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P otential of formamide andN-methylformamide in nonaqueous
capillary electrophoresis coupled to electrospray ionization mass

spectrometry
Application to the analysis ofb-blockers
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Abstract

A nonaqueous capillary electrophoresis (NACE) method, coupled with either UV or electrospray mass spectrometry
(ESI-MS), is described for the simultaneous analysis of sevenb-blockers. The same electrolyte, namely 25 mM ammonium
formate and 1M formic acid, was used with different investigated organic solvents. In addition to frequently used organic
solvents such as methanol (MeOH) and acetonitrile (MeCN), formamide and its derivatives were investigated. Formamide
(FA) and N-methylformamide (NMF) present several interesting physico-chemical properties, one of them being a high
dielectric constant (́). Since FA and NMF possess a high UV cutoff,b-blockers with an absorbance above 250 nm were
selected as model compounds in order to compare NACE–UV and NACE–MS performances. FA and NMF showed different
selectivity compared to water, MeOH or MeCN, and also demonstrated a higher efficiency in terms of the number of
theoretical plates (especially NMF). To overcome their unfavorable optical properties, hyphenation with MS detection
appears as a promising technique, thanks to its benefits in terms of selectivity, sensitivity and universality. The practical
compatibility of FA and NMF with ESI-MS detection in combination with a sheath liquid configuration was demonstrated.
In comparison to UV detection, sensitivity was increased, while a high efficiency was maintained. In addition, the low and
stable generated currents observed were evidences for the successful hyphenation with ESI-MS. Hence, FA and NMF
seemed to be promising alternatives in NACE–ESI-MS, either used as pure organic solvent or as a mixture with MeOH or
MeCN.
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1 . Introduction tivity, higher efficiency, faster analysis time and
better solubility and stability of some compounds in

Nonaqueous capillary electrophoresis (NACE) has organic solvent than in water are the main reasons
recently gained increased popularity. Different selec- for this success [1–5]. In particular, NACE has been

found to be a good alternative for the analysis of
pharmaceuticals and their metabolites that are dif-
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have been reported in acetonitrile, lower alcohols in NACE, indirect UV or fluorescence detection has
(e.g., methanol, ethanol, isopropanol) or their mix- been applied to the analysis of non-UV-absorbing
ture. This is mainly due to their wide use in HPLC as compounds such as inorganic anions [13,14], un-
pure solvents, particularly because of their low UV derivatized amino acids [15] and anionic surfactants
absorption at wavelengths commonly used with UV [16]. In particular, the separation of long chain fatty
detection. Besides, other organic solvents [e.g., form- acids has been described in NMF–dioxane (3:1, v /v)
amide (FA) andN-methyl formamide (NMF)] pres- mixture [17]. Moreover, because of its high selectivi-
ent interesting physico-chemical properties especially ty and sensitivity, through signal enhancement, fluo-
in terms of dielectric constant, but have found only rescence and especially laser-induced fluorescence
limited applications because of their high UV cutoff were found suitable for NACE applications in the

2(ca. 250 nm) [1]. However, the high́ /h ratio of presence of FA, NMF or DMF [18,19]. However,
NMF (about 20 000 at 258C) will result in higher this detection mode is limited to compounds that are
efficiency in terms of the number of theoretical fluorescent, and often required tedious derivatization
plates. FA, NMF and dimethylformamide (DMF) procedures. More recently, a contactless conductivity
belong to the class of amphiprotic solvents with detection (CCD) has been described for CE with
basic character (i.e., they enhance solute acidity and nonaqueous solvents (e.g.,N,N-dimethylformamide,
reduce analyte basicity). Their auto-protolysis con- N,N-dimethylacetamide and propylene carbonate)
stants range from 10.7 (NMF) to 29.4 (DMF), which exhibiting strong UV absorbance below 230 nm [20].
may affect considerably the acid–base properties of It was demonstrated that this detection mode was
the investigated analytes resulting in selectivity very suited for the use of organic solvents, without
changes [5]. Moreover, because of its higher cohe- any restrictions to their optical properties. Electro-
sion energy density (close to water) compared to chemical detection was also found suitable for
other organic solvents, FA has proved to be useful in detection of compounds that are difficult to oxidize
performing separations involving hydrophobic inter- or reduce under aqueous conditions [21].
actions [6]. These are most important in the case of On the other hand, mass spectrometry is becoming
chiral separations in the presence of cyclodextrins a detector of choice in micro-separation techniques
[7–9]. Despite these advantages, most applications (e.g., micro-LC and CE) since it allows highly
with these solvents have been restricted to analytes selective and sensitive analyses as well as infor-
that absorb light at considerably high wavelengths mation about the mass to charge ratio and, poten-
[10]. Some physico-chemical properties of water and tially, the structure of the separated compounds.
other commonly used organic solvents are listed in Coupling of NACE to electrospray ionization mass
Table 1 [11,12] spectrometry (ESI-MS) has been successfully ap-

