
Rita Martello1

Viliam Kolivoska2

Maria Augusta Raggi1

Ernst Kenndler2

1Department of
Pharmaceutical Sciences,
University of Bologna,
Bologna, Italy

2Institute for Analytical Chemistry,
University of Vienna,
Vienna, Austria

Received February 16, 2007
Revised March 20, 2007
Accepted March 20, 2007

Research Article

CE of tricyclic antidepressant clomipramine
and metabolites: Electromigration and wall
adsorption

CE of tricyclic antidepressants clomipramine and its metabolites demethylclomipramine,
didemethylclomipramine and 8-hydroxyclomipramine resulted in partly extremely tailing
peaks in bare fused-silica capillaries. Especially at high pH of the BGE this behavior was
not unexpected as adsorption of the cationic analytes onto the negatively charged wall due
to electrostatic attraction can be supposed. Less expected was the observation that peak
tailing could not be overcome neither by using a capillary with dynamic coating with cati-
onic CTAB added to the BGE, nor by the usage of a capillary permanently coated with
polyvinyl alcohol (PVA), both operated at acidic pH. As this tailing was even more pro-
nounced than with bare fused silica, and was suppressed upon addition of MeCN to the BGE,
another source of adsorption than pure ion–ion interaction seems plausible. In the bare silica
capillary the mobility, m, of the analytes followed roughly the pH dependence of a monoacidic
base, but two deviations from the sigmoid theoretical curve were evident: (i) even at low pH
the mobilities were not constant; they decreased in contrary with pH over the entire range; (ii)
the apparent pKa values of two analytes, derived at the pH with halve the mobility at low pH,
are significantly smaller than the thermodynamic pKa. Upon modifying the expression for
m = f(pH), and considering the pH dependence of the negative charge density at the wall by an
additional term which takes chromatographic retention into account, an equation was
derived which enables the description of the observed electromigration of the analytes as
function of pH, pKa of analytes and surface silanol groups, actual mobility of analytes, dis-
tribution coefficient (or retention factor) due to adsorption including its pH dependence. The
interplay of electrophoretic movement and residual adsorptive retention allowed to resolve
the analytes finally in an uncoated capillary, namely at pH 7.65 (30 mM ionic strength),
whereas at the cost of the robustness of the separation system.
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1 Introduction

Clomipramine (clom) and its metabolites have a tricyclic
dibenzoazepine structure and possess an additional, alipha-
tic amino functionality (Fig. 1) which makes these com-
pounds suitable for analysis by CE (as alternative method to
chromatographic ones like GC [1–4] and HPLC [5–17]). The

analytes are basic and are thus cationic at the appropriate pH
ranges around the pKa and below. Indeed a number of papers
describe the separation of tricyclic antidepressants by CZE in
aqueous [18–26] and in nonaqueous or mixed aqueous-
organic solutions [15, 16, 27–33]. In some papers additives to
the BGE are applied to improve peak shape, modify the EOF,
adjust separation selectivity and enhance resolution and re-
producibility [19, 21–27, 33, 34]. Depending on the experi-
mental conditions, authors report the appearance of asym-
metric peaks due to adsorption of the analytes onto the cap-
illary wall.

Such peak distortion can lead to a severe demolition of
the potentially high separation efficiency of CZE. This is still
an actual problem, as can be seen from the current literature
about just this topic, most papers dealing with the analysis of
proteins [35–51] or biological assemblies [52], but taking into
small ions as well [53–55]. Adsorption with slow kinetics
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Figure 1. Structural formulae of the analytes.

causes peak broadening; it results in symmetrical peaks in
case of a linear adsorption isotherm, and in asymmetrical
peaks in case of a nonlinear isotherm. A theory of peak dis-
persion due to adsorption in zone electrophoresis in cylin-
drical capillaries has been formulated [56–62]. Typically, but
not necessarily, adsorption results in a tailing of the peak.

