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Abstract The structure of the host compound 1,4-bis

(9-hydroxy-9-fluorenyl)benzene as well as the structures of

the inclusion complexes with four amides, dimethylform-

amide (DMF), dimethylacetamide (DMA), tetramethylurea

(TMU) and hexamethylphosphoramide (HMPA) have been

elucidated. Each structure crystallised in a centrosymmet-

ric space group with Z = 2 and a host to guest ratio of 1:1

or 1:2, as determined by thermogravimetric analysis. Lat-

tice energies have been calculated by atom-atom potential

methods and these results were compared to the thermal

stabilities observed.

Keywords Inclusion complex � Thermal analysis �
Lattice energies

Introduction

The compound 1,4-bis(9-hydroxy-9-fluorenyl)benzene, H,

is a typical wheel and axel or dumbbell shaped host con-

taining bulky, substituents separated by a spacer. The

hydroxyl moieties make them especially efficient hosts, as

these act as hydrogen bond donors to guests which have

suitable H-bond acceptors. The best known example is the

host 1,1,6,6-tetraphenylhexa-2,4-diyne-1,6-diol, which has

been studied extensively [1–3]. The fluorenyl host, H, is

one of a series that have been synthesised [4], and con-

forms to Weber’s rules of host design of rigidity and

topology in order to yield coordinato-clathrates [5, 6].

Bacchi et al. [7, 8] have extended this design concept by

incorporating metals into the spacer and has proposed a

‘‘venetian blinds’’ mechanism to explain the process of

solvation/desolvation that such compounds display with

volatile guests.

This paper reports on the investigation of the enclathra-

tion of four amide guests by the host. The amides

investigated were dimethylformamide (DMF), dimethyl-

acetamide (DMA), tetramethylurea (TMU) and hexamethyl-

phosphoramide (HMPA). We describe the structure of the

host as well as the structures of the inclusion compounds

formed by the host and the four amides mentioned. Fur-

thermore an investigation of the trend in thermal stability

and lattice energies of the complexes was explored. The

atomic numbering scheme of both host and the respective

guests is shown in Fig. 1.

Experimental section

Crystallisation

Crystals of the host were obtained by dissolving it in a

minimum amount of heated chloroform and leaving the

vial to undergo slow evaopration. Similarly, crystals of the

inclusion complexes were obtained by dissolving the host

in a minimum amount of a heated solution of the respective
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guest. The resulting unfiltered solutions were left at room

temperature to undergo slow evaporation.

Data collection

Cell dimensions were established from the intensity data

measured on a Nonius Kappa CCD diffractometer using

graphite-monochromated MoKa radiation from crystals

coated with Paratone N oil. All data was collected at low

temperature (183 K). Data collection (COLLECT soft-

ware) [9] involved a combination of /- and x-scan

techniques. The program DENZO-SMN [10] was used for

unit cell refinement and data reduction. Crystallographic

data are presented in Table 1.

Structure solution and refinement

The structures were solved by direct methods using

SHELX-86 [11] and refined by least squares with SHELX-

97 [12] refining on F2. The program X-Seed [13, 14] was

used as a graphical interface for structure solution and

refinement. Direct methods yielded the positions of the

non-hydrogen atoms. These non-hydrogen atoms were

refined anisotropically. The hydroxyl hydrogen atoms were

located in the difference electron density map and refined

with simple bond length constraints. All remaining

hydrogens were placed with geometric constraints. All

hydrogen atoms were assigned isotropic temperature fac-

tors of 1.2Ueq of their parent atom. In the H�2TMU

structure the –CH3 are disordered over two positions and

modelled accordingly. To maintain appropriate bond dis-

tances constraints were placed on the N–C bonds. This

value was obtained by averaging the N–CH3 bond lengths

found in the other three structures.

Thermal analysis

Both differential scanning calorimetry (DSC) and thermo-

gravimetric analysis (TGA) were performed on a Perkin

Elmer PC7-Series instrument. The samples were crushed and

blotted dry (2–4 mg) and placed in crimped, vented alu-

minium DSC pans or open aluminium TGA sample pans.

The experiments were performed over a temperature range

of 30–300/350 �C at a heating rate of 10 or 20 �C min-1

under dry nitrogen with a flow rate of 30 mL min-1.

