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Introduction 
Traditionally, chemical instrumentation is designed 

with the species of interest in mind. We learn to use 
an infrared photometer to detect gaseous HC1 but not 
for detecting gaseous H2. Because we have a species in 
mind, the instrument can be fine-tuned for optimum 
performance. What happens when the instrument 
(transducer) does not respond to the species of interest 
(the analyte) because it lacks certain physical or chem- 
ical properties? One can often operate the instrument 
in the indirect detection mode, which makes it possible 
to detect species that do not themselves provide a re- 
sponse. 

Chromatography falls into one of these unusual sit- 
uations. Normally, chromatography is used to separate 
different species on the basis of their retention on the 
column. There is always a mobile phase that carries the 
sample components as they migrate down the column. 
The presence of the mobile phase forms the basis for 
the instrumental response. What one can do is to select 
a mobile phase that possesses the physical or chemical 
properties to which the instrument responds. This is 
depicted in Figure 1. The detector responds to the 
mobile phase or one of its components, as indicated by 
the open circles. There is then at  all times a large 
background signal a t  the detector. When the species 
of interest, denoted by the solid circles in Figure 1, are 
eluted off the column, some mode of displacement oc- 
curs. Examples of displacement mechanisms are the 
conservation of charge or the conservation of volume. 
When this occurs, there will be less of the mobile-phase 
component present at the detector. A smaller signal will 
be observed. Nonetheless, this allows detection of the 
analyte, and the normal functions of quantitation (peak 
area) and identification (peak position) are retained. 
The response is therefore an indirect one and is a result 
of the absence of the mobile-phase component rather 
than the presence of the analyte. This is the key fea- 
ture of indirect detection methods. 

There are several related detection schemes in chro- 
matography that are easily confused with indirect de- 
tection. Vacancy chromatography1 produces positive 
or negative peaks for the analytes. However, as dis- 
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cussed in section 3 below, the instrument in fact re- 
sponds to the analyte directly. Quenching of fluores- 
cence by the analyte has been used for detecting non- 
fluorescent species.2 Fluorescence quenching some- 
times also refers (incorrectly) to absorption by the an- 
alyte at either the excitation or the emission wavelength 
of the fluorophore. In both cases, the response of the 
fluorophore (rather than its concentration) is altered 
by a specific interaction. The amperometric response 
of electrochemical detectors is surface-area dependent. 
This gives rise to pulsed amperometric detection3 that 
produces a decrease in signal when the (electroinactive) 
analytes are adsorbed onto the electrode surface. There, 
the transducer is affected by the presence of the analyte 
and not the absence of the mobile-phase component. 
So, one has to be careful not to confuse the observation 
of negative signals (decreases in response) as an indirect 
measurment. In fact, as will be shown later, indirect 
detection can actually involve positive signals (increases 
in response). 
Reasons for Indirect Detection 

Apart from the intellectual curiosity of using an in- 
strument to measure something that does not show a 
response, there are good reasons to develop indirect 
detection schemes. First, indirect detectors are univ- 
ersal, i.e., there is little requirement as to the exact 
nature of the analyte. Naturally, it has to be different 
from the mobile phase or the added component in terms 
of the response at  the detector and it has to participate 
in the particular displacement mode. In other words, 
even analytes that normally show a response a t  that 
detector will give an indirect signal, as long as the re- 
sponse is different (per mole, per volume, or per 
equivalent) for the mobile-phase component. A cor- 
ollary is that the more unique the mobile-phase com- 
ponent (more selective response), the more broadly 
applicable the indirect detector becomes. Universal 
detectors are needed in the development of analytical 
methods when chemical derivatization of the analyte 
is difficult because of limited quantities or because of 
the lack of active functional groups, e.g., alkanes. 

Second, there is the possibility of sensitivity transfer. 
Some of the high-sensitivity detectors are also very 
selective. I t  will be useful to broaden the applicability 
of these detectors by implementing indirect detection. 
By proper design, it is possible to take advantage of the 
available sensitivity. In general, it is difficult to achieve 
the same low limit of detection (LOD) for indirect de- 
tection compared to direct detection because noise is 
usually larger in the presence of a large background 
signal. Still, coming within 1 or 2 orders of magnitude 
of the LOD of high-sensitivity detectors that otherwise 
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Figure 1. General scheme for indirect detection. Left: the mobile 
phase contains a component that provides the actual response 
(open circles). Right: when analytes (solid circles) reach the 
detector, displacement results in a decrease in the background 
signal, i e .  a negative peak. 

do not show a response is very useful. 
Third, quantitation is easier with indirect detection. 

