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SUMMARY 

Results of the examination of several important problems connected with re- 
tention index systems, such as the additivity and precalculation of retention indices, 
the polarity of stationary phases expressed by retention indices and interaction factors 
on mixed stationary phases, are considered. This is intended to stimulate further 
constructive discussion, as happened with the relationship between moI&ufar struc- 
ture and retention index. It is hoped that this work will provide opportunities for 
researchers to extend their activities to other types of compounds and stationary 
phases and to consider the theory more deeply. 

The retention index system developed by KovAsf is of great importance ih 
&4kpid chromatography (GLC). Many workers have dealt with various theoretical 
z&d practical problems -of retention index Systems and achieved significant results, 
&nd the relatjonship between retention index and molecular structure has been con- 
sidered in detail. The work of more than 100 researchers who had ob’dned good re- 
s&s in this field was outlined in several of our publications26. Without aiming at 
qnpleteness, the following paprs can be mentioned as examples of work that gave 
ez+cellent results: Schomburg - 7 IX, ChOvhP-“, Janik and co-workers1J*15, Tourres 
and Loew_qu$P-ti, Keulemans and co-workerGg-“, Evans and Smithz1-‘3, Landa 

9Ag+Zkd d prograxnme on retention index systems was started in 1964 under the 
inspiration of J. Jan&k (Bmo, Czechoslovakia) with the assistance of his co-workers K. TesaZik, 
M. KrejZ and.3; N~vkk 

: -, Parts I-W oi- this series are published cons.ec~-ticiely, and not accordii to the alphabetical 
seqlierjoe of &5 &&es of the aut6ors. 



and co-workers*?‘, Sojdk and -co-workers 27:23, &&&‘3; -~a~k~ma31 : &&j& 

Hattox and McCioske@; T&h and coiworker&:37, Kiw%i~.&~d ~c&w~rkers38~ 
and Ettrc and co-workers4f4s. 

From a critical evaluation of published Work- and an afipraisal of the results 
of discussionsti49 dealing with some problems of the relationship-between retention 
index and molecular structure, this relationship could be established more .fir~&y on 
a thermodjnamic basis by considering the additivity theory of RohrschneideP and 
KovatP as well as the work of Szabd and co-workerss2*= on the additivity of the& 
retical bond energies. 

Parallel with this, the code system that we developed has @en improved, in 
spite of its complexity. Be&use of the change to a thermo&iamic b&s and of the 
increased consideration of the role of the effect of temperature on individual inter- 
actions, the former incremental values had to be modified. By doing so, a number of 
values were rendered more reliable, thus overcoming previous difficulties. 

THEORETICAL 

As discussed in our previous publications 24, the retention index was divided 
into three components, namely: 

wtere 
I = retention index; in index units (i-u.), under isothermal conditions; 
T = column temperature (“C or “IQ; 
L = atomic index contribution (i-u.); 
Ib = bead index contribution (i.u.); 
st. ph. = stationary phase; 
if = interaction index contribution (i.u.). 

While the atomic and bond index contributions are independent of the stationary 
phase and of cohunn temperature, and depend only on the quality of the substance 
examined, the interaction index contribution is dependent on the quality of the sub- 
stance examined, the stationary phase and the column temperature. 

The sum of the atomic and bond index contributions gives the molecular index 
contribution, I, (iu.): 

L t I, = I, (2) 

The atomic index contribution is obtained by summing the atomic index values of- 
the individual atoms: 

where 

i, = atomic index value (i.u.1; 
k = number. of carbon atoms in the molecule. e&mined; ,. : 
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: 
I ~.~umber of hydrogea~ atoms h- the molecule examined; 

_.Im + ntmti of vtieties of atom (Y), in the molecule examined; 
k =. general designation of an arbitrary variety of atom, e.g., 0, N; S; P. 

The atomic index vahre was established by de&-&ion: 

& L atomic weight 
10 

(4) 

i.& the atomic index value of an arbitrary atom is equal to one tenth of its atomic weight 
expressed in index units. III one of our previous papers2, the carbon atom was an ex- 
ception to this definition as its atomic index value was 1.21 i.u. rather than 1.20 i-u. 
Because of the change to a thermodynamic basis, primarily because of the abandon- 
ment of the former tied value for the C-H bond, this exception was eliminated. 
Because the alkanes considered here consist of carbon and hydrogen atoms only, it 
is very simple to calculate their atomic index contribution: 

I,(C,H,,3 = 1.20 2 -I- 0.10 (2.?+2) (5) 

where z is the number of carbon atoms. The bond index contribution is given by the 
sum of the individual bond index values (increments). The determination of the indi- 
vidual bond index values was carried out in the foJ.lowing way: 

(1) The ratio of the molecular and interaction index contributions was fixed 
by definition on squalane as stationary phase at 50.0”: 

I m:iL= 1.00:2.93 (6) 

It should be noted that, on squalane as stationary phase at 50-O”, eqns. 1, 2 and 6 
couId be combined giving the following relationship: 

r=r,tr‘=r,-C-2.93r,=3.93r, (7) 

where 3.93 = the interaction factor on squalane as s’titionary phase at 50.0”. 
(2) The value of the bond index contribution was calculated by means of eqns. 

