
Journal of Chromatography, 5 13 (1990) 145158 
Elsevier Science Publishers B.V., Amsterdam 

CHROM. 22 395 

Investigation of the reversed-phase high-performance liquid 
chromatographic ligand-exchange retention mechanism on a 
triamine stationary phase 

THEODORE R. KOZIOL” and MARY LYNN GRAYESKI* 

Department of Chemistry, Seton Hall University, South Orange, NJ 07079-2694 (U.S.A.) 

(First received July 18th, 1988; revised manuscript received February 7th, 1990) 

ABSTRACT 

A tridentate ligand, trimethoxysilylpropyldiethylenetriamine, was bound to sil- 
ica and studied as a stationary phase for reversed-phase ligand-exchange chromato- 
graphy. The tridentate stationary phase “triamine” yielded more stable metal com- 
plexes, i.e., better metal loading efficiencies than previously reported diamine and 
monoamine stationary phases. This triamine packing with its enhanced metal loading 
properties was evaluated to identify the key factors that affect solute retention and 
selectivity. Mobile phase properties like buffer ionic strength and metal concentration 
greatly affected retention, while type of metal, i.e., Zn”, Cd”, Hg”, Cu” or Ni” greatly 
affected selectivity. The choice of mobile phase organic modifier significantly affected 
both retention and selectivity. Methanol-water mobile phases elicited relatively little 
metal binding per triamine site, with Hg”, Zn”, Ni” and Cd” occupying 32, 9.5, 7.8 
and 5.7%, respectively. Changing the organic modifier from methanol to acetonitrile 
provoked a dramatically different but consistent pattern of metal loading to the 
triamine. The ratio of loaded metal with the acetonitrile modifier was 2.3 f 0.1 fold 
higher than that observed for the methanol modifier in each of the cases tested. 
Factors found to affect metal loading to the stationary phase were the type of metal 
and the mobile phase solvent. The loading of metals onto the silica-bound triamine 
correlated directly to metal basicity. The variety of solute selectivities obtained in this 
study indicate that the key solute-metal interactions are a function of metal and 
solute functional group basicities and the number and spacing of solute functional 
groups possessing lone-pair electrons capable of interacting with the metal. Retention 
can be greatly enhanced when multiple functional groups possessing donatable elec- 
trons are present: functionalities containing nitrogen, sulfur or oxygen. Ring-sub- 
stituted nitrogen, sulfur or oxygen atoms i.e. piperdines, pyrimidines, purines, xan- 
thines and triazoles, enhance retention more than non-ring-substituted 
functionalities, such as carboxylic and sulfonic acids. The presence of non-electron- 
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donating functionalities in close proximity to strong interacting groups resulted in 
significant decreases in retention due to steric hindrance of solute lone-pair electrons 
to the metal coordination sphere. It is suggested that the mechanism of ligand-ex- 
change retention on this triamine phase involves the reversible binding of a metal to 
the stationary phase followed by outer-sphere solute-metal complexation. 

INTRODUCTION 

In 1961, Helfferich’ first introduced the term “ligand exchange” illustrating how 
metal ions (CL?, Cu”, Ni”, Ag’ and Co”‘) when loaded onto an ion exchanger could 
separate or isolate ammonia, organic amines, polyhydric alcohols, olefins and anions 
of organic acids and amino acids by forming complexes of varying strengths with these 
metals. In ligand-exchange chromatography (LEC) the interaction between solute and 
stationary phase is accomplished primarily via the coordination sphere of the 
complex-forming metal ion. Reviews of early work in LEC have been published by 
Davankov and Semechkin’, Walton3, and Chow and Grushka4. 

Compounds amenable to separation by LEC include those which contain 
lone-pair electrons or a-orbitals, e.g., isomers or homologues of organic compounds 
containing nitrogen, oxygen and sulfur. Examples of LEC separations of amino acids 
and peptides’-“, nucleosides and nucleotides”, olelins’2-‘5, heterocyclics16*‘7 and 
aromatic amines’**1g now appear in the literature. 

The purpose of this work was first to identify an amine-based packing that could 
give enhanced ligand-exchange retention and selectivity over previously reported 
mono- and diamine packings; second, to study those parameters and conditions that 
affect retention and selectivity in reversed-phase LEC using a silica-bonded triamine 
stationary phase; and last to characterize the stationary ligand (triamine)-metal 
interaction and the stationary ligand-metal-solute interaction as influenced by metal 
type and mobile phase organic modifier. 

