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In the novel atmospheric pressure photoionization-mass spectrometry the ionization efficiency
has been observed to decrease when the solvent flow rate is increased. The effect of the flow
rate on the ionization efficiency was studied by comparing the behavior of two analytes, one
of which is ionized through charge exchange, the other through proton transfer. Additional
information about the ion loss mechanisms was obtained by comparing results obtained with
two different APPI ion sources: a Sciex prototype and the Agilent/Syagen APPI source. In
addition to the measurements done by using the mass analyzer, the total ion current in the ion
source was obtained by measuring the currents of the ions arriving at curtain/end plate and
orifice/capillary of the two mass spectrometers. The total ion current measurements showed
a significant decrease at high solvent flow rates. Loss of dopant radical cations was thought to
be the reason for the signal decrease of the analytes formed through charge exchange. Analytes
formed through proton transfer were not as seriously affected by the high solvent flow rates,
but some saturation of their signal was nevertheless observed. Loss of photons through
absorption by solvent vapor is another mechanism that can be held responsible for a reduction
of the total number of ions produced by the APPI source. (J Am Soc Mass Spectrom 2005, 16,
1399–1407) © 2005 American Society for Mass Spectrometry

Atmospheric pressure photoionization (APPI)
has recently been introduced as a new ioniza-
tion method for liquid chromatography-mass

spectrometry (LC-MS) [1, 2]. Two distinct APPI appa-
ratuses have been described by Robb et al. [1] and Syage
et al. [2], which use the same operational principle. In
both apparatuses, the liquid sample solution is first
evaporated by nebulization and high-temperature des-
olvation, after which the gaseous analytes are ionized
through photoionization and gas-phase reactions. The
major difference between the two ion sources is in their
construction: in the ion source introduced by Robb et al.
[1] the ionization takes place inside a narrow 7 mm i.d.
metal tube (Figure 1), whereas Syage’s ion source [2]
uses a more open space for ionization (Figure 2). In
addition, the ion source by Robb et al. requires the use
of a dopant.
The ionization in APPI is initiated by 10 eV photons

emitted by a krypton discharge lamp. The photons can
ionize molecules that possess ionization energies (IEs)
below 10 eV. This includes most analytes, but leaves out
solvents generally used in LC, such as methanol, aceto-
nitrile, and water, as well as the gases used in the
nebulization or otherwise present in the atmospheric
pressure ion source. In direct photoionization, i.e., with-
out dopant, the analyte forms a radical cation, M�·

(Scheme 1,, Reaction 1), which can further react with
other gas-phase species by charge exchange or hydro-
gen abstraction (Scheme 1, Reactions 2 and 3) [2].
Dopant assisted APPI uses a readily ionizable com-
pound (e.g., toluene) to enhance the ionization of the
analytes. The ionization is initiated by photoionization
of the dopant and formation of a dopant radical cation
(Scheme 1, Reaction 4) [1, 3, 4]. The dopant radical
cation can ionize the analyte directly by charge ex-
change if the ionization energy of the analyte is lower
than that of the dopant (Scheme 1, Reaction 7). Alter-
natively, the dopant radical cation can further ionize the
solvent molecules by proton transfer if the proton
affinity (PA) of a solvent cluster is higher than that of
the deprotonated dopant radical cation (Scheme 1,
Reaction 5). Protonated solvent clusters can in turn
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donate a proton to the analyte, in case the PA of the
analyte is higher than that of the solvent cluster
(Scheme 1, Reaction 6). In this case, APPI is effectively
“photon induced chemical ionization.” In the presence
of methanol and acetonitrile, transfer of a proton from
the dopant ions of toluene to a solvent cluster is such an
effective process that the APPI spectrum is almost
devoid of dopant ions and analyte ionization is the
result of proton transfer from protonated solvent clus-
ters, while charge-transfer under such conditions is
very ineffective. Compounds that are ionized via pro-
ton transfer usually possess high proton affinities (PAs)
and could therefore also be ionized using ESI or APCI.
However, as the charge exchange is dependent on the
ionization energy of the compound, it allows the ion-
ization of low PA compounds, which usually are non-
polar molecules, and therefore, difficult to ionize by ESI
or APCI.
In negative ion APPI the ionization process is started

