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Selective synthesis of two-dimensional semiconductive 
coordination polymers with silver–sulfur network
Ryohei Akiyoshi,a Akinori Saeki,b Kazuyuki Ogasawara,a Hirofumi Yoshikawa,c Yuiga Nakamurad and 
Daisuke Tanaka*a 

Two-dimensional Ag(I) coordination polymers containing a sulfur 
coordination atom, [Ag(tzdt)]n (KGF-24), and [Ag(tzdt)(TFA)]n (KGF-
25) (Htzdt = 1,3-thiazolidine-2-thione, TFA = trifluoroacetate), were 
synthesized and characterized. Time-resolved microwave 
conductivity measurements and first-principles calculations 
revealed that KGF-24 and KGF-25 exhibit charge mobility along 
their (–Ag–S–)n network.

Electrically conductive coordination polymers (CPs) and metal–
organic frameworks (MOFs)1 are attracting increasing attention 
because of their use in a wide range of applications such as 
electrocatalysis,2 chemiresistive sensing,3 and energy storage 
materials.4 In particular, sulfur-coordinated CPs (S-CPs) 
comprising (–M–S–)n networks have been extensively 
investigated in recent years because of their excellent potential 
electrical conductivities and semiconducting properties 
resulting from charge delocalization through their infinite (–M–
S–)n structure.5 In these systems, the metal ion species and 
structural dimensionalities of the inorganic (–M–S–)n moiety of 
S-CPs significantly influence their electronic properties, 
including the band gap and charge mobility.5b,c,6

Among the various S-CPs, two-dimensional (2D) Ag(I)-based S-
CPs composed of a (–Ag–S–)n structure show remarkable 
charge-transport properties.7 For example, 2D Ag(I) S-CPs with 
benzenethiol (HSPh) derivatives [Ag(SPhX)]n (X = COOH, F, OCH3, 
OH, and NH2) exhibit high hole mobility along their 2D-extended 
inorganic (–Ag–S–)n structure. Hence, they are utilized for 
chemiresistive gas sensing.7b,c Although 2D Ag(I) S-CPs are 

promising semiconductor materials that exhibit excellent 
electronic performance, they have been mainly investigated 
using monodentate sulfur-based ligands such as HSPh7b,c,d,e,f,g 
and alkanethiol8 derivatives. In addition, their structural 
diversity is still limited.
This study focuses on the 1,3-thiazolidine-2-thione (Htzdt) 
ligand comprising a five-membered ring containing N and S 
atoms along with a thiol substituent. Huang et al. have shown 
that the Ag(I) S-CPs based on an Htzdt ligand can form one-, 
two-, and three-dimensional (i.e., 1D, 2D, and 3D) architectures 
comprising (–Ag–S–)n network.9 However, the electronic 
properties of these S-CPs are yet to be explored despite their 
excellent semiconducting property.
Motivated in part by the aforementioned studies, we herein 
investigate the semiconductive property of 2D Ag(I) S-CP 
[Ag(tzdt)]n (denoted as KGF-24). Further, we synthesize a new 
2D Ag(I) S-CP containing the Htzdt ligand, [Ag2(tzdt)(TFA)]n 
(denoted as KGF-25; TFA = trifluoroacetate), and characterize 
its semiconductive characteristics (Scheme 1). Both KGF-24 and 
KGF-25 exhibited photoconductivity along their 2D-extended 
structures composed of the (–Ag–S–)n network.

Scheme 1. Selective synthesis of [Ag(tzdt)]n (KGF-24) and [Ag2(tzdt)(TFA)]n (KGF-25) using 
CF3COOAg (M) and Htzdt (L). Synthesis at an M:L ratio of 1:1 gives rise to KGF-24, while 
yielding KGF-25 at an M:L ratio of 2:1.

KGF-24 and KGF-25 were prepared by solvothermal synthesis in 
an autoclave using CF3COOAg (M) and Htzdt (L) at M:L ratios of 
1:1 for KGF-24 and 2:1 for KGF-25 (see the Experimental Section 
in the ESI). Scanning electron microscopy (SEM) images indicate 
that both compounds were obtained as plate crystals (Fig. S1). 
The respective crystal structures were determined by single-
crystal X-ray diffraction. The crystal parameters are shown in 
Table S1. The full structural data can be obtained from the CCDC 
(2236352 and 2236353). KGF-24 crystalized in the monoclinic 
P21/c space group, consistent with the previously reported 
literature.9b The asymmetric unit was composed of a Ag(I) ion 
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and deprotonated tzdt– anion (Fig. S2a), wherein the Ag(I) 
center was coordinated by two S1 atoms and one N atom 
derived from tzdt– ligands, forming an [AgS2N] planar 
coordination structure (Fig. S3a). The Ag–S bond lengths were 
2.45 and 2.71 Å, and the Ag–N bond length was 2.20 Å. The N 
and S1 atoms of tzdt– bridged two Ag(I) centers to yield a 
dinuclear unit with an Ag–Ag bond of 2.90 Å (Fig. 1a). The Ag–
Ag bond could be attributed to the close-shell d10–d10 
interaction.10 The S1 atom of tzdt– also serves as a μ2-S atom to 
further connect dinuclear units, thus forming a 2D structure 
with an interlayer distance of 10.8 Å (Fig. 1bc and Fig. S4a). 
Notably, the 2D architecture comprises a 1D-extended [–Ag–
S–]n structure (Fig. 1d).