The metal loading of the triamine stationary phase, expressed as the moles/gram 
of Cu” loaded divided by the molar quantity of ligand per gram, was superior to either 
the mono- of diamine packings. The metal loading of Cu” to each packing was 
approximately 0.1, 0.2 and 0.5 for the mono-, di- and triamine stationary phases, 
respectively. Chromatographic utility of the triamine was investigated by evaluating 
retention characteristics of compounds with various functional groups. Substituted 
naphthalenes, benzoic acids and compounds containing one or more heterocyclic 
nitrogen were chosen as study solutes. All solutes could be detected by UV without 
metal interference. The substituted naphthalenes were used to quantify the magnitude 
of the effect of different exocyclic and heterocyclic functionalities on.LEC retention, 
the substituted benzoic acids were used to determine the effect of substitution of 
a non-ligand-exchanging group, and, finally, the substituted xanthines were used to 
elucidate the LEC retention mechanism. 

The metals used in this study, Zn”, Cd”, Hg”, Ni”and Cu”, were chosen based on 
their properties. The former three metals are water-soluble, have a wide range of 
basicities and represent a homologous series with tilled d-shells. Consequently, the 
stereochemistry of the complexes of these metals will be based solely on considerations 
of size. electrostatic forces and covalent binding forces. Ni” was chosen for study as it is 
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a water-soluble d-8 metal that contains a large crystal field component. The choice of 
these metals allowed the use of UV detection in the range 240-290 nm. An experiment 
was also conducted utilizing Cu” because its use has been described extensively in the 
LEC literature. 

EXPERIMENTAL 

Chromatographic apparatus 
A modular chromatographic system consisting of a WISP 710B (Waters Assoc., 

Milford, MA, U.S.A.) autosampler, Model 400 solvent-delivery system (Kratos 
Analytical, Ramsey, NJ, U.S.A.), Model 773 variable-wavelength detector (Kratos), 
normally at 254 nm, and an HP 3388 integrator-computer (Hewlett-Packard, Palo 
Alto, CA, U.S.A.) was used. The pH of aqueous solutions was determined using 
a digital Orion pH meter. To avoid baseline instability from variation in temperature 
columns were jacketed at 30 f 1°C using a column oven (Jones Chromatography, 
U.K.). 

Reagents and chemicals 
Reagent-grade trimethoxysilylpropyldiethylenetriamine was obtained from 

Petrarch (Bristol, PA, U.S.A.). The IO-pm irregular silica gel of 60 A pore diameter 
and 500 m2/g surface area, Polygosil60-10 (Macherey-Nagel), was obtained from Ace 
Scientific (East Brunswick, NJ, U.S.A.). Metal salts and buffers were obtained from 
Aldrich (Milwaukee, WI, U.S.A.). The solvents used for HPLC were obtained from 
Burdick & Jackson ‘(Muskegon, MI, U.S.A.). All xanthines were kindly supplied by 
Berlex Labs. (Cedar Knolls, NJ, U.S.A.). The remaining solutes were obtained from 
Aldrich or Sigma (St. Louis, MO, U.S.A.). 

Preparation of bonded phase 
A 250-ml aliquot of toluene was added to a 500-ml round-bottom flask and 

heated with slow stirring. Once the temperature of the toluene reached 50°C 50.00 g of 
Polygosil60-10 silica gel were slowly added to the flask. Following the addition of the 
silica gel, a 1 .OO-ml aliquot of distilled water was added to the flask. The temperature 
was increased to allow azeotropic distillation of all water and ca. 50 ml of toluene 
thereby obtaining dry toluene and silica. 

The reaction mixture was allowed to cool to 60°C with constant stirring. 
A 25.8-ml aliquot of trimethoxypropyldiethylenetriamine was added to the flask. The 
reaction mixture was refluxed for 20 h with constant stirring. At the conclusion of the 
reaction the mixture was cooled to room temperature and the toluene decanted. The 
silica-bonded triamine was washed with ca. 1 1 of chromatographic-grade methanol 
and dried for 12 h at 70°C in a vacuum oven. The phase was slurry-packed into 15 cm 
x 4.6 mm I.D. stainless-steel columns. 

