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Abstract: 

Supramolecular assemblages based on anionic H-acceptors and cationic H-donors 

have been envisioned to elaborate open frameworks maintained by ionic H-bonds. 

Combinations of di-anionic chloranilate (CA2-), oxalate (Ox2-), or terephtalate (BDC2-) and 

trisimidazolium or tetrapyridinium derivatives (respectively three and four N-H+ donors), 

yielded five architectures of formula [{(H3TrIB)(CA)1.5}·2DMF·2.5H2O] (1), 

[{(H4Tetrapy)(CA)2}·3DMF] (2), [{(H3TrIB)(HOx)(Ox)}·5H2O] (3), 

[{(H4Tetrapy)(Ox)2}·5H2O] (4), and [{(H4Tetrapy)(BDC)2(H2O)}·1DMF·3H2O] (5) (with 

TrIB = 1,3,5-trisimidazolylbenzene and Tetrapy = tetrakis[(pyridine-4-

yloxy)methyl]methane). Four of these, i.e. 1, 2, 4 and 5, show an open framework. Their 

assembling patterns and framework dimensionalities are mainly governed by the chemical 

features of the cation. 1D (3) and 2D (1) networks are found with [H3TrIB]3+ whereas 3D 

diamond-type netwoks (2, 4, 5) are systematically formed with [H4Tetrapy]4+. While the 

individual adamantanoid cages exhibit large voids in all 3D structures, net catenations (with a 

total degree of interpenetration up to 19) reduce the potential porosities of the solids to 17-

32%. The largest solvent accessible void (42%) is found for the 2D supramolecular 

organization of 1, for which net interpenetration does not take place. Crystal structures for all 

five architectures are reported. Framework robustness upon guest departure and gas sorption 

properties has been explored for materials 1 and 2 with the highest potential accessible voids. 
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Introduction 

 Hydrogen-bonded (H-bonded) multicomponent crystalline materials comprised of 

neutral or charged organic molecules (co-crystals1 and ionic salts,2 respectively) are highly 

studied compounds in the field of crystal engineering,3 both for their pharmaceutical 

importance4 and their solid state architectures.5 In this latter area, an important topic concerns 

the synthesis of supramolecular materials with a specific geometric or topological structure to 

achieve a given chemical or physical property.6 This implies to gain control over the 

formation of the structure corresponding to the targeted property, in order to subsequently 

optimize the material's performance by chemical design.  

Recent reports have demonstrated the potential of purely organic H-bonded architectures as 

porous materials.7 However, while the combination of carboxylic acid and pyridyl groups has 

been widely used to form H-bonded co-crystals via COOH···N(Py) linkage, 7f, 8 permanent 

porosity and high CO2 sorption have been evidenced only very recently for one of them.7f 

Reason for this lack of success is found in the framework/crystal structure flexibility (leading 

to a collapse of the cavities on removal of the guests)9 and/or interpenetration,8e, 10 which are 

commonplaces for many molecular materials. Moreover, the possibility to prevent or restrict 

these issues by chemical means appears challenging in co-crystals.  

The solid state structure of the molecular material is reliant on patterns of supramolecular 

interactions working between the molecular components (i.e. the supramolecular synthons).6b, 

11 In assemblages involving components having two different functionalities such as 

carboxylic acid and pyridyl moieties, competition between the desired hetero-synthons and 

homo-synthons (carboxylic acids can auto-assemble by means of H-bonds) is often 

observed.8b-d Moreover, the solvent used in the crystallization process could also play a role 

by interfering with the anticipated assembling pattern.12 Finally and not least, a small 

alteration of a molecular unit frequently induces changes in a native supramolecular 

synthon,2b, 8c, 8f and by extension important modifications for the resulting structure. 

Therefore, tuning the functionality of a given supramolecular framework often turns 

impossible.  

