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The behavior in atmospheric pressure chemical ionization of selected model polycyclic
aromatic compounds, pyrene, dibenzothiophene, carbazole, and fluorenone, was studied in
the solvents acetonitrile, methanol, and toluene. Relative ionization efficiency and sensitivity
were highest in toluene and lowest in methanol, a mixture of molecular ions and protonated
molecules was observed in most instances, and interferences between analytes were detected
at higher concentrations. Such interferences were assumed to be caused by a competition
among analyte molecules for a limited number of reagent ions in the plasma. The presence of
both molecular ions and protonated analyte molecules can be attributed to charge-transfer
from solvent radical cations and proton transfer from protonated solvent molecules, respec-
tively. The order of ionization efficiency could be explained by incorporating the effect of
solvation in the ionization reactions. Thermodynamic data, both experimental and calculated
theoretically, are presented to support the proposed ionization mechanisms. The analytical
implications of the results are that using acetonitrile (compared with methanol) as solvent will
provide better sensitivity with fewer interferences (at low concentrations), except for analytes
having high gas-phase basicities. (J Am Soc Mass Spectrom 2008, 19, 1926–1941) © 2008
Published by Elsevier Inc. on behalf of American Society for Mass Spectrometry

The analysis of polycyclic aromatic compounds
(PACs) in petroleum and environmental samples
has been the subject of many investigations [1–3],

due to their impact on the environment, refining pro-
cesses, and product quality. However, success is often
hindered by the number and low concentration of these
compounds in such samples, as well as by the lack of
standards. Gas chromatography (GC) and GC coupled
with electron ionization (EI) mass spectrometry (GC/
MS) are normally employed for samples containing
robust, thermally stable analytes [4, 5]. Atmospheric
pressure ionization methods [6]—electrospray ioniza-
tion (ESI) [7], atmospheric pressure chemical ionization
(APCI) [8], and atmospheric pressure photoionization
(APPI) [9]—in conjunction with liquid chromatography
(LC) have been used for samples of more problematic
analytes.
It is generally believed that ESI suffers more from

nonlinear response and matrix effects than APCI. Lin-
ear response over a wide concentration range is an
attractive feature of APCI and has been reported by
several authors [10, 11]. Recently, Roussis and Fedora
compared the ability of APCI and ESI to quantify polar

and ionic compounds in petroleum products [12]. They
obtained linear ranges of three orders of magnitude for
both techniques, and higher sensitivity for ESI. How-
ever, the ESI response was nonlinear over the concen-
tration range of interest, and they recommended the use
of APCI for quantitative LC/MS applications.
In the course of a study of the application of APCI

to the analysis of nitrogen- and particularly sulfur-
containing PACs in petroleum samples, we observed
nonlinear responses and also interactions between ana-
lytes. This prompted us to undertake an examination of
the use of APCI to quantify these compounds over a
wide range in concentration and in the presence of
similar compounds that may cause interference. Diben-
zothiophene (DBT), carbazole (CAR), and fluoren-9-one
(FLU) were chosen as model heteroaromatic com-
pounds, and pyrene (PY) was selected as a model
polycyclic aromatic hydrocarbon (PAH) commonly
found in petroleum samples (Scheme 1). Acetonitrile
(CH3CN) and methanol (CH3OH) were selected as
typical LC solvents and toluene (C7H8) was used as a
solvent of low polarity and low ionization energy.
Although these model compounds are associated with
petroleum samples, the results of the study are gener-
ally applicable to the analysis of non- and semi-polar
compounds by APCI MS.
Recently, several direct atmospheric pressure ioniza-

tion and injection methods with characteristics similar
to APCI—direct analysis in real time (DART) [13],
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atmospheric-pressure solids analysis probe (ASAP)
[14], and plasma-assisted desorption/ionization (PADI)
[15]—have been introduced. Although the mechanisms
of ionization associated with these techniques [13–15],
and with APPI [16, 17], are not necessarily the same as
that of APCI, certain similarities do exist, and any
information obtained regarding APCI may be helpful in
understanding these other methods.
The objectives of the present work were threefold: (1)

to determine analytical parameters such as detection
limits, linear dynamic ranges, and the effect of solvent
flow rate for model PACs in common LC solvents, (2) to
study possible interferences between analytes, and (3)
to examine the mechanisms of ionization in APCI of
representative PACs.

Experimental

Materials

CH3CN, CH3OH, and C7H8 (HPLC grade, Fisher, Ne-
pean, ON, Canada) were used as received. DBT, CAR,
and FLU (Aldrich, Oakville, ON, Canada) were used
without further purification. PY (Aldrich, Oakville, ON,
Canada) was found to contain an impurity, which was
removed by dissolving the PY in dichloromethane
(Pesticide grade, Fisher, Nepean, ON, Canada) and
extracting the impurity with 10% aqueous HCl. After
evaporation of the dichloromethane, PY was further
purified by liquid chromatography using silica gel
(60–100 mesh, 150 Å, Aldrich, Oakville, ON, Canada)
as stationary phase and C7H8 as eluent. Nitrogen
source gas was obtained by evaporation of liquid
nitrogen generated in the Chemistry Department by
membrane separation of nitrogen from air followed
by liquefaction.

Solutions

Stock solutions of each PAC were prepared in CH3CN
and in CH3OH. Each stock solution was diluted with
the same solvent to yield analytical solutions with
concentrations in the range from �1 � 10�8 mol L�1 to
�1 � 10�3 mol L�1 in CH3CN and from �4 � 10�6 mol
L�1 to �5 � 10�2 mol L�1 in CH3OH for each PAC.
Solutions of PY in CH3OH were prepared in the con-
centration range from 4� 10�6 mol L�1 to 2� 10�2 mol
L�1, the solubility limit of PY.
Binary mixtures of PACs (DBT/PY, DBT/FLU,

DBT/CAR) were prepared in CH3CN and in CH3OH to
study the interactions of these compounds over a wide
concentration range. In all experiments, the concentra-
tion of DBT was held constant and PY, CAR, or FLU
were mixed with DBT to form solutions with final
molar ratios (DBT:PAC) of 3:1, 1:1, and 1:3. For experi-
ments at lower concentrations, the concentration of DBT
was set to 1� 10�6 mol L�1 in CH3CN and 1� 10�4 mol
L�1 in CH3OH. For higher concentrations, the concen-
tration of DBT was made 5 � 10�4 mol L�1 in CH3CN
and 1 � 10�2 mol L�1 in CH3OH. In the case of the
DBT/PY mixture in CH3OH, the concentration of DBT
was 8 � 10�3 mol L�1. In all cases, solutions of each
PAC alone with a concentration that matched that of the
PAC in the mixture were also prepared.

Instrumentation and Procedures

Mass spectra were obtained with a Micromass Quattro
triple quadrupole mass spectrometer (Micromass UK
Ltd., Manchester, UK) running under MassLynx ver. 3.5
software and equipped with a Micromass Quattro APCI
source. The Quattro APCI source has been described in
detail by Kolakowski et al. [18], and it is important to
note that it is a closed source in which all gases and
solvents are controlled. The corona discharge is not
exposed to the atmosphere. The mass spectrometer was
used in positive-ion APCI mode with nitrogen in all gas
streams. Solvent ions rather than analyte ions were
used to tune the mass spectrometer to avoid contami-
nation of the instrument. Regular operating parameters
(unless otherwise noted) were: corona voltage� 4.0 kV,
cone voltage � 40 V (30 V for FLU and 50 V for PY),
source temperature � 90 °C, and probe temperature �
200 °C. Nitrogen flow was variable for each PAC: bath
gas flow � 75–450 sLph (standard liters per hour),
sheath gas flow � 75–350 sLph, and nebulizer gas
flow � 45 sLph.
Solutions were introduced into the APCI source by

flow injection using a model 1100 binary pump (Agilent
Technologies, Mississauga, ON, Canada) and a model
7125 Rheodyne injector (Supelco, Oakville, ON, Can-
ada). Polyetheretherketone (PEEK) tubing (1/16 in. o.d.;
Chromatographic Specialties, Brockville, ON, Canada)
was used to make all tubing connections.
Limits of detection (LODs) and data for calibration

