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Abstract

The chromatographic effects on a reversed-phase liquid chromatography (RPLC) phase were established with the use of chelates system:
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obalt(III) and iron(II) with 2-(5-bromo-2-pyridylazo)-5-diethylaminophenol as the test probes. Both chelates have the same octahedrare,
:L = 1:2, the former chelate is cationic and can be used to probe the ion-exchange phenomena on a RPLC phase, whereas the latter i
nd can be used as reference molecule with respect to the charged one. Based on well-established LC phenomena referred in the
uitability of the chelate system for examining some chromatographic effects was tested. It was concluded that the proposed test metho
owards the ion-exchange phenomena on the LC phase and the hydrogen bonding between the solvent eluent and the LC phase
hromatographic effects due to the presence of ultrasonic field or due to the presence of aromatic amines in the eluent were observed
f the proposed test method. Based on molecular computation, the properties of chelates were compared with properties of quaternar
robes most frequently used for testing LC phases, and the possible differences in an interaction of the mentioned compounds with a
PLC phase were indicated.
2005 Elsevier B.V. All rights reserved.
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. Introduction

The dynamic development of chromatography has become
ossible thanks to a wide variety of chromatographic column
acking. The silica-based liquid chromatography (LC) station-
ry phase is still the most used and investigated LC phase[1–3].

t was concluded that LC separation is a highly complex process
here (adsorption, ion-exchange and steric exclusion) interac-

ions between the solute and the stationary phase do take place
imultaneously, and these depend on the structure of the solute
nd the stationary phase as well as on the composition of a mobile
hase.

Organic compounds, grouped into a variety of different tests,
ave played the main role in the characterization of the LC
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stationary phase[4]. This group of tests is used for the discr
ination of LC retention mechanism and to estimate the c
matographic activity of silanol groups. Among these tests
procedures used for characterizing silanol activities of a p
ing are outstandingly important (recently reviewed[5]) and are
based mainly on base–acid or ion-pairing properties of am
The new test based on the retention of the simple Li+ cation
has been published recently[6]. Although, a number of thes
procedures do exist, there is no universally accepted proc
to date. This is in agreement with ref.[7], where the correlatio
among different tests is found to be low. The reason for th
the mixed retention mechanism which involves the hydroph
properties of the packing, the silanol properties of the pac
and the degree of ionization of amines. As both, the kind as
as the content of organic phase being in eluent do affect botKa
of the silanol group and pKa of the test amine, there is a high le
of uncertainty in the correct estimation of the chromatogra
effect.

021-9673/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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In the present work, metal ion chelates are introduced as
test probes for characterization of a reversed-phase liquid chro-
matography (RPLC) stationary phase as well as for character-
ization of LC retention in the case of modification of a RPLC
stationary phase. So far, only a few examples of application of
chelates in this regard are found in literature[8–11]. The rare
use of chelates for estimating chromatographic effects is due to:
(i) the existence of additional equilibria for chelate and chelate
conditional stability =f(pH, kind of solvent, ionic strength), and
(ii) low parametrization of metal ion–ligand bonding. On the
other hand, chelates are regarded as a group of interesting probes
for characterization of interfacial phenomena[12–14], provided
that the applied measuring system is well characterized.

Ligand R1 R2 R3

5-Br-PADAP Br C2H5 C2H5

5-Br-PAPS Br C3H7 C3H6SO3
−Na+

5-NO2-PAPS NO2 C3H7 C3H6SO3
−Na+

2-Pyridylazo ligands discussed in the present work.
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the ultrasonic bath. Computer programs:Ampac 8, (Semichem,
Shawnee, USA) andHyperChem 7 (Hypercube, Gainesville,
USA) were applied for molecular computations.

2.2. Reagents

All reagents used were of analytical-reagent grade. Cobalt(II)
stock solution (1 mg ml−1) was prepared from cobalt(II) sul-
phate heptahydrate and iron(II) stock solution (1 mg ml−1)
from Mohr’s salt (Fe(NH4)2(SO4)2·6H2O). Salts were dis-
solved in water (500 ml) with addition of 1 ml of concentrated
sulfuric acid. 2-(5-Bromo-2-pyridylazo)-5-diethylaminophenol
(5-Br-PADAP) (Fluka, Buchs, Switzerland) solution of a
concentration 5× 10−3 mol l−1 in methanol was used. Water
solution of 2.5× 10−2 mol l−1 sodium 1-dodecanesulfonate
(SDeS); 2.5× 10−2 mol l−1 sodium salt hexane-1-sulfonic acid
(SHS), 2.5× 10−2 mol l−1 sodium salt propane-1-sulfonic acid
(SPS); 0.1 mol l−1 3-(N-hexadecyl-N,N-dimethylammonio)
propane sulfonate (SB-12) (Sigma–Aldrich) were used.

Tetramethylammonium bromide (TMABr), tetraethylam-
monium bromide (TEABr), tetrapropylammonium bromide
(TPABr), tetrabutylammonium bromide (TBABr), tetraoctylam-
monium bromide (TOABr) and hexadecyltrimethylammonium
bromide (CTAB) (Avocado, Lancashire, England) were taken.
Tetraalkylammonium bromide salts were dissolved in eluents.
Acetonitrile (ACN) and methanol (MeOH) of HPLC grade (Lab-
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.1. Apparatus

The chromatographic system was composed of a Hew
ackard HP 1100 liquid chromatograph (Waldbronn Anal. D
ermany) consisting of a G1310A isocratic pump, G13
iode array detection (DAD) system, a Rheodyne Model 7

njection valve equipped with a 20�l sample loop (Cotati, CA
SA) and analytical column. The column was connected
olyether ether ketone (PEEK) capillary. The following colum
ere used: PEEK column tube PE 150/4.6 Nucleosil 1
18 e.c. (150 mm× 4.6 mm, 5�m) (Macherey-Nagel, D̈uren,
ermany), Zorbax, Eclipse XDB-C18 (250 mm× 4.6 mm) and
orbax, SB-C18 (250 mm× 4.6 mm) (Agilent, Palo Alto, CA
SA). The columns were not new but the performed test (ph
aphthalene and anthracene) showed that reduced plate

or columns was in the range of 7–11. Thus, the columns c
egarded as good. The chromatographic system was cont
y a Pentium MMX (200 MHz, 64 M RAM) personal compu
quipped with a LC Chemstation 2D (Hewlett-Packard)
ram, which also stored and handled the data. The abso
pectra were recorded on a Specord spectrophotometer (
ena) with 10 mm glass cells controlled by a personal c
uter. For pH measurement an ELPO-N517 pH meter (Po
as used. Ultrasound wave was generated in an ultrasoni

Sonic-6 bath, Polsonic, Poland; output power 3× 80 W, vibra-
ion frequency 40 kHz). The dimensions of the bath were le
0.5 cm, width 14.5 cm, height 14 cm. It was filled with wa

o a height of 7.5 cm. Columns were positioned at the botto
-
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can, Dublin, Ireland) and water deionized and double dis
ere used throughout.