Lattice energy calculations

Lattice energy calculations were performed using the

ZIPOPEC module of the OPIX program suite [15]. The

functional form for the i–j atom-atom potential used is

Eij ¼ A � expð�BRijÞ � C=R6
ij

where Rij is the interatomic distance and the coefficients

A, B and C have been carefully normalised against the

known sublimation energies of selected organic com-

pounds. The atomic coordinates of a carefully chosen

selected reference molecular group were input into the

program and the appropriate summations of all host–host,

host–guest and guest–guest interactions were calculated

for each structure.

Results and discussion

Structures

Crystallographic data and experimental refinement

parameters are given in Table 1. The apohost, obtained

from a solution of chloroform, crystallised in the space

group P 1 with Z = 2. Two half host molecules (denoted

Fig. 1 Numbering of the host and guest molecules. All hydrogen

atoms, except the hydroxyl hydrogen atom, are omitted for clarity
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A and B) comprises the asymmetric unit and are located

on centres of inversion at Wyckoff positions a and g.

Molecule A is hydrogen bonded to molecule B by an

O–H���O hydrogen bond (Table 2). The hydroxyl hydro-

gen atom on molecule B is not involved in hydrogen

bonding. The hydrogen bonding generates chains of

Table 1 Crystal data and structure refinement parameters

H H�DMF H�DMA H�2TMU H�2HMPA

Empirical formula C32H22O2 C32H22O2�C3H7ON C32H22O2�C4H9ON C32H22O2�2(C5H12ON2) C32H22O2�2(C6H18ON3P)

Molar ratio 1:1 1:1 1:2 1:2

Formula weight

(g mol-1)

438.5 511.59 525.62 670.83 796.9

Crystal system Triclinic Triclinic Triclinic Monoclinic Monoclinic

Space group P-1 P-1 P-1 P21/c P21/n

a(Å) 8.4559(4) 9.0106(9) 8.9141(4) 8.4595(2) 11.8642(6)

b(Å) 10.8676(6) 12.0117(15) 12.5243(7) 12.7944(5) 14.2552(10)

c(Å) 13.4376(10) 13.6841(16) 13.7726(9) 17.0672(8) 13.3132(8)

a(�) 94.616(4) 106.656(4) 108.112(3) 90 90

b(�) 91.769(4) 101.429(5) 99.687(3) 99.805(3) 108.847(3)

c(�) 111.509(3) 101.321(6) 103.014(3) 90 90

Volume (Å3)/Z 1142.70(12)/2 1339.3(3)/2 1375.95(13)/2 1820.27(12)/2 2130.9(2)/2

D(calc) (g cm-3) 1.274 1.269 1.269 1.224 1.242

l(MoKa) (mm-1) 0.078 0.080 0.080 0.079 0.151

F(000) 460 540 556 716 852

Temperature (K) 183(2) 183(2) 183(2) 183(2) 183(2)

Dimensions (mm) 0.23 9 0.12 9 0.12 0.25 9 0.20 9 0.05 0.32 9 0.12 9 0.10 0.30 9 0.21 9 0.15 0.15 9 0.10 9 0.08

h-range collection 3–26 2–26 2–27 3–27 2–25

Index range -10 B h B 10

-13 B k B 13

-16 B l B 16

-10 B h B 10

-14 B k B 14

-16 B l B 16

0 B h B 11

-15 B k B 15

-17 B l B 16

0 B h B 10

0 B k B 16

-21 B l B 21

-14 B h B 14

-16 B k B 16

-15 B l B 15

Reflections collected 4346 5020 5897 3950 3749

Independent reflections 2859 2452 3507 2680 2253

Number of parameters 313 360 370 235 256

Rint 0.0747 0.0733 0.0000 0.0000 0.0588

Goodness of fit, S 1.012 0.972 1.024 1.067 1.005

R1 [I [ 2r(I)] 0.0402 0.0497 0.0523 0.0779 0.0496

wR2 0.0855 0.0995 0.1161 0.2020 0.1121

Largest diffraction peak

and hole (e Å-3)

0.16 and -0.22 0.21 and -0.24 0.70 and -0.29 0.62 and -0.58 0.20 and -0.28

Table 2 Hydrogen bonding data for the host and the inclusion complexes

Donor–H���Acceptor D–H (Å) H���A (Å) D���A (Å) D–H���A (�)

H O(12A)–H(12A)���O(12B) 0.90(2) 1.92(2) 2.79(1) 163(1)

H�DMF O(12A)–H(12A)���O(1G) 0.82(2) 1.99(3) 2.81(1) 180(3)

