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Synthesis and protein-binding properties of spacer-free
thioalkyl agaroses

ANASTASIOS DEMIROGLOU and HERBERT P. JENNISSEN*

lnstitutfiir Physiologische Chemie, Universitiit-GHS-Essen, Hufelandstrasse 55, D-4300 Essen I (F.R.G.)

(First received March 29th, 1990; revised manuscript received June 22nd, 1990)

ABSTRACT

ThioalkyI agaroses were synthesized by the tresyl chloride method. Activation of beaded agarose
(Sepharose 4B) with tresy[ chloride is a non-linear function of the tresyl chloride concentration in the
activation mixture. The coupling of alkanethiols to tresyl chloride-activated Sepharose was successful in an
alkaline medium containing 0.64 M sodium hydroxide. For the synthesis of thioalkyl agaroses (alkyl-S
Sepharose) with different surface concentrations of immobilized residues the activation time and not the
tresyl chloride concentration should primarily be varied. At high tresyl chloride concentrations and long
activation times the agarose matrix is destroyed. It was found that optimum concentrations of tresy[
chloride lie between 0.05 and 0.15 M if activation times of 60 min are not exceeded. Alky[-S-Sepharoses
dilfer significantly in their protein adsorption properties from alkyl-N-Sepharoses prepared by the cyano
gen bromide or carbonyl diimidazole (COl) methods. Linkage of the alkyl residue via a thioether bridge
enhances the adsorption of proteins by at least an order of magnitude. The results indicate a much stronger
influence of the base (sulphur atom) of an immobilized alkyl residue in comparison with its tip (methyl
group) than has hitherto been realized. The higher affinity of binding may be due to an interaction of the
n-electrons of the sulphur atom with n-electrons in an aromatic amino acid of the protein in addition to the
expected hydrophobic interaction between alkyl residue and protein.

INTRODUCTION

Alkyl agarose derivatives have been employed for the chromatographic
separation of macromolecules (for reviews, see refs. I and 2) and for quantitative
protein adsorption studies (for a review, see ref. 3). For the analysis of protein
adsorption the interpretation of results is greatly facilitated if the residues are directly
coupled to the inert hydrophilic agarose matrix as the interference of spacers with
protein binding can never be fully ruled out. As cross-linked agarose gels pose a similar
problem as spacer-containing gels only non-cross-linked agarose (Sepharose 4B) was
employed.

As an alternative to the cyanogen bromide method of activation of agaroses
(which may also introduce some charges [4,5]), the p-toluenesulphonyl chloride (tosyl
chloride) method of activation [6,7] was introduced. Owing to the relatively low
reactivity of tosyl chloride Mosbach and Nilsson [8] later introduced 2,2,2-trifluoro
ethanesulphonyl chloride (tresyl chloride) as a more potent activator of agarose for

0021-9673/90/$03.50 © [990 Elsevier Science Publishers B.V.



2 A. DEMIROGLOU, H. P. JENNISSEN

subsequent coupling reactions. Tresylates of agarose (tresyl agarose) can react with
primary amino groups or with thiol groups [8]. In the latter instance uncharged
agarose derivatives are obtained. Except for preliminary reports [9-11], no method for
the preparation of thioalkyl agaroses (alkyl-S-Sepharose) by the tresyl chloride
method has been reported, probably owing to the difficulty of bringing alkanethiols
into optimum solution for coupling to tresyl agarose. Since our initial report [9],
thioether-bonded alkyl derivatives of agarose have been reported by Porath's group
[12]. In their work thioalkyl derivatives (C6-C14) were coupled to Sepharose 6B by the
bis-epoxide method via a spacer backbone consisting of ten carbon and three oxygen
atoms.

In this paper we report the coupling of homologous thioalkyl residues (Cz-C4 )

without a spacer directly to the agarose matrix leading to alkyl-S-Sepharoses which
can be employed for protein adsorption experiments and hydrophobic chromato
graphy. These alkyl-S-agaroses have profoundly different protein-binding properties
than the corresponding alkyl-N-agaroses produced by either the cyanogen bromide
[13] or the carbonyl diimidazole [14] methods.

EXPERIMENTAL

Preparation of calmodulin
Bovine testis calmodulin was isolated according to ref. 15 in conjunction with

affinity chromatography [16]. The biological activity ofpurified calmodulin was tested
with phosphorylase kinase [17] in the AutoAnalyzer test [18]. The calmodulin
concentration necessary or half-maximum activation of phosphorylase kinase was
30-50 nM.

Preparation of alkyl-S-Sepharose
Synthesis ofl1-[ 1_ 14C]butanethiol. The method is based on the synthesis of thiols

via S-alkyl thiuronium salts from thiourea [19].

+ Br

[14C]butyl bromide + thiourea

[
'J +

/NH2

CH3CH2CH214CH2-S~C ~.

NH
2

[14C]butyl thiuronium salt

[14C]butyl thiuronium salt

[14C]butanethiol

In a 100-ml spherical flask, 15.5 g (0.2 mol) of thiourea and 10.2 ml of 95%
ethanol were mixed with 25.5 g (0.18 mol) of butyl bromide to which ca. 2.5 mCi of
n-[1- 14C]butyl bromide were added and boiled for 6 h in a reflux column. After
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cooling, the butyl thiuronium salt crystallized. The liquid was removed by suction and
the thiuronium salt was hydrolysed to butanethiol by the addition of 56 ml of
5 M sodium hydroxide solution under nitrogen and heating at lOOoe for 2 h under
reflux. After cooling, the solution was neutralized with 2 M hydrochloric acid. The
thiol phase was isolated, dried with magnesium sulphate and fractionated on a Vigreau
column. Finally 6.3 ml (5.48 g) of pure butanethiol was obtained, corresponding to
a total yield of ca. 33%. The boiling point of the end product was 96-98°C.

Activation of agarose matrix with tresyl chloride. The method of activation of
agarose (Sepharose 4B; Pharmacia, Uppsala, Sweden) with tresyl chloride is
essentially derived from ref. 8 and can be described by the following reaction:

He]

Accordingly, 40 g "wet weight" [4] of Sepharose 4B (Sepharose from which the
exterior water had been removed by suction [4]) were washed at very low vacuum on
a Buchner funnel with 20 volumes each of water, water-dioxane (3:1), water-dioxane·
(1 :3) and finally water-free (dry) dioxane, which was then removed by suction (suction
of air through the gel was avoided), yielding a cake of water-free Sepharose. To lO g of
water-free Sepharose, 0.5 vol. of dioxane and pyridine (2 ml/ml tresyl chloride) were
added. Tresyl chloride in an amount of 10-40 J.lI/g water-free gel was added in the first
minute in 3 vol. of dioxane with stirring. The gel was activated for 120 min with the
temperature being held constant at 200 e (water-bath). Activation was stopped by
washing the gel on a Buchner funnel with 20 volumes each of water-free (dry) dioxane,
water-dioxane (I :3), water-dioxane (3: I) and finally water. The activation product,
tresyl-Sepharose, can be stored in water at 4°e for several days without loss of
reactivi ty [8].

For the measurement of time curves, 40 g "wet weight" of Sepharose 4B were
activated by 0.052, 0.104, 0.156 and 0.208 M tresyl chloride respectively. At the
indicated times samples of 1/4 to 1/8 volume of the incubation mixture with the
activated gel were taken from the mixture, washed (see above) and incubated for
I h with the alkaline alkanethiol solution as described below.

Coupling ofalkanethiol (Cr C4 ) to tresyl-Sepharose. First experiments showed
that tresyl-Sepharose could not be derivatized with butanethiol according to the
general procedure described by Mosbach and Nilsson [8]. However, as will be shown
(see Results), this problem was overcome by using another medium. The following
reaction scheme describes the coupling reaction:
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In a typical preparation, 10 g (wet weight) of tresyl-Sepharose were added to
18 ml ofa solution containing 0.43 M alkanethiol in I M sodium hydroxide solution in
a closed flask at room temperature. The final concentrations in the mixture after
adding the Sepharose were 0.28 M alkanethiol and 0.64 M sodium hydroxide. The
preparations can be scaled up by a factor of 25 without substantial changes in the
coupling yield.

For the synthesis of a homologous series, e.g., of three different thioalkyl
agaroses of identical degree of substitution, a 3-fold amount (wet weight) ofSepharose
4B was activated with tresyl chloride as described above. After activation and washing
(see above), three equal portions of the gel were added at room temperature to the
corresponding alkaline alkanethiol solution, one of which was butanethiol solution
containing the tracer n-[1-14C]butanethiol. As the degree of substitution with
butanethiol corresponded quantitatively to the degree of activation with tresyl
chloride (see Results), an identical degree of substitution of the tresyl-Sepharose in the
non-tracer-Iabelled alkanethiol solutions could be concluded from the n-[1-14C]
butanethiol experiment.

After coupling, the gel was washed on a Buchner funnel with ca. 20 volumes each
of water, acetone-water (I :3, v/v), acetone-water (3: I, v/v) and finally pure acetone
until the thiol smell had disappeared. This acetone wash is essential for the removal of
disulphides (as will be shown). By a subsequent reversal of the just described washing
procedure, the gel was transferred back into an aqueous medium.

As has been discussed [7,20], the S-C bond is very resistant to acidic and alkaline
conditions so that stable gel derivatives are obtained. In our experience, butyl-S
Sepharose gels can be stored in neutral aqueous solutions for up to 7 years without
a significant loss of immobilized residues.

Micrographs of washed Sepharose 4B and Sepharose 4B derivatives (suspended
in water containing bovine serum albumin, I mg/ml) were made with a Leitz
microscope and a magnification of 140-fold [we thank Dr. F. Mehnert (University of
Bochum) for taking the micrographs of Sepharose].

Synthesis of alkyl-N-Sepharoses
Uncharged alkyl-N-Sepharose was prepared according to the carbonyl di

imidazole (CDI) method of Bethell et al. [14]. [14C]Butylamine and [14C]ethylamine
(New England Nuclear) were employed as tracers, yielding identical substitution
results with the CDI method (see also refs. 4 and 21 for results with the cyanogen
bromide method).

Solutions and reagents
Dioxane was distilled and subsequently stored in the presence of sodium wire.

Highly pure commercial dioxane stored in the presence of sodium wire gave similar
results. Water was first deionized and then distilled before use. All other reagents were
of analytical-reagent grade. Tresyl chloride was obtained from Fluka.

Analysis of tresyl- and butanethiol-Sepharose
Sulphur determination. Tresyl- and butyl-Sepharose were dried under vacuum at

40°C for ca. 2 days (see below). About 20 mg of the dried gel were transferred to a heat
stable vial and solid sodium was melted and dripped into the gel. The vial was heated to
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a red glow and then transferred into 5 ml of water, where it burst. The aqueous solution
of sodium salts was filtered and employed for sulphur determination by iodimetric
titration according to Kimball et al. [22]. The analyses were done in triplicate.

Radioactive tracer analysis. The degree of substitution was monitored by adding
n-[1-14C]butanethiol to the coupling mixture in an amount of 0.05-0.25 {lCi/ml [4].
The amount coupled was determined after acid hydrolysis [4] of the n-[1-14C]butane
thiol-Iabelled agarose (colourless hydrolysate) fonowed by liquid scintillation count
ing [4]. The analyses were done in triplicate.

Determination of gel parameters (packed gel, dry gel, surface area)
The volume of packed gel was determined as previously described [4], giving the

degree of substitution in {lmol/ml packed gel [4]. The dry weight of the agarose was
either determined as described previously [23] or after drying in vacuum for ca. 2 days
at 40°C (see above). The degree of substitution can then also be expressed in {lmol/g
dry weight, correcting for errors due to shrinking of the gel during activation or
coupling [24]. An analyses were done in triplicate. In general, 1ml of packed Sepharose
leads to ca. 30 mg (29-32 mg) of agarose mass after drying [23]. With substituted gels
the weight of the dry agarose was normalized, i.e., corrected to net dry weight ( = total
weight of dried alkyl gel minus the weight of incorporated thioalkyl residues) [24].
Finally, the degree of substitution can either be expressed as a molecular substitution
ratio in mol alkyl residue/mol anhydrodisaccharide [24] based on a molecular weight
of 306 for an anhydrodisaccharide unit, or as a surface concentration in nmol/m2

[25,26]. The values for the surface concentration in nmol/m2 are based on a concentra
tion of anhydrodisaccharide units of ca. 100 {lmol per 30 mg of dry agarose (see also
ref. 23) and a mean surface area of ca. 1.3 nm2 per anhydrodisaccharide unit (with the
assumption that this corresponds to the water-accessible surface area) in the final
quaternary structure of agarose [27]. From these values a specific surface area of the
agarose strands of 2610 m2/g dry agarose can be calculated. Accordingly, for
alkyl-substituted agarose 1 {lmo1/ml packed gel corresponds to 12.8 nmol/m2 for
non-shrunken agarose [26].

Protein was determined according to Lowry et al. [28] on an AutoAnalyzer.

Analytical hydrophobic affinity chromatography of calmodulin [16]
The chromatographic analysis of alkyl agaroses with calmodulin was performed

on columns (12 x 0.9 em 1.0.) containing 2 ml of packed gel at room temperature. The
gel was washed and equilibrated with buffer A (20 mM Tris-HCI, 1 mM CaCI 2 ,

pH 7.0). A sample of I mg of purified calmodulin was applied in a volume of I ml
(buffer A). Unless stated otherwise, fractions of 1.5 ml were collected. The column was
then washed with 9 ml of buffer A and subsequently with 9 ml of buffer B (= buffer
A + 0.3 M NaCl). Adsorbed calmodulin was eluted with buffer C (20 mM Tris-HCI,
0.3 M NaCl, 10 mM EGTA, pH 7.0). Flow was achieved by gravity. Only fresh,
unregenerated gel was used.

RESULTS

Synthesis of butyl-S-Sepharoses
Coupling mixture. Table I demonstrates that even at high tresyl chloride
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TABLE I

DEPENDENCE OF THE COUPLING OF ['4C]BUTANETHIOL TO TRESYL-SEPHAROSE 4B ON
THE COUPLING MEDIUM

Sepharose was activated with tresyl chloride (0.208 M) for 24 h at room temperature as described and then
coupled as follows. (a) In the first coupling experiment, 109 (wet weight) of tresyl-Sepharose were washed
with water-dioxane-acetone (I :2:6, v/v/v) and then added to 14.4 ml of solution A (4 ml of['4C]butanethiol
plus 10.4 ml of acetone). To the washed gel in solution A were added 3.6 ml of solution B (1.2 ml of 0.5 M
Na2C03 plus 2.4 ml of dioxane) and this mixture was incubated for 15 h at room temperature. (b) In the
second experiment, 10 g (wet weight) oftresyl-Sepharose were added to 18 ml of solution C (I M NaOH,
0.43 M ['4C]butanethiol) and incubated for 15 h at room temperature. In both experiments after 15 h the
coupled gel was washed with acetone and analysed for incorporation of ['4C]butanethiol as described.

Coupling
medium

[14C]Butanethiol Degree of substitution
(mol/I) (/lmol butyl residues/1111 packed gel)

Carbonate-acetone-dioxane 1.3
0.64 M NaOH 0.28

2
56

concentrations (0.208 M) in the incubation mixture, only very little (2 tlmol/ml packed
gel) butanethiol can be coupled to tresyl-Sepharose in a carbonate-acetone-dioxane
medium, a solution which is capable of solubilizing high concentrations (1.3 M) of
butanethiol. In contrast, solubilizing butanethiol for coupling in pure 0.64 M sodium
hydroxide (= alkaline alkanethiol) leads to a nearly 30-fold increase in the degree of
substitution (Table I).

Washing procedure. The "coupling values" obtained can, however, still be
misleading as they depend strongly on the washing procedure, as is shown in Table II.
Failure to wash with an organic solvent (e.g., acetone) leads to highly erroneous
degrees of substitution. This is most easily demonstrated by incubating non-activated,

TABLE II

INFLUENCE OF THE WASHING PROCEDURE ON THE RETENTION OF [14C]BUTANETHIOL
ON NON-ACTIVATED SEPHAROSE 4B AND ON THE DEGREE OF SUBSTITUTION OF
TRESYL-SEPHAROSE WITH ['4C]BUTANETHIOL

5 g (wet weight) of non-activated Sepharose 4B was added to 1.8 vol. of I M NaOH-0.43 M ['4C]butanethiol
(±0.107 M H 20 2 ) and incubated at room temperature for 7 h. Tresyl-Sepharose (activated with 0.156 M
tresyl chloride for I h) was coupled by the same method (but without H 20 2) for 20 h at room temperature.
After coupling the gels were washed either with 20 vol. of I M NaOH or 20 vol. ofwater, water-acetone (3: I),
water-acetone (I :3) and acetone (followed by a wash in the reverse order to return to the aqueous medium).

Gel Degree of substitution
({lmol butyl residues/ml packed gel)

Sepharose 4B (non-activated):
Incubation with ['4C]butanethiol + NaOH
Incubation with [14C]butanethiol + NaOH + H 20 2

Tresyl-Sepharose: coupling with ['4C]butanethiol + NaOH

Wash with
I M NaOH or KOH

10
64
37

Wash with
acetone

0.17
0.64

22.2
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control Sepharose 48 in alkaline [14C]butanethiol followed by a wash with 1M sodium
hydroxide or potassium hydroxide (Table II). Apparently 10 ,umol butyl residues/ml
packed gel are coupled. In a second experiment, non-activated Sepharose was
incubated in alkaline [14C]butanethiol together with hydrogen peroxide as oxidant of
the thiol. The apparent degree of substitution of the gel with butanethiol increases to
over 60 ,umol/ml packed gel. The non-covalent nature of thiol retention on the gel is
easily demonstrated by washing it with acetone, which reduces the amount retained
(probably insoluble disulphide) by a factor of 100. Acetone-stable radioactivity was
therefore taken as evidence for covalent coupling of the thiol to the tresyl-activated
Sepharose. In the present case with tresyl-Sepharose (Table II) a true coupling yield of
ca. 22 ,umol butyl residues/ml packed gel is obtained.

Time dependence ofcoupling. Fig. 1shows the time dependence of the coupling of
n-[1-14C]butanethiol to tresyl-Sepharose (activated with 0.208 M tresyl chloride) for
15 h. Maximum coupling is achieved after 1 h. As the amount of butanethiol is in ca.
IO-fold excess over the amount of immobilized tresylleaving groups on the activated
gel, a quantitative substitution of these groups and not a limitation of available
butanethiol seems likely to be the reason for termination of the reaction. As
a consequence of these results, al1 further coupling mixtures (Tables II-V, Figs. 2-5)
were incubated for 60 min at room temperature only.

80
W

~Oi
0=: OJ)

60
5§~ •&3"0
C/)OJ)

I" 40C/)
10
:;:=
5::L. 20
III

4 8 12 18

COUPUNG TIME, hours

Fig. 1. Time dependence of the coupling of [14C]butanethiol to tresyl-Sepharose at room temperature. 40 g
(wet weight) of tresyl-Sepharose (activated by 0.208 M tresyl chloride) was added to 72 ml of 1 M
NaOH-0.43 M [14C]butanethiol. At the indicated times ca. one fifth of the coupling mixture was taken as
a sample and the reaction was stopped by washing with acetone on a Buchner funnel as described. The
degree of substitution was determined by measuring the 14C incorporation (0.028 J1Ci/ml) as described.

