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A novel method based on the mixed-integer non-linear programming algorithm
proposed herein resorts to complex multivariate methods. It estimates the mix-
ture’s properties by non-linear functions of atomic fragments and predicts the
possible molecular structures of the desired solvents or separation agents. The
algorithm systematically generates the collections of functional groups that can
constitute structurally feasible molecules or compounds satisfying the constraints
on the given properties. The applicability and efficacy of the method are demon-
strated by designing selective agents for sustainable separation processes.

1. Introduction

Designing new molecules possessing desired properties is an important activity in
the chemical and pharmaceutical industries, encompassing the design of various
chemicals and materials such as polymers, blends, paints, solvents and drugs. Al-
though a number of methods has been developed for this purpose, much remains
to be done to devise new methods and improve available ones for efficiently gen-
erating candidate molecular structures for such compounds.

The traditional approach to this problem often requires a search involving a com-
binatorially large number of potential candidate molecules. It is expensive and
iterative and requires that the target compound be hypothesized, synthesized
and tested in light of the designed properties. Computer-aided molecular design
(CAMD) is an attractive alternative to the traditional synthezis-and-test method-
ology. The CAMD requires the solution of two problems: the forward problem
requires the computation of macroscopic properties for a given molecular struc-
ture, while the backward problem requires the identification of the appropriate
molecular structure satisfying the desired properties. A variety of methods, in-
cluding molecular modelling, group contribution methods, empirical modelling,
and correlations, has been developed to address the forward problem; however,
little progress has been made in solving the backward problem.

The available methods for solving the backward problem can be divided into two
major classes. In the first class, structures are composed exhaustively, randomly
or heuristically by resorting to expert systems (artificial intelligence) (Joback
and Stephanopoulos, 1995; Venkatasubramanian et al., 1996) from a given set
of groups. The resultant compound is subsequently examined to determine if it is
endowed with the specified properties. This ”generate-and-test” methodology is
usually capable of taking into account only a small number of feasible molecular
structures of the compound of interest. While yielding promising results in some
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applications, the chance of reaching the target structure by the strategy can indeed
be small for any complex problem, e.g., that involving a large number of groups.
In the second class, a mathematical programming method is applied to a problem
in which the objective function expresses the ”distance” to the target (Macchietto
et al., 1990). Since the method for estimating the properties of the structure gen-
erated, e.g., group contribution, is not sufficiently precise, the assessment of the
results on the basis of this objective function may be precarious. While all these
methodologies have certain appeal and advantages, they also suffer from some se-
rious drawbacks. For complex and industrially relevant molecules, such drawbacks
are attributable to combinatorial complexity, nonlinear search spaces with local
minima-traps, and difficulties of incorporating higher level chemical knowledge
and reasoning strategies. Consequently, a critical need exists to explore alternate
strategies for molecular design that can circumvent these drawbacks.

The present work proposes a combinatorial approach, or method, for generating
all feasible candidate molecular structures whose properties determined by group
contributions fall within the given intervals. The final selection of the most appro-
priate structure or structures is carried out by further analysis of such candidate
structures with available techniques.

2. Problem formulation

Suppose that the following information is given.

1. Set G of n groups of which a molecular structure can be composed;

2. The lower bounds, pj ’s, and the upper bounds, Pj ’s (j = 1, 2, . . . ,m), of the
properties to be satisfied;

3. The lower limit, li, and the upper limit, Li (i = 1, 2, . . . , n), for the number
of appearances of group i in a molecular structure to be determined; and

4. Function fk (k = 1, 2, . . . ,m) representing the value of property k estimated
by the group contribution method as fk(x1, x2, . . . , xn)

In statement 4, x1, x2, . . . , xn are, respectively, the numbers of groups #1, #2,. . . ,
#n contained in the molecular structure or compound. For convenience, a func-
tional group in set G with one bond is called the terminator, and that with three
or more bonds, the brancher group.

