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8.5 Hyphenated Techniques

8.5.2
IC-MS Coupling

The second important hyphenation is the coupling of an ion chromatograph to a
mass spectrometer; this combination provides the analyst with information on
analyte structure and molecular weight. While mass-selective detection in gas
chromatography became routine years ago, the coupling of a liquid chromato-
graph to a mass spectrometer used to be problematic, because the relatively large
amounts of liquid mobile phase are not compatible with the high vacuum in the
ion source of a mass spectrometer. To solve these incompatibility problems, var-
ious types of LC—MS interfaces have been developed. The discussion below
focuses on the electrospray interface. Particle-beam and thermospray interfaces,
which were also briefly introduced in the third edition of this handbook, are not
used anymore. To the interested reader I refer to the monographs by Yergey
et al. [230] and Niessen [231] for more indepth reading about other interface
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Figure 8.97 Separation of Sb(lll) and Sb(V) volume: 100 pL; detection: ICP-MS; peaks:
with element-specific detection. Separator col- 50 ng/L each of Sb(V) (1) and Sb(lll) (2)

umn: lonPac AS14; column dimensions: (reproduced with permission from Ref. [222].
250 mm x4 mm i.d,; eluent: 1.25 mmol/L EDTA, Copyright 2001, Elsevier Science BV).

pH 4.7; flow rate: 1.5 mL/min; injection

types. The most important characteristic of an LC-MS interface is the transfer
of analyte molecules from the separator column into the high vacuum of a mass
spectrometer. This means that an analyte molecule dissolved in the mobile phase
has to make the transition to an analyte molecule isolated in the gas phase. To
achieve high sensitivity, as many analyte molecules as possible have to be trans-
ferred, while the mobile-phase constituents have to be largely removed. The
maximum amount of liquid that can be introduced into the high vacuum of a
mass spectrometer without increasing pressure in the ion source depends solely
on the capacity of the vacuum pumps. Given the feed rate of modern turbomo-
lecular pumps, the practical upper limit to flow rate is 10—-20 pL/min, depending
on the composition of the solvent and on the use of coaxial sheath flow. How-
ever, conventional 4 mm separator columns in ion chromatography are operated
at 1 mL/min, so only 1-2% of that amount of liquid can be directly introduced
into the vacuum system. These numbers impressively demonstrate the dimen-
sion of this incompatibility problem. It can be solved by removing a large
amount of solvent before the analytes enter the high vacuum. Split techniques
and microbore columns with a small inner diameter of 2mm and low flow rates
of 0.25 mL/min also help to significantly decrease the amount of liquid. Combi-
nations of all these measures can also be applied.

An additional problem is the electrolytes that are used for separating ionic
species on ion-exchangers. Such separations cannot be performed without
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electrolytes. Therefore, volatile eluents such as ammonium sulfate have to be
used, which can be pumped out of the ion source. The second solution to this
problem is continuously regenerated suppressor systems (see Sections 3.6 and
4.3), with which eluents can be converted to water prior to entering the MS
interface. It is true that the use of a suppressor system limits the choice of elu-
ent [232]. Meanwhile, however, so many ion exchangers for anion and cation
chromatography are available that allow anions and cations to be eluted effi-
ciently and with high resolution using KOH or mineral acids eluents. Because
these ion exchangers are usually also solvent compatible, even polarizable ions
can be eluted by adding organic solvents to the mobile phase. As early as 1990,
Simpson et al. [233] successfully employed a micromembrane suppressor for
desalting eluents. They placed it between an anion exchanger and the thermos-
pray interface and determined a residual sodium concentration of 13—30 pmol/L
when pumping an eluent concentration of 10—100 mmol/L. Conboy et al. [234]
also utilized suppressors for their investigations on quaternary ammonium com-
pounds and organic sulfonates and sulfates, placing them between separator col-
umn and interface.

8.5.2.1 Electrospray Interface

Electrospray ionization (ESI) [235] is an atmospheric-pressure ionization tech-
nique (API) that allows the transfer of ions from solution to the gas phase, from
which the ions can be subjected to mass spectrometric analysis. Electrospray is
of great importance because a large number of chemical and biochemical pro-
cesses involve ions in solution. It affords ion transfer of a wide variety of ions
dissolved in a wide variety of solvents. The ions include

e single and multiple charged inorganic cations such as alkali and alkaline-earth
metal ions,

e single and double charged transition metal ions and their complexes with
mono- and polydentate ligands,

e inorganic and organic anions,

e single and multiple protonated organic bases such as amines, alkaloids, pep-
tides, and proteins, and

e single and multiple deprotonated organic acids or organophosphates such as
nucleic acids.

The solvents include practically all protic solvents such as water, methanol, and
ethanol or aprotic solvents such as acetone, acetonitrile, and dimethylsulfoxide.

Electrospray ionization mass spectrometry was introduced by Yamashita and
Fenn in 1984 [236] and independently in a very similar way at approximately the
same time by Aleksandrov et al. [237]. Development of ESI-MS since 1984 has
established it as a method of outstanding importance, in particular for bio-
chemical applications.

The transfer of ions from solution to the gas phase is a strong endothermic
process, because in solution the ion interacts with solvent molecules that form a
solvation sphere around the ion. The energy required to transfer an ion from
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aqueous solution to the gas phase is larger than the energy required to break a
carbon C—C bond. If that energy is supplied at once over a short period of time,
the act of freeing an ion from the solvent can lead to fragmentation. The softness
of the ion transfer method can be defined as the degree to which fragmentation
of the ions is avoided. From that standpoint, ESI-MS is the softest technique
available.

There are three major steps in the production of gas-phase ions from electro-
lytic ions in solution by electrospray:

¢ Production of charged droplets at the electrospray capillary tip

o Shrinkage of the charged droplets by solvent evaporation and repeated droplet
disintegrations, ultimately leading to very small, highly charged droplets capa-
ble of producing gas-phase ions

e The actual mechanism by which gas-phase ions are produced from the very
small and highly charged droplets

As shown in the schematic representation in Figure 8.98, a voltage of 2-3kV is
applied to the metal spray capillary (needle) that typically has an inner diameter
of 0.1 mm and is located 1-3 cm from the counterelectrode. In ESI-MS, this
counterelectrode may be a plate with an orifice leading to the mass spectromet-
ric sampling system. Because the capillary tip is very thin, the electric field in the
air at the tip is very high (E.~10°V/m). Considering a typical solution present
in the capillary with methanol as the solvent and a low concentration (107>~
10~3 mol/ L) of an organic base as the salt, the field E., when turned on, will pen-
etrate the solution at the capillary tip, and the positive and negative electrolyte
ions in the solution will move under the influence of the electric field until a
charge distribution results that counteracts the imposed field and leads to essen-
tially field-free conditions inside the solution. When the capillary is the positive
electrode, positive ions will drift toward the meniscus of the liquid, and negative
ions will drift away from the surface. The mutual repulsion of the positive ions at

Atmospheric pressure Vacuum
Curtain gas
1. Formation
of charged
droplets
. Mass
High voltage 7 ) analyzer
| Lo ) % =
COIumn — , e - e \":—J‘u — --~—; Y (EE
effluent r AT 7N Y o0
Sheath gas Neayes 2. Evaporation |
) Orifice

ez

|

Curtain gas

Figure 8.98 Schematic diagram of the ionization process in electrospray ionization (“lonSpray,”
Perkin-Elmer Sciex).
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the surface overcomes the surface tension of the liquid and the surface begins to
expand, allowing the positive charges and liquid to move downfield. The so-
called Taylor cone [238] is formed, and if the applied field is sufficiently high, a
fine jet emerges from the cone tip, which breaks up into small charged droplets.
The charged droplets produced by the spray then shrink, owing to the solvent
evaporation while the charge remains constant. The energy required for solvent
evaporation is provided by the thermal energy of the ambient air. The charge of
the droplet is expected to remain constant because the emission of ions from the
solution to the gas phase is highly endoergic. The decrease of the droplet radius
R at constant droplet charge g leads to an increase of the electrostatic repulsion
of the charges at the surface until the droplets reach the Rayleigh stability
limit [239]:

ry =8 7(eo y R (8.61)

The Rayleigh equation describes the condition at which the electrostatic repul-
sion becomes equal to the force due to the surface tension y, which holds the
droplet together. The charged droplet becomes unstable when its radius R and
charge g satisfy Eq. (8.61). In a very complex process [240] that is not yet com-
pletely understood, droplets undergo fission when they are close to the Rayleigh
limit. The fragmentation is generally referred to as coulombic fission. Two
mechanisms have been proposed to account for the formation of gas-phase ions
from very small and highly charged droplets. The first one, proposed by Doyle
et al. [241], is based on the formation of extremely small droplets containing
only one ion. Solvent evaporation from such a droplet will lead to a gas-phase
ion. Iribarne and Thomson [242] predict that, after the radii of the droplets
decrease to a given size, direct ion emission from the droplets become possible
and that this process, which is called ion evaporation, becomes dominant over
coulomb fission for droplets with radii R <10nm. The emitted ions are then
directed into the mass analyzer by electrostatic lenses. More detailed informa-
tion on the mechanism of ESI-MS has been published by Kebarle and Ho [243].

The electric field required to generate an aerosol largely depends on the sur-
face tension of the solvent. If the composition of the column effluent remains
constant, nebulization is not a problem. However, in the case of gradient elution,
where eluent composition and, consequently, surface tension change with time,
nebulization can be a problem. A rather elegant solution to this problem is the
pneumatically assisted electrospray ionization (“lonSpray”) developed by Perkin-
Elmer Sciex, in which a sheath gas assists in the formation of droplets. Electro-
spray is a low-flow rate technique. When the flow rate is increased for a given
analyte concentration, the analyte ion signal does not increase. Thus, in terms of
analyte concentration, sensitivity remains constant, but in terms of mass flow,
sensitivity drops when the flow rate of the analyte solution is increased. This is
an unusual situation in mass spectrometry because a mass spectrometer operat-
ing in the electron ionization (EI) or chemical ionization mode (CI) is a mass-
flow sensitive detector. If the liquid flow rate is increased too much, the ion
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signals become lower and less stable. Therefore, microbore columns are usually
employed for IC/ESI-MS with flow rates of approximately 250 uL/min. These
flow rates are compatible with thermally assisted electrospray [244], which heats
the spray capillary to 150-240°C. Manufacturers have also claimed good per-
formance of ultrasonically assisted electrospray [245] in combination with a
sheath gas for drying and focusing suitable for flow rates up to 1 mL/min, which
can be used for conventional separator columns with 4 mm diameters. High-flow
electrospray is always combined with the supply of heat to assist the evaporation
of the solvent.

The position of the spray capillary relative to the ion sampling orifice within
the sampling plate is of significant importance. By avoiding directly spraying at
the sampling plate orifice, the instance of charged droplets being sampled (as
opposed to gas-phase ions) is lowered, hence increasing instrument response.
In most modern MS instruments, the sprayer position may be adjusted in one,
two, or three axes that will allow optimization relative to the sampling orifice.
In the first published report of successful electrospray mass spectrometry [236],
the spray capillary was positioned in the center of the source (on-axis position),
as schematically depicted in Figure 8.99. By moving to an off-axis position, the
ion signal observed by the mass spectrometer is more stable and at least as high

Spray Capillary "
on axis _— Orifice
Spray Capilla Orifice
off axis w
diagonall %\q;\ Orifice
)
)
‘0*
)
m————— Orifice
orthogonal
Spray
Capillary

Figure 8.99 Arrangements for the sprayer capillary in an electrospray ion source.
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as in the on-axis position. It is desirable to take ions, but no droplets into the
mass analyzer. Charged droplets transported into the mass spectrometer may
impinge on the ion optics or on the mass analyzer, creating spikes in the mass
spectra. Off-axis positioning can be taken a step further by placing the sprayer in
a diagonal position inside the source. The spray is not aimed at the sampling ori-
fice, but at a position beyond, in order to reduce the chance of shooting droplets
into the mass spectrometer. Diagonal positioning is most effective for pneumati-
cally assisted electrospray. Optimization of the sprayer position and the capillary
voltage are interrelated and should be optimized empirically together. The most
important practical advance in sprayer positioning has come with the introduc-
tion of orthogonal source designs, where the sprayer is positioned orthogonally to
the sampling orifice. This design has several advantages, including sampling of
fewer charged droplets relative to ions and the ability to tolerate higher flow rates.
In an interface for chemical ionization at atmospheric pressure (APCI), aerosol
formation occurs in a heated tube with nitrogen as a reagent gas; the solvent is
completely evaporated in the tube. The gas-vapor mixture is then directed into
the atmospheric-pressure ion source, in which chemical ionization is initiated by
electrons that are generated at the corona discharge needle. The solvent vapor
acts as a reagent gas. The charge is transferred to the analyte molecules by ion—
molecule reactions (cluster formation and declustering of ions). Subsequently,
the ions generated are sampled into the high vacuum of a mass spectrometer for
mass analysis. Figure 8.100 schematically depicts the APCI ionization process.
Both ionization modes can be operated in the positive and negative ion mode
to obtain either protonated or deprotonated molecular ions as well as sodium,
potassium, ammonium, formate, or acetate adducts. Because atmospheric-
pressure ionization is a “soft” ionization technique (i.e., molecular ions are

N, gas
Atmospheric pressure curtain Vacuum
Auxiliary gas ] Mass
Heating K analyzer
HO Hy0 J ————
e e ) M M EE
+
H;0 =
Nebulizer Heating Nozzle
gas
N, gas
_Corona curtain
discharge
needle

Figure 8.100 Schematic diagram of the ionization process in APCI (“Heated Nebulizer,”
Perkin-Elmer Sciex) (adapted with permission © 1992 John Wiley & Sons, Ltd.; [244]).
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predominantly formed and fragmentation is very rare), the mass spectra of single
components do not exhibit many signals. Under suitable MS conditions (voltage
increase at the electrostatic lenses) or in tandem mass spectrometry, fragmenta-
tions can be induced for a more detailed structural elucidation. Such fragmenta-
tions, however, differ from those observed in electron impact ionization (EI).
Because spectral libraries for API-MS do not exist at present, the ability to iden-
tify unknowns is rather limited.

