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a b s t r a c t

Liquid chromatography dopant-assisted atmospheric pressure chemical ionization (LC/DA-APCI-MS) has
been introduced and demonstrated as a promising method for the analysis of non-polar compounds.
Polycyclic aromatic hydrocarbons (PAHs) were studied as non-polar representatives. Chlorobenzene,
toluene and anisole were explored as dopants with anisole achieving the best results. Using anisole as the
dopant, signal to noise ratio (S/N) for PAHs were up to two orders of magnitude better than those achieved
with LC/APCI-MS under identical conditions. While predominant M•+ ions were observed for fourteen
of the sixteen PAHs by LC/DA-APCI-MS, predominant [M−H]+ ions were observed for acenaphthene and
fluorene whose structure is different from other PAHs by containing cyclopenta-fused rings formed by
methylene (–CH2–) insertion. PAH and solvent adduct ions, e.g., [M+CH2CN]+, were also observed for
a few PAHs. Reactant ion mass spectra of LC/DA-APCI-MS were examined in detail. All three dopants
PPI generated chemical background ions at m/z ≤ 250, which possibly limited the use of high dopant flow
rates to improve the S/N of low-molecular-mass PAHs. They also generated predominant D•+ ions. In
comparison with toluene, almost two and seven times more D•+ ions were observed by chlorobenzene
and anisole, respectively. In addition to predominant D•+ ions, anisole also generated noticeable amount of
[D+H]+ ions. Toluene generated not only [D+H]+ but also [D−H]+ ions. Therefore, while a charge exchange
reaction could be mainly responsible for the ionization of PAHs, a proton transfer reaction followed by

could
in-source fragmentation

. Introduction

Gas chromatography mass spectrometry (GC/MS) [1] is widely
sed in the analysis of non-polar compounds, but it is not suitable
or compounds with low volatility and thermal lability. Liquid chro-

atography mass spectrometry (LC/MS) is extensively applied in
he analysis of polar compounds that are usually non-volatile and
hermally labile [2–4], but it has not been widely used in the analy-
is of non-polar compounds [5]. Polycyclic aromatic hydrocarbons
PAHs), which are potent environmental mutagens and carcino-
ens, formed from both natural (e.g., biosynthesis and natural

ombustion) and anthropogenic sources, are one type of non-polar
ompounds whose analysis can benefit from LC/MS. The United
tates Environmental Protection Agency (U.S. EPA) has developed
few methods for the analysis of PAHs in different matrixes, e.g.,

∗ Corresponding author at: Department of Chemistry, University of Tennessee,
17 Buehler Hall, Knoxville, TN 37923, USA. Tel.: +1 865 974 0763;
ax: +1 865 974 3454.
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also be responsible.
© 2011 Elsevier B.V. All rights reserved.

EPA methods 8100 [6], 8270 [7], 8275 [8] and 8310 [9]. These meth-
ods include GC with flame ionization detection (FID) [6], GC/MS
[7,8], LC/UV and LC with fluorescence detection (FLD) [9], but do not
include LC/MS. Analysis of low-molecular-mass (<300 amu) PAHs
by GC/MS has been proven successful, but the analysis of high-
molecular-mass (>300 amu) PAHs by GC/MS is difficult due to the
low volatility of these compounds [10].

Lack of adequate ionization is the main obstacle in the anal-
ysis of non-polar compounds by LC/MS. Currently, LC is coupled
to MS through three popular atmospheric pressure ionization
(API) sources: electrospray ionization (ESI) [11], atmospheric pres-
sure chemical ionization (APCI) [12], and atmospheric pressure
photoionization (APPI) [13,14]. ESI is mainly based on acid–base
chemistry in solution. Therefore, it is more suitable for ionizing
polar compounds, but has difficulty ionizing non-polar compounds.
Although APCI was successfully coupled to normal phase liquid

chromatography (NPLC) and actually used in the analysis of PAHs
in the 1970s [15,16], the use of reversed phase liquid chromatog-
raphy (RPLC) in LC/MS applications is more important because the
use of NPLC is associated with a large number of problems, includ-
ing limited compatibility with water in the samples, which results

dx.doi.org/10.1016/j.ijms.2011.01.028
http://www.sciencedirect.com/science/journal/13873806
http://www.elsevier.com/locate/ijms
mailto:song@ion.chem.utk.edu
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n limited reproducibility. Because the major ion/molecule reac-
ions in RPLC/APCI-MS involve gas-phase acid–base chemistry [2],
roton transfer is recognized as the major ionization mechanism.
herefore, non-polar compounds have been recognized to have dif-
culty being ionized by APCI due to low proton affinities (PAs)
5].

