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An approach to assess host-guest interaction energies in solid inclusion compounds with tun-
nel host structures is described, based on experimental studies of competitive inclusion of
two different types of potential guest molecules X(S)qX and X(S),X (g # r) within the host
tunnel. The proportions (m and |-m) of the two types of guest molecule included within the
host tunnel depend on the proportions (y and 1-y) of the two types of guest in the external
“pool” of potential guest molecules and the relative “affinities” (y and 1/y) of the host tunnel
for including the two types of guest. Expressions linking 7, m and y can be applied to deter-
mine ¥ directly from experimental measurements of m for inclusion compounds prepared
with different values of v. The value of ) depends on the intermolecular interaction energies
per unit length of tunnel for the two types of guest molecule, and ¢ may be expressed in terms
of the host-guest interaction energies for the spacer units S and the end-groups X, and the
guest-guest (X--X) interaction energy. Preliminary experimental results for urea inclusion
compounds containing binary mixtures of o, w-dibromoalkane guest molecules are presented.

Keywords: solid inclusion compounds; host-guest interaction energy; mathematical modecl-
ling; urea tunnel structure
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INTRODUCTION

In solid inclusion compounds [1] with tunnel host structures (typified by
urea inclusion compounds [2]), the spatial distribution and orientation of
the guest molecules is usually highly constrained, allowing different types
of guest molecules to be introduced in a geometrically controlled manner
within the same host structure. These materials therefore provide a good
opportunity for systematic investigations of intermolecular interactions, in
which different functional groups can be constrained to interact in
geometrically controlled ways. For example, as recognized by
Hollingsworth [3,4], experimental measurements of the relative numbers of
different types of end-group interaction between guest molecules in host
tunnel structures may lead to fundamental information on the relative
preferences for interactions between different types of functional groups.

Recently, we developed a stochastic model [5] to understand
intermolecular interactions in solid inclusion compounds, considering the
general case of tunnel host structures containing binary mixtures of guest
molecules X—-R|—X and X-R,-Y in known proportions (where X and Y
are different end-groups and R, and R, are appropriate spacer blocks).
The analysis focused mainly on the different types of guest-guest
interaction (X--X, X--Y, Y--X and Y---Y) that may exist between adjacent
guest molecules within the host tunnel, and methods to assess the energies
of these interactions were developed. Two approaches ("sequential" and
"simultaneous" models) for constructing the guest substructure in the
inclusion compound were considered, and are specified in reference 5.

In this paper, we describe a similar approach to understand energetic
properties of tunnel inclusion compounds (Figure 1) containing binary
mixtures of guest molecules, with particular interest in host-guest
interaction. We focus on competitive inclusion of two different types of

o | o | e e |

FIGURE 1 Schematic illustration of a tunnel inclusion compound
containing guest molecules of two different types A and B.
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guest molecule that have the same end-groups but different chain lengths
[X(8),X and X(8),X (g # r), where X is the end-group (e.g. CH3, halogen)
and S is the spacer unit (e.g. CH,, CH)]. We consider a single host tunnel,
under the assumption that the guest molecules in different tunnels in the
real inclusion compound behave essentially independently of each other.

MATHEMATICAL BACKGROUND

We consider that the two different types of guest molecuie are introduced
competitively into the host tunnel from an external "pool" in which the
proportions of the two potential guest molecules may be controlled
experimentally. If the two types of guest molecule have the same end-
groups X, the guest-guest interaction (X---X) is the same for each pair of
adjacent guest molecuies within the host tunnel, and guest-guest
interaction therefore plays no part in the competitive inclusion of the two
types of guest molecule. The proportion m; of guest molecules of type i
(with i = 1, ..., N) inside the host tunnel can be shown to approximate to:

m = kX, ey

where ¥; is the proportion of molecules of type i in the external pool of
potential guest molecules, y; depends on the relative affinity of the host
tunnel for including guest molecules of type i, and k;, is a constant. The
“affinity" of the host tunnel for a given type of guest molecule depends on
the energy of the inclusion compound (host-guest plus guest-guest
interaction energies) per unit fength of tunnel. For a binary mixture (N = 2)

comprising two types of guest molecules A and B, equation (1) leads to:

:_Azx,m: (YA ) @)
B Il -7

where we define ¥ = y,/xp (note: 13, =1 - 7,). As my = 1 — m,, we obtain:

~ YaX
1+% -1

This equation can be derived using either the sequential model or the
simultaneous model for constructing the guest substructure. Equation (3)
allows ¥ to be determined directly from experimental measurements of m,,
for a set of inclusion compounds prepared for different (known) values of
74. Clearly y has the properties of an equilibrium constant {B} 2 {A},

my

3
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where {A} denotes a given length of host tunnel occupied by guest
molecules of type A and {B} denotes the same length of host tunnel
occupied by guest molecules of type B.

