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ABSTRACT 

Nitrated polycyclic aromatic hydrocarbon (nitro-PAH) retention behavior was 
evaluated on a reversed-phase polymeric octadecylsilane column under isocratic con- 
ditions as a function of organic modifier and temperature. Several conclusions can be 
drawn from the retention and organic modifier study (viz., methanol and acetonitrile- 
water). First, the logarithm of the capacity factor (log k’) was linearly dependent on 
organic-water volume fraction (cp). Second, nitro-PAH k’ values increased with de- 
crease in organic modifier concentration. Third, the slopes of log k’ vs. cp plots were 
solvent-dependent. Larger slope values were found for nitro-PAHs in methanol- 
water than in acetonitrile-water mixtures for a particular compound. Fourth, slope 
values were dependent on the molecular structure of individual nitro-PAHs. 

Nitro-PAH retention times decreased with increase in column temperature. A 
linear dependence of log k’ on the reciprocal of the absolute column temperature, the 
Van ‘t Hoff plot, was observed for both organic modifiers over the temperature range 
studied. The standard enthalpic change (d@‘) for nitro-PAH transfer from the mo- 
bile to the stationary phase was determined. AI? was dependent on organic modifier 
type and composition as well as solute structure. The enthalpy-entropy compensa- 
tion effect was evaluated by plotting log k’ vs. - AH” and used to interpret nitro-PAH 
retention mechanisms. A compensation effect was found for some mononitrated 
PAHs for both organic modifiers. The compensation temperatures were within the 
accepted range described for reversed-phase high-performance liquid chromatogra- 
phy systems. 

INTRODUCTION 

Reversed-phase high-performance liquid chromatography (HPLC) retention 
and thus, solute selectivity, is influenced by several chemical (e.g., type and 
concentration of organic modifier) and physical factors (e.g., column temperature 
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and/or stationary phase chain length, density, surface area, pore volume, mono- 
meric/polymeric coatings). The retention process in reversed-phase HPLC is thought 
to be primarily controlled by solute interactions within the mobile phasele3. Most 
research has focused on understanding the influence of mobile phase composition on 
retention. Studies have shown that variations in solvent composition (i.e., water with 
one or more organic solvents) can produce dramatic retention differences”‘. 
Stationary phase studies are limited because details of the bonded-phase synthesis and 
silica substrates are not readily available. In addition to mobile-stationary phase 
effects on retention, changes in column temperature may alter retention characteristics 
as we118-’ I. 

In this investigation, the isocratic reversed-phase nitrated polycyclic aromatic 
hydrocarbon (nitro-PAH) retention behavior was studied as a function of mobile 
phase composition (acetonitrile-water and methanol-water) and column temperature 
(35-65”(Z) on a polymeric octadecylsilane column. For each organic modifier, the 
dependence of the logarithm of the capacity factor at a given volume fraction (log k’) 
on the volume faction of organic modifier in the organic solvent-water mixture (rp) was 
evaluated. The slope, S, for log k’ vs. cp plots was discussed in terms of solute type and 
organic modifier. Van ‘t Hoff plots, log k’ vs. l/T (T = temperature), were used to 
determine the effect of column temperature on nitro-PAH retention. Based on these 
results, the standard enthalpic change (A@) for nitro-PAH transfer from the mobile 
to the stationary phases was evaluated. An extra-thermodynamic approach, based on 
enthalpy-entropy compensation’ 2, was used to further define the nitro-PAH retention 
process. 

EXPERIMENTAL 

Reversed-phase HPLC separations were achieved using a Hewlett-Packard 
1090M liquid chromatography system (Hewlett-Packard, Palo Alto, CA, U.S.A.) 
equipped with a DR5 binary solvent system, diode-array detector (standard flow cell), 
and temperature-controlled autosampler and column compartments. A Hewlett- 
Packard HPLC ChemStation was used to control the HPLC experiments, record and 
evaluate chromatograms and spectra. Sample injections were made using the 
autosampler and autoinjector system. A 25 cm x 2.1 mm, 5 ,um particle size 
reversed-phase Cl8 column (Alltech, Deertield, IL, U.S.A.) was used. A Rheodyne 
3 mm x 0.5 pm column inlet filter was incorporated to protect the analytical column. 

