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ABSTRACT

Anion attachment atmospheric pressure photoionization (AA-APPI) has been suggested as a means of
expanding the range of compounds that may be analyzed by LC-MS, and has been found to enhance
the ionization of some macromolecules (e.g., peptides, polymers) that were unable to be ionized by
other techniques. In this study, AA-APPI was compared to APPI, using hexabromocyclododecane (HBCD)
enantiomers as a model compound, to provide proof of principle of the use of AA-APPI for small molecule
analysis. The use of AA-APPI, with 1,4-dibromobutane in toluene as a bromide source, offered increased
sensitivity and lower limits of detection than APPI. Minimal matrix effects were found with AA-APPI in
sediment extracts spiked with HBCD post-extraction, with less than a 6% enhancement in the ion signal.
Furthermore, enantiomer fractions of HBCD enantiomers were racemic in spiked sediment extracts, in
contrast to the more commonly used technique of electrospray ionization, for which matrix effects caused
ion signal modification to cause non-racemic measurement artifacts. The use of AA-APPI offers a simple
means of further extending the range of compounds ionizable by AA-APPI while maintaining minimal

matrix effects.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, liquid chromatography-mass spectrometry
(LC-MS) has become increasingly popular for use in environmental
analysis, and while a number of ionization techniques exist, elec-
trospray ionization (ESI) remains the most widely used. However,
while ESI is extremely sensitive for polar compounds, many envi-
ronmental compounds are non-polar, and are therefore difficult to
analyze using this technique. In 2000, atmospheric pressure pho-
toionization (APPI) was developed as a complementary technique
to ESI, and provides a means of ionizing low-polarity compounds
[1]. For some analytes, APPI offers greater sensitivity [2,3] and larger
dynamic ranges [4,5] than ESI. Furthermore, APPI may offer other
advantages over ESI for environmental analyses. APPI ionization
has been found to be less susceptible to matrix effects than ESI for
a variety of analytes [4,6,7]. Matrix effects occur when the ioniza-
tion efficiency of an analyte is either enhanced or suppressed, and
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is often attributed to matrix materials that co-elute with the ana-
lyte. This change in the analyte response can hamper quantification
by leading to inaccurate and imprecise measurements of analyte
concentration.

More recently, the use of anion attachment APPI (AA-APPI) has
been suggested as a means of further expanding the range of com-
pounds ionizable by APPI [8]. In general, the ionization of analytes
by APPI relies on the presence of a photoionizable dopant, a low
molecular weight compound with an ionization potential below
that of the energies of the emitted photons. The dopant is intro-
duced into the source, where it is photoionized to release a thermal
electron. This, in turn, may initiate a series of gas phase reactions,
subsequently yielding either a positively or negatively charged ana-
lyte ion [9]. In AA-APPI, analytes are ionized by the formation of a
negatively charged adduct species within the source. The use of sta-
ble adducts to enhance the ionization of non-polar compounds in
APPI, particularly large molecules such as peptides and polymers,
has been demonstrated through the use of chlorinated solvents or
chlorinated eluents [8,10,11]. However, to date this technique has
not been shown to be applicable to small molecules, nor, to the best
of our knowledge, do studies exist comparing the use of AA-APPI
to other techniques, such as ESI or APPL

Hexabromocyclododecane (HBCD) is a brominated flame retar-
dant commonly added to consumer products, such as polystyrene
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Fig. 1. Structures of major HBCD diastereomers and enantiomers.

foams and textiles, to reduce their flammability [12]. Within the
last decade, increasing concentrations of HBCD have been found
in air, sediment, biota, and human blood and milk [13]. Hexabro-
mocyclododecane is present in the environment as a mixture of
three major diastereomers: o, B, and vy (Fig. 1). Each diastere-
omer is chiral, and therefore each exists as a pair of enantiomers
[14]. The chirality of a compound may have profound impacts on
a compound’s fate and behavior in the environment. For instance,
individual enantiomers may vary in bioaccumulation, metabolism,
and toxicology [15-19]. Therefore, the need exists to analyze chiral
compounds on an enantiomer-specific basis in order to understand
better the environmental fate of individual enantiomers. However,
the accurate quantification of enantiomers is often hampered by
matrix effects, as matrix effects may have a more detrimental effect
on the quantification of enantiomers than on the sum mixture
of enantiomers, as commonly measured by non-enantioselective
chromatography as a single peak [20].

In this study, we compared the analytical characteristics and
matrix effects of APPI and AA-APPI using HBCD as an environmen-
tally relevant model compound. In doing so, we provide proof of
principle evidence on the use of AA-APPI for the purposes of quan-
tifying small molecules.

