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Effects of modifiers in subcritical fluid chromatography on
retention with porous graphitic carbon
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Abstract

The effect of different modifiers in subcritical fluid chromatography (SubFC) on interactions between solute and porous graphitic carbon
(PGC) and between solute and carbon dioxide-modifier mobile phases was studied by the use of linear solvation energy relationships
(LSERs). This study was performed to allow efficient optimization of the composition of the carbon dioxide-modifier mobile phase in regard
of the chemical nature of the solutes to be separated. With all modifiers tested (methanol, ethanol,n-propanol, isopropanol, acetonitrile,
tetrahydrofuran and hexane), the solute/stationary phase interactions are greater than the solute/mobile phase ones. Dispersion interactions
and charge transfer between electron donor solute and electron acceptor PGC mainly explain the retention on this surface, whatever the
m he retention
v ercentage.
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odifier. These interactions are quite constant over the range of modifier percentage studied (5–40%). For acidic compounds, t
ariation is mainly related to the change in the basic character of mobile and stationary phase due to the variation of modifier p
hanges in eluting strength are mostly related to adsorption of mobile phase onto the PGC with methanol and acetonitrile, and to
f dispersion interactions between the solute and the mobile phase for other modifiers. Relationships between varied selectivities a
arameter values have been studied and are discussed in this paper.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In subcritical and supercritical fluid chromatography
SubFC and SFC), numerous parameters influence the qual-
ty of separation of solutes. Naturally, temperature and outer
olumn pressure are common parameters used to modify re-
ention, through density variations or through the amount
f CO2 adsorbed onto the stationary phase[1–4]. Another
ay to change retention and adjust selectivity is the addition
f organic modifier to the CO2 mobile phase. This addition
hanges the properties of both the mobile and the stationary
hase, and generally reduces the retention.

The organic solvent changes the polarity of the mobile
hase, and also its density, more particularly close to the crit-

cal point [5]. However, in packed column subcritical fluid
hromatography, with fluid density above 0.6 g cm−3, the
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variation of the fluid eluting strength depends principally
the volume fraction of modifier[6].

Different interpretations of the modifier’s action have b
suggested. The results obtained when adding solvatoch
dye Nile Red to the mobile phase are often contradic
This is due to the polarity of the probe used as molec
of the polar modifier aggregate about the probe formi
polar cluster in a non-polar bulk[7,8]. Nevertheless, stu
ies on the transition energy Et(NT) show that the variatio
of retention depends more on the change of polarity o
mobile phase than on the density of the modified fl
This is confirmed by studies of eluting strength on O
phases, based on the methylene selectivity[9]. Density ef-
fects may be important in comparing various mobile ph
only when no other character of the mobile phase is diffe
[5].

However, these approaches do not account for the ch
of polarity of the stationary phase caused by the adsorpti
modifier, a phenomenon that also takes part in the varia
of retention. Indeed, the proportion of modifier in the mo
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phase also influences the amount and nature of the fluids
adsorbed onto the stationary phase[9–12].

On bonded silica phases, the adsorption of organic sol-
vent modifies the polarity of the stationary phase[9,13], and
masks the residual silanols[14–16]. Generally, a high vari-
ation of retention factors is observed between 0 and 5% of
modifier, due to partial deactivation of residual silanols on
ODS phases[15,16], or to the dynamic covering of the silica
surface, particularly when using ethan-1,2-diol[17]. Exten-
sive adsorption of methanol onto the bonded phase also de-
creases the dipole–dipole interactions. This adsorption was
reported by Lockmuller and Mink[14], when Strubinger et
al. [10] indicate that the adsorbed layer on ODS was nearly
25% methanol even though the mobile phase contained only
2% methanol.

In the case of polymeric stationary phases, modifier
adsorption leads to the swelling of the polymeric phase
[10,18,19]. This adsorption “dilutes” the stationary phase and
changes its interaction properties.

On any type of stationary phase, aggregation of the mod-
ifier at the chromatographic interface induces different sur-
face chemistries: the stationary phase loses parts of its origi-
nal characteristics and takes on characteristics typical of the
modifier due to the latter’s preferential adsorption[5].

Porous graphitic carbon (PGC) is a chromatographic sup-
port with unique adsorption properties that are very dif-
f . Its
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i , the
c a de-
t on
P

C.
E s a
s bile
p peak
s a
s sing
s e or-
g lvent
s ifier
t e for
a ech-
a ty of
t

Rs)
a ion
i lec-
u and
m n-
e
h f
s ip to
s

l

In this equation, capital letters represent the solute descrip-
tors, related to particular interaction properties, while lower
case letters represent the system constants, related to the com-
plimentary effect of the phases on these interactions.c is a
constant, depending on specific column parameters such as
porosity.E is the excess molar refraction (calculated from the
refractive index of the molecule) and models polarizability
contributions fromn andπ electrons;S is the solute dipolar-
ity/polarizability; A andB are the solute overall hydrogen-
bond acidity and basicity;V is the McGowan characteristic
volume in units of cm3 mol−1/100. The system constants (c,
e, s, a, b, v), obtained through a multilinear regression of the
retention data for a certain number of solutes with known
descriptors, reflect the magnitude of difference for that par-
ticular property between the mobile and stationary phases.
Thus, if a particular coefficient is numerically large, then any
solute having the complimentary property will interact very
strongly with either the mobile phase (if the coefficient is
negative) or the stationary phase (if the coefficient is posi-
tive). Consequently, the coefficients also reflect the system’s
relative selectivity towards that particular molecular interac-
tion.

