considered. Several patterns of covalently 

bonded Fc and TTF units have been reported. Recently, a novel Fc-TTF hybrid, 

FcS4TTF(R)2 (R = CF3 and SMe (H)) (see Fig. 1), has been synthesized successfully, 

where the Fc and TTF units are linked to each other through an multisulfur 

π-conjugated bridge.
84

 This compound is unique for designing the second-order NLO 

molecular system because the π-conjugated bridge would improve the coupling 

between the Fc and TTF units, and thus enhance their second-order NLO responses.            

Page 8 of 33RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 9

 

Fig. 1 Structural formula of the Fc-TTF hybrid H, reference system R, and their 

derivatives 1, 2, 3, and 4 (The yellow and blue color highlight TTF and Fc unit, 

respectively) 

Due to the Fc and TTF units are both the electron donor, we will introduce a 

π-conjugated bridge and an electron acceptor to design a new molecular system with 

D-π-A structure. A compound containing the key N, 

N-bis-(4-methoxyphenyl)phenyl-amino donor, 2, 5-divinylthienyl π-conjugated 

bridge, and the 2-dicyanomethylen-3-cyano-4-methyl-5-phenyl-5-trifluoromethyl- 

2,5-dihydrofuran acceptor (R) (see Fig. 1) has been chosen for designing the D-π-A 

structure because the second-order NLO property of this compound has been 

investigated detailedly and broadly.
85

 It has been demonstrated that this compound has 
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 10

a 2-fold improvement in the molecular first hyperpolarizability and 3-fold 

macroscopic response than the simple triphenylamino analogue.
86 

Table 1. HRS first hyperpolarizability at 1064 nm in a.u
 a
. within the T convention  

Compounds Method βHRS βHRS(DFT)/βHRS(HF) DR 

H 

HF 80 — 4.97 

LC-BLYP 148 1.85 2.64 

wB97X-D 190 2.38 2.18 

CAM-B3LYP 177 2.21 2.16 

BHandHLYP 112 1.40 1.59 

M05-2X 213 2.66 2.26 

M06-2X 248 3.10 3.08 

1 

HF 77088 — 4.95 

LC-BLYP 119182 1.54 4.99 

wB97X-D 371371 4.81 5.00 

CAM-B3LYP 1609449 20.88 5.00 

BHandHLYP 65901109 852.93 5.01 

M05-2X 21752336 282.17 5.00 

M06-2X 3097211 40.09 5.00 

2 

HF 47448 — 4.91 

LC-BLYP 69202 1.46 4.98 

wB97X-D 137184 2.89 5.00 

CAM-B3LYP 208214 4.39 5.00 

BHandHLYP 215506 4.54 5.00 

M05-2X 201306 4.24 5.00 

M06-2X 229712 4.84 5.00 

3 

HF 77679 — 4.95 

LC-BLYP 121826 1.57 4.99 

wB97X-D 423339 5.45 5.00 

CAM-B3LYP 3608947 46.46 5.00 

BHandHLYP 3021202 38.89 5.00 

M05-2X 2328114 29.97 5.00 

M06-2X 1457492 18.76 5.00 

4 

HF 52042 — 4.91 

LC-BLYP 77112 1.48 4.97 

wB97X-D 159483 3.06 4.99 

CAM-B3LYP 253183 4.86 5.00 

BHandHLYP 203016 3.90 5.00 

M05-2X 246775 4.74 5.00 

M06-2X 288005 5.53 5.00 

 
a
1 a.u. = 3.62×10

−42
 m

4
 V

−1
 = 8.64×10

−33
 esu 
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 11 

As shown in Fig. 1, the donor moiety of R (N, 

N-bis-(4-methoxyphenyl)phenyl-amino) has been replaced with the Fc-TTF group 

(FcS4TTF(SMe)2), and thus we have systems 1 and 2, where the π-A moiety of R was 

attached to the Fc-TTF group at TTF (1) and Fc (2) end, respectively. The 

frequency-dependent hyperpolarizabilities βHRS(-2ω;ω,ω) of H, 1, and 2 have been 

calculated at HF, LC-BLYP, wB97X-D, CAM-B3LYP, BHandHLYP, M05-2X, and 

M06-2X levels using 6-31+g(d) basis sets (LANL2DZ basis sets for metal atom) in 

this work. The calculated βHRS(-2ω;ω,ω) value are given in Table 1. In order to 

estimate the electron correlation effects of different functionals, the ratio between the 