2. Experimental
2.1. Chemicals and reagents

Individual HBCD standards (o, {3, and <) were purchased
from Accustandard (New Haven, CT, USA), all greater than 99%
pure. Individual deuterated (d;g) HBCD isomers, of at least 98%
chemical and isotopic purity, were purchased from Wellington

Laboratories (Guelph, ON, Canada). HPLC grade methanol, ace-
tonitrile, and toluene, as well as pesticide grade hexane and
acetone were purchased from Fisher Scientific (Ottawa, ON,
Canada), as was anhydrous sodium sulfate. Milli-Q water was
obtained via a Millipore (Billerica, MA, USA) water filtration sys-
tem. 1,4-Dibromobutane (99% purity) was purchased from VWR
(Mississauga, ON, Canada). Silica gel (70-230 mesh) was purchased
from Sigma-Aldrich (Oakville, ON, Canada). Certified reference
material EC-5 (Lake Ontario sediment, certified for polyaromatic
hydrocarbons, chlorobenzenes, and polychlorinated biphenyls)
was obtained from Environment Canada.

2.2. Liquid chromatography/mass spectrometry

For all experiments, an Agilent 1100 HPLC system coupled to an
Applied Biosystems QTrap 2000 (Foster City, CA) triple quadrupole
mass spectrometer was used. Enantiomer separation was achieved
on a Nucleodex [3-PM enantioselective column (4.6 mm x 200 mm,
5 wm dp, Macherey-Nagel, Bethlehem, PA) using an eluent of 49%
acetonitrile/30% methanol/21% H,O initially held for 2 min, then
changed linearly to 59.5% acetonitrile/30% methanol/10.5% H,0
over 20 min at 500 wL min~! [21]. This gradient was accomplished
on a binary pump using 70:30 H,O/methanol as the A solvent and
70:30 acetonitrile/methanol as the B solvent and changing the elu-
ent composition from 30:70 A/B to 15:85 A/B over the course of the
run [22]. Unless otherwise noted, an injection volume of 20 L was
used for all experiments. Chromatographic conditions were kept
constant among source experiments.

Mass spectrometric experiments were carried out with a
Photospray source (Applied Biosystems, Foster City, CA). Source
parameters were optimized individually for all three sources in a
similar manner. Optimization was done using a 1:1:1 mixture of all
three native diastereomers (300 ng mL~! each). An equal mixture of
all three isomers was chosen in order not to place undue emphasis
on one isomer over the others, as the mass spectral response may
vary among isomers. This solution was introduced into the elu-
ent flow via a tee connection at 20 wL min~! using a syringe pump
(Hamilton, Reno, NV). The eluent was flowed at 500 wL min—!, and
the composition was 77.5% A[22.5% B, which represents the mid-
point in the gradient used for analysis. Optimization was carried
out by systematically changing the user-adjustable source param-
eters to maximize the ion intensity of either the [M—H]~ (APPI) or
[M+Br]~ (AA-APPI) ion (Table 1).

Unless otherwise noted, for all experiments and analyses, the
carrier solvent or photoionization dopant was flowed into the
source in conjunction with the auxiliary gas at 50 wLmin~! using
either a syringe pump or a pneumatic delivery system [23]. For APPI
experiments, toluene was used as the photoionization dopant.

2.3. Carrier solvent optimization

Prior to AA-APPI experiments and analyses, several experiments
were carried out to determine the best source of bromide and the
optimum carrier solvent (i.e., co-solvent being tested as a possible
dopant) that would maximize the formation of the [M+Br]|~ ion.
All experiments were carried out by injecting the analyte directly
into the eluent flow, which was coupled to the mass spectrome-
ter without any chromatographic column attached. For the first,
15 brominated aliphatic and alicyclic compounds of varying struc-
tures and degrees of bromination, were selected for screening due
to their ready availability in our lab and their solubility in non-polar
solvents. These compounds were characterized by their ability to
fragment within the source to form bromide ions (m/z 79 and 81).
This was done by injecting into the LC 1 L of a 1% solution (v/v)
of each compound in toluene. The LC eluent composition was held
constantat 77.5% A/22.5% B at a rate of 500 L min—!. Full scan mass
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Table 1
Optimized MS/MS variables. a.u. = arbitrary units as per instrumentation used.

Parameter Units AA-APPI m[z=722— 79 APPI m/z=640— 79
Dwell time (ms) ms 100 100
Collision cell entrance potential \Y -32 —34
Curtain gas a.u. 20 20
Collision gas a.u. 10 5
Source temperature °C 300 400
Sheath gas a.u. 600 60
Turbo gas a.u. 0 90
lon spray voltage \Y -1100 -1200
Declustering potential \Y -14 -18
Entrance potential \% -5 -5
Collision energy eV -52 -52
Collision cell exit potential \Y -2 -2

spectra were collected for each compound over the mass range of
m/z 60-400 to determine the dominant ions formed through pho-
toionization and to monitor the formation of m/z 79 and 81 ions.
To determine the necessity of a photoionizable carrier solvent on
the formation of the bromide ions, this experiment was carried out
both with and without the addition of toluene introduced with the
auxiliary gas at 50 pL min—1.

