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SUMMARY

It has been found possible to correlate chromatographic retention parameters
with molecular electronic structures by means of a multilinear relationship. The em-
pirical parameters are deduced theoretically from molecular structure calculations. In
this manner, the retention index can be predicted with a small error (<< 94).

The proposed model is supported by the results of studies on 30 cyclohexane
derivatives.

The theoretical methodology is briefly discussed.

INTRODUCTION

A correlation between the retention data for a series of cholestanol derivatives
and some of their structural parameters, obtained by quantum chemical empirical
methods (Del Re’s method), was presented in a previous paper’.

It will be shown in the present work that the proposed method, MASPE
(multilineal adjustment of semi-empirical parameters), has a general validity, and
furnishes fairly precise results for families of compounds that differ structurally from
those previously studied. In this instance, retention data for a series of saturated and
unsaturated alicyclic hvdrocarbons of the types indicated in Fig. I have been corre-
lated. Retention indices have been obtained experimentally with a known error range?.
This permits us to compare, in a more reliable way, the predicted error of the proposed
theoretical model.

Del Re’s method?, as it has been applied in this study, and the process for ob-
taining the approximate equation by the least-squares method, are described here.
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Fig. 1. Fundamenta! molecules coansidered in this work. Other molecules are derived from these,
having different positions of the sideckains and different degrees of unsaturation.

.

Because Del Re’s method does not permit the prediction of the charge density distri-
bution and the energy due to unsaturation exhibited by the compounds studied, it
was necessary to use in addition a computational procedure based on the LCAO-
MO method proposed by Hitckel3. ’

Finally, it should be pointed out that the calculation method is comparatively
easy to run, the use of a2 small computer (4K memory) being sufficient for its imple-
mentation.

.

The general basis of the method assumes that the chromatographic retenticn
of a given chemical species can be considered as a function of two characteristics di-
rectly connected with molecuiar structure: (a) intermelecular forces between chroma-
tographic soiute molecules and (b) intermolecular forces in the chromatographic
system: soiute-stationary phase.

Both characteristics will depend, in a first approach, on the electrical charge
distributicn and will arise as a consequence of electrostatic interactions. in order to
obtzin a physical model that can describe these interactions, it is necessary to achieve
tiie following:

(1} a representation of the infrinsic nature of tae molecule through some param-
gters that have a clear physical meaning, and which can be calculated with total
independence of the experimental datz;

(2) a definition of a model that is capable of describing in an adequate way the
cheracteristic interactions of a chromatographic system;

(3) a2n expressicn of the interaction madel through an equation of an empirical
type, which can explain the phenomena involved to & reasonable extent.

The space distribution of the electronic charge density is peculiar to each mole-
cul2, and can be evaivated through the wave function, associated to the molecular
electronic energy. Within the scope of this work, the calculation of the interaction
encrgy and deformation of the charge clouds of the isolated systems becomes exceed-
ingly complicated.

In order to simplify the treatment and taking into account the fact that we are
trying to study the interaction of a molecular family with a stationary phase of con-
stant composition, only those variables are considered in the constructic o of the model
which are peculiar to each molecule, such as the tofal electronic eneryiy (E) and the
net localized charge on each atom of the molecule (G,). These will therefore be the
empirical parameters to be correlated with the retention index.
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The model has various approximation levels, according to the technique used
in the calculation of E and Q.. In this work, as previously!, the simplest LCACG-MO
model described by Del Re%® was found to be sufficient.

(=3 ™ ™y 3
Del Re’s method, modified in its computational part by Carbé’, calculates

the charge (@,) distribution, as well as a parameter related to the energy of the local-
ized electronic system. Each bond is studied separately from the remainder and the
calculation involves oaly secular equations of dimension (2 X 2).

For each atom {, the Coulomb integral is expressed as

& = &g + 6:‘!30

where a4 and f, are reference values and §; is a2 parameter depending on the atoms to

which the centre 7 is bonded.
The resonance integral, §;;, for each i~ bond is evaluated through

5“ = £;;80

g;; depends on the character of the bonded atoms. The problem reduces to the calcu-
Iation of these parameters. The system of equations used for this purpose is

Gy = G ; + 2_17’!155 (= L,m)
J
where 6, ; and y;; are empirical parameters (sec Table I}.
TABLEE

PARAMETERS USED IN DEL RE'S METHOD
Yex = 045 yxee = 0.3; vy = v = 02 G/ = CNO); yos = 0.2 y5c = 0.4,

