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A sprawling scaffold. Tetrathiafulvalene-tetrabenzoic acid has been widely used in redox active 

Porous Coordination Polymers design, but the differences in the networks reported so far stands 

mostly on the metals or metal clusters SBUs used. Herein is reported an extension of the spacers 

between the redox active core and the SBUs along with the related PCP structure. 
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Abstract 

An enlarged version of the ubiquitous tetrathiafulvalene-tetrabenzoic acid is described, with 

4,4’-biphenyls moieties as spacers between the coordination moieties and the electroactive core. 

The obtained rectangular ligand has a 14 x 22 Å2 size, and is combined with Zn(II) in solvothermal 

conditions to yield a coordination polymer endowed with large cavities of ca. 15 x 11 Å² / 10 x 10 Å². 

The topology of the material is discussed in details using the Points of Extension and Metals (PE&M) 

or the Straight-rod (STR) representation, and reveals respectively the sqc1121 or tfo topological type 

of the structure. Its stability towards solvent removal and electrical properties are discussed. The 

material does not present any permanent porosity upon desolvation according to nitrogen sorption 

measurements at 77 K. Nevertheless, a significant increase of conductivity is observed on 

compressed-pellets of the material upon post-synthetic oxidation with iodine. Raman spectroscopy 

combined with density functional theory (DFT) calculations has been used to characterize the 

oxidation state in the tetrakis(4-carboxylic acid biphenyl) tetrathiafulvalene for coordination 

polymers. 

   



Introduction 

Coordination polymers are “coordination compounds with repeating coordination entities extending 

in 1, 2, or 3 dimensions” according to the IUPAC definitions.1 These often crystalline materials are 

composed of metal ions, clusters or chains coordinated by polytopic and divergent ligands. Since the 

first modern reports by Robson et coll. in the early 90s,2,3 an intense activity strove around these 

novel materials, especially for promising applications in the fields of gas storage,4–6 catalysis,7–9 

separations10–13, single-molecule characterizations,14–17 , high energy materials,18 or chemical 

sensing.19,20 Most of the networks described so far are not displaying a noticeable electronic 

conductivity because of a large HOMO/LUMO gap of the organic linkers and/or a poor orbital overlap 

with the metal centres.21 While early reports described non-porous conductive coordination 

polymers with materials such as dicyanoquinonediimine-Cu or tetracyanoquinodimethane-Cu ( in 

the 5 to 5∙107 S/m range),22–24 it is only in the late 2000s that electroactive coordination polymers 

were devised using pyrazine dithiolates,25,26 benzene-hexathiolate or tetrathiafulvalene-

tetracarboxylic acid as redox active ligands.27,28 Such redox active materials – if embedded with 

accessible pores – are expected to find applications in electrochemical sensing,29,30 thermoelectrics,31 

fuel cells,32 batteries33,34 or supercapacitors.35–37 The redox behaviour of these materials is based on 

structure related charge-transport mechanisms such as through-bond,38,39 through-space or redox 

hopping.21 The tetrathiafulvalene (TTF) scaffold is widely recognized as an excellent basis for organic 

conductors.40–42 Consequently, it was incorporated within coordination polymers to yield materials 

with Brunauer–Emmett–Teller (BET) surface areas up to 660 m2/g and conductivities in the 10-8 to 10-

1 S/m range.28,43–48 One can still note that these values are far lower than that typically found in 

molecular salts, as the geometrical constrains associated to the formation of the coordination 

networks usually impedes an optimal orbital overlap between the TTF cores. 