Dependence of activation on tresyl chloride concentration. Table III shows the
non-linear dependence of the degree of substitution with tresyl and butyl residues on
the initial concentration of tresyl chloride in the activation mixture. The immobilized
tresyl chloride and butanethiol were determined in paral1el by a determination of
sulphur in the activated gel before and after coupling (Table III, series I) and by
radioactivity measurements of the coupled gel (Table III, series I and II). The amount
of tresyl chloride covalently incorporated into the gel from the incubation mixture was
between 3 and 8%. Therefore, the initial concentrations of tresyl chloride only change
insignificantly as a result of the activation procedure itself. Table III demonstrates that
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TABLE III

DEPENDENCE OF THE DEGREE OF SUBSTITUTION OF SEPHAROSE 4B ON THE TRESYL
CHLORIDE CONCENTRATION IN THE INCUBATION MIXTURE

Sepharose 4B was activated with tresyl chloride at the given concentration for 60 min. The degree of
substitution was measured by determination of elemental sulphur in tresyl-Sepharose and butyl-S
Sepharose (series I) and by tracer analysis of butyl-S-Sepharose with [14C]butanethiol (series I and II). In
series I activation was performed in dioxane distilled and stored over sodium wire; in series II it was
performed in commercial dioxane stored over sodium wire.

Sulphur determination
(flmol/ml packed gel)

Tresyl
chloride
(mol/l)

Tresyl
Sepharose

Butyl
Sepharose

['4C]tracer analysis
(flmol/ml packed gel)

Series I:
0.052
0.104 9.6
0.156 21.8
0.208 59.0

Series l/:
0.040
0.060
0,080
0.090
0.100
0.150

9.1
26.4
63.2

2.6
12.6
22.5
54.7

3.5
3.0
1.9

19.3
32.0
37.0

the sulphur and the butyl residue determinations yield almost identical results within
the experimental error. From this experiment, coupling yields of ca. 100% can be
calculated.

Progress curves of tresylation. As the coupling yield is ca. 100%, tresylation can
be measured via 14C incorporation of alkanethiol into tresyl-Sepharose. The time
dependence of tresylation as measured in this manner is shown in Fig. 2. At low tresyl
chloride concentrations (Fig. 2A) there is a primary incorporation phase which reaches
a plateau region after 40-120 min. However, as the concentration of tresyl chloride is
increased (Fig. 2B), a secondary incorporation phase can be seen to occur from the
previous plateau phase after ca. 80 min, leading to a 2-3-fold additional increase in
immobilized butanethiol residues over the plateau region. Finally, at very high tresyl
chloride concentrations (0.208 M) a true plateau phase is absent and the degree of
substitution increases continuously from the onset (Fig. 2B). Tresyl chloride
concentrations above ca. 0.21 M lead to a destruction of the agarose beads (not
shown).

Fig. 3 illustrates that the secondary incorporation phase of tresylation and
coupling is not due simply to a volume decrease (shrinkage) of the substituted agarose.
A recalculation of the original data for the degree of substitution (Fig. 3A) on the basis
of the determined dry weight (Table IV) of the agarose leads to lower values but does
not abolish the secondary incorporation phase (Fig. 3B).
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Fig. 2. Progress curves of the tresylation of Sepharose 4B at different concentrations oftresyl chloride in the
activation mixture. At each concentration of tresyl chloride (see below) 40 g (wet weight) of Sepharose 4B
was activated. At the indicated times ca. 1/4-1/8 vol. of the incubation mixture was taken as a sample,
washed with dioxane and transferred to aqueous medium as described. The obtained gel (ca. 5-10 g, wet
weight) was then added to 1.8 vol. of I M NaOH-0.43 M [14C]butanethiol and incubated for I h at room
temperature. The degree of substitution was determined by measuring the incorporation of ['4C]butane
thiol. (A) • = 0.052 M; • = 0.104 M. (B) 0 = 0.156 M; 0 = 0.208 M.

TABLE IV

SYNTHESIS OF ALKYL-S-SEPHAROSES OF DIFFERENT DEGREES OF SUBSTITUTION AND DIF
FERENT ALKYL CHAIN LENGTH IN PREPARATIVE AMOUNTS

For the butyl~S-Sepharose series, ca. 210 g (wet weight) ofSepharose 4B were incubated with the given concentration of
tresyl chloride for the specified time and then coupled to [14C]butanethiol for I h. For the homologous series (Cr C4 ),

ca. 50 g (wet weight) of Sepharose 4B were activated and coupled as described. For definition of ,umol/ml packed gel,
,umol/g dry gel, mol/mol anhydrodisaccharide and nmol/m2

, see Experimental.

Gel Tresyl Activation Corrected Degree of substitution
chloride time dry weight
(mol/I) (min) (mg/m! ,umol butanethiol/ml ,umol/g mol butanethiol/mol nmol/m 2

packed gel) packed gel dry gel anhydrodisaccharide

Sepharose 4B 32.0
Butyl-S-

Sepharose 0.052 15 33.6 1.7 50.6 0.015 19.4
0.156 I 30.1 5.2 172.7 0.053 66.2
0.156 2 32.0 8.9 278.1 . 0.085 106.6
0.156 3.5 37.1 12.0 323.4 0.099 123.9
0.156 5 33.6 20.7 616.1 0.189 236.1
0.156 20 38.4 29.0 755.2 0.219 289.3
0.156 60 36.5 28.4 778.1 0.238 298.1
0.156 90 37.6 40.7 1082.4 0.331 414.7
0.156 120 62.4 107.0 1714.7 0.524 657.0

Ethyl-S-
Sepharose 0.156 20 34.1 25.0 733.1 0.224 282.0

Propyl-S-
Sepharose 0.156 20 36.6 25.0 683.1 0.209 262.7

Butyl-S-
Sepharose 0.156 20 36.5 25.0 684.9 0.210 263.4
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Fig. 3. Biphasic activation of Sepharose 4B by the tresyl chloride method. The degree of substitution with
tresyl residues was determined by the quantitative substitution oftresylleaving groups with [14C]butanethiol
as described. The concentration of tresyl chloride in the incubation mixture was 0.156 M. The curves are
composed of a primary incorporation phase, a plateau phase and a secondary incorporation phase. The data
demonstrate that the secondary incorporation phase is not a result of the dimensions employed for
~:'oressing the data and thus is not a result of gel shrinkage. (A) Degree of substitution expressed in Jlmol/ml
packed gel. (B) Degree of substitution expressed in Ilmol/g dry gel.

Microscopic analysis. Fig. 4 demonstrates that macroscopically tresyl- and
butyl-S-Sepharose do not change their morphology significantly in comparison with
the unsubstituted gel. At high degrees of substitution polygonal beads occur.

Controlled variation of the degree of substitution. The foregoing data show that
the synthesis of butyl-S-Sepharoses with different degrees of substitution is complex
and depends non-linearly (Table II) on the tresyl chloride concentration in the
activation mixture. Therefore, a series of gels with different degrees of substitution
(without disturbance by the secondary incorporation phase) are not easily obtained if
the tresyl chloride concentration is varied. These problems can be circumvented by
varying the activation time at a constant tresyl chloride concentration of, e.g., 0.156 M
(Table III) to obtain any degree of substitution above 5 flmol/ml packed gel. If one
adheres to the primary incorporation phase only (i.e., times below the second
increment 1-60 min, Fig. 2B), homogeneity of the gels appears to be obtainable.

In order to avoid activation times shorter than I min, gels below 5 flmol/ml
packed gel were synthesized at a lower tresyl chloride concentration, e.g., 0.052 M.
Table III also demonstrates that between I and 20 min of activation the mean dry
weight of the agaroses (corrected for the weight of the immobilized alkyl residues)
increases by 4-6% compared with the control, indicating a negligible gel shrinkage
(50-755 flmol/g dry agarose). A maximum gel shrinkage to ca. 50% of the initial

, agarose volume is indicated by a doubling of the dry weight/ml packed gel for the gel
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Fig. 4. Micrographs of tresyl- and butyl-S-Sepharose 4B. Magnification ca. l40-fold. The diameter of the
spheres is between 40 and 140 j.Lm (Pharmacia). About 100 j.Ll of packed gel of the respective Sepharose were
suspended in I m1 of I% bovine serum albumin to eliminate aggregation of the spheres. The gel suspension
was degassed under vacuum for ca. 5 min and then spread on a microscope plate for analysis. Photographs
were taken with a Leica camera mounted on a Leitz microscope (Agfa-Ortho 25 film). The degrees of
substitution were determined by (A) elemental sulphur determination and (B) [I4C]butanethiol incorpora
tion. (A) Tresyl-Sepharose 4B (22 j.Lmol/ml packed gel); (B) butyl-S-Sepharose 4B (23 j.Lmol/ml packed gel);
(C) control Sepharose 4B.
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activated for 120 min (1715 j.lmoljg dry agarose). Therefore, except for very high
degrees of substitution (over 1000 j.lmoljg dry weight), data can be expressed either on
the basis of j.lmoljml packed gel or j.lmoljg dry gel without introducing large errors.
A maximum of 0.5 mol alkyl residuejanhydrodisaccharide was introduced into the
agarose, indicating that only about half of the available primary OH groups are
derivatized on the most highly substituted gel. In Table IV the data are also expressed
as surface concentrations (range 19-650 nmoljm2

), making a comparison with other
synthetic surfaces possible.
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Fig. 5. Adsorption of calmodulin on butyl-N-Sepharose as measured by hydrophobic affinity chromato
graphy. Calmodulin (1 mg) was applied to 2 ml of packed gel of uncharged butyl-N-Sepharose (33 pmol/ml
packed gel) on a column (12 cm x 0.9 cm 1.0.) in a sample volume of I ml in buffer A (with I mM CaCl 2).

Arrow I, wash with buffer A; arrow 2, wash with buffer B (with 300 mM NaCl); arrow 3, elution with
buffer C (with 10 mM EGTA). The fraction volume was 1.5 ml. Flow through the column was driven by
gravity.

Protein binding properties of alkyl-S-Sepharoses
Influence of alkyl chain length [29 j. Alkyl-S-Sepharoses are very efficient

adsorbents of proteins, as can be exemplified by experiments with the Ca 2 + -binding
protein calmodulin. In a control experiment (Fig. 5), calmodulin is not adsorbed on
a butyl-N-Sepharose containing 33 j.lmoljml packed gel. In the homologous series
(Cz-C4 ) of alkyl-S-Sepharose in Fig. 6 (constant degree of substitution: 25 j.lmoljml
packed gel; Table IV), it can be seen that the adsorption ofcalmodulin is dependent on
the chain length of the immobilized thioalkyl residue. Butyl-S-Sepharose (Fig. 6C) is
a very strong adsorbent of calmodulin and even propyl-S-Sepharose (Fig. 6B) adsorbs
over 50% of the applied calmodulin (42% "reversibly"). Only ethyl-S-agarose adsorbs
poorly at the defined surface concentration and thus has similar properties to the
butyl-N-Sepharose control.

Influence of degree of substitution [4,26 j. Calmodulin binding also depends
strongly on the degree of substitution of Sepharose with thiobutyl residues. Below ca.
1 j.lmoljml packed gel very little binding occurs (not shown). At 1.7 Itmoljml packed gel
significant binding can be measured (Table V). The total amount adsorbed (=
difference between applied and recovered amount in eluates) increases ca. 5-fold as the
degree of substitution increases ca. 3-fold from 1.7 to 5.7 j.lmoljml packed gel
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Fig. 6. Adsorption of calmodulin to a homologous series of alkyl-S-Sepharose as measured by hydrophobic
affinity chromatography. Calmodulin (I mg) was applied to 2 ml of packed gel of uncharged
butyl-S-Sepharose on a column (12 em x 0.9 em J.D.) in a sample volume of I ml in buffer A (with I mM
CaCJ 2). Arrow I, wash with buffer A; arrow 2, wash with buffer B (with 300 mM NaCI); arrow 3, elution
with buffer C (with 10 mM EGTA). The fraction volume was 1.0 m!. (A) Ethyl-S-Sepharose (25 !lmol/ml
packed gel); (B) propyl-S-Sepharose (25 /lmol/ml packed gel); (C) butyl-S-Sepharose (25 Jimol/ml packed
gel).

(Table IV). At very high degrees of substitution ca. 40% of the adsorbed protein
cannot be eluted with EGTA(EGTA-irreversible binding). This fraction ofcalmodulin
can, however, be eluted with detergents (e.g., sodium dodecyl sulphate) (not shown).
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TABLE V

QUANTITATIVE HYDROPHOBIC AFFINITY CHROMATOGRAPHY OF CALMODULIN ON
ALKYL-AGAROSES

The data were derived from column experiments as described. Calmodulin was applied in buffer A
(+ Ca2+), the column was then washed with buffer B (+ 300 mM NaCl) and finally eluted with buffer C
(+EGTA). The excluded amount of calmodulin corresponds to the amount washed from the column in
buffers A and B. The eluted amount corresponds to the amount eluted with buffer C. The total yield
corresponds to the amount recovered in buffers A-C as a percentage of the amount applied. The difference
between amount applied and amount recovered is the non-EGTA-elutable fraction ("irreversibly" bound
protein), which can, however, be eluted by detergents.

Type of gcl Degree of Calmodulin Total
substitution yield
(Jimol/ml mg mg mg (%)
packed gel) applied excluded eluted

(unbound) (boud)

Control:
Butyl-N-Sepharose 28 0.94 0 94

Alkyl-S-Sepharose:
Homologous series:

Ethyl-S- 25 0.85 0.01 86
Propyl-S- 25 0.34 0.42 76
Butyl-S- 25 0 0.66 66

Degree of substitution series:
Butyl-S- 1.7 0.79 0.15 94
Butyl-S- 5.2 0.19 0.70 89
Butyl-S- 40.7 0 0.61 61

DISCUSSION

By working in a strongly alkaline medium, alkanethiols can easily be coupled to
tresyl-Sepharose. The method is complicated by the tresylation procedure itself, which
is a non-linear function of the tresyl chloride concentration (Table III). This may be
due to inactivation of tresyl chloride at low concentrations in the incubation mixture
owing to impurities (water?) in the dioxane medium, although this is improbable
considering the distillation process employed for the purification of this solvent. The
behaviour therefore remains unclear.

In comparison with other activation procedures, the tresylation of agarose as
performed here warrants other special considerations. A primary incorporation phase
followed by a plateau region is observed (Figs. 2 and 3). As the amount ofbutanethiol
is ca. IO-fold in excess of the number oftresyl residues on the activated gel, a limitation
ofbutanethiol cannot be the reason for the plateau region. From this plateau it may be
concluded that a single reaction type is involved. At high tresyl chloride concentrations
and long activation times a second increment of substitution occurs (secondary
incorporation phase). This might be an indication ofa second reaction type or possibly
of an unfolding of the stacked and double helical agarose structure [27] exposing new
reactive hydroxyl groups (possibly also secondary hydroxyl groups) for activation
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after a critical exposure time to tresyl chloride. These changes need not be seen on the
micrographs of Sepharose 4B, which appears intact after activation and coupling
(Fig. 4).

Owing to these abnormal properties of tresyl chloride, the synthesis of
structurally homogeneous alkyl-S-Sepharoses with different degrees of substitution
poses a special problem. Therefore, a constant, low to intermediate tresyl chloride
concentration should be chosen and the time varied to obtain different degrees of
tresylation. One should work in the primary incorporation phase and plateau region
well below the secondary incorporation phase.

Butyl-S-Sepharose is very efficient in the adsorption of proteins. As measured in
batch experiments, the binding capacity of butyl-S-Sepharose for phosphorylase b is
over an order of magnitude higher than that ofbutyl-N-Sepharose (synthesized by the
cyanogen bromide method) [9-11] at low degrees of substitution (1-5 Jlmol/ml packed
gel). At high degrees of substitution similar binding capacities for both gel types are
obtained (ca. 20 mg/ml packed gel at an apparent equilibrium concentration of free
enzyme of 0.5 mg/ml) [11].

With calmodulin, Cs-agarose derivatives (octyl- and aminooctyl-) have been
reported as strong adsorbents [30,31]. As shown here (Table V, Fig. 6), even a C3

derivative, propyl-S-Sepharose, is capable of adsorbing calmodulin in a Cal + -depen
dent manner. The results also show that the length of the immobilized alkyl residue on
the Sepharose is not as decisive as expected, as the shorter propyl-S- derivative is
a much better adsorbent than the longer butyl-N- derivative (Table V). This strongly
indicates a special function of the sulphur base of the immobilized alkyl residue as
compared with its tip (methyl group) and it also makes it very improbable that the
dependence of calmodulin adsorption on the surface concentration of immobilized
residues is due to changes in their availability (i.e., further extension from the gel of
a certain population of residues).

Because of these different protein-binding properties, alkyl-S-Sepharoses should
prove useful in hydrophobic chromatography and possibly also in the preparation of
selective adsorbent surfaces for biomaterials.

Why do the alkyl-S-Sepharoses bind calmodulin and phosphorylase b [9-11]
more tightly than the alkyl-N-Sepharoses? Theoretically, the sulphur in the thioalkyl
residue could complex to metals, especially in metal-binding proteins. In fact,
a number of sulphur-metal complexes in proteins, e.g., Fe l +, Cu + and Zn2+, have
been described (for a review, see ref. 32). Comparable complexes between Ca2+ and
sulphur have to our knowledge not been described for proteins. Experimentally the
adsorption of the Ca2+ -binding protein fibrinogen to alkyl-S-Sepharose cannot be
influenced by Cal + or EGTA [33]. It is therefore very improbable that complexation
between metal and sulphur play an important role in the binding of proteins,
specifically Cal + -binding proteins, to alkyl-S-agaroses.

However, two other possible explanations for the enhanced protein binding to
alkyl-S-agaroses exist. In the first it could be reasoned that the sulphur atom displays
properties similar to a carbon atom, as sulphur is also non-polar [34]. As sulphur
increases the free energy of the system as it is transferred, e.g., from the interior of
a protein to water [34] it may have similar water-structuring properties to carbon.
Based on the free energies of transfer, neutral oxygen and nitrogen (N/O) belong to
a different (polar) class of atoms than the sulphur atom [34], which might explain the
different properties of butyl-S- and butyl-N-agaroses.
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On the other hand, a major difference between the sulphur atom, a carbon atom
and the NjO class atoms lies in the n-electrons of the sulphur atom. A plausible
conclusion is therefore that there might be an aromatic amino acid near the
hydrophobic pocket or area of calmodulin binding to the base of the thioalkyl residue
(this may also hold for other proteins tested in our system, phosphorylase hand
fibrinogen). Owing to the large differences in the adsorption properties of the two gel
types, we feel that the latter interpretation warrants careful consideration. Similar
conclusions have been reached by Porath [35] for other sulphur-bearing agarose
derivatives.
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ABSTRACT

Chromatographic systems with silica dynamically modified with a series of hydrazine derivatives
were studied as a possible alternative to those with chemically bonded stationary phases. The properties of
these new systems were compared with those of conventional reversed-phase systems and systems contain
ing silica dynamically modified by cetrimide. As in reversed-phase chromatography on chcmically bonded
alkylsilicas, solvophobic interactions seem to be the main factor responsible for retention. It is shown that
dynamic modification of silica with reagents differing in chemical structurc can lead to systems with
different selectivity. Betaines and quaternary ammonium and hydrazinium c9mpounds act similarly as
modifiers of silica but are very different as ion-pairing agents. The results of experiments performed with
modifiers of different hydrophobicity and at various pH valucs dcmonstrate that ionic binding is not only
mechanism of immobilization on the silica surface. It is shown that the shape of peaks obtained for highly
polar and basic solutes is usually better in dynamic modification chromatography than in reversed-phase
chromatography on alkylsilicas. Examples of analytical separations of polyfunctional organic substances
and some inorganic anions on dynamically modified silica are presented.