DFT-derived βHRS(-2ω;ω,ω) values and the corresponding HF values also has been 

reported in Table 1. It can be found that the βHRS(DFT)/βHRS(HF) ratio depends on the 

functional and differs from one molecule to another. Compared to the HF reference, 

all DFT calculations lead to an increase of the βHRS(-2ω;ω,ω) values for all three 

compounds. For H and 2, the βHRS(DFT)/βHRS(HF) ratio is controlled in a reasonable 

range, where the ratio ranges from 1.40 to 3.10 in H and 1.46 to 4.84 in 2. However, a 

significant difference is obtained in the case of 1, where the fluctuation of 

βHRS(DFT)/βHRS(HF) ratio is very large (ranging from 1.54 to 852.93). This result 

confirms that the electron correlation effects of four functionals (CAM-B3LYP, 

BHandHLYP, M05-2X, and M06-2X) fail to describe the first hyperpolarizability 

because of a large fluctuation of βHRS(DFT)/βHRS(HF) ratio along with one molecule 

to another. By contrast, two functionals LC-BLYP and wB97X-D provide a rational 

result for the first hyperpolarizability calculation of 1, where the βHRS(DFT)/βHRS(HF) 
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ratio is 1.54 and 4.81, respectively. Especially the LC-BLYP functional, the calculated 

βHRS(DFT)/βHRS(HF) ratios of H, 1, and 2 are in a narrow range (1.85 for H, 1.54 for 1, 

and 1.46 for 2). This result indicates that the major part of electron correlation effects 

is included at the LC-BLYP level for the three systems.  

All the first hyperpolarizability calculations supported that (i) introduction of the 

π-A moiety into the studied molecular system leads to a substantial enhancement of 

the βHRS(-2ω;ω,ω) value (1 vs H or 2 vs H); (ii) the second-order NLO responses are 

sensitive to the link location between D and π-A moieties (1 vs 2), where the system 1 

(the π-A moiety of R was attached to the Fc-TTF group at TTF end) possesses the 

largest first hyperpolarizability among the three compounds. According to LC-BLYP 

calculation, the βHRS(-2ω;ω,ω) value of 1 is about 2 and 800 times as large as that of 2 

and H, respectively. (iii) The DR increases to the 5 due to introduction of the π-A 

moiety, which demonstrates the NLO-phore of 1 and 2 would display ideal 

one-dimensional structures.  

On the basis of the complex sum-over-states expression, Oudar and Chemla
87, 88

 

established a simple link between the molecular hyperpolarizability and a low-lying 

energy charge transfer transition through the two-level model,  

( ) ,
3

ge

os
ggee

E

f

∆
−∝ µµβ                             (3) 

where µgg and µee are the ground and excited state dipole moments, fos is the oscillator 

strength, and ∆Ege is the transition energy. Those factors (µee-µgg, ∆Ege and fos) are all 

intimately related, and are controlled by electron properties of the donor/acceptor and 

the nature of the conjugated bridge. 
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Table 2. TDDFT-derived excited energy (E), oscillator strength (fos), and major 

orbital transition for the system 1  

Compound Excited state f os E (eV) Major contributions 

1 3 1.97 2.38 HOMO-1→LUMO(45%) 

    HOMO→LUMO(24%) 

    HOMO-2→LUMO(24%) 

  

HOMO LUMO 

  

HOMO-1 HOMO-2 

 

The TDDFT method has been carried out to calculate the excited state of the 

system 1. The TDDFT calculated excited energy, oscillator strength, and associated 

orbital transition of the crucial excited state have been listed in Table 2. The crucial 

excited state is defined as the lowest optically allowed excited state with substantial 

oscillator strength. Our TDDFT calculations show that the crucial excited state of the 

system 1 is the third excited state. It contains the HOMO-1→LUMO (45%), 

HOMO→LUMO (24%), and HOMO-2→LUMO (24%) orbital transitions (see Table 

2). The associated frontier molecular orbitals (FMOs) of the crucial excited state also 

have been listed in Table 2. It can be found that the HOMO is mainly localized on the 

TTF unit, and the LUMO is mainly localized on the electron acceptor end, which 

indicates that both FMOs are separated completely. This result indicates that the 
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 14