The problem can be formulated as follows: Search all molecular structures formed
from the given groups, #1, #2, . . . , #n, whose numbers are x1, x2, . . . , xn, respec-
tively, under the condition that the property constraints given below are satisfied;
thus,

pj ≤ fj(x1, x2, . . . , xn) ≤ Pj (j = 1, 2, . . . ,m) (1)

Throughout this work, the molecular structures are expressed by simple connected
graphs whose vertices and edges represent, respectively, the functional groups from
set G and the associated bonds. As a result, the set of such connected graphs
needs to be generated from the set of functional groups G satisfying the property
constraints, by considering multiplicities of the functional groups. In any of the
conventional generate-and-test approaches, all or some of the connected graphs,
i.e., molecular structures, are generated from the available functional groups and
then tested against the property constraints. This usually yields an excessively
large number of structures.
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3. Algorithmic generation of candidate molecules

Let us consider function fk(x1, x2, . . . , xn), which is monotonous in xi (i =
1, 2, . . . , n). A backtracking algorithm is adopted to generate all the candidate
molecules satisfying the property and structural constraints. This can be repre-
sented by an enumeration tree in which each node of the tree represents a partition
of the search space defined by constraints (3); this partition is called a partial prob-
lem.

Suppose that variables x1, x2, . . . , xk (k ≤ n) are fixed a priori at an intermediate
phase of the procedure. Then, the problem is treated according to the following
two cases.

Case 1: k ≤ n−1. We compute the value of fj(x1, x2, . . . , xk−1, x
′

k, x′

k+1
, . . . , x′

n),
where x′

i = Li (i = k, k + 1, . . . , n), if the increasing number of group #i increases
the value of fj ; otherwise, x′

i = li (i = k, k + 1, . . . , n). Hence, we have an upper
bound on the value of the property. If fj(x1, x2, . . . , xk−1, x

′

k, x′

k+1
, . . . , x′

n) <
pi, i.e., if it is lower than the lower bound of the property constraint, then
a solution does not exists for this subproblem; therefore, the problem is not
branched into subproblems. Similarly, we can compute a lower bound which is
fj(x1, x2, . . . , xk−1, x

′

k, x′

k+1
, . . . , x′

n), where x′

i = Li, if the increasing number of
group #i reduces the value of fj ; otherwise, x′

i = li (i = k, k + 1, . . . , n). If
fj(x1, x2, . . . , xk−1, x

′

k, x′

k+1
, . . . , x′

n) > Pj , the problem is also not branched into
subproblems.

Case 2: k = n, i.e., the partial problem belonging to a leaf of the tree. For this
case, a test must be performed by simple substitution to determine the following
constraints for x1, x2, . . . , xn.

Condition 1.
pj ≤ fj(x1, x2, . . . , xn) ≤ Pj

Condition 2. If the molecule specified by x1, x2, . . . , xn contains functional
groups with different types of bonds, e.g., single and double bonds, then, there
must be a group contained in the molecule, which has at least two different types
of bonds, and each type belongs to at least one functional group in the molecule
containing another type of bonds.

Condition 3. The number of bonds identical in type is even.
Condition 4. ∑

i∈I1

xi −
∑

i∈I2

xi

is an even number and not less than -2. If the partial problem under consideration
is proven to be valid by the test, it represents a feasible partition of the candidate
molecules. In other words, each molecular structure composed of x1, x2, . . . , xn

numbers of functional groups #1,#2, . . . ,#n, respectively, satisfies the property
constraints.

Suppose that three functional groups OH, CH3CO and CH2 are available to com-
pose molecular structures satisfying the following constraints on the logarithm of
the octanol-water partition coefficient (log P ow);

0 ≤ log P ow
≤ 0.5
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The value of log P ow is one of the key parameters for predicting the environmen-
tal fate of organic chemicals (bioaccumulation, soil adsorption, etc.) and can be
predicted from the limiting activity coefficients of a compound in the aqueous (w)
and organic (o) phases. The octanol-water partition coefficient of the compound
is calculated by the UNIFAC group-contribution method as follows:

P ow
i,unifac =

xw
wMv + xw

o Mo

xo
wMw + xo

oMo

·
do

sol

dw
sol

·
γ

w,∞
i,unifac

γ
o,∞
i,unifac

, (2)

where γ
j,∞
i,UNIFAC is the limiting activity coefficient of compound i in phase j; Mk,

the molar mass of the solvent k; x
j
k, the mole fraction of solvent k in phase j; and

d
j
sol, the density of the saturated phase j in equilibrium.

