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Abstract

Numerous relationships usually used in high-performance liquid chromatography (HPLC) for describing the retention on porous graphitic
carbon (PGC) have been applied in subcritical fluid chromatography, with@€thanol mobile phases. As reported in HPLC, octanol-water
partition coefficient failed to fit the retention, whereas satisfactory results were obtained with the sum of partial negative charges. A better fit
was reached by using the solvation parameter model, allowing a better understanding of the interactions developed between the solute, the
stationary and the mobile phases. Results show that the dominant contribution to retention was given by the polaByahiithé volume
(V), while the hydrogen-bond basicitY was not selected in the retention model, whatever the methanol content. The increase in methanol
percentage favours the retention decrease, mainly through the volume for hydrophobic compounds, and through the hydrogen-bond acidity
for polar compounds.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction The planar surface allows a close proximity of the
molecular surface of the solute, leading to a high steric

Porous graphitic carbon (PGC) is a chromatographic sup- selectivity. Besides, due to this planarity, the dispersive
port with unique adsorption properties that are very different interactions between non-polar compounds and PGC are
from other traditional reversed-phase supports. It was madefavoured providing higher methylene selectivity than on
commercially available at the end of the 1980s under the tradeODS phase$4]. Moreover, the chemical stability of PGC
name Hypercarfl]. allows its use with highly acidic or basic mobile phases.

At the molecular level, it is composed of flat sheets of It soon became evident that the order of retention on PGC
hexagonally arranged carbon atoms (about abms per was not only governed by the order of solute hydrophobic-
sheet)[2]. Hydroxyl, carbonyl and carboxylate groups are ity as more polar compounds can be more strongly retained
expected to be present at the edge of the graphite sheets buhan less polar ondS,6]. Jackson and Carr showed that any
they are considered to be insignificant in the retention mech- polar functional group added to the benzene ring, regardless
anism[3]. of its electron-donating or -withdrawing nature, induces an

The earlier studies performed in high-performance lig- increase in retentiof]. This increase in retention was ex-
uid chromatography (HPLC) considered PGC to be a perfect plained by the polarizability of the carbon network due to the
reversed-phase support because of the hydrophobicity of itsoverlapping of the hybridized orbitals, allowing dipole type
surface and of the absence of free silanol groups. and electron lone pair donor—acceptor interactions.

Consequently, the retention by PGC in HPLC with
* Corresponding author. Tel.: +33 1 6933 6131; fax: +33 16933 6048, adueous—organic eluents is generally explained by three fac-
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(i) Hydrophobic effect, driving the analyte out of the aque- hydro—organic mobile phase) and a negabwalue (due to

ous mobile phasg]. the acidic character of water).
(i) London type dispersive interactions with the stationary However, as the solvation parameter model was devel-
phase (called hydrophobic adsorpti&h). oped as a partition model and not as an adsorption model, it

(i) Interaction of polarizable or polarized functional groups was deficient for predicting the retention properties of angu-
in samples with the graphite surface, particularly strong lar molecules, due to the planar surface. Other studies also
when the stereochemistry of the molecule forces the po- demonstrated that predictions based on solute shapes on var-
lar group to be close to the surfaf&8]. This effect is ied stationary phases faildti4]. However, for the identifi-
called PREG (polar retention effect on graphite). cation of the most informative structural descriptors and the

study of the variations of the constants following the analyt-

ical conditions changes, this model provides accurate infor-
ation.

In order to better identify the structural factors of the so-
lute affecting retention, and to explain the retention variations

when changing the m|°b,'|e pr?ase c%rlgpl)?osmon, guanutgtlve The properties of supercritical fluids allow the improve-
Ztructureh—reter)tlgn re;aflor%s 'ﬁs (Qb S) c?nd e {8ed et of chromatographic separations of numerous solutes,
mong the varied models that have been applied to retentiony,,, o q,cing the analysis time. Because carbon dioxide acts

on PGC, some of them, using numerous descriptors not re-,¢ non-polar solvent, the addition of more polar modifiers

lated to Gibbs free energy, are not interpretable in physical (methanol, acetonitrile) is often required to increase the so-
terms and not very informative. This is the case with the sol- L

h . del based h ¢ ute’s solubility into the mobile phase. The understanding of
vatoc romic model, based on t € measurement o §pectra etention with modified supercritical phases has been inves-
energy differences. This model is often confused with the

vati del tigated by linear solvation energy relationship (LSER) mod-
solvation parameter model. els, with different stationary phases: cydi2@,23] PDMS

The latter has been very successful in describing chro- [20,24] RP-Gg[25—27]and various other phasi&8]. How-
matographic behaviours and various processes in which aevér o,nly few works have been carried out with.Pf;ZQ]
solute is distributed between two phaf3,11] ltdescribes 5 the detailed effects of the increase of modifier were not
retention in terms of the difference in solute—stationary phase

d sol | . . A d . Ue | investigated.
and solute-solvent interactions. escriptor value Is at- rpq purpose of this paper is to study the retention be-
tributed to each type of interaction.