curves were measured at solvent flow rates of 20, 100,

Scheme 1
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and 500 �L min�1 using sample loops of 20, 100, and
500 �L, respectively, both in CH3CN and in CH3OH.
The remaining studies (analysis of mixtures of PACs
and determination of the total ion counts for each PAC
in CH3CN, CH3OH, and C7H8) were carried out at 500
�L min�1 using a sample loop of 500 �L. Single ion
monitoring (SIM) was used for the determination of
LODs, for the analysis of each PAC alone, and in
mixtures of PACs. A dwell time of one second at them/z
values of both the molecular ion and the protonated
molecule for all PACs was employed. Full-scan data
were also obtained for all the analyses (30–250 m/z).
Samples were injected after 25 scans of background
were acquired, and data acquisition was continued
until five scans after the total ion counts (TIC) had
returned to the baseline. An average background was
subtracted from the average analytical signal (five
scans) and the responses (in counts) at the observed m/z
values were recorded.
The accurate mass of the impurity isolated from

commercial pyrene was measured on a Consolidated
Electrodynamics Corporation double-focusing mag-
netic sector mass spectrometer, model 21-110B (EI(�) at
70 eV energy, probe temperature � 64 °C, source tem-
perature � 170 °C).

Measurement of Corona Current

The Quattro mass spectrometer employs an adjustable,
controlled-voltage power supply to provide the corona
discharge current. To measure this current it was nec-
essary to place a 5000 � resistor in series with the
corona needle and measure the voltage across this
resistor. This measurement was accomplished with a
battery-powered, floating digital voltmeter (C-Ton In-
dustries model DK500; Digi-Key Corp., Thief River
Falls, MN) with a full-scale sensitivity of 200 mV (40
�Amp by Ohm’s law in terms of current) and an input
impedance of 100 M�.

Theoretical Calculations

Theoretical calculations for the �H° and the �G° values
of the charge exchange and proton transfer reactions in
CH3OH and CH3CN (T� 298.15 K and P � 1 atm) were
carried out using the Gaussian 03 suite of programs
(Gaussian 2003) [19] on a Pentium 4 personal computer
running under the Windows XP Professional operating
system. The structures of neutral molecules and ions in
the ground state were fully optimized using the B3LYP
functional [20, 21] and the 6-31G(d) basis set. The B3LYP
functional was selected because it yields accurate mo-
lecular geometries at moderate computational cost even
for relatively large systems [22–25]. In spite of the limita-
tions imposed by the use of small basis sets, we were
obliged to use the 6-31G(d) basis set, since more exten-
sive basis sets were not practical for systems of the size
studied. While the B3LYP/6-31G(d) method would not
be expected to predict as accurate thermochemical

values for the systems investigated as more extensive
basis sets on an absolute basis, it is adequate to predict
trends in the �H and �G values (personal communica-
tion, Axel D. Becke, Department of Chemistry, Dalhou-
sie University).
Vibrational frequencies were also computed to con-

firm that the optimized structures were at a minimum
on the potential energy surface (no imaginary frequen-
cies). In the case of MH� species, all possible isomers
obtained by association of the proton with each carbon
atom or heteroatom in the molecule were optimized to
determine the preferred site of protonation for the
model PACs.
Proton affinity (PA) values of the model PACs were

estimated using the PBE1PBE/6-31�G(d)//B3LYP/
6-31G(d) level of theory. PBE1PBE is the generalized-
gradient-approximation-exchange-correlation functional
of Perdew et al. [26]. Proton affinity values were calcu-
lated as PA(M)� � (Ee(MH

�)� Ee(M)� ZPE(MH�)�
ZPE(M) � (5/2)RT), where Ee is the electronic energy
and ZPE is the zero-point energy. ZPE values, obtained
at the B3LYP/6-31G(d) level, were scaled using a factor
of 0.9806 as recommended by Scott and Radom [27].
The proton affinities of PACs similar to the model
compounds were also calculated using the PBE1PBE/
6-31�G(d)//B3LYP/6-31G(d) level of theory to com-
pare estimates with experimental values reported.
The maximum deviations of the calculated proton
affinities from the experimental values were �0.10 eV
and �0.15 eV. All calculations were performed with
the default parameters of Gaussian 03.

Results and Discussion

APCI Mass Spectra of Model PACs

The intensities of the ions formed in the APCI source
were dependent on solvent, cone voltage, gas, and
solvent flow rates. Molecular ions, M�·, and protonated
molecules, MH�, were both observed in the majority of
the spectra. On the whole, the model PACs showed
different abilities to ionize by either charge exchange or
proton transfer. The relative abilities to ionize by proton
transfer, given by the ratio MH�/(MH� � M�·), are
shown in Table 1. A value of one indicates total ioniza-
tion by proton transfer and zero indicates total charge
exchange. The relative order is FLU 	 CAR 	 PY 	
DBT. In all the results presented here the intensities of
the MH� ions have been corrected for the contribution
of the [M � 1]�· peak.

Table 1. Efficiency of proton transfer versus charge exchange
expressed as the ratio of ion counts – MH�/(MH� � M�·) – for
various solvents

PAC C7H8 CH3OH CH3CN

FLU 0.99 
 0.08 0.97 
 0.03 0.91 
 0.13
CAR 0.88 
 0.05 0.53 
 0.05 0.67 
 0.03
PY 0.30 
 0.03 0.48 
 0.04 0.0
DBT 0.05 
 0.03 0.0 0.0
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Measurement of the Corona Needle Current

A corona discharge occurs at the tip of a sharp needle
when a high voltage is applied to the needle. The
discharge is sustained by the production of ions in
collisions of molecules with high-energy electrons in the
high electric field near the tip of the needle (M � e� ¡
M�· � 2e�). In a positive corona discharge the electrons
migrate to the needle. Mass spectrometers can control
either the discharge current or the discharge voltage.
The circuits in the Quattro maintain a constant dis-
charge voltage. In either case, the current is a measure
of the flow of electrons in the discharge and is indica-
tive of the number of reagent ions formed in the source
and available to produce analyte ions. The needle
current was measured as a function of the needle
voltage for three scenarios, (1) N2 alone, (2) N2 and
solvent, and (3) N2, solvent, and analyte, to investi-
gate the number of reagent ions available under these
circumstances.
Needle current plots for N2, CH3CN, CH3OH, and

C7H8 at a fixed nitrogen flow rate and a solvent flow
rate of 500 �L min�1 are shown in Figure 1. In general
and as expected, the ionization current increases as the
corona needle voltage increases, since the electrons are
accelerated to higher velocities and the discharge sus-
taining ionization occurs more readily. The plots for
lower solvent flow rates were similar in shape to those
in Figure 1, but spaced even more closely together.
Thus, at a given needle voltage and lower solvent flow
rates, the currents and, therefore, the number of ions
produced in the discharge are the same, regardless of
solvent. At higher solvent flow rates, the current values
diverge more, but the magnitudes of these deviations
do not account for the large differences in relative
ionization efficiency observed among solvents in the
TIC studies (see below, Table 5).
The needle current was also measured in the pres-

ence of analyte using DBT as the test PAC. The presence
of DBT had no effect, except for the case of the highest
solvent flow rate, 500 �L min�1, and relatively high

DBT concentrations, �2 � 10�2 M, where the needle
current was 5% to 20% lower than the current in the
solvent alone. One possible explanation for this obser-
vation is that heavier M�· ions, such as those of the
analyte, travel more slowly toward the counter elec-
trode than lighter ions and, therefore, will stay longer in
the vicinity of the corona needle. In this region, recom-
bination of M�· may occur according to M�· � e� ¡ M,
thus reducing the number of electrons that flows to the
needle (the needle current). These results indicate that
solvents and especially analytes have only minor effects
on plasma generation and reagent ion numbers. Signif-
icant differences in analyte ionization efficiency must
arise through channels other than variations in plasma
generation.

