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Abstract 

 

1,6-Bis(1-imidazolyl)-2,4-hexadiyne (1) and 1,6-bis(1-benzimidazolyl)-2,4-hexadiyne (5) 

have been prepared by a novel method that consists in refluxing excess imidazole and 

benzimidazole with 2,4-hexadiyne-1,6-diol bis(p-toluenesulfonate), pTS (3). This procedure 

is a viable alternative to the widely used Hay coupling protocol in case the target diyne 

possesses substituents capable of deactivating the copper catalyst by complexation. Diyne 1 

crystallizes as a hydrate, 1·H2O (2). For this compound, water is essential to get a crystalline 

material, and attempts to obtain crystals without included solvent were unsuccessful. In the 

structure of 2, the organic fragments organize around the water molecule and interact with it 

through a dense network of hydrogen bonds. The C≡C-C≡C moieties are not oriented suitably 

for topochemical polymerization, and when trying to alter the organization of the crystal by 

heating so as to induce polymerization, water is lost in an abrupt fashion that leads to 

instantaneous decomposition into polyaromatic-like species. Similar results were observed 

when water was removed in vacuo at room temperature. The benzimidazole-containing 

compound can be crystallized with water molecules (4) or without (5). X-ray crystallography 

shows that the structure of 5 is organized by numerous C-H·· ·N, C-H···π, and 

imidazolyl·· ·imidazolyl π-π interactions. The diacetylene molecules almost have the right 

arrangement for topochemical polymerization, with possibly reacting C≡C-C≡C fragments 

not being parallel, a rare situation in diacetylene chemistry. Yet, experiments show that 

topochemical polymerization does not occur. Incorporation of water in the lattice of 5 leads to 

a solvate that is topochemically reactive. Unlike 2, however, water molecules in 4 are not 

isolated but are organized as ribbons. Spectroscopic characterization of the polymer of 4 

indicates that it is a blue phase polymer, with water coordinated to it. This study shows that it 

is possible to use water, and more generally solvent molecules, to transform a nonreactive 

diacetylene into a reactive one, even though this approach is less predictable than the 

cocrystal approach developed by Fowler, Lauher, and Goroff. The solvate approach is simple 

to implement, quite versatile because of the large range of solvents available, and one does 

not face the problem of having to remove the host in case one needs to recover the polymer. 

Previous studies describing a similar approach are scarce. 
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Introduction 

 

Diacetylenes (DAs) are an intriguing class of molecules owing to their ability to polymerize 

in the solid state.1 Solid-state polymerization of DAs takes place through 1,4-addition 

between neighboring C≡C-C≡C fragments, leading to polydiacetylenes (PDAs).2-4 PDAs are 

1D structures with a π-conjugated backbone consisting of an alternation of double and triple 

bonds (Scheme 1). The advantages of solid-state diacetylene polymerization are at least 

twofold: first, it requires no catalyst and no solvent, so it may be regarded as a "green" 

process. Second, in favorable cases, perfectly ordered crystals of the polymer are obtainable.5, 

6 Thus, the geometry of the polymer chains in these crystals can be determined accurately by 

single-crystal X-ray diffraction.7-9 Also, it is possible to study the electronic properties of the 

chains in the absence (or near absence) of disorder.10 

 A set of crystal packing requirements must be fulfilled for solid-state polymerization 

of DAs to occur; these requirements are compiled under the name “Topochemical 

Principle”.11 These geometrical criteria, which are necessary but not sufficient conditions for 

such a polymerization to take place,11-13 are depicted in Scheme 1: i) the translational period d 

of the monomer is in the range of 4.7 to 5.2 Å; ii) Rv is smaller than 4 Å, with a lower limit of 

3.4 Å, which represents the van der Waals contact distance of the two rods; iii) the angle γ 

between the diacetylene rod and the translational vector is close to 45°. All three geometrical 

requirements must be met in order to secure a close contact between the C1 atom of one 

diacetylene rod and the C4 atom of the neighboring rod, in the reactive monomer crystal.4, 14 

The upper limit for R1,4 as quoted by Baughmann is 5 Å,2 but according to Huntsman, this 

limit should not be much greater than 4.3 Å.14 

 Suitable orientation of the diacetylenic molecules in the crystal lattice is frequently 

achieved by intermolecular hydrogen bonding, and this situation was recognized early on by 

Wegner.1 Thus, DAs possessing hydroxyl,15, 16 sulfonate,17, 18 urethane,19-21 amide,22, 23 and 

urea24 groups have been prepared in the hope of organizing the C≡C-C≡C moieties by 

hydrogen bonding. Weaker types of hydrogen bonds such as CH2⋅⋅⋅N≡C contacts25 function 

equally well, and also, C-H⋅⋅⋅π interactions can be used for such purpose.8, 9 

 In case these interactions are ineffective at organizing suitably DA molecules in the 

crystal lattice, one way of solving the problem is to look for other polymorphs.16, 26 This 

solution is simple to implement, yet it does not always work and is hardly predictable. 

Alternatively, it is possible to use tools from the crystal engineer arsenal, especially 
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cocrystals. Two approaches dealing with cocrystals have been followed in the recent 

literature. In the first approach, Fowler, Lauher, and Goroff have prepared cocrystals between 

urea- or oxalamide-containing hosts and diacetylene-containing guests. In these assemblies, 

the ditopic host and ditopic guest interact with one another through hydrogen27-34 or halogen33, 

35-39 bonds, creating 1D chains. The chains are connected in a perpendicular direction by 

hydrogen bonding between the urea- or oxalamide-containing hosts. In the second approach, 

Grubbs and co-workers,40 and later on Frauenrath and colleagues,41, 42 have made use of weak 

face-to-face π⋅⋅⋅π interactions. Specifically, they have shown that diacetylenes bearing 

perfluorophenyl substituents and DA molecules with phenyl groups could assemble into 

cocrystals through perfluorophenyl⋅⋅⋅phenyl contacts and that, in these cocrystals, the C≡C-

C≡C fragments were oriented suitably for solid-state polymerization. A third possibility exists 

that does not rely upon the formation of a cocrystal and that is based on coordination 

chemistry.43 

 In principle, it would be a lot easier if one could just use solvent molecules to orient 

suitably diacetylenes in the crystal lattice. Such a strategy would spare one the effort of 

synthesizing the structure-directing component necessary for DA organization in the cocrystal 

approach described previously.37 There is some literature concerning the preparation and 

structural characterization of inclusion compounds containing diacetylenic hosts. These hosts 

are called “wheel-and-axle” molecules because they possess bulky end groups. The rigid C4 

spacer keeps the end groups apart and prevents close packing of the host. Thus, voids are 

created in the structure where solvent molecules can nest. Toda and colleagues have prepared 

a large number of clathrates using 1,1,6,6-tetraphenyl-hexa-2,4-diyne-1,6-diol as a host.44-46 

In general, in these clathrates, solvent molecules with polar groups are included as a result of 

their interactions with the hydroxyl groups from the diacetylenic diol,47, 48 yet π-donors and 

haloalkanes can be incorporated as well.47 Following this seminal work, Hart and co-

workers49 have subjected Ar3CC≡C-C≡CCAr3 diacetylenes (Ar = phenyl, p-biphenyl, 4-

methoxyphenyl) to solvent complexation studies and found that these diynes produced 

clathrates with arenes and chloroform. More recently, Brouty et al.50 and ourselves,51 have 

shown that diacetylenic molecules bearing heteroelement-containing substituents R3MC≡C-

C≡CMR3 (M = Si, Sn, Pb; R3 = Aryl3, Aryl2Me) have the same propensity for solvent 

inclusion as their all-carbon counterparts. In terms of DA polymerization, the most important 

outcome from all of these investigations is that the included solvent molecule is unable to 

modify the organization of the diacetylenic host so as to render topochemical polymerization 
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possible, no matter what the strength of interaction between the two. There are, however, two 

exceptions: the first exception was reported by Ouyang et al.30 These workers showed that 

penta-2,4-diynyl 3,5-dihydroxybenzoate, a resorcinol-appended diacetylene, crystallizes as a 

monohydrate from MeOH-H2O. In this clathrate, water molecules position adjacent C≡C-C≡C 

fragments in such a way that monomer crystals transform smoothly into polymer crystals 

upon heating to 50 °C. The second exception is an old example. In 1980, Patel and colleagues 

published a paper in which they described the solid-state polymerization of 2,4-hexadiyne-

1,6-bis(m-tolylurethane), HDmTU.19 They found that this DA is moderately reactive and that, 

upon irradiation with γ-rays, no more than 35% conversion to the polymer could be achieved. 

They also found that this DA could be converted into a more reactive form upon exposure to 

p-dioxane vapor. This new form, which incorporates 0.5 molecule of p-dioxane per molecule 

of diacetylene, polymerizes quantitatively when subjected to a γ-ray dose slightly greater than 

50 MRad. Neither the X-ray crystal structure of HDmTU⋅0.5 p-dioxane nor that of its polymer 

were reported in this work. However, the structure of poly-HDPU⋅0.5 p-dioxane is known 

(poly-HDPU = poly[2,4-hexadiynylenebis(phenylurethane)]) that shows that the p-dioxane 

molecule is involved in two centrosymmetrically related N-H⋅⋅⋅O hydrogen bonds with the 

polymer.52 

 We wish to continue this theme here using 1,6-bis(1-imidazolyl)-2,4-hexadiyne (1) 

and 1,6-bis(1-benzimidazolyl)-2,4-hexadiyne (5) (see structures in Scheme 2). The solid-state 

polymerization of DAs with pyridine, quinoline, and pyrimidine substituents has been 

reported before,27-29, 31-33, 53-56 but as far as we know, DAs bearing imidazole and 

benzimidazole groups have never been tested for topochemical polymerization. Imidazole and 

benzimidazole moieties are more basic than any of the previously used heterocycles,57 so we 

anticipate that molecular assemblies with novel architectures might be accessible, as it was 

observed with imidazolyl-containing haloalkenes and haloalkynes.58 Furthermore, as an extra 

bonus, PDAs bearing imidazole and benzimidazole groups should be amenable to 

derivatization, especially by protonation, quaternization, and complexation to a metal.53 We 

report in this study that both 1 and 5 are capable of binding water molecules. Crystallographic 

characterization of the hydrate and anhydrate forms of these diacetylenes shows that hydrogen 

bonding competes with C-H···π and π· · ·π interactions and affects the organization of the 

molecules. A qualitative evaluation of the strengths of interaction is done on the basis of a 

detailed metrical analysis, yet the purpose of this work is not to provide precise energy values. 

