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TDDFT studies on chiroptical properties of chiral inorganic 
polythioanion Möbius strip 

Chun-Yan Li, Ting Zhang, Jia-Shu Chi, Li-Kai Yan*
 
and Zhong-Min Su* 

The electronic circular dichroism (ECD) spectra of chiral inorganic polythioanion Möbius strip, [(Mo2S2O2)4(OH)6(C4O4) 

(Mo2O8)]
4− (1a) and its 1e- and 2e-reduced forms were investigated by using the time-dependent density functional theory 

(TDDFT) method. The simulated UV spectra of 1a agree well with the experimental spectra, confirming that CAM-B3LYP 

hybrid functional can well predict the excitation energies of polythioanion. The shapes of ECD bands for reduced forms are 

similar with that of 1a, while the rotatory strengths clearly increase with the incoming reduced electrons. The ECD spectra 

of 1a are mainly assigned to the charge transfer from {C4O4} unit and S atoms to Mo and terminal oxygen (Ot) atoms. The 

{C4O4} unit is main chiroptical chromophore. For reduced forms, the charge transfer from S atoms to Mo atoms significant 

increases with the reduced electrons. It is reasonable to predict that the chiral transfer from {C4O4} unit to {Mo2S2O2} unit 

is generated during the reduced process. 

Introduction 

Chiral materials have attracted much attention, not only 

because of their potential applications in enantioselective 

catalysis, materials science, biology, and medicine, but also 

due to their intriguing variety of architectures and 

topologies.
1,2

 Various compounds including organic 

molecules,
3
 zeolite

4
 and polyoxoanions

5
 with chiral structures 

have been reported. In recent years, polyoxoanions of 

tungsten, molybdenum, and vanadium have been the subject 

of interest since their wide variety of compositions, structures, 

and properties gave rise to numerous important applications.
6
 

However, thiometalates are less common than oxometalates.
7
 

Fortunately, the synthetic approaches for the formation of 

thiopolyoxometalates (TPOMs) with sulfur-containing cationic 

building blocks {Mo2O2S2}
2+

 and {Mo3S4}
4+

 have been 

improved.
8
 Cronin and co-workers reported a chiral 

polythioanion ring cluster [(Mo2S2O2)4(OH)6(C4O4) (Mo2O8)]
4−

 

(1a) using [Mo2S2O2(H2O)6]
2+

 and squarate dianion.
9
 At the 

same time, the nonchiral cluster 1b can be obtained, which is 

an isomer of 1a. Intriguingly, the chiral cluster 1a was always 

firstly produced in high yield, and 1b was crystallized in a much 

lower yield after 1a was separated from the mother liquor.
9
 It 

was noticed that four {Mo
V

2O2S2} units in chiral cluster 1a are 

connected to each other by hydroxo double bridges, and the 

ring is incorporated by a {Mo
VI

2O8} unit, resulting in the 

topology of a Möbius strip, which phenomenon does not occur 

to 1b. Except the synthesized strategy and novel structure of 

chiral cluster 1a, the further investigation on the related 

properties is especialy attractive. 

Chiral compounds or chiroptical properties are usually 

monitored by circular dichroism (CD) spectroscopy, which 

refers to the differential absorption of left- and right-circularly 

polarized light
10

 and was first discovered by Cotton and co-

workers in 1896.
11 

Chiral POM-based materials are often 

characterized by their CD spectra over the ultraviolet-visible 

(UV–vis) region, which is related to the electronic excitations 

and called the electronic CD (ECD) spectra. ECD spectra can 

provide information such as the origin of optical activity and 

the elucidation of electronic structures, the assignment of 

transition, and the determination of absolute configuration for 

chiral molecules.
12-14

 Nowadays, the phenomenon is emerged 

that the theoretical methods are trusted for understanding 

chemistry. The theoretical investigations on the electronic and 

chiroptical properties of chiral compound at the molecular 

scale would be valuable from both the theoretical and 

practical points of view. The previous works have already 

shown that theoretical approaches are very helpful for 

explaining the ECD spectra of chiral isomers.
15-17

 The density 

functional theory (DFT), because of its accuracy and 

computational efficiency, has in recent years become a 

popular approach for studying the optical activity. It has been 

applied to calculate the ECD spectra of a number of transition-

metal complexes
18-25

 and POMs.
26-29

 In 2012, Zhongmin Su and 

co-workers reported that the chirality transfer from chiral 

carbon atom to POM cage increases as the polyanion is 

reduced through the studies of electronic transition.
27

 These 

studies show fair agreement between DFT and experimental 

ECD spectra.  