The workhorse for TTF-based porous coordination polymers (PCPs) is the TTF-tetrabenzoate (TTFTB) 

which was combined with M(II) (M = Cd, Co, Mn, Zn)44,49 or M(III) cations (M = La, Gd, Dy, Tb, Ho, Er, 

Yb, Lu).50–53 The structures with M(II) cations are all isostructural and in the P65 space group. The TTF 

form 1D stacks with the 65 screw axis slightly offset from the TTF barycentre, and S-S distances are in 

the 3.65-3.77 Å range. Conductivities (up to 2.9∙10-2 S/m) are anisotropic and higher along the TTF 

stacks. A post-synthetic oxidation with tetracyanoethylene increases the conductivity by two orders 

of magnitude.54 The structures with rare earths display a broader variety, depending not only on the 

metal but also on the synthetic conditions. Rod-like chains of lanthanides and carboxylates are often 

observed, thus creating 1-D chains of TTFTB, with conductivities up to 1.5∙10-3 S/m for MUV-5a (dS-S = 

3.61 - 3.86 Å).51  



The PCPs containing rod secondary building units (SBU) are particularly appealing for the stacked 

arrangement that they impose to the organic parts, which favours through-space electron 

transport.55 Furthermore, the isoreticular principles in PCP chemistry is an approach where the same 

framework topology is obtained from ligands with a similar connectivity and coordinating moieties, 

but different non-coordinating functional groups.56 In that regard, an increase of the pore size of a 

conductive coordination polymer should be observed by simply expanding the distances between the 

coordination sites of the redox active ligand. 

Herein will therefore be presented and discussed the synthesis of a novel ligand based on TTF, which 

is regarded as an isoreticular expansion of the TTFTB scaffold. Its combination with Zn(II) to obtain a 

rod PCP, along with the study of the stability and conductivity of the obtained material, will be 

described. 

Results and discussion 

The ligand 1-H4 (Figure 1) is designed to bear 4 carboxylic acids in a divergent fashion, around a redox 

active tetrathiafulvalene core. Each acid moiety is separated from the TTF core by 4,4’-biphenyl 

spacers. 1-H4 has its carboxylic acid groups separated by 14 and 22 Å along its shortest and longest 

side respectively. This represents an increase of ca. 50% of the molecule size in comparison to TTFTB 

(Figure 1), without changing significantly the size ratio between its length and width (dlength/dwidth = 

1.6).  



 

Figure 1. (top) Synthesis of the tetrakis(4-carboxylic acid biphenyl)tetrathiafulvalene ligand 1-H4. i) Pd(OAc)2, 

Cs2CO3, P(tBu)3∙HBF4, dioxane, reflux, 79% ; ii) NaOH, THF/MeOH/H2O, reflux, 92%. (bottom) X-ray structure of 

1-Me4 and representation of the analogous TTFTB. 

Starting from commercial TTF, a palladium-catalysed direct C-H arylation yielded the tetra-

methylester 1-Me4 intermediate with a 79 % yield.57 Saponification followed by re-acidification 

yielded the tetra-acid with a 92% yield at the 100 mg scale. 1-Me4 crystallized in the triclinic P–1 

space group (Figure 1, see Table S1 for details). As expected for such a TTF derivative, two redox 

waves are observed in solution in cyclic voltammetry (see Fig. S1), with     
  = 0.29 V and     

  = 0.52 

V vs. Fc+/Fc corresponding to the successive formation of the radical cation and dication of the TTF. 

The protocol described for the combination of TTFTB with Zn(II) had to be adapted to 1-H4. A solution 

of the title compound in dimethylacetamide was carefully layered by a solution of Zn(NO3),6H2O in 

EtOH in an autoclave. After 2 days at 100°C, thin red needles of 1-Zn2 suitable for X-ray diffraction 

analysis on single crystals were obtained. Larger microcrystalline batches were obtained by 

multiplying by a factor 5 the concentrations, and their purity assessed by elemental analysis and 

powder X-ray diffraction (see Fig. S4).  

