7 Chemical lonization

Mass spectrometrists have ever been searching for ionization methods softer than
EI, because molecular weight determination is of key importance for structure elu-
cidation. Chemical ionization (CI) is the first of the soft ionization methods we are
going to discuss. Historically, field ionization (FI, Chap. 8) has been applied some
years earlier, and thus CI can be regarded as the second soft ionization method in-
troduced to analytical mass spectrometry. Several aspects of CI possess rather
close similarity to EI making its discussion next to EI more convenient. CI goes
back to experiments of Talrose in the early 1950s [1] and was developed to an
analytically useful technique by Munson and Field in the mid-1960s. [2-5] Since
then, the basic concept of CI has been extended and applied in numerous different
ways, meanwhile providing experimental conditions for a wide diversity of ana-
Iytical tasks. [5,6] The monograph by Harrison is especially recommended for
further reading. [7]

Note: When a positive ion results from CI, the term may be used without quali-
fication; nonetheless positive-ion chemical ionization (PICI) is frequently found
in the literature. When negative ions are formed, the term negative-ion chemi-
cal ionization (NICI) should be used. [8]

7.1 Basics of Chemical lonization

7.1.1 Formation of lons in Chemical lonization

In chemical ionization new ionized species are formed when gaseous molecules
interact with ions. Chemical ionization may involve the transfer of an electron,
proton, or other charged species between the reactants. [8] These reactants are
1) the neutral analyte M and ii) ions from a reagent gas.

CI differs from what we have encountered in mass spectrometry so far because
bimolecular processes are used to generate analyte ions. The occurrence of bimol-
ecular reactions requires a sufficiently large number of ion-molecule collisions
during the dwelltime of the reactants in the ion source. This is achieved by signifi-
cantly increasing the partial pressure of the reagent gas. Assuming reasonable col-
lision cross sections and an ion source residence time of 1 ps, [9] a molecule will
undergo 30-70 collisions at an ion source pressure of about 2.5 x 10 Pa. [10] The
10°-10*fold excess of reagent gas also shields the analyte molecules effectively



332 7 Chemical Ionization

from ionizing primary electrons which is important to suppress competing direct
EI of the analyte. There are four general pathways to form ions from a neutral
analyte M in CI:

M + [BH]" - [M+H]" + B proton transfer (7.1)
M+ X" - [M+X]" electrophilic addition (7.2)
M+ X" = [M-A]" + AX anion abstraction (7.3)
M+X">M"+X charge exchange (7.4)

Although proton transfer is generally considered to yield protonated analyte
molecules, [M+H]*, acidic analytes may also form abundant [M—H]™ ions by pro-
tonating some other neutral. Electrophilic addition chiefly occurs by attachment of
complete reagent ions to the analyte molecule, e.g., [M+NH,4]" in case of ammonia
reagent gas. Hydride abstractions are abundant representatives of anion abstrac-
tion, e.g., aliphatic alcohols rather yield [M—H]* ions than [M+H]" ions. [11,12]
Whereas reactions 7.1-7.3 result in even electron ions, charge exchange (Eq. 7.4)
yields radical ions of low internal energy which behave similar to molecular ions
in low-energy electron ionization (Chap. 5.1.5).

Note: It is commonplace to denote [M+H]" and [M—H]" ions as quasimolecular
ions because these ions comprise the otherwise intact analyte molecule and are
detected instead of a molecular ion when CI or other soft ionization methods
are employed. Usually, the term is also applied to [M+alkali]® ions created by
other soft ionization methods.

7.1.2 Chemical lonization lon Sources

CI ion sources exhibit close similarity to EI ion sources (Chap. 5.2.1). In fact,
modern EI ion sources can usually be switched to CI operation in seconds, i.e.,
they are constructed as EI/CI combination ion sources. Such a change requires the
EI ion source to be modified according to the needs of holding a comparatively
high pressure of reagent gas (some 107 Pa) without allowing too much leakage
into the ion source housing. [13] This is accomplished by axially inserting some
inner wall, e.g., a small cylinder, into the ion volume leaving only narrow holes
for the entrance and exit of the ionizing primary electrons, the inlets and the exit-
ing ion beam. The ports for the reference inlet, the gas chromatograph (GC) and
the direct probe (DIP) need to be tightly connected to the respective inlet system
during operation, i.e., an empty DIP is inserted even when another inlet actually
provides the sample flow into the ion volume. The reagent gas is introduced di-
rectly into the ion volume to ensure maximum pressure inside at minimum losses
to the ion source housing (Fig. 7.1). During CI operation, the pressure in the ion
source housing typically rises by a factor of 20-50 as compared to the background
pressure of the instrument, i.e., to 5x 10™*~107 Pa. Thus, sufficient pumping



7.2 Chemical Ionization by Protonation 333

speed (= 200 1s7™") is necessary to maintain stable operation in CI mode. The en-
ergy of the primary electrons is preferably adjusted to some 200 eV, because elec-
trons of lower energy experience difficulties in penetrating the reagent gas.
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Fig. 7.1. Schematic layout of a chemical ionization ion source. Adapted from Ref. [14] by
permission. © Springer-Verlag Heidelberg, 1991.