INTRODUCTION

High-performance liquid chromatography (HPLC) on dynamically modified
silica can be a promising alternative to separations on covalently bonded stationary
phases. Owing to its slightly acidic nature, silica can bind organic cations that are
added to the mobile phase by way of ion exchange in a certain pH range [1-10]. The
organic layer thus generated on the surface can act as a stationary phase in the
chromatographic process. Quaternary ammonium salts have so far been the most
popular modifiers. It has been· shown that dynamic modification of silica with
cetrimide (cetyltrimethylammonium bromide) yields chromatographic systems that
are very similar to reversed-phase systems with alkylsilicas as stationary phases. One of
the advantages of this method is that dynamic modification is a more reproducible
procedure than chemical modification and the properties of the systems obtained are
only slightly dependent on the type of silica.

It is obvious that the selectivity of systems with dynamic modification should be
dependent on the chemical structure of the modifiers. When one modifier can be easily
replaced with another, a broad spectrum of selectivity can be obtained using only one
column packed with silica. Nevertheless, only a few organic bases have so far been used

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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for dynamic modification and no systematic studies on the selectivity of such systems
have been published.

The aim of this work was to evaluate the selectivity of a series of new modifiers
based on hydrazine derivatives and to demonstrate certain advantages of this
separation mode in applied HPLC.

EXPERIMENTAL

Retention was measured in a Gilson HPLC system equipped with a Holochrome
spectrophotometric detector set at 254 nm. Dynamic modification was performed on
Silasorb 600 silica and Silasorb C 1S was used as a reference packing (both from
Lachema, Brno, Czechoslovakia). Stainless-steel columns (150 mm x 4.6 mm J.D.)
were packed by Diagnostikum (Moscow, U.S.S.R.).

The dynamic modifiers included quaternary hydrazinium salts and betaines with
different alkyl substituents and functional groups. Cetrimide, the most thoroughly
studied modifier, was used as a reference substance. The structures of the modifiers are
shown in Fig.!. The abbreviations used in this work describe the type of modifier ion
(Q and B for quaternary salts or betaines, respectively), the nature of basic group (A
and H for ammonium and hydrazinium derivatives, respectively) and its hydro
phobicity, the number of carbon atoms in the longest alkyl chain in the molecule. For
example, the abbreviation for the quaternary salt hexadecyltrimethylammonium
bromide is QA 16.

The set oftest solutes used to characterize the system selectivity included acidic,
basic, amphoteric, polar and non-polar substances: isonicotinic acid (PyCOOOH),
phenylacetic acid (BzCOOOH), acetanilide (PhNHCOMe), 4-methylpyridine (MePy),
acetophenone (PhCOMe), nitrobenzene (PhNOz) and benzene (PhH), where Py =

pyridyl, Bz = benzyl, Ph = phenyl and Me = methyl.
The capacity factors, k', were calculated according to the conventional

expressIOn:

k' = (Vr - Vo)Vo (I)

where Vr is the retention time of the solute under study and Vo the retention time of an
unretained solute. The problem of the correct choice of unretained solutes for

(CH
3
)/-NHCH2CH2coo-

I

CnH2nt !

0=16 (BHI6); 0=15(BHI5); 0=12(BHI2); 0=9 (BH9)

(CH J)2~~NHCH2 CH2CN Br- (QH16)

C16H33

Fig. 1. Structures of the modifiers studied.
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conventional modes of chromatography has been discussed in the literature (see, e.g.,
refs. 11 and 12). This task is even more difficult for dynamic modification
chromatography because the amount of the stationary phase is strongly dependent on
the composition of the mobile phase. Therefore, accurate measurements of capacity
factors and their correct interpretation are highly problematic in this chromatographic
mode. We believe that for practical purposes of retention and selectivity comparison it
is allowable to assume Va to be constant. Va was measured for the silica column
gravimetrically. The column was filled with water, then placed in the oven of a gas
chromatograph set at l20 De and purged with helium for 3 h. Va was calculated from
the column weight loss in this experiment. Further heating under the same conditions
did not lead to an observable weight loss, indicating that all water except the strongly
chemisorbed layer on the surface of silica had been removed.

RESULTS AND DISCUSSION

The course of dynamic modification of silica can be easily monitored during
column equilibration with an eluent containing a dynamic modifier. For example, the
starting eluent can be a buffer containing a certain amount ofmethanol or acetonitrile.
Under these conditions the system can be regarded as a normal-phase system with
a very strong mobile phase. Naturally, relatively non-polar solutes (e.g., benzene)
should not be retained in such a system. When the system is switched to an eluent
containing a modifier, a non-polar stationary phase is generated and the whole system
is converted into a reversed-phase type. The retention of the modifiers under study is
very strong, and therefore the modifier is almost completely adsorbed during this
process. This is accompanied by an increase in the retention time of the test solute.
When the dynamic modification is over, capacity factors remain constant provided
that the mobile phase composition is constant (Fig. 2). Such curves can be used to
determine the approximate amount of adsorbed modifier. It was found that silica
adsorbs about 1.1 Jlmoljm2 of BH 12 and about 0.9 Jlmoljm2 of QH 16 from an eluent
containing 20% of acetonitrile. The latter result was confirmed by an independent

benzene k'
6,---------------------,

6

4

3

300260100 160 200
Eluent volume. ml

60

oL-__L-_----'__----'__---l.__---"-__-.J

o

Fig. 2. Equilibration of silica with the dynamic modifier BHI2. Mobile phase: 0.01 M BHI2, 20%
acetonitrile in 0.2 M acetate buffer (pH 6.0).
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TABLE I

CAPACITY FACTORS OF BENZENE

V. D. SHATZ, O. V. SAHARTOVA, 1. KALVINS

Mobile phase: 0.01 M dynamic modifier, 20% acetonitrile in 0.2 M ammonium acetate buffer (pH 6.0).

Column packing Dynamic modifier k'

Silasorb C I8 None 16.8
QA16 13.8
BHI6 15.8

Silasorb 600 QAI6 8. I
BHI6 13.0
BH15 12.0
BHI2 5.9
BH9 0.6
QHI6 10.6

method. The equilibrated column was purged with one volume of water to remove the
modifier-containing mobile phase and some packing was removed from the column
and dried. Elemental analysis showed the content of carbon to be 11.7%. The content
of dynamically immobilized carbon depends primarily on the structure of the modifier
and on the concentration of organic solvent. It can reach about 20% in eluents
containing no acetonitrile. The mobile phase volume required for complete modifica
tion of a given column depends on the concentrations of organic solvent and dynamic
modifier. Usually it lies between 50 and 200 ml for 150 mm x 4.6 mm J.D. analytical
HPLC columns packed with Silasorb 600 silica.

The retention strength of dynamic modifiers can be evaluated by measuring the
k' values of a test solute with a series of mobile phases differing only in the type of
dynamic modifier. The data presented in Table I show that with modifiers containing
C15~C16alkyl chains the column capacity relative to benzene is slightly lower than that
of the chemically bonded alkylsilica column. The system with BH9, containing a C g

alkyl chain, showed an unexpectedly low retention of benzene.
It is known that retention values in reversed-phase chromatography are

dependent on the concentration of organic solvent in the mobile phase. This
relationship can be described by several models. We chose the following expression
[13]:

logk' = b - plogC (2)

where C is the molar concentration of organic solvent. It has been shown previously
[14] in investigations of hundreds of solutes that reversed-phase retention data follow
this relationship and the quality of the approximation is not worse than that with other
linear models. In contrast, in the experiments on dynamic modification the log k'
values did not follow either this relationship (Fig. 3) or other forms of linear models.
The typical log k' vs. log C curve is very similar to the curve expressing the relationship
between the amount of adsorbed modifier and log C. The observed k' values were
divided by the amount of adsorbed hydrazine derivative for each concentration of
acetonitrile. The resulting values (log k' per 1 mg of the stationary phase) are shown in
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Fig. 3. Inf1uence of acetonitrile concentration in the mobile phase on chromatographic parameters. (A)
Capacity factors of benzene in conventional reversed-phase chromatography on Silasorb CIS; (B) capacity
factors of benzene in dynamic modification chromatography on Silasorb 600 with QA 16; (C) amount of
adsorbed QAI6; (D) capacity factors per I mg of adsorbed QAI6.

Fig. 3D. The relationship is almost linear and the slope is similar to that in
reversed-phase chromatography on Silasorb CIS (Fig. 3A). Consequently, the
non-linearity of the relationship between log k' and log C is due to the fact that the
amount of the active stationary phase (i.e., adsorbed modifier) is not constant in this
chromatographic mode but decreases with increasing organic solvent concentration.
When the volume fraction of acetonitrile in the mobile phase reaches 40%, the degree
of modification becomes negligible and so do the retention values of most solutes.

The selectivity of modifiers was compared in mobile phase consisting of20% of
acetonitrile in 0.2 M ammonium acetate buffer at pH 6.0. The concentration of the
dynamic modifiers was 0.01 mol/I. The test solutes were arranged in order of increasing
retention in conventional reversed-phase chromatography on Silasorb CIS. The
"selectivity plots" for silica and octadecylsilica are shown in Fig. 4. It can be seen that
the steepness of some segments of the plots is not identical for the nine chromato
graphic systems used, indicating that the introduction of different modifiers really
leads to variations in separation selectivity.

The influence of two typical modifiers on the retention of test solutes on
octadecylsilica is demonstrated in Fig. 4a. It can be seen that the elution order of basic
and neutral solutes is typical of reversed-phase chromatography in the three systems.
On the other hand, solvophobic interactions dominating in the reversed-phase mode
are not the only significant interactions in the presence of modifiers. It follows from the
comparison of plots for no modifier (N) and QA 16 that addition of the quaternary
ammonium salt leads to a strongly enhanced (20-50 times) retention of acids owing to
the ion-pairing effects. Such effects are less clear when octadecylsilica is modified with
the hydrazinium betaine BHI6; the only difference between plots Nand BHI6 is the
slightly enhanced retention of phenylacetic acid in the dynamically modified system.

A comparison of chromatographic behaviour on silica and octadecylsilica is
presented in Fig. 4b. The experiments were performed on octadecylsilica and
unmodified silica in the presence ofQAI6 and BHI6. It can be seen that the chemical
nature of the sorbent surface is not a crucial factor. The elution order of basic and
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Fig. 4. Selectivity plots. Mobile phase: 0.0 I M dynamic modifier, 20% acetonitrile in ammonium acetate
buffer (pH 6.0). (a) Retention on Silasorb C ,8 with no modifier (N) and with C,6 ammonium and
hydraziniummodifiers; (b) role of sorbents: *, silica Silasorb 600; +, octadecylsilica Silasorb C's; (c) role
of chain length ofhydrazinium betaine derivatives; (d) comparison of properties of(*) quaternary and (+)
betaine modifiers.

neutral solutes on silica dynamically modified with fairly hydrophobic bases was
similar to that on the chemically bonded stationary phase, indicating that solvophobic
interactions playa dominant role in dynamic modification chromatography similarly
to bonded reversed-phase chromatography. Of course, the retention mechanism for
acidic solutes in the dynamic modification mode is expected to include ion-pairing
effects. This leads to enhanced retention of phenylacetic and isonicotinic acids, as
shown in Fig. 4b.

The properties of four hydrazinium betaine modifiers are compared in Fig. 4c.
The system capacity with respect to the relatively non-polar acetophenone, nitro
benzene, benzene decreases almost proportionally to the length of the longest carbon
chain in the modifier molecules. On the other hand, the retention of most solutes is
negligible with the less hydrophobic modifier BH9, containing nine carbon atoms in
the longest chain. The only exception is 4-methylpyridine, which is retained even
stronger than in the presence of more hydrophobic modifiers. Retention measured on
a silica column without modifier showed approximately the same behaviour for all
solutes as in the presence ofBH9. Consequently, no modification takes place with this
substance and the relatively high retention of methylpyridine can be explained by
direct interaction of this basic solute with the charged silanols on the surface. This low
retention of non-polar solutes with BH9 is unexpected. The degree of modification is
believed to be approximately constant for BHl6-BH9 because of the very similar
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ionogenic properties of these homologues. A possible explanation might be that ion
exchange is not the only mechanism responsible for binding of modifier to the silica
surface. The ion-exchange binding of the modifier should be suppressed at low pH of
the mobile phase because of the negligible extent of silica ionization. No retention
should be observed under such conditions. Our experiments with BH16 and a mobile
phase of pH 2.5 showed that all the solutes under study still are retained significantly,
the capacity factors being about 40% of the values observed at pH 6.0. This is evidence
for another mechanism ofmodifier retention. The polarity of silica is lower than that of
the water-rich mobile phase used, and therefore it was assumed that this material can
act as a weak reversed-phase sorbent [15]. An example of such a kind of retention of
non-ionic solutes, alkylbenzenes from water, has been published previously [16]. We
believe that a similar mechanism could be responsible for the sorption of the
hydrophobic modifiers under study.

The selectivities obtained with two betaines and two quaternary salts on silica
are compared in Fig. 4d. It is clear that the four substances are similar in acting as
"reversed-phase dynamic modifiers", whereas the quaternary compounds are much
more efficient ion-pairing agents. Obviously, the different properties of these two
groups of modifiers can be explained by the presence of a charged carboxylic group in
the betaines which partially prevents ion pairing with acidic solutes. Comparison of
systems with QH16 and QA16 shows that the quaternary ammonium and quaternary
hydrazinium fragments have very similar effects on retention and selectivity towards
the test solutes (this may not be the case for groups of closely related substances). The
presence of an additional-NH(CHzhCNfragment in the molecule of modifier QH16
does not influence the selectivity very much. Consequently, the hexadecyl group is the
main fragment responsible for selectivity.

Certain features of HPLC with dynamic modification are important from
a practical point of view. It has been observed that the column efficiency for neutral
and acidic solutes is not lower than the efficiency of modern columns for reversed
phase chromatography. It is known that many extremely polar basic solutes show poor

Fig. 5. Chromatograms of pyrazine-2,5-dicarboxylic acid on Silasorb CIS (a-e) and Silasorb 600 (d).
Mobile phases: (a) 0.01 M sodium dodecylsulphate, 2.5% acetic acid, 97.5% water; (b) 1% tetrabutyl
ammonium phosphate in water (pH 2.5); (c) and (d) 0.01 M QAI6 and 23% acetonitrile in 0.2 M acetate
buffer (pH 6.0). ~
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peak symmetry and efficiency. The addition of buffers, salts or ion-pairing agents to
the mobile phase is n~t a universal solution to the problem and in many instances the
peak shape and symmetry remain unsatisfactory. One of the advantages of dynamic

a

2 4

3

b 2

4

3

4

8 min

c

, » i

4 6 8 min

2

3

4

Fig. 6. Chromatography of antibiotics and intermediates. I = Aminocephalosporanic acid; 2 = amino
penicillanic acid; 3 = cephalexin; 4 = ampicillin. Mobile phase: (a) 5% acetonitrile in 0.2 M acetate buffer
(pH 6.0); (b) 0.01 M QAI6, 10% acetonitrile in 0.2 M acetate buffer (pH 6.0); (c) 0.01 M QHI6, 7%
acetonitrile in 0.2 M acetate buffer (pH 6.0). Columns: (a) Silasorb CIS; (b) and (c) Silasorb 600.
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modification chromatography is that the column efficiency is usually higher and the
peak shape is better than on bonded non-polar stationary phases. This is probably due
to the less rigid binding of alkyl chains to the silica matrix and the greater flexibility of
stationary phase molecules compared with the bonded stationary phase. An example is
the chromatography of pyrazine-2,5-dicarboxylic acid. This highly hydrophilic solute
is not retained from the aqueous buffers traditionally used as eluents in reversed-phase
chromatography. Addition of the ion-pairing agent sodium dodecylsulphate results in
a slight increase in retention, but the peak of the solute is still unacceptably wide (Fig.
5a). Enhanced retention of this solute was achieved by addition of quaternary
ammonium modifiers to the mobile phase. Nevertheless, the peak shape remained
unsatisfactory when octadecylsilica was used as the column packing (Fig. 5b and c).
Consequently, chemically bonded alkylsilica cannot be the optimum sorbent for some
classes of solutes. The use of a column packed with unmodified silica resulted in an
increased retention volume and simultaneously improved markedly the efficiency and
peak symmetry for this solute (Fig. 5d). Similar improvements in peak shapes were
observed for many basic solutes. These observations support the opinion that poor
peak shape in bonded reversed-phase chromatography in some instances can be
explained not by the presence of residual silanol groups on the surface of sorbent but
by steric inaccessibility of such groups [17]. This effect may be especially important in
the HPLC of multifunctional bases.

b

a

•

2

2

min

1 2 3 min

Fig. 7. Separation of(1) uracil and (2) 5-fluorouracil: (a) on Silasorb C 18 , mobile phase 0.2 M acetate buffer
(pH 6.6); b on Silasorb 600, inobile phase 0.01 M QHl6 in 0.2 M acetate buffer (pH 6.6).
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Fig. 8. Separation of anions: 1 = acetate; 2 = nitrite; 3 = nitrate. Mobile phase: 0.037 M BHI6, 3%
acetonitrile, 97% 0.04 M phosphate buffer (pH 6.9). Column: Silasorb 600.

HPLC in systems dynamically modified with hydrazinium derivatives offers
additional possibilities of selectivity control in the separation of some mixtures of
practical interest. Two examples are shown in Figs. 6 and 7.

Another area of possible application of hydrazinium derivatives as dynamic
modifiers is anion analysis. A possible mechanism of sorption in this simple procedure
involves the formation of a dynamically coated layer of the stationary phase and its
interaction with the ion pair consisting of the solute anion and modifier cation.
A chromatogram for the separation of some UV-absorbing anions is shown in Fig. 8.
It is obvious that the column efficiency and peak symmetry are better than those
typically observed in ion chromatography.
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ABSTRACT

Acylamide stationary phases for high-performance liquid chromatography were synthesized by a
successive gas-phase modification of silica gel with y-aminopropyltriethoxysilane and benzoyl chloride,
benzoic or stearic acid. Derivatization of amino phases with carboxylic acids at temperatures above 150"C
requires no activation of carboxyl groups or the use of condensing reagents. The stationary phases pro
duced were studied by IR spectrometry. The formation of amide groups on the aminopropylsilica surface
was confirmed and the presence of stable ester-type surface compounds with silanol groups was detected.
The effect of the pH of the eluent on the retention of nucleic acid components on acylamide stationary
phases was investigated. Examples of the chromatographic separation of nucleosides, amino acid
enantiomers and oligomers of N-(2,3-epoxypropyl)carbazole are presented.

INTRODUCTION

Chemically bonded silica stationary phases (SPs) for high-performance liquid
chromatography (HPLC) are at present prepared by modification of silica gel with
organosilicon or other compounds in a solvent. However, there is an alternative
synthetic approach. Wikstrom et al. [I] and Nawrocki and Aue [2] described a
gas-phase method for the silanization of SPs for HPLC, consisting in treatment of
silica gel with organosilicon compound vapours at reduced pressure. This, owing to the
possibility of carrying out the modification at elevated temperatures, considerably
shortens the reaction time, which results in a dense monolayer ofmodified coating, and
also requires no organic solvents. Comparison of the chromatographic properties of
the prepared materials with those of SPs synthesized by standard methods demon
strated the former to have improved characteristics (high efficiency and good
symmetry of peaks).