Fig. 1. Crystal structure of KGF-24. (a) Dinuclear coordination unit. Ag–Ag bond is shown 
by the dashed black line. (b) Packing of the 2D layer structure. (c) 2D layer structure 
parallel to the bc plane. (d) (–Ag–S–)n network in the 2D layer structure. Color code: Ag; 
dark green, S1; yellow, S2; orange, N; blue, C; gray. H atoms are omitted for clarity.

Similar to KGF-24, KGF-25 crystallized in the monoclinic P21/c 
space group, in which the asymmetric unit contained two 
crystallographically non-equivalent Ag(I) ions (Ag1 and Ag2), 
one deprotonated tzdt– anion, and one TFA– anion (Fig. S2b). 
Both the Ag1 and Ag2 centers adopt 4-fold coordination 
structures with [Ag1S2NO] and [Ag2S3O] donor sets, 
respectively (Fig. S3b). The TFA– was bi-dentate, bound to Ag1 
and Ag2. The S2 atom of the tzdt– ring and the S1 atom derived 
from the thiolate behave as coordination atoms, forming a 
tetranuclear coordination unit (Fig. 2a). In this tetranuclear unit, 
Ag–Ag bonds resulting from close-shell d10–d10 interactions 
were observed (Ag1–Ag2 = 2.95 and 3.06 Å). The S1 and S2 
atoms respectively act as μ3-S and μ2-S that connect the 
adjacent tetranuclear coordination units, forming a 2D layer 
parallel to the ac plane (Fig. 2bc). The 2D layers have an 
interlayer distance of 12.4 Å, which is larger than that of KGF-
24 because of the presence of the bulky TFA– anion (Fig. S4b). 
In the (–Ag–S–)n structure, the 2D structure of KGF-25 consists 
of two (–Ag–S–)n layers composed of alternatively aligned (–
Ag1–S1–)n and (–Ag2–S2–)n chains (Fig. 2d).
Collectively, complexation between CF3COOAg and Htzdt 
produced two kinds of 2D Ag(I) S-CPs depending on the M:L 

ratio. KGF-24 showed the formation of 2D structures composed 
of [AgS2N] coordination units, which is consistent with the 
previously reported literature.9b On the contrary, KGF-25 
formed 2D architectures comprising [Ag1S2NO] and [Ag2S3O] 
coordination units. Notably, the 2D structures comprised a 1D-
extended (–Ag–S–)n chain for KGF-24 and 2D-extended (–Ag–
S–)n layer for KGF-25. The purities of KGF-24 and KGF-25 were 
confirmed by elemental analyses and powder X-ray diffraction 
(PXRD) (Fig. S5).

Fig. 2. Crystal structure of KGF-25. (a) Tetranuclear coordination unit. Ag–Ag bond is 
shown by the dashed black line. (b) Packing structure along the c-axis. (c) 2D layer 
structure parallel to the bc plane. F atoms are omitted for clarity. (d) (–Ag–S–)n network 
in the 2D layer structure. Color code: Ag1; dark green, Ag2; teal blue, S1; yellow, S2; 
orange, N; blue, C; gray, O; oxygen, F; light green. H atoms are omitted for clarity.

The thermal stabilities of KGF-24 and KGF-25 were examined by 
thermogravimetry (TG) analysis. As shown in Fig. S6, the 
structures of KGF-24 and KGF-25 were stable up to ~170 °C 
under N2 atmosphere. Upon further heating to over 200 °C, 
both compounds mainly decomposed to Ag2S, as corroborated 
by PXRD measurements (Fig. S7).
The electronic properties and optical band gap energies of KGF-
24 and KGF-25 were investigated through diffuse-reflectance 
ultraviolet−visible (DR–UV−Vis) spectroscopy. As presented in 
Fig. 3a, KGF-24 and KGF-25 display absorption maxima centered 
at ~269 and 266 nm, respectively. The optical band gaps were 
estimated to be 3.32 eV for KGF-24 and 2.94 eV for KGF-25 from 
the Tauc plots (Fig. 3b). The absolute valence band maximum 
(VBM) was evaluated by photoelectron yield spectroscopy (PYS) 
and the VBM levels of KGF-24 and KGF-25 were determined to 
be –5.15 and –6.12 eV below the vacuum level, respectively (Fig. 
S8). Considering the optical band gaps determined using DR–
UV−Vis spectroscopy, the absolute CBM levels were estimated 
to be –1.83 eV for KGF-24 and –3.27 eV for KGF-25 below the 
vacuum level (Fig. 3c). The different electronic energy levels of 
KGF-24 and KGF-25 are attributed to the difference in the 
coordination structure and the (–Ag–S–)n network.
The photoconductive properties of KGF-24 and KGF-25 were 
investigated by time-resolved microwave conductivity (TRMC) 
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experiments (Fig. 3d). TRMC is a contactless technique that uses 
high-frequency electromagnetic wave to probe the photo-
induced transient conductivity, which provides information 
regarding the dynamics of photogenerated charge carriers at 
the multi-nanometer scale.11 Both KGF-24 and KGF-25 exhibited 
distinct TRMC signals originating from photo-generated charge 
mobility. The φΣμmax (φ = quantum yield of charge-carrier 
generation; Σμ = sum of the hole and electron mobilities) values 
of KGF-24 and KGF-25 were 8.3 × 10–5 and 2.2 × 10–5 cm2 V–1 s–

