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Abstract
Motivation. The methylalkanes studied in this work are produced by insects and are usually considered to be
waterproofing agents present on the cuticle. A quantitative structure-retention relationships (QSRR) study has
been carried out on a set of 177 methylalkanes by using molecular descriptors.

Method. A small number of molecular descriptors proposed by our team were used to establish a QSRR model.
Multiple Linear Regression (MLR) analysis has been carried out to derive the best QSRR model. The model was
supported by leave—one—out cross validation. Additional validation was performed on an external data set
consisting of 30 methylalkanes.

Results. The best QSRR models for 177 methylalkanes are obtained with five structural descriptors, with
R*=10.9999 and SEC = 4.6. The QSRR model contains the molecular tightness index (MTI), the polarizability
effect index (PEI), the number of carbon atom in the molecule backbone (N¢), the number of the 2—methyl group
(N2_cn3) and the number of the methyl group attached to the carbon backbone (Ncy3). Good results are obtained
for the external data set with R* = 0.9999 and SEP = 3.7.

Conclusions. Compared with an earlier model for the prediction of these compounds, our model exhibits slightly
improved performance, and the generated molecular descriptors have explicit physical meaning and easy to
calculate. The model equations developed by present paper can be used to predict the chromatographic retention
index of alkanes and support the identification of substances in cases the retention data for candidate structures
are not available.

Keywords. Retention indices; methylalkanes; molecular descriptors; QSRR; quantitative structure—retention
relationships; QSAR; quantitative structure—activity relationships; multiple linear regressions.

1 INTRODUCTION

The retention indices in gas chromatography have a long history since its introduction in 1958 by
Kovats. Investigations and developments of mathematical models that are able to predict gas

chromatographic retention data from chemical structures have found wide interest in studies on

# Dedicated on the occasion of the 65™ birthday to Danail Bonchev.
* Correspondence author; phone: +867328291336; fax: +867328291001; E-mail: czcao@hnust.edu.cn.
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quantitative structure—property relationships (QSPRs) [1]. QSPRs have been used to obtain simple

model to explain and predict the chromatographic behavior of various classes of compounds.

Typical works in this field deal with 50-200 organic compounds, often belonging to a strictly
defined class of substances. Aim is usually to create a model by using a small number of well
interpretable molecular descriptors, although a great variety of much more than 1000 descriptors
including structural, topological, geometrical, electrostatic and quantum—chemical index have been
described and suggested for QSPR [2-3]. Recently published papers on relationships between
molecular descriptors and the property of compounds, for instance, deal with sets of 149 alkanes
[4], 130 methylalkanes [5], 400 alkenes [6], 150 alkyl benzenes [7-8], 200 polycyclic aromatic
hydrocarbons [9], 60 polychlorinated naphthalenes [10], up to 100 esters, alcohols, aldehydes and
ketones [11-14], 50 terpenes [15], 400 diverse organic compounds [16—-17], 207 halogenated
compounds [18], 13 acidic drugs [19], 28 organophosphonat esters [20], 846 toxicologically
relevant compounds [21] and volatile organic compounds [22]. Typically, 20-300 molecular
descriptors are tested and the final models contain less than 10 selected ones. Most used
multivariate methods are multiple linear regression (MLR), partial least squares regression (PLS),
principal component regression (PCR) and artificial neural networks (ANN). Despite the amount of
literature available on the subject of QSPR of GC retention indices, many existing structural
parameterization schemes need further improvement, and it is tedious and time—consuming to select
structural descriptors from a pool composed of so many variables by many kinds of methods and

programs.

The studied methylalkanes in this work produced by insects are usually considered to be
waterproofing agents present on the cuticle. These components may also contain specific attractive
chemical compounds used as lures. It is important to determine their chemical structures to make
more effective lures. GC and GC-MS, the principal methods used to identify these alkanes, is
problematic, because the interpretation of the spectra is difficult [5]. QSPR have been demonstrated
to be a powerful tool to predict the retention indices (RI) of various compounds. In a previous work,
Katritzky used AMI1 parameterization within the semi—empirical quantum—chemical program
MOPAC 6.0 and CODESSA program to calculate five types of molecular descriptors and
established the QSPR model to predict the RI of the methylalkanes [5]. A number of 302
descriptors were calculated for each of 178 compounds studied. Finally, 4 descriptors were used to
obtain a prediction model with a squared correlation coefficient of 0.9585 and a standard error of
5.8. This method needed a time—consuming selection and calculation of the descriptors. It is
important to propose a simple and accurate model to identify these compounds. Many topological
indices have been developed based on the molecular graph theory and have been proved useful in
quantitative structure—property relationship (QSPR) studies. Due to the simplicity and efficiency of
graph theoretical approaches, this paper also developed five topological indices to quantify the

