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Abstract

Non-substituted naphthalene sulphonic acids are strong acids, which are completely ionised in aqueous and aqueous-organic solutions.
Because of repulsive electrostatic interactions, they are more or less excluded from the pores of the column packing materials commonly used
in reversed-phase chromatography. The ionic exclusion can be suppressed by increasing the ionic strength of the mobile phase. In aqueou:
sodium sulphate solutions, very good selectivity was observed for isomeric naphthalene di- and tri-sulphonic acids, allowing reversed-
phase separations of these strongly ionic compounds without addition of ion-pairing reagents to the mobile phase. The retention of the
isomeric acids increases proportionally to the dipole moment, which can be explained by its effect on increasing exposure of the naphthalene
ring to hydrophobic interactions with the non-polar stationary phases. Chromatographic behaviour of isomeric naphthalene di- and tri-
sulphonic acids was investigated on 25 different columns for reversed-phase chromatography. The elution order of the isomers is the same
on all the columns, but very strong stationary phase effects were observed on the retention and on the band asymmetry, depending on
polar interactions with residual silanol groups and other polar adsorption centres in the stationary phases. These effects are independent
of the organic solvents, as the tests are performed in purely agueous mobile phases and allow classification of the columns into several
groups.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction support affect the retention of non-ionic polar compounds by
hydrogen bonding interactions and the retention ofionic com-
Various columns used in contemporary reversed-phasepounds, especially the basic ones, by electrostatic interactions
chromatography have different chromatographic properties causing peak asymmetry and variations in the retention and
and even nominally identical columns supplied by the same selectivity[1].
manufacturer may show different efficiency and reproducibil- ~ The column performance is usually characterized by sim-
ity of the retention and selectivity. Specific polar and non- ple tests based on the determination of the separation factors
specific solvophobic interactions between the stationary and peak asymmetry of several (rather arbitrarily) selected
phase, the analyte and the mobile-phase components, whiclest compounds. Most frequently used tests suggested by En-
control the retention, depend on the properties of the chemi-gelhardt et al[2,3], Tanaka and co-workefd], Walters[5],
cally bonded ligands (alkyl chains, aryl-, amino groups, etc.). Bidlingmeyer et al[6], or Galushkd7] to characterize col-
Silanol and other polar groups on the surface of silica gel umn hydrophobicity, shape selectivity and residual silanol
activity are usually run in a single mobile phase with 30-80%
* Corresponding author. Tel.: +420 406 037023; fax: +420 406 037068. Methanol or acetonitrile in water. However, it is well known
E-mail addresspavel.jandera@upce.cz (P. Jandera). that not only the type of the organic modifier, but also its

0021-9673/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2004.10.015



62 P. Jandera et al. / J. Chromatogr. A 1059 (2004) 61-72

concentration in the mobile phase strongly affects the reten-station for chromatography (Data Apex, Prague, Czech Re-
tion and very often the separation selectivity, too. Hence, public). The solutes were injected with a Rheodyne model
the mobile phase effects may limit the validity of the simple 7125 sampling valve with a 20l sample loop (Berkeley,
tests. CA, USA).

Many ionic compounds with bulk non-polar parts of
molecules can be separated in reversed-phase systems U$r> \aterials
ing mobile phases containing ionic additives in pure water or
in mixed aqueous-organic mobile phases with low concen-  The trade names and the manufacturers of 25 column
trations of an organic modifier. Even the adsorbents which do tasted are listed iffable 1 Some columns were purchased,
not possess ionisable surface groups can form an electricahiner were obtained as a gift or a loan. Methanol for HPLC
charge on the surface in contact with an electrolyte solution, (Lichrosolv grade) was purchased from Merck, Darmstadt,
as a result of differences in the affinity of the adsorbent and Germany. Distilled water was purified using a Milli-Q wa-
the solution phase for the ions of one charge or the other g pyrification station (Millipore Intertech, Bedford, MA,
[8]. The surface of bonded silica gel stationary phases con-ysa). Sodium sulphate (reagent grade) was obtained from
tains a significant proportion of residual _hydroxyl groups thgt Lachema (Brno, Czech Republic) and dissolved in water in
cannot be removed or blocked even using the most effective g qyired concentration to prepare the mobile phases, which
silylation endcapping reactions due to steric hindrai%ie  \ere filtered using a Millipore 0.4@m filter and degassed in
These silanol groups on the silica surface are partially ionised ,jtrasonic bath before use. The standard samples of naphtha-
to =SiO™ groups in pure water or in aqueous salt solutions gne syiphonic acids were obtained from Synthesia (8emt

[9]. In the solution adjacent to the negatively charged sur- c,ech Republic); the structures and dipole moments are
face, there is an equivalent excess of counter ions of oppositeshown inFig. 1

charge sign to that of the stationary phase surface, which

form a diffuse double layef10,11] The electrical double

layer interacts by attractive or repulsive forces with ionised SO.H
sample soluteld 2—15]and affects thus their retention. These '

forces affect significantly the separation selectivity and often OC
enable surprisingly good separations of geometrical isomers.

