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Complexation with diol host compounds. Part 24.† Kinetics of
desolvation of inclusion compounds of 2,7-substituted 2,29-bis(9-
hydroxy-9-fluorenyl)biphenyl hosts with acetone
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The structures of  the acetone inclusion compounds of  2,29-bis(2,7-dichloro-9-hydroxy-9-fluorenyl)-
biphenyl (compound 1) and 2,29-bis(2,7-di-tert-butyl-9-hydroxy-9-fluorenyl)biphenyl (compound 2), with
host :guest ratios of  1 :2 and 1 :1, respectively, have been elucidated. Compound 2 desolvates at 175 8C,
whereas compound 1 is much less stable and desolvates at 80 8C. Compound 1 desolvates in a single
deceleratory step following a three dimensional diffusion kinetic model. The desolvation of  compound 2
follows the first-order kinetic model. The activation energies of  desolvation have been evaluated.

Introduction
Organic molecules that form crystalline host–guest inclusion
compounds have been studied extensively.2,3 Host molecules
including the hydroxy moiety have proved to be very successful
and form inclusion compounds with a wide variety of guests.4–6

Often hydrogen bonding between the host and guest gives rise
to remarkably stable inclusion compounds.7,8 In view of the
practical uses of inclusion compounds, e.g. in chemical separ-
ation and stabilisation,9 their reactivity and stability are of
interest. Yet, very little attention has been paid to the thermal
decomposition of organic inclusion compounds. This may be
due to the fact that the decomposition often involves multiple
steps, with the formation of new intermediate host–guest
phases, whose composition and structure are not readily estab-
lished. We have recently investigated the kinetics of desolvation
of the benzene inclusion compounds of two related substituted
trans-9,10-dihydroxy-9,10-dihydroanthracenes.10 We have also
studied the thermal desolvation of the inclusion compounds of
2,29-bis(2,7-dichloro-9-hydroxy-9-fluorenyl)biphenyl with 1,4-
dioxane and 1,3-dioxolane.11 The kinetics were analysed by iso-
thermal thermogravimetry (TG) at selected temperatures, and
curve fitting techniques allowed us to select suitable models to
describe the desolvation mechanism and derive the appropriate
Arrhenius parameters.

We now present the results of the structures and thermal
desolvation of the acetone inclusion compounds of two related
hosts, 2,29-bis(2,7-dichloro-9-hydroxy-9-fluorenyl)biphenyl
(compound 1) and 2,29-bis(2,7-di-tert-butyl-9-hydroxy-9-
fluorenyl)biphenyl (compound 2).

Experimental
The inclusion compounds were formed by dissolving the
appropriate host compounds 8 in an excess of acetone. Crystals
of diffraction quality were obtained by slow evaporation of the
solutions. X-Ray diffraction data were measured on an Enraf-
Nonius CAD4 diffractometer, using graphite-monochromated
radiation, (λ = 0.7107 Å) and the ω-2θ scan mode. The selected
crystals were sealed in Lindemann capillary tubes together with
mother liquor in order to prevent desorption of the guest. Dur-
ing data collection three reference reflections were monitored
periodically to check crystal stability. The data reduction

† For Part 23, see ref. 1.

included correction for Lorentz and polarisation effects and an
absorption correction in the case of compound 1. Crystal data
and structural refinement parameters are given in Table 1.‡

Differential scanning calorimetry (DSC) and thermal grav-
imetry (TG) were performed on a Perkin-Elmer PC7 series sys-
tem. Fine powdered specimens, obtained from continuously
stirred solutions, were blotted dry on filter paper and placed in
open platinum pans for TG experiments and in crimped but
vented aluminium sample pans for DSC experiments. Sample
weight in each case was 2–5 mg. The temperature range was
typically 30–350 8C, at a heating rate of 20 8C min21. The
samples were purged by a stream of nitrogen flowing at 40 ml
min21. Data for the kinetics of desolvation were obtained from
isothermal TG experiments done at selected temperatures in the
range 40–65 8C for compound 1 and 125–145 8C for compound
2.

X-Ray powder diffraction (XRD) patterns were recorded on
a Philips PW1050/80 verticle goniometer with a PW1394 motor
control unit. The powder patterns were collected over a 2θ

range of 6–408, at 0.18 2θ intervals and 1s counts. Automatic
receiving and divergence slits were used.