Not only is tedious sample manipulation (e.g., chemical 
derivatization) avoided, but the instrumentation is also 
simplified. One needs just one detector for almost all 
situations. One can select the appropriate mobile-phase 
component to fit the instrument. For example, a simple 
fixed-wavelength filter fluorometer may suffice rather 
than a sophisticated double-monochromator system. 
The response is also more predictable because it is 
derived from the mobile-phase component. The re- 
sponse should be fairly uniform, especially if the mo- 
bile-phase component is unique. That is, one can use 
the same calibration curve for a variety of analytes. 
Even if the component is not unique, it may be possible 
to perform quantitation without standards by using two 
separate mobile-phase components4 as a universal 
calibration. 

Fourth, indirect detection is nondestructive. This is 
because no chemical manipulation has been introduced. 
The analyte can be collected as in preparative chro- 
matography for further analysis or for other use. This 
is particularly important in biotechnology, where sam- 
ples are valuable and sample preservation is critical. 
Indirect detection also allows characterization of the 
analyte in its native form, such as proteins and phar- 
maceuticals. The only “contamination” is from the 
mobile-phase component, which by its nature must not 
interact with the analyte in order to allow detection by 
displacement. 

Requirements for Indirect Detection 
While almost all detection schemes can be made to 

function in the indirect mode as prescribed by Figure 
1, the adaptation may not be useful a t  all. What is 
needed is a predictable response, as well as one that 
allows the detection of low concentrations of analyte. 
That is, the mechanism for displacement must be clear 
and unambiguous, and the operating conditions must 
be amenable to optimization at  low analyte concentra- 
tions. 

We can define a transfer ratio, TR, as the number of 
mobile-phase molecules displaced (or replaced) by one 
analyte molecule. In the simplest case, displacement 
is by volume. That is, in the fixed volume of the de- 
tector, to accommodate the analyte molecules, there has 
to be a smaller amount of the bulk mobile phase 

(4) Synovec, R E ,  Yeung, E S Anal Chem 1983, 55, 1599-1603 

present. Another possibility is charge displacement. If 
the mobile-phase component is negatively charged, then 
negatively charged analytes will displace the mobile- 
phase component on a per equivalent basis. This is 
because there is a constant concentration of counterions 
in the flow stream, and local charge neutrality must be 
maintained. It follows that if instead the analytes are 
positively charged (oppositely charged as the mobile- 
phase component), then more of that mobile-phase 
component must be present. An increased (positive) 
response will result. Displacement can also be due to 
solubility modification. There is always partition be- 
tween the stationary phase and the mobile phase in 
chromatography. The analyte can modify this partition 
by increasing or decreasing the solubility of the mo- 
bile-phase component in the stationary phase or in the 
mobile phase.5 This then leads to an increase or a 
decrease in the background signal when the analyte is 
eluted off the column and reaches the detector. 

The other major consideration is the stability of the 
background signal. In indirect detection, a large 
background is required. Background fluctuations that 
normally are negligible can become a serious problem. 
The figure of merit is the dynamic reserve, DR, viz., the 
ability to measure a small change on top of a large 
background signal. DR is essentially the ratio of the 
background signal to the background noise. Note that 
this is quite different from the dynamic range, which 
only refers to the high and the low concentration limits 
for useful operation. As will be described below, DR 
can range from 10 to lo*, depending on the type of 
instrument used and the concentration of the fluoro- 
phore (which determines the magnitude of the back- 
ground signal). 

I t  can be shown that 

Clim = Cm/(DR X TR) (1) 

where Clim is the concentration limit of detection and 
C, is the concentration of the relevant mobile-phase 
component. For a given system, the more stable the 
background signal (larger DR), the smaller the frac- 
tional change one can detect. The more efficient the 
displacement process (larger TR), the larger the change 
is per analyte concentration. Also, the lower C, is, the 
larger fractional change will result for a given analyte 
concentration. With eq 1, one can readily determine 
the applicability of a given detection scheme for oper- 
ation in the indirect mode. 