In the present work, the time-dependent DFT (TD-DFT)  
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Fig. 1. The optimized structures [(MoV

2S2O2)4(OH)6(MoVI
2O8)(C4O4)]4-, (a) side view of 1a; (b) top view of 1a (left) and 1b (right). 

method is applied to evaluate the ECD spectra of chiral 

polythioanion ring cluster [(Mo2S2O2)4(OH)6(C4O4) (Mo2O8)]
4−

 

(1a) and its one- and two-electron reduced forms, [1a]
-
 and 

[1a]
2-

. We concern the following questions: (1) what are the 

origins of the ECD spectra for 1a and its reduced forms? (2) 

which is the chiroptical chromophore? {Mo2S2O2}, {Mo2O8} or 

{C4O4}? (3) Whether the chirality transfer occurs when 1a is 

reduced. Therefore, the ECD spectra of 1a and its reduced 

forms were simulated, and the electronic structures and 

transitions as well as the origins of the ECD spectra were 

analyzed by using DFT and TD-DFT methods. At the same time, 

1b was also studied for comparison with 1a. 

Computational details 

The calculation models are shown in Fig. 1. The geometry 

optimizations of all studied clusters were performed with the 

Gaussian 09 package
30

 at DFT level by means of hybrid 

exchange-correlation PBE0 functional.
31,32 

Considering the 

relativistic effects for the transition metal ions, LANL2DZ basis 

set containing the effective core potential (ECP) proposed by 

Hay and Wadt
33 

was applied for Mo atoms. The 6-31G* basis 

set
34

 was used for H, C, O and S atoms. The solvent effect was 

included during the geometry optimization in solvent water by 

means of the polarizable continuum model (PCM)
35

 as 

implemented in Gaussian09. Geometry optimizations were 

carried out with symmetry constraints, C2 and C2v for 1a and 

1b, respectively.  

TDDFT is one of the most popular methods for calculating 

electron absorption spectra in quantum chemistry owing to 

the accuracy and efficiency.
17, 27, 36 

Our recent work confirmed 

that the CAM-B3LYP hybrid functional
37

 using Coulomb-

attenuating method is effective to describe the charge-transfer 

excitations and absorption properties for giving excitation 

energies. Therefore, the TDDFT/CAM-B3LYP method and 6-

31G*/LanL2DZ (6-31G* for C, H, O, and S atoms; LanL2DZ for 

Mo atom) were employed to calculate the ECD spectra. The 

solvent effect was employed by PCM in TDDFT calculations. 

Gaussian band shape with a bandwidth of 0.22 eV was used to 

simulate the UV-vis/ECD spectra. 

Results and discussion 

Geometric and Electronic Structure 

From the experiment, the chiral cluster 1a was always 

produced first in high yield, and 1b crystallized in a much lower 

yield after 1a was separated from the mother liquor.
9
 1a is 

constructed by {Mo
V

2O2S2} units, which are connected to each 

other by hydroxo double bridges, and {Mo
VI

2O8} was 

incorporated. The [Mo
VI

2O8]
4−

 unit adopts two distinct 

configurations in 1a and 1b, which results in the key difference 

between 1a and 1b. Mo
VI

 atoms are five-coordinated in 1a 

while the Mo
VI

 atoms in 1b are four-coordinated. The 

symmetries for 1a and 1b are C2 and C2v, respectively. The total 

energies of 1a and 1b were calculated by different functionals 

(PBE0, B3LYP, and BP86) and basis sets (6-31G*, 6-31+G*, 6-

31++G*/LanL2DZ). The relative energies that are defined by 

ΔE=E1a-E1b are collected in Table S1 (Supporting Information) 

indicate the energy difference between 1a and 1b is small. It 

suggests that 1a and 1b are not thermodynamic controlled, 

which is in good agreement with experimental phenomenon.
9
 

The optimized bond lengths for [Mo
VI

2O8]
4−

 unit in 1a and 1b 

are shown in Table 1, and the experimental X-ray parameters 

are also included. It can be seen that the experimental 

structures are well reproduced by the present calculations.  

