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ndirect detection methods generally 
are used in capillary electrophoresis
(CE) when no readily available, well-

performing, direct detection technique —
such as photometric, fluorometric, electro-
chemical, or inductively coupled plasma–
or electrospray-ionization mass spectrome-
try detection — is usable. Although this
statement might sound disapproving of
indirect detection, it is fair to acknowledge
that as a matter of principle any detection
method that operates at a substantial back-
ground signal level is likely to be less robust
and more prone to disturbances such as sys-
tem peaks. In principle, any detection
method can be used in the indirect mode,
but indirect photometric detection is the
one that has gained the widest popularity in
CE. Indirect photometric detection uses the
addition of an absorbing co-ion (that is, an
ion with the same charge sign as the ana-
lyte) to the background electrolyte, and this
ion is displaced by the migrating analytes to
cause a negative signal or peak for each ana-
lyte. This absorbing co-ion often is called
the probe. The main advantage of indirect
photometric detection is that it offers uni-
versal detection. The price to pay for this
universality is decreased robustness com-
pared with direct photometric detection.

Despite these critical comments, the real-
ity is that most commercial CE instruments
are equipped with a photometric detector,
and photometric detection is the most
commonly used detection method in CE.
Many analytes — for example, most inor-
ganic ions, aliphatic acids and bases, and
sugars — do not exhibit sufficient absorp-
tion of light to allow direct photometric
detection, so indirect photometric detection
is a cheap and relatively simple alternative.
However, the principles governing indirect
detection in CE must be respected to take
advantage of its relative simplicity. We will

show in this “CE Currents” column that
indirect detection can often perform very
well when the method parameters are cho-
sen correctly.

This first part of a two-part series covers
the basics of indirect photometric detection
theory, with a focus on the buffering of
electrolytes for indirect detection. The sec-
ond part will deal with the practicalities of
its operation, including some instrumental
aspects. Our aim is to concentrate on those
aspects associated with buffering of electro-
lytes for indirect detection, rather than to
cover the whole area of indirect detection
in CE, because these aspects have not
received appropriate attention previously in
the literature. Readers who would like more
information about CE of low molecular
weight ions and indirect detection should
look at several informative books and book
chapters (1–4) and review articles (5–7).

Main Principles and Strategy
The use of indirect photometric detection
in CE is similar to its use in ion chroma-
tography (IC), with the transparent analyte
replacing the probe co-ions in the electro-
lyte and creating a negative signal (8).
However, the operating principles of indi-
rect photometric detection in CE differ
markedly from those in IC. In IC, stoichio-
metric displacement of the probe by the
analyte retained on the ion-exchange sta-
tionary phase occurs, but in CE, the
Kohlraush regulating function determines
the probe displacement by the analyte (9).
As a consequence, the elution strength and
optical properties of the probe are key pa-
rameters in IC, but the probe’s mobility
and optical properties must be considered
in CE.

Correctly choosing an indirect detection
probe and providing suitable buffering of
the electrolyte can be a truly intriguing
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photometric detection. Figure 1 shows the
separation of anions using three probes of
varying mobilities (10). When the mobility
(m) of the probe changes from a high value
for chromate (m 5 288.1 3 1029 m2/Vs)
to intermediate for phthalate (m 5 253.8
3 1029 m2/Vs) and to a low value for ben-
zoate (m 5 232 3 1029 m2/Vs), the peak
shapes change in a very characteristic way:
they are skewed away from the position in
the electropherogram where the probe itself
would migrate. This electromigration dis-
persion originates from the difference
between the mobility or conductivity of the
analyte zone and that of the surrounding
electrolyte. To obtain the sharpest and most
symmetrical analyte peaks, and hence the
best possible detection limit, the following
conditions must apply:
• The value of the electrophoretic mobility

of the probe should match that of the
analyte.

• The difference between the analyte con-
centration in the migrating zone and the
probe concentration in the electrolyte
should be maximized; that is, the highest
possible electrolyte concentration should
be used and the lowest possible sample
amount should be injected.

task. The factors analysts must consider are
outlined below. Most of the discussion and
examples throughout this column relate to
anion analysis, but the same principles can
be applied readily to cation analysis using
opposite charges for the participating ana-
lytes and electrolyte components.

