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EMPIRTCAL QUAhWM CKEMICAL APPROACH TO STRUCTURE-GAS 
CKROMATOGRAPHiC RETENTION INDEX RELATIONSHIPS 

ff. CYCLOIfEXANE DERIVATIVES 

SUMMARY 

It has been found possible to correlate chromatographic retention parameters 
with _moIeculat ekctronic structures by means of a mukiIinear relationship. The em- 
pirical pammeters are deduced theoretic&y from molecular structure cakulations. In 

this manner, the retention index can be predicted with a smalf error (<I %)_ 
The proposed mode1 is supported by the results of studies on 30 cydohexane 

derivatives. 
The theoretical metbodolo&e is briefly discussed. 

A correlation between the retention data for a series of cholestaeol derivatives 
and some of their structuraI parameters, obtained by quantum chemical empirical 
methods (De1 Re’s method), was presented in 2 previous paperl. 

It wifl be shown in th,- present work that the proposed method, MASP 
(mtitilineaf adjustment of semi-empirical parameters), has a genera1 validity, and 
furnishes f&Q precise resirlts for families of compounds that differ structura& from 
those previoirsfy studied. In this instance, retention data for a series of saturated and 
unsaturated alicyclic hydrocarbons of the types indicated in Fig. I have been corre- 
fated. Retention indices have been obtained experimentally with a knowr~ error ran&. 
This permits us to compare, in a more refiabie way, the predicted error of the proposed 
tfreor&caI model _ 

Del Re’s metho@, as it hzs been applied in this sturdy, and the process for ob- 
taining the approximate equation by the Ieast-squares method, zre described here. 
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Fig. I. Fundmenti nxkcules considered io r&s work. Other mokcuies are derived from these, 
havin_e dEerent posit&~ of t&e sidechins md dif?erent degrees of uns&xation_ 

Because Del Re’s methctd does mi permit the prediction of the cimge density distri- 
bution and the energy &de to unsaturrztion exhibited by the compounds studied, it 
was necessary to use in addi’;ioa a computational procedure based on the LCAO- 
MO method proposed by HiickeF5. 

Finzlly, it shorrld be poinreci otii that the cakufation method is comparatively 
eas:c to ~?fn, the use of z smali comprrter (4K memory) being srrfkient for ifs impfe- 
mentation. 

The geened basis of the methad assumes thhat the chtomazogaphic rezenticn 
of a given chemical species cm be cofisidered izs a fuxtion of two characteristics di- 
re&y connected with mokcuk structure: (a) intermolecular forces between chroma- 
tographic solute molecules and (t?) Inte_molecu!ar forces in the chromatogaphic 
sysxm: soiute-stationary p&se. 

Both chzrzcteristics wilI depend, in a f%st approach, on the electrical charge 
distribution and will arise as a consequence of eEec’fioswt.tic interactions. in order to 
obtain a physical model that CZE describe these interactions, it is necessary to a&eve 
the foEowing: 

(I) 2 represent&ion of the intrirrsic nature of the mote&e through some parzm- 
eiers that have a clear phylLG +& meaning, and which can be czkrrlated v&h total 
independence of the experimen+al da’&; 

(2) a dehitlon of a mod& that is capable of describing in an adequate way the 
chzrzcterlsdc ir;teraciions of s chromarogrzphic system; 

(3) an express& of the intenction made1 throtlgh an equation of an empiricr1 
type, whicEr can expk& the phenomena invoked to a reasonable extent. 

The spsce dis*&bution of the ekctronic chrrge density is pculiiar to each mole- 
cuk, and cam). be evaiuated throngin the wave fun&on, associated to the molecukr 
electronic energy. Within the scope of this work, the cafculation of the interaction 
enery end deformation of the char ge cfouds of the isokted systems becomes exceed- 
ingty compficated. 

In order to simpIify the trea+ment and taking into account the frtct that we are 
trying to stu& the inte~rzction of a molecular family with it stationary phase of con- 
stint composition, or,Iy those variables are considered in the constructic TV gf the model 
which are p~oliai to each mofeccufe, such as the zotal ekctronic ener!+y (E) 2nd tie 
net locaked chars on each atom of the mote&e (Qi)_ These VA! therefore be the 
empiric& parameters to be correlated with the retention index. 
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The. model has various approximation Ieveis, according to the technique used 
in the cakulation of E and Qi. In this work, as previously*, the simpfest LCAGMO 
model described by Del RC* was found to be sufkient. 

Dd Re’s method, modified in its computatianai part by Carb2, calcuIates 
the charge (0,) distribution, as we11 as a parameter related to the energy of the focal- 
ized ekcfzronic system. Each bond is studied separately from the remainder 2nd the 
cakrrlation ~nvofves only secufar equations of dimension (ZZ x 2). 