Infrared spectroscopy was carried out on a Perkin-Elmer 983
IR spectrometer. The samples were prepared in Nujol mulls,

‡ Atomic co-ordinates, thermal parameters and bond lengths and angles
have been deposited at the Cambridge Crystallographic Data Centre
(CCDC). See ‘Instructions for Authors’, J. Chem. Soc., Perkin Trans. 2,
1997, Issue 1. Any request to the CCDC for this material should quote
the full literature citation and the reference number 188/49.
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Table 1 Crystal data and refinement parameters

Compound 1 2

Molecular formula C38H22O2Cl4?2(C3H6O) C54H58O2?C3H6O
Mr/g mol21 768.56 797.08
T/K 293(2) 294(2)

Crystal data
Crystal system Monoclinic Monoclinic
Space group C2/c C2/c
a/Å 20.424(6) 17.120(2)
b/Å 11.496(3) 17.935(2)
c/Å 18.885(7) 17.232(3)
β/8 122.23(3) 114.15(1)
Z 4 4
V/Å3 3751(2) 4828(1)
Dc/g cm23 1.322 1.097
µ(Mo-Kα)/cm21 3.59 0.66
F(000) 1592 1720

Data collection
Crystal dimensions/mm 0.40 × 0.50 × 0.40 0.45 × 0.45 × 0.50
Range scanned θ/8 2.13–24.97 1.73–24.97
Range of indices h,k,l 224, 20; 0, 13; 0, 22 220, 18; 0, 21; 0, 20
No. of reflections collected 3397 4407
No. of unique reflections 3295 4252
No. of reflections observed with Irel > 2σ(Irel) 1967 2200

Final refinement
No. of restraints 2 4
No. of parameters 234 287
R1 (Irel > 2σ(Irel)) 0.0643 0.0659
wR2 (Irel > 2σ(Irel)) 0.1777 0.1802
Extinction coefficient — 0.0034(5)
Max. height in electron density map/e Å23 0.631 0.510
Min. height in electron density map/e Å23 20.462 20.226
Absorption correction factor 0.9512–0.9980 —

with NaCl windows. The spectra were recorded over the range
4000–1000 cm21.

Results and discussion

Structure solution and refinement
The structures were solved by direct methods using SHELX-
86 12 and refined by full-matrix least-squares methods on F 2,
with SHELXL.13 The systematic absences observed indicated
that the space group was Cc or C2/c, in each case. The intensity
statistics, obtained from direct methods, in each case indicated
that the space groups were centrosymmetric, hence the space
group C2/c was chosen. Direct methods yielded all the host
non-hydrogen atoms in the asymmetric unit. The non-hydrogen
atoms in the guest molecules were located in difference electron
density maps upon subsequent refinement. In each case the
hydroxy hydrogen atoms were located in difference electron
density maps and refined with bond length constraints 14 and
individual isotropic temperature factors. The rest of the host

Fig. 1 The host in compound 1, showing the numbering scheme

hydrogen atoms were placed with geometric constraints and
refined with a common isotropic temperature factor. The guest
hydrogen atoms were omitted from the final models. In the final
refinement of compound 2 an extinction correction was
applied, where Fc is multiplied by k[1 + 0.001xFc

2λ3/sin(2θ)]21/4

and x was refined by least-squares to a value of 0.0034(5). The
weighting scheme used was w = q/[σ2(Fo

2) + (aP)2 + (bP)],
where a and b were defined for each structure and
P = [0.333 33 × max. of (0 or Fo

2) + (1 2 0.333 33)Fc
2].

For compound 1, TG yielded a host : guest ratio of 1 :2, and
since it crystallises in the space group C2/c with Z = 4, this
requires the host molecule to be in a special position, on the
diad at Wyckoff position e. The structure of the host molecule
with the atomic numbering scheme is shown in Fig. 1. The
central biphenyl is twisted at right angles with the torsion angle
C(10A)–C(11A)–C(11A9)–C(10A9) = 92.5(7)8. A projection of
the structure viewed along [001] is shown in Fig. 2. The acetone

Fig. 2 The crystal packing in compound 1 as viewed down [001]. The
guest molecules are represented with van der Waals radii.
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Fig. 3 Space filled diagram of the host network in compound 1 as viewed down [010]

molecule was modelled with one of the methyl carbon atoms
disordered over two positions, C(3GA) and C(3GB), each with
a site occupancy of 0.5. The guest molecules are situated in
channels running parallel to [010]. Fig. 3 shows a view down
these channels, down [010]. The host molecules are represented
with van der Waals radii and the guests were omitted for clarity.
The structure is stabilised via a pair of equivalent hydrogen
bonds O(9A)–H(9A) ? ? ? O(1G), from the host hydroxy groups
to the guest molecules [d(O ? ? ? O) = 2.825(4) Å].