It is instructive to consider one example of a situation 
where indirect detection cannot be implemented. By 
selecting the appropriate wavelength, it is always pos- 
sible to create a background absorption in the chro- 
matographic mobile phase. In this case, C, is on the 
order of 10 M for typical organic solvents. TR is on the 
order of 1 for volume to volume displacement. The DR 
for absorption detectors is around lo4. This is based 
on having a background absorption of 1 au, where the 
noise level can be as low as au6. Equation 1 tells 
us that Clim will be on the order of M. While this 
shows that indirect signals can be obtained, there is 
little analytical utility. If the analyte must be a t  
M or higher at  the detector, the injected amount will 
likely overload the column. For such a volume-dis- 

(5) Stranahan, J. J.; Deming, S. N. Anal. Chem. 1982,54, 1540-1546. 
(6) Wilson, S. A,; Yeung, E. S. Anal. Chim. Acta 1984, 157, 53-63. 
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One major difference is that DR is quite limited for 
COND, typically in the lo4 range. In general, a low 
background is desirable to suppress noise and to en- 
hance the fractional contribution to the response by a 
given concentration of analyte. Nearly insulating ma- 
terials like most organic solvents are however not 
suitable for indirect detection. Since displacement by 
volume is operative, the lo4 DR is too small to be useful 
(in contrast to RI above). Also, since trace amounts of 
ionic material or even moisture can create large changes 
in conductivity, it will be hard to stabilize the back- 
ground when the conductance is low. An appropriate 
use of COND is in ion chromatography (IC), where the 
stationary phase is an ion exchanger and an eluting ion 
is used to move the analyte ion through the column. 
Indeed, commercial COND detectors for this applica- 
tion function very well. 

In the original IC mode,1° a second column is used 
to further exchange the ions eluted, so that a low con- 
ductivity background is achieved. Since the contribu- 
tion from the mobile phase (background) is 
“suppressed, this method represents a direct detection 
mode even though the signal is derived from an ion 
generated in the second column, e.g., H+. It is in effect 
postcolumn derivatization. In nonsuppressed IC, the 
second column is not used.ll Detection is not as good 
because the eluting ions maintain a large background 
at the detector a t  all times. Very good performance is 
still possible when special eluting ions (those with low 
inherent conductances) or low concentrations are used. 
This represents an indirect detection mode because the 
eluting ion is displaced (charge exchange) by the analyte 
ions as they elute. The TR is 1 (per equivalent) because 
of electroneutrality constraints (constant counterion 
concentration). Even though DR is not as high as in 
RI, C, can be made to be low (- M) to provide a 
respectable LOD. Water, the major component in the 
mobile phase, really does not contribute a t  all to the 
detector response. COND is normally not considered ‘ 
to be an indirect detector even though it does function 
in that mode in single-column IC. In fact, sensitivity 
transfer in the indirect mode has been demonstrated 
with good results.12 

3. Absorption (ABS). ABS is by far the most 
popular detector in LC. Normally, it is used as a direct 
detector to monitor compounds with the right absorp- 
tion characteristics. We have already mentioned that 
ABS in the simple volume-displacement mode is useless 
as an indirect detector. There is a related detection 
mode called vacancy chromatography.12 The flowing 
stream contains all the analytes of interest a t  their 
“normal” concentrations. On injection of a sample, the 
difference in composition between the sample and the 
flowing mobile phase will be registered as positive or 
negative peaks a t  the elution times of the individual 
components. This however is not a displacement pro- 
cess. The difference in absorbance directly leads to a 
signal as required by Beer’s law. In effect, this mode 
of detection simply takes advantage of the additive 
nature of absorbance in a multicomponent mixture. 
The main point is that, for vacancy chromatography to 

(10) Small, H. Anal. Chem. 1983, 55, 235A-242A. 
(11) Gjerde, D. T.; Schmuckler, G.; Fritz, J. S. J. Chromatogr. 1980, 

(12) Fritz, J. S.; Gjerde, D. T.; Becker, R. M. Anal. Chem. 1980, 52, 
187, 35-45. 
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placement situation, one therefore needs a substantially 
larger DR. The DR for absorption photometry cannot 
be readily increased. The noise level can be reduced 
to au when the background signal is smaller, but 
then there is no net gain in DR. Shot-noise (photon 
statistics) contributions due to low light levels reaching 
the phototube increase exponentially as the background 
absorption is increased above 1 au. For example, a 
background of 2 au implies a 10-fold-lower intensity 
transmitted through the cell. Even using higher flux 
light sources does not help. The large absorption cre- 
ates substantial heating and results in turbulence that 
contributes to noise. 

