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Abstract Correlation between composition (expressed as
molal host: guest ratio) of urea inclusion compounds and
molecular descriptors was studied. Molecular connectivity
index, an adjacency-based topological descriptor, Wiener’s
index—a distance-based topological descriptor and eccen-
tric connectivity index—an adjacency-cum-distance based
topological descriptor were employed for the present
investigations. A dataset comprising of 73 aliphatic com-
pounds of diverse nature was selected for the present study.
Values of all the three topological indices for all the
compounds constituting the dataset were computed using
an in-house computer program. All the possible unipara-
metric and biparametric mathematical models were
attempted and internally cross-validated using leave one
out (LOO) procedure. Among, the topological models
investigated in the present study, uniparametric model
based on molecular connectivity index yielded the best
statistical parameters.
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Introduction

Ever since the discovery of urea inclusion compounds,
their chemistry has received much attention and a consid-
erable research is invested in them. Many different families
of guest molecules based on long alkane chains are known
to form inclusion compounds with urea and X-ray dif-
fraction studies confirmed that the host structure in these
crystalline solids contain linear parallel tunnels [1, 2]. The
urea inclusion compounds are of practical significance in
purification, separation and stabilization technology [3].
Furthermore they are of use in basic scientific research
from the point of view of studies of structural, energetic
and dynamic properties of guest molecules [4]. They are
the ideal representative systems for molecular isolation and
separation as well as their crystalline environment is useful
for the studies of molecular motions and interactions and
chemical reactions [5].

The process of formation of an inclusion compound may
be depicted as follows:

His.2) + nGyor(g)H - Gus p)

where g, 1 and s represent gas, liquid and solid state
respectively, o represents the nonporous phase of the pure
host; H is the apophost (pure host; it might represent
preformed cavities or it might be non-porous), and f is
the phase of the host—guest compound with guest: host
ratio n. When f phase decomposes upon heating, it may
do so either in multiple step via formation of an
intermediate y-phase of composition H - G (n-X)(,) or
directly reverting to separate nonporous «-phase host and
the guest [6]. However, with respect to urea inclusion
compounds, which are a polymolecular kind of inclusion
compound [7], the above equation may be modified as
follows:
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n Hes ) + G (gor gyor () — [Ha - G p)

where o represents the tetragonal phase of urea while
represents the phase of hexagonal host-guest compound
with host: guest ratio n. Composition of urea adducts are
frequently expressed as molal ratio m [8] which is defined
as m = m;/my, where m; is the number of moles of urea
containing m, moles of guest component or as the number
of moles of urea required to enclose each mole of guest
component. Molal fraction and molal ratio are also used
frequently in experimentation involving theoretical con-
siderations because it gives a measure of the relative pro-
portion of moles of each constituent in a system [9].

In a structure like urea inclusion compounds, where one
component occupies channels of indefinite length formed
by the other, the molal ratio of the components depends on
the length of the molecules of the endocytic component
[10]. The knowledge of molal ratio m together with suffi-
cient information regarding activity coefficients permits the
prediction of the maximum yield and various other basic
data for applications in which a single substance is pre-
cipitated [10]. In instances where the guest species is a
drug moiety, an insight into host: guest molal ratio can be
helpful in predicting expected proportion of drug loading in
urea channels. A mathematical model was proposed by
Redlich et al. to calculate molal ratio m (urea/reactant) for
n-paraffin guests, which yielded values in good agreement
(within the experimental errors of a few percent) with the
values calculated from the results of X-ray analysis [8, 11].
However, the particular model was proposed to be appli-
cable only for n-paraffins having number of carbon atoms
(n) 6 <n < 17. In the present paper, topological models
have been developed for prediction of the molal host: guest
ratio of a urea inclusion compound for linear/branched
adductible molecules of diverse nature utilizing molecular
topological descriptors.