Thus, retention mechanisms have been studied on ODS
[16], cyano[26,27], DVB-C18 [5,28], and PDMS[18,19]
stationary phases in SFC using this relationship. These stud-
ies led to suggest that selection of a modifier could be made in
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erent from other traditional reversed-phase supports
tructural and chemical stability allow its use in super
cal mobile phase conditions. For a given separation
hoice of an appropriate mobile phase system requires
ailed understanding of what controls retention in SubFC
GC.
Only few works have been carried out in SFC with PG

ngel and Olesik[20] demonstrated the use of PGC a
tationary phase in SFC. Addition of modifier to the mo
hase was shown to lower the retention and improve
hapes. In another paper[21], they studied the effect of
mall percentage (1%) of modifier on solvent strength, u
olvatochromic parameters to rationalize the effect of th
anic modifiers they tested. At this small percentage, so
trength was shown to depend on the ability of the mod
o adsorb on the PGC and thus compete with the solut
dsorption sites, regardless of the primary adsorption m
nism of the solute. Polarity, molecular size and basici

he organic solvent were shown to control retention.
Quantitative structure–retention relationships (QSR

llow for rationalization of differences in analytical retent
n various chromatographic systems in terms of intermo
lar interactions involving the solute and the stationary
obile phases[22,23]. In particular, the linear solvation e
rgy relationship (LSER), using Abraham’s parameters[24],
as been widely used with this object[25]. The retention o
elected probes can be related through this relationsh
pecific interactions by the following equation:

ogk = c + eE + sS + aA + bB + vV (1)
rational manner, to either promote or suppress a part
ype of molecular interactions. They indicate that modi
obile phases may be compared relative to their regre

oefficients to establish a relative order of selectivities
ards specific types of interactions.
After a previous study with methanol as modifier in Sub

29], this paper compares the effect of seven different m
fiers added in high proportions (varied from 5 to 100%)
he interaction changes on PGC. LSERs were used in a
ematic study of the influence of the nature and propo
f modifier added to carbon dioxide. The results were
orrelated to solvatochromic parameters of modifiers o
ther relationships such as methylene or hydroxyl selec
nd eluting strength.

. Experimental

.1. Chemicals

Solvents used were HPLC grade methanol (MeOH),
onitrile (ACN), tetrahydrofuran (THF),n-propanol (nPrOH
Carlo Erba, Milan, Italie), ethanol (EtOH) (VWR Pr
abo, Val-de-Fontenay, France), isopropanol (iPrOH) (S
eypin, France) and hexane (HXN) (J.T. Baker). Ca
ioxide was provided by Alphagaz (Bois d’Arcy, Franc
able 1 indicates the Kamlet and Taft solvatochromic
ameters[27,30–32]of the chosen organic modifiers, alo
ith their molecular volume. The solvents were chose
s to provide a wide range of size, polarity, hydropho



66 C. West, E. Lesellier / J. Chromatogr. A 1087 (2005) 64–76

Table 1
Solvent properties for mobile phase modifiers

Modifier π* α β V

MeOH 0.60 0.93 0.62 0.2050
EtOH 0.54 0.86 0.77 0.3050
nPrOH 0.52 0.84 0.90 0.4020
iPrOH 0.48 0.76 0.95 0.4010
ACN 0.66 0.19 0.31 0.2710
THF 0.58 0.00 0.55 0.4550
HXN −0.11 0.00 0.00 0.6480

π* : Bulk phase dipolarity/polarizability,α: bulk phase hydrogen bond acid-
ity, β: bulk phase hydrogen bond basicity,V: McGowan’s characteristic
volume for one molecule of solvent. Values are from reference[33] and
calculated from[25].

ity and hydrogen-bonding ability. As we use high concentra-
tion of modifiers, we indicated the modifiers’ solvatochromic
parameters, linked to the bulk solvent properties. It should
be noted that the mobile phases used were all mixtures
of carbon dioxide and one of these solvents, so the solva-
tochromic parameters given for pure organic solvents only
give a relative indication of the properties of the mixed mobile
phases.

The series of test analytes were taken as previously de-
signed[29]. Forty-nine compounds (seeTable 2), benzene
and naphthalene derivatives, all commercially available, were
obtained from a range of suppliers. Solutions of these com-
pounds were prepared in methanol. The solute descriptors
used in the solvation parameter model were taken from sev-
eral sources[33–37] and are summarized inTable 2. The
series of test compounds has been selected by observing the
requirements of a good QSRR analysis. The compounds were
chosen so as to provide a uniform distribution of each de-
scriptor within a wide enough space and absence of cross-
correlation among the descriptors was checked, indicating
that the descriptors are close to orthogonality.

Additionally, for eluotropic strength measurements,
benzene-alkanes with alkyl chains varying from 7 to 15 car-
bons were also used.
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The columns were thermostated by an oven (Jetstream
2 Plus, Hewlett Packard, Palo Alto, USA), regulated by a
cryostat (Haake D8 GH, Karlsruhe, Germany). The detector
was a UV–vis HP 1050 (Hewlett Packard, Palo Alto, USA),
with a high pressure resistant cell. The detection wavelength
was 254 nm. After the detector, the outlet column pressure
was controlled by a Jasco 880-81 pressure regulator (Tokyo,
Japan, supplied by Prolabo, Fontenay-sous-Bois, France).
The outlet regulator tube (internal diameter 0.25 mm) was
heated to 80◦C to avoid ice formation during the CO2 de-
pressurization.

Chromatograms were recorded using the AZUR software
(Datalys, France).

The chromatographic column was Hypercarb porous
graphitic carbon (100 mm× 4.6 mm i.d., 5�m) provided by
Thermo-Hypersil Keystone.

2.3. Chromatographic conditions

Samples were chromatographed using carbon dioxide
with 5–100% (v/v) modifier. Total flow through the system
was 3.0 mL min−1. Since the purpose of the present study is
to investigate the effect of modifiers, all of the experiments
were performed at constant CO2 outlet pressure and temper-
ature. Column temperature was maintained at 25◦C (sub-
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.2. Chromatographic system

Chromatographic separations were carried out u
quipment manufactured by Jasco (Tokyo, Japan, sup
y Prolabo, Fontenay-sous-Bois, France). Two Model
U pumps were used, one for carbon dioxide and a seco

he modifier. Control of the mobile-phase composition
erformed by the modifier pump. The pump head use
umping the carbon dioxide was cooled to−2◦C by a cryo-
tat (Julabo F10c, Seelbach, Germany, supplied by To
t Matignon, les Ulis, France). When the two solvents (m

fier and CO2) were mixed, the fluid was introduced into
ynamic mixing chamber PU 4046 (Pye Unicam, Cambri
nited Kingdom) connected to a pulsation damper (Se
upplied by Touzart et Matignon, les Ulis, France). The
ector valve was supplied with a 20�L loop (model 7125
heodyne, Cotati, CA, USA).
ritical for all mobile phase compositions). Back press
as maintained at 150 bar. Inlet pressure varied amon
ifferent mobile phase compositions between 175 and
ar.