Hence the capabilities of the gas-phase modification of SPs for HPLC deserve
a thorough study. From the cited papers [1,2] it is clear that this method can yield
high-quality organosilicon coatings. However, the synthesis of many SPs also includes
subsequent stages such as the bonding of molecules of various organic modifiers and
derivatives ofcarboxylic acids [3-5], amino acids [6-8], etc., to active functional groups
(amino, halo and epoxyalkyl) of immobilized silanes. In contrast to silanizing reagents,

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.Y.
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many of these compounds at ordinary (and sometimes also at elevated) temperatures
are in a solid (crystalline) state, which at first glance would seem to preclude their use in
the gas-phase method for the derivatization of SPs. However, under a moderate
vacuum (of the order of 10- 1 Torr) and at elevated temperatures (150-300°C), even
such almost non-volatile substances as amino acids and nucleic acid bases can
sublimate without decomposition [9-11]. We used this property previously in a
gas-phase modification of highly dispersed pyrogenic silicas with some amino acids
[12] and oxopyrimidines [13]. It was ascertained [12] that the carboxyl groups of amino
acids react relatively readily with aminoalkyl groups of silica under vacuum at
temperatures above 150°C with the formation of the corresponding surface amides,
without the need for condensing reagents. This approach can apparently be employed
also for other carboxylic acids, especially monofunctional types.

In this work we employed the gas-phase method for the successive modification
ofsilica gel with y-aminopropyltriethoxysilane and benzoyl chloride, benzoic or stearic
acid and examined the IR spectra and chromatographic properties of the SPs produced
for examples of separations of nucleic acid components, enantiomers of amino acids
and oligomers of N-(2,3-epoxypropyl)carbazole.

EXPERIMENTAL

Materials and equipment
Materials and compounds used were Silasorb 600 silica gel (5 )lm, specific

surface area 550 m2 jg), adenine, uracil, cytosine and guanine (Chemapol, Prague,
Czechoslovakia), L- and D-amino acids, adenosine, uridine, cytidine, guanosine and
sodium salts of the corresponding 5'-monophosphates (Reanal, Budapest, Hungary).
IR spectra were recorded on a UR-20 spectrophotometer (Karl Zeiss, lena, G.D.R.) in
the range 1400-1900 cm -1 for silica gels in the form of a suspension in Nujol and for
highly dispersed pyrogenic silica in the form of thin compacted tablets. JR spectra of
tablets under vacuum were measured with the use of a cell described elsewhere [14].

Stainless-steel columns (64 x 2 mm J.D.) were packed with SPs by a suspension
method (200 bar, isopropanol; HPP-4001 pump, Laboratorni, Pfistroje, Prague,
Czechoslovakia). A column of Separon C 18 reversed-phase sorbent (Chemapol,
Prague, Czechoslovakia) was commercially available (Nauchpribor, Orel, U.S.S.R.).
Chromatographic analyses were performed on Milikhrom IA microcolumn chroma
tograph (Nauchpribor) with a UV detector (operating range 190-360 nm). The
dynamic modification of reversed-phase sorbents with N-octyl-L-proline was carried
out by a procedure similar to those described elsewhere [15,16].

Gas-phase modification of SPs
The conditions for the modification of silica gel with y-aminopropyltriethoxy

silane were similar to those described by Wikstrom et al. [1]. However, we used a
reactor of the simplest design possible (Fig. 1). Silica gel was placed on the bottom of
the reactor and evacuated for 1 h at 150°C. After cooling to room temperature, the
reactor was disconnected from the vacuum system and a tube containing y-amino
propyltriethoxysilane was placed in it (Fig. 1, stage I). After evacuation at room
temperature the stopcock was closed and the bottom zone of the reactor, containing
the reagents, was heated for 1 h at 150-170°C (II). Next, the excess of silane and
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Fig. I. Scheme of the reactor and sequence of silica gel derivatization with (A) liquid and (8) solid reagents.
1 = Reactor; 2 = joint; 3 = stopcock; 4 = to vacuum pump; 5 = silica gel; 6 = tube; 7 = reagent; 8 = oven;
9 = thermocouple. Steps: (I) preliminary pumping; (II) derivatization; (III) removal of excess of reagent.

volatile reaction products were removed by evacuation at the modification tempera
ture (III). Derivatization of the amino phase obtained with the aid of benzoyl chloride
was performed in a similar manner. The treatment was carried out at 170°C for 0.5 h
(Fig. 2).
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Fig. 2. Gas-phase derivatization of aminopropylsilica (APS) with benzoyl chloride.

The sequence of steps in the modification of aminopropylsilica gel (APS) with
solid reagents (benzoic and stearic acids) was the same as above, but the reagents were
introduced into the reactor by mixing them with silica gel (Fig. 1). In stage II,
evacuation of the reactor was continued. Derivatization (Fig. 3) was conducted at
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Fig. 3. Gas-phase derivatization of APS with benzoic and stearic acids.

1700 e for 0.5 h. After the end of the reaction the excess of the solid reagent condensed
in the cold zone of the reactor.

The chemically modified SPs produced were characterized by elemental analysis
data (Table I) and IR spectra (in Nujol, Fig. 4). Before packing the columns, residual
silanol groups were blocked by treatment with hexamethyldisilazane in toluene (800 e,
1 h).

\~oo 1100 1500 CI1'-'

Fig. 4. Infrared spectra of (I) APS, (2) SAPS, (3) BAPS-A and (4) BAPS-C in Nujol.
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Modification procedure
As mentioned above, a reactor of the simplest design (Fig. I) can be used for the

gas-phase modification of silica gel. The bottom of the reactor should be as wide as
possible so that the sorbent will lie as a thin layer, because highly dispersed silicas
(including silica gels with particle size of the order of 10 .urn) tend to "boil up" on
evacuation, particularly with concurrent heating. A low volatility of stearic and
benzoic acids at ordinary temperatures and the impossibility of removing the excess of
the reagents from the reactor do not prevent pure materials, i.e., containing nQ
remaining modifier, from being obtained. The excess acid condenses in the reactor cold
zone as a dense crust and does not contaminate silica gel when it is unloaded from the
reactor. The time needed for APS acylation was less than 0.5 h in all instances (after
0.5 h the acylation yield does not increase with further treatment).

IR spectra of SPs and structure of modifying coating
The formation of amide groups on the APS surface was confirmed by the IR

spectrometry. The IR spectra (Fig. 4) for the three acylation products (BAPS-C,
BAPS-A and SAPS) exhibit absorption bands typical of secondary amides: amide I
(vc=o) at 1655-1670 cm- 1 and amide II «jNH) at 1550-1570 cm- I . Hence carboxylic
acids can be employed for the acylation ofamino phases without the use ofcondensing
reagents or activation of carboxyl groups. At the same time, the presence in the IR
spectra of absorption bands in the region of 1760 cm -1 was unexpected. This
absorption also relates to Vc=o, but is characteristic of esters of carboxylic acids or
chemisorption products, formed on condensation of carboxyl (or acid chloride)
groups with silanol groups on the silica surface [17] according to Fig. 5.

XrR -
o -HX

Fig. 5. Formation of ester-type products on chemisorption of carboxylic acids and acyl halides on
hydroxylated silica surface.

The presence of residual silanol groups on a silanized surface is not surprising. In
our opinion, it is striking that, despite the extreme hydrolytic unstability of == SiOCO
bonds [17], bands at 1760 cm-1 are observed in the IR spectra of acylamide SPs not
only when stored in air (in the presence of water vapour), but also when extracted from
columns after obtaining the chromatographic data described below (the work involved
end-capping, packing of columns, their elution with phosphate buffer solutions of
pH 3-7 and polar organic solvents over a period of 2 months). As a result, no decrease
in the intensities of these bands was observed.

These unexpected findings led to more detailed IR spectrometric studies of the
behaviour ofester surface compounds both on Silasorb 600 microporous silica gel and
on non-porous pyrogenic silica (specific surface area 300 m2/g). In particular, it was
ascertained that, in addition to amide groups, ester chemisorption products also form
on the sl,lrface of non-porous AP-silica (Fig. 6) as a result of the gas-phase acylation
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Fig. 6. Infrared spectra of (I) non-porous silica untreated, (2) gas-phase acylated with benzoyl chloride at
170°C and (3) air-exposed for 20 min; (4) microporous silica gel gas-phase acylated with benzoyl chloride at
170°C and air-exposed; (5) non-porous AP-silica untreated, (6) gas-phase acylated with benzoyl chloride at
170°C and (7) air-exposed for 20 min.

with carboxylic acids and benzoyl chloride. However, they turned out to be stable only
under vacuum (Fig. 6, curve 6), and in air they hydrolysed in a few minutes (curve 7) to
form hydrogen-bonded associations of carboxyl and silanol groups, of which the
absorption Vc=o at 1720 cm -lis characteristic [17]. Ester surface compounds
produced by the gas-phase acylation of dehydrated (unmodified) silica are also
hydrolytically unstable (curves 2 and 3). At the same time only part of the ester
products are hydrolysed (vc=o at 1720 cm -1) on microporous silica gel (curve 4), both
on exposure to a humid atmosphere and on immersion into water, while the == SiOCO
band remains as a shoulder at 1750 cm -1. It follows that only those ester products
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Fig. 7. Schematic diagram of acylamide SP surface fragment: dotted region, micropores inaccessible to
reagent molecules; cross-hatched region, silanized surface; and single-hatched region, zones containing
hydrolytically stable cster products.

which form in narrow pores of silica gel are hydrolytically stable. Hydrocarbon
radicals appear to hydrophobize and "block" these pores, making them inaccessible to
water.

On the basis of the above, the structure of the modifying coating of the SPs
obtained can be represented schematically as follows. Three types of zones exist on the
silica gel surface: (1) surface of micropores inaccessible both to APTES molecules and
to the acylating reagents used; (2) surface of narrow pores inaccessible to bulky silane
molecules, but permeable to compact molecules of benzoic acid and its chloride and to
linear molecules ofstearic acid; after formation ofester surface compounds these zones
become inaccessible also to water; and (3) surface of broad pores and outside surface of
silica gel particles, whereon the silanizing coating forms and its further modification is
effected. It is the third type of zone that appears to be responsible for the
chromatographic properties of the SPs obtained.

The presence of acylation by-products on the surface of the synthesized SPs
prevents an accurate evaluation of the extent of transformation of amino groups into
amide groups. Based on the elemental analysis data (Table I), it can only be stated that
the resulting concentration of bonded acyl groups with benzoyl chloride used for
derivatization is approximately twice that obtained with benzoic and stearic acids.

TABLE I

ELEMENTAL ANALYSIS DATA AND CONCENTRATION OF BONDED GROUPS FOR GAS
PHASE MODIFIED STATIONARY PHASES

SP Acylating reagent C(%) N(%) H(%) Concentration of
bonded groups,
based on C(%)

APS
BAPS-C
BAPS-A
SAPS

Benzoyl chloride
Benzoic acid
Stearic acid

8.25
18.10
13.36
22.52

1.51
0.95
1.13
0.71

0.84
1.58
1.21
3.64

mmol/g pmol/m2

1.15 2.09
1.17 2.13
0.61 1.11
0.66 1.20
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Fig. 8. Plot of retention (k') of nucleic acid constituents by (I) APS, (II) Separon C I8 and (III) SAPS vs.
eluent pH. (A) Nucleoside 5'-monophosphates: 0, AMP; 0, GMP; 6, UMP; D, CMP. (B) Nucleosides:
0, adenosine; 0, guanosine; 6, uridine; D, cytidine. (C) Nucleobases: 0, adenine; 0, guanine; 6, uracil;
D, cytosine. Column, 64 x 2 mm J.D.; eluent, phosphate buffer at 100 Ill/min; temperature, ambient;
detection, UV at 270 nm.

Since in the derivatization of aminoorganosilicas with acyl halides the yield of surface
amides is close to 100% (see, e.g., ref. 18), for the carboxylic acids in question it can be
assumed to amount to about 50%. According to our results (unpublished), such yields
of surface acylation products are observed also with aliphatic dicarboxylic, phthalic,
aminobenzoic and a-amino acids.

Retention of nucleic acid components
Bonded SPs, containing amine and amide modifying groups, turned out to be

fairly convenient for the fractionation of nucleic acids [4,19]. The separation of these
compounds is improved owing to a concurrent action of the ionic and the hydrophobic
mechanisms of retention. To evaluate the ion-exchange and reversed-phase (RP)
properties of the SPs obtained, we studied the retention on them of nucleosides
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Fig. 9. Plot of retention (k') of nucleic acid constituents on (I) BAPS-A and (II) BAPS-C vs. eluent pH.
Symbols and conditions as in Fig. 8.

5'-monophosphates, AMP, GMP, CMP, UMP and of the corresponding nucleosides
and free bases at various pH values of the eluent.

The k' versus pH curves of these compounds for SAPS and, for comparison, APS
and a traditional ODS sorbent (Separon CIS) are presented in Fig. 8. The elution order
of bases for SAPS and Separon CIS (cytosine, uracil, guanine, adenine, nucleosides
and monophosphates) is the same. For APS in the major part of the studied pH range it
is uracil, cytosine, guanine, adenine, U, A, C, G, and UMP, CMP, AMP, GMP,
respectively. For free bases the maximum k' values (1-6) were obtained with Separon
CIS and lower values with SAPS. With APS the k' values were less than 0.5 for all bases
over the entire pH range of 3-7. The retention of nucleosides on SAPS and Separon
CIS (maximally) was also approximately one order of magnitude higher than for APS.
Finally, the highest k' values for most of monophosphates, differing greatly from those
on Separon CIS and APS, were obtained on SAPS. Thus, whereas SAPS behaves as
a typical ODS sorbent in the separation ofelectroneutral compounds (nucleosides and
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min

Fig. 10. Separation of nucleosides on BAPS-C: 1 = cytidine; 2 = uridine; 3 = inosine; 4 = guanosine;
5 = adenosine. pH, 4.40; other conditions as in Fig. 8.

corresponding bases), both hydrophobic and ionic interactions with the SP surface
contribute to the retention of nucleotides.

BAPS-A also exhibits similar chromatographic properties with respect to nucleic
acid components (Fig. 9). There are a number of insignificant differences from SAPS
(shape of curves, specific k' values). Deserving more attention, in our opinion, is the
fact that this SP, in contrast to BAPS-C, which is close to it in the structure of the
bonded layer, exhibits multiphase properties. The ion-exchange properties ofBAPS-C
turned out to be suppressed because of the use of a very active acylating reagent,
benzoyl chloride, in the gas-phase modification and a virtually complete transforma
tion of amino groups into benzamide derivatives. This is evidenced by the fact that the
retention of nucleoside 5'-monophosphates on this SP, in contrast to BAPS-A and
SAPS, has very low values (Fig. 9) and, moreover, the elution order ofthe components
under analysis remains unchanged over the entire pH range of 3-7. For the rest,
BAPS-C is similar to BAPS-A, but exhibits a better selectivity in the separation of
nucleosides and free bases. An example of the separation of a mixture of nucleosides is
presented in Fig. 10.

Separation of amino acid enantiomers
The following approach is very convenient for the separation of amino acid

racemates on ODS sorbents. The Cts SP is treated in situ with a solution ofa derivative
of an optically active amino acid, containing a long (C7-C tS) linear hydrocarbon
radical [15,16]. Such compounds are strongly sorbed and not washed away by aqueous
eluents. Enantiomers of many amino acids can be separated with high selectivity
coefficients on the SP thus obtained by ligand-exchange chromatography.

We ascertained that a considerable concentration (about 50% of the initial
value) ofpolar AP groups on the SAPS surface does not affect the capability of bonded
stearic acid residues for firm retention of an optically active modifier of such a type,
N-octyl-L-proline. This proline derivative is strongly sorbed both on a traditional ODS
sorbent (Separon Cts) and on SAPS, building in the octyl chain between hydrophobic
radicals of the SP (Fig. 11).

After saturation of dynamically modified SPs with copper(II) ions [15,16], we
carried out the separation on them of racemates of a number of hydrophobic amino
acids. All the steps of modification of both SPs, their saturation with copper(II) ions
and the separation of racemates were conducted under identical conditions, in the
same sequence and with use of the same reagents.
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Fig. 11. Coating of (I) Separon CIS and (II) SAPS with N-octyl-L-proline.

L-Enantiomers were eluted first in all instances. This is accounted for by the fact
that only D-enantiomers are capable of incorporating their side radicals between alkyl
groups of reversed phases, whereas Q(-substituents of L-enantiomers are only attracted
to hydrophobic substrate, owing to which the stability of diastereomeric L-L
complexes turns out to be lower than that of D-L complexes [15,20].

Retention parameters and selectivity coefficients for some enantiomer pairs are
presented in Table II, from which it is seen that a high selectivity of separation is
attained on both SPs with the use of the simplest eluent, water with an addition of
a copper salt. The minimum Q(O/L values were obtained for methionine, viz., 1.62 (C lS)
and 1.68 (SAPS), eluent 10 - 3 M CUS04, and the maximum values for leucine, viz., 2.51
(ClS) and 3.24 (SAPS), eluent 10- 4 M CUS04. Higher k' and Q( values for most
enantiomer pairs were obtained on SAPS than on CIS. We believe that the k' increase
stems from the fact that, apart from complexation with coordination-unsaturated
copper ions, hydrophobic interactions with residual AP groups of SAPS (as in the case
ofnucleotides) contribute to the retention ofamino acids. The Q(O/L increase is probably
also associated with a large number of AP groups on this SP, which restrict the
reversed-phase capability for retaining molecules of the dynamic modifier. Thus, the
N-octyl-L-proline concentration on the SAPS surface turns out to be lower than that
on Separon ClS; this can appropriately be compared with the "dilution" ofchemically
bonded chiral groups [21,22], which increases the enantioselectivityo Examples of the
separation of enantiomers of some hydrophobic amino acids on SAPS dynamically
modified with N-octyl-L-proline are presented in Fig. 12.

Separation of oligomers
As a further example of the application of the acylamide SPs produced by the

gas-phase modification, we present the separation of oligomers of N-(2,3-epoxy
propyl)carbazole (EPC), used in xerography. Analysis of the oligomeric composition
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TABLE II

COMPARISON OF k' AND (J, VALUES OF SOME AMINO ACID ENANTIOMERS ON N-OCTYL-
L-PROLINE-COATED SEPARON CIS AND SAPS

Conditions as in Fig. 12. Mobile phases: (I) 10- 4 and (II) 10- 3 M CUS04'

Amino acid Mobile Separon CIS SAPS
phase

k' k' (J,D/L k' k' (J,D/LL D L D

Norleucine II 3.63 7.00 1.93 5.00 11.00 2.20
Leucine I 2.32 5.82 2.51 4.83 15.67 3.24

II 2.27 5.36 2.36 3.58 8.41 2.35
Norvaline II 1.13 2.36 2.09 1.46 3.92 2.68
Valine I 1.50 3.64 2.42 1.50 4.17 2.78

II 1.05 2.18 2.08 1.50 3.58 2.39
Tyrosine I 3.40 7.33 2.16 10.17 21.08 2.07

II 3.05 5.91 1.94 5.50 12.9J 2.35
Phenylalanine II 11.18 18.27 1.63 4.41 12.42 3.22
Methionine I 3.95 7.45 1.89 3.17 5.33 1.68

II 1.91 3.09 1.62 2.83 4.75 1.68

of EPC on the ODS SP demonstrates the presence of chains contammg 2-13
monomeric units (Fig. l3B). No separation occurs on BAPS-A; all components are
retained very weakly. A partial separation is achieved on BAPS-C (Fig. l3C). The
application of SAPS, despite the presence of about the same number of residual AP

o

L

p

5 10 min

L

Fig. 12. Enantiomeric resolution of hydrophobic amino acids on N-octyl-L-proline-coated SAPS.
1 = Norvaline; 2 = norleucine; 3 = phenylalanine; 4 and 7 = valine; 5 = tyrosine; 6 = leucine;
8 = methionine. Column, 64 x 2 mm I.D.; eluents, (1-5) 10- 3 and (6-8) 10- 4 M CUS04 at 220 ,ul/min;
temperature, ambient; detection, UV at 240 nm.
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Fig. 13. Separation of EPC oligomers on (A) SAPS, (B) Separon CIS and (C) BAPS-C; I = N-(2,3-epoxy
propyl)carbazole (monomeric); 2 = dimer; etc. Column, 64 x 2 mm 1.0.; eluent, acetonitrile at 100 ,ul/min;
temperature, ambient; detection, UV at 300 nm.