.3. Eluent

Eluents were prepared in a 250 ml calibration flask by mi
olvents in appropriate proportions with or without the pres
f an appropriate additive. The composition of each elue
iven as a description in a figure, which illustrates an approp
ffect. Such prepared eluents were degassed in an ultrason
mixture of solvents) or by filtering, using 0.45�m PTFE filter
nder suction (solvent with a salt component).

.4. General procedure for separation of Co(III)/Fe(II)
helates with 5-Br-PADAP

In a 10 ml calibrated flask 0.3 ml of 5-Br-PADAP solutio
0�g of Co(II), 1�g of Fe(II) and 5 ml of methanol were add
nd the solution was filled with water up to the mark. A 20�l
ortion of the solution was injected onto the column. The
ate of the eluent was 1 ml min−1 and the eluate was simu
aneously monitored at 440 nm (5-Br-PADAP), 590 nm (Co
helate) and at 555 and 740 nm (Fe(II) chelate) using DAD d
or. Columns were equilibrated with eluent not less than 40
efore the sample injection. The value ofk was measured b
ouble injection (triple when difference in retentions was hig

han 5%). Note that the concentration of iron(II) chelate in
H range below 3.5 of an eluent should be increased for
lizing the peak of the chelate, as the efficiency of formatio

ron(II) chelate is found to be lower below pH 3.5. Alternative
he peak of ligand (5-Br-PADAP) can serve as the reference
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as retention of both iron(II) chelate and ligand (5-Br-PADAP) is
found to be close for the whole pH range of the eluent.

3. Results and discussion

3.1. Criteria for choice of metal ion chelates as LC probe

Chelates of metal ions with azo ligands are used most fre-
quently in metal ion determination, due to high chelate stability
in wide range of pH and high optical molar absorption coeffi-
cient ensuring low level of detection. These include chelates
of PAR, PAN and 5-Br-PADAP, which have been reviewed
recently[15,16]. In the present work, the chelates of Co(III)L2

+

and Fe(II)L20 (L0 = 5-Br-PADAP) were applied in order to
examine some LC effects. Both chelates have the same struc-
ture, metal ion:ligand = 1:2, cobalt chelate is positively charged
(Co(III)L2

+), whereas iron chelate is neutral (Fe(II)L2
0). The

Co(III)L2
+ chelate is interesting. It has been reported that the

chelate once formed is stable in a wide pH range, from fairly
concentrated acid (e.g., 3 mol l−1 hydrochloric acid) to pH at
least 10[17]. The same was reported for other pyridylazo
chelates of Co(III)[16]. Further, the outstanding ion-pairing
properties of the cationic Co(III) chelates with 2-pyridylazo
ligands toward negatively charged species have been reported
as follows (anion determined/chelate used): BF4

−/Co(III)(5-
Cl-PADAP) [18], anionic surfactants/Co(III)(5-CF-PADAP)
[
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tration of a surfactant in the eluent[25]. The deviation in the
retention of cobalt chelates with azo ligands in RPLC has been
reported[26,27].

The second chelate used in this work is Fe(II)L2
0, which has

already been used in many applications dealing with determina-
tion of iron ion by RPLC method. The chelate has been described
in refs.[28,29].

In the present work, measurement system (application of two
chelates Co(III)L2+/Fe(II)L2

0) was used for the characteriza-
tion of some LC effects. It was proposed that Co(III)L2

+ can be
used as a molecular probe sensitive toward cation exchange/ion-
pairing properties of LC phase, whereas the Fe(II)L2

0 was
regarded as reference molecule. Testing a RPLC phase by a
probe consisting of two molecules is accepted and frequently
used in chromatographic practice (e.g., Tanaka test (benzy-
lamine/phenol) or Waters test (amitriptyline/acenaphtalene)).
However, it was claimed that for structurally different molecules
used as test probes the non-specific interactions may be differ-
ent depending on an applied separation condition. The present
system (Co(III)L2+/Fe(II)L2

0) is different from those applied
so far. As both chelates have the same structure (octahedral,
M:L = 1:2), the non-specific interactions (hydrophobic or shape
dependent) between the LC phase and chelate should be similar.
Both chelates have theirλmax in the VIS spectral region and this
allows investigation of the retention using a RP phase, which
is modified by various compounds, usually having theirλ in
t
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19]/Co(III)(PADAP) [20]/Co(III)(5-Cl-PADAP) [21] and
lbumin/Co(III)(5-Br-PADAP)[22]. The formation and part

ion constants of ion associates formed between the ca
obalt(III) complexes and counter anions (ClO4

−, SCN−,
r− and Cl−) [23] were established and these factors mo
epended on the bulkiness and the polarity of the py

azo compounds. Next, both voltammetric and electropho
echniques were applied for the characterization of Co(III)2

+

helate (L0 = 5-Br-PADAP)[24]. In the present work, the bas
roperties of Co(III)L2+ chelate were established by the sp

rophotometric method and these are presented inTable 1.
Studies on RPLC retention of metal ions (Cu, Co, Fe, N

nd Pd) as 5-Br-PADAP chelates by RPLC showed that onl
etention of Co(III) chelate is affected by varying the conc

able 1
he basic properties of Co(III)(5-Br-PADAP) chelate determined by spectro

ometric measurement

arameter Co(III)(5-Br-PADAP

ptimum pH rangea,b 2–10

max
c (nm) 590

olar absorptivity (ε) (l mol−1 cm−1) 1.1× 105

etal to ligand ratiod 1:2
tability constant (logβ)d 11.8

a Chelate once formed is then stable in 3 mol l−1 HCl [17], 3 mol l−1 H2SO4

r 1.8 mol l−1 HNO3 [16].
b The cobalt(III) ion in chelate is not prone to a reduction in the presen

educing agents up to pH 9[12].
c In 50:50 MeOH/water solution. The value ofλmax was stable in differen
olvents: ACN/water, from 20% to 100% of ACN or in MeOH/water mixtu
n the same proportions.

d The Bent-French method.
c

max
he UV range.