The present paper deals with the separation of clom and
its metabolites demethylclomipramine (de-clom), dide-
methylclomipramine (dide-clom), and 8-hydroxyclomi-
pramine (OH-clom). From their structure (Fig. 1) it can be
concluded that their main electrophoretic property is ruled
by its aliphatic amino group, which is protonated at not too
high pH (aliphatic amino groups have pKa values between
9.5 and 10.8 [63]). Clom, de-clom and dide-clom possess a
tertiary, secondary and primary amino-group, respectively,
and differ thus in their pKa values, which are 9.46, 10.37 and
9.87 in the given sequence (the basicity of the nitrogen in the
ring is very low, its pKa is about 0.8). OH-clom has a pKa of
9.45 (60.10–0.28; data taken from http://www.cas.org/SCI-
FINDER/SCHOLAR/index.html). Based on the difference in
their pKa values, in a first sight we supposed that the separa-
tion of the analytes can be carried out without complication
in the pH range close to their pKa, although the analytes are
apparently quite similar in size. In reality we encountered
significant deviations of the effective mobility as function of
the pH of the BGE from the theoretically expected depend-
ence. This motivated us not only to search for the conditions
under which the analytes are separable, but also to win a
closer view on the cause of the deviation.

2 Materials and methods

2.1 Materials

Clom (3-chloro-10,11-dihydro-N,N-dimethyl-5H-dibenz[b,-
f ]azepine-5-propanamine) hydrochloride, de-clom (3-chloro-
10,11-dihydro-N-methyl-5H-dibenz[b,f ]azepine-5-propana-
mine, N-demethylclomipramine, norclomipramine), dide-
clom (3-chloro-10,11-dihydro-5H-dibenz[b,f ]azepine-5-pro-
panamine, dinorclomipramine) hydrochloride and 8-hy-

droxyclomipramine (7-chloro-5-[3-(dimethylamino)propyl]-
10,11-dihydro-5H-dibenz[b,f ]azepin-2-ol) were purchased
from Novartis Pharma AG (Basel, Switzerland). Boric acid,
phosphoric acid and sodium hydroxide were from E. Merck
(Darmstadt, Germany, all of analytical grade), acetic acid,
CTAB, hydrochloric acid and Tricine (N-[2-hydroxy-1,1-bis(h-
ydroxy-methyl)ethyl]glycine) from Sigma–Aldrich (Stein-
heim, Germany, all analytical grade). Formic acid was pur-
chased from Acros Organics (New Jersey, USA), Tris (hy-
droxymethyl)amino-methane from SERVA (Heidelberg,
Germany), MeCN from J. T. Baker (HPLC grade, Deventer,
Holland). All solutions were prepared in doubly distilled
water, and were sonicated prior to use.

The following buffers were used as BGEs for the deter-
mination of the mobilities (other BGEs used are indicated in
the figure legends): pH 3.50, formiate; pH 4.70 and 5.40,
acetate; pH 7.00 and 8.00, phosphate; pH 9.00, 10.00, 10.25,
10.50, borate. The buffers were prepared by adjusting the pH
adding the respective acid (concentration 1 M in water) to
standard sodium hydroxide solution to a defined ionic
strength (20 or 30 mM, respectively; see text). Tris-Tricine
buffers were prepared by mixing of standard stock solutions
of Tris and Tricine in concentrations that were calculated by
the aid of Peakmaster 5.1. software (http://www.natur.cu-
ni.cz/,gas/), and afterwards confirming the theoretical
value of pH by the pHmeter.

The stock solution of clom (concentration 1 mM) was
prepared by dissolving the solid substance in water; de-clom,
dide-clom and OH-clom (concentration 1 mM each) were
dissolved in HCl (concentration 10 mM in water) due to sol-
ubility reasons.

2.2 CE

The experiments were conducted by two different instru-
ments. Both were equipped with UV-absorbance detectors.
The separation capillary of one instrument (Capel 105,
Lumex Ltd., St. Petersburg, Russia) used for the determina-
tion of the mobility at different pH was placed in a water-
cooled cassette. The second instrument (3DCE, Agilent,
Waldbronn, Germany) with an air-cooled capillary was used
for the all other experiments. The uncoated fused-silica
capillaries were from Micro Solv (Lang Branch, New Jersey,
USA). For the water-cooled instrument the total and effective
length were 38.0 and 28.5 cm, respectively, 50 mm id; those
used in the air-cooled device were 38.5 and 30.0 cm, 50 mm
id. The polyvinyl alcohol (PVA)-coated fused-silica capillary
(Agilent) had 38.2 cm total and 29.7 cm effective length, with
75 mm id. Dynamic coating with CTAB was carried out by
rinsing the capillary with the according BGE (containing
0.2 mM of the additive) for 30 min prior to CZE.