In order to study the electronic properties of 1a and 1b, the 

frontier molecular orbitals (FMOs) are studied and shown in 

Fig. 2. It is clearly seen that the FMOs for 1a and 1b are 

different. The highest occupied molecular orbital (HOMO) in 

1a mainly delocalizes over {C4O4} unit and the lowest 

unoccupied molecular orbital (LUMO) localizes on the two 

{Mo
V

2O2S2} units, which are away from {Mo
VI

2O8} unit. The 

HOMO of 1b mainly localizes on {Mo
VI

2O8} unit and two 

{Mo
V

2O2S2} units, which are adjacent to {Mo
VI

2O8}, and {C4O4} 

slightly contributes to HOMO, while the LUMO delocalizes over 

the {Mo
VI

2O8} and {Mo
V

2O2S2} units. Although the distributions  

of FMOs for 1a and 1b are different, the energy levels of FMOs 

 

 

 

 

 

 

 

 

 

 
 

Fig. 2. Frontier molecular orbitals for 1a and 1b. 
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Table 1. Experimental and Theoretical Optimized Bond Lengths for {MoVI
2O8} unit in 1a 

and 1b  

bond length (Å) 
1a 1b 

exp cal exp cal 

MoV
1-MoV

2 2.841 2.871 2.827 2.859 

MoV
1- Ot1 1.682 1.687 1.681 1.686 

MoV
2- Ot2 1.682 1.689 1.685 1.688 

MoV
2-O´1 2.113 2.136 2.071 2.123 

MoV
2-O´2 2.098 2.115 2.081 2.123 

MoV
1- S1 2.325 2.348 2.304 2.347 

MoV
1- S2 2.301 2.358 2.318 2.347 

MoV
2-S1 2.328 2.340 2.304 2.328 

MoV
2-S2 2.302 2.325 2.307 2.328 

are similar. From the LUMO distribution of 1a, it proposes that 

the one-electron reduced centre is the {Mo
V

2O2S2} units, which 

are away from {Mo
VI

2O8} unit. 

The ECD Spectra of 1a 

The simulated UV-vis spectra of 1a are presented in Fig. 3 

(left), and the comparison for simulated and experimental 

spectra are  shown in Fig. 3 (inset). The simulated spectra are 

in good agreement with the experimental one, confirming that 

the CAM-B3LYP hybrid functional and 6-31G*/LanL2DZ basis 

set used in this work are appropriate. Compared with the 

experimental data, the simulated maximum absorption for UV-

vis spectra is bathochromically shifted about 0.15 eV. At the 

same time, we have calculated the UV spectra of 1b, which is 

shown in Fig S1. The peaks of 1b are similar with that of 1a, 

while 1b has another peak in 3.5eV. The main absorption band 

of 1a at ∆E ≈ 4.6 eV is mainly simulated from some intimate 

excited states with uniform oscillator strengths, such as states 

106 and 108 Fig.3 (left). These excited states are usually 

composed of many electron transition, therefore an electron 

density difference map (EDDM) is used to analyze the 

molecular orbitals involved in the crucial electron transitions, 

as well as to assign the electron transition origins for the ECD 

spectrum. The EDDMs were calculated using the Gauss-Sum 

2.2.3 software package.
38

 Electron densities move from the 

purple area to the green area in this work. The EDDMs for 

excited states 5, 6, 37, 58, 66, 106 and 108 of 1a are shown in 

Fig. 4. The EDDMs show that the UV-vis spectra are mainly 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. The EDDMs for main excited states which contribute to the UV−vis spectra 

of 1a. (Electron densities move from the purple area to the green area) 

ascribed to the charge transfer (CT) transitions from the {C4O4} 

unit and S atoms to Mo atoms. For low-lying UV-vis spectra, CT 

transitions from S atoms in {Mo
V

2O2S2} units closed to {Mo
VI

2O8} 

increase in comparison to the high-lying range. 

The simulated ECD spectra for 1a are shown in Fig. 3 (right). 

