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SUMMARY

A linear retention index system for temperature-programmed capillary gas
chromatography of polycyclic aromatic compounds using naphthalene, phen-
anthrene, chrysene, and picene as internal standards has been used in this laboratory
for routine analysis since 1979. Conclusions from a data set of 29 routine capillary gas
chromatographic analyses of a complex mixture of polycyclic aromatic compounds
are used to evaluate, describe, and justify the polycyclic aromatic compound reten-
tion index system. The number, width, and linearity of the interpolation intervals are
described. The effects on the retention indices of variations in programming rate,
column internal diameter, and initial temperature are discussed. The polycyclic ar-
omatic compound retention index system is shown to be a consistent, useful tool for
preliminary identification of polycyclic aromatic compounds in complex mixtures.
Tables listing standard retention indices for polycyclic aromatic hydrocarbons, poly-
cyclic aromatic sulfur heterocycles, and nitrogen-containing polycyclic aromatic
compounds are included.

INTRODUCTION

Because absolute gas chromatographic (GC) retention is a complicated func-
tion of many parameters, and thus useless as a means of reporting and comparing
data, various schemes have been devised to normalize retention data. Haken' and
Ettre? have reviewed the development of relative retention concepts and evaluated
their application and utility. The most widely applied development is the Kovats
retention index (f) system?®, which is theoretically founded upon the linear relation-
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ship between the logarithm of the retention time (log #5) and the carbon number of a
homologous series of m-alkanes under constant-temperature GC operating con-
ditions. Since its introduction, many scientists have examined, applied, evaluated,
and modified the Kovats system!™. Two observations from the literature serve to
characterize the Kovats system with respect to its applicability to routine analysis of
non-aliphatic hydrocarbon mixtures:

(a) Ettre? and Mathiasson er al.” have shown that the 7 values can be dis-
proportionally affected by selective retardation of the standards or the solutes as the
nature and film thickness of the stationary phase change with usage.

(b) The theoretical basis of the Kovats system obviously limits its application
to mixtures containing a narrow boiling point range of components®. Complex mix-
tures are laboriously analyzed by isothermal GC at several different temperatures®.

The linear relationship between log 7, and carbon number does not hold under
programmed temperature conditions. Van den Dool and Kratz'® generalized
Kovats® logarithmic formulation to allow calculation of 7 values from chromato-
graphic data generated by temperature programming, assuming a linear relationship
between 7y and carbon number of the standards. Temperature programming is pre-
ferred over isothermal operation because narrow peaks are normally obtained
throughout the chromatogram and a wide boiling point range of compounds can be
chromatographed. This is especially useful when dealing with the analysis of complex
environmental mixtures containing several hundred compounds boiling from 80°C to
500°C.

The purposes of this paper are to review the linear 7 system specifically devised
for the qualitative analysis of the polycyclic aromatic compounds (PACs)'*, to sup-
port empirically its fundamental assumptions, to make observations based on three
years application of the 7 system to the analysis of PAC mixtures from a variety of
samples under a wide range of GC conditions, and to present / values for a large
number of PACs, including polycyclic aromatic sulfur heterocycles (PASHs), and
nitrogen-containing polycyclic aromatic compounds (N-PAC).

EXPERIMENTAL

All chromatography was carried out on SE-52 coated fused-silica columns.
The columns varied in length from 15 to 20 m, and were either 0.3 mm 1.D. (0.25 ym
film thickness) or 0.2 mm L.D. (0.17 ym film thickness). Hydrogen was used as the
carrier gas with a linear velocity of 100 cm/sec.

GC was performed using Hewlett-Packard 5880A gas chromatographs
equipped with capillary injection systems (operated in the splitless mode) and BASIC
programming capability. Unless specifically mentioned, the oven temperature profile
was 40°C to 265°C at 4°C/min with a 2-min initial isothermal period. A standard set
of all GC operating parameters (attenuation, threshold, baseline, temperature of
heated zones, etc.) was stored on tape in an “Analysis™ file. Upon retrieval of the
“Analysis” file all operating parameters were automatically set to the standard
values.

The I values were generated from the raw retention data by use of a BASIC
program written for the HP 5880 GC and based on the equation of Van den Dool and
Kratz!°, The program calculates I values, compares the experimental values with
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“standard” indices!! stored in DATA statements, outputs all calculated 7 values, and
names those peaks whose indices fall within a given tolerance window. Fifty PACs
are normally stored in the DATA set for routine analyses, although additional com-
pound names and respective I values could be stored.