We further screened the individual brominated compounds
based on the formation of the [M+Br|~ adduct, in order to deter-
mine whether or not the formation of the [M+Br]~ adduct ion was
based solely on the amount of Br~ formed from a particular com-
pound, or whether other factors were involved. A 1:1:1 mixture of
HBCD diastereomers (100 ngmL~! final concentration) was spiked
into solutions containing 1% (v/v) of individual brominated com-
pounds in toluene. These solutions were injected (10 L) into the
eluent flow as described above, and the [M+Br]~ — Br~ transition
was monitored by multiple reaction monitoring (MRM). No addi-
tional source of dopant was used during this experiment. Based on
these two experiments, 1,4-dibromobutane (1,4-DBB) was chosen
for use as the bromide source for the rest of the study.

From the first experiment, we found that the use of a photoion-
izable carrier solvent was necessary for the formation of bromide
ions. Therefore, the carrier solvent was optimized based on its abil-
ity to function as a dopant (i.e. photoionize within the source), as
the dopant has been found to affect the ionization of analytes in
APPI [1,2,24]. The carrier solvent was optimized by injecting 5 L
of 1% (v/v) 1,4-DBB in either toluene, anisole, acetone, acetonitrile,
hexane, heptane, or methanol and collecting full scan mass spectra
from m/z 60-400. No additional dopant was used in these experi-
ments. From the collected spectra, the abundance of bromide ions
was compared between the different solvents. Next, the effects of
the carrier solvent selection on the formation of HBCD adducts was
investigated. A 1:1:1 mixture of HBCD diastereomers (1 pgmL~!
each) was added to the eluent flow via a tee connection, and 10 p.L
injections of 1% (v/v) 1,4-DBB in either toluene, anisole, acetone,
acetonitrile, hexane, heptane, or methanol was injected into the LC
with no additional source of dopant. The transitions from both the
[M+Br]~ — Br~ and [M—H]~ — Br~ were monitored by MRM. The
resultant peak areas were integrated using Analyst software, and
compared among the solvents.

Finally, the influence of the brominated compound concentra-
tion on the formation of [M+Br]~ was investigated. The formation of
[M+Br]~ was measured at 5 different concentrations of 1,4-DBB dis-
solved in toluene, ranging from 0.05% (v/v) to 2% (v/v). Each solution
was introduced into the source in conjunction with the auxiliary gas
at 50 pL min—'. A 1:1:1 mixture of HBCD diastereomers (1 pg mL~!
each) was injected (10 L) into the eluent flow and the formation
of the [M+Br]~ ion was monitored.

For calibration curve and matrix experiments, multiple reaction
monitoring was used for analyte detection. For APPI experiments,
the transitions from [M—H]~ — Br~ (m/z 640.6 — 78.9 and 80.9)

were used, while for AA-APPI experiments, the transitions from
[M+Br]~ — Br~ (m/z 722.6 — 78.9 and 80.9) were monitored. The
dqg-labeled isomers were detected using analogous transitions. All
results are reported as the parent ion to m/z 78.9 transition.

2.4. Determination of analytical variables

For the determination of analytical variables, a single set of
standard solutions in methanol were made by solvent exchange
of the initial stock standards from toluene to methanol and serial
dilution of the initial stock standard to the desired concentra-
tions. Each solution contained HBCD diastereomers in a 1:1:1
ratio, ranging in concentration from 1 to 1000 ngmL~! for each
diastereomer, and also contained 100 ng mL~! of each dqg-labeled
diastereomer. Analysis of each solution was done in triplicate on
each source, producing a calibration curve for each individual enan-
tiomer. From this, analytical variables such as linearity, limits of
detection (LOD, mean signal of the blank +3*standard deviation of
the blank) and limits of quantification (LOQ, mean signal of the
blank + 10*standard deviation of the blank) were determined on an
enantiomer-specific basis.