Choice of the probe: Choosing the
probe is governed by consideration of its
mobility, spectral properties, and basic
physicochemical properties. The mobility
and concentration of the probe are crucial
for the separation performance of the
method because they influence peak shapes
and efficiency. The wavelength of maxi-
mum absorption of the probe must be
compatible with the instrumental detection
parameters (available wavelengths), and the
absorptivity of the probe at the detection
wavelength is a key parameter influencing
the method sensitivity. These factors are
discussed below.

Mobility and concentration of the probe
and the separation performance: In CE, the
electrophoretic mobility of the co-ion rela-
tive to that of the analyte determines the
shape of the migrating analyte zone as a
result of electromigration dispersion (9).
This relationship applies also to indirect

To match the mobilities of the probe and
the analytes, values of ionic mobilities are
necessary. Figure 2 shows values for a num-
ber of anions (Figure 2a [5]) and cations
(Figure 2b) ordered according to their elec-
trophoretic mobility. Analytes are presented
in the lower parts of the figures, and the
ions that could be used as probes are shown
in the upper parts of the figures. It should
be noted that for an analyte or probe that
exists in an equilibrium between two or
more forms of the same species, analysts
must take into account the effective mobil-
ity (m–A), which reflects the ionic mobilities
(mi) of all the species i in an equilibrium
according to their distribution (ai are
species distribution coefficients):

[1]

For example, phosphate at pH 7.1
(which is equal to pKa2) will be 50% dihy-
drogen phosphate (m 5 234.1 3 1029

m2/Vs) and 50% monohydrogen phos-
phate (m 5 258.3 3 1029 m2/Vs); there-
fore, the effective electrophoretic mobility
of phosphate at this pH will be a weighted
average of these two values, specifically
246.2 3 1029 m2/Vs. Note that some
probes — such as phthalate and pyridine
— in Figure 2 are entered more than once
with different mobility values or carry val-
ues for effective mobility at a given pH that
are different from the infinite-dilution
mobility values for the fully ionized form as
a result of protonation equilibria.

The mobility data for inorganic and
many organic ions can be obtained by
either calculating them from the values of
limiting ionic conductances (11) or from
several compilations of electrophoretic
mobility data (12,13). The web site
http://www.mobilise.com has an extensive,
searchable compilation of mobility data.

It is clear that the match between the
mobilities of the analyte and probe will
never be perfect, but maximizing probe
concentration and minimizing the amount
of analyte injected will maintain acceptable
peak shape even for grossly mismatching
mobility between the probe and the ana-
lytes. Generally, the limitation of this
approach is that increasing the probe con-
centration increases the background
absorbance to the nonlinear range of the
detector (which we will discuss in the sec-
ond part of this series) and also increases
the baseline noise.

mA 5 m iaiΣ
i 5 0

n

Figure 1: Electropherograms illustrating the effect of mobility matching on peak shape. Elec-
tropherogram obtained using electrolytes with three different probes separately and together.
Capillary: 0.600 m 3 75 mm, 0.500 m to detector; electrolyte: (a) 5.0 mM chromic acid, (b) 5.0 mM
phthalic acid, (c) 10 mM benzoic acid, and (d) a mixture of all three, 0.5 mM tetradecyltrimethyl-
ammonium hydroxide, diethanolamine to pH 9.20; separation voltage: 220 kV; injection: hydro-
static at 10 cm for 10 s of 0.3 mM of each anion; detection wavelength: 254 nm; temperature: 
25 °C. Peaks: 1 5 bromide, 2 5 chloride, 3 5 iodide, 4 5 nitrite, 5 5 nitrate, 6 5 sulfate, 7 5 chlor-
ate, 8 5 phosphate, 9 5 carbonate, 10 5 ethanesulfonate, 11 5 butanesulfonate, 12 5 pentane-
sulfonate, 13 5 hexanesulfonate, 14 5 heptanesulfonate. (Figure taken in part from reference 10
with permission.)
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Figure 2: Mobilities of some common analytes and probes for (a) anions and (b) cations. Data in parentheses following the compound names are
the mobility value (3 1029 m2/Vs) and conditions (pH or infinite dilution). The mobility data were obtained from tables of limiting ionic conductances
(10), from several compilations of electrophoretic mobility data (11,12) or from data from other papers available through a searchable database at
http://www.mobilise.com. ID 5 infinite dilution. (Figure 2a taken in part from reference 5 with permission.)
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Figure 1d illustrates the option of using
multiple probes for indirect photometric
detection. The idea is to provide a separate
probe for each group of analytes according
to their mobility and, thus, an overall
improvement in peak shapes compared
with the single-probe electrolytes. The
peak shapes in Figure 1 show that each
analyte selectively displaces the probe that
is closest in mobility. Thus, analytes 1–7
preferentially displace chromate, analytes 8
and 9 displace phthalate, and analytes
11–14 displace benzoate. The price to pay
for using three probes is the appearance of
two system peaks in the electropherogram,
which exhibits as the negative baseline dis-
turbances between the three groups of ana-
lytes that might comigrate with some ana-
lytes. (For a discussion of system peaks, see
the “Co-ions in the electrolyte must be
avoided” section below.) This approach
therefore should be evaluated carefully for
each potential application.