The internal standards employed in this particular 7 system are naphthalene
(200.000), phenanthrene (300.000),chrysene (400.000), and picene (500.000). Three of
these standards are present in most complex PAC mixtures; picene oftentimes is not.
Rather than add picene to the PAC sample being analyzed, a converging algorithm
which uses three data points from the chromatogram for the post-run calculation of
the ¢ of picene was written and added to the BASIC program. All 7 values in the
region between chrysene and picene (/ = 400-500) were generated using a calculated
ty for picene.

A coal tar sample is used in this laboratory as a standard complex mixture for
GC quality control. Compounds in this sample have been identified by GC—mass
spectrometry (MS) and by comparison of retention data with standard compounds. /
values from the coal tar sample have been included in this report as an example of the
application of the PAC I system to an authentic complex PAC mixture. In addition, /
values have been measured for 232 standard PACs which contain either a sulfur or
nitrogen heteroatom by co-chromatographing standard mixtures with all four PAC
internal standards.

RESULTS AND DISCUSSION

The 7 system for PACs was described by Lee e al.'!, and is based on the
internal standards naphthalene, phenanthrene, chrysene, and picene. Although the
system has no rigorous foundation in chromatographic thermodynamics and does
not assume or require a linear relationship between the retention and ring number of
the four internal standards, a linear regression analysis of the retention times of these
standards from nine different coal tar chromatograms gave an r*> = 0.9956. These
four compounds were used as the internal standards instead of the n-alkanes? to
ensure constant elution behavior among solutes and standards under all operating
conditions. The following equation, suggested by Van den Dool and Kratz!°, was
used to calculate retention indices:

Ix, = Ir

I =100z + 100 [—] (n
[R +1 - ZRz

where z and z + 1 are the numbers of aromatic rings in the bracketing standards.

The ratio inside the brackets in eqn. 1 is a measure of the elution position of
compound ““x” relative to the interpolation interval between the two standards. As-
suming that stationary phase, surface activity, and instrumental conditions affect the
elution of all polycyclic aromatic hydrocarbons (PAHSs) proportionally, this ratio
should be a constant on a given stationary phase, within normal GC operating pa-
rameter limits. There are indications that a good correlation of the ratio on a wide
polarity range of liquid phases will be obtained'>.

Fig. 1 is a capillary chromatogram of the coal tar sample. Peak numbers refer
to the compound identifications listed in Table 1. The [ values of many major and
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Fig. 1. Capillary gas chromatogram of coal tar sample. Column, 20 m x 0.20 mm I.D. SE-52 fused silica;
see Experimental section for further details, and Table I for peak identifications.

minor components of this sample from 29 GC analyses over the past year were
compiled and statistically evaluated. The -average 7 values, the standard deviations,
and the 959 confidence limits of 78 peaks are tabulated. The precision obtained for
the compounds listed in Table I is excellent considering the time span over which the
data were collected, and the normal variables of different instrument operators and
columns of different lengths and inner diameters.

The average, standard deviation, and 95 % confidence limits of the width in
minutes of the interval between each pair of standards from the 29 coal tar analyses
described above were compared with parallel statistical data from ten recent chroma-
tograms of the same coal tar sample obtained within a 2-day period. The differences
in the averages from one data set to the other are 0.2 sec, 0.3 sec, and 5 sec, for
Regions II (naphthalene-phenanthrene), I1I (phenanthrene—chrysene), and IV (chry-
sene—picene), respectively. The interval widths over 39 runs are remarkably constant.

The widths of the interpolation intervals are different, each successive interval
being ca. 2 min shorter than the previous one: an index unit in Region Il is ca. 10 sec,
an index unit in Region 111 is ca. 9 sec, and an index unit in Region IV is ca. 8 sec. This
slight deviation from linearity would have to be taken into account for structure—
retention correlation calculations, but has no effect on the analysis of complex mix-
tures,

The absolute width of the interpolation intervals is a function of the number of
internal standards employed. The use of shorter retention windows was evaluated by
selecting additional parent PAHs which elute roughly in the middle of each region.
The 7 values of at least two peaks in each of the smaller regions were calculated and
then compared with the 7 values obtained for the same peaks from the same chroma-
tograms using only the original four retention index standards. Results of this com-
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parison showed no significant improvement in precision or accuracy using the ad-
ditional internal standards (i.e., shorter intervals).

