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Structl..lres of the inclusion compoumil 9,9'-dihydroxy-9,9'-bifluo- partlcula_rly versatile7 and we now present the structural
rene with ethanol, 1-butanol and pyridine have been determined. and thermal stability results of the inclusion compounds
The structures are stabilised by networks of hydrogen bonds. The formed between the host 9.9'- dihy droxy-9 9'-bifluorene

thermal analysis indicates a single step decomposition process with )
concomitant phase transition of the structures. Accurate vapour (1) and ethanol, 1-butanol and pyridine (2-4).

pressure measurements at various temperatures yield the enthalpy
change for the guest release reaction.

EXPERIMENTAL

Weber has recently reviewed the principles of directed
host design,! and has shown that a successful host mole- Synthesis
cule should be bulky and rigid, in order to provide suit- The host compound 1 was synthesised by reaction of so-
able cavities in the crystal structure. Moreover, it is often lutions of magnesium iodide (prepared from iodine and
helpful to have a high affinity functional group in the magnesium turnings) in dried benzene-Et,0 and fluo-
molecule which will be engaged in specific host-guest renone in hot benzerfe. Workup including hydrolysis
interactions. with H,O, collection of the precipitate, treatment with

We have studied a variety of inclusion compounds hot EtOH and recrystallisation from MeOH yielded a

where the host molecules contain the hydroxyl moiety as white powder (85%), m.p. 190°C (lit., 190-192°C).
hydrogen-bonding donor, shielded by bulky groups

which yield suitable spaces which can accommodate se- Crystal Structure Determination
lected guest molecules. Thus we have elucidated the Single crystals of the inclusion compounds 2—4 suitable
crystal structures of the inclusion compounds of zrans- for X-ray diffraction were obtained by slow evaporation

9,10-dihydroxy-9,10-diphenyl-9,10-dihydroanthracene over a period of 10 days. Preliminary cell dimensions
with various ketones2:3 and substituted pyridines.4 We

have also studied a series of ‘wheel-and-axle’ host com-

pounds such as 1,1,2,2-tetraphenylethane-1,2-diol, and O O
demonstrated its ability to discriminate between lutidine

isomers,3 and we have measured the thermal stabilities . 2

of several inclusion compounds of 1,1,6,6-tetraphenyl- HO OH 3
2.,4-diyne-1,6-diol with the xylenes.® Host compounds

which contain the fluorenyl moiety have proved to be Q.O

*To whom correspondence should be addressed. Scheme 1

1+EtOH (2:1)
1eBU"OH (2:1)
1+Pyridine (1:1)
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and space group symmetry were determined photograph-
ically. X-ray diffraction data were then measured on an
Envaf-Nonius. CAD4 diffractometer using graphite-
monochromated MoK, radiation and the ®-20 scan
mode. Measurements were carried out at 293K and crys-
tal stabilities were checked by monitoring three refer-
ence reflections periodically. Crystal data are given in
Table 1. All data were corrected for Lorentz and polari-
sation effects, but not for absorption.

The structures were solved by direct methods using
SHELX-86 and refined using the SHELX-76 program
system. For 2 all the heavy atoms of the host molecule
were treated anisotropically and the aromatic hydrogens
were refined in geometrically constrained positions with
a common isotropic temperature factor. Only one hy-
droxyl hydrogen could be successfully located and was
finally refined with the O-H distance constrained to
0.97A. The ethanol atoms displayed high thermal motion
and the final refinement of the guest employed geomet-
ric constraints and isotropic temperature factors. No at-
tempt was made to refine the guest hydrogens.
Compounds 3 and 4 were refined similarly, except that
the positions of the guest molecules were better defined

Table 1 Crystal data, data collection and final refinement paramelters

and allowed us to refine them with anisotropic tempera-
ture factors and with guest hydrogens in constrained po-
sitions. Final positional atomic coordinates, anisotropic
thermal parameters, bond lengths, bond angles and ta-
bles of structure factors have been deposited. The atomic
numbering scheme is shown in Fig. 1 which shows a
typical molecular conformation of a host molecule.