1-Zn2 crystallizes in the monoclinic C2/m space group, with one fourth of 14- and half a Zn(II) atom in 

the asymmetric unit, leading to a neutral network. Two disordered DMAc molecules with 25% 

occupancy each are also present. The remaining electronic density could not be attributed to any 



crystallographically ordered molecule and was treated with the solvent mask function (equivalent to 

the SQUEEZE function of the PLATON software) of the Olex2 software.58 Both phenyl rings are 

disordered over two positions with 50% occupancies on each part. Each Zn(II) metal centre stands in 

a tetrahedral environment, with 4 O-atoms coming from four different 1 molecules in its 

coordination sphere. Two Zn atoms are connected through two bridging carboxylates, thus forming 

an 8-membered ring. These rings connect along the a-axis to create an infinite metallo-organic rod as 

the SBU of this structure, identical to the rods first observed in MOF-77 with the difference that in 

our compound the rods are all parallel (Figure 2a).59 

 

Figure 2. X-ray crystal structure for 1-Zn2. a) Infinite metal-carboxylate rods as the secondary building unit 

(ribbon-of-rings), b) view of the pores along the a-axis and c) a side view of a shifted TTF stack along the b-axis 

with the shortest intermolecular S-S distance highlighted in red (solvent molecules, disordered phenyls and H-

atoms omitted for the sake of clarity, Zn : blue ; S : yellow ; O : red ; C : grey). 

Thanks to the organization imposed by the pillared SBU, the TTF cores are stacked along the a-axis as 

well with interplanar distances of 4.03 Å. The TTF moieties are not eclipsed but translated by ca. 4.3 

Å. The shortest intermolecular S-S distance at 4.0089(13) Å is too large for creating a proper band 

dispersion (Figure 2c). The central C=C bond is 1.3412(64) Å, which is in the expected length range for 

a non-oxidised TTF core. The dithiol-ethylene moieties are twisted of ca. 7.36° regarding to the 

central C=C bond. The phenyl rings are distorted regarding to the plane of the TTF with dihedral 

angles between 36 and 56° for the phenyl ring closer to the TTF core, and 3 to 27° for the phenyl ring 

further to the TTF core. 

The networks delimits 1-D rhombus cavities occupied by solvent molecules (Figure 2b). Two types of 

parallel channels are identified, and the smallest one contains the disordered DMAc molecules. This 

structure is reminiscent of MUV-5,51 or lanthanide-TTFTB coordination polymers.52,53 In these 

reported cases TTF stacking sequences as dimers or trimers are observed, while in our case the TTF is 



homogenously stacked. Furthermore, as expected, the size of these channels is expanded from ca. 12 

x 5 Å² / 6.5 x 6 Å² for (Ln)TTFTB-based networks to ca. 15 x 11 Å² / 10 x 10 Å², in good accordance 

with the 50% increase due to the ligand expansion. The SQUEEZE calculations from the PLATON suite 

gives a total solvent accessible volume of 1492 Å3 per unit cell, accounting for 40 % of the total 

volume.60,61 

A better understanding of the network structure is achieved using the ToposPro software,62 along 

with the TopCryst service.63 Two structure representation approaches for rod-MOF are herein 

applied to get the topological description of the crystal structure: Points of Extension and Metals 

(PE&M) and Straight-rod representation (STR).53 The TTF core of the tetratopic 14- is considered as a 

two linked 3-connected nodes, according to the IUPAC recommendations.64 The PE&M 

representation leads to the 3,3,4-coordinated underlying net of the sqc1121 topological type (Figure 

3a, 3b). The rods are herein a succession of vertex connected 4-membered rings, thus forming a 

ribbon-of-rings.  

In order to obtain a straight-rod representation instead of vertex connected 4-membered rings, 

dummy nodes are added at the centre of each square and connected to the nearby points of 

extension (the carbon atoms of the –COO chelating groups). The unnecessary bonds between PEs are 

deleted, and after simplification the rods appear as a straight line of 4-coordinated dummy nodes 

(Figure 3). Each of them is linked to two nodes representing two different ligands, and to two other 

dummy nodes from the rod. The 3,4-coordinated net obtained in such way corresponds to the tfo 

topological type (Figure 3c, 3d). 