retention indices of the methylalkanes.
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The primary aim of the present work is: (1) based on the molecular graph theory, to propose a
small set of molecular descriptor to reflect the structure of the methylalkanes; (2) to establish QSPR
model of retention indices for these compounds using the proposed molecular descriptors. The
strategy applied in this study is in some aspects different from previous works on retention
modeling. In this paper, a novel molecular descriptor, the molecular tightness index (MTI) was
proposed at the first time in our team to develop the QSPR models, and the selection of subsets of
descriptors was guided by chromatographic experience. Descriptors selected in our MLR models
provide information related to the different molecular properties participating in the
physicochemical process that occurs in the gas chromatography, and these descriptors reflect the
length of the carbon backbone, the relative position of the methyl substituent, the number of the
methyl groups attached to the carbon chain and the conformation of the compounds. The notable
merit of the present method is that the structural parameters derived directly from the molecular
structures are easy to calculate and apply. In the following sections, we describe the data set, the
selection and calculation of molecular descriptors as well as the computational methods employed,
and the results of our work.

2 MATERIALS AND METHODS
2.1 Data Set

In this work, a set of 177 alkanes including monomethylalkanes, dimethylmethylalkanes,
trimethylalkanes and tetramethylalkanes were studied (based to Ref. [5], we could not obtain the
corresponding molecular structure of the compound 8m22mC22, which was removed from the data
set). The data sets of the Kovats retention indices were chosen from Ref. [5]. Additionally, we used
an external data set of 30 compounds to test the prediction quality of the QSPR model as Katritzky
did [5]. The retention indices of all compounds was determined by GC and GC-MS under a single
set of condition, which are listed in Table 2 and Table 3 together with the molecular descriptors and

the predicted values of the retention indices.

2.2 Molecular Descriptors

Intermolecular solute—solute and solute—stationary phase interactions depending on the
conformation of the structure are known to play an important role in determining the GC retention.
The physicochemical properties related to the retention behavior of the compound are multi—
dimensional. According to the basic factors that influence the retention indices of the compound,
such molecular descriptors: the molecular tightness index (MTI), the polarizability effect index
(PEI), the number of carbon atom in the molecule backbone (N¢), the number of the 2—methyl
group (N> cp3) and the number of the methyl group attached to the carbon backbone (Ncy3) have
been chosen to build the QSPR model.
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2.3 Calculation of Molecular Descriptors
2.3.1 Calculation of N¢, No_cu3 and Ncns

The number of carbon atom in the molecule backbone (N¢), the number of the 2—methyl group
(N2-cn3) and the number of the methyl group attached to the carbon backbone (Ncp3) can be
obtained directly from the molecule structure.

2.3.2 Calculation of polarizability effect index (PEI)
According to our previous work [23-24], polarizability effect index (PEI) was proposed on the

basis of the principle of a molecule being polarized in an electric field. The stabilizing energy

caused by polarizability effect for a substitutent R interacting with point charge g is:

2
—q Qa;
ER)=—L «x3
2D1* 1+cosH_2cos€(1—cost 6’)}2 (1)

"1-cosd (1-cos@)’

where a; is the polarizability of the i—th essential unit in the substituent R, D is the effective
dielectric constant, / is the length of C—C bond, J; is the point charge (¢) to the i—th essential unit,
and 6 is the supplementary angle of bond angle ZCCC (that is 6= 180° —109.5° =70.5° for the sp’
hybridization). For the alkyl substituent R, a; is approximately equal to a constant and the Eq. (1) is:

1

1+coséd _2cos¢9(1—cosN"6’)
"1-cos @ (1-cos @)

E(R)=KxY. —=K X(APEI )

2)
= K (PEI )

Here, K=—¢’a; /2DI’. PEI is called polarizability effect index. The PEI value of an alkyl substituent
R is the term of £ (1/ [ %) in Eq. (2). APEI=1/ [ J* is the PEI increments of the i—th essential unit.
Some APEI values are listed in Table 1.

Table 1. APEI values of the ith Essential unit in Alkyl substituent

N; APEI N; APEI N; APEI N; APEI

1 1.00000 6 0.009052 11 0.002375 16 0.001073
2 0.140526 7 0.006388 12 0.001972 17 0.000945
3 0.048132 8 0.004748 13 0.001628 18 0.000838
4 0.023503 9 0.003666 14 0.001421 19 0.000749
5 0.013800 10 0.002196 15 0.001229 20 0.000673

We consider the 2-methyl nonane for example to compute the PEI. Figure 1 is the hydrogen—
depleted molecular graph of this molecule. Take the first carbon (according to the nomenclature

rule) as the beginning atom to calculate the PEI as follows:

CIO

¢! —c? —¢? —c* —c5 —c¢ —c’ —c¥ —c’

Figure 1. The hydrogen—depleted molecular graph of 2—methyl nonane.
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PEI =Y PEI(R,)
=1.0+0.1405 + 2 x 0.04813 + 0.0235 + 0.0138 + 0.009052 + 0.004748 + 0.003666 3)
=1.2979

2.3.3 Calculation of the molecular tightness index (MTI)

Because the retention indices depend on the structure of a molecule, we defined the molecular
tightness index (MTI) to reflect the branching and the shape of the molecule. Consider the 2—methyl
nonane as the example to define and calculate the MTI. According to the hydrogen—depleted

molecular graph of 2—methyl nonane (Figure 1), its distance matrix D is:

012345¢6 7182
1 01 2345671
21 012345¢62
3210123453
D={ 4321012344
54321012335
6 543210126
76 54321017
8 76 5432108
212345672820
From the distance matrix D, we obtain the P, and P5:
1
P, =2 ENld, =2) )
1
P =EZN(dij -3) (5)

where ZN(dl.j = 2) is the number of thed,, = 2 and ZN(dl.j = 3) is the number of thed,; = 3 in the
distance matrix D, d,; is the length of the shortest path between vertex i and j. Then, the MTI index

1 P2 2 133 2
MTI_ExHN_zj }(N_J (6)

where N is the number of vertex in molecular graph. For the 2-methyl nonane, P, = 9, P,

N=10,
2 2

mrr=2u [ 2] |+ T =1.6328 7
27 |\10-2 10-3

All the values of the molecular descriptors are listed in Table 2 and Table 3.

is defined as:

I
N~
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Table 2. Experimental and the calculated retention indices (RI) for 177 methylalkanes, with the values of the molecular
descriptors

No  Compound PEI MTI Nc¢ News No_cus RI (Exp.) RI (Cal.) A
1 2mC9 1.2979 1.6328 9 1 1 966.5 951.8 14.7
2 3mC9 1.2733 1.9389 9 1 0 973.0 971.6 1.4
3 2mCl11 1.3032 1.6050 11 1 1 1166.5 1158.7 7.8
4 3mCl11 1.2786 1.8395 11 1 0 1172.5 1175.2 2.7
5 2mC13 1.3068 1.5868 13 1 1 1366.5 1362.9 3.6
6 3mC13 1.2822 1.7769 13 1 0 1373.0 1377.4 —4.4
7 2mC15 1.3095 1.5740 15 1 1 1566.5 1565.6 0.9
8 3mC15 1.2848 1.7337 15 1 0 1573.7 1578.7 -5.0
9 2mC17 1.3115 1.5644 17 1 1 1765.8 1767.2 -1.4
10 3mCl17 1.2869 1.7022 17 1 0 1774.0 1779.4 -5.4
11 2mC19 1.3131 1.5571 19 1 1 1966.0 1968.2 2.2
12  3mCl19 1.2884 1.6782 19 1 0 1974.3 1979.6 -53
13  10mC19 1.2673 1.6782 19 1 0 1943.0 1940.6 2.4
14 2mC21 1.3144 1.5512 21 1 1 2166.0 2168.6 -2.6
15 3mC21 1.2897 1.6593 21 1 0 2174.5 2179.4 —4.9
16 11mC21 1.2682 1.6593 21 1 0 2141.0 2139.7 1.3
17 2mC23 1.3154 1.5465 23 1 1 2364.0 2368.7 4.7
18 3mC23 1.2908 1.6440 23 1 0 2374.5 2379.1 —4.6
19 12mC23 1.2689 1.6440 23 1 0 2337.0 2338.7 -1.7

