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Abstract Quantitative structure–property relationships
(QSPRs) between the molecular structure of [C60] and [C70]
fullerene derivatives and their solubility in chlorobenzene
(mg/mL) have been established by means of CORAL (COR-
relations And Logic) freeware. The CORAL models are
based on representation of the molecular structure by sim-
plified molecular input line entry system (SMILES). Three
random splits into the training and the external validation sets
have been examined. The ranges of statistical characteristics
of these models are as follows: n = 18, r2 = 0.748–0.815,
s = 15.1 –17.5 (mg/mL), F = 47–71 (training set); n = 9,
r2 = 0.806–0.936, s = 12.5–17.5 (mg/mL), F = 29–103
(validation set).
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Introduction

Theoretical tools are currently used for predictions of
various molecular properties. They could be used with
(theoretical/experimental approaches) or without (ab initio
methods) input from experiments. Quantitative structure–
property/activity relationships (QSPRs/QSARs) are very
useful techniques that are applied for the estimation of phys-
icochemical and biological parameters for substances which
have not been examined by experiments. In spite of improve-
ment of laboratory equipment, experimental analysis of all
newly synthesized substances is impossible. Thus, a QSPR
approach provides a necessary compromise that allows for
the estimation of physicochemical parameters of large clas-
ses of compounds which are important from the point of view
of theory or applications in industry.

Fullerene derivatives have been intensively studied by
both the experimental and computational chemists. In addi-
tion, they are vital for many technological applications. For
such industrial applications the knowledge of various phys-
ico-chemical parameters of fullerene derivatives, including
their solubility, is crucial [1]. Owing to an increase in the
number of databases with the molecular structure represented
by simplified molecular input line entry system (SMILES)
[2–5] available via the Internet, the SMILES-based QSPR
models [6–12] become convenient alternative to models
based on molecular graphs [13–31] .

QSPR/QSAR analyses of fullerene derivatives which are
based on molecular graphs are problematic owing to the com-
plexity of architecture of their molecules (Table 1). However,
there is some experience on the QSPR/QSAR analyses of ful-
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Table 1 Molecular structures of
[C60] and [C70] fullerene
derivatives
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Table 1 continued 16
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lerene derivatives [9,15,16,18,19]. Taking into account the
gradual increase in role of these substances in natural sci-
ences and industry, one can expect that QSPR/QSAR models
for these substances could be very useful.

The aim of the present study is an evaluation of ability
the SMILES-based optimal descriptors as possible tools for
efficient QSPR prediction of solubility of [C60] and [C70]
fullerene derivatives in chlorobenzene [1].
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Method

Data

The numerical data on the solubility of [C60] and [C70] ful-
lerene derivatives in chlorobenzene in mg/mL were taken
from [1].

Optimal SMILES-based descriptors

SMILES is a sequence of symbols which are representation
of molecular architecture. First of all, SMILES encodes pres-
ence of chemical elements, e.g., ‘c’, ‘C’, ‘N’, ‘Ni’, etc. Also,
SMILES encodes presence of different covalent bonds, i.e.,
‘=’ and ‘#’. Finally, SMILES encodes some 3D aspects, such
as, rotations near bonds (‘@’ and ‘@@’), the branching of
molecular skeleton (brackets), presence of cycles (digits),
and so on [2–5]. Thus, the SMILES can be an alternative
of molecular graph in the QSPR/QSAR analysis. In other
words, SMILES can be a basis for calculation of the molec-
ular descriptors.

Optimal SMILES-based descriptors used in the present
study are calculated as the follows:

DCW (Threshold) = � CW (Sk) (1)

where Sk is an element of SMILES and CW(Sk) represents
so-called correlation weights for the Sk. The element of
SMILES can be one character (e.g., ‘c’, ‘C’, ‘=’, ‘#’, etc), two
characters that cannot to be examined independently (e.g.,
‘Br’, ‘Cl’, etc.), and three characters (e.g., %10, %11, etc.,
these are used for depiction of cycles if the number of cycles
is larger than 9). The threshold is the parameter for separa-
tion of SMILES elements into two classes: rare and not rare.
We have used Threshold = 1. This value indicates that Sk that
takes place in the training less than 1 time should be blocked,
i.e., its correlation weight should be equal to zero.

Using the Monte Carlo method one can calculate CW(Sk)
which for the training set yield as large as possible correla-
tion coefficient between the DCW and the solubility. After
evaluation of the CW(Sk) for the compounds of the training
set one can calculate the DCW and define a model:

S (mg/mL) = C0 + C1 DCW(Threshold) (2)

The predictability of the Eq. 2 should be tested using com-
pounds of an external validation set (i.e., compounds which
have not been used for calculation of the model calculated
with Eq. 2). The CORAL is a provider of these data which are
calculated by special algorithm (CHEMPREDICT at: http://
www.insilico.eu/coral).