Such a valuable piece of information is difficult to obtain and requires a study of its own. We 
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rather wish to show how the presence of water in the lattice of these molecules is beneficial in 

some respects and detrimental in others in terms of stability and polymerization reactivity. In 

particular, in the case of 1, the presence of water is essential to create an organized structure; 

single crystals of this DA cannot be obtained in the absence of water. In the structure of 

1⋅H2O (2), each water molecule interacts strongly with several neighboring DA molecules, 

but the C≡C-C≡C fragments are not oriented suitably for topochemical polymerization. When 

trying to alter the organization of the crystal by heating so as to induce polymerization, water 

is lost in an abrupt fashion that leads to instantaneous decomposition of the diacetylene. In the 

case of 5, the material that is obtained after evaporation of the solvent mixture used for 

chromatographic purification is a monohydrate (4). Single crystals of 4 could not be obtained, 

so its structure had to be determined by Rietveld refinement. This form exhibits fairly good 

solid-state polymerization reactivity. When 4 is crystallized from dichloromethane, an 

anhydrate is obtained that is nonreactive. 
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Results and discussion 

 

Syntheses 

1,6-Bis(1-imidazolyl)-2,4-hexadiyne (1) is a novel compound. Initial attempts to synthesize 

this molecule were made by use of oxidative dimerization of 1-propargylimidazole58 

following the Hay coupling protocol,59 with DME (1,2-dimethoxyethane) as a solvent. A 

green powder insoluble in common laboratory solvents was obtained that showed an intense 

Raman band at 2250 cm−1, typical of diacetylenes. Elemental analysis revealed the presence 

of carbon, hydrogen, nitrogen, chlorine, and copper percentages consistent with the formation 

of a coordination compound between 1 and copper, but the exact stoichiometry of this 

compound could not be determined. The green powder was treated with several extractants 

known to complex copper, viz. ethylenediaminetetraacetic acid (EDTA), 8-hydroxyquinoline, 

and dithizone, but these efforts were unsuccessful. Eventually, the solid was treated with an 

excess of potassium cyanide (∼40 equiv) in a two-phase CH2Cl2-H2O solvent mixture, and 

indeed, uncomplexed 1 was recovered in the organic layer.60 Clearly, this synthetic procedure 

is inappropriate for large-scale preparations of 1, so we looked for a safer route. We have 

found that 1 forms when 2,4-hexadiyne-1,6-diol bis(p-toluenesulfonate)61 (3) is allowed to 

react with an excess of imidazole in refluxing dichloromethane (Scheme 2).62 

Chromatographic purification of 1 with use of a CH2Cl2-CH3OH solvent mixture (94:6 v/v) 

followed by slow evaporation of the solvents gives 1⋅H2O (2) in 55% yield. 

 1,6-Bis(1-benzimidazolyl)-2,4-hexadiyne (5) is a known compound that has been 

prepared in the past by oxidative dimerization of 1-propargylbenzimidazole under the Glaser 

coupling conditions.63 Various methods to prepare 1-propargylbenzimidazole can be found in 

the literature with yields ranging from 30 to 75%.63, 64 We have employed the same synthetic 

procedure as that used to prepare 1, and after chromatographic purification, 5⋅H2O (4) was 

obtained in 60% yield. Anhydrate 5 is obtained by crystallization of 4 from CH2Cl2. 

 

Structure of 1,6-bis(1-imidazolyl)-2,4-hexadiyne monohydrate (2) 

1,6-Bis(1-imidazolyl)-2,4-hexadiyne co-crystallizes with one water molecule. This situation is 

frequently encountered for imidazolyl-containing compounds; especially, biomolecules and 

drugs such as adenine, theophylline, ornidazole, and xanthosine are known to crystallize as 

hydrates.65-68 Hydrate 2 crystallizes in the orthorhombic space group Pbcn with Z = 4 (Table 

1). There is one-half of a diacetylene molecule in the asymmetric unit and one-half of a water 
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molecule.69 Both molecules are located on a two-fold rotation axis. When viewed down the 

crystallographic a axis (Figure 1), the presence of a single layer stacking arrangement is 

evident: layers made of CH2-C≡C-C≡C-CH2 fragments are separated by regions that contain 

exclusively imidazolyl groups and water molecules. In these regions, imidazolyl groups are 

interdigitated, but there is no significant π-π interaction between them. The smallest Cg·· ·Cg 

distance (Cg is the centroid position of the imidazolyl ring) between two nearby imidazolyl 

groups is 4.986 Å. This distance is much larger than the 3.4-3.8 Å range typically found in 

systems that exhibit sizeable π-π stacking interactions.70 The next smallest Cg···Cg distance 

between imidazolyl moieties is 5.626 Å. 

 Diacetylenic units are too far away from one another to undergo topochemical 

polymerization: the closest distance, R1,4, between the C1 carbon atom of a C1≡C-C≡C4 

fragment and the C4 atom of the nearest C1≡C-C≡C4 unit (1,4 topochemical polymerization 

involves connection between these two atoms) is 5.196 Å. This distance is much larger than 

the upper limit quoted by Baughman for R1,4, i.e. 5 Å.2, 14 Furthermore, in this case, the two 

supposedly reacting C1≡C-C≡C4 rods would be nearly perpendicular when they should be 

more or less parallel. 

 Interestingly, water molecules are not disordered. Each molecule is kept in place 

tightly by eight hydrogen bonds (Figure 2). There are two strong O-H···N interactions 

(d(H11·· ·N4) = 1.986 Å, d(O1·· ·N4) = 2.853 Å, ∠O1-H11···N4 = 175.69°, Table 2) and six 

weaker C-H···O interactions. The O-H···N interactions of 2 are similar to that found in the X-

ray crystal structure of 4,4'-bis(imidazolyl)biphenyl monohydrate (d(H···N) = 1.987 Å, 

d(O···N) = 2.862 Å, ∠O-H···N = 174.70°).71, 72 Geometrical parameters indicative of stronger 

O-H·· ·N interactions have been found in 2,6-bis(imidazol-1-yl)pyridine monohydrate73 

(d(H·· ·N) = 1.770 Å, d(O···N) = 2.799 Å, ∠O-H···N = 167.61°) and 1,1'-(1,4-

butanediyl)bis(2-phenylimidazole) dihydrate74 (d(H···N) = 1.885 Å, d(O···N) = 2.804 Å, ∠O-

H···N = 172.98°). Geometrical parameters indicative of weaker O-H·· ·N interactions have 

been found in 1,2,4,5-tetrakis(1H-imidazol-1-ylmethyl)benzene tetrahydrate75 (d(H···N) = 

2.019 Å, d(O···N) = 2.865 Å, ∠O-H···N = 165.18°) and 1,3,5-tris(imidazol-1-ylmethyl)-

2,4,6-trimethylbenzene monohydrate76 (d(H···N) = 2.038 Å, d(O···N) = 2.931 Å, ∠O-H···N 

= 158.54°). The six C-H···O interactions may be divided into categories: two of them are 

CH2· · ·O interactions (2 × C7-H72···O1, see Table 2), and four of them are Cim-H·· ·O (im = 

imidazolyl) interactions (2 × C3-H31···O1 and 2 × C6-H61···O1). The latter four interactions 

involve hydrogen atoms borne by C-2 and C-5 carbons of imidazolyl rings (see generic 
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numbering scheme in Scheme 3); hydrogens borne by C-4 carbons do not interact with water 

molecules. 

 Close examination of the organic shell making up the cavity around the water 

molecule (Figure 3) indicates that the imidazole-CH2 part of the diacetylenic compound 

exhibits two types of hydrogen-bonding patterns. In the first pattern, the C2-H fragment of the 

imidazolyl ring and the CH2 group both interact with the water molecule. In the second 

pattern, the C5-H fragment of the imidazolyl ring interacts with the water molecule and the 

CH2 group interacts with a nearby imidazolyl nitrogen. Undoubtedly, this extra CH2· · ·N 

interaction increases the stability of the assembly. A detailed description of these hydrogen 

bonding interactions is provided in the Supporting Information. 

 Besides being involved in a hydrogen-bonding interaction with the water molecule 

(see Supporting Information), the C5-H bond of the imidazolyl ring is involved in a C-H···π 

interaction with a nearby imidazolyl ring (see C6-H61···C5i and C6-H61···C6i in Table 3). 

The C6-H61 bond does not interact symmetrically with the C5i=C6i bond as indicated by the 

large difference between the H61···C5i and H61·· ·C6i distances (d(H61···C5i) = 3.481 Å and 

d(H61···C6i) = 3.034 Å). A survey of the Cambridge Structural Database (CSD)77 revealed 

twelve non-ionic, uncomplexed, imidazole-based compounds exhibiting a similar interaction: 

the minimum C-H···C=C value was 2.664 Å, the maximum value 2.899 Å, and the mean 

distance 2.804 Å. Thus, the C6-H61·· ·C5i=C6i interaction observed in 2 is weak. 