It is assumed that OH and CH3CO may appear at most twice, and CH2 may
appear at most once. Moreover, we know that the increasing number of OH’s re-
duces the octanol-water coefficient, and the increasing number of CH3CO and CH2

magnifies the octanol-water coefficient. The enumeration tree (Figure 1) illustrates
the working of the algorithm. First, the problem is branched into 3 subproblems
according to the number of functional group OH. Incorporating functional group
OH in the molecule significantly decreases the octanol-water coefficient, even if
functional groups CH3CO and CH2 are incorporated into the molecule to their
maximal number (2 and 1, respectively). Consequently, the lower bound of the
property constraint is not reached, i.e., there are infeasible partial problems repre-
sented by X’s in the enumeration tree. Second, the only feasible partial problem is
branched into 3 subproblems according to the number of functional group CH3CO.
After calculating the lower and upper bounds for these partial problems, we see
that each of the new partial problems is feasible. Finally, all feasible partial prob-
lems are divided into two subproblems according to the number of functional group
CH2. Since they belong to leaves of the tree, they should be examined in view
of conditions 1 through 4. Solid circles at certain leaves of the tree represent the
partial problems where the conditions are not fulfilled. This leaves one feasible
partial problem satisfying the property and structural constraints, which contains
2 CH3CO and 1 CH2 functional groups.

4. Application

The proposed combinatorial methodology is applied to two examples: selection of
a single compound matching specified values of the octanol-water partition coeffi-
cient and selection of solvents for extractive destillation. Both selections are based
on mixture properties, namely, the activity coefficients of the components, which
are not linear, but monotone functions of the contributions of their atomic groups
as estimated by the UNIFAC method.

The first example is concerned with the determination of compounds with a general
structure of X(CH2)nY (0 ≤ n ≤ 4), each of which has the octanol-water partition
coefficient in the range of : −10 ≤ log P ow ≤ 1.0. In this example, groups X and
Y for the structure generation include OH, CH3CO, CH3O, CH2CH, and C6H5.
The feasible molecular structures that satisfying the constraint at T = 298 K are
listed in Table 2 with their log P ow values highlighted in bold.

The second example is concerned with the selection of solvents for separating
the components of the azeotrope-mixture of benzene (1) and cyclohexane (2) by
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Figure 1: Enumeration tree for the illustration.

Table 1: List of selected model compounds in example 1 with their estimated

log P ow values

X Y n=0 n=1 n=2 n=3 n=4
OH OH -1.7718 -1.3381 -0.9030 -0.4687 -0.0343

CH3CO CH3CO -0.9079 -0.4734 0.0389 0.3954 0.8298

CH3COO CH3COO -0.0165 0.4178 0.8521 1.2865 1.7209
CH3O CH3O 0.2965 0.7309 1.1652 1.5996 2.0340
CH2CH CH2CH 1.8709 2.3052 2.7397 3.1737 3.6084
C6H5 C6H5 5.3298 5.4673 5.7643 6.1986 7.0674
C6H5 OH 1.7790 2.2134 2.6473 3.0821 3.5165
C6H5 CHO 2.8909 3.3255 3.7597 4.1943 4.6287
C6H5 CH3CO 2.2095 2.6454 3.0795 3.5141 3.9486
C6H5 CH3COO 2.6560 3.0909 3.5254 3.9600 4.3942
C6H5 CH3O 2.8129 3.2474 3.6819 4.1163 4.5507
C6H5 CH2CH 3.600 4.0347 4.4692 4.9035 5.3379

extractive distillation. The solvent structures are evaluated in terms of the selec-
tivity. The selectivity can be estimated by calculating the ratio of the limiting
activity coefficients of the components to be separated, 1 and 2, in solvent S as
follows:

S∞ =
γ

S,∞
1,UNIFAC

γ
S,∞
2,UNIFAC

. (3)

For simplicity, only monosubstituted benzene- and cylohexane-derivatives have
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been chosen as candidate solvents in the example. This gives rise to C6H5–X and
C6H11–X with the pre-selected first-order groups, including NO2, CH3O, Cl, NH2,
OH, and CH3 for X, and the feasibility criterion, 2.5 ≤ S∞ ≤ 10.0. Table 2 lists
the solvents satisfying this selectivity constraint at T = 340 K as well as infeasible
candidates.

Table 2: List of potential solvents in example 2 with the estimated selectivity values

X S∞

5ACH 1AC NO2 3.2881

5ACH 1AC Cl 1.3651
5ACH 1AC NH2 2.9839

5ACH 1AC OH 2.6295

5ACH 1AC CH3 1.3546
5CH2 1CH 1CH3 1.4110
5CH2 1CH 1OH 1.3231
5CH2 1CH 1CH3 0.7300
5CH2 1CH 1Cl 1.0578
5CH2 1CH 1NH2 1.2930
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