A way to circumvent the versatility of the molecular assemblage is to involve a 

supramolecular interaction strong enough to override the other weaker intermolecular forces 

taking place in the crystal packing. Such a prevailing interaction is expected to dictate the 

Page 3 of 19 CrystEngComm



4 
 

basic assembling scheme, hence making predictable the synthon formation despite alteration 

of the building-blocks. It should also impede homo-synthon formation, and it could further 

contribute improving the framework robustness upon guest (solvent) release from the solid 

material. Such a stronger supramolecular synthon is provided by charge-assisted or ionic H-

bonds, which bond strengths of 20-140 kJ.mol-1 position them in the upper part of the energy 

scale of hydrogen bonds.13 This approach has been illustrated by the pioneering work of Ward 

et al.,14 who have investigated the systematic formation and structural features of a variety of 

open-framework architectures based on guanidine and disulfonic acids (R(SO3H)2). In these 

structures, two dimensional hydrogen-bonded sheets comprising guanidinium and sulfonates 

are interconnected by R pillars to yield grid-like architectures with one-dimensional pores. 

Pore properties were easily modulated by adapting the R group characteristics. More recently, 

Tohnai et al. have combined predictable ionic H-bonds and weaker interactions (such π···π 

interactions15 or classical H-bonds16) to form and subsequently assemble supramolecular 

building units in modular diamond frameworks. We have reported several examples of open-

framework and porous architectures maintained by ionic H-bonds made of negatively charged 

metallo-tectons (typically metal-oxalate complexes acting as H-bond acceptors) and organic 

cations (the H-bond donors).17 Herein, we extended this approach for the tentative elaboration 

of purely organic open-framework materials.  

Two cationic H-bond donors, H3TrIB3+ (TrIB = 1,3,5-trisimidazolylbenzene) and the 

H4Tetrapy4+ (Tetrapy = tetrakis[(pyridine-4-yloxy)methyl]methane), have been selected for 

their geometrical characteristics and their charges. They are anticipated to act as T-shaped 3-

connecting and tetrahedral-shaped 4-connecting H-bond donors, respectively (See scheme 1, 

top). These have been associated to di-anionic 2-connecting H-bond acceptors, i.e. 

chloranilate (CA2-), oxalate (Ox2-), or terephtalate (BDC2-), in order to yield 2D (grid-like) 

and 3D (diamond-like) networks sustained by ionic H-bonds. For a given network, changing 

the size of the H-bond acceptor (Scheme 1, bottom) was considered to tune the distances 

between the nodes and hence the potential porosity of the structure. Four out of the six 

donor/acceptor combinations yielded open-framework architectures. Three of them involve 

the tetracation, and show the anticipated diamond-like H-bonded organisation. Despite 

network interpenetration (from 6- to 19-fold) these structures exhibit solvent accessible void. 

Framework robustness upon guest departure, and gas sorption properties have been explored 

for the two materials with largest potential porosities. 
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Scheme 1. 

 

Results and discussion 

Synthesis  

Networks 1-5 were obtained in DMF/H2O 95/5 mixture (DMF stands for N,N-dimethyl 

formamide), by reacting TrIB18 and Tetrapy19 with charge-stoichiometry amounts (1.5 and 2 

eq., respectively) of the diacids H2Ox, H2CA, and H2BDC. For the sake of comparison, the 

molarity in amine derivative was same in each case. Proton transfer from acidic to basic sites 

occurs when reagents are mixed yielding the actual building-blocks listed in Scheme 1. With 

H2CA, proton transfer is clearly visible by a colour change of the solutions from red to dark 

violet. Charge stoichiometry compounds of formula [{(H3TrIB)(CA)1.5}·2DMF·2.5H2O] (1), 

[{(H4Tetrapy)(CA)2}·3DMF] (2), [{(H3TrIB)(H-Ox)(Ox)}·5H2O] (3), 

[{(H4Tetrapy)(Ox)2}·5H2O] (4), and [{(H4Tetrapy)(BDC)2(H2O)}·1DMF·3H2O] (5) were 

crystallized in good yields (38-80%) from these mixtures. For associations involving H2CA, 

microcrystalline powders form immediately upon mixing the reagents. Single crystals of 1 

and 2 suitable for XRD studies have been obtained through recrystallization. With H2Ox and 

