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1. INTRODUCTION 

Liquid chromatography is today the dominant separation technique in 
biomedical analysis since it leads to highly efficient isolations and high detec- 
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tlon sensltlvlty However, the sensltlvlty 1s dependent on the propertles of the 
analyte It must contam structural elements that give rise to high absorbance, 
fluorescence or electrochemical actlvlty smce the most sensltlve detectlon 
techniques then can be applied If no such structures are present, the detectlon 
problem can be solved by pre- or post-column denvatlzatlon. This adds a tlme- 
consummg step or a techmcal comphcatlon to the analytical procedure A thud, 
techmcally much simpler posslblhty 1s the so-called mdlrect detectlon method, 
which 1s based on the use of a mobile phase with detector response m the chro- 
matographlc system 

2 BASIC PRINCIPLES OF INDIRECT DETECTION 

Indlrect detectlon methods have long been used for lonlc compounds m hq- 
uld-liquid systems with an aqueous stationary phase and a mobile phase of low 
polarity. An ion with detectable propertzes 1s added to the stationary phase, 
and an analyte with the opposite charge will then be dlstrlbuted to the mobile 
phase as an ion pair, which 1s detectable owing to the properties of the counter- 
ion The design and properties of such systems have been presented by, among 
others, Crommen et al [ 11, Crommen [2], Hackzell and Scholl [ 31 and Hack- 
zell et al [ 41 An example 1s given m Fig 1 [ 11 

Reversed-phase chromatography IS, however, the main field of apphcatlon 
of the indirect detection technique, and m such system it can be applied to 
charged as well as uncharged analytes The basic prmclple 1s very simple A 
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Fig 1 Separation of dlpeptldes Mobile phase, chloroform-1-pentanol (19 I), stationary phase, 
0 1 M naphthalene-Z-sulphonate (pH 2 3), support, LXhrospher SI-100, detectlon, 254 nm Peaks 
1= leucylleucme, 2 =phenylalanylvahne, 3 = valylphenylalanme, 4 = leucylvaline, 

5 = methlonylvahne 
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compound with detectable properties and affimty for the sohd phase IS m- 
eluded m the system. Analytes injected into the system will then grve rise to 
detector response owmg to then mfluence on the drstributron of the detectable 
system component (the probe). 

The response pattern in the hqurd-sohd systems depends on the properties 
of the sohrte and the probe, and rt deviates srgmficantiy from that given by 
analytes with inherent detectable properties. UV absorption 1s one of the most 
frequently used detection prmcrples, and rt has been applied m the example 
given m Frg. 2 [5] The mobile phase contains a quaternary ammonium ion, 
l-phenethyl-2-plcolinmm, as detectable component (probe) The analytes are 
carboxyhc acrds, mainly present m amomc form Two kmds of peaks appear. 
one peak for each of the analytes and one additlonal peak that IS characterlstrc 
for the chromatographic system (a system peak) Furthermore, the solute peaks 
are negative when eluted before the system peak and posrtrve after This re- 
sponse pattern 1s always obtamed when the solute and the probe have opposite 
charges 

Analytes with the same charge as the probe, as well as uncharged solutes, 
grve a reversed response pattern wnh posnrve peaks before the system peak 
and negative after, as demonstrated by a chromatogram grven by alcohols in a 
system with an uncharged compound as the probe (Fig. 3) [6]. The system 
peaks appear wrth a retelzt~~n that IS dependent only on the propertles of the 
system, but independent of the nature of the analyte, whereas the drrectaolz 
changes with the composrtron of the mjected sample. Each mobile phase com- 
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Fig 2 Carboxyhc acids Mobile phase, 3.10p4 M 1-phenethyl-2-plcolmmm m acetate buffer (pH 
4 6)) sohd phase, gondapak Phenyl, detectlon, 254 nm Peaks 1= acetlc acid, 2 = proplomc acid, 
3 = butyrlc acid, 4 = valerlc acid, 5 = caprolc acid, S = system peak 
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Fig 3 Ahphatlc alcohols Mobile phase, 4 lo-” M nlcotmamlde m water, sold phase, Ultrasphere 
ODS, detectlon, 268 nm Peaks 1 = methanol, 2 spropylene glycol, 3 = ethanol, 4 =2-propanol, 
5 = 1-propanol, 6 = system peak, 7 = 2-butanol, 8 =2-methyl- l-propanol, 9 = 1-butanol 
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Fig 4 System peaks Mobile phase, 12 10s4 M benzyltrlethylammonmm, 12.10-’ M metha- 
nesulphonate, 1 1 lo-’ M Na+ m water, pH 6 1, sohd phase, PBondapak Phenyl, detectlon, 254 
nm, sample, water 