For compound 2, which also crystallises in the space group
C2/c with Z = 4, a host : guest ratio of 1 :1 was confirmed by
TG. The host molecule is again located on a diad at Wyckoff
position e. The conformation of the host molecule, with atomic
numbering scheme, is shown in Fig. 4. The guest molecule is
disordered over two positions, related by a centre of symmetry.
The asymmetric unit consists of half  a host molecule, and half
of an acetone molecule, with O(3G) and C(1G) at a site occu-
pancy of 0.5 each, and the methyl carbon C(2G) with full site
occupancy, as shown in Fig. 5. A projection of the structure

Fig. 4 The host in compound 2, showing the numbering scheme

Fig. 5 Disorder in the acetone molecule, compound 2

viewed along [001] is shown in Fig. 6. The acetone guest mol-
ecules are indicated with van der Waals radii and are located in
constricted channels parallel to [001]. It is clear from a space
filled diagram of the host with the guest omitted (Fig. 7) that
these channels become as narrow as 1.7 Å. The host hydroxy
hydrogen atom is disordered over two positions (each with 0.5
site occupancy) giving rise to ‘flip-flop’ hydrogen bonding. The
host molecule is locked into conformation [with C(10A)–
C(11A)–C(11A9)–C(10A9) = 89.1(6)8] via an intramolecular
hydrogen bond [O(9A)–H(9A) ? ? ? O(9A9) = 2.752(5) Å]. An
intermolecular hydrogen bond exists between the guest mol-
ecule and host with O(9A)–H(9B) ? ? ? O(3G) = 2.691(9) Å. Fig.
8 illustrates the two alternating hydrogen bonding motifs

Fig. 6 The crystal packing in compound 2 as viewed down [001]. The
guest molecules are represented with van der Waals radii.

Table 2 Selected torsion angles

Compound R Guest (H:G) τ1 τ2 τ3

1 Cl Acetone (1 :2) 92.5(7) 21.6(5) 21.6(5)
2 But Acetone (1 :1) 89.1(6) 226.9(5) 226.9(5)
3 a Cl 1,4-Dioxane (2 :7) 101.4(6) 22.0(7) 28.5(7)
4 a Cl 1,3-Dioxolane (1 :2) 94.2(7) 210.9(5) 210.9(5)
5 b But Butyronitrile (1 :1) 88.4(6) 228.5(7) 228.5(7)
6 b Cl Cyclohexanone (1 :2) 89.0(9) 222.4(8) 228.1(8)
7 b Cl Cyclopentanol (1 :2) 90.8(9) 225.2(8) 227.1(9)
8 b Br DMF (1 :2) 92(2) 21(2) 23(2)
9 c H 90.9(5) 223.5(5) 221.8(5)

a Ref. 11. b Ref. 6. c Ref. 5.
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Fig. 7 Space filled diagram of the host network in compound 2 as viewed down [001]

observed in the structure depending on the position of the guest
molecule.

The conformation of the host molecules is governed by three
torsion angles, τ1, τ2 and τ3, indicated in Scheme 1. The
two benzene rings in the central biphenyl are approximately at
right angles, and Table 2 compares the torsion angle around the
bond linking these rings, τ1, and the other torsion angles for
host molecules derived from similar structures.6 Torsion angle
τ1 varies from 88.4–101.48, while τ2 and τ3 span a wide range

Fig. 8 Flip-flop hydrogen bonding observed in compound 2

Fig. 9 (a) Thermograms showing the desolvation of compound 1. (b)
Thermograms showing the desolvation of compound 2.

from 228.5 to 218. The bond lengths and angles in the host
molecules are in the accepted ranges for structures of this
kind.5,6,11

Thermal analysis
The thermal analytical results are shown in Fig. 9(a) and (b).
For compound 1 the guest loss reaction takes place in a single
step, with a mass loss of 14%, corresponding to the loss of 2
acetone molecules. The DSC trace shows a diffuse endotherm,
with an onset temperature of 80 8C, corresponding to the de-
solvation process. A sharp endotherm at 340 8C corresponds to
the host melt. The host : guest ratio of 1 :1 for compound 2 was
confirmed by the TG experiment, showing a single mass loss
step of 7.6%. This corresponds to a single sharp endotherm in
the DSC trace at an onset temperature of 175 8C, followed by
the melt at 334 8C. Compound 2 clearly desolvates at a much
higher temperature than compound 1.