H2BDC, single crystals of 3, 4 and 5 were formed by keeping undisturbed reagent mixtures 

over 48h. In these conditions, assemblages between H3-TrIB3+ and BDC2- systematically 

yielded microcrystalline powders; growing good quality single crystals remained unsuccessful 

with these building-blocks even by changing the crystallization conditions and reagents' 

ratios. The crystal structures have been solved for compounds 1-5, and their chemical 

H-bond donors 

 
H3-TrIB3+

 H4-TetraPy4+
 

  

 

 

H-bond acceptors 

 
Ox2- CA2- BDC2- 

 

 

 

   

≈ 2.24 Å ≈ 4.75 Å ≈ 6.95 Å 
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composition was confirmed by thermogravimetric analysis and elemental analysis (see 

Experimental Section and ESI). 

Crystal structures 

Crystal structures for 1-5 have been determined by single crystal X-ray diffraction 

(SCXRD), crystallographic data and structure-refinement parameters are listed in Table S1 

(ESI). Plots of the asymmetric units showing thermal ellipsoids and atom labelling are 

provided in ESI, as well as H-bond lengths and angles (Table S2). H atoms have been 

positioned in theoretical positions, except for 3 where they have been located in a Fourrier 

difference map. From the comparison between observed C–O bond distances in the CA2- units 

of structures 1 and 2 (1.232 Å to 1.260 Å) and the bond lengths found in H2CA (1.225 Å and 

1.320 Å),20 it can be concluded that the two supramolecular architectures 1 and 2 are 

molecular salts rather than co-crystals. Related reasoning for the structures involving Ox2- and 

BDC2- spacers lead to the same conclusion. For this reason, acidic hydrogen atoms have been 

systematically placed on N atoms when their position could not be deduced from SCXRD 

data.  

[{(H3TrIB)(CA)1.5}·2DMF·2.5H2O], 1, crystallizes in the monoclinic space group P21/c, with 

one H3TrIB3+, one and a half CA2-, two DMF (one and two halves) and two and a half H2O 

molecules packed in the asymmetric unit (Fig. S1 in ESI).21 It might be noticed that in H3TrIB 

two of the imidazolium rings lie almost coplanar with the benzene core whereas the third ring 

is slightly out-of-plane with a dihedral angle of 20.5°. On a supramolecular point of view, 

each H3TrIB3+ is linked to three CA2- anions by means of H-bonds established between an 

imidazolium N-H+ group and two oxygen atoms of an acceptor unit (Fig. S2), and each CA2- 

is connected with two imidazolium moieties from different H3-TrIB3+ (Fig. 1). Since the three 

N-H+ groups of the donor unit are almost coplanar, this association scheme results in neutral 

2D H-bonded networks developing in the ab plan. These can be described as grids formed by 

interconnected [H3TrIB-CA]6 rhomboidal windows of ca 25.3 × 6.4 Å2 in dimension. 

Additional close Cl···Cl contacts between CA units (two per windows) reinforce these H-

bonded associations.22 Assimilating H3TrIB3+ cations to nodes and CA2- anions to linkers, the 

topology of this H-bonded architecture is described as a 63 net by the Schläfli symbol.23 

Examination of the structure along the c-axis reveals an ABAB-type packing of the layers. 

This packing involves π···π interactions between H3TrIB3+ and CA2- units belonging to 

consecutive layers (Fig. S3 and S4). It generates large oval 1D channels (~ 6 × 9 Å) running 

along the a-axis, and smaller pores (~ 6 × 3 Å2) along [101] crystallographic direction (Fig. 1c 

and S5). Based on PLATON calculations,24 these channels endow this material with a solvent 
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accessible void volume of 41%. In absolute terms, it represents a volume of 1536.8 Å3 per 

3712.7 Å3 of the unit cell. This space is occupied by DMF and H2O molecules. 

