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ABSTRACT

The independent cffects of pressure and temperature in supercritical fuid chromatography on the
capacity ralio on chromalographic resolution of some polar organic model compounds were investigated.
Increasing the pressure isothermally feads Lo a steady decrease in retention and resolution. With changing
temperature, a maximum in the capacity ratio as well as the resolution was obscerved. These observations
may be related 10 a combination of gas chromatographic (GC) and liguid chromatographic (1.C) theorics
of solute interactions with the mobile and stationary phases. However, pure GC- or LC-like behavior was
not observed either below or above the critical point of the mobile phase. Capacity ratios for various
explosives, propellants and related compounds were determined on capillary open tubular columns coated
with either a non-polar methyl- or a polar cyanopropyl phenyl-substituted siloxanc stationary phase. The
mobile phase for all studies was carbon dioxide. On the polar celumn. many of the solutes exhibited a good
correlation between their bulk dipole moment and chromatographic retention. Deviations from this corre-
lation could be explained by means of the physical or steric properties of these solutes. The ¢lution order of
the compounds on the non-polar column was similar to the order achieved using GC rather than LC.

INTRODUCTION

Due to the complex interactions present in supercritical fluid chromatography
(SFC), there is still no straightforward explanation of the phenomena occurring.
Howcver, many authors have performed theoretical and experimental investigations
to study the effects of pressure, temperature and density of the {luid on the
chromatographic behavior of test compounds [1- 18]. Tn most cases the test solutes
were a homologous scries of alkanes, phthalates or polyeyclic aromatic hydrocarbons.

Our intention was to compare the findings of previous authors with our results
obtained on a set of more polar species. In our seiection of polar test compounds,
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a polar stationary phase and a non-polar mobile phase, we tried to achieve a better
understanding of the solutc-stationary phase inleractions.

EXPERIMENTAL

A Model 501 capillary supercritical fluid chromatograph (Lee Scientific, Salt
[ake City, UT, U.S.A)) was used, which was cquipped with a split injector and both
UV and flame ionization detectors. A bonded methyipolysiloxane column (SB
methyl-100, 5m x 100 zm [.D., 0.25 gm film thickness, Lee Scientific) and a bonded
50% cyanopropyl-phenylpolysiloxane column (DB 225, 10 m x 50 um .., 0.05 pm
film thickness, J & W Scientific. Folsom, CA, U.S.A.) werc used for the studies
described.

Nitroglycerine, nitrocellulose, 2,4.6,N-tetranitro-N-methylaniline (tetryl) and
1,3.5,7-letranitro-1,3.5,7-tetraazacyclooctane (FIMX) were obtained from the U.S.
Army Explosives Repository (Dover, NJ, U.8.A.). Ethylene glycol dinitrate, di-
ethylene glycol dinitrate. 1,3.3-trinitro-1,3,5-trazacyciohexane (RDX) and penta-
erythritol retranitrate (PETN) were received from the Bureau of Alcohol, Tobacco
& Firearms (Rockwille, MD, U.S.A.). SFC-grade carbon dioxide and additional
reference chemicals were obtained in the highest purity available from commercial
SOUTCES.

RESULTS AND DISCUSSION

Interaction with the mohile phase

First, we investigated the effects of pressure and temperature on the capacity
ralio as well as the chromatographic resolution of a set of test compounds, the three
isomeri¢ of mononitrotoluene (NT). The first inflection of the baseline from the UV
detector response was generally taken as the chromatographic void volume for
retention measurements. Chromalographic resolution (R,) was calculated as follows:

Ry = L1177 {12y~ tail/[Po.sczy + Posinl

where 1. is the retention time and b, 5 is the pcak width at half height of the compounds
under consideration. The instrument was used in the pressure control mode and was
equipped with a cyanepropy! phenylpolysiloxane column. The column was main-
tained at a constant lemperature while a range ol different pressurcs was applicd.
Increasing the column pressure led to a steady decrease in capacity ratio (k') (Fig. 1.
Similar behavior using different separation systems has been reported by other authors
[1 7]. Ateven higher pressures (e.g., greater than 250 atm), k' is reporled (o increase [8].

The lNuid density increases with increasing pressure as does the solubility of the
analytes in the mobile phase. Therefore, the decrease in &™ of the analyles can be
explained by the increase in their solubility with increasing pressure. The minimum
observed in the &’ versus pressure plot arises from intermolecular repulsion forces in the

¢ Certain commercial cquipment, instruments or materials are identified in this report to specify
adequately the experimental procedure. Such identification does not imply recommendation or endorse-
ment by the National Institute ot Standards and Technology. nor does it imply that the materials or
equipment identified are necessarily the best available for the purpose.
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Fig. 1. Effect of pressure in SFC on the capacitly ralio and the chromatographic resolution of the three
nitrololucnes. Column: DB 225 (10 m x 50 ym 1.D., 0.05 um film thickness), at 60°C. B = 4-NT:
® = 3-NT: A = 2-NT; O = 2-NT/3-NT; + = 3-NT/4-NT.

bulk fluid. These forces appear with increasing density or pressure [9], thus decreasing
the solubility of the solutes. This minimum also coincides with a maximum in
a solubility—pressure plot [19,20]. In this context, “solvent strength™ of the fluid, rather
than solubility of a test compound, might be the appropriate term to use. Others have
applied thermodynamic models to predict the dependence of &' on the pressure
yielding results thal were in good agrecment with the experimental data [1,2,4,5,9-12].

