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Abstract: A quantitative structure-retention relationship (QSRR) model has been developed for the

chromatographic (GC) Kovats indices of silane derivatives on Apiezon M stationary phase. AMI

method was employed to calculate a set of molecular descriptors of silane derivatives, Using multi-

ple linear regression (MLR), we obtained the empirical functions with high correlation coefficient

between Kovats indices and quantum-chemical descriptor, The results indicated that the QSRR

models proposed were satisfactory.
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1 Introduction

The study of the quantitative structure-reten-
tion relationship (QSRR) of solutes is a useful
method for discussing the retention mechanism in
gas chromatogram and an important topic in chro-
matographic thermodynamics.

As a branch of QSAR, the concept of QSRR
has been more popular in chromatographic re-
search in recent two decades. As is well-known,
the chromatographic retention is based on the in-
teraction between the solute and the stationary
phase, which included directional force, induction
force, dispersion force, hydrogen bond, and so
on. The difference of the retention is the macro-
cosmic reflection of the molecular structure of the

solute and the properties of the stationary phase.

k5 B 1. 2010-02-16.

In the last two decades QSRR have often
been applied to''!; (1) predict retention for a new
solute; (2) identify the most informative struc-
tural descriptors (regarding properties); (3) gain
insight into the molecular mechanism of separa-
tion operating in a given chromatographic system;
(4) evaluate complex physicochemical properties
of analytes, other than chromatographic; and (5)
predict relative biological activities,

Good correlation was obtained between RI
and theoretically calculated data for molecules
with different functional groups: alkanes™, dial-

kylhydrazones'™ , alkenes-", alkybenzenes and

naphthalenes--, phenol derivatives™, azo com-

poundst'™, primary, secondary and tertiary a-
mines-"!, etc. The interest in studies dealing with

the retention behavior of solutes in different sta-
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tionary phases has been increased substantially
present years'®,

In the literature several models have been de-
scribed, from linear ones ( MLR) to nonlinear
ones (artifical neural network) in order to calcu-
late these values as accurately as possiblel*'",
However, the QSRR of silane derivatives on Api-
ezon M stationary phases has not been reported.

The goal of our present study is to develop
QSRR models for the correlating of chromato-
graphic Kovats indices of a set of silane deriva-
tives on Apiezon M stationary phase with their
molecular structures and is to explain on the re-
tention mechanism. The structures of these mole-

cules are represented by quantum chemical de-

scriptors.
2 Theory

2.1 Descriptor generation

To obtain a QSRR model, the compounds
must be represented by molecular descriptors and
retain as structure information as possible. Here
quantum-chemical descriptors were used because
they could be easily obtained using quantum
chemistry program and also had specific chemical
meaning. The calculation of quantum-chemical
descriptors was described as follows: all mole-
cules were drawn into MOPAC (ChemOffice,
2004) program and pre-optimized using AMI
method’, The Gaussian03M'*! with AM1 method
was used for optimized structure and calculation
of the sum of Miilliken positive charges with hy-
drogens summed into heavy atoms in molecule
(Q), dipole moment (D), the lowest unoccupied
molecular orbital (LUMO), the highest occupied
molecular orbital (HOMO), entropy (S), nucle-
ar repulsion energy (E,), Vibrational energies
(Evib), and heat capacity at constant volume (C,).
2.2 Principle of PCA

Application of principal component analysis
(PCA) has become a popular method in the last
decades. It can provide information: classifica-
tion, searching similarities, finding relationships,
finding physical signifacance to principle compo-

nents, etc. The principles of PCA can be seen the

work by Héberger and Gorgényi-*-,
2.3 Statistical analysis

In the present work, linear model was used.
The linear model was multiple linear regression
(MLR), which was 2 common method used in
QSRR study. The QSRR equations were obtained
by using stepwise multiple regression techniques
following the multilinear forms;