.2. Choice of eluent solvents and LC phases

Based on the description in the previous section ass
ions about the character of interaction of Co(III)L2

+/Fe(II)L2
0

helates with RPLC stationary phase were examined u
ilica-based RP phases: (i) with diisobutyl-n-octadecylsilane lig
nd (Zorbax SB-C18) and (ii) dimethyl-n-octadecylsilane ligan
Nucleosil 100-5 C18 e.c. and Zorbax Eclipse XDB-C18).
entioned phases have been recently characterized in ref[30],

n terms of seven basic RP variables and in ref.[1] in terms
f selectivity parameters. It should be noted that the determ
ariables in ref.[30]: hydrophobicity (αCH2), total ion-exchang
apacity,αB/P pH 7.6 and acidic ion-exchange capacity,αB/P, pH
.7, for phases applied in the present work (Nucleosil C18:
.18, 0.13; Zorbax, Eclipse XDB-C18: 1.5, 0.35, 0.09; Zorb
B-C18: 1.49, 1.46, 0.13, respectively) show that all these p
ave similar hydrophobicity but different ion-exchange pro

ies. The concentration of silanol group (internal, surface
hielded) for Zorbax phase (Rx-C18 and SB-C18) has alr
een reported in ref.[31].

In the present work, these three C18 phases were c
ccording to their diversity in the retention of CoL2

+ chelate with
he use of pure solvents as eluent (Table 2). Thus, no elution o
oL2

+ was observed on Nucleosil C18 phase using both A
nd MeOH eluents. Using Zorbax SB-C18 phase the C2+

helate was not eluted by ACN but eluted by MeOH, and
orbax Eclipse XDB-C18 the chelate was eluted by both A
nd MeOH solvents. This behavior indicates that the conte
ilanol groups available for interaction with CoL2

+ decrease



114 S. Oszwałdowski / J. Chromatogr. A 1099 (2005) 111–120

Table 2
Comparison ofk of CoL2

+, FeL2
0 and L species on different RP-LC columns

using pure solvents (ACN or MeOH) as eluenta

ACN MeOH

CoL2
+ L FeL2

0 CoL2
+ L FeL2

0

Nucleosil 100-5 C18 e.c.
No elution 1.53 1.73 No elution 0.86 1.24

Zorbax, SB-C18
No elution 0.81 1.01 0.92 0.40 0.51

Zorbax, Eclipse XDB-C18
3.22 0.77 0.98 0.17 0.41 0.45

a (Column cleaning) column was purged by 0.05 mol l−1 H2SO4 for 30 min
and next it was left stand in 50:50 MeOH:water for 1 day, otherwise the column
behaves as if the separation was performed with the use of acidic eluent.

in the same order and this is in agreement with theαB/P order
for these phases, mentioned above[30]. The differences in elu-
tion of CoL2

+ by ACN and MeOH are discussed in detail in
Section3.9. To overcome the lack of retention of CoL2

+ on
Nucleosil or Zorbax SB-C18 columns, the ion-pairing reagent
(NaClO4) in concentration of 1× 10−3 mol l−1 (Nucleosil) or
5× 10−4 mol l−1 (Zorbax SB-C18) was added in order to visu-
alize the peak of CoL2+ (with a higher concentration of NaClO4
no further influence on the value ofk of the chelate).

In the present work (ACN:water) and (MeOH:water) mix-
tures as eluent were examined. First, these solvents are most
often applied to a RPLC separation and the second, we would
like to compare the present results with those obtained in ref.
[8], where metal chelates with 5-Br-PAPS and 5-NO2-PAPS
(structures are presented in Section1) have been applied for
examining the LC retention phenomena. In ref.[8], the cor-
relation of logk with solubility parameters (δ) was found to
be linear for MeOH:water eluent, whereas for ACN:water elu-
ent the correlation was curved for (5-Br-PAPS, 5-NO2-PAPS)
chelates.Fig. 1a shows the present results obtained for CoL2

+

and FeL20 (L0 = 5-Br-PADAP) chelates with the use of eluents
(ACN, MeOH) containing NaClO4 (5× 10−4 mol l−1) as ion-
pairing (IP) reagent. It was found that for FeL2

0 using both
(ACN, MeOH) eluents, the correlation logk = f(δ) is linear and
the slope is found to be independent from the column applied
(for MeOH eluents the slope is 0.20–0.22 and for ACN eluents
i ,
e sol-
v lvent
< peri-
m nly
Z the
r in
t if-
f
i
b CN
( ation
i
o
r -

Fig. 1. Retention of CoL2+ FeL2
0 and L0 species as a function of mobile phase

composition. The correlation of logk of these species with the solubility parame-
ter (δT); (a) Zorbax, SB-C18 column, eluent: organic phase (ACN, MeOH):water
containing 5× 10−4 mol l−1 NaClO4. (b) Zorbax, Eclipse XDB-C18, eluent:
organic phase (ACN, MeOH):water, without IP reagent. Solubility parameters
for MeOH, ACN and water: 15.85, 13.15 and 25.52 cal1/2 cm−3/2 were taken
from ref. [8].

out IP reagent (Fig. 1b). For FeL20, ion-pairing has no effect on
logk = f(δ) and slopes for FeL20 in the presence or absence of
ion-pairing reagent (NaClO4) were similar to each other and this
confirms the choice of the FeL2

0 chelate as reference molecule
in such LC conditions.