. brah he classical haviour of non-ionised organic compounds and the PGC
: UsmgdA ra am.p.aramete[$2—16], the classical equa- g face in subcritical fluid chromatography (SubFC) with
tion used in HPLC is: methanol-modified carbon dioxide mobile phases. Relation-

logk = ¢ + ¢E + sS + aA + bB + vV 1) ships between the retention factors and the octanol-water
partition coefficients and with the negative charge excess of
wherek is the solute retention factor. the solutes will be investigated. Then, the solvation parame-

Inthis equation, capital letters represent the solute descrip-ter model will be used to identify precisely the interactions
tors, while lower case letters represent the system constantsestablished and to determine the dominant contributions to
The system constants are obtained by multiple linear regres-retention. The results are compared to those obtained in high-
sion analysis for a certain number of solutes with known performance liquid chromatography with methanol-water
descriptorscis a solute-independent constant, characteristic mobile phases.
of the column studiedE is the excess molar refraction (calcu-
lated from the refractive index of the molecule) and it models
polarizability contributions from n and electronsSis the 2. Experimental
solute dipolarity/polarizabilityA andB are the solute over-
all hydrogen-bond acidity and basicity;is the McGowan 2.1. Chemicals
characteristic volume in units of ¢hmol~1/100.V s used to
describe both the endoergic cavity formation process and the The solvent used was HPLC-grade methanol (Carlo Erba,
exoergic dispersion interactions. Milan, Italy). Carbon dioxide was provided by Alphagaz

For gas chromatographyis replaced by lo§ 18, the par- (Bois d’Arcy, France).
tition coefficient of the solute between the gaseous phase and Fifty-one test compounds (segble 1), benzene and
hexadecanfl7-19] This coefficient neglects the cavity en- naphthalene derivatives, were obtained from a range of
ergy and the dispersive interactions between the solute andsuppliers. Solutions of these compounds were prepared in
the mobile phase, thanks to the low density of the gaseousmethanol.
phasd20].

Lepont et al. used the model to account for the reten- 2.2. Chromatographic system
tion mechanism of neutral organic compounds on PGC with
methanol-water mobile phasid]. As observed with ODS Chromatographic separations were carried out using
phases, the mobile phase induces a large positivalue equipment manufactured by Jasco (Tokyo, Japan, supplied
(due in part to the unfavourable cavity formation into the by Prolabo, Fontenay-sous-Bois, France). Two model 980-
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Table 1

n-Octanol-water partition coefficients (I8, excess negative charges ) and solute descriptor&(S A, B, V)

Compound lod® >q E S A B Y
Benzene D61 0610 052 000 014 07164
Toluene 2588 0601 Q052 000 014 08573
Ethylbenzene B20 0613 051 000 015 09982
Propylbenzene 350 Q604 Q50 000 015 11391
Butylbenzene 4880 Q0600 051 000 015 12800
Pentylbenzene 810 0594 Q051 000 015 14209
Hexylbenzene 520 0591 Q50 000 015 15620
Aniline 1.032 -0.172 0955 094 026 050 08162
Benzoic acid 1793 —-1.019 0730 Q90 059 040 09317
Isophthalic acid ¥70 —-1.672

1,3-Benzenedicarboxylic acid

Trimesic acid 1150 —2.409

1,3,5-Benzenetricarboxylic acid

N,N-Dimethylaniline 2278 Q957 084 000 047 10980
Anisole 2155 Q708 Q75 000 029 09160
Phenylethan-1-ol 332 —0.267 0784 083 030 066 10570
Benzyl alcohol 1100 —0.474 0803 Q087 039 056 09160
Benzaldehyde 500 —0.411 0820 100 000 039 08730
Acetophenone x46 Q0818 101 000 048 10139
Benzonitrile 1681 Q742 111 000 033 08711
Nitrobenzene B08 0871 111 000 028 08906
Chlorobenzene .808 Q718 Q65 000 007 08288
Bromobenzene 817 0882 Q73 000 009 08910
Phenol 1543 —0.352 0805 089 060 030 07751
o-Chlorophenol 1960 0853 088 032 031 08980
o-Aminophenol 1110 110 060 066 08750
2,5-Dimethylphenol B340 Q79 054 037 10570
2,6-Dimethylphenol B60 Q79 039 039 10570
3,4-Dimethylphenol B30 Q86 056 039 10570
Eugenol 0946 Q99 022 051 13540
Resorcinol 0B0O —1.205 0980 100 110 058 08340
1,3-Dihydroxybenzene

