
Introduction

The essence of supramolecular chemistry is the

non-covalent bond, and an understanding of inter-

molecular forces, their strengths, directions, and their

role in the process of molecular self assembly, is cru-

cial to the study of inclusion compounds. Crystalline

clathrates, made up of host and guest components, are

appropriate systems to study these non-bonded inter-

actions, because one can attempt to correlate their

structures with their reactivity, their thermal stability

and their kinetics of decomposition and formation.

Fluorenyl host compounds have been studied ex-

tensively, as they have the capacity to enclathrate a

variety of guest molecules [1]. They conform to

Weber’s host design specifications, being rigid,

bulky, and if they contain the hydroxyl moiety, they

are likely to form coordinato-clathrates via hydrogen

bonding [2].

A series of these compounds containing

hydroxyfluorenyl groups separated by spacers have

been synthesized and their enclathrating properties

have been explored [3]. They correspond to the gen-

eral design of ‘wheel and axle’ molecules, of which

1,1,6,6-tetraphenylhexa-2,4-diyne-1,6-diol is the best

exemplar [4], and which has been studied exten-

sively [5].

The host 9,9’-(ethyne-1,2-diyl)bis(fluoren-9-ol)

forms inclusion compounds with a variety of guests

including aliphatic amines, aliphatic alcohols,

DMSO, 1,4-dioxane and benzene, and its structures

with 1-propanol, cyclohexanol and THF have been

elucidated [3].
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We now present our results on the structural

characterization of the inclusion compounds formed

by this host with pyridine and the picoline isomers, as

well as their thermal stabilities, selectivity profiles

and kinetics of desorption. The atomic numbering

scheme is given in Scheme 1.

Experimental

Crystal structures

Crystals of the inclusion compounds were obtained

by crystallising saturated solutions of the host

WEB22 in the respective guests, giving rise to:

WEB22·2(2PIC), WEB22·2(3PIC), WEB22·2(4PIC)

and WEB22·2PYR at 25°C.

In all cases the host-guest ratios were confirmed

by thermogravimetry (TG) and details of the crystal

data, intensity data collections and refinements are

contained in Table 1. Cell dimensions were estab-

lished from the intensity data measurements on a

Nonius Kappa CCD diffractometer using graph-

ite-monochromated MoK� radiation. The strategy for

the data collections was evaluated using COLLECT

software [6]. For all structures, data were collected by

the standard phi- and omega-scan techniques, and

were scaled and reduced using DENZO-SMN soft-

ware [7]. The structures were solved by direct meth-

ods using SHELX-86 [8] and refined by least squares

with SHELX-97 [9] refining on F2. The program

X-Seed [10, 11] was used as a graphical interface for

the structure solution and refinement using SHELX,

as well as to produce the packing diagrams.

The direct methods yielded the positions of the

non-hydrogen atoms. Hydroxyl hydrogen atoms were

located in difference electron density maps and re-

fined independently with simple bond length con-

straints and independent temperature factors. The

other hydrogen atoms were placed with geometric

constraints and assigned isotropic temperature factors

of 1.2Ueq of their parent atoms. All non-hydrogen at-

oms were refined with anisotropic temperature fac-

tors. All structures were determined at low tempera-

ture (113 K).

Thermal analysis

Differential scanning calorimetry (DSC) was per-

formed on a PerkinElmer PC7 series system and

thermogravimetry (TG) on a Mettler To-

ledo TGA/SDTA 851e system. Finely powdered,

air-dried specimens (2–5 mg) were placed in crimped,

vented aluminium DSC pans or open aluminium TG

sample pans. Dinitrogen was used as purging gas at a

flow rate of 30 mL min–1. All experiments were car-

ried out over temperature ranges of 30–300°C for

DSC and 30–350°C for the TG experiments at a con-

stant heating rate of 20°C min–1.

Kinetics of desolvation

The kinetics of desolvation of WEB22·2(2PIC) were

studied by carrying out a series of isothermal TG

runs, performed over the temperature range

333–363 K taking readings at intervals of 10 K. The

mass loss data were converted to extent of

reaction (�) vs. time curves, which were fitted by trial

and error to various kinetic laws [12], � being:

� �
�

� �

m m

m m

0

0

t

where m0, mt and m� are the recorded masses at the

start, during and end of the experiment.

Competition experiments

Two-component competition experiments were stud-

ied but because of the very similar boiling points of

3-picoline and 4-picoline (respectively 144 and

145°C), the GC did not allow to study this combina-

tion as the peaks could not be separated. All the other

possible two-component combinations between the

guests were studied and were extended to three-com-

ponent competition experiments.

