
Engineering of CdS-chain arrays assembled through S···S 
interactions in 1D semiconductive coordination polymers

Journal: ChemComm

Manuscript ID CC-COM-11-2023-005689.R1

Article Type: Communication

 

ChemComm



  

 

COMMUNICATION 

  

Please do not adjust margins 

Please do not adjust margins 

Received 00th January 20xx, 

Accepted 00th January 20xx 

DOI: 10.1039/x0xx00000x 

Engineering of CdS-chain arrays assembled through S···S 
interactions in 1D semiconductive coordination polymers 

Asuka Nishibe,a Ryohei Akiyoshi,*a Akinori Saeki,b Kazuyoshi Ogasawara,a Takaaki Tsuruoka c and 
Daisuke Tanaka *a

One-dimensional (1D) Cd(II) coordination polymers [Cd(x-

SPhOMe)2]n (x = ortho, meta, and para; HSPhOMe = 

methoxybenzenethiol) containing inorganic 1D (–Cd–S–)n chains 

were synthesized. Among these, the KGF-31 polymer bearing para-

SPhOMe featured a three-strand chain structure assembled via 

interchain S···S interactions and exhibited high photoconductivity 

and longevity. 

Sulfur-coordinated coordination polymers (S-CPs)1 have 

attracted considerable attention in recent years owing to their 

potential applications in photocatalysis,2 chemiresistive 

sensing,3 and electronic devices.4 The inorganic (–M–S–)n 

structures formed in the S-CPs give rise to unique 

optoelectronic properties such as visible light absorption and 

high charge mobility.5 Although an earlier study clearly 

demonstrated that the structure of inorganic (–M–S–)n moieties 

have a significant influence on the resulting semiconductive 

properties, a weak intermolecular interaction between 

inorganic (–M–S–)n networks is neglected despite the impact of 

the assembled structures on the charge mobility. In typical 

molecular conductors such as tetrathiafulvalene (TTF) 

derivatives, S···S interactions between TTF units are crucial for 

charge delocalization.6 The assembly of inorganic (–M–S–)n 

structures via S···S interactions in S-CPs is therefore expected to 

endow further unique optoelectronic properties. 

In this study, we used Cd(II) as a metal ion because inorganic 

CdS exhibits excellent semiconductive properties.7 To date, only 

a few Cd(II) S-CPs with photocatalytic applications have been 

reported.8 For example, Cd(II) S-CP containing 1,3,4-thiadiazole-

2,5-dithiol ligand exhibits an efficient photocatalytic H2 

evolution.2a Despite its excellent semiconductive properties, 

the relationship between the crystal structures and 

semiconductive properties of Cd(II) S-CPs has not been 

systematically investigated. 

In this study, we systematically synthesized semiconductive 

Cd(II) S-CPs using methoxybenzenethiol-isomers. Benzenethiol-

derived ligands have easily modifiable structures that facilitate 

the fine-tuning of assembled structure and the (–M–S–)n 

structure.9 By changing the position of the methoxy 

substituents, we synthesized three semiconductive Cd(II) S-CPs 

with 1D inorganic (–Cd–S–)n structures assembled through S···S 

interactions: [Cd(x-SPhOMe)2]n (x = ortho (KGF-29), meta (KGF-

30), and para (KGF-31); HSPhOMe = methoxybenzenethiol) 

(Scheme 1). KGF-29 formed an isolated 1D structure containing 

1D (–Cd–S–)n chains, whereas KGF-30 and KGF-31 formed two- 

and three-strand chain structures, respectively, via S···S 

interactions between 1D (–Cd–S–)n chains. KGF-31, which has 

three-strand chains, exhibits superior photoconductivity and 

longevity than KGF-29 and KGF-30. 

Colorless needle-like crystals of KGF-29 were obtained from 

Cd(NO3)2·4H2O and (o-SPhOMe)2 (dimerized o-HSPhOMe 

through disulfide bond) via solvothermal synthesis at 100 °C for 

96 h.10 KGF-29 crystallized in the triclinic 𝑃1̅ space group (Table 

S1), with an asymmetric unit consisting of one Cd(II) ion and two 

o-SPhOMe groups (Fig. S1a). The Cd(II) center was coordinated 

by four o-HSPhOMe groups through the S atoms, yielding 

tetrahedral [CdS4] coordination units (Fig. S2a). The Cd–S bond 

lengths (2.584–2.601 Å) are comparable to those in inorganic 
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Scheme 1. Synthesis of [Cd(x-SPhOMe)2]n (x = ortho (KGF-29), meta (KGF-30), para 

(KGF-31)). 