by the release of an electron in the photoionization of
the dopant (Scheme 1, Reaction 4) [5] or from the ion
source metal surfaces attributable to the radiation with
the photons [6]. These low-energy electrons may be
captured by species that possess positive electron affin-
ity, such as analytes, solvents, or gases. Thus formed
negative molecular ions can react further via proton
transfer, charge exchange, or oxidation. The formation
of negative ions in APPI has recently been discussed in
two publications and is not discussed further here [5, 6].
APPI has broadened the group of compounds that

can be analyzed by atmospheric pressure ionization-
mass spectrometry (API-MS) techniques and has thus
far been applied to the analysis of flavonoids [7],
steroids [8], drugs and their metabolites [9–13], naph-
thalenes [3, 5, 14], aromatic imines and amines [15],
organic fluorochemicals [16], mycotoxins [16], fungi-
cides [17], furocumarins [18], antibiotics [19], and pep-
tides [20]. Generally, APPI has shown equal or even
better sensitivity than APCI [1, 5, 7, 21], but has,
however, a defect that may limit its applicability in
liquid chromatography-mass spectrometry (LC-MS):
the sensitivity in APPI has been observed to decrease
when the solvent flow rate is increased [10, 21–23]. In
most applications done this far the solvent flow rate
used has been 200 �l/min [1, 3, 5, 7, 8], whereas with
APCI flow rates up to 2 ml/min can be used routinely
[24].

Possible reasons for the signal decrease in APPI
include insufficient amount or loss of photons, neutral-
ization of ions (including the dopant) in recombination
reactions with electrons or other neutral or ionic species
present in the ion source, as well as neutralization of
ions to the source walls (Scheme 2). The aim of this
work was to study the interdependence between flow
rate and ionization efficiency of APPI. This is done by
analyzing two compounds, which are ionized through
two different ionization mechanisms: charge exchange
and proton transfer. The measurements are done by
changing the flow rates of the solvent, the dopant, and
the analyte, and monitoring the effect of the flow rate on
the analyte signal and the total ion current in the ion
source. Two different APPI sources: the PE Sciex pro-
totype and the Agilent/Syagen APPI source are used in
the experiments, which enables the comparison of dif-
ferent constructional effects, such as volume of the
ionization region as well as possible effects caused by
the dopant.

Experimental

Reagents

Acridine (HCl salt) and 2-ethylnaphthalene were pur-
chased from Sigma-Aldrich (Steinheim, Germany). Ace-
tonitrile was purchased from Merck KGaA (Darmstadt,
Germany), chloroform from Rathburn (Walkerburn,
Scotland), and toluene from J. T. Baker (Phillipsburg,
NJ). All solvents were of chromatographic grade.

Sample Preparation

Stock solutions of 10�2 M acridine and 2-ethylnaph-
thalene were prepared in acetonitrile and chloroform,

Figure 2. Schematic of the Agilent/Syagen APPI source.

Figure 1. Schematic of the Sciex prototype source.
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respectively, and diluted to a final concentration of
10�5 M.

Instrumentation

The solvents were delivered by using an Applied Bio-
systems 140 B Solvent Delivery System (Applied Bio-
systems, Foster City, CA) at flow rates of 50–1000
�l/min. The 10�5 M samples were delivered as a
continuous stream by using a micro-syringe pump
(kdScientific, Boston, MA) and connected to the solvent
flow by means of a T-piece. Another micro-syringe
pump (Harvard Apparatus, South Natick, MA) was
used to deliver the HPLC-grade toluene as a dopant at
flow rates of 5–100 �l/min. The mass spectrometers
used were a PE Sciex API 365 triple quadrupole mass
spectrometer (Sciex, Concord, Ontario, Canada) and an
Agilent 1100 Series LC/MSD Trap SL (Agilent Technol-
ogies, Waldbronn, Germany). The API 365 mass spec-
trometer used a prototype APPI source (Machine Shop,
University of Groningen, Netherlands), with a 10 eV
Model PKS 100 krypton discharge lamp (Cathodeon
Ltd., Cambridge, England). High purity nitrogen (�5
ppm H2O and �3 ppm O2) was used as nebulizer,
auxiliary, curtain, and lamp gases. The operational
parameters were optimized for each analyte. Mass
spectra were acquired over the scan range m/z 30–500
using step size of 0.1 and dwell time of 0.3 ms.
The Agilent ion trap used an Agilent G1971A APPI

source, developed by Syagen (Agilent technologies,
Palo Alto, CA). Nitrogen was used as nebulizer and
drying gases. The drying gas temperature was 325 °C,
drying gas flow 5 l/min and nebulizer gas pressure 60
psi. The capillary voltage was 1000 V, skimmer voltage

and capillary exit voltage 30 and 120 V, respectively.
The spectra were acquired over the scan range m/z
30–500 by using averages of 10.