Z, 2 and 7. 
(3) The full atomization energy of the molecule was taken from the thermo- 

dynamic literatme, which in this case corresponds to &,_ The & value divided by the 
fuh atomization energy gives the index units/ener~ units factor. The ener_q values 
of the individual bonds known from thermodynamic papers”-56 multiplied by the 
index units/energy units factor give the bond index values of the individual bond 
increments, in index units. The values of some index units/energy units factors are 
given in ‘Fable I. 

As an example of the steps in the calculation, the calculation of the bond index 
values for ethtie is as follows. The empirical formula of ethane is C,H,, and the 
.atomic index contribution of. ethane is therefore 

&(ethane) = (2 - 1.20) -+ (6XLlO) = 3.00 i.u. @I 



Ethane 0.071 
2-Methylpropanc 0.070 
2-Methylbuae 0.074 
ZMethylpentzne 0,075 
2,2-Dimethylbutane 0$71 
3-Methylpmtie 0.077 
t,3-Dimethyibutane 0.075 
2-MeffiyIhexme 0.076 
2,2-Dixe*&ylpe~tane 0.071 
2+Dimethylpent 0.072 
22,3-Trimethylbutane 0.073 

Its retention index, based on the original definition by KovzitG, is 2O@O i-u. From 
eqn. 7: 

Thus, from eqn. 2: 

4 = 50.89 - 3.00 = 47.89 i.u. (10) 

The atomization energy of ethane is 675.4 energy units (e-u.), so the index units/energy 
units factor of ethane is 0.071 (47.89/675.4). The energy of the bonds in the ethane 
molecule is as follows: 

H H 

1 a i b 
H-C-C-H 

.I I 
H H 

where a = 87.0 e-u. and t, = 97.9.e.n. Thus, the iacrement value for the C-C bond in 
the ethane molecule is 

L 
87.0-0.071 = 6.18 i-u. (M 

while that of the C-H bond is 

97.9.0.071 = 6.95 i.u. 02) 

Thus, the value of Ib from the increments is 

1, = (66-6.95) + (l-6.18) = 47.88 i.u. (13) 
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The slight deviation (0.01 i.u.j between the results -of eqns. 10 and 13 is due to the 
approximations that .were made during the calculations. 

Compared with the former ones, a sign&ant deviation lies in the f&that the 
so-far2 f&d value of the C-H bond was stop_& at the change to a thermodynamic 
basis. By doing so, not only the criticism passed because of this was accepted but also 
the reai situation was to a great extent approached_ Namely, it succeeded in ensuring 
the thermodynam.ically permissible changes of &ese bonds. Because of the single 
valence of -the hydiogen atom, however, this modification also necessitated, in the 
case of the C-H bond, the consideration of the order of carbon atoms bonded directly 
to the carbon atom.. No change had to be made in the process developed previously 
for the C-C bond9, -because it also met the thermodynamic requirements. 

For an accurate description of the bond increments, the following code system 
was introduced for the alkanes: 

(I) C-C saturated bonds are denoted by C. 
(2) A subscript on the right-hand side of the symbol C indicates the orders 

(primary, secondary, tertiary and quaternary) of the two carbon atoms between which 
the bond is formed, e-g_, C,, represents a saturated bond between a primary and sec- 
ondary carbon atom. The higher order is always placed first_ 

(3) The orders of the carbon atoms next to the higher-order carbon of the bond 
in question are given as a superscript on the left-hand side in increasing order, e.g., 
‘Whl represents a C-C saturated bond between a quaternary and primary carbon 
atom, and the quaternary carbon atom is bound to one secondary and two other 
primary carbon atoms. 

(4) A subscript on the left-hand side indicates the order(s) of the carbon atom(s) 
attached to the lower-order carbon atom of the bond, e.g., y$,, denotes a saturated 
bond between a quaternary and a tertiary carbon atom, all of the neighbouring carbon 
atoms being primary. 