The algorithm can be represented by two phases. The first
phase is the preparation of the list of all SMILES attributes
which take place in training and validation sets. The sec-
ond phase is the calculation (by the Monte Carlo method)

of values for correlation weights for these attributes which
give maximum of the correlation coefficient between the
SMILES-based descriptor and the endpoint for the training
set. SMILES attributes, which are absent in the training set,
have no influence on the model. Still, SMILES attributes,
which are rare in the training set, can lead to overtraining (i.e.,
the model will be ideal for the training set, but poor for the
external validation set). The influence of rare attributes can be
reduced if the rare attributes will not involved in the model-
ing process. For this, one can define threshold: if the number
of SMILES (in the training set) which contain the given attri-
bute (SA) is smaller than the threshold the correlation weight
for the SA should be equal to zero. Consequently, the influ-
ence of the SA upon the model will be blocked. Apparently,
different thresholds can give models with different predictive
ability. The predictive ability can be estimated in sequence
of the runs of the modeling with different threshold. The
threshold that gives the best statistical quality for external
validation set should be defined as preferable for practical
use. SMILES attributes which are absent in the training set
(i.e., attributes which take place only in the validation set)
are not involved in the modeling process.

Canonical SMILES notations have been built up with
ACD/ChemSketch Freeware [5].

Results

Table 1 shows molecular structure of fullerene derivatives.
Three splits of compounds were selected for the validation
sets. Table 2 contains numbers of compounds used in the
external validation set for the Split A, B, and C, respectively.
Table 3 contains statistical characteristics of models for sol-
ubility.

The first run of the Monte Carlo optimization (with
Threshold = 1) for split A yields the following model for
the solubility:

S (mg/mL) = −1585.71(±29.09)

+ 7.1324 (±0.1253) ∗ DCW(1) (3)

n = 18, r2 = 0.758, q2 = 0.7211, s = 17.6 mg/mL,
F = 50 (training set)
n = 9, r2 = 0.925, R2

m = 0.9017, s = 12.5 mg/mL,
F = 87 (validation set)

Table 2 Three random splits used in this study

Split List of compounds in the external validation set

A 3, 6, 9, 12, 15, 18, 21, 24, 27

B 1, 2, 7, 10, 13, 19, 21, 22, 26

C 2, 6, 8, 12, 15, 19, 20, 22, 25
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Fig. 1 Experimental and calculated using Eq. 3 values of [C60] and
[C70] fullerene derivatives solubility in chlorobenzene. Structure #5 is
an outlier

where R2
m is a measure of the predictability according to [32]:

R2
m = r2 ∗

(
1 −

√
r2 − r2

o

)
(4)

In the above equation r2 and r2
o indicate determination coef-

ficient between observed and predicted values with and
without intercept, respectively. These calculations were per-
formed using CORAL freeware (CHEMPREDICT at: http://
www.insilico.eu/coral).

Figure 1 shows the model calculated with Eq. 3, graphi-
cally. Electronic Supplementary material contains correlation
weights, experimental and calculated with Eq. 3 solubility
[(S (mg/mL)] values and an example of the DCW(1) calcu-
lation.

Discussion

According to Organisation for Economic Co-operation and
Development (OECD) principles (OECD at: http://www.
oecd.org/dataoecd/33/37/37849783.pdf) QSAR model
should be associated with the following information:

(1) a defined endpoint
(2) an unambiguous algorithm
(3) a defined domain of applicability
(4) appropriate measures of goodness-of-fit, robustness,

and predictivity
(5) a mechanistic interpretation, if possible.

The same principles can be useful for the QSPR case, i.e., for
the modeling of physicochemical parameters. In particular,
the solubility has regulatory importance, because ecological
effect often is defined by the solubility of a substance. Of
course, water solubility is a very important parameter, in this

aspect; however, solubility in chlorobenzene can also be an
ecologic indicator.

The Algorithm used for examined models (Table 3) is
described in the literature [33] and also represented in the
CORAL freeware.

The list of SMILES attributes and their correlation weights
can be used to define the applicability domain of examined
models: firstly, the models can be used for fullerene deriva-
tives, and secondly, SMILES of these substances must con-
tain attributes which take place in SMILES of the training
set.

The predictability of SMILES-based models can be esti-
mated by widely used statistical criterions: correlation coeffi-
cient, standard error, and Fischer F-ratio. The reproducibility
of statistical quality of the QSPR model for three splits into
training and test sets is an additional guarantee of the reli-
ability of model.

Each SMILES element is an image of molecular real-
ity. It is not only the presence of chemical elements,
but also, the presence of branchings (brackets) in the
molecular skeleton, cis- and trans- isomerism (‘/’ and ‘ /’),
covalent chemical bonds (‘=’ and ‘#’) and others. The
described approach gives a possibility to extract SMILES
elements which are promoters of the solubility increase and
vice versa promoters of the solubility decrease, as well as one
can detect SMILES attributes of undefined role. In fact, it
can be basis for heuristic hypotheses about molecular mech-
anisms of the solubility for fullerene derivatives. It should be
noted that a split have influence on the distribution of the attri-
butes in these classes, e.g., the split A has attributes of unde-
fined role, whereas, the split B has not such attributes. These
details are represented in the Electronic Supplementary
material.