7.1.3 Sensitivity of Chemical lonization

Ionization in CI is the result of one or several competing chemical reactions.
Therefore, the sensitivity in CI strongly depends on the conditions of the experi-
ment. In addition to primary electron energy and electron current, the reagent gas,
the reagent gas pressure, and the ion source temperature have to be stated with the
sensitivity data to make a comparison. Modern magnetic sector instruments are
specified to have a sensitivity of about 4 x 10® C ug™ for the [M+H]" quasi-
molecular ion of methylstearate, m/z 299, at R = 1000 in positive-ion CI mode.
This is approximately one order of magnitude less than for EI.

7.2 Chemical lonization by Protonation

7.2.1 Source of Protons

The occurrence of [M+H]* ions due to bimolecular processes between ions and
their neutral molecular counterparts is called autoprotonation or self-CI. Usually,
autoprotonation is an unwanted phenomenon in EI-MS. [M+1] ions from auto-
protonation become more probable with increasing pressure and with decreasing
temperature in the ion source. Furthermore, the formation of [M+1] ions is pro-
moted if the analyte is of high volatility or contains acidic hydrogens. Thus, self-
CI can mislead mass spectral interpretation either by leading to an overestimation
of the number of carbon atoms from the “C isotopic peak (Chap. 3.2.1) or by
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indicating a by 1u higher molecular mass (Fig. 7.6 and cf. nitrogen rule
Chap. 6.2.5). However, in CI-MS with methane or ammonia reagent gas, for ex-
ample, the process of autoprotonation is employed to generate the reactant ions.

Note: The process M+ X > MX* + e, i.e., ionization of internally excited
molecules upon interaction with other neutrals is known as chemi-ionization.
Chemi-ionization is different from CI in that there is no ion-molecule reaction
involved [8,15] (cf. Penning ionization, Chap. 2.2.1).

7.2.2 Methane Reagent Gas Plasma

The EI mass spectrum of methane has already been discussed (Chap. 6.1). Rising
the partial pressure of methane from the standard value in EI of about 10~ Pa to
10* Pa significantly alters the resulting mass spectrum. [1] The molecular ion,
CH,4", m/z 16, almost vanishes and a new species, CHs", is detected at m/z 17 in-
stead. [16] In addition some ions at higher mass occur, the most prominent of
which may be assigned as C,Hs", m/z 29, [17,18] and C3Hs", m/z 41 (Fig. 7.2). The
positive ion CI spectrum of methane can be explained as the result of competing
and consecutive bimolecular reactions in the ion source: [4,6,10]

CH, + ¢ — CH,", CH,*, CH,", CH*, C*", H,*", H' (1.5)
CH," + CH, — CHs" + CH;" (7.6)

CH;" + CH, —» C,H," - C,Hs" + H, (1.7)

CH," + CH, > C,H," + H, (7.8)

CH," + CH, » GH;' + H, + H' (7.9)

C,H;" + CH, — C;Hs* + H, (7.10)

C,Hs" + CH, —» C;H; + H, (7.11)

The relative abundances of these product ions change dramatically as the ion
source pressure increases from EI conditions to 25 Pa. Above 100 Pa, the relative
concentrations stabilize at the levels represented by the CI spectrum of methane
reagent gas (Fig. 7.3). [4,19] Fortunately, the ion source pressure of some 10 Pa
in CI practice is in the plateau region of Fig. 7.3, thereby ensuring reproducible CI
conditions. The influence of the ion source temperature is more pronounced than
in EI because the high collision rate rapidly effects a thermal equilibrium.

Note: Although the temperature of the ionized reagent gas is by far below that
of a plasma, the simultaneous presence of free electrons, protons, numerous
ions and radicals lead to its description as a reagent gas plasma.
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Fig. 7.2. Comparison of the methane spectrum upon electron ionization at different ion
source pressures: (a) approx. 107 Pa, (b) approx. 10> Pa. The latter represents the typical
methane reagent gas spectrum in positive-ion CL.
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Fig. 7.3. Percentage of total ionization above m/z 12 (% X,,) of (a) CH,*", m/z 16, and
CHs*, m/z 17, and (b) CH3*, m/z 15, and C,Hs", m/z 29, as a function of CH, pressure at
100 eV electron energy and at ion source temperatures 50 °C (—) and 175 °C (-----);
100 mTorr = 13.33 Pa. Adapted from Ref. [19] by permission. © Elsevier Science, 1990.

