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SUMMARY

The specific retention volumes, ¥V, of zll of the isomers of nonane have been
measured on a 209, SF-96 column at 80°C, and the vapour pressures, gg, at the
same temperature have been calculated by three methods and extrapolated from the
values for the light isomers. There is a satisfactory agreement between the values of
D obtained from an Antoine-type equation, by a method based on the entropy of
vaporization, and from extrapolation, and this permits the calculation of p, for the
heavier isomers. The values of the activity coefficient, ¥, which indicate the effect of
the solute-solvent interaction on the gas chromatographic behaviour of the com-
pounds. have been calculated and correlated with the molecular siructure, the number
of quaternary, tertiary, secondary, and primary carbon atonis and the ‘“‘secondary”
methyl groups of the compounds.

INTRODUCTIGN

In a previous study® the specific retention volumes, ¥, of all of the branched-
chain hexanes, heptanes and octanes were measured on a 209/ SF-96 column at 80,
100 and 120°C, and the vapour pressures, p,, at the same temperatures were calculated.
Narrow-grid graphs of log ¥ as a function of log p; showed a fine structure depending
on the molecular branching, and a positive curvature due to the influence of the
activity coefficient, y. The values of y, which indicate the effect of the solute—solvent
interactions on the gas chromatographic (GC) behaviour of the compounds, were
calculated and correlated with the molecular structure and with some physical prop-
erties (molecular volume, density, surface tension and latent heat of vaporization).
The extrapolation of these parameters can permit the calculation of the retention
values of higher compounds of the homologous series when authentic reference
samples are not available, and therefore the identification of complex mixtures of
branched paraffins, obtained on radiolysis*—* or on other decomposition or synthetic
processes.

In order to check the precision of the results obtained with this technique,
and to expand the possibilities of the method to homologous groups of branched
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atkanes with more complex structure, the retention volumes of the branched nonanes
have been measured, and their p, and 3 values calculated and correlated with those
of smaller paraffins previously studied and with the molecular structure.

EXPERIMENTAL AND RESULTS

Determination of V,

All of the isomers of nonane were analyzed on a column (4 m X 0.25in. 0.D.}
filled with 209/ (w/w} SF-96 methylsilicone on Chromosorb P (D& CS}, 60-80 mesh,
using a Varian Aerograph 1520 gas chromatograph with a thermal-conductivity
detector and proportional temperature controf. The carrier gas (helium} flow-rate was
43 ml/min. The choice of SF-96 as liquid phase instead of sgualane has been previ-
ously discussed? and is mainly due to its higher temperature limit and to its wide use
for the analysis of heavy hydrocarbons with temperature programming. The specific
retention volumes were calculated by the method of Littlewood ef af’.

The analyses were made at 80 (3- 0.2)°C because of the better resolution of
most isomers at this temperature. As previously seen®, the different temperature de-
pendences of the retenfion values cause an inversion of the elution order of some
isomers at difierent temperaturcs and a coincidence of peaks at intermediate temper-
atures. The temperature of 80°C gave the lowest number of corresponding ¥V, values
for difterent isomers. A better resolution should be achieved with fonger packed or
open tubular columns, but the separation obtained was ca.tzsﬂxctory The values of
}, for the nonanes at 80° are shown in Table i.

Calcufation of p,

The vaiues of the saturation vapour pressure, p;, of the solute at the analysis
temperature can be calculated in different ways. The previous comparison of the re-
sults! showed that the interpolation of vapour-pressure values by Stuli”® and the use
of Schlessinger’s equation® give high values. The use of an Anroine-type equation!®

log po = 4 — [BIC + 1)] (1)

where ¢ is the temperature in °C and 4, B and € are constants tzken from A.P.L.
tables’’, gave the best approximation, as demonstrated by plotting p, as a function
of log V¥, and of  for various homologous series. Unfortunaiely the constants 4, B
znd C are not available for paraffins higher than decanes and for other homologous
series, and do not allow the calculation of ¥, from vapour-pressure data.