 

Fig. 1. Supramolecular architecture of 1. (a) 12-membered supramolecular window. (b) Topological 

representation of a 2D H-bonded grid in 1 . (c) Space-filling representation of 1 showing 1D channels. Color 

codes in (a) and (c): C, grey; H, white; N, blue; Cl, green and O, red.  

 

[{(H4Tetrapy)(CA)2}·3DMF], 2, crystallizes in the monoclinic space group P21/c, with one 

H4Tetrapy4+, two CA2- (i.e., one and two halves which lie about independent inversion 

centres) and three DMF molecules packed in the asymmetric unit (see Fig. S6 in ESI). 

Hydrogen bonding takes place between the pyridinium N-H+ groups and the CA2- units. Each 

H4TetraPy4+ interacts with four CA2- and each H-bond acceptor unit links two H4Tetrapy4+ 

cations. (Fig. S7, ESI). In H4Tetrapy4+, the pyridinium groups are directed in the three 

directions of space, as a result the ionic hydrogen bond association leads to 3D diamondoid 
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(dia) net.10 A view of an adamantanoid cage of this network is given in Fig. 2a. The cage 

metrics slightly differ from the ones expected for a perfect adamantanoid cage,8c with edges 

values of 21.76 and 21.90 Å, which correspond to the distances between central C atoms of 

H4Tetrapy4+nodes. The overall structure of 2 consists of interpenetrating diamondoid nets 

with a total degree of interpenetration of 7. Each individual net is translated along the a-axis 

(Fig 2b).10 Despite this 7-fold catenation, the structure contains solvent molecules (DMF and 

H2O, see table S3) located in channel running along a-axis. These channels exhibit an 

aperture of ~ 6.5 × 2.5 Å2 (after taking into account the van der Walls radii of the surrounding 

atoms) and endow the solid with a solvent accessible void volume of 32%.24 

 

 

Fig. 2. Supramolecular architecture of 2. (a) Single adamantanoid cage (b) Schematic view of the 7-fold 

interpenetration. (c) Space-filling representation of the complete structure (comprising all nets) of 2, showing the 

channels running along a (guest molecules are omitted for clarity). Colour codes in (a) and (c): C, grey; H, 

white; N, blue; Cl, green and O, red. In (b), each colour designates an independent adamantanoid cage.  
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[{(H3TrIB)(HOx)(Ox)}·5H2O], 3, crystallizes in the monoclinic space group P21/c and 

consists in a neutral architecture based on corrugated H-bonded tapes. They result from the 

assemblage between H3TriB3+ and oxalate dimers involving partially and fully deprotonated 

HOx-/Ox2- units (Fig. 3 and S8, ESI). π···π interactions lead to the packing of these tapes 

along the c crystallographic direction. The resulting supramolecular walls sandwich water 

molecules, which are H-bonded with oxalates and H3TriB3+ belonging to walls (Fig. S9).  

 

 

Fig. 3. H-bonded supramolecular tape in the structure of 3Ox, [{(H3TrIB)(HOx)(Ox)}·5H2O]. Color codes: C, 

grey; H, white; N, blue and O, red. The asymmetric unit is shown in Fig. S8; packing is illustrated in Fig. S9 

(EDI).  

 

[{(H4Tetrapy)(Ox)2}·5H2O], 4, crystallizes in the tetragonal space group I41/a, with two and a 

half H4Tetrapy4+ and five Ox2- packed in the asymmetric unit (Fig. S10). The half H4Tetrapy4+ 

lies with C87 on a twofold axis. The supramolecular synthons observed in 4 are identical to 

the ones found in 2 (details are given in Fig. S11), and the resulting H-bonded assemblage 

also corresponds to a 3D diamandoid net. However, the metrics of the adamantanoid cages of 

4 are reduced (Table 1) in agreement with the smaller oxalate linker. The overall structure 

consists of interpenetrating nets with a total degree of interpenetration of 6. Two sets of 

crystallographically distinct nets (A and B, Fig. 4a) occur in the framework of 4; these nets 

alternate and translate along c-axis (Fig. 4b). Narrow 1D pores, showing a square section of 