Thermal Analysis

Thermogravimetry (TG) and differential scanning
calorimetry (DSC) were performed on a Perkin Elmer
PC7 series system. Crystals were removed from their
mother liquor, blotted dry on filter paper, and crushed.
Sample weight in each case was ca 5 mg, the heating rate
was 10 Kmin'!, and the samples were purged by a stream
of nitrogen flowing at 40 cm3min-!,

RESULTS AND DISCUSSION

The crystallographic asymmetric unit in 2 comprises two
host molecules and a guest ethanol, all interlinked by hy-
drogen bonds as shown in Fig. 2. The conformation of a

CRYSTAL DATA

Compound 2 3 4
Guest Ethanol n-Butanol Pyridine
Molecutar formula 2(C,H 30,)*C,H, O 2AC,eH 30,)*C4H,,O CyeH 0,*CsHsN
M, 770.92 798.98 441.53
Space group Pl P1 P2/n

V4 2 2 8
a(A) 10.639(11) 12.911(2) 20.439(15)
b(A) 14.058(6) 13.262(1) 9.199(1)
c(A) 14.608(12) 13.287(1) 27.060(1)
o (®) 71.64(5) 93.57(1) 90
B 74.27(9) 111.57(1) 108.94(6)
Y () 88.57(7) 95.15(1) 90
Volume (A% 1992(3) 2096.9(4) 4812(5)
D, (gem™) 1.28(1) 1.26(1) 1.22(1)
D, (gem) 1.285 1.265 1.219

p (Mo K,) (em'!) 0.75 0.74 0.71
F(000) 812 844 1856

DATA COLLECTION PARAMETERS
Crystal dimensions (mm)

0.41 X 041 x 047

0 range scanned (°) 1-23
Range of indices h.k./ +11.£15.16
Total exposure time (hrs) 41.0
Overall intensity vanation (%) -8.2
Scan width, X in (X + 1.05tan6)“ 0.85

# Unique reflections collected 4874

# Observed reflections with I, > 20l 3650
FINAL REFINEMENT PARAMETERS

Number of variables 286

R 0.093
R, 0.099

g in w = (62(Fy) + g(F)?)! 0.008

S (goodness of fit parameter) 1.43
Max. shift/e.s.d. 0.011
Avg. shift/e.s.d. 0.001
Max., min. heights in difference Fourier (e;\*‘) 0.64, -0.20

0.47 X 047 X 0.44

0.28 X 0.31 X 0.38

1-23 1-23
+14.+14,14 +22,10,29
379 47.7
20.4 -0.2
0.85 0.80
5341 5141
4662 3296
315 369
0.043 0.077
0.044 0.087

0.0001 0.1
2.50 0.76
0.004 0.037
0.000 0.001
0.19, -0.26 0.34, -0.35
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Table 2 Details of hydrogen bonding

Donor Acceptor 0--0(A) 0---N4) O-H(A) H-0(A) 20-H---0(°)

1 O(B) 0(2A) 2.727(6)

O(2B) O(2A) 2.771(6)
0(2A) O(1A) 2.775(T)
O(1A) o(1G) 2.715(8)

2 O(A) 0(2B) 2.7722) 0.97(1) 1.83(1) 163(2)
O(1B) o(1G) 2.859(2) 0.96(2) 2.04(2) 142(2)
OQA) O(1A)? 2.921(2) 0.96(3) 2.01(2) 158(3)
o(1G) 0(2A) 2.797(2) 0.96(2) 1.91(2) 153(2)
O(2B) O(IG)P 2.902(2) 0.95(2) 1.96(2) 169(2)

3 O(1A) N(1G1) 2.69(1)
0@2A) O(1A) 2.753(8)

O(1B) O(2B) 2.765(8)
0O(2B) N(1G2) 2.73(1)
0(2A) O(1A) 2.803(7)
O(1B) O(2B) 2.835(8)

arelated todonorby -x + l-y + -z + 1
b related to donor by -x + 1.-y,-z + 1
< related to donor by -x + 1/2,y,-z + 1/2

Where H is ommited, hydrogen bonding is inferred by short O---O or O---N contacts
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Figure 5 Projected cross-section of the host molecules (hatched area)
of 3 on (002) showing the guest molecules (with oxygen atoms shaded)
in constricted channels.