TABLE III

COMPARISON OF k' AND ex VALUES OF EPC OLIGOMERS ON SEPARON CIS AND SAPS

Conditions as in Fig. 13.

n Separon CIS SAPS

k~ C(n+ lin k~ an+ ]/11

1 (monomeric) 0.42
1.74

0.15
4.33

2 0.73
1.17

0.65
1.42

3 0.86 0.92
4 1.12

1.30
1.19

1.29

5 1.39
1.24

1.38
1.16

6 1.75
1.26

1.96
1.42

7 2.24
1.28

2.67
1.37

8 2.85
1.27

3.77
1.40

9 3.67
1.29

5.08
1.35

10 4.63
1.26

7.38
1.45

II 5.92
1.28

9.77
1.32

12 7.33
1.24

14.23
1.46

13 9.00
1.23

19.00
1.34

fin + l/n 1.26 1.36
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groups as on the surface of BAPS-A, yielded good results (Fig. 13A); all the
compounds under analysis are well retained and are separated with high selectivity
coefficients. The (x" + J/" values obtained in the separation of EPC on SAPS exceed the
corresponding values for Separon CIS by a factor of 1.08 on average (Table Ill).

Hence the gas-phase modification of amino phases with carboxylic acids is an
unlaborious, rapid and efficient method for the synthesis of acylamide SPs, which
requires no activation of carboxylic groups or the use of condensing reagents. As the
yield of amino groups acylation is about 50%, these phases contain both hydrophobic
and anion-exchanging groups, which can contribute to the separation process
simultaneously; hence such SPs are convenient for the separation of various classes of
compounds.
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ABSTRACT

The subunits of the F ,-ATPase from pea cotyledon mitochondria were purified by reversed-phase
chromatography. The resolution of the subunits was affected by several chromatographic parameters: a
reversed-phase C8 column was superior to the less hydrophobic Bio-Gel TSK Phenyl-5-PW column for the
resolution of the subunits, acetonitrile was more suitable for good separation of the subunits than 2
propanol and the flow-rate had a significant effect on peak height but little effect on the column resolving
power. Tandem chromatography on two reversed-phase chromatography columns with different hydro
phobicities was used in an attempt to isolate F ,-ATPase subunits directly from soluble proteins extracted
from submitochondrial particles.

INTRODUCTION

The proton-translocating ATPase reversibly couples ATP synthesis and hydrol
ysis to the translocation of protons across energy-transducing membranes. The
enzyme contains two sectors: a hydrophilic portion, F b and a hydrophobic membrane
portion, Fo. The F 1 sector contains the binding sites for nucleotides and phosphate and
is responsible for catalytic activity. Depending on the biological source of the enzyme,
the isolated F 1 sector can contain five or six different subunits. Current interest is
focused on the structure and function of these subunits. Several procedures have been
reported for the isolation of the subunits. The band c; subunits of Escherichia coli
F I-ATPase have been purified to homogeneity by treating the enzyme with pyridine
and using molecular sieve chromatography (1,2]. The use of ion-exchange celluloses
(DEAE- and CM-cellulose) has been applied to resolve all five subunits of the
F I-ATPase from the thermophilic bacterium PS3 [3,4]. A similar procedure, reported
by Dunn and Futai [5], involves the use of the hydroxyapatite-DEAE-Sepharose
method to isolate the iX, f3 and y subunits of the E. coli coupling factor ATPase [5].
Unfortunately, the procedures used are time consuming and problems of poor
resolution and low protein yields are often associated with these traditional
techniques. Saishu et al. [6] used reversed-phase high-performance liquid chromato-
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graphy (RP-HPLC) to isolate the [; subunit from the thermophilic F l-ATPase, but the
separation of the other subunits was poor.

In this paper, we describe the use of RP-HPLC columns for the purification of
F l-ATPase subunits. The F l-ATPase was isolated from pea cotyledon mitochondrial
membranes. The purified enzyme contained six subunits, designated cx, {3, y, 6, 6' and
[; in order of decreasing molecular weight [7]. The subunits from the purified pea
cotyledon F l-ATPase were separated by RP-HPLC on a SynChropak Cs column and
an attempt was also made to isolate the subunits directly from the proteins extracted
from submitochondrial particles by a low-ionic strength sucrose solution.

EXPERIMENTAL

Reagents
Unless stated otherwise, chemicals and solvents were of analytical-reagent

grade. HPLC-grade tritluoroacetic acid (TFA) and acetonitrile were purchased from
Pierce (Rockford, IL, U.S.A.) and Fisher Scientific (Fairlawn, NJ, U.S.A.), respec
tively, and HPLC-grade 2-propanol from Caledon Labs. (Georgetown, Canada).
Doubly distilled water was purified by passing it through MiIIi-Q water purification
system (Millipore, Bedford, MA, U.S.A.).

Apparatus
The instrumentation consisted of a Vista Series 5000 liquid chromatograph

(Varian, Walnut Creek, CA, U.S.A.) combined with a Varian CS401 data system and
coupled to a Varian UV-50 variable-wavelength detector. Three different HPLC
columns were used: (1) SynChropak RP-8, 250 x 4.6 mm J.D., particle size 6.5 pm,
pore size 300 A, carbon loading ca. 7.5% (SynChrom, Linden, IN, U.S.A.); (2) Bio-Gel
TSK Phenyl RP + reversed-phase, 75 x 4.6 mm J.D. (Bio-Rad Labs., Richmond, CA,
U.S.A.); and (3) Bio-Gel TSK Phenyl-5-PW, 75 x 7.5 mm J.D. (Bio-Rad Labs.).

Purification of F1-ATPase prior to HPLC
The pea mitochondrial F l-ATPase was isolated as described by Horak and

Packer [7]. Mitochondrial membranes were extracted with low-ionic strength sucrose
solution (300 mM sucrose-2 mM tricine, pH 7.4). After centrifugation for 45 min at
100 000 g at 20°C, the supernatant was collected and the F l-ATPase was purified by
DEAE-cellulose column chromatography and by sucrose density gradient centrifuga
tion [7]. The purified F l-ATPase was subjected to HPLC.

High-performance liquid chromatography
The purified F l-ATPase was incubated in 0.5% TFA in water for 2 h before

injection. The samples were chromatographed at noc using a linear gradient of 1%
B/min (solvent A was 0.1 % TFA in water; solvent B was either 0.1 % TFA in
acetonitrile or 0.1 % TFA in 2-propanol). The polypeptides collected from HPLC were
dialysed against 50 mM Tris buffer containing 0.5% sodium dodecyl sulphate (SDS)
(pH 7) to remove TFA and acetonitrile and then concentrated using Centricon
membranes (Centricon microconcentrator; Amicon, Danvers, MA, U.S.A.).
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Electrophoresis
SDS polyacrylamide gel electrophoresis (SDS-PAGE) was carried out according

to Laemmli [8] on a l.5-mm slab gel consisting of a 13% separating gel and a 4%
stacking gel. The gels were stained for protein with Coomassie Blue R250.

RESULTS AND DISCUSSION

Purification of F)-ATPase subunits by reversed-phase HPLC
The native F)-ATPase from pea cotyledon mitochondria was purified by

DEAE-cellulose column chromatography and by sucrose density gradient centrifuga
tion [7]. The enzyme, the molecular weight of which is ca. 400 000 daltons, is too large
to be loaded into most commercially available reversed-phase columns. Therefore,
a method for dissociating the enzyme complex into subunits was needed. The subunits
of the F)-ATPase were dissociated at room temperature in a 0.5% TFA-water
solution (pH 2.0). The polypeptides were separated on a SynChropak Cg column with
a linear gradient ofacetonitrile (1 % B/min) at a flow-rate of 1ml/min. The TFA-water
to TFA-acetonitrile gradient has proved to be an excellent system for the RP-HPLC of
peptides and proteins [9]. Under the chromatographic conditions used, the enzyme was
well resolved into five peaks (Fig. 1). As shown in Fig. 1, all polypeptides were eluted
from the reversed-phase column by a high concentration of acetonitrile, suggesting
that the subunits are hydrophobic.

Because of their hydrophobic nature, the subunits recovered by lyophilization
following HPLC purification were difficult to dissolve even in buffers containing
detergents such as SDS or Tween 20. Therefore, an alternative method was used to
improve the polypeptide recovery. The materials collected from the HPLC column
were dialysed extensively against 50 mM Tris buffer containing 0.5% SDS (pH 7.0).
The purpose of this step was to replace the TFA-acetonitrile solution directly with the
Tris-SDS buffer.

The peaks on the chromatogram were labelled A, B, C, D and E in order of
elution of the polypeptides (Fig. I). The purity of the materials corresponding to peaks
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Fig. I. Separation of subunits of the pea mitochondrial F I-ATPase on a reversed-phase SynChropak Cs
column. Conditions: linear gradient (1 % B/min) where solvent A was 0.1 % TFA in water and solvent Bwas
0.1 % TFA in acetonitrile; flow-rate, 1 ml/min; sample load, 60 Jlg of the native F I-ATPase which had been
incubated in 0.5% TFA-water for 2 h prior to injection.
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Fig. 2. SDS-PAGE of the subunits separated on the reversed-phase column in Fig. I. Lanes: S = 10 jJ.g of
low-molecular-weight protein standards (Bio-Rad Labs.); F I = 10 jJ.g of pea mitochondrial F,-ATPase;
A-e = 5 jJ.g of the materials collected from peaks A-e in Fig. I; D = 10 jJ.g of the material from peak D;
E = 2 jJ.g of the material from peak E.

A-E was determined by SDS-PAGE (Fig. 2). The results indicate that the b and ex
subunits are essentially pure after purification by RP-HPLC (lanes C and E, Fig. 2).
The 6 and b' subunits contained minor impurities (lanes A and B, Fig. 2). Peak D
contained two polypeptides corresponding to the fJ and}' subunits of the F I-ATPase.
To test the possibility of a disulphide link between these two subunits, the native
enzyme was incubated in 5% fJ-mercaptoethanol and in 0.5% TFA before injection
into the SynChropak column. The resulting chromatograms were identical, suggesting
that a disulphide link was not responsible for the co-chromatography of these two
subunits.

Comparison of reversed-phase columns which differ in their hydrophobicities
The TFA-treated F I-ATPase was chromatographed on three different HPLC

columns using identical eluting conditions. The three columns differ in their
hydrophobicities in the following order: SynChropak RP-8 > TSK Phenyl RP+ >
TSK Phenyl-5-PW. The SynChropak and TSK Phenyl RP + columns showed much
better overall resolution than the TSK Phenyl-5-PW column (Fig. 3). The SynChropak
column was superior to the TSK Phenyl RP+ column for the resolution of the larger
F I-ATPase subunits (peaks D and E in Fig. 3).

Effect of the organic solvent on subunit separation
In our RP-HPLC system the protein samples were applied in water and eluted

with a linear gradient of the organic solvent (acetonitrile or 2-propanol). Addition of
a counter ion (TFA) in both water and organic solvent helped to minimize interactions
between the silanol groups of the column and the positively charged groups of the
protein [10,11]. Of the two organic solvents used, 2-propanol has a higher eluotropic
strength than acetonitrile [12-14]. As seen in Fig. 4, the subunit elution times were
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Fig. 3. Separation of subunits of the pea mitochondrial F ,-ATPase on three HPLC columns. Top, Bio-Gel
TSK Phenyl-5-PW column; middle, Bio-Gel TSK Phenyl RP+ column; bottom, SynChropak Cs column.
Conditions: linear gradient (I % B/min) where solvent A was O. [% TFA in water and solvent B was O. [%
TFA in acetonitrile; flow-rate, I ml/min; sample load, 60 f1.g of the F ,-ATPase (top and bottom) and 160 ILg
of the F ,-ATPase (middle).

significantly reduced when acetonitrile was replaced with 2-propanol as the organic
solvent. However, much better resolution of the subunits was obtained when
acetonitrile was used.
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Fig. 4. Effect of the organic solvent on the separation of F I-ATPase subunits on reversed-phase
SynChropak Cs column. Organic solvent: top, 2-propanol; bottom, acetonitrile. Conditions: linear gradient
(\ % B/min), where A was 0.1 % TFA in water and B was 0.1 % TFA in one of the above organic solvents;
flow-rate, 0.5 ml/min; sample load, 60 f.lg of the F I-ATPase for each injection.

Effect offlow-rate on subunit separation
F t-ATPase subunits were separated on the SynChropak column using a linear

gradient of 1% B/min at a flow-rate of 0.5 ml/min (Fig. 4B) or I ml/min (Fig. I). The
resolution of the polypeptides was similar when the flow-rate was changed from I to
0.5 ml/min, but the peak height was significantly increased.
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Purification of the FI-ATPase subunits from the soluble proteins extracted from
submitochondrial particles

Approximately 30% of the ATPase activity present in the low-ionic strength
extract of mitochondrial membranes is recovered as the purified enzyme after sucrose
density gradient centrifugation [7]. In view of the high resolving power of reversed
phase HPLC, we hoped that by using RP-HPLC the FI-ATPase subunits could be
purified with a higher recovery directly from the mitochondrial membrane extracts.
However, we found that RP-HPLC on the SynChropak Cs column alone was not
sufficient to resolve the ATPase subunits from the complex mixture of polypeptides
present in the extract (results not shown). To reduce the complexity of the polypeptide
mixture applied to the SynChropak column, a preliminary fractionation of the
mitochondrial extracts was performed on a Bio-Gel TSK Phenyl RP + column
(Fig. 5). The extracts were applied to the column directly without pretreatment with
0.5% TFA-water. Five protein fractions were eluted using conditions described in
Fig. 5. The polypeptide composition of these fractions was analysed by SDS-PAGE.
Fraction No. 4 contained all the subunits of the FI-ATPase in addition to other

. polypeptides. The proteins from this fraction were incubated for 2 h in 0.5% aqueous
TFA (pH 2) and then rechromatographed on the SynChropak column as described in
Fig. 6A. Purified F I-ATPase was also chromatographed on this column (Fig. 6B). The
elution times of the subunits of purified F I-ATPase were used to identify the
corresponding peaks of the chromatogram of fraction No.4. It is evident from Fig. 6A
that the iX, f3 and y subunits ofFI-ATPase (peaks E and D, respectively; see also Figs. I
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Fig. 5. Fractionation of soluble proteins extracted from pea mitochondrial membranes on a Bio-Gel TSK
Phenyl RP + column. Conditions: a linear gradient from 0 to 30% B in the first 20 min, then a gradient from
30 to 50% B from 20 to 60 min and a final gradient from 50 to 80% B from 60 to 80 min; solvent A was 0.1 %
TFA in water and solvent B was 0.1 % TFA in acetonitrile; flow-rate, I ml/min; sample load, 440 flg of
soluble proteins extracted from pea mitochondrial membranes.
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Fig. 6. Reehromatography of the proteins collected from peak 4 in Fig. 5 on a reversed-phase
SynChropak Cs column. Sample: top, proteins collected from peak 4 in Fig. 5; bottom, purified F ,-ATPase.
Conditions: linear gradient (I % B/min), where solvent A was O.l % TFA in water and solvent B was 0.1 %
TFA in acetonitrile; flow-rate, I ml/min.

and 2) are well resolved from the remaining polypeptides. The smaller F t-ATPase
subunits «i, (i' and e in peaks C, B and A, respectively) did not separate sufficiently
from the other polypeptides that were present in fraction No.4.

The results indicate that utilizing the HPLC methods described above, only the
three larger subunits (0:, f3 and y) could be purified directly from mitochondrial
extracts. However, we have shown that the smaller (i and (i' and e subunits could be
separated by RP-HPLC of the purified Ft-ATPase.
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ABSTRACT

A homologous series of alkanesulphonates were investigated for use as eluents in the ion chromato
graphy of nitrate and nitrite with direct UV detection. The alkyl chain length has a large positive effect on
elution strength when a poly(styrene-divinylbenzene)-based ion-exchange column is used. This effect is
much less apparent with silica-based columns. Suiphonates from methane- to I-hexanesulphonate gave
excellent separations of nitrate and nitrite, allowing the determination of either without interference in the
presence of a 1000-fold molar excess of the other, and making a I-min assay for nitrate and nitrite possible.
The alkanesulphonates can also be used with conductivity detection, allowing the specificity of UV detec
tion to be combined with the versatility of conductivity measurements.

INTRODUCTION

High-performance liquid chromatography (HPLC) is a widely used technique
for the determination of inorganic anions [I ,2]. As only a few anions show appreciable
UV absorbance in the available region of the spectrum, conductivity detection has
most commonly been used. A variety of anion-exchange columns are available which
give excellent resolution with aromatic eluents such as phthalate, which are commonly
used in single-column ion chromatography with conductivity detection. However, the
use of optical detection for direct measurements of UV-absorbing ions such as nitrate
and nitrite is prevented by the high background absorbance ofaromatic eluents. Direct
measurements have two advantages in the determination of nitrate and nitrite: they
allow the use of standard HPLC apparatus with UV detectors, and they avoid
potential interferences from other ions with low UV absorbance. There is therefore
a need for information about alternative eluents that can be used with optical
detection. Ideally these would be effective at low concentrations so that they could also
be used with conductivity detection.

The alkanesulphonates provide a series of potential eluents with low UV
absorbance and a number of other desirable properties. They are anionic over a wide
pH range and form a homologous series with varying degrees of hydrophobic
character. They are non-valatile and readily available in pure form.

Methanesulphonate was used together with a silica-based anion-exchange
column as an eluent for the HPLC ofanions by Ivey [3], who reported the separation of

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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several anions, including nitrite and nitrate, using low concentrations (2-10 mM), and
was able to use both conductivity and absorbance measurements. However, higher
concentrations were necessary in subsequent investigations with different columns,
varying from 11 mM chloromethanesulphonate [4] and 12-20 mM methanesul
phonate [5] to 200 mM methanesulphonate [6] with silica-based columns of different
capacities. The highest concentrations were reported to cause column damage [6].
High concentrations of methanesulphonate (30 mM) were also used with a poly
methacrylate-based column [7]; in contrast, Jackson [8] obtained a good separation of
nitrate and nitrite with low concentrations (ca. 3 mM) of I-heptane- and I-octane
sulphonate using the same type of column. This suggests that the longer chain
alkanesulphonates might be valuable eluents for ion chromatography.

We report here a comparison of the effects of a series of alkanesulphonates with
different alkyl chain lengths on the separation of nitrate and nitrite on commercially
available low-capacity resin- and silica-based anion-exchange columns.

EXPERIMENTAL

HPLC system
An HPLC system with a Kontron 420 pump, a Kontron 460 autosampler and

a Kontron 432 UV-visible detector set at 210 nm was used. In experiments with
conductivity detection the pump and autosampler were connected in series with
a Kontron 430 UV-visible detector and a Tecator 6200 ion analyzer. In both instances
a Kontron 450 data system was used for control of the apparatus and collection and
treatment of the results. The autosampler was operated with the injection volume set at
5, 10 or 50 pI.

Columns
A Wescan AnionjR column (250 mm x 4.6 mm J.D.), the material being a

poly(styrene-divinylbenzene)-based anion exchanger with a capacity of0.2 mequiv.jg,
was used together with an Alltech AnionjR precolumn (10 mm x 4.6 mm J.D.). For
comparison, a Tecator AnionjSi silica-based anion-exchange column (250 mm x
4.6 mm J.D.) with an Alltec AnionjS precolumn (10 mm x 4.6 mm J.D.) and a Vydac
300IC polymer-protected silica-based anion-exchange column (50 mm x 4.6 mm J.D.)
were used with some eluents. A Wescan AnionjR precolumn (30 mm x 4.6 mm J.D.)
was used as an analytical column for the development of a rapid assay for nitrate and
nitrite. The column temperature was maintained at 30°C in all instances.