Limits of Detection

Limits of detection (LOD, taken here as the concen-
tration of analyte that produces a signal of twice
(
0.2, n � 5) the background) and linear ranges of
response of the model PACs in CH3CN and CH3OH
are listed in Table 2. The LODs are the lower values in
the linear response ranges. In CH3CN, the source gas
flow rates and the cone voltage were varied until the
best signal-to-noise ratio for a given PAC was obtained
and optimal conditions were somewhat different for all
PACs at the three solvent flow rates. In CH3OH, how-
ever, limits of detection were determined using the
same experimental conditions for all PACs to study the
effect of the solvent flow rate on the LOD.
In CH3CN LODs decreased (improved) as solvent

flow rate increased, and this applied both to M�· and
MH� species. In CH3OH, LODs decreased as solvent
flow rate increased for the M�· of DBT and the opposite
trend was observed for PACs that form predominantly
MH� (CAR, PY, and FLU).
Under the conditions used, LODs in CH3CN are

much lower, and thus better, than in CH3OH. In gen-
eral, LODs in CH3OH were not affected to a large
extent, less than a factor of 2, when the cone voltage or
the gas flow rates were varied. Under the same exper-
imental conditions, the noise levels in the spectra taken
in CH3OH and in CH3CN were very similar. This
indicates that the ionization efficiency of the model
PACs (taken as the sum of the ion counts of the M�· and
MH� ions) is lower in CH3OH than in CH3CN, as
discussed later.

Linear Dynamic Range

Calibration curves for the model PACs were obtained in
both CH3CN and CH3OH to determine the linear range
of response of the different analytes (Table 2). The
upper concentration limit for the linear range was taken
as the value for which, when the next higher concen-
tration was included in the linear least-squares fitting, a
clear decrease in the slope was observed. Linear ranges
of at least three orders of magnitude, starting at the

Figure 1. Corona needle current as a function of the needle
voltage for N2, CH3CN, CH3OH, and C7H8 at 500 �L min�1

solvent flow rate.
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limits of detection, were obtained in CH3CN. In many
cases, the response could be considered almost linear
well above the upper limits listed. In CH3OH, linear
ranges of three orders of magnitude or less were
observed. In general, linear ranges extended to higher
concentrations in CH3OH than in CH3CN.
All model PACs displayed linear response at low

concentrations (not shown) and negative deviations at
high concentrations (Figure 2). This behavior is consis-
tent with a model that postulates that a maximum
(limiting) number of reagent ions are formed in the
corona discharge. For low concentrations of analyte, a
relatively large number of reagent ions are available to
ionize the analyte and ion counts will increase linearly
with analyte concentration. However, at some critical
concentration, the analyte will begin to consume a
significant fraction of the available reagent ions, causing
a decrease in reagent ion concentration, nonlinear re-
sponse, and even saturation.
The linear range extended to higher concentrations

at lower solvent flow rates. This can be explained
simply as an effect of analyte concentration in the ion
source. If gas flow rate is held constant, the concentra-
tions of both analyte and solvent molecules in the ion
source should be directly proportional to solvent flow
rate, providing more analyte molecules in the ion
source at higher solvent flow rates. Since the number of
reagent ions that form in the corona discharge is very
similar at different solvent flow rates (see above), the
concentration at which nonlinearity begins will be
reached sooner at higher solvent flow rates.
To study the effect of the probe temperature on the

analyte signal, calibration curves were measured using
probe temperatures of 200, 350, and 450 °C. At probe
temperatures higher than 200 °C, the ion counts for the
M�· and MH� species increased, however, the linear
range of response did not extend to higher concentra-
tions. These results are expected since vaporization of
analyte and solvent molecules is more efficient at higher
probe temperatures and the ion counts for M�· and
MH� species will increase with the increase of mole-

Figure 2. Representative calibration curves for DBT in CH3CN at
various solvent flow rates in the nonlinear response region.T
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cules in the vapor phase. However, an increase in the
number of molecules in the ion source would cause the
analyte signal to saturate sooner, giving no improve-
ment in linearity.

Study of mixtures of PACs

Mixture studies were undertaken when it was observed
that the signal for DBT decreased when increasing
amounts of PY were added to mixtures of the two
compounds (the concentrations of both PACs were
sufficiently high to be in the nonlinear portion of the
calibration curves). To determine the effect of different
compounds on each other, two-component mixtures
were examined.
The effects of adding various amounts of PY, CAR,

and FLU in CH3CN and in CH3OH on the signal for
DBT are shown in Table 3. The values reported in the
table were calculated according to eq 1 (the concentra-
tion of DBT alone and in the mixtures was the same).

Percent mixture current

�
Ion counts for M�· of DBT in mixture

Ion counts for M�· of DBT alone
� 100 (1)

The results in CH3CN are more clear-cut than those
in CH3OH, but the trends in both solvents are the same.
In CH3CN, almost no interactions were observed in the
linear response region and serious interactions were
observed in the nonlinear region. In CH3OH, interfer-
ence (compared with CH3CN) was greater in the linear
region and not as serious in the nonlinear region, but
there was still greater interference in the nonlinear
region.
Two (or more) analytes present simultaneously in

the ion source will compete for the limited number of
reagent ions (see above). In the linear response region, a
large number of reagent ions relative to analyte mole-
cules are available and there is very little or no inter-
ference between analytes. In the nonlinear region, the
analyte molecules must compete for reagent ions and
interference will be observed. In the nonlinear regions
the sum of the ion counts of the two analytes was
approximately equal to that of one analyte alone. An
example of this behavior, which is explained by the

same model that explains the nonlinearity in the cali-
bration curves above, is shown in Supplementary Fig-
ure 1, which can be found in the electronic version of
this article.
In terms of the ability to compete, both PY and CAR

in CH3CN and CH3OH were more successful than DBT
in reacting with reagent ions. FLU (which is ionized
mainly by proton transfer while DBT is ionized by
charge exchange) appeared less able to compete with
DBT. Ionization energy data, Table 4, are consistent
with the expected order of ease of charge exchange:
PY[7.41] � CAR[7.50] � DBT[8.01] � FLU[8.29], where
the values in brackets are the ionization energies (IE) in
eV. The effect on the signals of the other PACs when
adding DBT was also studied; there was universally no
effect observed at the low concentration ranges, and
very little effect, less than 5%, noted at the higher
concentrations ranges either.

Total Ion Current Studies

In an attempt to test the idea that charge exchange
efficiency was related to solvent IE, C7H8 was intro-
duced as a solvent with a lower IE than either CH3OH
or CH3CN. If solvent IE (see Table 4) were the control-
ling factor, the order of charge exchange efficiency

Table 3. Mixture ion currents for DBT as % of ion currents for DBT alone

PAC [DBT]a

DBT:PAC – 3:1 DBT:PAC – 1:1 DBT:PAC – 1:3

CH3CN CH3OH CH3CN CH3OH CH3CN CH3OH

PY Low 101% 95% 101% 78% 98% 66%
High 44% 64% 14% 45% 2% 33%

CAR Low 102% 96% 98% 78% 96% 63%
High 30% 57% 6% 45% 2% 38%

FLU Low 97% 99% 98% 99% 97% 105%
High 97% 91% 94% 76% 85% 63%

a Low: 1 � 10�6 M in CH3CN, 1 � 10�4 M in CH3OH; high 1 � 10�4 M in CH3CN, 1 � 10�2 M in CH3OH except 8 � 10�3 M for PY.