(5) The C-H bond as designated by H. 
(6) The order of carbon atom to which the H atom is bound is given as a sub- 

script on the right-hand side of the symbol. For ethane, this is HI because the hydrogen 
atoms of ethane are bound to the primary carbon atoms. 

(7) The-order of carbon atom(s) that is (are) immediately adjacent to the carbon 
atom of the C-H bond is (are) denoted subsequent to the first number of the subscript 
on the right-hand side of the symbol H in an increasing sequence of numbers. E.g., 
for n-hexane, the C-H bond denoted by (a) is H,=: 

Cti,-CH,-CH2-CH-CH&-r,-cH, 
IQ 
H 

’ (8) The order of carbon atoms that are bound to the carbon atoms immediately 
adjacent to the carbon atom of a C-H bond is designated by a super&ipt and a sub- 
script on the left-hand side of the symbol H and by a superscript on-its right-hand 
side. When enumerating the order, the sequence of the subscripts on the right-hand 
side is followed clockwise on the one hand, and we keep an increasing order of number 



For this C-H bond, H, indicates that the H atom is bound to a?tertiary carbon 
atom. To this tertiary carbon atom are immediately adjacent .two secondary carbon 
atoms and one tertiary carbon atom, giving the symbol HSB. The order of the carbon 
atoms bonding to the directly adjacent carbon atoms is designated clockwise in a 
sequence corresponding to the subscript on the right-hand side, starting from -the 
subscript on the left-side and proceeding towards the superscript on the right-hand 
side : 

For neighbouring bonds of various orders, an increasing sequence of numbers is 
observed. 

As an example of the applicability of the code system, the structural formula 
aud the bond code for 2,2,34rimethylpentane are as follows: 

dH, LH, 

The code system outlined may seem to be complicated, but after coding the bond 
increments for several compounds, it ~becomes a simple and rapid procedure.. Also, 
its information content is maximal because it involves adja&E atoms. -: 

I’ When examining the theoretical and practical implications of the code system, 
it is useful to find the causes of deviations, e.g., for h.omologous s.eries when applying 
the “roof-tile” effect. 

&I advantage of the new code system over previous systems is that it can ,be 
used for. any _$ype of compound; .but each type of compound sho_uld .be de+mated 
separately in order to give a uniform increment. system from the inctitient values 
obtained by different workers. A few examples are given in Table IL. The values of the 
bbnd increments for L‘I=CIO alkanes are given in Table III.. : .- ‘. 
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DESEGkA.&ON~ OF SOME COMpOUND TYPES ACCORDING TO THE CODE SYSTEM 
- 

C&e .. Descripfi~~ 

sLa -. X+&ates the C-C bond cf benzene. The letter “a” refers to aromatic compomx&. Tne 
tac&a carboi~ atom of the side-chain is not denoted by “a” 

.The her “c” desi&es eye& ccmpcunds. The carbon atom of the side-chain is not 
.$c*c : .- &note& bv “c” a 

2A The ktte~ “A” d&g&es udamanttie derivatives_~Tk carbon atom of the side-chain 
zA &A -is not denoted t;y ‘A” 

2w The let& “s” refers to steroids_ The mrkon atom of the side-chain is not denoted by 
%” 2s2Gw 

As. an example of the precalculation of retention indices, the cakulation of 
that for of 2,2,3_trimethyiheptane on squalane a stationary ph&e at 50.0” is &own 
below. The-structural formula of 2,2,3_trimethylheptane is 

CH, 

I 
CH,--C-CH-CH,CH,CH&H, 

II -. 

H3C CH, 
\ 

The atomic index contribution is 

10-C = IO-l.20 = 12.00 i.u. 
22-H = 22-0.10 = 2.20 i-u. 

I, = 14.20 i-u. 

The bonds of the compound were coded and the corresponding bond increments 
were taken from Table llE: 

3 - -cqy = 3 -8.74 = 26.22 i.u. 
1yc43 = 6.92 = 6.92 i-u. 

%1 = 7.64 = 7.64 i.u. 
‘$G, = S-95 = 8.95 i-u. 

ZC*,, = 7.35 = 7.35 i-u. 
gz = 7.17 = 7.17 i.u. 

@ z?. = 6.79 = 6.79 i-u. 

9 - dL = 9 - 6.05 = 54.45 i-u. 
‘Hi& = 5.53 = 5.53 i-u. 

3. H ZI 13 = 3-7.11 =-21.33 i.u. 
2. liHu3. = 2-6.36 = 12.72 i-u. 

2- :Kzz = 2-7.46 = 14.92 i.u. 
2. Wfi, = 2-7.77 = 15.54 i-u. 
3- +Hz, = 3-7.63 = 22.89 i-u. 