Mobile phases
Methanesulphonic acid and the sodium salts of methane-, I-butane-, I-hexane

and I-octanesulphonic acid were obtained from Aldrich; the last three were of the
quality recommended for use as ion-pairing reagents. Sodium ethanesulphonate was
of the highest quality available from TCI Tokyo Kasei. 2-(N-Morpholino)ethane
suiphonic acid (MES) and tris(hydroxymethyl)aminomethane (Tris) were obtained
from Sigma. All eluents used with the resin column were buffered with 0.5 mM Tris
0.25 mM methanesulphonic acid (pH ~ 8.2). Eluents for use with the silica-based
columns were buffered with 0.5 mM MES-0.25 mM NaOH (pH ~ 6.2.). Distilled
water for eluent preparation was filtered through a Millipore Milli-Q system with
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a O.22-,um exit filter before the addition of sodium sulphonates, as vacuum filtration of
the eluents after the addition of the long-chain sulphonates results in excessive foam
formation. All eluents were degassed under vacuum on an ultrasonic bath before use.

Analysis of results
For singly charged eluents and analytes the expected relationship between eluent

concentration, C, and capacity factor, k', is given by Ck' = constant [9]. From this it is
possible to derive a relationship between retention time, tR , and C:

(I)

with two unknowns, a, which is equal to Ck', and t M , which is the time for transit of the
mobile phase. Values of Ck' for different eluents were calculated by fitting the
experimental values for retention time at different eluent concentrations to eqn. I using
non-linear regression.

RESULTS

The chain length of alkanesulphonates has a large effect on the efficiency with
which anions can be eluted from the poly(styrene~divinylbenzene) anion-exchange
column. Fig. I shows the effects of the concentration of methane-, ethane-, I-butane
and I-hexanesulphonate on the retention times of nitrate and nitrite at a fixed
flow-rate. Octanesulphonate was even more effective than hexanesulphonate, but the
concentrations required were so low that deformation of the peak shape was observed
as a result of column overloading when 5 nmol nitrate and 5 nmol nitrite were injected
(results not shown). Perchlorate was a slightly weaker eluent than butanesulphonate
but more effective than ethanesulphonate.
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Fig. 1. Retention times for nitrate (solid symbols) and nitrite (open symbols) at different sodium
alkanesulphonate concentrations; the flow-rate was 2 ml/min. The column used was a 25-cm Wescan
Anion/R with an Alltec Anion/R precolumn. In addition to sodium alkanesulphonate, the eluent contained
0.5 mM Tris-0.25 mM methanesulphonic acid. 0,_ = Methanesulphonate; D,- = ethanesulphonate,
/':"A = l-butanesulphonate; 0,. = l-hexanesulphonate. The lines through the experimental points were
obtained by fitting the results to the theoretical relationship (eqn. I) between retention time and eluent
concentration.
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The greater elution strength of the higher homologues can be explained by
interactions between the hydrophobic alkyl chain and the poly(styrene-divinyl
benzene) matrix, and might not be observed with other kinds of column material. The
behaviour of methane- and I-hexanesulphonate was therefore investigated with two
different types of silica-based column. Table I shows the elution strength of the
alkanesulphonates as the product of eluent concentration and the capacity factor for
nitrate. This product was found by fitting experimental results to the theoretical
relationship between retention time and eluent concentration (eqn. 1), and is a measure
of the eluent concentration needed to obtain a capacity factor of 1 for the anion
considered. While l-hexanesulphonate as eluent was 68 times stronger than methane
sulphonate when the poly(styrene-divinylbenzene)-based column was used, the
elution strength was increased only 1.2 times when the silica-based column was used
and 2.0 times with the polymer-protected silica column.

The resolution of nitrate and nitrite obtained with the poly(styrene-divinyl
benzene) column also depends on the type and concentration of the eluent. Fig. 2
shows the relationship between the capacity factor obtained with different eluent
concentrations and the resolution obtained. The best resolution was obtained with
either methanesulphonate or with ethanesulphonate (results not shown). The results
for l-butanesulphonate (not shown) were between those for methane- and l-hexane
sulphonate. In addition to the effect of chain length on the resolution, there was also
the expected increase in resolution when the capacity factor was increased by lowering
the concentration of the eluent. However, even in the worst cases, the resolution
observed was always more than adequate, and other criteria such as the analysis time
and the eluent concentration can be considered when selecting analytical conditions.

The use of high concentrations of eluent produces the risk of greater
contamination by impurities present in the reagents; this was a problem with the
quality of the ethanesulphonate used, which gave rise to a higher background
absorbance that than with the other eluents investigated. It is also possible that high
eluent concentrations could lead to column damage and microbial growth, although

TABLE I

ELUTION STRENGTH OF ALKANESULPHONATES WITH DIFFERENT TYPES OF COLUMN

Results were obtained by fitting the data from a series of experiments with different eluent concentrations to
the theoretical relationship between retention time and concentration as described under Experimental.

Column Type Product of eluent concentration and capacity
factor for nitrate (mM)

Methanesulphonatea I-Hexanesulphonate

Wescan Anion/R
Vydac 300IC
Tecator Anion/Si

Resin
Silica
Silica

130
113

14

1.9b

56'
12d

a Eluent concentrations from 15 to 100 mM were used.
b Eluent concentrations from 0.4 to 4 mM were used.
, Ck' was calculated using the observed capacity factor from a single experiment where the eluent

concentration was 10 mM.
d Ck' was calculated from a single experiment where the eluent concentration was 5 mM.
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Fig. 2. Relationship between capacity factor for nitrate and resolution of the nitrate and nitrite peaks
obtained with different concentrations of (e) methanesulphonate and (.) I-hexanesulphonate. The
capacity factor (k') was calculated from the retention time (I.) and the transit time for the mobile phase (1 M )

according to the expression k' = (IR - IM)/I M; 1M was taken as the time when the negative peak from the
water injection was observed in the chromatogram; in the case of l-hexanesulphonate the measured 1M with
4 mM eluent was used in all instances.

we did not experience such problems. In contrast, low eluent concentrations can give
rise to peak deformation as a result of overloading, as we observed with l-octane
sulphonate and concentrations of I-hexanesulphonate under 1.0 mM. As a reasonable
compromise we selected 5 mM l-butanesulphonate for further investigations. Using
this eluent, we obtained the chromatograms shown in Fig. 3 for two nitrate and nitrite
standard mixtures differing a 1000-fold in concentration. The retention times and
resolution obtained under these conditions are given in Table II. Some analogous
results for the performance of the polymer-protected silica column are also given in
Table II. The resolution obtained is excellent with both methane- and l-hexane
sulphonate.

A
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~
0.20
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a
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0.00

Retention Time (min)

Fig. 3. Chromatograms of two standard mixtures of nitrate and nitrite. The eluent was 5 mM sodium
I-butanesulphonate containing 0.5 mM Tris-o.25 mM methanesulphonic acid and the column was a 25-cm
Wescan Anion/R analytical column with an Alltec Anion/R precolumn. The flow-rate was 2 ml/min. (A)
50 III of! lIM NaN0 3-1 lIM NaN0 2 ; (B) 50 III of I mM NaN0 3-1 mM NaN0 2 . Peaks: I = nitrite;
2 = nitrate.
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TABLE II

EXAMPLES OF ANALYTICAL RESULTS OBTAINED WITH ALKANESULPHONATES USING
DIFFERENT COLUMNS

The eluent flow-rate was 2 ml/min with the Wescan column and 3 ml/min with the Vydac column.

Eluent Concentration 25-cm Wescan Anion/R column 5-cm Vydac 300IC column
(mM)

tR (min) Resolution tR (min) Resolution

NO; NO; NO; NO;

Methanesulphonate 20 5.1 8.6 5.8 2.] 3.2 3.3
I-Butanesulphonate 5 3.3 4.7 3.7
l-Hexanesulphonate 10 1.6 2.3 3.0
I-Hexanesulphonate I 2.8 3.9 3.3

One practical effect of a high resolution of two components is the ability to
determine either without interference in the presence ofa large excess of the other. This
is illustrated in Fig. 4, which shows the effect of increasing concentrations of the other
ion on the apparent peak height and peak area of nitrate or nitrite. The results show
that with the eluent used, either anion can be determined without interference in the
presence ofa IOOO-fold molar excess of the other. These measurements were performed
in the absence of interfering components. High concentrations of ions such as chloride
in the sample are likely to influence the resolution obtained. This was investigated in
a serie ofexperiments (not shown) analogous to those in Fig. 4. Samples with 1 nmol of
nitrate and nitrite containing up to I mg (17 /lmol) of sodium chloride were injected.
The area of the nitrate peak was constant at chloride-to-nitrate molar ratios up to
about 5000, whereas baseline distortion affected the area of the nitrite peak at
chloride-to-nitrite ratios over about 500. High chloride concentrations also caused the

1.5 1.5

'" 1 nmol N02- 1 nmol N03- 0
~ 1.2

.~
1.2 '0

'"
-" r .....~. :D
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'" 0.9 0.9 ~0.
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'" 0.6 0.6 CD-.;
~0:

• I
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0.3 0.3

~

0.001 0.01 0.1 10 100 1000

Fig. 4. Interference between nitrite and nitrate when measuring one in the presence of an excess of the other.
Left, peak height and area obtained for 1 nmol of nitrite in the presence of various amounts of nitrate
between I ,umol and I nmol; right, corresponding heights and areas obtained with I nnwl nitrate and various
amounts of nitrite between I nmol and I ,umol.
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Fig. 5. Rapid assay of nitrate and nitrite using a 3-cm Wescan AnionjR precolumn as an analytical column.
The eluent was 40 mM sodium methanesulphonate containing 0.5 111M Tris-o.25 mM methanesulphonic
acid at a flow-rate of 4 ml/min. A volume of 10 Itl of I mM nitrate and I 111M nitrite was injected.

nitrite peak to be displaced in the direction of the nitrate peak, and the two peaks were
only partially resolved when the injected sample contained I mg of sodium chloride.

Another advantage of high resolution is the possibility of using shorter columns.
Veuthey et al. [10] used a 3-cm resin-based ion-exchange precolumn as the analytical
column with sodium hydrogenphthalate as eluent to reduce the analysis time for
several inorganic anions. As resolution is proportional to the square root of the
column length, whereas transit time is proportional to the length, 50% of the
resolution can be maintained when the column length and thus the analysis time at
a given flow-rate are reduced by 75%. As the back-pressure depends on the length of
the column, it is possible to decrease the analysis time further by increasing the
flow-rate when shorter columns are used. Thus the choice of methanesulphonate,
which gives the optimum peak separation, as the eluent at a concentration of 40 mM
and increasing the flow-rate from 2 to 4 ml/min with a 3-cm column results in a I-min
assay with a resolution of 2.5, as shown in Fig. 5.
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Fig. 6. Chromatograms of a standard mixture of seven anions using both (A) conductivity detection and (B)
UV detection. Conditions as in Fig. 3. Injection volume, 50 Ill. The sample contained (I) I mM F-, (2)
0.5 mM 0-, (3) 0.5 mM NO;, (4) 0.5 mM Br-, (5) 0.5 mMNO;, (6) 2 mM HPO~- and (7) I mMSO~-.
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Long-chain sulphonates can also be used with coupled conductivity and UV
detection as a powerful method for determining both UV-absorbing and UV-trans
parent anions. Fig. 6 shows the separation of seven anions using I-butanesulphonate
as eluent. It is noteworthy that with conductivity detection the water peak from
injection is the only system peak observed, and that the injection peak using UV
detection is negligible.

The position of the phosphate peak in the seven anions standard depends on the
pH of the eluent. In the chromatogram in Fig. 6 this was buffered at about pH 8.2, so
that phosphate is present in the HPO~ - form. In general, buffering the eluent at
different pH values was found to have little effect on nitrate and nitrite [as long as
nitrite (pKa = 3.4) is not appreciably protonated] but changes the position ofelution of
weak acids and the zwitterionic buffers commonly used in biochemistry. This can be
useful in separating nitrate or nitrite from interfering components of this type.

DISCUSSION

The choice of a method for the determination of nitrate and nitrite by HPLC
depends on a number of factors. The detector and column types available will usually
be a major consideration, together with the concentrations expected in the sample and
the nature of interfering compounds. Other considerations include the number of
samples to be analysed and hence the significance of the cost and time of the assays,
and the possible interest of simultaneous measurements of other components.

Although ion-pair chromatography on reversed-phase columns [11,12] may
have advantages in particular situations, ion-exchange chromatography on specialized
columns for inorganic anions is the most straightforward approach. Direct UV
detection for nitrate and nitrite is probably the method of choice unless it is desired to
measure other non-absorbing anions at the same time. This approach is sensitive,
straightforward and uses the most commonly available detector, and interference is
essentially limited to other UV-absorbing anions. However, when non-absorbing
anions are to be measured in the same sample, it is necessary to use conductivity or
indirect UV detection with absorbing eluents [13].

Of the potential eluents available for use with direct UV detection, the results
presented here show that the alkanesulphonates have several advantages. The
existence of a homologous series means that for a wide range of types of resin-based
column, conditions can be found allowing elution within reasonable times without the
use of excessively high eluent concentrations. The high elution strength of the longer
chain homologues means that eluent concentrations giving a low background in
conductivity measurements can be used. This opens up the possibility ofcombining the
selectivity of UV detection with the universality of conductivity detection. For
maximum detector response in conductivity measurements, the use of alkanesul
phonates will be inferior to weakly acidic eluents because of the signal enhancement
resulting from the use of a mixture of charged and uncharged forms of the eluent [14].
However, this enhancement is associated with the presence of system peaks which are
not observed with alkanesulphonates.

With silica-based columns the hydrophobicity of the eluent is of minor
importance, and the retention of nitrate and nitrite is mostly affected by the
concentration of the eluent and the capacity of the column. Rapid elution with low
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eluent concentrations depends on a low column capacity, leading to the danger of
column overloading if the sample contains high concentrations of interfering ions. The
advantages of alkanesulphonates as eluents allowing the use oflow concentrations are
thus most apparent when columns with hydrophobic carrier material are used.

Although this investigation was concerned with nitrate and nitrite, UV detection
can also be used for the measurement ofother inorganic anions, including bromide and
chloride [5]. We have found alkanesulphonates to be useful in simultaneous
determinations of chloride by measurement of absorbance at 190 nm and sulphate by
measurement of conductivity in sea-water samples, where the chloride peak in
conductivity detection was obscured by the injection peak.

The separations obtained with alkanesulphonates appear to be at least as good
as those obtained with the aromatic compounds commonly used for ion chromato
graphy, and they are therefore of considerable potential interest as eluents for the
determination of inorganic anions using HPLC.
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ABSTRACT

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

INTRODUCTION

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

Our intention was to compare the findings of previous authors with our results
obtained on a set of more polar species. In our selection of polar test compounds,

"Present address: Degussa AG, VTC-A, 6450 Hanau I, Postfach 1345, F.R.G.
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a polar stationary phase and a non-polar mobile phase, we tried to achieve a better
understanding of the solute-stationary phase interactions.

EXPERIMENTAL"

A Model 501 capillary supercritical fluid chromatograph (Lee Scientific, Salt
Lake City, UT, U.S.A.) was used, which was equipped with a split injector and both
UV and flame ionization detectors. A bonded methylpolysiloxane column (SB
methyl-IOO, 5 m x 100 11m J.D., 0.25 11m film thickness, Lee Scientific) and a bonded
50% cyanopropyl-phenylpolysiloxane column (DB 225, 10 m x 50 11m J.D., 0.05 11m
film thickness, J & W Scientific, Folsom, CA, U.S.A.) were used for the studies
described.

Nitroglycerine, nitrocellulose, 2,4,6,N-tetranitro-N:methylaniline (tetryl) and
1,3,5,7-tetranitro-I ,3,5,7-tetraazacyclooctane (HMX) were obtained from the U.S.
Army Explosives Repository (Dover, NJ, U.S.A.). Ethylene glycol dinitrate, di
ethylene glycol dinitrate, 1,3,5-trinitro-l,3,5-triazacyclohexane (RDX) and penta
erythritol tetranitrate (PETN) were received from the Bureau of Alcohol, Tobacco
& Firearms (Rockville, MD, U.S.A.). SFC-grade carbon dioxide and additional
reference chemicals were obtained in the highest purity available from commercial
sources.

RESULTS AND DISCUSSION

Interaction with the mobile phase
First, we investigated the effects of pressure and temperature on the capacity

ratio as well as the chromatographic resolution of a set of test compounds, the three
isomeric of mononitrotoluene (NT). The first inflection of the baseline from the UV
detector response was generally taken as the chromatographic void volume for
retention measurements. Chromatographic resolution (Rs) was calculated as follows:

where ts is the retention time and bo.5 is the peak width at halfheight ofthe compounds
under consideration. The instrument was used in the pressure control mode and was
equipped with a cyanopropyl-phenylpolysiloxane column. The column was main
tained at a constant temperature while a range of different pressures was applied.
Increasing the column pressure led to a steady decrease in capacity ratio (k') (Fig. I).
Similar behavior using different separation systems has been reported by other authors
[1-7]. At even higher pressures (e.g., greater than 250 atm), k' is reported to increase [8].

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

" Certain commercial equipment, instruments or materials are identified in this report to specify
adequately the experimental procedure. Such identification does not imply recommendation or endorse
ment by the National Institute of Standards and Technology, nor does it imply that the materials or
equipment identified are necessarily the best available for the purpose.
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Fig. I. Effect of pressure in SFC on the capacity ratio and the chromatographic resolution of the three
nitrotoluenes. Column: DB 225 (10 m x 50 11m 1.0., 0.05 pm film thickness), at 60°C. • = 4-NT;
• = 3-NT; ... = 2-NT; 0 = 2-NT/3-NT; + = 3-NT/4-NT.

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

Chromatographic resolution of the three compounds decreased steadily as the
pressure increased (see Fig. I). This observation is similar to the results reported by
others [3,7]. Evidently, at low densities the diffusion coefficients in the mobile phase
were high, which led to high effective plate numbers and thus to high Rs [3]. It should be
emphasized that, as the system turned from the subcritical to the supercritical state (at
73 atm), no discontinuity in either the plots of k' or Rs versus pressure was observed, as
reported by others [12].

8 8
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2 2
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30 50 70 90 110 130
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Fig. 2. Effect of temperature in SFC on the capacity ratio and the chromatographic resolution of the three
nitrotoluenes. Column as in Fig. I; 63 atm.; symbols as in Fig. I.
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Fig. 3. Effect of temperature in SFC on the capacity ratio and the chromatographic resolution of the three
nitrotoluenes. Column as in Fig. I; 100 atm; D, • and .it. as in Fig. I; 0 = mean resolution.

Next, the density was changed under isobaric conditions by varying the
temperature. In contrast to the isothermal change of the density, maxima were present
for both the capacity ratio as well as the chromatographic resolution (Figs. 2 and 3). In
the case of subcritical pressure (63 atm, Fig. 2), the maxima for the capacity ratios were
observed at a lower pressure than the maxima in the chromatographic resolution.
Under supercritical conditions, however (l00 atm, Fig. 3), the maxima of the two
different kinds of chromatographic variables almost coincide. The mean resolution
was calculated as the mean of the chromatographic resolution of 2-NT/3-NT and
3-NT/4-NT, respectively, at the respective temperature.