Measurement of metal loading 
The measurement of metal breakthrough volume was determined colorime- 

trically using a dye solution containing a 0.2 mg/ml solution of pyridine-2-azo-p- 
dimethylanaline (Sigma). The mobile phase was concomitantly monitored at 210 nm 
(290 nm for nickel) during metal loading. 
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Mobile phase metal content and detection sensitivity 
Solute sensitivity using UV detection at 254 nm was affected only when either 

Cu” or Hg” was present in the mobile phase. Hg” mobile phases were operated at 268 
nm where the metal has a lower absorption band. Because of the strength of the 
Trien-Cu” complex, columns loaded with Cu” could be operated without metal in the 
mobile phase for up to 4 h. 

RESULTS AND DISCUSSION 

Characterization of the triamine stationary phase 
Based on C, H and N analysis, the surface coverage of the triamine to the 

Polygosil 60-10 was calculated to be 1.3 pmol/m2, with 6.57 10-4 mol triamine per 
g packing or a 13.4% triamine loading. 

The triamine stationary phase dissociation constants were determined by 
titration. Two pK, values were observed in the 9.5-10 range while the third was 
observed in the acidic range of 4.2. For steric reasons the latter pK, was attributed to 
the central amine of the triamine. These numbers are in rough agreement with those 
reported for a similar compound, I-amino-2-(2-aminoethyl)amino ethane: 9.9,9.1 and 
4.3 (ref. 20). 

Metal loading on triamine stationary phase 
The extent of loading of the triamine sites at equilibrium with a given metal were 

calculated for the mobile phases and are presented in Table I. The methanol-water 
mobile phases elicited relatively little metal binding per triamine site, with Hg”, Zn”, 
Ni”and Cd” occupying 23, 9.5, 7.8 and 5.7%, respectively. The loading of the above 
metals onto the triamine from methanolic mobile phase was proportional to the 
basicity of the metal. 

Changing the organic modifier from methanol to acetonitrile provoked 
a dramatically different but consistent pattern of metalloading to the triamine. Again, 
the extent of metal loading onto triamine sites followed the metal basicity in all cases. 
Interestingly, the ratio of metal loaded with the acetonitrile modifier was 2.3 + 0.1 fold 
higher than that observed for the methanol modifier in each of the cases tested. 

The volume of mobile phase for metal breakthrough was determined by 
appearance of metal in the effluent. At that point, each metal was at equilibrium for 
a given mobile phase except for Ni” in methanol which continued to bind for 48 ml. 

The triaminemetal complexes, except in the case of Cu” where a fairly stable 
complex was formed, were fairly weak and easily reversed by passing through a mobile 
phase without metal. All the d-10 metals tested eluted from the triamine stationary 
phase at essentially the same rate. The metals possessing untilled d-orbitals and more 
rigid coordination formed the more stable complexes owing to lower exchange rate of 
metal-triamine ligands with mobile phase ligands. 

Following the use of an LEC mobile phase, a column was washed with 
approximately fifty column volumes of an acidic mobile phase, 35:65, (v/v) acetoni- 
trile-water containing 5 ml glacial acetic acid. 

Triamine as an ion exchanger 
For proper assessment of the solute functional group effect in LEC, solute- 
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stationary phase interaction in the ion-exchange mode (mobile phase minus metal) was 
established first. A series of substituted naphthalenes were injected into the HPLC 
system operated in the ion-exchange mode as presented in Table II. 

Introduction of the functionalities hydroxy, amino, cyano and aldehyde to the 
naphthalene backbone contributed little to retention on the triamine when operated in 
the anion-exchange mode. Furthermore, naphthalenes with single or multiple 
heterocyclic nitrogen substitutions were generally less retained than naphthalene 
mainly because the heterocyclic naphthalenes and the triamine possess common 
functionalities. Predictably, significant increases in retention were observed when 
anions such as carboxylic acids and sulfonic acids are substituted onto naphthalene. 

Triamine as a ligand exchanger 
Study of substituted naphthalenes and similar compounds. The capacity factors 

(k’) of the substituted naphthalenes on the triamine phase, operated in the ligand- 
exchange mode, were determined with the mobile phase containing Cd”, Zn”, Ni” or 
Hg” (Table II). In order to separate the pure solute ligand-exchange retention effects 
from those inherent in the silica-bonded triamine alone (i.e. no metal present) 
a so-called ligand-exchange capacity factor, k”, was calculated for each solute as 
follows: 

k” = WE) - WE) 
k’(IE) 

where k’(LE) is the capacity factor of a solute versus a non-retained species when 
a metal is present in the mobile phase and R’(IE) is the capacity factor of a solute versus 
a non-retained species when no metal is present in the mobile phase. Using eqn. 1 the 
“pure” ligand-exchange effects on a solute can be evaluated. If ligand-exchange 
retention was less than ion-exchange retention, k” was defined as zero. Solutes with k” 
< 0.2 for all metals (naphthalene, I-naphthol, 1-cyanonaphthalene, l-naphthalde- 
hyde and 1,Cnaphthoquinone) have been omitted from Table II. 