SO;H

e

SO3H

The double layer thickness is usually less than 10nm and it S0:H
decreases when the ionic strength of the solution increase: Naphthalene-1,3-DSA (1=0,162) Naphthalene-15-DSA (420,000}
[16].

A combination of various attractive and repulsive interac-
tions with different types of adsorption centres may result in SOH SOLH

significant band tailing. The stochastic theory of chromatog-

HO3S
raphy[17,18] explains this behaviour and was employed to ’
describe asymmetrical band shape of enantiomers on somi HOAS

chiral stationary phasg9]. This is also possible reason for

3

strong peak tailing of polar, especially basic compounds on Naphthalene-16-DSA (10,139 Naphthalene-1,7-DSA (1=0,198)
some bonded alkylsilica columns.

In the present work, we investigated possibilities of us- SOH
ing ionic test compounds in reversed-phase chromatography SO:H

for characterisation of stationary phases for reversed-phase oc
HPLC. We focused our attention on naphthalene di- and SO.H

ot

' SO4H

tri-sulphonic acids, whose earlier observed chromatographic SO.H HO38
behaviour shows strong dependence on the column type '
[20,21] Naphthalene-1,3,5-TSA (u=0,018) Naphthalene-1,3,6-TSA (=0,121)
2. Experimental SO:H SO:H
HO38 HO4$
2.1. Instrument OO OO
SOsH SOsH

The liquid chromatograph was comprised of an LC-10AD SO;H
pump (Shimadzu, Kyoto, Japan), an LCO 101 column ther-
mostat, an LCP 2564 UV detector operated at 254 nm (both

from ECOM, Prague, Czech Re_pUb”C) a_nd a personal Com- rig. 1. structures of naphthalene sulphonic acid test compounds and dipole
puter to process the detector signal using a CSW 1.7 datamomentsp.

Naphthalene-1,3,7-TSA (u=0,181) Naphthalene-1,3,5,7-TeSA (4=0,000)
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Table 1
Properties of the columns tested
Column number Trade name, dimensiobsx(i.d) Vm %C S N Rs Manufacturer
1 Luna C18 (2), 15t 4.6 161 173 374 95300 1.0 Phenomenex, Torrance, CA, USA
2 Zorbax 300Extend-C18, 1504.6 148 - 180 84700 1.2 Agilent, Palo Alto, CA, USA
3 Luna phenylhexyl, 156 4.6 169 175 386 85300 1.0 Phenomenex, Torrance, CA, USA
4 Hypersil ODS, 60« 4.6 061 100 170 108300 1.2 Agilent, Palo Alto, CA, USA
5 XTerra MS C18, 36 4.6 032 150 175 50000 2.0 Waters, Milford, MA, USA
6 Inertsil ODS 2, 25( 4.6 201 185 320 75315 15 GL Sciences, Tokyo, Japan
7 Zorbax RX C18, 25k 4.6 201 120 180 10400 2.0 Agilent, Palo Alto, CA, USA
8 Aqua 5 C18125A, 150« 3.0 Q065 150 320 44700 13 Phenomenex, Torrance, CA, USA
9 Chromolith Performance RP-18e, 10@1.6 142 170 300 86000 1.2 Merck, Darmstadt, Germany
10 Atlantis column, 156 3.9 093 121 323 54700 2.2 Waters, Milford, MA, USA
11 Alltima C185p., 250 4.6 218 161 311 64000 24 Alltech, Deerfield, IL, USA
12 Purospher RP-18e, 2504.0 255 180 350 38000 14 Merck, Darmstadt, Germany
13 LiChrosorb RP 8, 258 4.0 236 95 - 78400 1.2 Merck, Darmstadt, Germany
14 Biospher SI C18, 150 3.3 101 - - 45000 1.8 Labio, Praha, Czech Republic
15 Luna C18, 15k 4.6 136 194 424 80700 11 Phenomenex, Torrance, CA, USA
16 Polymer C18, 15& 4.6 137 - - 66000 2.0 Astec, Whippany, NJ, USA
17 Zorbax SB-Aq, 25& 4.6 247 - 180 88000 2.0 Agilent, Palo Alto, CA, USA
18 LiChrospher 60 RP select B, 25%.0 220 115 700 65600 1.0 Merck, Darmstadt, Germany
19 Zorbax 300 SB-C18, 1504.6 136 100 180 81300 1.0 Agilent, Palo Alto, CA, USA
20 Zorbax Eclipse XDB C8, 158 4.6 129 103 180 133300 1.0 Agilent, Palo Alto, CA, USA
21 Separon SGX C8, 1503.0 106 - 500 35000 1.0 Tessek, Praha, Czech Republic
22 Separon SGX C18, 1503.0 088 180 - 40000 1.0 Tessek, Praha, Czech Republic
23 Nova-Pak C18, 15Q 3.9 110 73 120 68000 1.0 Waters, Milford, MA, USA
24 Luna C8 (2), 15& 4.6 168 142 411 92000 1.0 Phenomenex, Torrance, CA, USA
25 Silasorb SPH C18, 2504.0 254 - - 38000 1.0 Lachema, Brno, Czech Republic