Collision-Induced Dissociation Classical API spectra tend to show very little frag-
mentation due to the “soft” nature of the ionization processes, that is, during the
formation of ions, the analyte ions do not receive enough energy to break the
intramolecular bonds. However, some fragmentation may easily be induced in
one of the higher pressure regions, so that some structural information may be
gathered. Acceleration of ions between the orifice and the skimmer, or between
the skimmer and the RF-only multipole, results in collision of ions with the
background gas. This process is known by various different names depending
upon the instrument manufacturer and includes “in-source collision-induced
dissociation” (CID), “nozzle—skimmer fragmentation,” “cone-voltage fragmenta-
tion,” and so on. By increasing the potential difference between the skimmer
and the quadrupole, or between the nozzle and the skimmer, the energy
imparted to the analyte molecule through increasing frequency and collision
energy can be high enough to cause intramolecular bonds to be broken and for
fragmentation to occur [246,247]. In the case of larger molecules such as pep-
tides and proteins, the excess energy can often be absorbed in several vibrational
modes and high potential differences are required to fragment these kinds of
molecules. The major advantage of this technique for the production of spectra
containing a greater amount of structural information is its simplicity. One volt-
age needs to be adjusted and there is neither need for switching or adjustment of
collision gases nor any retuning of ion optics. In negative ion mode, for instance,
the degree of collision-induced dissociation (CID) can be estimated using the
drug naproxen that normally only shows the [M—H]™ ion at m/z 229. With small
nozzle—skimmer potential differences, the naproxen molecule readily loses CO,,
giving rise to a peak at m/z 189.

Collision-induced dissociation can also be used to improve baseline noise and
increase signal-to-noise ratios in LC—MS. When ions pass through the sampling
orifice into the vacuum region, the background density of neutral gas ions falls
rapidly. If ions moving in a low-density gas are accelerated by the nozzle—skim-
mer region, mild CID may be affected, which will be enough to cleave the hydro-
gen bonds inside the jon—water or ion—neutral gas clusters. In addition, heating
of the ion clusters, which occurs during collisions, will also aid desolvation of the
cluster ions. Moderate acceleration of clusters is effective and widely used to
decluster ions.

Considerations in IC/ESI-MS Instrumentation A typical IC-MS system consists of
an ion chromatographic system, a mass spectrometer, and a delivery system for
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Figure 8.101 Schematic diagram of a reagent-free IC-MS system.

the addition of a desolvation solution (usually an AXP-MS pump and a static
mixing tee). Figure 8.101 shows the configuration of a preferred IC-MS system
setup. A standard microbore IC system is recommended for routine MS detec-
tion, because it has a flow rate range from 0.1 to 0.5 mL/min that is within the
preferred flow characteristics of most electrospray ionization sources. In princi-
ple, higher flow rates (used for 4 mm columns) are feasible, but the excessive
flow ends up diverted to waste, with no benefit of sensitivity enhancement.
Therefore, 2mm columns and consumables are recommended for MS applica-
tions. Reagent-free ion chromatography (RFIC) systems are the preferred
systems for the delivery of a highly reproducible mobile phase that is electrolyti-
cally generated from an eluent generator. An electrolytically operated suppressor
is used to continuously convert the high-ionic strength eluent to deionized water
prior to entering the conductivity and MS detectors by exchanging the eluent
counterions for hydronium or hydroxide ions. Because the eluent is not recover-
able in MS, the suppressor has to be operated in external water mode, with
deionized water as the regenerant delivered by an auxiliary pump. To enhance
desolvation, the effluent from the conductivity cell is combined with an organic
desolvation solvent, delivered by another pump through a static mixing tee and a
grounded union, prior to entering the electrospray ionization source of the MS
detector. The grounding union between the conductivity cell and the high-volt-
age potential prevents possible current backstreaming in case the connection
tubing becomes filled with a conductive solution. An additional back pressure of
30—40 psi is recommended for the proper functioning of the suppressor and



874

111

50

Rel. Intensity [%]

50

Rel. Intensity [%]

50

Rel. Intensity [%]

8 Detection Methods in lon Chromatography

conductivity cell to prevent eluent in the cell from outgassing due to abrupt vol-
ume changes. However, excessive back pressure may cause adverse effects such
as peak tailing or peak broadening and a decrease in resolution due to the
expanded flow path. It also may cause irreversible damage to the suppressor
hardware. The current ERS 500 suppressors should be operated at back pres-
sures <100 psi (0.689 MPa) for IC-MS application; back pressures >450 psi
(3.100 MPa) are not recommended.

Because ion-exchange separations are essentially carried out in 100% aqueous
media, they require a higher nebulizer gas volume and higher temperatures for
desolvation. Therefore, an organic solvent is usually added for IC-MS applica-
tions to the column effluent prior to entering the ion source of the MS detector.
Different solvents may be used for this purpose, including acetonitrile, methanol,
or 2-propanol. The best signal improvements are always observed with 100%
organic solvent. While acetonitrile demonstrates the best improvements for
inorganic anions and organic acids, 2-propanol is very well suited for cation
applications. As shown with the MS spectra of lithium in Figure 8.102, 2-propa-
nol as the desolvation solvent provides the cleanest adduct MS spectrum with
the best intensity for the main adduct. Its use improves the desolvation/
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Figure 8.102 MS spectra of Li with different organic desolvation solvents.
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ionization process and the detection sensitivity, forming adducts that facilitate
the detection of analyte ions with an extremely low nominal mass. Lithium ions,
for instance, are single charged species with m/z 7, which is below the lowest
calibrated mass of any MS detector. With the addition of 2-propanol (IPA),
[Li+ nIPA]* clusters are observed, that is, [Li+ 2IPA]*, [Li+ 3IPA]™, and [Li+5
IPA]Y, with m/z 127, 187, and 307, respectively, which are within the calibrated
mass range.

Another consideration that is important for IC-MS configurations is the
dimension of the inner diameter and length of the connection tubing between
the ion chromatograph and the MS detector, which has to be minimized to
reduce the extracolumn volume. However, the total additional back pressure
should not exceed 300 psi (2.067 MPa). Recently, Wang and Schnute described a
systematic method of optimizing mass spectrometric detection for ion chro-
matographic analysis of common inorganic anions and selected organic acids
using response surface methodology (RSM) [248]. As suggested there, general
conditions can be used as a starting point for further system optimization: when
operating the ion chromatography system at a flow rate of 0.25mL/min, the
probe temperature should be set at 400—-450°C and the nebulizer gas at 85 psi.
Acetonitrile is typically used as the desolvation solvent with a flow rate of
0.2-0.3 mL/min.

8.5.2.2 IC-MS Applications

Environmental Applications Although ESI-MS was originally developed for the
analysis of high-molecular weight organic compounds, it can also be applied to
the analysis of strongly polar and low-molecular weight ionic compounds.
Charles et al. [249] applied this technique for the first time to the trace analysis
of bromate in water at submicrogram/Liter levels. The ion chromatographic
separation was carried out on an IonPac AG9-SC guard column. The optimal
flow rate for ESI-MS/MS detection of 50 pL/min was obtained by a 1:20 split
utilizing a T-piece of very low dead volume. However, the traditional carbonate/
bicarbonate eluent for this column is not very suitable with ESI-MS/MS detec-
tion, because bicarbonate forms a nonvolatile residue during the evaporation
process. This residue would precipitate around the entrance cone and eventually
block it. Also, sensitivity is compromised when using a carbonate/bicarbonate
eluent compared to pure deionized water. One of the two ways to reduce the
electrolyte content in the column effluent prior to entering the electrospray
interface is the use of a suppressor system. Alternatively, an electrolyte has to be
selected that is compatible with ESI and capable of eluting bromate. For exam-
ple, ammonium sulfate can be used; it elutes bromate at a concentration of
c¢=27.5mg/L. If the ammonium sulfate solution is prepared with 90% (v/v)
methanol instead of pure deionized water, nebulization and subsequent evapora-
tion is supported that, in turn, increases sensitivity by a factor of 10. Because the
stationary phase used for the separation is solvent compatible, such an eluent
can be used without any problem. In the course of sample preparation, anions
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that have a negative influence on separation or detection have to be removed.
These anions include bicarbonate, sulfate, and chloride. The negative effect of
bicarbonate on ESI-MS/MS detection was mentioned above. However, it can
easily be removed by using an SPE cartridge filled with a cation exchanger in the
hydrogen form (Thermo Scientific Dionex OnGuard-H). As a result of this cat-
ion-exchange process, carbon dioxide is formed due to the sample acidification.
The carbon dioxide can then be removed by sparging the sample with helium.
Sulfate at concentrations ¢>20mg/L also interferes with the analysis. If sulfate
is present in the sample at higher concentrations, SPE cartridges such as
OnGuard-Ba (cation exchanger in the barium form) are used for precipitating
sulfate. Higher concentrations of chloride are precipitated with the cation
exchanger in the silver form (OnGuard-Ag).

In the mass spectrum, bromate is detected at m/z=127 and 129, which
reflects the natural occurrence of the two evenly distributed bromine isotopes
7Br and ®'Br. After fragmentation of both ions in the second quadrupole (Q2),
the product ions can be analyzed in the third quadrupole (Q3). In the course of
fragmentation, bromate can lose one, two, or three oxygen atoms to yield BrO3,
BrO7, and Br, respectively, as the products. Due to the isotope distribution, six
transitions generally result that can be registered in the multiple reaction-mon-
itoring mode (MRM): 127/111, 127/95, 127/79, 129/113, 129/97, and 129/81.
Because a high background signal is observed after the elution of bromate, which
is attributed to the formation of HSO} (m/z=97), only the first four transitions
are selected to obtain a perfectly resolved chromatographic signal such as that of
a 1pg/L bromate standard in Figure 8.103. With this technique, Charles et al.
calculated a minimum detection limit for bromate of 0.1 pg/L; the standard devi-
ation for n=7 is 1.9% at this concentration level.

In a another paper published around that time, Charles and Pépin [250]
extended the ESI-MS/MS technique developed for trace analysis of bromate to
the analysis of other oxyhalides such as chlorite, chlorate, and iodate, which can
occur when ozonating drinking water (see Section 10.1). Because chlorine also
occurs in two isotopic forms, oxychlorides are detected in the negative ion mode
at two different m/z values: m/z=67 and 69 for ClO;, and m/z=283 and 85 for
ClO;. Iodate is detected at m/z=175. The fragmentation of these ions also
results from the successive loss of oxygen atoms. The eluent mixture consisting
of ammonium sulfate and methanol developed for the analysis of bromate can-
not be used for the analysis of oxyhalides, because it is contaminated with chlo-
rate. For this reason, the authors used ammonium nitrate as an eluting agent.
Because the affinity of nitrate toward the stationary phase is lower than that of
sulfate, its concentration has to be increased accordingly. Optimal separations
between iodate and chlorite, the elution order of which is reversed due to the
high methanol content in the mobile phase [251], are obtained with 65 mg/L
ammonium nitrate in the mobile phase. As an example, Figure 8.104 shows the
chromatogram of a drinking water sample, in which 1.95 pug/L chlorate could be
detected. Detection was carried out following the transitions **ClOj /**ClO;
(83/67) and 37CIO; / 37CIO; (85/69). With this technique, the minimum
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Figure 8.103 Chromatogram of a 1 pg/L bro-  (127/111, 127/95, 127/79, and 129/113);

mate standard with ESI-MS/MS detection. sample volume: 5 mL; sample: 1 pg/L bromate
Separator column: lonPac AG9-5C; eluent: standard (1) in deionized water (reproduced
27.5 mg/L ammonium sulfate/MeOH with permission from Ref. [247]. Copyright
(10:90 v/v); flow rate: 1 mL/min; detection: 2008, American Chemical Society).

ESI-MS/MS in the negative MRM mode

detection limits for iodate, chlorite, and chlorate are 0.5, 1.0, and 0.05 pg/L,
respectively.

While bromate is a by-product from disinfecting drinking water via ozonation,
haloacetic acids (HAAs) are disinfection by-products produced during chlorina-
tion of water and natural organic matter. EPA Methods 552.1, 552.2, and 552.3
used to determine HAAs require derivatization and multiple extraction steps fol-
lowed by gas chromatography with electron capture detection (ECD) and mass
spectrometry. In contrast, IC-MS and IC-MS/MS offer a sensitive and selective
alternative that does not require sample pretreatment [252]. Water samples can
be injected directly into an ion chromatograph coupled to a single quadrupole
MS detector or to a triple quadrupole mass spectrometer. The separation of all
nine haloacetic acids, dalapon (2,2-dichloropropanoic acid), and bromate can be
carried out on IonPac AS24 (see Section 3.4.1.5), which was specifically developed
for use with MS and MS/MS, and is specified in the US EPA Method 557 [253].
The unique selectivity of this column under hydroxide gradient conditions allows
the separation of these analytes from common inorganic matrix ions such as
chloride, nitrate, bicarbonate, and sulfate, which are diverted to waste during the
chromatographic run by switching the matrix diversion valve as shown with the
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Figure 8.104 Trace analysis of chlorate in 1.95 ug/L chlorate (1) as well as 11.9mg/L chlo-
drinking water with ESI-MS/MS detection. ride, 6.7 mg/L nitrate, 19.3 mg/L sulfate,
Separator column: lonPac AG9-SC; eluent: 129.4 mg/L bicarbonate, 13.7 mg/L sodium,

65 mg/L ammonium nitrate/MeOH (10:90 v/v); 3.7 mg/L potassium, 9.4 mg/L magnesium, and
flow rate: 1 mL/min; detection: ESI-MS/MS in 25.8mg/L calcium (reproduced with permis-
the negative MRM mode (83/67, 85/69); sam-  sion from Ref. [250]. Copyright 1998, American
ple volume: 5 mL; sample: drinking water with  Chemical Society).

configuration in Figure 8.101. Thus, contamination of the ion source of the mass
spectrometer can be avoided. Figure 8.105 shows the separation of all nine halo-
acetic acids with MS/MS detection in the form of an MRM channel overlay. The
gray boxes indicate the matrix diversion windows where the analytical flow is
diverted to waste during elution of the matrix ions. The hydroxide gradient is
illustrated above the chromatogram. In this method, four isotope-labeled internal
standards have been used for all analytes due to availability issues. The chosen
internal standards elute in each of the three sections of the gradient method,
because the composition of the background changes over the course of the run.
Period 1 of the gradient uses 7 mmol/L KOH as the eluent; during this time,
monochloroacetic acid (MCAA) and monobromoacetic acid (MBAA) elute. Chlo-
ride elutes at the end of this region, that is, a matrix diversion window separates
this first section of the gradient from the second one. Brominated acetic acids, in
particular MBAA, are known to be susceptible to decomposition at higher tem-
perature and pH. Thus, MBAA-1-13C is used for accurate determination of
MBAA. MCAA-1-13C is used as an internal standard in the first section for the
quantification of MCAA. In period 2, dihaloacetic acids and dalapon elute by
ramping up the concentration of KOH to 18 mmol/L. The internal standard for
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Figure 8.105 Separation of nine haloacetic MeCN at 0.3 mL/min; injection volume: 100 pL;
acids (HAAs) with ESI-MS/MS detection. Sepa-  peaks: 1 pg/L each of monochloroacetic acid
rator column: lonPac AS24; column dimen- (1), monobromoacetic acid (2), dichloroacetic
sions: 250 mm x 2 mm i.d.; column acid (3), monobromomonochloroacetic acid

temperature: 15 °C; eluent: KOH (EG); gradient: (4), dibromoacetic acid (5), trichloroacetic acid
7 mmol/L from 0-18 min, linearly to 18 mmol/L (6), monochlorodibromoacetic acid (7), mono-
in 18.5 min and then to 60 mmol/L in 0.3 min;  bromodichloroacetic acid (8), and tribromo-
flow rate: 0.3 mL/min; detection: ESI-MS/MS in acetic acid (9).

the negative MRM mode; desolvation solvent:

this period is DCAA-2-13C. The second section ends with the diversion of sul-
fate, nitrate, and bicarbonate to waste. In period 3, the concentration of KOH is
ramped up to 60 mmol/L to elute the trihaloacetic acids, using TCAA-2-13C as
the internal standard (not commercially available) for this section. For method
simplicity, 15 °C was chosen as the column temperature as the recovery of seven
of the haloacetic acids is better than 90% (relative to a column temperature of
10°C) at this temperature level. Only MBAA and monochlorodibromoacetic acid
(CDBAA) show losses at a column temperature of 15 °C.