Chromatographic resolution of the three compounds decreased steadily as the
pressure increased (see Fig. 1). This observation is similar to the results reported by
others [3,7]. Evidently, at low densities the diffusion coefficients in the mobile phase
were high, which led to high cffective plate numbers and thus to high R,{3]. It should be
emphasized that, as the system turned from the subcritical to the supercritical state (at
73 alm), no discontinuity in either the plots of X" or R, versus pressure was observed, as
reported by others [12].
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Fig. 2. Eftect of temperature in SFC on the capacity ratio and the chromatographic resolution of the three
nitrotoluenes. Column as in Fig. I; 63 atm.; symbels as in Fig. 1.
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Fig. 3. Fffect of temperature in SFC on the capacity ratio and the chromatographic resolution of the three
nitrotoluencs. Column as in Fig. 1; 100 atm; B, ® and & as in Fig. [; & = mean resolution.

Next, the density was changed under isobaric conditions by varying the
temperature. In contrast to the isothermal change ol the density, maxima were present
for bolh the capacity ratio as well as the chromatographic resolution (Figs. 2 and 3). In
the case of suberitical pressure (63 atm, Fig. 2), the maxima for the capacity ratios were
observed at a lower pressure than the maxima in the chromatographic resolution.
Under supercritical conditions, however (100 atm. Fig. 3), the maxima of the two
different kinds of chromatographic variables almost coincide. The mean resolution
was calculated as the mean of the chromatographic resolution of 2-NT/3-NT and
3-NT/4-NT, respectively, at the respective lemperature.

Maxima of both capacity ratio and chromatographic resalution, as determined
in the isobaric cxperiments (Figs. 2 and 3), appeared at three different densities. These
same densities were encountered in the isothermal experiments (Fig. 1), where no
maxima were observed. Therefore, the appearance of such maxima cannot be due to
changes in densily alone. Several authors, who also observed such maxima in capacity
factors (¢.g., [3.6,10—18]), interpreted this effect as a superposition of both volaliliza-
tion and solvation of the compounds. Increasing lemperature decreases density and
therefore increases retention. At even higher temperature, the volatility of the
components becomes more important, leading to a gas chromatographic (GC)-like
decrease in retention with increasing temperature.

Although the maxima in plots of capacity ratios versus temperature have been
described by other authors for a broad range of phase systems as well as analytes. it has
not been emphasized that, with homologous series of isomers, the maxima oceur at the
same temperature [or all components. In other words, the onset of the " GC behavior™
evidently is not influenced by the nature of the analyte. Because the series investigated
covered a broad range of beiling points, the appearance of the descending section of
the plot cannat be attributed solely to volatilization of the test components al clevated
temperatures. Other, less straightforward retention mechanisms are likely to occur.

With more strongly retained compounds than the nitrotoluenes (such as
polyeyclic aromatic hydrocarbons). additional minima in the capacity ratio
[3.4.7.16.17] and the chromatographic resolution {3.16,17] have heen reported. This
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correlates with the maxima occurring when solubility of a test compound in a fluid s
plotied versus temperature [19,20]. Becausc these minima in the A'—tempcerature and
R—tempcerature plots were observed when the temperature was lowered further, they
might be related to the effect of the density on &, as are the minima observed in the &’
versus pressure plots [B]. This would be in contrast to the maxima that occurred only in
the case ol isobaric changes in density.

Determination of the extrema of & at several different pressures showed that at
higher pressure both minima and maxima were shifted towards a higher temperature
(lower density) and became less pronounced. as has also been reported by others
[3,12-18]. The samc holds truc for the solubility—temperaturc plots [19]. Although the
positians of the extrema are linked to the density of the mobile phase, there is generally
no absolute value of the density where those extrema appear. For example, there is an
absence of maxima in the plots of capacily factor versus pressure shown in Fig. 1.
Components with stronger retention and higher boiling points also show stronpger
extrema than their less-retained, lower-boiling isomers or hamologues (Figs. 2 and 3,
[13-18]). Those observations summarized above may be generalized in the following
manner: the more intense the analyte—stationary phasc interactions (reflected n
relatively long retention times), the more sensitive is their chromatographic behavior
to chunges both in pressure and temperature. It is interesting that neither the choice of
the phasc system used for the separation, nor the nature of the test compounds has any
impact on those general findings. This could be concluded from our data as well as
those cited earlier.

Although some of the phenomena have been treated theoretically on a thermo-
dyvnamic basis [1-5,9-12,16], there is still a need {or an explanation of the complex
effects observed and described above.

Interqction with the stationary phase

To investigate the interactions between the analyles and the stationary phase,
the retention behavior of a large set of compounds, namely a variety ol explosives,
propellants and relaled compounds. was determined on two columns with phases of
totally different selectivity. The non-polar methyl column should display a separation
following partition phenomena. whereas the cyanopropyl-phenyl column is expected
Lo show evidence of polar interactions. For the two different columns, the capacity
ratios of the compounds investigated are listed in Table I.

