
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

ChemComm

www.rsc.org/chemcomm

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


Journal Name  

COMMUNICATION 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 1  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

www.rsc.org/ 

A Compact Planar Low-Energy-Gap Molecule with Donor–

Acceptor–Donor Nature Based on a Bimetal Dithiolene Complex
††††    

Mikihiro Hayashi,*a Kazuya Otsubo,a Tatsuhisa Kato,b Kunihisa Sugimoto,c Akihiko Fujiwarad and 
Hiroshi Kitagawa*ae

We present the first report of a compact, planar and low-energy-

gap molecule based on a ππππ-conjugated bimetal system comprising 

tetrathiooxalate (tto) skeleton. Observed low HOMO―LUMO 

energy gap (1.19 eV) is attiributed to its donor–acceptor–donor 

(D–A–D) nature because tto skeleton acts as an electron acceptor 

as well as tiny- and noninnocent bridging moiety. 

For the last half century, electron donor (D) and acceptor (A) 

molecules have been intensively developed because their 

intermolecular charge-transfer interactions play important 

roles in optical and transport properties, such as electron 

transfer in photosynthesis or carrier generation in charge-

transfer complexes.1 Lately, the direct connection of organic 

D–A molecules through π-conjugation has been investigated 

because of the molecules’ intramolecular interactions. This 

feature affords characteristic properties such as strong 

photoabsorption and intense emission in the visible region 

because of the small energy gap between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO).2 In addition to the D–A type, D–A–D 

or A–D–A-type molecules have also been developed, in which 

versatile electrochemical properties such as multiredox 

behavior and mixed valence states, as well as the 

intramolecular D–A interactions are observed. Such D–A–D or 

A–D–A systems have been applied to processes involving light 

energy, such as photoelectric conversion or molecular optical 

switching devices.3 In terms of materials for solar conversion, 

molecules that can harvest light in the near infrared (NIR) 

region are desirable because NIR radiation accounts for a large 

portion of the spectrum of sunlight. Large π-extended 

structures such as porphyrins and fullerenes have been 

explored for their NIR absorption characteristics,4 but while 

such systems are promising, small, flat D–A–D or A–D–A 

molecules are expected to be advantageous for the facile 

fabrication of molecular devices.5 However, there have been 

no reports of such compact and planar D–A–D or A–D–A 

molecules with low-energy-gap characteristics. 

Recently, organic–inorganic hybrid materials with multimetal 

centers have been studied extensively because of their unique 

multiredox behavior.6 Square planar metal dithiolene 

complexe is a typical example of them because dithilene 

ligands have a noninnocent nature based on delocalization of 

electron dencity accross the whole metal dithiolene ring in 

addition ot  a strong interaction between the d-orbitals of the 

metal atom and the p-orbitals of the sulfur atoms.7 Among the 

many kinds of dithiolene ligands, tetrathiooxalate (tto) has a 

potential to be the smallest bridging component of π-

conjugated bimetal complexes which show a multiredox 

behavior. Therefore, tto-bridged bimetal complexes are 

candidates for compact and planar D–A–D or A–D–A 

molecules; however, there are few reports because of the 

difficulty of synthesis.8 In this paper, we attempt to expose the 

D–A–D nature of a compact, planar, low-energy-gap tto-

bridged bimetal system and show the previously unrevealed 

ability of the tto skeleton to act as an electron acceptor. 

To achieve this aim, we designed a new bimetal complex: a 

tto-bridged dinuclear Ni dithiolene complex with a 

pyradinedithiole (pdt) ligand ([(tto){Ni(pdt)}2]2–). We adopted a 

synthetic method to avoid the oligomerization reaction of 

[Ni(tto)]n at the bimetallic form by adding terminal ligands 

(Scheme 1).9 Careful addition of the pdt ligand afforded 
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[(tto){Ni(pdt)}2]2– with two tetrabutylammoniums (TBA) as 

countercations (TBA2[(tto){Ni(pdt)}2]: complex 1), with a small 

synthetic yield (3.4%). According to this synthetic route, 

TBA2[Ni(pdt)2] was also obtained with a high yield (30%) due to 

high coordination abilities of both tto and pdt ligands. Single-

crystal X-ray structural analysis, 1H NMR and elemental 

analysis were utilized for characterization (see ESI). 