Curtain Plate and Orifice Measurements

The currents at the PE Sciex API 365 curtain plate and
orifice were measured by using a home made floating
electrometer system. The output of the electrometer was
continuously recorded by using a MacLab system with
Chart 3.5.7 software (AD Instruments, Castle Hill,
NSW, Australia)

Results and Discussion

To investigate the effect of the solvent flow rate on the
ionization efficiency, chloroform and acetonitrile were
chosen as the solvents, and acridine and 2-ethylnaph-
thalene were chosen as model compounds. Acridine
and 2-ethylnaphthalene both possess low ionization
energies (IEs) and can therefore be ionized via direct
photoionization°or°charge°exchange°(Scheme°1,°Reac-
tions 1 and 7).
The effect of the flow rate on charge exchange or

direct photoionization was studied with 2-ethylnaph-
thalene by using chloroform as the solvent. Because of
the low PA of chloroform, proton transfer between the
dopant radical cation and the solvent cannot take place
(Scheme°1,°Reaction°8),°and°the°only°possible°ionization
routes are direct photoionization or charge exchange
(Scheme°1,°Reactions°1°and°7).
Acridine also possesses high proton affinity (PA),

and is therefore usually ionized through proton transfer
(Scheme°1,°Reaction°6).°Therefore,°the°effect°of°the°flow

M (analyte) � 10 eV photons ¡ M�· � e�, if IE (M) � 10 eV (1)
M�· � X ¡ M � X�·, if IE (X) � IE (M) (2)
M�· � S (solvent) ¡ MH� � [S-H]· (3)
D (dopant) � 10 eV photons ¡ D�· � e� (4)
D�· � n S (solvent or impurity) ¡ [D-H]· � SnH�, if PA (Sn) � PA ([D-H]·) (5)
SnH� � M�· ¡ MH� � n S, if PA (M) � PA (Sn) (6)
D�· � M�· ¡ M�· � D, if IE (M�·) � IE (D) (7)
D�· � S ¡ no proton transfer, if PA (S) � PA ([D � H]·) (8)
D�· � M ¡ [D � H]· � MH�, if PA (M) � PA ([D � H]·) (9)

Scheme 1. Ion formation mechanisms in positive ion APPI.

Loss of photons:
Collisions to surfaces (1)
Absorption by dopant, solvent and sample molecules without ion formation (2)

Loss of positive ions (including dopant), with reduction of the total ion current:
Recombination with a negative ion: M�· � A� ¡ MA (3)
Electron capture: M�· � e� ¡ M (4)
Charge exchange with a negative ion: M�· � A� ¡ M � A (5)
Discharge against source walls: ¡ neutralization (6)

Loss of positive ions (including dopant), without reduction of the total ion current:
Charge exchange with a neutral: M�· � A ¡ M � A� (7)
Proton transfer with a neutral: MH� � A ¡ M � AH� (8)

Scheme 2. Possible loss mechanisms for photons and ions in APPI.
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rate on the proton transfer reaction was studied with
acridine by using acetonitrile as the solvent. In acetoni-
trile°protonated°eluent°molecules°are°formed°(Scheme°1,
Reaction 5) and acridine is efficiently protonated be-
cause°of° its°high°PA°(Scheme°1,°Reaction°6).° In° the
absence of proton donors the MH� ion of acridine may
be formed by transfer of a hydrogen atom to the M�· ion
of° acridine° (Scheme° 1,° Reaction° 3)° [25].° This° latter
mechanism is effective when acridine is ionized by
direct photoionization, without the use of toluene as the
dopant in the Agilent APPI source, see below.
Thermodynamical data for the studied compounds

and°solvents°are°shown°in°Table°1.°Two°ion°sources,
Sciex prototype source and Agilent/Syagen APPI
source were used in the study. In the Sciex prototype
source, the ionization takes place inside a narrow 7 mm
i.d.°metal° tube° (Figure° 1),° whereas° in° the°Agilent/
Syagen°APPI° source° (Figure° 2)° the° ionization° takes
place in an open ionization region. Dopant was used in
all the experiments carried out with the Sciex source,
since without dopant the compounds studied were not
ionized at all. However, the Agilent APPI source pro-
vides°significant°ionization°also°without°dopant°[2],°and
therefore, experiments with Agilent source were carried
out with and without dopant.