HOMO→LUMO orbital transition would give a significant charge transfer (CT) from 

TTF unit to the electron acceptor end. However, due to the hardly any overlap 

between the two orbitals, such electron transition does not largely contribute to the 

crucial excited state (24%). By contrast, the major contribution arises from the 

HOMO-1→LUMO orbital transition (45%) according to our TDDFT calculations. As 

shown in Table 2, the HOMO-1 is delocalized over the whole molecule, combination 

of the electron distribution in the LUMO, which indicates that the crucial excitation of 

the system 1 can be viewed as a CT transition from the TTF unit to electron acceptor 

end. We also note that electron density on the Fc unit is very small in the series of 

occupied molecular orbitals (HOMO, HOMO-1, and HOMO-2). This indicates that 

the Fc unit does not display the role of electron donor in the system 1.  

In order to evaluate the donor strength of the Fc-TTF unit in the system 1 further, 

two new molecular systems 3 and 4 also have been considered in this work. Where 

each system only includes Fc or TTF donor (see Fig. 1). The frequency-dependent 

hyperpolarizabilities βHRS(-2ω;ω,ω) of 3 and 4 also have been calculated at the same 

levels, and are given in Table 1. As expected, all DFT calculations overestimate 

frequency-dependent hyperpolarizability βHRS(-2ω;ω,ω) value of both systems with 

respect to the HF reference. For the system 3, the LC-BLYP and wB97X-D 

functionals satisfactorily describes the βHRS(-2ω;ω,ω) value, while CAM-B3LYP, 

BHandHLYP, M05-2X, and M06-2X functionals are failed again because of the 

overestimate of βHRS(-2ω;ω,ω) value with respect to the HF reference. For the system 

4, all the DFT calculations provide the βHRS(DFT)/βHRS(HF) ratio ranging from the 
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1.48 to the 5.53. Within the series of functionals considered in this study, the best 

functional for describing the second-order NLO response of the five systems appears 

to be LC-BLYP functional because of a stable βHRS(DFT)/βHRS(HF) ratio from one 

molecule to another (1.85 for H, 1.54 for 1, 1.46 for 2, 1.57 for 3, and 1.48 for 4). The 

wB97X-D functional also provide a well result with a βHRS(DFT)/βHRS(HF) ratio 

ranging from 2.35 to 5.45 along with the series of systems.  

The LC-BLYP-derived βHRS(-2ω;ω,ω) values for 1 and 3 are 119182 and 121826 

a.u., respectively. It is clearly show that the second-order NLO responses of 1 and 3 

are very similar to each other. This result indicates that the second-order NLO 

properties of both systems are not sensitive to the presence of Fc unit (see Fig. 1). The 

Fc unit does not display the role of electron donor in the system 1, which agrees well 

with the TDDFT calculations.  

 

3.2. Redox-switchable second-order NLO response 

  The electrochemical properties of H have been reported. Cyclic voltammetry 

showed a series of reversible oxidation waves.
84

 The first redox potential E1
o/ox

 is at 

0.11 V vs Fc
+
/Fc (-0.33 V vs normal hydrogen electrode (NHE)), the second redox 

potential E2
o/ox

 appears at 0.30 V vs Fc
+
/Fc (-0.14 V vs NHE). And the first and 

second oxidation center of H has been assigned to the TTF and Fc moieties, 

respectively. We now estimate the cyclic voltammetric data of H based on the present 

DFT calculation. The theoretical estimation of the redox potential of a given 

molecular system requires determination of the free energy change of the 
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half-reactions, which is represented by the following thermodynamic cycle  

     (4) 

The ∆G(g) term represents the free energy associated with the oxidization of H in the 

gas phase; the next terms ∆Gsolvation, 1 and ∆Gsolvation, 2 correspond to the solvation free 

energies of the reduced and oxidized forms. Finally ∆G(s) term is the free energy of 

the oxidization process in solution. The molecular geometries of H and its one- and 

two-electron-oxidized (
2
H
+
oxidized and H

2+
oxidized) species have been optimized at 

B3LYP/6-31g(d) levels in this work (LANL2DZ basis sets for metal atom). On the 

basis of the optimized geometries, the free energies of the species corresponding to 

the thermodynamic cycle have been calculated at the same level. The solvation free 

energies have been taken into account via the self-consistent reaction field (SCRF) 

method, using the integral equation formalism polarizable continuum model (IEFPCM) 

solvent model.
89

 The SMD solvation model
90

 proposed by Truhalr and coworkers has 

been performed for computing solvation free energies. A dielectric constant of 

acetonitrile has been employed in this work. 
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Fig. 2 Spin density distribution of H in one- (a) and two-electron-oxidized species (b) 

  The Fe atom in H is formally in an oxidation state of +2 without unpaired d 

electrons, giving rise to a ground state with closed-shell configuration (singlet state). 

