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SUMMARY

The retention times of branched-chain paraftins were shown to depend on their
physical properties, especially molecular volume, when non-polar phases were used
for their separation.

As the molecular volume depends strongly on structure, the calculation of
additive terms, which are characteristic of every structural group in a molecule,
can permit the theoretical calculation of the retention indices of any branched
isomer.

The additive terms can be calculated both by solving a system of equations
and by comparison of the retention indices of sclected compounds, The general ap-
plication of the method to retention data taken from the literature is also possible.

INTRODUCTION

The complete gas chromatographic separation of complex mixtures of linear
and branched-chain paraffins has been accomplished by using long packed or capillary
columns!—®, The identification of the separated compounds is a complex problem,
and requires the use of many known standards or the combination of the gas chroma-
tograph with a mass spectrometer?.

Some attempts to identify the components on the basis of their retention times
have been madel!?, but the results were unsatisfactory. The parameter that can be
used for this kind of calculation is the retention index, I (ref. 10), due to the fact
that other retention values (retention time, volume, etc.) arc strongly dependent
on the conditions of the analysis, The retention index depends only on the type of
stationary phase used, on the compound being analysed, and on temperature,
The eflect of temperature on 7 is generally low!l.22 and a linear dependence was
found for z50 compounds over the temperature range 27-86° with a non-polar
squalane column!?,

By comparing the retention indices obtained from columns with different

* This work was partially supported by C.N.R. under Rescarch Contract No. 64/71.01611.03/
115.2597.
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polarities, it seems possible to make some hypotheses on the structures of the analysed
compounds.

KovATs!® suggested the use of the difference in the I values obtained on a
polar and a non-polar phase'$. ROHRSCHNEIDER used a series of stationary phases
and many compounds with different structures in order to calculate constants that
permit the calculation of retention indices, but this method was not widely applied
to different compounds of the same series and seems to be useful for the character-
ization of stationary phases rather than for the identification of unknown com-
pounds!e,

ScHOMBURGY tried to calculate the retention indices of dimethylheptanes and
dimethyloctanes empirically by using some factors taken from the analysis of the
methyloctanes and methylnonanes, respectively.

The agreement between the calculated and experimental values was good when
the distance between the tertiary carbon atoms of the chain was large, but the pres-
ence of a quaternary carbon atom or of two tertiary atoms in the «-position results
in large difference between the calculated and experimental values.

Recently, TAKkAcs ¢t al.'® proposed an approximation method by means of
which the retention index of a substance can be determined on the basis of its molec-
ular structure. This method seems to be very promising, but many experimental
values were necessary for the calculation of I on a squalane column, and the con-
tributions to the index from different stationary phases are not yet available,

In this paper, we describe a method that permits the calculation of the reten-
tion indices of the branched-chain parafiins on non-polar stationary phases. The
method, which is based on the use of structural factors taken from the analysis of
a few selected compounds, gives satisfactory agreement hetween calculated and

experimental values, even when quaternary atoms in «-positions are present in the
molecules, o

. RELATIONSHIDPS BETWERN RETENTION INDICES AND IPHYSICAL CONSTANTS

As the physical constants of many paraffins are well known1%20, the possibility
of calculating the retention time of any compound on the basis of these constants
appears very attractive. Also, .complex correlations -could be used, as complex
mathematical problems can be solved by using electronic computers. We shall
discuss the correlations between the retention index and the boiling point at stan-
dard temperature and pressure, the number of carbon atoms, the heat (enthalpy)
of vaporization and the molecular volume.

Boiling point

KovATs®® found the following empirical relationship between the difference
in the retention indices of two isomeric compounds on the same phase and the dif-
ference in their boiling points: 8/ = 50T The validity of this equation is not general,
and some attempts to calculate the retention indices of paraffins were completely
unsatisfactory. A linear relationship between I and T, was also suggested, and
we tried to verify its validity. J'ig. 1 is a plot of I against T for various branched-
chain paraffins. The values were taken from the literature®»&? and/or were ex-
perimentally determined.
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T'ig. 1, Retention indices of branched-chain paraflins as a function of the boxlmg point at standard
pressure. Phases used: squalaned; squalanc?; hexadecaned; hexadecenet; tetramethylpentadecanet;
hexadecane 4 hexadecene - Kel-T'9; silicone DC-200%; sxhcone SF-g6%; silicone SIF-g6 (this work).
Symbols used for compounds analysed: M = mcthyl: ET = cthyl; PR = propyl or propane;
B = butane; P = pentane; HEXN = hexance; HEPT = heptane; QOCT = octane; NON =
nonane; DEC = decane; D = di-; T = tri- or tetra.. Example: 2,2,3-TMP = 2,2,3-trimethyl-
pentane.