L: column length (mm), i.d.: inner diameter (mnvjy: hold-up volume (ml),S specific surface area fg~1), N: number of theoretical plates (toluene,
50%AcN) (n1), Fas factor of asymmetry (aniline, 50% AcN).

2.3. Methods it is highly unlikely that this effect could be attributed to
steric exclusion from the packing materials with pore size

The sulphonic acids were dissolved in the mobile phasesto20_1004 and the most probable explanation is ionic repul-
yield solutions of approx. concentrations 0.01 mg/ml. Twenty  sjon by Coulombic forces between the negatively charged sta-
microliters of samples were injected in all experiments. The tionary phase surface and sulphonic acid anions. The acidity
mobile phase was degassed in the solvent reservoir by conuf non-substituted naphthalene sulphonic acids is comparable
tinuous stripping by a stream of helium. The flow rate of tg strong mineral acids and these compounds are completely
mobile phase was kept at 1 mimihand the temperature  jgnised to anions in aqueous mobile phases. Hence, they are
at 40°C in all experiments, which were performed in trip-  more or less strongly repulsed from the negatively charged
licate. The mean values of the retention times were used togrface of the reversed-phase column packing materials by
calculate the retention factors and the elution ratios. The col- gjectrostatic forces, which depend on various factors: (a) the
umn hold-up volumes were determined using uracil as non- charge of the sample anions corresponding to the number of
retained marker with 50% methanol as the mobile phase andsulphonate groups in the molecules, (b) the spacing of the
are listed inTable 1 The dipole moments of naphthalene gy|phonate groups in isomer molecules, (c) the ionic strength
sulphonic acids were calculated using PISYSTEM for Win-  and the concentration of organic solvents in the mobile phase
dows, version 3.1, obtained from Dr. Rudolf Naef, Im Budler (on the other hand, the retention is little affected by pH be-
6, CH-4419 Lupsingen, Switzerland. Microsoft Office soft- cause of the complete ionisation of samples), and (d) the
ware was used for data processing and calculations. properties of the column packing material, controlling the

surface hydrophobicity, such as the chemistry and the car-

bon content of the bonded phase, the surface coverage with
3. Results and discussion bonded ligands and the number and spacing of polar groups

such as residual silanol groups remaining on the original sil-

The elution times of naphthalene tetra-, tri- and most di- ica gel surface after the bonding and end-capping chemical
sulphonic acids in water or in aqueous-organic mobile phasesreactions.
without ionic additives were lower than the corresponding  First, we tested the effect of the concentration of sodium
column hold-up (dead) volumes, i.e., these acids are excludedsulphate on the retention of naphthalene di-, tri- and tetra-
from the pores of the packing materials. As the molecular sulphonic acids. For this purpose, we used a Purospher RP-
weights of the acids tested are in between 146 and 210,18e column. The retention volumes of the samples increase in
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45+ Table 2
404 . Retention data of NSA in mobile phase containing 8léu
35 0.1M 0.2M 0.3M 0.4M
@ 304 ' + 1L.3-NDSA VR
ol . * 1.>-NDSA 1.3.5.7-NTeSA ra 131 138 148
> 20 R 1.3.6-NTSA 129 138 144 161
15 E — 1.3.5-NTSA 139 153 166 191
104 ; 1.3.7-NTSA 140 154 172 196
5] - 1.5-NDSA 159 173 206 221
0 pa— — 1.6-NDSA 393 478 671 779
00 o1 02 03 04 05 1.3-NDSA 759 964 1437 17.20
¢ (mol/l) 1.7-NDSA 1716 2249 3090 4148
Fas
Fig. 2. Effect of the concentration, of NapSOy on the elution volume$/gr, 1.3.5.7-NTeSA 210 210 218 227
of isomeric naphthalene disulphonic acids. Column 12, Purospher RP-18e, 1.3.6-NTSA 117 121 133 141
250 mmx 4mmii.d. 1.3.5-NTSA 177 171 155 150
1.3.7-NTSA 185 160 150 195
1.5-NDSA 180 175 164 164
approximately linear manner with increasing molar concen-  1.6-NDSA 159 154 148 148
tration of sodium sulphate in the mobile phase—see plotsin 1.3-NDSA 160 157 154 154