7.2.2.1 CHs* and Related lons

The protonated methane ion, CHs", represents a reactive as well as fascinating
species in the methane reagent gas plasma. Its structure has been calculated and
experimentally verified. [16] The chemical behavior of the CHs" ion appears to be
compatible with a stable structure, involving a three-center two-electron bond as-
sociating 2 hydrogens and the carbon atom. Rearrangement of this structure due to
exchange between one of these hydrogens and one of the three remaining hydro-
gens appears to be a fast process that is induced by interactions with the chemical
ionization gas. In case of the C,H;" intermediate during C,Hs" ion formation sev-
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eral isomerizing structures are discussed. [17,18] In protonated fluoromethane, the
conditions are quite different, promoting a weak C—F and a strong F-H bond. [20]
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Scheme 7.1.

7.2.3 Energetics of Protonation

The tendency of a (basic) molecule B to accept a proton is quantitatively described
by its proton affinity PA (Chap. 2.11). For such a protonation we have: [3]

B,+H," > [BH],; —AH,=PAg, (7.12)

In case of an intended protonation under the conditions of CI one has to com-
pare the PAs of the neutral analyte M with that of the complementary base B of
the proton-donating reactant ion [BH]* (Brgnsted acid). Protonation will occur as
long as the process is exothermic, i.e., if PAg) < PAgy. The heat of reaction has
basically to be distributed among the degrees of freedom of the [M+H]" analyte
ion. [12,21] This means in turn, that the minimum internal energy of the [M+H]"
ions is determined by:

Eint(M+H) = —APA = PA(M) - PA(B) (713)

Some additional thermal energy will also be contained in the [M+H]* ions.
Having PA data at hand (Table 2.6) one can easily judge whether a reagent ion
will be able to protonate the analyte of interest and how much energy will be put
into the [M+H]" ion.

Example: The CHs* reactant ion will protonate C,Hg because Eq. 7.13 gives
APA = PA sy — PAcone) = 552 — 601 =49 kJ mol™. The product, protonated
ethane, C,H;", immediately stabilizes by H, loss to yield C,Hs*. [17,18] In case of
tetrahydrofurane,  protonation is more  exothermic:  APA =PA cu4) —
PA canso) = 552 — 831 = —279 kJ mol ™.

7.2.3.1 Impurities of Higher PA than the Reagent Gas

Due to the above energetic considerations, impurities of the reagent gas having a
higher PA than the neutral reagent gas are protonated by the reactant ion. [3] Re-
sidual water is a frequent source of contamination. Higher concentrations of water
in the reagent gas may even alter its properties completely, i.e., H;O" becomes the
predominant species in a CH4/H,O mixture under CI conditions (Fig. 7.4). [22]
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Fig. 7.4. Relative concentrations of CHs" and H;O" ions vs. pressure of a mixture of CH,
(99 %) and H,O (1 %). 1 Torr=133 Pa. Reproduced from Ref. [22] by permis-
sion. © American Chemical Society, 1965.

Note: Any analyte of suitable PA may be regarded as basic impurity of the rea-
gent gas, and therefore becomes protonated in excellent yield. Heteroatoms and
n-electron systems are the preferred sites of protonation. Nevertheless, the ad-
ditional proton often moves between several positions of the ion, sometimes
accompanied by its exchange with otherwise fixed hydrogens. [23,24]

7.2.4 Methane Reagent Gas PICI Spectra

The [M+H]" quasimolecular ion in methane reagent gas PICI spectra — generally
denoted methane-CI spectra — is usually intense and often represents the base
peak. [25-27] Although protonation in CI is generally exothermic by 1-4 eV, the
degree of fragmentation of [M+H]" ions is much lower than that observed for the
same analytes under 70 eV EI conditions (Fig. 7.5). This is because [M+H]" ions
have i) a narrow internal energy distribution, and ii) fast radical-induced bond
cleavages are prohibited, because solely intact molecules are eliminated from
these even-electron ions.

Occasionally, hydride abstraction may occur instead of protonation. Electro-
philic addition fairly often gives rise to [M+C,Hs]" and [M+C;H;s]* adduct ions.
Thus, [M+29] and [M+41] peaks are sometimes observed in addition to the ex-
pected — usually clearly dominating — [M+1] peak.

Note: Hydride abstraction is only recognized with some difficulty. To identify
a [M-H]"* peak occurring instead of a [M+H]* peak it is useful to examine the
mass differences between the signal in question and the products of electro-
philic addition. In such a case, [M+29] and [M+41] peaks are observed as
seemingly [M+31] and [M+43] peaks, respectively. An apparent loss of 16 u
might indicate an [M+H-H,O]" ion instead of an [M+H-CH,4]" ion.
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Fig. 7.5. Comparison of (a) 70 eV EI spectrum and (b) methane reagent gas CI spectrum of
the amino acid methionine. Fragmentation is strongly reduced in the CI mass spectrum.