Due to removal of an electron from the singlet state, the spin state of the 

one-electron-oxidized species of H is doublet (an unpaired electron 
2
H
+
oxidized). The 

spin density distribution of 
2
H
+
oxidized has been listed in Fig. 2. It can be found that the 

unpaired electron of 
2
H
+
oxidized is mainly localized on the TTF moiety. This indicates 

that the first oxidization should take place preferentially at the TTF moiety. For the 

two-electron-oxidized species, the measurement of magnetic property showed that it 

possessed a diradical character with 3d and π spin.
84

 And thus the optimized 

calculations have been carried out based on the broken-symmetry DFT method in this 

work. Meanwhile, the singlet state of the two-electron-oxidized species (
1
H
2+
oxidized) 

also has been considered. Our DFT calculations show that the most stable species is 

the antiferromagetic state (
anti
H
2+
oxidized). The calculated total energy including the 

electronic and zero-point corrected energies of 
anti
H
2+
oxidized is ~ 82.32 kJ mol

-1
 stable 

than 
1
H
2+
oxidized. As shown in Fig. 2, the spin densities of 

anti
H
2+
oxidized are mainly 

localized over the Fe center and TTF moiety with antiferromagetic spin alignment 

(blue, α spin; green, β spin). Combined with the spin density of 
2
H
+
oxidized, all results 

indicate that the second oxidized center should be the Fe center. Taking into account 
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all the above points, our DFT calculations well reproduced the oxidation center of H 

when compared with the experimental studies. 

On the basis of the ground-state structure for the series of oxidized species of H, we 

will reproduce the redox potential of the present studies Fc-TTF hybrid. The 

half-reaction of normal hydrogen electrode (NHE) is defined as 1/2H2(g) → H
+
(aq) + 

e
-
(g), and the absolute reduction potential of the NHE has been computed to be 4.36 

eV (Note that the sign of the absolute potential depends on the direction in which the 

reaction is written: the absolute oxidation potential of the hydrogen electrode is 

negative while the absolute reduction potential is position).
91

 Using this value and 

these oxidization potentials, the free energies of the two oxidization processes are 

consequently estimated to be -4.71 and -4.48 V according to experimental studies.
84

 

Our DFT calculated energies is -4.70 and -4.49 V, which is well in agreement with the 

experimental values. 
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Fig. 3 Comparisons of the frequency-dependent first hyperpolarizability of H in 

different redox states (The wB97X-D-derived βHRS(-2ω;ω,ω) value of the 

one-electron-oxidized species has not been achieved because of the bad SCF 

convergence) 

  The frequency-dependent hyperpolarizability of 
2
H
+
oxidized and 

anti
H
2+
oxidized also 

has been calculated at HF, LC-BLYP, wB97X-D, CAM-B3LYP, BHandHLYP, 

M05-2X, and M06-2X levels using 6-31+g(d) basis sets (LANL2DZ basis sets for 

metal atom) in this work. The calculated βHRS(-2ω;ω,ω) values are compared in Fig. 3. 

It can be found that a substantial enhancement of the second-order NLO response has 

been obtained in one-electron-oxidized process, while the second-order NLO response 

has no change after two-electron oxidization. As mentioned above, the 

one-electron-oxidized center of H is TTF unit. This indicates that one-electron 

oxidization will affect the geometrical structure of the TTF unit. The crystallographic 
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study and our DFT calculations both show that the TTF unit in neutral H forms a bent 

structure, while the bent TTF unit changes to a planar structure after one-electron 

oxidization. Due to the two-electron-oxidized center is the Fc unit, the TTF unit is still 

planar after two-electron oxidization. This result shows that the first 

hyperpolarizability is sensitive to the structural transformation of the TTF unit in the 

series of oxidized processes. The planar TTF unit with the well conjugated feature 

will enhance the second-order NLO response.  