Spectral properties of the probe and the
detection performance: A key method pa-
rameter is the concentration limit of detec-
tion. Equation 2 shows that the limit of
detection depends upon the baseline noise
(NBL); the transfer ratio (TR), which is the
number of probe ions displaced by one
analyte ion; the molar absorptivity of the
probe («); and the effective pathlength of
the detection cell (l ):

[2]

The limit of detection is independent 
of the probe concentration. Therefore, the
lowest limit of detection is obtained by
minimizing NBL and by maximizing TR,
«, and l. Table I summarizes the manner in
which these effects can be achieved. The
most important parameter that influences
the detection sensitivity is the absorptivity
of the probe. Although recent and current
research of highly absorbing probes con-
ducted in our laboratory is beyond the
scope of this paper, we emphasize that
probe absorptivity should be kept as high
as possible, commensurate with instrumen-
tal constraints (14,15). Table II lists exam-
ples of probes used for anion analysis. The
consequences of equation 2 and the rules
summarized in Table I show that, despite
the apparent complexity of the relation-
ships between the various parameters and
their influences upon the final limits of
detection, often little room exists for opti-
mization beyond the following few stan-
dard rules:
• Compare the baseline noise in the indi-

rect photometric detection mode with
that obtained at the same detection
wavelength for direct detection using a
transparent electrolyte such as phos-
phate. If the indirect photometric detec-
tion noise is significantly greater, analysts
should suspect that excessively high

Limit of detection5
NBL

TR ε l

Factor and Desired Value Main Methods of Achievement

Minimal analyte peak width Matching the mobilities of the analyte and the probe 
co-ions; maximizing the difference between the analyte 
concentration and the probe concentration; minimizing 
solute–wall interactions.

Maximal transfer ratio (TR) Matching the mobilities of analyte and probe co-ions, 
which often necessitates the use of multiply charged 
probes in the case of organic probes; choice of electrolytes 
without additional co-ions (especially of similar mobility to 
the probe) that could compete with the probe; minimal 
charge of the probe (that is, use a monovalent probe 
rather than divalent or divalent rather then trivalent, if the 
probe is mobile enough compared with the analytes).

Minimal baseline noise (NBL) Minimal detector noise (use of optimal instrumental 
parameters and a background absorbance that is not too 
high); minimal chemical noise (that is, minimal solute–wall 
interactions of the analytes or probe).

Maximal probe absorptivity («) Correct choice of the probe; correct choice of the detection 
wavelength.

Maximal effective pathlength (l ) Use of larger rather then smaller inner diameter capillaries; 
use of extended-pathlength capillary or Z-shaped cell.

Table I: Desired values of factors that influence the sensitivity of indirect photometric
detection and methods for their achievement

Polymer Laboratories
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background absorbance (which will be
discussed in the second part of this
series) or interactions of the probe with
the capillary wall (so-called chemical
noise) contributed to the noise. Mini-
mization of the noise depends upon
instrumental parameters, which will be
discussed further in the next installment
of this series.

• As long as the presence of undesirable
co-ions in the electrolyte is avoided (see
the “Co-ions in the electrolyte must be
avoided” section below), the transfer
ratio will be determined by the particu-
lar combination of probe and analyte

used and cannot be improved further,
except marginally by changes in counter-
ion mobility (16), but this situation has
little practical impact.