Whereas the elution order of the dinitrotoluenes on the polar DB 225 column is
similar to that observed in reversed-phase liquid chromatography (LC) [21], RDX is
much less retained in the LC system. The elution orde of various explosives in our SFC
separations is very different from that observed in other reversed-phase [.C
separalions [22-25].

There arc apparently more similarities between GC and SFC [26-28]; e.g., the
elution order of the different mono- and dinitrotoluenes is the sanie in GC (irrespective
of the column used) as in SFC on the methyl column. This observation suggests that, in
the case of this non-polar colummn, 4 partition-type retention mechanism is cffective.

There are only a few publications on SFC ol explosives [29-33]. Nevertheless, the
clution order of the limited number of compounds investigated by those authors agrees
well with our results.

We next focused on investigating a likely retention mechanism for the
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CAPACITY RATIOS OF ALL EXPLOSIVES, PROPELLANTS AND RELATED COMPOUNDS

CONSIDERED IN THE PRESENT STUDY

Compound

2-Nitrotoluene {2-NT)
3-Nitroteluene (3-NT)
4-Nitrotoluene (4-NT)
2,6-Dinitrotoluene (2,6-DNT)
2,3-Dinitrotoluene (2,3-DNT)
2,4-Dinitrotoluene (2,4-DNT)
3.4-Dinitrotoluene (3.4-DNT)
2,4.6-Trinitrotoluene {TNT)

Picric acid (PA)

Tetryl

I-Nitronaphthalene (1-NN}
1.5-Dinitronaphthalenc (1.5-DNN)
[.3-Dinitronaphthalene (1,3-DNN)
2.7-Dinitronaphthalene (2.7-DNN)
1.&-Dinitronaphthalene (1.8-DNN)
Ethyleneglycoldinitrate (EGDN)
Diethyleneglveoidinitraic (DEGDN)
Nitroglycerine (NG)
Diphenylamine (2PA)

PLCTN

N-Nitroso diphenylamine (NNDPA)
Dibutylphihalate (DBP)

RDX

Diethyldiphenylurcs (DEDPU)
2-Nitrodiphenylamine (2-NDPA)
HMX

Nitroguinoline {NQ)

a

b

SB Methyl-100
(60°C, 83 atm, 11 min.
3 atm/min. 95 atm)

0.62
0.70
0.77
1.48
1.98
2.06
2,36
2.52
376
5.20
2.67
4.41
493
613
7.39
b
n.r.

1.53
335
3.36
3.6l
452
4.57
4.83
377
n.e.

n.c.

DB 225
(85°C. 100 atm, Il min,
3 atm/niin, 180 atm)

0.32
0.38
0.52
1.3%
.08
2.17
4.19
4.71
n.c.
11.00
2.06

n.c. = Not eluted under the conditions applied.
nr. = Not retained under the conditions apphed.
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Fig. 4. Dipole moment versus capacily ratio in 8FC for various explosives. Column: 3B-

25
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1.D.. 0.05 um film thickness); scc Table I for conditions. B Indicates data used for generation of correlation
line. Error bars represent standard deviation of the mean of dipole moment data found in the litcrature.
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Fig. 5. Dipole moment versus capacity ratio in SFC for various explosives. Column: SB Methyl-100 (5
m x 100 pgm L.D.,, (.25 pm film thickness), see Table 1 for conditions.

compounds on the polar DB 225 column, i.e., the effect of dipole moment. Fig. 4 shows
the elution order of the analytes on the DB 225 column plotted versus their dipole
moment. For those compounds not appearing in the graph, data on their dipole
momenl were not available. About half of the points are on a straight line (obtained by
linear correlation calculations) correlating polarity of the compound and retention on
the polar column.

Some compounds showed weaker retention than expected considering their
dipole moment, thus falling above the line. Those compounds were either more volatile
specics (nitrotoluenes, ethyleneglycol dinitrate) or there was some steric hindrance of
the polar substituents (as in 2 3-dinitrotoluenc and 3,4-dinitrotoluene), which
influenced the retention. The other group of compounds that did not follow the simplc
correlation belween dipole moment and retention exhibited stronger retention than
predicted. In other werds, their bulk dipole moment was lower than expected based on
retention. Most members of this group contained highly polar groups, but in highly
symmetrical positions, leading to a low bulk dipole moment, (e.g., 2,4,6-trinitro-
toluene, 1,5-dinitronaphthalene, PETN and RDX). Diphenylamine is a very polar-
izable compound, and therefore was more strongly retained than would be expected
based onits low dipole moment. Consequently, the retention of the compounds in SFC
on thc DB 225 column may be generally understood as a polar interaction between
sterically free polar sections of the analytc molecule and the cyanopropyl phenyl
stationary phase.

A similar ploL of the elution order versus the dipole for the methy| column is
shown in Fig. 5. No obvious correlation is observed, which suggests that the retention
mechanism is not based on a polar interaction of the compounds with the stationary
phase.
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