Phloroglucinol 0400 —1.390 1355 112 140 082 08925
1,3,5-Trihydroxybenzene

Naphthalene 380 1340 Q092 000 020 10854
a-Naphthol 2980 1520 105 061 037 11441
B-Naphthol 1520 108 061 040 11440
Nitronaphthalene 200 1600 151 000 029 12596
1-Methylnaphthalene .870 1344 Q90 000 020 12260
2-Methylnaphthalene .860 1304 092 000 020 12260
Biphenyl 4040 1360 Q99 000 026 13242
Benzophenone .380 1447 150 000 050 14810
Methylbenzoate a57 Q733 085 000 048 10726
Ethylbenzoate B340 0689 085 000 046 12140
Propylbenzoate 270 Q675 Q80 000 046 12260
Butylbenzoate 300 0668 Q80 000 046 14953
o-Cresol 2047 0840 Q086 052 046 09160
m-Cresol 2047 0822 088 057 034 09160
p-Cresol 2047 0820 87 057 031 09160
o-Nitrophenol 1267 1045 105 005 037 09490
m-Nitrophenol 1267 1050 157 Q79 023 09490
p-Nitrophenol 1267 1070 172 082 026 09490
o-Xylene 3092 0663 056 000 016 09980
m-Xylene 3092 0623 Q52 000 016 09980
p-Xylene 3092 0613 Q52 000 016 09980

PU pumps were used, one for carbon dioxide and a sec-vents (methanol and G were mixed, the fluid was intro-
ond for the modifier. Control of the mobile phase compo- duced into a dynamic mixing chamber PU 4046 (Pye Unicam,
sition was performed by the modifier pump. The pump head Cambridge, UK) connected to a pulsation damper (Sedere
used for pumping the carbon dioxide was cooled-@°C supplied by Touzart et Matignon). The injector valve was
by a cryostat (Julabo F10c, Seelbach, Germany, supplied bysupplied with a 2@Q.L loop (model 7125 Rheodyne, Cotati,
Touzart et Matignon, les Ulis, France). When the two sol- CA, USA).
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The columns were thermostated by an oven (Jetstream 23. Results and discussion
Plus, Hewlett-Packard, Palo Alto, USA), regulated by a cryo-
stat (Haake D8 GH, Karlsruhe, Germany). The detector was 3.1. logk = f(log P) relationship
a UV-vis HP 1050 (Hewlett-Packard), with a high-pressure
resistant cell. The detection wavelength was 254 nm. After  InFig. 1, logkvalues of mono- and disubstituted benzenes
the detector, the outlet column pressure was controlled by aon ODS and PGC phases in SubFC pe®leOH (90:10)]
Jasco 880-81 pressure regulator (supplied by Prolabo). Theare plotted against 10§ values obtained from Rekk§#0].
outlet regulator tube (internal diameter 0.25 mm) was heated The trends are very similar to those generally obtained in
to 80°C to avoid ice formation during the GQ@lepressuriza- RPLC[5,6]. As pointed out by Kaliszaf®], perfect corre-
tion. lations between retention factors and octanol-water partition
Chromatograms were recorded using the AZUR software coefficients can only be obtained when structurally similar
(Datalys, France). The chromatographic columns were Hy- compounds are used, which is the case here. Fairly good lin-
percarb porous graphitic carbon (100 mm4.6 mm i.d., earity is observed with the ODS phase, indicating that the
5wm) provided by Thermo-Hypersil Keystone and a Kro- dispersion interaction plays a major role in determining the
masil octadecyl bonded silica column (250 mm4.6 mm retention on this stationary phase in SubFC, as in HPLC. All
i.d., 5pum) provided by TSP-Shandon, Les Ulis, France. points are close to the straight line connecting the plots for
alkylbenzenes.
2.3. Chromatographic conditions

All compounds were injected under the following operat- "%
ing conditions:
. 2.5 A
HPLC: flow rate, 1 mL mir®; column temperature, 2%; A
mobile phase composition, methanol-water (90:10). 2 Pzg:V:rf‘::V A
. Z
SubFC flow rate, 3mL mirm®; column temperature, 2% A A
(subcritical for all mobile phase compositions); outlet col- 51 \ ﬁ A, a
umn pressure, 15 MPa; modifier percentage, 5, 10, 20, 30 4| A\ A A
and 40%. A AAM A
0.5 -+ N
Subcritical conditions (withT < 31°C) were chosen to a a%a é
reduce any density variations of the mobile phase related to © 1 A A R
the addition of modifier. Inthese conditions, ithas been shown _ N
using ODS stationary phases that retention was only ruled by a
the modifier percentad80]. -1 -
( ) 0 1 2 3 4 5 6
a log(P)
2.4. Retention factors
Retention factorsk) were determined using the relation- ";g;k)
ship:
po 10 21
1 1.5
wheret; is the solute retention time, determined using the
peak maximums (even when tailing did occur, for some of 11
the acidic and basic derivatives) atdis the hold-up time
measured on the first negative peak due to the unretained®*
dilution solvent.
04 A AA
A
2.5. Data analysis 054 £ enct
A
A A
Multiple linear regression analysis and statistical tests -1 — 4 . . . ,
were performed using the program SuperANOVA (Abacus 0 1 2 8 4 5 6
Concept). The solute descriptors used in the solvation pa- () log(P)