2.5 Å in diagonal (van der Waals radii are deducted), are observed along c-axis (Fig 4c); they 

contain H2O molecules. These were found to be highly disordered but the number of electrons 

associated to the guests allowed to estimate a composition of 5 H2O per formula unit (see 

experimental section). This composition has been ascertained by TGA and elemental analysis 

(Table S3, ESI). When these guest molecules are neglected, a solvent accessible volume of 

17% is calculated using PLATON.24 
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Fig. 4. Supramolecular architecture of 4. (a) Two crystallographically distinct H-bonded nets, A (blue) and B 

(red, supramolecular synthons are detailed in Fig. S11). (b) Schematic view of the 6-fold interpenetration (A 

cages are represented in blue, light blue and green; B cages in red, pink and yellow). (c) Space-filling 

representation of 4 showing 1D pores of square section (guest molecules are omitted for clarity). Colour codes in 

(c): C, grey; H, white; N, blue and O, red.  

  

[{(H4-Tetrapy)(BDC)2(H2O)}·1DMF·3H2O], 5, crystallizes in the triclinic space group P-1, 

with one H4-TetraPy4+, four halves of BDC2-, 1 DMF and 4 H2O packed in the asymmetric 

unit (Fig. S12, ESI). The four halves of BDC2- lie about independent inversion centers. For 

this system too, a 3D diamond network results from hydrogen bonding between the molecular 

units. However, one of the H2O molecules (O63) is involved as supramolecular bridge 

between carboxylate and pyridinium groups in three of the twelve edges of the adamantanoid 

cages of this material (see Fig. S13 and S14 for details on H-bonds). Consequently, added to 

the edge length enlargement expected from the use of the BDC2- spacer (from an average 

length of 21.85 Å in 2 to 24.76Å in 5, see Table 1), three out of the twelve edges have their 

length increased to 30.01 Å by the additional H2O. Due to the large space available, a 19-fold 

net interpenetration is observed (Fig. 5). These are organized in five sets of interpenetrated 

nets shifted by 12.51 Å along b direction (Fig. 5b). Four sets comprise 4 nets and the fifth is 
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composed by 3 nets, all are separated by 10.30 Å along a-axis (Fig. 5b). The network 

interpenetration described above generates an open-framework showing narrow channels (~ 2 

× 2 Å2) along the a direction (Fig. S15); these channels interconnect pockets where H2O and 

DMF molecules are hosted. When these guests are neglected, a solvent accessible volume of 

17% is calculated by PLATON. 

 

Fig. 5. Supramolecular architecture of 5. (a) Detail of the H-bonded assemblage for one network (b) schematic 

view of the five sets of interpenetrated nets shifted by b. (b) view showing the 19 interpenetrating nets.  

 

This series of assemblages clearly illustrates the dominant role played by the ionic H-bond in 

the association of the molecular building-units. Especially the 3D networks formed with the 

[Tetrapy]4+ unit (i.e. 2, 4, and 5), for which the H-bond acceptor could be varied without 

altering the overall network organization. Considering that Ox, CA and BDC are quite 

different species this is rather gratifying and confirms the robustness of the supramolecular 

synthon used herein.  
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Table 1.  Summary of the structural features for diamandoid frameworks 2, 4, and 5. 

 2 4 5 

Formula [{(H4Tetrapy)(CA)2}·3DMF] [{(H4Tetrapy)(Ox)2}·5H2O]  [{(H4Tetrapy)(BDC)2(H2O)}·1DMF·3H2O] 

Edge length in 

adamantanoid cages 
21.76 and 21.90 Å 

from 19.17 to 19.28 Å (for A) 

from 19.19 to 19.39 Å (for B) 

from 24.47 to  24.76 Å  

and 30.01 Å a  

n-fold interpenetration 7 6 19 

Pore aperture ~ 6.5 × 2.5 Å2 ~ 2 × 2 Å2 ~ 2 × 2 Å2 

Solvent accessible void 

volume24  
32.0% 17.4% 17.0% 

a2 H2O molecules are involved as supramolecular bridges between BDC carboxylates and pyridinium groups in three out of the twelve edges. 

