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We report the synthesis, crystal structure and exfoliation of a 

new member of an important family of layered compounds: 

lamellar pyrimidinethiolate coordination polymers. 

Conductivity measurements and DFT calculations of iron(II) 

pyrimidine-2-thiolate show that this material and a related 

compound are insulators. 

Lamellar materials, with covalent connectivity in two dimensions and 

only weak van der Waals forces between the layers, can be exfoliated 

to give a suspension of nanosheets.1 This opens routes to processing 

these materials in solution2, depositing films3 and studying the 

properties of single-layer nanosheets.4 A wide range of lamellar 

materials can be exfoliated, such as graphene,5,6 inorganic 

chalcogenides7 and, more recently, coordination polymers.8–10 The 

versatility of coordination polymers and the ability to tune their 

properties makes them attractive additions to the range of two-

dimensional materials. 

 Pyrimidinethiolate compounds first attracted attention because 

the ligand adopts a wide range of coordination modes.11–15 In 2001, a 

lamellar coordination polymer, nickel(II)pyrimidine-2-thiolate was 

reported to be electronically conducting.16 Since then, the interest 

into these compounds has increased due to the expectation that the 

relatively expanded orbitals of sulfur will provide a good pathway for 

electronic conductivity between the metals and ligands.17–19 This is 

part of a growing effort to synthesise conducting coordination 

polymers.20–22 We revisited the pyrimidine-2-thiolate system, 

motivated by the prospect of exfoliating nanosheets of this important 

class of coordination polymer.  

 We synthesised a new lamellar iron(II)-pyrimidine-2-thiolate 

coordination polymer, [Fe(Py2th)2]n, and using single-crystal X-ray 

diffraction (SC-XRD) found the compound to be isostructural with the 

previously reported nickel compound (Figure 1(a)). We successfully 

exfoliated this material by sonicating the crystals in ethanol, then 

leaving the suspension to stand for 18 hours to allow the larger 

particles to sediment out of suspension. After this time the suspension 

Figure 1 (a) Lamellar structure of [Fe(Py2th)2]n. Atoms are coloured: C, grey; N, 

blue; S, yellow; Fe, orange; hydrogen atoms have been omitted for clarity. (b) 

AFM image of nanosheets of [Fe(Py2th)2]n. (c) Height profile along the white line 

shown in (b). (d) TEM image of a cluster of nanosheets of [Fe(Py2th)2]n. (e) 

Electron diffraction pattern of the nanosheet shown in (d).  
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showed strong Tyndall scattering, indicating the presence of particles 

with a size on the order of hundreds of nm. The suspension was 

deposited onto substrates for characterisation by atomic force 

microscopy (AFM) and transmission electron microscopy (TEM). AFM 

shows that the nanosheets have a terraced morphology (Figure 1(b) & 

(c)). The terrace height was around 3.2 nm, corresponding to two unit 

cells (i.e. four covalently bound layers) per terrace, and no terraces 

corresponding to single lamellae were observed. The [Fe(Py2th)2]n 

nanosheets were examined by TEM. Electron diffraction patterns of 

the nanosheets match the pattern calculated for [Fe(Py2th)2]n, 

exfoliated along the (001) planes (Figure 1(d) & (e)).  

 In the [Fe(Py2th)2]n crystals, the iron(II) ion sits in a distorted 

octahedral coordination environment with 3 sulfur and 3 nitrogen 

donors (Figure 2). Under such conditions, Fe d6 may have a high spin 

or low spin configuration. A comparison of the bond lengths to the 

expected ionic radii (Shannon radii23,24) shows that Fe is in the high 

spin d6 state (Table 1). As a result of the distorted metal site, in the Fe 

compound there is a slight elongation of the b-axis (within the 

lamellae) and a slight contraction along the c-axis (perpendicular to 

the lamellae) compared to the Ni compound. 

To better understand the electronic structure of these materials 

we carried out spin-polarised density functional theory (DFT) 

calculations. The ground state configuration of [Fe(Py2th)2]n was 

found to be d6 high-spin (in agreement with the crystal chemistry 

argument) with the HOMO-LUMO gap formed between the occupied 

dxy and unoccupied dxz state, both in the down spin channel (see Δ, 

Figure 3(b)). For [Ni(Py2th)2]n, the configuration was calculated to be 

d8 high-spin with the highest occupied states being the doubly 

degenerate eg (spin up) states. The lowest unoccupied states are the 

eg (spin down) states, which lie 0.7eV higher in energy. 

 The partial density of states and the charge density plots 

calculated for [Fe(Py2th)2]n and [Ni(Py2th)2]n at 0 K (Figure 3) show 

that the contribution of the states close to the Fermi energy, i.e. those 

relevant for conduction, are primarily localized at metal centres with 

small weights at neighbouring pyrimidine rings. For good electronic 

communication between metal dimers, one would expect rather large 

weights on the pyrimidine rings, acting as a pathway to connect 

different metal centres in the material. The calculated band structures 

for [Fe(Py2th)2]n and [Ni(Py2th)2]n are given in ESI Figure S5. The 

levels close to the Fermi energy are metal-centred orbitals and have 

very flat bands indicating that the electrons have a localized 

character. These observations suggest that, although the energy gap 

between the filled and unfilled states is small ([Fe(Py2th)2]n: 0.14 eV; 

[Ni(Py2th)2]n: 0.7 eV), the materials are better classified as insulators 

than semiconductors. As the gap is between highly localized states, 

rather than between delocalized bands, it is more appropriate to call 

the energy gap a HOMO-LUMO gap than to call it a band gap. 