O(12B)–H(12B)���O(1G) 0.88(3) 1.91(3) 2.79(1) 171(2)

H�DMA O(12A)–H(12A)���O(1G) 0.85(2) 1.89(2) 2.74(1) 176(2)

O(12B)–H(12B)���O(1G) 0.86(2) 2.07(2) 2.92(1) 170(2)

H�2TMU O(12)–H(12)���O(1G) 0.92(3) 1.81(3) 2.72(1) 178(3)

H�2HMPA O(12)–H(12)���O(1G) 0.84(3) 1.94(3) 2.78(1) 175(3)
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alternating host molecule A and B that run parallel to

[01-1], Fig. 2.

The complexes H�DMF and H�DMA are isostructural

with respect to the host molecule and crystallise with a

molar ratio of 1:1 in the space group P 1 with Z = 2. Two

half host molecules (denoted A and B) and one guest

molecule comprises the asymmetric unit. The two half host

molecules are located on centres of inversion at Wyckoff

positions a and b, with the guest in a general position. The

structure is stabilised by two independent (host) O–H���O
(guest) hydrogen bonds (Table 2). Both DMF and DMA

therefore act as a double hydrogen bond acceptor molecule.

This gives rise to endless chains of alternating, hydrogen

bonded, host and guest molecules (Fig. 3a). The orientation

of the chains is parallel to the c-axis. The chains stack upon

each other generating channels running down [100] in

which the guests are located (Fig. 3b).

The complexes H�2TMU and H�2HMPA crystallise in the

space group P21/c and P21/n respectively with Z = 2. In both

structures the asymmetric unit consists of half a host mole-

cule and one guest molecule. The host lies on a centre of

inversion at Wyckoff position a in the H�2TMU complex and

in position c in the H�2HMPA complex. In both structures the

guest is located in a general position. Both guests act as

single acceptor guests which results in a distinct supramo-

lecular host–guest entity with 1:2 stoichiometry. The host

molecules pack to form channels in which the guests are

located. These channels run parallel to [100] and [001] in

H�2TMU (Fig. 4) and H�2HMPA (Fig. 5), respectively. The

difference in the packing modes is due to the C(14)–C(12)–

O(12)–H(12) torsion angle, which is 177� and 70� in

H�2TMU and H�2HMPA, respectively. This torsion angle

accounts for the difference in channel type and orientation.

The same torsion angle in the H�DMF and H�DMA com-

plexes are C(14A)–C(12A)–O(12A)–H(12A) = 81� and

178� and C(14B)–C(12B)–O(12B)–H(12B) = 170� and

85�, respectively. This variation must account for chain

formation.

The Hirshfeld surface fingerprint plots [16, 17] for four

structures are shown in Fig. 6. In each case the surface only

envelops the host molecule. The fingerprint plots of

H�DMF (A and B) are closely related to those of H�DMA

Fig. 3 a Packing diagram of H�DMF down [100] shows the chains

generated by the double acceptor hydrogen bonding capability of the

guest (b) space-filling projection down [100] with guest molecules

omitted, showing the channels

Fig. 2 Packing diagram of H down [100] shows the hydrogen

bonding

206 J Incl Phenom Macrocycl Chem (2009) 63:203–210

123



and have therefore been excluded. The plots were com-

puted from the Hirshfeld surface using the CrystalExplorer

program [18]. From these fingerprint plots one can derive

the areas associated with O���H, H���H, C���H and C���C
contacts and the frequency of these contacts are summa-

rised in Fig. 7. From this figure it is apparent that the

structures have similar interactions, with the number of the

O���H interactions increasing upon guest inclusion. One

difference, however, is found in HB which is the only

molecule in which C���C contacts or p���p interaction are

observed.

For HA and HB, the spike labelled 1, is associated with

the OA–HA���OB hydrogen bond. The hydrogen bonding

spike features is found in all the plots and is of a similar

length in each complex. For the host, the spike labelled 2,

with de = di * 1.08 Å, is due to intermolecular H���H
contacts and this feature, although weaker, is also present

in the plot of H�2HMPA. HB exhibits distinct spikes

(labelled 3) associated with C���H contacts which also

occur in maps for H�2TMU and H�2HMPA. ‘‘Wings’’

(labelled 4) are seen in all the structures except H�2HMPA

and represent C–H���p interactions. The variations observed

in the maps can be attributed to the different packing

arrangements and structural features found within each

complex.