 

Page 1 of 4 ChemComm



COMMUNICATION Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

CdS (Table S2).7 The S atoms acted as a µ2-S atom (Fig. S3a) and 

connected to the adjacent [CdS4] tetrahedron with repeated 

edge-sharing (Fig. S4a). Consequently, KGF-29 adopted a 1D 

structure containing inorganic (–Cd–S–)n chains along the a-axis 

(Fig. 1a, b). The resulting 1D structure was assembled by weak 

van der Waals (vdW) interactions between the 1D chains (Fig. 

S5a). 

Single crystals of KGF-30 were obtained from Cd(NO3)2·4H2O 

and m-HSPhOMe by solvothermal synthesis at 80 °C for 48 h. 

KGF-30 crystallized in the orthorhombic Pccn space group 

(Table S1), with an asymmetric unit consisting of one Cd(II) ion 

and two m-SPhOMe ligands (Fig. S1b). Like KGF-29, KGF-30 

featured [CdS4] tetrahedra with a central Cd(II) atom 

coordinated by four S atoms from m-SPhOMe ligands (Fig. S2b). 

The Cd–S bond lengths (2.561–2.593 Å) were similar to those of 

KGF-29 (Table S2). The S atoms of KGF-30 are also μ2-S atom 

(Fig. S3b) that form a 1D structure with repeated edge-sharing 

of [CdS4] tetrahedra along the c-axis (Fig. 1c, d, S4b). In contrast 

to KGF-29, which exhibited an isolated 1D chain structure, KGF-

30 featured two-strand chain structures formed by interchain 

S···S interactions (3.271 Å) between 1D (–Cd–S–)n chains. The 

S···S distance is smaller than the sum of the S–S vdW radii (3.60 

Å). The two-strand chains were further assembled by weak vdW 

interactions (Fig. S5b). 

Single crystals of KGF-31 were obtained from Cd(NO3)2·4H2O 

and p-HSPhOMe by solvothermal synthesis at 80 °C for 48 h. 

KGF-31 crystallized in the orthorhombic Iba2 space group (Table 

S1) containing two crystallographically non-equivalent Cd(II) 

ions (Fig. S1c), which both have [CdS4] tetrahedral geometry and 

are coordinated by S atoms of p-SPhOMe ligands (Fig. S2c). The 

Cd–S bond lengths in KGF-31 are similar to those in KGF-29 and 

KGF-30 (Table S2). All thiolate S atoms acted as μ2-S atoms (Fig. 

S3c), connecting adjacent [CdS4] tetrahedra via repeated edge-

sharing, thereby forming a 1D architecture composed of 

inorganic (–Cd–S–)n chains along the c-axis. Notably, KGF-31 

featured three-strand chains formed by interchain S···S 

interactions (3.124 Å) that are significantly shorter than those 

in KGF-30 (Fig. 1e, f, S3c). The resulting three-strand chain units 

were assembled by weak vdW interaction (Fig. S5c). 

Accordingly, KGF-29, KGF-30, and KGF-31 featured 1D 

structures with [CdS4] tetrahedral geometries and inorganic (–

Cd–S–)n chains, in which X-ray photoelectron spectroscopy 

(XPS) revealed similar coordination environments (Fig. S6). 