Where single functional groups are concerned, the difference in basicity of solute 
and metal was the key determinant to retention. In the case of molecules containing an 
alcohol, aldehyde or quinone functionality, the basic metals Ni”, Cd” and Zn” had 
essentially no effect on ligand-exchange retention, and cyano and amino functionali- 
ties show very minor effects. Conversely, these “basic” functional groups displayed 
a much greater affinity for, and were retained in the presence of acidic Hg”. 

Modest retention increases were noted for solutes with various heterocyclic 
nitrogen ring substitutions. The difference in the basicity of solute and metal appears 
to be the controlling factor to each ligand-exchange interaction. The role of metal 
coordination sphere size and “tit”, however, also appear to influence retention. In the 
case of Zn” and Hg” complexation, the fit also appears better for quinazoline while 
quinoline appears better for Cd”. 

Study of substituted benzoic acidrs. The ligand-exchange retention properties of 
benzoic acids substituted at the p-position were studied on the triamine phase loaded 
with Cd” in order to quantify the effect on retention of substitution of a non-ligand 
exchanging group away from the exchanging functionality. Alkyl substitution at the 
p-position of C’-C5 had no significant effect on retention. Also, mono-, di- or 
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trimethyl substitution close to the ligand-exchanging carboxyl group (2,4-, 2,5-, 2,6- or 
2,4,6-methyl substitution) had little effect on retention. Steric hindrances to the 
carboxy functionality were not sufficiently established by methyl substitutions near the 
acidic carboxyl group. 

Study of substituted xunthines. A series of substituted xanthines were studied to 
further elucidate the retention mechanism in LEC (Table III). Essentially no retention 
was observed for these solutes when injected into the system operated in the 
ion-exchange mode; therefore, retentions observed in LEC could only be attributed to 
metal-solute interactions. 

The xanthine backbone is rigid and essentially planar2 1-23, allowing the effect of 
the solute in metal-solute interactions to be more easily interpreted. Also, depro- 
tonated xanthine bases exhibit a variety of nucleophilic sites which do not differ 
significantly in their electronic properties 24 The literature25-30 illustrates that . 
metal-xanthine binding, via inner-sphere complexation, takes place mainly in the 
imidizole ring, at atoms N-7 and N-9, under basic conditions where the heterocyclic 
nitrogens are not protonated. Stability studies of theophylline-Zn” complexes3i have 
shown that the complex rapidly breaks down below a pH of 9.0 where atom N-7 is 
protonated. 

The LEC retention of xanthines within each metal studied appears to be 
controlled by electrostatic effects between multiple functional group interactions and 
the metal. Xanthine was the most retained solute in all cases; in fact, the interaction 
was so strong that it only eluted in the ligand-exchange mode on the lightly loaded 
Ni”--triamine. Based on molecular distances between functionalities of xanthine 
possessing lone-pair electrons, the molecule is capable of ten metal interactions at 
atoms N-7 O-6-N-7, N-7-N-9, N-9, N-3-N9, N3, N-l, 0-6-N-1, O-2-N-l and 
O-2-N-3 (ranked in order of importance). 

TABLE III 

RETENTION OF SUBSTITUTED XANTHINES ON THE TRIAMINE PHASE USING ACETO- 
NITRILE-BUFFER MOBILE PHASES CONTAINING VARIOUS METALS 

Chromatographic conditions: 15 cm x 4.6 mm I.D. triamine column; mobile phase, acetonitrile-water (3:7, 
v/v) containing 0.0667 M ammonium acetate, 0.133 M sodium chloride and 0.004 M metal acetate, pH 6.9; 
flow-rate, 2.0 ml/min, detection, UV at 254 or 268 nm (for Hg). In the study of Hg” the chloride salt was 
used. The 01” data were collected by first pre-loading the column with metal then switching to a mobile 
phase minus metal; the system was stable for several hours. 