Of the three API techniques that couple LC with MS, APPI
as achieved the most success in ionization of non-polar com-
ounds [17–20]. This technique was developed around the year
000 [13,14] with a motivation to extend the range of compounds
menable to LC/MS to non-polar compounds. It was believed that
ingle-photon photoionization could be used to directly ionize
on-polar compounds not readily accepting a proton as is gener-
lly required by ESI and APCI. In practice, however, it was found
hat direct APPI was inefficient. Instead, dopant-assisted APPI (DA-
PPI), where analytes are ionized through gas-phase ion/molecule
eactions with photoions formed by a photoionizable dopant sup-
lemental to the LC effluent, has become the de facto standard
ethod of utilizing APPI due to frequent enhancement of sensitiv-

ty by 2–3 orders of magnitude in comparison to direct APPI. Due
o the nature of generating ions through gas-phase ion/molecule
eactions, DA-APPI can be considered as APCI using photoions, e.g.,
he radical ions of the dopant, as intermediates. The key difference
etween them, however, is that both proton transfer and charge
xchange ionization mechanisms are frequently observed by DA-
PPI [17–20]. With DA-APPI, polar compounds can be efficiently

onized by proton transfer ionization mechanism; non-polar com-
ounds can be efficiently ionized by charge exchange ionization
echanism.
This study is an attempt to regenerate the success of

C/DA-APPI-MS in the analysis of non-polar compounds through
ncorporation of an appropriate dopant into LC/APCI-MS analysis of
on-polar compounds. PAHs, which have been much more success-

ully analyzed by LC/APPI-MS [21–27] in comparison to LC/APCI-MS
28–34], have been chosen as non-polar representatives. We antic-
pate that our results will demonstrate that LC/DA-APCI-MS can
e a good alternative technique for the analysis of non-polar com-
ounds.

. Experimental

.1. Reagents

Compressed nitrogen (minimum purity 99.998%) was pur-
hased from Airgas (Bowling Green, KY, USA). HPLC grade
ater, acetonitrile and toluene were purchased from Fisher Sci-

ntific (Suwanee, GA, USA). Certified A.C.S. grade anisole and
HROMASOLV® HPLC grade chlorobenzene were purchased from
igma–Aldrich (St. Louis, MO, USA). In the LC/DA-APCI-MS analysis,
itrogen was used as both nebulizing and drying gas; water and
cetonitrile were used as mobile phase; chlorobenzene, toluene
nd anisole were used as dopants. Their formula, monoisotopic
ass of [M−H]+, M•+, [M+H]+, and [M2+H]+ ions when applica-

le, ionization energy (IE), proton affinity (PA) in different forms
ncluding monomer, dimer, and [M−H] radical when applicable,
re listed in Table S-1 in Supplementary Material. The IE and PA
alues of the monomers were obtained from the NIST Chemistry
ebBook [35]. The PA values of their dimers and [M−H] radicals
ere thermochemically estimated as described previously [36].

16 PAHs designated by U.S. EPA as priority pollutants were

urchased as a mixture solution (EPA 610 Polynuclear Aromatic
ydrocarbons Mixture, Catalog No. 4S8743) from Supelco (Belle-

onte, PA, USA) and analyzed by LC/DA-APCI-MS after being diluted
0 times with the initial LC mobile phase, i.e., water/acetonitrile
50/50, v/v). They are listed in alphabetical order in Table S-2 in Sup-
Fig. 1. A schematic of the DA-APCI ion source.

plementary Material with their molecular formula, monoisotopic
mass, final concentration, IE and PA values. The IE and PA val-
ues were obtained from the NIST Chemistry WebBook [35]. Their
chemical structure is shown in Fig. S-1 in Supplementary Material.