Application of LSER methodology to subcritical syste
s subject to some important assumptions. A first assum
s that the measurement of the void volume will not af
he regression results, since void volume depends on
ensity. Blackwell and Stringham[5] report a study on voi
olume change indicating that the regression interceptc) is
he only system constant significantly affected by its m
urement.

A second assumption is that the pressure drop acro
olumn will not affect the regression coefficient. In the sa
aper, Blackwell and Stringham evaluated the influenc
ackpressure on the system constants and indicate th
egression intercept again was the only system constan
ificantly affected by this parameter.

Consequently, subcritical conditions were chosen to
uce any density variations of the mobile phase related t
ddition of modifier. In these conditions, it has been sh
sing ODS stationary phases that retention was only rule

he modifier percentage[6].

.4. Retention factors

Retention factors (k) were determined using the relatio
hip:

= tr − t0

t0
(2)
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Table 2
Chromatographic solutes and LSER descriptors

Compound E S A B V

1 Benzene 0.610 0.52 0.00 0.14 0.7164
2 Toluene 0.601 0.52 0.00 0.14 0.8573
3 Ethylbenzene 0.613 0.51 0.00 0.15 0.9982
4 Propylbenzene 0.604 0.50 0.00 0.15 1.1391
5 Butylbenzene 0.600 0.51 0.00 0.15 1.2800
6 Pentylbenzene 0.594 0.51 0.00 0.15 1.4209
7 Hexylbenzene 0.591 0.50 0.00 0.15 1.5620
8 Aniline 0.955 0.94 0.26 0.50 0.8162
9 Benzoic acid 0.730 0.90 0.59 0.40 0.9317

10 N,N-Dimethylaniline 0.957 0.84 0.00 0.47 1.0980
11 Anisole 0.708 0.75 0.00 0.29 0.9160
12 Phenylethan-1-ol 0.784 0.83 0.30 0.66 1.0570
13 Benzyl alcohol 0.803 0.87 0.39 0.56 0.9160
14 Benzaldehyde 0.820 1.00 0.00 0.39 0.8730
15 Acetophenone 0.818 1.01 0.00 0.48 1.0139
16 Benzonitrile 0.742 1.11 0.00 0.33 0.8711
17 Nitrobenzene 0.871 1.11 0.00 0.28 0.8906
18 Chlorobenzene 0.718 0.65 0.00 0.07 0.8288
19 Bromobenzene 0.882 0.73 0.00 0.09 0.8910
20 Phenol 0.805 0.89 0.60 0.30 0.7751
21 o-Chlorophenol 0.853 0.88 0.32 0.31 0.8980
22 o-Aminophenol 1.110 1.10 0.60 0.66 0.8750
23 2,5-Dimethylphenol 0.840 0.79 0.54 0.37 1.0570
24 2,6-Dimethylphenol 0.860 0.79 0.39 0.39 1.0570
25 3,4-Dimethylphenol 0.830 0.86 0.56 0.39 1.0570
26 Eugenol 0.946 0.99 0.22 0.51 1.3540
27 Resorcinol (1,3-dihydroxybenzene) 0.980 1.00 1.10 0.58 0.8340
28 Phloroglucinol (1,3,5-trihydroxybenzene) 1.355 1.12 1.40 0.82 0.8925
29 Naphthalene 1.340 0.92 0.00 0.20 1.0854
30 �-Naphtol 1.520 1.05 0.61 0.37 1.1441
31 �-Naphtol 1.520 1.08 0.61 0.40 1.1440
32 Nitronaphthalene 1.600 1.51 0.00 0.29 1.2596
33 1-Methylnaphthalene 1.344 0.90 0.00 0.20 1.2260
34 2-Methylnaphthalene 1.304 0.92 0.00 0.20 1.2260
35 Biphenyl 1.360 0.99 0.00 0.26 1.3242
36 Benzophenone 1.447 1.50 0.00 0.50 1.4810
37 Methyl benzoate 0.733 0.85 0.00 0.48 1.0726
38 Ethyl benzoate 0.689 0.85 0.00 0.46 1.2140
39 Propyl benzoate 0.675 0.80 0.00 0.46 1.2260
40 Butyl benzoate 0.668 0.80 0.00 0.46 1.4953
41 o-Cresol 0.840 0.86 0.52 0.46 0.9160
42 m-Cresol 0.822 0.88 0.57 0.34 0.9160
43 p-Cresol 0.820 0.87 0.57 0.31 0.9160
44 o-Nitrophenol 1.045 1.05 0.05 0.37 0.9490
45 m-Nitrophenol 1.050 1.57 0.79 0.23 0.9490
46 p-Nitrophenol 1.070 1.72 0.82 0.26 0.9490
47 o-Xylene 0.663 0.56 0.00 0.16 0.9980
48 m-Xylene 0.623 0.52 0.00 0.16 0.9980
49 p-Xylene 0.613 0.52 0.00 0.16 0.9980

E: Excess molar refraction,S: dipolarity/polarizability,A: hydrogen bond acidity,B: hydrogen bond basicity,V: McGowan’s characteristic volume. Values are
from references[33–37].

wheretr is the solute retention time, determined using the
peak maximums (even when tailing did occur, for some of
the acidic and basic derivatives) andt0 is the hold-up time
measured on the first negative peak due to the unretained
dilution solvent. The relative standard deviation of the re-
tention factor, in each mobile phase condition before data
collection, was measured on six injections of butylbenzene
and was always inferior to 0.3%. Then capacity factor data
were typically collected as single measurements under each

set of chromatographic conditions. However, replicate mea-
surements were routinely collected to assess their repetability
within a day.