Single crystals were grown by a diffusion method 

(dimethylsulfoxide (DMSO)/diethylether) and the crystal 

structure of complex 1 determined at 300 K is shown in Fig. 1a. 

Some of the DMSO solvent was included in the crystal giving a 

formula of 1·2DMSO. In view of the molecular geometry, 

complex 1 has a flat structure that is attributed to full π-

conjugation at 300 K. It is known that the tto moiety can act as 

either a dianionic or tetraanionic counteranion, which has 

been structurally identified by its central CC bond length.10 The 

CC bond length of complex 1 (C(1)–C(2)) was 1.415(8) Å at 300 

K which indicates single bond rather than double bond, so that 

the tto moiety has dianionic rather than tetraanionic 

character. Resonance Raman spectroscopy reveals that 

complex 1 has an intense peak around 1130 cm–1 assigned to 

the stretching vibration of the tto skeleton. This peak position 

is clearly different from that of a structural analog of 

tetraanionic form, 1,3,4,6-tetrathiapentalene-2,5-dione (TPD), 

observed at 1480 cm–1. To confirm the constancy of the formal 

charge of tto, variable temperature single-crystal X-ray 

diffraction measurements and resonance Raman spectroscopy 

of complex 1 were performed in 50 K increments from 300 K to 

50 K. Upon cooling, thermal movement of bulky TBA+ declines 

as seen in thermal ellipsoid of carbon atoms in butyl groups 

(Fig.s 1a and ESI) and complex 1 is given space to distort its 

square-planar geometry around Ni atoms (Fig.s 1b and S3). 

Note that no drastic change in CC bond length or energy of 

scattered light in Raman spectra were observed at any 

temperature measured, despite the changes in the overall 

molecular geometry as seen in Fig.s S2 and S3. Therefore, the 

dianionic character of the tto moiety in complex 1 is stable 

over a wide temperature range. In addition, the 

thermogravimetric analysis demonstrated that complex 1 was 

thermally stable below 260 °C and the desorption temperature 

of the included DMSO was found to be 84 °C (Fig. S4). 

To investigate the electronic structure of complex 1, its 

electrochemical behavior was monitored by cyclic 

voltammetry (Fig. 2a). The open circuit potential as found to 

be –0.6 eV, and two reversible reduction waves and one 

irreversible oxidation wave were observed. In the oxidation 

region, two large spike-shaped current responses were 

observed at Ea and Ec (0.21 eV and -0.90 eV vs. Fc/Fc+) which 

correspond to two-electron oxidation and re-reduction 
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reactions of complex 1. Previous research indicates that these 

spike-shaped ones can be attributed to redissolution processes 

on the surface of the electrode that generate electrically 

conductive but insoluble forms of oxidized complex 1.8 In 

addition, the large split between Ea and Ec (∆E = 1.12 eV) may 

be attributed to structural changes in the oxidized state, for 

example a dimerization reaction.11 On the other hand, in the 

reduction region, two reversible redox reactions were clearly 

observed at –0.98 eV (E0′(1)) and –1.69 eV (E0′(2)) (vs. Fc/Fc+). 

These reduction processes were assigned to two successive 

one-electron redox reactions with potential splitting of 0.7 eV 

caused by on-site coulomb repulsion. It is noteworthy that 

complex 1 has a narrow HOMO–LUMO energy gap (1.19 eV) 

that is the same as that of large porphyrin dimers with 

extended π-conjugated structures.4  

As shown in Fig. 2b, theoretical calculations suggest that the 

HOMO and LUMO of complex 1 are mainly located on two 

sites of Ni(pdt) (an antisymmetric combination of dxz and pz 

orbitals) and on the tto moiety (π∗-orbital), respectively. It 

should be noted that the contribution of πsyn and πanti-orbitals 

on the tto moiety is especially prominent in the LUMO and 

LUMO+7 (Fig. S5a). Therefore, the electronic structure of 

complex 1 is described as a D–A–D type. This consideration is 

theoretically and experimentally supported as follows. Firstly, 

as shown in Fig.s 2a and S5b, electrochemically observed 

oxidation potential of TBA2[Ni(pdt)2] (–0.40 eV vs. Fc/Fc+) 