2.5. Matrix effects experiments

The effect of co-extracted matrix materials from sediment
samples on the analysis of HBCDs was compared among ioniza-
tion methods. For this, a post-extraction addition method was
done utilizing reference sediment as the matrix material. Using
a 1:1 mixture of acetone:hexane, 3 g of CRM EC-5 was extracted
overnight by Soxhlet extraction. Extracts were cleaned up by acid-
ified silica gel chromatography, using 8 g of deactivated silica gel
which had been 50% acidified by H,SO,4 [25,26]. While a number
of other extraction and cleanup procedures exist for HBCDs, this
method was chosen as it likely retains much of the matrix material
in the final extract. After cleanup, samples were divided into two
aliquots and reduced in volume to 200 p.L. The first aliquot was for-
tified with 40 ng of 1:1:1 mixture of HBCD diastereomers as well as
a40ngofa1:1:1 mixture of d,g-labeled HBCDs. The second aliquot
remained unspiked. Extracts were then analyzed by LC-MS/MS on
all three sources.

2.6. Data analysis

For flow injection analysis experiments, ion intensities and ana-
lyte peaks were integrated with Analyst software. Model-fitting
software (PeakFit v.4.0, Systat, San Jose, CA) was used to deter-
mine the peak areas in chromatographic runs. This software was
used due to the fact that some enantiomer peaks partially coeluted.
Therefore, other methods of peak integration may lead to erroneous
measurements of the enantiomer fractions [27]. For all analyses,
peaks were fit to an exponentially modified Gaussian function, and



7858 M.S. Ross, C.S. Wong / J. Chromatogr. A 1217 (2010) 7855-7863

30000+
25000+
- | T
£ 20000 _I&M
o | I A
L
= 15000-
=
5 !
& 100004
£
5000
0 L} L} L} L} L} L} L] L) L} L} L] L}
I I I I I )
B e &
S S S R F R RS>
S W O OO
\QOOQ\OOQOQO ) QoQoo
e’,@@&o@ S «°&<°(i°&{\"é 5 *°&*°&
SIS (S S AONP 2 0
o Q*o O NN S BTNV
& o N
o Y

Fig. 2. The intensity of the [M+Br]~ — Br~ multiple reaction monitoring transition
for the 15 screened brominated compounds (1% v/v) in toluene with 100 ng mL-! of
a 1:1:1 mixture of a-, 3-, and 'y-HBCD.

all peak widths were assumed to remain constant. These parame-
ters were chosen as they were found to model best the peak shape
in these experiments.

3. Results and discussion
3.1. Selection of AA-APPI bromine source

The use of stable adducts to enhance the ionization of non-polar
compounds in APPI has previously been demonstrated, and was
found to be particularly useful for large molecules such as pep-
tides and polymers [8,10,11]. The formation of the adduct ion in
these studies was achieved through the use of chlorinated eluents
or solvents, both of which are incompatible with the reversed phase
eluents needed to separate the HBCD enantiomers [22]. Therefore,
to form the [M+Br]~ ion, we introduced a source of bromide ions
into the source in conjunction with a photoionizable carrier sol-
vent, rather than adding brominated compounds or bromine salts
into the eluent, as is typically done when generating adducts for
ESI analyses.

To demonstrate the feasibility of using this technique, 15 bromi-
nated compounds were screened (Fig. 2), in order to determine
their ability to fragment and form Br~ ions within the source. With
the addition of toluene, all of the brominated compounds investi-
gated could be fragmented to some degree. The dominant ion for
all of the screened compounds was Br~. For all of the compounds
tested, there was at least an order of magnitude difference between
amount of ions formed with and without toluene (Fig. SI1), indi-
cating the necessity of a photoionizable solvent to facilitate the
ionization of the brominated compounds. Additionally, all inves-
tigated compounds produced similar amounts of [M+Br]~ adduct
ions, and were within a 3-fold difference of each other (Fig. 2).

While selecting compounds to be screened, an attempt was
made to choose compounds of varying structures and degrees
of bromination. However, it was difficult to determine if there
were any trends among the compounds in terms of the amount of
bromide ions formed, based on the small sample size for this exper-
iment. Furthermore, a comprehensive study of possible bromide
sources was beyond the scope of this study. Due to the similarities
among compounds, we chose to continue our experiments with

Table 2

lonization potentials of dopants.
Compound IP (eV)?
1,4-Dibromobutane 10.15
Toluene 8.83
Anisole 8.2
Acetone 9.7
Heptane 9.93
Hexane 10.13
Methanol 10.83
2 From Ref. [30].

1,4-dibromobutane (1,4-DBB), as it was readily available in our lab.
Based on other experiments using 1,4-DBB as a bromide source,
there was a large excess of Br~ ions in the source during HBCD
analyses, even at low concentrations of 1,4-DBB (data not shown).
Given the similarities in bromide and [M+Br]~ formation found
among compounds, it is likely that most of the other brominated
compounds investigated would have produced such an excess. This
may indicate that the structure or choice of brominated compound
may be of minor importance in determining the formation of the
resulting [M+Br]~ ion.