• Although it is clear from equation 2 that
the largest possible pathlength should be
used, the effective pathlength normally
cannot be changed significantly except
by using larger diameter capillaries,
which can be problematic in terms of
current and overheating problems and
undesirable hydrodynamic flow.
Extended-pathlength cells are available,
and they have brought relatively small
gains in signal-to-noise levels and limits

of detection (14), but the larger path-
length also causes a higher background
absorbance and the electrolyte should be
carefully optimized to accommodate this
absorbance. (We will describe this situa-
tion in more detail in Part II.)
Buffering: Why and when do we need to

buffer the electrolytes in CE? Buffered solu-
tions tend to be used in analytical chem-
istry to limit the possible variations caused
by changes in pH and to deliver results
with better reproducibility. In CE, using a
high separation voltage is accompanied by
a rather undesirable but unavoidable phe-
nomenon, namely electrolysis of the elec-
trolyte. As a result, the pH of the electro-
lyte at the surface of the electrode shifts
toward acidic or alkaline pH for the anodic
vial or the cathodic vial, respectively. This
pH change spreads gradually through the
solution in the electrolyte vial by diffusion
and convection. The amount of the shift
in pH depends not only upon the total
charge passed through (that is, upon the
current and the time), but also upon the
volume of the electrolyte and upon
whether the electrolyte is buffered. Figure

Analyte or Probe « (103 L/mol-cm) l (nm) pH

1,3,6-Naphthalenetrisulfonate 31,600 214 8.0
1,3-Benzenedisulfonate 9,950 214 8.05
1,3-Dihydroxynapthalene 14,680 256 12.1
1,5-Naphthalenedisulfonate 31,000 214 8.1
1-Naphthylacetic acid 81,100 222 12.1
2,6-Naphthalenedicarboxylate 7,667 254 —

10,020 280 —
2,6-Pyridinedicarboxylate 43,680 192 6.5
2-Naphthalenesulfonate 11,520 206 6.0
2-Sulfobenzoic acid 40,000 228 6.5
3,4-Dimethoxycinnamic acid 27,000 310 —
Adenosine diphosphate 9,200 259 7.8
Adenosine monophosphate 9,335 259 7.8
Benzoate 44,480 194 6.5

11,900 228 6.5
809 254 8

Chlorophenol red 28,000 578 6.5
33,000 578 7.3

Chromate 2,640 254 8.1
3,180 254 8

Cytidine monophosphate 5,640 271 7.8
Guanosine monophosphate 8,600 254 7.8
Indigo carmine 12,000 620 4.2–7.3
o-Benzylbenzoic acid 19,000 228 6.5
p-Cresol 8,320 236 12.1
p-Toluenesulfonate 7,520 221 6
Phenylacetic acid 7,600 209 12.1
Phthalate 37,160 196 6.5

9,950 214 8.1
1,357 254 8

Pyromellitate 23,900 214 6.5
26,200 214 8

7,062 254 8
Riboflavin 30,000 267 —
Trimellitate 7,147 254 8.0
Tryptophan 5,630 280 12.1
Uridine monophosphates 7,240 261 7.8
1-Naphthylamine 50,000 214 —
Benzylamine 5,440 204 6
Ephedrine 5,560 204 6
Methyl green 15,000 635 4.2

6,400 635 6.5–7.3
Pyridine 2,000 254 6

* The data in this table come from references 10 and 18 and from a searchable database at
http://www.mobilise.com.

Table II: Absorptivity of some probes at given wavelengths and pH values*

Figure 3: pH changes caused by electrolysis
after 16 min visualized with the pH indicator
xylenol blue (pKa 5 9.6) in (a) unbuffered
sodium chromate electrolyte and (b) buffered
Tris–chromate electrolyte. Capillary: 0.600 m 3
75 mm; electrolyte: (a) 0.5 mM xylenol blue, 
2 mM cetyltrimethylammonium bromide, 5.0
mM sodium chromate (pH 8.0), (b) 0.5 mM
xylenol blue, 2 mM cetyltrimethylammonium
bromide, 5.0 mM chromic trioxide, Tris to pH
8.0; voltage: 220 kV; temperature: 25 °C. (Fig-
ure taken in part from reference 17 with per-
mission.)

