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A TAILOR-MADE Cer HYbROCARBON AS A POSSIBLE NON-POLAR
STANDARD STATIONARY PHASE FOR GAS CEROMATOGRAPHY

F. RIEDOQ, D. FRITZ, G. TARJAN and E. sz. KOVATS
- Laboratoire de Chimie Fechnigue de I'Ecole Polytechrique Fédérale de Lausanne, Lausanne ( Switzer-
land)

SUMMARY

A hydrocarbon of empirical formula Cg;H, ;6 has been found to have advan-
tageous properties for use as a stationary phase in gas chromatography. It is a2 non-
polar solvent with a working temperature range from 30°C to about 280°C. Being
a pure substance, it has reproducible properties. The information necessary for de-
termining the precise position of the starting point of the chromatogram is given,
and its separation properties are discussed, taking as examples the chromatographic
behaviour of #-alkanes and other selected compounds. With the aid of these data, this
hydrocarbon is compared with squalane and the methylsilicones, and proved to show
most of the advantages of both of these phases.

INTRODUCTION

Alkanes are thought to be the least polar organic solvents and are therefore
accepted as “‘non-polar” siationary phases in gas chromatography in the absence of
a hypothetical, non-polar substance*—. In fact, experimental evidence shows that the
retention properties of such liquids can be explained by assuming that they can interact
with solutes by dispersion forees only. Hence their retention character is considered as
the basis of comparison for ail other stationary phases. By examining the additional
retention of a series of substances on a polar phase compared with that on an alkane,
the “polarity” of the polar stationary phase can be characterized in an empirical way>—.
However, the retention character of hydrocarbons as a group can be spoken of only
as a first approximation, as there are differences between the solvent properties of the
individual substances, with the retention data depending mainly on the molecular
weight5—5, Solvents of higher molecular weight appear to be slightly polar if compared
with squalane, a liquid repeatedly proposed and accepted as a non-polar stan-
dard1.3.4.9.10.

Such a choice is prejudicial to high-temperature work as the upper temper-
ature fimit of the use of squalane is only 100-120°C. Note also that squalane is a mix-
ture of varying amounts of diastereoisomers. Therefore, the use of methylsilicones has
been advanced as a standard or as one of a set of “preferred phases™!!?2, as they are
almost non-polar and stable up to 360°C. This choice may also be criticised for several
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reasons. Firstly, they are polymers and as such their molecular weight changes from
tatch to batch, thus affecting retention data. Secondly, sp*-hybridized silicon atoms
are Lewis acids capable of forming weak complexes by ={p,d)-bonds with bases such
as ethers and alcchols. Finally, methylsilicones are always altered during the prepara-
tion of the column packing: During conditioning, the column is heated to higher
temperatures for a given period of time in order to allow the methylsilicone chains
to substitute the surface hydroxyl groups of the support!3. Volatiles formed in these
rzactions and those present in the original polymer evaporate, resulting in a serious
loss of weight of the applied polymer. Such a liquid cannot be accepted as a standard
if well defined experimental conditions and reproducibility of retention data are re-
quireg. -

In this paper, we describe the properties of 2 ““tailor-made” hydrocarbon that
combines most of the advantages of the two above-mentioned liquids. It has nearly
optimal properties if it is accepted that the following, partly contradictory, conditions
kave to be fulfiiled: (1) the hydrocarbon should be a pure substance with no chiral
centres; (2) its melting point should be as low as possible; (3} it should be of low vis-
cosity; (4) the upper temperature limit of its use should be determined by its pyrolytic
stability and not by volatility; and (5) the price of the substance should not be pro-
hibitive for its use as a stationary phase.

Obviously, points (2) and (3) imply a2 hydrocarbon of low molecular weight,
consequently too volatile to be used as a stationary phase. Therefore, the lowest
admissible molecular weight to satisfy condition (4) had to be estimated. For this pur-
pose, a series of 1,1,6,6-tetraalkylhexanes of general formula I, where R = alkyl,
ranging from C;qHg, to CogH,ss have been synthesized in our laboratory. By inves-
tigating their thermal behaviour, we concluded that for a hydrocarbon to be non-
volatile up to 300°C, a minimum molecular weight (M) of about 1200 is required’.
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Fig. 1. Mgelting poiats of n-alkanes and branched hydrocarbons of structure ¥ as a function of the
reciprocal of the molecular weight (from ref. 15). For the melting points of n-alkanes of higher
rmolecular weight, see ref. 16.
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Fig. 1 shows that an z-alkane of the same molecular weight melts at about 112°C
and that even the melting point of 2 branched alkane of structure I would be too high
(80°C)*S. Therefore, the synthesis of the hydrocarbon of structure IF (Cg;H,q6, 24,24~
diethyl-19,29-dicctadecylheptatetracontane; mol. wt. = 1222.37) was undertaken,
assuming that it has the necessary degree of branching to bring about the desired melt-
ing point'’. Its physical properties are summarized in Table L.

R\ R HzCyg HSCZ C2H5 /C'JSH37
CH—(CH—CH CH—(CH,), —C—(CH,),—CH
R r R HisCig T CigH3zy
TABLE 1

PHYSICAL PROPERTIES OF HYDROCARBON II, Cs-H, .

