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Phase transitions below ambient temperature in the heptanoic anhydride-urea inclusion compound have been 
investigated using X-ray diffraction and differential scanning calorimetry; one of these phase transitions (at ca. 179 
K on cooling) is associated with a change in the mode of three-dimensional ordering of the heptanoic anhydride 
guest molecules with no detectable change in the host (urea) structure, and represents the first reported example of 
this type of phase transition for urea inclusion compounds. 

Crystalline urea inclusion compounds,1y2 in which ‘guest’ 
molecules are constrained to occupy one-dimensional tunnels 
within the solid ‘host’ (urea) structure, have recently attracted 
considerable attention with regard to their structural and 
dynamic properties. Although the conventional urea inclusion 
compounds all possess the same host structure,3,4 at least on a 
space-average and time-average, details of the structural and 
dynamic properties of the guest molecules can differ substan- 
tially between one family (i.e. homologous series) of guest 
molecules and another, and, in some cases, even between 
different guest molecules within a given family (vide infra). For 
the alkane-urea and a,o-dibromoalkane-urea inclusion com- 
pounds, a low temperature phase transition involving a change 
in the host structure from hexagonal to orthorhombic is well 
e~tablished,~-~ but is apparently not associated with any change 
in the mode of three-dimensional ordering of the guest 
molecules. Here we report that the urea inclusion compound 
containing heptanoic anhydride (HA) as the guest component 
exhibits new behaviour with regard to low temperature phase 
transitions, not observed hitherto for urea inclusion com- 
pounds. 

In the conventional urea inclusion cornpounds,3,4 the host 
structure comprises an extensively hydrogen-bonded arrange- 
ment of urea molecules, within which there are parallel, uni- 
directional tunnels (diameters ca. 5.5-5.8 A). The guest 
molecules are densely packed along the tunnels,g and generally 
there is sufficient ordering of the guest molecules to allow an 
average three-dimensional lattice to be defined, l0-l3 despite 
substantial dynamic disorder of the guest molecules at ambient 
temperature. In the conventional urea inclusion compounds, 
there is usually an incommensurate relati~nshipl~ between the 
host and guest substructures along the tunnel axis. A detailed 
discussion of the structural and diffraction properties of urea 
inclusion compounds is given in ref. 4. Three-dimensional 
ordering of guest molecules in urea inclusion compounds is 
conveniently considered in terms of two parameters11 (Fig. 1): 
(i) the periodic repeat distance (cg) of the guest molecules along 
the tunnel axis; and (ii) the offset (Ag), along the tunnel axis, 
between the centres of mass of guest molecules in adjacent 
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Fig. 1 Schematic two-dimensional representation of a urea inclusion 
compound, viewed perpendicular to the tunnel axis, indicating the 
definitions of cg and Ag 

tunnels. The method for determining Ag from de Jong-Bouman 
or precession X-ray diffraction photographs for urea inclusion 
compounds has been developed in ref. 11. 

The structural properties at ambient temperature of urea 
inclusion compounds containing carboxylic acid anhydride 
guest molecules Me(CH2),C02CO(CHZ),Me (with n = 3-8 
and 10) have been studied previously13 by single crystal X-ray 
diffraction. All of these materials possess the conventional 
(hexagonal) urea tunnel structure, but exhibit differept modes 
of ordering of the guest molecules, with Ag = 2.3 A for HA 
(n  = 5) and Ag = 0 for all the other carboxylic acid anhydrides 
studies. As reported in this paper, the HA-urea inclusion 
compound exhibits further novel behaviour concerning its 
structural properties below ambient temperature. 

The HA-urea inclusion compound was crystallized by 
cooling a solution containing HA and urea in dry 1,l -dimethyl- 
propanol from 60 to 25°C. The crystals were washed with 
2,2,4-trimethylpentane to remove any molecules of HA adher- 
ing to their external surfaces. Powder X-ray diffraction and 
solid state 13C NMR confirmed that these crystals were urea 
inclusion compounds of HA with the conventional urea host 
structure. Differential scanning calorigrams were recorded on a 
Perkin-Elmer DSC-7 instrument; the sample was subjected to a 
cycle of cooling and heating between 298 and 103 K at a 
cooling/heating rate of 10 K min-l. Single crystal X-ray 
diffraction photographs were recorded using Ni-filtered Cu-Ka 
radiation on an Enraf-Nonius Weissenberg camera (for oscilla- 
tion photographs) and on a Huber precession camera. 