3.3. Influence of pH of the eluent

It is well recognized that in the silica-based LC phase differ-
ent silanol groups are present[32]. It was found that two different
pKa values of silanol were found on a bare silica as well as on a
RPLC phase[6] and a particular pKa of silanol at the bare silica
is different from appropriate pKa found on a RP bonded silica
[2]. In the present work, the influence of pH of an eluent onk
of both (CoL2+/FeL2

0) chelates using the RPLC columns were
examined (Fig. 2). The results obtained here indicates that in

F -
f ining
5
c ).
t is 0.58–0.61). For CoL2+, the relation logk = f(δ) is curved
specially for the region with high content of the organic
ent in the eluent (>80%), whereas for content of organic so
80%, the observed relations are linear. In the second ex
ent (Fig. 1b) eluents without IP reagent were examined. O
orbax Eclipse column was permitting for observation of
etention of CoL2+ and FeL20 in the absence of IP reagent
he eluent (Table 2). ComparingFig. 1a and b, the greatest d
erence is observed for logk = f(δ) relation for CoL2+ chelate
n ACN eluent. Thus, ion-pairing (CoL2+ · · · ClO4

−) seems to
e effective in an eluent which contains high content of A
> 80%), whereas for the lower ACN content, such associ
s replaced by the other (CoL2

+ · · · SiO−) as the value of logk
f CoL2

+ in ACN/water eluent containing IP reagent (Fig. 1a)
eaches the level of logk of CoL2

+ in ACN/water eluent with
ig. 2. Influence of pH on retention of CoL2
+ and FeL20 chelates—two dif

erent columns with the same eluent (MeOH:water, 80/20, v/v, conta
× 10−4 mol l−1 NaClO4). Labels, (A and C) denote CoL2

+, (B and D) FeL20;
olumns: Nucleosil, 100-5 C18 e.c. (A and B), Zorbax, SB-C18 (C and D
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Fig. 3. The relationship between logk of (CoL2
+, FeL2

0) and log[NaCl] being
in the eluent. The solid lines denote retention of CoL2

+ at different pH, whereas
dashed lines denote retention of FeL2

0 at pH 7.4 and 4.5 (bottom) or L0 at
pH 2.1 (upper). The label�[Na+] denotes the concentration of NaCl in eluent
necessary to start the ion-exchange process, and this reflects the column ion-
exchange capacity at different pH.

the pH range 2–4.5, the hydrophobic interaction between both
chelates and the RP phase is found to be the main retention
mechanism as the slope ofk versus pH for both Fe(II)L20 and
Co(III)L2

+ is the same. Above pH 4.5, the hydrophobic interac-
tion remains the main factor governing the retention of Fe(II)L2

0

chelate, whereask of Co(III)L2
+ is the superposition of both

hydrophobic and the continuously increasing the ion-pairing
(SiO− · · · CoL2

+) interactions between the CoL2
+ and the LC

phase. Thus, thek of Fe(II)L2
0 reflects the non-specified inter-

action common for both chelates, whereas the increasing dis-
similarity betweenk (CoL2

+) andk (FeL2
0) reflects an increase

in the specific chromatographic effect (SiO− · · · CoL2
+) due to

an increase in the pH of the eluent.

3.4. Analysis of log k versus log [C+]m plot

Analysis of k of a test solute in function of the counte-
rion concentration in eluent ([C+]m) is accepted for the dis-
crimination of LC retention mechanism[3]. In the previous
Section it was postulated thatk of CoL2

+ versus pH of the
eluent can be divided onto two parts. In the pH range of the
eluent up to 4.5 the hydrophobic separation mechanism domi-
nates, whereas for pH above 4.5 superposition of hydrophobic
and ion-exchange mechanisms is governed the CoL2

+ reten-
tion. In this section, curvesk = f[C+]m were registered in the
fi sec
o
N -
e
a -
d t the
o
f
R
( ;
l -
i he
s was
o e fo
F ined
f for

Fig. 4. Influence of triethylamine (TEA) onk of CoL2
+, FeL2

0 and L0 species
examined in the present work. Column: Zorbax SB-C18; eluent: ACN:H2O,
80:20, v/v containing NaClO4 (5× 10−4 mol l−1) and TEA. The pH of the eluent
is shown in the figure.

Ace or Alltima columns (with the help of quaternary amines)[3],
thus the content of silanol group is expected to be higher at the
Nucleosil phase than on these (Ace, Alltima) columns. Another
possible explanation is about a different interaction of cobalt
chelate than the test quaternary amine with a stationary phase
and this is discussed in Section3.12. The analysis of another rela-
tionship (k = f(1/[Na+]) revealed that a decrease in an intercept
with an increase in pH of the eluent was observed. Taking into
account the criteria presented in ref.[3], such behavior points
to the increasing contribution of ion-exchange process between
CoL2

+ and LC phase in the total retention.Fig. 3 shows some
additional features of the experiment. It was found that for elu-
ent (pH 2.1), the eluent with the lowest organic solvent content
(MeOH, 65%) was sufficient for elution of both chelates (only
RP mechanism), whereas eluent (pH 7.4) needs greater content
of organic phase (MeOH, 80%) due to (RP + IC) mechanisms.
Also, an increase in pH of eluent leads to the situation where
the counterion [C+]m concentration in eluent has to be higher
to start the ion-exchange process (denotes as�[Na+], Fig. 3),
which points to the growing cation exchange capacity of the
column with an increase in the pH of the eluent.

3.5. Modification of RPLC stationary phase by aliphatic
R3N amines

phic
p
p ilanol
g e
c
I ACN
w ,
R
i
e n of
s
c st
i
( ect
o
R ol
rst pH range at the pH (2.1 and 2.9) as well as in the
nd pH range (pH 4.5 and 7). As the counterion [C+]m, the
a+ (as NaCl) was chosen as the Cl− anion that has the low
st ion-pairing properties among (ClO4

−, SCN−, Br− and Cl−)
nions[23]. Careful study ofFig. 3 shows (the lowest, mid
le and highest pH were shown in the figure for clarity) tha
btained regressions and slopes for the curves logk = f(log[Na+])

or CoL2
+ were as follows: logk =−0.048 log[Na+] + 1.13,

2 = 0.9518 (pH 2.1); logk =−0.07 log[Na+] + 1.15,R2 = 0.971
pH 2.9), k =−0.353 log[Na+] − 0.132,R2 = 0.9789 (pH 4.5)
ogk =−0.558 log[Na+] + 0.007,R2 = 0.9946 (pH 7). Thus, tak
ng the relation logk = f[C+]m into account, an increase in t
lope for CoL2+ chelate due to an increase in pH of the eluent
bserved and no-influence of pH of the eluent on the slop
eL2

0 or L0 was noticed. In the present work the slope obta
or logk = f[C+]m for CoL2

+ is higher than the slope reported
-

r

The tertiary aliphatic amines are used in chromatogra
ractice for screening of free silanols groups[32]. The pro-
osed mechanism is the hydrogen bonding between free s
roup and R3N amine (Si O · · · H · · · NR3) [32] and the amin
oncentration proposed for it is in the range of 10−3 mol l−1.
n the present experiment, the eluent based on MeOH or
as modified by addition of aliphatic R3N amines. For this
3N amines, where R = CH3, C2H5, C4H9, C10H21 were applied

n the concentration range, up to 1× 10−4 mol l−1 in the elu-
nt. This experiment allows checking whether suppressio
ilanol groups has an effect on the retention of CoL2