For the determination of the melting points, see Fig. 2. Sample P, dissolved and precipitated sub-
stance; sample M, crystallized from the melt at 21-22 °C. Confidence limits at the 959/ significance
level.

Property Sample Value
Melting point P 33.3 £ 06°C

M 283 +£03°C
Enthalpy of fusion P 28.7 L 04cal-g!

M 233 +12¢al-g™!
Density at 130 °C 0.776 £ 0.001 g-cm™3
Specific volume at 130 °C 1.289 + 0.002cm-g~!
Coefiicient of cubic thermal expansion (0.746 - 0.007) 10~3 °C?
Molecular weight 1222.37 g-mole™!
Molecular weight by vapour osmometry 1217 + 30 g-mole—!
Lower temperature limit of use as stationary phase 30°C
Higher temperature limit of use as stationary

phase (estimated) 280-300 °C

In Fig. 2, two melting curves of the same sample of hydrocarbon II are de-
picted. Trace P refers to the substance obtained in the last purification step. The hy-
drocarbon was dissolved in n#-hexane and precipitated at 0°C by the addition of pro-
panol-1. The white powder obtained by this procedure showed a shoulder of widely
varying area on the melting curve at about 31° and a sharper peak at 33.3 - 0.6°C.
The previous handling largely determines the magnitude of the pre-melting effect,
which might be due to structural defects introduced by mechanical shearing in the
course of handling. By cooling the molten substance at different cooling rates, it al-
ways solidified at 21-22°. Trace M in Fig. 2 is the melting curve of such a solidified
sample, whereby transitions were observed at ca. 25.6 (shoulder, sometimes missing),
26.6 4- 0.2 and 28.3 4+ 0.3°C with varying areas under the individual peaks. It is
interesting to note that substances once molten never again showed the high melting
point of the precipitated substance.

The hydrocarbon has been used as the stationary phase in two packed columns
for 8 months. During this period, about 500 chromatograms have been measured on
each of them, the columns having also been heated overnight at 30-250°C. Subse-
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Fig. 2. Melting curves of a sample of the hydrocarbon II (4.52mg) in a differential scanning
calorimeter. Curve P, substance precipitated from its solution in n-hexane with propanol-1 at 0 °C;
curve M, afier crystallisation in the calorimeter at a cooling rate of 1-2 °C-min~! at 21-22 °C. The
powar, p, is in mcal-sec™?.

quentily, the unchanged hydrocarbon was recovered from the column packing by ex-
traction in nearly quanitiiative yield.

in conclusion, we felt that this substance can be proposed as a standard sta-
tionary phase, and its gas chromatographic properties were therefore investigated.
The results are reported below.

EXFERIMENTAL

The substances used as solutes were obtained from Fluka (Buchs, Switzerland),
and the rare gases and light hydrocarbons were products of Air Liquide (Paris, France).

The. chromatographic data were measured with a Packard-Becker (Delft,
The Netherlands) Model 419 apparatus, the thermostated oven of which was slightly
- modified. By inserting an additional box of aluminium plates to regulate the circula-
tion of the hot air, the temperature gradient, originally 1.5°C between extreme points,
could be reduced to 0.3-0.5°C for isothermal work. The flow-rate of the helium carrier
gas was regulated by a thermostated (25 4- 0.5°C) Brooks (Hatfield, Pa., U.S.A))
valve. The temperature of the column oven was constant to within 4+ 0.1°C over
8 h. The flow-rate was determined twice dzaily with a soap-film device and controlled
conzinuously with the aid of a precision flow meter!®. The support was prepared from
Chromosorb G (Johns-Maaville, Denver, Colo., U.S.A.), which was made to
react with trimethylsilanol in the presence of ammonia vapour at 100°C for 24 h in
fhree successive treatments’®. Two column packings were prepared by wetting the
silanized support (particle diameter 180-220 zm) with a solution of hydrocarbon II
in n-hexane and evaporating the solvent. The colummns were Pyrex tubes {length 240
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cm, I.D. 0.4 cm). Column A contained 2.583 g of stationary phase (column packing
ratio, Chromosorb:hydrocarbon ~ 90:10, w/w) and column B contained 4.017 g of
stationary phase (packing ratio ~ 86:14, w/w).

The melting curves of hydrocarbon ¥ were recorded on a Perkin-Elmer
Maodei DSC-1B differential scanning calorimeter. The measurements were made on
samples of 1-4 mg in 2 nitrogen atmosphere at 2 heating rate of 1°C-min~*, The
molecular weight was determined with a Knauer (Berlin, G.F.R.) vapour-prassure
osmometer in toliuene solution (standard: benzil).

The specific volume and thermal dilatation of the hydrocarbon were deter-
mined in a home-made pyknometer on three samples of 800 mg cach at different tem-
peratures between 30 and 190°C. With the experimental specific volumes, v, (corrected
for vacuum) the coefficients of the equation In v = In w(T'%) - «(7—T7), where Tis
the temperature and 7T = 130°C, were determined by linear regression. For the
values of the specific volume at 130° [v(71)] and the coefficient of thermal expansion,
&, see Table 1.