3.2. Selection of AA-APPI carrier solvent

Previous studies have found that the selection of the photoion-
ization dopant has significant impacts on the analyte intensities in
APPI [2,24,28,29], so we therefore investigated the influence of the
photoionization of the carrier solvent on the formation of Br~ ions.
This was done by monitoring the amount of Br~ ions formed from
the photoionization of 1,4-DBB in various carrier solvents, encom-
passing a range of ionization potentials (IP, Table 2). In addition,
anisole, toluene, and acetone have also been shown to impact the
ionization of analytes in APPI [2,24,28,29].

From these experiments, we found that the fragmentation of
1,4-DBB and the formation of bromide ions in the source was not
dependent simply on the presence of a photoionizable solvent, but
was also dependent on the IP of carrier solvent in which the 1,4-
DBB was dissolved. Toluene and anisole, which have the lowest IPs
of the selected solvents, produced a significantly higher abundance
of bromide ions than the other tested carrier solvents (p < 0.05). Fol-
lowing this observation, an inverse relationship was found between
the amount of bromide ions produced and the ionization potential
of the carrier solvent (Fig. 4A).

The need for a photoionizable dopant to be present in the source
to facilitate the fragmentation of 1,4-DBB is due to the fact that the
ionization potential of 1,4-DBB is greater than the energies of most
of the emitted photons. The krypton lamp used in this study emits
photons predominantly with energies of 10 eV, with a small pro-
portion of 10.6eV. At 10.15 eV, the IP of 1,4-DBB is greater than the
predominant photon energy, making the direct photoionization of
the 1,4-DBB unlikely. Rather, the 1,4-DBB was likely capturing an
electron released from the photoionization of the carrier solvent,
and subsequently dissociating to form bromide and a neutral frag-
ment. Electron capture and dissociation of halogenated molecules
has been observed previously [30], and has been suggested as nec-
essary for facilitating the formation of adducts in APPI [10,11].
Similarly, a dopant (toluene) was necessary for the formation of
adducts of larger molecules in APPI [11].

This proposed mechanism is consistent with our results. Of
the carrier solvents investigated, only toluene, anisole, and ace-
tone have ionization potentials less than the predominant photon
energy produced by the krypton lamp used in this study (<10eV).
Therefore, these compounds are able to be ionized and release an
electron into the source. However, bromide ions were formed even
in the presence of heptane, hexane, and methanol, all solvents
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with an IP very near or greater than 10eV. As mentioned earlier,
a small proportion of the photons produced may also have ener-
gies of 10.6 eV, which is greater than the IP of heptane or hexane.
Therefore, some ionization of these compounds may be expected,
and may explain the observed formation of bromide in the pres-
ence of these solvents. Methanol, however, has an IP of 10.8 eV.
The bromide ions detected when using methanol as a carrier sol-
vent may be attributed to the photoionization of 1,4-DBB itself,
although this is unlikely given the lack of observation of a positive
bromocyclobutaneion [31]. Alternatively, the formation of bromide
ions in the presence of solvents with IPs greater than 10eV may
be due to the presence of electrons formed from the irradiation of
the steel surfaces within the source [32]. Furthermore, an electron
capture-dissociation mechanism is supported by our lack of find-
ing of either an M~ or [M—H]~ ion in the 1,4-DBB mass spectrum
(data not shown), which would have indicated that other ioniza-
tion processes, such as electron capture or proton transfer, were
responsible for the ionization of 1,4-DBB.

Next, the effect of the carrier solvent on the formation of HBCD
adducts was investigated. Through FIA experiments, we discovered
that the [M+Br]~ ion was predominantly formed, although a small
percentage of [M—H]~ ions were formed as well (Fig. 3). In order to
maximize the formation of the [M+Br]|~ ion while minimizing the

[M—H]~ formation, we investigated how the ionization potential
of the carrier solvent may influence the formation of both [M+Br]~
and [M—-H]~ ions, using FIA and monitoring the [M—H]~ — Br— and
[M+Br]~ — Br~ transitions.