RI=b6,+b6,D, +6,D,+...5, D,, where Rl
was the Kovats indices, D;, D, and D, were the
descriptors, the intercept (#,) and the regression
coefficients of the descriptors (b, b,,...5,) were
determined by using the least squares method,
and n was the number of the descriptors. The sta-
tistical evaluation of the data was obtained by the
software SPSS. In MLR analysis, the descriptors
in the regression equation must be independent,
So, in order to reduce the number of the descrip-
tors and minimize the information overlap in the
descriptors, the concept of non-redundant de-
scriptors (NRD)M'"*) was used. The linear corre-
lation coefficients value of the two descriptors

should less than 0. 9,

3 Experiment and Methodology

3.1 Retention indices

In Table 1 Kovats indicess (RI) of silane de-
rivatives on stationary phases (Apiezon M) for
model in this paper were taken from the report of
I. B. Peetret™. The retention data were obtained
isothermally at 160°C. In this paper, 63 com-
pounds were random selected from the total com-
pounds, 42 compounds as developing mode set
(M group), and 21 compounds as validation set
(X group).
3.2 Model developing

The QSRR model developed in MLR was ac-
complished through the following statistical vali-
dation techniques. The RI values of silane deriva-
tives on stationary phases were versus each of the
descriptors. The statistics showed that S was the
best correlated parameter and was selected for
higher-order regression treatments. Then the in-
ter-correlations between S and other descriptors

were calculated, on the basis of the concept of
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non-redundant, some descriptors that closely re-
lated to S were deleted. Then, with the rest de-
scriptors, MLR stepwise regression was used to
select suitable variables in the model. In the suc-
cessive step, according to the stepwise multilinear
regression method, the noncolinear descriptors
were selected and regressed against Rl. And the
best model was selected based on the correlation
coefficient (), F value (a statistic for assessing
the overall significance), the lowest standard er-
ror of estimation (S. E) and significance levels of

each term (p,) and of the whole equations (p,).

4 Result and Discussion

4.1 The molecular descriptors of QSRR models

The Kovats indicess and the molecular de-

scriptors of QSRR models calculated using AM1
method were summarized in Table 1,

Geometry optimization of the compounds
presented in Table 1 is the most important step;
the calculated frequencies of compounds using
AM1 method had no imaginary vibrational fre-
quency, indicating that the optimized geometries
were reasonable and reliable.

For minimizing the information overlap in the
descriptors, according to the linear correlation co-
efficients value, the overlap descriptors should be
deleted. And the linear correlation coefficients
value of the descriptors is summarized in Table 2.
Therefore, we selected S, D, Q, HOMO and
LUMO as descriptors variable of RI.

Tab.1 The retention indices on Apiezon M stationary phases and the descriptors of silane derivative

Set Compound D Q LUMO C, Evib E, S HOMO RI

M, MeSi(OMe); 1. 4891 1. 901 0. 04508 40. 774 111.763 229. 6791216798 118. 461 —0.38818 624