20 2mC25 1.3163 1.5425 25 1 1 2563.0 2568.6 -5.6

21 3mC25 1.2917 1.6314 25 1 0 2574.4 2578.5 —4.1

22 13mC25 1.2696 1.6314 25 1 0 2534.5 2537.8 -33

23 2mC27 1.3171 1.5392 27 1 1 2763.0 2768.2 -5.2

24  3mC27 1.2924 1.6208 27 1 0 2774 .4 2777.8 -34

25  14mC27 1.2702 1.6208 27 1 0 2733.0 2736.7 -3.7

26 2mC29 1.3177 1.5364 29 1 1 2962.2 2967.6 -5.4

27  3mC29 1.2931 1.6118 29 1 0 2974.0 2976.9 -2.9

28  15mC29 1.2706 1.6118 29 1 0 2931.5 2935.6 —4.1
29 2mC3l1 1.3183 1.5339 31 1 1 3161.5 3166.9 -5.4
30 3mC31 1.2936 1.6040 31 1 0 3174.1 3176.0 -1.9
31 4mC31 1.2839 1.6040 31 1 0 3157.5 3158.1 —-0.6
32  5mC31 1.2792 1.6040 31 1 0 3150.0 3149.3 0.7
33 6mC3l 1.2765 1.6040 31 1 0 3142.2 3144 4 2.2
34 7mC31 1.2749 1.6040 31 1 0 3140.0 3141.4 -1.4
35 13mC31 1.2715 1.6040 31 1 0 3130.8 31353 4.5
36 16mC31 1.2711 1.6040 31 1 0 3129.8 31344 —4.6
37 2mC33 1.3188 1.5317 33 1 1 3362.0 3366.1 —4.1
38 3m(C33 1.2941 1.5973 33 1 0 3374.5 3375.0 -0.5
39  4m(C33 1.2844 1.5973 33 1 0 3357.5 3357.1 0.4
40 5mC33 1.2797 1.5973 33 1 0 3350.0 3348.3 1.7
41 6m(C33 1.2770 1.5973 33 1 0 3343.7 33434 0.3
42  13mC33 1.2721 1.5973 33 1 0 3328.5 3334.2 =5.7
43 17mC33 1.2715 1.5973 33 1 0 3328.5 3333.2 —4.7
44 2m(C35 1.3192 1.5298 35 1 1 3562.0 3565.1 -3.1
45 3mC35 1.2946 1.5298 35 1 0 3574.3 3571.1 32
46 18mC35 1.2718 1.5914 35 1 0 3527.3 3531.9 —4.6
47  3m9mC23 1.2937 1.7808 23 2 0 2410.0 2410.7 -0.7
48 5m9mC24 1.2797 1.7683 24 2 0 2485.0 2483.6 1.4
49 3mlImC25 1.2936 1.7568 25 2 0 2609.0 2607.9 1.1
50 3ml5mC25 1.2927 1.7568 25 2 0 2605.0 2606.2 -1.2
51 S5mlImC25 1.2792 1.7568 25 2 0 2582.0 2581.2 0.8
52  5ml17mC25 1.2781 1.7568 25 2 0 2585.0 2579.2 5.8
53 7ml1mC25 1.2749 1.7568 25 2 0 2577.0 2573.3 3.7
54 2m6mC26 1.3231 1.6615 26 2 1 2704.0 2705.7 -1.7
55 4m8mC26 1.2860 1.7463 26 2 0 2695.0 2692.6 2.4
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Table 2. (Continued)

No  Compound PEI MTI Nc¢  Noms No_cm3 RI (Exp.) RI (Cal.) A
56 5mlImC26 1.2796 1.7463 26 2 0 2682.0 2680.7 1.3
57  6ml10mC26 1.2773 1.7463 26 2 0 2678.0 2676.5 1.5
58 7mlImC26 1.2753 1.7463 26 2 0 2675.0 2672.8 2.2
59  3m7mC27 1.2972 1.7366 27 2 0 2809.0 2811.8 -2.8
60 3mlI5mC27 1.2935 1.7366 27 2 0 2805.0 2805.1 -0.1
61 SmlImC27 1.2799 1.7366 27 2 0 2782.0 2780.1 1.9
62 5ml17mC27 1.2788 1.7366 27 2 0 2786.0 2778.0 8.0
63 7m23mC27 1.2741 1.7366 27 2 0 2774.0 2769.4 4.6
64 9mI19mC27 1.2725 1.7366 27 2 0 2765.0 2766.4 -1.4
65 2m6mC28 1.3238 1.6494 28 2 1 2905.0 2904.8 0.2
66 2ml10mC28 1.3198 1.6494 28 2 1 2899.0 2897.4 1.6
67 4ml0mC28 1.2854 1.7276 28 2 0 2895.0 2889.0 6.0
68 5mlI5mC28 1.2794 1.7276 28 2 0 2882.0 2877.8 4.2
69  7mlI3mC28 1.2754 1.7276 28 2 0 2873.0 2870.5 2.5
70  3m7mC29 1.2978 1.7193 29 2 0 3008.0 3010.6 -2.6
71  3ml13mC29 1.2945 1.7193 29 2 0 3004.0 3004.5 -0.5
72  5ml13mC29 1.2800 1.7193 29 2 0 2982.0 2977.9 4.1
73  5m19mC29 1.2793 1.7193 29 2 0 2983.0 2976.5 6.5
74  7m17mC29 1.2752 1.7193 29 2 0 2973.0 2968.9 4.1
75  2m6mC30 1.3244 1.6390 30 2 1 3105.0 3103.8 1.2
76  2ml10mC30 1.3204 1.6390 30 2 1 3099.0 3096.4 2.6
77  2ml12mC30 1.3196 1.6390 30 2 1 3095.0 3095.0 0
78  3m7mC30 1.2981 1.7116 30 2 0 3108.0 3110.0 -2
79  4ml10mC30 1.2860 1.7116 30 2 0 3094.0 3087.8 6.2
80 6m10mC30 1.2786 1.7116 30 2 0 3075.0 3074.1 0.9
81 3m7mC31 1.2984 1.7044 31 2 0 3209.0 3209.4 -0.4
82 3mlI3mC31 1.2951 1.7044 31 2 0 3203.5 3203.2 03
83 3mlI5mC31 1.2947 1.7044 31 2 0 3209.0 3202.6 6.4
84 SmI3mC31 1.2806 1.7044 31 2 0 3180.5 3176.6 3.9
85 5ml17mC31 1.2800 1.7044 31 2 0 3182.0 3175.5 6.5
86 7mlImC31 1.2769 1.7044 31 2 0 3170.2 3169.7 0.5
87 11m21mC31 1.2727 1.7044 31 2 0 3162.9 3161.9 1.0
88 2m8mC32 1.3222 1.6300 32 2 1 3297.0 3297.7 -0.7
89  4m8mC32 1.2879 1.6976 32 2 0 3292.0 3288.8 32
90 6ml10mC32 1.27917 1.6976 32 2 0 3273.5 3272.8 0.7
91 8mI2mC32 1.2757 1.6976 32 2 0 3266.0 3266.4 -0.4
92  9m2ImC32 1.2739 1.6976 32 2 0 3262.0 3263.0 -1.0
93  14mi18mC32 1.2724 1.6976 32 2 0 3257.5 3260.3 -2.8
94 3m9mC33 1.2971 1.6913 33 2 0 3403.0 3404.7 -1.7
95  3ml5mC33 1.2952 1.6913 33 2 0 3409.0 3401.3 7.7
96 5ml17mC33 1.2805 1.6913 33 2 0 3380.0 3374.2 5.8
97  5ml19mC33 1.2804 1.6913 33 2 0 3382.0 3373.9 8.1
98 7ml17mC33 1.2762 1.6913 33 2 0 3370.0 3366.3 3.7
99  11m23mC33 1.2731 1.6913 33 2 0 3362.4 3360.5 1.9
100 2m10mC34 1.3214 1.6221 34 2 1 3494.0 34942 -0.2
101 4ml16mC34 1.2856 1.6854 34 2 0 3489.0 3482.5 6.5
102 6ml10mC34 1.2796 1.6854 34 2 0 3473.8 3471.5 2.3
103 8ml12mC34 1.2762 1.6854 34 2 0 3465.0 3465.1 —0.1
104 12m22mC34 1.2730 1.6854 34 2 0 3461.4 3459.2 2.2
105 13m17mC34 1.2731 1.6854 34 2 0 3455.0 3459.5 —4.5
106 3m7mC35 1.2993 1.6799 35 2 0 3609.5 3606.7 2.8
107 3ml15mC35 1.2956 1.6799 35 2 0 3601.0 3600.0 1.0
108 5m9mC35 1.2830 1.6799 35 2 0 3580.0 3576.7 33
109 5m19mC35 1.2808 1.6799 35 2 0 3580.5 3572.6 7.9
110 7m17mC35 1.2767 1.6799 35 2 0 3569.7 3564.9 4.8
111  9m21mC35 1.2745 1.6799 35 2 0 3561.0 3561.0 0
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Table 2. (Continued)