Separation voltage was 15 kV in all cases, thermostating
temperature 207C. Sample injection was performed by
applying a pressure of 100 mbar?s (50 mm id capillary) and
50 mbar?s (75 mm id capillary). The capillaries were flushed
by the BGE for 6 min prior to each analysis.
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3 Results and discussion

Irrespective of the very high separation efficiencies CZE can
reach, it is a prerequisite for the resolution of the analytes
that they possess sufficiently different electrophoretic mo-
bilities. For weak electrolytes this key property depends
amongst variables like temperature, solvent viscosity, ionic
strength, etc. most decisively on the pH of the BGE, which
determines the degree of protonation and therefore the
charge of the analyte. For a monoacidic base like the present
analytes the effective mobility meff,i, of compound, i, is
expressed as function of the pH by the well-known equation

meff ;i ¼ mact;ia ¼ mact;i

.
1þ 10 pH�pKa;ið Þ
h i

(1)

where mact,i is the actual mobility, that of the fully charged ion
at the certain ionic strength of solution, a is the degree of
ionization (protonation), and pKa,i is the negative logarithm
of the acidity constant of (the charged form of) the analyte.
The present analytes have pKa values between 9.45 and 10.37
(see Section 1). We can therefore assume that at pH above say
7.5 the (effective) mobilities will be markedly influenced by
the pH of the BGE, whereas at lower pH the fully protonated
analytes will migrate according to their actual mobilities.
From the pKa values it can be assumed that a pH of the
separation buffer around 9 is most favorable. However, at
this pH range extreme peak tailing was observed. This is not
surprising due to the possible electrostatic attraction of the
cationic analytes onto the negatively charged surface of the
capillary.

3.1 CE in coated capillaries

One obvious approach to reduce such an adsorption is to
dynamically coat the capillary surface by a cationic detergent
added to the BGE. We have thus applied CTAB (at 0.2 mM)
as surface modifier; as expected the EOF was driven towards
the cathode. The results of the analysis of the separands were
nevertheless highly unsatisfying for the following reasons. (i)
Tailing of the peaks was still observed. This means that
adsorption is not eliminated, whereas it is clearly not due to
the electrostatic forces between the analytes and CTAB. (ii)
The anodic EOF had a mobility in the same range as the
actual mobility of the cationic analytes. The resulting total
mobility of the separands – the difference of these similar
values – was very small, leading to unacceptable long anal-
ysis times up to an hour. It is obvious that these are condi-
tions that are far from being desirable. Therefore, the
CTAB-coated capillaries were not taken into consideration
further.

The dynamic coating was replaced by a permanent layer
from PVA, and CZE was carried out at various pH values of
the BGE. A low pH has the advantage of a further reduction
of the negative surface charge density originating from sila-
nolate groups (their average pKa is around 5 to 6 [64]), thus
reducing electrostatic attraction of the cationic analytes as

well. An electropherogram obtained at pH 2.90 (with phos-
phate buffer, ionic strength 20 mM) in a PVA coated capillary
is shown in Fig. 2 (top panel, upper trace). Only three peaks
from four analytes can be distinguished, because de-clom
and clom comigrate. More remarkable is that the peaks are
still tailing, which points to residual adsorptive interactions
with the wall. Interestingly, phenylethylamine (PhEA),
which was run together with the analytes for comparison,
gives a peak which lacks tailing. Like the analytes PhEA has
an amino-group bond to a short aliphatic chain. In contrast
to the exponential decay of the analyte peaks the slight trian-
gular deviation of the PhEA peak from a Gaussian shape
(visible only upon magnification) is caused by electromigra-

Figure 2. Electropherograms of a mixture of clom, de-clom, dide-
clom and OH-clom, and PhEA in a PVA-coated capillary: top panel
at pH 2.90 (20 ionic strength); bottom panel: at pH 7.65 (Tris-Tri-
cine, 30 mM ionic strength) with different amounts of MeCN
added as modifier to the BGE. Capillary: total length 38.2 cm,
effective length 29.7 cm, id 75 mm. Sample concentration 0.2 mM
each, dissolved in BGE. Injection, 50 mbar?s; voltage, 115 kV;
temperature, 207C; detection wavelength, 220 nm.
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tion dispersion. As the analytes have the same positively
charged ammonium group as PhEA, peak distortion is see-
mingly not caused by electrostatic interaction with remain-
ing negative sites at the capillary surface. Peak tailing is
rather related to structural differences between PhEA and
the analytes, the latter certainly being more lipophilic.
Indeed peak tailing of the analytes is reduced upon addition
of MeCN: at 40% v/v of the organic solvent the tailing is
nearly vanished (Fig. 2, top panel, bottom trace).