2.2. Apparatus

An Agilent (Santa Clara, CA, USA) 1100 series HPLC system
with a quaternary pump and a thermostatted column compart-
ment was used for the separation. It was coupled online to a JEOL
(Peabody, MA, USA) JMS-T100LC (AccuTOFTM) orthogonal time-of-
flight (TOF) mass spectrometer through a JEOL APCI ion source. The
APCI sprayer was modified so that dopant could be delivered coax-
ially to the LC effluent and mixed at the tip of the APCI sprayer.
A schematic of the APCI ion source is shown in Fig. 1. The ori-
fice 1 of the AccuTOF, the corona discharge needle, and the APCI
sprayer were in one vertical plane. The distance between orifice
1 of the AccuTOF and the tip of the corona discharge needle, the
distance between orifice 1 of the AccuTOF and the center of the
LC effluent, and the distance between the center of the LC effluent
and the tip of the corona discharge needle was 10, 4.7 and 5.3 mm,
respectively. The length of the APCI sprayer was 78.9 mm. The dis-
tance between the tip of the APCI sprayer to the horizontal plane of
the corona discharge needle and the orifice 1 of the AccuTOF was

36.1 mm. A Harvard Apparatus (Holliston, MA, USA) micro syringe
pump was used to deliver the dopant. A Grace Vydac (Deerfield, IL,
USA) 201TP5115 C18 column (150 mm × 1 mm × 5 �m) was used
for all LC separations.
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Fig. 2. Representative chromatograms of the 16 PAHs analyzed by LC/DA-APCI-MS
with anisole as dopant at a flow rate 50% of the LC mobile phase, i.e., 50 �L/min. Other
LC/DA-APCI-MS conditions are described in Section 2. Although the acquisition used
a full scan mode from m/z 30–300, extracted ion chromatograms with mass window
of 0.5 m/z units was used to demonstrate the separation of the PAHs. The elution
sequence is naphthalene (m/z 127.9–128.4), acenaphthylene (m/z 151.9–152.4),
acenaphthene (m/z 152.9–153.4), fluorene (m/z 164.9–165.4), phenanthrene (m/z
177.9–178.4), anthracene (m/z 177.9–178.4), fluoranthene (m/z 201.9–202.4),
pyrene (m/z 201.9–202.4), benzo[a]anthracene (m/z 227.9–228.4), chrysene (m/z
227.9–228.4), benzo[b]fluoranthene (m/z 251.9–252.4), benzo[k]fluoranthene (m/z
L. Song et al. / International Journal o

.3. LC/DA-APCI-MS

The LC mobile phases were (A) water and (B) acetonitrile. The
C flow rate was 100 �L/min and the LC column was thermostat-
ed at 20 ◦C. The eluting gradient was as follows: 0 min, 50% B;
min, 50% B; 11 min, 100% B; 25 min, 100% B. The injection vol-
me was 20 �L. All the isomeric PAHs were well-resolved, though
ibenzo[ah]anthracene and benzo[ghi]perylene were not baseline
eparated from each other. Dopant flow rates of 0, 5, 10, 20, 50, 100,
nd 200 �L/min, corresponding to 0, 5, 10, 20, 50, 100, and 200% of
he LC flow rate, respectively, were tested. The general controlling
arameters for the AccuTOF, which was operated at a resolution
ower of over 6000 (FWHM, full width at half maximum) for reser-
ine, were as follows: corona discharge needle voltage, 4600 V;
rifice 1 voltage, 85 V; orifice 2 voltage, 10 V; ring lens voltage, 15 V;
esolvating chamber temperature, 400 ◦C; orifice 1 temperature,
00 ◦C; ion guide RF voltage, 200 V. The flow rates of nebulizing and
rying gas were 4.5 and 0.5 L/min, respectively. The spectra record-

ng interval was 1 s. The mass acquisition range was m/z 30–300
ecause there were no significant ions observed outside this range.

t should be noted that neither the LC separation nor the MS detec-
ion were specially optimized for quantification. The ion guide RF
oltage of 200 V was specially selected so that small reactant ions
own to m/z 20 could be observed, though it reduced the signal of
nalyte ions above m/z 200.