Molecular topological descriptors represent an impor-
tant advancement in automated computer treatment of
chemical structures and QSPR through application of a
mathematical technique, namely Graph Theory, to chem-
istry [12, 13]. In chemical graph theory, molecular struc-
tures are represented as hydrogen-suppressed graphs,
commonly known as molecular graphs, in which the atoms
are represented by vertices and the bonds by edges. The
connections between atoms can be described by various
types of topological matrices (e.g. distance or adjacency
matrices), which can be mathematically manipulated so as
to derive a single number, usually known as graph invariant
or topological index. In consequence, the topological
indices can be defined as two-dimensional descriptors that
can be easily calculated from the molecular graphs, and do
not depend on the way the graph is depicted or labeled.
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They offer a simple way of measuring molecular branch-
ing, shape and size [14]. This graph description of mole-
cules neglects information on bond lengths, bond angles,
and torsion angles, but is able to encode in a numerical
form the important atom connectivity information that
determine a wide range of physical, chemical, and bio-
logical properties [15]. The paradigm of the use of topo-
logical indices and molecular descriptor in general in
quantitative structure-activity relationship (QSAR) and
quantitative structure-property relationship (QSPR) studies
was defined as “it is desired to have as many molecular
descriptors as possible at our disposition, but is preferred to
include as few of them as possible in the QSPR and QSAR
models to be developed” [16].

Recently, reasonably good results were obtained for
prediction of adductability in urea for a dataset of diverse
range of branched aliphatic and cyclic guest compounds
using three topological descriptors, molecular connectivity
index—an adjacency based topological descriptor, Wie-
ner’s index—a distance based topological descriptor, and
eccentric connectivity index—an adjacency plus distance
based topological descriptor [17, 18]. In the present study,
the relationship of these three descriptors with host: guest
molal ratio of urea inclusion compounds having aliphatic
compounds as the guest, have been investigated.

Methodology
Calculations of topological indices

Molecular connectivity index (x) is defined as the sum over
all the edges (ij) as per following:

=Y (i) ”?

where V; and V; are the degrees of adjacent vertices i and j
and n is the number of vertices in a hydrogen depleted
molecular structure [19]. The vertex degree or valency of
atom i (V;) is the number of bonds incident on the vertex i.

Wiener index (W) is defined as sum of the distances
between all the pairs of vertices in a hydrogen-suppressed
molecular graph

1 n n
w33y
i=1 j=I

where P;; is the length of the path that contains the least
number of edges between vertex i and vertex j in the
graph G and n is the maximum possible number of i and j
[20].



J Incl Phenom Macrocycl Chem (2009) 65:411-417

413

Eccentric connectivity index (£°) is defined as the
summation of the product of eccentricity and the degree of
each vertex in the hydrogen depleted molecular graph
having n vertices.

n
&= (ExV)

i=1
where E; is the eccentricity of the vertex i, V; is the
degree of vertex i and n is the number of the vertices in
graph G. The eccentricity E; of a vertex i in a graph G is
the path length from vertex i to vertex j that is farthest
from i (E; = max d (ij); je G); dj is the length of the
shortest path between vertices i and j. The eccentric
connectivity index takes into consideration the eccentric-
ity as well as valency of the vertices in a hydrogen
depleted graph [21].

Model design

A dataset comprising of 73 compounds of diverse nature
with the reported composition of their urea inclusion
complex as molal ratio m (urea: guest) was extracted from
the literature [8, 22]. Values of y, W and &° for all the
compounds in the dataset were computed using an in-
house computer program. Subsequently, mathematical
models were developed for prediction of molal host: guest
ratio of urea inclusion compounds using these descriptors.
The quality of models was expressed by fitted (descrip-
tive) statistical parameters: the correlation coefficient rg,,
the standard error of estimate s, and F is the result of
Fischer’s test. In addition, the models were internally
cross-validated by a leave-one-out procedure (LOO).
Statistical parameters for the cross-validated models were
denoted as r., and s., where cv stands for cross-validation
procedure [23].

The standard error of estimate, s, and s.,, were com-
puted using the following expressions:

N 1/2
Sfir = { [Z (Pi = P(n™)*| /(N =1 = 1)}

i=1
1/2
Sev = { (P — P(cv)f”)Z] J(N—1I— 1)}

where P; denotes experimental properties, P(fit);" esti-
mated properties based on the fit statistical procedure,
P(cv){™ estimated properties based on the leave-one-out
cross-validation procedure, N is the number of data points
used in the model building and [ is the number of
descriptors contained in the model [23].