To extend the application range of NACE and plied to a large number of relevant compounds
fully exploit the advantages of these solvents, several including nonsteroidal anti-inflammatory drugs [22]
methods were reported. Thus, to enhance sensitivity phospholipids [23], organic acids [24], amphet-

Table 1
Different physico-chemical parameters of water and selected organic solvents

2Solvent h (cP) ´ ´ /h ´ /h pK UV cutoff T Surface Cohesionauto boil
21 21at 258C (cP ) (cP ) (nm) (8C) tension energy density

22 21 21(10 N m ) (J ml )

Water 0.89 78.5 88.2 6924 14.0 ,190 100 7.18 2291
MeOH 0.54 32.7 60.6 1980 17.2 205 65 2.21 928

aMeCN 0.34 37.5 110.3 4136 – 195 82 2.76 655
FA 3.30 111 33.6 3734 16.8 245 210 5.49 1638
NMF 1.65 182 110.3 20 075 10.7 245 182 3.87 992
DMF 0.80 36.7 45.9 1684 29.4 268 153 3.52 613

a No detectable autoprotolysis.
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amines [25], fluoxetine and related compounds [26], obtained with formamide and related solvents are
venlafaxine and metabolites [27], tamoxifen metabo- compared to those achieved with water, methanol
lism [28] and tricyclic antidepressants [29], and a and acetonitrile.
recent review was given by Yang et al. [30]. How-
ever, the majority of reports focused on the use of
MeOH, MeCN and their mixture as background
electrolytes without mention of FA and NMF. 2 . Materials and methods
b-Blockers (or adrenergicb-antagonists) are drugs

that reduce the symptoms connected with hyperten-
sion, cardiac arrhythmias, headaches, and other2 .1. Chemicals
disorders related to the sympathetic nervous system

21[31,32]. On an analytical aspect,b-blockers possess Standard solutions of 1 g l ofb-blockers
an UV absorbance above 260 nm, which is a spectral (acebutolol, alprenolol, atenolol, bopindolol, meto-
region where FA, NMF and DMF do not absorb prolol, oxprenolol, pindolol) in methanol were a gift
strongly. Thus, these compounds are good candidates from the Department of Internal Medicine (Universi-
to perform NACE experiments both with UV and MS ty Hospital, Geneva, Switzerland). Analytical re-
detection, with formamide and related solvents. The agent-grade ammonium formate, formic acid, form-
chemical structures of the studiedb-blockers are amide,N,N-dimethylformamide andN-methylfor-
shown in Fig. 1. mamide were obtained from Fluka (Buchs, Switzer-

The main goal of this contribution is to demon- land). HPLC-grade methanol, acetonitrile and iso-
¨strate that the use of ESI-MS detection is an interest- propanol were supplied by Romil (Kolliken, Switzer-

ing alternative to extend the application range of land). Ultra-pure water was supplied by a Milli-Q
NACE to organic solvents with a high absorbance RG purification unit from Millipore (Bedford, MA,
UV using b-blockers as model compounds. Results USA).

Fig. 1. Structures ofb-blockers with their molecular masses (mm).
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2 .2. Buffer and sample preparation solution electrolysis can alter the separation elec-
trolyte and subsequently change the electroosmotic

Nonaqueous solvents were either MeOH, MeCN, flow (EOF), the electrolyte was replaced every three
FA, NMF, or DMF each containing 25 mM am- to five runs.
monium formate and 1M formic acid. An aqueous
electrolyte containing 100 mM formic acid (pH 2.4)
was also used. Before use, the electrolyte solutions 2 .3.2. CE–MS
were degassed in an ultrasonic bath for 10 min. CE–MS experiments were performed on the same

A mixture of b-Blockers was prepared by dissolu- CE system equipped with a single quadrupole instru-
tion of individual compounds in methanol to give a ment HP Series 1100 MSD (Agilent Technologies,

21final concentration of 100 mg l for CE–UV Palo Alto, CA, USA), which has an upper mass limit
21analysis and a final concentration of 1 and 10 mg l of 3000 u. A CE Chemstation (Agilent Technologies)

for CE–MS analysis. Working standard solutions was used for CE and MS instruments control, data
were prepared daily. acquisition and data handling. The separation was

performed in a fused-silica capillary (Polymicro)
2 .3. Instrumentation with 50 mm inner diameter and 58 cm total length.