The sample, solvent and dopant flow rates were
adjusted so that the relative proportions of the dopant,
analyte, and solvent were constant at all solvent flow
rates (dopant flow rate was 10% of the solvent flow
rate). The solvent flow rates used with the prototype
Sciex source were between 100–1000 �l/min and with
the Agilent source between 50–1000 �l/min. The ion-
ization efficiency below the lowest flow rates used in
these experiments was found to be inadequate for
efficient ionization due to too low mass flow of the
dopant.
In addition to the measurements done with the mass

analyzers, the ion currents at the curtain plate and
orifice°of°the°Sciex°MS°(Figure°1)°and°at°the°end°plate
and°capillary°of°the°Agilent°MS°(Figure°2)°were°also
recorded. The currents at the curtain plate and end plate
indicate the amount of all the ions inside the ion
sources, whereas the currents at the orifice and capillary
indicate the amount of ions that enter the mass spec-
trometer. These measurements give a more truthful
description of the amount of ions in the ion source than
the reconstructed total ion current measured with the
mass analyzer, which can be affected by poor transpor-
tation of ions into the mass analyzer and by discrimi-
nation against low mass ions.

Effect of the Solvent Flow Rate
on Total Ion Current Output

The results from the flow rate experiments are pre-
sented°in°Figures°3,°4,°5,°6,°and°7.°The°curtain°plate°and
orifice currents (Sciex prototype source) and the end
plate and capillary currents (Agilent/Syagen) were
observed to decrease as the flow rate was increased in
all°the°experiments°where°dopant°was°present°(Figures
3a,°4a,°6a,°and°7a;°orifice°and°capillary°currents°not
shown). The decrease at the higher flow rates was
stronger in the Agilent/Syagen source than in the Sciex
prototype source. An especially high dependence of the
measured currents on the amount of dopant radical
cations in the system was observed, as indicated by the

Table 1. Energetics of the solvents and compounds studied
[26]

IE (eV)a PA (kJ/mol)a

Benzyl radical 7.20 831.4
Toluene 8.83 784.0
Acetonitrile 12.20 779.2
Chloroform 11.37 -
Acridine 7.80 972.6
2-ethylnaphthalene 7.95 835.9b

2-methylnaphthalene 831.9

aIE, ionization energy; PA, proton affinity.
bThe PA of 2-ethylnaphthalene was estimated from the PA of ethylben-
zene; the substituted naphthalene ring was estimated to have an
approx. 48 kJ/mol higher PA than the substituted benzene ring. This
was calculated from the PAs of toluene (784.0 kJ/mol) and 2-methyl-
naphthalene (831.9 kJ/mol).

Figure 3. 2-Ethylnaphthalene in chloroform by using the Sciex prototype source. (a) Curtain plate
current; (b) intensities of M�· of 2-ethylnaphthalene and D�· of toluene. Chloroform flow rate
100–1000 �l/min, dopant flow rate 10–100 �l/min and 2-ethylnaphthalene concentration 200 nM.
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simultaneous decrease in the signal of the dopant
radical°cation°and°the°currents°(Figures°3a,°3b,°4a,°and°5)
and by the observation, that the currents were in
minimum in the measurements done without the do-
pant°(Figures°4a°and°7a).°The°severe°loss°of°reactant°ions
in the system is assumed to have a strong effect also on
the ionization efficiency of the analytes.

