- Jotrral of Chromatography, 119 (1976) 505-521 - - :
@ E!sevrer Sczenuﬁc Pubhsbmg Company, Amstetdam Prmted in The thheﬂands

‘_;CHROM 8945
'CAPILLARY GAS CHROMATOGRAPHY OF ALKYLBENZENES )

I SOME PROBLEMS ENCOUNTERED WITH THE PRECISION OF THE
:RETENTION INDICES OF ALKYLBENZENES

L. SOJAK
hemxcal Institute of Comemus University, Branslava { Czechoslavakia)
and
J. A. RIJXS :
Department of Instrumental Ana[yszs, Eindhoven University of Technology, Eindhoven (The Nether-
lands)
(Received December 4th, 1975)

SUMMARY

. A high-precision gas chromatographic system, in combination with high-
‘resolution stainless-steel capillary columns and three stationary phases of different
polarity, was used to study the separation and retention behaviour of 47 alkyl-
-benzenes up to C,s, including all pessible isomers between Cg and Ci,.

- The precision of the relative retention data is discussed in relation to the
method of time measurement, non-ideality of the carrier gas, column temperature
and ageing of the column. Taking into account these factors, the inter-iaboratory
agreement of the retention indices for aromatic hydrocarbons determined within and
between laboratories can be improved considerably. Kovits retention indices and
their temperature dependence were obtained w1th a precision corresponding to a
standard deviation of about 0.1 index unit.

INTRODUCTION -

. Although a large volume of retention data for hydrocarbons on different
stationary phases is available, their usefulness is limited seriously in many instances.
because of a lack of agreement. This problem is most serious for aromatic compounds,

‘among which benzene and alkylbenzenes up to Cpg are the most interesting because
of their importance in research, technology and environmental problems:
‘ In order to increase the reliability of the published retention data for this class
of compounds, repetition of the measurements under the conditions nowadays applied
in hlgh-ptecmmn gas chromatography is required. This would simplify their identifica-
tion on the basis of published retention data, and would also permit the identification
of compotmds of hxgher molecular welght by means of ﬁne-structure retention correla-
ttons. ;
' Aromat!c hydmcarbons have been the subject of many gas. chromatographxc



stud.tes but only two of the most recent pubhcatmns wﬂl be me-ltxo'xed here. Dormg_
et al.! measured the retention data of 120 alkylbenzenes up to C,; on two stationary
phases of different polarity (Ucon and PEG 20009). ‘and: ‘at different temperatures.
Svob and Deur-Siftar® obtained retention indices for aromatic hydrocarbons on four
stationary phases (squalane, acetyitnbutylcxttate SE-30-and PEG 6C00).

The gas chromatographic separation, measurement of - retentlon data and
structure retention correlations have been discussed for this class of compound.s in.
many previous papers. In this work, a high-resolution gas chromatographic system,
ensuring-high-precision retention data®, was used. With this system, the influence of
various factors (method of retention time measurement, natln‘e of the carrier gas, mlet
pressure, column temperature and ageing of the column) on the precxsxon and accuracy
of relative retention data for alkylbenzenes was investigated. -

 For the separation, three stationary phases of different polanty were used :
squalane, acetyltributyl citrate and 1,2,3-triscyanoethoxypropane. In order to facili- .
tate inter-laboratory exchange of retention data and standardization, the Kovats
retention index*, advocated by many workers®~'°, was chosen : as the retentxon para—
meter in this work.

EXPERIMENTAL

The measurements were performed on a home-made gas chromatographic
system described previously®. A liquid thermostat was used for temperature control
and the temperature the column was maintained within - 0.02°. The inlet pressure
was controlled to within - 0.002 atm during each analysis.

Samples of model mixtures (<< 0.1 ul) were introduced into the sampling sys-
tem (splitting 1atio 1:300) by means of a 10-zl Hamilton syringe together with
methane, required for the determinaticn of the gas hold-up time. The model samples
were constituted such that the components were completely separated at the operating
temperature. For the preparation of the mixtures, Phillips (London, Great Britain)
and American Petroleum Institute (API, Pittsburgh, Pa., U.S.A.) standard sub-
stances were used. #-Alkanes required for the determmat_lon of Kovits retention in-
dices were included in the model mixtures. In those instances when an aromatic hydro-
carbon was not separated or was separated incompletely from an r-alkane, this
standard was omitted from the mixture and its retention time was calculated from its
relative retention time in another mixture. The measurements of retention times were
effected withr a drgmzer—computer unit (sampling rate 1 per sec) with suasequent ofi-
line data processing by paper-tape!’!2 and by stop-watch. )

For the separation of the alkylbenzenes the same columns were used as in
pn:vxous work® (columns 1 and 3). In addition, two other columns were prepared.
.':m:ordmg to the preparation method described before3 The columaus used are specxﬁed '
in Table L. :

RE‘SULTS AND DISCUSSION

' Squalane as Statzomzry phase : : :
Retention indices of aromatic h}dracarbons on squalane capzllary columns.

Squalane is the most frequently used stationary phase in the ca_s chromatographxc

analysxs of complex hydrocarbons tmxtum ‘ : D .
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TABLE E
- COLUMNS USED IN THIS WORK 7
. No.. . :Slatwnary phase oo s Length I.D. Plate.
LT . ) o fm) (mm)  number (approx.)
1 Squalanc L ) 100 0.25 . 3-106°
2 - Squalane ) 100 0.25 . 3-10°
3 - - Acatyltribuiyl citrate 50 0.25 1-10%
4 1,2.3-Triscyanoethoxypropane 50 0.25 6-10°

In Table II, retention indices of some aromatic compounds determined in eight
different laboratories®3*3>~1® are presented in order of increasing values. The measure-
ments were made on stainless-steel and glass capillary columns using squalane as the
stationary phase. Most of these laboratories claiin a precision of less than 0.2 index

_units (i.u.). In order to permit a comparison of these data, they have been corrected
to a temperature of 70° by means of published dJ/d7 values?.’. The maximum differ-
ence appears to be 4 i.u. '

TABLE I

PUBLISHED RETENTION INDICES FOR AROMATIC HYDROCARBONS UP TO C; ON
SQUALANE CAPILLARY COLUMNS (70%

Columin - Carrier Inlet -Hydrocarbon - Refer-
<. .
material gf" . ?;f;f;re Benzene Toluene Ethyl-  p- m- o- ence
) benzene Xylene - Xylene Xylene

Glass He 641.6 748.9 838.7 - 853.0 874.1 i3
 Steel N 3 641.9 750.2 8398 854.0 8753 3

Steel H. 1.9 642.1 749.3 840.0 856.3" 854.1" 8755 14

Gilass Ar 20 7504 839.8 854.2 855.9 975.3 15

Steel = N, -4.0 6429 750.2 840.1 854.1 856.6 875.5 16

Steel He ) 643.4 750.8 839.8 854.4 856.0 875.1 2

- 751.2 840.7 854.5 856.7 876.0 17

Steel Ar 28 645.3 7519 842.0 856.2 858.3 877.8 18

* Reversed retention.

