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Abstract

Optimal descriptors, calculated with simplified molecular input line entry system have been used for modeling solubility of fullerene
Cgo in organic solvents. Statistical characteristics of the model are n = 92, R*> = 0.8612, Q* = 0.8537, s = 0.401, F = 558 (training set)
n =130, R*=0.8908, Réred =0.8748, s = 0.435, F =228 (test set). The applied approach entirely based on topological data provides a

reliable model for solubility of Cgp.
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Data on solubility of the fullerene Cgg in organic solvents
can provide important information that would be of interest
in chemistry and biochemistry. Quantitative structure—
property (solubility) relationships (QSPR) for this charac-
teristic are not only able to predict numerical data but also
to evaluate features of solubility of fullerene C60 as a func-
tion of a complex physicochemical phenomenon.

At present the only method to construct predictive
model of the fullerene Cg solubility in different organic sol-
vents involves QSPR is based on molecular descriptors cal-
culated with molecular graphs of the solvents [1]. Taking
into account gradual increase of a number of internet data-
base on physicochemical parameters and biological activity
with elucidation of molecular structure by simplified
molecular input line entry system (SMILES) there is a need
to develop SMILES based predictive models [2-5].

The present study is aimed to estimate predictive poten-
tial of the SMILES based optimal descriptors in QSPR
modeling of the fullerene Cg, solubility in organic solvents
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as a function of the molecular structure of the solvents rep-
resented by the SMILES notation. Experimental values of
fullerene solubility (logS) are taken from [1].

2. Method

SMILES notations [6] of organic solvents for this study
have been built with ACD/ChemSketch software [7].
Optimal descriptors have been defined as

DCW/(SMILES) = Z CW(SFy), (1)

k=1

where SF; is a fragment of SMILES. Majority of the
SMILES fragments used in the present study contain one
character, except ‘CI’, ‘Br’, [0~ ], and [N"]; CW(SF,) repre-
sents correlation weights of the SF,. Numerical values of
the CW(SF,) have been calculated by Monte Carlo method
[3-5]. The CW(SF,) produce as large as possible correlation
coefficient between the solubility of fullerene Cg( in organic
solvents for the training set. In other words the correlation
coefficient is using in role of the target function for the opti-
mization procedure. Having numerical data on the
CW(SF,) one can calculate with Eq. (1) DCW(SMILES).


mailto:aatoropov@yahoo.com

210 A.A. Toropov et al. | Chemical Physics Letters 444 (2007) 209-214

An application of the least squares method yields following
equation:

logS = Co + C;DCW(SMILES). (2)

Predictive potential of the model calculated with Eq. (2)
can be estimated using data on organic solvents of the
external test set. The same split into training and test sets
that has been used in [1] is used in the present study.

3. Results

Statistical characteristics of QSPR for solubility, log(S),
(S is expressed in molar fraction) of fullerene Cg( in organic
solvents are presented in Table 1. One can see from the
Table 1 that a statistical quality of these models is quite
satisfactory.

Table 1

Correlation  weights  for  calculation of the
DCW(SMILES) values with Eq. (1) obtained in three runs
of the Monte Carlo optimization are presented in Table 2.
Example of DCW(SMILES) calculation is provided in
Table 3.

The one variable model obtained in the first run
of the Monte Carlo optimization is given below (see
Table 4):

log S = —6.6196(+0.0154)

+ 0.5014(=£0.00266) DCW (SMILES), (3)
n=92, R>*=0.8612, 0> =0.8537, s = 0.401,
F = 558 (training set), 4)
n =30, R* =0.8908, R ;= 0.8748, s = 0.435,
F =228 (test set). (5)

Statistical characteristics of the models for three runs of the Monte Carlo optimizations

Run Training set, n =92 Test set, n =30
R 0? s F R? R s F
1 0.8612 0.8537 0.401 558 0.8908 0.8748 0.435 228
2 0.8612 0.8538 0.401 558 0.8905 0.8747 0.435 228
3 0.8612 0.8537 0.401 559 0.8911 0.8753 0.433 229
Yprea — YT .
*=1- Z[f—d,_], (Y and Yeq on the training set),
S [Y — Y(training)]”
Y prea = YT

R =1

ed = (Y and Y on the test set),

 S[Y — (training)]?

where Y and Yjeq are experimental and predicted values of the solubility, respectively; Y (training) is an average of the experimental values of the sol-

ubility over the training set.