As with the previous experiment, there was a significant impact
on the formation of [M+Br]~ with the use of a photoionizable car-
rier solvent. The intensity of the [M+Br]~ — Br~ transition signal
followed the same trend as seen for the formation of bromide,
with toluene and anisole producing the highest signal for the
[M+Br]~ — Br~ transition (Fig. 4B). This observation was not sur-
prising, given that the amount of Br~ initially formed was itself
dependent on the solvent used. However, there was little impact on
the formation of [M—H]~ ions by the various carrier solvents. There
was no significant difference in the percentage of [M—H]~ formed
with the use of toluene, anisole or acetone, although all three of
these solvents formed a significantly higher percentage of [M—H]~
than did hexane. Moreover, with the exception of methanol, there
was a general similarity in the percentage of [M—H]|~ formed
(Fig. 4C). No differences were found in the intensity of [M—H]~ ions
formed with and without the addition of 1,4-DBB, in either toluene
or anisole. Competition between the formation of the adduct ion
and the deprotonated analyte ion has been observed previously
[8,11]. The formation of either [M—H]~ or [M+Br]~ ions is a result of
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several competing reactions occurring within the source, although
this data would indicate that the formation of [M—H]~ occurs inde-
pendently of the presence of bromide. Given the near-constant
intensities of the [M—H]~ ions, it may be that the formation of
[M—H]~ occurs quickly until a steady state is reached, at which
point unreacted HBCD molecules may form brominated adducts.
However, based on the results of this study, the mechanism and
kinetics of these competing reactions is unknown, and warrants
further investigation. Furthermore, if the formation of the [M—H]~
ion could be suppressed, then an increase in the formation of the
[M+Br]~ ion would likely be seen. However, total suppression of
the [M—H]~ ion would only add an additional 20% maximum to the
[M+Br]~ ions formed (Fig. 4C).

Additionally, the formation of [M—H]~ from the insource frag-
mentation of [M+Br]~ and subsequent loss of HBr is unlikely. We
investigated the collision induced dissociation of the adduct ion
at various collisions energies ranging from 10 to 60 eV, and found
that the only ion formed in these experiments was Br~ (data not
shown). Therefore, any insource fragmentation would likely result
in the formation of Br~ and neutral HBCD. Previous studies have
found that the collision induced dissociation of chloride adducts of
HBCD (formed during ESI) dissociated to form [M—H]~. This was

Table 3
Linear regression results for calibration curves of individual enantiomers produced
by APPI and AA-APPL.

Enantiomer Calibration curve results

AA-APPI APPI

Equation R? Equation R?
(=)-a-HBCD y=17.0x+2.89 0.998 y=6.78x+4.69 0.913
(+)-a-HBCD y=17.4x+3.12 0.997 y=6.34x+5.70 0.927
(—)-B-HBCD y=889x+22.5 0.998 y=229x+13.7 0.928
(+)-B-HBCD y=88.1x+23.0 0.996 y=213x+14.38 0.939
(+)-y-HBCD y=91.7x+23.7 0.996 y=6.66x+4.83 0.947
(=)-y-HBCD y=91.4x+18.4 0.997 y=6.43x+4.83 0.946

not observed in this study, likely due to the lower gas phase acidity
of HBr compared to that of HCI [33,34].

Finally, the concentration of 1,4-DBB in toluene was optimized.
The formation of [M+Br]~ was measured at 5 different concen-
trations of 1,4-DBB, ranging from 0.05% (v/v) to 2% (v/v). At
concentrations greater than 0.1%, there was no effect of concen-
tration on [M+Br]~ formation (Fig. SI2). These results indicate that
at such concentrations, 1,4-DBB is well in excess of the amount
needed to form adducts.

3.3. Comparison of analytical performance between APPI-based
methods

To compare the analytical performance of APPI and AA-APPI,
five-point calibration curves, encompassing a concentration range
of 3 orders of magnitude (1-1000 ng mL~! of each racemic diastere-
omer), were prepared and analyzed in triplicate with each method.
Individual enantiomers were separated using an enantioselective
LC-MS/MS method. Individual enantiomers were identified based
on the elution order reported by Heeb et al. [14]. The peak area of
each enantiomer was then fit to a linear regression line. From this,
analytical parameters were determined on an enantiomer-specific
basis.

For all comparisons, we used the [M-H]-—79 and
[M+Br]~ — 79 transitions, as this is the transition most commonly
used in the literature. Previous studies that have investigated the
use of chloride adducts for the analysis of HBCDs by ESI have used
the [M+Cl]- — [M—H]~ transition for detection in MRM mode
[35,36]. However, through the use of flow injection and infusion
experiments, we found that the only daughter ion formed by the
collision induced dissociation of the [M+Br]~ ion was m/z 79 and
81.

For all enantiomers, the calibration curves produced by both
methods were linear over the concentration ranges examined, with
an average 12 0f 0.997 and 0.933 for the AA-APPI and APPI methods,
respectively (Table 3). However, the average response factors (slope
of the regression line) varied, depending on the diastereomer. Using
AA-APP], the y- and 3-HBCD isomers had equivalent response fac-
tors, which were more than 5-fold higher than that of the o isomer.
Conversely, in APPI, the B isomer had a 3-fold higher response
factor than did either the vy or a isomers, which were nearly equiv-
alent. These differences in response factors between isomers and
between methods translated into corresponding trends for LODs
(Table 4), with the y isomer having the lowest LOD using AA-APPI,
which was 4.6-fold lower than the LOD using APPI. The LODs of
the o and 3 isomer, however, were equivalent between the two
methods. For both response factors and LODs, there were no differ-
ences between enantiomers of an individual isomer, regardless of
method.