The GC operating parameters described in the Experimental section were de-
signed for routine analysis of complex PAC mixtures. Subambient operating tem-
peratures are avoided for practical reasons. Under these routine analytical conditions
the major variations seen in the PAC 7 values are caused by differences in initial oven
temperature, the temperature programming rate, and the initial isothermal period.
Increasing the initial column temperature beyond the point at which naphthalene
begins to migrate through the column will lead to decreased 7 values of the more
volatile PACs (naphthalene to 2-methylfluorene). The converse also holds: lower
initial temperatures result in increased I values. Subambient temperatures may be
necessary to eliminate the dependency of the 7 values in Region Il on initial column
temperature. The [ values of the three- and four-ring compounds are independent of
the initial oven temperature at temperatures lower than 60°C. With the same carrier
gas linear velocity and oven programming parameters (see Experimental section), the
I values in the early part of Region II are generally higher with 0.2 mm 1.D. columns
than with 0.3 mm I.D. columns, a result of decreased solute retention in the larger-
diameter columns. Operating the 0.3 mm I.D. column at a lower initial temperature
would produce [ values similar to those obtained on the 0.2 mm I.D. column. The
effect of temperature programming rate on the PAC [ values was evaluated on the
same columns for rates of 3°C/min to 10°C/min. The more volatile PACs in Region I1
showed 7 increases at the faster program rates.

An initial isothermal period is useful for resolving compounds which are only
slightly less volatile than the solvent. A 2-min initial time at the injection temperature

TABLE 11
EFFECT OF VARIATION OF DURATION OF INITIAL ISOTHERMAL PERIOD ON 7

Compound 0* Ixx Vil
2-Methylnaphthalene 219.507 219.945 220.454
Bipheny! 235.601 236.146 236.756
Acenaphthylene 246.094 246.572 247.155
Dibenzofuran 258.150 258.586 259.068
Fluorene 269.263 269.588 269.955
Dibenzothiophene 295.514 295.552 295.635
Anthracene 301.359 301.351 301.364
3-Methylphenanthrene 319.442 319.417 319.468
1-Methylphenanthrene 323.818 323.823 323.872
Fluoranthene 344.432 344.439 344.471
Acephenanthrylene 347.762 347.793 347.811
Pyrene 351.412 351.428 351.484
Benzolalfluorene 366.838 366.831 366.886
Benzo[plfluorene 369.522 369.527 369.554
Benzo[b]naphtho[2,1-d]-

thiophene 389.323 389.263 389.295
Benzo[ghilfluoranthene 390.129 390.075 390.106

* 0 = no initial isothermal period; temperature program started with injection.

** | = l-min isothermal period of initial temperature.
**x 2 = 2-min isothermal period of initial temperature.
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has been a routine part of the temperature program profile in this laberatory, and
most retention data reported in this paper include that isothermal contribution. Ob-
viously, the isothermal period prolongs the retention of compounds eluting from
naphthalene up to approximately the methylfluorenes (I = 288); this is the reason for
the less than exact agreement of the Region II data in this paper and the same data in
the original paper!!. The original work did not include an isothermal period at the
start of the GC run. Table II lists the 7 values for a number of PAHs which elute
between naphthalene and phenanthrene, and representative compounds after phen-
anthrene from three coal tar analyses which had initial isothermal time periods of 0,
1, and 2 min. The 7 values in the first column are similar to the published values, while
the next two columns show an increment in 7 with increasing initial isothermal time.
Although Region I shows significant changes, the other regions do not.

TABLE HI
COMPARISON OF 47 UNDER WIDELY VARYING OPERATING CONDITIONS

Compound Coal tar* Standard AL x* AL¢
compounds**
2-Methylnaphthalene 220.524 218.14
2.78 2.90
1-Methyinaphthalene 223.308 221.04
13.54 12.92
Biphenyl 236.851 233.96
3.88 3.62
2,6-Dimethylnaphthalene 240.726 237.58
2.36 2.87
1,3- and 1,6-Dimethylnaphthalene  243.085 240.45
4.08 4.18
Acenaphthylene 247.167 244.63
1.77 1.86
1,2-Dimethylnaphthalene 248.935 246.49
4.59 4.80
Acenaphthene 253.528 251.29
5.57 5.88
Dibenzofuran 259.096 257.17
10.92 11.00
Fluorene 270.016 268.17
18.87 20.04
2-Methylfluorene 288.886 288.21
6.86 7.60
Dibenzothiophene 295.746 295.81
4.25 4.19
Phenanthrene 300.000 300.00
1.50 1.69
Anthracene 301.495 301.69
18.04 17.77
3-Methylphenanthrene 319.539 319.46
0.75 0.7t
2-Methylphenanthrene 320.290 320.17
1.73 1.91