HPLC-grade acetontitrile and methanol (Fisher Scientific, Medford, MA, 
U.S.A.) were used as received. Water was purified by a Mini-Q water purification 
system (Millipore, Milford, MA, U.S.A.). All solvents were filtered through a 0.45-pm 
nylon-66 filter (Rainin, Woburn, MA, U.S.A.), ultrasonicated and vacuum degassed 
prior to use. Helium sparging was performed throughout the HPLC experiment. The 
mobile phase consisted of 50, 60 and 70% (v/v) of acetonitrile or methanol in water at 
flow-rate of 0.5 ml/min. HPLC experiments were performed at column temperatures 
of 35,45, 55 and 65°C for each mobile phase composition. 2% Sodium dichromate in 
water was used to determine the elution time for the unretained solute for each mobile 
phase and temperature. 

Sources of nitro-PAHs have been identified elsewhere13. Nitro-PAHs were used 
without further purification. Standard solutions were prepared by dissolving ap- 
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proximately 1 mg of nitro-PAH in 1 ml of acetonitrile or methanol. Samples were 
stored in the dark and refrigerated. After the column was equilibrated with solvent and 
the column temperature stabilized, 1~1 of a nitro-PAH solution mixture was injected. 
To reduce experimental time, multicomponent standard solutions were prepared. 
Identification of each compound peak was made by comparing HPLC retention times 
and W absorption spectra with those of individual standards. 

RESULTS AND DISkWON 

Nitro-PAH retention as a function of mobile phase compostion 
The intent of this study was to evaluate nitro-PAH isocratic reversed-phase 

HPLC retention characteristics, on a polymeric octadecylsilane column (250 x 2.1 
mm, 5 pm particle size), at various acetonitrile-water and methanol-water mobile 
phase compositions and temperatures. Shown in Table I are nitro-PAHs and their 
corresponding compound numbers. Tables II-V illustrate nitro-PAH retention 
behavior, measured by log k’, as a function of cp (50:50, 60:40 and 70:30, v/v) and 
T(35565”C). Cross-comparison of acetonitrile and methanol log k’ values at the same 
volume fraction and temperature revealed two readily apparent observations. First, 
nitro-PAH elution order was markedly different between the two organic modifiers. 
Second, nitro-PAHs were retained in the column much longer by methanol-water than 
by acetonitrile-water mixtures. For instance, 1-nitropyrene eluted at 22 min with 
acetonitrile-water (50:50) (35°C). The same compound eluted after 1.5 h with 
methanol-water (50:50) (35°C). Data for compounds eluting after 1.5 h are not 
included in this study. Retention time’reproducibility was monitored over a nine- 
month time period with data incorporated in relevant tables. 

The dependence of nitro-PAH retention on mobile phase composition was 
evaluated by plotting log k’ vs. cp at constant column temperature 

TABLE I 

IDENTIFICATION OF NITRO-PAHs 

No. Compound 

1 5-Nitroquinoline 

2 6-Nitroquinoline 

3 5-Nitro-6-methylquinoline 

4 8-Nitroquinoline 
5 1,8_Dinitronaphthalene 

6 1,3,6,8_Tetranitronaphthalene 

7 1,5_Dinitronaphthalene 
8 I .4_Dinitronaphthalene 
9 1,3_Dinitronaphthalene 

10 3-Nitrodibenzofuran 

11 2,4,7-Trinitro-9-fluorenone 
12 I-Nitronaphthalene 
13 2-Nitro-9-fluorenone 

14 2,7-Dinitro-9-fluorenone 
15 2-Nitronaphthalene 
16 2,6-Dinitro-9-fluorenone 
17 2-Nitrobiphenyl 

No. Compound 

18 3-Nitro-9-fluorenone 
19 l-Nitro-2-methylnaphthalene 
20 2,7_Dinitrofluorene 
21 3-Nitrobiphenyl 
22 2,2’-Dinitrobibenzyl 
23 4-Nitrobiphenyl 

24 9-Nitrophenanthrene 
25 2-Nitrofluorene 
26 9,10-Dinitroanthracene 
27 3-Nitrophenanthrene 