potent, except the main solvent, can give rise to a system peak, but the reten- 
tion will depend on its properties The system peaks can easily be recognized 
by qectlon of mobile phase solvent as demonstrated in Fig 4 [ 71 The mobile 
phase contains benzyltrlethylammomum as catlornc probe Iqectlon of water 
gives a chromatogram with three peaks the main system peak 1s strongly re- 



303 

tamed and negative, whereas the others are posltlve, only one of them being 
retained When only one retamed system peak appears rt represents the probe, 
which IS the most hydrophobic mobde phase component 

The simple rules for the response of a detector that 1s specific for the probe 
(like the UV detector m the examples above) are summarrzed m Table 1 [ 71 
They are vahd without exceptron when the mobile phase only contams a hy- 
drophoblc probe dissolved m an aqueous buffer with highly hydrophlhc com- 
ponents The properties and the amounts of other sample components have no 
mfluence on the mdlrect response in stable chromatographlc systems An 11- 
lustratlon 1s given m Fig 5 [ 71, which shows the response on inJectron of a 
mlxed sample contaunng cations and amens of different hydrophoblclty m a 
system with naphthalene-2-sulphonate as amomc probe. Devlatrons from the 
simple rules might appear m unstable systems and when the mobile phase 
contams several retained components, as wrll be discussed below 

TABLE 1 

RESPONSE WITH A HYDROPHOBIC DETECTABLE COMPONENT IN THE MOBILE 
PHASE 

kt denotes the capacity factor of a hydrophobic detectable component m the mobde phase (the 
probe) and k: the capacity factor of the solute 

Charge of solute Direction of solute peak 

k; <k:, k:>k; 

opposite to s 
Same as S or uncharged 

Negative 
Positive 

Positive 
Negative 
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Fig 5 Ammes and sulphonates Mobile phase, 4. lop4 M naphthalene-2-sulphonate m phosphoric 
acid (0 05 M), solid phase, ,&ondapak Phenyl, detectlon, 254 nm Peaks 1 =pentanesulphonate, 
2 = dnsopropylamme, 3 = hexanesulphonate, 4 = heptylamme, 5 = octanesulphonate, S, and 
SL = system peaks 
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Fig 6 Ammo acids Mobile phase, 4~10~~ M naphthalene-Z-sulphonate m 0 05 M phosphoric 
acid, solid phase, PBondapak Phenyl, detectlon, 254 nm Peaks 1 =DOPA, 2 = tyrosme, 
3 =phenylalanme, 4 = system peak 

The principles for the indirect response can be summarized as follows The 
dzrectton of a peak orlgmatmg from a solute depends on the charge and the 
retention of the solute relative to the probe. It 1s independent of the inJected 
amount of the solute. The size of the peak (the absolute value of the response) 
1s &rectly proportional to the amount of solute 

When a solute has mherent detectable properties the mdlrect detection phe- 
nomena ~111 decrease or mcrease the observed response, depending on the &- 
rectlon of the indirect effect An example 1s given m Fig. 6 [5], which shows 
three ammo acids m catlomc form as solutes m a system with the highly UV- 
absorbing naphthalene-2-sulphonate as anionic probe. The solutes are eluted 
before the system peak where the indirect effect has a negative dlrectlon. Ty- 
rosme and phenylalanme, with fairly low inherent molar absorptlvlty, give 
negative peaks, 1 e, the indirect detection effect dominates DOPA, on the other 
hand, gives a posltlve peak owing to its very high molar absorptlvlty, which 
results m a dommance of the inherent response over the mdirect one 

3 THEORETICAL BACKGROUND 

When a sample 1s InJected mto a chromatographlc system, the established 
equlhbrla between mobile and stationary phase ~111 be disturbed The dlstur- 
bances will affect all compounds that are coupled by a common interaction 
effect In reversed-phase systems this common effect usually 1s a competltlon 
for the limited capacity of the adsorbing solid phase Mlgratmg zones are formed 
for all compounds present m the injection zone: one zone for each inJected 
analyte and one for each mobile phase component, except the solvent. The 
mobile phase has m these zones another composltlon than the solution that is 
pumped into the system, and the zones will appear m the chromatogram as 
peaks for the solutes and for the mobile phase components (system peaks). It 
should be remembered that every inJection will give rise to such disturbances 
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but the zones appear as peaks only when the mobile phase contams a detectable 
component. 