The plot in Fig. 1 is approximately linear, and therefore it would seem possible
that I could be calculated from the 7'y of the corresponding compound., Unfortu-
nately, the linear behaviour is due to the scale used in the figure, and the actual
fluctuations are too large to permit the prediction of the retention index to within
less than ro—15 index units. In Fig. 2 the behaviour of a series of isomers is reported,
and the fluctuations can easily be seen. A slight curve of the plots was also observed.
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Fig. 2. Fine structure of the plot of retention index against boiling point, with dispersxon of ex-
perimental values taken from the literature.
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The use of the boiling points to calculate [ is therefore impossible on non-polar
phases also, especially when a large 7"y range has to be considered.

In fact, the dependence of Ty on the number of carbon atoms, #, is not linear
for n-paraffins also (see IFig. 3). As, by definition!™ 13, an increase in # of unity cor-
responds to 100 index units, then the dependence of I on T also cannot be linear.
A prediction of the I value of a branched-chain isomer would be possible only if the
curve of the plot of T, against # were the same for n-paraffins and for all the series
of isomers (z-methyl, 3-methyl,...2,2-dimethyl, etc.), but, from the data reported
in the literature cited, it can be seen that the curves and the slopes of the plot are
different for the various series.
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Tig. 3. Retention indices of linear paraffins as a function of the normal boiling point.

Number of carbon atoms

FFor every series of branched-chain paraflins (2-methyl, 3-methyl, etc.), the
relationship between I and #» is linear, and can be represented by an equation of
the type:

I=Eq+En (0

where £, and I, are constants. These constants were calculated by the least-squares
method using the experimental data on several non-polar columns obtained from
the literature (see Fig. 1) and from experimental determinations.

The values of the constants E, and I, are reported in TableI for the different
series of homologues, and permit the calculation of the retention index of any
branched-chain paraffin if the initial terms of the series can be analysed and their
retention indices measured.

Heat of vaporization

The data for the heat of vaporization at saturation pressure at the normal
boiling point were taken from the literature?? and plotted against [J.
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TABLE L
VALUES OF THE CONSTANTS IN LQN, I FOR DIFFERENT SERIES OF PARAFFINSG

Sevies of E, 1y
compotinds

n-Paraffins o 100
2-Methyl —106.50 97.99
3-Mecthyl 6.28 96.20
3-lithyl 25.17 04.25
2,2-Dimethy! —706.76 100,10
2,3-Dimethyl —13.80 97.37
2,4-Dimethyl —20.77 0§.00
3.3-Dimethyl G.23 93.00
2,2,3-Trimethyl 6.37 92.90
2,2,4~Trimethy! —72.33 95.70

z ® 23-UMHEPT
® 234 TMHEX
850}
@ 3VOMHEPT
@ 35DMHEPT
®44-0MHEPT -
825k , @ 223TMHENR
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I'ig. 4. Retention indices of some branched-chain nonanes as a function of their heats of vaporiza-
tion at saturation pressure at the normal boiling point.,

The isomers with the same value of # show irregular behaviour (see IFig. 4,
where some data for nonanes are reported), while linear relationships were obtained
for the different terms of every series with increasing u.

In Fig. 5 are reported the values for 2-methyl-, 3-methyl-, 2,2-dimethyl-, 2,3-
dimethyl-, 2,4-dimethyl- and 3,3-dimethylparaffins with values of 1 betwéen 6 and g.

These results seem to be in agreement with the hypothesis that some specific
structural groups of the molecule cause characteristic increments in the heat of
vaporization, and these effects are additive when molecular interactions between
these groups are absent?!,
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Tig. 5. Retention indices of some terms of different homologous series as a function of their heats
of vaporization at saturation pressure at the normal boiling point.