Fig. 2and correlation coefficients fable 2 Both the slopep 1.7-NDSA 149 142 140 142

and the interceptgof the plots increase as the number of sul- «

phonic groups decreases and as the retention of isomers with 1.3.6/1.3.5.7 D4 105 105 109
equal numbers of sulphonic acid groups increa%ablé 2. ig?ﬁgg; ig ﬂ; i;g igg
This behaviour is consistent with the earlier described effects 1 g/1 5 147 175 296 252
of decreasing thickness of the electrical double layer at the 1.3/1.5 377 456 598 676
adsorbent surface in solutions with a higher ionic strength  1.7/1.5 979 1196 1401 1773
[16]. At a decreased double-layer thickness, the electrostatic
repulsion forces between the ionised silanol groups and the q P R
sulphonic acids anions decrease and a larger part of the poré-3-5-7-NTeSA 5 a79 09906
volume is accessible for the acids, enabling a closer contacti:g:g:mgﬁ Eg igg gg?g;
of non-polar bonded alkyl ligands with the hydrophobic parts 1 3 7.nTsA 119 186 09841
of the naphthalene moieties in the acid molecules. In addi- 1.5-NDSA 135 220 09754
tion, increased ionic strength enhances the differences in thel.6-NDSA 242 1351 09780
retention enthalpy arising from dipole—dipole and dispersion 1.3-NDSA 381 3354 Q9791
1.7-NDSA 766 8138 09794

interactions of the non-ionic parts of the solute molecules, as— :
Column: Purospher RP-18e (250 nw mm); Vr: retention volume (ml),

well as the entropy change associated with a decrease in sol="" A T _
. ._Fas factor of asymmetryy: elution ratio i = (Vr;j/Vri) — 1], cs: concentra-

vent structuring that occurs when the solute leaves the mobile i, of Nz, S0, (molll) [Vi = g + pes], R2: correlation coefficient.
phase (the salting-out or solvophobic effges].

However, the ionic strength in the mobile phases contain-
ing up to 0.4 M sodium sulphate is not sufficient to sup- mers), was used to characterise the retention insteladgof
press the ionic exclusion of all sulphonic acids from the is the marker of the mobile phase volume accessible for the
pores of the Purospher RP18 phase. The retention volumessomeric compounds with elution timgsg > tr.
of naphthalene-1,3,5,7-tetrasulphonic acid, all naphthalene Like the retention volumesy increase in mobile phases
trisulphonic acids and of naphthalene-1,5-disulphonic acid with higher concentrations of sodium sulphate. On the other
are lower than the column hold-up volume measured with hand, the asymmetry factors, which can be used a measure
uracil as non-retained marker in 50% methanol as the mo- of interactions with two or more different adsorption cen-
bile phase,Vy =2.55ml, corresponding to the total col- tres (such as non-polar alkyl chains and silanols), slightly
umn porosityeT =0.81. 1,3,5-NTSA and 1,3,7-NTSA are decrease at increasing ionic strength of the mobile phase for
excluded in mobile phases with less than 0.3 M8i&; and most compounds tested, probably because of some decrease
1,5-NDSA in solutions containing less than 0.2 MJS&y. in the activity of the polar adsorption centres, but this effect
This means that the column hold-up volume determined us- is not very significantTable 3. The greatest asymmetry fac-
ing uracil is not suitable for calculation of the retention torswere observed forthe earliesteluting 1,3,5,7-NTeSA, but
factors, k, and elution ratios (relative retention) of naph- are not very different fronk,s of the NDSAs and NTSAs.
thalene sulphonic acids. Therefore, the relative retention, The effect of extra-column band broadening can be ruled out,
o =(tri/tr1 — 1) related to the least retained compound with as the conventional diameter columns were connected to the
zero dipole moment and the reference elution ttge(1,5- injector via a short 0.12mm i.d. capillary and non-retained
NDSA for NDSAisomers and 1,3,5,7-NTeSA for NTSAiso- compounds showed symmetrical bands.
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The retention of the naphthalene sulphonic acids de- Table3
creases as the number of sulphonic groups and hence-haracteristics of NDSA