To maintain a stable electrospray, a 20-mm portion
2 .3.1. CE–UV of the polyimide coating was removed from the

CE–UV experiments were performed using a outlet edge of the capillary in ESI-MS mode. This
3DHP CE system (Agilent Technologies, Waldbronn, procedure was found effective to provide better

Germany) equipped with an on-column diode-array mixing characteristics at the probe tip. Other CE
detector, an autosampler and a power supply able to conditions have been already stated above (Section
deliver up to 30 kV. A CE Chemstation (Agilent 2.3.1).
Technologies) was used for CE control, data acquisi- The electrospray mass spectrometry measurements
tion and data handling. The separation was per- were carried out in the positive ionization mode. In

3Dformed in a fused-silica capillary (Polymicro, order to couple the HP CE instrument with the
Phoenix, AZ, USA) with an inner diameter of 50mm mass spectrometer, a CE–MS adapter kit was used.
and 64.5 cm total length (56 cm to the UV detector). This triple tube ESI-MS interface provides both a
All experiments were carried out using the cationic coaxial sheath liquid make-up flow and a nebuliza-
mode (anode at the inlet and cathode at the outlet). A tion gas to assist droplet formation. Drying and
constant voltage of 25 kV, with an initial ramping of nebulization gases were both nitrogen. The coaxial

210.83 kV/s, was applied during analysis. The capillary sheath liquid was delivered at 3ml min by a
was thermostated at 258C. Samples were kept at Harvard Model 22 syringe pump (South Natick, MA,
ambient temperature in the autosampler and injected USA). The ESI capillary was fixed at14.5 kV. The
by applying a pressure of 50 mbar for a few seconds nebulizing pressure and the drying gas flow-rate

21depending on solvent viscosity. The injected amount were set at 4 p.s.i. and 4 l min , respectively (1
was maintained at 1% of the effective capillary p.s.i.56894.76 Pa). The drying gas temperature was
length. UV detection was carried out at 200 nm with fixed at 2008C and the fragmentor voltage at 70 V.
a bandwidth (bw) of 10 nm (reference at 350 nm, bw Unless otherwise stated, the coaxial sheath liquid
50 nm) for water, MeOH and MeCN, and at 270 nm consisted of isopropanol–water (50:50, v /v) in pres-
with a bw of 10 nm (reference at 350 nm, bw 50 nm) ence of 0.5% formic acid. MS detection was carried
for formamide and derivatives. out in the selected ion monitoring (SIM) mode for

Before its first use, the fused-silica capillary was the positive molecular ions. The selected masses
sequentially washed with methanol, 1M HCl, water were acquired with a dwell time of 55 ms on each
and separation electrolyte for 5 min each. Between mass-to-charge ratio, which were 249 for pindolol,
analyses, the capillary was flushed with the elec- 250 for alprenolol, 266 for oxprenolol, 267 for
trolyte for 4 min. When not in use, the capillary was atenolol, 268 for metoprolol, 337 for acebutolol and

1washed with methanol and then dry stored. As a 380 for celiprolol [M1H] .



L. Geiser et al. / J. Chromatogr. A 979 (2002) 389–398 393

3 . Results and discussion among aprotic solvents, showed a drastic change in
migration order (Fig. 2B). In fact, while acebutolol

3 .1. NACE–UV and celiprolol (compounds 6 and 7) migrated in the
last position with all other investigated solvents, their

As already mentioned, MeOH and MeCN are the electrophoretic mobility in the presence of MeCN
most widely used organic solvents in NACE. Other was higher than atenolol and metoprolol (compounds
solvents, such as formamide and its derivatives, have 4 and 5). Under the investigated conditions, MeOH
only limited applications, due certainly to their high allowed the complete separation ofb-blockers in less
UV absorbance at low wavelengths. However, as than 15 min (Fig. 2C). It is noteworthy that FA and
reported in Table 1, these solvents present interesting NMF presented the same migration order without a
physico-chemical properties that may further en- complete separation of all testedb-blockers (Fig.
hance electrophoretic performances. In order to 2D,E), probably due to their basic character and
compare formamide and its derivatives behavior with similar solvation of ionic species. As shown in Table
frequently used electrophoretic solvents such as 2, despite the high electrolyte concentration, the
water, MeOH and MeCN, the first experiments were generated electric current was extremely low. These
carried out with UV detection. Moreover, except for findings are of utmost importance for achieving rapid
water, the same electrolyte, namely 25 mM am- separation through the application of high electric
monium formate and 1M formic acid, was used with fields, as well as for coupling NACE with MS (see
the investigated solvents. This electrolyte solution is Section 3.2). The same experiments were carried out
suitable for CE–MS coupling and has wide applica- with DMF; however, the generated electric current
tion in NACE for the separation of a large variety of was not stable and peak efficiency was not satisfac-
basic drugs [25,26]. The same electrolyte was not tory. Thus, this solvent was discarded for further
used in aqueous media, which would result in investigations.
excessively high electric current. Hence, for aqueous Fig. 3 shows the evolution of migration time and
experiments, a volatile electrolyte, namely 100 mM efficiency of celiprolol in function of´ /h (A) and