(considered to be D) and reduction potential of TPD  (–0.26 eV 

vs. Fc/Fc+) considered as a two-electron reduced form of tto
2- 

are close. This experimental result indicates energy levels of 

HOMO of [Ni(pdt)2]2- and LUMO of tto
2- are expected to be 

close. Secondly, in terms of the donor–acceptor interaction, 

the dxz orbital of Ni atom comprising calculated HOMO of 

[Ni(pdt)2]2- and pz orbitals of sulfur atoms involved in 

calculated LUMO of tto
2- are in phase enough to interact with 

each other. These results indicate complex 1 has a D–A–D –

type of electronic structure, so that the empty π-orbital of the 

tto skeleton (b1u) strongly contributes to the reduction 

reaction accompanied by structural changes related to the 

orbital of b1u (Fig. 3).  

To examine the one-electron reduced state of complex 1, 

changes in the absorption spectrum were investigated using 

chemical and electrolytic reduction methods. As shown in Fig. 

4, complex 1 has an intense absorption band around 1150 nm 

assigned to the HOMO–LUMO transition by TD–DFT 

calculations. By adding CoCp2 as a reducing agent, the 

spectrum gradually changes, with an isosbestic point and 

generation of a red-shifted band at 1373 nm. Similar spectral 

transitions were also observed in the electrolytic absorption 

measurement by applying –0.9 V (vs. Fc/Fc+) (Fig. S6). Electron 

spin resonance (ESR) measurements (Fig. 4, inset) revealed 

that the one-electron reduced state of complex 1 is an anionic 

radical with anisotropic g factors (g⊥ = 2.043 and g// = 2.009). 

Note that the LUMO of complex 1 was composed of not only π 

but also dxz orbitals because of the noninnocent nature of the 

tto skeleton, meaning that the reduced state of complex 1 is 

not a pure π-radical.12 These results strongly indicate that 

complex 1 can be defined as a compact D–A–D type of 

molecule, because the tiny tto skeleton can accept electrons. 

In addition, complex 1 also has an intense absorption in the 

NIR region in the solid state (Fig. S7). Therefore, complex 1 can 

potentially be applied to molecular devices that can harvest 

NIR light, for example, thin-film solar cells. In these devices, 

complex 1 has a potential to give higher carrier mobility than 

anything available today because complex 1 with small counter 

cation, such as alkali metals is expected to be stacked closely 

and afford p- or n-type carrier in solid device due to its 

compact and flat structure as well as rich redox properties 

based on D–A–D nature. 

In conclusion, a new compact, planar, D–A–D type of binickel 

complex with low-energy-gap characteristics was successfully 

synthesized. The variable temperature measurements of 

single-crystal X-ray diffraction and resonance Raman 

spectroscopy measurements demonstrated that the tto is in a 

stable dianonic state. Electrochemical analysis and theoretical 

calculations show that the electronic structure of complex 1 is 

of the D–A–D type with a narrow HOMO–LUMO energy gap. 

By the use of electrolytic and chemical reduction, a strong 

absorption in the NIR region of complex 1 was confirmed by 

absorption spectroscopy, and assigned to the transition from 

HOMO to LUMO. Moreover, the one-electron reduced state of 

complex 1 has an anionic radical character that consists of not 

only π- but also d-orbitals because of the noninnocent nature 
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of the tto moiety. The tto-bridged bimetal D–A–D system may 

be a promising molecule with compact, planar and low-energy-

gap characteristics for molecular devices, especially for 

photoelectric conversion. 
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