The TopCryst service contains data on the representatives of different topological types. The nets 

stored in the service are obtained using the automatic procedures, which guarantees rigour of the 

analysis and the coverage of the large amount of data. One must nevertheless pay attention for 

some MOF representation with the STR description, which usually requires user intervention in an ad 

hoc manner. Therefore, for the search of the analogous rod-net MOFs a workaround is herein 

employed. First, the so-called standard representation that hide the rod picture is computed. This 

representation is indeed possible for any structure, and hence such information is collected in the 

TopCryst database. The 4,8-flu topological type is obtained. This net corresponds to the standard 

representation for 1-Zn2, in which metal atoms (coordinated by four carboxylate) and ligand’s centre 

of mass (coordinating 8 Zn atoms via each oxygen of the four carboxylate) serve as network nodes. 

TopCryst reveals 116 structures with the 4,8-flu underlying net. Further analysis of these structures 

looking for rod-MOF reveals six compounds with the sqc1121 net topology in the PE&M 



representation (see Table S2).65–70 Out of these, 3 structures do not display any solvent accessible 

voids,65,67,70 and only one retains porosity (216 m2/g) after evacuation.68 

 

Figure 3. The PE&M representation of the 1-Zn2 leads to underlying net sqc1121 with rods represented as a 

chain of vertex connected 4-membered rings as shown down to [100] (a) and [001] (b) directions. The 

corresponding straight rod representation leads to underlying net tfo shown down to [100] (c) and [001] (d) 

directions, and e) close view of the rods in the straight-rod representation for 1-Zn2. 

The material stability towards solvent exchange and drying was investigated by infrared spectroscopy 

and powder X-ray diffraction (PXRD). The diffraction pattern of the as-synthesized sample is in 

accordance with the simulated one. The larger peak at 17° may be due to preferential orientation of 

the crystallites. Upon successive washings with acetone and drying, infrared spectroscopy shows the 

disappearance of most of the DMAc signal (peak at 1630 cm-1) and the appearance of peaks related 

to acetone (e.g. at 1708 cm-1) (see Fig. S8). According to PXRD, the frameworks retains its crystallinity 

(see Fig. S2). These observations suggest that pores content can be easily exchanged without any 

major modification of the structure. The acetone-exchanged solid was exposed to nitrogen sorption 

experiments at 77 K after activation at various temperature (30, 70 and 120°C). Whatever the 

temperature of activation, no significant accessible microporosity was detected (deduced Brunauer–

Emmett–Teller surface area reach 17, 14 and 12 m2/g, respectively). This suggests that the structure 



collapses upon complete removal of the solvent. Exposure of the material to DMAc solvent after 

evacuation did not restore the crystallinity (see Fig. S4). 

 

Conductivity measurements on compressed-pellets of 1-Zn2 reveal that the non-oxidised powder has 

a room-temperature conductivity of 2 to 3∙10-7 S∙m-1. It is common for TTF based CP to be oxidised 

post-synthetically in order to increase the conductivity values. The 1-H4 ligand has redox potential 

similar to pristine TTF (E1/2 = 0.29 and 0.51 V vs Fc+/Fc) and therefore matches the I2/I3
- couple 

potentials (see Fig. S1). While direct exposure of the crystals to iodine vapours destroyed the 

crystallinity, immersion of the 1-Zn2 powder in an iodine solution in CHCl3 (0.05M) promotes in 

milder conditions the oxidation of the TTF core. Elemental analysis and Raman spectroscopy displays 

the presence of I3
- and I5

- (see below). PXRD shows that the solid remains crystalline after exposure to 

I2 with minor structure changes, supporting the fact that the cavities are accessible to guests (see Fig. 

S4). After oxidation, the conductivity value rises up to 5.5∙10-4 S∙m-1 on one sample (median value 

2.7∙10-4 S∙m-1 out of 4 measurements). A rapid decay over 2 to 3 hours is observed, with a complete 

return to the initial  values after 72 hours at RT. The conductivity is restored again through 

exposure to I2 in similar conditions. This is probably indicative of the release of I2 and the restoration 

of the initial non-oxidised CP. 