the negative charge in the molecule increase. The elu-Column number

tion order of the acid isomers is the same with all the

columns tested in the group of naphthalene disulphonic acids:
1,5-NDSA<1,6-NDSA<1,3-NDSA<1,7-NDSA and in the
group of naphthalene sulphonic acids with a higher num-
ber of SQH groups: 1,3,5,7-NTeSA<1,3,6-NTSA<1,3,5-
NTSA<1,3,7-NTSA. The differences in the retention of iso-
meric acids can be probably explained by the effect of the
spacing of sulphonic acid groups on the size of the unshielded g
part of the molecule that can be exposed to hydrophobic in- 9
teractions with the non-polar bonded alkyls in the stationary 10
phase. This is supported by the observation that the isomeric1
acids are eluted in the order of increasing number of adjacentig
non-substituted carbon atoms (CA) in the naphthalene rings 4
(1,3,5,7-NTeSA with 1 CA, 1,3,6-NTSA with 2 CA, 1,3,5- 15
NTSA and 1,3,7-NTSA with 3 CA; 1,5-NDSA with 3 CA, 16
1,6-NDSAwith 4 CA, 1,3-NDSAand 1,7-NDSAwith5CA). 17
The elution order of the isomers with the same number of ad-
jacent carbon atoms depends on the localisation of the chargey
in the molecule, characterized by the dipole moment of the 21
molecules: 1,3-NDSA{ =0.162) elutes before 1,7-NDSA 22
(w=0.198) and 1,3,5-NTSA(=0.018) before 1,3,7-NTSA 23
(v =0.181). Among the NDSA isomers, the size of the part 24
of the naphthalene ring with adjacent non-substituted carbon
atoms increases as the charge location is shifted from the
centre of the molecule along the central bond in the naphtha-
lene ring, i.e., with increasing dipole moment in tpaxis

(Fig. 1) In symmetrical molecules, such as 1,5-NDSA and
1,3,5,7-NTeSA, the charge is localized in the centre of the
molecules, which posses zero dipole momeant,

Fig. 3illustrates the increase of the retention of isomeric
NDSAs with increasing dipole moment, on the logarith-
mic scale. The plots are similar for most columns, suggesting
similar effect of the dipole moment on the isomeric selectiv-
ity. The position of the plots on the legaxis is a measure of 10
increasing effect of the dipole moment on isomeric selectivity 11
for NDSAs, which is high for columns with newer types of 12
silica gel support and high carbon content such as column 11}
(Alltima C18) and 6 (Inertsil ODS2) and for columns mod- 5
ified for separation of polar compounds in highly aqueous 16
mobile phases (column 10: Atlantis, or 8: Phenomenex Aqua 17
C18). On the other hand, older columns with high silanol 18
activity, prepared using the silica gel A type show low val-
ues of logr (e.g., Separon, and Nova Pak columns 21-23). »;
The effects of the dipole moment on the retention of iso- 22
meric NTSAs are less straightforward, probably because of 23
a smaller hydrophobic part of the naphthalene ring that can 24
be exposed to the interactions with non-polar bonded Iigand<25

65
Vr/Vm 1.5-NDSA  «
1.6/1.5 1.3/1.5 1.7/1.5
1 102 063 171 393
2 127 212 603 1638
3 138 264 732 1471
4 152 298 846 2347
5 155 296 825 2203
6 159 306 820 2153
7 131 187 520 1438
205 385 936 2683
0.89 038 107 298
201 365 911 2457
186 329 859 2285
080 252 678 1777
135 161 399 853
141 125 282 653
188 175 471 1098
275 070 145 284
176 120 210 442
216 145 341 653
043 092 224 508
115 011 032 066
055 021 047 089
059 * * *
075 024 067 160
085 014 041 085
052 242 555 1270
Fas
1.5-NDSA 1.6-NDSA 1.3-NDSA 1.7-NDSA
1 100 175 360 480
2 188 113 091 160
3 100 100 275 267
4 218 169 148 246
5 218 190 163 313
6 200 181 152 198
7 125 136 099 107
8 163 091 082 118
9 0.64 168 166 171
181 130 115 179
122 109 109 116
164 148 154 142
250 250 320 429
14 Q75 114 100 116
100 350 350 488
100 125 143 164
133 119 113 179
100 133 175 317
275 4.00 480 929
20 200 200 225 364
160 157 283 318
* * * *
333 300 367 875
167 375 371 500
200 300 500 1700

in the stationary phase.