Using IC-MS with a single quadrupole MS detector and method program-
ming of the cone voltage, sensitivity can be optimized for each of the haloacetic
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acids. This is important for minimizing the formation of undesirable fragments
or adducts that can reduce sensitivity. Haloacetic acids can be detected as their
pseudomolecular ions [M—H]™ or as the decarboxylated species [M—H—-COQO]".
With continuous aspiration of higher HAA concentrations (e.g., 1-100 pmol/L),
dimer ions [2 M—H]™ are also observed. The relative distribution of the different
species is mostly controlled by the ESI probe temperature and by the source CID
voltage used. In general, decarboxylation is favored for the more heavily substi-
tuted haloacetic acids, as shown in the mass spectra in Figure 8.106. Compared
to the pseudomolecular ion, the signal for the decarboxylated ion is clearly lower
for dibromomonochloroacetic acid (Figure 8.106a) than for tribromoacetic acid
(Figure 8.106b). Because the loss of CO, results in a mass difference of 44 Da,
which is the same as the mass difference between *°Cl and 7’Br (and *Cl and
81Br), several haloacetic acids are detected at more than one of the m/z values.
Despite the high capacity of the IonPac AS24 anion exchanger, overloading
with sample matrix may cause peak broadening and significant shifts in retention
times. However, the ion-exchange capacity of 140 pequiv for the 2 mm column
format is high enough to tolerate a simulated matrix consisting of 250 mg/L sul-
fate and chloride, 20 mg/L nitrate, and 100 mg/L ammonium chloride. Table 8.6
shows stable peak areas and retention times, even in a high-ionic strength matrix.
Table 8.7 provides linearity in deionized water and high-ionic strength matrix
for this method at optimized MRM conditions for maximum sensitivity.
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Figure 8.106 Mass spectra of dibromomonochloroacetic acid (a) and tribromoacetic acid (b).
Detection: negative ESI-MS; ESI probe temperature: 300 °C; ESI probe voltage: —2.5 kV; source
CID voltage: 20 V; analytes: 1 pmol/L each.



Table 8.6 Retention time stabilities and recoveries for nine haloacetic acids in deionized water and simulated matrix®.
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Analyte Concentration Peak area x10* Peak area x10* matrix % Retention time (min)  Retention time (min) matrix Shift

(ng/L) Dl watern=7 n=7 Recovery Dl watern=7 n=7 (min)
MCAA 3 11.1 11.6 104 10.56 10.48 —0.08
MBAA 2 16.0 17.2 107 11.86 11.80 —0.06
DCAA 3 126 132 105 19.26 19.28 0.02
BCAA 2 19.3 20.0 103 20.72 20.72 0.00
DBAA 1 11.6 12.0 102 23.08 23.10 0.02
TCAA 1 9.15 9.22 100 37.16 36.70 —-0.46
BDCAA 2 8.96 9.13 101 40.18 40.10 —0.08
CDBAA 5 14.8 15.3 103 43.34 43.34 0.00
TBAA 10 14.8 155 104 47.00 47.02 0.02

a) Simulated matrix: 250 mg/L sulfate, 250 mg/L chloride, 20 mg/L nitrate, and 100 mg/L ammonium chloride.



882| 8 Detection Methods in lon Chromatography

Table 8.7 Transitions, linearity, detection limits, and accuracy for nine haloacetic acids.

ISTD r* 0.25-20 pug/L r* 0.25-5 pg/L matrix MDL (ug/L/% RSD) Accuracy (%) (at 500 ng/L) DIW/HI

Analyte Transition 3or5ug/L DIW/matrix with NH,CI (n=7, 1 pg/L in matrix matrix with NH,Cl
MCAA 92.9/34.9 MCAA-1-13C  0.0007/0.9989 0.9962 0.440/14.7 87.5/81.6
MBAA 137/78.8 MBAA-1-13C 0.9999/0.9990 0.9981 0.126/4.2 102/74
DCAA 127/82.9 DCAA-2-13C 0.9999/0.9991 0.9924 0.095/3.3 96.7/73.3
BCAA 170.8/78.8 DCAA-2-13C 0.9999/0.9992 0.9964 0.100/0.8 93.5/88.8
DBAA 214.7/170.7 DCAA-2-13C 0.9999/0.9993 0.9957 0.325/10.8 107.0/79.9
TCAA 161/116.9 TCAA-2-13C 0.9999/0.9993 0.9970 0.091/0.3 113.0/87.3
BDCAA  207/81 TCAA-2-13C 0.9991/0.9991 0.9963 0.637/18.9 105/89.0

79179
CDBAA  207/78.8 TCAA-2-13C 0.9992/0.9994 0.9972 0.521/16.4 128/108.0
TBAA 250.75/78.8 TCAA-2-13C 0.9994/0.9998 0.9954 0.360/9.9 102/95.6
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Standards in matrix were used to calculate worst-case minimum detection limits
against the deionized water calibration. The high-ionic strength matrix com-
prised 350 mg/L chloride, 250 mg/L sulfate, 150 mg/L bicarbonate, and 30 mg/L
nitrate. This chloride content includes 250 mg/L sodium chloride and 100 mg/L
ammonium chloride that is typically added for sample preservation. The transi-
tion for monobromodichloroacetic acid (BDCAA) is 287/81, but the intensity for
this transition is low resulting in high % RSD and MDL. Better quantification is
observed by monitoring the 79/79 signal for this analyte. This method has been
applied to water samples from Southwest Water Users Public Water Authority
(Benton, AZ, USA). Present regulatory levels of 1 and 2 pg/L for the five most
important haloacetic acids can easily be achieved (see Section 10.1) and show
good correlation to data generated using EPA Method 552.2 for real-world
samples.

Perchlorate has been used as an oxidant in rockets, munitions, and fireworks
since the 1950s, and has been found to cause thyroid dysfunctions in humans.
The conventional ion chromatographic method for the trace analysis of per-
chlorate based on suppressed conductivity detection (EPA Method 314.0) [254]
requires the use of a large injection volume and a 4 mm high-capacity IonPac
AS16 anion exchanger that allows the quantification of perchlorate down to
2 pg/L. Lower detection limits employing suppressed conductivity detection are
possible only by using matrix elimination (EPA Method 314.1) or IC X IC tech-
niques (EPA Method 314.2) (see also Section 10.1). Electrospray ionization mass
spectrometry provides lower detection limits for perchlorate than suppressed
conductivity detection, particularly in high-ionic strength matrices. The IC-MS
method (EPA Method 332.0 [255]) uses the same separator column, substituting
a microbore format, and the same instrument configuration with a diverter valve
as shown in Figure 8.101. It may be used with a single quadrupole MS detector
or with a tandem mass spectrometer as outlined in EPA Method 331.0 [256].
Perchlorate is separated from constituent cations and anions in the sample using
a potassium hydroxide mobile phase [257]. Due to the use of a nonvolatile
mobile phase, the column effluent is passed through a suppressor to exchange
the potassium ions from the mobile phase and the analyte countercations by
hydronium ions prior to entering the mass spectrometer. The two predominant
perchlorate anions that occur naturally at a ratio of 3086: 1 are *CI'°0; (m/z 99)
and CI'°0; (m/z 101), respectively. Due to fewer mass spectral interferences,
the concentration of perchlorate using m/z 101 is typically reported. The m/z 99/101
area count ratio and relative retention time are used for confirmation of per-
chlorate in samples. The sodium perchlorate internal standard is enriched with
80 (m/z 107) for improved accuracy and ruggedness. Because the internal stan-
dard and the analyte are chemically indistinguishable, the two species exhibit the
same behavior in the analytical method and are affected in the same way by chemical
and instrumental variations. Two SIM channels are used in the mass spectrometer
for selective detection. Selected ion monitoring (SIM) is a mass spectrometry scan-
ning mode in which only a limited #1/z range is transmitted and/or detected by the
instrument, as opposed to the full spectrum range. This mode of operation typically
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Figure 8.107 Mass chromatograms of a high- —3kV; probe temperature: 450 °C; SIM chan-
ionic strength matrix spiked with 125 ng/L nels: m/z 99, 101, 107; desolvation solvent:
perchlorate. Separator column: lonPac AS16;  MeCN at 0.3 mL/min; injection volume: 100 pL;
column dimensions: 250 mm x 2 mm i.d.; elu-  sample: perchlorate standards in 1000 mg/L
ent: 45 mmol/L KOH (EG); flow rate: 0.3 mL/ each of chloride, sulfate, and bicarbonate;
min; detection: ESI-MS in the negative ion peaks: 125 ng/L perchlorate (1) and 1000 ng/L
mode; cone voltage: 70V; probe voltage: internal standard (1).

results in significantly increased sensitivity. Figure 8.107 shows mass chromatograms
of a high-ionic strength matrix (1000 mg/L each of chloride, sulfate, and carbonate)
spiked with 125 ng/L perchlorate.

As a large polarizable anion, perchlorate elutes much later than common
inorganic anions such as chloride, sulfate, and bicarbonate. Separation of per-
chlorate from the matrix combined with the specificity of mass spectrometry has
resulted in a method that minimizes interferences from drinking water matrices.
However, high concentrations of other polarizable anions such as condensed
phosphates, thio compounds, or aromatic sulfonates are potential chromato-
graphic interferences, but usually elute well before perchlorate under the chro-
matographic conditions being used. Of all the common inorganic anions found
in drinking water, sulfate can be most problematic. Although sulfate elutes well
before perchlorate, large concentrations of sulfate may result in very large peaks
with a tailing into the retention time of perchlorate. H3ZSO; (m/z 97) and
H**SO; (m/z 99) are formed in the electrospray interface and thus can interfere



8.5 Hyphenated Techniques

with the determination of perchlorate at m/z 99. As a result, high sulfate concen-
trations can lead to an inability to detect the m1/z 99 ion or to an area count ratio
m/z 99/101 that does not meet the QC requirement. If either of these effects is
observed, sample dilution or pretreatment to reduce/remove the sulfate is
required to meet the m/z 99/101 area count ratio requirement for perchlorate
confirmation.

Trace-level perchlorate analysis can also be done with IC-MS/MS. Three mul-
tiple reaction monitoring (MRM) transitions are usually monitored to quantify
perchlorate in drinking water samples: 35CIIMO;/?’SCIMO; (m/z 98.8/82.8),
7CI0; /¥ CI05 (m/z 100.9/84.8), and *CI 0} /*CI**03 (m/z 107.0/89.0).
The last transition is for the '®0-enriched internal standard that is used in this
method. The isotopic ratio of *’Cl/**Cl is used to further confirm the presence
of perchlorate and to detect any coeluting isobaric interferences. The MDL of
perchlorate in reagent water is 4 ng/L using MRM 98.8/82.8, based on a 100 uL
injection volume. Linear calibration is typically performed from the MDL up
to approximately 10 pg/L. Figure 8.108 shows the measurement of perchlorate
near the detection limit at 5ng/L. MRM is a standard technique for quantitative
LC-MS/MS analysis and performs equally well in IC-MS/MS. This approach
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Figure 8.108 Determination of 5ng/L per- (EG); flow rate: 0.3 mL/min; detection: ESI-MS/

chlorate in reagent water by IC-MS/MS with MS; desolvation solvent: MeCN at 0.3 mL/min;
an '0-enriched internal standard. Separator injection volume: 100 pL; sample: 5 ng/L per-
column: lonPac AS16; column dimensions: chlorate standard in reagent water with 1 pg/L
250 mm x 2 mm i.d,; eluent: 45 mmol/L KOH '80-enriched internal standard.
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has been used in many environmental applications to generate unmatched limits
of detection, precision, and accuracy. Diversion of the total dissolved solids
(TDS) matrix anions away from the mass spectrometer while eluting perchlorate
from the IC results in robust method performance. The IC-MS/MS method has
been successfully tested under high matrix conditions of 1800 mg/L each of
chloride, sulfate, and bicarbonate for extended periods. The MRM lowest con-
centration minimum reporting limit (LCMRL) as determined by the protocol
outlined in Method 332.0 is 0.0157 pg/L.

Fast analysis of low-level perchlorate can also be done by LC-MS/MS [258].
The IonPac AS21 anion exchanger (see Section 3.4.2.5) was specifically devel-
oped for this purpose and is the specified column in US EPA Method
331.0 [256]. The resin material of the IonPac AS21 is extremely hydrophilic and,
therefore, has a very high selectivity for both methylamine and hydroxide elu-
ents. Minimum reliable quantification levels of perchlorate using this separator
column are typically less than 50 ng/L. Figure 8.109 shows the determination of
trace perchlorate in a drinking water sample using a 200 mmol/L methylamine
mobile phase. The mass chromatograms of perchlorate at a level of 0.5 pg/L in
reagent water and high-ionic strength matrix are illustrated in Figure 8.110.