The method of Hass and Newton!? permits the calculation of pg at any temper-
ature, starting from the boiling point at standard or reduced pressure, znd using the
formuls

gz
T — 0154
where 7 is the analysis temperature in °K, Az is the difference between the boiling
point at standard pressure aad 7, and ¢ is the entropy of vaporization at 764 torr.
The entropies of vaporization are plotted for different homologous series and permit
the calculation of p, for compounds other than hydrocarbons. An application of this

log ps = 2.88C8 — 2}
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TABLEE

SPECIFIC RETENTION VOLUMES, ¥,, AND VAPOUR PRESSURES, g, (CALCULATED
FROM EQNS. I AND 2} FOR NONANES AT §0 °C

Column (4 X 0.251in. 0.D.) packed with 2094 SF-96 ou Chromosort P (60-83 mesh).

Ne. Ve Do
Egr. I Egn.2
i r-Nonane 397.2 727 5.5
2 2-Methyloctane 2483 95.9 98.3
3 3-Methyloctane 250.5 93.8 5.1
4 4-Methyloctane 239.6 160.2 100.1
s 3-Ethylheptape 246.8 9%.0 99.3
6 4-Ethyiheptane 23240 1059 105.¢
7 2,2-Dimethylheptane 166.3 i41.1 140.1
8 2. 3-Dimethylheptane 2246 109.6 108.4
o 2 4-Dimethyiheptane $170.1 138.3 148.8
19 2,5-Dimethyiheptane i%t.6 1252 126.2
ii 2,6-Dimethylhieptane i83.3 1274 126.5
34 3,3-Dimethylheptane 1974 124 4 1286
I3 3 4-Dimethylheptane 2291 10%.6 107.6
14 3,5-Dimethviheptane 1216 1255 125.7
15 4. 4.Dimethylheptane 183.2 1325 1285
i6 3-Ethyi-2-methylhexane 2i1.1 1193 117.7
17 4-Ethyl-2-methylhexane 176.6 136.6 135.6
I8 3-Ethyl-3-methylhexane 2240 1123 i08.3
i 4A-Ethyl-3-methylhexane 2240 1105 108.3
20 2,2 3-Trimethylhexane iI71.4 1407 136.0
2t 2,2 4-Trimethyihexane 131.1 176.5 172.1
22 2,2, 5-Trimethythexane 127.3 1911 183.2
23 2,3,3-Trimethvihexane 2034 1248 118.¢
24 2.3 4-Trimethyihexane 217.5 118.3 113.¢
25 2,3,5-Trimethylhexane 1591 488 1470
26 2,4 4-Trimethylhexzne 156.7 i57.3 150.4
27 3,3, 4-Trimethylhexane 2234 1146 108.2
28 3,3-Diethylpentane 265.9 96.1 88.9

28 3-Ethyi-2,2-dimethyipentane i176.6 140.3 135.6
39 3-Ethyl-2,3-dimethylpentane 252.4 101.2 93.9
3t 3-Ethyl-2,4-dimethylpentane  197.4  [27.8 1229

32 2.2,3.3-Tetramethylpentane 2175 117.7 108.8
33 2.2,3,4-Tetramethyipentane 159.1 148.0 136.2
34 2,244 FTetramethylpentane 1263 209.7 197.4
33 2,3,3 4-Tetramethyvipentane 27.4 1122 104.3

method to the calculation of the boiling points of alkyl iodides gave satisfactory re-
sults?3. In the case of branched nonanes the availability of the A_P.L. constants for the
Antoine equation permits a comparison of the two methods whose results are reported
in Table I. The values from egn. 2 are higher for strongly branched alkanes (trimethyl-
hexanes, etc.), but the values of p, obtained by the two eguations are similar and from
these results one can argue that the use of eqn. 2 will give almost satisfactory results
when the constants of egn. I are not available.

An extrapolation method can alse be used in order to calculate values of p,
for higher homologues when the vapour pressures of the first terms of the series are
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Fig. ;. Linear dependence of log | 85¢ | on the number of carbon atoms, #, for various homologous
series of branched-chain zlkanes.

known. On plotting log | 6p, | (where & is the difference between the value of any
-parameter for the branched-chain and the linear isomers) as a function of the number
of carbon atoms, n, straight lines were obtained for various homologous series
(Fig. 1). The corresponding gradients, g;, are in Table IL

logldpsl =go+ &2 3)

Similar values can be calculated for other homologous series, with a confidence limit
depending on the number of light isomers whose values of gg are known from the
A.P.IL tables or from other sources.