The ligand 1-H4 is characterized by the tetrathiafulvalene (TTF) core, which usually has a high 

electron density in TTF-based molecules. The frontier orbitals for 1-H4 calculated by DFT show, as 

expected, a charge density mostly concentrated on the TTF core, both in the case of the neutral 

(Figure 4, left panel) and the radical cation (Figure 4, right panel). Therefore, selected charge-

sensitive vibrational modes bound to the TTF core observed in the Raman spectra can be used to 

estimate the oxidation states of 1-H4 and also in the case of the derived materials 1-Zn2 and 1-Zn2-I2, 

with the same TTF core. In particular, the stretching C=C mode characterized by a strong linear 

frequency dependence on charge,71,72 observed in the 1400 - 1600 cm-1 frequency range, is widely 

used in the case of BEDT-TTF salts 73 and other TTF-based solids.74 This method is known to be a very 

sensitive microscopic tool for charge estimation due to the energy scale used. 

 

 

 

 



 

 

 

Figure 4. Frontier molecular orbitals: HOMO (Highest Occupied Molecular Orbital) of the neutral 1-H4 (left), and 

SOMO (Single Occupied Molecular Orbital) of the 1-H4
*+

 radical cation (right), calculated by DFT methods. 

Figure 5 in the lower panel shows the vibrational pattern of the charge-sensitive stretching C=C 

mode labeled as c, localized on the TTF core both in the neutral 1-H4 (left) and in the 1-H4
•+ radical 

cation (right). C affects the central C=C bond and the two wing C=C bonds in the neutral 1-H4, but 

only the central C=C bond in the 1-H4
•+ radical cation, the difference in the mode pattern being 

related to the shape of the TTF core, which is bent for the neutral and flat for the cation (see top 

panel in Fig. 6).  

 

Figure 5. The side view and the vibration pattern of the charge-sensitive C=C stretching νc mode of the neutral 

1-H4 (left), and the 1-H4
•+

 radical cation (right), based on the DFT calculations. 

The room temperature Raman spectra of 1-H4, 1-Zn2, and 1-Zn2-I2, in the frequency range of the 

stretching C=C vibrations are shown in Figure 6, together with the theoretical Raman spectra of 1-H4, 

and the 1-H4
•+. The c mode is shown as a strong band centered at 1392 cm-1 in the theoretical 

spectrum of the cation (c
+1), while it appears as a very weak feature located at 1580 cm-1 in the 

spectrum of the neutral (c
0), close to the stronger C=C stretching band at 1595 cm-1 of the molecular 

wings (C=C wing) (Fig. 7b). The frequency difference of the c mode upon oxidation of 1-H4 is about 190 

cm-1, but the proximity of another C=C stretching feature may make the c
0 assignment ambiguous. 



 

Figure 6. (a) Raman spectra of 1-H4, 1-Zn2, and 1-Zn2-I2, in the frequency range of the C=C stretching vibrations, 

recorded at room temperature with the 632.8 nm excitation line. The spectra show the charge-sensitive νc 

mode related to the neutral molecules (νc
0
) and to the cations with charge +1e; (b) theoretical Raman spectra 

of the isolated 1-H4 molecule, both the neutral and the cation, calculated at the B3LYP/6-31G(d,p) level of 

theory; the neutral 1-H4 spectrum have been multiplied by a factor of 10. The spectra in both panels are offset 

for clarity. 