Bond index &ntribution, 
ib = 218.42 i-u. 



$I3 6.X 

k2l 6.42 

2 
SC21 6.79 

3 &f 6.78 

:C2, 7.29 
: 

1 
1C22 7.OQ 

1 
ICZZ 7.17 

3 
Icu 8.22 

:GZ 6.97 

222 k 7.34 

ZC, 7.35 

:f& 6.70 

3 
x22 7.01 

fG2 4.74 

kZ2 4.68 

lx 
oC31 5.91 

%I 6.62 

l3 
oc31 7.20 

‘LX 7.57 

n 
oc31 6.97 

2% 
oc31 7.80 

?A 
OG 7.64 

33 
OGl 7.65 

-Y 
i&1 7.56. 

13 
lC32 

I4 
1c3z 

& 

+3 
,C, 

2s 
1c32 

3.5 

1G 

k32 

'k* 

l.z 
2G* 

13 
2G2 

22 
2c32 

23 
2G 

24 
2c32 

11 
3c32 

14 
PC32 

22 
3c32 

=$& 

li 
4C32 

I2 
X32 

6.30 

7.72 

7.43 

7.28 

7.51 

5.59 

6.56 

6.60 

6.24 

6.55 

7.39 

6.M 

8.95 

7.06 

9.92 

6.77 

6.53 

5.78 

5.08 

5.01 

7.gO 

5.79 

6.21 :. 

4.90 

112 
841 

I13 
oc41 

II4 
oc41 

6.87 

S-74 

6;GO 

6.63 

7.23 

5.98 



Lzf 
1lGl 6.31 

lz2 
UC, 9.01 

lz.3 
XIC, 8.93 

ZLZ 
IL3 7.86 

111 
zuG4 6.77 

la 
U&.5 9.18 

1x3 
111 C e.. 6.17 

H.- 596, 

-.~I11 6.95 

7.48 

7.26 

6.98 

7.00 

7.02 

7.04 

7.05 

7.08 

7.11 

7.14 

7.09 

10.15 

6.37 

6.08 

6.05 

7.25 

6.97 

6.93 

6.73 

6.36 

6.03 

8.64 

7.23 

9.66 

7.77. 

7.32 

7.30 

7.60 

7.62 

7.84 

7.69 

7.70 

8.70 

7.50 

7.29 

7.75 

8.14 

7.03 

6.29 

6.25 

8.91 

5.80 

7.47 

5.k 

8.43 

7.69 

.7.98 

7.46 

8.35 

7.98 

7.23 

6.67 

5.75 

7.25 

7.47 

7.50 

5.46 

6.66 

5.52 

5.25 

5.17 

7.50 

7.42 

7.75 

6.36 

6.33 

6.13 

6.48 

6.44 

7.95 

8.21 

7.10 

8.17 J$l2 . 7.39 
&xx 7.37. :&_. 7.33 
_. 

;Chthued on p. 316) 
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TABLE Ii_$mtime~) : 
___-__ 

Bond Bmd Bond Bend Bond Bond Bond Band __ 
code v&e code v&e cude .. v&e code ~vQfue 

(i&J [i.u.) (il&). 0.4 

6.45 

8.00 

4.87 

7.22 

5.29 

5.85 

8.13 

6.02 

5.75 
3 

H31u 7.47 ‘H:;~ 

5.31 d112 7.50 I H 13 
1123 

6.37 HL 7.96 ‘H:$ 
I_ _ 

4.11 &I3 792 ‘H& 

6.60 H3123 I3 7.90,. t H3123 11 

6.82 I-I::,, 7.85 
t 12 

H3123 

4-97 ‘H* L 3212 

7.66 :rr::, 6.28 

4.94 

7.38 

8.00 

7.22 

7.94 

6.55 H3113 27. 8.01 %G3 5.27 :H& 6.15 
- 

6.17 HZ 7.95 $H:3, 7.18 3 1 H 3s 11 5.75 

4.60 &,, 7.42 1 &lU III 7.73 2 tH3.2, 11 4.06 
- . . . . 

4.91 Hz3 7.17 xH::;‘ 6.70 1 ‘Hz= 3223 4.96 

7.54 H 311a 111 7.14 %P ,1z1 6.80 :?a& 7.90 

6.38 H lx2 
3*a 

7.16. 1 l22 
H I.94 

I 112 
3x24 ,H, 6.72 

628 H::a 7.18 *H:A 5.53 2 d&Z, lil -7.18 
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The mole&u index contribution (im) is 

1, = 14.20 -!- 218.42.= 232.62 i-u. (14) . . 