Molecular volumne

From the hypothesis reported above?! and taking into account the fact that
a useful method of assigning a quantitative value to the structural groups of the
molecule is the use of the molecular volume??, the relationship between this physical
constant and 7 was examined.

The plot of the retention indices against the molecular volumes of the linear
paraffins calculated by using literature values for the density?® was linear,
with a change of slope corresponding to hexadecane. This result may depend on
the fact that hexadecane is the first linear paraftin that is solid at 25°, while
the values of the density for higher paraffins are given at higher temperatures.

An approximate correction was therefore made, taking into account the
coefficient of cubic expansion?®,

The application of the formula Vg =V (1 + 5.88 A¢) gives, for higher
paraffins, values of the molecular volume shown as closed circles in Fig. 6, which
show linear behaviour with a slope very close to that of the initial terms of the series.
Itseems probable that the correct knowledge of the molecular volumes of the higher
paraffins at 25° would give one straight line only.

Also, the dependence of the I of the branched-chain paraffins on their molecular
volumes was determined, and a series of parallel straight lines was obtained.

The linear relationships observed confirm the hypothesis that the increase in
the length of the carbon chain (expressed by #) gives a constant contribution to the
increase in 7, while the differences between the various isomers are due to the dif-
ferent contributions of every structural group of the molecule.

The retention index can therefore be given by the sum of many terms, dependmg
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Fig. 6, Retention indices of n-paraffins as a function of their molecular volumes, Closed circles:
values corrected by using the coefficient of cubic expansion (see text).

. on tl:ne structural groups in the molecule. This hypothesis is in agreement with the
well known relationship used in paper chromatography?23:

1
lqg (—R—; - I) = Ry (2)
where the term Ry is additive in that it is composed of the partial Ra values for
the individual functional groups or other groups of atoms in the molecule?i-28,

DISCUSSION AND CONCLUSIONS

Some general conclusions on non-polar stationary phases can be made on the
basis of the experimental data, as follows.

(x) The linear paraffin with » carbon atoms has the highest retention index
of all the possible isomers with the same value of #. A decrease in the chain length
and an increase in branching decrease the retention index. This decrease is indicated
as 6I, that is, the difference between the I values of the linear paraffin and of the
branched-chain isomer?3,

(2) When a quaternary carbon atom is in position 2 in the chain (external
quaternary, EQ), 8I is greater, while a lower 67 is observed when the quaternary
atom is in the middle of the chain (internal quaternary, IQ) or tertiary atoms are
present (external or internal, ET or IT).

(3) The 61 value decreases when the flexibility of the molecule decreases,
owing to steric hindrance caused by more structural groups in the molecule. The
81 value increases in the following order: two quaternary carbons in the -position,
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a quaternary and a tertiary carbon in the e~-position, two tertiary carbons in the
«-position, two tertiary or quaternary carbons in the S-position, divided by a secon-
dary carbon atom.

(4) The presence of side-chains longer than methyl (ethyl, propyl, isopropyl,
etc.) have an influence on 7, as long as the length of the main carbon chain increases.

TABLLE II
CHARACTERISTIC STRUCTURAL GROUDS WITH CORRESPONDING SYMBOLS

Symbol  Group

EQ LExternal quaternary C atom
IQ Internal quaternary C atom
ET LExternal tertiary C atom
1T Internal tertiary C atom
C Two quaternary C atoms in a-position
T Two tertiary C atoms in «-position
TQ Tertiary and quaternary C atoms in a-position
O Sccondary C atom between two tertiary or quarternary atoms (joint)
LI Terminal (external) ethyl group
DE Two cthyls on the same C atom (dual cthyl)
SE Ethy!l group on a tertiary C atom (sicle ethyl)
Ep External propyl group

We tried to calculate the additive terms due to the different structural groups
of the molecule by means of various systems of equations with eight to eleven vari-
ables, by using an electronic computer. The variables used were the additive terms
of the structural groups that are reported, with the corresponding symbols, in
Table 1I. The equations were constructed by taking into account the experimental
retention indices of several compounds containing the structural groups (see Table V).