M: MeSi(OE); 1. 0110 1. 589 0. 04544 54,702 168. 005 382. 2560539425 140.744 —0.38523 772
Xy MeSi(OPr); 1. 6348 1.914 0. 04579 68. 741 224. 657 552. 9924294381 159.731 —0.38267 1015
M; MeSi(OBu); 1. 0413 1.921 0.04263 82. 868 281.268 726. 2630312076 185.33  —0.38649 1271
My MeSi((OPe); 1. 0505 1.921 0. 04253 96. 998 337. 883 911, 3589009571 209. 687 —0.38638 1538
X MeSitOHex) 1. 0561 1. 587 0.04253 96. 998 337. 883 911. 3589009571 209.687 —0.38638 1808
M; MeSi(OHept); 1. 0596 1. 521 0.04245  111.121  394.506 1103. 1738296896 233.99 —0.38633 2085
Ms  MeSi(OMe)(OBw)  1.1572 1. 588 0.04218 68. 772 224.828 542. 1444270760 161.832 —0.38842 1078
X; MeSi(OMe),OHept 1.3408 1. 904 0. 04512 68. 968 224. 864 519. 0026189504 165. 621 —0.38536 1146
M; MeSi(OEt); OPe 1. 0898 1. 590 0. 04387 68.679 224.671 544. 8974824006 159.151 —0.39020 1035
Mz MeSi(OEt) (OPe);  1.4545 1.914 0. 04592 82. 809 281. 300 739.1673470733 182. 898 —0.38123 1290
Xs  MeSi(OPr),OHex 1.5721 1.916 0.04538 82. 892 281. 264 714. 2937821354 191.031 —0. 38508 1283
M, EtSi(OMe); 1. 5355 1. 577 0. 04470 45. 280 130. 838 279.1228429224 124.015 —0. 38749 723
My EtSiC(OED; 1.5335 1.577 0.04623 59. 181 187. 075 443. 6662625713 142. 464 —0. 38432 859
Xs EtSitOPn); 1. 4421 1.914 0. 04581 73. 347 243.648 618. 5084402536 164.906 —0.38054 1100
My, EtSi(OBu), 0. 8400 1.921 0. 04202 87.520 300. 253 792. 4993328707 196.097 —0.38357 1353
M, EtSi(OPe); 0. 8568 1.921 0.04191 101. 646  356.874 979. 8580701296 220.481 —0.38352 1614
Xs EtSitOHex); 0. 8400 1. 587 0.04182  115.772  413.495  1172.4312244642  244.955 —0. 38348 1882
Mi; EtSi(OEt), OPr 1.5232 1.911 0. 04611 63. 906 205. 934 500. 9260049352 150. 617 —0.38393 939
My, EtSi(OEt); OBu 1. 0853 1.919 0.04573 68. 689 224. 789 550. 5756412706 165.094 —0.38131 1028
X;  EtSHOED(OPr); 1.5366 1.912 0. 04596 68. 619 224.795 560. 0711658153 158. 753 —0.38278 1021
M;;  EtSi(OE0)(OBuw):,  0.7941 1.588 0.04220 78. 241 262. 461 667, 1645361970 183.052 —0.38247 1191
Mis PrSitOMe), 1. 3680 1. 906 0. 04484 49. 901 149. 763 325. 6740755747 133.372 —0.38788 805
Xg PrSiCOE), 1. 6229 1.913 0. 04609 63. 887 205. 933 198. 1126821888 151.113  —0.38534 933
M, BuSi(OMe); 1. 5179 1. 568 0. 04474 54. 395 168. 729 379. 2506761171 136.685 —0.38713 895
Mg BuSi(OE) 0. 9899 1.923 0.01335 68.770 224.702 553. 6903177286 161. 056 —0.38450 1013
Xq PeSi(OMe) 0.9733 1. 584 0.01104 59. 350 187. 477 423. 7139809705 149. 876 —0. 38867 985
Mg PeSi(OED) 4 1. 6032 1.913 0. 01663 71.104 243.215 618. 4423095567 160. 927 —0.38245 1102
Mo, Me, Sit OMe), 0. 6852 1. 188 0. 01319 38.190 107. 175 182. 9564983337 110. 187 —0.38%13 576
Xin Me; SHOQED , 0. 6989 1. 907 0. 04471 17. 460 144. 677 275. 4042519551 123.325 —0.38279 678
My Me; SitOPr), 0.7953 1. 497 0.04183 56. 795 182. 482 371. 41227686041 111. 026 —0.38217 847
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Tab. 1 The retention indices on Apiezon M stationary phases and the descriptors of silane derivative