Table 4. Ionization properties of PAC analytes, solvents and
gases

Species

Ionization
energya

(IE) (eV)
Proton affinity

(PA) (eV)

Dissociation Energy
of Csp3–H bondse

D (S—H) (eV)

PY 7.41 9.01b/9.14c —
CAR 7.50 9.05c —
FLU 8.29 8.98c —
DBT 8.01 8.56c —
C7H8 8.83 8.13b/8.28c 3.8
CH3OH 10.85 7.82b/7.72c 4.2
CH3CN 12.20 8.08b/8.08c 4.1
N2 15.58d 5.12b —
H2 13.61 — —

aRef. [28].
bRef. [29].
cEstimated using the PBE1PBE/6�31�G(d)//B3LYP/6�31G(d) level of
theory.
dThe recombination energy of N2

�· is 15.3 eV [30].
eRef. [31].
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should be CH3CN 	 CH3OH 	 C7H8. The actual order
was C7H8 	 CH3CN 	 CH3OH. The relative ionization
efficiencies, shown in Table 5, were determined in
CH3OH, CH3CN, and C7H8 by measuring the total ion
counts (TICs). The TIC values listed in this table corre-
spond to the sum of the counts for the M�· and MH�

ions for each compound. The relative standard devia-
tions for these values range from 1% to 14% with an
average of 9%.
Large differences exist in the ionization efficiency

among solvents, both with regard to charge exchange
and proton transfer. In general, the total ion counts (M�·�
MH�) for all analytes followed the order: C7H8 	
CH3CN	 CH3OH, and this order seemed to apply both
to the formation of M�· (with the exception of FLU) and
MH� (with the exception of PY).
To test the idea that addition of C7H8 to the other

solvents might significantly improve ionization effi-
ciency, different amounts of C7H8 were added (vol/vol
2.5%, 5%, and 10%) to solutions of DBT (4 � 10�5 mol
L�1) in CH3OH. The addition of C7H8 provided only
small improvements in the total ion counts for the M�·

of DBT, which increased 2 times (2.5% C7H8), 2.5 times
(5% C7H8), and 4 times (10% C7H8).

Ionization Mechanisms for APCI

Several factors make investigation of the mechanism of
ionization for the model compounds in APCI difficult.
Both molecular ions, M�·, and protonated molecules,
MH�, are often observed, indicating that there are at
least two mechanisms for ionization, one or more
involving charge exchange, and one or more involving
proton transfer or hydrogen atom abstraction. Assum-
ing that there is a limited number of primary nonpro-
tonated ions formed in the discharge as indicated by the
results above, the number of analyte ions formed by
charge exchange will depend on the mechanisms avail-
able to form ions of all types, not just on the energetics
of simple charge exchange.
A second complication is that the ions in and near

the corona discharge cannot be observed with the mass
spectrometer used in this study, since the distance from
the corona needle to the high vacuum aperture of the
analyzer is fixed and is relatively large (about 5 cm).
Any high-energy intermediate species will have reacted
over this distance and, thus, only the lower energy ions
that survive this journey will be detected. Protonated
solvent molecules and ion clusters (the latter becoming

intense at low cone voltages) were the only major
higher-energy species observed in the background
spectra of CH3CN and CH3OH, while the ion counts for
solvent radical cations were very low, less than 5%.
C7H8 is a special case, since the major peak observed in
its mass spectrum was m/z 91, [C7H8 � H]�, with other
significant peaks at m/z 105, 77, 79, and 65, indicating
fragmentation, addition and, perhaps, rearrangement
reactions in the plasma. Typical background spectra for
our instrument are shown in Supplementary Figure 2.

Formation of Reagent Ions

In the following discussion, N2 will represent the source
gas, A the analyte, and S the solvent. If it is assumed
that primary ion formation occurs in a very small
volume at the corona needle tip and that collisions are
energetic enough to ionize any molecule within that
volume, the ions will be formed directly in proportion
to their concentration. Even at the highest flow rate
used for CH3OH, there are 25 times as many N2
molecules present as S molecules and 7 � 106 times as
many N2 molecules as A molecules (for an analyte
concentration of 1 � 10�5 M and a total gas flow rate of
500 sLph). Thus the major source of primary ions will be
N2 gas and the major primary ion will be N2

�·, Reaction
(2) (even though the ionization energy of N2 is higher
than that of A or S); N2

�· may undergo ion/molecule
reactions to produce N4

�·, Reaction (3), as previously
suggested [32–34].

N2� e� ¡N2
�·� 2e� (2)

N2
�·�N2¡N4

�· (3)

Therefore, it is reasonable to assume that the next step
in forming the ions actually observed in a mass spec-
trum is charge exchange to a solvent ion:

N2
�·� S¡N2� S�· (4)

N4
�·� S¡ 2N2� S�· (5)

Reactions (4) and (5) must be very rapid and strongly
exothermic since neither N2

�· nor N4
�· were observed

in any spectrum nor did Horning and coworkers ob-
serve such ions in spectra taken with a source in which
the corona needle was separated by 4 mm or more from
the analyzer entrance aperture [35]. Using the data in

Table 5. Individual ion counts and the TIC for model PACs ([PAC] � 1 � 10�5 M)

PAC

M�· MH� TIC

CH3CN CH3OH C7H6 CH3CN CH3OH C7H6 CH3CN CH3OH C7H6

PY 9.0 � 105 1.4 � 103 1.1 � 107 — 1.3 � 103 4.6 � 106 9.0 � 105 2.7 � 103 1.6 � 107

CAR 1.9 � 106 4.1 � 103 1.1 � 107 3.9 � 106 4.6 � 103 7.7 � 106 5.8 � 106 8.7 � 103 1.9 � 107

FLU 2.1 � 105 2.9 � 103 1.5 � 105 2.0 � 106 9.7 � 104 1.9 � 107 2.2 � 106 1.0 � 105 1.9 � 107

DBT 6.8 � 105 2.6 � 103 6.6 � 106 — — 3.6 � 105 6.8 � 105 2.6 � 103 7.0 � 106
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Table 4 and considering that �H � IE(S) � RE(N2
�·),

where RE is the recombination energy, the �H values
for Reaction (4) are (in eV): �6.47 for C7H8, �4.45 for
CH3OH, and �3.10 for CH3CN.
To determine if the interaction of N4

�· with a solvent
molecule leads to charge exchange, the �H° for Reac-
tion (5) was estimated using density functional theory
at the B3LYP/6-31G(d) level. Calculated �H° values (in
eV) for Reaction (5) are: �5.5 for C7H8, �3.5 for
CH3OH, and �2.2 for CH3CN. (Calculated �H° values
with the B3LYP/6-31G(d) method for Reaction (4) are
0.9 eV more negative than the experimental ones: �7.4
for C7H8,�5.4 for CH3OH, and�4.0 for CH3CN, in eV).
All the evidence presented by Harrison [36] indicates
that such ion/molecule reactions are quite fast, and the
calculations show that Reactions (4) and (5) are ener-
getically favored for all solvent molecules (C7H8 	
CH3OH 	 CH3CN). Therefore, these high-energy nitro-
gen ions are probably consumed by Reactions (4) and
(5) before having a chance to ionize the analyte.
Positive radical ions of the solvent can ionize other

species present in the ion source by charge exchange.
Given the higher concentration of solvent molecules
compared with analyte molecules, S�· will probably
also react with other solvent molecules by hydrogen
atom abstraction, Reaction (6).

S�·� S¡ SH� � [S�H]· (6)

The �H values (in eV) for Reaction (6), considering that
�H � D(S–H) � PA(S) � IE(H) � IE(S) are �2.59 in
CH3CN, �0.87 in CH3OH, and �0.43 in C7H8, where
D(S–H) is the carbon–hydrogen bond dissociation en-
ergy. Protonated solvent molecules should most easily
form in CH3CN and with most difficulty in C7H8. This
could explain why mostly SH� ions, and not S�· ions,
are observed in the background spectra of CH3CN and
CH3OH.