 

Framework robustness and gas sorption properties for 1 and 2 

 Compounds 1 and 2, with the highest potential accessible voids, were subjected to 

TGA and variable temperature PXRD experiments to evaluate the robustness of their 

framework upon guests' departure. Comparable behaviours have been observed for the two 

materials. As soon as they are removed from their mother liquors, the crystalline materials 

lose part of their guest molecules. TGA (Fig.S16, ESI) indicate a first weight loss upon 

heating to 120°C which corresponds to complete departure of guests, while chemical 

decomposition of the frameworks takes place above 200°C.  

The PXRD pattern for freshly isolated samples of 1 and 2 is in good agreement with the 

diffractogram calculated from SCXRD data (Fig. 6 and S17 in ESI). The slight peak 

displacements and/or intensity variations are ascribed to the temperature at which data 

collection have been performed (RT for PXRD versus cryogenic temperatures for SCXRD) 

and to preferential orientation effects. This is confirmed by unit cell parameters obtained by 

Le Bail analysis25 which reveal minor deformation of the framework for pristine, freshly 

isolated, materials. Signs for structure deformation and amorphisation are observed after 

activation under vacuum (6h at 23°C). This is revealed by slights shift and broadening of the 

peaks, together with peaks intensity decrease. Interestingly, when the activated materials were 

immersed in DMF for 2h, at RT, the initial phase was recovered for 2 (Fig. 6) while a new 

phase was found for 1 (Fig. S17). This novel phase is rationalized by the absence of H2O 

which is part of the guest molecules in the pristine material 1. It is worth recalling that 

materials 1 and 2 are insoluble in DMF and common organic solvents at RT and that they 
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have been immerged in DMF for a short period of time, therefore a dissolution/re-

crystallization process to account for the recovery of the guests can be excluded. 

From these PXRD studies it can be concluded that the frameworks of 1 and 2 exhibit some 

flexibility upon guest release but their integrity is not affected. Moreover, they recover their 

crystalline by re-sorption of their guests (i.e. DMF), confirming their open-framework 

features. 

 

Fig. 6. (top) PXRD patterns for 2 (a) calculated from SCXRD data; (b) as-synthesized powder; (c) vacuum 

activated powder, and (d) after immersion of the activated phase in DMF. Bump/peak enlargement observed in b 

and c at 2θ = 6° is ascribed to the kapton holder used for measurements. (bottom) CO2 sorption isotherms 

registered at 25°C for activated 1 (□) and 2 (■).  

 

Gas sorption isotherms have been recorded for activated 1 and 2 with N2 and CO2. The poor 

N2-adsorption at 77 K revealed absence of permanent porosity likely due to a squeezing of the 

framework upon guest release. As a consequence, the pore apertures are close after solvent 

removal. This was confirmed by the CO2 sorption isotherms obtained at 25°C that shows 
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moderate but progressive increase of adsorbed volumes of gas with pressure (Fig. 6). Such a 

profile indicates a progressive opening of the pores as the CO2 pressure is increased. 

However, CO2 uptakes (5.7 cm3·g-1 for 1, and 4.7 cm3·g-1 for 2) are far below the amounts that 

should be adsorbed considering the potential void volumes determined from SCXRD data. 

 

 

Conclusion 

This series of preliminary results confirms that with a robust supramolecular synthon such as 

the ionic H-bonds utilized here, a structure/property tuning becomes possible. This is 

illustrated by the diamond-type networks formed with the tetrahedral-shaped tetracation 

which overall supramolecular assemblage was not compromised by the different linear linkers 

used. As a result, metrics of the resulting adamantanoid cage could be rationally modulated by 

varying the size of the spacer (from ca 2.2 to 6.9 Å) involved in the process.  