All of the necessary calcuiations were made on a Control Data Model Cyber
7326 computer at the Ecole Polytechnique Fédérale de Lausanne. The programs were
written in Fortran. The coefiicients of the various equations were determined by the
least-squares method, using the routines CARLIN, IMGC, LSQ1Z, LSQ2Z and
PSQ3Z of the numerical analysis library POLYFTN, developed in the Department
of Mathematics (under the responsibility of Prof. J. Descloux). Prior to calculations,
some of the experimental resulis were first rejected by means of adequate statistical
tests,

RESULTS AND DISCUSSION

The starting point of the chromatogram

For the determination of chromatographic data, the retention property X
(distance on the chart, time, volume) of a hypothetical, non-retained substance is
necessary. By working with a thermal conductivity detector, nitrogen is accepted as
a substitute for such a substance. If a flame-ionization detector is used, methane is
commonly assumed to approximate to the ideal properties, which is certainly an
unsatisfactory assumption for precision work. The true zero can easily be determined
if the relative retentions of a pair of substances are known with the necessary precision.

Let us choose one of the solutes to be methane, as it appears pear to the
true zero aad it is detected by currently used detectors. Let us further assume that it
is injected together with a second substance, A, (see Fig. 3) which is sufficiently sepa-
rated from methane. The relative retention of A with respect to methane is then given
by

ren — XA Xe(A) — X

¢ = X(CH) ~ Xa(CH) — X..

where X is the retention property of the solute (distance, 4; time, #; volume, ¥) and

X, Xz and X, represent the gross, corrected (net) and dead retention properties,
respectively. Egn. 1 gives, after the necessary transformations:

¥ = Xo(CHy — THR—TER _ pocmy -5 @

&)
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Fig. 3. Chromatogram of a mixture of methane and propane. Column B with 4.017 g of the hydro-
carbon I; 210 °C; helium carrier gas. Concentration, ¢, in arbifrary units.

For calculation of the value of d, a precise knowledge of the relative retention ry/cpg
is necessary. To provide this, we equipped the chromatograph with a thermal con-
ductivity detector, and on column B, containing 4.017 g of hydrocarbon II, we deter-
mined the gross retention volume of a series of permanent gases and light hydrocar-
bons. The results, summarized in Table 11, show that neon has the smallest gross
retention volume. We accepted tentatively that this value corresponds to the dead
volume of the column, which implies that neon is supposed to be insoluble in the sta-
tionary phase, which is obviously not true. The systematic error introduced by this
assumption zt 25°C can be estimated as follows. From Henry’s coefficient, %, reported
in the literature for permanent gases and methane in several n-alkanes for 25°C9-25,
Henry’s molal coefiicient, g™, was calculated as

™ = M h/1000 3
where M is the molecular weight of the solvent. The coefiicients / and g™ are defined
by

p=hx=g"m @
where p is the partiial pressure of the solute over the solution, x is its mole fraction
and m is its concentration in the solvent expressed in molality (moles of substance per

kilogram of solvent). From Henry’s molal coeflicient, the related standard chemical
poiential was calculated, given by

Ap™ — RT In g )

where A4 is the difference between the ideally dilute solution and the ideal gaseous state.
Finally. by using the equation

RT,
Ve = 1000 g™ ©
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the spec1ﬁc retention volume of the solute can be wculated by assummg that the sol-
vent in question is used as the statlonary phase.

It has been shown®’ that, in agreement with the Flory*® and Huegms“
theory for mixtures of molecules of unequal size, the dependence of a quantity such as
Ap®™ on the reciprocal of the molecular weight of the solvent is linear, to a first ap-
proximation. The data plotted in Fig. 4 confirm this linear relationship. Extrapolation
to the molecular weight of hydrocarbon I shows that our values are of the right order
of magnitude and, further, that neon might have a specific retention volume of 2bout
0.02 ml at 25°C. In Table ITI, this vaiue is compared with those of the permanent
gases and of methane measured from neon as zero. If the estirhated value of the
retention volume of neon is correct, its neglect would introduce an error of about
79 in the specific retention volume of methane. Other permanent gases suck as
hydrogen and nitrogen have even higher retentions than neon.
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Fig. 4. Chemical potential related to Henry’s molal coefficient, Ag, of several gases in n-alkanes and
in hydrcearbon I1. The logarithmic scale of the specific retention volume (ml-g—%) is also shown.
Data for xenon, see ref. 19; for krypton, argon, neon and helium, seeref. 20; for hydrogen and methane
point marked by 1, sce ref. 21, by 2 see ref. 22, by 3 see ref. 23, by 4 see ref. 24 and by 5 see ref. 25,
Data on hydrocarbon II were extrapolated to 25 °C with the aid of the regression coefiicients listed
in Table V.

Unfortunately, we cannot use the value of 0.02 ml g~! for neon as a correction
for the whole temperature range. A substance with a positive free enthalpy difference
will be more soluble at kigher temperatures, and the correction will therefore be greater.
Obviously, static measurements of the solubility of neon in the presence of helium
would permit the calculation of the precise value of thxs correction and thus enham:e
the precision. -
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TABLE T - ) -
SPECIFIC RETENTION VOLUMES ON HYDROCAREON I _
“"Values (ml-g™?) extrapolated to 25 °C by using the coefiicients in Table IV. For details, see text.