Formation of Analyte Molecular Ions, A�·

To this point we have discussed the formation of
primary (N2

�· and N4
�·) and secondary (S�· and SH�)

reagent ions. In the following section, some possible
pathways for the formation of the analyte ions, A�· and
AH�, will be reviewed, there being at least five possible
paths leading to the formation of A�·:

Direct ionization in the discharge :

A� e� ¡A�·� 2e� (7)

Charge exchange with a high-energy nitrogen ion:

A�N2
�·¡A�·�N2 (8)

Charge exchange with SH� :

A� SH� ¡A�·� S�H· (9)

Hydrogen atom abstraction from AH� :

AH� � [S�H]·¡A�·� S (10)

Charge exchange with S�· :

A� S�·¡A�·� S (11)

The observation that ionization efficiency differs mark-
edly among solvents argues against both significant
amounts of direct analyte ionization in the discharge,
Reaction (7), or analyte ionization by collision with a
high-energy nitrogen ion, Reaction (8), even though
such ionization is highly energetically favored. If either
were the case, analyte ionization would be independent
of solvent. Therefore, Reactions (7) and (8) can be
eliminated from consideration as major sources of A�·.
Formation of A�· must thus proceed through some

higher-energy solvent species (S�· or SH�). To deter-
mine if SH� ions are able to ionize the analyte by charge
exchange, �H values for Reaction (9) were calculated
considering that �H� PA(S)� IE(H)� IE(A) (Table 6).
Reaction (9) is highly endothermic for all of the analytes
in this study, with the most endothermic involving FLU
in C7H8 (�2.82 eV) and the least involving PY in
CH3OH (�1.63 eV). However, all �H values for proton
transfer via the pathway A � SH� ¡ AH� � S are
exothermic (details in Table 7). Therefore, it is more
likely that when an analyte molecule collides with a
protonated solvent molecule, proton transfer will take
place. In addition, Reaction (9) would involve two
discrete steps, making it an unlikely pathway for the
formation of A�·.
The radical cation of the analyte could also be formed

by hydrogen atom abstraction from AH� by [S � H]·

according to Reaction (10). The �H values for Reaction
(10) are exothermic (�H � IE(A) � PA(A) � IE(H) �
D(S–H)) (Table 6). For this path the order of decreasing
reactivity with regard to solvent is CH3OH	 CH3CN	

Table 6. �H values from experimental data in eV for reactions that form A�·

PAC

Reaction (9) Reaction (10) Reaction (11)

CH3OH CH3CN C7H8 CH3OH CH3CN C7H8 CH3OH CH3CN C7H8

PY �1.63 �1.89 �1.94 �1.25 �1.15 �0.85 �3.44 �4.79 �1.42
CAR �1.72 �1.98 �2.03 �1.25 �1.15 �0.85 �3.35 �4.70 �1.33
DBT �2.23 �2.49 �2.54 �1.23 �1.13 �0.83 �2.84 �4.19 �0.82
FLU �2.51 �2.77 �2.82 �0.53 �0.43 �0.13 �2.56 �3.91 �0.54
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C7H8, the reverse of experimental observation, and with
regard to analyte is PY� CAR	 DBT	 FLU, similar to
experimental observation in CH3CN and C7H8, but less
so in CH3OH.
The �H values for Reaction (11), see Table 6, can be

calculated from �H � IE(A) � RE(S�·) (in the event
RE(S�·) values are not known, IE(S) can be used as a
reasonable approximation of RE(S�·), realizing that
IE(S) will be slightly higher than RE(S�·)). For a given
solvent (IE(S) is constant), the order of ease of ionization
of the analyte should decrease as IE(A) increases lead-
ing to the following order: PY 	 CAR 	 DBT 	 FLU
which is similar to the experimental order in CH3CN
and C7H8, but different from the order observed in
CH3OH. For a given analyte (IE(A) is constant), the
ability of S�· to undergo charge exchange with A should
decrease as IE(S) decreases and the following order is
obtained: CH3CN

�· 	 CH3OH
�· 	 C7H8

�·, which does
not agree with the experimental order.
Both Reaction (10) and (11) are energetically favored

for all the analytes studied here. Since production of A�·

via Reaction (10) requires that A first must be converted
to AH� and since Reaction (10) is much less energeti-
cally favored than Reaction (11), it is logical to assume
that the major channel responsible for generation of A�·

is charge exchange with S�·, Reaction (11). If this
reaction occurs rapidly, then all the solvents should
provide approximately the same degree of analyte
ionization—this is not observed. If, on the other hand,
the extent of reaction is somehow limited by the energy
available, then the expected order of ease of ionization
by charge exchange should be: CH3CN[12.20] 	
CH3OH[10.85]	 C7H8[8.83] (IEs in brackets in eV). This
was the order observed for CH3CN and CH3OH early in
the study. However, when C7H8 was examined in an
attempt to test this hypothesis, the results showed that
ionization was greatest in C7H8, not least. Thus, none of
eqs (7–11) fully explains the experimental observations.

Formation of Analyte Protonated Molecules, AH�

There are at least four possible paths for the formation
of AH� ions:

Hydrogen atom abstraction from S:

A�·� S¡AH� � [S�H]· (12)

Hydrogen exchange between A�· and A :

A�·�A¡AH� � [A�H]· (13)

Proton transfer from SH� :

A� SH� ¡AH� � S (14)

Proton transfer from S�· :

A� S�·¡AH� � [S�H]· (15)

The �H values for Reaction (12) can be calculated using
�H � IE(H) � D(S–H) � PA(A) � IE(A) (Table 7), and
are endothermic for all combinations. This is the path
proposed by Syage [16] to explain the presence of
protonated molecules in the mass spectra of com-
pounds ionized by APPI. For the solvents, the order of
decreasing ability to undergo hydrogen atom abstrac-
tion is C7H8 	 CH3CN 	 CH3OH, which agrees with
the experimental order except for PY, and for the model
PACs the order is FLU 	 DBT � CAR � PY, while the
experimental order is FLU 	 CAR 	 PY 	 DBT, except
when the solvent is CH3CN (Table 5).
Production of AH� as described by Reaction (13) may

occur either by transfer of H� fromA�· to A or by transfer
of an H atom from A to A�·. In the calculation of �H for
Reaction (13), �H � IE(H) � D(A–H) � PA(A) � IE(A),
the assumption that the Csp2–H bond dissociation energy
in the analyte,D(A–H), is equal to that of benzene (4.9 eV)
[31] was made. This thermochemical model, which does
not depend on the solvent and thus does not explain the
experimental observations, provides positive �H values
in all cases, the order of endothermicity being (�H in
brackets in eV): PY[1.95] � CAR[1.95] � DBT[1.93] 	
FLU[1.23], which indicates that once A�· is formed, it is
unlikely to become converted to AH� either by reacting
with a solvent molecule, Reaction (12), or another
analyte molecule, Reaction (13).
Protonated analyte molecules can be formed from SH�

by transfer of H� (Reaction (14)) and the �Hvalues can be
calculated as �H� PA(S)� PA(A) (Table 7). Reaction (14)
is exothermic in all cases and is thus energetically favored.
For a given solvent (PA(S) is constant), the order of ease of
proton transfer should decrease as PA(A) decreases. This
leads to the following order: PY 	 CAR 	 FLU 	 DBT,
different from the experimental trend. For a given analyte
(PA(A) is constant), the ability of SH� to lose a proton
should decrease as PA(S) increases, and therefore Reaction
(14) is expected to be more highly favored in CH3OH and
less so in CH3CN or C7H8, opposite to the order observed
in the TIC studies. The above calculations assume that
[C7H8 � H]� is the reagent ion that would transfer a
proton to an analyte molecule in a toluene-containing
plasma. However, the chemistry of the ions in the plasma

Table 7. �H values from experimental data in eV for reactions that form AH�

PAC

Reaction (12) Reaction (14) Reaction (15)

CH3OH CH3CN C7H8 CH3OH CH3CN C7H8 CH3OH CH3CN C7H8

PY �1.25 �1.15 �0.85 �1.32 �1.06 �1.01 �2.19 �3.65 �0.58
CAR �1.25 �1.15 �0.85 �1.23 �0.97 �0.92 �2.10 �3.56 �0.49
FLU �0.53 �0.43 �0.13 �1.16 �0.90 �0.85 �2.03 �3.49 �0.42
DBT �1.23 �1.13 �0.83 �0.74 �0.48 �0.43 �1.61 �3.07 0.00
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is probably more complex than portrayed by the above
schemes, and this may be even more so for C7H8, where a
range of ions is observed in the mass spectrum.
According to Reaction (15), protonated analyte mole-

cules could be formed by transfer of H� from S�· to
analyte molecules, where �H� IE(H)� D(S–H)� PA(A)
� IE(S); see Table 7. For this path, the reaction is exother-
mic for almost all PACs (except DBT in C7H8). For the
solvents, the order of decreasing ability to transfer a
proton is CH3CN	 CH3OH	 C7H8, and for the analytes
the expected order is PY	 CAR	 FLU	DBT, which do
not agree with the experimental order.
These results indicate that A�· is possibly formed via

Reaction (11), while AH� may be formed by Reactions
(14) and/or (15). However, the above thermochemical
models do not explain the large effect of the solvent on the
ionization process or the solvent order obtained in the
total ion count studies. For all compounds, C7H8 provides
the best medium for proton transfer with CH3OH provid-
ing a slight edge over CH3CN on a relative basis, but not
on an absolute basis. In all cases except FLU, C7H8 also
provides greater charge exchange ionization on an abso-
lute basis. In general, the ion counts in C7H8 are an order
of magnitude higher than in CH3CN, and those in CH3CN
are two orders of magnitude higher than in CH3OH, and
this is valid for both charge exchange and proton transfer.

