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CORRELATION BETWEEN THE CHEMICAL
STRUCTURES OF DIALKYL PEROXIDES AND
THEIR RETENTION IN REVERSED-PHASE
HIGH-PERFORMANCE LIQUID
CHROMATOGRAPHY

STEFAN BAJ AND MAL.GORZATA DAWID
Institute of Organic Chemistry and Technology
Silesian Technical University

ul. Krzywoustego 4
44-101 Gliwice, Poland

ABSTRACT

High-performance liquid chromatographic capacity factors were determined on LiChrosorb
RP 18 10 pm stationary phase for various organic peroxides. Studies of the quantitative structure-
rctention relationship (QSRR) employing non-empirical structural descriptors for the investigated
compounds were performed by means of muitiple regression analysis. Semi-empirical methods
MINDO/3, MNDQ, AM1, PM3 were cmployed to determine the structural descriptors which may
influence the retention in a reversed-phase chromatographic system. Informative values of non-
empirical structural descriptors determined with various semi-empirical methods have been compared.

INTRODUCTION

Organic peroxides are a group of organic compounds of considerable practical
and theoretical importance [1-4]. Mixtures which contain organic peroxy substances
are on the whole difficult to analyse by means of conventional techniques.

High-performance liquid chromatography (HPLC) is a versatile, efficient and

relatively rapid method of separating non-volatile, thermally labile compounds, and it is
3933
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ideal for the separation and study of mixtures containing peroxy compounds [5-9). The
importance of HPLC in the analysis of peroxy compounds seems to be quite obvious.

The study of the relationship between retention indices and parameters
describing the structure of molecules of the solute is one of the most intensively
investigated question in modern chromatography [10]. These studies concern a set of
various chemical compounds and various sets of structural parameters have been
employed, no investigations of this type, however, have been carried out as far as
organic peroxy compounds are concerne. Using this approach, it is possible to identify
the dominant factors which define the interaction of solute molecules with chemical
entities forming the chromatographic system. The assignment of retention factors for
various substituents was suggested by Martin [11] and validated by Bate-Smith and
Westall [12]. Horwath and co-workers [13.14] and others [15,16] have determined the
quantitative structure-retention relationship (QSRR) for a variety of compounds and
demonstrated the value of contribution of the functional group for both the prediction
of retention and structural elucidation. Most QSRR reported in chromatographic
literature were derived by means of multuple regression analysis. The dependent
variable formed a set of retention data, while various empirical, semi-empirical and
non-empirical structural parameters were assumed as independent variables. The
selection of independent variables (structural descriptors) depends on numerous
factors, among them the chromatographic techniques applied in the investigations.
Retention differences related to the chemical structure have been discussed in
adsorption liquid chromatography, where hydrogen bonding and n—x interaction are
dominant as well as in reversed-phase and ion-exchange liquid chromatography, where
the molecular interaction 15 probably related to solubility. One method of measuring
this solubility in terms of the hydrophobic fragmental constant (log P) has been
proposed by Rekker [17]. These QSRR have been discussed in detail by Kaliszan [18-
20] who listed over 100 studies relating the partition coefficient (log P) factor to
retention in HPLC

Recent studies in reversed-phase chromatography have shown that both

electrostatic and hydrophobic interactions make important contributions to retention
[21-23]. The former 1s directly related to the solute charges and the latter to solute
hydrophobicity.

In our study, the QSRR analysis a the variety of organic peroxides on RP
HPLC was established through the simultaneous solution of a set of linear equations.
As independent variables (structural descriptors) non-empirical parameters of the
molecules were chosen which can be related to the hydrophobic or electrostatic

properties of the molecules. These descriptors were calculated by means of semi-
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empirical methods of quantum chemistry: PM3, AM1, MNDO i MINDO/3. Such an
approach makes it possible to investigate also the application of this type of method for
the prediction of retention.

The experiments described in this paper were designed to obtain some insight
into the molecular mechanism of retention under reversed phase conditions and to
evaluate the informative value of structural descriptors most often used in QSRR

studies by means of different semi-empirical methods.

EXPERIMENTAL

Materials

Ethyl cumyl peroxide, n-propyl cumyl peroxide, iso-propyl cumyl peroxide, n-
butyl cumyl peroxide, iso-butyl cumyl peroxide, sec-butyl cumyl peroxide, tert-butyl
cumyl peroxide, n-hexyl cumyl peroxide, n-heptyl cumyl peroxide, n-oktyl cumyl
peroxide , n-nonyl cumyl peroxide, allyl cumyl peroxide and benzyl cumyl peroxide
were synthetized in the Institute of Organic Chemistry and Technology according to
the method presented n reference [24].

Methyt alcohol, HPLC grade; Merck Darmstadt.