TABLEH

GRADIENTS, g,, OF EQN.3 FOR VARIOUS HOMOLOGOUS SERIES OF BRANCHED-
CHAIN ATKANES AT 80°C

FHoamuolcgous series £

2-Methylaikanes —0.363
3-Methylalkanes —0.33¢
£-Methyizlkanes —0.318

2.2-Bimethvizlkanes —0.347
2,3-Dimethylaliianec —5.340
2 4&-Dimethvialkanes —0.340
3,3-Dimethylalkanes —0.313
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Caleulation of v

The activity coefficients, y, correlated with the solute—solvent interaction—7,
were calculated from ¥V and p, values (Table I} and normalized as previously* for the
“ideal™ case by multiplying the Ambrose expression of V,*-'? by the ratio of solvent/
solute molecular weights. For analysis of isomeric compounds on the same liquid
phase this ratio Is 2 constant, and changes in the values of v depend therefore on dif-
ferences of solute-solvent interactions due to the structure of the solute. In the first
column of Table III are the values of y obtained by using the measured ¥, values and
Pe calculated from egn. I.

TABLE IIL

ACTFIVITY COEFFICIENTS, 7, CALCULATED FROM THE VALUES OF p, (TABLE I, EQN.
1}, CGDE NUMBERS AND THE NUMBER OF SECONDARY METHYL GROUPS, £, OF
NONANES

Ko. v Code 74
1 n-Nonane 6.14 2700
2 3-Methyloctane 5.73 3s10
3 3-Methyloctane 5.64 351¢@
4 4-Methyvloctane 5.53 3510
s 3-Ethylheptane 543 3510
6 4-Ethylheptane 5.5¢ 3510
7 2.,2-Dimethylheptane 5.65 4401
8 3,3-Dimethviheptane 5.40 4326
[+ 2. 4-Dimethyiheptane 5.68 432

i0o 2,5-Dimethylheptane 5.53 4320

1t 2,6-Dimethylheptane 5.68 4320

12 3,23-Dimethyltheptane 540 44901

i3 3, 4-Dimethyiheptane 5.28 4320

i4 3,5-Dimethyiheptane 3.52 4320

i5 44-Bimethylheptane 547 4401

i6 3-Ethyi-2-methvihexane 3.27 4320

17 4-Ethvi-2-methylhexane 5.54 4320

I8 3-Ethvi-3-methylhexane 538 4401
19 4-Ethyl-3-methylhexane 5.36 4320

2 2,2,3-Trimethylhexane 5.5¢ 5211
2t 2,2, 4-Trimethylthexane 5.73 521
22 2.2,5-Trimethylhexane 546 5211
23 2,3,3-Trimethyvlhexane 5.23  s2i1
24 2,3, 4-Trimethylhexane 5.16 5130
25 2.3,5-Trimethylhexane 5.60 5130
26 2.4,4-Trimethylhexane 538 Ss211
27 3,3,4-Trimethylhexane 321 SZit
238 3,3-Diethyvipentane 5.19 4401

29 3-Ethyi-2,2-dimethylpentane 5.36 5211
3¢ 3-Ethyi-2,3-dimethylpentane 5.19 5211
31 3-Ethyi-2 4-dimethyipentane 5.26 5130

2 2,2,3,3-Tetramethylpentane 5.19 6102
33 2,2.3,4-Tetramethylpentane S5.64 021
34 2,24 A-Tetramethyipentane 35.0f €102
35 2,33 4-Tetramethylpentane 5.20 620t

[~ Il & N Al b I P T N N N N e N L R R N T )




25% G.CASTELLO, G. D’AMATCO
BISCUSSION

The lower the solute—solvent interaction, the higher is the value of y, which
therefore decreases with the degree of branching of the compound!. When isocodal
groups are considered?®, and isomers having the same number of primary, sescondary,
tertiary and quaiernary carbop atoms and an increasing number of “secondary™
methyl groups are compared, g regular trend in v values is found. In Table I are
the code numbers and the number of secondary methyl groups, #f, for each com-
pound.