+/FeL2
0

helates. The obtained results (Fig. 4) shows that the fa
ncrease ink of Co(III)L2

+ due to the presence of R3N in eluent
>1× 10−5 mol l−1) was observed. This is evidently an eff
f the high pKa of R3N (e.g., pKa 9.9, R = CH3; pKa 10.5,
= C2H5), which leads to the effective ionization of silan



116 S. Oszwałdowski / J. Chromatogr. A 1099 (2005) 111–120

Fig. 5. (a) Influence of R4N+Br− salt on the retention of CoL2+ and FeL20

chelates and L0 ligand. (b) Relationship betweenk of CoL2
+ and logPW/DCE of

R4N+Br− salts (PW/DCE = partition coefficient: water-1,2-dichloroethane). Con-
centration of R4N+Br− in the eluent 1× 10−3 mol l−1. Column: Zorbax SB-C18,
eluent: ACN/water 70/30, v/v (in the absence of R4N+ salt, 70/30, v/v ACN/water
with NaClO4, 5× 10−4 mol l−1 was used).

groups, because the small amount of R3N added to the eluent
leads to drastic increase in the pH of the eluent (Fig. 4). This
means that the pH effect described in Section3.3is dominating
the Co(III)L2

+ retention in the present experiment. However,
taking into account thatk of (FeL2

0 or L0) was unchanged due
to an increase in the concentration of R3N in the eluent it can be
concluded that the chromatographic effect related to an interac-
tion of free silanol groups with chelate (SiOH· · · ML2) has no
influence on the retention of these species.

3.6. Modification of RPLC stationary phase by
tetraalkylammonium salts (R4N+Br−)

The tetralkylammonium salts are able to screen the ion-
ized silanols groups due to ion-pairing effect (SiO− · · · N+R4)
as well as free silanol groups due to hydrogen bonding
(Si HO · · · H R4N+) [32]. The amount of adsorbed ammo-
nium compound on the RP phase depends on an alkyl chai
length of R4N+ and can reach a maximum surface concentra-
tion of 2.5–3�mol m−2 [33]. In the present work, the examined
R4N+Br− salts were: TMA+, TPA+, TBA+, TOA+, CTA+, all
bromide salts. The eluent based on MeOH or ACN solvents
containing R4N+Br− at constant concentration 1× 10−3 mol l−1

was used. The eluent pH for all R4N+ was 6.3–6.5. It was found
that a decrease in the retention of Co(III)L2

+ was observed
irrespective of the kind of RN+ salt applied, whereas for
t s
u h
t
a
i d to
b
h nt

Fig. 6. Influence of sulphonate salts on retention of CoL2
+ and FeL20. Col-

umn: Nucleosil 100-5 C18 e.c., eluent: ACN:water 80:20, v/v and RSO3
−Na+

(1× 10−3 mol l−1), (in absence of RSO3−Na+ salt, 80:20, v/v ACN:water with
NaClO4, 1× 10−3 mol l−1 was used).

work were calculated using the PM3 wavefunction (q = 0.62,
TMA+; q = 0.57, TPA+; q = 0.58, TBA+) and partition coef-
ficients P of transfer of bromide quaternary ammonium salt
from water to 1,2-dichloroethane, used as the representation of
R4N+ hydrophobicity, were taken from ref.[34] (103PW/DCE,
1.6× 10−7 TMA; 6.2× 10−3 TPA; 1.16 TBA, 158 CTA). It can
be concluded that a decrease ink of Co(III)L2

+ is related to
hydrophobicity of R4N+, as the charges of all R4N+ are similar
and even slightly lower for higher R. The correlation betweenk
of CoL2

+ and logPW/DCE of R4N+ salts is found to be excellent
(k =−0.4778 logPW/DCE + 1.21 (R2 = 0.9938)) and is presented
in Fig. 5b. There is a huge disparity between logPW/DCE for
TMA+ and TOA+ and the LC effect due to the presence of TOA+

is not expressed properly. In addition, the effect of the type of
a LC phase on a change ofk of CoL2

+ (Nucleosil > Zorbax)
and effect of the eluent (�k, ACN >�k, MeOH) were also
observed.

3.7. Modification of RPLC stationary phase by
alkylsulphonate salts (RSO3

−Na+)

It was expected that, the modification of RPLC station-
ary phase by an addition of RSO3

−Na+ salt to the eluent
leads to a reverse effect to the effect which was observed in
previous section. This is consistent with ref.[35], where the
RPLC phase modified by alkylsuphonate salts is described as
c
R he
e l
e ining
R ten-
t er
e e
o for
h the
p
s bicity
o ious
t
s -
l in
r ca-
t e (
o

4
he not charged species (Fe(II)L2

0 and L0) the retention wa
nchanged in this respect (Fig. 5). This is in agreement wit

he effect observed for Co(III)L2+ and Fe(II)L20 chelates with
zo ligands using several RP columns[27]. Using R4N+ salt

n modification of RPLC phase two parameters are foun
e important: (i) charge of nitrogen atom of R4N+, and (ii)
ydrophobicity of R4N+. Charges of R4N+ used in the prese
n

,

ation-exchange LC phase. The examined RSO3
−Na+ salts were

= C3H7, C6H13 and C12H25 and these were dissolved in t
luent (cRSO3Na = 1 × 10−3 mol l−1). Fig. 6 shows the typica
ffect due to the modification RPLC phase by eluent conta
SO3

−Na+ salt. As in the previous section, the change in re
ion is observed for Co(III)L2+ chelate but to a much less
xtent. Also the increase ofk of FeL2

0 due to the presenc
f RSO3

−Na+ salts in the eluent was observed, especially
igher R (C6, C12) salts. This means that the coverage of
hase by RSO3−Na+ salt can be different than that by the R4N+

alt as the former clearly leads to an increase in hydropho
f the RPLC phase. It should be pointed out that, like in prev

he section, thek of Co(III)L2
+ does rely on R of RSO3−Na+

alts as the negative charge of RSO3
−Na+ is found to be simi

ar for all RSO3
−Na+. In addition, the degree of an increase

etention of Co(III)L2+, thus the degree of RP phase modifi
ion, does depend on the kind of RP phase examined her�k
f Co(III)L2