Maxima of both capacity ratio and chromatographic resolution, as determined
in the isobaric experiments (Figs. 2 and 3), appeared at three different densities. These
same densities were encountered in the isothermal experiments (Fig. I), where no
maxima were observed. Therefore, the appearance of such maxima cannot be due to
changes in density alone. Several authors, who also observed such maxima in capacity
factors (e.g., [3,6, I0-18]), interpreted this effect as a superposition of both volatiliza
tion and solvation of the compounds. Increasing temperature decreases density and
therefore increases retention. At even higher temperature, the volatility of the
components becomes more important, leading to a gas chromatographic (GC)-like
decrease in retention with increasing temperature.

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

With more strongly retained compounds than the nitrotoluenes (such as
polycyclic aromatic hydrocarbons), additional minima in the capacity ratio
[3,4,7,16,17] and the chromatographic resolution [3,16,17] have been reported. This
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correlates with the maxima occurring when solubility of a test compound in a fluid is
plotted versus temperature [19,20]. Because these minima in the k'-temperature and
Rs-temperature plots were observed when the temperature was lowered further, they
might be related to the effect of the density on k', as are the minima observed in the k'
versus pressure plots [8]. This would be in contrast to the maxima that occurred only in
the case of isobaric changes in density.

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

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

Interaction with the stationary phase
To investigate the interactions between the analytes and the stationary phase,

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

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

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

There are only a few publications on SFC ofexplosives [29-35]. Nevertheless, the
elution order of the limited number ofcompounds investigated by those authors agrees
well with our results.

We next focused on investigating a likely retention mechanism for the
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TABLE I

CAPACITY RATIOS OF ALL EXPLOSIVES, PROPELLANTS AND RELATED COMPOUNDS
CONSIDERED IN THE PRESENT STUDY

Compound

2-Nitrotoluene (2-NT)
3-Nitrotoluene (3-NT)
4-Nitrotoluene (4-NT)
2,6-Dinitrotoluene (2,6-DNT)
2,3-Dinitrotoluene (2,3-DNT)
2,4-DinitrotoJuene (2,4-DNT)
3,4-Dinitrotoluene (3,4-DNT)
2,4,6-Trinitrotoluene (TNT)
Picric acid (PA)
Tetryl
I-Nitronaphthalene (l-NN)
1,5-Dinitronaphthalene (1,5-DNN)
1,3-Dinitronaphthalene (l,3-DNN)
2,7-DinitronaphthaJene (2,7-DNN)
1,8-DinitronaphthaJene (l,8-DNN)
Ethyleneglycoldinitrate (EGDN)
Diethyleneglycoldinitrate (DEGDN)
Nitroglycerine (NG)
Diphenylamine (DPA)
PETN
N-Nitroso diphenylamine (NNDPA)
Dibutylphthalate (DBP)
RDX
Diethyldiphenylurea (DEDPU)
2-Nitrodiphenylamine (2-NDPA)
HMX
Nitroquinoline (NQ)

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

0.62
0.70
0.77
1.48
1.98
2.06
2,36
2.52
3.76
5.20
2.67
4.41
4.93
6.13
7.39
n.r. b

11.r.

1.53
3.35
3.36
3.61
4.52
4.57
4.83
5.77
n.e.
n.e.

DB 225
(85°C, 100 atm, II min,
3 atm/min, 180 atm)

0.32
0.38
0.52
1.38
3.08
2. J7
4.19
4.71
l1.e.

Q

11.00
2.06
5.67
6.23
7.59

10.90
0.46
1.25
2.48
2.20
6.98
2.16
1.46

13.30
1.40
4.40
n.e.
n.e.

a n.e. = Not eluted under the conditions applied.
b n.r. = Not retained under the conditions applied.
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Fig. 5. Dipole moment versus capacity ratio in SFC for various explosives. Column: SB Methyl-lOO (5
m x 100 pm J.D." 0.25 pm film thickness); see Table I for conditions.

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

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

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

For temperature-programmed gas chromatography, it is shown that the first original, the second and
the third central moments of a moving zone are additive along all parts of the component passing through
in a linear system. Trace expressions for zones moving along the column and expressions for the calculation
of the first three moments (retention time, peak variance and third central moment related to peak skew) of
peaks according to isothermal data are derived. It is also shown that the definition of local plate height and
related equations for peak variance in the literature are not correct. Reasonable definitions of local plate
height and related equations are then developed appropriately.

INTRODUCTION

The theory of temperature-programmed gas chromatography (TPGC) was
developed by several workers [1-5] and equations for the retention time and peak
variance were derived and optimization procedures developed. However, in the
literature, trace expressions for components moving along the column length with time
have not been considered in detail. Also, the third central moment, which reflects the
skew of peaks, and higher order moments have not previously been studied.
Additionally, the definition of local plate height and related equations for peak
variance in the literature [1,6-8] are not correct, as the actual peak variance in TPGC
could not be calculated using these equations with isothermal data.

In the present treatments, equations for the retention time and traces of
components moving along the column length are derived. Reasonable definitions of
local plate height and related equations for the calculations of peak variance in TPGC
are then developed.

In this paper, a new method, moment analysis, is developed for TPGC, in which
the retention time, peak variance and higher order moments are dealt with by
a common, general, strict and simple method. By using this method, equations for the
calculation of different order of moments, including retention time, peak variance and
third central moment, in TPGC using isothermal data are developed. Decompression
effects of the carrier gas are taken into account.

0021-9673/90/$03.50 © 1990 Elsevier Science Publishers B.V.
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RETENTION TIME AND TRACE

J. Y. ZHANG, G. M. WANG, R. QIAN

In this treatment, only systems which satisfy the following assumptions are
discussed: columns are homogeneous; columns, or more generally systems, are linear;
and carrier gas pressures at the column inlet and column outlet remain constant during
analysis.

Considering a component, the position of its zone centre at time 1 is z=z(t) and
the velocity of the zone centre is

dzldt = Rv = vl(1 +k)

where k = k(l) is the capacity factor and v is the local velocity of the carrier gas.
Darcy's Law is expressed as

v = -(KII])dPldz

(1)

(2)

where K and I] are the permeability and viscosity, respectively, of the carrier gas and
P is the local pressure of the carrier gas. As the column is homogeneous, at any moment
there is no temperature gradient along the column length, and we can write

(3)

where Pi and Po are the carrier gas pressure at column inlet and column outlet,
respectively and Vi and Vo are the corresponding carrier gas velocities. P is the distance
average of P, i.e.,

L

P = (S Pdz)IL = Poll
o

where

and

are constants.
From eqns. 2 and 3, we have

(4)

(5)

(6)

z
L

(7)

and the time average of v with time is given by

I to 1 L

- S vdl = - S dz
10 0 to 0

L
(8)
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where

L f'L )a2
- (a 2

- l)zlL L
to = J dzlv = . dz = --:-

o 0 v J~

Noting that v in eqn. 3 can be written as

73

(9)

(10)

then vis just the time average of v within the dead time to, and it is only related to the
column temperature, i.e.,

v = Lito

On the other hand, the distance average of v along the column is

_ I L

V = - S vdzL .o

It can be derived that

_ 2 v
v = j(a+ 1)

Combining eqns. 10 and 7 leads to

(II)

(12)

(13)

(14)

This equation relates v (local value) and vat an appropriate column temperature.
Bycombining eqns. I and 14, the retention time t R in TPGC (in this text, subscripts

Rand,. denote TPGC and isothermal processes, respectively) is obtained by the
expressIOn

'R dt

So to (I +k) = I
(15)

This is consistent with the equation derived by Harris and Habgood [3].
The procedure for the calculation of tR according to isothermal data can be

outlined as follows. Experimentally, the dead time can be written as

Recalling that Pi and Po are constants, this reduces to

to(T) = A o + BoT

(16)

(17)
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The linear heating programme can be expressed as

T = To + rt (18)

where To and r are the initial temperature and the heating rate, respectively. It is well
known that

Ink = Co + Do/T (19)

If the constants Ao, Bo, Co and Doabove are determined by regression to several
(more than two) isothermal data, then from eqns. 17, 18, 19 and 15, for any values of To
and r, the retention time tR of each component with temperature programming can be
calculated immediately.

The trace expression in TPGC can be obtained by combining eqns. 1 and 14, i.e.,

(20)

Eqn. 14 is then rewritten as

-( 3 1 ft V )-1/3
vet) = 7 a

3
- a ~ 0 l+k . dt (21)

Similarly to the calculation of tR , the position of the zone centre and its
velocity (Rv) at any time t can be calculated by eqns. 20 and 21.

As a simple example, in Fig. 1 we give the trace for isothermal processes. The
trace expression is obtained according to eqn. 20 as

a
Z

I [ t JZ/3z(t)/L = Z - Z a3
- (a 3

- 1)-
a - I a - I tr

(22)

As in Fig. I, actual traces for isothermal processes always fall between the two limiting
curves, i.e., the curve z/L=t/tr (a~l) and the curve z/L = 1-(1-t/tr)Z/3 (a~CX)).

MOMENTS OF LINEAR SYSTEMS

It is well known that moments play an important role in chromatography [9-15],
as they are directly related to factors of practical importance, e.g., M o, peak area; M 1 ,

peak average retention time (~ tr); M z, peak variance (= '[Z); M 3 , peak asymmetry
(skew = M 3/Mz3

/
Z
); M4, peak flattening (excess = M4/M~ - 3); where M 1 denotes

the first original (absolute) moment and M z, M 3 and M4 denote the second, third and
fourth central moment, respectively.

Basic relationships for moments
The properties of moments are generally discussed as follows [16-18]. First we

discuss the moments created by the column itself.
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Z!L

1,/1,

Fig. I. Traces of components (including air peak) along the column length for isothermal processes. Actual
traces always fall between the two limiting curves (shaded area), i.e., curve I, z/L = 1/1, (0:--> I) and curve
2, z/L = I -(l-t/t,)2/3 (o:-->w).

The whole column can be regarded as many successive short lengths, LIlt, ,112,
,113, etc., and we consider the variation of the peak profiles along these column
intervals. Suppose individual responding functions of the column intervals are
represented byIt (t)'/Z(t)'/3(t), etc., respectively, that is, if a sharp [Dirac J(t) function]
injection is performed at the inlet of intervals ,1 Ii (i= 1,2,3,...), the profile at the outlet
will be depicted by the corresponding functionfi(t).

If the J(t) function sampling proceeds at the inlet of the whole column, the profile
at the outlet of length interval Llli will be gi(t), where gi(t) is the convolution oflt (t),
12(t),f3(t), ... , and/;(t), as the column is assumed to be linear. In the following, we use
LlsMni and M ni denoting the nth moment (n = 1 for original moment, n> 1 for central
moment) corresponding to /;(t) and gi(t), respectively, that is,

<Xl

,1sMu = S fi(t)tdt (23)
0

<Xl

LlsMni = S .{;(t)(t - ,1sMu)"dt (n=2,3, ... ) (24)
0

<Xl

M 1i = S gi(t)tdt (25)
0

<Xl

M ni S g;(t)(t- Mu)"dt (n = 2,3, ...) (26)
0
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In TPGC,.fi(t) is a complex function related to the temperature of the interval,
because the column temperature is varying during elution and different parts of a zone
pass through the column interval at different moments in time, and hence at different
temperatures. However, in practice, the time interval is very short when a peak is
passing through a very short (infinitesimal) column length interval, provided that the
column efficiency is not too low. For example, if the plate number N =

5.54 (tR/W~)Z = 5.54 x 104
, w-!- = 1% tR. Assuming that column temperature increases

by 100 K during the retention time tR , the range of temperature variation for the peak
passing through an infinitesimal column length will be ca. I K. Therefore, to a good
approximation, we assume that, during the process of a peak moving through an
infinitesimal column length interval, the local temperature remains at a certain value
that is approximately equal to the temperature of the zone centre passing through.
Hence the column can be regarded as many successive length intervals in which each
remains at an isothermal temperature while the zone passes through. The time gradient
of temperature is then changed into the space gradient of temperature along the
column length.

For simplicity, we first consider two intervals, LlI1 and Lllz. For a sharp injection
into the inlet of the column, i.e., the inlet of the length interval LlI I , the profile at the
outlet of LIlt will be Xl (t) =f; (t), and the profile at the outlet of Lllz will be gz(t), where
gz(t) is the convolution of gl(t) andh(t):

gz(t) = J gl(t')fi(t-t')dt'
o

(27)

Similarly, the profile at the outlet of Lll3 will be g3(t), which is the convolution of gz(t)
and /3(t), etc.

For the first length interval LlI I ,

Mill = LlsM ll1 (n =2,3, ...)

(28)

(29)

The first original moment of gz(t) is (referring to Fig. 2)

(1) (1) ,

M lz = J gz(t)tdt = J J gl(t')/z(t-t')tdt'dt
000

(1) (1)

J J gl(t')/z(t-t')tdtdt'
o "

(1) (1)

J J gl(t')/Z(x) (x+t')dxdt'
o 0

(1)

_ J gl(t') (LlsMlz + t')dt'
- 0

(30)
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I------,I'.~

1------,1' ...!

t.'

Fig. 2. Integrated field transformation.

The nth central moments of gz(t) are

ao

Mnz = S gz(t) (t-Mu)ndt
o

aot

= S S gl(t') !z(t- t') (t- Mu)n Mdt
o 0

ao ao

= S S gl(t')!Z(t-t') (t-Mll - LlsMu)n dtdt'
o t'

ao ao

= S S g[(t')!z(x)(x+t'-Mll - Ll sM 12)" dxdt'
o 0

77

co 00 t1

= S S gl(t')!Z(x) [I c~ (t' - MlI)k (x-LlsMu)n-k]dxdt' (31)
o 0 k=O

where n = 2,3" .. ,

n!
C~ = k! (n-k)!

and x = t - t' (see Fig. 2).

In eqn. 31, for n = 2,3, ... , we have

(32)
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M 32 = M 31 + Ll sM 32 (33)

M 42 = M 41 + Ll sM 42 + 6M21LlsM22 (34)

M S2 = M S1 + Ll sM s2 + IO(M21LlsM32 + M31LlsM22) (35)

M 62 = M 61 + Ll sM 62 + 15(M21LlsM42 + M41LlsM22) + 20M31LlsM32 (36)

The same results can be derived by using the Laplace transformation method.

The first three moments
From eqns. 30, 32 and 33, it can be shown that the first three moments for the

whole column are

M 1 = L LlM li = LLlsM li (37)

M 2 = L LlM2i = LLl sM 2i (38)

M 3 = L LlM3i = LLl sM 3i (39)

where the sums are for all column length intervals and Ll is the generally used symbol
for increments, i.e.,

(40)

This illustrates that the first original, the second central and the third central
moments are additive along the column length. It is concluded that, for homogeneous
conditions along the column length, the moments Mj, M 2 and M 3 are directly
proportional to the column length L. This has been confirmed by the results of
Grubner [II], Grushka [9] and Chen and Peng [10].

Similarly, the first three moments for the whole system can be shown to be the
sums of the appropriate order ofmoments created by the column itself and that caused
by the extra-column devices, that is, the first three moments are additive for every part
the component passing through. In the following, we mainly discuss the moments
related to the column.

For the original moment, according to eqn. 37,

'R L dz
tR = M 1R = lim L LlsM li = S dt = S -

Llz-->O i 0 0 Rv

This is only a formal expression. In practice, eqn. 15 is used for calculations.

(41)
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For the second central moment, for isothermal processes it can be theoretically
expressed as

Mz~e = I FZpq (k) jI-P [Dg (v)]qL
pq

where I denotes the summation for all pairs of p and q and
pq

(42)

(43)

in which Too is an arbitrary temperature corresponding to the constant Dyo .
The appropriate local expression for M z (with vand L changed into v and ,1z) is

,1sMzz = I FZpq (k)v- P [Dy(v)J!i LIz
pq

According to eqn. 32, when ,1z-+O, this leads to

dMz = lim ,1Mzz = lim ,1 sM 2z
Llz---tO Llz---tO

= I FZpq (k)v- P [Div)J!idz
pq

Hence the second central moment (observed) for TPGC is

L

M 2R = IS FZpq (k)v-P[Dy(v)]qdz
pq 0

tR
= IS FZpq (k)v1-P[Dy{v)]q((l +k)dt

pq 0

(44)

(45)

(46)

where v is expressed as in eqn. 21.
According to eqn. 46, for isothermal processes (i.e., the special temperature

programme with r = 0), we obtain the expression for the experimentally observed
second central moment, viz.,

M obs - " F (k) -- p 'qDq LZr - ~ Zpq v } gT <[Jp-q
pq

where <[Jp-q is the pressure calibration factor, which is defined as

L

<[JII = (v"(L) S V-II dz
o

with

<[Jo =

(47)

(48)

(49)

(50)
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9 . [(pi/po)4 - 1] [(Pi/Po)2 - 1]

8" [(Pi/Po? - IF
(51)

(52)

(53)

Similarly, for the third central moment, if the theoretical expression is

M 3
h
rC = L F3pq (k) v- P [Dg(v)]qL

pq

then the third central moment (observed) for TPGC is

'R
M 3R = L S F3pq (k) v1

-
p [D!J (v)P/(l +k) dt

pq 0

The expression for the observed third central moment is

M obs - " F (k) --I' .;q Dq L3r - '-" 3pq V ] !JT ({Jp-q
pq

(54)

(55)

(56)

(57)

As an example, we take the theoretical expressions for the second and third
central moments in ref. 9, i.e. (note: for normal conditions 2D!J/v « L),

M 2
h
re = [2v- 3 D!J (v) (l +k)2 + J 1k/VlL (58)

M3~c = [12v- 5 [D!J (v)F (1 +k)3 + J2 v- 3D!J (v)k(l +k)+J3k/VlL (59)

where Jj, J2 and J 3 are constants related to the parameters of the column.
Under these conditions,

'R
M 2R = S [2v- 1 jD!Jl' (1 +k)/v + J 1 k/(1 +k)]dt (60)

a

and

'R
M 3R = S [12 v- 2l D~l' (1 +k)2/V2 + J2 v~ljD!Jl' k/v + J3 k/(l + k)]dt (62)

o



THEORY OF TEMPERATURE-PROGRAMMED GC 81

In practice, the moments may be regressed to isothermal data as

(64)

(65)

where tr = to (1 +k). Additionally, if the decompression effects of the carrier gas are
neglected, then we have approximately

L 'R
M 2R = (IlL) J M2r dz = J (M2rltr ) dt

o 0

and
L 'R

M 3R = (IlL) S M 3r dz = J (M3rltr ) dt
o 0

The fourth and fifth central moments
For the fourth central moment, according to eqn. 34 we can write

M 41 = Ll sM 41

M 42 = M 41 + Ll sM 42 + 6M21 Ll sM 22

M 43 = M 42 + Ll sM 43 + 6M22 Ll sM 23

M 44 = M 43 + Ll sM 44 + 6M23LlsM24

M 4(i-l) = M 4 (i-2) + Ll sM 4(i-l) + 6M2(i-2)Ll sM 2(i-l)

M 4i = M 4(i-l) + Ll sM 4i + 6M2(i-l)Ll sM 2i

Adding these equations, we obtain
i i-I j

M 4i = I Ll sM 4j + 6 I (I Ll sM 2k ) Ll sM 2 (j+l)

j=l j=1 k=1

(66)

(67)

(68)

Similarly, for the fifth central moment it can be shown that (referring to eqn. 35),
i i-I

M Si = I LlsMSj + 10 I [M2j Ll sM 3(j+ 1) + M 3j Ll sM 2(j+ 1)]
j=1 j=1

i i-I j

= I LlsMSj + 10 I [( I Ll sM 2k) Ll sM 3(j+ 1)
j=1 j=1 k=1

j

+ (I Ll sM 3k) Ll sM 2(j+ 1)] (69)
k=1

Referring to eqns. 68 and 69, theoretical expressions for the fourth and fifth central
moments may reasonably be written as

M4~C = F41 [k,v,Dg (v)] L + F42 [k,v,Dg(v)] L 2

Ms
h
: = FS1 [k,v,Dg (v)] L + FS2 [k,v,Dg(v)] U

(70)

(71)
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Appropriate local expressions can then be written as

and

,dsMsz = FS1[k,v,Div)],dz + Fdk,v,Div)]2zLlz

According to eqns. 68 and 69, the moments for TPGC will be

L L

M 4R = S F41 [k,v,Div)]dz + S Fdk ,v,Div)]2zdz
o 0

+ 6 ( {( F 2 [k"V"DoC v')]dZ'} F2 [k,v,Dg(v)]dz

and

L L

M SR = S Fs1 [k,v,Div)]dz + S Fdk,v,Div)]2zdz
o 0

L z

+ 10 S {J F2[k',v',Div')]dz'} F3 [k,v,D g(v)]dz
o 0
L z

+ 10 S {J F3 [k',v',Div')]dz'} F2[k,v,Dg(v)]dz
o 0

where k' = k(z'), v' = v(z'), and

pq

F3 [k,v,Div)] = L F3pq (k)v- P[Di v)]9
pq

PLATE HEIGHT AND PEAK VARIANCE

(72)

(73)

(74)

(75)

Fundamental aspects ofplate height
For arbitrary chromatographic processes (here we still use subscripts R), the

plate height for the whole column is defined as

Similarly, the local plate height should be defined as

(76)

(77)
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which can also be written as
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R2 2 A 2

I
. v Lls'z

Hz = 1m
LIz

(78)

According to the additivity of the second central moment along the column
length, the observed plate height HR and the local plate height Hz are related by the
following expression:

(79)

For isothermal chromatography, a similar expression was derived by Giddings [6].
In TPGC (or general processes), it is not correct to define the local plate height as

[1,6-8]

(80)

(81)

because, at any position z, (J = Rvr, where (J = (J(z), , = ,(z), Rv = R(z)v(z) and

CfXlti.u1 ).6 MJ3~
c1dj,!dz.

in TPGC, d(R2v2)jdz 1= 0, and hence d(J2 1= R2v2d,2 jdz. Only when the system is
under isothermal conditions and the decompression effects of the carrier gas are
neglected are the two definitions in eqns. 77 and 80 equivalent to each other.