The following mathematical model was developed for
the estimation of m using molecular connectivity index (y):

N

i=1

m = 1.4132(£0.0375) 1 + 0.42986(+0.2455)
N = 73 15 = 0.952 s = 0.762 1oy = 0.935
Sey = 0.891 F = 1422.74

(Modell)

The following mathematical model was developed for the
estimation of m using Wiener index (W):

m = 0.00496(40.00037) W + 6.4811 (+0.02876)

N =73 r5 = 0.722

s = 1.842 1oy = 0.691 soy = 2.317 F = 183.93
(ModellI)

The following mathematical model was developed for the
estimation of m using eccentric connectivity index (£):
m = 0.0169(+0.0006)&° + 5.2136(+0.1957)
N =73 15 = 0.904 s = 1.085 ., = 0.851
Sey = 2.156 F = 665.84
(ModellII)

Statistical analysis (Table 1) showed that pair of indices y
and &° as well as W and & are appreciably correlated and
indices y and W are weakly correlated (0.9 <r < 0.97,
appreciably correlated; 0.5 < r < 0.89, weakly correlated)
[23]. Hence a single possible biparametric model involving
y and W was investigated in the present study. Following
topological model was developed for the estimation of m
using y and W.

m = 1.3116(£0.0693)y + 0.00048(£0.0003)W
+0.797(£0.334)
N =73 1 = 0.954 s = 0.752 1, = 0.894
Sev = 0.898 F = 732.85
(ModellV)

The results indicating index values and predicted m for
models I-IV are compiled in Table 2.

Results and discussion
In the present study a set of three commonly used topo-
logical descriptors of diverse nature has been utilized for

the development of models for the prediction of composi-
tion of urea inclusion compounds. Thorough study of the

Table 1 Intercorrelation matrix

Topological descriptors bV w &

X 1 0.846 0.967
w 1 0.927
& 1
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Table 2 Composition of urea inclusion compounds expressed as host: guest molal ratio m using topological models