Thus, we assign a broad feature at 1600 cm-1 in the experimental Raman spectra of 1-H4, 1-Zn2, and 

1-Zn2-I2, as the sum of c
0 and some of the C=C wing modes, generally related to both the neutral and 

the cation (Table 1). It is worth noting that the presence of the neutral c
0 feature is expected in all 

the experimental spectra, since 1-H4 and 1-Zn2 are nominally neutral, and neutral molecules are most 

likely present in the oxidized 1-Zn2-I2. The strong feature at 1420 cm-1 attributed to the c
+1 mode of 

the cation is clearly seen in the experimental spectrum of 1-Zn2-I2, as expected, and also for 1-H4 

(Table 1). Given the two orders of magnitude higher intensity of the c mode in the theoretical 

spectrum of the cation compared to the neutral, the experimental Raman spectra of 1-Zn2-I2 and 1-H4 

suggest that relatively small amounts of molecules are oxidized in both materials. For 1-Zn2-I2, this is 

probably due to the release of iodine during the experiment. The presence of I3
- and I5

- was also 

confirmed with the characteristic polyiodide vibrations in the 110-160 cm-1 range (see Fig. S7).75,76 





Table 1. The position in cm
-1

 of the charge-sensitive C=C stretching c mode of 1-H4 for the neutral c
0
 plus C=C 

wing, and the cation c
+1

, in experimental Raman spectra of 1-H4, 1-Zn2, and 1-Zn2-I2, and calculated (DFT) Raman 

spectra of 1-H4. 

 c
0/C=C wing c

+1 

1-H4 

1-Zn2 

1-Zn2-I2 

1-H4 (DFT)a 

1603 

1607 

1604 

1580 

1419 

- 

1418 

1392 

  aTheory level: B3LYP/6-31G(d,p), scaled with a 0.9614 factor. 

Conclusion 

The extension of the ubiquitous TTFTB scaffold using biphenyl arms is described. This novel 1-H4 

ligand presents a ca. 50% size extension related to the parent TTFTB. Its combination with Zn(II) 

provided a rod based coordination polymer presenting large potential voids in SCXRD, as expected 

from the extended ligand structure. The TTF cores stack along 1-D chains without dimerization or 

trimerization, but the shortest intermolecular S-S distances over 4.0 Å prevents band-like charge 

transport. Although no permanent porosity was observed by nitrogen sorption experiments after full 

activation, solvent exchange was successful, indicating that the porosity must be accessible. 

Treatment of this material with iodine shows an increase of the conductivity by ca. 3 orders of 

magnitude. Current works are ongoing to expand the scaffold types of ligands used for through space 

pathway conductive CP, or using metals with a higher degree of oxidation to further stabilize the CPs 

after evacuation. 

Experimental part 

General procedures 

All the solvents and precursors were commercially available and used without further purification. 1H 

and 13C spectra were recorded on a Bruker Advance DRX 300 spectrometer operating at 300 MHz for 

1H and 76 MHz for 13C, or on a Bruker Advance DRX 500 operating at 500 MHz for 1H and 125 MHz for 

13C. Chemical shifts are given in ppm relative to tetramethylsilane TMS and coupling constants J in Hz. 

The residual non-deuterated solvent was used as an internal standard. Mass spectra were obtained 

by the MALDI-TOF techniques by using a Bruker Biflex-III-TM apparatus, equipped with a 337 nm N2 



laser. Methyl 4-(4-bromophenyl)benzoate and tetrathiafulvalene were purchased from Sigma Aldrich 

chemicals and used as received. 

Raman measurements. Typical dimensions of the single crystalline samples used in the Raman 

measurements were between 0.5 and 1 mm (about 0.50.50.5 mm3). Raman spectra were 

measured in a backward scattering geometry using a Raman LABRAM HR800 spectrometer equipped 

with a microscope and He-Ne laser excitation λ = 632.8 nm. The spectra were recorded at room 

temperature with a spectral resolution of 2 cm−1 and power reduced to approximately 0.3 mW to 

avoid sample overheating. 