28 9-Nitroanthracene 
29 3-Nitrofluoranthene 
30 1-Nitropyrene 
31 I-Methyl-lo-nitroanthracene 
32 6-Nitrochrysene 
33 3-Nitroperylene 
34 6_Nitrobenzo[a]pyrene 
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log k’ = log klJ - srp (1) 

where k,, is the (extrapolated) value of k’ for pure water as the mobile phase (cp = 0). 
The slope, S, should be related to the solvent strength of the pure organic solvent14. 
Tables II-V also list the corresponding slopes (slope error), intercepts and correlation 
coefficients. Several conclusions were drawn from the data. First, log k’ was linearly 
related to cp. Second, as might be expected 15, the slope, S, for a particular nitro-PAH 
was significantly different between the two mobile phases. Nitro-PAHs had larger 
S values with methanol-water than with acetontitrile-water, e.g., the slope for 
9-nitroanthracene was 5.06 V.X 3.33, respectively, at 35°C. Third, at each temperature 
studied, a wide range of slope values were found for both mobile phases. For example, 
the S values ranged between 1.49 and 3.66 for nitro-PAHs in acetonitrile-water at 
35°C. This resulted in nitro-PAH elution order sequence reversals for some com- 
pounds (see tables). Several researchers have observed this phenomena as we112,7,‘6-18. 

Eqn. 2 relates S with log k. 

S = p log ko + q (2) 

where p and q are assumed to be constants for a given experimental condition. 
Schoenmakers et aL2 plotted S vs. log k. for 32 benzene derivatives (having a wide 
range of functionality and molecular structure) in methanol-water (p =0.79, r = 0.98) 
and acetonitrile-water (r= -0.06). The data revealed that the relationship between 
S and log k. was solvent-dependent. Moreover, the slope value greatly differed from 
one suggesting that the same solute properties effected S and log k. in much different 
ways. In contrast, Quarry et al.’ plotted S vs. log k. for seven nitroaromatics in 
methanol-water. For these compounds, the same solute properties appeared to 
influence Sand log k,, in a similar manner (p = 1 .O, r = 0.99). Shown in Table VI are the 
results of S vs. log k. plots for nitro-PAHs. Higher correlation coefficients were found 
for the compounds studied in methanol-water (r=0.98) than in acetonitrile-water 
(r = 0.94). Nevertheless, the relatively small deviation in slope from one suggests that 
the same solute properties contribute to S and log k,, in the same way. The extent to 
which these properties contribute in each organic modifier however was greatly 
different as evidenced by the k’ values. 

TABLE VI 

S vs. LOG k,, PLOTS AT VARIOUS TEMPERATURES 

Temperature (“C) r P 4 n 

Acetonitrile-water 
35 0.94 0.83 + 0.05 0.87 + 0.19 34 
45 0.95 0.88 + 0.05 0.77 + 0.18 34 
55 0.95 0.91 + 0.05 0.72 + 0.18 34 
65 0.94 0.91 + 0.06 0.74 f 0.19 34 

Methanol-water 
35 0.98 0.94 f 0.04 0.82 f 0.15 28 
45 0.98 0.91 + 0.04 0.85 f 0.14 29 
55 0.98 0.90 f 0.03 0.89 + 0.13 30 
65 0.98 0.90 + 0.03 0.87 + 0.13 31 
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Braumann and co-workersl’,i* proposed the concept of using log k0 as 
a measure of the intrinsic property of the solute to partition itself between the 
mobile-stationary phases. For all common nitro-PAHs, the correlation coefficient for 

log kO(cH OH) vs. log b(CH3CN) 

d 

averaged 0.84 k 0.01 over the temperature range studied. 
The mo erate correlation in retention data also suggested that the same molecular 
properties contribute to the separation process to much different degrees. These solute 
property differences result in greatly different retention behavior for nitro-PAHs in the 
two organic modifiers. 