Table 2

Correlation weights obtained for three runs of the Monte Carlo optimizations

SF, CW(SFy) in run 1 CW(SF,) in run 2 CW(SF,) in run 3 k N1rN® Nrtst dRrN" (run 1) dRtgr (run 1)
# —1.7513027 —1.9763694 —1.9363560 1 1 1 0.00713 0.02592
( —0.0636205 —0.0764917 —0.0582624 2 94 26 0.00184 —0.00212
/ —0.2224238 —0.2195869 —0.2266901 3 11 1 0.00252 —0.00233
1 0.7333020 0.8328653 0.8232880 4 106 32 0.09384 0.07609
2 0.2772195 0.3115025 0.3167455 5 14 4 0.00446 0.00103
3 —1.3688641 —1.5422654 —1.5207150 6 2 0 0.01551 0.0

= 0.2367907 0.2224600 0.2178262 7 18 5 0.00311 0.00979
C 0.4300723 0.4930871 0.4751774 8 283 108 0.19261 0.10257
Br 1.8947357 2.1645957 2.0997835 9 26 9 0.28179 0.18802
Cl 1.2254199 1.3933766 1.3476833 10 43 11 0.23601 0.14863
F -0.2913806 -0.3096783 —0.3103693 11 1 0 0.00019 0.0

1 2.9882335 3.3870007 3.3146112 12 8 2 0.15820 0.04119
N 0.8279941 0.9514299 0.9182467 13 7 1 0.01045 —0.00245
(0] —0.3217103 —0.3274301 —0.3323367 14 11 7 0.00224 —0.00838
S 0.5774412 0.6548567 0.6338071 15 2 0 0.00154 0.0

\ 0.4626149 0.5323039 0.5491613 16 9 1 0.00960 0.00637
c 0.6408136 0.7275105 0.7082618 17 250 80 0.77852 0.77009
n 0.0822050 0.1204241 0.0986911 18 2 0 0.00004 0.0

S 1.5723750 1.8045279 1.7543516 19 2 0 0.01154 0.0
INF] 0.4329171 0.2983848 0.4696330 20 2 1 0.00087 0.00424
[07] 0.2397301 0.5001536 0.2529812 21 2 1 0.00027 0.00212

% Ntrn and Ntgr are numbers of the SF; in training set and test set, respectively.
b drR= R—Ry, where R, is correlation coefficient after assignation CW(SF,) = 0; dRtrn and dRrgt are values for training set and test set, respectively.
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Table 3
Example of calculation of DCW(SMILES) with CW(SF,) obtained in the
first run of the Monte Carlo optimization

SF; CW(SF,) in run 1

0.4300723
0.4300723
0.2367907
0.7333020
0.4300723
0.4300723
0.4300723
0.4300723
0.4300723
0.2367907
0.7333020

SMILES = [CC=ICCCCC=1] CAS = 59-49-1 DCW = 4.9506915.

il oNoNoNONO RN NoNe!
B 2 00 00 000 0 000 oo | X

A graphical representation of this model is displayed for
the training and the test sets in Figs. 1 and 2, respectively.

Statistical characteristics of nonlinear model for the
fullerene Cg solubility described in [1] are n = 122, R* =
0.892, s = 366. This model is based on quantum chemical
descriptors. Attempts to build nonlinear SMILES based
models similar to described in [3] have shown that using
of the DCW? or DCW?’? is not able to improve statistical
quality of the models for the log S.

From the Table 2 one can see that some of the CW(SF, )
have stable positive contributions (‘CI’, ‘Br’, ‘T’, etc.)
whereas the others have stable negative contributions,
for instance, triple bonds ‘#’, number of cycles ‘3,
branching ‘(.