Effect of the Solvent Flow Rate
on Charge Exchange

The experiments made with the Sciex prototype source
using chloroform as the solvent and toluene as the
dopant showed that the absolute abundance of M� of
2-ethylnaphthalene formed by charge exchange reac-
tion increased sharply at first, as the solvent flow rate
and the analyte mass flow were increased. At solvent
flows above 200 �l/min the M� signal started to
saturate°and°finally,°after°500°�l/min,°decreased°(Figure
3b).°When°the°Agilent/Syagen°APPI°source°was°used,
the abundance of M� of 2-ethylnaphthalene decreased
abruptly°at°solvent°flow°rates°100°–1000°�l/min°(Figure
4b).°The°decrease°of°the°M�°signals°was°thought°to°be
caused by the gradual depletion of the toluene radical
cation, as implied by the fading of the M�· of toluene
from°the°spectrum°(Figures°3b°and°5).°As°the°toluene
radical cation is depleted, the charge exchange between
the°toluene°radical°cation°and°the°analyte°(Scheme°1,
Reaction 7) becomes inhibited, which results in decrease
of the analyte signal. With the Agilent/Syagen source
the ionization of 2-ethylnaphthalene could not be
achieved without the dopant at any solvent flow rate,
and the total°amount°of°ions°was°minimal°as°shown°by
the°low°end°plate°current°(Figure°4a). This confirms that
the yield of M� ions is highly dependent on the amount
of dopant radical cations in the system, which implies
that charge exchange with the toluene radical cation is
the main route for the formation of analyte radical
cations, instead of direct photoionization, at least under
the conditions of our°experiments.°

The°possible°neutralization reactions for the radical
cations°of°dopant°and°sample°are°presented°inScheme

2.°The°strong decrease°of°curtain°and°end°plate currents
suggests°that°the°neutralization takes place by reactions
that produce neutral species; i.e., by recombination with
a negative ion, electron capture, charge exchange with a
negative ion, or by discharge against source° walls
(Scheme°2, Reactions 3–6). This is possible with APPI,
since positive and negative ions can be present simul-
taneously. The role° of° charge° exchange° and° proton
transfer°reactions°(Scheme 2,°Reactions°7°and°8) in the
neutralization of dopant radical cations cannot be ruled
out either. With chloroform as the solvent, proton
transfer with the solvent is unlikely, but solvent impu-
rities may be involved in the loss of dopant and analyte
ions. This latter aspect is indeed observed in the spectra
of ethylnaphthalene, where the relative abundance of
ions atm/z 99 and 139 increases with increasing solution
flow rate. The identity of the compounds that corre-
spond with the ions at m/z 99 and 139 is unknown. The
compounds may be either impurities, or may be stabi-
lizers present in chloroform to prevent the formation of
phosgene.

Effect of the Solvent Flow Rate
on Proton Transfer Reaction

The effect of solvent flow rate on the proton transfer
reaction was studied with acridine by using acetonitrile
as a solvent, which produced a very abundant MH�

ion. The abundance of MH� leveled off to a minor
extent with the Sciex prototype source. With the Agi-
lent/Syagen source loss of ionization efficiency was
nearly°absent°when°dopant°was°used°(Figures°6°and°7).
With the Agilent/Syagen source the signal saturation
was stronger when direct photoionization was em-
ployed without the use of a dopant. However, in all
cases the abundance of MH� of acridine increased
when the flow rate was increased, unlike the abundance
of M� of 2-ethylnaphthalene, which strongly decreased

Figure 4. 2-Ethylnaphthalene in chloroform by using the Agilent/Syagen APPI source. (a) End plate
current; (b) intensity of M�·. Chloroform flow rate 50–1000 �l/min, dopant flow rate 5–100 or 0
�l/min and 2-ethylnaphthalene concentration 1.4 �M.
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at°higher°flow°rates°(Figures°3,°4,°and°5).°This°indicates
that the efficiency of sample ionization by proton trans-
fer is less dependent on the flow rate than the efficiency
of sample ionization by charge exchange. The charge
exchange reaction discussed in the section above is very
dependent on the amount of dopant radical cations in
the system and the efficiency of ionization of a sample
is clearly decreased when the amount of dopant radical
cations°is°decreased°(Figures°3,°4,°and°5).°Some°satura-
tion of the MH� signal of acridine could nevertheless be
observed at higher flow rates. This may be caused by
the neutralization of the initially formed dopant radical
cations at higher flow rates, which causes a decrease in
the amount of proton donating species, so that an
insufficient amount of reactant ions is available for the
efficient protonation of the increased acridine mass
flow. This is supported by the observation that the

signals of protonated acetonitrile (m/z 42) and proton-
ated acetonitrile clusters (m/z 60 and 83) also decreased
at higher flow rate.
In a discussion of the signal level of MH� ions of

