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Abstract: The reaction volume (A\_/c__)()) associated with inclusion of 3-nitrophenol by o-

cyclodextrin was determined by densitometry to be -9 cm3 mo]-l while the corresponding value for

encapsulation of methyl orange by two molecules of a-cyclodextrin is +27 cm3 molhl. These
volume changes can be interpreted in terms of displacement of solvent from the cavity of a-
cyclodextrin and/or changes in solvation of the “guest” molecule. © 1999 Published by Elsevier Science
Ltd. All rights reserved.
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Introduction: The association of two or more chemical entities by non-covalent, intermolecular
interactions is an area of intense research interest.' Although a wide — ranging and diverse field, the different
facets of this discipline share the common need for physical techniques for characterising the stoichiometry,
structure, stability and binding properties of large, and often dynamic, “host — guest” complexes in solution.
Commonly employed techniques include optical absorption, fluorescence, NMR spectroscopy, conductivity
and circular dichroism.” Each of these are very useful, but none is generally applicable to all systems. A
more general method is the measurement of heats of formation by microcalorimetry® but this technique is
restricted to relatively few laboratories. The objective of this research was to investigate a general and
experimentally simple method for probing “host - guest” interactions in solution, making use of a fundamental

property of all molecules, the volume of space they occupy in solution (“partial molar volume”, V). There
have been relatively few volumetric studies of molecular inclusion, and some scepticism expressed about the
interpretation of results from these studies.* More recent investigations have gone some way to support the
validity of this approach.” We have reported® a volumetric study of the molecular complexation of Cgy with p-

benzylcalix[S]arene in toluene. Formation of this “ball and cup” supramolecular assembly was associated

with a partial molar volume change (A V .L0) of +195 cm> mol”! which is consistent with the displacement of

two toluene molecules from the cavity of the calixarene, an interpretation consistent with molecular modelling.
Volume change may be a useful technique for observing host — guest interactions in solution, but further
investigations are required to engender confidence in the interpretation of results.* To this end we now report
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the results of a volumetric study of the formation of two, very well known and well characterised

supramolecular assemblies; (i) the 1 : 1 complex of a-cyclodextrin and 3-nitr0phenol7 and (ii) the 2 : 1

complex of o-cyclodextrin and methyl orange®.

Experimental: a-Cyclodextrin hydrate (1) was dried for 3 h at 105 °C under dynamic vacuum (1 mm

Hg)’. 3-Nitrophenol (2) was used as supplied and aqueous solutions of the 1 : 1 complex (3) were prepared
from equimolar quantities of 1 and 2 in doubly deionised water. Methyl orange (4) was recrystallised from
water and dried under vacuum. The 2 : 1 complex (5) was prepared in situ from 1 and 4. Density
measurements of degassed, dilute solutions of 1 - 5 were performed in doubly deionised water as solvent

using a Paar high precision, vibrating tube density meter at 29.65 *+ 0.05 °C. Between 2 and 5 density

measurements were made at 4 - 5 concentrations over the range 2.00 x 10 - 8.44 x 102 M and extrapolated
to ¢ =0 (Figure 1). Density values were converted to partial molar volumes as previously described'. The
standard deviation in these values at each concentration was less than 2% and typically 1%. The partial molar
volumes of complexes 3 and § were calculated assuming negligible dissociation™*.
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Figure 1: Partial molar volume ( V ) versus concentration for compounds 1 to §.
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Results and Discussion: The partial molar volumes of 1, 2 and 3 are given in Scheme 1. The reaction
volume (A v «—0) on complex formation is calculated to be -9 cm’® mol™!. This is a relatively small difference,

but can be interpreted in terms of displacement of solvent from the o-cyclodextrin cavity. The partial molar

volume of water at this temperature is 18.1 cm® mol” and the cavity of 1 has been estimated to hold between

11 3

four’ and six'' water molecules in aqueous solution. The value of -9 cm mol ™! is consistent with

displacement of 5.4 water molecules by the substrate which agrees well with these estimates.

OOH
H, H] =

OH

6 1

OH
2 1 3
Ves0=1062cm3mol? V., ,=613+5cm3mol” Ve 0=710+5cm3 mol

Scheme 1

By comparison, the cofnplexation of methyl orange (4) with two equivalents of 1 (Scheme 2) resulted

3

in a positive volume change; A Voo = +27 cm moll. A simple displacement of ten or twelve water

molecules from the cavities of two molecules of 1 would result is a volume change of A v 0 = -48 or -12

em’ mol'l, respectively. Rather, this relatively large, positive value of A v <0 can be interpreted in terms of a

loss of solvation from the ionic sodium sulfonate group on complexation. The replacement of water solvation
by hydrogen bonding between the sulfonato group and primary hydroxyl groups on 1 is observed in the
crystal structure of 5%.

N3038—®‘N=N—@—NM62 + 2
4

Ve, 0=229 + 3 cm3mol!

V¢ 0= 1482 + 4 cm3 mol!

Scheme 2
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The volume changes associated with these host - guest assemblies of a-cyclodextrin are small but,

interestingly, are of opposite sign, depending on the nature of the substrate. A larger difference, as was
observed for calixarene inclusion of C60%, could possibly be exploited for determining equilibrium constants.
Nevertheless, even small volume changes can be observed by high precision densitometry and provide an
unambiguous indication of an interaction between molecules in solution. These volume changes can be
interpreted in terms of changes in the solvation of the host or guest.
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