2formic acid at pH 2.4, was used. Additionally,b- ´ /h (B) solvent ratios, respectively. Water was not
blockers have been selected as model compounds. In reported on these figures, since lower electrolyte
fact, these drugs present similar structures and concentration was used for this solvent in order to
exhibit UV spectra compatible with UV detection generate moderate current. As expected, NMF
above 260 nm. showed the highest efficiency (about 123 000 theo-

In the case of water, MeOH and MeCN, detection retical plates) and MeCN showed the fastest analysis
was performed at 200 nm, while for FA, NMF and time (approx. 5 min), and highest efficiency by unit
DMF, UV detection at higher wavelength (i.e., 270 of time (about 16 000) among the different organic
nm) was required. Moreover, since the injected solvents. However, separation time and efficiency
amount is viscosity dependent, hydrodynamic in- could not be only related to pure solvent theoretical

2jection time was adjusted to fill 1% of the effective values of´ /h and ´ /h. In CE, approximating the
capillary length. As illustrated in Fig. 2, the studied dielectric constant of the electrolyte solution with
b-blockers exhibited different migration behaviors that of the pure solvent may not always be appro-
depending on the electrophoretic medium. In fact, in priate [6]. In fact, at higher ionic strengths, the
the absence of a modifier, the structure of the analyte dielectric constant of the electrolyte may be affected
and the nature of the surrounding environmental as the portion of the solvent oriented towards the
conditions mainly dictate the selectivity. The use of ions increases compared to the free solvent [33].
an aqueous solution with 100 mM formic acid at pH Moreover, besides dielectric constant and viscosity,
2.4 resulted in almost baseline resolution of all other solvent properties, such as zeta potential and
studied compounds and the migration order was purity, have to be considered. For instance, it was
directly related to the molecular mass of the investi- reported that zeta potential for MeCN was twice
gated drugs (Fig. 2A). superior than for MeOH and FA [34]. This is in

In comparison to water, MeCN, which is classified accordance with the faster analysis time obtained for
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21Fig. 2. On-line CE–UV detection of a standardb-blockers mixture at 100 mg l . Experimental conditions: fused-silica capillary of 64.5 cm
(56 cm to detector)350mm I.D., 258C, 25 kV, injection by pressure, 1% effective length according to electrolyte viscosity. (A) Formic acid
(100 mM) in water; (B–E) 25 mM ammonium formate and 1M formic acid in (B) MeCN, (C) MeOH, (D) formamide, (E) NMF. UV
detection at 200 nm for (A–C); and 270 nm for (D,E). Peak numbers correspond tob-blockers, according to Fig. 1.

MeCN, compared to the analysis time expected by ated an electric current (about 5mA), indicating the
considering thé /h ratio. It can also be noted that presence of impurities in this solvent. For all these

2despite their high purity, amide type organic solvents reasons, the´ /h and ´ /h ratio listed in Table 1
may contain foreign ionic species (degradation or provide good qualitative information about migration
hydrolysis by-products). Indeed, a NACE experiment time and efficiencies, but practical tests are needed to
was conducted with NMF free electrolyte and gener- exactly confirm these predictions.
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Table 2
21Some NACE–UV electrophoretic data with different organic solvents using celiprolol (100mg ml ) as a model compound

Solvent Current Migration Efficiency Efficiency by
21(mA) time (min) unit time (min )

MeOH 14 13.0 47 000 3615
MeCN 12–17 4.4 72 000 16 365
FA 11 30.7 75 000 2445
NMF 14 13.9 123 000 8850

3 .2. NACE–ESI-MS advantage of these solvents, the on-line coupling
with ESI-MS was investigated. Regarding the sig-

As described above, formamide derivatives and nificantly higher boiling points of formamide and its
particularly NMF showed different selectivity and derivatives, it has been stated that they were unlikely
very high efficiency. However, with UV detection, to ESI-MS applications [1]. However, since electro-
the use of these solvents is restricted to a limited spray ionization in the presence of a sheath liquid is
number of compounds. Therefore, to fully take established as the predominant technique for on-line

interfacing CE with MS, the appropriate choice of
the sheath liquid composition may reduce this hand-
icap to some extent. The coaxial sheath liquid make-
up flow is added coaxially to the CE capillary outlet
to ensure stable electrospray as well as electrical
contact at the capillary outlet.