 Hydrogens borne by C4 carbons are involved in C-H···π interactions with neighboring 

C≡C and C=C groups. Geometrical parameters for the C4-H···C=C interaction are listed in 

Table 3 (C5-H51·· ·C5i = 3.458 Å and C5-H51···C6i =3.553 Å). These distances are quite 

long by comparison with values reported in the literature. A survey of the Cambridge 

Structural Database (CSD)77 revealed nine non-ionic, uncomplexed, imidazole-based 

compounds exhibiting a similar interaction: the minimum C-H···C=C value was 2.707 Å, the 

maximum value 2.897 Å, and the mean distance 2.832 Å. Thus, the C5-H51···C5i=C6i 

interaction observed in 2 is weak. Table 3 also contains geometrical parameters for the C4-

H···C≡C interaction (C5-H51···C8ii = 2.944 Å and C5-H51·· ·C9ii =3.003 Å). On the basis of 

contact distances, it is evident that the C4-H···C≡C interaction is much stronger than the C4-

H···C=C interaction. A survey of the Cambridge Structural Database (CSD)77 revealed only 

one non-ionic, uncomplexed, imidazole-based compound exhibiting a similar interaction, 

namely dimethyl 7-(3-butynyl)-7-(4-pentynoyloxy)-7H-pyrrolo(1,2-a)imidazole-5,6-

dicarboxylate.78, 79 For this latter molecule, intermolecular C4-H···Csp distances amount to 
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2.844 and 3.014 Å. Thus, the C4-H···Csp distances observed in 2 are similar to those observed 

in dimethyl 7-(3-butynyl)-7-(4-pentynoyloxy)-7H-pyrrolo(1,2-a)imidazole-5,6-dicarboxylate, 

but unlike in the latter compound, the C4-H bond interacts in a nearly symmetrical fashion 

with the triple bond. 

 The topology of 2 is dictated by the strong hydrogen-bonding interaction between the 

water molecule and the diacetylenic compound. This interaction generates polymeric chains. 

When viewed down the crystallographic b axis (Figure 4), the presence of two types of 1D 

chains is evident: one chain (green) runs parallel to one diagonal of the ac face and the other 

chain (red) runs parallel to the other diagonal of that same face. The superposition of these 

two sets of 1D chains generates a grid with a diamond-shaped mesh. The mesh is narrow, 

4.71 Å × 5.18 Å, resulting in a compact structure. 

 A survey of the Cambridge Structural Database (CSD)77 revealed one non-ionic, 

uncomplexed, imidazole-based compound exhibiting 1D chains analogous to those found in 

2, namely 4,4'-bis(imidazolyl)biphenyl monohydrate.71, 72 The chains present in 4,4'-

bis(imidazolyl)biphenyl monohydrate, however, are not oriented orthogonally but are all 

parallel. Close examination of the crystal structure of this latter compound indicates that, in 

addition to strong interchain imidazole···H2O···imidazole interactions, there are sizeable C-

H···π interactions between the C5-H bond of one imidazolyl ring and the π cloud of a nearby 

phenyl group. Undoubtedly, these extra C-H···π interactions contribute to keeping the chains 

parallel. Such a combination of interactions is lacking from 2. 

 

Structure of 1,6-bis(1-benzimidazolyl)-2,4-hexadiyne (5) 

1,6-Bis(1-benzimidazolyl)-2,4-hexadiyne (5) crystallizes from dichloromethane as light 

brown crystals. The space group is monoclinic P21/c with Z = 4 (Table 1); there is one 

molecule in the asymmetric unit.69 Unlike 1,6-bis(1-imidazolyl)-2,4-hexadiyne, diacetylene 5 

crystallizes as an anhydrous form. This situation is reminiscent of the dichotomies that exist 

between 4,4'-bis(imidazolyl)biphenyl and 1,1'-biphenyl-4,4'-diylbis(1H-benzimidazole), and 

between 1,4-di(1-imidazolyl)butane and 1,1'-butane-1,4-diylbis(1H-benzimidazole). 4,4'-

Bis(imidazolyl)biphenyl71, 72 crystallizes as a monohydrate and 1,4-di(1-imidazolyl)butane80 

as a dihydrate, whereas 1,1'-biphenyl-4,4'-diylbis(1H-benzimidazole)81, 82 and 1,1'-butane-1,4-

diylbis(1H-benzimidazole)83 both crystallize as anhydrous forms. It was thought originally 

that these dichotomies were the result of two joint contributions: first, the imine nitrogen of 

the imidazole ring is more basic than the imine nitrogen of the benzimidazole ring,57 so the 
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formation of a hydrate in which the water molecule is hydrogen-bonded to the heterocycle is 

expected to be favored for imidazole-based compounds. Second, the less hydrophilic 

character of the benzimidazolyl moiety as compared with that of the imidazolyl group is 

anticipated to be another important factor. We have found, however, that another form of 5 

exists, 4 (see below), that incorporates water molecules in the lattice. Consequently, the 

aforementioned arguments are probably not decisive and the actual reason for this situation 

most likely originates from crystal packing forces. 

 Water molecules are not present in the structure of 5 to connect the diacetylenic rods 

into infinite wires, yet the basic structure is still polymeric. Assembly of 5 into polymeric 

chains takes place through π· · ·π interactions between benzimidazolyl groups (Figure 5); these 

interactions are supplemented by intermolecular C-H···π contacts. A detailed description of 

these interactions is provided in the Supporting Information. 

 When examining the structure down the crystallographic b axis, it looks as if all of the 

chains were parallel. Yet, all of the chains are not identical and, in fact, there are two types of 

chains, shown in blue and green in Figure 6. Blue chains line up along the c axis with a 

separation of 9.235 Å; these chains interact with one another through C-H···N hydrogen 

bonds and C-H···π contacts (Figure 7). Interestingly, the acac-like hydrogen-bonding pattern 

previously observed in the crystal structure of 2 (see Supporting Information) is also present 

in the structure of 5. This time, the C2-H hydrogen of a benzimidazolyl ring and the CH2 

group bound to that same ring point at the N3 nitrogen of a benzimidazole moiety (see generic 

numbering scheme in Scheme 3) located in a neighboring blue chain. The geometrical 

parameters of this acac-like interaction are as follows: d(H201···N4) = 2.480 Å, d(C20···N4) 

= 3.248 Å, ∠C20-H201···N4 = 139.26°; d(H151···N4) = 2.654 Å, d(C15···N4) = 3.330 Å, 

∠C15-H151···N4 = 126.44°. Furthermore, the H201, C20, N16, C15, and H151 atoms lie 

nearly in the same plane. 

 The acac-like hydrogen-bonding pattern is supplemented by a C-H···π interaction: the 

C2-H hydrogen of the benzimidazolyl group from the second chain involved in the acac-like 

connection interacts with a phenyl carbon of a benzimidazole moiety located in the first chain 

(Figure 7). The geometrical parameters of this interaction are as follows: d(H51···C23) = 

2.844 Å, d(C5···C23) = 3.715 Å, ∠C5-H51···C23 = 156.53°. 

 Blue chains interact with green chains through C-H···π contacts (Figure 8): the C-H 

bond is that of a methylene group and the π cloud belongs to the phenyl part of a 

benzimidazolyl moiety. The geometrical parameters for this interaction are: d(H101···Cg) = 
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2.644 Å, d(C10···Cg) = 3.271 Å, and ∠C10-H101···Cg = 121.93°. Thirty-two uncomplexed 

benzimidazole-based compounds were retrieved from the Cambridge Structural Database 

(CSD)77 that exhibit a similar interaction in the solid state. For these compounds, the 

minimum H···Cg value was 2.578 Å, the maximum value 2.998 Å, and the mean distance 

2.832 Å. Thus, the CH2· · ·π interactions observed in 5 are fairly strong. 

 Blue chains are too far away from one another to undergo 1,4 topochemical 

polymerization: the R1,4 distance is 7.000 Å, well beyond the 5 Å limit quoted by Baughman.2, 

14 The R1,4 distance between blue chains and green chains, 4.290 Å, suggests that 1,4 

topochemical polymerization is possible (shown as red dashed lines in Figure 9). But the 

angle, γ, between the polymerization axis (a fictive line that passes through the centroids of 

the reacting C≡C-C≡C rods) and a straight line encompassing all of the carbons of the C≡C-

C≡C fragments also has to be right. According to Baughman, γ should be near 45°.2, 14 For a 

large number of polymerizable diacetylenes it is observed that the reacting C≡C-C≡C units 

are parallel, so there is only one value for γ. In the case of 5, however, these units are not 

parallel, so there are two different γ angles; these angles are respectively 42.1 and 62.4°. 

Because one of the γ values differs significantly from 45°, it is not clear whether 1,4 

polymerization will actually occur. 

 Such a situation is quite rare, and as far as we know, only one DA has been reported 

before that shows polymerization reactivity and has nonparallel reactive diacetylene groups in 

the crystal lattice. This DA is 2,4-hexadiyne-1,6-bis(m-tolylurethane), HDmTU, in its "orange" 

(i.e. unsolvated) phase.19 In the X-ray crystal structure of this molecule, all of the reactive 

diacetylene groups are neither translationally related nor related by a center of inversion, but 

they are related by a glide plane. As a result, in the direction of polymerization, molecules are 

crossed at an angle of 72°. Close inspection of the structure indicates that this unusual 

arrangement is the consequence of intermolecular N-H·· ·O hydrogen bonding. This 

arrangement has been put forth as being responsible for the low overall rate of formation of 

polymer, 7-8% upon X irradiation and 35% upon irradiation with γ-rays. 

 

Structure of 1,6-bis(1-benzimidazolyl)-2,4-hexadiyne monohydrate (4) 

The cream-white solid isolated after chromatographic purification and slow evaporation of the 

solvents to dryness is not 5 but its monohydrate 4. This was confirmed by elemental analysis 

and infrared spectroscopy. Several attempts were made to obtain single crystals of this form, 

but these efforts were unsuccessful. Eventually, a structural analysis of the solid by powder 
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X-ray diffraction was undertaken. Experimental details of data collection and information 

concerning structure solution and refinement can be found in the Experimental Section. 