At intermediate pH of 7.65 CZE in the coated capillary
also results in severely distorted peaks of the analytes (Fig. 2,
bottom panel). Also at this pH this phenomenon is specific
for the analytes, because the peak of PhEA is considerably
sharp. Again addition of MeCN reduces drastically peak tail-
ing. However, the system is not selective enough to separate
all analytes.

3.2 CE in uncoated capillaries

Depending on the degree of ionization of the silanol groups
bare fused-silica capillaries possess negative charges at their
wall. Therefore, the observed tailing of the peaks in these
capillaries was not unexpected. The effect followed the pH-
dependence which could be anticipated supposing electro-
static interaction between the cationic analytes and negative
adsorption sites at the surface as the main cause: at high pH
peak tailing was extreme, at low pH it was negligible (see
below). In order to find out pH ranges in which the electro-
phoretic mobilities of the analytes differ sufficiently for
separation the common strategy was applied by measuring
the mobilities of the analytes as function of the pH (carried
out at constant ionic strength). The resulting curves are
shown in Fig. 3. In contrast to the sigmoid curves according
to Eq. (1), some irregularities are seen. Firstly, even at low pH
the mobilities are not constant; they decrease with pH over
the entire range. Secondly, the (apparent) pKa values of clom
and OH-clom, derived from the pH where the mobility is
halve of that at low pH, are significantly smaller than the lit-
erature data; they are around 8.70 instead of 9.50. A more
detailed discussion of the probable cause for this is given in
the following.

3.2.1 Electrophoretic mobility and wall adsorption

The increasing tailing of the peaks with increasing pH
observed in the uncoated capillary indicates that electro-
statically induced adsorption of the analytes at the wall takes
place. In this case the migration of the ions in the electric
field is retarded by a kind of chromatographic effect. Taking
this retention into account, the electrophoretic velocity must
be weighted by the fraction of the ions freely moving in so-
lution. It is well known from chromatography (cf. e.g. [65])
that this fraction is given by 1/(1 1 Ki(A/V)) = 1/(1 1 ki). Ki

is the distribution coefficient, the ratio of the molar con-
centration of the analyte, i, at the capillary surface with area
A, to that in the bulk solution with volume, V; it has the di-

Figure 3. Effective mobilities of the analytes as function of the pH
of the BGE (ionic strength 30 mM). Temperature, 207C. For details
see text.

mension of a length, ki is the dimensionless retention factor.
For a cylindrical tube with radius, r, the ratio A/V, is 2/r.
Consequently, the electrophoretic mobility given by Eq. (1)
must be weighted by 1/[1 1 (2Ki/r)] and thus reads

meff ;i ¼
mact;i

1þ 10 pH�pKa;ið Þ
h i

1þ 2K i

�
r

� �� � (2)

If we assume that adsorption of the positively charged ions is
mainly governed by electrostatic attraction to the negatively
charged wall, it should have a pH-dependence similar to that
of the z potential of the electric double layer (or the EOF): Ki

will reach a maximum value, Kmax
i , at ‘infinite’ pH, and will

decrease with a sigmoid curve with decreasing pH with an
inflection point around 6, the average pKa,SiOH of the silanol
groups. It is clear that the shape of the Ki versus pH curve is
more complex (it reverses its sign below the point of zero
charge at pH around 1.5, and does not totally reach a plateau
at high pH [64]) but for semiquantitative purposes we
approximate this curve here by a kind of titration curve typi-
cal for monobasic acids. Then we can express Ki = f(pH) by
K i¼ Kmax

i

.
1þ 10 pKa;SiOH�pHð Þ
h i

, and obtain the following
equation:

mads
eff ;i ¼

mact;i

1þ 10 pH�pKa;ið Þ
h i

1þ 2Kmax
i

r 1þ 10 pKa;SiOH�pHð Þ
h i

8<
:

9=
;

2
4

3
5

(3)

It describes the mobility, mads
eff ;i, as a function of the pH when

such an electrostatically based adsorption retains ion move-
ment. mads

eff ;i is determined by the actual mobility and the pKa

value of the analyte as in Eq. (1), but adsorption implements
an additional dependence on the pKa value of the silanol
groups, on the capillary radius and on the distribution coef-
ficient.
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In Fig. 4 the measured effective mobility of clom at dif-
ferent pH values is shown (full squares), and the data cal-
culated from Eq. (4) for the same pH (open circles). The
mobility calculated according to the modified Henderson–
Hasselbalch equation (Eq. 1) in the absence of adsorption is
depicted by the full line. For the calculations, a measured
value of 17.4 (1029 m2V21s21) for the actual mobility and of
9.46 for the pKa for clom was taken; a pKa,SiOH value of 6 for
the surface silanol groups resulted from the measurement
of the EOF in dependence on the pH (not shown), and a
value of 5.061026 (m) was taken for Kmax

i as result of curve
fitting. The according maximum retention factor, kmax

i , for
the capillary with 50 mm inner diameter is then 0.4. Agree-
ment between the data calculated by the aid of Eq. (3) with
the measured data is found, especially in the pH range
below 9; above this pH the calculated mobility decreases
less steeply than the experimental data. The reason is see-
mingly an underestimation of the distribution coefficient in
this range, which changes in a more complex manner. This
is not unexpected, because it is known that the charge den-
sity of the surface (as derived from the EOF mobility) does
not reach a constant value at higher pH, it continuously
increases (whereas slightly), most probably by preferential
adsorption of OH2 ions [64]. The concomitant change of the
distribution coefficient at high pH is not reflected by Eq. (4)
and might lead to the observed deviation of the calculated
from the measured mobility versus pH curve. However, the
implementation of the pH-dependence of the fraction
adsorbed on the wall fraction complementing that freely
moving in solution, offers an explanation for the observed
deviation of the mobility versus pH curve, of the shift of the
apparent pKa value and of the bend in the curve at pH
around 7 as well.

Figure 4. Effective mobility vs. pH for clom: electrophoretically
measured data as in Fig. 4 (n); data calculated from Eq. (3) (s)
with mact = 17.4 (1029 m2V21s21) and pKa = 9.46, pKa for silanol
groups: 6; Kmax

i = 5.0 61026 (m) (see text); full line: curve calcu-
lated from Eq. (1) with the same values for mact and pKa.

3.2.2 Separation of analytes

It was surprising that, in contrast to the coated capillaries,
CZE in an uncoated capillary under the same electrophoretic
conditions (phosphate buffer, pH 2.90, ionic strength
20 mM) resulted in symmetrical peaks for the analytes, as
can be seen from Fig. 5, upper panel. The finite EOF
observed indicates the presence of negative charges at the
capillary surface, and is the reason for the shorter migration
times compared to the coated capillary. Moreover, the
absence of the adsorptive peak dispersion leads to a better
separation of the peaks, although the pair de-clom and clom
is still not fully resolved. Upon addition of MeCN the peaks

Figure 5. Electropherograms of a mixture of clom, de-clom, dide-
clom and OH-clom, in an uncoated capillary at pH 2.90 (phos-
phate buffer, 20 mM ionic strength, top panel) and pH 8.20 (Tris/
Tricine, ionic strength 30 mM, bottom panel). Conditions as in
Fig. 2, except injection: 100 mbar?s; voltage, 115 kV, detection
wavelength, 220 nm.
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remain symmetrical, but the organic solvent does not lead to
an improvement in the resolution. In contrary, at 40% MeCN
v/v three of the four peaks overlap (not shown).