+ on Zorbax > Nucleosil).
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3.8. Modification of RPLC stationary phase by zwitterionic
salt (SB-12)

Zwiterionic salts (R1N+ R2 SO3
−) are an interesting group

of compounds used in modification of the RPLC phase. The
dynamic coating of the RP phase allows for simultaneous
retention of cationic and anionic species. The process has
already been characterized in the ref.[36]. In the present
work eluents (MeOH/water, 80/20; ACN/water, 80/20) con-
taining 5× 10−4 mol l−1 NaClO4 and SB-12 in the range of
0–6× 10−3 mol l−1 were applied. It was established that reten-
tion of both Co(III)L2

+ and Fe(II)L20 were not influenced by
SB-12 concentration in the eluent, which indicates that such
modification did not lead to formation of ion-exchange proper-
ties of RPLC phase. Such observation is in agreement with ref.
[37], where MeOH/water eluent containing SB-12 was applied
to modify the Spherisorb ODS phase and no ion-exchange prop-
erties of such prepared phase was detected (one of the explana-
tions is presented in ref.[37]).

To summarize the results presented in Sections3.1–3.8,
which were based on modifications of RPLC phase, it can be
concluded that the Co(III)L2+/Fe(II)L2

0 system can be an inter-
esting test probe for testing the LC chromatographic effects and
the obtained results were in agreement with many publications
presented in literature. In the following sections the proposed test
method was applied for establishing chromatographic effects on
t re so
f

3
a

ten-
t vious
w -
p C
R . It
w was
k sed
o es-
e n
m erved
[

he
R
e a-
t reas
A pos-
s
f
0 city
( r
i ectric
c ocia-
t
c is
f

Fig. 7. The application of CoL2+ chelate to the determination of degree of inter-
action of methanol with RPLC stationary phase (Zorbax, Eclipse XDB-C18).
Upper, (a) the strong interaction of CoL2

+ with stationary phase is observed using
the eluent 20:80, v/v, water:organic phase (ACN + MeOH) with the content of
MeOH up to 20% (v/v). At the MeOH concentration (>20%) the interaction of
CoL2

+ with stationary phase is replaced by the interaction of MeOH with sta-
tionary phase. It should be noted thatk of FeL2

0 and L0 were insensitive about
changes in eluent composition, which indicates that CoL2

+ is a specific test
probe. (b) Comparison of retention of CoL2

+ using two different eluents, which
indicates that the specific interaction between organic solvent and stationary
phase (20:80, v/v water:organic phase eluent) is replaced by water–stationary
phase interaction when eluent 35:65, v/v water:organic phase (ACN + MeOH)
was applied.

In the present work the retention of both chelates using
pure solvents (MeOH and ACN) was investigated (Section3.2,
Table 2). Two conclusions can be drawn from the experiment.

The first conclusion is given in Section3.2(relative content of
silanol groups on a particular phase). The second conclusion is
that the retentivity of Co(III)L2+ using both pure solvents were:
k (ACN eluent) >k (MeOH eluent) (Table 2). As both solvents
(MeOH versus ACN) possess similar values of dielectric con-
stant (ε), values of association constant (SiO− · · · Co(III)L2

+)
in both solvents should be similar in respect ofε. Therefore,
the reduced retention of Co(III)L2+ in MeOH is due to influ-
ence of the hydrogen bonding between the MeOH and the LC
phase (SiO− · · · H OMe) on ion-pairing (SiO− · · · Co(III)L2

+),
because of higherα value for MeOH (Abraham’s hydrogen bond
acidity). The following experiments were performed with the
aim of confirming the observation. In the experiment (Fig. 7a),
the retention of all species (Co(III)L2

+, Fe(II)L2
0 and L0) was

observed using the eluent: 20% water and 80% mixture of
organic solvents (ACN + MeOH, in various proportions). At the
beginning the ACN/water (80:20, v/v) as eluent was applied fol-
lowing by gradual increase in the MeOH content in the eluent. It
can be concluded that the initial good conditions for ion-pairing
(SiO− · · · Co(III)L2

+) in ACN gradually diminish owing to the
presence of hydrogen bonding (SiO− · · · HO Me) caused by
an increased concentration of MeOH in the eluent. This fact
is confirmed by next experiment, where the eluent 35:65 (v/v)
he RP phase, which have not been reported in the literatu
ar.

.9. Hydrogen bond formation between stationary phase
nd methanol

The influence of a solvent (ACN versus MeOH) on re
ion of chelates has already been observed in the pre
ork [14], where retention of Fe(NN)3

2+ chelates (NN = 1,10
henathroline and its derivatives) was examined using18
PLC phase with ACN:water or MeOH:water eluents
as observed that for the former eluent the order

chelates< kligands, whereas for the latest one, the rever
rder, kchelates> kligands has been observed. Also, in the pr
nce of SDS (C12SO4

−Na+) in an eluent, mixed retentio
echanism for these chelates (RP + SEC) has been obs

14].
The difference in interaction of ACN or MeOH with t

PLC stationary phase has already been discussed[32]. Gen-
rally, it was pointed out that MeOH is prone to the form

ion of hydrogen bonding with silica-based LC phase, whe
CN does not possess such an ability. Both solvents
ess similar permittivity (εMeOH = 32.7, εACN = 37.5) but dif-
erent values of Abraham’s hydrogen bond acidity (αMeOH
.43, αACN = 0.07) and Abraham’s hydrogen bond basi
βMeOH = 0.47, βACN = 0.32) [38]. In addition ion-pairing o
on-exchange depends on solvents properties, e.g., diel
onstant. An example is the observation of values of ass
ion constant (Kassn) of TBA+ with Br− (Kassn/solvent dielectric
onstant): 103/19 and 0.6/78[39], thus the ion association
avorable in low polarity solvents.
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Fig. 8. Modification of RPLC phase by aromatic amine (DMA—dimethy-
laniline). Solid lines, Nucleosil 100-5 C18 e.c.; dashed lines, Zorbax SB-C18.
Eluent: MeOH/water = 80/20, v/v; NaClO4, 4× 10−3 mol l−1.

water:organic phase (ACN + MeOH, in various proportions) was
applied (Fig. 7b). It was found that in this case thek of CoL2

+

was at the same level, in spite of the relatively large concentra-
tion of MeOH in the eluent. Thus, the influence of MeOH on
interaction (SiO− · · · Co(III)L2

+) (Fig. 7a) was hidden due to
the strong interaction between water and the stationary phase.

