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Summary 
The preparation and performance of a weak cation-ex- 
change stationary phase for Open Tubular Liquid 
Chromatography (OT-LC) was investigated. The sta- 
tionary phase was prepared in 5.4 gm I.D. fused silica 
capillaries by in situ photopolymerization of a mixture 
of silicon acrylate and acrylic acid. The influence of pH, 
counter ion concentration and organic modifier con- 
centration of the mobile phase on the retention was 
studied with catecholamines as test solutes using LIF 
detection. Other biological amines like amino acids, 
small peptides and nucleic acid derivatives could be 
separated on this stationary phase as well. The kinetic 
performance of the stationary phase was studied with 
several cations and neutral solutes. 

Introduction 
In the last years there is an increasing interest in mini- 
aturization of separation techniques. An increase in 
separation speed and efficiency and the ability to 
analyze very small samples are generally regarded as 
the greatest reasons to study micro separation techni- 
ques. During the last two decades several miniaturized 
liquid chromatographic methods have been developed 
like microcolumn LC [1], packed capillary LC [2], OT- 
LC [3], electrochromatography [4] and microchip LC 
[5]. 
Among them, so far only microcolumn LC and packed 
capillary LC, also called microcapillary LC, have ob- 

tained acceptance as routine techniques [2]. The other 
techniques are very promising but are still in the re- 
search stage. 

The open geometry of the capillary column in OT-LC 
offers an increase in separation efficiency compared to 
packed columns, provided that the internal diameter of 
the capillary is small (1-10 gm). Although the great 
potentials of OT-LC, which were e.g. demonstrated by 
the group of Jorgenson with the determination of the 
amino acid content of a single cell [6], the technique has 
hardly been applied yet. 

The development of OT-LC has i.a. been delayed by the 
lack of techniques to create a thick retentive layer in 
small I.D. capillaries with sufficient sample capacity 
necessary to avoid column overloading. The last couple 
of years we reported on the results of an in situ 
photopolymerization technique to create polymeric 
acrylate stationary phases in fused silica capillaries [3, 
7-9]. This technique is different from other coating tech- 
niques in that the polymer is formed inside the capillary. 
These retentive layers are build up from a bifunctional 
silicone-acrylate and an acrylate monomer. The reten- 
tive and kinetic properties of the stationary phase could 
be varied by selection of the type of acrylate monomer. 
Various acrylic monomers e.g. with alkyl chains [3], an 
ethoxy group [7] and a hydroxy group [9] have been 
used. These stationary phases exhibited excellent 
separation performance in both reversed- and normal 
phase chromatography but had one major limitation: 
only neutral compounds could be retained. Charged 
solutes were invariably unretained; in fact they were 
used for the determination of the dead volume of the 
column. This limitation seriously restricts the ap- 
plicability of OT-LC. Biologically active compounds like 
amino acids and catecholamines are charged and have 
important functions in health and disease states [10,11]. 
An OT-LC separation procedure for these compounds 
could be of considerable interest, because the extremely 
small sample size needed is often of great importance in 
biological studies [12-14]. In RP OT-LC, using polyacry- 
late stationary phases, these amines could only be 
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separated in combination with pre-column derivatiza- 
tion [8]. The use of a cation-exchange layer in OT-LC 
has been demonstrated before by Mtiller et al. [15, 16]. 
However, serious problems were encountered during 
the coating of the columns. Preparation of the stationary 
phases by means of static coating took at least 6 weeks 
[15] and a dynamic coating procedure [16] was found 
difficult to reproduce. 

In this study we report on an investigation to prepare a 
weak cation-exchange stationary phase (SiA-AA) for 
OT-LC. The retentive properties of the layer as function 
of the pH, counter ion concentration and acetonitrile 
concentration of the mobile phase were tested with 
catecholamines. The retention of aromatic amino acids, 
peptides and nucleic acid derivatives was studied as 
function of the pH of the mobile phase. The kinetic per- 
formance of the stationary phase was investigated with 
cations and neutral solutes. 

Although we successfully applied UV detection on 5- 
10 ~tm I.D. capillaries in the past [3, 7-9], in this study we 
used laser induced fluorescence (LIF) detection to in- 
crease the detectability of the solutes. Native fluores- 
cence of the biogenic amines was measured after excita- 
tion with 257 nm radiation from a frequency doubled 
argon ion laser. 

Experimental 
A p p a r a t u s  

The OT-LC system was similar to the one described pre- 
viously [7]. 