Set Compound D Q LUMO C, Evib E, S HOMO RI

M, Me; Si(OBu)2 0. 8898 1. 908 . 04510 66.204  220. 246 464. 4102906294 156.95 —0.38195 1024
Xu Me; SiCOPe), 0.8750 1. 495 . 04501 75.617  257.998 566. 5001199016 172.958 —0. 38185 1209
Mz;  Me;SitOHex), 0.6229 1. 907 04320 83.226  295.019 677. 1146536509 185. 307 —0.38337 1396
Mz Me;Si(Ohept), 0.6160 1.907 04316 92.642  332.768  787.1460393022 201.702 —0.38337 1587
X1z Me;SitOMe)OHept 0. 8133 1. 492 . 04400 66.278  220. 331 459. 5785347826 157.077 —0,.38534 1098
Ms;  Me;SiCOEt)OHex 0. 8857 1. 908 04528 66.219  220. 246 459. 5165721750 157.18 —0.38239 1042
Mzs  Me;SiC(OPDOPe  2,0180 1.913 04461 66.167  220.252 468. 5461827643 154. 414 —0.38077 1027
X3 Me;SiCOPr)OHept 2. 1825 1. 505 . 04457 75.584 258. 000 569. 0734418167 170.855 —0.38077 1218
Ms; Me;Si{OBu)OHex  0.6234 1. 907 04327 73.810  257.273 568. 8490790520 168.81 —0.38345 1210
Masg Et;Sit(OMe), 1. 7724 1. 492 04181 47. 319 145.120 279.1467467823 120.098 —0.37696 795

X4 Et;SiC(OEt), 0.5099 1. 900
Mz Et;SiCOPr); 1. 0019 1. 492
M, Et; Si(OBu); 1. 9673 1. 909
Xis Et;Si{OPe), 1. 9758 1. 501
M3, Et;Sit(OHex); 1. 9536 1. 918

. 04333 56. 589 182. 697 386. 8437391488 136.826 —0.37979 878
04377 65. 956 220.440  498. 8910055388 150.87 —0.37560 1047
. 04308 75.568  258.117 599. 7265871598 172.513 —0.37436 1216
04301 84,984 295,865 712. 8001606208 188.727 —0.37435 1394
04416 94.363  333.615 821. 4699625259 203.867 —0.37086 1580

M;; Pe; Si((OMe), 2. 1581 1. 496 . 04306 75.364  258.478 584. 9644456863 171.738 —0.38207 1296
Xis Pe; SIOCOED, 0. 6077 1. 906 04324 84.780  295.922 723. 2485596859 184. 844 —0.38052 1354
M3 Me; SiOMe 1.5998 1. 850 05135 33. 664 102.078 139. 5457517468 100.616 —0.38282 506
M, Me; SiOEt 1. 4905 1. 384 05175 40. 405 121. 365 178. 2070931712 114.884 —0.37820 558
X7 Me; SiOPr 1. 5530 1. 861 05093 44.979 140. 315 220. 4298976125 122.145 —0.37779 645
M;s Me; SiOBu 1.5410 1. 861 05096 47,705 158. 588 263. 0874162246 122,799 —0.37819 741
My Me;SiOPe 1. 5402 1. 861 05077 54. 390 178. 069 306. 1391104152 138.245 —0.37777 836

X)n Me;SI()HCX 1. 5259 1. 861
M;r Me; SiOHept 1.5362 1. 861

. 05052 57. 094 196. 363 350. 2615649160 139.17 —0.37749 932
. 05070 63. 804 215. 821 396. 3453880183 154.281 —0.37763 1030

I T R R R R - = T = T O T R

Mg Et;SiOMe 1. 5238 1.371 . 04994 49. 446 159.523 277. 4469107846 120,719 —0.37081 858
Xis EtSiOEt 1. 4230 1. 841 05020 54. 244 178. 213 327.0979435004 129.487 —0.36838 901
My Et; SiOPr 1.3132 1. 375 . 04997 58. 766 197. 226 379. 6211840238 138.652 —0.36998 986
Mo Et;SiOBu 1. 5295 1. 842 . 04933 63.498  216.034 430. 8830505248 146.29 —0.36901 1076
Xao Et;SiOPe 1. 3557 1. 848 . 05005 68.277  234.923 476. 1752334307 156.86 —0.37035 1169
My, Et; SiOHex 1. 3828 1.375 . 04967 72.923  263.815 531. 5322855075 162.408 —0.37012 1262
M,z Et;SiOHept 1. 3837 1. 843 . 04964 77.631 272. 690 582. 6402538448 170. 534 —0.37012 1358
Xa) Bu; SIOEt 1. 4910 1. 833 . 04950 81. 891 291.728 668. 5230793752 175.68% —0.37048 1337