S. no. Category/compound name b4 \ & Predicted m using model Reported m
I 11 I v
Alkanes/alkenes
1 n-Nonane 441 120 96 6.66 7.08 6.84 6.64 74
2 n-Decane 491 165 122 7.37 7.3 7.28 7.32 8.1
3 1-Decene 491 165 122 7.37 7.3 7.28 7.32 7.8
4 1-Undecene 5.41 220 150 8.07 7.57 7.75 8 8.8
5 n-Heptane 3414 552 54 5.25 9.22 6.13 5.54 6.1
6 n-Octane 3914 964 74 5.96 11.26 6.46 6.4 6.73
7 1-Octene 3914 964 74 5.96 11.26 6.46 6.4 6.3
8 2-Octene 3914 964 74 5.96 11.26 6.46 6.4 6.5
9 Dodecane 591 286 182 8.78 7.9 8.29 8.69 9.3
10 Dodecene-1 591 286 182 8.78 7.9 8.29 8.69 9.3
11 Hexadecane 791 680 338 11.61 9.85 10.93 11.5 11.95
12 Hexadecene-1 7.91 680 338 11.61 9.85 10.93 11.5 12
13 1-Tetradecene 6.914 455 254 10.2 8.74 9.51 10.1 11.3
14 Octadecene 8.914 969 434 13.02 11.29 12.55 13 14.1
15 Undecane 5.41 220 150 8.07 7.57 7.75 8 8.7
16 Tetracosane 11914 2300 794 17.26 17.89 18.63 17.5 17.8
17 Octacosane 13.914 3654 1094 20.09 24.6 23.7 20.8 21.8
Haloalkanes
18 1-Bromodecane 5.414 220 150 8.08 7.57 7.75 8.01 8.9
19 2-Bromodecane 5.27 212 139 7.88 7.53 7.56 7.81 7.6
20 Lauryl chloride 6.414 364 216 9.49 8.29 8.86 9.39 10.6
21 Lauryl alcohol 6.414 364 216 9.49 8.29 8.86 9.39 9.5
22 Lauryl bromide 6.414 364 216 9.49 8.29 8.86 9.39 10.4
23 1-Chlorooctane 4414 122 96 6.67 7.09 6.84 6.65 7.7
24 1-Chlorododecane 6.414 364 216 9.49 8.29 8.86 9.39 10
25 1-Chlorotetradecane 7414 562 294 10.9 9.27 10.18 10.8 11.6
26 1-Bromooctane 4414 122 96 6.67 7.09 6.84 6.65 7.2
27 1,6-Difluorohexane 3914 84 74 5.96 6.9 6.46 5.97 5.6
28 1,4-Dichlorobutane 2914 35 38 4.55 6.65 5.86 4.64 4.5
29 1,6-Dichlorohexane 3914 84 74 5.96 6.9 6.46 5.97 6
30 1,6-Dibromohexane 3914 84 74 5.96 6.9 6.46 5.97 53
Alcohols
31 Octanol-2 4.27 114 87 6.46 7.05 6.68 6.45 6.4
32 Octanol 441 120 96 6.66 7.08 6.84 6.64 6.7
33 1-Octanol 441 120 96 6.66 7.08 6.84 6.64 6.85
34 1-Decanol 5414 222 152 8.08 7.58 7.78 8.01 8.1
35 1-Dodecanol 6.414 364 216 9.49 8.29 8.86 9.39 9.25
36 1-Tetradecanol 7414 562 294 10.9 9.27 10.18 10.8 10.7
37 1-Hexadecanol 8.414 816 384 12.32 10.53 11.7 12.2 12.3
38 6-Tridecanol 6.808 420 231 10.05 8.56 9.12 9.93 10.1
39 7-Tetradecanol 7.308 518 269 10.76 9.05 9.76 10.6 10.7
40 5-Decanol 5.308 200 133 7.93 7.47 7.46 7.86 7.8
Ethers/ketones
41 Di-n-butyl ether 4414 120 96 6.67 7.08 6.84 6.65 6.5
42 Methyl ethyl ketone 2.27 18 19 3.64 6.57 5.54 3.78 3.78
43 3-Pentanone 2.828 212 139 4.42 7.53 7.56 4.61 4.78
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Table 2 continued
S. no. Category/compound name by w £¢ Predicted m using model Reported m
| I 1 v
44 4-Heptanone 3.828 75 61 5.84 6.85 6.24 5.86 6.03
45 1,4-Dioxane 3 27 36 4.67 6.62 5.82 4.75 2.15
Carboxylic acids
46 Undecylenic acid 6.27 354 203 9.29 8.24 8.64 9.19 7.9
47 Caprylic acid 4.77 158 111 7.17 7.26 7.09 7.13 6.6
48 Myristic acid 7.77 667 321 11.41 9.79 10.64 11.3 11.1
49 Butanoic acid 2.77 32 31 4.34 6.64 5.74 4.45 3.98
50 Pentanoic acid 3.27 52 47 5.05 6.74 6.01 5.11 4.63
51 Oleic acid 9.77 1313 521 14.23 12.99 14.02 14.3 12.2
52 Hexanoic acid 3.77 89 65 5.76 6.92 6.31 5.79 55
53 Heptanoic acid 4.27 114 87 6.46 7.05 6.68 6.45 6
54 Nonanoic acid 5.27 212 139 7.88 7.53 7.56 7.81 7.62
55 Dodecanoic acid 6.77 444 239 10 8.68 9.25 9.89 10
56 Palmitic acid 8.77 954 415 12.82 11.21 12.23 12.8 12.8
57 Stearic acid 9.77 1313 521 14.23 12.99 14.02 14.3 14.2
58 Sebacic acid 6.626 433 224 9.79 8.63 9 9.7 10.9
Esters
59 Methyl undecylenate 6.808 435 237 10.05 8.64 9.22 9.94 9.5
60 Methyl stearate 10.308 1506 577 14.99 13.95 14.97 15.1 14.8
61 Methyl oleate 10.308 1506 577 14.99 13.95 14.97 15.1 14.5
62 Methyl linoleate 10.308 1506 577 14.99 13.95 14.97 15.1 14.2
63 Methyl linolenate 10.308 1506 571 14.99 13.95 14.97 15.1 13.7
64 Methyl tetradecanoate 8.308 790 365 12.17 10.4 11.38 12.1 12.2
65 Methyl hexadecanoate 9.308 1110 465 13.58 11.99 13.07 13.6 13.4
66 Methyl butanoate 3.328 52 45 5.13 6.74 5.97 5.19 54
67 Methyl caprylate 5.328 226 137 7.96 7.6 7.53 7.9 8.3
68 Methyl laurate 7.328 538 277 10.78 9.15 9.9 10.7 10.5
69 Dimethyl adipate 5.722 254 152 8.51 7.74 7.78 8.43 73
70 Dimethyl sebacate 7.702 632 300 11.31 9.62 10.28 11.2 10.1
71 Diethyl sebacate 8.702 891 388 12.72 10.9 11.77 12.7 11.6
Nitrogen containing compounds
72 1,6-Diaminohexane 3914 84 74 5.96 6.9 6.46 5.97 55
73 Subronitrile 491 165 122 7.37 73 7.28 7.32 5.7