So, successful applications of indirect measurements 
depend on having instruments that provide a large DR, 
a displacement mechanism that allows efficient transfer 
of sensitivity (i.e., a large TR), and situations where the 
mobile-phase component that is generating the response 
is present a t  low levels. A subtle point is that one 
cannot simply add a low-concentration absorber in the 
transparent mobile phase to enhance volume-displace- 
ment-type measurements. This is because volume 
displacement is nondiscriminating, and TR will be 
proportional to C,, resulting in no net gain in detect- 
ability. 

Indirect Detection Schemes 
We will discuss below several examples of indirect 

detection schemes in liquid chromatography (LC). 
Although there are also analogous schemes in gas 
chromatography (GC), such as the ultrasound detector7 
and the thermal conductivity detector, they are not 
included because detection is usually less of a problem 
in GC. 

1. Refractive Index (RI). All RI detectors for LC 
are based on sensing the difference in RI between the 
mobile phase and the analyte. There is an implicit 
volume displacement as described by Figure 1. So, the 
RI detector is in fact an indirect detector. In the con- 
text of eq 1, C ,  is large and TR is 1 (per volume). So, 
the only reason one achieves reasonable detection power 
is because DR is quite large. The noise level is around 

RI units for commercial and for 
state-of-the-art s y s t e m ~ , ~ , ~  respectively. The same noise 
level is maintained regardless of the background (RI of 
the mobile phase) since most arrangements use me- 
chanical compensation for setting the null point. Since 
the difference between the analyte RI and the mobile 
phase RI is in the range of 0.1-0.2 RI units, the DR is 
in the 107-108 range. The limit is determined by tem- 
perature variations in the mobile phase, since main- 
taining noise at RI units requires a stability of lo4 
“C. 

The sensitivity of the RI detector depends strongly 
on the analyte. The RI difference relative to the mobile 
phase can be 0.01, 0.1, or even 1.0 (near absorption 
bands) units. Both positive and negative peaks can be 
obtained. This is why RI is frequently incorrectly 
classified as a direct detector-that the response mainly 
depends on the RI of the analyte. 

2. Conductivity (COND). COND is very similar 
to RI in that all materials provide an inherent response. 

RI units and 

(7) Skogerboe, K. J.; Yeung, E. S. Anal. Chem. 1984,56, 2684-2686. 
(8) Scott, R. P. W. Liquid Chromatography Detectors, 2nd ed.; El- 

(9) Woodruff, S. D.; Yeung, E. S. Anal. Chem. 1982, 54, 2124-2125. 
sewer: Amsterdam, 1986; p 52-59. 
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work, the analyte must itself show a response a t  the 
detector. 

Indirect ph~tometry '~ is a powerful detection scheme 
in ion chromatography. This is not a volume dis- 
placement but a charge displacement. In the nonsup- 
pressed IC mode," one uses a low concentration ( N 

M) of an eluting ion that itself absorbs light. As in the 
COND detector, the major mobile-phase component- 
water-does not contribute to the signal at  all. Because 
of local charge neutrality requirements, the analyte ions 
will displace the absorbing eluting ion on a per equiv- 
alent basis and will give rise to a negative peak. Be- 
cause the eluting ion is already at  a low concentration, 
eq 1 tells us that a useful LOD is possible, typically 
down to the 

Indirect photometry also works for other types of LC. 
Since retention requires partition between the station- 
ary phase and the mobile phase, one can invoke com- 
petition between the analyte and a mobile-phase com- 
ponent for indirect de t e~ t ion .~  Parkin14 added an UV- 
absorbing species (e.g., benzamide) in the mobile phase 
for indirect detection of alkanols and esters. The TR 
in this case is much less than 1 because the solubility 
of the mobile-phase component is altered only slightly 
by the analyte. An analogous situation occurs in ion- 
pair ch r~matography ,~~  where an UV-absorbing ion is 
added to the mobile phase. If the added ion has op- 
posite charge to that of the analyte, effectively "on- 
column" derivatization occurs. If the added ion has the 
same charge as that of the analyte, then competing 
equilibria exist between the two and the counterions. 
The former is similar to IC, with a T R  of 1 based on 
charge neutrality. The latter is similar to solubility 
modification described above. In general, indirect 
photometric detection is possible whenever competition 
of some sort exists between the analyte and the ab- 
sorbing mobile-phase component. Detection limits are 
not very impressive, either because the TR is much 
smaller than 1 or because the concentration of the 
mobile-phase component cannot be lowered without 
degrading the separation or the DR. 