The mathematical expressions for retention and response that can be de- 
rived on the basis of these general principles are remarkably simple when the 
mobile phase contains one retained component only. The background has been 
elucidated by Helfferich and Klein [ 81, Riedo and Kovats [ 91 and Melander 
et al. [lo 1, and apphcations of the theoretical prmciples to charged and un- 
charged solutes have been presented by Crommen and co-workers [ 11,121 and 
Scholl and Crommen [ 131 

If a mobile phase component k and an injected solute J, which are both un- 
charged, compete for the binding surface in accordance with a Langmuir model 
under analytical conditions (low amounts of injected solute), the capacity ra- 
tios are 

k;=AK,(l-Ok) (1) 

k;=AK,(l-$)’ (2) 

6, is the fractional coverage of the adsorbent by k, A 1s the bmdmg capacity of 
the adsorbent times phase volume ration, and Kk and KJ are the distribution 
constants of k and J, respectively. 

UV absorption has been the dominant technique in the studies on mdirect 
detection, and the expressions below are based on this principle However, it 
should be emphasized that conclusions drawn from these expressions can be 
apphed to any other specific detectron techmque for the probe 

The detection sensitivity for a solute can be expressed as the apparent molar 
absorptivity, E*, which is the peak area, m absorbance units, times the volume 
per mole of solute injected. On the basis of Langmuir distribution equilibria in 
the system, it is possible to deduce the following expression for the relative 
response of the solute J, defined as the quotient of the apparent molar absorp- 
tivity to the known molar absorptivity of the probe, ek. 

EJ -= * @k& 
Ek s 

al, = ki/kh, 1.e the retention of j relative to k The solute j and the probe k are 
both uncharged. 

Analogous deductions can be made for charged solutes and probes When 
the solute J and the probe k have the same charge and compete for the adsorb- 
ing surface, the relative response can be calculated by eqn. 3. When J and k 
have opposite charges and promote each other’s bmdmg as ion pairs or com- 
plexes, the relative response is given by 

$ _ (141k)* 
- 8 
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Eqns 3 and 4 can be used to estimate the relative response of charged solutes 
when the hydrophihc buffer components m the mobile phase are present m 
high excess over the probe. When this 1s not the case, a further term must be 
added (cf ref 11) However, a high excess of buffer is often a necessity for 
good stability of the chromatographic system 

The equations show that the relative response depends on two factors: the 
relative retention of the solute (with the probe as reference) and the fractional 
coverage of the adsorbent by the probe The apphcatlon of the equations is 
illustrated m two figures Fig 7 shows a system with naphthalene-2-sulphon- 
ate as the probe and the dotted lines give the estimated relative response for 
catlomc and amonlc solutes [ 131 Fig 8 shows the correspondmg estimations 
for uncharged solutes m a system with sahcylamide as the probe [ 121. The 
values of 6’ and ( 1 - f3) needed for the calculation have been obtained from the 
linear plot of eJ*/ek versus a,/ (1 -a%) (cf eqns. 3 and 4). 

Figs 7 and 8 illustrate that the relative response rises from zero to a maxl- 
mum value in the a, range O-l and then levels out to an almost constant value 
at higher ay, It should be mentroned that Takeucm et al. Cl4 ] have recently 
presented an expression for induced solute peak area based on simulation tech- 
nique, The expression is similar to eqn 3 but it indicates that even unretamed 
uncharged solutes should give an indirect response, which is not m accordance 
with experimental observations 
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Rg 7 Indirect detection with amomc probe Mobile phase, 10m4 M naphthalene-Z-sulphonate m 
0 05 M phosphoric acid, solid phase, PBondapak Phenyl, detection, 254 nm I = tnethylamme, 
II = hexylamme, III = tnpropylamme, IV = hexanesulphonate, V = octanesulphonate 
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Fig 8 IndIrect detection with uncharged probe Mobile phase, 3.10-* M sahcylamlde m water- 
methanol (9 l), solid phase, Nucleosll Cl,, detectlon, 315 nm Solutes (m mcreasmg retention 
order) acetomtrlle, N,N-dlmethylformamlde, ethyl formate, Z-butanol, ethyl acetate, 1-pentanol 
(---- ) Calculated response 