k 

Solute No metal(II) Nil’ Zd’ HP Cd' 

Xanthine 0.19 
I-Methylxanthine 0.12 
3-Methylxanthine 0.01 
3,7-Dimethylxanthine 0.01 
1,3-Dimethylxanthine 0.01 
1,7-Dimethylxanthine 0.01 
1,3,7_Trimethylxanthine 0.00 

5.0 DNE” 
3.2 DNE 
1.2 21.0 
0.34 0.54 
0.87 14.7 
0.60 DNE 
0.14 0.22 

DNE DNE 
16.0 DNE 
7.30 DNE 
1.80 1.10 
2.40 17.6 
1.86 2.09 
0.61 0.46 

’ DNE: solute did not elute in 60 min. 
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In the xanthine molecule, the most important binding site, atom N-7, is only 
partially ionized as compared to the other substituted xanthines. This is advantageous 
to stronger binding at the N-7 atom with concomitant O-6 hydrogen bonding to other 
ligands, probably water or solvent, in the metal coordination sphere. The N-9 atom 
can be considered to moderately affect retention, while binding influences from atoms 
N-l, N-3 and O-2 are considered to be small. The N-l position is protonated and 
sterically hindered by the two neighboring 0x0 functionalities, while N-3 is also 
protonated. 

The effect of changing mobile phase metal on the retention of substituted 
xanthines was also studied in a methanol-water mobile phase (Table IV). Substituted 
xanthines were slightly retained on the triamine phase operated in the ion-exchange 
mode. The slight retention by ion exchange was caused by the poor solubilities of the 
xanthines in this mobile phase. Retention was, therefore, achieved by the aversion of 
the solute for the mobile phase which allowed longer interaction with the stationary 
phase. 

TABLE IV 

RETENTION OF SUBSTITUTED XANTHINES ON THE TRIAMINE PHASE USING METHA- 
NOL-WATER MOBILE PHASES CONTAINING VARIOUS METALS 

Chromatographicconditions: 15 cm x 4.6 mm I.D. triamine column; mobile phase, methanol-water (35:65, 
v/v) containing either no metal or 0.005 Mmetal acetate, pH 6.9; flow-rate, 2.0 ml/min; detection, UV at 254 
or 268 nm (for Hg). In the study of Hg” the chloride salt was used. 

k 

Solute No metal( II) al” Cd’ Ni” Hg” 

Xanthine 1.26 
I-Methylxanthine 0.85 
3-Methylxanthine 0.61 
3,7_Dimethylxanthine 0.32 
1,7_Dimethylxanthine 0.37 
1,3_Dimethylxanthine 0.50 
1,3,7-Trimethylxanthine 0.32 
1,3,7,9_Tetramethylxanthine 0.32 

’ DNE: solute did not elute in 60 min. 

DNE” DNE 
DNE DNE 
DNE 2.31 
0.55 0.39 
DNE 1 .oo 
9.86 1.51 
0.32 0.33 
0.32 0.36 

DNE DNE 
24.2 DNE 
4.45 DNE 
0.43 5.87 
1.88 14.4 
3.07 0.43 
0.36 0.89 

0.36 0.44 

Spectroscopic studies of xanthine and metals were carried out in the mobile 
phases tested in order to determine the mechanism of complexation between the 
various metals and the xanthine at pH 6.9. Based on the experimental results, the 
possibility of solute-metal inner-sphere complexation was ruled out. It can then be 
assumed that the electron transfer process in reversed-phase LEC on the triamine 
phase involves intact coordination spheres. The reactant ions do not come into 
intimate contact but are separated by ligands at the time of electron transfer, i.e. 
outer-sphere complexation. This result would be expected based on the previously 
reported xanthine-metal complexation data and because almost all the nitrogens are 
ionized. 
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Study of other chromatographic parameters affecting LEC retention on the triamine 
phase 

Mobile phase metal concentration. The effect of varying mobile phase Zn” 
concentration from 0.0002 to 0.02 A4 on a set of test solutes was determined using Zn” 
as the acetate salt in the mobile phase. The ionic strength of the mobile phase was kept 
constant using ammonium acetate. Dramatic increases in solute retention were 
observed accompanied by changes in separation factor (Fig. 1). Over a limited range of 
Zn” concentrations, e.g. 2-8 mM, a linear relationship was observed between the 
molar concentration of metal and the k’ of a solute. 