Instrumentation

The chromatographic system consists of a Philips LC XPD Chromatograph, a
Reodyne Model 7125 syringe-loading injector with a 20 pl loop and a standard
Cartrige Glass Column LiChrosorb RP 18 (10 um). The mobile phase were methanol-
water mixtures at a flow rate of 1.0 cm3/min. The compounds were detected at 257
nm with LC XPD UV-VIS Detector and integrated with a CDP4 integrator.

Determination of retention parameters

Chromatography was carried out using eluents with the following proportions
(v/v) of methanol to water: 95 :5, 90 :10, 85 : 15, 80 : 20, 75 :25, 70 : 30. The
capacity factors &’ were calculated assuming a constant dead volume of the column,
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taking the signal of water as the dead time marker. Logarithms of capacity factors

(log k") for the respective compounds were plotted against the volume of methanol

concentration.

Determination of structural descriptors

For each investigated peroxide the individual structural parameters which may
influence retention, are: the total energy (ETOTAL). the heat of formation, the net
electron charges on individual atoms (01, 02), the dipole moment, the square of the
dipole moment (DIP2), the torsion angle between some of the atoms in a molecule
(C1-01-02-C2) (see Fig. 1.), the energy of LUMO (Ey ymo) and HOMO (EHOMO)
molecular orbitals. Molecular geometries were optimized and all the parameters
mentioned above were calculated by means of the appropriate orbital package
MOPAC procedures according to the methods PM3 [{25], AM1 [26], MNDO [27] and
MINDO/3 {28]. The structure of a methyl cumyl peroxide molecule, optimised
according to the MNDO method is presented in Figure 1.

The values of structural descriptors obtained by means of all the applied
methods are listed in tables I-1V.

RESULTS AND DISCUSSION

Logarithms of the capacity factors (log k") for the respective organic peroxides
were plotted against the volume fraction of methanol in the eluent. The parameters
derived from least squares regression for the investigated systems are given in Table V.
Excellent linear relationships were obtained.

From the regression equations obtained ( log k' = a*x + b), the log ¥
coefficients were calculated for all investigated compounds at the point corresponding
to the proportion (v/v) 82 :12 methanol : water as eluent. The calculated values of log
k' were then subjected to a correlated analysis with parameters describing the structure
of the molecules of the organic peroxides.

In order to describe the relation between the retention indices of organic
peroxides and the calculated structural parameters, a multiparameter regression
analysis was performed. The QSRR equations were solved first by a stepwise
regression analysis taking into consideration the significance of the respective

descriptors. The setting up of such a preliminary correlation made it possible to
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{ () Oxygen
FIGURE 1. Molecular structure of ethyl cumyl peroxide calculated with MNDO semi-
empirical method.

Hydrogen

Carbon

eliminate from them those descriptors which did not indicate a good correfation with
log k'. Based on these calculations the following descriptors were eliminated: the heat
of formation, the net charge on the atoms O1 and O2, the torsion angle between the
atoms C1-01-02-C2, and the dipole moment. Multiple regression analysis, applying
log k' as a dependent variable and the total energy (Eppr4y)- the values of LUMO
and HOMO energy (Ey )10, and E; 1, 5) and the square of dipole moment (DIP)2 a5
dependent variables, was performed for each set of structural descriptors (MINDO/3,
MNDOQO, AM1, PM3 results). The obtained QSRR equation are presented below:

MINDO3:
log k" = -49.6814 - 0.0026 (£0.0002)E )4z, - 4.5693(x1.65418)E, 0
+ 3.0164(+0.92318)E; 1, + 0.6366(+0.13483)(DIP)? )
R =0.9900, F = 89.386, p< 1107

MNDO:

log k"= - 159.490 - 0.003 (x0.00035)E)ggy = 16.091(8.33871)E oo

+ 11L512(24.2197D)E, 0y + 0.738(£0.59894)(DIP)2 @

R =0.9620, F = 24301, p< 1510%
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TABLE §

STATISTICAL PARAMETERS OF LINEAR FIT OF LOG k' I'ERSUS METHANOL CONCENTRATION IN
MOBILE PHASE

Number of calibration points for each compounds, n=5; number of replicates of each injection, m=7