Note; Me-methyl; Et-ethyl; Bu-butyl; Pr-propyl; Pe-pentyl; OMe-methoxy group; OEt-oxethyl; OPr-oxypropy! group; OBu-butoxy;
(Pe-pentyloxy; (OHex-hexanoyl; OHept-heptyl oxygen.

Tab.2 The correlation matrix for the Tab. 3 Result of the principal component analysis
description used in MLR Factor  Factor  Factor  Factor  Factor
D Q LUMO HOMO S Rl loading 1 loading 2 loading 3 loading 4 loading 5
D 1. 000 D 0.630 0. 355 0.435 0.532 0. 066
Q —0.090 1.000 Q —0.520 0.634 0. 450 —0.328 —0.131
LUMO 0.362 —0.182 1.000 LUMO 0. 827 0. 165 0.044 —0.476 0.248
HOMO 0.383 —0.191 0.549 1. 000 HOMO 0.653 0.540 —0.486 0.011 —0.214
S —0.296 0.470 —0.530 —0.055 1.000 S —0.708 0.541 —0.341 0.170  0.248
Rl  —0.214 0.395 —0.443 0.084  0.964 1.000 Explained o0 s o.64s 0,190
variance
4.2 PCA of descriptors variables Proportion
of the total 45.6 22. 8 14.9 12.9 3.8

The original matrix was decomposed into .
variance (%)

loadings and scores matrix by PCA. Table 3
showed the result, which supported that the orig- factor explained 45. 6%, the second 22. 8%, the
inal variables were not strongly correlated. The first ~ third 14.9%, the fourth 12.9% and the fifth
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3.8%. From Table 3 the significant values were
put in bold (the loading were >0.7000!""-). The
first factor correlated well with D, Q, HOMOQO,
LUMO and S.
4.3 Result of the model with MLR

For cross-validation of molecular descriptors,
stepwise regression routine was used to develop
QSRR models with the descriptors (D, Q, HO-
MO, LUMO and S) of 42 compounds ( M

group). The linear model from diverse combina-

tion of molecular descriptors of silane derivatives
were obtained, and the regression coefficients of
the descriptors (included standard estimation er-
rors and correlation coefficients) were listed in
Table 4.

From Table 4 it could be seen that the best
model has the highest F values, the lowest stand-
ard error of estimation (S, E) and significance lev-
els of each term (p,) at less than 1% level. So,
the RI are controlled by HOMO and S.

Tab.4 The descriptors and regression equations of different stationary phases

Adjusted Std. Errorof

Standardized Sig. (p2)

Coefficlents

Unstandardized

Std. Error Sig. (p1) F R R Square

R Square the Estimate
75.26182 0. 000

Coefficients

(Constant)  2357. 255 767.491 3.071 0.004 362.125 0.974 0.949 0. 946
HOMO 7634. 360 2015. 337 0.137 3. 788 0. 001
S 10. 303 0. 384 0.972 26.812  0.000

4.4 Retention mechanism

Three main types of QSRR have been em-
ployed in previous work. The oldest type corre-
lates logarithms of retention factors (logk) with
the logarithms of n-octanol-water partition coeffi-
The second type of QSRR is

based on the solva-tochromic comparison method

cients (logP ).

and the so-called linear solvation energy relation-
ships (LSERs)!™?1. The third type of QSRR e-
quation describes the chromatographic retention
values in terms of quantum chemical indices and/
or other structural descriptors from calculation

‘2231 which is very popular today.