Considering that Cd(II) S-CP with a non-substituted SHPh ligand 

formed a three-dimensional (3D) architecture,8a,b the steric 

effect of OMe substituents may disturb the 3D extension of the 

network structure, leading to the formation of a 1D chain 

structure. Notably, the assembly of 1D chain structures is 

dependent on the position of the OMe substituents. KGF-29 

featured an isolated 1D structure, whereas KGF-30 and KGF-31 

formed two- and three-strand chains, respectively, through 

interchain S···S interactions. The differences in the structures of 

these assembled chains may also be attributed to the steric 

effect of the OMe substituents. The OMe substituents in KGF-

29 are located near the 1D (–Cd–S–)n chain and thus inhibit the 

formation of interchain S···S interactions, resulting in an 

isolated 1D structure. Conversely, KGF-30 and KGF-31 form 

two- or three-strand chains, respectively, via interchain S···S 

interaction because the OMe substituents are located farther 

from the 1D (–Cd–S–)n chain, enabling the formation of 

interchain S···S interactions. Notably, the S···S distances 

observed in KGF-30 and KGF-31 are shorter than those obtained 

for conductive MOFs containing TTF-based ligands.11 

Optimized reaction conditions determined by tuning the 

reaction temperature and solvent afforded bulk powders of 

each phase (Experimental Section in the ESI). The purity of the 

obtained products was confirmed by powder X-ray diffraction 

(PXRD) and CHN elemental analyses (Fig. S7). Scanning electron 

microscopy (SEM) images also revealed that each compound 

has needle-like or rod-like morphology. The energy-dispersive 

X-ray spectroscopy (EDS) results are consistent with the 

predicted Cd:S ratio (Fig. S8). 

 
Fig. 1. Crystal structures of KGF-29, KGF-30, and KGF-31. 1D chain structures of 

(a)(b) KGF-29, (c)(d) KGF-30, and (e)(f) KGF-31. Color code: green; Cd, yellow; S, grey; 

C, red; O. H atoms are omitted for clarity. S···S interactions are colored in purple. 

 
Fig. 2. Semiconductive properties of KGF-29, KGF-30, and KGF-31. (a) UV-Vis 

spectra, (b) Tauc plots, (c) energy diagram under vacuum level, and (d) TRMC 

spectra (λex = 355 nm). 
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The thermal stabilities of KGF-29, KGF-30, and KGF-31 were 

evaluated by thermogravimetric (TG) analyses. The TG curves of 

KGF-29, KGF-30, and KGF-31 show no apparent weight loss up 

to 240, 260, and 270 °C, respectively (Fig. S9). The chemical 

stabilities of KGF-29, KGF-30, and KGF-31 toward distilled 

water, 0.1 M HCl aq., and 0.1 M NaOH aq. were also determined 

from the PXRD patterns of samples that had been immersed in 

the corresponding solvents for 24 h. The PXRD patterns 

remained unchanged after immersion (Fig. S10). The observed 

thermal and chemical stabilities may be attributed to the 

presence of strong Cd–S bonds. 

The (–Cd–S–)n assembly formed by S···S interactions motivated 

us to investigate the semiconductive properties of the 

polymers. The optical band gaps of KGF-29, KGF-30, and KGF-31 

were evaluated by diffuse-reflectance ultraviolet-visible (DR-

UV-Vis) spectroscopy. As depicted in Fig. 2a, KGF-29, KGF-30, 

and KGF-31 exhibit UV absorption with absorption edges at 338, 

366, and 392 nm, respectively. Based on the DFT calculation 

results (see following discussion), the optical band gaps were 

estimated assuming that KGF-29 and KGF-31 are indirect 

transition semiconductors and KGF-30 is a direct transition 

semiconductor. The optical band gaps of KGF-29, KGF-30 and 

KGF-31 are 3.75, 3.77, and 3.19 eV, respectively (Fig. 2b and 

Table S3). The absolute valence band maximum (VBM) energy 

levels of KGF-29, KGF-30 and KGF-31 were –5.89, –6.30, and –

6.07 eV below vacuum level, respectively, as determined by 

photoelectron yield spectroscopy (PYS) (Fig. S11). The absolute 

energies of the conduction band minimum (CBM) levels were 

estimated to be –2.14, –2.53, and –2.88 eV below the vacuum 

level calculated from the DR-UV-Vis spectra of KGF-29, KGF-30, 

and KGF-31, respectively (Fig. 2c). The differences in the energy 

levels may be attributed to the position of the OMe 

substituents. The presence of electron-donating OMe 

substituents in the ortho- and para-positions increased the VBM 

energy levels. 

The photoconductive properties were characterized by time-

resolved microwave conductivity (TRMC) measurements. TRMC 

is a non-contact technique that uses high-frequency 

electromagnetic waves to probe photoinduced transient 

conductivity to provide information on the dynamics of 

photogenerated charge carriers at the multi-nanometer scale. 

The φΣμmax (φ = quantum yield of charge carrier generation, Σμ 

= sum of hole and electron mobility) values of KGF-29, KGF-30, 

and KGF-31 were 7.3 × 10–5, 7.4 × 10–5, and 8.8 × 10–5 cm2 V–1 s–

1, respectively (Fig. 2d). The effective lifetime (i.e., the weight-

averaged lifetimes of double-exponential fits) of KGF-29, KGF-

30, and KGF-31 were determined to be 18.8, 22.7, and 68.4 μs, 

respectively (Fig. S12). Notably, KGF-31 exhibits stronger TRMC 

signals and greater longevity than KGF-29 or KGF-30. The 

φΣμmax values of KGF-31 are relatively higher than those of the 

known photoconductive S-CPs (Table S4). 