. Results and discussion

.1. Analysis of PAHs by LC/APCI-MS

Previously, LC/APCI-MS has been used in PAHs analysis
ith limited success [28–33]. Both [M+H]+ and M•+ ions were

bserved and the predominance appeared to be dependent
n the instrument used. With the use of a SCIEX (Concord,
ntario, Canada) API III triple quadrupole mass spectrometer

28–30], higher-molecular-mass (>200 Da) PAHs generated more
bundant [M+H]+ ions relative to M•+ ions, while lower-molecular-
ass (<200 Da) PAHs produced more abundant M•+ ions. With

he use of a Fisons Platform (now Micromass, Manchester,
K) benchtop quadrupole instrument [31,32], the mass spec-

ra of benzo[a]pyrene, benzo[ghi]perylene and dibenzo[al]pyrene
ere dominated by [M+H]+ ions, while the mass spectrum of

enzo[c]chrysene was dominated by M•+ ion. A Hewlett-Packard
now Agilent, Santa Clara, CA) model 1100 mass-selective detector
MSD) was also used [33], only a minor extent (4–10%) of [M+H]+

ons were observed for all the PAHs studied with the largest being
ndeno[1,2,3-cd]pyrene and benzo[ghi]perylene.

In our LC/APCI-MS analysis of PAHs, predominant M•+ ions were
bserved for 14 of 16 PAHs studied. The exceptions were acenaph-
hene and fluorene with predominant [M−H]+ ions. Their structure
s different from other PAHs studied by containing cyclopenta-
used rings formed by methylene (–CH2–) insertion, as shown in
ig. S-1. The [M−H]+ ions should be the fragmentation and/or
ydrogen abstraction products of M•+ ions based on previous
esults with chemical ionization (CI) and corresponding interpreta-
ion [37]. Representative chromatograms of the 16 PAHs analyzed
y LC/APCI-MS are shown in Fig. S-2A in Supplementary Material.

.2. Analysis of PAHs by LC/DA-APCI-MS
Three popular dopants have been used in LC/DA-APPI-MS anal-
sis of non-polar compounds, i.e., toluene [13,38], anisole [39]
nd chlorobenzene [27,40]. They were explored in the analysis
f PAHs by LC/DA-APCI-MS in this study. It is noted that ben-
ene assisted LC/APCI-MS has also been previously used in the
251.9–252.4), benzo[a]pyrene (m/z 251.9–252.4), dibenzo[a,h]anthracene (m/z
277.9–278.4), benzo[ghi]perylene (m/z 275.9–276.4) and indeno[1,2,3-cd]pyrene
(m/z 275.9–276.4).

analysis of hydrophobic compounds of significant environmental
relevance such as pesticides, benzofurans and dioxin congeners
[34]. However, a low-temperature trap had to be used to con-
dense its vapor due to its high toxicity. In addition, another study
using benzene as the dopant in DA-APPI-MS has shown that ben-
zene was not an efficient dopant due to its reaction with oxygen
[41]. Therefore, the use of benzene as the dopant in this study was
excluded.

Representative chromatograms of the 16 PAHs analyzed by
LC/DA-APCI-MS with chlorobenzene, toluene and anisole as the
dopant at a flow rate 50% of the LC mobile phase, i.e., 50 �L/min,
are shown in Fig. S-2B and C, both located in Supplementary Mate-
rial, and Fig. 2, respectively. A comparison of the use of different
dopant on the detection of PAHs by LC/DA-APCI-MS, which is rep-
resented by the signal-to-noise ratio (S/N) of a PAH at the same

loading amount on the LC column, is shown in Fig. 3. The S/N of
a PAH was calculated by mass spectrometric software, i.e., Mass-
Center 1.3.8, using the peak height of the chromatographic peak
(S) and the standard deviation of the background noise. Error bars
of the S/N in Fig. 3 represent the standard deviation (SD) of three



176 L. Song et al. / International Journal of Mass Spectrometry 303 (2011) 173–180

0

500

1000

1500

2000

2500

3000

Nap
ht

ha
len

e

Ace
na

ph
th

yle
ne

Ace
na

ph
th

en
e

Fluo
re

ne

Phe
na

nt
hr

en
e

Ant
hr

ac
en

e

Fluo
ra

nt
he

ne

Pyr
en

e

Ben
zo

[a
]a

nt
hr

ac
en

e

Chr
ys

en
e

Ben
zo

[b
]flu

or
an

th
en

e

Ben
zo

[k]
flu

or
an

th
en

e

Ben
zo

[a
]p

yr
en

e

Dibe
nz

o[
ah

]a
nt

hr
ac

en
e

Ben
zo

[g
hi]

pe
ry

len
e

In
de

no
[1

,2
,3

-c
d]

py
re

ne

Dopant:

S
/N

None Chlorobenzene Toluene Anisole

F DA-AP
L

r
(
w

a
f
t
b
t
L
b
b

A
E
R
e
2
I

F
2

ig. 3. A comparison of the use of different dopants on the detection of PAHs by LC/
C/DA-APCI-MS conditions are described in Section 2.

eplicates. It should be noted that the relative standard deviation
RSD) of the S/N showed clear dependence on the S/N. Lower RSD
ere observed with larger S/N and vice versa.

It can be seen from Fig. S-2 and Figs. 2 and 3 that the use of anisole
s the dopant achieved the best S/N for most of the PAHs except
or a few low-molecular-mass PAHs. These PAHs, including naph-
halene, acenaphthylene, fluorene, and phenanthrene, achieved the
est S/N when chlorobenzene was used as the dopant. The use of
oluene as the dopant provided the worst S/N of all the PAHs. Using
C/DA-APCI-MS with anisole as the dopant, the S/N of PAHs has
een improved up to two orders of magnitude than those achieved
y LC/APCI-MS.

The effect of dopant flow rate on the detection of PAHs by LC/DA-
PCI-MS with chlorobenzene as the dopant is shown in Fig. 4.
rror bars of the S/N are not included in Fig. 4 because similar

SDs (shown in Fig. 3), which were dependent on the S/N, can be
xpected. The tested dopant flow rates were 0, 5, 10, 20, 50, 100 and
00% of the LC flow rate, i.e., 0, 5, 10, 20, 50, 100 and 200 �L/min.

t can be seen from Fig. 4 that for PAHs with molecular mass < 170,
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CI-MS. The dopant flow rate was 50% of the LC mobile phase, i.e., 50 �L/min. Other

170–250 and > 250, the optimum dopant flow rate was 5, 20 and
100 �L/min, respectively.

The effect of dopant flow rate on the detection of PAHs by
LC/DA-APCI-MS with toluene and anisole as the dopant is shown
in Fig. S-3B and C in Supplementary Material. Toluene’s result
was similar to that of chlorobenzene. The result with anisole
was also close to that of chlorobenzene. However, anisole caused
more decrease in S/N of low-molecular-mass PAHs than chloroben-
zene, e.g., 63.3 versus 11.5 for acenaphthylene. On the other
hand, anisole caused less increases of S/N for high-molecular-
mass PAHs than chlorobenzene, e.g., 3.3 versus 4.6 for indeno
[1,2,3-cd]pyrene.

The ionization products of the PAHs remained consistent
regardless of the type and amount of dopant use. Using the
major characteristic ion peak of each PAH, an extracted ion chro-

matogram, with a mass window of 0.5 m/z units, was obtained.
The retention time of each PAH was then determined. The mass
spectrum of each analyte at its maximum chromatographic reten-
tion time was subsequently obtained and background subtracted
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Fig. 5. Representative reactant ion mass spectra of LC/DA-APCI-MS with initial LC mobile phase, i.e., 100 �L/min water/acetonitrile (50/50, v/v), and none (A), chlorobenzene
(B), toluene (C) and anisole (D) as dopant at a flow rate 100% of the LC mobile phase, i.e., 100 �L/min. The mass spectrometric controlling parameters are described in Section
2. In Fig. 2A, the spectrum was calibrated with [CH3CN+H]+ and [(CH3CN)2+H]+ ions. The m/z 118.066 ion is therefore identified as [CH3CN+C6H5]+, not [(CH3CN+H2O)2]+. Its
presence could not be eliminated and was possibly due to aromatic compounds in the ambient air. In Fig. 2B, the spectrum was calibrated with [CH3CN+H]+, [(CH3CN)2+H]+

a 5CH3−
w

b
1
a
p
w
t
i
e
P
t
[
i
(
o
t
I
a

nd [C6H5Cl]•+ ions. In Fig. 2C, the spectrum was calibrated with [CH3CN+H]+, [C6H
ith [C6H5OCH3]•+ and [C6H5OCH3+H]+ ions.