 Monohydrate 4 crystallizes in the monoclinic space group P21 with Z = 4; there are 

two diacetylene molecules in the asymmetric unit and two water molecules.69 The structure of 

4 is quite different from that of 5 in that diacetylene molecules now pile up in stacks; the two 

crystallographically unique stacks are shown in green and blue in Figure 10. When looking at 

the structure down the a axis, two types of regions are evident between stacks, polar regions 

that contain water molecules, and non-polar ones where hydrophobic interactions, notably C-

H···π contacts, are important. 

 Unlike the situation found in 2, water molecules are not isolated but interact with one 

another. They form ribbons that run parallel to the a direction (Figure 10). One such ribbon is 

shown in Figure 11. Intermolecular O·· ·H distances amount to 1.974 and 2.352 Å, and 

associated O-H·· ·O angles are 135.43 and 140.76°, respectively. Water ribbons interact with 

benzimidazolyl groups through O-H···N hydrogen bonds. Four types of O-H···N distances 

are found, 2.004, 2.013, 2.033, and 2.048 Å. On the basis of distances, the O-H·· ·N 

interactions of 4 appear to be weaker than those observed in 2. One comment must be made, 

however, concerning the O-H·· ·N interaction associated with the 2.033 Å distance: this 

interaction is probably not a true O-H·· ·N hydrogen bond but more likely an O-H···π 

interaction: the O-H·· ·Cg distance (Cg is the centroid position of the N1-C2-C3-N4-C5 ring) 

is 2.220 Å and the O-H···Cg angle 166.33°. These O-H·· ·N/O-H···π interactions are 

supplemented by two C-H···OH2 interactions involving the C-H bond located between the 

nitrogen atoms of the N1-C2-C3-N4-C5 imidazolyl group (see Figure 11). The geometrical 

parameters for these interactions are: d(H51···O6) = 2.119 Å, d(C5···O6) = 2.369 Å, ∠C5-

H51···O6 = 93.16°, and d(H51···O12) = 2.176 Å, d(C5···O12) = 2.722 Å, ∠C5-H51···O12 = 

115.39°. C-H·· ·OH2 interactions between the hydrogen atom borne by the C44 carbon of the 

N40-C41-C42-N43-C44 imidazolyl group (located in the facing stack) and O6 are weak, as 

suggested by the rather large H441···O6 separation, 2.611 Å. Lastly, the acac-like behavior of 

the imidazole-CH2 fragment observed previously in the structures of 2 and 5 is not detected in 

the structure of 4. 

 Cohesion of the structure is also ensured by numerous C-H···π interactions. There are 

ten Cphenyl-H···Cphenyl interactions with H·· ·Cphenyl distances spanning the range 2.281-2.948 Å 

and eight Cphenyl-H·· ·Csp interactions with H···Csp distances in the range 2.176-3.032 Å. There 

is one C-H·· ·π interaction involving the C2-H fragment of a benzimidazolyl moiety (see 
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generic numbering scheme in Scheme 3); this fragment interacts with a nearby phenyl ring, 

and associated contact distances are d(H291·· ·C22) = 2.101 Å and d(H291···C23) = 2.141 Å. 

CH2 groups also participate in quite a few C-H···π interactions: there are eight CH2· · ·Cphenyl 

interactions with H···Cphenyl distances spanning the range 2.351-2.987 Å and eight CH2· · ·Csp 

interactions with H···Csp distances in the range 2.116-3.069 Å. 

 As previously observed in 5, the structure of 4 exhibits several π· · ·π interactions 

between benzimidazolyl groups (Figure 12). Unlike 5, however, these interactions are 

imidazolyl·· ·phenyl interactions and not imidazolyl·· ·imidazolyl interactions. There are three 

imidazolyl·· ·phenyl interactions with Cg···Cg distances smaller than 4 Å. Geometrical 

parameters for these interactions are listed in Table 4. On the basis of distances and angles, 

the imidazolyl·· ·phenyl interactions of 4 seem to be a little stronger than the 

imidazolyl·· ·imidazolyl interactions of 5, albeit the difference is not large. A survey of the 

Cambridge Structural Database (CSD)84 revealed twenty-three benzimidazole-based 

compounds with Cg(imidazolyl)·· ·Cg(phenyl) distances smaller than 4.0 Å: the minimum 

Cg·· ·Cg value was 3.504 Å, the maximum value 3.991 Å, and the mean distance 3.783 Å. 

Thus, the π· · ·π interactions observed in 4 are fairly strong. 

 The R1,4 distance in green stacks (see Figure 10) is 4.051 Å, the translational period d 

is 4.538 Å, and the γ angle is 57.09°. The R1,4 distance in blue stacks is 3.086 Å, the 

translational period d is 4.538 Å, and the γ angle is 43.52°. Consequently, although both d 

distances lie outside the range given by Baughman,2, 14 the situation found in blue stacks is a 

lot more favorable to topochemical diacetylene polymerization than that encountered in green 

stacks. Furthermore, inter-stack polymerization cannot be ruled out completely. The 

translational period d is quite long, 7.176 Å, but the R1,4 distance meets Baughman’s criteria, 

4.778 Å. As in the case of 5, possibly reacting molecules are not parallel and are crossed at an 

angle of 18.77° in the direction of polymerization. Consequently, two different γ angles exist 

between the polymerization axis and straight lines encompassing the carbons of the reacting 

C≡C-C≡C fragments, 41.26 and 33.65°. Here again, one angle meets Baughman’s criteria and 

the other does not. 

 In summary, water molecules bind strongly to 1,6-bis(1-imidazolyl)-2,4-hexadiyne (1) 

and are necessary for a crystalline material to be obtained, 2. On the other hand, 1,6-bis(1-

benzimidazolyl)-2,4-hexadiyne can be obtained in both hydrate (4) and anhydrate (5) forms. 

In these materials, cohesion is mostly ensured by hydrophobic interactions, but these 

interactions are overpowered by hydrophilic interactions when water molecules are present, 
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which leads to a reorganization of the crystal. In this respect, these diacetylenes may be 

compared to proteins for which it is observed that the secondary structure is governed by 

hydration.85 Furthermore, similarly to the fact that hydration determines the structural stability 

of proteins,86 we have found that the presence of water is essential to stabilize 1. Removal of 

water from 2 does not lead to amorphization of the solid but to its decomposition. This 

phenomenon may be regarded as being similar to protein denaturation. But hydration also 

governs the flexibility and the function of proteins;86 we have found that a similar situation 

exists concerning 5 and that the presence of water changes the polymerization reactivity of 

this compound. These aspects are discussed in the following paragraphs. 

 

Solid-state stability of 2 

White crystals of 2 were irradiated at 254 nm for 5 days. The crystals took a light brown 

shade presumably because of surface decomposition, but no color change to red or blue was 

noticed. Furthermore, the Raman spectrum of the irradiated crystals showed only the 

stretching vibration of the monomer, ν̃ = 2267 cm−1. Therefore, diacetylene polymerization 

did not occur. These observations agree with the X-ray crystal structure of 2 that shows that 

water molecules hold the diacetylene units in place tightly and prevent them from 

polymerizing. 

 Attempts have been made to render this DA reactive by removal of the water 

molecules.87 A DSC analysis of 2 showed that water goes away at a temperature slightly less 

than 100 °C (see Figure S3 in the Supplementary Material). Thus, 2 was heated to 110 °C in 

air. The white crystals turned rapidly into a black solid. An analysis of the solid by Raman 

spectroscopy showed only fluorescence; neither the band of the monomer (vide supra) nor 

those of a PDA (ν ̃ ∼ 1500 cm−1 and ν ̃ ∼ 2100 cm−1) were observed. Problems due to high 

fluorescence are frequently encountered during the characterization of carbon-rich materials 

by Raman spectroscopy; Goroff and colleagues have come across similar difficulties while 

analyzing poly(diiododiacetylene) fibers.39 An X-ray powder diffraction (XRPD) analysis of 

the black material gave a diffractogram that exhibits a broad peak at 2θ ≈ 22° (Figure 13c). 

Peaks corresponding to the monomer were not detected. Similar broad peaks have been 

observed previously in the powder patterns of graphite-like materials obtained by thermal 

decomposition of ionic liquids and polymers.88-90 

 The infrared spectrum of the black solid is presented in Figure 14d. It shows that the 

intensities of the bands due to water around 3200 cm−1 have decreased significantly. The loss 
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of water was confirmed by elemental analysis that showed that the amount of residual oxygen 

in the solid was 1.236% (see Table 5); the oxygen content of the monomer is 7.01%. In 

addition, the growth of a new band is noticed at ν̃ ∼ 1600 cm−1. This band is absent from the 

IR spectrum of the monomer. In previous work on the polymerization of silicon-containing 

diacetylenes, we have observed that molten-state polymerization of 

Me3SiCH2C≡CC≡CCH2SiMe3 gave a dark brown powder with a metallic luster. The IR 

spectrum of this brown solid exhibited a broad band at ν ̃ = 1594 cm−1 which was assigned to 

the formation of polyaromatic-like species with CH2SiMe3 dangling groups.91 We believe that 

the black solid resulting from the heat treatment of 2 at 110 °C has a similar structure, i.e. it is 

a polyaromatic-like species with CH2-imidazol dangling groups. 

 The cross-polarization magic-angle spinning (CP/MAS) 13C NMR spectrum of the 

black powder is presented in Figure 15d. It shows that the resonances corresponding to the 

triple bonds of 2, δ = 67.5 and 74.5 ppm (Figure 15a), have disappeared completely. Also, the 

methylene resonance of 2 at δ = 36.9 ppm has been replaced by a very broad resonance 

centered at 43 ppm. Lastly, the narrow signals corresponding to the imidazolyl carbons of 2 (δ 

= 119.9, 128.5, and 139.3 ppm) have been replaced by a broad resonance centered at 130 

ppm. This broad resonance seems to be the sum of two contributions: sharper signals 

stemming from imidazolyl groups and a broad resonance due to polyaromatic-like species. 