- In this paper, we shali discuss how far these differences can be explained by
evaluatmg the influence of factors such as column temperature, inlet pressure, nature
of the carrier gas, method of time measurement, composition of the stationary phase
and ageing of the column. Obvxouslv highly precise measuremenis are required in
such a study.

Repeatibility of retention indices of alkylbenzenes within the laboratory. The

_ measurements were made on column 1 at 70.0°, 80.8° and 95.4° with nitrogen and
-hydrogen as the carrier gases at inlet pressures between 1 and 4 atm. Retention times
were measured with a digitizer-computer system on the basis of peak maxima and the

" centre of gravity''-*2 and by stop-watch A chromatogram of one of the model mix-
tures is shown in Fig. 1 : :
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Fig. 1. Chromatogram of a model mixture of alkylbenzenes and n-alkanes. Column: length, 1600 m;
L., 0.25 mm; stationary phase, squalane; temperature, 80.7°. Carrier gas, hydrogen. Inlet pmsu.re,
2.5 atm. Peaks: 1 = methane; 2 = n-hexane; 3 = benzene; 4 = n-heptane; 5 = toluene: 6 = n-
octane; 7 = ethylbenzene; 8 = 1,3-dimethylbenzene; 9 = 1,2-dimethylbenzene; 10 = n-nonane;
11 = r-propyibenzene; 12 = 1-methyl-4-cthylbenzene; 13 = 1,3,5-trimethylbenzene; 14 = tert.-bu-
tylbenzene; .15 = isobutylbenzene; 16 = l-methyl-3-isopropylbenzene; 17 = n-decane; 18 = i-
methyl-4-isopropylbenzene; 19 = l-methyl-2-isopropylbenzene; 20 = 1,3-dicthylbenzene; 21 = 1-
methyl-3-propylbenzene; 22 = 1-methyl-4-propylbenzene; 23 = l-methyl-2-propylbenzene; 24 =
“1,3-dimethyl-5-ethylbenzene; 25 = 1,4-dimethyl-2-cthylbenzene;26 — I-methyl-3-tert.-butylbenzene;
27 = 1,3-dimethyl-4-ethylbenzene; 28 = 1,3-dimethyl-2-ethylbenzene; 29 = sec.-pentylbenzene ;
30 = 1,2-dimethyl-3-ethylbenzene; 31 = n-undecane.

In Table I1I, retention indices are compared for some representative cdmpounds
of a mixture of 16 alkylbenzenes (Cg~C,,), obtained with hydrogen as carrier gas at an
inlet pressure of 4.0 atm with different methods of time measurement.

With the digitizer-compute: system, a repeatibility corresponding to a standard
deviation of 0.02 i.u. was obtained on the basis of peak maxima (Z5). On the basis of
the centre of gravity (J¢, ), the standard deviation was only slightly higher (0.05 i.u.),
whxch indicates that the precision is not sxgmﬁcantly influenced by the symmetry of the

TABLE m

RETENTION INDICES OF SOME ALKYLBENZENES, REPRESENTING A MODEL MIX-
TURE OF 16 COMPOUNDS (Cs~Ci2), ON A SGUALANE CAPILLARY COLUMN AT 80. 8°
Carrier gas: hydrogen. Inlet pressure: 4.0 atm. Number of measurements: between 4 and 8.

C""@om T I: ) . :.g. 7 I; | AI:—E.;. Al::—‘ -
c-Xylene . 81748 87753 87749 —005 = —001
1,2,4Trimethylbenzene 97993 97986 97993  —0.03 0.00
1,4-Dimethyl-2-ethylbenzene ' 1054.52 105449 105450 = 0.03 0.02:
fert.-Pentylbenzene . - 106248 106246 106250 -~ 002 . —0.02

1,3,5-Tricthylbenzene 118846 114847 118847 —001 . —001

Mean standard deviation S o
_ for the whole mixture 00z 005 003
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TA.BLE v

) :INFLUENCE OF PRESSURE DROP ON THE RETENTION INDICES OF SOME ALKYL-
“BENZENES' : :

: Camer gas: hydrogen. .
" Compound ~ - - IBse (Py=25atm) s (P, =40atm) AI

a-Xylene 87740 87748 C.08
fert. -Butylbenzene 967.23 967.32 ) 0.09
1,3-Dimethyl-5-cthylbenzene 1043.55 1043.64 0.09
1,4-Dimethyl-2-ethylbenzene 1054.43 1054.52 0.09

1,2-Dimethyl-3-cthylbenzene 1080.92 1081.05 © 013

peaks. The repeatibility obtained by stop-watch measurements {J;) is of the same
order (standard deviation 0.03 i.u.). These standard deviations for alkylbenzenes are
very close to the values measured with the same system for other types of hydrocar-
bons3..

In this work, the influence of the method of time measurement on the absolute
values of the retention indices can be neglected. According to these results, a study of
the effect of systematic error sources (e.g., nature and inlet pressure of the carrier gas,
column temperature and ageing of the column) on relative retention data appears to
be possible.

Influence of the nature of the carrier gas and the inlet pressure. The influence of
variations in the inlet pressure on the retention index of some alkylbenzenes using
hydrogen and nitrogen as the carrier gas is shown in Tables IV and V respectively.
For hydrogen, an increase in the inlet pressure from 2.5 to 4.0 atm results in an in-
crease in the retention index of about 0.1 i.u. for aromatic hydrocarbons. For nitrogen,
on increasing the inlet pressure from 1.0 fo 4.0 atm, an increase of about 0.3 i.u. is
observed. As a result of earlier wor k19, it can be said that for helium, variation of the
inlet pressure up to 4.0 atm does not influence the retention index of any type of
hydrocarbon at a precision corresponding to a standard deviation of about 0.05i.u.
The same applies for alkanes and alkenes when helium and hydrogen are compared.