rameter model were taken from several soufdds31—-38] _ - .
d are summarized able 1 along with octanol—water par- Fig. 1. Variation of log for all solutes vs. octanol-water partition coef-
an 9 p ficient. Column: Hypercarb (a), Kromasil1g (b); eluent: CQ—MeOH,

tition coefficients (log?) and negative charge exce3s ¢ ™) (90:10). Full lines drawn through points foralkylbenzenes; broken line
values[39]. drawn through phenol, 1,3-di- and 1,3,5-trihydroxybenzene.
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On the carbon phase, all points are above the straight lineearity. > ¢~ is representative of the sum of partial dipoles
indicating that any polar substituent causes an increase inexisting in a molecule. A molecule having several electroneg-
retention relative to organic—aqueous liquid-liquid partition. ative atoms possesses important partial dipoles; therefore, the
In other words, as reported in HPLC, dispersion interaction sum of partial negative charges is high,q~ was chosen,
is not the unique interaction governing retention on PGC in preferably to an overall dipole moment as the latter can be
SubFC. The PREG effect is also observed with subcritical near zero in the case of some symmetrical molecule, while
fluid as mobile phase. these molecules behave as polar solutes. Hence, submolecu-

Moreover, it is interesting to note thatetasubstituted lar polarity parameters such 34—, describe specific inter-
polyhydroxybenzenes (phenol, resorcinol and phlorogluci- molecular interactions more accurately.
nol) are perfectly aligned (correlation coefficient is equal to In Fig. 3, logk values of some substituted benzenes on
0.9991). This is in good accordance with the results pub- PGC in SubFC are plotted against ¢~ values[39] cal-
lished by Hennion et al.: a linear relationship is observed in culated with MOPAC software. Fairly good linearity is ob-
HPLC for mono- and disubstituted in positions 1 and 3, and served at any methanol percentage in the subcritical mobile
trisubstituted in positions 1, 3 and ). phase. (The curves were not all represented here for clarity

A plot of logk against the number of hydroxyl groups is  reasons.) The absolute value of the slope decreases when the
also perfectly linear (sekig. 2), whatever the composition  percentage of methanol in the mobile phase is increased. This
of the mobile phase (from 5 to 40% methanol). This means indicates that two compounds having close value} af~
that any additionainetahydroxyl causes an equal increase will be better resolved when the percentage of methanol in
in retention. the mobile phase is low.

The slopes of these regression lines are related to the hy-  To compare SubFC and HPLC mobile phases with PGC,
droxyl selectivity. The increase in methanol percentage de- we looked for identical eluotropic strength compositions. We
creases this selectivity. selected MeOH—-water (90:10) among several tested compo-

It would have been interesting to check this point with sitions to compare it to C&-MeOH (90:10). These two mo-
carboxylic groups (benzoic, isophthalic and trimesic acids) bile phases provide an identical methylene selectivity for a
but the trisubstituted acid is strongly retained in SubFC and homologous series of alkylbenzenes, that is to say, the slopes

was never eluted. in plots of logk versus carbon number (ranging from 4 to 10)
are very close. The use of methylene selectivity in SFC to

3.2. logk =f(_ ¢™) relationship compare eluotropic strength of mobile phases was suggested
by Smith[42].

Different parameters have been suggested to evaluate For these compositions, the negative charge excess selec-
charge repartition in the molecules. A promising submolec- tivity is higher in SubFC than in HPLC as the slope is higher
ular polarity parameter was introduced by Kalisf4t]: the (se€Fig. 3). Consequently, polar compounds having different
parameterA is the largest difference molecular local dipole Y_ ¢~ should be better resolved in SubFC than in HPLC.
in a molecule. Hennion et al. proposed a simplest parameter  This specific effect of the subcritical mobile phase can
noted)_ ¢, equal to the sum of partial negative charfis also be observed throudfig. 4, where the retention fac-
They observed that ldgvalues of polar substituted benzenes tors measured in SubFC where plotted against the retention
measured in water plotted agaifjst¢—, showed good lin-
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Fig. 3. Variation of logk for 10 solutes vs. sum of partial negative charges.
Fig. 2. Variation of logk vs. the number of hydroxyl groups on benzene for  Column: Hypercarb. Full line: SubFC, GEMeOH (90:10); broken line:
different methanol percentages. HPLC, MeOH-water (90:10).
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logl1dke) ular volumeV instead of the partition coefficient lad®. This
o5 - choice is opposed to that of other authors having worked with
lower supercritical mobile phase reduced densities (lower
than 0.5)[20].