acridine in the absence of a dopant, two mechanisms of
ion formation have to be considered: direct photoion-
ization°of°acridine°(Scheme°1,°Reaction°1)°followed°by
hydrogen°atom°abstraction°as°proposed°by°Syage°[25],
and also, photon-induced isomerization and ionization
of acetonitrile followed by proton transfer to acridine as
proposed° by° Traldi° and° coworkers° [18].° The° more
intense signal of MH� of acridine with dopant than
without°the°dopant°(Figure°7)°also°indicates°that°the
amount of proton donating species is higher when the
dopant is used and may explain the more significant
saturation of the MH� signal without the dopant than
with°it°in°the°case°of°the°Agilent/Syagen°source°(Figure
7).°However,°it°is°also°possible°that°other°factors°cause
the saturation of the MH� signal of acridine at higher
flow rates. First, the absolute amount of solvent impu-
rities increases at higher flow rate, and species of higher
PAs possibly start to compete with the analytes and
thus°decrease°their°protonation°(Scheme°2,°Reaction°8).
Second, the signal loss may also result from recombi-
nation of analyte ions with ions of opposite polarity
(Scheme°2,°Reaction°3)°and°with°electrons°(Scheme°2,
Reaction 4). Nevertheless, we feel it is difficult to
rationalize why ion-ion and ion-electron recombination
reactions should be promoted by an increasing amount
of solvent vapor in the ion source.
Third, another possible reason for ion loss is dis-

charge°of°ions°to°ion°source°walls°(Scheme°2,°Reaction
6). This would be expected to be more pronounced with
the Sciex prototype source, which uses a small ioniza-
tion volume inside a metal tube, unlike the Agilent/
Syagen APPI source with a more open ionization area
(Figures°1°and°2).°This°hypothesis°is°supported°by°the
observation that the MH� signals saturated more with
the Sciex source than with the Agilent/Syagen APPI
source° (Figures° 6b° and° 7b).° It° is°worth° noting° that

Figure 5. 2-Ethylnaphthalene by using the Agilent/Syagen APPI
source. Intensities of M� of 2-ethylnaphthalene and D� of toluene.
Chloroform flow rate 50–1000 �l/min, dopant flow rate 5–100
�l/min and 2-ethylnaphthalene concentration 1.4 �M.

Figure 6. Acridine in acetonitrile by using the Sciex prototype source. (a) Curtain plate current; (b)
intensity of the 13C isotope peak of MH� atm/z 181. Acetonitrile flow rate 100–1000 �l/min, dopant
flow rate 10–100 �l/min and acridine concentration 200 nM
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saturation of m/z 180 (MH� of acridine) is in part
attributable to the saturation of the ion counting detec-
tor. Therefore, the signal of the MH��1 isotope at m/z
181°is°shown°in°Figure°6b,°to°present°a°correct°relation-
ship between sample ion abundance and solution flow
rate.

Temperature and Gases

The effect of the temperature and gas flows was tested
in the Sciex prototype source by measuring the intensity
of MH� of acridine in acetonitrile with different solvent
and dopant flow rates, vaporizer temperatures, and gas
flow rates. For the highest solvent flow rates, the
optimum temperatures and gas flow rates were indeed
higher than for the lower solvent flow rates, which
indicates that more heat and more powerful nebuliza-
tion is needed at higher solvent flow rates. However,
even with the highest possible temperature (500 °C) and
gas flows, the analyte signal was observed to level off at
high flow rates. Therefore, the apparent ion loss cannot
be explained by insufficient nebulization and evapora-
tion.

Amount of Photons

To investigate whether the output of photons from the
lamp is insufficient for the efficient ionization of the
dopant and other species, acridine was analyzed in
acetonitrile, again by changing the flow rate and this
time also the lamp current of the Sciex prototype source.
The lowest lamp current used was 0.42 mA, the highest
was 1.92 mA, instead of the normally used 0.78 mA. The
signal of MH� of acridine was slightly more intense
with the higher lamp current, but the trend was still
identical to that obtained with the lower lamp currents:
the signal saturated at higher flow rates. The conclusion
is, therefore, made that saturation of the ion signals is
not due to insufficient emission of photons from the
lamp.
The photons may also be lost through absorption by

solvent°molecules°at°higher°flow°rate°(Scheme°2,°Reac-
tion°2).°Cross°sections°for°absorption°by°acetonitrile°and
chloroform are°given°in°Table°2.°Evaporation of 1 mL of
acetonitrile or chloroform yields approximately 440 mL
or 280 mL of solvent vapor at 1 atm and room-
temperature. Gas flows through the Sciex source are:
lamp gas 1 L/min, nebulizer gas 2 L/min (estimated),
and auxiliary gas 3 L/min (estimated), totaling 6
L/min. The fraction of acetonitrile vapor at 100 �L/min
in the vapor-phase is 0.044/6. Then, the number density
of acetonitrile can be calculated as 2.1017 molecules/
cm3. For a layer of a mixture of nitrogen and acetonitrile
the photon intensity that is transmitted is

