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Organic extractables (substances extracted from materials used in
pharmaceutical packaging) are discovered, identified, and quanti-
fied via screening of extracts with analytical methods including
liquid chromatography with mass spectrometric detection (LC—MS).
Because extractables include a large number of diverse compounds
that are typically present in plastic extracts at low levels, the
LC-MS methods must be broad scope and sensitive. To accomplish
these objectives, screening studies typically couple gradient
reversed-phase separations with electrospray MS detection (both
positive and negative ion modes). While such methods are general-
ly applicable for a number of extractables, they are not optimal for
some commonly encountered extractables due to either poor chro-
matographic performance (e.g., peak tailing) or poor MS response.
Modifications to mobile phase composition (e.g., pH adjustment)
were examined to improve the performance of an LC-MS screen-
ing method. The use of 0.1% acetic acid with 1 mM ammonium
acetate (pH 3.6) as the aqueous portion of the mobile phase pro-
vided favorable sensitivities for a number of extractables both in
positive and negative ion modes. In positive ion mode, the acidic
mobile phase improved responses for moderately weak basic com-
pounds by increasing their degree of protonation. For very weak
basic compounds such as amides, ammonium ions in the mobile
phase promoted proton adduct responses. In negative ion mode,
an acidic mobile phase containing acetate anion improved ESI
responses for acidic compounds, primarily due to gas phase
effects.

Introduction

Plastic materials are widely used in systems for packaging and
delivering medical products, such as solution containers, trans-
fusion sets, transfer tubing, and devices. Extractables are com-
pounds, present in these plastic materials, which could leach
into the medical products under normal conditions of use.
Both the identities of the extractables and their accumulation
levels may affect the plastic material’'s ultimate compatibility
with the medical product (1). Given the large number of com-
positionally diverse plastic materials used in pharmaceutical
packaging and devices, extractables include a wide range of
compounds with many different structures such as anti-
oxidants and their degradants, molding agents, monomers and
oligomers, plasticizers, curing agent for elastomers, residual
polymerization initiators and catalysts, and reaction products
typically formed during the plastic’'s harsh processing
conditions (2, 3).

Screening is the term applied to the process of chemically
characterizing extracts of plastic materials for extracted

substances. The screening process includes the steps of discov-
ery (e.g., producing a response for an individual extractable),
identification and quantitation. Typical approaches used in
screening for organic extractables couple a chromatographic
separation [e.g., gas chromatography (GC) or liquid chromatog-
raphy (LC)] with sensitive, broad-scope and information-rich
detection methods such as mass spectrometry (MS). (4)
LC-MS methodologies are mainly used for semi-volatile and
non-volatile compounds and generally couple a gradient
reversed-phase separation with MS detection using electrospray
ionization (ESI) in both positive and negative ion modes.
Typical LC—MS methods for extractables screening utilize
varied aqueous mobile phases such as ammonium acetate
buffer (5), ammonium formate buffer (6), and acetic acid and
formic acid (7). While mobile phase optimization for various
reversed-phase LC—MS applications has been studied extensive-
ly (for example, 8-11), such studies are not specifically applic-
able to extractables screening. However, such optimization is
especially important for extractables screening as the potential
number of extractables is large and the extractables are gener-
ally present in the extracts at low levels.

In an effort to optimize mobile phase composition for
extractable screening studies, basic, neutral, and acidic mobile
phases were evaluated with respect to sensitivity for different com-
monly encountered and chemically diverse extractables. Based on
this evaluation, a mobile phase system was developed which facili-
tates screening using both positive and negative ion detection
modes. The effects of mobile phase additives and solution pH on
sensitivity were studied and possible ESI mechanisms for the
observed behaviors are proposed and discussed.

Experimental

Chemicals and reagents

Twelve extractables representing three types of compounds
were examined (Figure 1). Basic compounds included capro-
lactam (CAP), dibenzylamine (DBA), hexadecanamide (HAM),
and octadecanamide (OAM). Neutral compounds included
25-crown-5 (25C5) and 30-crown-6 (30C6), and acidic com-
pounds included benzoic acid (BA), 2-ethylhexanoic acid
(EHA), Irganox degradant #2 (Irg2), 2,4-di-t-butylphenol (DBP),
myristic acid (MyA), and palmitic acid (PmA).

Solvents and chemicals were obtained commercially in the
highest appropriate purity. Methanol (MeOH, HPLC grade) was
obtained from Honeywell Burdick and Jackson (Morristown,
NJ). Ammonium acetate (NH4Ac, HPLC grade), acetic acid
(HAc), formic acid (HFo), ammonium hydroxide, and CAP, DBP,
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Figure 1. Chemical Information for the Target Extractables.

