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SUMMARY 

The normal bonded-phase retention behavior of 26 large polycyclic aromatic 
hydrocarbons (PAHs) was investigated. The retention on aminopropyl-, nitropro- 
pyl-, and tetranitrofluorenoimidopropyl-derivatized columns were compared using 
n-hexane-methylene chloride mobile phases. The PAHs studied showed three distinct 
types of retention behavior. Changes in elution order are dependent on the degree 
of non-planarity of the compounds in the solvent systems used, as evidenced by the 
UV-VIS spectra. 

INTRODUCTION 

The analysis of crude oils or residua and their resulting products is a complex 
task. Complimentary methods are necessary for accurate characterization of a feed 
and the products of any process because many types of hydrocarbon- and hetero- 
atom-containing molecules are present. One important class is the polycydic aro- 
matic hydrocarbons (PAHs). The separation of mixtures of PAHs by high-perform- 
ance liquid chromatography (HPLC) has become a routine technique for identifying 
these components in many types of samples. Both normal- and reversed-phase sep- 
arations have been used. A lack of standard compounds, for use in comparison of 
detector responses and retention times, has been one major limitation in development 
of PAH analyses. Another has been the complexity of most samples, making un- 
equivocal identification of the chromatographic peaks difficult or impossible. These 
problems have been partially overcome by the synthesis and isolation of large PAHs, 
the production of columns with greater separating power, and the development of 
more selective detectors. The “full-spectrum” photodiode array detector is an ideal 
detector of PAHs. This detector collects the UV spectrum of an eluting peak by 
monitoring the UV intensity at all wavelengths in a spectral range. The UV spectra 
of the PAHs are very characteristic, containing several absorbance maxima and the 
corresponding minima. The location of these spectral features is determined by the 
size and shape of the PAH’. Thus, very similar PAHs can be easily identified and 
quantified. These developments, however, do not totally solve the problems of sep- 
aration and identification. 
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Other characteristics of the PAHs must be used to differentiate them. For 
example, the use of the retention times could be another identifying characteristic for 
those PAHs that cannot be unambiguously identified by their UV spectra. Retention 
time relationships have been proposed for both normal- and reversed-phase HPLC 
as a useful parameter for identification of the PAH2-5. These studies found correla- 
tions between the number of n electrons or rings and the expected retention times. 
Other parameters, such as the partition coefficients between aqueous and organic 
phases, solubilities in various solvents, and molecular shape, have all been used for 
predicting retention behavior (see ref. 6 and references contained therein, and ref. 7). 
All of these studies were of PAHs of six or less rings (the only ones readily available 
commercially). Recent work in our laboratory on the reversed-phase separation of 
several seven-, eight-, and nine-ring PAHs of the peropyrene class showed a much 
more complex behavior8sg. The retention of these PAHs was based on solute-solvent 
interactions that were a function of the intramolecular steric strain of the PAHs. This 
strain would not be present in the smaller PAHs used in most studies, but would be 
more prevalent with an increase in the number of rings in the moleculel*. Intramo- 
lecular steric strain produces anomalous retention behavior in the peropyrene-type 
PAHs because the effective surface area of the PAHs becomes smaller in certain 
solvents. The sterically strained PAHs could become non-planar in those solvents, 
reducing the strain but at the same time reducing the area of the PAH that interacted 
with the chromatographic stationary phase. 

Since many PAHs appear to have structural features similar to those with 
anomalous retention behavior and also possess UV spectral features suggesting steric 
straina*g, a series of experiments was undertaken. While anomalous retention behav- 
ior had only been seen in reversed-phase separations, the proposed mechanism of a 
solvent-induced non-planarity should also occur in other types of chromatography, 
producing similar behavior for many PAHs besides those studied previously. The 
same “strong” solvents (ethyl acetate, tetrahydrofuran, chloroform, and methylene 
chloride) are used in both reversed- and normal-phase chromatography, so the sol- 
vent interactions with the PAHs should be similar in both types of chromatography. 
These were also the solvents which caused anomalous elution behavior and spectro- 
scopic changes for the peropyrene-type PAHs. A number of 26 fused-ring PAHs (Fig. 
1 and Table I) were chosen as standard compounds because of size and shape dif- 
ferences. These included various isomeric sets that differed in their UV spectral char- 
acteristics and possibilities for intramolecular strain. Three types of bonded nor- 
mal-phase columns were studied: an aminopropyl-bonded phase, a nitropropyl- 
bonded phase and a tetranitrofluorenoimidopropyl (TENF)-bonded phase. These 
columns have greatly differing affinities and selectivities for PAHs, thereby allowing 
study of a wide range of mobile phases. 