It should be noted that, while the LODs of the 3 and « isomers
were similar between APPI and AA-APP], the peak height response
of the «, 3, and +y isomers in AA-APPI were 3-, 4-, and 10-fold
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Fig. 5. Matrix effects on individual enantiomers in ESI, AA-APPI and APPI.

higher, respectively, than that of APPI. However, these enhance-
ments in signal did not translate into equivalent decrease in LODs,
due to the nearly 5-fold increase in background noise in AA-APPL
This increased noise was likely due to the addition of the 1,4-DBB.

The selective enhancement in the LODs of the vy isomer was
interesting, as was the observation that the LODs of 3 and o isomers
were only slightly or negligibly increased from APPI to AA-APPI. The
enhancement of the y isomer by AA-APPI may be linked to differ-
ences in the physical-chemical properties among diastereomers.
For instance, Suzuki et al. found differences between the three
diastereomers in terms of cavity diameter, dipole/dipole inter-
actions, and charge density distributions [37]. The differences in
charge density distribution were attributed to the higher response
of B-HBCD in the formation of the [M+Cl]~ adduct, and may play
a role in the differences observed in this study. Furthermore, dif-
ferences in the octanol-water partition coefficient (Kow) among
diastereomers have been reported, although their values have been
debated. Hayward et al. found y-HBCD to have the largest Kow
(and thus the most non-polar) [38], while Mariussen et al. [39] and
Goss et al. [40] have found y-HBCD to be the second most polar
diastereomer, after a-HBCD. Due to the uncertainty in the physi-
cal properties of HBCD, it is difficult to speculate as to the cause of
the increase in response of the y isomer. However, the influence of
chemical and physical properties on the ionization of an analyte by
AA-APPI requires further investigation.

3.4. Matrix effects

The effects of co-extracted matrix material were evaluated in
two ways. First, the extent of ion suppression or enhancement
of individual enantiomers was quantified using a post-extraction
addition technique. Sediment samples were extracted and spiked
with a 1:1:1 mix of HBCDs prior to analysis. The same mixture
of HBCDs was also spiked into methanol, and the resulting peak
areas from the spiked sediment samples were compared to those
from the methanolic solution. The percentage of ion suppression or
enhancement was then quantified:

B

MEA:(Efl

) « 100 1)
where A is the peak area of the enantiomer in methanol, and B is
the peak area of the enantiomer in the extracted sediment samples.
If no suppression or enhancement of the response was occurring,
the calculated percentage of matrix effects using the above formula
would be zero, whereas percentages less than zero indicate ion sup-
pression is occurring and values greater than zero indicate that the
analyte signal is being enhanced.

The analyte signal was generally enhanced for all diastereomers
(Fig. 5). Matrix effects in AA-APPI ranged from —1.5% for (—)-a-
HBCD to 5.9% for (+)-a-HBCD, while the average matrix effects
across all enantiomers was 2.2%. Similarly, the average matrix
effects found in APPI ranged from 1.2% to 19.5%, although with the
exception of (+)-y-HBCD, all were less than a 10% enhancement.

Both methods were very precise, with average RSDs of 3.5% and
4.3% for AA-APPI and APPI, respectively.

For all diastereomers, no differences in the matrix effects
between the two enantiomers were observed. In addition, the effect
of any HBCDs already present in the sediment extracts prior to spik-
ing may be ruled out, as sediment extracts that remained unspiked,
were analyzed and found to contain no detectable levels of HBCDs.
Therefore, any signal enhancement must be attributed to matrix
effects.

To compare these methods to the more commonly used tech-
niques, all of the spiked sediment extracts and methanolic solutions
were analyzed by ESI. Matrix effects in ESI ranged from 6.0% to
40.7% (Fig. 5), values which were similar to matrix effects found in
food samples when using chloride adducts to quantify HBCDs by ESI
[36]. It was clear that both APPI and AA-APPI showed considerable
improvement over ESI in regards to matrix effects. The results from
this study support many other studies which found an reduction in
the matrix effects through the use of APPI [4,6,7].

Secondly, the effect of matrix effects on the quantification of
enantiomers was investigated. This was done by determining the
enantiomer fractions (EF) of HBCD enantiomers from the same
extracts as described previously, and comparing them across the
methods [41]:

G
H+)

where (+) is the peak area of the (+) enantiomer, and (—) is the peak
area of the (—) enantiomer. We assumed that the solution spiked
into the sediment samples was racemic and that the mass spec-
tral response factor between individual enantiomers is identical.
Therefore, any deviations from a racemic EF of 0.5 were attributed
to matrix effects.