Another application of IC-MS is the direct determination of fluoroacetate
(compound 1080), which is a very effective rodenticide and predacide. Fluoroace-
tic acid is also an intermediate metabolite of many compounds such as anti-
cancer drugs 5-fluorouracil and 2-fluoroethyl nitrosourea. Because fluoroacetate
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Figure 8.109 Determination of perchlorate in 30 °C; eluent: 200 mmol/L methylamine; flow
drinking water by LC-MS/MS. Separator col- rate: 0.35 mL/min; detection: ESI-MS/MS (LCQ
umn: lonPac AS21; column dimensions: Deca lon Trap), transition m/z 99/83; injection
250 mm X 2 mm i.d.; column temperature: volume: 100 pL; peak: 2 ug/L perchlorate (1).
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Figure 8.110 Mass chromatograms of perchlorate in reagent water and high-ionic strength matrix by LC-MS/MS using EPA Method 331.0.
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is highly toxic to mammals and insects (it disrupts the Krebs cycle) [259], its use
has been banned or restricted in many countries. The US EPA has placed sodium
fluoroacetate in Toxicity Category I, indicating the highest degree for acute oral
toxicity. Conventional methods for the analysis of fluoroacetate include GC [260]
and HPLC [261]. Some of these techniques rely upon derivatization and lack
adequate sensitivity for low-level detection [262]. In contrast, anion-exchange
chromatography hyphenated with SIM mass spectrometry allows a reliable
determination of this compound at trace level in water samples. The required
RFIC-MS configuration is the same as illustrated in Figure 8.101. A flow of
0.1 mL/min of acetonitrile is added via a low-volume mixing tee prior to the MS
to aid with the thermally assisted pneumatic nebulization of the ESI source. The
separation of fluoroacetate is carried out on IonPac AS24 in the microbore for-
mat (Figure 8.111). Due to its high capacity, it provides sufficient retention of the
target compound from anionic matrix interferences. It also allows large injection
volumes and improves detection limits, especially in high-ionic strength samples.
After the elution of fluoroacetate at 12.5 min under the given chromatographic
conditions, the separator column is flushed with a strong eluent to remove any
strongly retained anions. This improves method ruggedness when analyzing high
ionic strength water samples. Under IC conditions, fluoroacetate shows a strong
deprotonated molecular ion at m/z 77 in negative ESI mode. Detection limits are
0.3 pg/L for fluoroacetate in deionized water and 1.8 pg/L in fortified water. This
is better than reported results on GC analyses that require ethylation and solid-
phase microextraction, yet only achieve a 1pg/L detection limit in deionized

5000 1

counts

a A
WPSh-sidin,

0 2 4 6 8 10 12 14 16 18 20
Minutes

Figure 8.111 SIM chromatogram of a fluoro-
acetate (m/z 77) standard in deionized water.
Separator column: lonPac AS24; column
dimensions: 250 mm x 2 mm i.d.; column tem-
perature: 15 °C; eluent: 5 mmol/L KOH (EG) for
20 min and then flushing with 80 mmol/L for

10 min; flow rate: 0.25 mL/min; detection: ESI-
MS; probe temperature: 450 °C; needle volt-
age: 2kV; cone voltage: 45 V; desolvation sol-
vent: MeCN at 0.1 mL/min; injection volume:
100 pL; sample: 2 pg/L fluoroacetate standard
(1) in deionized water.
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water and a 10 pg/L limit in more complex samples such as blood and plasma
matrices.

Low-molecular weight organic acids in the marine environment play impor-
tant roles in adjusting pH, forming a variety of complexes, and increasing the
solubility of trace metals in seawater. In light of the significant growth in aqua-
culture for farmed fish and shellfish, several feed additives — including acidifiers
consisting of organic acids and their salts — may provide promising alternatives
to the use of in-feed antibiotics in aquaculture. Previously, organic acid analyses
in aqueous matrices were carried out using gas chromatography methods with
derivatization, which allow fisheries to monitor the water environment and con-
trol its impact on the health of the fish. However, direct analysis of organic acids
at trace level by IC-MS provides a faster, more direct approach that does not
require sample pretreatment. An IC X IC-MS method has been developed that
allows low levels of short-chain organic acids (C1-C5) to be analyzed in a high-
ionic strength matrix. The first channel of the system separates the low-level
analytes from the seawater matrix, while the second channel resolves each of the
target analytes. By connecting the second channel separator column to a mass
spectrometer, the identity of the target analytes can be confirmed and low-level
detection limits be achieved for a sensitive and selective assay. Figure 8.112 illus-
trates the schematic of such ICXIC-MS system that requires two diverter
valves, one enabling the IC XIC setup to operate and the other one to direct

External Water
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Figure 8.112 Schematic diagram of a reagent-free IC x IC-MS system.
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unwanted components away from the mass spectrometer. Both diverter valves
are positioned behind the respective conductivity detectors. A flow of 0.4mL/
min of acetonitrile is added via a low-volume mixing tee prior to the MS to aid
with the thermally assisted pneumatic nebulization of the ESI source.

The seawater matrix necessitates the use of an IC X IC setup. In the first chan-
nel, the IonPac AS24 anion exchanger weakly retains the organic acids, but
retains the inorganic anions much more strongly. Thus, the early eluting organic
acids can be trapped onto an IonPac UTAC-ULP1 concentrator column. The
Diverter Valve 1 in Figure 8.112 controls the flow to this concentrator column,
allowing the trapping from the IonPac AS24 column initially and then connect-
ing the concentrator column to the IonPac AS11-HC column flow path at a later
stage for the separation of just the organic acids. With the help of the second
Diverter Valve 2, the analytes eluting from IonPac AS11-HC are directed to the
mass spectrometer for detection, while all other matrix ions are directed to
waste to avoid contamination of the electrospray interface. The two IC channels
can be plumbed in the way that while one column is used for analyte separation,
the other column is being cleaned and equilibrated for the next sample. After the
analytes are eluted off the IonPac AS24 column and the Diverter Valve 1
changes position to connect this column directly to waste, other inorganic
anions are quickly washed off with a high eluent concentration. Eluent concen-
tration is then decreased to starting conditions, allowing the column to equili-
brate while completing the organic acid analysis on the IonPac AS11-HC
column. Likewise, while IonPac AS11-HC is equilibrating for the next sample,
IonPac AS24 will be loading the concentrator column. By overlapping function-
ality in this way, the total run time for multiple samples is significantly reduced.
Because all of the small-molecular weight organic acids ionize easily in the ESI
source, optimization of the ionization parameters is straightforward with respect
to cone voltage, needle voltage, and probe temperature. Selectivity for the
organic acids, including acetate, propionate, formate, butyrate, pyruvate, and val-
erate, is established through the use of SIM scans on the pseudomolecular ion
[M—H]", as illustrated in Figure 8.113. When combined with the respective
retention times, verification of the analytes is ensured. Method detection limits
for propionate, butyrate, pyruvate, and valerate can be estimated through stan-
dard deviation of nine replicate injections of a 20 pg/L standard to be 8 pg/L.
MDLs for acetate and formate are based on the minimum level needed to
achieve a S/N >3 (see Table 8.8).

Chemical and Agrochemical Applications Mohsin [263] developed an IC-MS
method using thermospray and electrospray interfaces for the analysis of
organophosphorus and organosulfur compounds in an insecticide such as
monomethyl phosphate, monomethyl sulfate, and dimethyl phosphate. All three
compounds were separated on an IonPac AS11 anion exchanger using a NaOH/
methanol mixture as an eluent. Mohsin used an Alltech 1000HP suppressor to
convert the eluent to water prior to entering the MS interface. The Alltech
1000HP suppressor contains two packed-bed suppressor columns. One of the
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Figure 8.113 SIM traces for six low-molecular weight organic acids in synthetic seawater from MS
Peaks: (1) acetate, (2) propionate, (3) formate, (4) butyrate, (5) pyruvate, and (6) valerate.

suppressor columns is used for suppression, while the other one is electrochemi-
cally regenerated at the same time. The suppressor effluent is split 99:1 and
mixed with acetonitrile/water (90:10 v/v) containing 0.5% ammonium hydroxide.
Detection is carried out in the negative ion mode. Ammonium hydroxide
increases the pH of the mobile phase entering the electrospray interface and thus
supports negative ion formation. The two compounds monomethyl phosphate
and monomethyl sulfate, identified in the insecticide by electrospray MS, exhibit
the same mass-to-charge ratio of m/z 111 but differ in their mass spectra due to
differences in the fragmentation and isotope distribution of the [M—H]™ ions.

In a subsequent publication, Mohsin [264] applied ion chromatography
coupled to electrospray mass spectrometry for the separation and structure elu-
cidation of anionic compounds in a complex organophosphate matrix. CID was
used to fragment molecular ions for obtaining mass spectral information. With a
maximum voltage difference between entrance cone and skimmer of 200V, the

Table 8.8 Linearity, minimum detection limits, and recovery for organic acid analysis in syn-
thetic seawater by IC-MS.

Analyte Linearity r* MDL (pg/L) % Recovery 100 pg/L % Recovery 1 mg/L
Acetate 0.99993 100 — 88
Formate 0.999 95 200 — 103
Propionate 0.99991 15.5 102 99
Butyrate 0.99998 7.8 90 96
Pyruvate 0.99991 5.6 105 107

Valerate 0.999 87 3.8 93 108

891
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degree of fragmentation of the [M—H] ™ ions can be controlled. Mohsin clearly
indentified monomethyl sulfate and monomethyl phosphate that have the same
m/z 111, yet their mass spectra are different. The mass spectrum of monomethyl
sulfate shows the typical isotopic cluster resulting from the presence of sulfur in
this compound, while the isotopic cluster of monomethyl phosphate is consist-
ent with lack of sulfur in this compound. Mohsin could identify two other com-
pounds in the sample, S-methyl phosphoramidothioate and O,S-dimethyl
phosphorothioate.

0 o)
I I, CHs
pr I|> OH ,$—P—0
H,C NH, H,C OH

S-methyl phosphoramidothioate 0,S-dimethyl phosphorothioate

A widely used herbicide for both terrestrial and aquatic weeds is endothall (see
Section 10.1). Human exposure in excess of the maximum contamination level
(MCL) may cause gastrointestinal problems. Endothall is regulated by the US
EPA with an MCL of 0.1 mg/L for drinking water. The current analytical method
for quantitation of endothall in water samples is described in EPA Method
548.1 [265] as gas chromatography with either flame ionization or mass spectro-
metric detection. This method involves ion-exchange solid-phase extraction,
sample enrichment, and dimethylester derivatization, followed by a 20 min GC
separation with FID or MS detection. In contrast, IC-MS allows the direct anal-
ysis of trace-level endothall without labor-intensive sample preparation. Because
endothall is a dicarboxylic acid, ion chromatography is the preferred separation
technique. Major interferences are inorganic matrix ions such as chloride and
sulfate, and other ionizable organic compounds at high concentrations. Several
high-capacity anion exchangers such as IonPac AS16, AS19, and AS20 were
evaluated for their selectivity. lonPac AS16 exhibits the best performance for
providing a wide elution window for endothall between chloride and sulfate. It
also provides substantially less chromatographic run time in comparison to Ion-
Pac AS19. A TSQ Quantum Access triple quadrupole mass spectrometer was
used in this study for sensitivity and selectivity, which allows minimum sample
preparation. A matrix diverter valve was used to divert high concentrations of
inorganic anions to waste to prevent entrance cone fouling and to maintain
long-term system stability. As seen in Figure 8.114, two different water samples,
Lake Tahoe water and highly salty lake water (~1000 mg/L sulfate, estimated by
suppressed conductivity detection), were spiked with 5ug/L endothall and ana-
lyzed by this method. The quantitation of endothall was carried out in SRM
mode, the precursor ion was observed as the deprotonated molecular ion [M-
H]™ at m/z 185, and the predominant product ion was observed as [M-H-
CO,]™ at m/z 141, and used as the quantitative SRM transition. Isotope labeled
glutaric acid-de was used as the internal standard due to its similarity in chemi-
cal structure and chromatographic retention to endothall. Method performance
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Figure 8.114 Suppressed conductivity and
SRM chromatograms of endothall spiked into
different water samples. Separator column:
lonPac AS16 with guard; column dimensions:
250 mm x 2 mm i.d.,; column temperature:
30°C; eluent: KOH (EG); gradient: 15 mmol/L
for 0-15 min, 15-80 mmol/L for 5-6 min, and
then 80 mmol/L for 6-9 min; flow rate: 400 pL/
min; detection: suppressed conductivity and

Mmutes

ESI source: negative ionization mode; source
voltage: 3 kV; needle temperature: 350 °C; colli-
sion gas: argon; collision gas pressure: 1.5
mTorr; operating mode: SRM (185 — 41) and
(185 — 123) for endothall and SRM (137 — 74)
for glutaric acid-ds; samples: 5 pg/L of endo-
thall spiked into Lake Tahoe water (a) and

50 pug/L endothall spiked into salty lake water
with 10-fold dilution (b).

MS (TSQ Quantum Access triple quadrupole);

was evaluated against quality parameters such as linearity, reproducibility, preci-
sion, accuracy, detection limits, and recovery, as outlined in the respective appli-
cation note [266]. The method detection limit was calculated following the
equation MDL =s X t, where s is the standard deviation and ¢ is the Student’s ¢
at 99% confidence interval. The calculated MDL is 0.56 pg/L in deionized water
(n=7).