Table 4
Training and test sets; experimental and calculated using Eq. (3) values of the solubility, log S, of fullerene Cg in organic solvents
CAS No. SMILES DCW(SMILES) log Sexpr log Scaic log Sexpr — 10g Scaic
Training set, n = 92
109-66-0 CCCcCC 2.1503615 —6.1 —5.541 —0.559
110-54-3 CCcCccce 2.5804338 -5.1 —5.326 0.226
111-65-9 CCccccececce 3.4405784 -52 —4.894 —0.306
26635-64-3 cc(ocececce 3.3133374 -5.2 —4.958 —0.242
124-18-5 ccccececcccece 4.3007230 —4.7 —4.463 —0.237
112-40-3 ccccececccecececece 5.1608676 -35 —4.032 0.532
493-01-6 clccezccceceeect 6.3217660 -33 —3.450 0.150
493-02-7 clccezccecceezct 6.3217660 -3.5 —3.450 —0.050
137-43-9 BrC1CCCCl 5.5117012 —4.2 —3.856 —0.344
542-18-7 CIC1CCCCC1 5.2724577 —4.1 —3.976 —0.124
108-85-0 BrC1CCCCC1 5.9417735 -34 —3.640 0.240
626-62-0 IC1CCCCC1 7.0352713 -2.8 —3.092 0.292
5401-62-7 BrC1CCCCCI1Br 7.8365092 —2.6 —2.690 0.090
110-83-8 C1\C=C/CCC1 4.5240196 -3.8 —4.351 0.551
108-87-2 CClcccecect 4.4771101 —4.5 —4.375 —-0.125
6876-23-9 Ccicccececic 4.9071824 —4.6 —4.159 —0.441
75-09-2 ClCCl1 2.8809121 —4.6 —5.175 0.575
56-23-5 CIC(CI)(CDHC1 5.0772699 —4.4 —4.074 —0.326
74-95-3 BrCBr 4.2195437 —4.5 —4.504 0.004
75-25-2 BrC(Br)Br 5.9870384 -32 —3.618 0.418
74-88-4 CI 3.4183058 —4.2 —4.906 0.706
74-97-5 BrCCl 3.5502279 —4.2 —4.840 0.640
74-96-4 BrCC 2.7548803 -52 —5.238 0.038
75-03-6 CCI 3.8483781 —4.5 —4.690 0.190
79-34-5 clc(cneencl 5.5073422 -3.1 —3.858 0.758
107-06-2 CICCCI 3.3109844 -5.0 —4.959 —0.041
71-55-6 CC(Cn(cnc 4.2819223 —4.7 —4.473 —0.227
540-54-5 Cccccl 2.5156368 -5.6 —5.358 —0.242
107-08-4 CCCI 4.2784504 —4.6 —4.474 —0.126
75-29-6 CC(O)Cl1 2.3883958 -59 —5.422 —0.478
75-26-3 BrC(C)C 3.0577116 —5.4 —5.086 -0.314
75-30-9 CC(O)1 4.1512094 —4.8 —4.538 —0.262
78-87-5 cccncc 3.6138157 —-4.9 —4.808 —0.092
142-28-9 Clccccl 3.7410567 —4.8 —4.744 —0.056
78-75-1 BrC(C)CBr 4.9524473 —4.3 —4.136 —0.164
627-31-6 ICCCI 7.2666839 -34 -2.976 —0.424
96-11-7 BrC(CBr)CBr 6.8471830 -2.9 —3.186 0.286
96-18-4 ClCc(Cncec 4.8392356 —4.0 —4.193 0.193
513-36-0 Cc(o)ccl 2.8184681 —5.4 —5.206 —0.194
513-38-2 CC(O)C1 4.5812817 —4.3 —4.323 0.023
507-19-7 BrC(C)(C)C 3.3605429 -5.0 —4.935 —0.065
540-49-8 Br\C=C\Br 5.8116365 -3.7 —3.706 0.006

(continued on next page)
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Table 4 (continued)
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CAS No. SMILES DCW(SMILES) 10g Sexpr log Scaic log Sexpr — log Scac
127-18-4 Cl/C(ClH)=C(/CI)Cl 5.2992853 -38 —3.963 0.163
513-37-1 C/C(C)=C\Cl1 3.2954499 —4.5 —4.967 0.467