Atorr &y Bond &gy
H 0.0 H-C 1.0
C 0.07 H-N .45
N 0.24 C-C 10
o] 0.40 C-N 1.6
S .07 C-S Q.75
Ct 8.35 O 8.85
C-Ci 0.60
The net charges on each atom, @, are obtained from the equations:
QU = (é.r' - &i}lzefj
and

a; =£Q:‘j
¥

The contribution to the total energy of each bond is calculated through

PUN—

Ey=as+ Bel6; + 6, (Ciy + J'1 + O8]
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the energy contribution due to each atom being

Eg == ZZE;‘I
i
and the total energy
=
E= 2 Eg
{=1

In the above expressions, the symbol X refers only to the atoms bonded to the atom {.

The values of E and Q; corresponding to each mclecular structure studied
have been related to the macroscopic properiy, the retention index (RFf), using the
empiricg! eguation

RF=aE +-%X,0, - b {1

whose coefficients are found through a leasi-squares procedure.

The generalizetion of such a method to z system of # eguations with »: vari-
ables (2 > m) is very easily achieved.
Tet

Ab=c¢ (2)

be the matrix eguation, which represents the problem, where £ is an (2 X 2} matrix
having the values of the independent variables as elements, 5 is an (z X 1)} vector
containing the equation coeflicients which are to be calculated and ¢ is an (m X 1)
vector construcied with the values of the depsndent variabie. It is possible to show
that the solution b with the minimum guadratic error® is obtained by building up the
matrices

B=AT4 (n x ) 3)
and

d=4A% @mx1) {4)
together with the solution of the matrix equation:
bb=d &)

As B is 2 sqguare matrix with a Gram structure with respect to the £ columns, if these
are iinearly independent, then

Det |B|#0
and there exists a B!, which fulfils the relationship

5= B-id &

In this work, £~ ! was calculated through Choleski’s transformation® of B, using the
. gn &g
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fact that, if 2 is non-singular, then, due to the definition in equ. 3, D is positive definite.
If T is an upper trizngular matrix, then

D =717 )
The inverse T~* is easily computed®®, and hence
D1 = T-1(T-YF

The general procedure can be summarized as shown in Fig. 2.
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Fig. 2. Scheme of the MASP method.
EXPERIMENTAFL.

Alicyclic hydrocarbons, upon which the present study was based and which
are shown in Fig. 1, were obtained with a purity of over 98-99 % from Fluka (Buchs,
Switzerland) (compounds Nos. 1-13, 17, 18, 24, 25) or by Iaboratory synthesis (Nos.
15, 16, 20-22, 26-30}.

Retention indices were calculated by means of an HP 9830A desk computer?
from the retention times determined with a digital integrator in an open stainless-
steet capillary column (100 ft. x 0.0! in.) packed with Apiezon L (carrier gas helium}.
The gas chromatograph used was a Perkin-Elmer 990.

The operating conditions were optimized by means of a prior analysis of their
influence on the reliability of the retention indices obtained?®. The mean absolute error
was found to be 0.5 unit, the largest value corresponding to aromatic hydrocarbons.

The calculation of the molecular parameters £ and O, was carried out by means
of 2 GA 18/30 computer.
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RESULTS AND DISCUSSION

Taking as variables the total electronic energy of the sigma system (E)} and the
focalized charges in each atom of the ring (@,, O, -.., Q). and applyving egn. I, the
resalts that were obtained for the molecules studied are given in Table Ii, column (a).

TABLEI

STATISTICAL PARAMETERS OF MULTILINEAL ADJUSTMENTS CORRESPONDING
TO THE APPLICATION OF THE DIFFERENT EQUATIONS

The individual results in columnas (b} and (¢} are listed in Figs. 3 and 5, respectively.

Pararneter Equation
{a) RI = aE; + (b) RE=qafE; + Ez}) (c) RE=a(E;+ Ez}
+ X+ b + X2 + b + 20, BT+ 24
Mezan absolute error
G.u) 14.49 7.62 £.03
Mean relative error () 1.69 0.89 0.85
Mean residual deviation
(i) 23.19 10.61 2.86
Regression ceefficient 0.8877 0.9974 0.9973
R 09755 0.9949 0.9947
R signification >59.99 >392.99 >89.99%
Fvalue 108.34 537.17 21512.99
F Signification >399.99 >93.99 >92.99
Exner’s function 0.096 0.043 0.0068

However, ihe individual resulis indicated that the error may be related to the
degree of unsaturation of each molecule. The m-electron energy for the different types
of unsaturation present (£:) in the molecules was therefore calculated by means of
Hickel's methed!?, the methyl group being considered through an inductive model.
The coplanarity angie of the hydrogen atoms’ rotational freedom in the Cq position
was not bzen taken into account, as one of the main aims of this work was to achieve
an easy and understandabie framework.