EXPERIMENTAL 

All chromatograms were run on a DuPont Model 8800 liquid chromatograph 
in the isocratic mode at ambient temperature. A Valco C6U injection valve with a 
25~1 loop was used for sample introduction. A Hewlett-Packard 1040A photodiode 
array detector was used, and all data were evaluated with that unit’s HP 85 computer. 
The software used was the original HP package expanded with Infometrix MCR 2 
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Fig. 1. PAHs studied (see Table I for names). 
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TABLE 1 

MODEL COMPOUNDS USED IN THIS STUDY 

Compound Name 

1 Q rene 

2 Benzo@Jperylene 
3 Coronene 
4 Benzo[rst]pentaphene 
5 Benzo[b]perylene 
6 Dibenzo[cd,lm]perylene 
7 Naphtho[l,2,3,4ghi]perylene 
8 Naphtho[l, 1,2bcd]perylene 
9 Benzo[pqr]naphtho[B, 1,2bcd]perylene 

10 Benzo[a]coronene 
11 Phenanthro[l,9,10,8fghi]perylene 
12 Naphtho[S, 1,2abc]coronene 
13 Dibenzo[bc,eflcoronene 
14 Phenaleno[ 1,9nb]perylene 
15 Tribenzo[de,kl,rst]pentaphene 
16 Pyranthrene 
I7 Tribenzo[a,cd,lm]perylene 
18 Ovalene 
19 Naphtho[2,3a]coronene 
20 Dibenzo[aj]coronene 
21 DibenzoVg,ijlphenanthro[2,1,10,9,8,7pqrstuv]pentaphene 
22 Benzo[cdjchryseno[4,5,6,7fghvk]perylene 
23 Tetrabenzo[a,cd,j,lm]perylene 
24 Benzo[rsr]phenanthro[ I,1 O,B,cde]pentaphene 
25 Benzo[cd]naphtho[l,8jk]perylene 
26 Tetrabenzo[de,hi,op,st]pentacene 

(Infometrix, Seattle, WA, U.S.A.). The solvent-effect comparison UV spectra were 
run on a Perkin-Elmer Lambda 3 spectrophotometer as in the previous workg. 

The bonded-phase columns were a 25 x 0.46 cm I.D. DuPont aminopropyl- 
bonded phase, a 20 x 0.46 cm I.D. Macherey-Nagel nitropropyl-bonded phase, and 
a 30 x 0.46 cm I.D. ES Industries TENF-bonded phase. All packages were deriva- 
tized 5-pm spherical silicas. All mobile phases were premixed using Burdick & Jack- 
son solvents. The PAHs were either synthesized in our laboratorys*g or purchased 
from various commercial sources. Three mixtures of eight or nine PAHs were dis- 
solved in a minimum amount of methylene chloride and diluted with n-hexane, to 
ensure solubilization of the PAHs and to minimize adverse chromatographic effects. 
Relative retention times were measured as the average of the values found for each 
PAH at each set of chromatographic conditions, two or three replicate values being 
the norm. In the spectral comparisons, the PAHs were dissolved in methylene chlo- 
ride and either diluted with nine parts n-hexane or methylene chloride. 

RESULTS AND DISCUSSION 

The use of plots of the logarithm of relative retention times versus percentage 
of strong solvent in the mobile phase can indicate changes in the various factors that 
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Fig. 2. Relative retention plots of the PAHs of molecular weights 202-302. V = Pyrene; 0 = bmzo- 

[ghilperylene; A = coronene; 0 = benzo[rst]pentaphene; 0 = benzo[b]perylene. 

control retention’ Is1 2. If the various factors that effect retention had the same mech- 
anisms in each solvent mixture, then a linear plot would result. If there was a drastic 
change in the controlling mechanisms or in the relative influence of the mechanism, 
the plot would curve. The logarithm of the relative retention values found with n- 
hexane-methylene chloride mixtures on the aminopropyl-bonded phase column are 