 These observations led us to revisit the conductivity 

measurements reported previously. The [Ni(Py2th)2]n crystals 

synthesized using the reported procedure were a mixture of green 

plate-like crystals with a tiny amount of brown crystals, (ESI Figure S1) 

and so we optimized the conditions to obtain pure samples of the 

green crystals and large amounts of the brown crystals. Zhao et al. 

reported obtaining dark-brown, sheet-like crystals (Pbca a = 7.8860 Å, 

b = 15.5844 Å, c = 16.2399 Å at room temperature); however, our 

green plate-like crystals match this structure. The brown needle-like 

crystals have a new structure, judged from cell parameters obtained 

from SC-XRD (P21/c a=3.6580 Å, b=6.7100 Å, c=21.560 Å, β=90.64°). 

Unfortunately we were unable to fully solve the structure of the brown 

phase due to the small size of the crystals and extent of disorder; 

however, a partial solution from SC-XRD suggests that the compound 

forms one-dimensional chains. 

 Conductivity measurements were made on single crystals of the 

three materials at 30°C using our setup recently reported.25 In all 

cases, even at higher temperatures (60°C and 90°C), the resistance of 

the crystals was higher than the apparent resistance of the blank 

measurement. Given this observation and measurements of the 

crystal size by optical microscopy, we can place an upper bound of the 

conductivity of the materials (Table 2). In order to screen for the 

presence of highly conductive directions, we performed conductivity 

measurements on pressed-powder pellets. The powder 

Table 1 – Structural data determined by single-crystal diffraction at 20°C 

Bond 

Bond length (Å) Sum of Shannon radii (Å) 

[Fe(Py2th)2]n [Ni(Py2th)2]n 
High spin 

Fe d6 

Low spin 

Fe d6 

Metal-N1 2.153 2.055 
2.24 2.07 Metal-N4 2.174 2.074 

Metal-N2 2.215 2.142 

Metal-S2 2.4703 2.438 
2.62 2.45 Metal-S3 2.5480 2.452 

Metal-S2 2.7828 2.593 

Figure 3 Coordination sphere of [Fe(Py2th)2]n showing atom labels. C atoms are 

shown in grey. H atoms are omitted for clarity. 

Figure 2 (a) Spin-polarised density of states for [Fe(Py2th)2]n and [Ni(Py2th)2]n.  
The insets show charge density plots, corresponding to states near the Fermi 
energy. The small band width and the limited mixing of states across different 
elements, indicate the localized character of the materials. (b) Crystal field 
splitting of the metal d states and their occupancies for [Fe(Py2th)2]n and 
[Ni(Py2th)2]n. Δ indicates the gap between filled/unfilled spin states. 
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measurements also serve to confirm that defects or grain boundaries 

introduced during grinding do not have a positive influence on the 

conductivity. The pressed-pellet experiments gave a measureable 

current, thanks to the larger cross-section of the sample, and the 

conductivities (Table 2) were estimated from fitting the impedance 

data to an equivalent circuit (ESI Figure S3(d)). Given the low values of 

the conductivity (approx. 10-12 S cm-1), we believe these materials are 

best characterised as insulators. 

 

Table 2 - Conductivities found by AC impedance 

Material Upper bound of single 

crystal conductivity 

(S cm-1 at 30°C) 

Powder conductivity 

(S cm-1 at 30°C) 

[Ni(Py2th)2]n 8 x 10-10 4.5 x 10-13 
[Fe(Py2th)2]n 3 x 10-11 2.0 x 10-12 

Brown phase 1 x 10-9 2.2 x 10-13 

 

 The discrepancy between our results and the previous report 

could be due to the presence in the previously reported samples of an 

impurity that acts as a dopant or is itself conducting. In the previous 

report, the colour was reported as dark brown, potentially mis-

assigned due to a coloured impurity or due to the presence of a  

mixture of [Ni(Py2th)2]n and the brown phase. Under the 

hydrothermal conditions used, one must consider the possibility of 

ligand decomposition or hydrolysis. We confirmed the colours of the 

reagents and [Ni(Py2th)2]n by UV/Vis spectroscopy (ESI Figure S4). 

The [Ni(Py2th)2]n spectrum matches well to a superposition of the 

spectra of the reagents, implying that the green colour of 

[Ni(Py2th)2]n is due to metal-centred d-d transitions and ligand-ligand 

transitions. This observation indicates that there is little delocalisation 

throughout the material and reinforces the conclusion that the 

material is not conducting. 

 In summary, we have synthesised and characterised a lamellar 

coordination polymer [Fe(Py2th)2]n, which contains Fe(II) in a high 

spin d6 configuration. DFT, conductivity measurements and UV/VIS 

spectroscopy were used to elucidate the electronic structure of 

[Fe(Py2th)2]n. Using sonication, [Fe(Py2th)2]n can be exfoliated into 

nanosheets, which we have studied using AFM and TEM. Nanosheets 

of coordination polymers are valuable extensions to the scope of two-

dimensional materials. 
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