The calculated retention index of 2,2,3+rimethyiheptace on squalane at 50.0” from 
eqn. 7 is. 

I” 2s2 EM3C1(50.00) = 3.93 -232.62 = 914.2 i.u. (15) 

where sq = squalane, n/a = methyl and C-, = heptane. The measured (913.0 i-u.), _ 
calculated (914.2 i.u-) and literatureS* (912.7 i-u.) values were in good agreement. 

In Tables IV-VI, calculated retention index values arc compared with mea- 
sured values taken from the literature. 

TABLEN 

COMPARISON OF MEASURED16 AND CALCULATED RETENTION INDICES OF SOME 
COMPOUNDS ON SQUALANE AT 50.0” 

conzpound Retention index (i.u.) LXfierence (i.u. j 

2,2-Dimethylheptane 
4&Dimethylheptane 
2,6_Dimethytheptane 
3,3_Dimethylheptane 
3-Methyloctane 

Measwed’6 Cakuiated 
- - 

815.4 815.4 0.0 
827.6 826.4 +1.2 
827.2 822.9 +4.3 
836.1 837.9 -1.S 
870.3 873.2 -2.9 

TABLE V 

COMPARISON OF MEASURED= AND CALCULATED RETENTION INDICES OF SOME 
COMPOUNDS ON SQUALANE AT 50.0” 

CORlpOKld Retention index (i.u_) 

Me&redd31 Cahdated 

Diflerence (i-u.) 

6-Methyl-3ethylhept 923.6 921.6 ;2.0 
2,5_Dimethyloctzne 921.5 925.1 -3.6 
2,FDimethybctane 928.1 930.3 -2.2 
3-Ethyloc~e 963.8 964.0 -0.2 

&E&ylactane 951.5 947.4 +4.i 
.f2-Dirnethyloctixne 914.1 915.8 -1.7 

It shouId be noted that in.our previous work, the individual temperature de- 
pendence of the inter&ion factor on squalane was neglected. In some instances, this 
led to.~sign&ant errors, ranging from 20 to 40 i.u., as shown by Engewald eb a1.‘8 
and Vanheetium4g, if the extrapolation interval was too lx&b (5Q-W”). In this work, 
the individual temperature dependence-of the interaction factor was takefi MO ac- 
count, relying on literature data, S/H, if the measurements were different from 50.0” 
(Table VI). 
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TABLEVi : 

COMPARISON OF MEASUREDy AND CALCULATED RETENTION LNDICES OF SOME 
COMPOUNDS ON SQUALANE AT 100.0” 

conrpowld Retention index (i-u.) Difereme (ix_) 

Measureds Calculated 

2-Methyhmdecane 1164.0 11644 -0-4 
3-Metbylundecane 1169.6 1171.6 -2.0 
6-Merbylundecvle 1151.8 1152.8 -1.0. 
2,3-Dimethyhmdecane 1251.4 1253.0 -1.6 
2,5-Dimethylundecane 1210.4 1211.6 -1.2 
6,dDimethyiundec&e 1200.0 1199.0 il.0 
2,10-Dimethyhmdecane 1227.3 1229.0 -1.7 
4,7-Dimethyhmdecane 1206.6 1210.1 -3.5 

EXPERIMENTAL 

The purpose of our experiments was to complete the avaiiabIe literature data, 
as most of the data that are necessary in studying retention indices and molecular 
structure can be found in the literature. The measurements were made with Cario 
Erba Fractovap Model D, GV and GI-452, Pye Unicam Model iO4-105, Perkin- 
Elmer Model 900, F-6 and F-I 1, instruments, with thermal conductivity ‘&nd flame 
ionization detectors, various types of packed and capillary columns and Speedomax 
or Hitachi recorders with a sensitivity of 1.0 or 2.5 mV (full scale). and a chart speed 
of 1.27 or 5.08 cm/min. Hydrogen, argon and nitrogen were used as carrier gases and 
hydrogen, oxygen or air as auxiliary gases. All experiments were carried out under 
isothermal conditions. A semi-automatic device or a Hamilton syringe was used for 
sampIe introduction. 

DISCUSSION 

So far, the results obtained simply demonstrate the possibilities inherent in the 
method. The method will be suitabIe for peak identification and/or peak elimination, 
peak coincidence determinations and theoretical investigations only if the increment 
values are calculated by computer iteration relying on retention indices accurate to 
0.1 i.u., based on exact thermodynamic bond ener.aa data. In the latter case, it seems 
probable that bond energy and bond distance values can also be determined and/or 
calculated from gas chromatographic retention index data. 
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