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Abstract: Assembly of a novel ethylenedithio-tetrathiafulvalene (EDT-TTF) derivative bearing 

two adjacent 4-thiopyridyl groups with M(NCS)2 nodes (M = Fe, Co) leads to two isostructural 

1D coordination polymers showing an enhancement of their electronic conductivity by six 

orders of magnitude (10-6 vs 10-12 S/cm), upon surface oxidation by iodine and subsequent 

generation of EDT-TTF-based radicals. 

 

Owing to their crystallinity and porosity, Metal-Organic Frameworks (MOFs) and Coordination 

Polymers (CPs)1 have emerged as an interesting class of hybrid materials with development in 

diverse fields such as gas sorption and storage,2 catalysis3 or sensing,4 for example. 

Interestingly, the well-defined and robust structure of MOFs is, in most cases, constructed by 

assembly of non-redox-active organic ligands with hard metal cations with a poor orbital 

overlap and thus no favourable pathway for charge transport. Therefore, the vast majority of 

MOFs consists of electrically insulating frameworks. The quest for conducting architectures 

thus represents a current challenge that has triggered intense research,5 fuelled by potential 

electrochemical or energy-related applications.6 Three main mechanisms have been identified 

and promoted to prepare such conducting porous coordination polymers: by introduction of 

guest molecules/dopants,7-8 by through-bond9 or through-space10,11 conduction. In the latter 

case, charge delocalization occurs via an appropriate overlap of the organic components of the 

network. In this context, the choice of redox-active ligands and the control of their relative 

arrangement while retaining porosity of the crystalline material are essential. Recently, a 

particular emphasis has been put on the use of tetrathiafulvalene (TTF) derivatives for the 

mailto:sbaudron@unistra.fr
mailto:hosseini@unistra.fr


construction of MOFs,12,13 in light of their capacity to reversibly form a stable radical cation 

and to be readily functionalized by coordinating groups.14 This has led to the development of 

some conducting MOFs8,10 showing a favourable stacking of the partially oxidized sulfur-rich 

moieties. However, design strategies to obtain MOFs featuring an organization of the redox-

active core akin to the one observed in reported metallic and superconducting TTF-based charge 

transfer salts,15 to promote a transport pathway, while forming porous networks, remain to be 

fully developed and exploited. Whereas interpenetration16 has been explored to favour a closer 

packing of organic fragments of MOFs within crystals, interdigitation17 appears as an appealing 

alternative approach that has not been pursued in the development of electron conducting 

systems, to the best of our knowledge. Indeed, one can envision that coordination networks of 

lower dimensionality (1 or 2D) bearing pendant redox-active fragments known to stack may 

result in a 3D arrangement in the crystal featuring an organization of the electro-active moieties 

adequate for conductivity upon oxidation, along with potential porosity. For example, as 

proposed herein, dissymmetrical ligands comprising, on one hand, coordinating units, and, on 

the other hand, an extended sulfur-rich core are expected to form 1D coordination networks 

bearing peripheral TTF cores prone to interdigitation18 in the crystalline state (Fig. 1). It is 

foreseen that partial oxidation of the crystalline networks may lead to the promotion of a charge 

transport pathway and hence to conducting materials. 

We report here on the successful application of this strategy using ligand 1 (Fig. 2) and its 

assembly with M(NCS)2 (M = Fe, Co) nodes to form interdigitated architectures by stacking of 

TTFs. The conductivity of these materials has been studied in both their native - as synthesized 

- form and upon oxidation with iodine, showing a dependence on the doping of the crystals. 

 

 

Fig. 1. Schematic representation of the construction strategy proposed for the formation of 

conducting MOFs by interdigitation of coordination polymers bearing pendant electro-active 

cores. 



Ligand 1 (Fig. 2) has been designed to incorporate an ethylenedithio-tetrathiafulvalene core 

(EDT-TTF) functionalized by two adjacent 4-thiopyridine groups. The choice of the EDT-TTF 

moiety and of sulfur-bridged peripheral units was motivated by the enhanced capacity of such 

species to stack upon increasing the number of sulfur atoms.18 The two coordinating groups 

were introduced on the same side of the molecule to favour the formation of coordination 

networks bearing pendant redox-active fragments, as desired. 