7.2.5 Other Reagent Gases in PICI

As pointed out, the value of APA determines whether a particular analyte can be
protonated by a certain reactant ion and how exothermic the protonation will be.
Considering other reagent gases than methane therefore allows some tuning of the
PICI conditions. The systems employed include molecular hydrogen and hydro-
gen-containing mixtures, [12,21,28] isobutane, [29-33] ammonia, [30,34-40] di-
methylether, [41] diisopropylether, [42] acetone, [11] acetaldehyde, [11], benzene,
[43] and iodomethane. [44] Even transition metal ions such as Cu* [45] and Fe*
[46] can be employed as reactant ions to locate double bonds. However, nitrous
oxide reagent gas better serves that purpose. [39,47,48] The most common reagent
gases are summarized in Table 7.1. The EI and CI spectra of ammonia and isobu-
tane are compared in Fig. 7.6.

Isobutane is an especially versatile reagent gas, because i) it provides low-
fragmentation PICI spectra of all but the most unpolar analytes, ii) gives almost
exclusively one well-defined adduct ([M+C4Ho]", [M+57]) if any (Fig. 7.7), and
iii) can also be employed for electron capture (Chap. 7.4).
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Fig. 7.6. Standard EI versus positive-ion CI spectra of isobutane (upper) and ammonia
(lower part). Ammonia forms abundant cluster ions upon CIL.

. @ 61 [M-OMe] W b 93 [M+H]
1  -HO ]
£ / 70 eV El ] isobutane-Cl
A 43
g 4
g 1 OH ]
£ 2 31
] + 5@ |
2 | CHO o
< 31 OH OH X
e ] [M+H-H,0]
] [M+H]" 1 CcHo ® [2M+H]*
[T ] 45 185
® 4@ 0 80 1w 120 140 Mz @ 4 so 88 1@ 120 4@ 168 180 MVZ

Fig. 7.7. Comparison of (a) 70 eV EI and (b) isobutane-CI spectrum of glycerol. Instead of
a molecular ion, an [M+H]" quasimolecular ion is observed in EI mode, too. In addition to
[M+H]", the CI spectrum shows few fragment ions and a weak [2M+H]" cluster ion signal.

Example: In an overdose case where evidence was available for the ingestion
of Percodan (a mixture of several common drugs) the isobutane-CI mass spectrum
of the gastric extract was obtained (Fig.7.8). [29] All drugs give rise to an
[M+H]" ion. Due to the low exothermicity of protonation by the ter-C4Ho" ion,
most [M+H]* ions do not show fragmentation. Solely that of aspirin shows intense
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fragment ion peaks that can be assigned as [M+H-H,Ol*, m/z 163; [M+H-
H,C=COJ]*, m/z139; and [M+H-CH;COOH]*, m/z 121. In addition to the
[M+H]" ion at m/z 180, phenacetin forms a [2M+H]" cluster ion, m/z 359. Such
[2M+H]" cluster ions are frequently observed in CI-MS.
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Fig. 7.8. Isobutane CI mass spectrum of gastric contents in an overdose case. Reproduced
from Ref. [29] by permission. © American Chemical Society, 1970.

Table 7.1. Common PICI reagent gases

Reagent Gas  Reactant Ions Neutral from PA of Neutral ~ Analyte Ions
Reactant Ions ~ Product

H, H;* H, 424 [M+H]", [M-H]"
CH, CH;", CH, 552 [M-+H]" (IM+CoHs]"
(C,Hs" and and [M+C5Hs]")
C:Hs")
i-CyHyp -C4Hy" i-C,H 820 [M+H]", (IM+CiHy]",
eventually [M+CsH;]",
[M+C;Hs]" and
[M+C5H;1%)
NH, NH,* NH, 854 [M+H]", [M+NH,]*

Note: Resulting from the large excess of the reagent gas, its spectrum is of
much higher intensity than that of the analyte. Therefore, CI spectra are usually
acquired starting above the m/z range occupied by reagent ions, e.g., above
m/z 50 for methane or above m/z 70 for isobutane.
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7.3 Charge Exchange Chemical lonization

Charge exchange (CE) or charge transfer ionization occurs when an ion-neutral
reaction takes place in which the ionic charge is transferred to the neutral. [8] In
principle, any of the reagent systems discussed so far is capable to effect CE be-
cause the respective reagent molecular ions X are also present in the plasma:

X"+ M o> M"+X (7.14)

However, other processes, in particular proton transfer, are prevailing with
methane, isobutane, and ammonia, for example. Reagent gases suitable for CE
should exhibit abundant molecular ions even under the conditions of CI, whereas
potentially protonating species have to be absent or at least of minor abundance.