2.5. Data analysis

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
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elute all the analytes. However, in all cases, sufficient solutes
were included in the model to give statistically meaningful
model results. Multiple linear regression analysis and statis-
tical tests were performed using the program SuperANOVA
(Abacus Concept). The quality of the fits was estimated us-
ing the overall correlation coefficient (R), standard error in
the estimate (SD) and FischerF statistic. A few outliers were
eliminated from the set as their residuals were too high. De-
scriptors that were not statistically significant, with a confi-
dence interval of 0.1%, were eliminated from the model.

The fits were all of reasonable quality,R ranging from
0.953 to 0.976, standard error of estimate varying from 0.124
in high modifier proportions to 0.225 in lower modifier pro-
portions. These values are of the same order as those obtained
by Lepont et al. in HPLC on PGC[38]. Besides, Al-Haj et
al. [39] indicated that, for partitioning chromatography,R
should be close to 0.99 and the standard error less than 0.25.
However, the mechanism involved here is not a partitioning
mechanism, therefore, we consider our results to be reason-
ably good. Naturally, in addition to goodness of fit, the co-
efficients must make chemical sense. Values of the system
constants were both large and significantly larger than their
uncertainty, therefore amenable to interpretation.

Additionally, similar residual plots were observed at all
mobile phase compositions. This indicates that particular de-
viations are not random experimental errors but due to the
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matography, water is the reference solvent because it has the
lowest eluotropic strength and therefore allows the obtaining
of positive values. Results obtained in SubFC have shown
that eluotropic strength is higher than in liquid chromatogra-
phy with water[9]. Moreover, choosing water as a reference
will allow the comparison to the scales established by others.

Eluotropic strengthε◦ can be calculated from the equation
defined by Snyder for adsorption chromatography on polar
surfaces[41]:

logαCH2(H2O) − logαCH2(solvent)= V0 × ε◦ (3)

whereαCH2(H2O) is the methylene selectivity value of H2O
acting as the mobile phase,αCH2(solvent) the methylene se-
lectivity value of the studied mobile phase andV0 is the vol-
ume of a CH2 group.

This calculation method for eluotropic strength was re-
tained for this study. Consequently, this scale is based only
on dispersive interactions asαCH2 depends on the transfer en-
ergy variation of the solute from the stationary to the mobile
phase due to the methylene group.

The logarithms of retention factorsk of members of the
homologous series vary linearly with the number of methy-
lene groups[42]. Therefore, logαCH2(solvent) was obtained
by calculating the slope of this relationship:
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nability of the model to completely account for retent
ariations among the solutes.

Some deviations can be explained by the fact tha
olecular volume fails to correctly model the contact sur
rea for the dispersive interaction of angular or staggered
ot flat) molecules with the graphite surface[29,38]and gen
rally overestimates their retention. As we had mention
efore, in adsorption interactions, only the portion of the

ute that actually contacts the surface is important. There
he MacGowan volume may overestimate the dispersive
ctions and is not a perfect measure of dispersive energ

ween the solute and the PGC surface[34]. A cross-sectiona
rea of the molecule would be more appropriate.

Besides, the solvation parameter model uses descr
haracteristic of the neutral form of the molecule. It has b
hown that ionic compounds experience additional rete
n PGC[40]. Thus, in the case of ionisable compounds s
s benzoic acid, the possible ionization of the molecule
xplain the underestimation of chromatographic reten
he use of acidic additives is hoped to improve this situa

. Results and discussion

.1. Eluotropic strength

For each modifier, the percentage was varied from
00.

Since the eluotropic strength scale is a relative one,
ecessary to choose a reference. Generally, in liquid
ogkn = n × logαCH2 + logρ (4)

here logkn is the retention factor of a benzene-alkane,n is
he number of carbon atoms in the alkyl chain (varied f

to 15) and logρ represents the specific interaction of
esidue of the molecule isolated from the alkyl chain.

In good agreement with Kaur’s study on the reten
f homologous series on PGC[43], tetrahydrofuran wa

ound stronger than hexane and methanol was found sli
tronger than acetonitrile, which is contrary to what is
erved on ODS stationary phases. As shown by Gaud
l. [44], n-propanol was found to be intermediate betw
ethanol and tetrahydrofuran. Ethanol and isopropanol

ound to be slightly weaker thann-propanol.
Different behaviours can be noted when the percenta

odifier is varied (seeFig. 1).
In methanol and acetonitrile modified mobile pha

he variation of eluotropic strength is significant betwee
nd 10% modifier. As mobile phase polarity increases

he percentage of modifier, cavity energy increases an
olute–mobile phase dispersion interactions decrease
hould normally lead to an increase in retention. There
he observed variation is probably due to deactivation o
tationary phase by modifier adsorption.

With lower dielectric constant modifiers such as etha
-propanol, isopropanol and hexane, the solvent alkyl ch
avour dispersion interactions between solute and m
hase. For these modified mobile phases, the increase
ersion interactions in the mobile phase are importan

ween 5 and 60% modifier[45]. These variations becom
ess significant between 60 and 100% modifier. Thus, fo
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Fig. 1. Variation of eluotropic strength with the percentage of modifier for
each organic solvent tested. Eluotropic strengths were measured according
to Eqs.(3) and (4), based on the retention factors of benzene-alkanes with
alkyl chains varying from 6 to 15 carbons.

cohols, as a general rule, the bigger the volume of the organic
solvent (seeTable 1), the wider the variation of the eluting
strength when the percentage is varied.

In tetrahydrofuran, the eluting strength increases contin-
ually between 5 and 100% modifier. This is in accordance
with Knox and Kaur’s study[46] indicating that THF is a
very strong eluent on carbon phases.

3.2. Retention behaviour

When logk versus logk plots (so-calledκ–κ plots) of the
retention data measured on the same column with different
mobile phases are linear with unit slope, the retention be-
haviours are called homoenergetic[47] because of the similar
physico-chemical basis of the retention in the two chromato-
graphic systems. Compounds not falling on this straight line
indicate that the overall retention mechanism is different.