y the mass spectrum taken at 2 min. The ionization products of
6 PAHs analyzed by LC/DA-APCI-MS are listed in Table 1 when
nisole was used as the dopant at a flow rate 5% of the LC mobile
hase, i.e., 5 �L/min. The intensities listed under the [M+H]+ ions
ere mostly due to the corresponding M•+ ion isotope, though for

he high-molecular-mass PAHs including benzo[ghi]perylene and
ndeno[1,2,3-cd]pyrene, approximately 5% of [M+H]+ ions could be
stimated. Predominant M•+ ions were observed for 14 of the 16
AHs studied with acenaphthene and fluorene being the excep-
ions with predominant [M−H]+ ions. A substantial amount of
M−2H]+ and [M−H]+ ions were observed for 4 of the 14 PAHs,
.e., phenanthrene, anthracene, benzo[a]anthracene and chrysene
the MW 202 and 228 pairs), together with substantial amount

f fragment ions, which might indicate the voltage of orifice 1 of
he AccuTOF was so high that in-source fragmentation occurred.
t is noted that while the m/z 152.1 ion could be generated from
cenaphthylene, it could also be an in-source fragment ion of
H]+, [C6H5CH3]•+ and [C6H5CH3+H]+ ions. In Fig. 2D, the spectrum was calibrated

many PAHs. As a consequence, extracted ion chromatograms of
m/z 151.9–152.4 could show multiple visible peaks (see Fig. S-
2B, C and Fig. 2). Substantial amounts of [M+CH2CN]+ ions were
observed for naphthalene and acenaphthylene. In fact, whenever
m/z 152.1 ion (M•+ ion of acenaphthylene) was observed, its ace-
tonitrile adduct, i.e., m/z 192.1, was also observed even when
the m/z 152.1 ion was a fragment ion of acenaphthene, fluorene,
phenanthrene and anthracene. Noticeable amount of [M+CH2CN]+

ions, i.e., m/z 242.0, were observed for fluoranthene and pyrene as
well.

Other adduct ions were also observed and were most distinct
when chlorobenzene was used as the dopant. The [M+C6H4]+ and
[M+C H Cl]+ ions, i.e., m/z 228.1 and 263.1, were substantial for
6 4
acenaphthylene with the former clearly visible in Fig. S-2B. In fact,
the same [M+C6H4]+ ion was also observed in small amount with
toluene as the dopant. The [M+D−H]+ ion was also observed in
small amount with both toluene and anisole as dopants. The for-
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mation of unnecessary dopant adduct ions makes chlorobenzene a
less attractive dopant.

3.3. Reactant ion mass spectra

Sunner et al. [42] have described the reactions involved when
a corona discharge occurs in air having normal humidity levels.
Briefly, the corona discharge generates energetic electrons, which
ionize ambient air producing primary ions (mainly N2

•+ and O2
•+).

Water is then ionized by the primary ions. Due to self-protonation
and clustering, protonated water clusters dominate the reactant ion
mass spectrum [2]. However, during LC/APCI-MS analysis, the dif-
ference between the gaseous composition inside the APCI source
and ambient air with normal humidity level has to be consid-
ered. A modern APCI source is generally an enclosed assembly with
gaseous species, which is composed of nebulizer gas, drying gas and
LC effluent flowing out of the heated nebulizer at a high flow rate.
Therefore, the gas contents of the APCI source are being replaced
rapidly. In this study, the combined flow rate of nebulizing and dry-
ing gas, i.e., N2, was 5 L/min. The flow rate of LC mobile phase, i.e.,
water and acetonitrile, was 100 �L/min. The maximum flow rate
of the dopant, i.e., chlorobenzene, toluene or anisole, was 200% of
the LC mobile phase. A solvent flow rate of 100 �L/min is approxi-
mately equivalent to 0.05 L/min of gas at 25 ◦C and one atmosphere
pressure, assuming an ideal gas, a solvent with molecular weight
50 g/mol and a density of 1.0 g/mL. Therefore, N2 was the most
abundant species inside the APCI source, which should be prefer-
entially ionized by energetic electrons generated from the corona
discharge to produce primary ions. The ionization of the rest species
inside the APCI source by the primary ions, however, should depend
on IEs of these species.