In Tables 3 and 4the retention data of the NDSAs and
NTSAs in 0.4M NaS0O, are compared for 25 columns
tested. The retention of the acids strongly depends on the
column type. The tables list the retention volumes related
to the hold-up volumes of uracN/r/V\, the relative reten-

VR: retention volume (ml)V: hold-up volume (ml),e: elution ratio
[a=(VRj/VRi) — 1], Fas factor of asymmetry (*: co-elution).
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*]
m2
A3
X 4
1.0 4 s
e6
+7
-8
-9
© 10
o1l
A 12
%13
X 14
o015
=16
=17
-18
*19
® 20
A2l
m23
®24
+25

0.5 1

log o

0.0

-0.74 -0.72

~
A
>

0.5 4

-1.0 - log 1t

Fig. 3. Effect of the dipole momen,, on the relative retentioa =tgj/tr1, Of isomeric naphthalene 1,6-, 1,3- and 1,7-disulphonic atig (elated to the
retention volume of naphthalene 1,5-disulphonic atig))(in 0.4 M Ng SOy, Column numbers as ifiable 1

tion, a = (tri/tr1 — 1), related to the net retention volume of aqueous mobile phases, for a hybrid X Terra column 5 with
1,5-NDSA for NDSAs and to the net retention volume of a part of silanols substituted by methyl groups, for columns
1,3,5,7-NTeSA for NTSAs and the asymmetry factéiss prepared with newer silica gel supports and a relatively high
The values oVr/V\ of 1,5-NDSA <1 inTable 3are char- surface coverage (18: Lichrospher RP select B, 19: Zorbax
acteristic for the stationary phases based on the older type A300 SB, 11: Alltima C18, 6: Inertsil ODS 2 and 15: Luna C18)
silica gel as the support material (Separon, Silasorb, Nova-and for an Astec polymer column 16 with octadecyl groups
Pak columns), whereas high value®afVy > 1.5weremea-  incorporated into the (poly)vinyl alcohol matrix (which con-
sured for columns 8, 10 and 17 with polar groups incorporated tains some polar groups giving rise to similar electrostatic
into the bonded ligands for improved performance in highly interactions as the silanol groups).
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Table 4 Table 5
Characteristics of NTSA and NTeSA Classification of columns
Column Vgr/Vm 1.35.7- « VR/VM o Class akFas b [Fas Co-elution
number NTeSA (1.5-NDSA)  (1.7/1.5) (NDSA) (NDSA)
1.3.6/1.35.7 1.35/1.357 1.3.7/1.357 <2 >2]
1 0.96 * * * <1 ~0 [ - - 22
2 0.98 907 *015 *013 <1 " B 2124
431 igi 007 025 025 110 ! 9 19.23 -
: 10-20 Y% 12 25 -
5 103 007 025 027
6 100 012 030 034 1-15 <1 \Y - 20 -
7 101 005 017 019 1-10 \4 14 1,13 -
8 103 014 047 057 1020 VI 7,2 3 -
9 0.92 001 12 013 >15 1-10 VIl 16,17 18 -
10 099 018 050 061 10-20 X - 15 _
11 100 014 041 048 >20 X 6.8.10 11 4.5 B
12 054 009 029 032 _
13 101 016 016 016 Fas factor of asymmetryWg: retention volume (ml)Vyu: hold-up volume
14 118 000 013 013 (ml).
15 126 * * *
16 110 015 026 032 The elution ratios of isomeric NDSAs follow approxi-
17 103 020 033 047 mately the order of the retention of 1,5-NDSA, with some
ig é;g 914 *034 *039 exceptions: the Lichrospher (18), Chromolith (9), Zorbax Aq
20 097 x x * (17) and Astec polymer (16) columns show relatively low iso-
21 049 * * * mer selectivity as compared to other columns with similar re-
22 056 * * * tention of 1,5-NDSA; the Silasorb C18 column (25) exhibits
23 69 X . . high isomer selectivity in comparison to other columns ex-
;‘51 825 . . . cluding 1,5-NDSA before the hold-up volume (21-24, Sep-
aron C8 and C18, Nova-Pak CIBable 3. This behaviour
Fas suggests that the interactions with polar groups may decrease
1.357-NTeSA  1.3.6-NTSA  1.35NTSA  1.3.7-NTSA the isomer Se_leCt'V'ty' : .
— - - - . The retgntlon and the isomer selectlwty for napht_halene
5 092 P ™ 144 tri-sulphonic aC|ds.|s genera_lly m.uch lower in comparison to
3 * % * * the naphthalene di-sulphonic acids. A very low or no selec-
4 256 1.22 2.27 2.18 tivity (marked with asterisk ifTable 4 for isomeric NTSAs
5 2.89 3.08 2.27 217 was observed with the columns where 1,3,5,7-NTeSA is ex-
6 192 179 1.80 1.93 cluded from the pores (columns 19—25) or elutes close to the
; ‘21:51;8 i’? igi ig? column hold-up volume determined using uracil (columns
9 1.14 1.00 0.81 0.79 1-3, 14, 15). Relatively high selectivity forisomer NTAs was
10  1.80 2.23 1.87 1.93 observed with columns 8 (Phenomenex Agua C18), 10 (At-
1 327 3.46 3.42 3.08 lantis), 11 (Alltima C18) and 17 (Zorbax SB-AQ), i.e., mainly
1; 221 14 190 1% with the columns intended for work in highly aqueous mobile
14 075 1.14 1.00 1.16 phases. ,
15 « « « The asymmetry factors of NDSAs and NTSAs in
16  * * * * Tables 3 and 4lso show significant differences between the
17 058 1.56 1.40 1.46 individual columns. The asymmetry can be probably caused
18 2.00 200 L U by the heterogeneity of the stationary phase surface and by
;g . . . . the presence of groups showing some attractive interactions
21 % * * with the sulphonic acid groups. The surface heterogeneity
2 * * * may affect the local thickness of the electric double layer and
23 > * * * consequently a part of the molecules can penetrate deeper
;g X X ’ i into the pores than the other molecules to “feel” stronger in-