In Fig. 2a–c, the retention factors measured in hexane-
modified mobile phases were plotted against the retention
factors measured in methanol-modified mobile phases (at 5,
20 and 40% modifier). In order to illustrate different chro-
matographic behaviours, we separated polar and non-polar
solutes. The polar compounds (represented by white trian-
gles) are compounds 8–44 inTable 2; the non-polar com-
pounds (represented by black diamonds joined by a regres-
s lkyl
c per-
c hanol
t hile
a ow-
e nces
c olar
s

aria-
t fiers,
w their
f en-
z tion
f ent-
a t the

Fig. 2. Plot of logk on in hexane-modified mobile phases vs. logk in
methanol-modified mobile phases. Compositions: (a) 5% modifier; (b) 20%;
(c) 40%. Black diamonds represent non-polar solutes (alkylbenzenes with
carbon number in the alkyl chain ranging from 0 to 10); white triangles
represent polar solutes (solutes 8–46 inTable 2).

average retention factor of this same family, at each modifier
percentage, in methanol. Each curve represents a particular
type of compounds.

On such a plot, if both modifiers had the same influence
on the retention of a particular type of compounds, the point
ion line) are alkylbenzenes with carbon number in the a
hain ranging from 0 to 10. Note that, at small modifier
entages (5%), polar species are more retained in met
han in hexane, comparatively to non-polar species, w
t high modifier percentages (40%), it is the contrary. H
ver, from these plots, it is not clear whether the differe
ome from variations of behaviours of the polar or non-p
pecies, or both.

To provide a more precise understanding of these v
ions and a clearer comparison between different modi
e grouped the compounds in families, according to

unctionalities (polar or non-polar) and to their residue (b
enic or naphthenic).Fig. 3 represents the average reten
actor of each family of compounds, at each modifier perc
ge (varying from 5 to 40%), in hexane, plotted agains
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Fig. 3. Plot of average retention for different families of solutes in hexane
vs. methanol-modified mobile phases. Non-polar substituted benzenes are
compounds 1–7 and 47–49 inTable 2; polar substituted benzenes are com-
pounds 8, 10–19 and 37–46; phenolic compounds are compounds 20–28;
polar substituted naphthalenes are compounds 30–32.

representing the average retention would fall on the straight
line. If hexane favoured elution, it would fall below the line;
if methanol favoured elution, it would fall above.

The increase in modifier percentage favouring the elution,
therefore decreasing the retention factors, each curve can be
read from right to left to understand the variations with mo-
bile phase composition. If the retention behaviours in both
modifiers were similar, the curve representing a family of
compounds would be parallel to the straight line while dif-
ferent behaviours would induce curves forming an angle with
this line.

First of all, we note that most compounds have higher
retention factors in methanol modified mobile phases than
in hexane-modified mobile phases (the points are below the
straight line). The solute–mobile phase dispersion interac-
tions are greater in hexane than in methanol, as indicated by
the eluting strength (seeFig. 1). This could explain the low
retention factors. The unique exception to this retention rule
is benzoic acid, probably forming dimeric species in hexane,
therefore being more retained. For this reason, benzoic acid
was not included in the “polar substituted benzenes” group.

Secondly, it can be noted that the curve representing the
polar substituted benzenic species (black triangles) and the
polar substituted naphthenic species (white triangles) are par-
allel, the latter being an exact translation of the former to-
wards higher retention factor values. This suggests that the
v d to
t ing,
a tion
b s. It
w om-
p racte
h

ben-
z ben-
z erva-
t s we

might have expected their behaviour to be dominated by their
common portion but this is clearly not the case. Besides, this
corroborates the observations above-mentioned: varying the
percentage induces different behaviours on different types of
compounds, depending on the nature of the modifier:

(1) The non-polar benzenic species curve shows that, if non-
polar solutes have nearly identical retention factors in
small concentrations of hexane and methanol, this is no
longer the case when the percentage of modifier is in-
creased, the retention factors being then lower in hexane
than in methanol. This is due to the greater variation
of dispersion interactions in the mobile phase when in-
creasing the percentage of modifier in hexane than in
methanol, as noted when observing the eluting strength
in Fig. 1.

(2) For polar solutes, the difference in retention factors is
nearly constant, the curve being somewhat parallel to
the straight line. In other words, for these compounds
the difference in behaviour of hexane and methanol is
nearly constant when varying the percentage of modi-
fier. This indicates that interactions other than dispersion
interactions must be involved in the retention behaviour.

From these observations, we can conclude that the varia-
tions observed inFig. 2are predominantly due to changes in
t s.

cies
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( anol,
de-
the
ndi-
dif-
ariations in chromatographic behaviour are rather linke
he functionality and that the addition of an aromatic r
part from increasing retention, does not modify the reten
ehaviour when varying the chromatographic condition
ould be interesting to compare aliphatic and aromatic c
ounds in the same manner and see if the aromatic cha
as any influence on the chromatographic behaviour.

Thirdly, the curve representing non-polar substituted
enic species (black diamonds) and polar substituted
enic species (black triangles) are not parallel. This obs
ion validates the choice of all-aromatic compounds, a
r

he mechanism for retention of the non-polar compound
Among polar substituted benzenes, phenolic spe

white squares) show a different behaviour. When var
he percentage of modifier between 10 and 40%, we ob
hat, if elution is favoured by hexane-modified mobile ph
t small percentages, it is no longer the case at high pe
ges where the retention factors are nearly the same.
ven if the elution of phenolic compounds is favoured by

ncrease of modifier percentage, the decrease of retent
igher in methanol than in hexane. This particular behav
ould be linked to the major influence of hydrogen-bond
ating ability of these solutes, hexane and methanol sho
ery different behaviours as far as this property is conce
seeβ values inTable 1). Indeed, when increasing the p
entage of modifier, methanol-modified mobile phases
lay increasing hydrogen-bond accepting abilities, fav

ng the elution of acidic compounds, contrary to hexa
odified mobile phases. Benzoic acid, showing a sim

rend and being a strong hydrogen-bond donor, confirm
ypothesis.