The frequency doubled output (257 nm) from an argon 
ion laser (model INNOVA 300 Fred, Coherent Laser 
group, Santa Clara, CA, USA) was used as the excitation 
source for LIF detection. A double monochromator, 
(model MCG 990, Macam, Livingston, Scotland) with 
two holographic gratings was used to select the emission 
wavelength. Fused silica lenses (Newport Corporation, 
Irvine, CA, USA) were used for focusing the laser beam 
and collecting the fluorescence. The emission light was 
measured with a photomultiplier tube (model PM 102 S, 
Macam, Livingston, Scotland) operated at -1000 V. The 
amplifier included a RC-filter with a time constant of 
0.5 seconds. A detailed description of the UV LIF detec- 
tion set up can be found elsewhere [17]. 

M a t e r i a l s  

Fused silica capillaries (Polymicro Technologies, 
Phoenix, AZ, USA) with inner diameters of ap- 
proximately 5.4 ~tm were used. The outside UV trans- 
mitting 'buffer' coating of the capillaries allowed in situ 
photopolymerization. 

HPLC-grade acetonitrile was obtained from Biosolvent 
(Amsterdam, The Netherlands); acrylic acid (AA) was 
purchased from Fluka (Buchs, Switzerland). Silicone 
acrylate (SiA) (Tegomer V-Si2150) was obtained from 
Goldschmidt (Essen, Germany). Catecholamines and 
nucleotides were obtained from Sigma (St. Louis, MO, 
USA), peptides were obtained from Nutritional Bio- 
chemicals Corporation (Cleveland, Ohio, USA). 

C o a t i n g  P r o c e d u r e  

The photopolymerization of acrylates to immobilize a 
polymer film in fused silica capillaries has been 
described before [7]. Briefly the procedure consists of 
the following successive steps: 

- Etching of the fused silica surface to enlarge the 
number of silanol groups. 

- Silylation of the surface with a silyl reagent contain- 
ing an acrylate group. The acrylate group on the sur- 
face is needed to anchor the polymer layer. 

- Filling the capillary with a solution of acrylates and 
the photoinitiator in acetone after which the capil- 
lary is irradiated with UV light to initiate the 
polymerization. 

- Evaporation of the acetone. 
- Thermal curing of the stationary phase at elevated 

temperatures. 

The coating conditions are described in Table I. 

C h r o m a t o g r a p h y  

The solutes were eluted with various buffered mobile 
phases. Buffers in the low pH range (3.3-5.8) were 
prepared from acetic acid, intermediate pH buffers 
(6-7.5) were prepared from sodium dihydrogen phos- 
phate while borax was used to prepare high pH buffers 
(8.6-10.0). All buffers were used in a concentration of 
20 mmol L -1 unless stated otherwise. Sodium hydroxide 
was used to adjust the pH. Sodium chloride was added 
to adjust the counter ion (Na +) concentration to 
60 mmol L -1, unless stated otherwise. 

TableL Experimentalcoatingconditionsanddimensionsofthepreparedfusedsilicacolumns 1. 

Cap L(cm) monomer (% v/v) dc (~tm) df (~tm) VslVm 

1 80 7.5 %SiA - 7.5%AA 4.64 0.38 0.35 
2 51 7.5 %SiA - 7.5%AA 4.68 0.36 0.33 

1: DMPA concentration: 3.0 mg mL -1 for both monomer solutions; polymerization solvent: acetone; light intensity: 
0.14 roW;irradiation time: 730 s, dc:column diameter, dr:film thickness, VslVm:phase ratio. 
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Figure 1 
Length of the emptied part of the capillary versus the elapsed 
evaporation time. Temperature: El. 34 ~ (column 1), O: 22 ~ 
(column 2). Solid lines represent the theoretical square root de- 
pendence between the capillary length and evaporation time. 

Results and Discussion 

Column Preparation 

The dimensions of the coated capillaries can be found in 
Table I. As can be seen a reasonably thick cation-ex- 
change stationary phase can be immobilized in 5.4 gm 
i.d. capillaries by in situ photopolymerization of acry- 
lates. 
In the coating procedure the evaporation of the solvent 
from the capillary is the most time consuming step. Pre- 
viously we have used acetone-pentane mixtures as the 
solvent, which turned out to allow the fastest evapora- 
tion [3]. However, this solvent mixture appears not ap- 
plicable for the preparation of the present stationary 
phase, as no polymer gel was formed. Most probably the 
difference in polarity of the pentane/acetone mixture 
and the acrylate polymer is too large. These problems 
were not encountered with pure acetone and this sol- 
vent was therefore used accepting a slower evaporation 
speed. 