Kinetics of desolvation
A series of mass loss vs. time curves were obtained for the
isothermal desolvation of compound 1, over a temperature
range of 40–65 8C. The data were reduced to fractional reac-
tion, α, vs. time curves. All these curves were deceleratory. Vari-
ous appropriate kinetic models 14 were tested for linearity and
the data were best fitted by the equation representing a three
dimensional diffusion mechanism (D3) [eqn. (1)]. The plot of ln

[1 2 (1 2 α)1/3]2 = kt. (1)

k vs. 1/T is shown in Fig. 10, and yields an activation energy of
58(3) kJ mol21 over an α-range of 0.05–0.90.

A series of isothermal TG experiments was carried out on
compound 2 over a temperature range of 125–145 8C. Below
125 8C the reaction did not reach completion. The α vs. time

Fig. 10 Arrhenius plot for the desolvation of compound 1
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curves were deceleratory and were best described by the first-
order (F1) kinetic model [eqn. (2)]. An activation energy of

2ln (1 2 α) = kt (2)

147(4) kJ mol21 was obtained for this reaction over an α-range
of 0.05–0.95. A curve of ln k vs. 1/T is shown in Fig. 11.

X-Ray powder diffraction
The X-ray powder diffraction (XRD) patterns for compounds 1
and 2 were calculated from the atomic coordinates and Debye–
Waller factors, obtained from the single crystal structure solu-
tion, using the program LAZYPULVERIX.16 These patterns
are compared with the experimentally obtained XRD patterns

Fig. 11 Arrhenius plot for the desolvation of compound 2

Fig. 12 (a) XRD patterns for compound 1 (i) calculated from the
crystal structure and (ii) obtained experimentally after desolvation. (b)
XRD patterns for compound 2 (i) calculated from the crystal structure
and (ii) obtained experimentally after desolvation.

of the desolvated host compounds in Fig. 12(a) and (b), for
compounds 1 and 2, respectively.

IR spectroscopy
The hydrogen bond strengths were evaluated using IR spec-
troscopy. The O–H stretch was observed at 3420 cm21 for com-
pound 1 and at 3300 cm21 for compound 2. The free O–H
stretch is usually observed as a sharp peak around 3500 cm21.
The amount of O–H stretch wavenumber shift, has been corre-
lated with the O ? ? ? O distance, the smaller the distance, the
larger the shift.17 The observed shift in O–H stretching fre-
quency is in agreement with the O ? ? ? O distances described in
the crystal structure solution.

Conclusions
The desolvation reaction [reaction (3)] is accompanied by a

Host?(acetone)n(s,β) → Host(s,α) + n?acetone(g) (3)

phase change in the crystal structure. The solvated, β form is
transformed to the non-porous α-phase. This was confirmed by
X-ray powder diffraction. The α vs. time curves for the desolv-
ation of both compounds are deceleratory. Compound 1 desol-
vates according to the three dimensional diffusion model. The
rate of a diffusion-limited reaction is determined by the move-
ment of reactants, or products, to or from, a reaction inter-
face.15 From the crystal structure it is clear that the guest mol-
ecules are located in channels running parallel to [010]. The
reaction mechanism observed suggests that the diffusion of the
guest is the rate-determining step in the desolvation of com-
pound 1. The model of unrestricted guest diffusion along the
channels could explain the relatively low activation energy
required for this reaction and the low temperature at which it
takes place.

Compound 2 is much more stable than compound 1 and
desolvates at a much higher temperature (significantly
higher than the normal boiling point of acetone). This step is
observed as a sharp endotherm in the DSC curve. The desolv-
ation of compound 2 follows the F1 mechanism. There is no
physical explanation for reactions based on order with respect
to α, since concentration is not usually a meaningful term in
solid state reactions.14 The constricted channel structure how-
ever would imply that the gaseous decomposition product can
escape only by severely disrupting the host framework. In
addition we note that the host-to-guest hydrogen bonding is
stronger in compound 2 than in compound 1. A further
possible explanation of the stability and higher activation
energy observed for compound 2 lies in the fact that the host
molecules are rendered rigid by an intramolecular hydrogen
bond. This may also impede the phase transformation to the α
form, which occurs upon desolvation. It is important to note
that the change in phase cannot be accounted for in the kinetic
models obtained, since the extent of reaction was measured as a
function of the guest loss.
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