In the case of 2-component competition, the

mixtures of the two guests were prepared in vials in

which the mole fraction of a given guest varied from 0

to 1 in steps of 0.1. A fixed amount of host compound

was added and dissolved by heating and stirring. The

ratio of the host compound to the total guest was at

least 1:20 to ensure that there was enough of the guest

of lower mole fraction should the host have 100%

preference for it.

In the case of 3-component competition, the mix-

tures prepared were represented on an equilateral trian-

gle whose apices represent the pure guest compounds.

The starting mixture compositions were defined from

an inner equilateral triangle as well as from the centre

of the triangle, which represents the equimolar mixture

of the guests (0.33 mol fraction for each).

The resulting crystals were removed from the

mother liquor and dried over filter paper. They were

placed in airtight glass vials with silicone seals incor-

porated into a screw-on lid while being dissolved in a

minimum amount of acetone. These solutions as well

as the starting solutions were analysed by gas chroma-

tography (GC).

These analyses were carried out using a

Varian 3900 gas chromatograph connected to a com-

puter and equipped with a CP-1177 split/splitless in-
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jector, a FID detector, a Varian fused silica column

(15 m length, 0.25 mm diameter) and a

CP-8400 AutoSampler. The chromatograms obtained

were recorded and analysed using the Galaxie GC WS

software [13]. The method used for all the measure-

ments was the following: injection volume: 1 �L, in-

jector temperature: 200°C, column temperature:

70°C, detector temperature: 250°C, carrier gas: he-

lium (flow rate: 1.6 mL min–1).

Before each set of competition experiments, the

GC analyser was calibrated by analysing the starting

mixture of known mole fraction of the guests. The

reproducibility was checked by repeating the mea-

surements two to three times and made possible by

the use of the autosampler, which ensured the injec-

tion of consistent amounts of sample.

Results and discussion

Structures

The compound WEB22·2(PYR) crystallizes in the

space group P21/n with Z=2. The host molecule there-

fore lies on a centre of inversion at Wyckoff posi-

tion b, with the guest in a general position. The struc-

ture is stabilized by (host) O–H···N (guest) hydrogen

bonds with d O···N=2.783(3) �, as shown in Fig. 1.

The metrics of the hydrogen bond for this and the

other compounds are displayed in Table 2.

The packing of the host molecules is such that

they form channels parallel to [100] in which the

guests are located. These are hour-glass shaped with

maximum cross section of 10.0×5.8 � and restricting

to 5.2×4.8 �. The packing with the host atoms in van

der Waals radii representation and the guests omitted

is shown in Fig. 2.

The structure of WEB22·2(2PIC) and

WEB22·2(3PIC) are similar to that of

WEB22·2(PYR), and are isostructural with respect to

the host molecules. The sizes of the channels are re-

ported in Table 2.

The compound WEB22·2(4PIC) crystallizes in the

space group C2/c with Z=4. The host molecules lie

again in a centre of inversion at Wyckoff position b and

the guests in general position. Although the unit cell pa-

rameters are different, there are similarities between this

structure and that of the other three compounds. The

host molecules pack with their major molecular axis

parallel to [101], but the channels in the

WEB22·2(4PIC) structure are now parallel to [001].

CCDC 629177 to – 629180 contains the supple-

mentary crystallographic data for this paper. These

data can be obtained free of charge via

www.ccdc.cam.ac.uk/data_request/cif, by emailing

data_request@ccdc.cam.ac.uk, or by contacting The

Cambridge Crystallographic Data Centre, 12, Union

Road, Cambridge CB2 1EZ, UK; fax: +44 1223

336033.

Selectivity

Competition experiments are employed to measure

the selectivity of a host for a given guest in a mixture

of guests. In general, four kinds of selectivity curves

arise as shown in Fig. 3. XA is the mole fraction of
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Table 2 Metrics of the hydrogen bonds and of the channels in the inclusion compounds of WEB22

WEB22·2(PYR) WEB22·2(2PIC) WEB22·2(3PIC) WEB22·2(4PIC)

Metrics of the hydrogen bonds

Donor–H (Host) O(1) –H(1) O(1) –H(1) O(1) –H(1) O(1) –H(1)

Acceptor (Guest) N(1G) N(1G) N(1G) N(1G)

d D–H (�) 0.89(3) 0.97(2) 0.94(2) 0.94(2)

d H···A (�) 1.91(3) 1.82(2) 1.82(2) 1.81(2)

d D···A (�) 2.783(3) 2.777(2) 2.754(2) 2.747(2)

Angle (°) (D–H···A) 164(3) 169(2) 172(2) 174(2)

Metrics of the channels

Maximum aperture (�×�) 10.0×5.8 9.2×6.2 9.6×6.5 7.5×7.5

Minimum aperture (�×�) 5.2×4.8 5.1×4.8 6.2×4.1 7.2×5.1

Fig. 1 Hydrogen bond in the inclusion compound

WEB22·2(PYR) with d O···N=2.783(3) �



guest A in the liquid mixture, and ZA is that of the

guest entrapped in the crystal [14].