{Continued on p. 10)
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TABLE 11l (continued)
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Compound Coal tar* Standard AT FHx AL*
compounds**
4 H-Cyclopentajdef]phen-
anthrene 322.018 322.08
1.18 1.02
9- and 4-Methylphenanthrene 323.194 323.10
0.78 0.80
1-Methylphenanthrene 323.972 323.90
8.92 8.69
2-Phenylnaphthalene 332.890 332.59
11.56 11.42
Fluoranthene 344.447 344.01
6.96 7.21
Pyrene 351.406 351.22
15.51 15.52
Benzo[alfluorene 366.917 366.74
2.67 2.65
Benzo|b]fluorene 369.582 369.39
19.77 19.87
Benzo[h]naphthof2,1-d]thio-
phene 389.353 389.26
8.67 8.90
Benz[a]lanthracene 398.804 398.50
1.20 1.50
Chrysene 400.000 400.000

* 0.30 mm 1.D. column; 4°C/min program.

*k Ref. 11.
***x A] from coal tar.

¥ A7 from standard compounds.

Table I lists / values obtained recently using the initial 2-min isothermal
period and those obtained in the original work'!. In addition, the difference between
each successive pair of indices from each data set is tabulated. It can be seen from
these comparisons that the utility of the PAC I values lies not necessarily in the
published 7 values themselves, but possibly in their description of relative elution

order and position.

TABLE IV
COMPARISON OF REGION IV WIDTHS USING ACTUAL AND CALCULATED VALUES FOR
PICENE #g*
Retention parameter Average Standard 95%, confidence
deviation limits
tx Picene (measured) 53.521 0.020 +0.021
tg Picene (calc.) 53.498 0.031 +0.032
tg Chrysene (measured) 40.584 0.012 +0.013
Aty (Measured) 12.937 0.011 +0.011
Atg (Calc.} 12.914 0.030 +0.031

* Data in minutes.
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The concept of “routine analysis”™ implies rapid, simple, and reproducible ana-
lytical methodologies. An I system can facilitate routine GC analysis of complex
mixtures by providing tentative identifications; however, spiking a complex sample
with the internal standards can lead to co-elution problems and will definitely make
quantitative determinations of masked or partly resolved peaks impossible. Ideally
the internal standards should be indigenous to the sample being analyzed; the ad-
vantages of this situation are obvious. PAC samples generally contain relatively large
amounts of three of the four PAC 7 standards. Rather than spiking the fourth stan-
dard (picene) into the mixture where it would not be resolved from
benzo[ghi]perylene, would mask benzo[b]chrysene, and would interfere with the
quantification of both peaks, a converging algorithm was written which uses the 7, of
chrysene and the f, and “standard” 7 of a known compound eluting in Region IV
(benzo[e]pyrene is a good candidate) to optimize a calculated r; for picene. This
calculation assumes proportional elution behavior among all three compounds in-
volved. Evidence supporting this assumption can be seen in Table 1V where the
average measured fy values of chrysene and picene, the average width of the interval
between them, the average calculated 7, of picene and respective interval width, and
the standard deviations and 95 9% confidence limits of both intervals are given. The
source of the data is six standard mixture analyses under the standard / conditions of
this work in which the four PAC 7 standards and benzofe]pyrene were present. The
interval width between the 7, of chrysene and the calculated ¢, of picene has three
times the standard deviation of the actual width, but the averages vary only by 1.4 sec.
Application of the Student’s r-test suggests that the difference between the two means
is statistically insignificant.

The relative nature of the PAC I system makes the statistical considerations in
the preceding paragraph trivial. As long as retention data are generated in a con-
sistent manner, it does not matter how the necessary cardinal points are defined; it is
simply convenient to design a calculation to give a picene 7, similar to its actual
retention time. All of the Region I'V [ values from the coal tar PAC data base reported
in Table I are based upon a calculated 7, of picene.

The PAC 7 system has been applied to the analysis of diesel particulate ma-
terial'#*3, coal extracts'3, synthetic fuels!®!7, tissues and sediments'®2!, air par-
ticulate matter?!, and combustion effluents??. To broaden the applicability of the
PAC [ system, the  values of 232 PASHs and N-PACs were generated from standard
mixtures, and are given in Tables V and VI, respectively.

It is not reasonable to expect ppm reproducibility from any / system within
one’s own laboratory, let alone from one laboratory to another. The degree of fine
control over relevant chromatographic parameters required for that level of precision
is simply not presently possible; and each researcher must invest developmental time
in the analysis of a “‘standard” complex mixture in order to become familiar with the
variations inherent in his own system. Published 7 values should be presented as good
working estimates under given conditions, and should be viewed with the same atti-
tude. Carefully generated linear 7 data provide essential information on elution order
and intervals, but the actual numbers should not be expected to be absolute.
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