Compounds Intercept Slope R SEb
b a
Ethyl cumyl peroxide 729140205 | -0.079£0.003 | 0.998 0.0405
n-Propyl cumyl! peroxide 9.219+0.303 -0.098+0.004 |  0.998 0.0597
iso-propyl cumyl peroxide 9.912%0,402 -0.110£0.005 | 0.997 0.0792
n-Butyl cumyl peroxide 10.810£0.610 -0.076+£0.008 |  0.993 6.1203
iso-Butyl cumyl peroxide 10,7230 508 -0 113£0.006 | 0.995 0.0999
sec-Butyl cumyl peroxide 10.7940.500 -0 11520.006 | 0.996 0.0979
tert-Butyl cumyl peroxide 8.87240.091 -0.097£0.001 | 0.999 0.0179
n-Hexy! cumyl peroxide 12.352+0.766 -0.12420.087 |  0.995 0.0978
n-Hepty! cumyl peroxide 14.076x1.047 -0.14720.012 ] 0.993 0.1345
n-Oktyl cumyl peroxide 101.780+1.241 -6.5396+0.534 | 0.993 0.9000
n-Nonyl cumy! peroxide 102.288+1.352 -5.794£0.496 |  0.993 0.9500
Alhl cumy! peroxide 6.631£0.442 -0.071£0.006 | 0.991 0.0868
Benzyl cumyl! peroxide 163450 274 -0.11120.003 | 0.998 0.0540

@R = correlation coefficicnt
b S.E. = standard error of rcgresion

AMI:
log k"= -27.4426 - 0.0028 (£0.00045)Eygqz = 1.7695(x9.77508)E 000
+ 8.7019(+4.71280)E, ) + 0.3789(20.33524)(DIP)2 3)
R =0.9492, F=18.203, p< 410
PM3:

log k" = -37.4557 - 0.0028 (+0.00059)E )4, - 3-2411(22.016T)E 000
+ 6.5051(+3.23314)E y0s) - 0.5614(0.58134)(DIP)2 4)

R =0.9355, F=14.041, p< 1107
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PARTIAL CORRELATION COEFFICIENTS DERIVED FROM MULTIPARAMETER
REGRESSION OF LOG K' VERSUS STRUCTURAL DESCRIPTORS CALCULATED
WITH MINDO/3, MNDO, AM1 AND PM3 METHQDS.

Structural Partial Correlation Coefficient
descriptor MINDO/3 MNDO AM1 PM3
Ernrar -0.9778 -0.9532 -0.9126 -0.8551
Egnmn -0.6987 -0.5637 -0.1201 -0.4940
Eromo 0.7661 0.6942 0.2056 0.5794
(DIP)2 0.8578 0.4992 0.1574 0.3730
45
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FIGURE 2. Relationship between the retention parameters of organic peroxide (log k' )
determined experimentally by RP HPLC (stationary phase: LiChrosorb RP 18
10 pm; mobile phase: methanol : water = 82 : 18 v/v) and calculated using eqn. 1
(MINDOQ/3). 1 - Ethyl cumyl peroxide; 2 - allyl cumy! peroxide; 3 - iso-propy!
cumyl peroxide; 4 - fert-butyl cymyl peroxide; 5 - n-propyl peroxide; 6 - benzyl
cumyl peroxide; 7 - sec-butyl cumy! peroxide; 8 - n-butyl cumyl peroxide; 9 - iso-
butyl cumyl peroxide; 10 - hexyl cumyl peroxide; 11 - heptyl cumyl peroxide; 12
- octyl cumyl peroxide; 13 - nonyl cumyl peroxide.
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FIGURE 3. Relationship between the retention parameters of organic peroxide (log k' )
determined experimentally by RP HPLC (stationary phase: LiChrosorb RP 18
10 pm; mobile phase: methanol : water = 82 : 18 v/v) and calculated using eqn. 1
(MNDO). 1 - Ethyl cumyl peroxide; 2 - allyl cumyl peroxide; 3 - iso-propyl
cumyl peroxide; 4 - fert-butyl cymyl peroxide; 5 - n-propyl peroxide; 6 - benzyl
cumyl peroxide; 7 - sec-butyl cumyl peroxide; 8 - n-butyl cumyl peroxide; 9 - iso-
butyl cumyl peroxide; 10 - hexyl cumyl peroxide; 11 - heptyl cumyl peroxide; 12
- octyl cumyl peroxide; 13 - nonyl cumyl peroxide.

The values in parentheses are the standard deviations of regression coefficients,
R is the correlation coefficient, F is the f-test value, p is the significance level of the
whole equation.

The correlation coefficients R obtained in all the calculation methods, applied
to determine the structural descriptors, are good. The correlation coefficient R derived
from equation (1) (MINDO/3 results) is excellent. The partial correlation coefficients
between the respective variable and the dependent variable (log k') after controlling for
all other independent variables in the equation are presented in Table VI. Negative
values of these coefficients in the case of ETgT4L and EFOMQ are the consequence
of the fact thet relationship between dependent variable and structural descriptors
mentioned above is described by a decreasing function. These coefficients indicate the
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FIGURE 4. Relationship between the retention parameters of organic peroxide (log k' )
determined experimentally by RP HPLC (stationary phase: LiChrosorb RP 18
10 um; mobile phase: methanol : water = 82 : 18 v/v) and calculated using eqn. 1
(AM1). 1 - Ethyl cumyl peroxide; 2 - allyl cumyl peroxide; 3 - iso-propyl cumyl
peroxide; 4 - tert-butyl cymyl peroxide; 5 - n-propy!l peroxide; 6 - benzyl cumyl
peroxide; 7 - sec-butyl cumyl peroxide; 8 - n-butyl cumyl peroxide; 9 - iso-butyl
cumyl peroxide; 10 - hexyl cumyl peroxide; 11 - heptyl cumyl peroxide; 12 -
octyl cumyl peroxide; 13 - nonyl cumyl peroxide.