It was taken into account that 3H or 2H in the C, position produces the same
inductive effect, and that 1H has no effect. The E: corresponding to each type of un-
saturation is shown in Table IIf, and it is considered that the total electronic energy
i5 the sum of the contributions due to the ¢ and = systems.

With the introduction of this factor, the total correlation obtained (Table II,
column b} was coasiderably improved. The overall results obtained are shown in
Fig. 3.

The experimental retention indices (Rf} were compared with those calculated
by means of egn.  (Ci), as well as the percentage relative error {(ER), and zlso the
percentage error refative to the CF range (EM). The correlation obtained was excellent,
from a statistical point of view, and the proposed equaticn is capable of explaining
€9.48 9 of the total varizace of the data {R%).

Similarly, the refention indices of three subsfances (Nos. I4, 19 aad 23),
which had not previously been determined experimentally were predicted.
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TABLE ¥
E- (8 UNITS)} VALUES FOR THE = SYSTEMS PRESENT IN THIS CHEMICAL FAMILY
T systent Ex

2.0000

3.8554

_—
~—— 4.8000
== 6.0059
Se=={ 6.4554
< 7.4000

S
K\_//' 7.9473

N 8.0000

Inffuence of temperature

Using retention datz at four or five different temperatures in the range 60—
160° at intervals of 20° for each molecule, it was possible to verify the hypothesis of
a linear variation of retention index with temperature's.

With isolated molecules, in all instances regression coefiicients over (.935
{minimal significance 99.939;) were obtained and the mean absolute error was al-
ways less than I retention index unit. The coefiicients for the straight line are virtually
identical for very different molecules within the same family. Functions other than
linear were tried but no better results were obtained. This fact led us to amplify the
proposed equation {eqn. i) to include the temperature term:

RF— gE + BF + 26,0, - d )

which implies a constant d#/T value for the whole family, but with z particular ordinate
for each substance. )

The degree of approximation obtained with this new equation can be ebserved
by comparing the degree of adjustment obtained for a given group of molecules when
eqn. ! or 8 is used. Thus, for the sub-family of the aromatic derivatives, the results
obtained can be compared by applving one or other equation, that is, by making the
correlation at constant temperature (taking only E, @, and O, as variables) or intro-
ducing temperature as a variable (Fig. 4a}.
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Compound RI CE ER EAM DBiff
Cvcichexane 698.5 6943 0.3 .20 2.14
Benzene 688.3 704t 08X (.54 — 5.8
Cyclohexene 7i5.4 7215 0585 038 — 6.14
1,4-Cyclohexadiene 7424 7426 003 002 — Gz22
1,3-Cyclchexadiene 6990 6363 18 LI9 1282
Me hyicvciokexane 757.8 765.2 098 070 — 747
Toluene 895¢ 797.2 1.07 081 8.65
3-Methylcyclobexene 7710 7806 123 081 — 9.66
4_Methylcyclohexene 7768 7600 217 159 £16.89
i-Methyicyclohexene 8011 8050 061 046 — 492
Me hylenecyclohexane T65.4 7628 035 0.51 6.54
cis-Dimethylcvelohexane 840.1 833¢ 164 130 —13381
p-Xylene 2i1.9 9647 0.78 067 7.19
cis-1,4-Dimethylcyclehex-2-ene 8450
1,4-Dimethylcyciohex-i-cne 8§690.8 865.7 103 084 — B.93
i,4-Dimethylcyciohex-1(F)<ne 834.7 8515 206F 1.8 —16.81
isopropylevcichexane 951.2 Gi8.8 1.28 1l.ie 12.33
Cuinene . 851.1 8588 08z 074 — 7.87
3-Isopropyicycichexene 9642