Estimated Measured from neon as starting point

rom Fig. 3 <
from Fig Ne 4 K- Xe H: N cH,
0.02 0 0.12 0.50 2.33 0.674 0.024 0.304

In the absence of such data, we compared the temperature dependence of the
dead volume of the column measured for neon with that calculated from the thermal
expansion of the stationary phase. The dead volume of the column obviously changes
with temperature because of the thermal expansion of the stationary phase as

Ve = ViTT) + Veo(TT) [1—e*T—F1] )

where T'T is a chosen temperature, « the coefficient of cubic thermal expansion of the
stationary phase and Ve (7'T) the volume of the stationary phase at the temperature
Tt. In Fig. 5, the experimental gross retention volumes of neon are plotted as a func-
tion of the column temperature. The broken line is the linear regression calculated
from the experimental data, while the full line was calculated from eqn. 7 by using
the data in Table I. The agreement is very satisfactory.

In conclusion, the bias of the net retention volumes shown in Table II can be
considered to be not too serious; even for a value of 0.8 ml (corresponding to a specific
retention volume of 0.20 mi-g~?) it is not more than 109.
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Fig. 5. The dead volume of cclumn B (4.017 g of stationary phase) as measured by the gross retention
voiume of neon versus column temperature. Broken line, linear regression V. = Va(T1) +
b (T — T') with slope of 0.0032 & 0.0013 ml- °K~1; solid line, trace of eqn. 7, where the value of
V= (T'Y) was taken from the linear regression; its slope at 130 °C is 0.00386 ml-°X -1 Ff = 130 °C.
The shaded area shows the confidence limits of the linear regression at the 95% confidence leval.
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Neclectmg this bias, the chemiczl potential related to Henry’s molal ceefﬁcnent
was calculated by the least-squares method using eqns. 6 and 8:
ns ot 1 T
RTIn g™ = Ap§™ = AH{TY) — TAS(T") + AC, , (T-T*—Tla =) (8)
= 403.15°K (= 130°C), where T is the absolute temperature, A H (7't) the molar
enthalpy difference, 45,(7f) the molar entropy difference of the soluie, j; between
the ideal dilute solution and the perfect gaseous state at 130°C; ACp ; is the difference
of the molar specific heat in these two states and is assumed to be constant over the
whole temperature range (Kirchofl’s method). The results are shown in Table IV.

TABLE IV

DIFFERENCES IN MOLAR ENTHALPY, 4H;, MOLAR ENTROPY, 45,, BETWEEN
IDEAL DILUTE SOLUTION AND PERFECT GASEOUS STATE AT 130°C AND DIF-
FERENCE IN MOLAR SPECIFIC HEAT, 4Cp

Calculated with egn. 8 and the retention volumes shown in Table I, by takmg neon as non-retained
substance.

Compound AH, (Tt) 48, (Tt) ACs, .
(keai-mole™*) {cal-mole-°K~) {cal-mole=!-°K~Y)

Nitrogen™ —0.214 —14.69 +3.75
Hvdrogen™ +0.669 —22.57 +45.75
Argon™ —0.558 —12.33 +1.78
Krypton —1.139 —11.79 +4.93
Xenon —2.192 —12.07 +1.06
Methane —1.018 —12.29 +3.22
Ethane —2.509 —13.08 +0.47
Propane —3.441 —13.86 +1.92
Butane —4.444 — 1481 +4.82
Neopentane —4.430 —14.64 +3.85
Tetramethylsilane —4.803 —15.30 +5.17

* Probably with heavy bias.

With the aid of the regression coefficients [AHATT), A4S(TY) and 4Cp ],
the relative retentions of ethane, propane and butane were re-calculated with respect
to methane. The resuits (Fig. 6) give the necessary information for the determination
of the starting point of the chromatogram by the method summarized in eqn. 2.

As an example, the chromatogram of a mixture of methane and propane at
210°C is shown in Fig. 3 (column B). We measured 15.4 and 13.2 cm for the gross
retention distances of propane and methane, respectively. From Fig. 6, we read off
5.7 as the relative retention of the propane, and so we calculate

du=132-2=B2 _ 135 o047~ 127cm ©)

for the distance corresponding to the dead volume of the column.

Retention behaviour of n-alkanes

During an 8-month period, about-1500 retention values of n-alkanes from
pentane to pentadecane were determined on columns A and B between 30 and 250°C.
The net retention velumes did not change with time, and the relative error of a single
determination amounted to about -+ 1%. The specific retention volumes calcuiated



 Csz HYDROCARBON AS STATIONARY PHASE : ‘ oon

_ -
3

ca i 4 it 1 L
e e e =i
 — i o — ; Jo—
RS R o= e e o i S I T s s P e et =

- _ - ° : ;
A M
! 50 100 50 200 250 THC
Fig. 6. Relative retention of ethane (e), propane (p) and butane (b) with respect to methane as a
function of temperature. For details, see text. Values over 230 °C are extrapolated.

from the results showed a systematic difference of ca. 3%, the values being smaller
on column B, which could be due to the error in the determination of the weight of
the stationary phase. Therefore, the parameters of eqn. 8 were calculated with the
average of the specific retention volumes. The regression coefficients of the higher
homologues showed a systematic variation. By fitting the equation

2 T
A = (o + @iz + 0@ — DD —TBot-$12) + (T—T—T ) (o + 712)
(10)

where z (=8) is the carbon number of the n-alkane C.H,.,., to the experimental
points for the n-alkanes from octane to pentadecane, the deviations of the experimental
points (averages) were of the order of 0.6 % [d.e (95%) = £-1.3%]. This regression
permits extrapolation to a few higher homologues. The results listed in Table V are

TABLE V
SOLUBILITY PARAMETERS OF n-ALKANES

Experiments in the temperature range indicated; m = number of experimental points. For details
see Table 1V and text. Tt = 403.15 °K (= 130.0 °C).