No  Compound PEI MTI Nc¢  Noms No_cm3 RI (Exp.) RI (Cal.) A
112 2m12mC36 1.3210 1.615 36 2 1 3695.0 3691.6 34
113  5m17mC36 1.2812 1.6746 36 2 0 3680.0 3672.2 7.8
114 13m23mC36 1.2732 1.6746 36 2 0 3661.0 3657.4 3.6
115 3ml15mC37 1.2834 1.6697 37 2 0 3779.0 3798.6 2.4
116 5m9mC 37 1.2960 1.6697 37 2 0 3801.0 37753 3.7
117 5m17mC37 1.2814 1.6697 37 2 0 3780.0 3771.5 8.5
118 13m23mC37 1.2733 1.6697 37 2 0 3759.0 3756.7 2.3
119 5m17mC38 1.2815 1.6650 38 2 0 3878.0 3870.8 7.2
120 4m8ml12mC24 1.2868 1.8928 24 3 0 2520.0 2522.4 2.4
121  5m9m13mC25 1.2816 1.8764 25 3 0 2610.0 2611.1 -1.1
122 4m8m12mC26 1.2877 1.8614 26 3 0 2719.0 2720.9 -1.9
123  3m7m11mC27 1.2995 1.8474 27 3 0 2838.0 2841.2 -3.2
124 3m8m12mC28 1.2981 1.8346 28 3 0 2918.0 2937.2 -19.2
125 3m7ml11mC29 1.2998 1.8226 29 3 0 3037.0 3039.0 -2.0
126 5m13m17mC29 1.2809 1.8226 29 3 0 3007.0 3004.1 2.9
127 6m14m18mC30 1.2782 1.8114 30 3 0 3100.0 3097.9 2.1
128 3m7mllmC31 1.3004 1.8010 31 3 0 3236.5 3237.5 -1.0
129 5m13m17mC31 1.2814 1.80100 31 3 0 3205.4 3202.6 2.8
130 7m13m17mC31 1.2771 1.8010 31 3 0 3191.3 3194.7 -34
131  11m15m19mC31 1.2739 1.8010 31 3 0 3181.0 3188.6 -7.6
132 2m10m16mC32 1.3218 1.7239 32 3 1 3324.0 33214 2.6
133  4m12m16mC32 1.2868 1.7913 32 3 0 3316.0 3311.2 4.8
134 6m14m18mC32 1.2789 1.7913 32 3 0 3299.0 3296.4 2.6
135 12m16m20mC32 1.2736 1.7913 32 3 0 3281.0 3286.8 -5.8
136 3m7ml15mC33 1.2999 1.7822 33 3 0 3436.5 34342 2.3
137 5m13m17mC33 1.2819 1.7822 33 3 0 3405.0 3401.0 4.0
138 7ml11m15mC33 1.2784 1.7822 33 3 0 3389.0 3394.6 -5.6
139 11m15m19mC33 1.2744 1.7822 33 3 0 3379.0 3387.0 -8.0
140 2ml10ml6mC34 1.3223 1.7105 34 3 1 3524.0 3520.1 3.9
141 4m8m12mC34 1.2899 1.7736 34 3 0 3515.5 3514.6 0.9
142 6ml14m18mC34 1.2792 1.7736 34 3 0 3497.0 3494.8 2.2
143 8m12ml16mC34 1.2771 1.7736 34 3 0 3486.4 3490.9 4.5
144 12m16m20mC34 1.2740 1.7736 34 3 0 3478 3485.2 -7.2
145 3m7m15mC35 1.3004 1.7656 35 3 0 3636.3 3632.7 3.6
146 5m9m13mC35 1.2845 1.7656 35 3 0 3605.0 3603.3 1.7
147 7ml1lml15mC35 1.2789 1.7656 35 3 0 3588.3 3592.9 —4.6
148 13m17m21mC35 1.2739 1.7656 35 3 0 3577.0 3583.8 —6.8
149 13m17m23mC35 1.2738 1.7656 35 3 0 3583.0 3583.6 -0.6
150 4m8ml6mC36 1.2897 1.7580 36 3 0 3715.0 3711.8 3.2
151 8ml2ml6mC36 1.2775 1.7580 36 3 0 3685.0 3689.3 —4.3
152 14m18m22mC36 1.2738 1.7580 36 3 0 3676.0 3682.4 -6.4
153 3m7m15mC37 1.3008 1.7508 37 3 0 3835.0 3831.1 3.9
154 5m13m17mC37 1.2828 1.7508 37 3 0 3803.0 3797.9 5.1
155 7ml13m19mC37 1.2783 1.7508 37 3 0 3784.0 3789.6 -5.6
156 15m19m23mC37 1.2737 1.7508 37 3 0 3775.0 3781.1 -6.1
157 16m20m24mC38 1.2736 1.7440 38 3 0 3873.5 3879.9 -6.4
158 5ml13m17mC39 1.2831 1.7376 39 3 0 4001.0 3996.3 4.7
159 15m19m23mC39 1.2740 1.7376 39 3 0 3972.4 3979.5 -7.1
160 14m18m22mC40 1.2745 1.7315 40 3 0 4071.0 4079.2 -8.2
161 3m7mllmI5SmC29 1.3009 1.9218 29 4 0 3062.0 3065.6 -3.6
162 3m7mllml5mC31 1.3014 1.8942 31 4 0 3261.0 3263.8 2.8
163 4m8ml2ml16mC31 1.2902 1.8942 31 4 0 3249.0 3243.0 6.0
164 3m7mllmlI5mC33 1.3014 1.8700 33 4 0 3459.0 3461.0 -2.0
165 4m8m12m16mC33 1.2907 1.8700 33 4 0 3448.0 3441.2 6.8
166 3m7mlIm15mC35 1.3024 1.8485 35 4 0 3658.0 3660.2 2.2
167 7mllm15m19mC35 1.2795 1.8485 35 4 0 3628.0 3618.1 9.9
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Table 2. (Continued)