INTERACTION ENERGIES

We now relate y to the intermolecular interactions for a family of inclusion

compounds comprising a particular type of host tunnel structure

containing binary mixtures of guest molecules A [X(S),,AX] and B

[X(S),,BX] with the same end-groups X, the same spacer units S, and
different lengths (n, > ng). The distance taken up by a guest molecule of
type A along the host tunnel is denoted ¢, and the distance taken up by a
guest molecule of type B along the host tunnel is denoted c;. We make the
following assumptions:

[a] the energy of interaction between a spacer unit S and the host tunnel is
a constant (@) and is independent of the number (n;) of spacer units,
the type of end-groups, the position of the spacer unit within the
guest molecule, and the position of the guest molecule along the host
tunnel;

[b] the energy of interaction between an end-group X and the host tunnel
is a constant () and is independent of the type and number of spacer
units, and the position of the guest molecule along the host tunnel;

[c] the energy of interaction (X---X) between the end-groups of two
adjacent guest molecules is a constant (8) and is independent of the
identities of the guest molecules and the position of the pair of
adjacent guest molecules along the host tunnel;

[d] each guest molecule adopts its ground-state conformation, and all guest
molecules of a given type have the same intramolecular potential
energy;
the host tunnel structure is the same irrespective of the proportions
and distribution of the two different types of guest molecule within it,
and we subsequently do not consider the energy of the host structure.

For a given pair of end-groups (X:-X), the total interaction energy

(host-guest plus guest-guest) is 1 =28 + 6. The energy term « is

characteristic of the type of spacer unit S and the type of host tunnel, and

the energy term 7 is characteristic of the type of end-group X and the
type of host tunnel. Thus, & = a5y and 1 = Ny y (note: f = By and

&= 8y). The total interaction energies for single guest molecules of types
A and B in the inclusion compound are:

[e

—
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Ef = nyogy+nxy and Eg = ngagy+ Ny 4)

To assess the relative "affinity" of the host tunnel for the two different
types of guest molecule, we require to consider energies per unit length of
wnne] rather than energies per guest molecule. The "unit length of tunnel"
is conveniently taken as the periodic repeat distance (cy,) of the host tunnel

structure. Thus, the total interaction energies per unit length of tunnel for
guest molecules of types A and B are:

Ci - c
E, = i[”A Ogy+ Myl and Eg = ;2["5 Qs+ Nxul - (5

In principle, ¢, and cg may be determined from diffraction studies of the
inclusion compounds containing only guest molecules of type A (y, = 1)
and only guest molecules of type B (¥, = 0) respectively. It has been
found experimentally [6~8] and shown mathematically [9] that, for a
family of inclusion compounds, each comprising a single type of guest
X(8),.X within the same host tunnel structure, the periodic repeat
distance (c;) of the guest molecules is usually approximated by a linear
relationship:

;= fm+g. (6)

In this expression, f can be interpreted as the distance taken up along the
tunnel by each spacer unit S, and g can be interpreted as the distance taken
up along the tunnel by a pair of end-groups X--X. As an example, for
incommensurate urea inclusion compounds containing Br(CHj),Br guest
molecules, single crystal X-ray diffraction studies [8] give f = 1.26 A and
g=5.50 A. As fis characteristic of the spacer units and g is characteristic
of the end groups, we may write /= f; and g = gy.

We now consider the physical interpretation of ¥, and its relation to
the energetic properties of the inclusion compound. In our model, there is
one energy state (E ) for guest molecules of type A and one energy state
(EB) for guest molecules of type B. Thus, with the interpretation of y as
an equilibrium constant:

(& -%
x = exp (—(—;%] ™

with {from equations (5) and (6)}:
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_ = Ch
E,-Eg = ((fs np+gx) (s Mg + gx)) (0511 8x — MxuSs) (na—ng) . (8)

Equations (7) and (8) may be used to extract information on the energy
terms from values of y determined experimentally using equation (3).

APPLICATIONS

We now consider the application of the methodology described above to
determine energetic properties of inclusion compounds from experimental
data. The experimental data comprise pairs of values of m, and ¥, for
inclusion compounds containing binary mixtures of guest molecules A and
B, and measurements of ¢, and cg (from diffraction studies of inclusion
compounds containing only guest molecules of type A and only guest
molecules of type B respectively) from which f; and gy may be estimated.

First, we consider crystal growth of a number Ny of inclusion
compounds (k =1, ..., Ny) with the same host tunnel structure and the
same type of guest molecules A [X(S),,AX] and B [X(S),,BX], but for
different (known) values of ¥, between 0 and 1. Experimentally,
7, represents the proportion of potential guest molecules of type A in the
crystallization solution. For each of the Ny inclusion compounds, the
proportion m, of guest molecules of type A included within the host
tunnel is determined experimentally, and the set of values {(Y.m )k}
should conform to equation (3) with the same value of y for all members
of the set. The ability of equation (3) to fit the full set of data {(y,,m,)x}
is a good test of the validity of our model. The value of ¥ depends on the
type of spacer unit S, the type end-group X, the host tunnel structure (H)
and the values of n, and ng. Thus, ¥ = xg x u(n4,7p).