 

 

Fig. 2. Synthesis of 1 and its crystal structure determined by X-ray diffraction. 

 

Compound 1 was prepared in 28 % yield by cross coupling with P(OEt)3 of dithiolone 219 with 

dithiolthione 320 (Fig. 2). The compound was characterized in solution by 1H- and 13C-NMR 

and UV-visible spectroscopies, by high-resolution mass spectrometry and single-crystal X-ray 

diffraction (Monoclinic, P21/c) (see ESI for details). The electrochemical properties of 1 were 

characterized by cyclic voltammetry in CH2Cl2 solution (Fig. ESI 4). As expected for such an 

EDT-TTF derivative, two reversible oxidation processes could be observed (E1/2
1 = 0.20 V and 

E1/2
2 = 0.55 V vs Fc/Fc+).  

Upon slow diffusion of an EtOH solution of M(NCS)2 into a CHCl3 solution of 1, crystals of 

the two isostructural networks (1)2M(NCS)2(CHCl3)3 (M = Co, 4; Fe, 5) were obtained 

(Monoclinic, space group C2/c). The structure of the Co network 4 is presented in Fig. 3. The 

metal cation is in an octahedral environment, bound to two thiocyanate anions in apical 

positions (dM-N = 2.078(3) Å for 4, 2.110(3) Å for 5) while four pyridine groups belonging to 

four different bridging molecules of 1 occupy the square base (dM-N = 2.201(3), 2.205(3) Å for 

4, 2.241(3), 2.250(3) Å for 5). This leads to a one-dimensional coordination network along the 

c axis, with metal cations separated by 10.10 Å within the chain (Fig. 3). The CC and CS bond 

distances within the central TTF core are similar to the ones observed in the structure of free 1 

(dC=C = 1.345(2) for 1; 1.337(4) for 4; 1.333(4) Å for 5) and the EDT moiety is more bent with 

respect to the central TTF unit in the networks than in the free ligand (12.91° for 1 vs 34.27 and 

34.36° for 4 and 5 respectively). This suggests that the electro-active core is neutral in the 

networks, as confirmed by EPR (vide infra). Interestingly, in the crystals, the networks 

interdigitate by stacking of the sulfur-rich cores along the b axis with dS•••S varying from 



3.513(1) to 3.598(1) Å for 4 and from 3.530(1) to 3.600(1) Å for 5 (Fig. 3). These contacts 

between consecutive TTFs involve alternatively the sulfur atoms of two central cores or of the 

thiopyridyl groups and the central unit (Fig. 3). The stacking results in the formation of 1D 

channels along the b axis, occupied by CHCl3 molecules, thus separating TTF stacks. Our initial 

attempts at investigating the porosity of the materials have showed a decomposition upon 

thermal activation at 80°C, resulting in a small specific surface (6 m2/g, BET). 

 

 

Fig. 3. One-dimensional coordination network in the crystal structure of network 4 (a), view of 

the interdigitated arrangement (b) and EDT-TTF stack along the b axis (c). Hydrogen atoms 

and CHCl3 molecules have been omitted for clarity. The positional disorder of the 

ethylenedithio group is also not shown. 

 

While the organization of the electro-active cores within the crystals for 4 and 5 (Fig. 3c) is 

analogous to what is observed in TTF-based charge transfer salts,18 the presence of oxidized 

TTFs in radical form is also a prerequisite to conductivity in these systems.21 The EPR signature 

of radical cation 1+• was obtained by exposure of a powder sample of compound 1 to I2 vapour 

and consists in a signal centred at 350 mT and with giso = 2.006 (Fig. 4a) as expected for such 

species.22 EPR spectra collected on native networks 4 or 5 showed only the EPR signature of 

the Co and Fe coordination polymers (see Fig. ESI 6 and 7), thus emphasizing the absence of 



the EPR signal of the cation radical 1+•. This contrasts with reports on TTF-based MOFs for 

which the solvothermal conditions used for the synthesis induced a partial oxidation of the 

ligands and hence the presence of organic radicals.10 It may be explained by the softer 

crystallization conditions employed here (liquid-liquid diffusion at room temperature) as well 

as by the nature of the TTF derivative itself; EDT-TTFs are harder to oxidize than tetraphenyl-

appended TTF species.23 

 