As expected, because of their low heat of vapor-
ization and low surface tension, MeCN and MeOH
showed the most abundant ESI-MS responses (Fig.
4). In the case of water, MeOH and MeCN, a sheath
liquid constituted of isopropanol–water (50:50, v /v)
in the presence of 0.5% formic acid was used. In
contrast, with FA and NMF, the use of 100%
isopropanol in presence of 0.5% formic acid was
found more suitable to encompass incompatibilities
due to the high boiling points of these solvents.
Despite the diluting effect inherent to the use of a
sheath liquid junction, CE–ESI-MS allowed an
important gain in sensitivity over CE–UV by a factor
of approximately 10 forb-blocker analyses with FA
and NMF. Nevertheless, water, MeOH and MeCN
exhibited better signal-to-noise ratios (approx. factor
10) in comparison with FA and NMF, since they are
more volatile. On the other hand, while the latter are
less proned to solvent evaporation and out-gassing
occurrence, they are well suited for achieving stable
electrospray current and may induce better stability.

Fig. 3. Experimental results obtained in NACE–UV for four With the NACE–MS coupling, very high ef-
different organic solvents (MeOH, MeCN, FA, NMF) containing ficiency was maintained for all investigated com-
the same electrolyte. Experimental conditions as stated in Fig. 2.

pounds. For all studied solvents, a significant de-(A) Evolution of migration time in function of́ /h ratio of pure
2 crease of migration times was observed in NACE–organic solvent. (B) Evolution of efficiency in function of́ /h

ratio of pure organic solvent. MS in comparison with NACE–UV inducing a loss



396 L. Geiser et al. / J. Chromatogr. A 979 (2002) 389–398

Fig. 4. Reconstituted ion current (RIC) of standardb-blockers mixture. Experimental conditions: fused-silica capillary of
58 cm350mm I.D., 258C, 25 kV, injection by pressure, 1% effective length according to electrolyte viscosity. (A) Formic acid (100 mM) in
water. (B–E) 25 mM ammonium formate and 1M formic acid in (B) MeCN, (C) MeOH, (D) Formamide, (E) NMF.b-Blocker

21 21concentration: 1 mg l for (A–C); 10 mg l for (D,E). Peak numbers correspond tob-blockers, according to
Fig. 1.

of resolution. This behavior was attributed to higher effect caused by the presence of a nebulizing gas.
21electric fields applied in NACE–MS (431 V cm ) This gas flow is generally added, in combination

21versus NACE–UV (388 V cm ) and to a siphoning with applied high voltage, to assist droplets gene-
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ration and solvent evaporation during the electro- all investigated solvent, except water and MeCN.
spray. The small peaks shown in SIM electropherograms

Although peak overlapping was observed with all (Fig. 5) form /z ratios 250, 267 and 268 correspond
1investigated solvents, the use of MS detection in the to isotopes ions [M1H11] of pindolol, oxprenolol

single ion monitoring mode allowed the determi- and atenolol, respectively. This result indicated the
nation of each compound with a very high confi- utmost importance of selectivity in CE before MS
dence. Under the selected ESI-MS conditions, the detection and therefore the great interest to have
predominant ion was the protonated molecular ion different organic solvents to modify selectivity.

1([M1H] ) which was monitored for the identifica-
tion of eachb-blocker. However, in order to avoid
misinterpretation and bad quantitative results for
compounds which possess a close molecular mass4 . Conclusion
(i.e., pindolol–alprenolol and oxprenolol–atenolol–
metoprolol), electrophoretic selectivity was highly In this study, it was demonstrated that NACE–UV
required with a single quadrupole instrument. As and NACE–ESI-MS were well adapted for the
shown in Fig. 4, while peaks 249 (pindolol) and 250 separation ofb-blockers with different solvents, such
(alprenolol) co-eluted with water, MeCN and MeOH, as FA and NMF. These solvents showed several
those peaks were baseline separated in the presence interesting electrophoretic characteristics. They ex-
of NMF. Furthermore and, as shown in Fig. 5, peaks hibited different selectivity compared to water,
of oxprenolol, atenolol and metoprolol which possess MeCN and MeOH, as well as higher efficiency,
close molecular masses were clearly separated with especially NMF. Moreover, the basic characters of

Fig. 5. Extracted ion current for each mass monitored in MeOH (A) and NMF (B). Experimental conditions as in Fig. 4.
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