Note: The acronym CE is also used for capillary electrophoresis, a separation
method. CE may be coupled to a mass spectrometer via an electrospray inter-
face (Chaps. 11, 12), and thus CE-CI and CE-ESI-MS must not be confused.

7.3.1 Energetics of CE

The energetics of CE are determined by the ionization energy (IE) of the neutral
analyte, IE, and the recombination energy of the reactant ion, REx,.,. Recom-
bination of an atomic or molecular ion with a free electron is the inverse of its
ionization. REx.., is defined as the exothermicity of the gas phase reaction: [7]

X*+e > X; —AH,=REx.. (7.15)

For monoatomic ions, the RE has the same numerical value as the IE of the
neutral; for diatomic or polyatomic species differences due to storage of energy in
internal modes or electronic excitation may occur. Ionization of the analyte via CE
is effected if: [49]

RE(X+.) - IE(M) >0 (7 16)

Now, the heat of reaction, and thus the minimum internal energy of the analyte
molecular ion, is given by: [50]

Eius = REx, — [Eqy (7.17)

(The = sign indicates the additional contribution of thermal energy.) In sum-
mary, no CE is expected if REx,.) is less than IEy; predominantly M* ions are
expected if REx.., is slightly above IEy); and extensive fragmentation will be ob-
served if REx..) is notably greater than IE;. [5S0] Accordingly, the “softness” of
CE-CI can be adjusted by choosing a reagent gas of suitable RE. Fortunately, the
differences between REs and IEs are small, and unless highest accuracy is re-
quired, IE data may be used to estimate the effect of a CE reagent gas (Table 2.1).
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7.3.2 Reagent Gases for CE-CI

The gases employed for CE-CI are numerous. Reagent gases such as hydrogen
[21] or methane can also affect CE. Typically, pure compounds are employed as
CE reagent gases, but occasionally they are diluted with nitrogen to act as an inert
or sometimes reactive buffer gas (Table 7.2). Compared to protonating CI condi-
tions, the reagent gas is typically admitted at somewhat lower pressure (15-80 Pa).
Primary electron energies are reported in the 100-600 eV range. The major rea-
gent gases include chlorobenzene, [51] benzene, [43,52,53] carbon disulfide,
[54,55] xenon, [54,56] carbon oxysulfide, [54-58] carbon monoxide, [50,54,56]
nitrogen oxide, [50,59] dinitrogen oxide, [55,59] nitrogen, [54] and argon. [54]

Example: The CE-CI spectra of cyclohexene are compared to the 70 eV EI
spectrum. Different CE reagent gases show different degrees of fragmentation
(Fig. 7.9). [61] The relative intensity of the molecular ion increases as the RE of
the reagent gas decreases. CE-CI mass spectra closely resemble low-energy EI
spectra (Chap. 5.1.5) because molecular ions are formed upon CE. As the sensi-

tivity of CE-CI is superior to low-energy EI [49], CE-CI may be preferred over
low-energy EIL
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Fig. 7.9. Comparison of 70 eV EI mass spectrum and CE mass spectra of cyclohexene re-

corded with different reagent gases. Adapted from Ref. [61] by permission. © John Wiley
& Sons, 1976.
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Table 7.2. Compilation of CE-CI reagent gases [7,50,51,54-56,60]

Reagent Gas Reactant Ion RE or RE range [eV]
C¢HsNH, CeHsNH,* 7.7
C¢HsCl CeHsCI™ 9.0

CgHg CeHg" 9.2

NO :N,=1:9 NO* 9.3

CgFe: CO,=1:9 CeFs™ 10.0
CS;:N,=1:9 CS,*™ 9.5-10.2
H,S H,S*™ 10.5
COS:CO=1:9 cos* 11.2

Xe Xe™ 12.1,13.4
N,O(:N;=1:9) N,O* 12.9

CO, Cco,” 13.8

CcO co* 14.0

Kr Kr* 14.0, 14.7
N, N, 15.3

H, H," 15.4

Ar Ar™ 15.8,15.9
Ne Ne* 21.6,21.7
He He™ 24.6

7.3.4 Compound Class-Selective CE-CI

The energy distribution upon CE largely differs from that obtained upon EI in that
the CE process delivers an energetically well-defined ionization of the neutral.
Choosing the appropriate reagent gas allows for the selective ionization of a tar-
geted compound class contained in a complicated mixture. [49,51,53,62] The dif-
ferentiation is possible due to the characteristic range of ionization energies for
each compound class. This property of CE-CI can also be applied to construct
breakdown graphs from a set of CE-CI mass spectra using reactant ions of step-
wise increasing REx.., e.g., CeFs™, CS,”, COS™, Xe", N,O™, CO™, N,"
(Chap. 2.10.5). [56,60]