TABLE I11

‘‘SYSTEMS' METHOD FOR THE CALCULATION OF ADDITIVE VALUES, AND SUMMARY OF THE ‘'COMPARISO]
METHOD

System Compounds used for the system of equations

1 2,2,3-TMB; 2,2-DMP;3,3-DMP; 3-MHEX; 2,2,3,3-TMB; 2,3,4-TMP;
2,2-DMHEX; 2,3-DMHEX; 2,4-DMHEX ; 3,3-DMHEX

2 2,2,3-TMB; 2,2-DMP; 2,3-DMP; 3,3-DMP; 2-MHEXN; 2,2,3,3-TMB;
2,2,4-TMP; 2,4,-DMHEX; 3,3-DMHEX; 2,3,4-TMP

3 2,2,3-TMB; 2,3-DMP; 3,3-DMP; 2-MHEX; 2,2,3,3-TMB; 2,2,4-TMP;

_ 2,3,4-°TMP; 2,2-DMHEX; 2,4-DMHEX; 3,3-DMHEX; 3,4-DMHEX

4 2,2,3-TMB; 2,2-DMP; 2,3-DMP; 3,3-DMP; a-MHEX; 2,2,3,3-TMB;
2,2,4-TMP; 2,3,4-TMP; 2,2-DMHEX; 2,3-DMHEX; 3,3-DMHEX

5 As systemn 4, but replacing 2,3-DMHEX with 2,4-DMHEX

Comparison method See Table V (ST-g6 at 80°)

Comparison method Sce Table VI (squalane at 80°)
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As an example, for 2,2,4-trimethylpentane, the equation is:
— 81(2,2,4-TMP)= EQ + ET + JO 3)

and similar equations were written for selected compounds.

Depending on the group of compounds used for every system, the solution of
the equation gave different values of the additive terms for every structural group.
The calculated values are reported in Table 111,

A negative sign indicates that the presence of the corresponding group de-
creases the retention time, while a positive sign indicates that the structural group
causes an increase in the retention time.

Tertiary and quaternary carbon atoms, external and internal, therefore give
a negative contribution, while the presence of two of these groups in the molecule
(QQ, TT, TQ) gives positive terms, owing to steric hindrance to free rotation.

Some structural groups show very constant additive values, independent of
the system (especially EQ, BT, TQ), but other groups have a strong fluctuation
depending on the compounds used. In particular, the cffect of the ethyl group (terms
EE and DE) is very different for the various systems. This may be due to the fact
that the effect of the ethyl group, as a terminal or side group, depends strongly on
the length of the remaining chain and on other characteristic groups in the molecule.

The choice of the compounds to be used therefore has a strong influence on
the results, For this reason, notwithstanding the fact that with the calculated terms
(especially from systems 4 and 5) it is possible to calculate the retention indices of
the compounds listed in Table I1I with satisfactory precision, the “‘systems’’ method
is not convenient for general use owing to the great number of attempts that are
necessary for the correct choice of the systems, and to the strong influence of in-
correct experimental data, if used in the calculations.

To avoid the inconvenience of the "systems’’ method, a ‘‘comparison’’ method

'ditive levms for structural groups

) 190 ET T QQ T 70 Jo EE DE SE EP
75 —-bo —33 -—~27 481 -+ 10 -+51 o 4 2 - 18 4] + 5
7% —85 —33 —01 +73 +36 447 o +31 —15 o -+ 1
92 —87 —33 =063 +75 437 kst 41 432 —15 o + 2
75 —~72 —33 —27 81 419 51 +4 414 + 6 o +'5
75 —04 —33 —-71 -+ 81 +41 ~+ 51 “+4 -+ 36 —16 o + 5
75 -6y —31 —39 -85 +29 450 -7 + 14 o —24 + 5
83 —87 —35 —53 — +4r - +222 - — +10
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TABLE 1V
““COMPARISON'' METHOD FOR THE CALCULATION OF ADDITIVE VALUES
An example of application with the data of Table V.