Other logk–logk plots, using the same group-avera
apacity factors, were realised in order to compare the
aviours of the varied organic solvents used as modi
hey are not shown here but the conclusions are the fo

ng:

1) When comparing alcohols used as modifiers (meth
ethanol,n-propanol and isopropanol), the retention
creased with increasing alkyl chain. Additionally,
curves were essentially parallel to the straight line i
cating identical chromatographic behaviours of the
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ferent types of compounds when varying the mobile
phase composition.

(2) Acetonitrile is very similar to methanol.
(3) The variations of retention factors in tetrahydrofuran

when increasing its percentage in the mobile phase are
more important than in any other modifier. This seems to
indicate that the eluting strength evaluated through the
values of methylene selectivity is valid to explain the re-
tention behaviour of not only non-polar but also polar
substituted compounds, in this chromatographic system.

3.3. LSER studies

3.3.1. Model description
The dominant contributions to retention are the dispersion

interaction term (v) and the excess molar refractivity term (e).
The electron-donating ability of the stationary and mobile
phases (a) also has a high influence at low percentages of
modifier. InFig. 4a–d, the system constantsc, e, a andv are
plotted against modifier percentage.

Acidity of the modifier (b) appears to have no influence on
retention, as indicated by Engel and Olesik at 1% modifier
[21]. This is also corroborated by the studies of Bush and
Eckert [48] on solid–fluid equilibria in supercritical CO2.
They showed that, even though CO2 can act as a Lewis acid,
theb coefficient is insignificant to explain the solubility of
s
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.3.1.1. The c term. cis a constant. Although it may conta
ome additional information, the constant is assumed
ssentially related to the phase ratio contribution to reten

As we had previously noticed for methanol-modified m
ile phases, thec term increases between 5 and 40% mod
ercentage for all the alcohol modifiers but remains con

n acetonitrile, tetrahydrofuran and hexane (seeFig. 4a).
When the percentage of modifier is increased[6]:

1) the volume of the mobile phase increases, due to cha
in the mobile phase density;

2) the volume of the stationary phase may increase, d
the adsorption of the mobile phase. As a matter of
Strubinger et al.[10] indicated that the adsorption of CO2
with methanol on a stationary phase is cooperative
competitive. In other words, the total amount of adsor
mobile phase is increased by the addition of modifie

Thus, an increasingc constant indicates that the pha
atioVstationary/Vmobile increases, that is to say,Vstationary(the
olume of stationary phase) increases more thanVmobile (the
olume of mobile phase). In acetonitrile, tetrahydrofuran
exane modified mobile phases wherec remains constant, th
ariations ofVstationaryandVmobile probably compensate.

ig. 4. Variations of the LSER coefficients as a function of mobile p
omposition (a) thec constant (regression intercept); (b) thee coefficient
excess molar refraction); (c) thea coefficient (hydrogen-bond donatin
d) thev coefficient (dispersion).
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3.3.1.2. Thev coefficient.Assuming that the cavity energy
is strongly reduced by the use of fluid of low cohesivity as
carbon dioxide,v represents the difference in dispersion in-
teractions between the solute and the stationary phase on the
one hand, the solute and the mobile phase on the other hand:

v = vstationary− vmobile (5)

The fact that it is positive indicates that the stationary
phase is dominant over the mobile phase with respect to this
property.

Thev coefficient decreases for all mobile phase when the
percentage of modifier is increased (Fig. 4d). In SFC, with
low density fluid, the addition of organic modifier to carbon
dioxide increases the fluid density, i.e. the eluotropic strength
of the mobile phase. However, as described elsewhere[9], in
SubFC working with higher fluid density, the polar modifier
addition mainly increases the mobile phase polarity, i.e. de-
creases the dispersion interaction between the solute and the
mobile phase (vmobile decreases). Consequently, to explain a
decrease in thev coefficient, one should also consider a de-
crease in the solute/stationary phase dispersion interactions,
induced by the sorption of methanol or acetonitrile onto the
PGC surface.

For the higher modifier percentages in the mobile phase,
variations of the stationary phase composition probably be-
c hase
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and the stationary phase when PGC is covered with hex-
ane.

For the five other modifiers, when the percentage of mod-
ifier is increased,e decreases. As we had explained it for
methanol modified mobile phases, when increasing the pro-
portion of modifier, the ability of the mobile phase to interact
with n andπ electrons is reduced, meaning thatemobile de-
creases, which cannot explain the variation ofe. Besides, the
CO2 and the modifier get adsorbed onto the PGC surface and
function as components of the stationary phase. The modi-
fier adsorbed, physically blocking the PGC surface, reduces
the stationary phase’s ability to establish charge-transfer in-
teractions, therefore decreasingestationary. As indicated by
Strubinger et al.[10], binary subcritical mobile phases exhibit
gross compositional heterogeneity at interfaces, resulting in
the modifier being present at many times the bulk concentra-
tion, thus having a tremendous effect on the stationary phase
character. In other words, modifier is preferentially adsorbed
onto the surface and the resulting coefficient describes the
difference between the mobile phase and a modifier-rich sta-
tionary phase. It is quite evident here that this phenomenon
should be considered to explain that the variation ofestationary
is more important than the variation ofemobile, resulting in a
decrease of the coefficiente.

There is only little difference in the excess molar refrac-
tion term of the stationary phase among the various adsorbed
m

3 -
b , it
d BA)
b lower
v r-
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r 40%
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ome less important than the variations of the mobile p
omposition. In particular, at 40% modifier, we comparev
btained with methanol, ethanol andn-propanol, the chai

ength being the unique structural difference between t
olvents. The longer the alkyl chain and, jointly, the wea
he polarity of the molecule, the higher the dispersion in
ctions in the mobile phase (vmobile increases), the small

he globalv coefficient.

.3.1.3. The e coefficient.The excess molar refraction te
e) is related to charge transfer, reflecting the interaction
ween the electronic excess of the solute (π andn electrons
nd the surface of PGC or the mobile phase.e represents th

ollowing:

= estationary− emobile (6)

Again, this coefficient being positive indicates that
tationary phase is dominant over the mobile phase tow
his particular type of interactions (Fig. 4b).