10 15 
Methylene chloride, % 

Fig. 3. Relative retention plots of the PAHs of molecular weight 326. V = Dibenzo[cd,lm]perylene; 
0 = naphtho[l,2,3,4ghi]perylene; A = naphtho[8,1,2bcdjperylene. 
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Fig. 4. Relative retention plots of the PAHs of molecular weight 350. 0 = Ben- 
zo[pqr]naphtho[S, 1,2bcd]perylene; 0 = benzo[a]coronene; 0 = phenanthro[ 1,9,10,8fghiJlperylene. 

shown in Figs. 2-8. The seven sets of data are divided into groups according to 
molecular weight to facilitate comparison of isomers or other PAHs of similar carbon 
number. From the prior work it was known that three types of behavior were pos- 
sible: PAHs could always be either planar or non-planar or only become non-planar 
at higher concentrations of the strong solvent. All three were seen in this work. 

I I I I 
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Fig. 5. Relative retention plots of the PAHs of molecular weight 374-376. V = Naphtho- 
[8,1,2abc]coronene; 0 = dibenzo[bc,eflcoronene;A = phenaleno[ 1,9ab]perylene. 
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Fig. 6. Relative retention plots of the PAHs at molecular weight 376. 0 = Tribenzo[de,kl,rst]pentaphene; 
0 = pyranthrene; 0 = tribenzo[a,cd,lm]perylene. 

Most of the molecules appeared to remain in a planar conformation in all the 
solvent mixtures, as evidenced by their approximately linear plots. Their UV spectra 
had shifts in the band positions, but no changes in band shape or the number of 
bands, Coronene and ovalene (compounds 3 and 18) behaved this way. In contrast, 
the plots for some of the PAHs showed some curvature. Benzo[rst]pentaphene and 
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Fig. 7. Relative retention plots of the PAHs of molecular weights 398400. A = Ovalene; 0 = 
naphtho[2,3a]coronene; 0 = dinbenzo[aj]coronene. 
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Fig. 8. Relative retention plots of the PAHs of molecular weights 424426. V = Benzo- 
[cdjchryseno[4,5,6,7fghijk]perylene; 0 = tetrabenzo[a,cdj,Im]perylene; A = benzo[rst]- 

phenanthro[ 1,10,9,c&]pentaphene; 0 = dibenzo[n,cdjnaphtho[l,Qk]perylene; 0 = tetrabenzo- 
[de,hi,op,sr]pentacene. 

benzo[b]perylene (compounds 4 and 5, Fig. 2), at a molecular weight of 302, are an 
example of the differeht types of behavior seen for an isomeric pair. Benzo[b]perylene 
had a significantly curved plot, while benzo[rst]pentaphene gave an almost linear 
one. A curve plot was also observed for several of the other PAHs. 

Another important trend was observed with tetrabenzo[a,cdj,lm]perylene and 
tetrabenzo[de,hi,op,st]pentacene (compounds 23 and 26, Fig. 8). These molecules ap- 
peared to be so sterically strained that even in n-hexane they were non-planar. Their 
retention times were drastically smaller than other PAHs of similar molecular weight, 
but their unchanging non-planar conformation in all the solvent mixtures produced 
an approximately linear plot. The only way of identifying this type of behavior was 
comparison to other PAHs of the same carbon number. The non-planar PAHs’ re- 
tentions were much less than the planar PAHs of the same carbon number. By con- 
trast to those two strained, non-planar PAHs, compound 22 (with the same number 
of carbons) eluted much later. The two isomers of molecular weight 424, compounds 
21 and 22, had identical retention behavior within experimental error; so only the 
line for compound 22 is shown in Fig. 8 for the two compounds. 