Previous studies have reported that the EFs found using ESI
deviated from 0.5, even in standard solutions containing racemic
proportions of HBCD diastereomers. The non-racemic EFs have
been attributed to differential effects of matrix between the two
enantiomers or due to the differences in the ionization environ-
ment between the two enantiomers during the gradient elution
[20,21]. The accurate measurement of EFs is essential, as it has been
found that even small changes in the measured EF may lead to sig-
nificant effects on the interpretation of enantiomer-specific data
[27].

Using similar chromatography as previous studies, we found
that AA-APPI and APPI produced nearly racemic EFs for all diastere-
omers (Table 5). Enantiomer fractions produced using AA-APPI
were racemic for all diastereomers, ranging from 0.492 to 0.507.
Using APPI, EFs deviated slightly from non-racemic and had larger
variation than the EFs found using AA-APPIL This can likely be
attributed to the low signal-to-noise ratio for these samples and
the difficulty accurately fitting peaks under such conditions [24].
These results agree with the above post-addition spike data, with
the lack of observed matrix effects subsequently leading to more
accurate quantification of enantiomers in the samples.

Atmospheric pressure photoionization has previously been
demonstrated to produce fewer matrix effects than ESI for the trace
analysis of environmental contaminants in biological matrices [42].
While only sediment samples were used in the current study, we
expect a similar lack of matrix effects for AA-APPI in biological
matrices. How biological matrices may affect the measurement of
the enantiomer distribution, however, must be investigated fur-
ther.

It should be noted that for HBCDs, ESI produced a 5-25-fold
lower LOD than either APPI or AA-APPI (data not shown). The ESI
LODs were consistent with previous results [20-22]. The differ-
ences in ionization efficiency of an analyte among the different
ionization methods will be based on the physical-chemical prop-

EF (2)
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Table 4
Analytical performance characteristics of AA-APPI and APPIL.
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Enantiomer Limit of detection (LOD) Limit of quantification (LOQ)
AA-APPI APPI AA-APPI APPI
Mass (pg) Standard Dev. Mass (pg) Standard Dev. Mass (pg) Standard Dev. Mass (pg) Standard Dev.
(—)-o-HBCD 459 6 370 101 1380 19 1180 323
(+)-a-HBCD 449 6 391 96 1350 19 1250 308
(—)-B-HBCD 88 2 109 28 264 5 348 88
(+)-B-HBCD 89 2 116 27 266 5 371 86
(+)-y-HBCD 85 2 369 81 256 5 1180 259
(—)-y-HBCD 104 2 480 127 311 5 1540 407
Table 5
Enantiomer fractions of HBCD diastereomers in post-extraction spiked certified reference material EC-5 sediment samples.
AA-APPI APPI ESI
EF Standard Dev. EF Standard Dev EF Standard Dev
a-HBCD 0.507 0.013 0.510 0.017 0.506 0.009
B-HBCD 0.503 0.005 0.516 0.013 0.509 0.025
y-HBCD 0.492 0.003 0.521 0.016 0.489 0.036
erties of the analyte. Despite the decrease in sensitivity compared References

to ESI that is seen here for HBCDs, analysis by AA-APPI and APPI
has been shown be advantageous for some analytes [2-5]. Further-
more, the ability to reduce matrix effects and yield more accurate
results may offset the reduction in sensitivity for other analytes.
While the use of a mass-labeled internal standard may compensate
for any matrix effects and lead to more accurate quantification of
the EF [20], for many compounds, chiral or otherwise, mass-labeled
versions are unavailable. For these analytes, we suggest that use of
APPI or AA-APPI may lead to more accurate quantification of such
analytes.

4. Conclusions

Through the inclusion of brominated compounds into the
dopant flow, we have demonstrated a novel method for the for-
mation of adduct species by APPI and the viability of AA-APPI
for the analysis of small molecules, using HBCD as a model com-
pound. Lower limits of detection were produced through the use
of AA-APPI compared to APPI, particularly for the y-HBCD isomer.
Moreover, AA-APPI was relatively unaffected by matrix effects from
extracted sediment, similar to APPI, and considerably less so than
ESI. While matrix effects may be compensated for using isotopi-
cally labeled standards, as is the case for HBCDs, there is a lack of
such standards available for many environmentally relevant com-
pounds. Therefore, the use of AA-APPI and APPI is an attractive
technique to quantify enantiomers in environmental samples for
those compounds for which an isotopically labeled standard is
unavailable.
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