Thermal analysis

The results of TGA and DSC are shown in Fig. 8 and

Table 3. The TGA traces shows a single-step desorption,

except for the H�2HMPA complex in which desorption is a

multi-step process. From the mass loss the H:G ratio was

determined and the calculated values corresponded to those

observed experimentally.

DSC was used to determine onset temperatures of

guest release and to monitor any phase changes occurring

in the structures upon heating. The DSC traces of the

complexes H�DMF, H�DMA and H�2TMU are similar as

endotherm A corresponds to desorption which is followed

by the melt of the host compound (endotherms C). The

DSC of the H�2TMU is interesting in that the first

endotherm A is clearly due to the guest-loss reaction, but

endotherm B can be assigned to a phase change of the

host, followed by the melting endotherm of the host at C.

This phenomenon has been observed before [19]. The

trace of H�2HMPA shows a broad exotherm over the

range 115–152 �C. This thermal event represents a

recrystallisation of the material.

Fig. 5 Packing diagram of H�2HMPA down [001] showing the

distinct supramolecular host–guest entity. All hydrogen atoms

omitted, for clarity, except the hydroxyl hydrogen atom

Fig. 4 Packing diagram of H�2TMU down [100] showing the distinct

supramolecular host–guest entity. Only one pair of the disordered

–CH3 included
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Determining the Ton of guest release was not accurate

as the desorption peaks were broad therefore the first

derivative was calculated from the TGA trace as a further

means of comparison of the four complexes. These results

indicate a measure of the thermal stability of the com-

plexes to be of the order H�DMF [ H�DMA [
H�2TMU [ H�2HMPA.

Lattice energy calculations

Results for the lattice energy calculations are shown in

Table 4. These calculation show the stabilities of the

inclusion complexes to be in the order H�DMF [
H�DMA [ H�2TMU [ H�2HMPA. This is in agreement

with the results obtained from the first derivative curve

Fig. 6 Hirshfeld fingerprint

plots of H (molecules A and B),

H�DMA (molecule A and B),

H�2TMU and H�2HMPA
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calculated from thermal analysis. We are aware that lattice

energy calculations are only strictly valid for host–guest

systems which have the same stoichiometry and where the

guests are isomeric. We therefore adjusted the results by

dividing the lattice energy by the number of electrons in the

structure [15]. The values obtained indicated that the trend

observed is maintained.

Conclusions

The structure of the inclusion complexes H�DMF and

H�DMA are essentially the same, with the guests lying in

channels and stabilised by two host–guest hydrogen bonds.

Their structural similarities are reflected in their thermal

stabilities and lattice energy values. On comparison, the

H�2TMU and H�2HMPA structures are thermally less stable

and this can be explained by the differences in hydrogen

bonding. The double acceptor hydrogen bonding capability

of DMF and DMA give these structures more stability.

While TMU and HMPA are single acceptor guests and hence

only one hydrogen bond needs to be broken on guest release.

This series of inclusion complexes shows the important role

that hydrogen bonding has on complex stability.

Supporting information

The CIF files for the complexes have been deposited with

the Cambridge Crystallographic Data Centre (CCDC

690551–690555 for complexes H, H�DMF, H�DMA,

Fig. 7 Relative contribution to the Hirshfeld surface area for the

various close intermolecular contacts in H (molecules A and B),

H�DMA (molecules A and B), H�2TMU and H�2HMPA
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Fig. 8 DSC (bottom), TGA (top) and the first derivative curve of the

TGA (middle) of (a) H�DMF, (b) H�DMA, (c) H�2TMU and (d)

H�2HMPA

Table 3 Thermal analysis results

H�DMF H�DMA H�2TMU H�2HMPA

TGA results

Calc. % 14.3 16.6 34.6 44.9

Exp. % 14.4 16.3 30.0 40.8

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

Peak 1st derv. (�C) 160 156 143 140

DSC results

Peak A Ton (�C) – 158 148 –

Peak B Ton (�C) – – 242 –

Peak C Ton (�C) 263 264 263 –
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H�2TMU and H�2HMPA, respectively). These data may be

obtained, on request, from the CCDC, 12 Union Road,

Cambridge CB2 1EZ, UK. Tel: ?44-1233-336408; fax:

?44-1233-336033; e-mail: deposit@ccdc.cam.ac.uk.
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