This investigation aimed also to explore the possibility to form organic open-

framework/porous materials by association of cationic H-bond donors and 2-connecting 

anionic H-bond acceptors. The first results appear promising, four out of the six formed 

assemblages exhibit open-framework architectures with potential porosities up to 41 %. It can 

be noticed that these frameworks have been constructed with rather basic molecules as 

linkers. A continuation of this investigation would be to optimize the chemical design of the 

H-acceptor to limit the phenomena of net-interpenetration.  

 

Experimental section 

Materials and methods: 

1,3,5-trisimidazolylbenzene (herein designated as TrIB) and the tetrakis(methoxy-4-

pyridyl)methane (Tetrapy) were prepared in good yields according to literature procedures.18-

19 Oxalic acid (H2Ox), chloranilic acid (H2CA) and terephtalic acid (H2BDC) were purchased 

from commercial sources and used as received.  

Physical measurements: 

Infrared spectra were recorded with a Perkin-Elmer Spectrum 100 FT-IR spectrometer 

in the range 4000–600 cm-1. Elemental analyses were performed using a Perkin-Elmer 2400 

II, CHNS/O analyzer. TGA measurements have been done on a Perkin-Elmer Diamond 

TG/DTA Instruments. The compounds were heated at the rate of 1°C/min between RT and 

200°C and at the rate of 10°C/min above 200°C/min under N2 flux. Gas adsorption isotherms 
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were recorded on evacuated materials on a Micromeritics ASAP 2020 analyzer. Samples were 

previously degassed at 333 K in vacuo (10-5 Torr) for 3 h. CO2 adsorption experiments were 

recorded at 25°C using the same instrument.  

 

 

 

Crystallographic studies: 

X-ray data for compounds 2-5 were collected at low temperature on a GEMINI Oxford-

Diffraction diffactometer using Cu radiation (λ = 1.54180 Å), those for compound 1 were 

collected at 100K on an APEX2 Bruker diffractometer equipped with Mo microfocus source 

(λ = 0.71073 Å). The structures were solved using SUPERFLIP26 or SHELXS,27 and refined 

by means of least-squares procedures on F using the programs of the PC version of 

CRYSTALS.28 Atomic scattering factors were taken from the international tables for X-ray 

crystallography.29 Excepted on some solvent molecules, the H atoms were located in a 

difference map, but those attached to carbon atoms were repositioned geometrically. The H 

atoms were initially refined with soft restraints on the bond lengths and angles to regularize 

their geometry and Uiso(H), after which the positions were refined with riding constraints.30 

For 1, a disorder found for some of the solvent molecules has been refined as half-occupancy 

DMF molecule (with N47,O45) and the half-occupancy water molecule oxygen O57. 

Refinement has shown clearly that this is the best model to describe the disorder. For 

compound 4, it was not possible to resolve diffuse electron-density residuals (enclosed water 

solvent molecules). Treatment with the SQUEEZE facility from PLATON resulted in a 

smooth refinement.31 The squeeze output implies that 1886 electrons were removed from the 

unit cell contents, which can be associated to 12 water molecules in the asymmetric unit 

(Space group I 41/a, general multiplicity = 16) and around 5 water molecules in the overall 

formulation. The contribution of those disordered water molecules were included in the 

calculations reported in table 1. CIF for these structures have been deposited at CCDC with 

references 1402184 to 1402188 respectively for 1 to 5. 

The powder X-ray diffraction patterns were collected in reflexion mode on a XPert Pro (θ–θ 

mode) Panalytical diffractometer with λ(CuKα1, Kα2)) = 1.54059, 1.54439 Å coupled to an 

Anton Parr oven,  or in transmission mode on a Panalytical Empyrean diffractometer using 

Kapton sheets as a support and the same CuKα1, Kα2 radiations. All data were collected in 2° < 

2θ < 50° range, with 0.02 steps and 10 to 100 s of exposure. 
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Synthesis: 

All compounds were prepared under aerobic conditions using DMF/H2O mixtures (95/ 5) as 

solvent. In all cases, same concentrations for TrIB and Tetrapy and identical solvent volumes 

were used. Yields were determined using formula deduced from Elemental Analyses. 