4. Polarimetry (ORD). Polarimetry is normally 
designed for highly selective detection of optically active 
 molecule^.^^^^^ I t  has also been shown to be a very 
useful indirect d e t e c t ~ r . ~ ~ J ~  The reason is that DR for 
polarimetry can be very high, in the range of los. This 
is based on a background rotation of 100' (a fairly 
typical value for neat liquids of optically active mole- 
cules) and a noise level of o.20 The crossed-po- 
larizer agreement for the polarimeter is unique in that 
the noise level is not degraded by the presence of a large 
background rotation. One simply readjusts the analyzer 
mechanically to null out the large background. The 
phototube still sees the same low residual intensity, and 
the performance is identical with that without the large 
background. 

Because of the large DR, the polarimeter can be used 
in the volume-displacement mode. The detection of 

M range a t  the detector. 

Yeung 
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Figure 2. Detection of optically inactive species by polarimetry. 
Solvent: (+)-limolene; analytes are dioctyl phthalate (2), dibutyl 
phthalate (3), and diethyl phthalate (4). 

optically inactive compounds by polarimetry is shown 
in Figure 2. With high-frequency modulation,20 the 
LOD is around 1 ng of analyte injected. The limiting 
factors here are the intensity fluctuations in the light 
source and temperature fluctuations in the mobile 
phase. 

In many ways, indirect polarimetry is similar to RI 
detection. There are however some very important 
practical differences. Typical RI differences are around 
0.1 units, which provide a LOD of 10 ng i n j e ~ t e d . ~  
Typical ORD differences are loo', since most com- 
pounds are not optically active and half of the optically 
active ones in fact rotate light in the opposite direction. 
The 1-ng LOD for ORD is thus more the rule rather 
than the exception. There is also the concern that op- 
tically active mobile phases are expensive. They are, 
but there are several naturally occurring species (e.g., 
pinene, 3-methylcyclohexanone) that span the range of 
typical polarities of HPLC solvents. The cost of run- 
ning these in conjuntion with microbore columns (Cl-  
mm i.d.) is no greater than using UV-grade HPLC 
solvents in conventional (4.6-mm i.d.) columns. This 
is because the optically active solvent does not have to 
be very pure. One simply loses a small amount of 
sensitivity due to a slightly reduced TR. In fact, there 
is no reason why one cannot mix optically active mobile 
phases (to generate the response) with common solvents 
(to achieve the desired polarity). A 5050 mixture will 
only decrease the response by 50%. Finally, it should 
be noted that indirect polarimetry works well only in 
the volume-displacement mode. As one decreases C, 
(e.g., an optically active eluting ion in ion chromatog- 
raphy), DR also decreases to reduce the detection 
power. 

5. Fluorescence (FL). Fluorescence is a byproduct 
of absorption. For this reason, indirect FL is very sim- 
ilar to indirect ABS. There are also important differ- 
ences. First, fluorescence is a more selective process, 
Le., not all molecules that absorb light fluoresce sig- 
nificantly, particularly if one fixes an absorption 
wavelength and an emission wavelength. As discussed 
above, indirect FL is therefore more broadly applicable. 
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pacity. In principle, weak ion exchangers can be used 
at  low eluent  concentration^,^^ although this has not 
been demonstrated at  the M level. New chroma- 
tographic stationary phases are thus needed to take full 
advantage of indirect FL detection, to allow C, to be 
reduced and to improve mass LOD by miniaturization. 
We note that indirect ABS does not benefit from new 
stationary phases, since DR decreases with C, and with 
decreasing path length. 

One approach is based on dynamic modification of 
standard LC stationary phases. Reversed-phase ma- 
terials are highly hydrophobic. A quaternary ammo- 
nium salt such as cetylpyridinium chloride will aEtach 
itself (adsorb) on the stationary phase to provide an- 
ion-exchange sites.28 Since the extent of covejage can 
be controlled by pH, concentration, and organic mod- 
ifier, one can generate columns optimized for indirect 
FL detection. Even silica gel stationary phases can be 
modified by these salts to become anion exchangers via 
a double-layer adsorption mechanism.B The important 
point is that once modified, the adsorbed material is 
not readily washed off by the mobile phase, which is 
primarily water. With dynamic modification, micro- 
columns (1-mm i.d.) can be used to provide a LOD of 
0.5 ng injected.29 Using open-tubular capillary columns, 
detection of 1 pg of NO3- has been demonstrated.28 
There is a limit as to how much C, can be reduced. It 
turns out that the mobile-phase component can interact 
with the unmodified parts of the column to compete 
with the ion-exchange operation. TR therefore becomes 
less than 1 at  low eluting-ion concentrations. 