The background mass spectra of LC/APCI-MS and LC/DA-APCI-
MS with a dopant flow rate of 100% of the LC mobile phase, i.e.,
100 �L/min, were examined. Over the 25 min LC elution, the total
ion current (TIC) over the mass acquisition range of m/z 30–300
was not significantly changed (usually less than 10%) regardless of
the dopant usage. However, the TIC was significantly lower without
a dopant, which could be ascribed to the significantly higher IE of
water and acetonitrile than the dopants (see Table S-1). Among the
three dopants, the TIC increased as the IE of the dopant decreased.
At 2 min retention time, the TIC of the LC mobile phase without a
dopant and with chlorobenzene, toluene and anisole as the dopant
was 0.25, 6.50, 6.83 and 12.61 × 106, respectively.

A representative reactant ion mass spectrum of the LC/APCI-
MS analysis with initial LC mobile phase, i.e., 100 �L/min
water/acetonitrile (50/50, v/v), is shown in Fig. 5A. Protonated
water clusters are absent and protonated acetonitrile monomer
and dimer ions are predominant. This result is reasonable because
acetonitrile was introduced into the APCI source as part of the LC
mobile phase and its PA is much higher than water (see Table S-
1). Primary ions are also absent in Fig. 5A because they are highly
reactive with short lifetime [43].

Representative reactant ion mass spectra of LC/DA-APCI-MS
with initial LC mobile phase, i.e., 100 �L/min water/acetonitrile
(50/50, v/v), and dopant, i.e., chlorobenzene, toluene and anisole, at
a flow rate of 100% of the LC mobile phase are shown in Fig. 5B–D,
respectively. It can be seen that toluene generated many chemi-
cal background ions at m/z ≤ 250 with high intensity. Their relative
intensity to the base peak, i.e., its D•+ ion, was up to 50%. In
comparison to toluene, chlorobenzene generated fewer chemical
background ions at m/z ≤ 250 with slightly lower intensity. Their

relative intensity to the D•+ base peak was also lower, up to 28%.
Anisole appeared to generate many chemical background ions as
well. Their intensity was actually only slightly lower than those
from chlorobenzene. However, their relative intensity to the D•+

base peak was lower than 5%. After careful calibration of the reac-
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ant ion mass spectra, accurate masses of the observed chemical
ackground ions with relative intensity ≥10% of the base peak
ere determined and their corresponding elemental composition
as estimated and listed in Fig. 5. Most chemical background ions

ould be considered as either [M−H]+ or M•+ ions of hydrocar-
ons. For example, the ion at m/z 128.06 had the same elemental
omposition as naphthalene. Other ions, i.e., [CH3CN+C6H5]+ and
C12H8+CH2CN]+, could be considered as adduct ions of acetoni-
rile and hydrocarbons. When chlorobenzene was previously used
s reagent gas in chemical ionization (CI), m/z 128, 152, 153 and 154
ere also observed in the reactant ion mass spectrum [44]. Previ-

usly, acetonitrile was also used as reagent gas in CI and abundant
M+CH2CN]+ ions were observed [45–47]. It appeared to us that the
•+ ions of the dopants could be in-source fragmented. And these

ragment ions might attach to other ions and form ions with higher
/z than the D•+ ions of the dopants.

The D•+ ions of the dopant might be more related to the ion-
zation of the PAHs. As seen in Fig. 5, all the dopants generated
redominant D•+ ions. In comparison with toluene, about 1.7 times
ore D•+ ions were observed by chlorobenzene when both iso-

opes of chloride were considered. Anisole generated about 6.9
imes more D•+ ions than toluene. In addition to predominant D•+

ons, anisole also generated 33% [D+H]•+ ions. Toluene generated
ot only 75% [D+H]•+ but also 37% [D−H]•+ ions. Therefore, anisole
enerated 3.2 times more [D+H]•+ ions than toluene.