The coating speed can also be increased by elevation of 
the temperature at which the solvent is evaporated from 
the capillary. The effect of the temperature on the speed 
of solvent evaporation from the polyacrylate coated 
columns was studied by following the evaporation 
process in time at different temperatures. Evaporation 
of acetone from column 1 and 2 was performed under 
vacuum at respectively 34 ~ and 21 ~ Figure I shows 
the length of the emptied part of the capillary (solvent 
evaporated) versus the elapsed time. As can be seen a 
significant reduction of the evaporation time can easily 
be realized by increasing the temperature from 21 ~ to 
34 ~ 

From static coating in GC [18] it is known that the 
length of the empty part of the capillary increases with 
the square root of the time: 

L = c ' f [ -  

where L is the length of the emptied part of the capil- 
lary, c is an empirical constant and t is the time. The ex- 
perimental data points were fitted with this function. At 
21 ~ and 34 ~ the values of c were 1.20 ms -1/2 and 
1.65 ms -1/2 respectively. At 34 ~ the empty part of the 
capillary increases by a factor 1.38 faster than at 21 ~ 
or alternatively, to yield a certain capillary length the re- 
quired evaporation time is reduced by a factor of 1.89 (= 
(c34/c21) 2) at 34 ~ The relationships can be used to es- 
timate the evaporation time for any capillary length 
under these coating conditions. 

Characterization of the Stationary Phase 

The retention behaviour of column i and 2 appeared to 
be similar, but to allow a fair and consistent charac- 
terization of the stationary phase and to speed up the 
measurements, the retention experiments were done on 
column 2 only. 

Influence of  the pH of the Mobile Phase on the 
Retention of  Catecholamines 

The SiA-AA stationary phase is built up from a silicon 
acrylate and acrylic acid, the latter has a pKa of 4.25 in 
free solution [19]. Retention of the positively charged 
amines can be assumed to occur mainly by electrostatic 
interactions with the carboxylic groups present in the 
layer. Therefore the SiA-AA stationary phase can be 
considered as a weak cation-exchanger. 

Since the pH of the mobile phase determines the charge 
of the ionizable solute and that of the carboxylic group 
in the stationary phase, the pH will be an important 
parameter for adjusting the retention and selectivity of 
cations. Figure 2 shows the retention of adrenaline and 
noradrenaline on the SiA-AA stationary phase as func- 
tion of pH. 

The mobile phase consisted of the required buffer, with 
an added amount of NaC1 such that the Na + concentra- 
tion was 60 mmol L -1. At pH 3.2 the catecholamines are 
positively charged. However the carboxylic groups are 
probably for only about 10 % ionized and hence the 
ion-exchange capacity is small. This means that the 
retention of the catecholamines by ion-exchange will be 
small. 

With increasing pH the carboxylic groups are more 
deprotonated and the retention of adrenaline and 
noradrenaline increases. Remarkable is the change in 
elution order between the two catecholamines at 
around pH 4.8. This reversal of the elution order be- 
tween adrenaline and noradrenaline is usually not 
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Figure 2 
Capacity factors of adrenaline and noradrenaline 2 as function of 
the pH of the mobile phase with [Na +] = 60 mmol L -1. Symbols: 
n) noradrenaline, O) adrenaline 
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Figure 3 
Capacity factors of adrenaline and noradrenaline as function of 
the Na § concentration in the mobile phase. The pH of the mobile 
phase is 5.4. Symbols as in Figure 2. 

found in conventional cation-exchange [20] and RP ion- 
pair chromatography [21]. 

Possibly, hydrophobic interactions contribute to the 
overall retention at low pH. As adrenaline has one 
methyl group more in its structure compared to 
noradrenaline stronger hydrophobic interactions and 
larger retention can be expected for adrenaline at low 
pH. 

At high pH the retention of the catecholamines is 
strongly reduced. This is caused by deprotonation of the 
amine and hydroxyl group of the catecholamines result- 
ing eventually in a negative charge causing expulsion 
from the stationary phase. At pH 10 all retention is lost. 