For each atom L; the Corriomb integral is expressed as 

where a, and PO are reference v&es arrd 6, is a parameter depending on the atoms to 
which the ceotre i is bonded. 

The resonance integral, Bij, for each i---j bond is evaluated throu,oh 

gij depends on the character of the bonded atoms. The problem reduces to the caicrr- 
lation of these par2nzeters. The system of equations used for t&is purpose is 

where 60,i 2nd yu are empirical parameters (see Table I). 

K 
c 
N 
0 
s 
Cl 

0.0 H-c 1.0 
0.07 H-N 0.45 
0.2 c-c I.0 
O&3 C-N I.0 
0.07 c-s 0.75 
0.35 Zl 0.95 

0.60 

The net charges on each atom, Qi, are obrained from the equations: 

The contribution to the total ener_q of each bond is ca!culated throu& 
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the ener_q contribution due io ezch atom being 

Et = 2CE,, 
i 

fn ihe abme expressions, the symbol Z reFe”ers on@ to the atoms bonded to the atom i. 
The ~-dues of E 2nd Qi corresponding to each moIecul2r structrtie studied 

h2>e been relrtteci to the macroscopic ~roperiy, the retention index (M), using the 
empirical equation 

whose coefiicients are found through 2 E2XZ-SqUX2S procedure. 
The generaliz&ion of such 2 n;ethod to 2 system of n equztibns with x vari- 

abE (n > m) is very ezsity ac&ieved. 
Let 

Xb = c (21 

be the matrix eqxadoxx, w’oich represents the pmbfem, where A is 2n (m K n) matiiv 

having the values of the independent variab!es 2s elements, 6 is an (n x 1) vector 
contzining the equation coeE&ds which are to be cdcrrfaced and c is ;LIL fn; x t) 
veckor constmcted wirh the vafues of dxtre dependent vtittbie. Et is possible to show 
chat f&he sol&ion Ep with -&e minimum quadratic emx9 is obtzined by brriIdIng up the 
matrices 

As D is a square mairk with 2 Gram strcrcture with respect fo the A colnmns, if these 
are iZII2aiIJI independent, then 

ad there exists 2 IF’, which fdfils the relationship 

6 7z.z D-id CQ 

1x1 t& work, D-’ 1~2s ~&~~dated through Choleski’s ~nsfo~~~ati~n'* of D, u&g the 
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fact that, ifI? is non-singular, then, due to the definition in eqo. 3, D is positive def&te. 
If T is an upper triangular matrix, then 

The inverse T-* is easily coqx&P, and hence 

D-1 = T-1 (T-y 

The general procedure can be summa& as shown in Fig. 2. 

----------I 

; 
I 

: 
I 

f 

I 
I 
I 
i 

I 
: 
I 

CALCULAT[OH PARAMETERS CF ldUTlLlNEA: EQliATIQN PATH 

PREClCTlOK RETEKTIOK ISOEX PATK 

Fig_ 2. Scheme of the M_&.SP method. 

Mkydic hydrocarbons, upon which the present study was based and which 
are shown in Fig. I, were obtained with a purity of over 98-99 % from FIuka @rr&s, 
Switzerkmd~ (compounds Nos. l-13, 17, 18,X, 25) or by Iaboratcry synthesis (Nos. 
15, 16, 20-22, 26--30). 

Retention indices Lvere c&x&ted by means of an RP 983OA desk computes 
from the retention times determined with a digit& integrator in an open st&Iess- 
steei capiHary coiumn (100 ft. x 0.01 in.) packed with Apiezon L (carrier gas helium). 
The gas ehramatogaph used WBS a Perk&Elmrr 990. 

The operating conditions were optimized by means of a prior analysis of their 
ir&_xzce on tie re!iabiiity of the retention indices obtained’. The mean absolute error 
was found to be 0.5-f unit, the izrgest value corresponding to aromatic hydroczbons. 

The calculation of the molecufar parameters E and 0, was carried out by means 
of a GA 18/30 computer. 
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Taking as vtizbks the total dectroiric ener_e of-&e sigma system (E) and the 
loc&zed ch.zrges in each atom of ilie r&g @,. &, ___, C&). azd applying eqn. 1, the 
res&s that were ob’aioed for t,Se moleccu!es studied are given in Table IT, ccIumn (a). 

Mean &solute error 
(i.u.) 