Table 3. TDDFT-derived excited energy (∆E), oscillator strength (fos), and major 

orbital transition for the system H and its one- and two-electron-oxidized species  

Compounds f os ∆E (eV) Major Contributions 

H 0.21 3.96 HOMO→LUMO+6 (+41%)   

   HOMO→LUMO+9(+22%) 
2
H
+
oxidized 0.34 0.96 βHOMO→βLUMO(100%) 

anti
H
2+
oxidied 0.26 1.29 HOMO→LUMO(100%) 

The TDDFT calculated excited energy and oscillator strength of the crucial excited 

state for H, 
2
H
+
oxidized and 

anti
H
2+
oxidized has been listed in Table 3. It can be found that 

calculated oscillator strength of the three species is on the same order. The 

one-electron-oxidized process leads to a 4-fold decrease of the excited energy, where 

it decreases from 3.96 to 0.96 eV. By contrast, the two-electron-oxidized process does 

not largely affect the magnitude of the excited energy. The calculated excited energy 

changes from 0.96 to 1.29 eV. According to the two-level model, the decrease of 

excited energy would enhance the second-order NLO properties, which is in 

agreement with the hyperpolarizability calculation.   
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Fig. 4 The HOMO of 2 (a) and the spin density distribution of its 

one-electron-oxidized species 
2
2
+
oxidized (b) 

In the purpose of improvement of the role of Fc unit in switching of second-order 

NLO response in the series of oxidized process, the system 2 may be a well candidate 

because the Fc unit acts as the role of a bridge between TTF unit and π-A moiety (see 

Fig. 1). It is well known that the redox property of molecule is closely associated with 

the nature of frontier molecular orbital. As shown in Fig. 4, the HOMO of 2 is mainly 

localized on the TTF unit. This indicates that the one-electron-oxidized center of 2 

may be the TTF unit. Thus, unrestricted optimized calculations of 

one-electron-oxidized species 
2
2
+
oxidized (the one-electronic-oxidized species has one 

unpaired electron, and thus a doublet state), are performed to check predictions made 

by molecular orbital analysis. It can be seen from Fig. 4 that the spin density of 

2
2
+
oxidized mainly localizes on the exTTF unit, which is well in agreement with the 

molecular orbital predictions. For two-electron-oxidized species of 2
2+
oxidized, two 

possible spin states (singlet and triplet state, 
1
2
2+
oxidized and 

3
2
2+
oxidized) have been 

optimized at B3LYP/6-31g(d) level (LANL2DZ basis set on metal ion). The results 

indicate that the singlet state is 40.33 kJ/mol lower than the triplet state. The NBO 

charges of Fe(II) atom and TTF unit for 2, 
2
2
+
oxidized and 

1
2
2+
oxidized have been 
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calculated at B3LYP levels using 6-31g(d) basis sets (LANL2DZ basis set on metal 

ion), and have been listed in Table 4. It can be found that the calculated NBO charge 

of the TTF unit is positive and Fe(II) center is negative. The NBO charge of TTF unit 

gets a significantly increase in one- and two-electron-oxidized processes (0.18 for 2, 

0.49 for 
2
2
+
oxidized, and 1.54 for 

1
2
2+
oxidized). By contrast, the NBO charge of the Fe(II) 

center does not change largely in the series of oxidized processes. This result also 

supports that TTF unit is the oxidized center in the series of oxidized processes. 

Table 4. HRS first hyperpolarizability at 1064 nm in a.u. within the T convention, the 

TDDFT-derived excited energy (∆E) and oscillator strength (f os), and NBO charge (Q) 

of TTF unit and Fe center for 2, 
2
2
+
oxidized, and 

1
2
2+
oxidized 

Compounds Functionals βHRS DR Q(TTF) Q(Fe) f os ∆E (eV) 

2 

LC-BLYP 69202 4.98 

0.18 -0.26 1.33 2.26 
CAM-B3LYP 208214 5.00 

M05-2X 201306 5.00 

M06-2X 229712 5.00 

2
2
+
oxidized 

LC-BLYP 595922 5.15 

0.49 -0.13 1.46 2.24 
CAM-B3LYP 71464 3.43 

M05-2X 266744 1.59 

M06-2X 71541 3.95 

1
2
2+
oxidized 

LC-BLYP 142565526 2.06 

1.54 -0.28 0.18 0.41 
CAM-B3LYP 924110 4.00 

M05-2X 2888725 2.15 

M06-2X 13657080 3.68 

a
1 a.u. = 3.62×10

−42
 m

4
 V

−1
 = 8.64×10

−33
 esu 

The frequency-dependent hyperpolarizability of 
2
2
+
oxidized and 

1
2
2+
oxidized has been 

calculated at LC-BLYP, CAM-B3LYP, M05-2X, and M06-2X levels using 6-31+g(d) 