1: H2CA (38 mg, 0.18 mmol) in 5mL of DMF/H2O was slowly added to TrIB (33 mg, 0.12 

mmol) in 10 mL of the same solvent. The dark violet microcrystalline precipitate which 

formed immediately was stirred during 5 min before the mixture was heated to 80°C to 

dissolve the solid. Single crystals of 1 suitable for SCXRD formed upon slow cooling. Yield: 

80 % (78 mg, 0.096 mmol). IR (ν, cm-1): 3492, 3411, 3139, 3070, 1652, 1625, 1579, 1540, 

1482, 1439, 1374, 1332, 1269, 1198, 1117, 1069, 998, 879, 834, 733, 664, 620. Anal. (%) 

calcd. for C30.90H37.10N8.30O11.30Cl3: C, 45.71; H, 4.61; N, 14.32; Found: C, 45.48; H, 4.75; N, 

14.22. 

2: This compound was prepared using the experimental procedure one detailed for 1, by 

adding H2CA (50 mg, 0.24 mmol) in 5mL of DMF/H2O to Tetrapy (53 mg, 0.12 mmol) in 10 

mL of the same solvent. Yield: 72 % (95 mg, 0.086 mmol). IR (ν, cm-1): 3403, 3103, 2920, 

2851, 1631, 1591, 1490, 1457, 1316, 1293, 1281, 1192, 1097, 1018, 986, 869, 832, 672, 640. 

Anal. (%) calcd. for C45.70H51.30N6.90O16.40 Cl4: C, 49.83; H, 4.69; N, 8.77; Found: C, 50.01; H, 

4.59; N, 8.63. 

3: H2Ox (17 mg, 0.18 mmol) in 5mL of DMF/H2O was slowly added to TrIB (33 mg, 0.12 

mmol) in 10 mL of the same solvent. After mixing, the reaction mixture was kept 

undisturbed. Single crystals of 3 suitable for SCXRD were collected after 48h. Yield (after 

crystallization over 1 week): 38 % (18 mg, 0.034 mmol). IR (ν, cm-1): 3411, 3123, 3103, 

3058, 1656, 1615, 1520, 1496, 1289, 1243, 1111, 1073, 1014, 905, 879, 822, 753, 721, 684, 

650. Anal. (%) calcd. for C19H25.80N6O12.90: C, 41.90; H, 4.77; N, 15.43; Found: C, 41.72; H, 

4.36; N, 15.36. 

4: H2Ox (22 mg, 0.24 mmol) in 5mL of DMF/H2O was slowly added to Tetrapy (53 mg, 0.12 

mmol) in 10 mL of the same solvent. After mixing, the reaction mixture was kept 

undisturbed. Single crystals of suitable for SCXRD were collected after 24h. Crystallization 

over 1 week yielded 55 mg (0.078 mmol, Yield = 65 %) of 4. IR (ν, cm-1): 3363, 3083, 2559, 

2917, 1631, 1593, 1502, 1459, 1306, 1283, 1192, 1097, 1012, 964, 836, 765, 664. Anal. (%) 

calcd. for C29H37.5N4O16.75: C, 49.05; H, 5.32; N, 7.89; Found: C, 49.10; H, 5.41; N, 7.73. 

5: H2BDC (40 mg, 0.24 mmol) in 5mL of DMF/H2O was slowly added to Tetrapy (53 mg, 

0.12 mmol) in 10 mL of the same solvent. After mixing, the reaction mixture was kept 

undisturbed. Single crystals of 5 suitable for SCXRD were collected after 24h. Yield (after 
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crystallization over 1 week): 64 % (68 mg, 0.077 mmol). IR (ν, cm-1): 3436, 3103, 2920, 

2851, 1660, 1627, 1597, 1506, 1457, 1384, 1277, 1192, 1087, 1014, 850, 731, 624. Anal. (%) 

calcd. for C44H49N5O16: C: 59.66; H: 5.35; N: 7.91; Found: C: 59.85; H: 5.90; N: 8.04.  
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