No  Compound PEI MTI Nc¢  Noms No_cm3 RI (Exp.) RI (Cal.) A
168 9m13m17m21mC35 1.2768 1.8485 35 4 0 3617.0 3613.0 4.0
169 11m15m19m24mC35 1.2752 1.8485 35 4 0 3605.0 3610.1 -5.1
170 6ml10m12ml16mC36 1.2826 1.8387 36 4 0 3723.0 3722.5 0.5
171  8m12m16m20mC36 1.2781 1.8387 36 4 0 3713.0 3714.2 -1.2
172 10m14m18m22mC36 1.2761 1.8387 36 4 0 3703.5 3710.5 -7.0
173 3m7mllml15mC37 1.3027 1.8294 37 4 0 3855.0 3858.4 -3.4
174 7mllml15m19mC37 1.2799 1.8294 37 4 0 3823.0 3816.3 6.7
175 9m13m17m21mC37 1.2772 1.8294 37 4 0 3813.0 3811.2 1.8
176 11m15m19m24mC37 1.2756 1.8294 37 4 0 3803.0 3808.3 -5.3
177 10m14m18m22mC38 1.2765 1.8206 38 4 0 3900.0 3908.7 -8.7

Table 3. Experimental and the calculated retention indices (RI) for external test set of 30 methylalkanes, with the values
of the descriptors