A The system constants for each mobile phase composition
were obtained by multiple linear regression analysis for the
measured retention factors, as some mobile phases failed to
elute all the analytes. To obtain chemically meaningful co-
efficients, the solute parameters must be varied over a wide
range. Consequently, the probe solute set was carefully cho-

A sen to have a uniform distribution of each descriptor within

a chosen space (sEdy. 5. However, theA descriptor is dis-
tributed in a narrower range as the number of solutes with
. , , significant hydrogen-bond acidity is limited. Besides, other
25 3 35 experiments were carried out in HPLC on ODS stationary
log(k/k®) SubFC phases, with methanol-water mobile phases, using the same
set of compounds. The system constants obtained matched
the results obtained by Poole and Poole in similar chromato-
graphic condition§10]. This corroborates the validity of our

0.5 A

Fig. 4. Variation of the normalised retention logarithm in HPLC vs. the
normalised retention logarithm in SubFC.

Table 2 set of compounds.

Cross-correlation matrix for solute descriptar$)( Absence of cross-correlation among the descriptors was
e s a b v checked (sedable 2. Graphs of the residuals (difference

e 1 0680 0.000 @10 _0.324 between the experimental and predictedkeglues) plotted

s 1 —0.283 —0.289 Q073 against the values of each individual descriptor showed no

a 1 —0.284 0445 correlation.

b 1 —2258 The quality of the fits was estimated using the overall cor-

v

relation coefficientR), standard error in the estimate (S.D.)
and FischefF-statistic. A few outliers were eliminated from
factors measured in HPLC. To eliminate any phase ratio con-the set as their residuals were too high. Descriptors that were
tribution [14,23], the retention factors were divided by the not statistically significant, with a confidence interval of 5%,
retention factor for benzene, chosen as reference compoundyere eliminated from the model.

All points representing polar compounds are below the line  The system constants and statistics are summarized in
joining the alkylbenzenes which confirms that all polar com- Table 3 The fits, although worse than the fits obtained with
pounds are more strongly retained in SubFC than in HPLC, ODS stationary phases, are reasonably good and provide
probably because of weaker polar interactions between solutechemically sound information on the retention mechanisms
and supercritical fluid. for PGC. The statistics are similar to those reported elsewhere
in HPLC on PG{21].

3.3. The solvation parameter model
3.4. Accuracy of the model
Judging by the temperature and pressure used and the
modifier percentages, the subcritical fluid more closely re-  The solvation parameter model does not contain any term
sembles aliquid than a gas. Hence, we chose to use the molecfor shape selectivity. The molecular volume fails to correctly

Table 3
System constants and model fit statistics
Column  Mobile MeOHc e S a b v n R SD. F
phase (%)
PGC Subcritical 5 —2.664 (0.195) 1.749 (0.123) 211 (0.112) 1.632(0.169) 43 0.963 0.200 165.3
fluid 10 —2.532 (0.179) 1.641(0.112) . 183 (0.106) 1.545(0.158) 46 0.959 0.192 159.8
20 —2.472 (0.156) 1.586 (0.097) .5P6 (0.092) 1.407 (0.139) 44 0.965 0.165 178.2
30 —2.455 (0.138) 1.552 (0.088) .20 (0.082) 1.382(0.121) 42 0.969 0.144 196.6
40 —2.407 (0.146) 1.549 (0.088) 1.328 (0.127) 43 0.961 0.158 241.4
Liquid 90 —2.405 (0.212) 1.021(0.179) 0.411 (0.189) —1.029 (0.239) 1.713(0.191) 37 0.940 0.195 60.3
Kromasil Subcritical 10 —0.778 (0.051) 0.664 (0.040)-0.571 (0.065)—0.436 (0.037) —0.344 (0.078) 0.411(0.052) 34 0.996 0.043 619.5
fluid

n is the number of solutes considered in the regres§tasthe multiple correlation coefficient, S.D. is the standard estimate €risif-ischer’s statistic and
the numbers in brackets represent 95% confidence limits.
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Fig. 5. Distribution of descriptor values.

modelthe contact surface areafor the dispersive interactionof On the other hand, close examination of the residuals
angular molecules with the graphffiet]. For instance, the pa-  showed that, regardless of the mobile phase composition, any
rameters for ethylbenzene apekylene are almost identical.  particular compound would always deviate in the same man-
Therefore, according to the solvation parameter model the-ner from the model, that is to say, its residual would always
ory, the selectivity for this pair of solutes should be close to 1. be either positive or negative and with the same relative am-
However, the experimental values indicate that the “flat” iso- plitude, indicating that particular deviations are not random
mer (p-xylene) is more retained than the angular one (ethyl- experimental errors. In particular, for homologous series such
benzene). Despite that, because of their low residuals theseas alkylbenzenes and alkylbenzoates (Sge 6), we noted
compounds have been kept in the set. Besides, benzophenonihat, the longer the alkyl chain, the smaller the residual (ex-
was systematically eliminated from the regressions as its ex-cept for toluene, which fits well on the flat carbon surface).
perimental retention factor was far too low, compared to the ~ Comparing the residual graph to that obtained with the
calculated one. ODS column, we noted that the pattern was quite different.
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Fig. 6. Plots of average standard residuals vs. carbon number in homologous
series. The residual for each solute at each composition is standardized by . . i i ,

dividing the residual by the standard deviation. Chromatographic conditions: 0 10 20 30 40 50
CO,—MeOH (60:40).