basis sets (LANL2DZ basis sets for metal atom) in this work. The calculated 

βHRS(-2ω;ω,ω) values have been listed in Table 4. It can be found that the LC-BLYP 

functional gives the largest βHRS(-2ω;ω,ω) values for the one- and 
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two-electron-oxidized species and the smallest βHRS(-2ω;ω,ω) value for the neutral 

system 2 among all four functionals, and thus the LC-BLYP functional overestimates 

the redox-switchable effects on optical nonlinearity when compared with the 

CAM-B3LYP-, M05-2X-, and M05-2X-derived results. All four functionals show that 

the two-electron-oxidized process significantly enhances the second-order NLO 

property. Although the one-electron-oxidized process also leads to an enhancement of 

the βHRS(-2ω;ω,ω) value, this enhancement is weak relevant to the 

two-electron-oxidized process according to our DFT calculations. On the other hand, 

the DR values of 
2
2
+
oxidized and 

1
2
2+
oxidized are smaller than that of 2, which indicates 

that the NLO-phore is off ideal one-dimensional structures.  

The TDDFT calculated excited energy and oscillator strength of the crucial excited 

state for 2, 
2
2
+
oxidized and 

1
2
2+
oxidized also has been listed in Table 4. The results indicate 

that the excited energy and oscillator strength are not sensitive to the 

one-electron-oxidized process, and are on the same order of magnitude for 2 and 

2
2
+
oxidized. It is well-known that the first hyperpolarizability is inversely proportional 

to the cube of excited energy and proportional to the oscillator strength, the analogous 

magnitudes of excited energy and oscillator strength imply small change of the first 

hyperpolarizability (see Table 4). Thus it will lead to a small enhancement on the first 

hyperpolarizability in the one-electron-oxidized process. By contrast, the crucial 

excited energies of 
1
2
2+
oxidized are significantly lower than that of 2 and 

2
2
+
oxidized, the 

crucial excited energies of 
1
2
2+
oxidized are ~5.6 and ~5.3 times as small as that of 2 and 

2
2
+
oxidized, respectively. The very low excited energy will generate a substantial 

Page 23 of 33 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 24

increase in the second-order NLO responses, which is well in agreement with the 

hyperpolarizability calculations with all four functionals.  

 

4. Conclusions 

In the present paper, the HF and various DFT XC functionals have been employed 

to evaluate the HRS responses of a series of Fc-TTF hybrids. The total HRS first 

hyperpolarizability, βHRS(-2ω;ω,ω), has been calculated in gas phase within the T 

convention. The 6-31+g(d) basis sets containing diffuse and polarization functions 

have been used. The calculated HRS hyperpolarizabilities are dependent on the XC 

functionals: the long-range corrected LC-BLYP and wB97X-D functionals provide 

good performances on the computed βHRS(-2ω;ω,ω) values of the series of Fc-TTF 

hybrids.  

The donor strength of the Fc-TTF unit in the D-π-A structure has been elucidated 

through the HRS hyperpolarizability and TDDFT calculations. We found that the 

calculated hyperpolarizability is not sensitive to the presence of Fc unit. And the 

electron density distributions on the Fc unit in the series of frontier molecular orbitals 

(HOMO, HOMO-1, and HOMO-2), which is associated with the crucial excited state, 

is nearly zero. All results indicate that Fc unit in the Fc-TTF hybrid does not display 

the role of electron donor. Duo to the Fc-TTF hybrid possesses a series of reversible 

oxidation waves, the redox-switchable second-order NLO responses of Fc-TTF hybrid 

have been explored based on our DFT calculations. The HRS hyperpolarizabilities 

here computed for the one- and two-electron-oxidization have been compared. The 
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calculated HRS hyperpolarizability are not affected in any significant way by the 

two-electron-oxidization. Differently, when going from the neutral Fc-TTF hybrid to 

the one-electron-oxidized species, the HRS hyperpolarizability remarkably increases. 

Interestingly, in another system the two-electron-oxidization significantly enhances 

the HRS hyperpolarizability, while HRS hyperpolarizability is not largely affected by 

the one-electron-oxidization. 
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