VR: retention volume (ml),Vy: hold-up volume (ml),«: elution ratio
[a=(VRj/VRi) — 1], Fas factor of asymmetry (*: co-elution).

teractions with polar groups. The highest asymmetry factors
for NDSAs were observed with the Spheron, Silasorb, Nova
Pak, X Terra, Zorbax 300 SB, Luna C8(2), Luna phenylhexyl,
Luna C18(2) and Hypersil columns. The asymmetry factors
of NTSAs were similar or lower than thHe,sof NDSAs and
even “fronting” peaks withF;s< 1 were observed on Chro-
molith RP-18e column.
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Fig. 4. Separation of 1,5-, 1,6-, 1,3- and 1,7-naphtalene disulphonic acids on a Nova Pak C18 column 23 (A), an organic polymer C18 column 16 (B) and on
an Inertsil ODS2 column 6 (C). Mobile phase: 0.4 MJS&y, flow rate: 1 mImirr?, temperature 4€C.
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Fig. 6. Separation of 1,3,5,7-naphthalene tetrasulphonic acid, 1,3,6-, 1,3,5- and 1,3,7-naphtalene trisulphonic acids on a Zorbax SB Ag&péndmt7 (
a Phenomenex Aqua column 8 (B). Mobile phase: 0.4 M3, flow rate: 1 ml mirm?, temperature 40C.