 

Fig. 4. Room temperature X-band EPR spectra : a) polycrystalline powder of 1 upon exposure 

to I2 vapor showing the 1+• signature b) signal associated to 1+• observed at room temperature, 

upon leaving polycrystalline powder of 4 in a CHCl3 solution of I2 (0.05 M) for 3 hours (right). 

 

The post-synthetic formation of radicals in the materials was then explored. As for the free 

ligand, iodine was considered as oxidant, since it is compatible with the redox characteristics 

of 1 and it has been used in the literature for the oxidation of other TTF- and dithiolene-based 

MOFs.8 While exposure of crystals of 4 and 5 to I2 vapour led to the appearance of the EPR 

signature of radical 1+•, a loss of crystallinity of the materials could be observed. Oxidation in 

solution was therefore considered as an alternative. Crystals of 4 and 5 were left to stand in a 

CHCl3 solution of I2 [0.05 M] for several hours leading to a darkening of the crystal faces (see 

Fig. ESI 5 for photographs of the crystals throughout the oxidation process). Once again, partial 

oxidation was confirmed by the presence of the EPR signature of 1+• (Fig. 4b for 4 and Fig. ESI 

7b for 5).  

Powder X-ray diffraction indicated that the samples remained crystalline with retention of the 

original structure throughout the oxidation process (Fig. 5). Data collection on single crystals 

of network 4 exposed to I2 [0.05 M] for 3 hours could be performed, allowing the structure 

determination of the oxidized samples. Interestingly, in the channels formed by stacking of the 

coordination polymers, the presence of CHCl3 was observed but residues associated with 

iodide-based anions could not be clearly identified. A similar phenomenon has been recently 

reported for a TTF/TCNQ based MOF where no inclusion of iodine could be observed.13h This 



suggests that formation of radicals is taking place solely at the surface of the materials. This has 

been confirmed by EDX analysis with a SEM demonstrating the presence of iodine in a uniform 

fashion at the surface of oxidized crystals of 4 and 5 (Fig. ESI 8 and 9). 

 

 

Fig. 5. X-Ray powder patterns of 4 (top) and 5 (bottom): simulated from single-crystal data (in 

black), obtained from as-synthesized material (in red) and upon treatment with a 0.05 M of I2 

solution in CHCl3 (in blue). Difference in peak intensity result from preferential orientation. 

 

Conductivity measurements were performed on pressed-pellets and single-crystals of networks 

4 and 5, in both their native and oxidized forms (Fig. ESI 10-12). For both as-synthesized 

materials, a room-temperature conductivity below 10-13 S/cm indicating an insulating behaviour 

was measured in either form (single-crystal and pressed pellets). Upon exposure to I2, the 

conductivity measured on single-crystals reached 10-6-10-7 S/cm highlighting the positive effect 

of the formation of radicals. Surprisingly, no orientation effect could be observed. The value of 

conductivity was indeed similar, when measured along the stacking direction of the TTF cores 

or perpendicularly. Slightly higher conductivities were measured on pressed pellet samples 

(average = 1.1  10-5 S/cm for 4). This may be explained by the larger surface area/volume ratio 

of the samples used for the pellet measurements. Indeed, since the pellets are composed of 

smaller particles on average than for the single-crystal studies, there may be more iodine 

incorporation and a higher doping level with a doping limited to the surface.  