methanol percentage

In other words, if the descriptors fail to perfectly describe Fig. 7. variation of the system constants with £®eOH mobile phase
the behaviour of some compounds, it is due to the particular composition (%, v/v) for PGC.
nature of PGC and the adsorption mechanism.

Adding a new descriptor may improve the fit but another analytes differing primarily in their molecular volume and in
bulk descriptor would obviously be correlated to the molecu- their ability to interact with the stationary and mobile phase
lar volume, which is against the basic requirements of QSRRsthroughm or n electron pairs.

[41]. Replacing the molecular volume by a contact surface
area may also improve the fit and reduce the residuals for3.5.1. Thev coefficient
angular molecules. However, as we wish to compare the re-  Itrepresents the difference in hydrophobicity between the
sults with those reported elsewhere, we choose to use thestationary phase and the mobile one:
molecular volume.
U = Ustationary— Umobile
3.5. Evolution of the system constants with the Each term has to be dissected into two terms, a cavity
proportion of modifier and a dispersive term. However, because of the solid nature
of PGC, no cavity needs to be formed to insert the solute

The system constants, @, s, a, b) reflect the differencein ~ which is simply adsorbed onto the flat surface. Because of
solvation properties in the two phases. System constants withthe less important cohesive energy of carbon dioxide (apolar
a positive sign indicate that the characterized interaction is fluid) in comparison with the one of hydro—organic liquids
more favourable for the stationary phase than for the mobile used in HPLC, the cavity term of the mobile phase is weak
phase and leads to an increase in retention. Consequentlyand can also be neglected. Consequently,tlveefficient
system constants also reflect the system’s relative selectivityis rather related to the dispersion interacti¢®s] and the
towards a particular molecular interaction. values ofv on PGC with subcritical phases are lower than

First, thectermis negative and weaker than those obtained with hydro—organic phasd21].
with ODS stationary phases. The values obtained (around Thev coefficient slightly decreases when the percentage
—2.5) are in agreement with those reported by Lepont et al. of methanol in the mobile phase is increased.
using a PGC column in HPL{21]. Because is a constant, In HPLC, whatever the stationary phase, anincrease of the
characteristic of the phase ratio of the studied column, it un- methanol percentage favours the dispersion interactions be-
derlines the lower surface area of PGC (1Zognt) with tween the solute and the mobile phfE&21] In SubFC, with
regards to the bonded silica one. low-density fluid, the addition of methanol to carbon dioxide

In SUbFC, all the other selected system constants are posincreases the fluid density, i.e. the eluotropic strength of the
itive (seeFig. 7). This means that all type of interactions con- mobile phas§24,25] However, as described elsewh§t8],
sidered are more favourable for the stationary phase than forin SubFC working with higher fluid density, the methanol
the mobile phase. The values decrease when the percentagaddition mainly increases the mobile phase polarity, i.e. de-
of methanol in the mobile phase is increased. Thus, when thecreases the dispersion interaction between the solute and the
percentage of methanol is increased, the retention decreasesnobile phase ynobie decreases). Consequently, to explain

The dominant contributions to retention are the dispersion a decrease in the coefficient, one should consider a de-
interaction term «) and the excess molar refractivity term crease in the solute—stationary phase dispersion interactions.
(e). This indicates that PGC is particularly selective towards This decrease is induced by the sorption of methanol onto
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the PGC surface, increasing the stationary phase polarity. Inand carbon dioxide induces a greater excess molar refractiv-
HPLC, lower values of are observed with aromatic phases ity variation in SubFC (from 1.74 to 1.55; between 5 and 40%
in regard to aliphatic ones. A stronger sorption of methanol of methanol in carbon dioxide).
into the aromatic phase is suggested to explain this behaviour
[14]. 3.5.3. The a coefficient

Moreover, in a homologous series, tBeS A andB de- Theaterm shows lower values than the two previous ones
scriptors are nearly constant, only theedescriptor varies (v, €) but varies strongly with the modifier percentage. It is
significantly. Consequently, the difference of retention in a related to the H-bond donating ability of the solute, in other
homologous series is only related to dispersion interaction words with the electron-donating ability of the mobile and
modifications. As described elsewhere in HP[AG], v in- stationary phases. Merly et al. report the selective retention
creases linearly with the methylene selectivity, showing that of metallic cations on a PGC column, with acidified aqueous
this coefficient is a good indicator of methylene selectivity in mobile phase$48]. They suggest a charge-transfer interac-