' The effect of the nature of the carrier gas on the retention indices of hydro-
carbons increases in the order alkanes < alkenes <C cycloparaffins < aromatics. For
instance, comparing helium with nitrogen at an inlet pressure of 4 atm, for alkanes the
effect can be neglected, for alkenes the effect is about 0.1 i.u., for cycloparaffins it is

TABLEV .
INFLUENCE OF PRESSURE DROP ON THE RETENTION INDICES OF SOME AROMATIC
HYDROCARBONS

- Carrier gas: nitrogen.

- Compaund I (P =10atm) 3. (P, =40atm) Al
Benzene = - 642.86 " 643.18 0.32
Toluene 750.05 : 756.35 ' -0.30
Ethylbenzene  839.65 839.93 0.28
p-Xylene . - 853.80 85407 0.27 -

o-Xylene . - 87504 - 875.37 0.33




sie ;f S e e L.SOJAK.JARUKS

between 0. 4 and 0.7 i.u., dependmg on the number of carbon atoms in the rmg, whﬂe
for aromatic hydrocarbons the difference is about 1 i.u. ‘(Table VD). . »
To summarize, it can be concluded that the naturé of the carrier gas and the
inlet pressure of the column should be carefully co_mldered in inter-laboratory com-
_parisons of retention data and standardization, especially for aromatic hydrocarbons.

'TABLE VI

INFLUENCE OF THE NATURE OF THE CARRIER GAS ON THE RETEV’I'IOV INDICES
OF SOME AROMATIC HYDROCARBONS

Inlet pressure: 4.0 atm.

Campqu’ld : I;gs a5 N,—H.
H, N.

Benzepe 642.07 643.34 1.27

Toluene 74930 750.49 1.19

Ethylbenzene  838.94 840.12 1.18

-Xylene 853.26 854.27 1.01

o-Xylene 874.41 875.56 1.15

Influence of the column temperature. In Table XIII are given the temperature
increments of the retention indices of 47 alkylbenzenes up to C,s. They were calcu-
lated from measurements of retention indices on a capillary squalane column at 80.8
and 95.4°. The variations of the temperature increments of the retention indices,
covering a relatively large interval from 0.01 to 0.45 i.u./°C, reflect the fine-structure
differences of alkylbenzene isomers. This effect will be discussed in a later paper. With
a few exceptions the dZ/dT values of alkylbenzenes are about 0.3 i.u./°C. This demon-
strates the importance of precise measurement and control of the column tempera-
ture.

Effect of ageing of the column. Column 1 had been prepared .3 years ago and
used irregularly at temperatures between 50 and 70° for hvdrocarbon analysis. The
increase in retention index during this period for aromatic hydrocarbons was about
0.1 i.u. at 70°. In this work, the column was used during 6 weeks at 80.8° and during
a further 4 weeks at 95.4°. The increase in retention index was about 0.2 i iuw at 70° for
the same compounds.

At an inlet pressure of 4.0 atm, usmg hydrogen as carrier gas, a decrease in
capacity ratio of 1.3% ‘was observed for alkylbenzenes dunng a period of 8 days at
95.4°. The same decrease was observed for n-alkanes. Obviously the relative retention
times (the standard was 1sopropylbenzene) did not cnange s:gmﬁcantly, as was con-
firmed by measurements

The effect of ageing of squalane columns can be illustrated with a.nother ex-
araple. A squalane capillary column of length 200 m was used in the laboratory of the
“first author’®*® during 6 years at temperatures between 86° and 130°. During this
period, the retention index increased by about 10 iu. for aromatic hydrocarbons,
about 5 i.u. for dienes and 2 i.u. for alkenes, while for alkanes no change was observed.

The results show that it is possible to obtain constant retention indices even for
aromatic- compounds during a period of 1 year at a precision of 0:1 iu. at columm -
temperatures below 70°, At higher temperatures the change in retentlon mdxces for-
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these compounds becomes more significant as the temperature increases. However,
for the application of tabulated retention data for identification purposes, a correction
for this systematic effect is possible.

Reproducibility of reténtion indices within and between laboratories. Comparing

 retention indices for aromatic hydrocarbons obtained with a freshly prepared squalane
column (No. 2) with those obtained on squalane column No. 1, a difference of about
0.1 i.u. was observed at 70°. Both of the columns were prepared according to the same
procedure’. Comparing our results with those given by Svob and Deur-Siftar?, differ-
ences of between 0.3 and 2.8 i.u. were found (less than 1 i.u. for 809 of the com-
pounds comsidered). In order to permit this comparison, the last data were corrected
10 80.0° by means of df/dT values given in Table XIIL. Our results were systematically
lower, and this discrepancy cannot be explained by differences in carrier gas and/or
inlet pressure.

In order to facilitate the exchange of retention data for aromatic hydrocarbons
between laboratories, the factors discussed above should be considered very caretully.
Of these factors, the nature of the carrier gas and, to a lesser extent, the inlet pressure
of the column play a more important role than had previously been expected. The
differences in the retention indices for aromatic compounds between some of the
laboratories™!**® as given in Table II can be explained mainly only by the non-
ideslity of the carrier gas.

A difference in the retention index of benzene on squalene and squalane of
152 i.u. at 120° was reported by Ettre?®. Assuming a random distribution of squalene
molecules in a squalane stationary phase, a concentration of 0.1 %] of squalene will
result an increase of 0.15 i.u. The importance of the purity and/or the composition of
the stationary phase can also be demonstrated by the following example. On “freshly”
prepared columns (stationary phase Apiezon L), obtained from the same manufac-
turer, systematic differences up to 8 i.u. were observed for aromatic hydrocarbons?®®.

The study of the influence of factors such as composition or purity of the
stationary phase, “polarity”’ of the column and column material by means of stan-
dardized experiments will be possible when the factors discussed in this paper are care-
fully considered.