Compound  Temperature m AH(T?) AS; (T} ACs ;
range (°C) (kcal-mole=?) (cat-mole=t-°K~Y)  (cal-mole='-°K~Y)

Pentane 50-250 257 —5.418 —15.78 +7.02
Hexane 50-250 271 —6.438 —16.99 +9.16
Heptane 50-250 245 —T7.445 —18.20 +10.58
Octane 90-250 23 | @t eaz+
Nonane 90-250 188 ax {z> — 2)/2 Boe+ 8612 oo+ Y2
Decane 130-250 143 with with with
Undecane  130-250 121 a, = —0.143 8o = —9.12 Yo = —1.79
Dodecane  190-250 63 | a=-10444 g, = —1277 v = +1.632
Tridecane 199-250 63 e, = +0.00282
Tetra-

decane 210-250 39
Penta-

decane 230-250 17
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Fig. 7. Solubility parameters for r-alkanes as a function of the carbon number, z. Values for
methane to heptane are calculated for each hydrocarbon by using egn. 7. AH (trace h-h) in
kcal-mole™?, 45 (trace s-s) and ACp (trace c~c) in cal-mole~1-°K -1,

plotied in Fig. 7 together with the results for the light hydrocarbons (see Table IV)
as a function of the carbon number of the n-alkane.

Note that this plot is not linear. Therefore, the determination of the starting
point of the chromatogram is not justified by linearization of the logarithms of the re-
tention data ofn-alkanes, as suggesied repeatedly (for the same criticism, see also ref. 28).

In order to facilitate the conversion of retention indices, the recalculated specific
retention volumes, obtained by using the regression coefficients, are given in Fig. 8.

The data summarized in Table VI give 2 rough comparison of hydrocarbon I1
with a methyisilicone and an alkane with a carbon number of C;, (e.g., squalane).
The relative retention of two consecutive n-alkanes is a measure of the sepa-
ration efficiency of the phase for hydrocarbons. On two similar columns (with the
same phase ratio and same number of theoretical plates but different stationary phases),
the separation efficiency obviously decreases if the relative retentions are smaller.

TABLE VI -

APPRCXIMATE RELATIVE RETENTION OF TWO SUCCESSIVE r-ALKANES AT 120 °C
AND THE SPECIFIC RETENTION VOLUME OF #-OCTANE AT 100 °C ON A FEW STA-
TIONARY PHASES

Stationary phase rezeny= at 120 °C V, (octane) (mf-g—%) at 100 °C _
Cio hydrocarbon 1.979 (ref. 7), 1.95 (ref. 4) 230-250 (ref. )
Meikbylsilicone 1.77 (zef. 4) ~ 160 (ref. 29)

Hydrocarbon I1 1.95-1.90 157.7
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We observed that this number is about the same on hydrocarbon If and on the Cy,
alkane but it is smaller on methylsilicones. o )
Methyisilicones are often spoken of as “rapid” stationary phases, meaning
that the chromatograms on them are shorter in comparison with, for instance, squa-
lane. On the one exampie of the retention volume of n-octane at 100°C, we observed
that hydrocarbon II resembles the methylsilicone more than squalane in this respect.

Retention data of selected compounds
The retention indices of about 150 compounds were measured between 50

and 250°C. Statistical analysis showed that there was no significant difference be-
tween columus A and B, and therefore all resuits were evaluated together. The vari-
ance of a single determipation is of the order of 1-2 units, except for the pyridines.
These substances had to be injected in larger amounts as smalil samples gave peaks

with serious tailing and widely varying retention indices.

L2

TABLE Vil

RETENTION INDICES OF SELECTED COMPOUNDS ON THE HYDROCARBON I
Under the heading m the nember of determinations is given in the temperature range shown in the fourth column.
¥ is the variance around the linear regression with m — 2 degrees of freedom. The constants of the linear regression,
Is, and the temperature dependence for a 10 °C interval, 10(2f/8T), are listed in the last four columps. For con-
venience, the indices at 70 and 190 °C are also given. Experimental conditions: values on two columns A and B
with 2.583 and 4.018 g of hydrocarbon; determination at intervals of 20 °C; injection of about 0.05 mg per com-
ponent with the exception of pyridines, where larger amounts were applied (cz. 0.2 mg); fame-ionization detector.