No Compound PEI MTI Nc Nems No_cus RI (Exp) RI (Cal.) A
1 5mC27 1.2779 1.6208 27 1 0 2750.3 2750.1 0.2
2 7mC29 1.2743 1.6118 29 1 0 2939.8 2943.1 -33
3 7m11mC21 1.2729 1.8098 21 2 0 2172.0 2174.1 -2.1
4 3m11mC23 1.2927 1.7808 23 2 0 2405.0 2407.5 -2.5
5 3m7mC25 1.2964 1.7568 25 2 0 2608.5 2611.9 -3.4
6 5Sm9mC25 1.2801 1.7568 25 2 0 2586.0 2581.9 4.1
7 4m10mC26 1.2847 1.7463 26 2 0 2692.5 2689.4 3.1
8 6m13mC26 1.2764 1.7463 26 2 0 2681.0 2674.0 7.0
9 Sm15mC27 1.2790 1.7366 27 2 0 2783.2 2777.9 53
10 7mllmC27 1.2756 1.7366 27 2 0 2767.2 2771.7 -4.5
11  9ml1mC27 1.2738 1.7366 27 2 0 2765.0 2768.4 -34
12 4m8mC28 1.2867 1.7276 28 2 0 2895.0 2891.4 3.6
13 5m9mC29 1.2815 1.7193 29 2 0 2982.0 2981.1 0.9
14 7m19mC31 1.2756 1.7044 31 2 0 3166.0 3169.0 -3.0
15 9mI9mC31 1.2737 1.7044 31 2 0 3165.0 3165.6 -0.6
16 2ml10mC32 1.3209 1.6300 32 2 1 3291.0 3292.9 -1.9
17 2m12mC34 1.3206 1.6220 34 2 1 3494.0 3492.2 1.8
18 6ml14mC34 1.2785 1.6854 34 2 0 3475.0 3473.2 1.8
19 3m7ml13mC27 1.2986 1.8474 27 3 0 2840.0 2839.3 0.7

20 2ml10m18mC28 1.3205 1.7568 28 3 1 2918.0 2917.8 0.2

21 9ml13m17mC29 1.2747 1.8226 29 3 0 2995.0 2992.7 2.3

22 5m9mlI3mC31 1.2835 1.8010 31 3 0 3200.0 3206.8 -6.8

23  7mllml5mC31 1.2779 1.8010 31 3 0 3191.3 3196.5 -5.2

24  9mlI3m17mC31 1.2753 1.8010 31 3 0 3192.2 3191.7 0.5

25  5m9m23mC33 1.2831 1.7822 33 3 0 3409.0 3404.4 4.6

26 7ml13ml17mC33 1.2776 1.7822 33 3 0 3395.0 3394.2 0.8

27  9mlI3m17mC33 1.2758 1.7822 33 3 0 3391.9 3390.9 1.0

28 6ml0Om14mC34 1.2808 1.7736 34 3 0 3496.0 34994 -3.4

29 6ml2ml6mC34 1.2798 1.7736 34 3 0 3500.0 3497.6 2.4

30 10m14m18mC34 1.2752 1.7736 34 3 0 3489.0 3489.1 0.1

2.4 Multiple Regression Analysis

Statistical evaluation of the data and multivariate data analysis has been performed mainly by the
software products Origin and Bilin program packages [25]. Additional programs have been
developed in Matlab 6.0 [26]. All work has been performed on personal computers running under
operating system Microsoft Windows 2000. Correlation coefficient (R), adjusted (R”,), variance

ratio (F) and standard error of estimate (SEE) were used to judge the statistical quality of the
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regression equations. The program also generated the predicted values of retention indices. The
final equations had regression coefficients and variance ratio (F) significant to more than 95% level
as revealed by the student #—statistic and p—values. Use of more than one variable in the multivariate

equation was justified by autocorrelation study with the help of the program.

2.5 Validation of the QSRR Models

The predictive powers of the equations were validated by leave—one—out (LOQO) cross—validation
method, where one compound is deleted at once and prediction of the activity of the deleted
compound is made based on the QSPR model. The process is repeated after elimination of another
compound until all of the compounds have been deleted at once. For the validation of the models,
predicted residual sum of square (PRESS), total sum of squares (SSY), cross—validated R* (R*cy),
standard error of PRESS (Spress) and predictive standard error or uncertainty factor (PSE) for the

final equations were considered.

As a further test of the utility of the model, the retention indices of 30 methylalkanes not to be
used for building the QSPR model were predicted. The compounds in the external test set were
measured by using the same methodology as the training set. Then the appropriate descriptor values

were inserted into the correlation equation, and the respective retention indices were calculated.

3 RESULTS AND DISCUSSION

The best five parameters correlation equation obtained for the whole set of 177 compounds is

presented in detail in the following Eq. (8).

RI =-2376.611(x 55.291) + 1844.268(+ 40.247)PEI + 44.927(+ 15.852)MTI
+99.181(+ 0.136)N . +20.124(+1.559)N ., —51.398(+ 2.462)N,

N=177 R=0.9999 R* = 0.9999 R*; = 0.9999 F(5,171) =627419 p<0.000
SEE = 4.6 PRESS =3913.6 SSY=3017.2 R*c;y=0.9999 Spgzss = 5.0 PSE = 4.8

(8)

where N is the number of data points, R is correlation coefficient. RzA, F, p, SEE, PRESS, SSY, chy,
Spress and PSE are adjusted RZ, ratio between the variances of observed and calculated activities,
probability factor related to F-ratio, standard error of estimate, predicted residual sum of squares,
total sum of squares, cross validated R’, standard error of PRESS and uncertainty factor
respectively. The values within the parenthesis are confidence intervals of corresponding

parameters.