On cooling HA-urea, differential scanning calorimetry (Fig. 
2) indicates exotherms (peak maximum temperatures; asso- 
ciated enthalpy changes in brackets) at 179 K (-0.09 J g-l) and 
122 K (-1.5 J g-I). These results identify three temperature 
regimes, denoted phase I (above 179 K), phase I1 (179-122 K) 
and phase I11 (below 122 K). On warming HA-urea, endo- 
therms are observed (Fig. 2) at 133 K (1.4 J g-1) and 187 K 
(0.06 J g-1). Clearly there is significant thermal hysteresis in 
these transitions. There is possibly an additional transition (at 
ca. 152 K on cooling and ca. 157 K on heating), although more 
detailed investigations are required to establish the existence 
and nature of this transition. 

Single crystal X-ray diffraction experiments were carried out 
to investigate the structural properties of HA-urea in phases I, 
I1 and 111. At ambient temperature (phase I), the host is the 
conventional urea tunnel ~ t r u c t u r e ~ ~ ~  and the guest moleSules 
exhibit three-dimensional ordering with Ag = 2.3 A, as 
discussed previously. l3 Six domains of this guest structure can 
be distinguished by diffraction, with each domain having an 
identical packing of guest molecules but a different (although 
equivalent) orientation with respect to the host structure; the 
different domains are related by mn/3 rotation (m = 0, 1, ..., 5) 
about the tunnel axis. At 160 K (phase II), a new mode of inter- 
tunncl ordering of the guest molecules, corresponding to Ag = 
1.5 A, is observed (again with six domains related by mn/3 
rotation about the tunnel axis); in addition, there is evidence 
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(from weak diffraction features) for some co-existence of 
regions corresponding to A, = 2.3 A. In phase 11, the host is still 
the hexagonal (‘high-temperature’) structure of the conven- 
tional urea inclusion compounds. At 1 1 1 K (phase 111), the inter- 
tunnel ordering of the guest molecules is described predom- 
inantly by A, = 0, but with some co-existence of regions 
corresponding to A, = 1.5 A; at this temperature, the host is the 
orthorhombic (‘low-temperature’) structure characterized pre- 
viously5-7 for alkane-urea and a,o-dibromoalkane-urea inclu- 
sion compounds. On warming the inclusion compound to 145 K 
(phase II), the A, = 1.5 A mode of ordering of the guest 
molecules is again generated and the host structure is again the 
hexagonal structure of the conventional urea inclusion com- 
pounds; in the guest substructure, there is some co-existence of 
regions corresponding to A, = 0 and there is also evidence 
(although very weak diffraction features) for co-existence of 
additional regions with A, = 2.3 A. 

In summary, the transition between phases I and I1 is 
associated with a change in the mode of three-dimensional 
ordering of the guest molecules with no (detectable) change in 
the host structure; this is the first example of such a phase 
transition for a urea inclusion compound. The transition 
between phases I1 and I11 is associated with the conventional 
hexagonal-to-orthorhombic change in the host structure con- 
comitant with a change in the mode of three-dimensional 
ordering of the guest molecules. 

Several aspects of these transitions in HA-urea remain to be 
understood, including identification of the interactions respon- 
sible for inducing the changes in the ordering of the guest 
molecules. In this regard, the fact that the host structure does not 
change at the transition between phases I and I1 suggests that the 
re-ordering of the guest molecules at this transition is not 
associated with a change in the incommensurate/commensurate 
nature of the inclusion comp0und.t Nevertheless, if the 
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Fig. 2 Differential scanning calorigrams for HA-urea on: (a)  cooling from 
298 to 103 K, and (b) warming from 103 to 298 K 

inclusion compound is incommensurate, the transition between 
phases I and I1 will be associated with changes in the 
incommensurate modulations within the host substructure 
(which control the propagation of the ordering of guest 
molecules between adjacent tunnels. 15 The transition between 
phases I1 and I11 raises further important issues, including the 
contrasting behaviour between the HA-urea inclusion com- 
pound and the alkane-urea and a,m-dibromoalkane-urea 
inclusion compounds; in the latter cases, the transition involv- 
ing a change in the host structure from hexagonal to or- 
thorhombic is not associated with a change in the mode of three- 
dimensional ordering of the guest molecules. 

Our future investigations of the HA-urea inclusion com- 
pound will focus on a more detailed determination of the 
temperature-dependence of the structural properties, with 
particular interest in establishing how the co-existence of 
regions with different modes of ordering of the guest molecules 
changes as a function of temperature within phase 11. In this 
regard, the possible existence of an additional transition at ca. 
152 K merits a detailed study. 
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Footnote 
i As discussed in ref. 13, one possible explanation for the fact that HA-urea 
exhibits a different mode of guest molecule ordering at ambient temperature 
than the other carboxylic acid anhydride-urea inclusion compounds is that 
it may actually be a commensurate inclusion compound. However, there is 
presently no direct evidence to support the definitive assignment of HA- 
urea as a commensurate inclusion compound at ambient temperature 
(phase I). 
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