The Monte Carlo optimization is a random process.
If the correlation weight for the SMILES attribute SA in
sequence of the runs of the optimization has values which
all are larger than zero, then the attribute can be estimated as
stable promoter of increase of the endpoint, i.e., the presence
of the molecular fragment encoded by this SA is indicator of
increase of the endpoint. Vice versa, if the correlation weight
for the SA has in sequence of the runs of optimization val-
ues which all are smaller than zero, the attribute can be esti-
mated as a stable promoter of decrease of the given endpoint.
Finally, if a SMILES attribute in three runs of the optimiza-
tion has both correlation weights: smaller and larger than
zero values, one can estimate the attribute as an attribute of
undefined role.

By the reasons given in the previous paragraph, the
described approach obeys the above-mentioned OECD
principles.

Substance #5 is an outlier for the model calculated with
Eq. 3. There are seven [C70] fullerene derivatives (Fig. 2),
however, only substance #5 has −CH2−CH2−CH2− con-
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Table 3 Statistical characteristics of models for the solubility of fullerene [C60] and [C70] in chlorobenzene

Runs Training set, n = 18 Validation set, n = 9

r2 S (mg/mL) F r2 S (mg/mL) F R2
m

All substances

Split A

1 0.7580 17.585 50 0.9252 12.522 87 0.9017

2 0.7604 17.499 51 0.9136 13.581 74 0.8415

3 0.7604 17.498 51 0.9138 13.365 74 0.8553

Average 0.7596 17.527 51 0.9175 13.156 78 0.8662

Split B

1 0.8153 15.077 71 0.8055 17.290 29 0.7572

2 0.8096 15.307 68 0.8138 17.056 31 0.7499

3 0.8140 15.130 70 0.8057 17.508 29 0.7437

Average 0.8130 15.171 70 0.8083 17.285 30 0.7503

Split C

1 0.7498 16.936 48 0.9303 14.079 93 0.7880

2 0.7464 17.051 47 0.9359 13.745 102 0.7978

3 0.7478 17.003 47 0.9361 14.000 103 0.7842

Average 0.7480 16.997 47 0.9341 13.941 99 0.7900

Runs Training set, n = 17 Validation set, n = 9

r2 S (mg/mL) F r2 S (mg/mL) F R2
m

Without the outlier #5

Split A

1 0.8994 11.243 134 0.9054 14.401 67 0.7752

2 0.8991 11.257 134 0.9112 13.900 72 0.7943

3 0.8979 11.326 132 0.9024 14.920 65 0.7559

Average 0.8988 11.275 133 0.9064 14.407 68 0.7751

Split B

1 0.9325 8.979 207 0.7868 19.071 26 0.7756

2 0.9339 8.885 212 0.7998 18.480 28 0.7748

3 0.9343 8.859 213 0.7972 18.401 28 0.7854

Average 0.9336 8.907 211 0.7946 18.650 27 0.7786

Split C

1 0.8969 10.678 131 0.9373 14.020 105 0.8262

2 0.8957 10.741 129 0.9427 13.724 115 0.8338

3 0.8964 10.704 130 0.9400 13.918 110 0.8289

Average 0.8963 10.708 130 0.9400 13.887 110 0.8296

nector of R1 and −COOR2 fragments, whereas, all others
have −CH2−CH2− connector. Probably, this feature leads
to untypical behavior for #5. We have detected an apparent
feature for the #5. This feature does not take place for other
substances examined in the present study. Thus, we have
suggested the hypothesis that will be confirmed or vice versa
rejected in the future researches.

The attempts to build up the model without #5 have shown
that there is an improvement of the model for the training set
(for all examined splits). However, the statistical character-
istics of the model for the validation set remained approxi-
mately the same (excepting the split b, where the prediction
becomes poorer). Thus, the removing #5 did not improve the
predictive ability of the model.
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Fig. 2 Structure of seven
fullerene [C70] derivatives:
substance #5 has unique
−CH2−CH2−CH2− fragment
that is connector R1 and
COOR2. All other fullerene
[C70] derivatives have
−CH2−CH2− connector in this
position

Conclusions

This study shows that the CORAL software can be a tool for
modeling of solubility of fullerene derivatives [S, (mg/mL),
in chlorobenzene]. The SMILES-based optimal descriptors
calculated using CORAL freeware give a reasonable predic-
tion of the solubility of both the [C60] and [C70] fullerene
derivatives. The study was performed for three random splits
of the data into the training and validation sets, hence the
statistical quality of the model is not random one.
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