The most commonly used agricultural pesticide is glyphosate [N-(phosphono-
methyl)glycine], which controls woody and herbaceous weeds in forestry,
cropped, and noncropped sites. Although the bacteria in soil break down glyph-
osate into aminomethylphosphonic acid (AMPA), wastewater discharge and
drinking water samples in the United States and in Europe have tested positive
for glyphosate. In 2006, the US EPA set the maximum contaminant level (MCL)
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for glyphosate at 0.7 pg/L. Long-term exposure at levels above the MCL may
cause kidney damage and reproductive defects in human biological systems. The
standard liquid chromatographic method for quantitation of glyphosate is cat-
ion-exchange chromatography under isocratic conditions at elevated tempera-
ture, followed by analyte oxidation with calcium hypochlorite. The reaction
product — glycine — is then derivatized with o-phthaldialdehyde/2-mercaptoetha-
nol to incorporate a fluorophore, which can be detected with a fluorescence
detector (excitation wavelength: 340 nm; emission wavelength >455nm). US
EPA Method 547 describes this procedure in more detail [267] and specifies
glyphosate in reagent water of 6 and 9 pg/L in groundwater. Using ion chroma-
tography to quantitate glyphosate and AMPA accurately at this level without
sample preparation requires the use of a mass spectrometer. However, the ion
sources of such instruments can be subject to fouling from routine analysis of
high-ionic strength samples. The use of a heart-cutting technique significantly
reduces the introduction of matrix ions to the mass spectrometer, while increas-
ing method robustness in challenging sample matrices. In the IC-MS/MS
method, the first chromatographic channel separates matrix ions from glypho-
sate and AMPA using a high-capacity IonPac AS19 column. Both analytes are
heart-cut and trapped onto a concentrator column, which is backflushed onto
an IonPac AS21 column, the second analytical column in the second chromato-
graphic channel. This second low-capacity column significantly improves the
peak shapes of glyphosate and AMPA, and reduces the introduction of matrix
ions into the mass spectrometer. Figure 8.115 shows the data collected from the
conductivity detectors in both channels, which reveal that low-level quantitation
of both compounds by suppressed conductivity is not possible due to the high-
ionic strength matrix. In both channels, separation of all compounds occurred in
30 min. For final quantitation, samples were run in SRM mode on the TSQ
Quantum Access triple quadrupole mass spectrometer. SRM 110 — 63 and
110 — 79 transitions were used to quantitate AMPA, whereas SRM 168 — 150
and 168 — 79 transitions were used for the quatitation of glyphosate. Minimum
detection limits for glyphosate and AMPA in matrix (250 mg/L chloride and sul-
fate, 150 mg/L bicarbonate, and 20 mg/L nitrate) were calculated to be 0.31 pg/L
for AMPA and 0.25 pg/L for glyphosate. The TIC trace of 5pug/L glyphosate and
AMPA spiked into the high-ionic strength matrix as well as the SRM for AMPA
(110 — 79) and glyphosate (168 — 150) are illustrated in Figure 8.116. These data
show the recoveries of 97.2% for AMPA and 82.1% for glyphosate.

IC-MS has also been applied for the characterization of ionic liquids (IL) and
for the investigation of their long-term stability under process-like conditions.
The term “ionic liquid” commonly refers to a class of molten salts that are by
definition liquid below 100°C. They usually consist of bulky organic cations
such as alkylated imidazole, pyrrole, or pyridine derivatives, or quaternized alkyl
amines and alkyl phosphines. Common counterions are halides, alkyl sulfates,
fluorinated hydrocarbons, carboxylic acids, or amino acids [268]. The physical
and chemical properties of ILs are customizable by different cation—anion com-
binations and by the length of the alkyl chain of the cation. Depending on the
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Figure 8.115 ICx IC separation of glyphosate
and AMPA with suppressed conductivity
detection. Channel 1: separator column: lon-
Pac AS19; column dimensions: 250 mm X 2
mm i.d.; column temperature: 30 °C; eluent:
KOH (EG); gradient: 8 mmol/L for 0-12 min,
8-40 mmol/L for 12-16 min, and then

40 mmol/L for 16-21 min; flow rate: 300 puL/
min; detection: suppressed conductivity; injec-

column: lonPac AS21; column dimensions:

250 mm x 2 mm i.d.,; column temperature:
35°C; eluent: KOH (EG); gradient: 1 mmol/L for
0-20 min, 1-40 mmol/L for 20-30 min, and
then 40 mmol/L for 30-35 min; flow rate:

300 pL/min; detection: suppressed conductiv-
ity; sample: 5 pg/L glyphosate and AMPA
spiked into high-ionic strength matrix consist-
ing of 250 mg/L chloride and sulfate, 150 mg/L

tion volume: 200 pL; channel 2: separator bicarbonate, and 20 mg/L nitrate.

chosen combination, hydrophobicity, solubility, acidity, and other properties can
be adapted according to the specific task, which is the reason why ILs are known
as tailor-made fluids [269]. Ionic liquids have unique properties, including
extremely low vapor pressure, excellent thermal stability, electrical conductivity,
and high polarity. Due to these outstanding and versatile properties, a wide
range of applications using ILs have been reported in many areas such as cataly-
sis, organic chemistry, and electrochemistry. However, production monitoring of
ionic liquids and process control during their use necessitate efficient analysis of
the qualitative and quantitative composition of ionic liquids in complex reaction
systems. Considering the charge of the anions and cations in ionic liquids, ion
chromatography with suppressed conductivity detection is a suitable analytical
method for separating these complex electrolyte systems. Konig et al. were able
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Figure 8.116 TIC of glyphosate and AMPA triple quadrupole; ESI source: negative ioniza-
with IC x IC-MS/MS detection (a), SRM for tion mode; source voltage: 3 kV; needle tem-
AMPA (110 - 79) (b), and SRM for glyphosate  perature: 400 °C; collision gas pressure: 1.5 bar.
(168 = 150) (c). MS: TSQ Quantum Access

to show this in their investigations of homologous imidazolium derivatives [270]
and anion analysis in ionic liquids [271].

Little information is available for ensuring the quality of ILs, especially for
catalysis and pharmaceutical or electrochemical applications. Impurities in an
ionic liquid can change its physicochemical properties, reduce catalytic effi-
ciency, or cause other adverse effects due to the toxicity of some ionic liquids.
Exposure to elevated temperatures, pressure, friction, or electrochemical stress
over a long period of time renders ILs prone to decompose. Consequently,
decomposition of ILs has been studied and reported, mainly focusing on thermal
or electrochemical stability. Both LC—-MS and IC-MS methods have been devel-
oped for the characterization of ionic liquids. The LC—-MS method benefits from
Acclaim Trinity P1 (see Section 6.7.2), a mixed-mode column able to separate
cationic, anionic, and neutral species in a single run [272]. This approach suits
qualitative, confirmative, and semiquantitative applications. The IC-MS method
applies an ion-exchange separation and provides detailed anionic profiles includ-
ing anionic ILs, counterions, and impurities [273]. This second approach can be
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used for quality assurance, impurity analysis, and trace-level residue analysis.
Using the LC-MS approach on Acclaim Trinity P1, the chromatographic behav-
ior of the analytes is affected by eluent strength (percentage of organic solvent
and buffer concentration), eluent pH, and column temperature. Chromato-
graphic conditions can be optimized to simultaneously separate organic cations
such as imidazolium and lidocaine species, inorganic cations, inorganic anions,
and organic anions. As shown in Figure 8.117, 13 different analytes were eluted
in groups from an Acclaim Trinity P1 column following this elution order.
When used in a confirmative analysis mode, this LC-MS method can detect
submicrogram/Liter levels of major ionic liquid analytes (lidocaine, 1-butyl-3-
methylimidazolium, 1-ethyl-3-methylimidazolium, hexafluorophosphate, and
docusate), submilligram/Liter levels of halide impurities (chloride, bromide, and
iodide), and microgram/Liter levels of cationic counterions (sodium and potas-
sium). However, analytes are eluted in a mobile phase of higher ionic strength

12
§ SIM Chromatograms 11
° s |
ko]
2 . I
©
g 3
S
c
1))
Qo
3
2] T T T T T T T T 1

2.5e6

Intensity (counts)

0 2 4 6 8 10 12 14 16 18
Minutes

Figure 8.117 LC-MS for simultaneous analysis mode: SIM; injection volume: 5 pL; peaks: (1)
of ionic liquids, counterions, and impurities. lidocaine m/z 235, (2) 1-butyl-3-methylimida-
Separator column: Acclaim Trinity P1, 3 um; zolium m/z 139, (3) 1-ethyl-3-methylimidazo-
column dimensions: 100 mm x 2.1 mm i.d,; elu- lium m/z 111, (4) sodium m/z 269 (Na+6

ent: MeCN/5 mmol/L NH40Ac, pH 5.2; gradi- MeCN), (5) potassium m/z 39, (6) methanesul-
ent: 55% MeCN (v/v) for 0-2 min, to 60% (v/v) fonate m/z 95, (7) tetrafluoroborate m/z 87, (8)
in 8 min, and then to 90% (v/v) in 1 min and hexafluorophosphate m/z 145, (9) chloride m/z

isocratic for 7 min; flow rate: 0.4 mL/min; 35, (10) bromide m/z 81, (11) iodide m/z 127,
detection: MS (Thermo Scientific MSQ Plus); (12) tosylate m/z 171, and (13) docusate
source voltage: 1 kV; needle temperature: m/z 421.

500 °C; nebulizer gas pressure: 85 psi; scan
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(¢=5mmol/L ammonium acetate), that is, analytes are detected with less effi-
cacy in comparison to IC-MS.

The IC-MS approach provides better sensitivity, because the hydroxide eluent
used for the separation of anions is converted into water in the suppressor sys-
tem prior to entering the MS detector. This keeps the electrospray current at a
very low level and thus analytes can be detected very efficiently. Chromato-
graphic separation of anionic ILs, anionic counterions, and anionic impurities is
achieved on the hydroxide-selective IonPac AS20 anion exchanger, applying a
30 min multistep gradient to separate 17 anionic analytes as shown in
Figure 8.118. MDLs are at low microgram/Liter levels for all analytes, ranging
from 1.04 pg/L for tosylate to 6.13 pg/L for sulfate. The detection limits using
the IC-MS method are significantly lower than the MDLs using the LC-MS
method with Acclaim Trinity P1, making IC-MS the preferred method for low-
level quantitation.
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Figure 8.118 Suppressed conductivity and MS scan mode: SIM; injection volume: 20 pL;

SIM chromatograms for ionic liquids and peaks: (1) fluoride m/z 39.2, (2) acetate m/z
anions. Separator column: lonPac AS20; col- 59.1, (3) methanesulfonate m/z 95.0, (4) buta-
umn dimensions: 250 mm X 2 mm i.d.; column nesulfonate m/z 137.2, (5) chloride m/z 35.0,
temperature: 35 °C; eluent: KOH (EG); gradient: (6) trifluoroacetate m/z 113.1, (7) bromide m/z
10 mmol/L from 0 to 6 min, 30 mmol/L from 6 78.9, (8) nitrate m/z 62.0, (9) sulfate m/z 97.1,
to 14 min, 60 mmol/L from 14 to 16 min, and (10) tosylate m/z 171.0, (11) tetraborate m/z
100 mmol/L from 16 to 30 min; flow rate: 87.0, (12) triflate m/z 149.1, (13) ortho-

0.25 mL/min; detection: MS (Thermo Scientific  phosphate m/z 97.1, (14) iodide m/z 127.0, (15)
MSQ Plus); source voltage: 1kV; needle tem- thiocyanate m/z 58.0, (16) perchlorate m/z
perature: 500 °C; nebulizer gas pressure: 85 psi; 99.0, and (17) hexafluorophosphate m/z 145.1.
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The two methods described here can be used for the analysis of commercially
available ionic liquids. After a simple dilution with deionized water at 2 mg/mlL,
samples can be injected directly for IC-MS analysis. For LC-MS analysis, the
standard solution has first to be diluted to 1pmol/L. As an example,
Figure 8.119 shows the suppressed conductivity and the MS SIM traces of 1-
butyl-3-methylimidazolium/PF4 and detected anionic impurities. Chloride and
bromide were observed as the major impurities

Konig et al. [274] investigated the long-term stability of two selected ILs over
several months under process-like conditions with a subsequent IC-MS analysis
to identify the resulting decomposition products. As an example, samples of the
imidazolium-based ILs 1-ethyl-3-methylimidazolium chloride (EMIM ClI) and 1-
ethyl-3-methylimidazolium acetate (EMIM Ac) were thermally and catalytically
stressed. The most obvious decomposition of a dialkylimidazolium cation is the
reverse reaction of the quaternization reaction. The typical products are imid-
azole derivatives and alkylated anions (reaction (1) in Figure 8.120). Further con-
siderable decomposition products are cations with scrambled alkyl chains. These
cations can be formed either due to a realkylation of a previously dealkylated
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Figure 8.119 MS SIM chromatograms of hexafluorphosphate and anionic impurities in a com-
mercially available ionic liquid (1-butyl-3-methylimidazolium/PFe). Chromatographic conditions:
see Figure 8.118; sample: 2 mg/mL ionic liquid.
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Figure 8.120 Decomposition mechanisms of dialkylimidazolium cations (see also [273]).

cation with an anion, which carries an alkyl chain of the same type, or by a direct
exchange of the alkyl chains of two cations (reaction (2) in Figure 8.120). The
resulting components are charged, and together with the initial anion, again ILs.
Naturally, these decomposition species are nonvolatile. Another decomposition
variation of imidazolium-derived cations, which is quite intensely discussed, is
the deprotonation of the C2-atom of the fused ring by strong nucleophiles. The
resulting carbenes are reactive components that react either with other IL cat-
ions (reaction (3) in Figure 8.120) or any dissolved decomposition products pres-
ent in the liquid phase [273]. In summary, decomposition products of ILs can be
volatile or not, uncharged or charged, and fragments or higher structures com-
pared to the original species. Table 8.9 summarizes selected decomposition

Table 8.9 Selected decomposition products identified in long-term thermally stressed 1-ethyl-
3-methylimidazolium ionic liquids [273].

Component Structure m/z

N-Methylimidazole = 83 [M+H]*
MIM ___N
\
N-Ethylimidazole EIM \_’—N 97 M+H])*"
\
1,3-Dimethylimidazolium MMIM* __~N 97 m*

\
1,3-Diethylimidazolium MMIM+\_,-N 125 m*
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products that Konig et al. identified in long-term thermally stressed 1-ethyl-3-
methylimidazolium ionic liquids.

Pharmaceutical Applications The quantitative analysis of bisphosphonates and
excipients is taken as an example for the application of IC-MS in the pharma-
ceutical industry. Bisphosphonates are a group of compounds that are used as
active pharmaceutical ingredients to treat bone disorders including osteoporosis,
Paget’s disease, and hypercalcemia [275]. Separation methods for bisphospho-
nate analysis include liquid chromatography with derivatization and/or ion pair
reagents, ion chromatography, capillary electrophoresis (CE), and gas chroma-
tography with derivatization, summarized in a review article by Zacharis and
Tzanavaras [276]. This review concluded that for quality control analyses of
bisphosphonates, ion chromatography with suppressed conductivity detection is
a suitable solution because of its simplicity, avoidance of derivatization steps,
adequate sensitivity, and simultaneous analysis of ionic impurities. The authors
also indicated that mass spectrometry would be a sensitive approach, but the
application to bisphosphonate analysis is limited due to the incompatibility of
ion-pair reagents used in the mobile phase for LC separations.