Since Hz in eqn. 77 and Hr (= HR fork = constant in eqn. 76) have the same
form of definitions (only for different column lengths), an expression for Hz can then
be deduced from that for H r just as that for Ll sM 2z in eqn. 44 and M 2

h
rc in eqn. 42.

However, the expression for H~ in eqn. 80 cannot be deduced from that for H r ; because
of their different definitions they are only related in form by the following relationship
[1,7,8], which cannot be used for practical calculations:

(82)

It should be made clear that (J2 discussed above is different from (J'2 in the
equation

(83)

where (J? is the variance created by independent dispersion processes (ordinary
diffusion, eddy diffussion and local non-equilibrium, etc.) of the whole column.
However, (J; discussed above is the variance for different length intervals, and each
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involves the effects created by all independent dispersion processes, so certainly they
are not independent of each other, that is,

(84)

According to eqn. 76, eqn. 83 is valid only for isothermal processes in which the
decompression effects are neglected.

Eqn. 79 is a fundamental equation, that is suitable for both TPGC and
isothermal processes. This equation is discussed below.

In isothermal chromatography, the variance in distance at the column end is

L

(Ji = Rivhi = J (VL/V)2 Hzdz
o

L L

= J (p/po)2 Hzdz = J [!X 2
- (!X 2

- l)z/L]Hzdz
o 0

(85)

This result is the same as that derived by Giddings et al. [19]. Under this condition, we
have

(86)

In TPGC, the variance in distance at the column end is

(87)

which is equivalent to

(88)

Obviously, only for isothermal processes and when the decompression effects of the
carrier gas are neglected does

d(J2
-=H
dz z

when Hz is equal to H~.

(89)

Calculations of plate height and peak variance
A theoretical expression for the plate height for the whole column can be written

as

D (v) V
Jf,.he = A + B . -g- + C- -- + Dv

v Dg(v)
(90)
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The local plate height, Hz, will be (v -> v in eqn. 90)

Hz = A + B . jD!JT + C·~ + Dv
jj jD!JT

85

(91)

(92)

The observed plate height in TPGC can then be calculated by eqn. 79.
The observed plate height under appropriate isothermal conditions can be

derived as

H~bs = (A +

which was also derived by Giddings et al. [19].
The appropriate expressions for peak variance are as follows:

L 1f,.hc
= R 2 v72 (93)

(Ll L H 'R HJ dM2 = J _Z . dz = J --.:. dt
(0) 0 R 2 v2

0 Rv
(94)

(95)

The above illustrates that discussions based on plate height and peak variance
are equivalent for calculations.

As an example, for a capillary, we outline the procedures for the calculation of
plate height and peak variance in TPGC. Under these conditions, eqn. 90 becomes the
Golay equation. Substituting

A = 0

BD!JT = BeT1. 75

~ _ C . 1+ 6k + llk
2

D
gT

- e (l +k)2 T1. 75

k
D = De'--~

(l+k)2

into eqn. 92, and regressing to more than three different isothermal data, the regression
coefficients Be' Ceand Dc can be determined. Substituting them into eqns. 91, 79 and
94, the plate height and peak variance in TPGC can then be calculated.

The plate height and peak variance can also be calculated based on other
formulations for H(T,v); for example, the deWet and Pretorius [20] formulation may
be used for such a purpose.
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For the Van Deemter equation, some contradictions occur between theory and
experiment. For example, experimentally the term A in H may be negative [21,22], and
H-v plot as different curves for columns of different length [23]. The reasons may be as
follows. W~ is used to replace M 2 and peaks are assumed to be symmetrical; pressure
decompression effects are not considered, especially for long columns; extra-column
effects are neglected; the systems are not homogeneous; the systems are not linear; and
the relationships between H and other factors (v,k,L,Dg , etc.) are only approximately
correct.

In practice, extra-column effects generally exist and further it is difficult to
determine higher order moments correctly [12-15], so these factors must be considered
during confirmation of the theory just developed.

From the above considerations, in TPGC retention time can be calculated by
eqn. 15 and peak variance by eqn. 94, 46 or 66. The third central moment can be
calculated by eqn. 56 or 67. Plate height and higher order moments can also be
calculated by appropriate expressions just developed. The trace for the moving zone
position at any moment in time is given by eqn. 20. From these, optimization
procedures can then be carried out for TPGC, that is, the optimum initial temperature
and heating rate for any temperature programme under the conditions of a given
sample and a given column can be predicted according to isothermal data.
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ABSTRACT

When subjectpd to capillary gas chromatography, picolinyl ester derivatives of fatty acids were
shown to have as good chromatographic properties as the corresponding methyl esters. By using a capillary
column of medium polarity (Supeleowax 10), excellent resolution with respect to chain length, degree of
unsaturation and positional isomers was obtained without any serious problems with a disturbed back
ground due to column bleed in the mass spectrometric interpretation of diagnostic ions. These features
permitted a simple one-step procedure to be carried out for the characterization of fatty acids with respect
to molecular weight, number of double bonds and positional isomers. The usefulness of the technique for
the identification of the fatty acids in borage seed oil (BOI'ago ojjicinalis) was demonstrated. In addition to
y-linolenic acid, the most important fatty acid in borage seed oil from a commercial standpoint, a further
fourteen different fatty acids could be positively identified.

INTRODUCTION

Gas chromatography (GC) of methyl ester derivatives on fused-silica capillary
columns of medium polarity is generally considered as the method of choice for the
quantitative analysis of complex fatty acid mixtures of natural origin, However,
although having excellent GC properties, the methyl esters are less suitable as
derivatives for structural determination by mass spectrometry (MS), mainly because
isomerization of the unsaturated fatty acids occurs during ionization. Several different
methods to overcome the problem of double bond migration have been extensively
reviewed [1,2].

One commonly used approach involves the fixation of the double bond by
chemical means such as hydroxylation followed by trimethylsilylation. However,
although this is a powerful technique for the identification of pure fatty acids, the large
increase in molecular weight and retention times makes the procedure less suitable for
the analysis of natural fatty acid mixtures containing polyenoic acids, Another

0021-9673(90($03.50 © 1990 Elsevier Science Publishers B.V.
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approach to the problem is the preparation of pyrollidide [3,4], picolinyl ester [5-8] or
oxazoline [9,10] derivatives, which stabilize the double bonds during ionization in the
mass spectrometer, resulting in well recognizable diagnostic ions. However, in these
procedures packed columns or capillary columns coated with non-polar stationary
phases have generally been used, which might cause problems with respect to low
resolution and increased risk of peak overlapping.

One approach to overcome this problem has been fractionation of the methyl
esters with respect to unsaturation by silver ion high-performance liquid chromato
graphy before GC-MS [8]. In this study the usefulness of capillary GC of picolinyl
ester derivatives on a medium-polarity column for the mass spectrometric identifica
tion of the fatty acids in borage oil is demonstrated. The results obtained confirm
previous identifications of y-linolenic acid based on other techniques such as
equivalent chain length values [II] and permanganate-periodate oxidation [12].
Further, most of the other fatty acids in borage oil were identified by using this
technique.

EXPERIMENTAL

Materials
Refined borage seed oil (Borago officinalis) was obtained from Kabi Nutrition,

(Stockholm, Sweden). 3-(Hydroxymethyl)pyridine, dimethylaminopyridine and tri
fluoroacetic anhydride were purchased from Sigma (Poole, U.K.), potassium hy
droxide from EKA (Bohus, Sweden), ethanol from Kemetyl (Stockholm, Sweden) and
all other. reagents and solvents from Merck (Darmstadt, F.R.G.). Sepralyte (Bond
Elut) NH z (aminopropyl-bonded silica) sorbent was purchased from Analytichem
International (Atlanta, GA, U.S.A.).

Preparation of picolinyl esters
After saponification of the oil (100 mg), the free fatty acids were converted into

their picolinyl derivatives essentially as described by Christie and Stefanov [13]. In
order to obtain a higher yield offree fatty acids in the extraction step, the hydrochloric
acid concentration was increased to 6 M. For the removal ofunreacted free fatty acids
after the derivatization step, Bond-Elut NH z was used instead of purification by
Florisil column chromatography. To the derivatives dissolved in diethyl ether a few
milligrams of Bond-Elut NHz were added. After 10 min the mixture was vortex mixed
and centrifuged. The isolated supernatant was evaporated and the dried residue
dissolved in hexane.

Preparation offatty acid methyl esters
The oil (l00 mg) was transesterified using 0.5 M methanolic sodium methoxide

and the methyl esters were extracted into hexane.

Gas chromatography o.ffatty acid methyl esters
A Hewlett-Packard 5880 gas chromatograph equipped with flame ionization

detector, a split injection system and a Supe1cowax 10 fused-silica capillary column,
(30 m x 0.25 mm I.D.) was used. The carrier gas (helium) flow-rate was 0.9 ml/min
and the splitting ratio was 1: 100. The oven temperature was held at 180aC for 8 min
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and then programmed at lOoC/min to 225°C, at which it was held for 23 min. The
injection and detection temperatures were 250°C.

Gas chromatography ofpicolinyl ester derivatives
The same equipment and analytical conditions were used as in the analysis of

fatty acid methyl esters except for the temperature settings. The oven temperature was
held isothermally at 260°C throughout and the injection and detection temperatures
were 280°C.

Gas chromatography-mass spectrometry ofpicolinyl ester derivatives
A Hewlett-Packard Model 5890 gas chromatograph equipped with a split/

splitless injection system in combination with a Hewlett-Packard 5970 mass-selective
detector was used. The column was the same as for the GC analysis. The helium
flow-rate was set at 1 ml/min and the oven temperature was 260°C. The injection and
ion source te~peratures were 280 and 250°C, respectively. The spectra were recorded
at an ionization energy of 70 eV.

RESULTS AND DISCUSSION

A comparison of the gas chromatograms obtained for methyl esters and
picolinyl derivatives of the fatty acids in borage oil is show in Fig. 1. In order to elute
the picolinyl derivatives within a reasonable period of time, a higher column
temperature was needed. A temperature of 260°C, 20°C below the recommended
maximum temperature of the column, was chosen as a satisfactory compromise with
respect to column bleeding and analysis time. Despite the differences in retention
times, the elution patterns are very similar and the picolinyl derivatives seem to have as
good GC properties as the methyl esters. The small peak appearing on the shoulder of
peak 8 in the chromatogram of the picolinyl esters might be an artefact introduced
during the preparation of the picolinyl esters.

The fatty acid composition of borage oil as obtained by analysis of the methyl
esters is shown in Table I. The distribution is similar to previously published results
[11]. In an attempt to use the peak-area distribution of the picolinyl derivatives instead
of the methyl esters as a measure of the fatty acid composition, it was observed that
polyunsaturated and late-eluting fatty acids were discriminated against to some extent
(cl, Table I).

The mass spectra of the fatty acid picolinyl ester derivatives of borage oil
contained good molecular ions and distinct diagnostic ions, which facilitated
identification of the fatty acid moieties. As expected, a certain degree of bleeding from
the medium-polarity column could be observed. As a consequence, disturbing
background peaks interfered to some extent in the interpretation of the mass spectra of
minor constituents. By increasing the sample size and by using background
subtraction, these problems were essentially eliminated as could be demonstrated by
the very informative mass spectrum of 18:4 (n-3), a minor fatty acid in borage oil
comprising only 0.2% (Fig. 4). The negative intensities of some peaks in Figs. 2, 3 and
4 are due to background subtraction.

In Table II, all the fatty acids which could be identified in the borage oil are given
together with the most important diagnostic ions.
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Fig. I. Chromatograms showing separation of fatty acids in borage oil as (a) methyl esters and (b) picolinyl
esters on a fused-silica capillary column coated with a polyethylene glycol phase (Supelcowax 10). For
detailed analytical conditions, see Experimental. Peaks: I = 16:0; 2 = 16: I (11- 7); 3 = 16: 1 (11- 5); 4 = 18:0;
5 = 18:1 (11-9); 6 = 18:1 (11-7); 7 = 18:2 (11-6); 8 = 18:3 (11-6); 9 = 18:3 (n-3); 10 = 18:4 (n-3);
II = 20:0; 12 = 20:1 (n-9); 13 = 20:2 (11-6);,14,= 22:1 (11-9); 15 = 24:1 (n-9).

The mass spectra of the picolinyl esters of saturated fatty acids showed a regular
pattern of fragments 14 a.m.u. apart, representing cleava.ge at each methylene group.

Among the monoenoic fatty acids, two 16: I isomers could be found, i.e., the
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TABLE I

THE FATTY ACID DISTRIBUTION IN BORAGE OIL DETERMINED BY GC ANALYSIS OF
FATTY ACIDS AS METHYL AND PICOLINYL ESTERS

Peak No. Component Methyl esters Picolinyl esters
(area %) (area %)

I 16:0 9.77 12.35
2 16:1 (n-7) 0.14 0.16
3 16:1 (n-5) 0.21 0.26
4 18:0 3.44 3.92
5 18:1 (n-9) 14.80 16.60
6 18:1 (n-7) 0.52 0.63
7 18:2 (n-6) 37.51 38.22
8 18:3 (n-6) 24.58 19.18
9 18:3 (n-3) 0.20 0.13

10 18:4 (n-3) 0.18 0.07
II 20:0 0.22 0.21
12 20:1 (n-9) 4.18 4.12
13 20:2 (n-6) 0.22 0.17
14 22:1 (n-9) 2.51 2.03
15 24:1 (n-9) l.11 0.71

(n - 7) and (n - 5) isomers, the occurrence of the latter not having been reported
previously in borage seed oil. Except for the gap of26 a,m. u., or sometimes better a gap
of40 a.m.u., being indicative of the position of the double bond, each monoenoic fatty
acid as a general rule shows a doublet of peaks representing hydrogen abstraction
allylic to the double bond [6]. For instance, 16: 1 (n - 5) could be identified partly
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Fig. 2. Mass spectrum of 11-hexadecenoic acid picolinyl ester [16:1 (n-5)) in borage oil.
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formance liquid chromatography (HPLC) [7,8] and, in the case of synthetic homo-Aib
oligopeptides, the thin-layer chromatographic recognition of 31o-helical conforma
tions of these peptides [9] has been realized. Further, by using a-aminoisobutyric acid
(a-methylalanine, 2-methylalanine, Aib) and isovaline (2-ethylalanine, Iva) as highly
specific marker compounds for the detection of a unique group of polypeptide anti
biotics of the peptaibol family, it was shown that these AAAs are common metabo
lites of certain genera of fungi [10, 11,12] and that Aib and Iva, therefore, are neither
exceedingly rare amino acids in the biosphere nor, if occurring in sediments, necessar
ily of extraterrestrial origin [13].

Using capillary gas chromatography (GC) and the diastereomeric approach,
Pollock [14] demonstrated that (R,S)-Iva was partly separated as the N-trifluoroace
tyl (TFA)-Iva (S)( + )-2-alkyl esters (alkyl = n-pentyl to n-octyl) but not as the TFA
Iva (S)( + )-2-butyl ester. The formation of N-pentafluoropropionyl (PFP)-(R,S)-Iva
(S)( + )-3-methyl-2-butyl esters was used for the revison of the configuration ofIva in
the peptide antibiotic antiamoebin [15]. Chang et al. [16] demonstrated that a number
of (R,S)-AAAs are separable as N-TFA isopropyl esters on optically active diamide
stationary phases and we have reported the separation of derivatives of selected
(R,S)-AAAs using the chiral stationary phases Chirasil-L-Val and XE-60-L-Val-(S)
a-phenylethy1amide [17]. Further, it was shown that the resolution of (R,S)-AAAs is
also possible by chiral ligand-exchange HPLC using either chiral additives, such as
N-dialkyl-L-amino acids together with CUll salts [18,19], to eluents or by employing
chiral stationary phases such as Chiral ProCu [19,20-24]. Moreover, HPLC and
precolumn derivatization of (R,S)-AAAs with o-phthaldialdehyde together with N
acyl-L-cysteine (acyl = acetyl, tert.-butyloxycarbonyl) [22,23,25], derivatization of
(R,S)-AAAs using Marfey's reagent [21,24] and thin-layer chromatography using
Chiralplate [26] have also made the separation of (R,S)-AAAs possible.

EXPERIMENTAL

Gas chromatography
A Hewlett-Packard Model 5880 A gas chromatograph equipped with a flame

ionization detector and a 26 m x 0.22 mm J.D. wall-coated open-tubular (WCOT)
fused-silica column coated with 0.21-.um dimethylpolysiloxane (CP-Sil 5) (Chrom
pack, Middelburg, The Netherlands) was used. The carrier gas was helium at 100 kPa
(1.0 bar), the splitting ratio was ca. 1:30 and the injector and detector temperatures
were 250°C.

Abbreviations and sources ofa-alkyl-a-amino acids
In order to have simple nomenclature and abbreviations, in this work AAAs

are considered as being formally derived by substitution of a Ca-hydrogen atom in
a-amino acids by an alkyl group. Substitution of the Ca-hydrogen atom of Ala by an
n-alkyl group (alkyl = ethyl to n-octyl) thus leads to the homologous series a-Et-Ala
to a-Oct-Ala (for abbreviations of alkyl groups, see the next paragraph) and sub
stitution of the Ca-hydrogen atom in a-amino-n-butyric acid (Abu) by an n-alkyl
group (alkyl = n-propyl to n-hexyl) leads to the homologous series a-Prop-Abu to
a-Hex-Abu (see also Fig. I).

Derivatives of the following AAAs were investigated {for racemic AAAs the
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