This procedure can be repeated for other pairs of guest molecules
within the same family X(S), X for the same host tunnel structure (H).
Thus, we consider Np pairs of gluest molecule types (labelled j =1, ..., Np),
each representing a different pair of values of n, and ng. For each pair (j),
the value of x5 x 1(714,1p); can be obtained as described above. Our model
provides the link between experimentally derived values of X x u(a.n);
and energetic properties of the inclusion compounds. However, from
fitting our model [equations (7) and (8)] to values of X x (n4.np); for sets
of inclusion compounds containing binary mixtures of guest molecules
from the family X(8), X, only 05 pgx—11x ufs can be determined and we
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cannot obtain values of the separate energy terms Qg and 7y y. An
approach that does allow agy and 1y, to be determined separately is
described elsewhere [10].

EXPERIMENTAL

Urea inclusion compounds containing binary mixtures of
o,w-dibromoalkane [Br(CH,),Br; n = 7 to 12] guest molecules were
prepared from commercially available reagents using the following method.
A mixture of urea (1 g, 1.665 mol) and two different o, w-dibromoalkanes
(total number of moles fixed at 0.002 mol for all preparations) were
dissolved in methanol in conical flasks at 50 °C. For each pair of
o,@-dibromoalkane guests, several binary mixtures were considered, with
different mole fractions in solution (y,). All solutions were then cooled
simultaneously in an incubator to 30 °C over a period of 3 hours to allow
crystallization to occur. The crystals were collected and washed with a
small amount of 2,2,4-trimethylpentane to remove any ¢, m-dibromoalkane
molecules adsorbed on their external surfaces. For all samples, the crystals
had the long hexagonal needle morphology characteristic of conventional
urea inclusion compounds. Powder X-ray diffraction confirmed that the
samples were conventional urea inclusion compounds, with no detectable
amounts of the "pure" crystalline phases of o,m-dibromoalkanes or urea.

For each sample of urea inclusion compounds prepared, gas
chromatography (GC) was used to assess the ratio (m,:mp) of the two
different types of guest within the inclusion compound. Samples for GC
analysis were prepared by dissolving a small amount (ca. 10 mg) of the
crystals in methanol (1 cm3). The GC data were recorded using a Carlo
Erba GC 8000 Series (8130) instrument, with a BPXS (15 m x 0.53 mm)
megabore column, a gas flow of 10 kPa and a temperature program rising
from 80 °C to 340 °C at 10 °C per minute. Reference samples containing
known amounts of the o, w-dibromoalkanes were also studied to establish
a calibration. For each urea inclusion compound sample, the quantity m,
was determined from quantitative analysis of the peaks for the two
o,w-dibromoalkane guest molecules in the GC data.

RESULTS

Analysis of our experimental measurements of {(y,,m,),} for binary
mixtures of o,mw-dibromoalkane guest molecules [Br(CHz),,iBr; n; =7 to
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12] in the conventional urea tunnel structure shows that equation (3) fits
the data well for all 15 pairs (n,,ng); of guest molecules considered [n, =

- 12;ng =17, ..., n,~1]. Representative results from these studies are
shown in Figure 2. The values of y(rn,,ng) obtained by fitting our model to

FIGURE 2 Plots of m, versus ¥, for binary mixtures of guest molecules
Br(CHy),,,Br and Br(CH,),,,Br (n, > ng) in the conventional
urea tunnel structure: * sym Bbols represent data for n, = 10,
ng = 9; A symbols represent data for n, = 10, ny = 8;
+ symbols represent data for n, =10, ng = 7.

the combined set of data shown in Figure 2 are: y(10,7) = 5.78; »(10,8) =
2.93; x(10,9) = 1.64. The curves shown in Figure 2 are those obtained by
putting these values of y in equation (3), which clearly provides a good
description of the experimental data. As expected intuitively, the value of
x(nang) increases as the difference between n, and ny increases (with
n, > ng). The straight solid line (which corresponds to m, = 7,) has been
added as a guide to the eye, and would represent the situation (y = 1) in
which the host tunnel structure has the same affinity for including both
types of guest molecule.

The value of og ygy—7x pfs determined [usmg equations (7) and (8)]
from the data shown in Figure 2 is ~3.53 x 10* A J mol"! [with an
approximate 95 % confidence interval of (-3.65,-3.41) x 10*A ] mol”l].
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For comparison, the value of agugx—7xufs estimated [11] for
o, w-dibromoalkane/urea inclusion compounds on the basis of calculations
using standard potential energy parameterizations [12,13] is
42 x10* A J moi™". The comparatively close agreement between the
experimentally derived and computed estimates of o ,gx—7x ufs is
noteworthy, particularly in the light of the fact that the potential energy
parameterization was not specifically optimized with respect to

525

o, w-dibromoalkane/urea inclusion compounds.

A detailed discussion of the full set of experimental results obtained

for binary mixtures of o,-dibromoalkane guest molecules in the urea host
tunnel structure will be given in a forthcoming publication [14].
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