Influence of  the Counter  Ion  Concentrat ion in 
the Mobi le  Phase  on the Retent ion  of  
Catecholamines  

The ion-exchange process involves competition be- 
tween solute ions and counter ions, to pair with the op- 
positely charged functional groups in the stationary 
phase. According to ion-exchange theory the capacity 
factor of a solute should be inversely proportional to the 
counter ion concentration in the mobile phase. A linear 
relation between log k" and log [counter ion] can there- 
fore be expected. The slope should be equal to the 
charge of the solute, in this case equal to one. The reten- 
tion of adrenaline and noradrenaline was studied as 
function of the Na + concentration with an aqueous 
mobile phase of pH 5.4. Figure 3 shows such a log-log 
plot. 

Although the observed relationship is not perfectly 
linear the slopes of-0.95 and -0.92 for noradrenaline 
and adrenaline respectively indicate that retention of 

the amines on the SiA-AA stationary phase at pH 5.4 is 
largely governed by an ion-exchange mechanism and 
that hydrophobic interactions only play a minor role. 

The retention of the catecholamines can easily be ad- 
justed over one order of magnitude by increasing the 
Na + concentration in the mobile phase, whereas selec- 
tivity is only slightly affected. The Na + concentration is 
therefore a valuable parameter for changing the ab- 
solute retention of the catecholamines. 

Influence of  Acetonitri le  Concentrat ion in the 
Mobi le  Phase on the Retent ion  o f  
Catecholamines  

The retention of the catecholamines can be influenced 
by the addition of an organic modifier to the mobile 
phase. This is illustrated in Figure 4 showing the capacity 
factor of noradrenaline and adrenaline versus the 
acetonitrile concentration in the mobile phase. The pH 
(measured before the addition of acetonitrile) and the 
total counter ion concentration were kept constant for 
all mobile phase compositions. As can be seen the 
capacity factor of noradrenaline decreases with increas- 
ing concentration of acetonitrile and becomes constant 
at about 50 %. The same behaviour is found for adren- 
aline but the decrease in capacity factor still continues 
after addition of 50 % acetonitrile. The difference in 
retention between adrenaline and noradrenaline, whose 
structures differ only by one methyl group, becomes 
larger with increasing acetonitrile concentration. As a 
result of this the resolution between noradrenaline and 
adrenaline is substantially improved. These observa- 
tions are in contrast with findings in RP LC, where the 
difference in retention caused by a substituted methyl 
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Figure 4 
Effect of the acetonitrile concentration in the mobile phase on the 
capacity factors of adrenaline and noradrenaline. The Na § con- 
centration is 18 mmol L -1, the pH of the buffer is 5.4. Symbols as 
in Figure 2. 
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Figure 5 
Separation of adrenaline and noradrenaline on column 2 with 68 % 
acetonitrile in the mobile phase. Peaks: 1) adrenaline (k' = 2.9); 2) 
noradrenaline (k' = 7.2). 
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Figure 6 
Experimental and theoretical plate height curves for several com- 
pounds on column 2. Compounds: O: noradrenaline (k' = 2.85), O: 
adrenaline (k' = 2.94), A: 2,3-dimethylphenol (k' = 3.60), [2 4-ethyl- 
phenol (k' = 3.60). Mobile phase for noradrenaline: aceto- 
nitrile/buffer (75:25 v/v %) and for other compounds: pure aqueous 
buffers. Theoretical plate height curves: ( - - )  adrenaline, (.....) 2,3- 
dimethylphenol and (- - -) 4-ethylphenol. 

group decreases with increasing percentage of organic 
modifier in the mobile phase. 

Figure 5 illustrates the high resolution between the two 
catecholamines eluted with 68 % (v/v) acetonitrile in 
the mobile phase. In this chromatogram capacity factors 
of adrenaline and noradrenal ine are smaller compared 
to those in Figure 4 at corresponding acetonitrile con- 
centration since the counter-ion concentrat ion is higher, 
30 mmol L -1. 

Effect of  the Mobile  Phase on the Film 
Thickness of  the Stationary Phase 

Polymeric ion-exchange resins can swell by uptake of 
water to an extent  that depends on the crosslinking [22]. 
Since swelling of polyacrylate stationary phases was 
found to have a large effect on the column performance 
[9], the swelling of the SiA-AA stationary phase was 
determined with various mobile phase compositions. 
The film thickness of the stationary phase was calcu- 
lated by measuring the actual internal diameter  and the 
original internal diameter  of the capillary before 
preparing the stationary phase. This was done by 
measuring the holdup time of an unretained solute or 
solvent as described in [3]. 