(b)(a)
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the consumption of electrolytes. An obvi-
ous alternative is simply to buffer the elec-
trolytes, but this procedure must be per-
formed after careful consideration of the
influence of the buffer on the detection
system.

Co-ions in the electrolyte must be avoided:
Not all buffers are compatible with indirect
detection, as shown in Figure 4, which
illustrates the effects of adding a co-ionic
buffer (2-[N-cyclohexylamino]ethanesul-
fonic acid [CHES]) to a sodium chromate
electrolyte (18). When added at a pH at
which CHES has highest buffering capac-

ity (that is, close to the pKa of 9.5, bottom
trace), a significant system peak appears
because of the presence of anionic CHES,
and this renders analysis of low-to-medium
mobility analytes impossible. The position
of the system peak depends upon the pH,
which determines the charge and effective
mobility of the CHES buffer. At pH 8.5,
at which both the charge and the mobility
are relatively small, the electrolyte provides
good separation and detection, and the sys-
tem peak would only hinder the analysis of
very low mobility analyte anions, but the
buffering capacity is reduced greatly.

System peaks in indirect photometric
detection follow the rule that for an elec-
trolyte with n co-ions, n 2 1 system peaks
will be present in the electropherogram.
Therefore, an addition of CHES anion as
well as the chromate probe anion causes a
single system peak, as Figure 4 shows. For
this reason, analysts must avoid the pres-
ence of additional co-ions in the electro-
lyte. An electrolyte buffered with a coun-
terion such as diethanolammonium (DEA)
meets this criterion and produces no sys-
tem peak (Figure 4, upper trace). We will
discuss this type of buffered electrolyte in
Part II.

A further reason to avoid additional co-
ions is that the analyte ions can displace
the co-ions rather than the probe. Because
the detection signal arises only from the
displacement of the probe, competitive dis-
placement of a co-ion causes a reduced
detection signal and, hence, poorer detec-
tion sensitivity.

Conclusion
Indirect photometric detection in CE is a
useful detection technique for nonabsorb-
ing analytes. For an indirect photometric
detection method to perform optimally,
analysts must consider several key princi-
ples, including minimizing the peak width,
maximizing the detection sensitivity, mini-
mizing the baseline noise, and buffering
the electrolyte to ensure method rugged-
ness. These principles impose a number of
criteria in designing a suitable indirect
photometric detection method. First, the
probe should be chosen for closeness of its
mobility to the mobilities of critical ana-
lytes, and it should provide the maximum
absorbance change when displaced by an
analyte ion. Second, co-ionic impurities in
the electrolyte should be avoided because
these cause system peaks and decreases in
the detection sensitivity, and they often
contribute to unstable baselines. For the
same reasons, co-ionic buffers should be

3 shows increases in pH visualized with a
pH indicator around a cathode immersed
in an unbuffered sodium chromate electro-
lyte (Figure 3a), and no changes are visible
in a buffered Tris–chromate electrolyte
(Figure 3b) (17). Macka and co-workers
(17) showed that if the electrolyte with
substantially changed pH enters the capil-
lary, deleterious effects on the separation
can occur. Although unbuffered electro-
lytes sometimes can be used satisfactorily
with large electrolyte reservoirs or with
small-volume reservoirs that are replen-
ished frequently, both approaches increase

Figure 4: Electropherograms using co-ionic buffers (a) DEA, (b) CHES (pH 8.5), (c) CHES (pH 8.8),
(d) CHES (pH 9.1), (e) CHES (pH 9.4), and (f) CHES (pH 9.7). Capillary: 0.600 m 3 75 mm, 0.500 m to
detector; electrolyte: 5.0 mM sodium chromate, 20 mM CHES with sodium hydroxide added to
reach the given pH, 0.5 mM tetradecyltrimethylammonium bromide; separation voltage: 220 kV;
injection: hydrostatic at 10 cm for 10 s of 0.1 mM of each anion; detection wavelength: 254 nm;
temperature: 30 °C. (Reprinted with permission from reference 18.)
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avoided, which means that many com-
monly used buffers are unsuitable. Many
of the principles described here also apply
to other modes of indirect detection, such
as indirect fluorometry and indirect refrac-
tive index.
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