Examination of the resulis listed in Table VII would suggest that this siationary

Type of compounds Compounds in Temperatuie V. I 10(aIjeT})
range (°C)
70 °C 130°C 190 °C
Hydrocarbons Isaalkanes
Neopentane™ 30~ 230 4064 409.0 411.6 0.44
2,2-Dimethylbutane 22 50-150 0.76 535.1 35412 101
2 3—Dimethylbutane 14 50-150 0.51 5679 573.2 0.8%
2,2.Dimethyipentane 15  70-i90 079 6242 6277 631.2 0.58
2,3-Dimethylpentane 15 50-170 0.85 674.3 679.9 6855 0.94
2 4-Dimethylpentans 29 50210 1.11 6269 6295 632.1 044
2,2,3-Trimethylbutane 16 50-150 1.28 641.5 653.1 €64.7 1.93
2,2-Dimethylhexane 12 70210 0.24 715.8 719.6; 7234 0.64
2,3-Dimethylhexane 12 $0-210 0.13 7610 7660 7710 0.84
2,4-Dimethylhexane 18 90-210 0.61 729.6 7334 7372 0.63
3,4-Dimethylhexane 13 $0-190 0.71 7740 7804 786.8 1.06
2,3,4-Trimethylpentane 15 90210 042 7555 171656 TI5.7 1.68
2,2,4-Trimethylpentane 13 S0-210 0.33 788.6 6948 701.0  1.68
2,2-Dimethylheptane - 17 90210 0.70 8il.6 815.8 820.0 Q.70
2,2,4,6, 6—Pentamethylhentane i1 130250 2.10 990.5 10029 207
Alkenes '
1-Pentene g9 50150 0.51 4825 4839 0.27
1-Hexens 14 50190 0.74 584.5 5853 5861 0.14
1-Heptens 16 50-230 1.23 6836 6852 6868 0.26
1-Cctene 19 110-250 1.92 783.7 7847 7859 0.19
1-Nonene 21 110230 1.52 8834 8850 £86.6 0.26
1-Decene 22 130-250 0.76 9846 986.6 0.34
1-Undecene - 18 130-250 0.59 10843 10866 “9.38
1-Dodecene 14 170-250 6.53 1i84.3 11866 0.38
1-Tridecene 3 120-250 1.39 12844 12869 042
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TABLE VI (continued)
Type of compounds Compounds e Temperature V I - 10 (2I[6F)
range (°C) 70 °C 130°C 190 °C
Alkynes
1-Pentyne 13 50-130 1.02 4845 4849 —0.06
1-Hexyne 14 50-190 0695 587.3 5876 5879 0.05
1-Heptyvne 18 50230 1.49 687.1 6824 685.7 0.22
1-QOctyne 37 80250 3.06 785.8 7883 7908 0.42
t-Nonyne 18 110-2350 1.78 885.3 8880 890.7 0.45
i-Decyne 16 130-250 1.97 986.7 9%0.6 0.65
Monocyclic kydrocarbons
Cyclopentane 15 50130 0.59 5759 58383 2.06
Cyclohexane 22 50210 0.99 675.6 6945 7134 3.15
Cycloheptane 18  90-190 159 8116 838.8 866.0 4.54
Cyclooctane 16 130-230 0.50 966.9 939.2 5.38
Cyclodecane 8 190-250 .61 1180.0 1223.1 7.19
Cyclododecane 8 190-250 0.40 1362.7 14126 8.32
Bicyclic hydrocarbons
cis-Hydrindane 19 130-250 1.29 10349 10728 6.32
trans-Hydrindane 11 130-250 2.11 1000.3 10353 5.83
cis-Decalin 12 176-250 0.53 11539 1198.7 7.47
trans-Decalin 12 170250 0.47 11122 11534 6.86
Alkylbenzenss
Benzene 24 30-230 247 659.2 678.8 6984 3.27
Toluene 25 70230 2.22 766.8 786.5 806.2 3.29
Ethylbenzene 24 90250 1.57 855.2 8759 896.6 3.45
Propylbenzene 21 130-250 203 9430 9650 987.0 3.66
Butylbenzene 18 150-250 0.78 10648 10870 3.70
Pentylbenzene 16 170-250 2.85 1162.0 11839 3.65
Hexylbenzene 13 190-25¢ 1.35 12577 12812 391
Others
Adamantane 14 170-250 0.38 1137.6 11895 8.65
Tetrahydronaphthalene 11 190-250 1.25 1189.7 1231.1 6.90
Naphthalene 12 180-250 0.93 12154 1264.8 8.23
Azuilene 6 190-250 0.04 1351.2 13889 9.62
Alkane derivatives I-Chloroalkanes
1-Chloropropane 12 50-170 0.82 5269 5364 5459 1.58
1-Chlorabutane 19 50-1%0 1.51 6304 6414 6524 1.84
1-Chloropentane 19  90-230 0.89 7322 7433 7544 i.85
1-Chlorohexane 17 110-230 0.93 8333 844.8 856.3 1.91
1-Chloroheptane 14 130-230 i.28 9345 0463 9581 1.97
1-Chlorooctane 12 150-230 0.32 1047.4 1059.5 2.02
1-Chiorononane 8 150-230 0.08 11463 11603 2.33
t-Chlorodecane 7 190-230 0.10 12469 1260.9 234
{-Bramocalkanes -
Bromoethane it 50-170 0.49 509.6 523.0 224
i-Bromopropane 19 350-150 246 6142 6294 6446 2.53
1-Bromobutane 22 50210 0.81 716.8 7327 7486 2.65
1-Bromopentane 19 ¢0-210 246 817.7 8350 8523 2.88
i-Bromohexane 14 130-210 1.00 9183 9364 9545 3.02
1-Bromoheptane 14 130-250 1.13 1036.2 1056.8 343
1-Bromeoctane 14 130-230 0.88 1136.3 11576 3.55
1-Bromononane . 8 190-250 8.65 12352 125890 3.80
1-Bromodecane - 5 210250 1.05 13345 1358.0 3.92

(Continued an p. 78}
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TABLE VI {contiwued)
Type of compounds Compaunds m Temperature V F- "~ 10 (eFfeT)
raﬂge (ac) YN S T35 O 0N o
U o 10U O LU
1-lodealkanes .