These observations are similar to those that were made concerning the dark brown powder 

resulting from molten-state polymerization of Me3SiCH2C≡CC≡CCH2SiMe3.
91 The solid-

state 13C NMR spectrum of the powder exhibited a broad resonance at 22 ppm due to CH2 

groups and a broad resonance at 130 ppm due to aromatic carbons. A fairly sharp resonance 

was also observed at 0 ppm corresponding to SiMe3 groups. The CP/MAS 13C NMR spectrum 

of Me3SiCH2C≡CC≡CCH2SiMe3 exhibits one signal at −2.0 ppm (SiMe3), one signal at 7.9 

ppm (CH2), and two signals at 65.2 and 74.9 ppm (C≡C).92 

 Thus, dehydration of 2 by heating does not induce a single-crystal to single-crystal 

transformation nor does it lead to amorphization, but decomposition into polyaromatic-like 

species is observed instead. This phenomenon corresponds to the early stage of a complex 

process that leads ultimately to nitrogen-doped graphitic materials.93 

 Confirmation that the decomposition of 2 is induced by dehydration and not by heat 

was obtained from the following experiments. In a first experiment, solvate 2 was evacuated 

at room temperature for 15 h under a vacuum of 0.1 mbar; a brown powder was recovered. In 

a second experiment, solvate 2 was evacuated under a vacuum of 5 × 10−2 mbar, at room 
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temperature, for the same amount of time; a brownish black solid was obtained. The oxygen 

content of the brown solid was 4.236% and that of the black solid 3.245% (Table 5). The 

infrared spectra of these solids (Figures 14b and 14c) both exhibit a decrease in the intensity 

of the band due to water (ν̃ ∼ 3200 cm−1), and in each spectrum, a new band is observed at ν ̃ ∼ 

1600 cm−1. These results are in line with those described previously for the sample heated to 

110 °C. In the CP/MAS 13C NMR spectrum of the brown solid (Figure 15b), a new resonance 

is visible at δ ∼ 47 ppm that is accompanied by sharp resonances due to residual 2. 

Concerning the CP/MAS 13C NMR spectrum of the black solid (Figure 15c), it is nearly 

identical to that obtained for the sample heated to 110 °C (vide supra), except for the 

imidazolyl signals that are sharper. 

 One example has been reported in the literature that relates the instability of the DA 

part of a DA-containing solvate upon removal of the solvent, and another example that relates 

the instability of the PDA part of a PDA-containing host-guest complex upon removal of the 

host. The first example was reported by Bunz and his group.94 These workers have observed 

that (η5-2,4-cyclopentadien-1-yl)[(1,2,3,3a,23a-η)-4,5,6,7,12,13,14,15,20,21,22,23-

dodecadehydro-3aH-dibenzo[a,g]cyclopenta[m]cyclooctadecen-3a-yl]iron(II), a ferrocene-

fused dehydro[18]annulene, underwent explosive decomposition to soot containing a high 

content of onion-like carbon nanostructures upon loss of crystal solvent 

(dichloromethane/hexanes). The second example was described by Goroff and co-workers.39 

These researchers have observed that removal of the host from a 

poly(diiododiacetylene)·N,N’-(bisheptanenitrile) oxalamide cocrystal gave 

poly(diiododiacetylene) fibers that were unstable. These fibers decompose into carbonaceous 

materials under certain conditions such as shock, pressure, or irradiation, but are quite stable 

when incorporated in a cocrystal. 

 

Polymerization reactivity of 5 

Brown crystals of 5 were heated to 106 °C for ten days with concomitant irradiation at 254 

nm. The crystals became slightly darker presumably because of surface decomposition, but no 

color change to red or blue was noticed. A Raman analysis of the crystals showed the band 

corresponding to the diacetylene monomer (ν ̃ = 2266 cm−1), but new bands around 1500 and 

2100 cm−1 were not observed, consistent with the absence of an enyne structure. To confirm 

these results, a solid-state 13C NMR analysis of the crystals was performed that showed the 

absence of signals corresponding to a polymer (see below). 
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Polymerization reactivity of 4 

Irradiation of 4 was carried out as described in the Experimental Section. A bluish gray solid 

was obtained after an irradiation period of three days, a color that is typically observed when 

a PDA is present. The solid was transferred in the thimble of a Soxhlet extractor and washed 

for three days with dichloromethane to remove unreacted monomer. A brownish powder was 

recovered which was characterized by spectroscopic methods and X-ray diffraction (see 

following paragraphs). As observed for most PDAs, poly-4 is insoluble in common laboratory 

solvents including water; consequently, its molecular weight could not be determined by size 

exclusion chromatography (SEC). 

 In the solid-state 13C NMR spectrum of the washed powder, the signals corresponding 

to the triple bonds of the monomer (δ = 68-74 ppm) are no longer observed and have been 

replaced by two new resonances at 103 and 128 ppm (Figure 16). These new signals indicate 

the presence of a PDA with an enyne structure.61, 95 Furthermore, as observed previously by 

Sandman and co-workers in the case of poly-ETCD (ETCD = bis(ethyl)urethane of 5,7-

dodecadiyne-1,12-diol),95 poly-IPUDO (IPUDO = bis(isopropyl)urethane of 5,7-dodecadiyne-

1,12-diol),95 and poly-pTS (pTS = 2,4-hexadiyne-1,6-diol bis(p-toluenesulfonate),61 the 

resonance of the methylene groups adjacent to the triple bonds in the starting monomer has 

moved downfield by 10 ppm in the spectrum of the polymer. This shift is consistent with the 

fact that shielding of the CH2 groups in the monomer by the nearby triple bonds no longer 

exists in the polymer. 

 The Raman spectrum of the solid is shown in Figure S4 of the Supplementary 

Material. It exhibits one intense line at 1468 cm−1 corresponding to the double bond of the 

polymer and another line at 2091 cm−1 corresponding to the triple bond. These Raman shifts 

are indicative of a blue phase PDA.96 In the Raman spectra of red phase PDAs, ν(C=C) bands 

are generally observed above 1500 cm−1 and ν(C≡C) bands above 2100 cm−1.96 

 The fact that poly-4 is a blue phase PDA was confirmed by ultraviolet-visible (UV-

vis) absorption spectroscopy: a broad band is observed that extends to about 650 nm (see 

Figure S5 of the Supplementary Material). Red phase PDAs typically show absorption 

thresholds near 550 nm and blue phase PDAs near 640 nm.96 

 The X-ray powder pattern of the irradiated material was recorded before and after 

Soxhlet extraction. The diffractogram of the unwashed material is shown in Figure 17b. It 

exhibits diffraction lines that are comparable to those of the nonpolymerized sample (Figure 

17a). This is consistent with the fact that about 70% monomer is still present in the solid. The 
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diffractogram of the Soxhlet extracted material is shown in Figure 17c. It shows that a loss of 

crystallinity has occurred during the washing step: sharp peaks are no longer visible and broad 

lines are observed at 2θ ≈ 15.1°, 21.5°, and 26.1°. 

 The amounts of water present in the washed and unwashed samples were determined 

by thermogravimetric analyses (TGA). The amount of water in the unwashed sample is 

2.75%, and that in the washed sample 2.74%. Infrared spectroscopy (see Figure S6 in the 

Supplementary Material) confirms the presence of water in both solids. The amount of water 

present in the unwashed material is roughly half of that present in 4, 5.5%. As a result, some 

water appears to have been lost during the polymerization process; it is unclear whether this is 

the reason why the extent of polymerization is only 30%. 

 The presence of water in poly-4 is in line with the results obtained by Ouyang et al.:30 

these workers have discovered that penta-2,4-diynyl 3,5-dihydroxybenzoate monohydrate 

polymerizes to a PDA that incorporates water in its lattice. Yet, our X-ray results disagree 

with what is typically observed when dealing with a topochemical polymerization process: in 

general, it is found that the cell parameters of the polymer are close to those of the monomer 

and the space group of the polymer is the same as that of the monomer.16, 97 However, a few 

exceptions are known for which it is observed that polymerization generates a polymer that is 

amorphous to X-rays after extraction of the remaining monomer: such a situation was 

encountered during the polymerization of 2,4-hexadiyne-1,6-diol15 and during that of 

modification I of 2,4-hexadiyne-1,6-diol bis(phenylurethane).26 Thus, it is possible that 

amorphization of poly-4 originates from the removal of the unreacted monomer. On the other 

hand, this observation is a clear indication that solid-state polymerization of 4 proceeds in a 

homogeneous manner.26 

 Attempts were made to convert the amorphous polymer into a crystalline material: in a 

first experiment, the polymer was placed in a closed vessel containing water and left in 

contact with water vapor for 6 days. A powder X-ray diffraction analysis indicated that the 

material remained amorphous. In a second experiment, poly-4 was annealed at 120 °C 

overnight under argon, a procedure analogous to that previously employed for the polymer of 

modification I of 2,4-hexadiyne-1,6-diol bis(phenylurethane).26 Here again, no sharp 

diffraction peaks were observed in the diffractogram. 
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Conclusions 

 

The syntheses of thus far unknown 1,6-bis(1-imidazolyl)-2,4-hexadiyne (1) and of previously 

reported 1,6-bis(1-benzimidazolyl)-2,4-hexadiyne (5) have been described. The methodology 

consists in refluxing excess imidazole and benzimidazole with pTS, a procedure that has been 

used in the past for the preparation of diacetylenes with diethylamino groups,62 but which, as 

far as we know, has never been employed for the syntheses of imidazole- and benzimidazole-

containing diacetylenes. It is a viable alternative to the widely used Hay coupling protocole, 

especially if the substituents of the target diyne are capable of deactivating the copper catalyst 

by complexation. We anticipate that this methodology should be amenable to the preparation 

of other types of azole-containing diacetylenes. 