Ionic strength. The effect of mobile phase ionic strength on retention of solutes 
on the triamine phase was evaluated by varying the amount of ammonium acetate 
buffer in acetonitrile-water (l:l, v/v) containing 0.004 M Zn” at pH 6.9. Increasing 
ionic strength of the mobile phase from 0.13 to 0.23 and then to 0.33 resulted in 
approximately a 25fold loss in capacity factor per increment for the solutes 
S-chlorobenzotriazole, 1,7_dimethylxanthine and theophylline. 

To evaluate the effect of counter-ion type on retention, the ionic strength of 
a mobile phase containing Zn” was held constant while a portion of the ammonium 
acetate buffer was replaced with sodium chloride. Significantly increased retention was 
observed with the weaker chloride anion. 

Mobile PhasepH. pH 6.8-6.9 was chosen for these comparative ligand-exchange 
studies based on the criteria that a common mobile phase had to be found that could 
solubilize all metals under investigation. Studies on the effect of mobile phase pH on 
the ligand-exchange retention based on extent of solute ionization have been 
conducted by Lindner et a1.32. 

Column quality under LEC conditions 
Column stability andreproducibility. In order to test column stability and column 

reproducibility, a column was selected from each of three different triamine reaction 
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Fig. 1. Effect of metal concentration (wide range). Chromatographic conditions: 15 cm x 4.6 mm I.D. 
triamine column; mobile phase, acetonitrile-water (35:65, v/v) containing 0.2 M ammonium acetate and 
various concentrations of zinc acetate, pH 6.9; flow-rate, 2.0 ml/min; detection, UV at 254 nm. 
n = 3-Methylxanthine; 0 = 1,7_dimethyixantine; A = 5-chlorobenzotriazole; 0 = theophylline; 
0 = p-aminobenzoic acid. 
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batches and operated with various mobile phases and metals. A test solute, 
p-aminobenzoic acid, was injected into a mobile phase of acetonitrile-water (1: 1, v/v) 
containing 0.1 M ammonium acetate at pH 6.9 onto each column before and after use 
with each mobile phase containing metal. The k’ of the test solute did not change (range 
6.87-X5.97), illustrating that not only could each metal be removed, but also no column 
degradation took place. 

Chromatographic quality. Chromatograms of p-aminobenzoic acid under the 
ion-exchange and ligand-exchange chromatographic conditions illustrated in Table II 
are shown in Fig. 2. The peak shapes shown for p-aminobenzoic acid are typical and 
represent a compound that had moderate increased capacity over the ion-exchange 
mode when chromatographed in the LEC mode. The number of theoretical plates (N), 
calculated by 

N = 5.54 [retention time (s)]/peak width at half-height (s)]‘, 

observed for the solutes tested in Table II ranged from 1000 to 2000. Asymetry, 
assessed as tailing factor (calculated at 10% peak height: peak width front/peak width 
tail, generated from construction of perpendicular line from peak maximum), 
averaged approximately 0.8. The latest eluted solute, 8-aminonaphthalene sulfonic 
acid with k’ = 34.5, exhibited a tailing factor of 0.34. The solute, 8_hydroxyquinaline, 
exhibited the poorest mass transfer characteristics of all compounds tested (n = 10). Tt 

I I I I I I I I I I1 
0 4 0 12 16 20 

Fig. 2. Chromatograms of paminobenzoic acid when chromatographed in a common mobile phase 
containing different metals. Chromatographic conditions: 15 cm x 4.6 mm I.D. triamine column; mobile 
phase, methanol-water (35:65. v/v) containing 0.004 A4 ammonium acetate or 0.004 A4 metal (as acetate or 
chloride), pH 6.9; flow-rate, 2.0 ml/min; detection, UV at 254 mn. (A) No metal added to mobile phase; (B) 
mobile phase containing Hg: (C) mobile phase containing Cd; (D) mobile phase containing Zn, (E) mobile 
phase containing Ni. 
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is postulated that this compound can inner-sphere coordinate with the metals tested 
making it a poor candidate for LEC. 

Application of LEC 
The separation of xanthines has historically been a difficult task, In order to 

study the metabolism and pharmacokinetics of theophylline (1,3_dimethylxanthine) 
one must first chromatographically separate it from its metabolites as well as caffeine 
(1,3,7_trimethylxanthine). It is particularly difflicult to separate the metabolite 
1,7_dimethylxanthine from its parent compound31y33. 