SubFC with methanol as modifier. tion between the electronic cloud of the graphite and available
orbitals of the metal ion centres.
3.5.2. The e coefficient Theaterm decreases very rapidly and is no more statisti-

The excess molar refraction term) {s related to charge  cally sound when the percentage of methanol is higher than
transfer, reflecting the interaction between the electronic ex- 30. This is corroborated by the fact that the retention factors
cess of the soluten(and n electrons) and the surface of PGC for acidic solutes tend do decrease very rapidly between 5
or the mobile phase. and 20% of methanol, then slower between 20 and 40%. The

Bassler et al. demonstrated PGC to behave as an electrona coefficient represents the following:
pair acceptor for substituted aromatic solutes capable of n-
donation, which indicates that the electronic density at the
surface of PGC is locally low8]. Besides, Lim and co- Carbon dioxide acts as a Lewis a¢&D] while methanol,
workers showed that inorganic oxo-anions were retained ondue to the hydroxyl group is a Lewis base. Therefore, when
PGC[44,45] Elfakir et al.[46] and Takeuchi et a[47] also increasing the percentage of methanol in the mobile phase,
observed total retention of oxo-anions and inorganic anions amngpie (representing the basic character of the mobile phase)
possessing no hydrophobic function such as halides, suggestincreases, leading to a decreasa.dflowever, until 30% of
ing again that the PGC was an electron-pair acceptor. methanol into the mobile phase, the Lewis basicity of the

Hanai, modelling the electronic density at the surface of graphite surface is higher than the one of the mobile phase
graphitic carbon, showed that the free electrons of an ex- (ais positive), possibly due to the great electronic density at
tended aromatic molecule tend to localize at the edge of thethe edge of graphitic carbdg].
plans[2]. This indicates that electron density is low at the Furthermore, a good correlation appears betveserd the
centre and high at the edge. This is in good agreement withhydroxyl group number of substituted benzerssicreases
a high excess molar refractivity term reflecting molecular in- linearly with the—OH selectivity, showing that the weaker
teractions realised at the centre of the PGC surface. the basicity of the mobile phase, the greater the Lewis acid

The e coefficient decreases very slowly when increasing interactions of solutes.
the percentage of methanol in the mobile phasepresents
the following: 3.6. Comparison of SubFC and HPLC results

a = dstationary— 9mobile

¢ = ¢stationary™ ¢mobile As expected, the constant tegyrelated to the phase ra-

Since the refractive index of methanol (1.329) is higher tio, is almostidentical in HPLC and SubFC because the same
than that of liquid carbon dioxide (1.195), when increasing column is used. In HPLC, the three main contributions to
the percentage of methanol, the refractive index of the mobile retention are the dispersion interaction term and the excess
phase increases. Therefore, the ability of the mobile phasemolar refraction term, as in SubFC, but also the H-bond ac-
to interact with n andr electrons is reduced, meaning that ceptorterm. The latter indicates that the systemis particularly
Emobile decreases, which cannot explain the variatios. of selective towards analytes differing in their hydrogen-bond

Besides, some methanol is adsorbed onto the stationaryaccepting ability (se@able 3.
phase, also reducing its ability to establish charge-transfer
interactions, meaning thaktationary decreases. Hence, the 3.6.1. Thev coefficient
variation ofe follows the variation oBstationary Thevtermin HPLC is close to the one obtained in SubFC

As for the methanol-water mobile phase, the refractive in- because the two mobile phases have been chosen to have
dex of water (1.333) is slightly higher than that of methanol identical eluotropic strength based on the methylene selec-
[14]. This little difference explains why excess molar refrac- tivity. V is a combination of the endoergic cavity term and
tivity is almost constant over a large range of methanol per- the exoergic dispersion interaction term. The latter always
centage (from 10 to 100%) when PGC is used as stationaryprevail over the former as well in SubHT7] as in non-
phase in HPLC. The greater difference between methanolagueous HPLC. However, when hydro—organic phases are
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used in HPLC, the cavity formation in the mobile phase is 4. Conclusions
not negligible explaining thatygpie is higher than in SubFC

[21]. The solvation parameter model was successfully applied
to describe retention on PGC in SubFC. The increase of
3.6.2. The e and s coefficients methanol in the mobile phase reduces the retention by de-