Direct analysis of bisphosphonates and excipients in pharmaceuticals can be
carried out using capillary ion chromatography with suppressed conductivity
and mass spectrometric detection. The target analytes can be separated with
high resolution on an IonPac AS18-Fast capillary anion exchanger. Due to the
elimination of derivatization steps, the workflow is simplified and the sample
throughput is improved. The detection by suppressed conductivity provides suf-
ficient sensitivity for QC analysis, while MS offers additional selectivity and sen-
sitivity for bisphosphonates in complex matrices such as biological fluids.
Capillary IC offers improved sensitivity when coupled with a capillary electro-
spray interface to a mass spectrometric detector [277]. The IonPac AS18-Fast
anion exchanger in the capillary format was selected for its excellent resolution
for the three targeted bisphosphonates (clodronate, etidronate, and tiludronate)
and the three excipients (citrate, benzoate, and p-hydroxybenzoate). The shorter
length of this column (150 mm) in comparison to regular 250 mm columns
allows a higher sample throughput while still offering sufficient chromatographic
resolution. The optimized separation is shown in Figure 8.121 with standard
inorganic anions eluting first, followed by the excipients and bisphosphonates.
All compounds are well separated within 15 min, thus allowing simultaneous
accurate quantitation of each individual component.

Capillary IC features a flow rate in the range of 10-30 pL/min, thus requiring
modifications and reoptimization of existing electrospray interfaces that are usu-
ally optimized for either analytical flow (100 pL/min to several milliliters/minute)
or nanoflow (<1 pL/min) rates. The optimization of interface parameters such as
probe temperature, nebulizer gas, needle voltage, type of desolvation solvent, and
the flow rate plays a critical role in establishing instrument sensitivity. When
capillary IC is operated at a flow rate of 10-20 pL/min, a probe temperature of
300°C, a needle voltage of 3kV, a nebulizer gas pressure of 65 psi, and the use of

201
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Figure 8.121 Separation of selected bisphosphonates, excipients, and anionic  rate: 20 uL/min; detection: suppressed conductivity; injection volume: 10 pL;
impurities by capillary IC. Separator column: lonPac AS18-Fast; column dimen-  peaks: 20-100 pg/L each of (1) fluoride, (2) chloride, (3) nitrite, (4) sulfate, (5)
sions: 150 mm x 0.4 mm i.d.; column temperature: 40 °C; eluent: KOH (EG); gradi- bromide, (6) nitrate, (7) orthophosphate, (8) benzoate, (9) p-hydroxybenzoate,
ent: 40-50 mmol/L from 0 to 5 min and 50-100 mmol/L from 5 to 8 min; flow (10) citrate, (11) etidronate, (12) clodronate, and (13) tiludronate.



8.5 Hyphenated Techniques

acetonitrile as the desolvation solvent with the same flow rate as the capillary IC
are recommended. All target analytes predominantly show deprotonated molec-
ular ions [M—H]™ in negative polarity, which can be used in the SIM scans for
quantitation. As shown in the full scan spectra in Figure 8.122, the observed
pseudomolecular ions for etidronate, clodronate, and tiludronate are m/z 205,
243, and 317, respectively. Figure 8.122 also shows the observed isotopic peaks
for clodronate and tiludronate. Matching the observed and theoretical isotope
patterns can assist in compound confirmation. Figure 8.123 shows the SIM chro-
matograms of the target analytes under optimized conditions, each analyte selec-
tively detected as seen by the single peak in each monitored SIM channel. Using
SIM acquisition and citric acid-d,4 as an isotope-labeled internal standard, sensi-
tive and selective quantitation can be achieved at 5 pg/L for excipients and 50 pg/
L for bisphosphonates. Method performance parameters such as calibration
range, correlation coefficients, and detection limits are summarized in
Table 8.10. Precision and accuracy were evaluated at 50 and 500 pg/L, and the
results are listed in Table 8.11.

Forensic Applications Analytical methods to measure biomarkers of exposure to
chemicals that have potential use as chemical terrorism agents also include IC—
MS. The nitrogen mustards bis(2-chloroethyl)ethylamine (HN1), bis(2-chlor-
oethyl)methylamine (HN2), and tris(2-chloroethyl)amine (HN3) are three such
chemicals that are listed on the Chemical Weapons Convention Schedule of
Chemicals [279]. Like sulfur mustards, nitrogen mustards possess strong vesi-
cant properties, but nitrogen mustards are less suitable for military purposes
because of low volatility. Intact nitrogen mustards have been identified in blood
and plasma, but the reactivity, extent of metabolism, and short half-life of the
mustards [280] limit the usefulness of such measurements for biomonitoring.
HN1, HN2, and HN3 are alkylating agents that rapidly react with biomolecules
such as DNA and proteins to form nitrogen mustard adducts. Nitrogen mus-
tards also hydrolyze to N-ethyldiethanolamine (EDEA), N-methyldiethanolamine
(MDEA), and triethanolamine (TEA), which have been identified as urinary
metabolites. Thus, a quantitative analytical method is required to determine the
extent of human exposure to nitrogen mustards. Reported methods for the anal-
ysis of ethanolamines include GC [281] or LC [282] with MS detection. While
GC-MS methods involve labor-intensive derivatization, the reported LC meth-
ods demonstrate relatively poor chromatographic resolution using conventional
C18 columns. Lemire et al. [282] used a 3 pm BDS Hypersil Cyano column and
achieved an almost baseline-resolved separation of the above-mentioned hydrol-
ysis products in 6.5 min with a mobile phase consisting of 80:20 (v/v) methanol/
10 mmol/L ammonium bicarbonate delivered at a flow rate of 300 pL/min under
isocratic conditions. The respective separation of a urine sample spiked with
native and labeled analytes in Figure 8.124 reveals that MDEA and EDEA are
not perfectly resolved under these chromatographic conditions. However, high
chromatographic resolution is not necessary, because both MDEA and EDEA
differ significantly in their mass-to-charge ratio and SRM transitions.
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Figure 8.122 MS spectra of three selected bisphosphonate pharmaceuticals.
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Figure 8.123 SIM chromatograms of bisphosphonates and excipients.

Table 8.10 Calibration range, correlation coefficients, standard deviation, and MDLs for
bisphosphonates and excipients [277].

Calibration Correlation % RSD?
Analyte range (ug/L) coefficient Fit (n=5) mpL®
Benzoate 5-500 0.9994 Quadratic 8.00 248
p-Hydroxybenzoate 5-500 0.9998 Quadratic 5.31 1.20
Citrate 5-500 0.9997 Linear 3.82 1.31
Etidronate 50-500 0.9978 Quadratic 533 9.36
Clodronate 50-500 0.9970 Quadratic 10.28 15.5
Tiludronate 50-500 0.9957 Quadratic 4.51 7.19

a) % RSD calculated based on 20 pg injection for benzoate, p-hydroxybenzoate, and citrate; 100 pg
injection for bisphosphonates.

b) Calculated as MDL =5 X o9y, =5, Where s is the standard deviation and ¢ the Student’s ¢ at 99%
confidence interval.
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Table 8.11 Accuracy, precision, and recovery for bisphosphonates and excipients [278].

50 ug/L (n=3)

200 pg/L (n=3)

Analyte Mean % RSD % Accuracy Mean % RSD % Accuracy Original Observed % Recoverya)
Benzoate 54.2 2.75 108 499 4.71 99.9 ND 89.5 89.5
p-Hydroxybenzoate 524 1.53 105 499 7.07 99.9 ND 93.5 93.5
Citrate 49.4 2.58 98.7 497 0.76 99.5 ND 102 102
Etidronate 43.4 4.27 86.8 498 2.18 99.5 424 542 117
Clodronate 44.8 430 89.7 498 1.05 99.6 ND 134 134
Tiludronate 41.5 3.26 83.0 497 1.28 99.4 ND 121 121

a) Recovery calculated based on [observed amount (original sample + 100 pg/L spiked each analyte) — original amount]/100 X 100%.



8.5 Hyphenated Techniques

Intensity (cps)

Minutes

Figure 8.124 SRM chromatogram of a urine detection: ESI-MS with an API 4000 in the pos-
sample spiked with native and labeled EDEA, itive ion SRM mode; injection volume: 10 pL;

MDEA, and TEA. Separator column: BDS sample: urine spiked with approximately
Hypersil Cyano, 3 pm; column dimensions: 25ng/mL of (1) triethanolamine, (2) N-methyl-
150 mm X 2.1 mm i.d.; column temperature: diethanolamine, and (3) N-ethyldiethanol-

30 °C; eluent: 80:20 (v/v) MeOH/10 mmol/L amine, and (4) MDEA interference
ammonium bicarbonate; flow rate: 0.3 mL/min; (see [282]).

Alternatively, cation-exchange chromatography can be selected to overcome
the relatively poor separation of ethanolamines on conventional C18 columns.
Significant retention for all target analytes is observed with low-capacity cation
exchangers such as IonPac CS19 or with crown ether modified cation exchang-
ers such as IonPac CS15. The latter one also provides sufficient separation of the
target analytes from major common cations that may interfere with and contrib-
ute to ion suppression, mainly from sodium and potassium. Figure 8.125 shows
the SRM chromatograms of four target ethanolamines and the isotope labeled
internal standard diethanolamine-dg (IS). Matrix effects can be evaluated by
comparing quantification results of standards both prepared in deionized water
and prepared in a simulated matrix of 20 mg/L each of sodium chloride and
potassium chloride. While no matrix effects are observed for retention times,
diethanolamine (DEA) and TEA show slightly higher MDLs. Matrix also affects
the % RSD, with a much higher variation for TEA. Method performance param-
eters for the analysis of ethanolamines are summarized in Table 8.12.

Carbohydrate Applications Carbohydrates and their derivatives play an impor-
tant role in a wide variety of biological processes. Analysis of carbohydrates in
complex matrices requires very sensitive and selective techniques to discriminate
between the analytes and the background noise. The separation of carbohydrates
is usually based on chromatographic methods such as gas chromatography,
reversed-phase liquid chromatography, normal-phase liquid chromatography,
anion-exchange chromatography (IC), HILIC, and CE. Detection is carried out
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Figure 8.125 SRM chromatogram of ethanol-  Access in the positive ion SRM mode; spray
amines. Separator column: lonPac CS15 with voltage: 4 kV; needle temperature: 300 °C; des-
guard; column temperature: 40 °C; eluent: MSA olvation solvent: 0.2 mL/min 2-propanol; injec-
(EG); gradient: 2 mmol/L from 0 to 8 min and  tion volume: 20 pL; peaks: 10 pg/L each of
then to 30 mmol/L in 10 min; flow rate: 0.4 mL/ DEA, IS, MDEA, EDEA, and TEA.

min; detection: ESI-MS with an TSQ Quantum

Table 8.12 Method performance parameters for the analysis of ethanolamines.

Calibration Correlation % % RSD
Matrix Analyte range (ug/L) coefficient r Meana) Deviation (n=7) MDLb)

DEA 5-200 0.9997 5.38 7.6 5.65 0.89
MEDA 1-200 0.9990 5.87 17.4 5.87 0.92
DI water EDEA 1-200 0.9997 5.25 5.0 610 096
TEA 5-200 0.9997 5.84 16.8 364 057
DEA 5-200 0.9999 6.17 234 880 171
20mg/L. MEDA 1-200 09996 4.60 -80 435 063
NaCl +
20mg/L EDEA 1-200 0.9979 4.41 —11.8 4.32 0.60
KCl
TEA 5-200 0.9981 4.90 -2.0 10.59 1.63

a) Mean is calculated as the average of the observed amount of seven replicate injections.
b) MDL is evaluated by seven replicate injections of a 5ug/L mixed standard and calculated as
MDL = s X 99, ,,—7, Where s is the standard deviation and ¢ the Student’s ¢ at 99% confidence interval.
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using electrochemical, mass spectrometric, or near-universal evaporative light
scattering and charged aerosol detectors. A well-established technique for deter-
mining underivatized carbohydrates is anion-exchange chromatography in com-
bination with integrated pulsed amperometric detection (HPAE-PAD), which
allows the separation of mono-, di-, and oligosaccharides up to a degree of
polymerization (DP) of 70. Although HPAE-PAD is highly selective and its abil-
ity to separate isomeric carbohydrates is unmatched, the only verification of the
identity of individual sugars is the retention time. However, size and composi-
tion of an unknown carbohydrate are not easily derived from its retention time.
In the past, fractions of unknown sugars were collected and identified offline by
MS, NMR, or other techniques [283]. Therefore, IC-MS is the method of choice
for structural elucidation of unknown peaks and for analyzing more complex
samples. Moreover, tandem MS represents an even more advanced method,
because structural information can be obtained by fragmentation. Cleavage of
glycosidic linkages provides information on sugar composition and sequence,
while cross-ring fragments yield data on linkage isomerism [284].

Many strategies in LC—MS interfacing have been followed for carbohydrate
ionization. In the early 1990s, Niessen et al. used a thermospray interface for
hyphenating anion-exchange chromatography with tandem mass spectrometry,
and analyzed oligosaccharides after enzymatic degradation of plant cell wall pol-
ysaccharides [285]. Based on the work by Simpson et al. [233], Niessen et al. also
employed membrane-based suppressor systems to convert the NaOH/NaOAc
eluent to water/acetic acid prior to entering the thermospray interface. Today,
electrospray ionization mass spectrometry (ESI-MS) is the dominant LC-MS
technique for carbohydrate analysis. However, the use of a desalting device (sup-
pressor) between the column and the MS is still required. To enhance sensitivity
of neutral carbohydrates, LiCl (c=0.5mmol/L) is added between the desalter
and the MS using a T-piece and an auxiliary pump [285]. Because LiCl forms
charged complexes with carbohydrates, sugars can be detected as lithium
adducts [M +Li]* at [M+7]" in the positive mode or as chloride adducts [M +
Cl]™ in the negative mode; positively charged complexes, however, are detected
with higher sensitivity. In-source collision-induced fragmentation of carbohy-
drates after electrospray ionization can be achieved in single quadrupole MS by
accelerating the ions into the focusing RF lens region with a high enough voltage
applied to the exit cone. Because the formed fragment ions are from glycosidic
cleavage, they can confirm whether an unknown eluting peak is a carbohydrate
or not. If the analytical system comprises an amperometric detector in addition
to an MS detector for confirmation purpose, both detectors should be placed in
parallel after the separator column using a flow splitter. Although only 3-5% of
the analytes are oxidized in an amperometric detector, the respective oxidation
products could interfere with MS detection if the MS detector would be installed
in series. Hence, the schematics of the complete chromatographic system for
IC-MS of carbohydrates is illustrated in Figure 8.126.