topological models developed as above indicate that it is
possible to establish a reasonably accurate quantitative
structure—property relationship to estimate molal ratio of
urea inclusion compound based on a simple set of molec-
ular topological descriptors. On the basis of value of cor-
relation coefficient r for these models, molal ratio of urea
inclusion compounds can be considered to be appreciably
correlated with the two of the topological descriptors
selected for the study i.e. molecular connectivity index (y)
and eccentric connectivity index (£ (0.90 <r > 0.97
appreciably correlated) while weakly correlated with
descriptor W (0.50 < r > 0.89 weakly correlated) [23].

The biparametric model developed utilizing descriptors x
and W also appears to predict molal ratio of urea inclusion
compounds with reasonable accuracy. Judging by the sta-
tistical parameters, Model I appears to be the best model,
which explains almost 90.6% of the variance in the host:
guest ratio for the series of compounds included in the
study. Quite proximal values of rg, and r., and values of sg,
and s., indicate the stability of the models. A plot of
reported vs predicted m for the fit and cross-validated
values for Model I-IV is shown in Fig. 1, 2, 3, 4.

It is generally accepted that in the adduct, urea mole-
cules are connected into spirals by hydrogen bonds
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Fig. 1 Scatter plots between the reported and predicted host: guest
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30

e A
25 oB

®0

20

o &
© 0R0° 0
10 o)
0 oS

T T
0 5 10 15 20 25
Reported m

Predicted m
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Fig. 4 Scatter plots between the reported and predicted host: guest
molal ratio m of urea inclusion compounds for the fit A and cross-
validated B Model IV

between oxygen and amino group of adjacent urea mole-
cules, resulting in a hexagonal channel into which the ad-
ducting molecule can fit [24]. The size of the channel limits
the molecules that may adduct to those having cross-sec-
tional dimensions equal to, or less than those of the channel
in the urea adduct, but in certain cases, distortion of the
urea lattice may occur and slightly larger molecules can
adduct [25, 26]. These distortions in urea channels may
lead to increase in the amount of urea required to enclose
the adducting guest culminating to higher host: guest ratio.

Suitable topological models have already been devel-
oped earlier for the prediction of adductability in urea and
for prediction of heat of decomposition of urea inclusion
compound for a dataset of diverse range of branched ali-
phatic compounds using the above three topological
descriptors, wherein, the models based on molecular con-
nectivity index yielded the best statistical results [27]. Thus
calculation of a topological index as simple as molecular
connectivity index can lead to prediction regarding ad-
ductability of a guest compounds, prediction of the heat of
decomposition as well as the composition of the resulting
urea inclusion compound, giving an insight into the sta-
bility and kinetics of inclusion complex formation.
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