Indirect detection effects can also appear m systems without competition 
for an adsorbmg stationary phase if there are other kinds of common mterac- 
tions, such as complexation or protolysis 

4 DESIGN OF DETECTION SYSTEMS 

Optimization of the detection sensitivity should, according to the response 
equations, be based on three factors the absorptivity of the probe, the frac- 
tional loading of the probe on the adsorbent and the relative retention of the 
solute A high probe absorptivity is obviously favourable but an optimization 
of the retention m such a way that the solute is eluted close to the probe can 
be of even higher importance It can be made by adaptmg the system to the 
solute by changing the nature and the concentration of the probe as well as the 
hydrophobicity of the solid phase An approach based on UV detection and 
suitable for ionic solutes is given m Table 2 [ 151 The prmciple is very simple 
the higher the alkyl content of the solute, the higher the hydrophobicity of the 
probe and the lower the hydrophobicity of the adsorbent 

The chromatographic systems should be as simple and stable as possible. 
The mobile phase should preferably only contam one retained component, the 
probe If the mobile phase has such a composition that several retained system 
peaks are obtamed, it can sigmficantly affect the response of the solute De- 
crease of sensitivity and even a change of the response direction has been re- 
ported [ 15-171 If the solutes are protolytic the mobile phase must contam a 
buffer with such a capacity that the distribution m the chromatographic sys- 
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TABLE 2 

DETECTION SYSTEMS FOR CATIONS AND ANIONS OF DIFFERENT 
HYDROPHOBICITY 

Probe Solid phase Number of CH, groups m analyte 

Alkylamme Alkylsulphonate 

6_Hydroxynaphthalene- 
2-sulphonate 

Naphthalene-2-sulphonate 
1-Phenethyl-2-plcohnlum 
N,N-Dlmethylprotrlptyhne 

PRP-1 2-3 5 

flondapak Phenyl 5-7 6-8 
,uBondapak Phenyl 7-8 5-6 
Nucleosll CN 9-12 9-12 

tern 1s not affected by pH changes. If the buffer capaclty 1s insufficlent, peak 
&stortlon and even extra peaks can appear. The buffer component should be 
hydrophilic and, of course, without inherent detector response. The probe 
should be aprotlc to avoid detection disturbances due to protolysls [ 171 

Hydrophilic, uncharged ad&tlves to the mobile phase might be used m the 
adaptation of the chromatographlc system to the solute as they usually do not 
give rise to dlsturbmg system peaks It should be noted that such modifiers will 
decrease the loading of the probe on the adsorbent with decreased detection 
sensitivity as a result [ 16,181. Addition of methanol can, however, have a fa- 
vourable effect on the peak symmetry and give an increased peak height [ 18] 

It 1s m principle possible to use any kind of detector that gives sufficient 
sensltlvlty and stability The prevailing detection principle has so far been UV 
absorbance but the use of fluorescence [ 7,191, electrochemical detection [ 201, 
atomic absorption spectroscopy [ 211, polarlmetry [ 221 and radioactivity [ 231 
has also been reported. 

The m&rect detectlon 1s due to a change m the background signal As the 
change often 1s of a magnitude of 1% or less, the chromatographlc system must 
be highly stable and efficient thermostattmg of separation column and mobile 
phase reservoir 1s necessary The background signal can be rather high: m UV- 
absorbing systems a background absorbance can be 15 or higher and hlgh- 
quahty detectors are needed to avoid disturbing noise and non-linear response 
[5,15 1 

5 DETECTION SENSITIVITY 

A probe with high molar absorptivity and an adjustment of the relative re- 
tention, as, to a level close to unity are the mam means to attam high detectlon 
sensltlvlty An example 1s given m Fig 9 [ 151, which shows the apparent molar 
absorptivity for a series of non-UV-absorbing amomc and catlomc solutes when 
a catlomc probe, N,N-dlmethylprotrlptylme (molar absorptlvlty 14 000 at 291 
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Fig 9 Hydrophobic catlonlc and amomc compounds Mob& phase, 18 10e5 M N,N-dlmethyl- 
protrlptylme m 0 01 M acetic acid, solid phase, Nucleosll CN, detection, 292 nm 1 = Octylamme, 
2 =octanesulphonate, 3 = octyl sulphate, 4 = decylamme, 5 = tetrabutylammomum, 
6 = undecylamme, 7 = dodecylamme, 8 = tetrapentylammomum 