The DSC and TG curves are shown in Fig. 8. For each
compound, the measured weight loss is in close agree-
ment with the calculated value, confirming the
host:guest ratios which were employed in the crystallo-
graphic analyses. For each compound there is an en-
dotherm A due to guest loss, followed by a second en-
dotherm B, attributed to the melting of the host com-
pound. The onset temperatures of guest loss and other
thermal parameters are listed in Table 3.

The area under the DSC endotherm can, in principle,
give the enthalpy change of the guest loss reaction.
However these measurements are generally inaccurate
because they depend on such factors as heating rates,
particle size distribution, flow velocity of the purging
gas and the geometry of the calorimeter.

Figure 6 Projection of 4 viewed along [010] with oxygen atoms shad-
ed and hydrogen bonds indicated as dotted lines.
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Figure 7 Projected cross-section of the host molecules (hatched area)
of 4 on (004) showing the guest molecules in channels parallel to [010].
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Figure 8 DSC and TG traces of compounds 2 to 4.

Table 3 Thermal analysis

Compound 1 2 3
Host:guest ratio 2:1 2:1 1:1
Boiling point of guest (°C) 785 1172 1155
TG

Calculated weight loss (%) 6.0 93 179
Measured weight loss (%) 59 8.9 17.8
DSC

Onset temperature of endotherm A (°C) 88 67 120

Onset temperature of endotherm B(°C) 173 180 184

Therefore we have devised a special apparatus which
accurately measures the vapour pressure of volatile
guests liberated from inclusion compounds. The appara-
tus consists of a small sample flask (ca.3 cm3) which can
be evacuated and is connected to a pressure transducer.
The latter is accurately calibrated to read pressures from

0 to 1 atm. The sample is heated slowly at 0.3 °Cmin’!
and the pressure is recorded at various temperatures.

We have carried out this experiment for 2 and obtained
the pressure-temperature curve shown in Fig. 9a. The in-
clusion compound 2 was prepared by dissolving the host
in ethanol and evaporating the solution under continuous
stirring. This ensured that we obtained the compound as
very small crystals, which minimises diffusion barriers
of the guest desorption. The curve obtained for the heat-
ing process coincides with the one measured on cooling,
showing this to be a true equilibrium experiment.

The stoichiometry of the reaction

H:14G (s,8) = H(s,a) + 4G (g)

is such that the equilibrium constant K,=P"2 where P is
the vapour pressure of the volatile guest (we have as-
sumed the activity of the volatile guest to be equal to its
vapour pressure). The plot of 121n P vs 1/T is shown in
Fig. 9b, and its slope yields a value of AH = 17.9 kJmol-!
for the guest release reaction.

When an inclusion compound decomposes with loss
of guest, this is usually accompanied by a change of
phase. We have modified an existing apparatus to mea-
sure these phase transitions. This consists of a
Weissenberg goniometer which has a stream of hot air
blowing on a powdered specimen of the compound un-
der investigation. The specimen is heated at a constant
rate and the film cassette movement is coupled to the
temperature of the specimen. This allows one to record

600 { a

500 1

400 4

300 1

Pressure / mmHg

200

100

Temperature / ‘C

3.2

3.0 9

2.8

05 Ln P

2.6 4

2.4 4

Figure 9 Plots of (a) Pressure vs temperature and (b) 0.5 In P vs
1000/T for 2.
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Figure 10 XRD traces of (a) the B-phase of 2 at 45°C and (b) the a-
phase at 90°C resulting from thermal decomposition of 2.

the powder diagram continuously over the selected tem-
perature range and to pinpoint transition temperatures to
a precision of about 3°C.

The powder patterns of 2 were recorded continuously
from 30 to 115 °C. The initial B-phase of the inclusion
compound transforms to the non-porous o.-phase at
73°C. Fig. 10 shows the photometer trace of the initial p-
phase at 45°C and of the resulting a-phase at 90°C.

This apparatus is similar to that constructed for the
analysis of phase transitions of ammonium nitrate, !0 and
is proving useful for confirmation of DSC results ob-
tained from the decomposition of clathrates.
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