In general, those PAHs whose UV spectra had shallow valleys between their 
highest wavelength absorbance bands appeared to elute earlier than expected. A 
correlation between these properties can be made. A parameter called the “shallow- 
ness factor” for a PAH was defined as the ratio of the average of the intensities of 
the two highest wavelength absorbance maxima and the intensity of the correspond- 
ing absorbance minimum. As the value of shallowness factor approached one, the 
spectral valley became smaller. The values for a particular set of PAHs in a particular 
solvent mixture can be compared with their relative retentions from an isocratic 
chromatographic run using the same solvent mixture. This experiment was performed 
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TABLE II 

CORRELATION OF RETENTION TIME AND SHALLOWNESS FACTOR 

Compound Relative Shallowness 
number retention factor 

22 2.399 3.27 
25 1.510 2.21 
24 1.484 2.10 
26 1.192 1.42 
23 1.148 1.35 

using spectra collected both on-the-fly, using the photodiode array detector during 
the separations, and statically with solutions of the individual PAHs in the different 
solvent mixtures. The two experimental approaches yielded similar values, but the 
values from the static measurements were much more precise. Table II is a compar- 
ison between the relative retention times in n-hexane-methylene chloride (90: 10) for 
the 34-carbon PAHs and the shallowness factor values found statically in the same 
solvent mixture. The shallowness factor values are precise to 0.02 units. It was seen 
that the shallower PAHs elute the earliest. To a lesser degree, this trend was also seen 
for the other sets of PAHs. 

In our earlier reversed-phase work, a PAH was found that had spectral dif- 
ferences in weak and strong solventsg. The absorbance band for ben- 
zo[rst]phenanthro[l,10,9cde]pentaphene (compound 24), around 475 nm, underwent 
a band-shape change so that rather than the one large absorbance band seen in 
methylene chloride, the compound in n-hexane or methanol showed two smaller 
ones. In the current work, similar comparison spectra were obtained for another five 
of the PAHs. These were chosen because they had the greatest anomalous elution 
behaviors for PAHs that had not been studied in our earlier work. The two solvent 
mixtures used for the spectral comparisons were n-hexane-methylene chloride (90: 10) 
and 100% methylene chloride. These PAHs showed two types of differences when 
the spectra in the two solvent mixtures were compared. First, the depth of the valley 
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Fig. 9. Comparison spectra of naphtho[8,1,2bcd]perylene showing the changes in band-shape and shal- 
lowness with higher methylene chloride concentrations: (A) n-hexane-methylene chloride (90: 10) and (B) 
100% methylene chloride. 
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between the two highest wavelength absorbance bands was less in methylene chloride 
than in n-hexane. Secondly, some of these PAHs showed varying degrees of band 
shape changes similar to those seen previously with compound 24. The spectra of 
naphtho[8,1,2bcdperylene, compound 8, are shown in Fig. 9. The change in the 
shallowness of the minimum, as well as the band shape changes, is seen. The shal- 
lowness factors for these six PAHs in the two solvents are shown in Table III. The 
values seen in methylene chloride were consistently lower than the values found in 
the predominantly n-hexane solution. This was only seen for the PAHs that had 
anomalous elution behavior. The values for the PAHs that had sharper absorbance 
bands and “normal” elution behavior, such as coronene or ovalene, differed by 0.008 
units or less for the two solvents, with the greater value not always being the n- 
hexane one. 

In addition to these spectral and chromatographic traits, these PAHs were also 
more soluble in n-hexane than isomers that had sharper spectral bands and longer 
retention times. This would also support the premise that these molecules are non- 
planar because they would also be less ordered crystallographically than the planar 
PAHs, if the solid state structure is similar to the solvated structure. 

For the aminopropyl column, the three types of solution behavior of these 
PAHs caused any single isomeric set to have a wide range of retention times. Large 
overlaps with the other isomeric sets resulted. Thus any prediction of retention times 
by the number of rings or a electrons or by molecular shape were not possible. 

This division of PAHs into classes based on the degree of planarity in solution 
is similar to the divisions made by Boschi et al. l 3 in their photoelectron spectroscopic 
study of the gas phase behavior of PAHs. The width of the photoelectron transitions 
were broader in sterically strained PAHs than those in the spectra of unstrained 
PAHs. 