TABLE 3 

RESPONSE AND RETENTION WITH l-PHENETHYL-2-PICOLINIUM AS PROBE 

Sohd phases, PBondapak Phenyl, mobile phases, 3*10m4 M l-phenethyl-2-plcohnlum (Q) m 0 1 
M acetlc acid ( CH + = 13.10-‘M), k; =4 3, cQ=3 03 lo3 

Solute % tX/t 

Dlbutylamme 0 28 0 031 

Trlpropylamme 0 38 0 091 

Octylamine 127 -148 

Nonylamme 3 70 -052 

Decylamme 10 4 -053 

Methyl sulphate 0 41 -0 11 

Propyl sulphate 0 84 -141 

Butyl sulphate 174 0 95 

Pentanesulphonate 2 47 0 55 

Hexanesulphonate 53 0 57 

nm [ 241) 1s present as the probe The maximum sensltlvlty, f* = 12 000, 1s 
obtamed for undecylamlne, which 1s eluted with cy, = 0 8 

From eqns 3 and 4 it follows, furthermore, that solutes which are eluted very 
close to the probe can get a relative response higher than 1 0 m absolute value 
Experimental confirmation IS given m Table 3, which gives results obtamed 
with 1-phenethyl-2-plcohnlum as UV-absorbmg probe [ 111 

The indirect response also increases according to eqn 3 with the fractlonal 
coverage of the adsorbent by the probe, 8, when the solute 1s uncharged or has 
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TABLE 4 

RESPONSE OF UNCHARGED SOLUTES WITH NAPHTHALENE-2-SULPHONATE AS 
PROBE 

Solid phase, Fondapak Phenyl, mobile phase, 2-10m4 M sodium naphthalene-2-sulphonate (NS) 
m 0 05 M phosphoric acid, k& = 8 3, tNs = 3 00. 10’ 

Solute % e/t 

1 -Butanol 0 20 0 005 
1 -Pentanol 0 55 0 043 
Methyl lsobutyl ketone 1 15 -0 069 
Caprolc acid 141 -0057 
Hexanol 161 -0038 
Butyl acetate 193 -0 019 
Heptanolc acid 3 97 -0 028 

Octanesulphonate 3 72 -0 279 

the same charge as the probe Stu&es on uncharged probes have shown that it 
1s possible to improve the sensltlvlty by increasing the probe concentration m 
the mobile phase [ 12,161 S lmdar results have not been obtamed m ion-palnng 
systems, possibly owing to the bmdmg to two kmds of sites on the adsorbent 

[Ill 
The detectlon sensltlvlty for uncharged compounds 1s much lower than for 

lomc solutes with slmllar relative retention in systems with a charged probe 
[ 7,111 An example 1s given m Table 4; the uncharged heptanolc acid has ten 
times lower relative response than the amomc octanesulphonate with about 
the same LX, [ 111 The difference 1s probably due to differences m the binding 
to the solid phase The response for uncharged solutes 1s also rather low m 
systems with uncharged probe which seems to be due to a low fractional cov- 
erage of the adsorbent by the probe [ 12,181. 

6 APPLICATION OF INDIRECT DETECTION IN REVERSED-PHASE SYSTEMS 

During the past decade a large number of papers have been published on the 
indirect detection of organic ions m systems with aqueous mobile phases. One 
of the first papers on this topic was presented by Parrls [ 251, who used a UV- 
absorbing quaternary ammomum ion (Hyamme 1622) as a probe for the de- 
tection of free and conJugated bile acids Catlomc surfactants were detected 
with aromatic sulphonates as UV-absorbmg probes [ 261 In some of the early 
papers the Indirect detection effect was explamed as due to an ion-pairing 
mechanism (cf refs 27 and 28) whereas others used a more general approach 
and tried to develop quantitative models by slmulatlon technique (cf ref 29 ) 

The fact that the background to the indirect detection effects could be found 
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in the work by Helfferlch and Klem [ 81 was not recogmzed m the early studies 
on the topic However, the general character of the response effect was mdl- 
cated by the observations of Slais and KreJci [ 301 that uncharged compounds 
could give indirect response m systems with refractive mdex detection Gnan- 
asambandan and Freiser [31] showed that alkanols could be detected with 
methylene blue as the UV-absorbmg component m the mobile phase 