Effects of Solvation on the Ionization Process

Kebarle and coworkers have pointed out that clustering
(solvation) has a large effect on the sensitivities observed
in an APCI experiment in which protonated water mole-
cules were thought to be the reagent ions [34, 37]. These
authors studied ionizationmechanisms in APCI to explain
the different sensitivities of nitrogen-, oxygen-, and sulfur-
containing bases to proton transfer and explained the
sensitivity order observed as being due to differences in
solvation energies and gas-phase basicities.
Since the present experimental results could not be

rationalized by the preceding thermodynamic arguments,
it seemed appropriate to investigate the effects of cluster-
ing under our conditions. Two possible types of solvent
clusters are relevant, solvated molecular ions, (S)nS

�·, and
solvated protonated clusters, (S)nSH

�. Reactions (11), (14),
and (15) involving charge exchange and proton transfer
now become, respectively,

A� (S)nS
�·¡ (S)n�1�hA

�·�hS (16)

A� (S)nSH
� ¡ (S)n�1�hAH

� �hS (17)

A� (S)nS
�·¡ (S)n�h�iAH

� �hS� Si[S�H]· (18)

C7H8 is less polar than either CH3CN or CH3OH;
intermolecular interactions will be lower and, hence,
the ions and ion clusters in C7H8 will probably not
resemble those in CH3CN or CH3OH. The effect of
clustering on the energetics of these reactions will
depend on the energetics of the simple reactions with-

out solvation, the solvation bond strengths between
solvent and the radicals or ions and on the values of n,
(n � 1 – h), and (n – h – i), the number of bonds formed.
It reasonable to expect that solvation of solvent ions

(S�· and SH�) would be highest in CH3OH, where hydro-
gen bonding should be significant, and lowest in C7H8,
with CH3CN being intermediate. In Reactions (16) to (18),
an increase in solvation of the analyte ions (right hand
sides) will favor the reactions proceeding as written,
whereas an increase in solvation of the solvent ions (left
hand sides) will disfavor these reactions. For analyte ions,
both solvation energy and (n� 1 – h) or (n – h – i) are
expected to follow the order: FLU 	 CAR 	 PY � DBT,
based on polarity and the ability to hydrogen bond. This is
the order observed for relative ability to react in proton
transfer (see Table 1) and it is also the general order
observed in overall ion count. None of the analyte mole-
cules is very polar, and none participates strongly in
hydrogen bonding; however, FLU hydrogen bonds with
protic solvents, but to an extent smaller than an alcohol.
Note that the ion counts for FLU in CH3OH are much
higher than those for the other analytes (Table 5), which
could be due to a greater extent of solvation of AH�.
The above analysis suggests that the extent of solvation

of solvent ions, which tends to hinder analyte ionization,
should be greater in CH3OH than in CH3CN, which in
turn would be greater than in C7H8. This would explain
the order observed in overall ionization efficiency. An
increase in the extent of solvation of the analyte ion, as in
the case of FLU, should lead to an increase in relative
ionization efficiency. In the same manner, the solvent will
affect the LOD of the model analytes (Table 2). LODs are
lower in CH3CN than in CH3OH, where the extent of
solvation is expected to be higher. Furthermore, LODs for
MH� species in CH3OH increase (worsen) with an in-
crease in the solvent flow rate and thus an increase in
solvent concentration in the ion source, which in turn will
increase the extent of solvation of the solvent ions.

Calculations to Support the Influence of Solvation

In the absence of experimental thermodynamic data for
analyte and solvent clusters and to obtain the �H° and
�G° values for the charge exchange (16) and the proton
transfer (17, 18) reactions when considering solvation, the
enthalpy (H) and Gibbs free-energy (G) of Sn (n� 1–3), A,
(S)nS

�· (n � 0–2), (S)nSH
� (n � 0–2), (S)nA

�· (n � 0,1),
(S)nAH

� (n � 0,1), and Sn[S�H]
· (n � 0,1) (where A

represents DBT, PY, CAR, or FLU, and S represents
CH3CN or CH3OH) were estimated using density func-
tional theory. Thermodynamic data were calculated for
the solvent clustering Reactions (19) to (22) in the gas
phase, Table 8:

�S�nSH� � S¡ (S)n�1SH
�(n� �1, 0, 1) (19)

(S)nS
�·� S¡ (S)n�1S

�·(n� 0, 1) (20)

[S�H]·� S¡ S[S�H]· (21)
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Sn� S¡ Sn�1(n� 1, 2) (22)

To assess the reliability of the theoretical calculations, the
data for Reaction (19) are compared in Table 8 with
available experimental values. Although overestimated in
most cases, the calculated �H° values are in good agree-
ment with the experimental ones. As indicated by their
�H° and �G° values, all the clustering reactions involving
ions are exothermic and spontaneous (under standard
conditions), and for both CH3CN and CH3OH, �H° and
�G° become less favorable with increasing n. The solva-
tion of radicals and neutrals is, in general, less exothermic
and in most cases nonspontaneous under standard condi-
tions. The �G° values for the formation of solvated species
indicate that CH3OH solvates more strongly than CH3CN
beyond the first solvent molecule.
Thermodynamic data are presented in Table 9 for the

charge exchange Reaction (16) and in Tables 10 and 11 for
the proton transfer Reactions (17) and (18) involving
analyte. In the tables, estimated �H° values for Reactions
(11), (14), and (15) are compared with the �H values
calculated using experimental thermochemical data (Ta-
ble 4). For Reaction (14), proton transfer, the theoretical
values are consistently more negative than experimental
ones with an average deviation of �0.18 eV, while for
Reaction (15), also proton transfer, the theoretical values
are consistently less negative, with an average deviation of
�0.17 eV. For Reaction (11), charge exchange, the agree-
ment between theory and experiment is better with both
positive and negative deviations and an average deviation
of 0.02 eV.
Overall, the calculations suggest that all reactions are

exothermic and spontaneous for n � 0 and become less
so with increasing n. This indicates that the solvated
reagent ions, (S)nSH

� or (S)nS
�·, will be less efficient

than the bare ions, SH� or S�·, in ionizing the analyte. In

addition, when the products, AH� or A�·, are solvated,
the proton transfer and the charge exchange reactions
become more exothermic as compared to the case of
nonsolvated products.
When considering solvated as opposed to bare ana-

lyte ions, the calculations predict an exothermicity
order similar to the relative ionization efficiency order
obtained in the TIC studies. For both proton transfer
reactions (in a given solvent) the order predicted by the
calculations is FLU 	 CAR 	 PY 	 DBT, with analyte
solvation and PY 	 CAR 	 FLU 	 DBT without
solvation (both in CH3CN and CH3OH). The orders
observed in the experimental studies are FLU	 CAR	
PY 	 DBT in CH3OH and CAR 	 FLU 	 PY � DBT in
CH3CN, in better agreement with the theoretical orders
for solvated rather than unsolvated analyte ions. Pro-
tonated molecules of FLU and CAR should solvate
more readily and thus become ionized more efficiently
than PY or DBT.
For charge exchange, the exothermicity order from

theory (in a given solvent) is CAR 	 PY 	 DBT 	 FLU
with analyte solvation and PY 	 CAR 	 DBT 	 FLU
without solvation. Again, the experimentally observed
order agrees better with the theoretical when analyte
solvation is assumed to occur than when it is not. The
experimental charge exchange order in CH3CN is CAR	
PY	DBT	 FLU, the same as predicted by calculations
considering solvation. However, for CH3OH the agree-
ment with the experimental order, CAR 	 FLU 	 DBT
	 PY, is not as good. On the whole, the calculated
thermodynamic data indicate that solvated analyte and
solvent ions are probably the species involved in the
proton transfer and charge exchange reactions occur-
ring in the APCI ion source.
In considering whether proton transfer occurs more

readily from the protonated solvent molecule, Reaction

Table 8. Theoretical and experimental (in parentheses) thermodynamic data for the clustering reactions (19�22) where S is CH3CN
or CH3OH (�H° and �G° in eV, �S° in 103 eV K�1)