Inspection of the mobility versus pH curves shown in
Fig. 3 indicates that an increase in the pH into an inter-
mediate range might improve separation. We have thus
evaluated a pH for which separation of a number of tricyclic
antidepressants was described in the literature [20]. The
authors separated clom from de-clom by CZE in a BGE con-
taining 300 mM triethanolamine/HCl and 40% MeCN v/v, at
pH 8.25 (dide-clom and OH-clom were not included in the
sample mixture). Here we used a buffer consisting of Tris-
Tricine at pH 8.20 (30 mM ionic strength), and separated
accordingly clom from de-clom, but the other two analytes
comigrated with this pair (see Fig. 5, bottom record). This is
in agreement with the mobility curves in Fig. 3. From these
curves it can be concluded that a further increase in the pH
of the BGE would remain these two pairs unresolved from
each other, but a decrease could lead to an improved separa-
tion. Indeed this is what could be found: at pH 7.65 (ionic
strength 30 mM) all four analytes are separated (Fig. 6). A
further reduction in the pH deteriorated the resolution in the
same way as the variation of the ionic strength: at pH 7.20
resolution was decreased, and application of the Tris-Tricine
buffer at ionic strength of 15 and 65 mM, respectively, wor-
sened the separation (not shown). The slight peak tailing
indicated adsorption, but in the present case it supports the
separation by the analyte’s retention used in EKC in open
tubes.

Figure 6. Electropherograms of a mixture of clom, de-clom, dide-
clom and OH-clom, in an uncoated capillary (38.5 cm total length,
30.0 cm effective length, 50 mm id) at pH 7.65 (Tris/Tricine, ionic
strength 30 mM). Conditions as in Fig. 2, except injection:
100 mbar?s; voltage, 115 kV; detection wavelength, 200 nm.

4 Concluding remarks

CE is a well-established alternative to chromatographic
methods, although especially for the present analytes an ap-
propriate HPLC method has been described [12]. However,

in CE of tricyclic compounds one encounters problems con-
cerning peak shape and reproducibility due to adsorptive
interaction of the analytes with the capillary surface. As the
analytes are cations over a wide pH range (their literature pKa

values are between 9.5 and 10.4) the common means to
suppress adsorption is the use of coated capillaries. This can
be done either by a permanent coating, or by a dynamically
coated layer, in case of the analytes preferably formed upon
addition of a cationic detergent to the BGE. We have used
both, PVA and CTAB, but in both cases significant peak tail-
ing was observed, even at low pH. This is remarkable be-
cause under such circumstances the possibility to interact by
electrostatic attraction is largely eliminated. Predominance
of positive surface charges upon CTAB coating is evident due
to the occurrence of an EOF towards the anode, and the very
low abundance of negative surface charge was confirmed by
the very small EOF in case of the PVA coating. Especially at
low pH the EOF mobility was less than 161029 m2V21s21

(measured according to the method introduced by Williams
and Vigh [66]). Nevertheless, peak tailing was significant,
and was reduced upon addition of MeCN added to the BGE,
pointing to a nonelectrostatic origin of the observed peak
distortion.

In uncoated capillaries peak tailing was observed as
well; it was increasingly pronounced with increasing pH of
the BGE. It can be assumed that this is indeed the result of
the electrostatically induced adsorption of the cationic ana-
lytes to the negatively charged wall. This effect leads to a
chromatographic retention superimposing the electropho-
retic movement of the ions. The measured dependence of
the mobility on the pH shows an irregular shape, deviating
from the theoretical curve as expressed by the modified
Henderson–Hasselbalch equation. Given that the deviation
is based on the adsorption of the ions to the negative sites at
the surface generated by the dissociation of the silanol
groups, the retention can be expressed in terms of retention
factors and distribution coefficients, both being functions of
the pH. Incorporating such a correction term, the experi-
mentally observed net mobility versus pH curve can be
expressed by an according equation including the actual
mobility of the analyte, the pKa values of the analyte and the
surface group, the radius of the capillary and the distribu-
tion coefficient.

Separation of the analytes was possible at intermediate
pH where slight adsorption was still present. However, the
interplay of electrophoretic movement and residual adsorp-
tive retention allowed to separate the analytes finally in a
system in which the EOF reduces analysis time without
impeding the resolution of the analytes, namely at pH 7.65
and 30 mM ionic strength. This subtle combination of the
electrophoretic with a chromatographic effect has clearly a
disadvantage: it reduces the robustness of the separation.
Although the results were reproducible even when using
different capillaries and apparatus, it is not really favourable
to depend on the conditions of the capillary surface for ap-
propriate conditions.
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[59] Gaš, B., Štedrý, M., Rizzi, A., Kenndler, E., Electrophoresis
1995, 16, 958–967.
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