Mean reiative error (“5 
Mean midua! deviation 

(i.u_) 
Rcmian baeffkient 
?z= 
R sign&%&on 
F V.&x 
F Sigeikztion 
E.w~er’s furfction 

14.49 7.62 s.03 
1.69 0.59 0.95 

23.19 
O_SSii 
0.9755 

>99.99 
14X3.34 

L-99.99 
0.09396 

1O.G 
0.9974 
0.9949 

>99.39 
527.17 
>99.99 

cLc43 

HOWCWT, the Zildlvidual results imkated that the errOr may be reMed to the 

degree of unsaturatEon of ez& mofemk. 73~ ~-electron ener_z for the diEerenr types 
of unsatnrzxtion present (&) in the molecu!es was therefore calculated by means of 
Eftckel’s me&cdll, the methyl group being considered through an inductive madeI. 
The c~ph~ari~~ ES&- of the hydrogen atoms’ rctaationaf freedom in the Ca position 
was not 5zen taken into account, as one of the r&r, aims of this work was to achieve 
an easy and understandable framework. 

It was taken into account that 3M or 2E-I in the Cc position produces the same 
inductive effect, and that I R has no effect. The E, corresponding to ezch QF of un- 
satiation is shown in Table HI, and it is considered I&-& the total electronic energy 
is the sum of rhe contributions due to the CT znd zz systems. 

With the introdnction of this factor, the total correlation obtained (Table EI, 
coiunn b) was considerably improved. T&e overa rest&s obtained are shown in 
Fig. 3. 

The experimental reteentiorr Indices (IV) were compared with those calculated 
by meam of eqn. ‘r (Cl).. zs wefi as +Jle pe~catzge relative error @R), and aIs0 the 
percentage error reladve to tie Cf =inge (E_M)_ The correIation obtained was exceflerrt, 
from a statistic& point of view, and the proposed equation is capable of explaining 
99.4!? oA of the to&&l variance of the data (;i’). 

Simifarfy, the retention indices of three substaxes (Nos. 14: 19 and 23), 
which lrad not previously been detertined experimentai~y were predis&d. 
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6.0059 

6.451% 

9.6163 

Lq%ence of temperafwe 

Using retention data at four or five different temperatures in the range 6% 
163” at intervals of20” for each molecule, it was possible to verify the hypothesis of 
a Iinear variation of retention iodex with temperature’z. 

W&h isolated moIecufes, in all instances regression coefficients over 0.995 
(ninimaf slgnif;,cance 99.950A) were obtained and the mean absoIute error was af- 
ways Eess than L retention index unit. The coefficients for the straight line are virtually 
identical for very different mote&es within the same family. Functions other thsn 
linear were tried but RO better results were obtAined. This fact led us to amplify the 
proposed equaEion (eeqn. I) to incfude the temperature term: 

which implies a constant GL’/TvaIue for the whoIe family, but with z particukr ordioate 
for each substance. 

The degree of approximation obtained with this new equation can’be observed 
by cumpzri‘ng the degree of adjustment obtained for a given group of mokcules when 
eqn, I or 8 is used. Thus, for the sub-family of the aromatic derivatives, the results 
obtained can be compared by applying me or other equation, that is, by making the 
correlation at constant temperaatrrre (taking only E, Ql and Q4 as variables) or intro- 
ducing temperature as a variabie (Fig. 4.~)). 



112 

cGnr_mulii 

CYClOhCZX2il-Z 
Benzene 
Cydoh=xese 
l,dCydohexadiene 
itfQdohe~xaciiere 
MezhyIcycMzxaue 
Toluene 
3-Xe-Jykyclohexeee 
4-Me&yIcycibhexenl 
I-Methytcyclahexene 
Me'hyienfizyclohexaze 
cis-Xme&ykydohexane 
p-Xp!erie 
cis-l,~~.lmctfiyIcyclche~-2~n~ 
L,~-Dime~hyylcyfloh=~-~~~e 
l,CDime~hy!cS:fTohex-~(7)~~e 
Isopropykyclohexzi-ze 
Cumeoe 
3-I8opropy~ycIohexe~e 
I-Lopiopykydohexene 
44sopropykycfohexene 
Iscaropylidencyctohe~e 
rso_~ro~e~yy!~yyclohex2ne 
ciS-p-hkdlt3FI~ 

Cyaene 

p-hfenth-tene 

_s-hfenth-3-ene 
_~hfen^rh-l-ene 
phkiltklf7)+ri 
p-hfenth+S)-ene 

i3 

5?6.5 
693.3 
715.4 
742.4 
699.0 
757.S 
805.9 
771.0 
776.9 
SOI.! 
'769.4 
e4O.r 
011.9 