Column 2 was consecutively flushed with i) a hydro- 
chloric acid solution of pH 2 (fully pro tonated  acrylic 
acid groups), ii) deionized water (fully deprotonated  
acrylic acid groups), iii) a phosphate buffer, [Na § = 
60 mmol L -1, pH -- 7.2, and mixtures of methanol  (75 % 
v/v) and acetonitrile (75 % v/v) with iii. The film thick- 
ness was virtually constant under  all these conditions. 
This indicates that this phase does not swell neither in 
aqueous solutions nor in aqueous-organic solvent mix- 
tures. These results are in contrast with previous swell- 
ing experiments of polyacrylate stationary phases in 
aqueous-organic solvents [9]. 

Column Performance and Stability 

The performance of the SiA-AA stationary phase was 
determined by measuring plate heights of several test 
solutes at different velocities of the mobile phase. The 
cation adrenaline and two neutral  compounds, 4-ethyl- 
phenol and 2,3-dimethylphenol, were selected for these 
experiments to reveal possible differences in band 
broadening between charged and neutral solutes. Fig- 
ure 6 shows the experimental  plate heights versus the 
mobile phase velocity. By fitting the plate height values 
with the extended Golay equation, using the diffusion 
coefficient of the solute in the mobile phase calculated 
with the Wilke-Chang equation [23], the diffusion coef- 
ficient of a solute in the stationary phase, Ds, can be es- 
timated. By using an aqueous buffered mobile phase for 
adrenaline, 4-ethylphenol and 2,3-dimethylphenol, Ds 
values of respectively 1.3,1.4 and 1.2 x 10 -12 m 2 s -1 were 
estimated from Figure 6. These diffusion coefficients are 
comparable to a previous repor ted Ds value of 1.2 x 
10 -12 m 2 s -1 obtained for 1,3-dihydroxybenzene on the 
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Figure 7 
Separation of catecholamines and related compounds on column 1. 
Mobile phase: 1 %  acetic acid, [Na § = 60mmol L -1, pH = 
3.6/acetonitrile (80:20 v/v %). LIF detection: excitation: 2 mW 
257 nm, emission: 320 nm. All compounds are present in a con- 
centration of 6.6 * 10 -5 mol L-l: 1 = DOPAC (3,4-Dihydroxy- 
phenylacetic acid); 2 = Homovanillic acid; 3 = Noradrenaline; 4 = 
Adrenaline; 5 = Normethanephrine, Dopamine; 6 = Methan- 
ephrine; 7 = Tyramine; 8 = 3-Methoxytyramine. 
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Figure 8 
Capacity factors of Gly-Trp (11), Leu-Phe (O), Gly-Phe (A) and "Iyr 
(E]) versus the pH of the mobile phase. 

SiA-EEA stationary phase with water as the mobile 
phase [9]. 

In both systems the efficiency is seriously impaired by 
such small diffusion coefficients. 
The estimated diffusion coefficient of adrenaline, 
retained by ion-exchange, is quite similar to the dif- 
fusion coefficients of the neutral compounds 2,3- 
dimethylphenol and 4-ethylphenol, which are merely 
retained by hydrophobic interactions. As also the size of 
the solutes is almost similar, it can be concluded that the 
kinetics of the ion-exchange process involved in the 
retention of adrenaline does not impair separation ef- 
ficiency. 

The plate heights of the test solutes on the SiA-AA sta- 
tionary phase are high compared to previously found 
values in polyacrylate coated open tubular columns [8]. 
Comparing plate heights observed here (120-150 gm) 
and in the study [8] at the same linear velocity of 10 mm 
s -1 (12-25 ~tm) a loss in efficiency of nearly a factor 10 is 
observed. The favourable H-values in [8] were obtained 
exclusively with swollen stationary phases. Swelling was 
obtained with the addition of an organic solvent to the 
mobile phase. 

To study the effect of the mobile phase composition on 
the performance of the SiA-AA stationary phase, plate 
heights of noradrenaline were measured with a mobile 
phase containing 75 % (v/v) acetonitrile. These meas- 
urements are included in Figure 6 (solid circles). As can 
be seen the plate heights of noradrenaline (k' = 2.9) al- 
most fully coincide with the plate height values of 
adrenaline (k' = 2.9), eluted with a pure aqueous buffer. 
A direct comparison of these measurements is justified 
since the important parameters like capacity factor, film 
thickness and molecular size are very similar. No im- 
provement of the separation efficiency of the SiA-AA 
stationary phase is achieved by increasing the organic 

modifier concentration in the mobile phase. Most 
probably no improvement of the efficiency occurs be- 
cause the stationary phase does not swell. 