Nitro-PAH retention as a function of temperature 
The extent to which individual nitro-PAH retention decreased was a function of 

column temperature. This resulted in elution order reversals for some nitro-PAHs (see 
Tables II-V). Eqn. 3 describes the relationship between solute retention and column 
temperature” 

log k’ = -AH0/2.3RT + (Ap/2.3R) + log 6 (3) 

where R is the gas constant, T is the absolute temperature, 8 is the mobilestationary 
phase ratio, AH” is the standard enthalpy change of solute transfer from the mobile 
phase to the stationary phase, and A,!?’ is the associated change in the standard 
entropy. 

Summarized in Tables VII and VIII are the results of log k’ vs. l/T plots at 
constant mobile phase composition. (Note: The data for these plots are given in Tables 
II-V). The standard enthalpy change, Ap, was constant and independent of 
temperature. The negative value indicated that nitro-PAH transfer from the mobile 
phase to the Cl8 stationary phase was enthalpically favored. 

Nitro-PAH AI?’ values varied widely in a particular mobile phase composition. 
For example, at acetonitrile-water (50:50), AHo was between 1.32 and 6.96 kcal/mol 
(see Tables VII and VIII for other comparisons). In general, as the concentration of 
organic in the mobile phase increased, AZ@’ decreased or remained constant (at the 
95% confidence level). Further inspection revealed that nitro-PAHs were between 0.24 
and 4.4 kcal/mol more favorable to transfer from methanol-water to the Cls 
stationary phase than were nitro-PAHs in acetonitrile-water. Nitro-PAH AI? values 
were dependent on solute structure as well as the type and concentration of organic 
modifier. 

Eqn. 4 was used to examine the nitro-PAH transfer mechanism between the 
mobile and stationary phases1 ‘. If a linear dependence is observed between log k 
(determined at or close to the harmonic mean temperature, T,,,,) and Al?, it implies 
that the retention mechanism is similar and that an enthalpy-entropy effect exists in 
the solute retention process. The compensation temperature, 8, can be determined 
from the slope of log k’ KS. - AH“ plot 

log k’r = -AH”/2.3R (l/T-l/B)-(AG;/2.3RjI) + log 0 (4) 

where, I%~ is the capacity factor at temperature T and AG: is the Gibbs free energy at 
the compensation temperature. If a family of compounds exhibit enthalpy-entropy 
compensation, the values of j? and AGj will be invariant and the solute transfer process 
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is assumed to be identical. On the other hand, differences in AGj and /3 suggest 
differing solute retention processes. Thus, the compensation temperature provides an 
indication of the retention process as a function of the nature and composition of 
organic modifier studied. 

Plots of log kk, vs. -A@ yielded an average correlation.coefftcient of 0.80 
f 0.07 for both organic modifiers at the mobile phase compositions studied (n = 18, 
3 compositions x 3 runs per composition x 2 organic modifiers). The relatively 
moderate correlation suggested different retentive processes for the family of 
nitro-PAHs studied. However, much higher correlation, r =0.96 f 0.03 (n = 18), was 
found for some mononitrated PAHs (viz. 1,3, 10, 15, 17,23,25,28,30,31 and 33). For 
these compounds an enthalpy-entropy compensation effect existed over a wide range 
of mobile phase conditions. The plots further suggested that changes in AIf’ were 
countered by changes in AfP’ at temperatures near /I, 565 f 54 K. Moreover, the 
compensation temperature fell within the accepted range (554755 K) reported by 
other researchers 10,12,19,20 and thus, the retention process for these compounds 
appeared to be same. 

CONCLUSION 

The data revealed that nitro-PAH log k. values (defined as the solute capacity 
factor at 100% water) were dependent on organic modifier. Thus, the assumption that 
reversed-phase retention was primarily controlled by solute-mobile phase interactions 
was supported by the observed differences in log ko(cH3cNJ and log kO~cH30H~. The extent 
to which the organic modifier influenced the retention process and therefore, log k’ was 
significant. Nevertheless, the moderate correlation between log kO(cH3cNj and log 
kO~cHJOH~ purported that the same solute properties contributed to the separation 
process to varying degrees. This was probably due to differences in nitro-PAH 
conformation in the two solvent systems. Why some mononitrated PAHs exhibit 
enthalpy-entropy compensation was unclear. The relationship cannot be explained by 
simple steric or electronic arguments. 
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