The photoconductive pathway was elucidated from first-

principles calculations using the CASTEP software (details of the 

calculation method are given in the ESI). The calculations 

showed that KGF-29 and KGF-31 are indirect transition 

semiconductors, whereas KGF-30 is a direct transition 

semiconductor. The calculated band gaps, (i.e., the energy 

difference between the VBM and CBM) in KGF-29, KGF-30, and 

KGF-31 are 2.73, 3.01, and 2.50 eV, which are consistent with 

the trend obtained by DR-UV-Vis spectroscopy. The simulated 

band structures of KGF-29 and KGF-30 are relatively flat, with 

dispersion widths < 0.1 eV in the VBM and CBM. KGF-31 also 

exhibits a flat band in the VBM but shows a steep dispersion in 

the CBM with a width of 0.32 eV. The direction of the CBM 

dispersion in KGF-31 corresponds to the 1D structure (T-W and 

R-G) and therefore indicates that KGF-31 exhibits high electron 

mobility along the 1D chain structure (Fig. 3). These mobile 

electrons would also facilitate long-lived charge-separated 

states on the conductive path. These results were in full accord 

with the TRMC results. Density of states (DOS) analysis provides 

further information about the elements that contribute to the 

formation of band structures. The partial DOS (PDOS) of KGF-29 

showed that the VBM mainly originated from the orbitals of C 

and S atoms, whereas the CBM largely consists of Cd (22.6%) 

and C (66.0%) atoms with a small contribution from S atoms 

(3.4%). C and S atoms also contribute significantly to the VBMs 

of KGF-30 and KGF-31; however, the CBM of KGF-30 is mainly 

composed of Cd (51.8%), S (18.9%), and C (28.4%), while that of 

KGF-31 consists of Cd (68.7%), S (24.0%), and C (9.54%) (Table 

S5). The distribution of the VBM and CBM is in good agreement 

with the observed PDOS, wherein the VBM is localized on the 

SPhOMe ligand in all cases (Figs. S13–S15). However, the CBM 

of KGF-30 and KGF-31 is delocalized through the (–Cd–S–)n 

network (Fig. S14 and Fig. S15). These results demonstrate that 

the 1D (–Cd–S–)n chain strongly influences the electron mobility 

pathway. The high TRMC signal and long carrier lifetime 

 
Fig. 3. Band structures and DOS profiles of (a) KGF-29, (b) KGF-30, and (c) KGF-31. VBM energy level is presented as zero. 
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observed in KGF-31 may be attributed to the presence of the (–

Cd–S–)n three-strand chains formed by S···S interactions. The 

distance of S···S contacts in conductive metal-organic 

frameworks with TTF-derived ligands significantly influences 

the resultant conductivity.11a,b Hence, the interchain S···S 

interactions between 1D (–Cd–S–)n chains in KGF-31 promote 

further charge delocalization, resulting in high 

photoconductivity and longevity. To date, investigations 

concerned with 1D semiconductive S-CPs have been extensively 

conducted on Cu(I)-based S-CPs systems, which tend to exhibit 

hole mobility.12 In contrast, the Cd(II) S-CPs reported in this 

study exhibit electron mobility and therefore have potential 

applications for use in photocatalysts for H2 production and CO2 

reduction, as well as optoelectronic devices. 

In conclusion, we characterized the crystal structures and 

semiconductive properties of three 1D Cd(II) S-CPs [Cd(x-

SPhOMe)2]n containing 1D (–Cd–S–)n chains. KGF-29 featured an 

isolated 1D architecture, while KGF-30 and KGF-31 featured 

two- and three-strand chains assembled via interchain S···S 

interactions between inorganic (–Cd–S–)n chains. TRMC and 

first-principles calculations revealed that KGF-31 exhibits high 

photoconductivity and longevity that originate from the three-

strand (–Cd–S–)n chains. Our findings provide insights for the 

first time into the relationship between the (–M–S–)n 

assemblies in the crystal structure and the semiconducting 

properties. Future work in this area aims to synthesize two-

dimensional arrangements of 1D Cd(II) S-CPs via S···S 

interactions and explore their potential applications. 
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