Figure 8.127 shows an isocratic separation of glucose, fructose, and sucrose on
CarboPac PA200. As expected, all three carbohydrates are well separated under
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Figure 8.126 Schematics of a chromatographic system for carbohydrate analysis with
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Figure 8.127 Isocratic separation of glucose,
fructose, and sucrose with integrated pulsed
amperometric and MS detection. Separator
column: CarboPac PA200; column dimensions:
250 mm X 3 mm i.d.; eluent: 60 mmol/L NaOH;
flow rate: 0.5 mL/min; detection: IPAD and ESI-

MS (positive ion mode, probe temperature:
525 °C, cone voltage: 75 V); injection volume:
25 pL; peaks: 500 pmol each of glucose (1),
fructose (2), and sucrose (3) (with permission
© 2005 Elsevier B.V., [287]).
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Figure 8.128 Mass spectrum of sucrose.

the given chromatographic conditions. Based on a 500 pmol injection, the mass
spectrum obtained for sucrose (Figure 8.128) features a good signal-to-noise
ratio. At a cone voltage of 75V, the quasimolecular ion at m/z 349 is clearly the
base peak of sucrose. Fragment ions from glycosidic cleavages are also observed.
In reference to the most commonly adopted Domon and Costello nomencla-
ture [286] for glycosidic cleavages, the most universal pair of fragment ions
afforded by all different MS instruments is the B and Y ions resulting from a
glycosidic cleavage that contains the reducing end of the sugar, as shown in
Figure 8.128. Glycosidic cleavages containing the nonreducing end of the sugar
are called B and C ions. The mass loss of 162 Da (Y fragment at m/z 187) can be
attributed to a hexose, while the fragment ion at m1/z 205 is a water adduct of the
Y fragment. Such water adducts are easily formed in electrospray ionization
using single quadrupole mass spectrometers. The B fragment ion at m/z 169 is a
glycosidic cleavage on the other side of the oxygen atom. Bruggink et al. [287]
studied sensitivity and minimum detection limits by repeated injections of
5 pmol of the three carbohydrates mentioned above. They employed selected ion
monitoring, because the signal-to-noise ratio in this mode is better than in scan
mode with a single quadrupole MS. The MDLs in SIM mode range from
1.49 pmol for glucose to 0.36 pmol for sucrose and are inferior to IPAD that is
approximately 3—-10 times more sensitive in comparison to MS.

A very topical application of the HPAE-PAD-MS system is the complete char-
acterization of carbohydrates as hydrolysis products of biomass, which is a
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biological material derived from living or recently living organisms. It usually
refers to plants or plant-derived materials such as lignocellulosic biomass. As an
energy source, biomass can be converted to biofuels (e.g., ethanol, biodiesel, etc.)
or chemicals, using thermal, chemical, or biochemical methods. There is also a
great deal of research involving algae-derived biomass, because it is a nonfood
resource and can be produced much faster than land-based agricultural products
such as corn, sugar cane, and soy. Converting biomass into fuels and chemicals
represents a challenge as researchers have to understand which feedstock gives
the best conversion to the final products. Biomass contains sugars, but they are
locked in cellulose, so that microorganisms such as cellulase enzymes are used to
break down cellulose into monosaccharides, a process that is called saccharifica-
tion. Once the sugars are released in the saccharification step, they can undergo
microbial fermentation to produce alcohols or other precursor chemicals such as
diols, glycols, or organic acids. Once the sugars are released in the saccharifica-
tion step they can undergo microbial fermentation to produce alcohols or other
precursor chemicals such as diols, glycols, or organic acids. Cellulose and hemi-
cellulose hydrolysis produce a wide variety of sugars in a complex matrix that
have to be accurately quantified. This is a difficult task because monosaccharides
have many different stereoisomers with similar physicochemical properties. To
overcome the difficulty of separating these structurally similar sets of isomers,
high-resolution chromatography is necessary. Capillary GC gives excellent reso-
lution of monosaccharides but requires expensive and time-consuming derivati-
zation prior to injection. HPLC is more convenient because the sugars can be
directly injected into the chromatography column without prior derivatization;
however, chromatographic resolution is not as high as in GC. On the other
hand, the use of anion-exchange chromatography with mass spectrometric
detection permits baseline-resolved separations of the most important saccha-
rides in complex lysate mixtures without labor- and time-consuming derivatiza-
tion steps. Figure 8.129 shows the IPAD and the total ion chromatogram of
sugars detected in a microalgae whole-cell lysate. The lysate was centrifuged at
12000 rpm for 60 min. The supernatant was collected and centrifuged for an
additional 30 min, filtrated through a 0.2 pm filter, and passed through an
OnGuard-RP cartridge to remove molecular hydrophobic components. The
sample was finally injected onto a CarboPac MA1 column. CarboPac MA1 is a
high-capacity column that is well suited for the high sample loading often asso-
ciated with biomass samples. As can be seen from Figure 8.129, more than 12
peaks could be separated under isocratic conditions. Mass spectrometric analysis
of the same sample was used to confirm the carbohydrate identity of the peaks.
MS detection permits the quantitation of multiple coeluting components of
interest in a single analytical run. The full scan spectrum of each peak is shown
in Figure 8.130. Because many mono- and disaccharides have identical mass-
to-charge ratios, HPAE-PAD-MS allows the separation and verification of the
components on the basis of their retention time and their molecular weights
(Figure 8.131). In this way, monosaccharide alditols (fucitol, arabitol, and inosi-
tol), monosaccharides (glucose, mannose, and others), and disaccharides
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Figure 8.129 Separation of carbohydrates
derived from a microalgae whole-cell lysate
with integrated pulsed amperometric and MS
detection. Separator column: CarboPac MA1;

NaOH; flow rate: 0.2 mL/min; detection: inte-
grated pulsed amperometry on a Au working
electrode and MS (positive ion scan mode m/z
120-600, cone voltage: 50 V); sample: microal-

column dimensions: 250 mm X 4 mm i.d.; col-
umn temperature: 30 °C; eluent: 0.5 mol/L

gae whole-cell lysate.

(sucrose, maltose, and others) could be identified in this particular sample, with
sucrose being the most abundant sugar.

Bruggink also employed analytical-scale gradient anion-exchange chromatog-
raphy to separate a mix of N-glycans that were released from a therapeutic gly-
coprotein [288]. The separation was carried out on CarboPac PA200 at a flow
rate of 360 pL/min (Figure 8.132). The column end was connected with a PEEK
flow splitter, directing 90 pL/min to the electrochemical cell and 270 uL to a
desalter (suppressor). The effluent of the desalter was combined with a makeup
solution at 90 pL/min, comprising a mixture of acetonitrile and 0.6 mmol/L NaCl
(50:50 v/v) for MS detection. In this particular setup, the MS was a Bruker HCT
Ultra ion trap equipped with an electrospray interface, detecting the glycans in
the positive mode as protonated ions. The different peaks shown in Figure 8.132
were identified on the basis of MS and tandem MS spectra. In those cases where
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Figure 8.130 Background-substracted ESI mass spectra of peaks shown in Figure 8.129.

MS can only partly elucidate structures, confirmation can be effected by compar-
ing retention times of the respective glycans. As can be seen from the chromato-
gram in Figure 8.132, fucosylated glycans are eluting earlier than their respective
nonfucosylated counterparts, which is consistent with literature [289].

In order to meet current standards in biomedical research, scaling of column

dimensions down to the capillary or even nanoscale, and hyphenation with mass
spectrometry are required for the development of glycan analysis technology.
These requirements have already been fulfilled utilizing normal-phase [290] and
reversed-phase chromatography [291]; in the case of HPAE-PAD, however,



8.5 Hyphenated Techniques |915

A

. Mannitol

. Inositol

. Xylitol

. D-arabitol

. L-arabitol

. Dulcitol

. Algae sample

nC

J\_

-~

| |
T 1|

[
L
NoohsN =

-

= INjw|~|O|O N

||

u

IR

i

. Glactosamine
. Arabinose

. Xylose

. Glucose

. Mannose

. Fucose

. Galactose

. Glucosamine

. Algae sample

nC

=IN|wlr~|loo Joo
.
—
\~,=E:
>
O©OoONOOOLPAWN =

T T T T T T T T T
15 20 25 30 35 40 45 50 55 60 65

2 S\ N\
_L__,,———*———‘——"'_——_—_‘_——‘“‘“’/ \\__________
I 1 4 1 1 1 1 I 1
40 50 60 70 80 90 100 110 120 130 140

. Maltose
. Lactose
. Sucrose
. Glucose
. Algae sample

nC

O wWN =

Minutes

Figure 8.131 Overlay comparisons of microalgae whole cell lysate samples with (a) alditol stan-
dards, (b) monosaccharide standards, and (c) disaccharide standards. Chromatographic condi-
tions: see Figure 8.129.
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Figure 8.132 Separation of N-linked glycans 100 mmol/L NaOH + 200 mmol/L NaOAc in
with HPAE-PAD-MS. Separator column: Carbo- 60 min; flow rate: 360 uL/min; detection: inte-
Pac PA200; column dimensions: 250 mm x 3 grated pulsed amperometry and MS; sample:

mm i.d.; column temperature: 30 °C; eluent: PNGase F released N-glycans from a therapeu-
NaOH/NaOAc; gradient: 100 mmol/L NaOH tic glycoprotein (with permission © 2005
from 0 to 5 min and then linearly to Elsevier B.V., [287]).

oligosaccharide separations with online mass spectrometric detection has so far
only been demonstrated at analytical scale (2-4 mm column i.d.) [292]. The first
implementation of a capillary anion exchanger (0.4 mm column i.d.) for carbohy-
drate analysis in combination with two parallel online detection methods — inte-
grated pulsed amperometry and electrospray ion trap mass spectrometry — was
reported by Bruggink et al. [293]. Such system exhibits subpicomole sensitivity,
both in amperometric and in mass spectrometric detection, and was found to be
particularly useful for carbohydrate analysis in complex biological samples due to
its high chromatographic resolution combined with the MS/MS capabilities of
the ion trap mass spectrometer. Several components of the system had to be
adapted to fulfill the requirements of capillary HPAE-PAD. The amperometric
detector cell volume, for instance, has to be minimized to reduce band disper-
sion. Equally important is the use of a capillary suppressor (see Section 3.6.6) to
convert the NaOH/NaOAc eluent into water/acetic acid prior to entering the
electrospray interface. The suppression capacity of a capillary suppressor is high
enough to convert eluents used for the elution of glycans with a maximum of
three negative charges, for example, three sialic acids groups in oligosaccharide
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structures, with only a minor loss of chromatographic resolution. By downscaling
the separator column dimensions to the capillary format (0.4 mm i.d.), a signifi-
cant sensitivity gain is observed in ESI-MS of carbohydrates. Minimum detection
limits for underivatized glycans with capillary scale HPAE-PAD-MS were found
to be 160 fmol, using a conventional electrospray ionization source [293].
Bruggink et al. demonstrated the applicability of capillary-scale HPAE-PAD-
MS in biomedical research with the analysis of urinary oligosaccharides of a
Gp-gangliosidosis patient [293,294]. Gyy;-gangliosidosis is a neurosomatic dis-
ease that progressively destroys nerve cells. It is caused by mutations of the
GLBI gene, which provides instructions for producing the enzyme f-galactosi-
dase. This enzyme is located in lysosomes, which are compartments within cells
that break down and recycle different types of molecules. Within lysosomes,
p-galactosidase helps break down several molecules, including a substance called
Gp-ganglioside that is important for normal functioning of nerve cells in the
brain. Mutations in the GLBI gene reduce or eliminate the activity of -galacto-
sidase. Without enough functional f-galactosidase, Gy;-ganglioside cannot be
broken down when it is no longer needed. As a result, this substance accumu-
lates to toxic levels in many tissues and organs, particularly in the brain. Progres-
sive damage caused by the buildup of Gy;;-ganglioside leads to the destruction of
nerve cells in the brain, causing many of the signs and symptoms of Gy;-gan-
gliosidosis. In general, the severity of Gy;-gangliosidosis is related to the level of
p-galactosidase activity. Individuals with higher enzyme activity levels usually
have milder signs and symptoms than those with lower activity levels, because
they have less accumulation of Gy;-ganglioside within the body. Conditions
such as Gy;-gangliosidosis that cause molecules to build up inside the lyso-
somes are called lysosomal storage disorders. The oligosaccharides in urine sam-
ples were isolated utilizing solid-phase extraction with graphitized carbon
(Carbograph, Alltech Associates, Deerfield, IL, USA), according to the method
described by Packer et al. [295]. Extracted ion chromatograms of disease-related
glycans found in the urine of a Gy;-gangliosidosis patient are illustrated in
Figure 8.133. Twenty glycan compositions were detected, of which six glycans
with the composition Hex;_;HexNAc,_5 are presumably disease related. The
compositions together with the MS/MS data suggest these glycans to be endo-
p-N-acetylglucosaminidase cleavage products of complex-type N-glycans. Hexs-
HexNAc, was interpreted as a monoantennary structure and HexsHexNAc;s as a
diantennary structure. Species carrying additional Hex;HexNAc; units were
found to be attached in species such as HexsHexNAc, and Hex;HexNAcs with a
higher number of antennae and LacNAc repeats. The tandem MS spectrum of
the disodiated diantennary N-glycan with the composition Hexs;HexNAcs (m/z
742.1) is shown in Figure 8.134. The cross-ring fragments “*A; and **A; are
typical for the 4-substituted reducing end HexNAc, while the fragment ion
B,Y,, (D-ion, m/z 712.3) reveals the composition of the 6-antenna [284]. The
two oligosaccharides A and B of the composition H3N, in Figure 8.133 were
detected in a sodiated form with a monoisotopic mass of 933.5 Da. The MS/MS
data of the two isomeric species in Figure 8.135, which can be completely
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H,N; Gain 100x EIC 1107.0
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A
B
H.N, Gain 3x EIC 933.5(), 478.32%
BPC 340 - 1600
( 5 10 15 20 25 30
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Figure 8.133 Separation of oligosaccharides in 104 min; flow rate: 10 pL/min; detection: inte-
urine of a GM1-gangliosidosis patient utilizing grated pulsed amperometry and MS (Bruker
HPAE-PAD-MS. Separator column: CarboPac Esquire 3000 ion trap, positive ion mode, dry
PA200; column dimensions: 250 mm x 0.4mm  temperature: 325 °C, capillary voltage: —3.5kV,
i.d.; column temperature: 25 °C; eluent: NaOH/  scan range: m/z 150-2000); injection volume:
NaOAc; gradient: 60-200 mmol/L NaOH from 0 0.4 pL; sample: urine from a Gy;-gangliosidosis
to 9.1 min, 200 mmol/L NaOH isocratically to patient after SPE with Carbograph; H = hexose,
12.5 min, then linearly from 60 mmol/L NaOH N = N-acetylhexosamine, BPC = base peak chro-
to 60 mmol/L NaOH + 14 mmol/L NaOAc from  matogram (reproduced with permission from
12.5 to 21.6 min, and then linearly to 60 mmol/L Ref. [294]. Copyright 2012, Springer).