1, respectively. The value of KGF-24 is comparable to those of 
other photoconductive CPs and MOFs (Table S2).5a,6,12 
Excitation intensity dependence of TRMC experiments is 
presented in Fig. S9. With decreasing excitation intensity (ca. 
1016–1014 photon cm–2 pulse–1), the φΣμmax of KGF-24 increased 
while maintaining the decay rate, suggesting that the charge 
carrier decay mainly results from charge trapping. As for KGF-
25, the excitation intensity dependency was not obtained 
because of a weak signal (Fig. S10). Overall, since both KGF-24 
and KGF-25 exhibited TRMC signals with distinct optical band 
gaps, they qualify as semiconductors.

Fig. 3. Semiconductive properties of KGF-24 and KGF-25. (a) DR–UV−Vis spectroscopy. 
(b) Tauc plot. (c) Energy diagram below vacuum level. VBM energy level was determined 
by PYS experiments as depicted in Fig. S7. (d) Results of TRMC experiments (λex = 355 
nm; red: KGF-24, blue: KGF-25).

To gain further insights into the resultant photoconductive 
nature, first-principles calculations were carried out using the 
CASTEP software (details of the calculation methods are 
presented in the ESI).13 In the simulated band structure, the 
band gaps determined by the VBM and CBM were 2.62 eV for 
KGF-24 and 1.71 eV for KGF-25, consistent with the trends 
obtained using DR–UV–Vis spectroscopy. Notably, the 
calculated band gaps are typically lower than the experimental 
values.14 Both KGF-24 and KGF-25 displayed band dispersion 

parallel to their 2D layer (Z–G, G–Y, A–B, and D–E) in both VBM 
and CBM (Fig. 4). The dispersion width was in the range 0.2–0.4 
eV. Notably, the typical CPs possess a flat band with dispersion 
widths <0.05 eV because of weak orbital overlapping. Hence, 
the resulting steep dispersion is a strong indication that the 
charge transport is remarkable along the 2D layer.
Analysis of the density of states (DOS) provides information 
regarding the origin of the bands from the elements (the black 
line represents the total DOS and the other colored lines 
represent the partial DOS (PDOS)). The PDOS data of KGF-24 
revealed that the VBM largely consists of Ag and S atoms with 
nearly negligible contributions from the other elements of the 
tzdt– anion. The CBM, however, mainly consists of Ag, C, and N 
atoms with small contributions from the S atom. Mapping for 
the VBM and CBM demonstrates that the former is delocalized 
through the (–Ag–S–)n chain, whereas the latter is mainly 
localized on C and N atoms (Fig. S11). In KGF-25, the Ag and S 
atoms also contributed to the VBM and CBM. The mapping 
shows that the VBM is particularly delocalized throughout the 
(–Ag–S–)n structure (Fig. S12). These results clearly suggest that 
the (–Ag–S–)n network in the 2D layer plays a vital role in the 
resulting photoconductive nature. However, given the fact that 
KGF-24 exhibits a higher photoconductivity than KGF-25 despite 
its small band dispersion, it is reasonable to assume that the 
resultant photoconductivity does not originate purely from the 
band-like charge transport through the (–Ag–S–)n network, but 
that it may also be supported by the hopping charge transport.

Fig. 4. Band structure and DOS for (a) KGF-24 and (b) KGF-25. The energy level of the 
VBM is presented as zero in the band structures.

In conclusion, we selectively obtained 2D semiconductive Ag(I)-
based S-CPs, KGF-24 and KGF-25, using the molar ratio of 
CF3COOAg and Htzdt. KGF-24 and KGF-25 each formed 2D 
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structures with an extended inorganic (–Ag–S–)n network. The 
TRMC experiments demonstrated that both KGF-24 and KGF-25 
are photoconductive. First-principles calculation also revealed 
that the (–Ag–S–)n network in the 2D structure contributes to 
the resulting photoconductivity. Our results undoubtedly 
provide an additional insight into the fabrication of 
semiconductive 2D S-CPs.
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