To summarize the present experiment, it can be proposed
that CoL2+ is sensitive toward hydrogen bonding between a sol-
vent and a stationary phase and the influence of the parameter
(α Abraham’s hydrogen bond acidity) can be detected in real
chromatographic conditions.

The second conclusion from the experiment is that the inter-
action of MeOH with RPLC phase is stronger than ACN with
RPLC phase. Beginning with the methanol-based eluent and
increasing contents of the ACN in the eluent, all the time the
retention was similar to that obtained at the beginning, despite
the high content of ACN in the eluent. On the other hand, starting
from ACN-based eluent and increasing the content of MeOH in
the eluent the retention was fast adapting to current conditions.

3.10. Modification of RPLC stationary phase by aromatic
amines tested by present method

Aromatic amines are useful in detection of silanol activity
in RPLC phase[32]. Aromatic amines have pKa lower than
a ine in
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Fig. 9. Influence of ultrasonic field on retention of CoL2
+/FeL2

0 chelates
reflected by logk = log[Na+] curve (see Section3.4). Column: Nucleosil 100-5
C18 e.c., eluent: MeOH:water, 80/20 containing NaCl, pH 4.5. Descriptions:
“no-ultr” denotesk of chelate in the absence of ultrasonic field and description
‘ultr’ in the presence of the field.

charge due to the fact that amines are basic compounds and dif-
ferences in structure of these RP phases may induce such effect,
and (ii) it is possible to assume that aromatic amines bound to RP
phase are protonated by the most active silanol groups, which
leads to formation of ionized silanol group ready for interaction
with a cationic chelate. Although the effect is well established, it
seems to be that additional experiments are needed for adequate
explanation of the effect.

3.11. Influence of ultrasonic field on retention of
CoL2

+/FeL2
0 chelates

The ultrasound field has been recently introduced into the
chromatographic practice[40,41]. Also the field was applied
in order to differentiate interactions of the metal ion with sur-
factants[28]. The aim of the present experiment is applying
the ultrasonic field in order to differentiate separation mech-
anisms with the help of CoL2+/FeL2

0 chelates as molecular
probes. In the experiment the relationship logk = f(log[Na+])
was applied (Section3.4) as the relation is allowing estimation
of the degree of (hydrophobic versus ion-exchange) interac-
tion of a solute with a LC phase.Fig. 9 shows the relationship
between logk = f(log[Na+]) for CoL2

+ and FeL20 on Nucleosil
phase, in the presence or absence of the ultrasonic field. As was
stated previously, the former chelate is sensitive to ion-exchange
p ecific
i
f ted
a ctor
i t. The
n
i eluent
i of the
fi :20,
o here
t water
e sig-
n
( able
L een
t s the
liphatic ones, thus the pH effect due to the presence of am
he eluent, reported in the Section3.5, could not be observed. T
pplication of aromatic amines (pyridine, aniline and dime

aniline), as eluent additive, in modification of the RP phase l
o the formation of two chromatographic effects (Fig. 8). First,
n increase ink of Co(III)L2

+ in relation tok of Fe(II)L2
0 was

bserved due to an increase in the concentration of amine
luent (for all concentrations of amine the pH of the eluent
imilar (pH 5.2–5.5)). Second, the effect was observed o
PLC phase with the highest content of silanol group (Nu
sil), whereas on the phase (Zorbax) with the lowest conte
ilanol group the effect was not observed. The observed e
s not an ion-pairing (amine/CoL2

+; charge of nitrogen ato
n amines is low, e.g., pyridine,q =−0.08, PM3), because su
ffect should be independent from the phase used. Two m
isms can be proposed: (i) the partition of an aromatic ami
18 phase can induce the formation of areas with the neg
e

f
t,

a-

henomena, whereas the latest one is sensitive to non-sp
nteraction on the RPLC phase. It was observed (Fig. 9) thatk
or both FeL20 and CoL2+ is shifted to the same extent (deno
s�k), which indicates that for both chelates a common fa

nfluences the retention of both probes to the same exten
ext observation is that the efficiency of the field onk of chelates

s related to a decrease in back pressure (pressure of the
n the absence of the field minus pressure in the presence
eld) noticed for a particular eluent. Taking the eluent (80
rganic phase:water) into account, in ACN:water eluent, w

he decrease in back pressure is much lower than in MeOH:
luent, the effect�k, due to the presence of ultrasonic field is
ificantly smaller. However, taking into account the value of�k
Fig. 9) it can be concluded that ultrasound effect in afford
C conditions is related with hydrophobic interaction betw

he probe and the LC phase and not with ion-exchange, a



S. Oszwałdowski / J. Chromatogr. A 1099 (2005) 111–120 119

slope fork = f[Na+] for CoL2
+ was left the same and�k is related

with a decrease ink of FeL2
0.

3.12. Rationalizing the observed effects with the help of
molecular computation—comparison of cationic probes

In this section we would like to compare cationic probes used
for characterization of ion-exchange properties of a RPLC phase
by means of the molecular computational methods. First, charge
of metal ion in the chelate (q = +0.45, Co(III)L2

+ by DFT method
(B88-LYP functional with DZVP basic set) was established and
this is an additional argument for treating the Co(III)L2

+ chelate
as the cationic probe. Also, structures (octahedral) and molar
volumes (Van der Waals volume: vdWCoL2 = 1646Å3 and
vdWFeL2 = 1648Å3) of both chelates obtained byHyperChem
are found to be similar, which indicates that the structurally
dependent interactions between these chelates and the LC phase
should be similar. In this section the quaternary amines used for
testing the LC stationary phases: (i) bretylium[2], (ii) recently
introduced berberine[42]), along with (iii) tetramethylammo-
nium (TMA+) cation as an example of the simplest quaternary
amine, were analysed and compared with the cationic CoL2

+.
The obtained charges of these amines are higher than the charge
of CoL2

+ chelate (nitrogen atom, PM3 method: TMA+ (0.62),
bretylium (0.60), berberine (0.50)). Thus, taking into account
the Coulombic interaction between the probe and the anionic
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Table 3
The influence of TMA+ interaction with Cl− on the TMA+ parameters