Example: CE-CI allows for the direct determination of the molecular weight
distributions of the major aromatic components in liquid fuels and other petroleum
products. [49,51,62] The approach involves selective CE between C¢HsCl™ and
the substituted benzenes and naphthalenes in the sample. In this application, chlo-
robenzene also serves as the solvent for the fuel to avoid interferences with resid-
ual solvent. Thus, the paraffinic components present in the fuel can be suppressed
in the resulting CE-CI mass spectra (Fig. 7.10). [51]
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Fig. 7.10. (a) Ionization energies of certain classes of organic molecules as a function of
their molecular weight, and (b) relative sensitivities for (O) alkylbenzenes,
(@) polyolefines, and (®) substituted naphthalenes in chlorobenzene CE-CI. Adapted
from Ref. [51] by permission. © American Chemical Society, 1983.

7.3.5 Regio- and Stereoselectivity in CE-CI

Small differences in activation energy (AE) as existing for fragmentations of re-
gioisomers [54,55,57,58] or stereoisomers do not cause significant differences in
70 eV EI spectra. Pathways leading to fragments F; and F; cannot be distin-
guished, because minor differences in the respective AEs are overridden by the
excess energy of the fragmenting ions (Chap. 2.5). The situation changes if an en-
ergy-tunable ionization method is applied which in addition offers a narrow en-
ergy distribution. If the appearance energies AE ;) and AE g, of the fragments F,
and F, from isomeric precursor are just below RE..), a significant alteration of
relative intensities of F, and F,: would be effected.

Example: In epimeric 4-methylcyclohexanols the methyl and the hydroxyl
group can either both reside in axial position (cis) or one is equatorial while the
other is axial (trans). In the trans isomer, stereospecific 1,4-H,O elimination
should proceed easily (Chap. 6.10.3), whereas H,O loss from the cis isomer is
more demanding. CE-CI using CgFs™ reactant ions clearly distinguishes these
stereoisomers by their M*/[M—H,O]*" ratio (¢trans : cis = 0.09 : 2.0 = 23). [60]

+, H.OTH
H OH [M-H20]
‘ 4 1 fast CoH,T*
rans _— .
H H 72 +
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CHs OH |
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cis MH ——————  [CHI™ (M-H20]
'H20

Scheme 7.2.
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7.4 Electron Capture

In any CI plasma, both positive and negative ions are formed simultaneously, e.g.,
[M+H]" and [M—-H] ions, and it is just a matter of the polarity of the acceleration
voltage which ions are extracted from the ion source. [63] Thus, negative-ion
chemical ionization (NICI) mass spectra are readily obtained by deprotonation of
acidic analytes like phenols or carboxylic acids or by anion attachment. [64-67]

However, one process of negative-ion formation is of special interest, because
it provides superior sensitivity with many toxic and/or environmentally relevant
substances: [68-72] this is electron capture (EC) or electron attachment. [73] EC
is a resonance process whereby an external electron is incorporated into an orbital
of an atom or molecule. [8] Strictly speaking, EC is not a sub-type of CI because
the electrons are not provided by a reacting ion, but are freely moving through the
gas at thermal energy. Nonetheless, the ion source conditions to achieve EC are
similar to PICI. [74]

7.4.1 lon Formation by Electron Capture

When a neutral molecule interacts with an electron of high kinetic energy, the
positive radical ion is generated by EIL If the electrons have less energy than the IE
of the respective neutral, EI is prohibited. As the electrons approach thermal en-
ergy, EC can occur instead. Under EC conditions, there are three different mecha-
nisms of ion formation: [65,75-77]

M+e M7 resonance electron capture (7.18)
M+e — [M-A] +A’ dissociative electron capture (7.19)
M+e = [M-B] +B" +¢” ion-pair formation (7.20)

Resonance electron capture directly yields the negative molecular ion, M,
whereas even-electron fragment ions are formed by dissociative electron capture
and ion-pair formation. Molecular ions are generated by capture of electrons with
0-2 eV kinetic energy, whereas fragment ions are generated by capture of elec-
trons from O to 15 eV. Ion-pair formation tends to occur when electron energies
exceed 10 eV. [77]

7.4.3 Energetics of EC

The potential energy curves of a neutral molecule AB and the potential ionic
products from processes 7.18—7.20 are compared below (Fig. 7.11). These graphs
reveal that the formation of negative molecular ions, AB™, is energetically much
more favorable than homolytic bond dissociation of AB and that the AB™ ions
have internal energies close to the activation energy for dissociation. [65,73,75]
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The negative molecular ions from EC are therefore definitely less excited than
their positive counterparts from 70 eV EIL.

a b c
E E E
-+ B+
A+B A +B
B
A +B*
AB AB
r(AB) r(AB) r(AB)

Fig. 7.11. Energetics of (a) resonance electron capture, (b) dissociative electron capture,
and (c) ion-pair formation. Adapted from Ref. [75] by permission. © John Wiley & Sons,
1981.