The calculated retention indices are shown in Table 2 and plotted against the experimental values
in Figure 2. The average error of the whole set of 177 compound is 3.7, which is lower than 4.6 in
Katritzky’s paper. For the external set, a correlation coefficient of R* = 0.9999 and SEP = 3.7 was
achieved. The calculated retention indices are shown in Table 3 and plotted against the

experimental values in Figure 3.
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In order to obtain insights into the molecular mechanism of interactions between eluent and
stationary phase, the relative importance of structural features in molecules was analyzed. Selection
of the five descriptors was based on the structure of the molecule and the properties related to the
retention data; therefore all descriptors can be well interpreted in terms of chromatography. One of
them, PEI connecting with the polarizability shows the prominent positive effect on the retention
indices. The results indicate that polarizability is a significant factor in these molecules. The MTI
that bases on the molecular graph theory and distance matrix and characterizes the size and the
shape of the molecule has a positive effect on the retention indices, which is in line with the
experimental experience. N¢ and Ncys reflecting the length of the molecule backbone and the
branching of the methylalkanes also has positive affect on the retention data. The magnitude of
these descriptors increases with (1) in the number of atoms in the molecule and (2) in branching.
Within the group of the methylalkanes, the 2—methylalkanes possess the different retention indices
with change of length of the carbon chain, consequently the descriptor N, cy3; behaves as an

indicator descriptor and shows different influence of the 2—methylalkanes to the retention data.

Table 4. Correlation coefficient matrixes for independent variables

PEI MTI N¢ Nems No_cus
PEI 1
MTI —0.3089 1
Ne¢ —0.1433 0.0944 1
Ncms —0.1007 0.8181 0.5162 1
Ny_cni3 0.8122 —0.5028 —0.2431 —0.2602 1
4000 —
Y=0.9999X+0.1749
35001 R?=0.9999
3000
3 2500—:
E 2000 —
1500—-
1000—-
500 T T T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000 4500
RI (Exp)

Figure 2. Plot of the calculated vs the experiment retention indices (RI) for the 177 methylalkanes.

To understand more clearly how the retention indices depend on the structure of the molecule,
one can examine the property vs. descriptor relationship. Analyzing this relationship reveals some
general trends. As already mentioned, the retention indices of the methyl-branched alkanes depend
(1) on the polarizability of the molecule (2) on the length of the carbon backbone (3) on the
branching and shape of the molecule (4) on the position of the methyl groups connected to the
backbone.
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It was to be expected that the GC retention indices of methylalkanes should modeled by
molecular structural descriptors that reflect the relative position and the number of the methyl
groups attached to the carbon backbone, the conformation of the compound, and the length of the
carbon backbone. As our QSPR model shows, these molecular differences are best described by the

selected descriptors.

3600 H

3400 4
] Y=0.9999X+0.2977

3200 4 R®=0.9999

3000 4

2800

RI(Cal)

2600
2400

2200

2000 — T T T T T T T T T T T T T T T
2000 2200 2400 2600 2800 3000 3200 3400 3600
RI(Exp)
Figure 3. Plot of the calculated vs. the experiment retention indices (RI) for the external test set.
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Figure 4. Plot of the residuals vs. the experiment retention indices (RI) for the test set.

It is well known that correlated descriptor variables can lead to unstable models. Therefore, we
investigated the inter—correlations among our descriptor variables. The results in Table 4 show that
no high linear correlation between them. In Figures 2 and 3 we present the retention indices as
calculated by the MLR model compared with the experimental values from the database. The
training set includes 177 methylalkanes and test set has 30 methylalkanes. The good correlation
between the calculated and experimental values suggests that descriptors generated in the model are
extremely sensitive to the retention indices. Figure 4 shows the plots of the residuals against the

experimental values of the retention indices for the test set. The propagation of the residuals in both
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side of zero indicates that no systematic error exist in the development of the QSPR model.

4 CONCLUSIONS

A quantitative structure—property relationship model was derived to study the GC retention
indices of methyl-branched alkanes for a diverse set of 177 compounds. A five descriptor equation
was developed with a squared correlation coefficient of 0.9999 and a standard error of 4.6, which is
close to the average experiment error of 4. Compared with the Katritzky’s model for the prediction
of these compounds, our model is simple and exhibits superior performance. The descriptors
appeared in the model coding the chemical structure effectively and simply provide information
related to the different molecular structure and molecular properties participating in the
physicochemical process that occurs in the GC separated process. The correlation equation and
descriptors can be used for the prediction of retention indices for similar compounds in cases where
retention values were not readily available. The advantage of this approach over other methods lies
in the fact that the descriptors used can be calculated from structure alone and are not dependent on
any experiment properties. This paper provided a simple and straightforward way to predict the
retention indices of the alkanes from their structures and gave some insight into structural features

related to the retention of the compounds and the construction of structural descriptors.
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