Solvent Reaction �H° �G° �S°

CH3CN H�� S ¡ SH� �8.12 �8.14 �0.05
SH�� S ¡ (S)SH� �1.45 (�1.31)a �1.13 (�0.93)b �1.07 (�1.25)a

(S)SH�� S ¡ (S)2SH� �0.33 (�0.40)a �0.14 (�0.16)b �0.62 (�0.82)a

S�·� S ¡ (S)S�· �2.72 �2.24 �1.61
(S)S�·� S ¡ (S)2S

�· �0.62 �0.17 �1.49
S � [S � H]· ¡ S[S � H]· �0.15 �0.14 �0.97
S � S ¡ S2 �0.17 �0.14 �1.04
S � S2 ¡ S3 �0.21 �0.07 �0.94

CH3OH H�� S ¡ SH� �7.84 �7.86 �0.07
SH�� S ¡ (S)SH� �1.61 (�1.43)c �1.17 (�1.04)c �1.44 (�1.33)c

(S)SH�� S ¡ (S)2SH� �0.96 (�0.92)c �0.62 (�0.56)c �1.16 (�1.22)c

S�·� S ¡ (S)S�· �1.78 �1.39 �1.29
(S)S�·� S ¡ (S)2S

�· �1.11 �0.74 �1.24
S � [S � H]· ¡ S[S � H]· �0.32 �0.03 �1.17
S � S ¡ S2 �0.25 �0.09 �1.14
S � S2 ¡ S3 �0.63 �0.16 �1.58

aRef. [38].
bValues estimated from �G° � �H° � T�S° using �H° and �S° taken from [38].
cRef. [39].
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(17), or from the solvent radical cation, Reaction (18),
the theoretical calculations suggest that in the vast
majority of cases, transfer from the radical cation is
more exothermic and more spontaneous. The exother-
micity order of the analytes for both reactions is the
same and for the cases of solvated analyte ions it is in
agreement with the experimental ionization order for
CH3OH, but not for CH3CN. However, it should be
noted that the reactants for Reaction (16), charge ex-
change, and Reaction (18), proton transfer, are the same
(for the same extent of solvation). Thus, there will be a
direct competition between charge exchange and pro-
ton transfer when an analyte molecule collides with a
solvent radical cation. On an energetic basis, charge
exchange is preferred by about 1 to 1.5 eV for all model
compounds except FLU, which is favored by only about
0.7 to 0.1 eV, with solvation effects leading to a higher
preference for proton transfer. Assuming that these
energetically-favored, ion–molecule reactions are rapid,
as indicated by Harrison [36], this suggests that all
model compounds, with the possible exception of FLU,
will undergo charge exchange, not proton transfer, on
collision with a solvent radical cation. Thus formation
of AH� is more likely to occur via proton transfer from
the protonated solvent ion, Reaction (17), and the
amount of charge exchange compared with proton

transfer ionization will depend both on reaction ener-
getics and the concentrations of the various reagent ions
present in the plasma. Experimentally, both proton
transfer and charge exchange occur more readily in
CH3CN than in CH3OH. This is in agreement with the
data in Tables 9 and 11 and some of the cases in Table
10 also.
An interesting observation was made when testing

commercial PY. As mentioned in the Experimental
section, commercial PY (both 95% and Gold Label)
contained an impurity (m/z 203) that reacted with
HCl(aq) and that produced an abundant MH

� ion (m/z
204) in CH3OH. The M

�· peak from electron ionization
of the impurity has an accurate mass of 203.0740 

0.0008 u, indicating uniquely a nitrogen-containing
compound with chemical composition C15H9N (calcu-
lated mass 203.0735 u), most probably one of three
possible azapyrene isomers. In CH3OH the ion counts
for the MH� ion of the impurity in a sample of impure
PY were about 30 times higher than the total ion counts
for the PY in the same sample ([PY] � 1.0 � 10�5 mol
L�1), and higher than the TICs for all PACs, except FLU
([PAC] � 1.0 � 10�5 mol L�1). In CH3CN and C7H8 the
ion counts for the impurity were less than 5% of those
for the PY, lower than the total ion counts for any of the
PACs studied here ([PAC] � 1.0 � 10�5 mol L�1).

Table 9. Theoretical and experimental (in parentheses from Table 6) thermodynamic data for the charge exchange reaction (16) with
CH3OH and CH3CN as solvent (�H° and �G° in eV)

Reaction

�H° �G°

CH3OH CH3CN CH3OH CH3CN

A � S�· ¡ A�· � S
PY �3.47 (�3.44) �4.83 (�4.79) �3.47 �4.79
CAR �3.23 (�3.35) �4.59 (�4.70) �3.22 �4.54
DBT �2.86 (�2.84) �4.22 (�4.19) �2.87 �4.18
FLU �2.52 (�2.56) �3.88 (�3.91) �2.53 �3.84

A � (S)S�· ¡ A�· � 2S
PY �1.70 �2.11 �2.08 �2.55
CAR �1.45 �1.87 �1.83 �2.30
DBT �1.08 �1.50 �1.47 �1.94
FLU �0.74 �1.15 �1.14 �1.60

A � (S)2S
�· ¡ A�· � 3S

PY �0.59 �1.49 �1.34 �2.37
CAR �0.35 �1.25 �1.09 �2.12
DBT �0.03 �0.88 �0.73 �1.76
FLU �0.37 �0.53 �0.40 �1.42

A � S�· ¡ (S)A�·

CAR �3.92 �5.35 �3.54 �5.01
PY �3.83 �5.18 �3.51 �4.89
DBT �3.26 �4.65 �2.92 �4.36
FLU �2.96 �4.36 �2.61 �4.06

A � (S)S�· ¡ (S)A�· � S
CAR �2.15 �2.62 �2.15 �2.77
PY �2.05 �2.45 �2.12 �2.65
DBT �1.48 �1.93 �1.52 �2.11
FLU �1.18 �1.63 �1.22 �1.82

A � (S)2S
�· ¡ (S)A�· � 2S

CAR �1.04 �2.00 �1.41 �2.59
PY �0.94 �1.83 �1.38 �2.48
DBT �0.37 �1.31 �0.78 �1.94
FLU �0.07 �1.01 �0.48 �1.64

1937J Am Soc Mass Spectrom 2008, 19, 1926–1941 APCI IONIZATION MECHANISMS



The ionization efficiency of the impurity was similar
in the three solvents tested, unlike the model com-
pounds. The much higher ionization efficiency of the
impurity in CH3OH relative to other PACs suggests
that, on an absolute basis, CH3OH provided the best
medium for proton transfer, and that the ionization of
nitrogen-containing bases that protonate on the het-
eroatom was not affected by solvation of the solvent to
a large extent whereas compounds that protonate on
carbon (CAR, DBT, and PY) will be much more affected,
regardless of their relatively high gas-phase basicities
(calculations indicate that the favored site of protona-
tion for DBT and CAR is a carbon atom, not the
heteroatom, whereas for FLU, the preferred site is
oxygen).
Kebarle and associates [34, 37] also observed, under

conditions where protonated water clusters are thought
to be the reagent ions, much higher sensitivities for
nitrogen-containing bases such as amines and pyri-
dines, that have high gas-phase basicities (	8.7 eV) and
that can form relatively stable clusters between the
solvent and the protonated analyte. Compounds that
protonate on oxygen, e.g., methanol and acetone, can
also form relatively stable clusters but their gas-phase
basicities are lower (�8.7 eV), resulting in lower sensi-
tivities. On the other hand, the protonated molecules of