Thin-layer chromatography (TLC) is a widely used 
analytical technique. I t  has good separation power 
because of the possibility of two-dimensional develop- 
ment. Detection, however, has been one of the major 
problems. Traditionally, tedious and unreliable deriv- 
atization procedures are employed because most ana- 
lytes do not inherently absorb or fluoresce. Indirect FL 
can be used with TLC to provide universal detection. 
The same scheme used for anion-exchange LC (above) 
can be applied to TLC.30 Even with a chromophore 
that does not emit strongly in the visible region, and 
even by using the eye to detect the small decrease in 
fluorescence on top of a high background intensity (with 
an estimated DR of less than lo), the order of 5 ng of 
NO2- can be detected. For nonelectrolytes, subnano- 
molar LOD can be achieved.31 Examples include al- 
kanols by reversed-phase TLC, bile acids by normal- 
phase TLC, and digoxin by reversed-phase TLC. TLC 
is particularly interesting because one can visualize the 
progress of the separation in real time by indirect FL 
to optimize the results. Such would have been impos- 
sible with other detection schemes for nonabsorbing 
analytes. 

A rapidly developing area in chemical analysis is ca- 
pillary zone electrophoresis. Although detection by 
fluorescence (typically with derivatization) and detec- 
tion by electrochemistry have led to excellent results, 
there is still a great need for an all-purpose detector. 
Indirect FL is a good match for CZE. There is no 

Second, while DR for ABS deteriorates as one decreases 
C, or if one tries to miniaturize the system (decreased 
absorption path length), the same need not hold for FL. 
The same large fluorescence background can readily be 
maintained in indirect FL by increasing the excitation 
intensity whenever the concentration or the path length 
is reduced. We have already seen that lowering C, is 
important for good detection. Miniaturization is re- 
quired to interface with the new generation of separa- 
tion methods, viz., microcolumn LC21 and capillary zone 
electrophoresis22 (CZE). Those methods are gaining 
importance with the surge of interest in biotechnology 
and single-cell studies,23 where sample sizes are limited. 
Third, the light intensities reaching the phototube are 
generally much lower for FL than for ABS. The 
shot-noise limit is often encountered. For example, one 
needs at  least lo8 photoelectrons per time constant to 
approach a DR of lo4. Fourth, in using high intensity 
light sources to compensate for low fluorescence in- 
tensities, one sacrifices intensity stability and in turn 
DR. Lasers, for example, are inherently much less 
stable than conventional light sources. While tungsten 
lamps can easily produce a DR of lo4, the laser typically 
has an intensity stability of only 1 part in lo2. Elec- 
tronic compensation by a reference detector is limited 
to about lo3 because amplifier gains are never matched 
exactly. The best DR is obtained by implementing 
high-frequency m ~ d u l a t i o n . ~ ~  The resulting DR of lo4 
is comparable to that of ABS detectors. Fifth, stray 
light is a common problem in FL. This is the part of 
the background that is not "displaced" by the analyte. 
In effect, the magnitude of TR will be reduced by the 
same fraction. Sixth, one has to account for the effects 
of quenching, bleaching, and heating. Quenching by the 
analyte changes the response, but the net result is en- 
hanced detection because TR is increased. Bleaching 
decreases the fluorescence intensity and degrades the 
LOD proportionately. Heating creates thermal fluctu- 
ations and reduces the DR. 

LOD was in the 1% (v/v) range for ethanol and 
methanol and is indicative of a bulk displacement mode. 
Also reported are LOD in the jtg/mL range for certain 
compounds. The unusual response characteristics there 
were probably due to a combination of prefilter, pri- 
mary absorption, self-absorption, and postfilter effects 
of the analyte26 and were not a result of indirect FL. 