660.8 
534.7 
951.2 
951.1 

99.3 
976.3 
991.0 

1027.5 
1051.3 
iO12.S 
1003.8 
1059.0 
1029.3 
1052.5 

err 
694.3 
ice’ -1 

721.5 
742.6 
636.3 
765.2 
797.2 
780.6 
76Q.0 
EX5.O 
762.5 
533.9 
9M.i 
S&a 
S69_i 
551.5 
9is.s 
958.9 
954.2 
943-S 
967.1 
9x3.7 
939.4 
1019.6 
L051.9 
101!.9 
IOl4.S 
m5Go.4 
lOi7.i 
lO6Q.B 

1.03 0.84 - s.93 
2.01 12% -16.SL 
1.28 E-16 12.33 
O.SZ 0.74 - 7.87 

0.56 0.51 
0.33 0.86 
0.12 0.12 

5.40 
3.i7 
1.28 

O-76 0.74 7.87 
0.05 0.05 - 0.63 
0.0s 0.0s 0.86 
1.09 1.0: --LL.OL 
O-13 0.13 - 1.47 
I.15 I.12 II_?1 
0.77 0.76 - S_ll 

13s 

715 
- 522 

- 0.14 
- 0.22 
12.62 

- 7.47 
S.6S 

- 9.66 
16X9 

- 4.92 
6.54 

--1XXI 
7.19 

Men absolute error 7.62 
Mean reiztive errof 0.59 
?&a~ emfto _rmge 0.71 



Rerresion wefiicient 
R &niliation 
LT square 
Fvalue 
F signification 
Emer’s function 
&fian absa&e error 
Mem rektive error 

Toluene 
p-X~IfXl~ 
Cumene 
p-Q-rime 

(3 
Regresion cne5icient 
R sigiifkation 
K sqwre 
Fvdue 
F si_tifk?tion 
Exner’s Fr;nction 
Mean absolute error 
Mean relaiiveermr 

0.999995 0.99986 
99_i99 >99.99 
0.999990 0.99972 

335124L 12911.26 
99.598 >99.99 
0.0054 OLlO~9 
0.30 I.65 
0.03% 033% 

ZZO” 60’ 

RI Cf 
698.3 698.2 
805.9 805.9 
9119 9Il.5 
951-i 951.8 
f05I.3 Lfm.0 

Rf- c,’ 
6809 678.4 
7G?.O 7s5.7 
897.2 896.9 

0.99m 
H9.99 

0.9960 
710.36 
>99.99 

0.037 
0.94 
0.12% 

60" 

z2u3’ 140’ 

Liz cz Rf c-z 
698.3 701.6 
805.9 8OE.9 
911.9 9f2.3 
451.: 953.7 972.0 969.2 
10X.3 1054.1 1073.4 1069.5 

C5ejjTcienis Srgniiiarrion 
T O.Sl8 f00.00 
E O.S48 99.38 
Ql 234.51 Io0.W 
Qa 536.78 103.ofi 
&--226.54 99.99 
Qc 581.91 Ecu.OO 
d 670.72 

ma= 

Methykyclohaane 
Tofuene 
XMethyicycIohexene 
4MethyIcyclohexene 
I-Methylcyciohexene 
Methylexcyclohexane 

RI C-I Rz 

740.0 741.3 756.2 
788.0 787.7 a51.1 
751.0 752.0 764.7 
754.7 756.6 770.4 
784.2 783.7 797.5 
751.0 751.3 765.5 

na= 

c-1 Rz CI 
754.0 757.8 760.3 
SC@_4 805.9 806.7 
764.7 i7i.0 771.0 
769.3 776.9 775.7 
796.4 801.1 802.7 
764-O 769.4 770.4 

Fig. 4. Computer p&to& giving experimental (RI) sxd c&&ted (CI) retention indics according 
io whether eqn. I or 8 is applied. (a) Benzene derivatives; fb) methyfcyclohexane derivatives. 

tfrzn 1-O rete&on index unit, and the iargest error given by any molecule is 2.5 index 
units (Fig_ 4’0). 

ft shouid be taken into account that the assumed experimental error fies be- 
tween 0.5 and 1 index unit and the correlations presented in Fig. 4 are very similar 
to what is called “pei+ect correlation”. It cam be conctuded, therefore, that the in- 
crease in error when using eqn. 8 is not sig&kant. 

Applying this new concept expressed by means of eqn. 8, to the whofe set of 
cycfohexane derivatives% a correfation is obtained with aIf of the si_tificant terms, 
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whme st&ktica~ pwameers appi to be very sin?ilar to those pretioudy obtained by 
me;znS ofeqn. 1 (TakIe Z, column k)), with a slightly h&her mean error (see Table 11, 

coIam c)_ 
Fin&y, io Fig 5 the over&l resufts obtzIned by xusising eqn. 8 are shown. Re- 

rention imIke were pn&cZed for three cornpour&, not previousIy studied, sod reteen- 
tioa indices qrere c&xIated at temperatures for which no experimental data are avail- 

able. 