 We have found that the benzimidazole-containing compound can be crystallized with 

water molecules (4) or without (5), whereas for the imidazole-containing diyne, water is 

essential to get a crystalline material (2). Structural characterization by X-ray crystallography 

has provided information on the way these molecules self-assemble in the absence of water, 

and how this arrangement is modified when water is present. Also, these investigations have 

allowed us to identify some of the similarities and differences that exist between imidazolyl 

and benzimidazolyl groups in terms of crystal packing. For example, the crystal structure of 2 

has revealed the way the organic fragments organize around the water molecule and interact 

with it through an acac-like hydrogen-bonding pattern. Despite the absence of water, this 

hydrogen-bonding pattern is maintained in the structure of 5, with benzimidazole nitrogens 

replacing water oxygens. Yet, it is absent from the structure of 4 even though water is present. 

Interestingly, in this latter compound, water molecules are not isolated but are organized as 

ribbons, which could explain the dichotomy. Also, the structures of 4 and 5 do not exhibit the 

same π-π interactions: in the case of 4, imidazolyl·· ·phenyl π-π interactions are observed, 

whereas in the case of 5, imidazolyl·· ·imidazolyl π-π interactions are noticed. Surprisingly, π-

π interactions are not detected in the structure of 2. 

 A fair number of drugs contain imidazolyl and benzimidazolyl substituents, notably 

theophylline, ornidazole, astemizole, emedastine, cimetidine, imoproxifan, and ciproxifan.98 

In case it is necessary to improve the physical properties (solubility, hygroscopicity, stability, 

dissolution rate, bioavailability), mechanical properties (Young’s modulus), or powder 

handling characteristics (particle size, flow, filterability) of these drugs by making cocrystals 

or solvates, structural information like the one reported here may turn out to be pivotal. 
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Interestingly enough, in a recent publication, Aakeröy and his group have investigated the 

effect of water molecules in stabilizing cocrystals of pharmaceutical ingredients.99 In another 

area, the structural information derived from the crystallographic studies of 2, 4, and 5 is 

anticipated to be important to understand the structures of large biomolecules such as 

peptidomimetics and help predicting the interactions of these molecules with enzymes.100 

 In terms of crystal engineering, this study shows that it is possible to use water, and 

more generally solvent molecules, to transform a nonreactive diacetylene into a reactive one. 

Previous studies describing a similar approach are quite scarce.19, 30 Indeed, trying to visualize 

the structure of a solvate in which the diacetylene fragments would be oriented suitably for 

topochemical polymerization is a hard thing to do, mostly because intermolecular interactions 

between solvent molecules are difficult to predict. In the cocrystal approach, intermolecular 

interactions between urea groups and oxalamide groups are well-established.29, 31, 101 Yet, the 

solvate approach is simple to implement, quite versatile because of the large range of solvents 

available, and one does not face the problem of having to remove the host in case one needs 

to recover the polymer. Beyond the polymerization aspect, this work also shows that water 

molecules can be important to stabilize structures that otherwise would be unstable. However, 

these solvent-containing assemblies are so stable that any attempt to modify their organization 

leads inevitably to decomposition. In this respect, diacetylenic fragments have proven to be 

excellent probes to evaluate the thermal stability of azole 2. 

 Work is currently in progress to study the organization of these diacetylenes with other 

hydrogen-bond donors, prepare coordination compounds with transition metals, and 

investigate their use as molecular precursors to nitrogen-doped graphitic materials. 
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Experimental section 

 

Spectroscopic and characterization methods 

Solution 1H and 13C NMR spectra were obtained on a Bruker AVANCE DPX 200 instrument. 
1H chemical shifts were referenced to the proton impurity of the NMR solvent and 13C 

chemical shifts to the NMR solvent. All of the 13C magic-angle spinning (MAS) NMR 

spectra, except that of poly-4, were recorded at 100.62 MHz on a Varian VNMRS 400 

spectrometer operating at 9.4 T, with use of a 3.2 mm Varian T3 HXY MAS probe. Cross-

polarization (CP) with ramping of the 1H rf field during the contact pulse was employed, 

followed by TPPM decoupling during acquisition. A 50-kHz sweep width, a contact time of 1 

ms, and a recycle delay time of 5 s were used. About 20 mg of sample was spun at 13.5 kHz 

in zirconia rotors. The CP/MAS 13C NMR spectrum of poly-4 was recorded at 150.84 MHz 

on a Varian VNMRS 600 spectrometer operating at 14.1 T, with use of a 3.2 mm Varian T3 

HXY MAS probe. The spinning speed was 20 kHz. Chemical shifts were referenced to an 

external sample of adamantane (high frequency peak at δ = 38.5 ppm). Infrared spectra were 

recorded with a 4 cm−1 resolution on a Thermo Nicolet Avatar 320 FT-IR spectrometer, with 

use of the Attenuated Total Reflectance (ATR) sampling technique (diamond crystal). UV-vis 

absorption spectra were measured on a JASCO Model V-670 spectrometer with a 200-1000 

nm scan range, a scan rate of 400 nm/min, and a resolution of 2 nm. Samples were diluted 

with BaSO4. Raman spectra were measured at room temperature on a Bruker RFS100 FT 

spectrometer equipped with a continuous YAG laser (λ = 1064 nm) as a light source and a 

germanium detector. ESI mass spectra were recorded on a Micromass QTOF spectrometer. 

Coupled TGA-DSC experiments were carried out under flowing nitrogen (125 mL/min) on a 

TA Instruments SDT 2960 Simultaneous DSC-TGA apparatus with a heating rate of 10 

°C/min. X-ray powder patterns were obtained on a PANAlytical Xpert-PRO diffractometer 

using Ni-filtered Cu Kα radiation. C, H, N, O elemental analyses were performed in-house 

using a Thermo Finnigan FLASH EA 1112 Series analyser. 

 

Materials 

The chemicals used in this study were obtained from the following commercial sources: 

imidazole (Avocado), benzimidazole (Acrōs Organics), silanized silica gel (Merck), 

Geduran Si 60 silica gel (VWR). Solvents were purchased from the following suppliers: 

CH2Cl2 (Aldrich), anhydrous CH3CN (Aldrich), methanol (Aldrich), pentane (VWR). 2,4-
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Hexadiyne-1,6-diol bis(p-toluenesulfonate), pTS (3), was made from 2,4-hexadiyne-1,6-diol 

according to a known procedure.61 2,4-Hexadiyne-1,6-diol was prepared by oxidative 

dimerization of propargyl alcohol following reported protocols.102, 103 

 

General considerations 

All of the syntheses involving air-sensitive materials were carried out under an inert 

atmosphere of argon using standard Schlenk-line techniques. Prior to use, CH2Cl2 was 

refluxed over and distilled from P2O5. 

 

Synthesis of 1,6-bis(1-imidazolyl)-2,4-hexadiyne monohydrate (2) 

A 4 g portion of 3 (9.45 mmol) was placed in a Schlenk flask and dissolved in 50 mL of dry 

CH2Cl2. To this solution was added a 2.59 g portion of imidazole (38.1 mmol, 4 equiv) 

dissolved in 50 mL of dry CH2Cl2. The mixture was stirred under reflux for 24 h. After 

cooling to room temperature, the organic layer was washed with water (4 × 20 mL), dried 

over magnesium sulfate, and the solvent was removed on a rotary evaporator. The residue was 

chromatographed on silanized silica gel with use of a 94:6 v/v CH2Cl2-CH3OH mixture as the 

eluent. Slow concentration of the fractions containing the desired product to dryness afforded 

white crystals of 2 (1.1 g, 55%). 1H NMR (200.1 MHz, DMSO-d6): δ 3.35 (s, 2H, H2O); 5.12 

(s, 4H, H3); 6.92 (s, 2H, H6); 7.22 (s, 2H, H5); 7.68 (s, 2H, H4). 
13C NMR (50.3 MHz, DMSO-

d6): δ 36.6 (C3); 68.7 (C1); 75.9 (C2); 119.1 (C5); 129.2 (C6); 137.3 (C4). IR (ATR): ν ̃ 3218, 

3140, 3116, 2954, 2920, 1704, 1682, 1648, 1601, 1508, 1435, 1393, 1338, 1285, 1227, 1203, 

1081, 1027, 945, 917, 829, 737, 656, 606 cm−1. Raman (neat powder): ν̃ 2267 cm−1. HRMS 

(ESI+): m/z calculated for C12H11N4 [M+H]+ 211.0984, found 211.0983. Anal. Calcd for 

C12H12N4O: C, 63.15; H, 5.30; N, 24.55. Found: C, 62.52; H, 5.35; N, 24.01. 

N

N

N

·H2O

N

13 2

4

6

5

 

 

Synthesis of 1,6-bis(1-benzimidazolyl)-2,4-hexadiyne monohydrate (4) and its anhydrate 

(5) 

60 mL of a 5:1 v/v CH3CN-CH2Cl2 mixture was added to a Schlenk flask containing a 1 g 

portion of 3 (2.38 mmol), and the suspension was heated gently until complete dissolution 
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was observed. Separately, a 0.844 g portion of benzimidazole (7.14 mmol, 3 equiv) was 

dissolved in 30 mL CH3CN with heating, and this solution was added dropwise to the solution 

containing 3. The mixture was heated under reflux for 24 h. After cooling to room 

temperature, the solvents were evaporated off until a small amount of an oily liquid remained. 