compounds that protonate on sulfur or carbon, such as
dimethyl sulfide, thiophene, pyrrole, and PAHs, form
clusters of very low stability because of the poor ability
of their conjugated acids to form hydrogen bonds.
Consequently, the sensitivities observed for these ana-
lytes were much lower.
The results shown above for CH3OH indicate that a

similar situation occurs in this case. For bases which
have high gas-phase basicities and which form stable
clusters, ionization by proton transfer will occur as
readily in CH3OH as in CH3CN, but not for bases of
lower gas-phase basicity or for compounds that do not
form stable clusters. In the case of the azapyrene
impurity, the simple proton transfer reaction is quite
exothermic (the gas-phase basicity of a similar base,
quinoline, is 9.5 eV). Although the gas-phase basicity of
CAR is expected to be similar to that of azapyrene
(indole and pyridine have similar gas-phase basicities
� 9.3 eV), the ionization efficiency of CAR is lower than
that of azapyrene. Protonated azapyrene would be able
to form more stable clusters than protonated CAR,
providing higher sensitivity.
Short et al. [17] have observed in APPI that the

sensitivities for some model PAHs are higher when the
solvent is CH3OH rather than CH3CN, the opposite of
what we have observed for APCI. The primary source

Table 10. Theoretical and experimental (in parentheses from Table 7) thermodynamic data for the proton transfer reaction (17) with
CH3OH and CH3CN as solvent (�H° and �G° in eV)

Reaction

�H° �G°

CH3OH CH3CN CH3OH CH3CN

A � SH� ¡ AH� � S
PY �1.52 (�1.32) �1.24 (�1.06) �1.57 �1.29
CAR �1.43 (�1.23) �1.15 (�0.97) �1.44 �1.17
FLU �1.32 (�1.16) �1.04 (�0.90) �1.33 �1.05
DBT �0.92 (�0.74) �0.65 (�0.48) �0.95 �0.68

A � (S)SH� ¡ AH� � 2S
PY �0.08 �0.21 �0.39 �0.16
CAR �0.17 �0.30 �0.27 �0.04
FLU �0.28 �0.41 �0.15 �0.08
DBT �0.68 �0.80 �0.22 �0.45

A � (S)2SH� ¡ AH� � 3S
PY �1.05 �0.54 �0.23 �0.01
CAR �1.14 �0.63 �0.36 �0.11
FLU �1.25 �0.74 �0.47 �0.22
DBT �1.64 �1.14 �0.85 �0.60

A � SH� ¡ (S)AH�

FLU �2.29 �2.01 �1.88 �1.70
CAR �2.09 �1.78 �1.71 �1.51
PY �1.84 �1.61 �1.54 �1.42
DBT �1.30 �1.09 �0.99 �0.86

A � (S)SH� ¡ (S)AH� � S
FLU �0.69 �0.56 �0.70 �0.57
CAR �0.48 �0.33 �0.53 �0.38
PY �0.24 �0.16 �0.37 �0.29
DBT �0.30 �0.36 �0.18 �0.27

A � (S)2SH� ¡ (S)AH� � 2S
FLU �0.28 �0.22 �0.08 �0.42
CAR �0.48 �0.00 �0.20 �0.23
PY �0.73 �0.17 �0.25 �0.14
DBT �1.27 �0.69 �0.80 �0.42
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of ions in APPI is ultraviolet photons, while in APCI it
is a corona discharge. Nevertheless, there are certain
similarities between the ionization pathways. They ex-
plain their results by noting that their radiation has
enough energy to ionize CH3OH, but not CH3CN;
however, CH3CN can still absorb a large portion of the
ionizing radiation, lowering sensitivity. In the case of
CH3OH, the ionized solvent can then ionize the analyte
in much the same way as happens in APCI and they
observe a mixture of charge exchange and proton
transfer as reported here.
Syage [16] and Short et al. [17] have proposed that

hydrogen atom abstraction from solvent molecules by
analyte radical cations is the source of protonated
analyte molecules often observed in APPI.

A�·� Sn¡ (S)n�h�i�1AH
� � Si[S�H]·�hS (23)

To determine whether this might be a possible source of
protonated analyte molecules in APCI, we have calcu-
lated thermodynamic data for Reaction (23), which are
presented in Table 12.
The data in this table indicate that the hydrogen

atom abstraction reaction is endothermic and nonspon-
taneous (under standard conditions) for all analytes
under almost all conditions. The favorability order, FLU	
CAR	DBT� PY, is the same regardless of solvation of
the analyte ion and is in reasonable agreement with the
observed relative ionization efficiencies, FLU 	 CAR 	
PY	DBT for CH3OH and CAR	 FLU	 PY�DBT for

CH3CN. However, the theoretical calculations indicate
very little difference between the �H° and �G° values
in CH3OH and CH3CN, which does not explain the
much greater ionization efficiency in CH3CN. If hydro-
gen atom abstraction by analyte radical cations were a
major source of protonated analyte molecules in APCI,
one would not expect to observe analyte radical cations
to any extent in the mass spectrum, which in practice
are observed for many compounds. Thus hydrogen
atom abstraction is an unlikely source of protonated
analyte ions in APCI.

Conclusions

Conclusions regarding ionization mechanisms and sol-
vation effects have been presented above. With regard
to analytical considerations, our results indicate that
CH3CN is superior to CH3OH as a solvent (with regard
to APCI response, but not necessarily with regard to
chromatographic behavior), providing better LODs and
less interference between PACs in the linear response
region. The exception to this involves nitrogen-containing
bases of high gas-phase basicity, which ionize as effi-
ciently in CH3OH as in CH3CN by proton transfer. For the
best LODs in CH3CN, high solvent flow rates should be
used but, if high sensitivity is not a requirement, a low
solvent flow rate would provide savings in solvent, a
wider linear range, and less deviation from linearity at
higher concentrations. Sensitivity is less affected by sol-
vent flow rate in CH3OH with better results obtained at

Table 11. Theoretical and experimental (in parentheses from Table 7) thermodynamic data for the proton transfer reaction (18) with
CH3OH and CH3CN as solvent (�H° and �G° in eV)

Reaction

�H° �G°

CH3OH CH3CN CH3OH CH3CN

A � S�· ¡ AH� � [S � H]·

PY �2.05 (�2.19) �3.48 (�3.65) �2.10 �3.49
CAR �1.96 (�2.10) �3.39 (�3.56) �1.97 �3.36
FLU �1.85 (�2.03) �3.28 (�3.49) �1.86 �3.25
DBT �1.45 (�1.61) �2.88 (�3.07) �1.47 �2.87

A � (S)S�· ¡ AH� � S[S � H]·

PY �0.59 �0.91 �0.68 �1.11
CAR �0.50 �0.82 �0.55 �0.98
FLU �0.30 �0.70 �0.44 �0.87
DBT 0.00 �0.31 �0.05 �0.49

A � (S)2S
�· ¡ AH� � S[S � H]· � S

PY �0.52 �0.29 �0.06 �0.94
CAR �0.61 �0.19 �0.19 �0.81
FLU �0.72 �0.08 �0.30 �0.70
DBT �1.11 �0.31 �0.69 �0.31

A � (S)S�· ¡ (S)AH� � [S � H]·

FLU �1.05 �1.52 �1.02 �1.66
CAR �0.84 �1.30 �0.85 �1.47
PY �0.60 �1.13 �0.69 �1.38
DBT �0.05 �0.61 �0.13 �0.81

A � (S)2S
�· ¡ (S)AH� � S[S � H]·

FLU �0.26 �1.05 �0.25 �1.34
CAR �0.05 �0.83 �0.08 �1.15
PY �0.19 �0.66 �0.08 �1.06
DBT �0.74 �0.14 �0.64 �0.50

1939J Am Soc Mass Spectrom 2008, 19, 1926–1941 APCI IONIZATION MECHANISMS



low flow rates in many cases. For complex samples where
chromatography does not resolve compounds, care
should be taken to operate in the linear response region,
especially for quantitative purposes. The ability to ionize
by charge exchange as well as by proton transfer should
be kept in mind, both for identification and sensitivity
purposes.
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