Theeterm is higher in SubFC than in HPLC, which means creasing the, eanda coefficients. Relationships between the
that the differences in the charge-transfer interactions be-Methylene selectivity and thecoefficient, and between the
tween the solute and the stationary phase and between th&Ydroxyl selectivity and the coefficient, were also reported.
solute and the mobile phase are greater in SubFC than in®n the other hand, because the hydrogen-bond basicity is not
HPLC. Once again, when comparing methanol-water (90:10) Selected as a pertinent descriptor in SubFC, no relationship
to COp—methanol (90:10), the refraction index of water and t2kes place between thand the coefficients as it generally
methanol are higher than the one of £ahen, emopie in does in HPLC, as well by using ODS than PGC stationary

SubFC s higher tha@nopilein HPLC. However, asis higher phase_s. _This is p_r_obably dL_u_a to the Igck of water i_n the car-
in SUbFC than in HPLC, necessarasonaryis higher in bon dioxide modl_ﬂed subcritical mobile phase. Thls Iapk of
SubFC than in HPLC. This is probably due to a greater ad- water also explains the lower value of thecoefficient in
sorption of the liquid mobile phase onto the surface of PGC, SUPFC, because the unfavourable process of separating sol-
reducing its ability to establish charge-transfer interactions. VeNt molecules to provide a cavity for the solute is strongly
Thesterm is positive in HPLC but not statistically signif- réduced in carbon dioxide-methanol.
icant in SubFC. However, the polarity of the liquid mobile
phase being higher than that of the subcritical ph&giie is
higher in HPLC than in SubFC, meaning that the liquid mo-
bile phase establishes more dipole—dipole type interactions [1] J.H. Knox, M.T. Gilbert, UK Patent 7 939 449:
with the solutes than the subcritical mobile phase. J.H. Knox, M.T. Gilbert, US Patent 4 263 268.
Then, necessarilysstationary is higher in HPLC than in [2] T. Hanai, J. Chromatogr. A 989 (2003) 183.
SubFC, meaning that the stationary phase covered with liquid [3] P. Ross, J.H. Knox, Adv. Chromatogr. 37 (1997) 73.
mobile phase establishes more dipole—dipole type interac- [4] J. Kfiz, E. Adamco@, J.H. Knox, J. Hora, J. Chromatogr. A 663
tions \_N_ith the S(_)Iutes than the stationary phase covered with [5] l(\ll.g'?:r)mjlfa],nK. Kimata, K. Hosoya, H. Miyanishi, T. Araki, J. Chro-
subcritical mobile phase. matogr. A 656 (1993) 265.

[6] M.-C. Hennion, V. Coquart, S. Guenu, C. Sella, J. Chromatogr. A
3.6.3. The,a and b coefficients . L [71 IZ’]'-I'2 gﬁii&nﬁzw Carr, J. Chromatogr. A 958 (2002) 121.
Comparing the system constants obtained with isoelu- [8] B.J. Bassler, R. Kaliszan, R.A. Hartwick, J. Chromatogr. 461 (1989)
otropic strengths, we notice that the main difference residesin 139,
the presence or absence of the H-bond terms aftkem, re- [9] R. Kaliszan, J. Chromatogr. A 656 (1993) 417.
flecting stationary and mobile phases H-bond accepting abil-[10] C.F. Poole, S.K. Poole, J. Chromatogr. A 965 (2002) 263.

A L : [11] M.A. Al-Haj, R. Kaliszan, A. Nasal, Anal. Chem. 71 (1999) 2976.
ity, is present and positive in the model calculated in SubFC [12] A. Sandi, L. Szepesy, J. Chromatogr. A 818 (1998) 1.

but not statistically sound in HPLC, as reported previously [13] A. Sandi, M. Nagy, L. Szepesy, J. Chromatogr. A 893 (2000) 215.
with the same liquid mobile phase composit{@d]. On the [14] M. Reta, P.W. Carr, P.C. Sadek, S.C. Rutan, Anal. Chem. 71 (1999)
other hand, thd term, reflecting the stationary and mobile 3484.

phases H-bond donating ability, is present and negative in[15 M. Rogs, D. Bolliet, C.F. Poole, J. Chromatogr. A 829 (1998) 29.
the model calculated in HPLC but never statistically sound ¢ :1.a\t/:g|;krO:AM7.9P7|a(?_z’9(8:j Eivan’ D. Reynolds, M.H. Abraham, J. Chro-
in SubFC, whatever the mobile phase compaosition. This is [17] M.H. Abraham, G.S. Whiting, R.M. Doherty, W.J. Shuely, J. Chro-
chemically sound as the H-bond donor and acceptor char-  matogr. 518 (1990) 329.

acters of the HPLC mobile phase are higher than the SFC[18] W. Kiridena, W.W. Koziol, C.F. Poole, J. Chromatogr. A 932 (2001)

mobile phase ones. 19 iﬁ Abraham, C.F. Poole, S.K. Poole, J. Chromatogr. A 842 (1999
Theb coefficient represents the following: [19] M.H. Abraham, C.F. Poole, S.K. Poole, J. Chromatogr. (1999)
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