The nitropropyl-bonded packing column was more retentive than the amino- 
propyl-bonded phase; so slightly higher concentrations of methylene chloride could 
be used. The nitropropyl phase had an almost identical selectivity for separating 
isomers compared to the aminopropyl phase. Small differences in retention order, 
however, existed. This was seen especially at the higher methylene chloride concen- 
trations. With the nitropropyl phase and its higher concentrations of methylene chlo- 
ride, two pairs of closely eluting compounds reversed elution order compared to that 
seen with the aminopropyl phase. The ratios of the relative retention values in the 
various solvent mixtures for these pairs on the nitropropyl column are shown in 

TABLE III 

COMPARISON OF SHALLOWNESS FACTOR IN DIFFERENT SOLVENTS 

Compound n- Hexane Methylene 
number chloride 

5 2.12 1.91 
8 2.85 2.56 

11 1.64 1.32 

15 2.73 2.69 

24 2.13 2.02 
26 1.44 1.32 
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TABLE IV 

RELATIVE RETENTION RATIOS INDICATING ELUTION ORDER CHANGES 

h4ethylene 
chloride f X) 

Compounds Compounds Compounds 
7anda I2 and 14 15 and 16 

5 0.943 0.959 0.889 
10 0.971 1.016 0.936 
I5 1.002 1.052 0.953 
20 1.066 1.087 0.987 
25 1.093 1.115 1.010 

Table IV. Values are also given for a third pair (compounds 7 and 8) which showed 
an elution order change on both columns. With lower methylene chloride concen- 
trations, the elution order with the nitropropyl phase for all three pairs was the same 
as those seen with the aminopropyl phase. Since the ratios were less than one at 
lower concentrations and then became greater at higher concentrations, a change in 
elution order occurred that was caused by the use of greater proportions of methylene 
chloride possible with the nitropropyl column. Each of the PAHs that had been the 
later eluting compound at lower methylene chloride concentrations had a shallower 
spectrum than the earlier eluting one, indicating a greater susceptibility towards a 
non-planar structure. At higher concentrations of strong solvent, they went non- 
planar and eluted earlier than the other member of the pair. 

The TENF column was extremely retaining, allowing runs at 100% methylene 
chloride. Only about half of the compounds eluted, even under these conditions. 
Those that did elute showed an order that paralleled our earlier reversed-phase stud- 
ies. The highly strained nine-ring PAHs tetrabenzo[a,cdj,Zm]perylene and tetraben- 
zo[de,hi,op,st]pentacene (compounds 23 and 26) eluted before the much smaller ben- 
zo[ghz]perylene (compound 2). This was the most extreme example of the solvated 
structure effecting elution behavior, but compounds 5, 6, 8, 11, 14, 15, 17, 24, and 
2.5 also showed earlier elution than expected when compared to isomers that are not 
sterically strained. 

CONCLUSION 

For each of the three columns examined, the solvent induced non-planarity of 
some PAHs caused the retention time range of an isomer set to be very large. The 
overlap between the isomer sets was then great enough to make any correlations 
between the number of 7~ electrons or rings and the retention times impossible. Thus 
the use of parameters, such as the length-to-breadth ratio, appears to be valid only 
for the planar PAHs. The wide range of elution behavior was caused by three appar- 
ent types conformational behavior: (1) PAHs that were planar in all solvent mixtures 
and had predictable retention times that correlated with their ring number, (2) PAHs 
that were non-planar in all solvent mixtures and eluted much earlier than expected 
when compared to the planar PAHs, and (3) some PAHs which changed their degree 
of planarity with solvent composition so that their retention times could not be pre- 
dicted by comparison to the planar PAHs. The degree of this non-planarity, and thus 
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the degree of earlier-than-expected chromatographic elution, was evidenced by the 
shallowness of the UV absorbance minima in the spectra of the PAHs. This amount 
of spectral shallowness changed with solvent in parallel fashion to the retention be- 
havior changes. The degree of earlier-than-expected elution or the changes in elution 
order could be estimated by the UV spectra of the PAHs. 

The use of gradient elution in PAH analyses must be carefully evaluated. The 
changing solvent composition can have a dramatic effect on retention order; so the 
identification of each peak must be verified. Single-wavelength detectors would not 
easily follow these changes. The separation of two or more closely eluting peaks 
could be accomplished by either a weaker or a stronger solvent mixture as well as 
the choice of different solvents, depending on which classes of PAHs are present. 

The results from this new series of chromatographic experiments indicate that 
the use of retention time alone as an identifying parameter in HPLC for the larger 
PAHs is not valid, but its use for comparison to standard material would be appro- 
priate if the reproducibility of the mobile phase composition is high enough to control 
the degree of non-planarity induced by the mobile phase. Primary identification of 
the PAHs must still be by comparison to standards and by spectral characterization. 
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