 Separation of alkylbenzenes. As the retention indices on squalane have been
measured for all possible isomers of the C4-C,, alkylbenzenes at two temperatures,
their mutual separation can be discussed. The differences in retention behaviour of
some pairs of alkylbenzenes are so small that capillary columns are required for their
separation.

The separation of 1,2,3-trimethylbenzene and 1-methyl-4-isopropylbenzene,
which are not sufficiently separated at 80.8°, can be achieved by an optimization of the
column temperature and column length. For 1.2-diethylbenzene, 1-methyl-4-propyl-
benzene and 1,4-diethylbenzene, or 1,2-dimethyl-4-ethylbenzene and 1,3-dimethyl-2-

-ethylbenzene, a change in column temperature and/or an increase in column length
cannot be expected to give an acceptable separation and capillary columns with a
more polar stationaty phase are required. :

Acetyltrtbutyl citrate as stattanary phase
7 “Retention indices of aromatic hydrocarbons on acetyltributyl citrate capillary
- colurnns. For the separation of those aromatic hydrocarbons which can hardly or not
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be s xparated on squalane capx]lary columns a well deﬁned polar statzonary phase
should be selected. Acetyltributyl citrate was chosen for this purpose on account of its .
stability below 70° ® and because literature data are available for comparison.

The difference in the retention index of benzene on this phase compared with
that on squalane, giving an indication of its polarity, is about 138 i.u. at 70° 3. Highly
precise measurements for about 170 hydrocarbons on this phase at 50° and 70° were
‘published recently®, benzene and toluene being the only two aromatic hydrocarbons.
Svob and Deur-Siftar> gave retention indices for 46 aromatic hydrocarbons. For
aromatic hydrocarbons with retention indices up to 1200 i.u., the data were given at’
70°, while values between 1200 and 1400 i.u. were measured at 90°.

The reliability of retention indices on this phase is discussed below consxdermo
the same factors as for the squalane column. '

During this study, a special problem arose concerning the agemg of the column.

Repeatibility of retention indices of alkylbenzenes within the laboratory. The
measurements were made on columns at 81.5° and 95.4°, with nitrogen as the carrier
gas at an inlet pressure of 1.0 atm. Retention times were measured with a digitizer—
computer system on the basis of peak maxima (I5) and the centre of gravity (IS, ) and
by stop-watch (J5). A chromatogram of a model mixture is given as an example in
Fig. 2. :
In Table VII, retention indices and standard deviations are compared for
different methods of time measurement. Cnly a few of the results for all of the possible

(1]
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Fig. 2. Chromatogram of a mixture of alkylbenzenes and r-alkanes. Column: length, SOm; 1.D.,
0.25 mm; stationary phase, acetyltributyl citrate; temperature, 81.5°. Carrier gas, nitrogen. Inlet
pressure, 1.0 atm. Peaks: 1 = methane; 2 = n-heptane; 3 = benzene; 4 = n-octane; S = toluene;
6 = n-nomane; 7 = ethylbenzene; 8 = 1 3-d1methyibenzene, 9 = p-decane; 10 = 1,2-dlmethylben-
zene; 11 = isopropylbenzene; 12 = n-propylbenzene; 13 = l-methyl-3-cthylbenzene; 14 = 1,3,5-
trimethylbenzene; 15 = l-methyl-z-ethylbenzene 16 = n-undecane; 17 = isobutylbenzene; 18 =
sec~butylbenzene; 19 = l-methyl-3-isopropylbenzene; 20 = 1-methyl-4-isopropylbenzene; 21 =
1,2,3-trimethylbenzene; 22 — 1-methyl-2-isopropyibenzene; 23 = 1,3-dicthylbenzene; 24 = 1-methyl-
4—propylbenz:ene 25 = n-butylbenzene; 26 — 1,2-diethylbenzene; 27 = 1-methyl- 2-propylbenzene;
=1 4—d1methyl-2-ethylbenzene' 29 =1 3—du-nethyl-4—ethyibenzeue, 30 = -1,2-dimethyl-4-éthyl-
benzene 31 = n-dodecane; 32 = 1,2-dimethyl-3-ethylbenzene; 33 = 1,2.4,5-tetramethylbenzene;
34 = 1,2,3,5-tetramethylbenzene; 35=1 ,3-diisopropylbenzene; 36 = r~pentylbenzene 37 =1,234
tetra:nethylbenz:ene 38 = 1,3-dimethyl-5-tert. -butylbenzeﬁe 39 = n-tndemne
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TABLE VII

INFLUENCE OF THE METHOD OF TIME MEASUREMENT ON THE RETENTION IN-
DICES OF SOME ALK YLBENZENES, REPRESENTING A MIXTURE OF 31 COMPOUNDS
(Cg—Cu),, ON AN- -ACETYLTRIBUTYL CITRATE CAPILLARY COLUMN AT 81.5°

Carrier gas: nitrogen. Inleé.-pra;ésurei 1.0 atm. Number of meastirements: between 4 and 8.

Campo.azd R AR A K,  Ii AL e AIEE
Toluene B --883.27 883.2Ft - 883.54 0.06 —0.27
o-Xylene 1011.69 1011.73 101198 —0.04 —0.29
1,3 S-Tnmethylbenzene : 1085.11_ - 1085.15 1085.43 —0.04 —0.22
I,Z—Dxethylbenzzne - 1168.09 1168.05 1168.39 0.04 —0.30
1,2,3,4-Tetramethylbenzene 1267.01 1266.98 1267.37 0.03 —0.36
Mean standard deviation

-for the whole mixture - 0.04 0.11 0.07

C—C;yo alkylbenzenes are given in order to illustrate the influence of different methods
of time measurements.

With the digitizer—computer system, a repeatibility correspondmg to a standard
deviation of 0.04 i.u. was cbtained for peak maxima measurements.

On the basis of the centre of gravity, the standard deviation was only slightly
higher (about 0.1 i.u.) The repeatability obtained by stop-watch measurements was

-of the same order (standard deviation about 0.07 i.u.).