Compound Retention  Structural groups Value of any
indexn group

z-MP 5069 ET ET = — 31

2-MHEX G6g ET

2-MHEPT 767 ET,EP

2,2-DMB 542 LEQ, EE EQ= — 75

2,2-DMP 630 EQ, EP EP=+ 5

2,2-DMHEX 725 EQ

2,3-DMB 568 ET, ETTT BIE = -+ 14

2,3-DMP 673 ET, IT, TT, EE

2,3-DMHEX 764 ET, IT, TT, EP

3-MP 585 IT, EE, BEE IT = — 39

3-MHEX 680 iT, LE, EP

3-MHEPT 775 IT, EE

2,4-DMP 633 ET, ET, JO

2,4-DMHEX 737 LT, IT, EE, JO JO=— 6

3,3-DMP 6062 IQ, ELE, EE, DE 1Q = — Gg

3,3-DMHEX 747 IQ, EE, EP DE = 4+ 3

TABLE V

COMPARISON BETWEEN EXPERIMENTAL AND CALCULATED RETENTION INDICES ON AN S[-06 COLUMN

I (experimental) I (calculated) Difference
(80°) (Exp. — cale,)

2,2-DMB 542 539 + 3

2,3-DMDB 5068 507 “+ 1

2-MP 569 574 -5

3-MP 585 589 - 4

#n-HEX 600 Goo o

2,2-DMP 630 630 Q

2,4-DMP 633 0633 o

2,2,3-TMB 643 G644 - 1

3,3-DMP 662 659 + 3

2-MHEX 669 669 0

2,3-DMP 673 673 o

3-MHEX 680 G8o 0

3-ETP 685 678 -

#n-HEPT 700 700 o

2,2,4-TMP 696 687 “+ 9

2,2-DMHEX 725 725 o

2,2,3,.3-TMB 731 735 — 4

2,5-DMHEX 733 738 -5

2,4-DMHEX 737 737 5]

2,2,3-TMP 743" 750 -7

2,3,4-TMP_ 745 757 - 8

3,3-DMHEX 747 750 - 3

(Continued on p, 41)
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TABLE V (continued)

I (expevimental) I (calculated) Difference
(80°) (Bxp.— calo.)

2,3.3-TMP 760 754 + 6
2,3-DMHEX 764 704 o
2-MHEPT 760" 760 — 3
4-MHEPT 768 771 — 3
3:4-DMHEX 775 779 - 4
3-MHEPT 774 775 -1
2M-3ETP —_— 773 —

3-ETHEX 775 770 + 5
3M-3ETP 775 773 + 2
n-OCT Soo 8oo o
2,2,4,4-TMP 785 743 +42
2,2,5- TMHEX 7806 704 — 8
2,2,4-TMHEX 290 703 - 3
2,44~ TMHEX 814 807 + 7
2,3,5-TMHUN 810 821 - 5
2,2,3,4-TMP 816 824 - 8
2,2-DMHEDPT 822 825 - 3
2,4-DMHEDPT 825 828 - 3
2,2,3-TMHEN 820 8371 — 5
2M-4ETHEX 830 827 -+ 3
2,2M-3ETHEX 830 830 o
2,6-DMHEPT 835 338 - 3
4.4-DMHEPT 8354 841 —0
2,5-DMHEPT 841 844 - 3
3.5-DMHEPT 841 843 -2
3,3-DMHEPT 845 845 o
2,4DM-3 TP 845 847 - 2
2,3,3-TMHEXN 840 845 -+
2M-3LETHEX 854 854 0
2,2,3,3-TMP 858 855 4+ 3
2,3.4-TMHEX 8580 863 - 5
3.3.4-TMHEX 861 8Go -
IM-4 ETHEX 862" 869 _
2M-3 ETHEXN 862t 864 -z
4-ETHEPT 862t 861 + 1
2,3-DMOCT 862 859 4+ 3
2,3,3.4TMP 8640 849 415
3.4-DMHEPT 8635 870 — 5
4-MOCT 871 866 + 5
2-MOCT 872 869 3
3-ETHEPT 875 865 + 10
3-MOCT 877 875 4 2
2,3DM-3ETP 8780 868 + 10
3.3-DLETP 8850 887 — 2
1-NON goo 900 o

8 Values taken from other sources.

was developed that permits the determination of the additive terms that are typical

of the structural groups, by comparing different compounds with the same structural
groups but with different numbers of carbon atoms.

As an example, from the retention indices of the following compounds:
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2-MP = 569, 2-MHEX = 0669 and 2-MHEPT = 767, one can calculate the value of
the common group ET (external tertiary carbon atom), which is practically equal
to — 31,

The method is slightly complicated when many structural groups are simul-
taneously present in the same molecule.