N+ · · · Cl−

distance (̊A)
Angle
C–N–C (◦)a

Charge of
N atomb

Energy
(kcal/mol)c

3.2 (optimal) 109.5 0.71 −52.1
2.5d 114.8 0.76 −26.9 (�E = +25.2)
2.1d 118.4 0.81 −19.2 (�E = +32.9)

a (mm+, Hyperchem), the angle 108.5◦ was determined for the free TMA+

cation.
b The charge of N atom was determined (PM3) at the appropriate TMA+ geom-

etry. Both AM1 and PM3 (Hyperchem) were indicated an increase in N charge
due to dipper distortion of TMA+ geometry; values obtained by PM3/Hyperchem
are close to these obtained by AM1/Ampac.

c Energy of molecule at the appropriate geometry (mm+, Hyperchem). The
(�E) denotes energy of the molecule at its distorted geometry minus energy of
molecule at its optimal geometry.

d Restrained distance.

results in an increase in the charge of the nitrogen atom (∼+14%,
at the reduced N+ · · · Cl− distance of about 1.1̊A). The second
effect (Table 3), an increase in TMA+ energy due to distortion of
TMA+ geometry was observed, which shows that distortion of
TMA+ geometry is an energy consuming process. In such a situ-
ation it is necessary to compare the energy gain for TMA+ due to
hydrophobic interaction with the energy required for distortion
of TMA+ geometry, due to binding of TMA+ to negative site.
In other words, if energy gain due to hydrophobic interaction is
small in relation to the energy of TMA+ at a given geometry (due
to binding of TMA+ to negative site), the ion-pairing process
should dominate, whereas reversed energy proportion indicates
that the hydrophobic interaction dominates over the electrostatic
one with some consequences. The interaction of TMA+ with the
flat surface containing carbon atoms, designed by multiplying
the antracene skeleton (rectangle, 7× skeleton), was assumed
as the equivalent of hydrophobic interaction for TMA+. The
obtained binding energy,�E = Ecomplex− (ETMA + Eflat surface)
for TMA+ was negative (−38 kcal/mol) and the energy gain is
higher than the energy required for distortion of TMA+ geom-
etry due to its binding to the negative site as close as 2.1Å
(+33 kcal/mol,Table 3). Thus, the binding of TMA+ to the
hydrophobic site can reduce the distance (N+ · · · charged site)
to be much shorter than the optimal distance. This situation
denotes the distortion of the TMA+ geometry and change
in TMA+ charge (∼+14%, at the reduced N+ · · · Cl− dis-
t Tak-
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p in the
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m
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N the
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(
b
2 e
ite, the cationic quaternary amines are advantage probes.
ver, additional factors are important for the RPLC separati
hese probes. Both, the change in a charge of a probe, due
resence of various solvents and an influence of one intera
between probe and a hydrophobic site on a RP phase) o
econd interaction (between probe and a charged site on a p
hould be considered. The former was detected by Ampac
ram, which has built-in the SM[38] package allowing modelin

n various solvents. It was established that the solvents ha
nfluence on the charged quaternary amine, having the

etry (point group Td, TMA+) and this is due to the lack
ipole moment of the molecule. For amines without point s
etry (e.g., bretylium, dipole moment 11.4 D) the decreas

harge of nitrogen atom of amine is evident (5%, SM 5.2 or 1
OSMO methods; from water to butanol). The second fa

he influence of the non-specified interaction on the spec
ne is explained by taking TMA+ as an example. The com
ined effect (ion-exchange + hydrophobic interactions in RP
as recently been postulated[3] and the effect (hydrophobical
ssisted ion-exchange process) is claimed to be the domin
rocess in RPLC separation for charged solutes. In the pr

heoretical experiment, the energy effects being a result of
ction of TMA+ with anionic site were determined (Table 3)
nd compared with energy gain due to interaction of TMA+ with
ydrophobic surface. In this experiment the molecular mech
mm+/HyperChem) was applied. The energy effect due to TM+

nteraction with anionic site (e.g., Cl− (HyperChem)) is pre-
ented inTable 3. A similar problem (the interaction of NH4+

ith BF4
−) has been reported[43]. From Table 3 it can be

oncluded that on bringing TMA+ closer to the anionic si
he bigger distortion of TMA+ geometry was observed, whi
g
nt
-

ance), factor which is important in ion-exchange process.
ng into consideration the facts presented above the re
robes were analysed. Shortly, these results are presented

ollowing manner: N+ · · · Cl− optimal distance/energy of th
olecule at this geometry, followed by the restrained N+ · · · Cl−
istance/(�E = energy of a molecule at its distorted geom
inus the energy of a molecule obtained at its geometry, w
+ · · · Cl− distance is optimal) and finally, the value of
nergy due to hydrophobic binding of the molecule to the flat
on surface (all energies in kcal/mol): (i) bretylium, 3.4Å/−159,
.6Å/(�E = +17), 2.1Å/(�E = +49), binding energy =−124;
ii) berberine, 2.6̊A/−55, 2.1Å/(�E = +15), 1.7Å/(�E = +40),
inding energy =−24; (iii) CoL2

+, (Co+ · · · Cl−) 2.97Å/−78,
.5Å/(�E = +2.5), 2.1Å/(�E = +22), binding energy is positiv
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(+19). Taking these data into account, the distortion of a
molecule parameters (geometry, charge), due to molecule inter-
action with a negative site, which is enforced by hydropho-
bic binding, is more probable for bretylium than for berberine
or CoL2

+ chelate. This leads to another important conclusion
that parameters of a quaternary amine can be conditional dur-
ing RPLC separation, and this can be an additional argument
that concerns the problem with the low correlation between
results obtained by various testes, based on protonated (qua-
ternary) amines[7]. Regarding the CoL2+ chelate, three facts
are important. First, the Co(III) configurationt62ge

0
g indicates the

well-separated areas of low and high charge densities around
the metal ion and such a charge distribution is achieved even
when the chelate geometry is distorted (e.g., John-Taller effect).
Second, for CoL2+ chelate, no change inλmax of CoL2

+ was
observed in the present work, in solvents (20–100% of ACN or
MeOH; in solvent/water mixtures) (lack of solvatochromism),
which is points to stable CoL2+ geometry, in spite of the presence
of media possessing various properties, e.g., dielectric constant.
Finally, CoL2

+ is not a acid–base probe, so the problems with
pH, mentioned for amines (e.g., benzylamine[7]) do not refer
to the chelate as the LC probe.
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