DFT. Density functional theory (DFT) calculations of the charge density and normal vibrations of the 

isolated 1-H4 molecule, the neutral and the radical cation, were performed with Gaussian 09,77 using 

the 6-31G(d,p) basis set and the hybrid density functional (B3LYP). The result of the structure 

optimization corresponds to energy minima, as no imaginary frequencies were found. Based on the 

optimized structure, vibrational frequencies and Raman scattering activities were calculated. The 

frequencies obtained with a quantum harmonic oscillator approximation tend to be higher than the 

experimental ones, therefore the scaling factor of 0.9614 was applied to the calculated frequencies.78 

The theoretical Raman intensities were calculated from the scattering activities and wavenumbers 

using the described procedures.79,80 The DFT-calculated Raman spectra were generated using the 

GaussSum program.81 

X-Ray structure determinations  

Details about data collection and solution refinement are given in Table S1. Data collections were 

performed on a Rigaku Oxford Diffraction SuperNova diffractometer equipped with an Atlas CCD 

detector and micro-focus Cu-Kα radiation (λ = 1.54184 Å). The structures were solved by intrinsic 

phasing and refined on F² by full matrix least-squares techniques with SHELX programs (SHELXT 

2018/2 and SHELXL 2018/3)82,83 using the ShelXle and the Olex2 graphical user interfaces.58,84 All non-

H atoms were refined anisotropically and absorption was corrected by multiscan empirical 

absorption using spherical harmonics with CrysAlisPro program. The H atoms were placed at 

calculated positions and refined using a riding model. Crystallographic data for the two structures 

have been deposited with the Cambridge Crystallographic Data Centre, deposition numbers CCDC 

2300287 for 1-Me4, 2300286 for 1-Zn2. These data can be obtained free of charge from CCDC, 12 

Union road, Cambridge CB2 1EZ, UK (e-mail: deposit@ccdc.cam.ac.uk or 

http://www.ccdc.cam.ac.uk).  

Compressed-pellet conductivity measurements 



Electrical conductivity measurements at room temperature were performed in two points on ca. 1 

cm wide and 30 µm thick compressed pellets (8 bars). Gold wires were glued with silver paste on one 

face of the pellets as parallel strips 1 to 2 mm apart. We have used a Keithley 486 picoammeter to 

apply a constant voltage (up to 30V) and measure the current, leading to resistance values up to 

100G. 

Nitrogen sorption experiments 

The nitrogen sorption experiments at 77 K were carried out using a Micromeritics Triflex volumetric 

adsorption apparatus. The sample (~20 mg) was activated under vacuum at various temperatures 

(30, 70 and 120°C) for few hours prior to the sorption measurement. 

Synthesis  

Tetrakis(4-carboxylate methyl ester biphenyl)tetrathiafulvalene (1-Me4). Pd(OAc)2 (17 mg, 75 mol, 

0.26 equiv.), P(tBu3)∙HBF4 (68 mg, 0.23 mmol, 0.8 equiv.) and Cs2CO3 (1.04 g, 3.2 mmol, 11 equiv.) 

were added in a dry Schlenk flask under Argon. Dry and degassed 1,4-dioxane (6 mL) was added and 

the mixture was heated at 90°C for 15 minutes. TTF (59 mg, 0.29 mmol, 1 equiv.) and methyl 4-(4-

bromophenyl)benzoate (0.50 g, 1.72 mmol, 6 equiv.) were added, the flask was degassed again, and 

the mixture was refluxed for 4 days. The mixture was diluted with CHCl3 (6 mL) and filtered on Celite, 

and the residue wash with portions of CHCl3. The filtrate was evaporated to dryness, and the 

compound was purified by column chromatography (SiO2, CH2Cl2/THF/NEt3 100/0/0.2 to 95/5/0.2) 

and recrystallization from CH2Cl2/MeOH, to yield 1-Me4 as a red solid (236 mg, 79%). 

1H NMR (CDCl3, 300 MHz):  = 8.09 (d, J = 8.5 Hz, 8 H), 7.63 (d, J = 8.5 Hz, 8 H), 7.54 (d, J = 8.2 Hz, 8 H), 

7.37 (d, J = 8.2 Hz, 8 H), 3.94 (s, 12 H). 