,  lodomsthane 14 50-150 0.30 5286 5488 5690 3.36
Iodoethane i6 50-1%0 0.29 58176 6389 660.2 3.55
{-Todopropane 20 - 70-210 0.57 7203 7438 7673 3.92

i-fodobutane i8 90-210 049 813.3 8446 869.2 4,21
i-Iodopentane i8 110-25¢ 132 8178 9446 S714 447
1-Icdohexane 12 150-250 0.44 1045.1 10729 4.63
i-Iodoheptane 10 170-250 052 11449 11736 479
1-Iodcoctane 6 190-250 041 12472 12752 4.67
I-Cyangalkanes
1-Cyanopropane 16 50-190 8.14 5874 5936 599.8 1.03
1-Cyanobutane 19 70210 097 689.1 6974 705.7 139
1-Cyanopentane 18 90-210 0.56 789.5 769.1 808.7 1.60
I-Cyanohexane 16 110-230 0.62 888.2 8997 9112 191
1-Cyanoheptane 7 136-230 1.08 950.3 10013 10123 1.84
1-Cyanococtane 17 150-250 2.34 1102.9 11147 1.97
1-Cyanononane 10 170-250 0.64 12029 12i5.3 2.07
1-Cyanodecane 7 180-250 0.18 1302.4 1315.6 2.20
1_Nitronlbanes
Nitroethane i2  50-1790 2.15 563.7 5786 248
1-Nitropropane 20 50-1590 1.33 654.7 &65.1 6755 1.73
1-Nitrobutane 15 90-230 0.68 7546 767.2 T779.8 2.10
1-Nitropentane 14 110-230 0.90 855.1 868.83 882.5 2.29
1-Nitrohexane 10 130-230 0.91 969.9 984.8 2.48
1-Acetoxyalkanes -
1-Acetoxyethane it 50-170 2.35 548.6 5440 5394 —0.77
1-Acetoxypropane 19 50190 1.37 644.1 6389 633.7 —0.87
1-Acetoxybutane 17 90-230 201 7437 7409 7381 —046
1-Acetoxypentane 23 90-250 1.90 843.7 841.t 8385 —044
1-Acstoxyhexane i4 130-250 0.85 940.8 9394 9380 —0324
i-Acetoxyheptape 13 130250 1.16 - i039.9 10388 —0.19
1-Acetoxyoctane 11 130-250 0.64 1138.2 11385 Q.05
1-Acetoxynonane 8 190-250 0.52 1237.7 1238.1 0.07
1-Alkanols
1-Butanol 21 50-190 429 602.2 6009 5996 —0.22
1-Pentanol 26 70-190 1.67 7003 7019 7035 627
1-Hexanol 25  90-230 0.57 798.0 8G3.6 809.2 0.94
1-Heptanol 19 130250 1.45 898.3 9056 %129 1.22
) 1-Octanol 16 130-250 1.50 10066 10143 1.29
1-Nonanol 8 190-250 280 11109 11175 1.10
2-Alkarols
2-Propanol 7 70-110 2.21 44690 4420 —0.66
2-Butanol 13 70-150 2.32 5479 5520 0.69
2-Pentanol 18 70-230 1.74 6436 ©6482 6528 0.77
2-Hexanol 21 90-23G 1.59 7424 748.0 753.6 094
2-Heptanol 22 110230 0.87 8418 8480 8542 1.04
2-Qctanol 16 130-230 0.95 - g48.3  855.1 1.13
2=NMethylaikar-2-ois -
2-Methylpropanol-2 8 50110 1.12 478.1 4733 —0.80
2-Methylbutanol-2 14 50-1%0 1.12 5866 6009 6052 071
2-Methylpentanol-2 1¢ 50-230 3.11 6888 6938 6958 0.83
2-Methylhexanol-2 17 80230 0.90-7824 7833 7942 0.59
2-Methylheptanci-2 15 110230 0.98 8759 8858 &9L.7 ¢.59
2-Methyloctanol-2 12 150-230 146 - 9865 988.3 0.97
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TABLE VI (continued)