" As shown below, the systematic difference between retention indices based on
time measurements by the digitizer—computer system and stop-waich can be ex-
plained in terms of the ageing of the column. The influence of the method of time

" measurement on the absolute retention indices is therefore not expected to be signifi-
cant. According to the experimental evidence cbtained from the measurements on
this phase, it seems that the slightly lower precision compared with squalane can also
be explained by column ageing effects. :

 Effect of ageing of the column. During the first week of this investigation, re-
tention indices were measured for benzene and toluene on column No. 3 at 81.5°, and
were compared with the corresponding data measured op the same column 2 years
earlier after correction for the difference in column temperature by means of published
dZ{dT values®. The difference (about 0.1 i.u.) is not significant. During the previous 2
years, the column had not been used frequently and the column temperature was
alwavs pelow 70°.

In this study, the column was used durmg the firsi three weeks (29/10-18/11yat
81.5° and a decrease of about 0.3 i.u. was observed for aromatic hydrocarbons during
this period. This is shown in Table VIII for some compounds that represent alkyl-
benzenes isomers up to C,,. :

' - The history of the column in the next 3 months (18/11-21/2) was complicated,
with many changes in temperature, the maximum being 95.4°, and therefore only the
_difference in retention index for alkylbenzenes [0.7 + 0.1 i.u. during the whole period
(29/10-21 /2)] is given in Table VIIL The changes in capacity ratios and relative
‘retention times (standard — isopropylbenzene) of some representative aromatic
_hydrocarbons and r-alkanes during this period are given in Table IX. The decreases in

" capacity ratios for r-alkanes (31.6 %) and aromatic hydrocarbons (32.0 %) are signifi-
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TABLE VIl

INFLUENCE OF AGEING OF T'-IE COLUMN ON RETENTION INDICES OF SOIN&E ARO-
MATIC HYDROCARBONS, REPRESENTING ALL POSSIBLE ISOMERS BE!'WEEN Cs—Cm,
ON AN ACETYLTRIBUTYL CITRATE CAPILLARY COLUMN AT 8L5° .

Carrier gas: nitrogen. Inlet pressure: 1.0 atimn. Number.of measurements: between 4 and 8.

Conpound - ) Date ; _ R
29/10-4{11 5/11—11/1[ I8[FF - 14/2-21{2 AT (29{10-21{2)
Toluene B 883.54 883.49 . 88327 832.91 0.63
o—Xerne 1011.98 1011.90 1011.69 1011.31 0.67.
1,3 D-Tnmethyxbenzene 1085.43 . 1085.34 1085.11 1084.75 0.68

l ,2-Dimethylbenzene 1168.39 1168.25 1168.05 1167.68 0.71
1,2,3,4-Tetramethylbenzene  1267.37 1267.30 - 1267.01 1266.68 0.69-
TABLE IX .

INFLUENCE OF AGEING OF THE COLUMN ON THE CAPACITY RATIOS AND RELA-
TIVE RETENTION TIMES OF SOME ALKYLBENZENES AND n-ALKANES, REPRESENT-
ING A MODEL MIXTURE OF 18 COMPOUNDS, ON AN ACETYLTRIBUTYL CITRATE
CAPILLARY COLUMN AT 81.5°

Carzier gas: nitrogen. Inlet pressure: 1.0 atm. Number of measurements: between 4 and 8.

Compound Capacity ratio (k) : Relative retention time (r)
30/10  F7[2 Ak (rel-% 30/16  17/2 Ar (rel-%)

n-Octane ’ 0.643 0.440 316 0.1734 0.1744 - 0.57
Toluene 1.207 0.822 31.9 0.3256 0.3259 : 0.09
n-Nonane 1.367 0934 31.6 - 0.3689 0.3702 0.35
n-Decane 2.850 1.976 31.6 ' 0.7795 0.7834 0.50
e-Xvlene 3.160 2.150 32.0 0.8523 0.8525 0.02
1,3,5-Trimethyl-

benzene 5.461 3.716 32.0 1.4731 14735 0.03
n-Undecane 6.087 4163 316 1.6420 1.6507 0.53
sec.-Butylbenzene 6.708 ~ 4.568 31.9 1.8103 1.8107 0.02
r-Dodecane 12,784 8.738 31.6. 3.4485 14644 046
1,2,3,5-Tetramethyl- ) -

benzene 16.760 11.408 319 45211 45228 0.04

n-Tridecane 26.743 18.288 31.6 ) 7.2143  7.2508 -0.51

cantly different; the relative retzntion times of n-alkanes increased by about 0.5%,
while for alkylbenzenes they did not change significantly (<< 0.1 %). It will be shown
below that this effect is even more important for a more polzar stationary phase.
Influence of temperature. As shown in table X, the effect of ageing of the column
can considerably influence the temperature coefficients of the retention. indices of
aromatic hydrocarbons. The larger the difference in the time interval between the
measurements at different temperatures, the larger will be the deviations of the d7/dT
.values. This is a serious limitation tc the application of d7/dT values for conﬁrmatlon .
of identity and fine-structure retention correlations. : :
According to Table X, the agreement between dI/dT values of measurements
carried out within 1 week (temperature range 81.5-95.4°) and literature data® in the
range 50-70° is within’ experimental error. This indicates that the temperature ¢o-
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TABIEX . o .
INFLUENCE OF AGEING OF THE COLUMN ON THE DETERMINATION OF TEMPER-
ATURE COEFFICIENTS OF RETENTION INDICES ON ACETYLTRIBUTYL CITRATE

Compound  dIldT - ,
T Ref. 3 This work, At << I week  This work, At = 4 months

_ - (50-70°) (81.5-95.4°) (81.5-95.4°)
Benzene 0.192 0.190 ' 0.153 -
Toluene - .0.215 0.213 0.168

efficients of aromatic hydrocarbons are constant between 50° and 100° at this preci-
sion. The df/dT values, listed in Table XII, were measured in time infervals that were
as short as possible. These values, with a relatively large range from —0.074 up to
0.432i.u./°C, can be applied to studies of fine structure-retention correlations, as
will be discussed in a later paper.

Reproducibility of retention indices. As shown above, ageing of the column can
influence the reproducibility of retention indices of aromatic hydrocarbons on acetyl-
tributyl citrate. In order to prevent this problem, the column temperature should be
as low as possible.

Comparing retention indices for 46 hydrocarbons measured in our laboratory
with- literature data?, differences ranging from —1.4 to 8.5i.u. were found after
correction by means of the df/dT values given in Table XIII. Some systematic correc-
tions, e.g. for differences in carrier gas and inlet pressure, can be made, aithough this
will hardly infiuence the large discrepancies in this case. The literature data involved
in this comparison are not very precise. At 80°, a standard deviation of 0.7, was re-
ported, while at 70° the value was 0.29.