descriptor Expyryy as the most significant in each equation. The total molecular
energy provides information about the bulkiness of the solute. This size-related
descriptor may be related to the interaction between the solute molecule and the
stationary phase occurring in reversed-phase liquid chromatography. The larger the
solute molecule, the stronger the solute-adsorbent interaction. Eg 0, and E; /00
descriptors are related to the ability of the solutes to participate in electron pair donor-
acceptor interactions with eluent molecules. As may be concluded from the partial
correlation coefficients, this kind of interaction is rather less importance for retention.

The last principal component (DIP)¢ determines the ability of the solute to
participate in intermolecular interactions with the stationary and/or mobile phase of the
dipole-dipole and dipole-induced dipole type. Their participation in the correlation
equation is rather similar to Eyo0rand E; 0
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FIGURE 5. Relationship between the retention parameters of organic peroxide (log k' )
determined experimentally by RP HPLC (stationary phase: LiChrosorb RP 18
10 um; mobile phase: methanol : water = 82 : 18 v/v) and calculated using eqn. 1
(PM3). 1 - Ethyl cumyl peroxide; 2 - ally} cumyl peroxide; 3 - iso-propyl cumyl
peroxide; 4 - feri-butyl cymyl peroxide; 5 - n-propyl peroxide; 6 - benzyl cumyl
peroxide; 7 - sec-butyl cumyl peroxide; 8 - #-butyl cumyl peroxide; 9 - iso-butyl
cumyl peroxide; 10 - hexyl cumyl peroxide; 11 - heptyl cumyl peroxide; 12 -
octyl cumyl peroxide; 13 - nonyl cumyl peroxide.

The remaining factors, i.e. torsion angle C1-O1-02-C2, net charges at Ol and
02 atoms, the heat of formation and dipole moment are not essential for retention of
organic peroxides in reversed phase liquid chromatography.

The correlation coefficient R is excellent in equation (1), where the structural
descriptors were calculated according to the MINDO/3 method. The remaining
equations do not provide such good results. The correlation between retention log &’
and structural descriptors calculated according to the PM3 method is the worst one.
The conclusion may be drawn that QSRR equations have different form depending on
the method applied for calculating the structural descriptors. The best results were
obtained using the MINDO/3 method to describe molecule parameters. The MINDOQ/3
method, applied to calculate the molecular parameter of organic peroxides, can in fact
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yield more accurate results than much more recent semi-empirical methods like AMI
or PM3. One of the major assets of MINDO/3 was its demonstrated ability to
reproduce a/l ground-state properties [29] of molecules of all kinds. Problems arise,
however, in the case of molecules containing heteroatoms, such as nitrogen or sulphur,
conjugated molecules, overcrowded molecules (e.g. neopentane) or molecules
containing four-membered rings. This method can not be used to estimate activation
energy, which tends to be too large. After several years of efforts these errors have
been gradually corrected by means of the new methods MNDO, AM1 and PM3.

In the case of the organic peroxide molecules investigated in this paper, the
ground-state parameters calculated with MINDO/3 methods are satisfactory and give
the best correlation with the retention indices. The predictive potencies of eqns. 1 - 4
are illustrated in Figs 2-5.

CONCLUSIONS

The results of this study identify the structural factors which affect retention,
and provide a quantitative estimation of the importance of these structural factors.
Retention in reversed-phase chromatography was found to be a net effect of non-
specific, dispersive, bulkiness-dependent interactions and electrostatic interactions
involving solute molecules and molecules of both mobile and stationary phases. The

EroraL
retention mechanism. The correlation obtained between the selected set of structural

descriptors related to the first kind of interaction seem to be dominant in the

descriptors and the retention indices for a variety of organic peroxides is very good and
may be used to predict the retention properties of the investigated system of molecules.

Additionally, the present paper illustrates the applicability of semi-empirical
calculations to investigations and to the understanding of the retention mechanism.
This method can be used to predict the chromatographic properties of the investigated
molecules. The relationship between log k" and the structural descriptors is different in
the case of the semi-empirical methods employed. For organic peroxide molecules
MINDO/3 method gives the most reliable values of E E and E

TOTAL> “HOMO HOMO
and (DIP)Z parameters.
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