Example: The EC mass spectrum of benzo[a]pyrene, CyHj,, exclusively
shows the negative molecular ion at m/z 252 (Fig. 7.12). The two additional minor
signals correspond to impurities of the sample.
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Fig. 7.12. EC spectrum of benzo[a]pyrene; isobutane buffer gas, ion source 200 °C.

The energetics of EC are determined by the electron affinity (EA) of the neu-
tral. The EA is the negative of the enthalpy of reaction of the attachment of a zero
kinetic energy electron to a neutral molecule or atom:

M+e >M", -AH,=EAy (7.21)

As the IE of a molecule is governed by the atom of lowest IE within that neu-
tral (Chap. 2.2.2), the EA of a molecule is basically determined by the atom of
highest electronegativity. This is why the presence of halogens, in particular F and
Cl, and nitro groups make analytes become attractive candidates for EC
(Table 7.3). [78] If EC occurs with a neutral of negative EA, the electron—mole-
cule complex will have a short lifetime (autodetachment), but in case of positive
EA a negative molecular ion can persist.
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Example: Consider the dissociative EC process CF,Cl, + e — F + CFCl,".
Let the potential energy of CF,Cl, be zero. The homolytic bond dissociation en-
ergy Dg_croiz) has been calculated as 4.93 eV. Now, the potential energy of the
products is 4.93 eV less the electron affinity of a fluorine atom (EA ., = 3.45 V),
i.e., the process is endothermic by 1.48 eV. The experimental AE of the fragments
is 1.8 eV. This yields a minimum excess energy of 0.32 eV (Fig. 7.13). [79]

57 2 F' +'CFCly + e
- /ﬁ
4_
| T EeXmax
3 EA(F-) :
D(F-CFCly) '

2+

Eexmin
1 AE A F +°CFClp

AHy
0 CF2Cly

"(C-F)

Fig. 7.13. Potential energy diagram of dissociative EC process CF,Cl, + ¢~ — F~ + CFCl,".

Table 7.3. Selected electron affinities [80]

Compound EA [eV] Compound EA [eV]
carbon dioxide -0.600 pentachlorobenzene 0.729
naphthalene -0.200 carbon tetrachloride 0.805
acetone 0.002 biphenylene 0.890
1,2-dichlorobenzene 0.094 nitrobenzene 1.006
benzonitrile 0.256 octafluorocyclobutane 1.049
molecular oxygen 0.451 pentafluorobenzonitrile 1.084
carbon disulfide 0.512 2-nitronaphthalene 1.184
benzo[e]pyrene 0.534 1-bromo-4-nitrobenzene 1.292
tetrachloroethylene 0.640 antimony pentafluoride 1.300

7.4.4 Creating Thermal Electrons

Thermionic emission from a heated metal filament is the standard source of free
electrons. However, those electrons usually are significantly above thermal energy
and need to be decelerated for EC. Buffer gases such as methane, isobutane, or
carbon dioxide serve well for that purpose, but others have also been used.
[64,74,81] The gases yield almost no negative ions themselves while moderating
the energetic electrons to thermal energy. [69] Despite inverse polarity of the ex-
traction voltage, the same conditions as for PICI can usually be applied
(Fig. 7.12). However, EC is comparatively sensitive to ion source conditions.
[67,82] The actual ion source temperature, the buffer gas, the amount of sample
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introduced, and ion source contaminations play important roles each. Regular
cleaning of the ion source is important. [70] Lowering the ion source temperature
provides lower-energy electrons, e.g., assuming Maxwellian energy distribution
the mean electron energy is 0.068 eV at 250 °C and 0.048 eV at 100 °C. [69] Al-
ternatively, electrons of well-defined low energy can be provided by an electron
monochromator. [79,82-84]

7.4.5 Appearance of EC Spectra

EC spectra generally exhibit strong molecular ions and some primary fragment
ions. As M is an odd-electron species, homolytic bond cleavages as well as rear-
rangement fragmentations may occur (Fig. 7.14) Apart from the changed charge
sign, there are close similarities to the fragmentation pathways of positive mo-
lecular ions (Chap. 6.). [67,76,77]
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Fig. 7.14. Methane EC spectrum of 2,3,4,5-tetrachloronitrobenzene. Redrawn from Ref.
[77] by permission. © John Wiley & Sons, 1988.