The ECD bands were simulated by using a Gaussian band shape 

with a bandwidth of σ = 0.22 eV and are indicated by capital 

letters. From Fig. 3 (right), the simulated ECD spectra of 1a 

show six bands: a positive ECD band at ΔE ≈ 4.68 eV (band A), a 

weak negative ECD band at ΔE ≈ 4.47 eV (band B), a weak 

positive ECD band at ΔE ≈ 4.07 eV (band C), a negative ECD 

band at ΔE ≈ 3.66 eV (band D), a broad positive ECD band at ΔE 

≈ 3.37 eV (band E), and a weak negative ECD band at ΔE ≈ 2.84 

eV (band F). The Cotton effects around ΔE = 4.68 eV (A) ~ 3.66 

eV (D) originate from the rotatory absorptions of the excitation 

at ΔE ≈ 4.68 eV in the UV-vis spectra. We found that both the 

absorption intensity and rotatory strength for states 106, 66 

and 37 are larger, which give the main contributions to UV−vis 

and ECD spectra. It confirms that the shoulders in the 

absorption spectrum coincide with the CD bands. 

For clarity, the calculated excitation energies, transition 

states, rotatory strengths, and charge-transfer characters for 

the ECD bands of 1a are presented in Table 2, and the EDDM is  

illustrated in Table S2 (Supporting Information). Although the 

ECD bands A-F of 1a are from different excited states, the 

origins of these bands are mainly assigned to CT from O and C 

atoms of {C4O4} unit and S atoms to Mo and Ot atoms. 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Calculated UV−vis spectra of 1a (left); Experimental and simulated UV−vis spectra of 1a (inset); Calculated ECD spectra of 1a (right). The half bandwidth of σ = 0.22 eV. 
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Table 2. Excitation Energies (ΔE, eV), Transition States, Rotatory Strengths, and Charge Transfers for the ECD Bands of 1a 

Band ΔE (eV) Transition state (s) Rotatory strength(s) Charge transfer 

A 4.68 106,94 65.79, 35.62 O and C atoms of squarate anions and S to Mo, Ot 

B 4.47 67, 66, 83 -41.55, 37.03, -41.86 O and C atoms of squarate anions and S to Mo, Ot 

C 4.07 50 20.40 O and C atoms of squarate anions and S to Mo, Ot 

D 3.66 38, 37, 31, 27 -36.58, 63.61, -77.86, -50.79 O and C atoms of squarate anions and S to Mo, Ot 

E 3.37 17, 4 42.11, 34.85 O and C atoms of squarate anions and S to Mo, Ot 

F  2.84  1  -31.58  O and C atoms of squarate anions and S to Mo, Ot 

The ECD Spectra of 1e-/2e-Reduced Cluster of 1a 

In order to check whether the redox process induces the chiral 

transfer, in other words, the influence of the reduction on the 

CD spectra, the electronic structures and ECD spectra of 1e-

/2e-reduced cluster of 1a were investigated.  Both the closed-

shell singlet and the open-shell triplet ground states of the 2e-

reduced cluster are considered, and the results show that the 

total energy of the open-shell cluster is 0.239 eV lower than 

that of the closed-shell cluster. Thus, the open-shell cluster is 

more stable than the closed-shell cluster. Therefore, the ECD 

spectrum of open-shell cluster is further studied. The spin 

density distributions of [1a]
-
 and [1a]

2-
 are presented in Fig. 5. 

For one electron reduced process, the reduced centers 

concentrate on four Mo atoms, which are far from {Mo
VI

2O8} 

unit. From Table S3 (Supporting Information), the spin density 

for these four Mo atoms are 0.204, 0.187, 0.187 and 0.204, 

and the NBO charges are 0.389, 0.379, 0.379 and 0.389, 

respectively. The spin density, NBO and Mulliken charges for 

[1a]
2-

 are collected in Table S4. It is clearly seen that the extra 

electrons delocalize over eight Mo atoms.  

The FMOs of [1a]
-
 and [1a]

2-
 are shown in Fig.S2 and S3, 

which are obviously different with those of 1a. The α-HOMO 

and α-LUMO of [1a]
-
 localize on the two {Mo

V
2O2S2} units, 

which are away from {Mo
VI

2O8} unit. The β-HOMO mainly 

localizes over {C4O4} unit, while the β-LUMO mainly localizes 

over {Mo
VI

2O8} unit and two {Mo
V

2O2S2} units. The α-HOMO-1 

for [1a]
-
 is similar with the HOMO of 1a. The α-HOMO and α-

LUMO of [1a]
2-

 localize on {Mo
VI

2O8} unit and two {Mo
V

2O2S2} 

units. The β-HOMO of [1a]
2-

 localizes on {C4O4} unit and two 

{Mo
V

2O2S2} units, which are adjacent to {Mo
VI

2O8}, and the β-

LUMO mainly delocal i zes  on the two {Mo
V

2 O 2 S 2 }  

units, which are away from {Mo
VI

2O8} unit. The α-HOMO-2 of 

[1a]
2- 

is similar with the HOMO of 1a. From the differences on 

FMOs between 1a and its reduced forms, it might lead to the 

different charge transition of and affect the ECD spectra. 