InTable 1V is reported an example of application of this method with the groups
of compounds compared and the values of the additive terms calculated.

TABLE VI

COMPARISON OF THI EXPERIMENTAL AND CALCULATED VALUES OF SCHOMIURG! WITH TIHE RESULTS
OF THE “COMPARISON" METHOD ON SQUALANE AT 80°

Componnd Schomburg® T'his work
g b Differcnce Cale. Difference
(g — ) (¢ — cale.)
2-MOCT 8035 e e 865 4]
3-MOCT 871 - - 800 2
4-MOCT 803 - — 861 +2
3-ETHEPY 868 . — K70 -2
lilHL]’l 861 —— — 801 o
2,2-DMUILEPT 817 830 —13 817 o
2,3-DMHLEPT S357 836 ~+21 857 o
2,4-DMHEPT S22 828 - 6 828 o
2,5-DMHEPT 834 835 -1 834 fa)
2,6-DMHEPT 827 830 — 3 830 -3
3.3-DMHEPT 830 842 — 3 839 0
3,4-DMHEPT(£)Y 860 84t -+ 19 8606 )
3,4 - DMHEPT(Z)" 860.5 841 -+10.5 866 —-0,5
3,5-DMELEPT (o) 833.5 Sy2 — 8.5 837 —3.5
3. 5*]);\‘111151"]‘(;')" 835 842 -7 837 —2
4,4-DMHEDPT 827 826 + 1 833 -6
2-MNON 964 - —_ 065 -3
3-MNON 070 - —_ 069 41
4-MNON 001 —_ T 957 -+ 4
5-MNON 058 — — 955 +3
4-ETOCT | 052 — — 960 -8
2,2-DMOCT 910 928 —12 917 -1
2,3-DMOCT 053 934 +19 953 o
2,4-DMOCT 915.5 925 — .5 009 4 6.5
2,5-DMOCT 022 925 — 3 010 -+ 6
2,6-DMOCT 932 934 - 2 034 -2
2,7-DMOCT 929 928 + 1 930 —_1
3 4-DMOCT(E)Y 053 031 22 001 -8
3.4-DMOCT(T) P 054 931 +23 061 -—
3,5-DMOCT(E)Y 021 031 —10 9206 -5
3,5-DMOCT(T)V 22 031 -9 9206 —4
3,6-DMOCT 038 940 —2 038 o
4,4-DMOCT g2t 022 — 1 027 -6
4.5-DMOCT (m)b 944.5 922 -+-22.5 953 —8.5
4:5-DMOCT(#)? 946.5 022 +24.5 953 ~6.5

n g == experimental; b = calculated.
b 7? = erythro form; 7T == threo form; m = meso form; » = racemic form,
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All the additive terms are reported in the two last lines of Table III, and can
be compared with the values obtained from the “systems’ method. In many instances
the values are very similar, but it must be pointed out that, when . omparing different
groups of compounds, the additive terms show a small variation (about one or two
index units),

This reproducibility, and the easy application of the comparison method,
which does not require the use of a computer for the handling of the complex systems,
confirms that with this method the retention indices of the branched-chain paraffins
can be easily calculated.

In Table V, the experimental and calculated values of / are shown. The agree-
ment is satisfactory,

The calculation was also applied to nonane isomers, whose experimental re-
tention indices were taken from the literature. The differences are greater, owing to
dubious experimental values, but it is important to note that the elution order is
the same for both the experimental and calculated values, and therefore the identifi-
cation of the compounds in a complex mixture is still possible.

A great difference was only observed for 2,2,4,4-TMP, but this is due to the
fact that this compound contains the first example of a secondary carbon atom
between two quaternary ‘groups, and the index value of this arrangement was not
previously calculated,

The method can be applied to different types of stationary phases, and gives
satisfactory results. The values of the additive terms change, depending on the
type of column, but with the analysis of a few selected compounds the indices of
all the isomers can be calculated,

As an example, we report in Table VI some experimental Kovits retention
indices on squalane, the values and the differences calculated by ScHOMBURGY,
the values calculated by us by the comparison method, and the differences between
the experimental and our calculated values. The results of our method are particularly
satisfactory for the compounds that contain quaternary or tertiary carbon atoms.
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