The column performance appeared to be constant 
during several months of operation. A separation of 
several catecholamines and related compounds on the 
cation-exchange column is shown in Figure 7. 

The first two compounds, DOPAC (3,4-dihydroxy- 
phenylacetic acid) and homovanillic acid, are negatively 
charged. Despite the presence of a negatively charged 
group, retention and selectivity are just sufficient to 
allow the separation of these two solutes. The other 
amines are retained by ionic interactions. Normethan- 
ephrine and dopamine coelute under these conditions. 

Separat ion o f  B i o g e n i c  A m i n e s  

The SiA-AA stationary phase can be used for the 
separation of several other classes of amines than 
catecholamines. The retention behaviour of amino acids 
and dipeptides on the cation-exchange column has been 
studied as function of the pH of the mobile phase. Fig- 
ure 8 shows the capacity factor of the dipeptides Gly- 
Trp, Leu-Phe, Gly-Phe and the amino acid tyrosine. In- 
creasing the pH of the mobile phase from 3.3 to 5.8 leads 
to a decrease in retention of these amines. The retention 
behaviour of the peptides as function of pH is the 
reverse of that of the catecholamines. The amino acids 
and dipeptides have, unlike the catecholamines, a car- 
boxyl group in their structure. Depending on the pH of 
the mobile phase the carboxyl group is partly or totally 
dissociated and the peptide is amphoteric. No explana- 
tion is yet found for the increase in retention of Leu-Phe 
and tyrosine at pH 6.7. 

The retention behaviour of several nucleic acid deriva- 
tives was studied in relation to the pH of the mobile 
phase. Figure 9 shows the capacity factors of adenine, 
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Figure  9 
Capacity factors of adenine (A), adenosine (I) and guanosine (e) 
versus the pH of the mobile phase. 
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Separation of adenine-monophosphate (1), guanosine (2), 
adenosine (3) and adenine (4) on column 2. Chromatographic 
conditions as in Figure 3. LIF detection: excitation: 20 mW 257 nm, 
emission: 390 nm. 

adenosine and guanosine in the pH range 3.3 to 6.7. A 
maximum in the capacity factor of both adenine and 
adenosine was observed around pH 4.5. This elution be- 
haviour is caused by two counteracting effects influenc- 
ing the retention. The amino groups of adenosine and 
adenine have pKa values of 3.5 and 4.1 respectively [24] 
and the compounds become less positively charged with 
increasing pH. On the other hand in the same pH region 
th e stationary phase obtains more charge by deprotona- 
tion of the carboxylic groups. This explains the occur- 
rence of a maximum. The remaining retention of the 
compounds at higher pH must be ascribed to 
hydrophobic interactions. 
Figure 10 shows a separation of adenosine-monophos- 
phate (AMP), guanosine, adenosine and adenine (Ade). 
The injected amounts ranged from 8 x 10 -15 mol for 
AMP to 2 x 10 -14 tool for Ade. The nucleotide 

adenosine-monophosphate is not retained on the cat- 
ion-exchange phase since the acidic phosphate group 
bears a negative charge under present separation condi- 
tions. 

Conclusions 

The SiA-AA polyacrylate stationary phase is stable and 
suited for the separation of several classes of biogenic 
amines. The film thickness of the cation-exchange sta- 
tionary phase is independent of pH and counter ion con- 
centration of the mobile phase. 

The cations are retained by an ion-exchange mech- 
anism. Since neutral compounds can be retained as well 
on the SiA-AA stationary phase, hydrophobic interac- 
tions are assumed to contribute to the overall retention 
of cations. The retention behaviour of catecholamines, 
dipeptides and nucleobase derivatives as function of the 
pH is significantly different. A negative charge on the 
molecule strongly reduces the retention on the ion-ex- 
change phase. Furthermore the addition of an organic 
modifier to the mobile phase and alteration of the 
counter ion concentration in the mobile phase can be 
used to vary retention. 

The column efficiency is yet unsatisfactory and future 
research is planned in order to improve the perfor- 
mance of the cation-exchange stationary phase. The 
separation efficiency might be increased by 1) fabricat- 
ing less cross-linked stationary phases by which the ex- 
tent of swelling can be increased, 2) changing the chemi- 
cal composition of the stationary phase, 3) elevation of 
the temperature or by 4) applying thinner stationary 
phase films. 
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