Type of compounds Compounds m Temperature V[ 10 (&f]8T)
- range (°C})
70 °C 130 °C 196 °C
2-Alkanones
2-Butanone 1§ S0-130 8.25 540.2 3435 Q.55
2-Pentanone 2t 50-199 1.71 6296 6322 6348 043
2-Hexanone 24 70-230 0.82 7294 733.7 7380 0.72
2-Heptanone 17  80-250 0.63 8288 33.4 838.0 0.76
2-Octanone 12 150-230 0.68 927.2 933.2 938.5 0.88
2-Nonanone 12 150250 Q.35 10334 10395 1.02
2-Pecanone 10 170-250 0.76 11344 1139.7 0.89
2-Undecanone 8 190-250 Q.45 12346 12404 .96
_ Ethers
Diethyl ether 11 70-130 098 4826 470.7 —1.99
Dipropyl ether 24 50-190 1.29 659.0 6552 6514 —0.64
Dibutyl ether 20 110-210 1.20 858.0 853.1 8522 -049
Dipentyl ether 8 170-250 0.49 10530 10510 —0.34
Halogenometharnes
Dichloromethane 13 50-170 0.94 4979 509.1 1.86
Trichloromethane i8 50210 1.66 595.2 6103 625.4 2.51
Tetrachloromethane 22 70-210 1.22 663.1 681.8 700.5 3.i2
Dibromomethane 20 90-210 3.67 681.7 706.2 730.7 4.08
Tribromomethane 14 130-2:0 1.10 873.1 9129 952.7 6.44
Halogenobenzenes Fluorobenzene 24 50-230 1.70 651.3 6659 6805 244
Chlorobenzene 27  S0-250 1.20 8384 866.1 8038 4.61
Bromobenzene 26 110-250 0.94 9258 961.1 996.4 5.89
lodobenzene 20 150-250 0.95 108t.1 11257 7.43
Alkylpyridines Pyridine 18 90-230 342 7059 7283 750.7 3.73
2-Picoline 20 90-230 3.41 7866 8054 824.8 3.23
3-Picoline 11 110-150 2.24 826.8 848.0 869.2 3.54
4-Picoline 16 90-230 2.51 823.2 846.7 870.2 3.91
2-Ethylpyridine 10 110-210 0.66 871.8§ 890.2 903.6 3.06
3-Ethylpyridine 17 130230 230 9180 941.7 965.4 3.95
4-Ethylpyridine 10 150-210 272 0214 9459 9704 408
2,4-Futidine 12 130-230 2.68 6934 9227 9420 3.22
2,5-Lutidine 15 130-230 1.71 9032 98223 9414 3.18
2,6-Lutidine 20 110-210 3.58 863.8 876.1 888.4 2.05
3,4-Lutidine 9 150-210 5.78 9923 10186 4.38
3,5-Lutidine 13 130-230 267 9677 9916 3.99
2-Propylpyridine 16 130-230 1.20 976.6 9983 3.62
4-Propvlpyridine i6 130-230 371 1034.7 10s1.1 4.40
4-tert.-Butylpyridine 6 150-210 0.97 1073.3 11019 4.76
Miscellaneous Tetrzhydrofuran 16 350-170 1.92 602.6 6129 6232 1.71
’ Dioxan 17  50-170 1.58 660.3 6750 689.7 245
Thiophen i7 50-120 3.23 6646 6833 706.0 345
Tetramethyisilane® 30-230 4294 427.1 4248 —-0.38
“ See Tabie VL.

phase has a certain polarity if compared with squalane with Rohrschneider’s empirical
constants. However, it has been shown that the efiect of increasing molecular weight
of the stationary phase is to displace retention data in the same sense but not by the
same amount as increasing polarity”™ >,
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n F!E. 9, we have marked on the abscissa the retention mdex differences

A*fxso = Ixso (HC-00) — 30 (HC-30) an

for compounds used by McReynolds to compare stationary phases®. In eqn. 11, 3,
(HC-o0) is the retention index of the compound on a hypothetical branched zlkane
of infinite molecular weight at 130°C and 75, (HC-30) is that on a C;, hydrocarbon
with the structure I, from ref. 15. By plotting AF values of the same substances, ob-
tained as differences between indices on any two hydrocarbon phases, against the
A%1;;4 values as defined in eqn. 11, a linear relationship must be obtained.
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Fig. 9. A1 values of selected substances on hydrocarbon staticnary phases as a function of A*f value
of the same substances measured on a hypothetical hydrocarbon of infinite molecular weight referred
to a2 hydrocarbon of carboa number C;, of structure I. For details, see text. B, Average 47 values
on nujol, mineral oil and liquid paraffin referred to squalane from ref. 4; @, A7 values on hydrocarbon
II referred to a G hydrocarbon of structure I; O, average A7 values on methylsilicones from ref. 4.
AI values on a hypothetical aikane of structure I of infinite molecular weight referred to a Cs, hydro-
carbon should fzll on the broker line.

Inspection of data on hexatriacontane, nujol, mineral oil and liquid parafiin
listed in McReynolds’ compilation show that A7 values on these hydrocarbons (re-
lative to squalane at 120°C) are .very similar®. We therefore plotted their average
value. The points are indeed aligned. Also, the A7 values on hydrocarbon II relative
to the C,, hydrocarbon of siructure  (130°C from ref. 15) show a linear relationship.
AF values of methylsilicones, on the contrary, show no correlation, which demon-
strates clearly that this class of stationary phases has a different separating character.

As an example, it is interesting to calculate the retention indices of two sub-
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stances by using the coefficients of the regression equations in terms of chemicai
potentials. In Table VIIi, the retention indices of neopentane and tetramethylsilane
are shown as a function of the temperature. It can be seen that, in fact, the temperature
dependence of the retention index is hyperbolic but the error introduced by the linear
approximation amounts only to £0.5 in a temperature range of 200°C. Probably,
retention indices with higher temperature dependence will show a more pr:cmounced'
curvature.

Finally, it should be noted that the results of an mvestsaanon of column pack-
ings prepared with hydrocarbon II in combination with different supports suggest
that a good column performance can easily be obtained with thzs substance as station-

ary phase®®.
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