Reactant ion mass spectra of LC/DA-APCI-MS with initial LC
obile phase, i.e., 100 �L/min water/acetonitrile (50/50, v/v), and

opant, i.e., chlorobenzene, toluene and anisole, at other flow rates,
.g., 200, 50, 20, 10 and 5% of the LC mobile phase were fur-
her examined. The relative abundance of the [CH3CN+H]+ and
(CH3CN)2+H]+ to the dopant ions increased with the decrease of
he dopant flow rate, indicating more LC solvent was ionized. The
IC of the dopant ions also decreased with the decrease of the
opant flow rate.

Reactant ion mass spectra of LC/DA-APCI-MS with the same
opant at a constant dopant flow rate were also examined through-
ut the LC gradient elution. The appearance of the reactant ion mass
pectra did not change significantly, but it did reflect the change of
he LC mobile phase.

.4. Ionization mechanism

Two typical gas-phase ion/molecule reactions, i.e., proton trans-
er and charge exchange, have been reported to be responsible for
he ionization of PAHs by APCI [48]. Previous LC/APCI-MS stud-
es have attributed PAH-derived [M+H]+ ions to a proton transfer
eaction with protonated water clusters and PAH-derived M•+ ions
o a charge exchange reaction with primary ions [28–33]. In this
tudy, predominant M•+ ions of most PAHs were detected by both
C/APCI-MS and LC/DA-APCI-MS. Therefore, it was possible that
charge exchange reaction was mainly responsible, especially in

onsideration that predominant D•+ ions were observed in the
eactant mass spectra when a dopant was used (see Fig. 5B–D).
owever, protonated acetonitrile monomer, toluene and anisole
ere also observed in the reactant mass spectra. Because acetoni-

rile and toluene have lower PA than all the PAHs studied (see
ables S-1 and S-2), protonated acetonitrile monomer and toluene
ould transfer their proton to the PAHs. Protonated anisole may
lso transfer its proton to the PAHs with higher PA than anisole. The
rotonated PAHs may then undergo in-source fragmentation, lose
ydrogen and became the M•+ ions observed. With a high orifice 1

oltage, i.e., 85 V, used in this study, both reactions would eventu-
lly contribute to the same ionization product, i.e., M•+ ions, which
as beneficial to improve S/N in the detection of PAHs. In order to

ully understand the ionization mechanism, further experiments
re needed.
s Spectrometry 303 (2011) 173–180 179

4. Conclusion

LC/APCI-MS is not well suited for the analysis of non-polar com-
pounds, which has been demonstrated in the analysis of PAHs by
others and again in this study. However, this study has further
demonstrated that PAHs can be well analyzed when LC/APCI-MS
is performed with an appropriate dopant. Chlorobenzene, toluene
and anisole were explored as the dopant and anisole achieved the
best results. Using LC/DA-APCI-MS with anisole as the dopant, the
S/N of PAHs has been improved up to two orders of magnitude than
those achieved by LC/APCI-MS.

Reactant ion mass spectra showed that both the LC solvents and
dopants could be ionized by LC/DA-APCI-MS. However, the ioniza-
tion of the LC solvents did not pose a problem for LC/DA-APCI-MS in
the analysis of PAHs except that it promoted the formation of sol-
vent adduct ions, i.e., [M+CH2CN]+ ions, for a few PAHs. In addition,
chemical background ions at m/z ≤ 250 were observed for all three
dopants, which possibly limited the use of high dopant flow rates to
improve the S/N of low-molecular-mass PAHs by LC/DA-APCI-MS. A
charge exchange reaction could be mainly responsible for the ion-
ization of PAHs due to the observation of predominant M•+ ions,
but a proton transfer reaction followed by in-source fragmentation
could not be ruled out.

Nevertheless, LC/DA-APCI-MS seemed to be a good alterna-
tive technique for the analysis of non-polar compounds, especially
for the analysis of PAHs with high-molecular-mass (>300 amu),
because GC/MS has difficulties due to their low volatility. In order to
better understand the ionization mechanism, strength and limita-
tions of LC/DA-APCI-MS in comparison to LC/DA-APPI-MS, a direct
comparison between them using an identical LC/MS system should
be performed. A full optimization and validation of a quantification
method of PAHs by LC/DA-APCI-MS, which could not be carried out
in this study due to its scope, can then be completed. Subsequently,
the achieved limit of detections (LODs) and limit of quantifications
(LOQs) can be compared with GC/MS methods.
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