NaOH + 137.5 mmol/L NaOAC from 21.6 to

resolved by capillary anion-exchange chromatography, could be assigned based
on linkage-specific fragmentation. Both oligosaccharides seemed to contain a N-
acetylhexosamine at the reducing end, which displayed specific ring fragmenta-
tions (“2A at m/z 832 and **A at m/z 772). These fragments, together with the
lack of a ®3A ring cleavage (no signal at m/z 802), are characteristic for a 4-
substituted N-acetylhexosamine, according to the ring fragmentation rules estab-
lished for sodiated oligosaccharides. The observed series of B-ions results in a
monosaccharide sequence of H—N—H—H—N for both isomers (Figure 8.135a
and b). For compound A, the observed ring fragmentations (**A at m/z 670,
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N-acetylglucosamine (reproduced with permission from Ref. [294].
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Figure 8.135 Fragment ion analysis of HsN, species A and B in Figure 8.133. Both species were subjected to MS? analysis in their sodiated form (m/z 933.5);
empty circle=mannose, black circle = galactose, black square = N-acetylglucosamine (reproduced with permission from Ref. [293]. Copyright 2005, Elsevier B.V.).
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O3A at m/z640, and “*A at m/2610) of the hexose next to the reducing end N-
acetylhexosamine are typical for a substituent in the 6 position (Figure 8.135a).
Based on this information, Bruggink et al. concluded compound A to be the
G -gangliosidosis urinary oligosaccharide Gal(1-4)GlcNAc(1-2)Man(1-6)Man
(1-4)GIcNAc (Figure 8.135a), which has been characterized before [296]. A lack
of these ring fragments is typical for a substituent in the 3-position. Therefore,
compound B is concluded to be the isomer Gal(1-4)GIcNAc(1-2)Man(1-3)Man
(1-4)GlcNAc (Figure 8.135b), which has also been found previously in G-
gangliosidosis urine [295]. In addition to the analysis of urinary oligosaccharides
from Gyp;-gangliosidosis patients, Bruggink et al. also registered glycan finger-
prints from patients suffering from other lysosomal storage disorders such as
fucosidosis, a-mannosidosis, and sialidosis [294]. The capillary HPAE-PAD-MS
approach allowed structural analysis of the excreted oligosaccharides and
revealed several previously unpublished structures.

Other Applications Anion-exchange chromatography in the capillary format
coupled with a high-resolution mass spectrometer is increasingly used for
metabolomic analysis. Metabolomics is a rapidly growing technique for the
simultaneous analysis of small molecules in biological systems, the metabolome.
In contrast to proteomics and genomics, the enormous heterogeneity of biologi-
cal small molecules precludes comprehensive analysis of metabolites by a single
generic technique. For this reason, multiple techniques are required to obtain
maximal coverage of the metabolome. In recent years, liquid chromatography/
mass spectrometry (LC—MS) has become the standard technique for metabolo-
mic analysis. The two major reasons for this development are (i) the use of elec-
trospray ionization as an ionization technique that emphasizes the production of
molecular ions and (ii) the huge variety of stationary phases in liquid chromatog-
raphy that allows the separation of a wide variety of different compounds.
Although recent developments in accurate mass spectrometry have enabled
determination of a limited set of potential empirical formulas for each detected
molecular ion, in-source fragments, contaminant ions, and isomeric compounds
often prevent identification and quantitation of metabolites based on MS data.
Hence, isomeric compounds with their varying roles in biochemical pathways
have to be separated chromatographically in order to be able to distinguish
between them. The most common stationary phases coupled to MS for metabo-
lite analysis are reversed-phase [297] and HILIC [298] columns, effectively sepa-
rating hydrophobic and polar metabolites, respectively. However, compounds
such as nucleoside di- and triphosphates and organic acids that are important
elements of metabolic pathways are poorly resolved on HILIC columns or not
retained at all on reversed-phase columns using MS-compatible buffers. Espe-
cially reports on MS-compatible separations of organic acids are not that com-
mon in literature. Luo et al. [299], for instance, used tetrabutylammonium
acetate as a volatile ion-pair reagent to separate carboxylic acids in addition to
sugar phosphates and nucleotides on a conventional C18 reversed-phase col-
umn. They applied this method to determine these metabolites in cell extracts
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of Escherichia coli. Anion-exchange chromatography, on the other hand, is a
very powerful separation technique for anionic compounds, but so far was not
widely used in the field of metabolomics due to the high electrolyte concentra-
tions in the mobile phase, which can lead to deleterious ion suppression effects
when directly coupled to MS. Kiefer et al. [300] used a suppressor system for
converting the eluent into a less conductive form and applied this technique to
the analysis of phosphorylated metabolites, although the relatively high flow rate
limits sensitivity. Based on the experience of Bruggink et al. [293] with capillary
flow rates, Burgess et al. [301] applied capillary anion-exchange chromatography
to metabolomic analysis for semitargeted, high-resolution analysis of metabolite
standards. They also demonstrated the effectiveness of this approach for semi-
quantitative analysis of samples of the protozoan parasite Trypansoma brucei
grown using two different carbon sources.

Although HILIC using sulfobetaine stationary phases has been reported to
provide the broadest application range for untargeted metabolomic analysis
under standard buffer conditions (pH ~2-4), there are a number of critical
compounds with a major role in metabolism that exhibit very poor peak shapes
in HILIC mode. A typical example of an important metabolite with poor peak
shape under HILIC conditions is adenosine diphosphate (ADP), which is essen-
tial to the flow of energy in living cells. The respective triphosphate, where the
terminal phosphate is very labile, is even less tractable, as shown by the corre-
sponding mass spectra in Figure 8.136. The peak at m/z 505.9889 corresponds
to the true mass of ATP. The loss of a phosphate group in source results in the
dominant peak in the mass spectrum corresponding to ADP (m/z 426.0226).
Thus, coelution of ADP and ATP would result in overlapping signals at m/z
426.0226, making identification and quantitation impossible. Separated by
HILIC, ADP is retained but with very poor peak shape. While ATP does not
produce a detectable peak under HILIC conditions at all, both ADP and ATP
are very well separated by anion-exchange chromatography using IonPac AS19
or AS20. Both columns differ in anion-exchange capacity and in the hydropho-
bicity of the functional groups. The slightly higher capacity of the IonPac AS20
column makes it more suitable for the analysis of biological samples, which
typically exhibit a greater variation of metabolite concentrations and a larger
potential for contaminants. In general, all nucleoside di- and triphosphates are
poorly separated on conventional HILIC columns such as ZIC-HILIC (see Sec-
tion 6.7.2), but are well separated with Gaussian peak shapes by anion-
exchange chromatography (Figure 8.137). Burgess et al. reported LODs of
approximately 100 pmol for this class of compounds.

The only limitation of capillary anion-exchange chromatography hyphenated
with high-resolution mass spectrometry is the suppressor device that exchanges
all cations from the eluent and from the samples for hydronium ions. Therefore,
detection is limited to negative ions. The analysis of positively charged species
can be performed, but it would require a separate run using a cation-exchange
column and the corresponding suppressor device.
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Figure 8.136 Negative ion high-resolution mass spectrum of ATP (a) and ADP (b). MS: LTQ
Orbitrap Velos; negative ion mode; voltage: —3 kV; resolution: 60 000 (reproduced with permis-
sion from Ref. [301]. Copyright 2011, John Wiley & Sons, Ltd.).

As discussed in Section 10.5.1, ICP-MS is the most popular detection system
for arsenic species, but it detects them all as As, at m/z 75. Speciation is com-
monly provided by chromatographic separation using a high-capacity anion
exchanger such as IonPac AS7, for instance, to achieve retention of the most
common arsenic species. While arsenite, arsenate, monomethylarsonic acid
(MMA), and dimethylarsinic acid (DMA) are retained on this column, arsenobe-
taine (AsB) as a zwitterionic compound elutes close to the void volume, making
it susceptible to matrix interference. The only way to retain arsenobetaine is
using cation-exchange chromatography at low pH. Thus, there is no single chro-
matographic separation to date that provides sufficient retention for both
anionic and zwitterionic arsenic species using ESI-MS-compatible mobile
phases. Slingsby et al. [302] solved this problem by coupling a dual-channel ion
chromatography system with electrospray ionization mass spectrometry (IC-MS
or IC-MS/MS) to provide retention of all five arsenic species and structural
information using ESI-MS detection. The use of MS/MS detection is required
for the analysis of samples with complex matrices, especially in the determina-
tion of arsenite.
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Figure 8.137 Separation of nucleoside di- and 100 mmol/L in 5 min, and then isocratic
triphosphates together with NAD and NADP ~ at 100 mmol/L for 22 min; flow rate:

by capillary anion-exchange chromatography 10 pL/min; detection: LTQ Orbitrap Velos
coupled with high-resolution mass spectrome- (see Figure 8.136), makeup flow of MeOH
try. Separator column: lonPac AS19; column at a flow rate of 10 pL/min (reproduced
dimensions: 250 mm x 0.4 mm i.d.; eluent: KOH with permission from Ref. [301]. Copyright
(EG); gradient: 8-40 mmol/L linearly from 0 to 2011, John Wiley & Sons, Ltd.).

15 min, then to 80 mmol/L in 10 min, to

The analytical method developed by Slingsby et al. combines an anion-
exchange separation with electrolytic suppression in Channel 1 and a mixed-
mode anion/cation separation without suppression in Channel 2. Within the set
of five arsenic species mentioned above, MMA, DMA, and AsB are best detected
in the positive ion mode, while arsenite and arsenate are best detected in the
negative ion mode. DMA needs to be separated by anion-exchange without sup-
pression, because it crosses the membrane inside the suppressor device. Injec-
tions into the two columns are made sequentially, 13 min apart, so that the data
from the conductivity and the ESI-MS detector can be collected in one data file.
The anion-exchange separation is carried out on the hydroxide-selective, high-
capacity IonPac AS18 column in the microbore format. Hydroxide selectivity is
important, because it allows the use of a hydroxide eluent that can be converted
to water in the suppressor device. The selectivity of IonPac AS18 also permits
the elution of the trivalent arsenate while at the same time retaining the mono-
valent arsenite. Using a hydroxide gradient, MMA is well separated from com-
mon matrix anions such as chloride and sulfate. Chloride, on the other hand, is



8.5 Hyphenated Techniques

well separated from arsenite, which is very important because chloride can cause
significant signal suppression of coeluting analytes. Mixed-mode separation can
be accomplished on a microbore IonPac CS5A column, which has an anion-
exchange capacity of 10pequiv/column and a cation-exchange capacity of
5 pequiv/column, enabling both anions and cations to be retained at this station-
ary phase. The formic acid eluent supplies formate ions for the elution of anions
and hydronium ions for the elution of cations. Thus, DMA and AsB can be sepa-
rated on the same stationary phase, although DMA requires an anion-exchange
mechanism for separation. Using an IonPac CS5A column with a formic acid
eluent, chloride elutes very close to AsB and signal suppression is observed on
the +SIM channel at m/z 179 for AsB during the elution of chloride. However,
additional anion-exchange capacity for an adequate separation of chloride and
AsB can be provided by using an IonPac AC15 column instead of the regular
guard column.

Figure 8.138 shows an overlay of SIM chromatograms of the five arsenic stan-
dards, including the conductivity trace for chloride. Arsenite is retained by anion
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Figure 8.138 SIM chromatograms of the five 0.3 mL/min; Channel 2. Separator column: lon-
most common arsenic species together with Pac AC15 + CS5A; column dimensions:
the conductivity trace for chloride based ona 250 mm x 2 mm i.d.; eluent: 80 mmol/L formic

dual-channel ion chromatography system acid; flow rate: 0.37 mL/min; detection: MSQ
coupled with ESI-MS. Channel 1. Separator col- Plus (needle voltage: 3 kV; cone voltages: 50V
umn: lonPac AS18; column dimensions: for arsenite, 30V for arsenate, 60V for MMA,

250 mm x 2mm i.d.; eluent: KOH (EG); gradi- 80V for DMA, and 70V for AsB) (see also
ent: 6-52 mmol/L linearly in 15 min; flow rate:  [302]).
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exchange on IonPac AS18 and can be detected as AsO; ion. Arsenate is retained
by anion exchange on both columns and is detected with best sensitivity as the
HyAsOj3 ion. Monomethylarsonic acid is also retained as an anion but detected
with good sensitivity as the protonated species in the positive ion mode. Arsen-
obetaine is also protonated in the formic acid eluent and is, therefore, retained
by cation exchange on the IonPac AC15/CS5A column set. It is detected as a
cation because As bears a permanent positive charge under these conditions.
Dimethylarsinic acid is not only retained as an anion but also detected as a cat-
ion. The method is linear for all analytes over the range of 5—100 pug/L. Method
detection limits in a drinking water matrix of 100 mg/L each of chloride,
bicarbonate, and sulfate were determined based on seven replicates and the stan-
dard student’s test calculation, ranging from 1 pg/L for DMA to 20 pg/L for
arsenite.

At present, electrospray interfacing is the most widely used technique for
introducing liquid into a mass spectrometer. In addition, electrospray ionization
is a very efficient ionization technique that significantly extended the analytical
potential of mass spectrometry. Today, both electrospray ionization and chemi-
cal ionization at atmospheric pressure (APCI) are standard methods in LC-MS.
Although the majority of current publications deal with the characterization of
biologically relevant macromolecules, the few examples introduced above under-
line the significance of electrospray interfaces for the sensitive detection and
structural elucidation of ionic compounds. The dominating role of electrospray
is attributed, above all, to its ease of use, high sensitivity, reliability, and
robustness.
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