A 100 mL aliquot of a 1 M aqueous NaOH solution was added to the crude oil and the 

aqueous phase was extracted with CH2Cl2. The organic layer was washed with a 100 mL 

portion of a 1 M aqueous NaOH solution, dried over MgSO4, and the solvent was removed on 

a rotary evaporator. The residue was dissolved in 5 mL of CH2Cl2 and precipitated by the 

addition of 250 mL of pentane. The resulting pale brown powder was chromatographed on 

silica gel with use of a 94:6 v/v CH2Cl2-CH3OH mixture as the eluent. Slow concentration of 

the fractions containing the desired product to dryness afforded a cream-white solid identified 

as 5⋅H2O (4) (0.469 g, 60%). 1H NMR (200.1 MHz, CDCl3): δ 1.56 (s, 2H, H2O), 5.08 (s, 4H, 

H3), 7.30-7.39 (m, 4H, H6 and H7), 7.50-7.54 (m, 2H, H8), 7.78-7.82 (m, 2H, H5), 7.97 (s, 2H, 

H4). 
13C NMR (50.3 MHz, CDCl3): δ 35.5 (C3), 69.6 (C1), 72.7 (C2), 110.0 (C8), 120.7 (C5), 

122.8 (C6), 123.6 (C7), 133.8 (C10), 142.5 (C4), 144.2 (C9). IR (ATR): ν ̃ 3346, 3154, 3120, 

3090, 3050, 3019, 2911, 1690, 1620, 1590, 1490, 1460, 1421, 1380, 1360, 1330, 1290, 1270, 

1190, 1150, 1090, 1010, 956, 944, 894, 776, 737, 660, 633, 613 cm−1. Raman (neat powder): 

ν̃ 2266 cm−1. HRMS (ESI+): m/z calculated for C20H15N4 [M+H]+ 311.1297, found 311.1289. 

Anal. Calcd for C20H16N4O: C, 73.15; H, 4.91; N, 17.06; O, 4.87. Found: C, 73.08; H, 4.94; 

N, 17.02; O, 4.82. 
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 Crystallization of 4 from dichloromethane afforded light brown crystals identified as 

5. Anal. Calcd for C20H14N4: C, 77.40; H, 4.55; N, 18.05. Found: C, 77.52; H, 4.52; N, 18.16. 

 

Stability of 2 upon dehydration 

Hydrate 2 turns into a brown solid when it is vacuum dried under a pressure of 0.1 mbar for 

several hours, and a brownish black powder results when it is dried with a higher vacuum (5 × 

10−2 mbar). Similarly, a black powder is obtained when 2 is heated to 110 °C in air. Solid-

state 13C NMR spectroscopy shows that, for the brown residue, the methylene resonance of 2 

at δ = 36.9 ppm has begun turning into a broad resonance at δ ≈ 47 ppm, while for the black 
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solids, the methylene resonance of 2 has been replaced entirely by a broad resonance centered 

at about 43 ppm. These observations indicate that dehydration of 2 causes neither a single-

crystal to single-crystal transformation nor amorphization, but leads instead to decomposition. 

 

Preparation of hydrated poly[1,6-bis(1-benzimidazolyl)-2,4-hexadiyne] (poly-4) 

A 100 mg portion of monohydrate 4 was placed in a Petri dish, and the sample was irradiated 

in air with a UV lamp (λ = 254 nm; the distance between the UV lamp and the Petri dish was 

7 cm). During the irradiation, the temperature at the surface of the sample was 30 °C. The 

powder was irradiated for 3 days during which time it was homogenized regularly. After 3 

days, a bluish gray solid was obtained which was transferred in the thimble of a Soxhlet 

extractor and washed for 3 days with dichloromethane to remove unreacted monomer. Poly-4 

was recovered as a brownish powder with a 30% yield. TGA measurements and infrared 

spectroscopy confirmed the presence of water in the polymer (2.74 wt%). 

 

Structural analyses of 2 and 5 

Single crystals of 2 were grown from a CH2Cl2-pentane mixture (50:50 v/v). Single crystals 

of 5 were obtained from CH2Cl2. Intensity measurements were carried out at the X-ray 

scattering facility of the Pôle Chimie Balard (Chemistry Department) of the Université 

Montpellier II, Montpellier, France, with use of an Agilent Technologies Xcalibur-1 CCD 

diffractometer. The data collection temperature was 173 K and the crystal-to-detector distance 

50 mm. A total of 678 exposures were taken using ω-scans with oscillations of 1°. The 

counting time per frame varied from 30 to 40 s. The data were corrected for possible intensity 

decay and absorption using the empirical AbsPack procedure.104 Both structures were solved 

by ab initio charge-flipping using the SUPERFLIP105 computer program and refined by least-

squares methods on F2 using CRYSTALS.106 Hydrogen atoms were all located in difference 

Fourier maps, but those attached to carbon atoms were repositioned geometrically. The 

hydrogen atoms were initially refined with soft restraints on bond lengths and angles (d(C−H) 

in the range 0.93-0.98 Å, d(N−H) in the range 0.86-0.89 Å, d(O−H) = 0.82 Å) and Uiso(H) (in 

the range 1.2–1.5 times Ueq of the parent atom) to regularize their geometry, after which the 

positions were refined with riding constraints. In the case of 2, as the reflection-to-parameter 

ratio was high, the atomic coordinates of the hydrogens were refined freely in the last cycles 

of refinement. Nonetheless, a restraint was placed on the H-O-H angle of the water molecule 

so as to prevent large deviations from 108° upon refinement. Final R values and relevant 
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crystallographic data are given in Table 1.69 All of the structural drawings were prepared with 

use of the three-dimensional graphical visualization program OLEX2.107 

 

Structural analysis of 4 

The powder X-ray diffraction diagram of 4 was recorded on a PANAlytical Xpert-PRO 

diffractometer equipped with an X’celerator detector using Ni-filtered Cu Kα radiation. The 

diffractogram was rebinned to a step-size of ∆2θ = 0.017°. A peak search was performed with 

use of the WinPLOTR software,108 and indexing was performed with the DICVOL04 

program.109 A dozen of different monoclinic solutions were found with M20 indices between 

10 and 17 and reasonable cell volumes. An estimate of the cell volume was obtained by 

multiplying the number of non-hydrogen atoms of each monomer, 24, by 18, the approximate 

volume occupied by a non-hydrogen atom in a typical organic compound. To get the 

theoretical cell volume, this value was further multiplied by the multiplicity of the general 

Wyckoff site of a typical monoclinic space group, 4 for a centrosymmetric space group and 2 

for a non-centrosymmetric one. For a centrosymmetric space group, a value of 1728 Å3 was 

obtained. Instead of ranking the solutions according to their closeness to the theoretical 

volume, a Le Bail fit was carried out for each of the possible monoclinic solutions with 

volumes in the range 1600-1900 Å3. The cell with parameters a = 19.9913, b = 19.7499, c = 

4.4964 Å, β = 97.193°, V = 1761.31 Å3 was found to give the best fit, other solutions missing 

at least one observed peak over the entire 2θ range. Rather than using this cell for structure 

solution and refinement, the Niggli-reduced cell was used and Le Bail refined, giving the 

following cell parameters: a = 4.5067(5), b = 19.789(2), c = 19.972(2) Å, β = 95.742(7)°. 

Determination of the space group was done with the FOX program110 that ranks each possible 

space group according to its Le Bail fit. The non-centrosymmetric space group P21 and the 

centrosymmetric one P21/m proved to be the best candidates, centrosymmetric space groups 

such as P21/a, P21/c, and P21/n giving worse Le Bail fits, mainly because of the clear 

presence of reflections forbidden by symmetry in the latter three space groups. The final 

agreement factors for the Le Bail fit in P21 and P21/m were: Rwp = 6.939, Rp = 5.367, and Rexp 

= 3.650%. 

 For structure solution, space group P21 was preferred to P21/m because of its much 

higher frequency of appearance in the Cambridge Structural Database. The choice of the non-

centrosymmetric space group implies the presence of exactly two independent diacetylene 

molecules in the asymmetric part of the unit cell. It is worth mentioning that the accepted 
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solution presented a rather high volume per non-hydrogen atom, 18.45 Å3, as compared with 

that of its pseudopolymorph 5, 16.04 Å3 (not corrected for thermal expansion effects). This 

could imply the presence of water molecules in the structure of 4. Indeed, the presence of two 

water molecules would bring the volume per non-hydrogen atom to 16.40 Å3, close to that of 

5. Yet, it is noteworthy that the volume per non-hydrogen atom is also influenced by the 

packing of the molecules, the presence of π-π interactions giving rise in general to compact 

structures. So, if the structure of 4 were to exhibit weaker π-π interactions than that of 5, the 

volume per non-hydrogen atom would come close to the observed value and the presence of 

water molecules would not be required. 

 Two independent rigid body representations of the diacetylene molecule with 

geometries imported from the structure of 5 (without hydrogen atoms) were used as an initial 

model for a simulated annealing structure solution attempt using Topas-A.111 Besides the 

three Eulerian orientation angles and five position vector components (the y-position of one 

of the rigid bodies was set at 0.00 so as to fix the origin in the polar space group P21), four 

torsion angles were optimized corresponding to the rotations of the benzimidazole rings about 

the C≡C-C≡C fragments. Furthermore, it was necessary to use anti-bump restraints between 

individual molecules (set at 3.0 Å) so that chemically reasonable solutions could be obtained. 

Different solutions were found, all with Rwp values around 27-30%. Only one solution proved 

to be reasonable in terms of packing interactions and possible polymerization reactivity. 

 This solution was further refined with one global Biso parameter for the two 

independent molecules, with all hydrogen B factors set at 1.2 times the global B factor. By 

using a slow step-by-step refinement, anti-bump restraints turned out to be no longer 

necessary. The resulting structure was found to contain voids amounting to a total of 175 Å3 

per unit cell, this volume being sufficiently large to accommodate water molecules. A 

difference Fourier map was generated by use of the CRYSTALS software package that 

revealed the presence of two oxygen positions in close proximity to nitrogen atoms, the 

oxygen-nitrogen distance being suggestive of a hydrogen bond between these atoms. The 

oxygen positions were introduced one at a time in the structure refinement, with use of rigid 

bodies to represent the water molecules and restraints to place and orient these molecules 

correctly with respect to the nitrogen atoms. One global isotropic atomic displacement 

parameter was used for the two water molecules which refined to a rather high value, 

suggesting a slight underoccupancy of the two sites that could be due to partial desolvation. 