Curve a occurs when A is preferentially enclath-

rated over the whole concentration range. Curve b lies

close to the diagonal line of unit slope and shows very

poor selectivity. Curve c results when the selectivity

is concentration dependent with A and B being pref-

erentially enclathrated when they are in high concen-

tration in the mother liquor. Curve d exhibits ‘inverse

concentration’ dependence, in that the host enclath-

rates the guest of lower mole fraction in the mother li-

quor. This is counter intuitive and unusual, but has

been shown to occur in the selectivity of 3-picoline

vs. 4-picoline by a resorcinarene host [15]. The

method can be extended to the analysis of the compe-

tition for three guests simultaneously, in which case

the results are displayed in an equilateral triangle in

which each apex represents a pure guest.

The selectivity results are displayed in Figs 4a

and b. In Figure 4a, we note that 4-picoline is prefer-

entially enclathrated over pyridine over the complete

range of solutions. Very poor selectivities occur be-

tween 4-picoline and 2-picoline and between

2-picoline and pyridine. In the three-component sys-

tem comprising pyridine, 4-picoline and 2-picoline,

the starting compositions are shown by the points in

the inner triangle, which drift towards 2-picoline

upon enclathration.

Figure 4b shows that in the cases of pyridine,

2-picoline and 3-picoline, the two-component competi-

tion experiments all display concentration dependent

selectivities, while the three-component experiment

shows virtually no selectivity upon enclathration.

Thermal analysis

The thermal analysis results are shown in Fig. 5. The

desorption of WEB22·2(PYR), shown in Fig. 5a, dis-

plays two steps for the mass loss and an endotherm A

J. Therm. Anal. Cal., 90, 2007 35
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Fig. 2 Packing of WEB22·2(PYR) with WEB22 represented

in van der Waals radii, the pyridine molecules being

omitted to show the channels
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Fig. 3 Selectivity curves obtained from a 2-component competition experiment



corresponding to the guest loss, followed by an

endotherm B attributed to the melt of the host com-

pound. Similar patterns are observed for the other

three compounds, as shown in Figs 5b–d. The results

of the analyses are given in Table 3.

Kinetics of desorption

The thermal gravimetry curve for the desorption of

the WEB22·2(2PIC) compound was the one which

displayed the smoothest, single mass-loss step. We

therefore chose this compound in order to analyse the

kinetics of desorption. The �–time curves shown in

Fig. 6 were deceleratory and fitted the

Avrami–Erofe’ev, A2 law:

[ln(1–�)]1\2=kt

The semilogarithmic plot of lnk vs. 1/T yielded a

satisfactory straight line (Fig. 7) corresponding to an

activation energy Ea=111(7) kJ mol–1.

This value is similar to those obtained for other

hydroxyl hosts: in the inclusion compound formed be-

tween 9-(3-methoxyphenyl)-9H-xanthen-9-ol and ani-

line, the desorption is governed by the contracting area

model R2, with Ea=108(8) kJ mol–1 [16], while in the re-

lated compound 9-(1-naphthyl)-9H-xanthen-9-ol with

dioxane as guest, the desorption kinetics fitted the

Avrami A4 law and yielded an activation energy of

111(2) kJ mol–1 [17].
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Fig. 4 a – Competition experiment of WEB22 with pyridine, 2-picoline and 3-picoline and b – competition experiment of WEB22

with pyridine, 2-picoline and 4-picoline
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Conclusions

The structure of the inclusion compound

9,9’-(ethyne-1,2-diyl)bis(fluoren-9-ol) with pyridine

and the isomers of picoline are essentially similar, with

the guests lying in undulating channels, and stabilised

by host···guest hydrogen bonds. This structural similar-

ity is reflected in their selectivity and thermal behaviour,

in that there is poor discrimination of any guest upon

enclathration. The activation energy for the desorption

reaction of the 2-picoline compound is similar to that

found in similar clathrates.
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Table 3 Results of the thermal analyses

WEB22·2PYR WEB22·2(2PIC) WEB22·2(3PIC) WEB22·2(4PIC)

H:G ratio 1:2 1:2 1:2 1:2

TG %calc
%obs

29.1
28.4

32.6
27.9

32.6
29.4

32.6
28.5

DSC Ton peak A
Ton peak B

133
244

132
240

132
–

145
227

Tb 115 128 144 145

Fig. 6 The �–time curves for the desorption of the

WEB22·2(2PIC) compound

Fig. 7 The semilogarithmic plot of lnk vs. 1/T for the

desorption of WEB22·2(2PIC) compound
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