71-43-2 clecceecl 5.3114856 —4.0 —3.956 —0.044
95-47-6 CcleceeclC 6.1716302 -2.9 —3.525 0.625
108-38-3 Cclecee(C)el 6.0443892 -33 —3.589 0.289
526-73-8 Cclecee(C)elC 6.4744615 —3.1 —3.373 0.273
95-63-6 Cclee(C)e(C)eel 6.3472205 =25 —3.437 0.937
108-67-8 Cclee(C)ee(C)el 6.3472205 -3.5 —3.437 —0.063
527-53-7 Cclee(C)e(C)e(C)el 6.6500518 24 —3.285 0.885
119-64-2 clecc2CCCCe2cl 7.5862138 -2.5 -2.816 0.316
103-65-1 CCCeclcceccel 6.6017025 =35 —3.310 —0.190
98-82-8 CC(C)clecceecl 6.4744615 -3.6 —3.373 —0.227
104-51-8 CCCcCclccecceel 7.0317748 —-34 —3.094 —0.306
98-06-6 CC(C)(C)clecccecl 6.7772928 —3.7 —3.221 —0.479
462-06-6 Feleceeel 5.0201050 —4.1 —4.103 0.003
108-90-7 Clcleeceel 6.5369055 -3.0 —3.342 0.342
108-86-1 Brelceceeel 7.2062213 -33 —3.006 —0.294
95-50-1 Clcleececl Cl 7.7623254 -24 —2.728 0.328
108-36-1 Brclecee(Br)cl 8.9737160 -2.6 —2.120 —0.480
694-80-4 Clclceceel Br 8.4316412 —2.4 —2.392 —0.008
108-37-2 Clclee(Br)cecl 8.3044002 -3.0 —2.456 —0.544
120-82-1 C1/C/1=C/C(C)C(CI)\C=C\1 8.2003553 —-2.8 —2.508 -0.292
100-42-5 C=Cclccececl 6.4084209 -3.2 —3.406 0.206
98-95-3 [0~ IN")(=O)clcecec] 5.7719722 -39 —3.726 —0.174
100-47-0 N#Ccleccecl 4.8182493 —4.2 —4.204 0.004
100-66-3 COclccececl 5.4198476 -3.1 —3.902 0.802
100-52-7 O=Cclcceeel 5.6566383 —4.2 —3.783 —0.417
103-71-9 O=C=N/clccceel 6.4989993 -34 —3.361 —0.039
99-08-1 O=[NTY[0O J)clccee(C)el 6.0748035 —-34 —3.574 0.174
108-98-5 Sclecececl 5.8889268 -3.0 —3.667 0.667
100-39-0 BrCclceccel 7.6362936 —3.1 —2.791 —0.309
30583-33-6 CIC(CI)(Cl)cleccecl 9.1633356 -3.0 —2.025 —0.975
90-12-0 Cc2cccelcececl2 8.8592513 2.2 —2.178 —0.022

28804-88-8 Cclc2cecee2ecel C 9.2893236 -2.1 —1.962 —0.138

605-02-7 clee(c2cccec2el)c3cecec3 9.4090914 -1.9 —1.902 0.002
64-17-5 CCO 0.5384343 -7.1 —6.350 —0.750
71-36-3 CCCCO 1.3985789 -5.9 —5.918 0.018
71-41-0 CCccco 1.8286512 =53 —5.703 0.403
67-64-1 CC(C)=0 1.0780563 -7.0 —6.079 —0.921
68-12-2 CN(C)C=0 1.9060504 —53 —5.664 0.364

110-01-0 CICCCS1 3.7643344 —54 —4.732 —0.668

110-02-1 cleccsl 5.6022334 —4.4 —3.811 —0.589

554-14-3 Cclecesl 6.0323057 -3.0 —3.595 0.595

872-50-4 O=CI1CCCNIC 4.3600400 -39 —4.433 0.533

110-86-1 cleecenl 4.7528770 —4.0 —4.237 0.237
91-22-5 clecee2ecencl2 7.8705704 -29 —2.673 —0.227
62-53-3 Nclceeeel 6.1394797 -39 —3.541 —0.359

100-61-8 CNeclececeel 6.5695520 -38 —3.326 —0.474

121-69-7 CN(C)cleceecl 6.8723833 —3.2 —3.174 —0.026

4904-61-4 CI1\C=C/CC\C=C/CC/C=C\CI1 8.0584170 -2.7 —-2.579 —0.121
Test set, n = 30