A 

21 

~ ! B 

I I I I I I I I 1 1 

0 2.5 5.0 7.5 10.0 0 2.5 5.0 7.5 10.0 

hWtcS minutes 

2 

I 
L 

1 I I , I I I I I , c 

D 2.5 59 7.5 10.0 0 2.5 5.0 7.5 ID.0 12.5 15.0 17.5 a.0 

minutes mQlutas 

Fig. 3. Examples of ligand-exchange separations of 1,3_dimethylxanthine from 1,7_dimethylxanthine. 
Chromatographic conditions: 15 cm x 4.6 mm I.D. triamine column; mobile phase, acetonitrile-water (3:7, 
v/v) containing ammonium acetate and/or sodium chloride and 0.005 Mmetal acetate, pH 6.9; flow-rate, 2.0 
ml/min; detection, UV at 254 or 268 nm (for Hg). Solutes, 1,3_dimethylxanthine (1) and l,7-dimethyl- 
xanthine (2). (A) Mobile phase containing Ni, 0.1333 Msodium chloride and 0.0667 M ammonium acetate; 
(B) mobile phase containing Hg, 0.1333 M sodium chloride and 0.0667 M ammonium acetate; (C) mobile 
phase containing Zn and 0.2 M ammonium acetate; (D) mobile phase equilibrated with Cu, 0.1333 
M sodium chloride and 0.0667 M ammonium acetate. 
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Using the LEC systems described in this paper, a wide range of selectivities can 
be attained for xanthines. Separation factors between theophylline and 1,7-dimethyl- 
xanthine in the methanol-water mobile phase were 1.51, 1.63, 33.5 and infinity for 
Cd”, Ni”, Hg” and Zn”, respectively, while separation factors in the acetonitrile-buffer 
mobile phase were 1.45, infinity, 1.3 and 8.4, for Ni”, Zn”, Hg” and Cu”, respectively. 

Comparison of the separation factors obtained for the theophylline/l,7-dime- 
thylxanthine separation for Ni” and Hg” loaded onto triamine when mobile phase 
organic solvent was changed from acetonitrile to methanol resulted in selectivity 
changes of 100 and 600%, respectively. These changes again illustrate the effect of 
solvent and the wide range of separations that are possible (Fig. 3). 

CONCLUSION 

The silica-bonded tridentate amine stationary ligand yields more stable metal 
complexes, resulting in better metal loading efficiencies, than previously reported 
bidentate and monodentate amine silica-bonded ligands studied in reversed-phase 
LEC. 

LEC can be applied to routine, yet specific chromatographic separation 
problems encountered in the analytical laboratory. Compounds amenable to separa- 
tion by LEC include those which contain lone-pair electrons or n-orbitals, e.g., isomers 
or homologues of organic. compounds containing nitrogen, oxygen and sulfur. 

Solute-metal interactions in ligand-exchange chromatography are determined 
by factors such as the number of sites capable of donating electron pairs, the 
ionizability of each site, steric hindrances imposed by bound and/or neighboring 
functionalities, the hardness of a metal, the intermolecular distances between key 
functionalities and the ability of other ligands in the metal sphere to form hydrogen 
bonds to solute functionalities creating a more stable chelated outer-sphere complex. 

Retention can be greatly enhanced when multiple functional groups possessing 
donatable electrons are present: N-, S- and O-containing functionalities. Ring- 
substituted N, S and 0 atoms, i.e., piperidines, pyrimidines, purines and triazoles, 
enhance retention more than non-ring -substituted functionalities, such as carboxylic 
and sulfonic acids. 

Key mobile phase factors affecting solute retention include the metal_concen- 
tration, buffer ionic strength and percentage organic modifier, while solute selectivity 
is mainly governed by the choice of metal and organic modifier. 

The mechanism of chromatographically useful ligand-exchange retention on the 
triamine phase is postulated to involve a process in which metal is reversibly “bound” 
to the stationary triamine phase through chelation of the metal coordination sphere to 
the amine functionalities of the triamine. This triamine-metal(I1) complex can then 
interact with sterically unhindered functional groups containing lone-pair electrons 
according to the scheme 

triamine ---- metal * * * * solute, 

where * * * * represents an outer-sphere attraction and ---- represents an inner- 
sphere coordination. 

The limitations of reversed-phase LEC are related to the requirement that 
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a metal be present in the mobile phase. Consequently, practical considerations can 
include metal precipitation, limited UV detection and waste disposal. 
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