In acetonitrile and hexane modified mobile phases
coefficient does not vary significantly. This means t
hen increasing the percentage of modifier in the mo
hase, the variations of charge-transfer interactions bet

he solutes and the mobile phase and the solute an
tationary phase compensate. Additionally, we can n
hat, at low modifier percentages, hexane shows the
st values ofe. As emobile is necessarily small in hexan
odified mobile phase, hexane being unable to esta

harge-transfer interactions, the low values ofe can only be
ue to low charge-transfer interactions between the s
odifiers.

.3.1.4. The a coefficient.The a term is related to the H
ond donating ability (HBD) of the solute. Conversely
escribes the difference in H-bond accepting ability (H
etween the mobile and stationary phases. It shows
alues thanv andebut varies strongly with the modifier pe
entage (Fig. 4c). For all modifiers but hexane, it decrea
apidly and even becomes no more statistically sound in
ethanol, isopropanol and acetonitrile. In hexane mod
obile phases, on the contrary,a increases continually b

ween 5 and 40% modifier. Thea coefficient represents th
ollowing:

= astationary− amobile (7)

Carbon dioxide acts is a weaker Lewis base than the
fiers used, apart from hexane. Therefore, when increa
he percentage of modifier in the mobile phase,amobile (rep-
esenting the basic character of the mobile phase) incre
eading to a decrease ofa. However, the Lewis basicity of th
raphite surface remains higher than the one of the m
hase (a is positive), possibly due to the high adsorption

he modifier at the surface.
Although supercritical carbon dioxide is similar to h

ne in respect to its polarity, it is significantly different fr
exane in its ability to Lewis acid–base pair and hydro
ond[49]. Thus, CO2 is a Lewis base with proton accep
electivity properties. Therefore, in hexane modified mo
hases, the interpretation is the reverse to the precedin
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Fig. 5. Coefficienta measured at 5% modifier with all seven modifiers,
plotted against the basic character (β) of the organic modifier.

These variations ofa can be related to the basic proper-
ties of the modifiers, according to Kamlet and Taft solva-
tochromic parameters. At any modifier percentage, a plot of
a obtained with a given modifier, versusβ, representing the
basic character of the organic solvent used as modifier, shows
a reasonable correlation. For instance, the plot of thea co-
efficient measured at 5% modifier for the seven modifiers,
against their basic characterβ, is plotted inFig. 5. However,
the slope of the regression line varies greatly when the modi-
fier percentage is increased, as can be noticed inFig. 6, where
the slope of the regression line is plotted against modifier per-
centage. At 5% modifier (seeFig. 5), the slope of this curve is
positive, indicating that, the higher the basicity of the organic
solvent, the higher theacoefficient. This suggests that the ad-
dition of a basic modifier in small proportions increases the
stationary phase basicity more than the mobile phase basicity.
The modifier adsorbed onto the stationary phase controls the

.

retention. In this respect, modifiers with strong hydrogen-
bond accepting ability actively contribute to the stationary
phase’s hydrogen-bond accepting ability and induce high re-
tention of hydrogen-donor solutes. For instance, as confirmed
by its low β solvatochromic basicity parameter (0.31), ace-
tonitrile is known to be a relatively weak eluent toward H-
donor solutes. When it gets adsorbed onto the PGC surface,
the global basicity of the stationary phase is lower than with
tetrahydrofuran or with the alcohols, as indicated by the low
a coefficient.

This is in good agreement with the results of Engel and
Olesik [21] indicating lowered solvent strength when using
basic modifiers at small percentages (1%).

When increasing the percentage of modifier in the mobile
phase, the slope of thea versusβ plot decreases, equals zero
at 20% modifier then becomes negative at higher percentages,
as can be seen inFig. 5, where the slope of this curve is plotted
against the modifier percentage.

Therefore, at high modifier proportions, the higher the ba-
sicity of the organic solvent, the smaller thea coefficient.
Modifiers with strong hydrogen-bond accepting ability ac-
tively contribute to the mobile phase’s hydrogen-bond ac-
cepting ability and favour the elution of hydrogen-donor so-
lutes.

We can conclude from this study that, at small modifier
percentages, the characteristics of the modifier-rich station-
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Fig. 6. Slope of thea vs.β curve plotted against modifier percentage
ry phase control the retention of acidic compounds, wh
igh modifier percentages, the characteristics of the mod
ich mobile phase control the elution.

Generally, the observations made with methanol m
fied mobile phases are also valid with ethanol,n-
ropanol, isopropanol, tetrahydrofuran and acetonitrile
ile phases, hexane inducing somewhat different results
harge–transfer and dispersion interactions govern the r
ion while the basic character of the stationary and mo
hases contributes to retention, particularly when the m
er is in small proportions.

.3.2. Model use
The various mobile phase modifiers may be comp

n terms of selectivities towards specific types of solu
modifier inducing a largex coefficient, being either pos

ive or negative, will tend to be more selective, with resp
o that particular type of interaction than a modifier wit
mall coefficient. As a matter of fact, Eq.(8) deduced from
q. (1) relates the logarithm of the selectivity between
ompounds to their difference in descriptor values:

ogα = e�E + s�S + a�A + b�B + v�V (8)

Therefore, to enhance the separation of compound
ering in their X property, one should choose the condit
here thex coefficient is the most appropriate. For go
electivity, it is desirable that, in addition to a largex coeffi-
ient, the other coefficients have little influence on the s
ation. Most of the time, multiple interactions are establis
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so selectivity is a matter of degree. Naturally, changing the
modifier to enhance selectivity is not always the best choice.
Sometimes, increasing or decreasing the proportion of the
chosen modifier is an easier means of retention control.

A first example is the separation of homologous series,
differing only in volume. Indeed, in a homologous series,
theE, S, A andB descriptors are nearly constant, only theV
descriptor varies significantly. Consequently, the difference
of retention for these compounds is only related to disper-
sion interaction modifications[50]. As described elsewhere
in HPLC[34,51–52], v increases linearly with the methylene
selectivity in SubFC. Therefore, when optimizing the sepa-
ration of this type of compounds, one should choose the con-
ditions where thev coefficient is the highest. For instance,
methanol and acetonitrile at any percentage, or any other
modifier at a small percentage would be suitable. Further-
more, analysis time must be considered and, in this respect,
higher percentages are often more desirable.