1-l.opropyleyciohexene 8493 9438 036 0.3t 5.40
4-fcopropylcyciohexene 976.3 857.1 093 086 8.17
Iseoropylidencyclohexane 921 .0 882.7 0G.12 Q.12 1.28
Isosropenylcyclohexane 9384

cis-p-Menthane 1027.5 10156 O.76 0.74 7.87
Cymene 1051.3 10518 005 0065 — 0.63
p-Menth-2-ene i012.8 10119 0.08 0.08 0.86
p-Menth-3-ene 10G3.8 10148 109 163 —1:101
p-Menth-l-ene 1056.0 10804 €13 013 — 147
p-Menth-1(T)-ene 10293 10173 1.15 L1132 11.0¢
p-Menth-$(8)-ene 1052.5 10806 077 076 — 8.1t

Mean absolute error 7.62
hiean relative ervor 0.82

dean error to range 0.71

Coefficients  Significatior
E 12.5792 104.00
o, —2541832 9973
- 638.9364 829G
Q. —1706.2555  85.11
Q. 1360742  81.30
Qs 4705475 9318
Os 9734047 9995

fndependent term
33Q.31%¢6

Fig. 3. Compuater printout giving experimentat (RF) and calculated (CF) retention indices. The ex-
perimentzl data were obtained at 120°.

This type of calculation was also tried for the methylcyclohexane sub-family
{varying in the degree of unsaturation and position of the side-chain). Although egn.
1 cannot be used in this instance, as the aumber of variables is greater than that of
ths molecules (&, Q;, &;. @;, Q4. Os, T¢), but the mean error obfained is not greater
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@
RF=qg(Es + Ex} +Z2Qc: +b RIi=q(E; L Ez} - BT +XZCwci +
Regresion coefficient 0.999995 .99985
R signification 99.799 >93.99 Ceefficients  Signification
K square 0.999930 098972 T 0.386 100.00 .
Fvzlue 2351241 1271126 E 12.053 190.00
F signification 96.598 >99.9% g 20756 93.04
Exner’s function 0.0054 0.0089 Q. 13567 85.56
Mean absolute error 0.30 1.60 d 149.16
Mean relative error 0.03%; G.18%
20° 69° 12g° 140°
RI Cr RF Ccr RI Cr Rf (/4

Benzene 698.3 698.2 6809 678.4 698.3 701.6
Toluene 805.¢ 805.% 788.8 7857 805.9 808.9
p-Xylene 81i.g g1t.5 897.2 895.9 S1L.g 212.3
Cumene 95t.1 95t.8 G51.1 as53.7 72.0 969.2
p-Cymene 10513 10510 10513 10541 10734 10695
b}
Regresion coefficient $.9980 .
R signification >9%.9¢ Coeffictents  Significarion
R square 0.9960 r 0.3E8 100.00
F value 710.36 E 0.848 99.88
F signification >99.99 Oy 23451 103.00
Exner's function 0.037 G. 3536.78 100.0G
Mean absolute error Q.94 CO5—226.54 95.99
Mearn relative error 0.12%¢ Q¢ 358191 100.60

g 670.72

6a° 100° 120°
RF CF Rf CE R CF

Methylcyclohexane 7400 7413 756.2 7540 757.8 7603
Toluene 788.0 787.7 8011 800.4 805.9 808.7
3-Methyicyclohexene 751,86 7526 7647 7647 7710 770
4-Methylcyclohexene 754.7 756.6 770.4 769.3 776.9 757
i-Methylcyclohexene 784.2  783.7 797.5 796.4  8Cl.1 802.7
Methylenecvelohexane 751.0 7513 765.5 764.0 76%2.4 7704

Fig. 4. Computer printout giving experimental (RF) and calculated (CF) retention indices according
to whether eqn. ! or 8 is applied. () Benzene derivatives; (b} methvlcyclohexane derivatives.

than .0 retention index unit, and the largest error given by any molecule is 2.5 index
units (Fig. 4b}.

It should be taken into account that the assumed experimental error lies be-
tween 0.5 and 1 index unit and the correlations presented in Fig. 4 are very similar
to what is called “perfect correlation®. It can be concluded, therefore, that the in-
crease in error when using eqn. 8 is not significant.

Applying this new concept, expressed by means of eqn. 8, to the whole set of
cvclohexane derivatives, a correlation is obtained with all of the significant terms,
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whose statistical parameters appear to be very similar to those previously obtained by
mezns of egn. I {Table i, columa b), with a stightly kigher mean error (see Table I,
column ¢},

Finally, in Fig. 5 the overzll results obtained by using eqn. & are shown. Re-
tention indices were predicted for three compounds, not previously studied, and reten-
tion indices were calculated at temperatures for which no experimental data are avail-
able.
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