' Separation of alkylbenzenes. Some pairs of aromatic hydrocarbon isomers up

to C,, could hardly or not be separated on squalane capillary columns, but all of them

" can be separated on acetyltributyl citrate capillary columns. Some pairs of aromatics

that are difficult to separate on this phase are n-butylbenzene and 1,4-diethylbenzene,

I-methyl-3-ethylbenzene and 1-methyl-4-ethylbenzene and . 1,2,4-trimethylbenzene
and isobutylbenzene.

1,2 3-Triscyanoethoxypropane as stationary phase

_ Retention indices of alkylbenzenes on 1,2 3-triscyanoethoxypropane (TCEP)
capillary columns. TCEP is one of the most polar stationary phases available and its
_selectivity for aromatic hydrocarbons is excellent. Stuckey?! reported on the separa-
tion of 29 aromatic hydrocarbons by temperature programming between 50° and 90°
on TCEP capillary columns. The retention data were expressed as relative retention
times. In disagreement with our results, which will be discussed below, this phase was

reported to be stable up to 170°.
- In our work, reiention indices were measured on column No. 4 for 47 aromatic
“bydrocarbons (C4—C,s) using nitrogen and hydrogen as carrier gases at inlet pressures
between 1 and 2 atm. The repeatibility was determined using a stop-watch for the

-measurement of retention times. -
A study was made of the influence of the nature of the carrier gas, the inlet
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pressure and the ageing of the column on the relatlve retennon data and the tempera—
ture dependence of the retention indices.

. Repeatibility of retention indices. . The mﬁuence of ageing of- acetyltnbutyl
citrate capillary columns in comparative studies and on dI/dT measurements was dis-
cussed above. In order to prevent these problems, all measurements required for these
studies were made as rapidly as possible and always within 1 day. -

Chromatograms of one of the model mixtures are shown in Fig. 3.

s w 3 s ) ) = 33 F 76 =ia

Fiz. 3. Chromatogram of a model mixture of alkylbenzenes and n-alkanes. Column: length, 50 m;
L.D., 0.25 min; stationary phase, 1,2,3-triscyanoethoxypropane; temperature, 94.2°. Carrier gas,
nitrogen. Inlet pressure, 1.0 atm. (2) Separation on 3/3/75; (b) separation on 18/3/75. Peaks: I =
methane; 2 = n-undecane; 3 = benzene; 4 = n-dodecane; § = toluens; 6 = n-tridecane; 7 = cthyl-
benzere; 8 = 1,4-dimethylbenzene; 9 = isopropylbenzene; 10 = n-propylbenzene; 11 = n-tetra-
decane; 12 = I-methyl4-ethylbenzene; 13 = 1,3,5-trimethyibenzene; 14 = l-methyl-3-isopropyl-
benzene; 15 = 1-methyl4-isopropylbenzene; 16 = 1-methyl-2-cthylbenzene; 17 = 1,3-dicthylben-
zene; 18 = 1-methyl-2-isopropylbenzene; 19 = 2-methyl-2-phenylbutane; 20 = n-pentadecane; 21 =
1-methyl-2-propylbenzene; 22 = 1,4-diisopropylbenzene; 23 = 1,2 3-trimethylbenzene; 24 = n-
pentylbenzene; 25 = 1,3-dimethyl-2-ethylbenzene; 26 = 1,3,5-triethylbenzene; 27 = n-hexadecane.

During one working day, a repeatibility corresponding to 2 mean standard
deviation of 0.17 i.u. was obtained at 84.7° and 94.2° for column No. 4. The main
reasons for this decrease in precision compared with squalane and ac'etyltribntyl citrate
are possibly the higher speed of analysis and certainly the very rapid ageing of the
columns, as will be discussed below.

Effect of ageing of the column. Dunng 4 days at 94.2°, the mean decrease in
retention index was 2.5 i.u. for aromatic hydrocarbons, which corresponds to a de-
crease of 0.6 i.u. per day. Immediately after these measurements had been made, the
column temperature was decreased to 84.7° for 10 days. During the last 5-days of this
period, the decrease in retention index was 1.0 i.u., corresponding to a decrease of
0.2 i.u. per day. The temperature was then increased to 94.2° again. The overall de-
crease during the total period of 15 days was 6 i.u., correspondmg to about 0 3 iu.
per day.

* The effect of column ageing on the separation can be seen by comparing Fxc. '
3a and 3b (e.g., peaks 11 and 12 and peaks 20 and 21), measured at the beginning and
the end of this period respectxvely The problem of ‘ageing of the TCEP column is
connected with the proper expression of retention data, and is even. more significant
than with acety}tnbutyl citrate columns. :
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In Table X1 capamty ratxos (k) and relative retenuon times (r) are given for’
some alkylbenzenes and n-alkanes at 94.2°. The standard was isopropylbenzene and
the carrier was nitrogen at an inlet pressure of 1.0 atm. Contrary to the change in
retention index (6 i.n.) during the period of 15 days, the change in relative retention
times, based on an alkylaromatic hydrocarbon standard, was only about 0.1%,. For
n-alkanes, the change in relative retention times ranged from 1.9 to 4.19,. This can
‘be explained by differences in the change in capacity ratios for aromatic hydrocarbons
and n-glkanes during this period. The capacity ratios for aromatic hydrocarbons de-
creased considerably faster (about 4 %) than those for n-alkanes. The change in the
capacity ratios is about the same for all of the aromatic hydrocarbons, but for #-
alkanes, the change decreases with increasing carbon number (from 2.0% for n-
undecane to 0.6 9 for n-hexadecane). Therefore, n-alkanes are not suitable as standard
compounds, either for relative retention times or for Kovats retention indices, with
this phase. Another argument for not applying n-alkanes as standards for the expres-
sion of relative retention data for aromatic hydrocarbons (polar compounds) on
TCEP (polar stationary phase) is the concentration dependence of the retention times.
Both of these effects not only have a considerable influence on the repeatibility but also
play a2 dominant role in the inter-laboratory agreement for such systems.