In the same manner asv was seen to be a good indica-
tor of methylene selectivity,a is quite well correlated to the
hydroxyl selectivity, as can be seen inFig. 7. The hydroxyl
selectivity was determined plotting the retention factors of
phenol, resorcinol (1,3-dihydroxybenzene) and phloroglu-
cinol (1,3,5-trihydroxybenzene) against the number of hy-
droxyl groups. Indeed, as indicated in a previous paper[29],
these three meta-substituted phenols are perfectly aligned
o
t three
c se
t ally
r tivi-
t oxyl
g enol,

F cinol
a ses
t

Table 3
Study of selectivities between compounds differing of a hydroxyl group,
following Eq.(9)

R–OH R–H �A g R2

3,4-Dimethylphenol o-Xylene 0.56 0.67 0.967
2,4-Dimethylphenol m-Xylene 0.53 0.61 0.977
2,6-Dimethylphenol m-xylene 0.39 0.44 0.927
2,5-Dimethylphenol p-Xylene 0.54 0.61 0.980

nitrobenzene–nitrophenol, naphthalene–naphtol) were also
considered in like manner. In the case of nitrobenzene-o-
nitrophenol where the –OH group is involved in an in-
tramolecular interaction with the nitro group, the difference
in acidity (�A) is nearly equal to zero (seeTable 2). There-
fore, the selectivity is not linked to the basicity of the chro-
matographic system (a). In any other case, the selectivities
appeared to increase linearly with the coefficienta. Thus, Eq.
(9) reads:

logαOH = ga + i (9)

Therefore,a can be considered as a good indicator of hy-
droxyl selectivity.

Furthermore, considering Eqs.(8) and (9), the slope (g)
is related to the difference in acidity of the two compounds
considered (�A).

In Table 3, four couples of structurally similar compounds
differing in a hydroxyl group (all xylenes-dimethylphenols)
are presented, along with the difference in theirA coefficient
(�A), the slope (g) and the determination coefficient (R2)
of the regression line, according to Eq.(9). Thus, the slope
of the logαOH = f(a) relationship (g) is clearly related to the
difference inA of the two compounds considered.

Several conclusions can be drawn from these observations:

(1) The increase of acidity linked to the addition of an –OH
her.
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ene
a
a
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t o-
c

n such a plot. Thus, the hydroxyl selectivity logαOH is
aken as the slope of the regression line between the
ompounds. AlthoughE and V also vary between the
hree compounds, the difference in retention is princip
elated to hydrogen-bond donating ability. Other selec
ies between couples of compounds differing in a hydr
roup (such as toluene–cresol, xylene–dimethylph

ig. 7. Logarithm of the –OH selectivity measured with phenol, resor
nd phloroglucinol, vs. thea coefficient, measured in all mobile pha

ested.
group varies from one couple of compounds to anot
2) Compounds differing of an –OH group are better s

rated with chromatographic systems inducing a lara
coefficient.

3) Compounds presenting a small difference in acidity
quire the highesta coefficients, obtained with low mo
ifier percentages.

Similar relationships can be observed between a g
oefficient and compounds differing primarily in the co
limentary property. For instance, adding an aromatic

nduces an increased E value and naturally an increa
olume. Therefore, the appropriate equation would be
ollowing:

ogαΦ = gee + gvv + i (10)

This is illustrated by the selectivity between nitrobenz
nd nitronaphthalene. A multiple linear regression of logαΦ

gainste andv shows a good correlation (R2 = 0.943). As
he difference in excess molar refraction (�E= 0.73) is twice
he difference in volume (�V= 0.37), the coefficient ass
iated to charge transfer interactions (ge= 1.03) is twice the
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coefficient associated to dispersion interactions (gv = 0.50).
Thus, good aromatic selectivity (αΦ) is obtained with mobile
phases inducing primarily highecoefficients and, to a lesser
extent, highv coefficients.

These examples illustrate the effective use that can be
made of the LSERs in order to evaluate the potential of a
chromatographic system for a given separation problem.

Moreover, selection of a mobile phase modifier to vary
the different interactions in order to achieve maximum res-
olution cannot be done regardless of column efficiency and
peak asymmetry.

Peak asymmetry variations with the modifier percentage
were not significant.

Alcohols, particularly isopropanol, generally induced bet-
ter efficiencies for most compounds.

4. Conclusion

This study provides us a greater understanding of the ef-
fects of adding various modifiers to the supercritical mo-
bile phase with porous graphitic carbon. It has been shown
that mobile phase composition may be adjusted so as to
favour particular separations, taking into account analysis
time requirements. For strongly retained compounds, the
u ong
a tion.
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se of at least 20% THF, hexane, or alcohol with l
lkyl chain is suggested to reduce the analytical dura
igh amounts of methanol allow rapid elution of aci
ompounds.

The effect of the modifier was shown to depend not onl
he nature but also on the proportion of modifier. These ef
re related to mobile phase–solute interaction modifica
s well as modifier adsorption onto the stationary phase.
ethanol and acetonitrile modifiers, the eluotropic stre

ariations depend on these two phenomena. For the
odifiers, these variations mostly depend on changes o
ersion interactions in the mobile phase.

Dispersion and charge transfer interactions rule the r
ion of most compounds. For acidic compounds, the bas
f the modifier controls the retention changes. In this c

he behaviour of hexane is opposite to the others.
The major source of band broadening arises from non

nteractions leading to peak asymmetry, for acidic or b
ompounds in particular. The use of acidic or and/or b
dditives may improve the peak profiles for such compo
nd shall be investigated with the varied modifiers.

Finally, LSER is an efficient way to study with accura
omplex chromatographic systems such as subcritical
hromatography with carbon dioxide-modifier mobile pha
n porous graphitic carbon.
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