Most of the studies on mdlrect detection are m fact emplncal, but the ap- 
phcation of the methods can give results of great practical value if the recom- 
mended chromatographlc systems have a simple composition with only one 
hydrophobic component The techmque should furthermore not be apphed to 
highly impure or complex samples since the indirect detection IS unspecific 
and response is grven by all retamed sample components 

6 1 Charged salutes 

The n-nhrect detection technique has been apphed to a wide variety of or- 
game ions in reversed-phase ion-pair chromatography Iomc probes give higher 

TABLE 5 

INDIRECT DETECTION OF ORGANIC IONS 

An&e Probe Mobile phase 
solvent 

Sohd phase Detectlon Ref 
wavelength 

(nm) 

C&-C, Sulphonates 
C,4,, Ammes 

C&-C, Carboxyhc acids 

C&s Sulphonates 
C&Z, Ammes 
Norleucme, phenyl- 
alanme, DOPA, tyrosme, 
leucylsenne, leucylalanme 

C, Sulphonate 
C,-C,, Ammes, 
tetrabutyl-, tetra- 
pentylammonium 

Fornnc, hutync, 
lactic, glycohc acids 

Proline, vahne, 
methlonme, e-ammo- 
caprolc acid, tranexamlc 
acid, leucme 

Tartrate, citrate 

1-Phenethyl-2- 
picohnium 

1-Phenethyl-2- 
plcohnmm 

Naphthalene-Z- 
sulphonate 

N,N-Dlmethylpro- 0 0 1 M Acetic 
tnptyhne acid 

Fe(Phen)sSOd 

DOPA 

Naphthylmethyl- 10 mM Acetate Supelco 
trlbutylammonmm buffer LC18DB 

0 1 M Acetic 
acid 

Acetate buffer 

(pH46) 

0 05 M H,PO, 

0 5 mM Acetate 
buffer 

0 05 M H,PO, 

@ondapak 254 5 

5 
Phenyl 

@ondapak 7 
Phenyl 

Nucleosll CN 254 15 

PRP-1 32 

Ultrasphere 6 

254 33 
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TABLE 6 

INDIRECT DETECTION OF NON-ELECTROLYTES 

Analyte Probe Mobile phase 
solvent 

Sohd phase Detection Ref 
wavelength 
(nml 

Alkanol, alkyl ester, 
dlmethylformamlde 

Alkanol, alkyl ester, 
dlmethylformamlde 

C,-C, Alkanes 

C,-C, Alkanes 

Poly (ethyleneglycol ) 

Alkanol (m hquors) 

Nxotmamlde Water Nucleosll Cl8 263 18 

Sahcylamlde 

Anthracene 

Chrysene 

Caffeme or 
Theophylhne 

Theophylhne 

Water- Nucleosll C,8 
methanol 
(9 1) 

Acetonltrlle- ODS SC-01 
water (75 25) 

Acetonltnle- ODS SC-01 
water (75 25) 

Acetomtnle- ODS SC-01 
water (9 1) 

Methanol- Develosll 
water (12 88) ODS3K 

315 12 

250 35 

269 35 

210 36 

210 37 

detection sensitivity than uncharged probes, as discussed above, and the probe 
can serve as counter-ion or competmg ion to the solute The optimization of 
the relative retention, cy, = k&Ute/k&be, to a level close to unity is often more 
easily made if the probe has the same charge as the solute. A suitable retention 
can then be achieved by altering type and concentration of the counter-ion 

Aprotic probes, e g. quaternary ammonium ions or sulphonates, are often 
preferred If a protolytic probe 1s used, the mobile phase must have such a pH 
and such a buffer capacity that pH changes in the migrating zones do not give 
protolysis of the probe. Some examples of systems that give good sensitivity 
under conditions that approach the optimum are given m Table 5 

The indirect detection technique can also be applied in ion-exchange sys- 
tems. If the probe is the only mobile phase component with the same charge 
as the solute, the fractional coverage will approach unity All solutes will then 
give negative peaks with an apparent molar absorptivity that is approximately 
the same as that of the probe [ 111. Systems based on this principle are used in 
ion chromatography of hydrophilic orgamc ions [cf. 341 The view of the back- 
ground to the indirect detection effects presented in this review is based on 
studies m reversed-phase systems. Only hmlted apphcations of the prmciples 
to other kinds of chromatographic system have so far been made. 
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6 2 Uncharged solutes 