I

I0
� e��nx

where � is the photon absorption cross section, n is the
number density of acetonitrile and x (cm) is the thick-
ness of the layer of gas.
Using this equation for a 1 mm thick layer, we obtain

I/I0 � 0.55 at 100 �L/min, 0.30 at 200 �L/min, and 0.05
at 500 �L/min. This calculation demonstrates that pho-
ton absorption is extremely strong at 500 and 1000
�L/min. Similar numbers can be calculated for chloro-
form. The calculation suggests that dopant ions can be
generated in a layer close to the lamp window, and that
photons cannot penetrate several millimeters into the
ionization region at flow rates above 200 �L/min.
This was tested by delivering the dopant to the Sciex

prototype source together with the lamp gas and not
with°the°auxiliary°gas°as°usual (Figure°1).°The°aim°was
to have more efficient ionization of the dopant, as the

Figure 7. Acridine in acetonitrile by using the Agilent/Syagen APPI source. (a) End plate current; (b)
intensity of MH�. Acetonitrile flow rate 50–1000 �l/min, dopant flow rate 5–100 or 0 �l/min and
acridine concentration 200 nM.

Table 2. VUV°Photon°absorption°of°solvents°[27,28]

Solvent
Cross section for photon absorption

at 10.0 eV (123 nm)

Acetonitrile 30.10�18cm2

Chloroform 35.10�18cm2
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dopant molecules would meet the photons in front of
the lamp window before absorption by the solvent
could take place. The new configuration as well as two
different lamp gas flows (1–4 l/min) were tested during
the analysis of acridine in acetonitrile, but no significant
differences could be found in the saturation of the MH�

signal of acridine when compared with the situation
where the dopant was delivered the usual way. It may
be concluded that either the loss of photons in non-
ionizing interaction with solvent molecules is not im-
portant (which would contradict our calculation) or that
the mixing of solvent vapor with lamp gas is such an
efficient process that a clean sheath of dopant in lamp
gas just in front of the lamp window cannot be estab-
lished and absorption of photons by solvent vapor
cannot be avoided. As a final consideration concerning
photon absorption, it is difficult to explain why loss of
photons leads to a much more pronounced loss of
sensitivity for sample ionization by charge exchange
than by proton transfer.

Conclusions

The total ion current (TIC), which consists mainly of
dopant radical cations and other reactant ions, was
observed to decrease at high solvent flow rates, as
demonstrated by measuring the curtain plate and end
plate currents of the two APPI sources. The signal of
analyte radical cations (M�·) was observed to decrease
simultaneously with the dopant radical cations (D�·)
and the TIC, whereas the signal of protonated analytes
(MH�) was affected to a very minor extent. The de-
crease in the M�· of analytes is explained by neutraliza-
tion of the D�·, which inhibits the formation of M�· by
charge exchange. For the formation of MH� through
proton transfer, a sufficient amount of proton donors is
present in the system despite the decreased amount of
D�·, and therefore the proton transfer is not as seriously
affected by the high solvent flow rate. With the Agi-
lent/Syagen APPI source the MH� ions were efficiently
formed even without the dopant, whereas the forma-
tion of M�· required the use of dopant with both ion
sources. This and the high dependence of M�· signal on
the flow rate suggest that the main route for the
formation of M�· is charge exchange with the D�· and
not direct photoionization. A simple calculation dem-
onstrates that absorption of photons by solvent vapor
may be a major contribution to the decreased output of
ions from the APPI sources. However, absorption of
photons cannot explain why loss of sensitivity is strong
in the case of charge exchange, and very limited in the
case of proton transfer.
Future experiments that may shed light on the mech-

anisms responsible for the observed flow rate depen-
dence of the APPI source are extensive variations of all
gas flows involved, to vary residence times of charge
carriers, and thus vary the extent of ion-ion and ion-
electron recombination. Measurement of VUV light
attenuation as a function of solvent flow rate in the

absence of dopant and sample may present a direct
proof of the extent of VUV photon absorption.
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