In conclusion, the assembly of a novel EDT-TTF derivative bearing two adjacent 4-thiopyridyl 

groups with M(NCS)2 nodes (M = Fe, Co) has led to two isostructural 1D coordination polymers 

featuring a stacking of the pendant sulfur-rich cores. While the as-synthesized materials include 



neutral TTFs as demonstrated by EPR measurements and are insulating, treatment with iodine 

in solution resulted in surface oxidation and hence appearance of organic radicals inducing an 

enhancement of the electronic conductivity by six orders of magnitude (10-6 vs 10-12 S/cm). The 

foregoing results show that interdigitation/stacking of coordination of networks of lower 

dimensionality followed by post-synthetic oxidation is an effective approach for the elaboration 

of conducting systems. Future work will aim at exploring other TTF derivatives, modulating 

their acceptor character and stacking by modification of the EDT moiety, as well as the 

elaboration of porous materials. 

 

Conflicts of interest 

There are no conflicts to declare. 

 

Acknowledgements 

We thank the Université de Strasbourg, the C.N.R.S., the International centre for Frontier 

Research in Chemistry (icFRC), the Labex CSC within the Investissement d’Avenir program 

ANR-10-IDEX-0002-02 (Ph. D. fellowship to D. B.) and the Ministère de l’Enseignement 

Supérieur, de la Recherche et de l’Innovation for financial support, E. Devaux for EDX analysis 

and B. Louis and R. Amaral for BET analysis. Work in the Dincă lab (L. S. X. and M. D.) was 

supported by the U.S. Department of Energy, Office of Science, Office of Basic Energy 

Sciences (DE-SC0018235). L. S. X. thanks the National Science Foundation for support 

through the Graduate Research Fellowship Program (1122374). 

 

References 

1 a) H. C. Zhou, J. R. Long and O. M. Yaghi, Chem. Rev., 2012, 112, 673, Metal-Organic 

Frameworks special issue. b) H. C. J. Zhou and S. Kitagawa, Chem. Soc. Rev., 2014, 43, 5415, 

themed issue on metal-organic frameworks. 

2 X. Zhao, Y. Wang, D.-S. Li, X. Bu and P. Feng, Adv. Mat., 2018, 30, 1705189. 

3 a) J. Gascon, A. Corma, F. Kapteijn, F. X. Llabres i Xamena, ACS Catal., 2014, 4, 361. 

b) C. Wang, B. An and W. Lin, ACS Catal., 2019, 9, 130. 

4 a) L. E. Kreno, K. Leong, O. M. Farha, M. Allendorf, R. P. Van Duyne and J. T. Hupp, 

Chem. Rev., 2012, 112, 1105. b) M. G. Campbell and M. Dincă, Sensors, 2017, 17, 1108. c) W. 

P. Lustig, S. Mukherjee, N. D. Rudd, A. V. Desai, J. Li and S. K. Ghosh, Chem. Soc. Rev., 

2017, 46, 3242. 



5 a) D. M. D’Alessandro, J. R. R. Kanga and J. S. Caddy, Aust. J. Chem., 2011, 64, 718. 

b) C. H. Hendon, D. Tiana and A. Walsh, Phys. Chem. Chem. Phys., 2012, 14, 13120. c) G. 

Givaja, P. Amo-Ochoa, C. J. Gomez-Garcia and F. Zamora, Chem. Soc. Rev., 2012, 41, 115. d) 

L. Sun, M. G. Campbell, and M. Dincă, Angew. Chem. Int. Ed., 2016, 55, 3566. e) D. M. 

D’Alessandro, Chem. Commun., 2016, 52, 8957. f) Y. Zhang, S. N. Riduan and J. Wang, Chem. 

Eur. J., 2017, 23, 16419. g) S. K. Bhardwaj, R. Kaur, J. Mehta, A. L. Sharma, K.-H. Kim and 

A. Deep, J. Mater. Chem. A, 2018, 6, 14992. 

6 a) M. D. Allendorf, A. Schwartzberg, V. Stavila, A. A. Talin, Chem. Eur. J., 2011, 17, 

11372. b) A. Morozan and F. Jaouen, Energy Environ. Sci., 2012, 5, 9269. c) I. Stassen, N. 