chemistry

The retention mechanism was discussed as
below: From the molecular orbital theory of
chemical reactivity, as an electron donator, HO-
MO represents the ability to donate electrons. It
becomes easier to donate electrons with the in-
creasing of energies of HOMO; meanwhile it be-
comes easier to form hydrogen bond with the sta-
tionery phase. From Table 5 the result shows
that Rl increases with increasing of HOMO ener-
gies. The McReynolds constant of Apiezon M is
X:31; Y:22; 7. 15; U, 30; S, 40; the CP val-
ue is 3. Apiezon M contains few benzene group,
alkenes, carbonyl, etc. , which has LUMO orbits
to accept electrons from HOMO in silicon deriva-
tives,

The previous works—""*- have discussed the

relationship between Rl and AS. Retention in GS
is described in terms of free energies change, AG,
upon transfer of a solute from a gas mobile to sta-
tionary, and expressed as the retention factor k;

AG=—RT(nk—InPInk=—AHs/RT+AS/
Rk Ing.

Tab.5 The experimental retention indices
of different compounds on stationary phases™'®

and calculational values by MLLR

Compounds RI(exp) RI(cal) Er Er%
MeSi(OPr); 1015 1082 67 6.6
MeSt(OHex) 1808 1567 —241 —13.3
MeSitOMe),OHept 1146 1122 —21 2.1
MeSi(OPr).OHex 1283 1386 103 8.0
EtSitOPr); 1100 1151 51 1.6
EtSitOHex), 1882 1953 71 3.8
EtSi(OEt) (OPr).» 1021 1071 50 4.9
PrSi(OEt); 933 972 39 1.2
PeSi(OMe); 985 934 —51 —3.2
Me, SIHOED 678 706 28 41
Me; Si(OPe). 1209 1224 15 1.2
Me; SitOMe)OHept 1098 1034 —61 —3.8
Me; SiCOPr)Uhept 1218 1211 —7 —0. 6
Et:SitOED» 878 868 —10 —1.1
Et;SicOPe}» 1391 1444 50 3.6
Pe-SiOCOEL) . 1351 1357 3 0.2
Me; SiOPr 6143 732 87 13.5
Me; SiOHex 932 909 —23 —2.93
EtSI0Et 901 879 —22 —2.4
Et;Si0)Pe 1169 1116 —23 —2.0
Bu;SiOEt 1337 1339 2 0.1
R 0.9724
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where £ is the equilibrium constant, T is the
absolute temperature, R is the gas constant, g is
the phase rate, AH is dissolution enthalpy, AS is
dissolution entropy. AH and AS are associated
with the transfer of a solute from the mobile
phase to the stationary phase. So, S is a descrip-
tor associated with RI.

The value of the experimental retention indi-
ces used Exp. ; the value of the predictive reten-
tion indices used Cal.

4.5 Predicted RI of silane derivatives (X group)

The predicted Rl of silane derivatives and the
experimental RI!'® are collected In Table 5 and
Fig. 2. The result showed that the relative errors
are in range from-13.3%to 13. 5%, and most of
errors are less than 5%. The correlation coeffi-
cients between the experimental RI and predicted
RIis 0. 9724, indicating that the developing mod-

el is satisfactory.

1818.65
1549 18 -
127971 F "
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1010.24
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333;
J71.3 1 L i 1 ]
506 8218 L1370 14534 17092 2085
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Fig.1 Plot of the calculated RI, vs. experimental Rl
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17030 F
14542 |
= ~
12008 F .
9554 | ?_r’f
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700 T A L 1 L L
645 8924 1139.8  1387.2 16340 1882

RI.

Fig. 2 Plot of predicted RI; and experimental

RI; retention index

5 Conclusion

In the study, based on the quantum chemical
descriptors computed by AM1, good model for
QSRR of silane derivatives was obtained. The re-
tention mechanism of silane derivatives of separa-
tion operating in the gas chromatogram was dis-
cussed. The main influence factors of Kovats in-
dices are HOMOQ and S. The results indicated
that the QSRR model proposed was satisfactory.
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