However, the data are not of sufficiently high quality for this hypothesis to be ascertained. 
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The final agreement factors for the Rietveld refinement are: Rwp = 6.921, Rp = 5.253, and Rexp 

= 3.524%, in excellent agreement with the final Le Bail (not model-based) results. The 

Rietveld fitting results are shown in Figure S7 of the Supplementary Material. 
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Legends 

 

Scheme 1. Schematic representation of the topochemical principle for diacetylene 

polymerization. 

 

Scheme 2. Syntheses of compounds 1, 2, 4, and 5. 

 

Scheme 3. Generic numbering scheme for imidazolyl carbons. 

 

Figure 1. View along the a axis showing the organization of 2 in the crystalline state. 

 

Figure 2. Hydrogen-bonding interactions involving the water molecule in 2. 

 

Figure 3. View of the organic shell making up the cavity around the water molecule in 2. 

 

Figure 4. Topological representation of the 1D chains in 2 viewed down the crystallographic 

b axis. 

 

Figure 5. View showing the π· · ·π interactions between benzimidazolyl groups in a polymeric 

chain of 5. 

 

Figure 6. View along the b axis showing the two kinds of polymeric chains, shown in blue 

and green, present in crystalline 5. 

 

Figure 7. Close-up view showing the acac-like hydrogen-bonding pattern and the C-H···π 

interaction between two “blue” chains in 5. 

 

Figure 8. Close-up view showing the C-H···π interaction between one “blue” chain and one 

“green” chain in 5. 

 

Figure 9. Schematic representation of the build-up of a polydiacetylene thread from 

molecules located in “blue” and “green” chains (red dashed lines). 
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Figure 10. View along the a axis showing the organization of 4 in the crystalline state. 

 

Figure 11. Close-up view showing one water ribbon and the interactions of this ribbon with 

neighboring benzimidazolyl groups in crystalline 4. 

 

Figure 12. Close-up view showing one π· · ·π interaction in solid 4. 

 

Figure 13. XRD patterns of 2 (a), 2 evacuated under a vacuum of 5 × 10−2 mbar (b), and 2 

heated to 110 °C in air (c). The asterisk denotes an artifact. 

 

Figure 14. Infrared spectra of 2 (a), 2 evacuated under a vacuum of 0.1 mbar (b), 2 evacuated 

under a vacuum of 5 × 10−2 mbar (c), and 2 heated to 110 °C in air (d). 

 

Figure 15. CP/MAS 13C NMR spectra of 2 (a), 2 evacuated under a vacuum of 0.1 mbar (b), 

2 evacuated under a vacuum of 5 × 10−2 mbar (c), and 2 heated to 110 °C in air (d). 

 

Figure 16. CP/MAS 13C NMR spectra of 4 and poly-4. 

 

Figure 17. XRD patterns of 4 (a), unwashed poly-4 (b), and washed poly-4 (c). 
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Table 1. Crystal data and experimental details of data collection and refinement for 

compounds 2 and 5. 

 2 5 

   

empirical formula C12H12N4O C20H14N4 

fw 228.26 310.35 

cryst color and habit transparent prism transparent prism 

cryst size (mm3) 0.45 × 0.35 × 0.25 0.30 × 0.25 × 0.15 

cryst syst orthorhombic monoclinic 

space group Pbcn (No. 60) P21/c (No. 14) 

a (Å) 10.3530(3) 11.3990(4) 

b (Å) 12.3146(3) 15.5354(5) 

c (Å) 9.4233(2) 9.2351(3) 

α (deg) 90 90 

β (deg) 90 109.568(4) 

γ (deg) 90 90 

V (Å3) 1201.41(5) 1540.97(10) 

Z 4 4 

T (K) 173 173 

ρcalcd (g cm−3) 1.262 1.338 

F(000) 480 648 

µ (mm−1) 0.085 0.082 

Tmin, Tmax 0.89516, 1.00000 0.96207, 1.00000 

graphite-monochromated 

MoKα radiation (Å) 

0.71073 0.71073 

θ range (deg) 3.309-29.162 2.797-26.526 

index ranges −13 ≤ h ≤ 14, 

−16 ≤ k ≤ 16, 

−12 ≤ l ≤ 12 

−14 ≤ h ≤ 14, 

−18 ≤ k ≤ 19, 

−11 ≤ l ≤ 11 

data collected 24150 23653 

unique data, Rint 1546, 0.032 2940, 0.050 

obsd data (I > 2σ(I)) 1262 2065 

L.S. params, restraints 96, 1 217, 0 
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R,a Rw
b (obsd reflns) 0.0395, 0.0947 0.0440, 0.0885 

R,a Rw
b (all reflns) 0.0540, 0.1093 0.0802, 0.1142 

weighting schemec 462, 756, 465, 192, 40.6 162, 256, 157, 64.9, 15.2 

max shift/esd 0.0002088 0.0002795 

GOF (F2) 0.9727 0.9700 

∆ρmin, ∆ρmax (e Å−3) −0.29, 0.28 −0.50, 0.45 

   

a R = Σ ||Fo| − |Fc|| / Σ |Fo|. 
b Rw = [Σ (w (Fo

2 − Fc
2)2) / Σ (w (Fo

2)2)]1/2. c w = [weight][1 − 

(∆F/6σ(F))2]2; [weight] = 1.0/[A0T0(x) + A1T1(x) + ... + An−1Tn−1(x)] where Ai are the 

Chebychev coefficients listed in the Table and x = Fcalcd/Fmax. 
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Table 2. Geometrical parameters for the hydrogen-bonding interactions involving the water 

molecule in solvate 2. 

 distance/Å  angle/deg 

interactiona D-H H···A D···A  D-H·· ·A 

      

O1-H11i· · ·N4iv 0.869 1.986 2.853  175.69 

O1-H11·· ·N4v 0.869 1.986 2.853  175.69 

C3ii-H31ii· · ·O1 0.984 2.756 3.559  139.20 

C3iii-H31iii· · ·O1 0.984 2.756 3.559  139.20 

C6-H61···O1 0.972 2.509 3.341  143.53 

C6i-H61i· · ·O1 0.972 2.509 3.341  143.53 

C7ii-H72ii· · ·O1 0.998 2.478 3.426  158.53 

C7iii-H72iii· · ·O1 0.998 2.478 3.426  158.53 

      
a Symmetry codes: (i) 2 − x, y, 3/2 − z; (ii) 1/2 + x, 1/2 − y, 1 − z; (iii) 3/2 − x, 1/2 − y, 1/2 + z; 

(iv) 1/2 + x, −1/2 + y, 3/2 − z; (v) 3/2 −x, −1/2 + y, z. 
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Table 3. Geometrical parameters for the C-H···π interactions present in solvate 2. 

 distance/Å  angle/deg 

interactiona,b C-H H···C/Cg C···C/Cg  C-H···C/Cg 

      

C5-H51···C5i 0.999 3.458 3.983  114.87 

C5-H51···C6i 0.999 3.553 3.962  106.95 

C5-H51···Cg(d)i 0.999 3.440 3.914  111.22 

C5-H51···C8ii 0.999 2.944 3.719  135.05 

C5-H51···C9ii 0.999 3.003 3.759  133.28 

C5-H51···Cg(t)ii 0.999 2.913 3.691  135.32 

C6-H61···C5i 0.972 3.481 3.962  112.90 

C6-H61···C6i 0.972 3.034 3.694  126.28 

C6-H61···Cg(d)i 0.972 3.194 3.769  119.55 

      
a Symmetry codes: (i) 2 − x, y, 3/2 − z; (ii) x, 1 − y, 1/2 + z. b Cg(d) is the centroid position of 

the C=C bond of the imidazole ring and Cg(t) the centroid position of the triple bond. 
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Table 4. Geometrical parameters for the π· · ·π interactions present in solvate 4. 

interactiona,b Cg-Cg/Åc beta/°d CgI_Perp/Åe slippage/Åf 

     

Cg(1)···Cg(2) 3.4035 18.59 3.2259 1.085 

Cg(3)···Cg(4) 3.3676 23.61 3.0856 1.349 

Cg(5)···Cg(6) 3.5009 26.47 3.1338 1.561 

     
a Cg(1), Cg(3), and Cg(5) are the centroid positions of the N1-C2-C3-N4-C5, N16-C17-C18-

N19-C20, and N25-C26-C27-N28-C29 imidazolyl rings, respectively. b Cg(2), Cg(4), and 

Cg(6) are the centroid positions of the C2-C3-C6-C7-C8-C9, C17-C18-C21-C22-C23-C24, 

and C26-C27-C30-C31-C32-C33 phenyl rings, respectively. c Cg-Cg = distance between ring 

centroids. d Beta = angle between Cg(I)→Cg(J) vector and normal to plane I. e CgI_Perp = 

perpendicular distance of Cg(I) on ring J. f Slippage = distance between Cg(I) and 

perpendicular projection of Cg(J) on ring I. 
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Table 5. Oxygen contents of the various residues obtained by subjecting 2 to different 

treatments. 

sample oxygen content (%) n H2O
a 

   

monomer 2 7.01 1 

2 evacuated under a vacuum of 0.1 mbar 4.236 0.5829 

2 evacuated under a vacuum of 5 × 10−2 mbar 3.245 0.4413 

2 heated to 110 °C in air 1.236 0.163 

   
a Assuming that the chemical structure of the solid is the same as that of the starting material, 

C3H3N2-CH2C≡CC≡CCH2-C3H3N2·n H2O, and that the amount of oxygen comes solely from 

water (not from oxidation). 