Indirect FL has been applied to ion chromatography, 
and useful LOD is obtained when the laser intensity is 
stabilized to provide a DR of 104.24 Sodium salicylate, 
a strong fluorophore with ion-exchange properties sim- 
ilar to those of common eluting ions in IC, was used as 
the eluting ion. The results are comparable to those 
of indirect ABS in IC, since both C, and DR are similar. 
I t  turns out that commercial strong ion exchange col- 
umns are not suitable for operation with eluting-ion 
concentrations below M because of the high ca- 

In the first demonstration of indirect FL 
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intensity stabilization to allow a DR of lo3, nucleotides 
can be detected at  the 50-am01 range in 15 pm i.d. 
tubes.33 Since this is a 
charge-displacement mechanism, common anions (IO;, 
HC03-) and even proteins [lysozyme) are also detected 
at  the same low level. It is interesting to note that 
proteins can in fact be multiply charged at  high pH, so 
that the LOD can be even lower than 50 amol. 

Conclusions 
Indirect detection allows one to monitor species that 

normally do not give a response. I t  has grown from an 
intellectual curiosity to become an extremely useful tool. 
For volume displacement, polarimetry gives the best 
results. For charge displacement, ion chromatography 
and capillary zone electrophoresis are ideal situations 
for applying indirect fluorescence detection. LOD 
surpasses all but the most specialized detection 
schemes. Future developments in systems specially 
designed for indirect detection should make these 
schemes even more powerful. 

What are some of the urgent problems that can 
benefit from indirect FL detection in CZE? Naturally, 
the M concentration LOD is not particularly im- 
pressive compared with other detection schemes, except 
of course for its universal response. There are sample 
limited situations where chemical manipulation before 
analysis is not desirable. The study of the intracellular 
fluids of a single cell is a major challenge. The volume 
fits very well with the column sizes in CZE. In prin- 
ciple, one can obtain a profile of the components of each 
cell by CZE and explore chemical differences between 
different cells. Of current interest are protein se- 
quencing and DNA sequencing. In the former, the 
standard technique requires 1 h per unit because of the 
complication of gradient LC identification of the amino 
acid released in each cycle of Edman d e g r a d a t i ~ n . ~ ~  
Detection is only in the 10-pmol range. In the latter, 
slab gel electrophoresis is normally used, even though 
newer atuomated systems have recently been developed. 
Figure 3 shows that we can identify which of the four 
bases is involved in a separation that lasts only 1 min. 
If one can work out the microchemistry related to 
handling such small DNA or protein samples, indirect 
FL detection should have a major impact on biology 
and biochemistry. 
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This is shown in Figure 3. 
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Figure 3. Indirect fluorescence detection of nucleotides (5'- 
monophosphates) in capillary zone electrophoresis. 

problem with the small dimensions of the capillaries. 
I t  is nondestructive and is therefore suitable for many 
preparative applications. Most importantly, there al- 
ready exists in CZE a buffer that maintains the high 
electrical-field gradient used for the separation. I t  is 
straightforward to use instead a fluorescing ion as the 
buffer, or as a major component of the buffer. Since 
all species that are separated by CZE are charged, there 
is a natural displacement of the charged fluorophore in 
the buffer by the analytes due to local charge neutrality 
requirements. This then provides a favorable TR. 
Electrophoresis is mostly based on mobility of the ions. 
So even a low C, (to favor detection) does not signifi- 
cantly alter the separation process. 

There are a few practical limitations that require a 
judicious choice of the electrophoresis conditions for 
indirect FL detection. As C, decreases, the buffer ca- 
pacity of the system also decreases. So, steps like de- 
gassing to eliminate dissolved COz are critical. The 
column resistance also goes up when C, is lowered. To 
prevent external electrical breakdown when the re- 
sistance of the column is larger than that of the sur- 
rounding air, a parallel pass-bank resistor must be used. 
That also helps in stabilizing the current through the 
capillary. Electroosmotic flow must be controlled to a 
reasonable level at low ionic strengths to maintain the 
high separation efficiency due to electromigration. This 
can be accomplished by pacifying the walls of the ca- 
pillary tube, e.g., by silylation. A t  very low C,, there 
can also be additional interactions on the wall involving 
the fluorophore to affect the displacement process. 
Finally, one has a limited pH range to work with, since 
above pH 10 and below 4, OH- and H+ respectively will 
be a significant fraction of the charged species involved 
in the displacement process. 

Indirect FL detection in CZE has been shown for a 
variety of analytes. Use of 50 bm i.d. tubes, 5-mW 
excitation at 325 nm (HeCd laser), 2 X M salicylate 
as the buffer, and a DR of only 100 (no intensity sta- 
bilization) enables native amino acids to be separated 
and detected at the 10-fmol level injected.32 With 
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