TABLE X1

INFLUENCE OF AGEING OF THE COLUMN ON THE CAPACITY RATIOS AND RELA-
TIVE RETENTION TIMES OF SOME AROMATIC HYDROCARBONS AND n-ALKANES
ON A TCEP CAPILLARY COLUMN AT 94.2°

Carrier gas: nitrogen. Inlet pressure: 1.0 atm. Number of measurements: 5.

Compound Capacity ratio (k) Relative retention time (r)
3/3 18/3 Ak (rel.-%) 3/3 18/3 Ar (rel.-%)

n-Undecane 0.151 0.148 20 0.260 0.265 1.88
Benzene 0.206 0.197 4.5 0.355 0.356 0.28
n-Dodecane 0254 0249 20 0439 0449 222
Toluene 0.336 0.322 4.3 0.579 0.579 0.00
n-Tridecane 0.432 0425 - 1.6 0.745 0.765 2.61
p-Xylene 0.529 0.507 42 0913 0912 -0.11
n-Tetradecane 0749 0732 12 1.276 1318 3.i8
1,3,5-Trimethyl-

benzene 0.849 0.814 4.3 1.462 1.464 0.13
1-Methyl-2-ethyl-

benzene 1.002 0.960 4.4 1.727 1.728 0.05
n-Pentadecane 1280 1275 04 2205 2300 4.10
1,3,5-Triethylbenzene 2.049 1967 4.1 3.533 3.536 0.08

n-Hexadecane 2232 2219 06 3845 3989 3.8

Finally, it can be concluded that these problems will be greatly reduced for
aromatic hydrocarbons when the #-alkane standards are replaced with a homologous
series of aromatic compounds that have similar structures to those of the compounds
to be identified. '

Influence of temperature It was shown above that ageing of the column results
in time-dependent retention indices, and this effect must be carefully considered in the
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measurement of the temperature dependence of retentxon mdlces Therefore, in th:s
work retention indices were measured at two temperatures during | day. The measured
d7/dT values on TCEP given in Table XIII are very high, ranging from 1.94 to 3.60
i.u. per °C, which necessitates extremely careful temperature measurement and control
for confirmation of the identities of alkylbenzenes on TCEP by means of d7/dT values.

Influence of the nature of the carrier gas and the inlet pressure. in Table XII,

retention indices for some aromatic hydrocarbons, representing a mixture of 17 com-
pounds on a TCEP capiliary column, are compared for nitrogen and hydrogen as
carrier gases at inlet pressures between 1 and 2 atm and 84.7°. Increasing the inlet
pressure from 1 to 2 atm resulted in an average increase in the retention index of 1.2
i.u. for nitrogen. Comparing the difference in retention index for hydrogen and nitrogen
a similar result was obtained. It seems that the influence of the nature of the carrier
gas -and the inlet pressure on retention indices increases with increasing polarity of '
the stationary phase for aromatic hydrocarbons.

TABLE XII

INFLUENCE OF PRESSURE DROP AND NATURE OF THE CARRIER GAS ON THE RE-
TENTION INDICES OF SOME AROCMATIC HYDROCARBONS, REPRESENTING A MIX-
TURE OF 17 COMPOUNDS, ON TCEP AT 84.7°

Compound Nitrogen (14/3) Inlet pressure 1.0 atm (17/3)
2.0 aim I0am A Nitrogen Hydrogen A

Toluene 1229.7 1228.7 1.0 1228.6 12269 1.7

o-Xylene 1370.4 1369.2 1.2 i368.8 1367.6 1.2

1,2-Dicthylbenzene 1478.6 = 1476.8 1.2 1476.4 14749 1.5

n-Pentylbenzene 1519.3 15179 14 1517.4 1516.3 1.1

1.1

1,2.3,5-Tetramethylbenzene  1579.9 1578.6 t3 1577.8 15767 .

Separation of alkylbenzenes. The most important property of TCEP for the
separation of aromatic hydrocarbons is its selectivity, which can be used for their
separation from other hydrocarbons. For example, benzene is eluted between #- -
undecane and n-dodecane in the temperature range used in this study. The pair 1-
methyl-2-isopropylbenzene and 1,4-diethylbenzene are difficult to separate on this
phase, as also are sec.-butylbenzene, 1-methyl-3-ethylbenzene, 1-methyl—4—ethyl—
benzene and Zerz.-butylbenzene.

In comparison with literature data®, we found a reversed order for 1 4—- and
1,3-dimethylbenzene; the latter result can be confirmed by consuiermg the dZ/aT
values for these substances.

CONCLUSION

Kovats retention indices and the correspondmg temperature coeﬁicsents forr
47 alkylbenzenes up to C;5 on squalane, acetyltributyl citrate and 1,2,3-triscyano-
ethoxypropane at 80° are listed in Table XIIL. For these phases, the repeatibility of
the retention indices decreases with increasing polarity (standard deviations 0.03,
0.07 and 0.17, respectively). For squalane and acetyltributyl citrate columns, the re-
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RETENTION INDICES OF A!.KYIBENZEVES ON SQUALANE, ACETYLTRIBUTYL
CITRATE ‘AND 1 Z,J-TRISCYANOETHOXYPROPANE AT 80.0° AND THEIR TEMPER-

ATURE COEFFICIENTS

Carrier gas: for squalane, hydrogen; for acetyliributyl curate and TCEP, mtrogen Inlet pressure:
for squalane, 4.0 atm; for acetyltributyl citrate, 1.0 atm.