Indirect detection of non-electrolytes can be performed with lomc as well as 
with uncharged probes [ 5,6,18,31], but the apparent molar absorptivity is con- 
siderably lower than that obtained with lomc solutes m ion-pairing systems 
However, Takeuchl and Ishn [ 35,361 and Takeuchl et al [ 371 have shown that 
a considerable improvement of the mass sensitivity can be achieved by apply- 
mg the technique m packed micro-bore columns Examples of detection sys- 
tems that have been studied in greater detail are given m Table 6 

An uncharged probe that gives a fairly low apparent molar absorptivity can 
be favourable in certain cases of impurity testing The width of the mam com- 
ponent peak and the system peak will be smaller than with a charged probe, 
which gives more space m the chromatogram for detection of impurities wlth- 
out inherent response. 

7 INDIRECT DETECTION IN SYSTEMS WITH NON-POLAR MOBILE PHASES 

The mdn-ect detection technique can also be applied m systems with a hy- 
drophilic adsorbent and a mobile phase with low polarity. An example is given 
in Fig 10, which shows the separation of the antipodes of two enantiomerlc 

IO-camphorsulfonic acid Z-phenoxypropfonic acid 

Fig 10 Resolution of ( ? )-2-phenoxyproplomc acid (right) and ( ? )-lo-camphorsulphonlc acid 
(left) Mobile phase, 3 5~10~* M qumme and 3 5 10m4 M acetic acid m dlchloromethane-l-pen- 
tanol (199 1 ), sohd phase, Llchrosorb DIOL, detectlon, 337 nm S = system peak 
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acids with quinine as the choral selector [ 381 The analytes have fairly low 
molar absorptlvlty whereas the selector (qumme ) has a very high absorptlvlty 
at the detection wavelength and will act as a probe The two antipodes of the 
acids appear as well separated peaks m front of the negative system peak No- 
tice that the peaks of the two antipodes are of unequal size The relative re- 
sponse increases with increasing relative retention, giving the antipode eluted 
closer to the negative system peak a higher relative response than the first 
eluted one 

8 INDIRECT DETECTION IN BIOLOGICAL SYSTEMS AND OTHER COMPLEX 

MATRICES 

The indirect detection techmque 1s unspecific and it IS less sultable for highly 
complex or Impure samples. Unpurified blologlcal samples, e.g urine, contam 
a large number of mainly hydrophlhc compounds of endogenous ongm and 
only hydrophobic solutes can be detected and quantified In such matrices (cf. 
ref 15) The improved understanding of the background to the mdlrect detec- 
tlon techrnque has widened its apphcablhty In blologlcal analysis However, 
highly hydrophlhc solutes will always give problems smce the systems then 
must have such a design that even normal buffer components may give rise to 
dlsturbmg system peaks (cf ref. 39 ) 

Analyses In pharmaceutical matrices can be slmphfied by the mdlrect detec- 
tion techmque Downey and Jenke [ 401 have quantified oxalate and citrate by 
ion chromatography with phthalate as probe Crommen and Her& [ 161 have 
presented a method for the determmatlon of the dlvalent methylmethlonme 
sulphonlum cation (vltamm U) and Its degradation product methlonme m 
solutions for 1nJectlon Nlcotmamlde m catlonlc form was used as probe and 
the retention of the analytes was regulated by octanesulphonate 

Choline, acetylchohne and other choline esters can be analysed m plant ex- 
tracts by an indirect detection technique with 1-phenethyl-2-plcohnlum as 
probe in a reversed-phase system with an acldlc mobile phase [41] Ahphatlc 
alcohols have been determined m liquors by an Indirect detection technique 
using theophylhne as probe m a reversed-phase system with a packed mlcro- 
bore column [ 371 

9 DISTURBING INDIRECT DETECTION EFFECTS 

Commonly used mobile phase components can under certain con&tlons give 
a detector response and cause dlsturbmg or unexpected effects Typical ex- 
amples are alcohols, such as methanol and propanol, which absorb at wave- 
lengths lower than 250 nm, and tetrahydrofuran, which has a slgnlficant ab- 
sorbance below 280 nm 