Some observations on the most populated isocodal groups can be made. The
code number 3510 is common tc methyloctanes and ethylheptanes. The assumption
that the retention index of isocodal isomers increases with increasing M is not verified
for different structures having the same code number. In fact, the value for 4-ethyi-
heptane (& = 3) is in the range of those of the methyloctanes (#f = 2). The v values
for the methyloctanes decrease with decreasing distance of the methyl group from the
centre of the compound. This is a general behaviour for internal branching. The higher
value of y for 4-ethylheptane than for 3-ethylheptane may be surprising, therefore,
but 3-ecthylheptane has two ethy! groups which may cause a stronger interaction. This
effect of the ethyl group is confirmed by some other isocodal pairs having the same
valies of Af: 3,3- and 4,4-dimethylhepiane; and 2,4- and 2,5-dimethylheptane.

The 4401 group shows a regular decrease on y with increasing M, and 3,3-
and 4. 4-dimethylheptane, having the same A/ value, exhibit the above effect due to
the ethyl group. The 4320 group contains ali of the dimethyiheptanes which do not
possess quaternary carbon atoms (last digit of the code equal to zero), and 4-ethyl-3-
methylhexane. The y values decrease with increasing 44 and when the tertiary carbon
atoms are near to each other and io the centre of the chain. Trimethylhexanes having
a tertiary and 2 quaternary carbon atom belong to the 5311 group and (except for
3,3,4- and 2,2 5-trimethylthexane) have A = 1. Their v values decrease when the
qusfernary and tertiary carbon atoms are necar to the middie of the chain and when
thev are adjacent.

Table IV shows the effects of structure on isccodal trimethylhexanes. The
anomalous position of 2,2, 5-trimethylhexane which, with A = 0, should have the
highest y value, i.e., the lowest solute-solvent interaction®®, may be due to the ab-
sence of characteristic groups other than external guaternary and tertiary carbon
atoms. The effectiveness of groups in reducing the solute—solvent interaction actualiy
decreases in the order external guaternary, intemal guaternary, internal tertiary,
external tertiary, secondary carbon atom between tertiary and quaternary and ad-
jacent tertiary and quaternary carbon atoms, and the effects are additive®.. The greatest
effect of an external quaternary carbon atom is shown by the 5211 group, with A =
2, where 3-e¢thyl-2,2-dimethylpentane has the highest value of y (Table HI). The »
values for the 5130 group increase with M, and the terminal ethyl group explains the
low value for 2,3.4-trimethylhexane. The 6102 group contains only two isomers, but
the dependence of y on 3/ is also verified. As previously observed!, the use of reten-

ion-index values? instead of 4 does not permit this regular behaviour as a function
of structure to be observed for all groups. The ¥, values, and therefore the retention-
incex values, depend on v and p,, and the effect of structural changes on these two
parameters is not the same.



RETENTION VOLUMES OF BRANCHED-CHAIN NONANES ] 255

TABLE IV

NUMBER OF SECONDARY METHYL GROUPS, ACTIVITY COEFFICIENTS AND STRUC-
TURE FOR 5211 CODED TRIMETHYLHEXANES

Compound Af v Characteristic groups®
2,2 4-Trimethvihexane 1 573 EQ -+ IT =3O

2,2 3-Trimethvlhexane 1 550 EQ +IT - TQ
2.2,5-Trimethvlhexane @ 546 EQ +ET

2,4 4-Trimethyihexane 1 5.38 IIQ +ET +JO
2,3.3-Trimethylhexane I 523 IQ+ ET +TQ
3,3,4-Trimethylhexane 2 5.2t IQ +IT+TQ

“ E = External; [ = internal; Q or T = quaternary or tertiary carbon atem; TQ = adjacent
tertiary and quaternary and JO = secondary carbon atom between tertiary and quaternary atoms
(joint)6-2t. .
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