629-59-4 Ccccecececcceccececce 6.0210122 —4.3 —3.601 —0.699

110-82-7 CICccccCl 4.0470378 -53 —4.590 —0.710

591-49-1 CC=1CCcccC=1 4.9506915 —3.8 —4.137 0.337

2207-01-4 CClcccececlic 4.9071824 —4.6 —4.159 —0.441
1678-91-7 Ccciccececct 49071824 —4.3 —4.159 —0.141
67-66-3 CIC(CI)Cl1 3.9790910 —4.8 —4.624 —0.176

106-93-4 BrCCBr 4.6496160 —4.2 —4.288 0.088

106-94-5 BrCCC 3.1849526 —52 —5.023 —0.177

109-64-8 BrCCCBr 5.0796883 —4.2 —4.073 —0.127
78-71-3 CC(C)CBr 3.4877839 —4.9 —4.871 —0.029

507-20-0 CC(O)(C)cl 2.6912271 —5.7 —5.270 —0.430
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Table 4 (continued)

CAS No. SMILES DCW(SMILES) log Sexpr log Scaic log Sexpr — 10g Scaic
558-17-8 CC(C)(O)I 4.4540407 —44 —4.386 —0.014
79-01-6 CI\C=C(/C))Cl 4.8861451 -38 —4.170 0.370
108-88-3 Cclcececccl 5.7415579 -34 —3.741 0.341
106-42-3 Ccleee(C)ecl 6.0443892 -33 —3.589 0.289
488-23-3 Ccleee(C)e(C)elC 6.7772928 -29 -3.221 0.321
100-41-4 CCclcceccl 6.1716302 —-34 —3.525 0.125
135-98-8 CCC(C)clecceel 6.9045338 -3.6 —3.158 —0.442
591-50-4 Iclecececl 8.2997191 -35 —2.458 —1.042
541-73-1 Clclecee(Cl)el 7.6350844 -34 -2.791 —0.609
583-53-9 Brelecceel Br 9.1009570 —2.6 -2.056 —0.544
88-72-2 O=[N"Y[O J)clecceelC 6.2020445 -34 —3.510 0.110
100-44-7 ClCcleceecl 6.9669778 -34 —3.126 —0.274
90-13-1 Clc2ccecleccecl2 9.6545989 -2.0 —1.779 -0.221
2586-62-1 Cc2ccclceccelc2Br 10.7539870 -2.1 —1.228 —0.872
71-23-8 CCCO 0.9685066 —6.4 —6.134 —0.266
111-27-3 CCcccco 2.2587235 =5.1 —5.487 0.387
111-87-5 Cccccececcco 3.1188681 -5.0 —5.056 0.056
107-13-1 C=CC#N 0.6036990 —-6.4 —-6.317 —0.083
111-96-6 Coccoccoc 1.6153029 -52 —5.810 0.610
The S is expressed in molar fraction.
Training set, n=92 Test set, n=30
-1 -1 o
-2 ) .‘ ®. -2 () -
w ©®
® %0 %
3 o o o -3 e o
) p © 0 ° &
34 34 OpC 0
o. @
3 -5 3 -5 3 ()
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0 °
-7 -7
-8 -8
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logS(expr) logS(expr)

Fig. 1. Plot of experimental versus calculated solubility of fullerene Cgq
(logsS, S is expressed in molar fraction) for the training set.

It is also to be noted that the number of given SF in the
training and test sets provides an important information.
For example, ‘C’ (sp’) appears 282 times in the training
set, and 108 times in the test set, ‘Cl’ appears 43 times in
training set and seven times in test set, whereas ‘#” appears
only one time in both the training and the test sets. {NT
and ‘JO"] appear two times in the training and one time
in the test set. Apparently, one can conclude that larger
numbers of SF; in the training set are related to higher sta-
tistical significance of the SF for a given model.

Thus, the suggested approach allows us to perform
logical and transparent analysis of relationships between
the molecular structure of solvents (encoded by SMILES)
and solubility of fullerene Cgy in organic solvents (logS).

Fig. 2. Plot of experimental versus calculated solubility of fullerene Cgq
(logsS, S is expressed in molar fraction) for the test set.

4. Conclusions

In this study, the applied approach based on solely topo-
logical data provides a reliable model for fullerene Cg sol-
ubility. The accuracy of this model is compared with model
based on quantum chemical descriptors from work [1].
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