 

 

 

 

 

 

 

 

 
Fig. 5. Spin density distribution computed for [1a]- (left) and [1a]2- (right). 

 

Fig. 6. Simulated ECD spectra of 1a, [1a]-  and [1a]2- 

The ECD spectra of [1a]
-
 and [1a]

2-
 were simulated and 

illustrated in Fig. 6, and the ECD spectra of 1a are also included  

for comparison. The ECD bands of 1e-/2e-reduced forms of 1a 

are similar to that of 1a, and the low energy ECD bands are 

slightly bathochromically shifted with the incoming electrons, 

while the rotatory strengths significantly increase. The 

excitation energies, transition states and rotatory strengths for 

ECD bands of [1a]
-
 and [1a]

2-
 are summarized in Table 3 and 4, 

and EDDMs for crucial transitions contributing to ECD spectra  

are shown in Fig. S4 and S5 (Supporting Information). For [1a]
-
, 

the EDDMs show that the excited states 122, 152, 156, 188, 

196, 327, and 338 are ascribed to the charge transfer from 

{C4O4} unit to Mo atoms, and the excited states 46, 52, 87, 88, 

103, 104, and 124 are contributed by the charge transfer from 

Mo and S atoms in {Mo
V

2O2S2}to Mo and O atoms in {Mo
VI

2O8}. 

According to these results, the origins of the chiroptical activity 

for [1a]
-
 are assigned to two types charge transfer transitions, 

one is from to {C4O4} unit to {Mo
V

2O2S2} and/or {Mo
VI

2O8} 

units, another one is within {Mo
V

2O2S2} and {Mo
VI

2O8} units. 

The charge transfer transitions of [1a]
2-

 are similar with that of 

[1a]
-
, while the contribution from charge transfer within 

{Mo
V

2O2S2} and {Mo
VI

2O8} units increase compared one- 

electron reduced form. In comparison with 1a, except the 

charge transfer from the {C4O4} unit to {Mo
V

2O2S2} and/or 

{Mo
VI

2O8} units, the charge transfer transitions from 

{Mo
V

2O2S2} to {Mo
VI

2O8} unit in 1e-/2e-reduced forms increase 

with the incoming electrons. 
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Table 3. Excitation Energies (ΔE, eV), Transition States and Rotatory Strengths for the 

ECD Bands of [1a]
-
 

Table 4. Excitation Energies (ΔE, eV), Transition States and Rotatory Strengths for the 

ECD Bands of [1a]
2-

 

Conclusions 

The UV–vis and ECD spectra of chiral inorganic polythioanion 

Möbius strip [(Mo2S2O2)4(OH)6(C4O4) (Mo2O8)]
4−

 (1a) are 

investigated by TDDFT calculations. The CAM-B3LYP/6-

31G*(LANL2DZ) proves sufficient to predict the excitation 

energies of studied cluster. It is interesting to find that the one 

electron reduced centers concentrate on four Mo atoms, 

which are far from {Mo
VI

2O8} unit. For two electron reduced 

process, the extra electrons delocalize over eight Mo atoms 

including six Mo
V
 and two Mo

VI
 atoms. The simulated ECD 

spectra of 1a show six bands, which originate from the charge 

transfer from O and C atoms of {C4O4} unit and S atoms to Mo 

and Ot atoms. It proposes that {C4O4} unit plays a role as an 

optically active chromophore and contributor to the 

absorptions of ECD spectra of 1a. The shapes for ECD bands of 

1e-/2e-reduced forms of 1a ([1a]
- 
and [1a]

2-
) are similar to that 

of 1a, while the rotatory strengths significantly increase. In 

comparison with 1a, except the charge transfer from the 

{C4O4} unit to {Mo
V

2O2S2} and/or {Mo
VI

2O8} units, the charge 

transfer transitions from {Mo
V

2O2S2} to {Mo
VI

2O8} unit in 1e-

/2e-reduced forms increase with the incoming electrons. The 

chirality transfer from {C4O4} unit to {Mo
V

2O2S2} and {Mo
VI

2O8} 

units is obvious with the incoming reduced electrons. 
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