1,3,5-Triisopropylbenzene

0.0i5

Compound Squalane ) Acetyltrtbut y! citrate TCEP
y A daridr Feo dldr Igs- andr
Benzene 644.42 0.240 780.66 0.192 " 1128.2 1.96
Toluene 751.68 0.245 882.60 0.213 1219.1 2.03
Ethylbenzene 841.56 0.265 973.52  0.225 1239.8 2.14
p-Xylene 855.73 0.251 - 980.48 0.214 1302.1 214
m-Xylene 857.76 0.245 $83.96 0.213 1306.1 2.07
o-Xylene 877.26 0.284 101094  0.253 1357.5 2.42
Isopropylbenzene 901.00 0.264 103242 0.214 1319.5 2.11
n-Propylbenzene 929.74 0.282 1059.99 0.245 13499 2.22
1-Methyl-3-ethylbenzene 243.07 0.242 1070.53 0.213 13704 2.23
1-Methyl-4-ethylbenzene 945.26 0.269 1071.02 0.207 1372.1 2.24
1-Methyl-2-ethylbenzene 958.25 0.282 1092.09  0.268 14154 2.37
1,3,5-Trimethylbenzene 962.70 0.239 1084.45  0.206 1387.9 2.20
tert.~Butylbenzene 967.08 0.290 1099.32 .255 1372.7 2.21
1,2,4-Trimethylbenzene 979.70 0.288 110743  0.264 1435.5 2.38
Isobutylbenzene M 982.35 .0.301 1108.74 0.263 1363.1 2.21
sec-Butylbenzene 983.15 0.308 1112.10 0.262 1371.7 2.21
1-Methyl-3-isopropylbenzene 897.41 0.216 112476  0.180 1396.4 207
1,2,3-Trimethylbenzene 1004.31 0.337 1140.56 0.312 1493.1 2.65
1-Methyl4-isopropylbenzene 1004.39 0.267 1129.57 0.228 1403.2 2.13
1-Methyl-2-isopropylbenzene 1010.42 0.264 1145.13 0.224 1439.4 2.26
1,3-Diethylbenzene 1023.18 0.244 1151.40 0.201 1428.4 2.19
1-Methyl-3-propylbenzene 1027.78  0.255 115338 0.217 14350 2.21
n-Butylbenzene 1029.42 0.284 1160.26 0.251 1431.3 2.29
1,3-Dicthyibenzene 1032.95 G.289 1167.31 0.253 14654 2.36
i- Methyl-4-propylbenzene 1033.02 0.282 1157.01 0.246 14303 225
1,4-Diethylbenzene 1033.82 0.277 1160.42 0.244 14394 2.23
1-Methyl-2-propylbenzene 1039.41 0.298 1171.86 0.265 1467.5 237
1,3-Dimethyl-5-ethylbenzene 1043.46 0.218 1166.87 0.182 1447.8 2.18
1 4-Dimethyl-2-cthylbenzene 1054.29 0.260 118294 0.229 1486.9 232
1-Methyl-3-tert.-butylbenzene  1051.12  0.236 118593 0.183 1444 4 2.14
1,3-Dimethyl-4-cthyl benzene 1060.40 0.281 1188.53 0.249 1492.7 2.46
tert.-Pentylbenzene 1062.21 0.369 1192.72 0.330 1447.0 2.34
1,2-Dimethyl-4-ethylbenzene 1064.95 0.286 1194.04 0.253 1499.3 2.49
1,3-Dimethyi-2-cthylbenzene 1064.97 0.309 1201.77 0.287 1527.0 2.63
1-Methyl4-zert.-butylbenzene  1069.11 0.292 119538 0.261 14554 2.11
sec.-Pentylbenzene ‘ 1071.5¢ 0.286 1200.61 0.260 1437.0 2.32
1,2-Dimethyl-3-ethylbenzene 1080.77 0.329 1217.51 0.303 1543.5 2.73
1,2,4,5-Tetramethylbenzene 1089.53 = 0.341 122904 0,298 1558.3 2.74
1,2,3,5-Tetramethylbenzene 1105.05 0.338 - 1235.59 0.309 15650 277
1,3-Diisopropylbenzene 1115.13 0.195- 124146 0.137 1458.8 1.94
r-Pentylbeniene 1128.58 0.286 1257.89 0.233 1506.4 2.37
1,2,3,4-Tetramethylbenzene 1125.98 0.395 1266.14 0.370 1618.6 3.07
1,3-Dimethyl-5-zert.-butyl-
" benzene : 114685  0.167 127243 0.119 15129 205
“1,4-Diisopropylbenzene 1148.55 ~ ©0.247 . 1274.07 0.197 1494.4 2.07
1,3,5-Triethylbenzene 1188.34  0.167 1314.30 0.117 1547.0 2.20
Pentamethylbenzene 1251.20 0.452 1389.91 0.432 17379 3.60
: 1282.82 140621 —0.074 1556.0 1.28
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peanbthty is.of the same order as fcr other hydrocarbons usmg the same hjgh-prem—.
‘sion gas chromatographic system. . . ;
" Ageing of the column results in a decrease in’ retention mdlm for po!at
. columns, while for-apolar columns the retention mdex will increase. The influence of
this factor on the_ repeatlblhty increases with mcreasmg ‘polarity” of the statxonaty
_ phase, even at temperatures far below the aillowed maximum temperature. For in-
stance, the retention index for aromatic hydrocarbons ‘on TCEP ‘décreased by 6i.u.
during 15 days at temperatures between 81.7° and 94.2°. At the same time, the relative
retention times, using isopropyl benzene as the standard, were constant within 4+ 0.1 Y.
This striking difference is caused by a four-fold faster decrease of the capacity ratio
for aromatic hydrocarbons compared - with n-aikanes. Therefore, the influence -of
ageing of the column on the repeatibility depends fundamentally on the proper ex- .
pression of retention data (choice of standards). For aromatic hvdroca.rbons separated
on a polar phase, the Kovats ietention index is not the most convenient means of ex-
pressing retention data, as it is based on 7-aikane standards.

The effect of column ageing can have a considerable influence on the results of

“the estimation and application of dI/dT values, and this effect must be carefully con-
sidered in studies comncerning confirmation of identity. The relatively high dI/dT
values of between 0.2 and 3.0 for the phases studied in thlS work reqmre accurate
measurement and control of temperature.

The influence of the nature of the carrier gas and the inlet pressure on the
retention index increases with increasing polarity of the stationary phase for aromatic .
hydrocarbons. For different types of hydrocarbons, the influence of this factor in-
creases in the order alkanes << alkenes < cycloalkanes < aromatic hydrocarbons.
For instance, comparing retention indices on TCEP obtained with hydrogen as carrier
gas at 1.0 atm with those obtained with nitrogen as carrier gas at 2 atm, a difference of
about 3 i.u. can be expected. When comparing retention data between laboratories,
this factor should be taken into account.

The separation of all of the alkylbenzenes up to Cm can be achxeved with two
high-resolution capillary columns of different polarity. ,

The application of this study to ﬁne-smxcture retention correlanons will be
chscussed ina later paper : : .
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