LRMS (MALDI): m/z = 1044.4 , theor. 1044.2 (M+). 

Elemental analysis : exp. %C 63.77, %H 4.11, %S 10.61 ; th. (1-Me4, 6 H2O) %C 64.57, %H 4.89, %S 

11.12 

Tetrakis(4-carboxylic acid biphenyl)tetrathiafulvalene (1-H4). 1-Me4 (236 mg, 0.23 mmol, 1 equiv.) 

was dissolved in THF/MeOH (1/1 %v/%v ; 20 mL) and a solution of NaOH (0.28 g, 6.9 mmol, 30 equiv.) 

in H2O (4 mL) was added. After a 48 h. reflux, H2O was added (ca. 100 mL) followed by HCl 10% until 

pH = 1 was reached. The red precipitate was filtered on sintered glass funnel, washed with H2O (20 

mL) and dried under reduced pressure (206 mg, 92 %). 

1H NMR (DMSO-d6, 300 MHz):  = 8.00 (d, J = 8.4 Hz, 8 H), 7.80 (d, J = 8.4 Hz, 8 H), 7.75 (d, J = 8.2 Hz, 

8 H), 7.40 (d, J = 8.2 Hz, 8 H). 



13C NMR (DMSO-d6, 125 MHz):  = 166.98, 143.06, 139.34, 129.95, 129.53, 127.47, 126.76.  

HRMS (MALDI): m/z = 988.12727 , theor. 988.12875 (M+). 

Elemental analysis : exp. %C 63.45, %H 4.12, %S 10.63 ; th. (1-H4, 6 H2O) %C 63.49, %H 4.41, %S 

11.69. 

Synthesis of the coordination polymer 1-Zn2 

Method A. Preparation of single crystals. 1-H4 (1 mg, 1 mol, 1 equiv) was dissolved in DMAc (3 mL) 

in a 5 mL Teflon lined cell for autoclave (internal diameter ca. 1cm). A solution of Zn(NO3)2, 6H2O (0.6 

mg, 2 mol, 2 equiv) in EtOH (0.5 mL) was carefully layered and the autoclave was sealed. After 

applying a specific heating protocol (25°C to 100°C at 6.25°C/h. – 100°C for 72 h. – 100°C to 25°C at 

7.5°C/h.), dark red needle crystals of 1-Zn2 were obtained. 

Method B. Large scale synthesis of microcrystalline powder. 1-H4 (10 mg, 10 mol, 1 equiv) was 

dissolved in DMAc (15 mL) in a 20 mL Teflon lined cell for autoclave (internal diameter ca. 2.5 cm). A 

solution of Zn(NO3)2, 6H2O (6 mg, 20 mol, 2 equiv) in EtOH (2.5 mL) was added and the autoclave 

was sealed. After applying a specific heating protocol (25°C to 100°C at 6.25°C/h. – 100°C for 72 h. – 

100°C to 25°C at 7.5°C/h.), a microcrystalline powder of 1-Zn2 was obtained. From 8 autoclaves (80 

mg of 1-H4), 30 mg of 1-Zn2 are obtained after filtration on paper and portion-wise washings with 

DMAc (33% yield).  

The crystals were further characterized with single-crystal X-ray diffraction and PXRD analysis. 

Post-synthetic oxidation of 1-Zn2. 10 mg of 1-Zn2 were suspended in a solution of I2 in CHCl3 (0.05 M, 

5 mL). After 5 hours, the supernatant was removed and the powder washed with CHCl3 (3 x 5 mL). 

Elemental analysis : exp. %C 30.02, %H 2.46, %N 1.43, %S 5.59 ; th. (1-Zn2, (I3
-)0.5, (I5

-)0.5, 2(C5H7NO), 

8(CHCl3) ) %C 3.34, %H 2.10, %N 1.08, %S 4.94. 
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