On some columns with high carbon content and on column §ig. 6B), at the cost of a slightly longer analysis
columns intended for operation in highly aqueous mobile time.
phases, not only isomeric naphthalene disulphonic acids, but  The retention behaviour of naphthalene di-sulphonic acids
also some naphthalene trisulphonic acids can be separatedctan be possibly used for the classification of columns with
Fig. 4 compares the separation of four isomeric NDSAs in respect to their hydrophobicity and silanophilic activity. The
0.4 M sodium sulphate on three different column types. The columns tested can be divided into 10 classes according to the
retention strongly increases and the band asymmetry and efretention of 1,5 NDSA and relative retention of 1,7- and 1,5-
ficiency improve from the example ig. 4A showing sep- NDSA (Table 5. The columns in the classes llI, IV, VI-VIII
aration on a non-end-capped older type silica gel Nova Pakand X can be further divided according to the band symmetry:
C18 column to the chromatogram B obtained with an or- subclass a witlr;s< 2 and subclass b withas> 2. Separon
ganic polymer C18 column (B) and to the separation shown SGX C18 belongs into class | with very strong Donnan ef-
in Fig. 4C for an Inertsil ODS2 column. The separation of fect resulting into ionic exclusion of all NDSAs in 0.4 M
isomeric NDSAs strongly depends also on the type of ligand NaxSO4. The columns in classes II-1V exclude 1,5-NSDA
bonded on the support produced by the same manufacturerpefore the column hold-up volume and the columns show
see examples for Luna C18, C18(2) and phenylhexyl columnsweak (class Il), medium (class Ill) and strong (class 1V) se-
in Fig. 5A—C. Finally, some columns designed for separa- lectivity for isomeric NDSAs: class Ilbef 7/1,5<1, asym-
tions in highly aqueous mobile phases enable also separatiormetrical peaks) includes Separon SGX C8 and Luna C8 (2)
of isomeric naphthalene tri-sulphonic acids and naphthalenecolumns, class lll¢1 7/1 5= 1-10) Nova Pak C18 column pro-
tetrasulphonic acid-ig. 6A shows the chromatogram of the  viding asymmetrical peaks and Chromolith C18 column with
four acids tested on a Zorbax SB Aqua column, which is sig- symmetrical peaks and finally class \¢1(7/1 5= 10-20):
nificantly better than the separation on a Phenomenex AquaSilasorb SPH C18 column showing asymmetrical peaks and
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Purospher RP-18e column with symmetrical peaks. ClassesC18 columns show generally higher retention and selectivity
V-VII include columns providing relatively weak retention than corresponding C8 columns and new types of columns
of 1,5-NSDA and weak (Zorbax Eclipse XDB C8, class with high surface coverage and carbon content (Inertsil, All-
V), medium (Biospher SiC18, Luna C18(2) and Lichrosorb tima, Polymer C18), or reduced silanol number (X Terra)
RP8) and high (Luna phenylhexyl, Zorbax Extend 300 and and (or) bonded ligand chemistry intended for the applica-
Rx C18 columns) isomeric selectivity for NDSAs. Columns tions in highly agueous mobile phases (Atlantis and Aqua
providing relatively strong retention of 1,5-NDSA in 0.4M columns) show high retention and isomeric selectivity. How-
Nax SO are divided into classes VIII-X. Class Vil includes ever, the band asymmetry is not fully correlated with the
columns with medium isomeric selectivitys(7/1 5= 1-10, retention and isomeric selectivity and is probably a measure
Lichrospher 60RP select B: asymmetrical peaks and Poly- of the homogeneity of the surface, as asymmetric peaks sug-
mer C18, Zorbax SB ag: symmetrical peaks). To class IX gestcompetitive interactions with various adsorption centres.
belong columns with relatively strong isomeric selectivity Symmetrical peaks were observed on Purospher, Chromolith,
(1,7/1,5=10-20, Luna C18: asymmetrical peaks) and to class Inertsil, Alltima, polymer C18, Phenomenex Aqua and most
X columns with the highestisomeric selectivity(7/1 5> 20, Zorbax columns (Rx, SB, Extend).
Hypersil ODS, Xterra MS C18: asymmetrical peaks and In-  In the present work, aqueous 0.4 M sodium sulphate was
ertsil ODS2, Phenomenex Aqua C18, Atlantis, Alltima C18: used asthe mobile phase for column tests, asit provides larger
symmetrical peaks). retention and satisfactory selectivity differences for isomeric
NDSAs, very sensitive to the type of the column. Probably,
mobile phases containing other types and concentrations of
4. Conclusions salts can provide similar useful data for column classification.
Further work is in progress to check the validity and limita-
In aqueous mobile phases containing sodium sulphate,tions of the present column testing method. First, the effects
ionic exclusion of completely ionised naphthalene di- and of the individual columns and different column batches of
tri-sulphonic acids is suppressed and separation possibilitiesthe same types should be determined. However, such tests
are improved with respect to mobile phases without a salt require purchase of a large number of columns and therefore
addition. The retention of isomeric acids increases propor- are limited by the budget possibilities. So far, we compared
tionally to the dipole moment, which can be explained by its two Purospher RP-18e, two Nova-Pak C18 and two Chro-
effect on increasing exposure of the naphthalene ring to hy- molith RP-18e columns, with only small differences between
drophobic interactions with the non-polar stationary phases. the columns of the same type. Further types of columns, in-
The properties of the stationary phase, such as the type ofcluding mixed bonded phases, are being investigated and the
the support material, chemistry, coverage density and reg-results will be published sod23].
ularity of localisation of bonded ligands strongly affect the
retention, selectivity and the band shape. Very good selectiv-
ity allows excellent reversed-phase separations of isomericAcknowledgments
naphthalene di- and tri-sulphonic acids on some columns de-
signed for operation in aqueous mobile phases, without ion-  This research was supported by the Ministry of Educa-
pairing reagents in the mobile phase. tion of Czech Republic, project 25310002, Grant Agency
Strong stationary phase dependence of chromatographicof Czech Republic, project no. 203/04/0917 and by the Re-
behaviour of isomeric naphthalene di- and tri-sulphonic acids search Training Networks project no. HPRN-CT-2001-00180
can be used for testing of columns for reversed-phase chro-of the Commission of European Communities, 5th frame-
matography. As the tests are performed in purely aqueouswork programme “Improving the Human Research Potential
mobile phases, the results are not affected by the nature andind Socio-Economics Knowledge Base”.
concentration of organic solvents, unlike to earlier estab-
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