If such a solvent IS present m the mobile phase and the detection 1s made in 
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Fig 11 Disturbance by UV-absorbmg mobde phase Mobile phase, 8% Z-propanol m phosphate 
buffer (pH 7 Z), sohd phase, EnantloPac LKB, detection, 215 nm, solute, bupmacame (racemate) 

the absorbmg region, solutes with mherent absorptivity will give a response 
that changes with the retention An example is given in Fig 11 [ 131 A racemlc 
compound was separated into its antipodes on a choral adsorbent with a mobile 
phase contammg 2-propanol, using 215 nm as the detection wavelength. The 
solute contained the antipodes in equal amounts but in the chromatogram the 
two peaks have drfferent areas, the more retamed being srgmficantly larger 
The observed response is under these conditions a combination of inherent 
response and indirect response, and the latter part increases with increasing 
retention up to the system peak. 

The chromatogram contains one positive and one negative extra peak Such 
extra peaks, which appear when the mobile phase gives a detector response, 
are usually system peaks. When a negative peak appears in a chromatogram, 
an mdlrect detection disturbance should always be suspected, However, such 
phenomena are often overlooked If the spectra of the two antipodes are taken 
with the mobile phase as reference, none of the peaks will have the normal 
spectrum of the solute, which adds to the confusion 

The problems are even more difficult if the mobile phase contains an un- 
known impurity, as demonstrated in Fig 12 [ 421 A plasma sample IS injected 
into a system with methanol-phosphate buffer as mobile phase Indirect de- 
tection effects should not appear as the detection wavelength is 254 nm Two 
strongly retained peaks (one positive and one negative) appear m the chro- 
matogram. An indirect detection effect was suspected owing to the negative 
peak, and it was found that the two last peaks disappeared when the mobile 
phase contained purer methanol A comparison of the two chromatograms 
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nlm 25 20 15 10 5 0 

Fig 12 System peaks from mobile phase lmpurltles Mobile phases, (upper chromatogram) meth- 
anol p a -phosphate buffer (pH 6 1) (1 l), (lower chromatogram) LlChrosolv methanol-phos- 
phate buffer (pH 5 9) (1 l), sohd phase, Nucleosll Cls, detection, 254 nm Solutes 
1= oxyphenbutazone, 2 = y-hydroxyphenylbutazone, 3 =phenylbutazone 

shows, furthermore, that the height relatlonshlp between solute peaks 1 and 2 
has been changed m the presence of the Impure methanol 

Particularly large system peaks appear rf the mobile phase gives a detector 
response and the inJected sample 1s dissolved m another solvent [ 5,7,16] Such 
effects can appear by column swltchmg when the eluate from one column 1s 
apphed on another column with a different mobile phase 

10 CONCLUSIONS ON SUITABLE BIOMEDICAL APPLICATIONS 

Indirect detection 1s a techmcally simple and sensltlve method for detection 
of compounds without inherent detector response The detectlon IS unspecific 
and it 1s especially suitable for samples with a hmlted number of components, 
e g for determmatlons m pharmaceutical products and quantlficatlon of lm- 
purltles or breakdown products m substances The understandmg of the un- 
derlymg prmclple 1s essential not only for optlmlzmg the detectlon sensltlvlty 
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but also for avoldmg disturbances and unexpected effects arising from mobile 
phase components with a detector response. 

11 SUMMARY 

Indirect detectron IS a technically simple method to follow and quantify corn= 
pounds without inherent detector response m high-performance liquid chro- 
matography. A detectable component is added to the mobile phase and peaks 
are obtained for inJected solutes as well as for mobile phase additives (system 
peaks) The underlying principle can be expressed by simple equations which 
show how the detection sensitivity can be optimized. 

The detection technique can be applied to uncharged as well as charged com- 
pounds, but the sensitivity is considerably higher for iomc solutes The re- 
sponse is unspecific and the technique should preferably be applied to samples 
with a limited number of components. Determinations in pharmaceutical 
products and quantification of impurities m substances are typical fields of 
application Different detection prmclples can be used but UV absorbance is 
so far the dominant technique The chromatographic system must be stable, 
and efficient thermostattmg 1s essential 

Indirect response effects can give rise to disturbances when the presence of 
a detectable component in the mobile phase is unknown or overlooked The 
understanding of the underlying principle for the indirect detection is essential 
for tracing or preventing such disturbances 
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