7.4.6 Applications of EC

EC, especially when combined with GC-MS, is widespread in monitoring envi-
ronmental pollutants such as toxaphene, [72] dioxins, [74,79,82,84] pesticides,
[79] halogenated metabolites, [71] DNA adducts, [78] explosives, [66,85,86] and
others. [68,69,87,88]

7.5 Sample Introduction in CI

In CI, the analyte is introduced into the ion source the same way as described for
El i.e., via direct insertion probe (DIP), direct exposure probe (DEP), gas chro-
matograph (GC), or reservoir inlet (Chap. 5.3).
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7.5.1 Desorption Chemical lonization

CI in conjunction with a direct exposure probe is known as desorption chemical
ionization (DCI). [30,89,90] In DCI, the analyte is applied from solution or sus-
pension to the outside of a thin resistively heated wire loop or coil. Then, the ana-
Iyte is directly exposed to the reagent gas plasma while being rapidly heated at
rates of several hundred °C s™' and to temperatures up to about 1500 °C
(Chap. 5.3.2 and Fig. 5.16). The actual shape of the wire, the method how exactly
the sample is applied to it, and the heating rate are of importance for the analytical
result. [91,92] The rapid heating of the sample plays an important role in promot-
ing molecular species rather than pyrolysis products. [93] A laser can be used to
effect extremely fast evaporation from the probe prior to CI. [94] In case of non-
availability of a dedicated DCI probe, a field emitter on a field desorption probe
(Chap. 8) might serve as a replacement. [30,95] Different from desorption elec-
tron ionization (DEI), DCI plays an important role. [92] DCI can be employed to
detect arsenic compounds present in the marine and terrestrial environment [96],
to determine the sequence distribution of B-hydroxyalkanoate units in bacterial
copolyesters [97], to identify additives in polymer extracts [98] and more. [99]
Provided appropriate experimental setup, high resolution and accurate mass meas-
urements can also be achieved in DCI mode. [100]

Example: DCI requires fast scanning of the mass analyzer because of the
rather sudden evaporation of the analyte. The pyrolysis (Py) DCI mass spectrum
of cellulose, H(C¢H,0O5),OH, acquired using NHj reagent gas, 100 eV electron
energy, and scanning m/z 140-700 at 2 s per cycle shows a series of distinct sig-
nals. The peaks are separated by 162 u, i.e., by CsH;¢Os saccharide units. The
main signals are due to ions from anhydro-oligosaccharides, [(C¢H,¢Os),+NH,]",
formed upon heating of the cellulose in the ammonia CI plasma (Fig. 7.15). [91]
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Fig. 7.15. Ammonia-Py-DCI mass spectrum of cellulose and total ion current. Adapted
from Ref. [91] by permission. © Research Council of Canada, 1994.
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Note: Although desorption chemical ionization being the correct term, [92]
DCI is sometimes called direct CI, direct exposure CI, in-beam CI, or even
surface ionization in the literature.

7.6 Analytes for CI

Whether an analyte is suitable to be analyzed by CI depends on what particular CI
technique is to be applied. Obviously, protonating PICI will be beneficial for other
compounds than CE-CI or EC. In general, most analytes accessible to EI
(Chap. 5.6) can be analyzed by protonating PICI, and PICI turns out to be espe-
cially useful when molecular ion peaks in EI are absent or very weak. CE-CI and
EC play a role where selectivity and/or very high sensitivity for a certain com-
pound class is desired (Table 7.4). The typical mass range for CI reaches from 80
to 1200 u. In DCI, molecules up to 2000 u are standard, but up to 6000 u may be-
come feasible. [92]

Table 7.4. CI methods for different groups of analytes

Analyte Thermodynamic Prop- Example Suggested CI

erties” Method
low polarity, low to high IE, low alkanes, alkenes, aro- CE
no heteroatoms PA, low EA matic hydrocarbons
low to medium low to medium IE, alcohols, amines, esters, PICI, CE
polarity, one or two  medium to high PA, heterocyclic compounds
heteroatoms low EA
medium to high low to medium IE, diols, triols, amino acids, PICI
polarity, some high PA and low EA disaccharides, substituted
heteroatoms aromatic or heterocyclic

compounds

low to high polarity, medium IE, low PA, halogenated compounds, EC

halogens (especially medium to high EA derivatives, e.g., trifluo-
F or Cl) roacetate, pentafluoro-

benzyl
high polarity, low to medium IE, mono- to tetrasaccha- DCI
medium to high high PA and low EA rides, low mass peptides,
molecular mass other polar oligomers

high polarity, very ~ decomposition prod- polysaccharides, humic ~ Py-DCI
high molecular mass ucts of low to medium compounds, synthetic

IE, high PA and low polymers

EA

a) IE: ionization energy, PA: proton affinity, EA: electron affinity
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7.7 Mass Analyzers for CI

For the choice of a mass analyzer to be operated with a CI ion source the same
criteria as for EI apply (Chap. 5.5). As mentioned before, sufficient pumping

speed at the ion source housing is a prerequisite.
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