Burtch, A. Talin, P. Falcaro, M. Allendorf and R. Ameloot, Chem. Soc. Rev., 2017, 46, 3185. 

d) J. Zhou and B. Wang, Chem. Soc. Rev., 2017, 46, 6927. e) H. B. Wu and X. W. Lou, Sci. 

Adv., 2017, 3, eaap9252. 

7 a) A. A. Talin, A. Centrone, A. C. Ford, M. E. Foster, V. Stavila, P. Haney, R. A. 

Kinney, V. Szalai, F. El Gabaly, H. P. Yoon, F. Léonard and M. D. Allendorf, Science, 2014, 

343, 66. b) C. Schneider, D. Ukaj, R. Koerver, A. A. Talin, G. Kieslich, S. P. Pujari, H. Zuilhof, 

J. Janek, M. D. Allendorf and R. A. Fischer, Chem. Sci., 2018, 9, 7405. c) M. L. Aubrey, B. M. 

Wiers, S. C. Andrews, T. Sakurai, S. E. Reyes-Lillo, S. M. Hamed, C.-J. Yu, L. E. Darago, J. 

A. Mason, J.-O. Baeg, F. Grandjean, G. J. Long, S. Seki, J. B. Neaton, P. Yang and J. R. Long, 

Nat. Mater., 2018, 17, 625. d) C.-W. Kung, K. Otake, C. T. Buru, S. Goswami, Y. Cui, J. T. 

Hupp, A. M. Spokoyny and O. K. Farha, J. Am. Chem. Soc., 2018, 140, 3871. 

8 a) Y. Kobayashi, B. Jacobs, M. D. Allendorf and J. R. Long, Chem. Mater., 2010, 22, 

4120. b) H.-Y. Wang, J.-Y. Ge, C. Hua, C.-Q. Jiao, Y. Wu, C. F. Leong, D. M. D’Alessandro 

and J.-L. Zuo, Angew. Chem. Int. Ed., 2017, 56, 5465. c) J. Su, T.-H. Hu, R. Murase, H.-Y. 

Wang, D. M. D’Alessandro, M. Kurmoo and J.-L. Zuo, Inorg. Chem., 2019, 58, 3698. 

9 a) J.-H. Dou, L. Sun, Y. Ge, W. Li, C. H. Hendon, J. Li, S. Gul, J. Yano, E. A. Stach 

and M. Dincă, J. Am. Chem. Soc., 2017, 139, 13608. b) X. Huang, S. Zhang, L. Liu, G. Chen, 

W. Xu and D. Zhu, Angew. Chem. Int. Ed., 2018, 57, 146. c) K. S. Pedersen, P. Perlepe, M. L. 

Aubrey, D. N. Woodruff, S. E. Reyes-Lillo, A. Reinholdt, L. Voigt, Z. Li, K. Borup, M. 

Rouzières, D. Samohvalov, F. Wilhelm, A. Rogalev, J. B. Neaton, J. R. Long and R. Clérac, 

Nat. Chem., 2018, 10, 1056. 

10 a) T. C. Narayan, T. Miyakai, S. Seki and M. Dincă, J. Am. Chem. Soc., 2012, 134, 

12932. b) S. S.Park, E. R. Hontz, L. Sun,; C. H. Hendon, A. Walsh, T. Van Voorhis and M. 

Dincă, J. Am. Chem. Soc., 2015, 137, 1774. c) L. Sun, S. S. Park, D. Sheberla and M. Dincă, J. 

Am. Chem. Soc., 2016, 138, 14772. d) L. S. Xie and M. Dincă, Isr. J. Chem., 2018, 58, 1119. 



e) L. S. Xie, E. V. Alexandrov, G. Skorupskii, D. M. Proserpio and M. Dincă, Chem. Sci., 2019, 

10, 8558. f) J. Castells-Gils, S. Mañas-Valero, I. J. Vitórica-Yrezábal, D. Ananias, J. Rocha, R. 

Santiago, S. T. Bromley, J. J. Baldoví, E. Coronado, M. Souto and G. Minguez Espallargas, 

Chem. Eur. J., 2019, 25, 12636. 

11 D. Chen, H. Xing, Z. Su and C. Wang, Chem. Commun., 2016, 52, 2019. 

12 H.-Y. Wang, L. Cui, J.-Z. Xie, C. F. Leong, D. M. D’Alessandro and J.-L. Zuo, Coord. 

Chem. Rev., 2017, 345, 342. 

13 a) T. L. A. Nguyen, R. Demir-Cakan, T. Devic, M. Morcrette, T. Ahnfeldt, P. Auban-

Senzier, N. Stock, A.-M. Goncalves, Y. Filinchuk, J.-M. Tarascon and G. Férey, Inorg. Chem., 

2010, 49, 7135. b) C. F. Leong, B. Chan, T. B. Faust and D. M. D’Alessandro, Chem. Sci., 

2014, 5, 4724. c) H.-Y. Wang, Y. Wu, C. F. Leong, D. M. D’Alessandro and J.-L. Zuo, Inorg. 

Chem., 2015, 54, 10766. d) J. Su, S. Yuan, H.-Y. Wang, L. Huang , J.-Y. Ge , E. Joseph, J. Qin, 

T. Cagin, J.-L. Zuo and H.-C. Zhou, Nat. Comm., 2017, 8, 2008. e) S. Sen, N. Hosono, J.-J. 

Zheng, S. Kusaka, R. Matsuda, S. Sasaki and S. Kitagawa, J. Am. Chem. Soc., 2017, 139, 18313. 

f) M. Souto, A. Santiago-Portillo, M. Palomino, I. J. Vitórica-Yrezábal, B. J. C. Vieira, J. C. 

Waerenborgh, S. Valencia, S. Navalon, F. Rey, H. Garcıa and G. Minguez Espallargas, Chem. 

Sci., 2018, 9, 2413. g) G. Hu, N. Xiao, L. Wang, L. Shen, X. Li, H. Xu, L. Han and X. Xiao, J. 

Solid State Chem., 2019, 270, 247. h) H.-Y. Wang, J. Su, J.-P. Ma, F. Yu, C. F. Leong, D. M. 

D’Alessandro, M. Kurmoo and J.-L. Zuo, Inorg. Chem., 2019, 58, 8657. 

14 D. Lorcy, N. Bellec, M. Fourmigué and N. Avarvari, Coord. Chem. Rev., 2009, 253, 

1398.  

15 P. Batail, Chem. Rev., 2004, 104, 4887. 

16 a) S. R. Batten and R. Robson, Angew. Chem. Int. Ed., 1998, 37, 1460. b) H.-L. Jiang, 

T. A. Makal and H.-C. Zhou, Coord. Chem. Rev., 2013, 257, 2232. c) Y.-N. Gong, D.-C. Zhong 

and T. B. Lu, CrystEngComm, 2016, 18, 2596. 

17 S. Horike, S. Shimomura and S. Kitagawa, Nat. Chem., 2009, 1, 695. 

18 a) T. Mori, Bull. Chem. Soc. Jpn., 2016, 89, 973. b) M. A. Niyas, R. Ramakrishnan, V. 

Vijay and M. Hariharan, Chem. Eur. J., 2018, 24, 12318. 

19 D. Bechu, G. Rogez, M. W. Hosseini and S. A. Baudron, New J. Chem., 2019, 43, 

14291. 

20 K. B. Simonsen, N. Svenstrup, J. Lau, O. Simonsen, P. Mørk, G. J. Kristensen and J. 

Becher, Synthesis, 1996, 3, 407. 

21 T. B. Faust and D. M. D’Alessandro, RSC Adv., 2014, 4, 17498. 

22 C. Coulon and R. Clérac, Chem. Rev., 2004, 104, 5655. 



23 Y. Mitamura, H. Yorimitsu, K. Oshima and A. Osuka, Chem. Sci., 2011, 2, 2017. 

 

Graphical abstract The electronic conductivity of two isostructural interdigitated coordination 

polymers based on a novel tetrathiafulvalene derivative and M(NCS)2 nodes (M = Fe, Co) is 

enhanced upon surface oxidation of the crystals by iodine. 

 