Ba, EHA, MyA, PmA, and DBA were obtained from Aldrich
(St. Louis, MO). HAM and OAM were from TCI (Portland, OR).
Irg2, 25C5, and 30C6 were synthesized and qualified by
Baxter internally. Distilled/deionized water was used through-
out this study.

Solution Preparation

Individual extractables stock solutions were prepared by
dissolving ~ 25 mg standard compound in a 25.0-mL volumet-
ric flask with methanol. A single composite test mixture
containing 1 ppm of each extractable in 10% methanol was
prepared by serial dilution of the individual of stock solutions.
Additionally, single analyte solutions were prepared by dilution
of the individual stock solutions in appropriate buffer solutions.
For example, 500 ppb CAP and 500 ppb HAM solutions in 1:1
MeOH/10 mM NH4Ac were prepared for infusion experiments
by dilution of the corresponding stocks with the appropriate
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amount of methanol and 10 mM NH4Ac. 500 ppb DBA or
1 ppm BA were prepared by diluting the individual stocks into
1/1 mxtures of MeOH and aqueous buffers including water,
pH 8.3, pH 6.1, pH 5.0, pH 4.0, pH 3.3 (0.1% HAc), and pH 2.7
(0.1% formic acid) solutions.

Various mobile phases were prepared by dissolution of the
appropriate salts in either water or methanol followed by
pH adjustment as appropriate. These mobile phases included:
1, pH 7.0 10 mM NH4Ac in water; 2, pH 8.1 (0.01% NH3 in
10 mM NH4Ac); 3, pH 5.1(0.025% HAc in 10mM NH4Ac); 4, pH
4.5 (0.1%HAc in 10 mM NH4Ac); 5, pH 3.3 (0.1% HAc); 6, pH
2.7 (0.1% HFo); 7, pH 3.6 (0.1% HAc in 1mM NH4Ac); 8,
pH 3.1(0.5% HAc in 1mM NH4Ac); 9, pH 3.3 (0.01% HFo).

LC-MS Systems
Two LC—MS systems were used. An Agilent (Santa Clara, CA)
1100LC/MSD system consisting of a binary pump (G1312A),
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Figure 1. Continued.

refrigerated autosampler (G1329A. G1330B), thermostatted
column compartment (G1316A), degasser (G1379B), diode
array detector (G1315B), and 1100 mass detector was used for
the LC-MS and flow injection experiments.

The LC-MS conditions used to study the effect of mobile
phase pH are summarized in Table I. The LC-MS system was
equilibrated between the various mobile phase changes. The
flow injection analysis (FIA) experiments were conducted
using 1:1 mixtures of MeOH and various aqueous solutions
(0.8 mL/min flow rate and 100 pL injection) and the same
mass spectrometer parameters as in Table 1.

An Agilent ESI tuning mix solution was used to check
mass spectrometer mass accuracy on a daily basis. LC-MS
system stability was checked daily at the beginning and/or

at the end of runs via multiple injections of appropriate
standard solutions. As relatively stable peak intensities were
obtained for all LC-MS experiments, it was concluded
that the LC-MS instrument was operated under stable
conditions.

The system used in the infusion experiments consisted of an
Applied Biosystems (Foster City, CA) API4000 mass spectrom-
eter coupled to a Hamilton infusion pump. The data was
acquired and analyzed via a Dell (Round Rock, TX) Precision
390 Workstation using Applied Biosystems Analyst 1.4.2 soft-
ware. Samples (500 ppb CAP and 500 ppb HAM solutions)
were infused into the mass spectrometer at 10 pL/min, with
ESI voltage of 5000 V, ambient source temperature, GS1 at 17,
GS2 at 0, curtain gas at 10, detector CEM at 2200 v. Decluster
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Table |
LC—MS Operating Conditions for Experiments Performed using Agilent LC—MSD

Operating Parameter Operating Value

Column Agilent Zorbax Eclipse Plus C18, 100 x
3.0 mm, 3.5 wm particles
Column Temperature 40°C

Mobile Phase Components A = various buffers in water,

B = methanol
Mobile Phase Gradient Time % B
0.0 2
8.0 95
11.0 95
12.0 2
Mobile Phase Flow Rate 0.8 mL/min

Sample Size 60 plL

Detection, MS API-ES, positive ion and negative ion
(mass range 80 — 1200)

MS Gas Temperature 350°C

MS Drying Gas 12 L/min

Nebulizing Pressure 35 psig

Capillary Voltage Positive, 4000V; Negative, 4500V

potentials were varied during the experiments to check the
in-source fragmentation process.

Results and Discussion

General

The test mixture containing the 12 target extractables at a con-
centration of 1ppm each was analyzed using five different
binary mobile phase systems whose aqueous component had a
pH ranging from 2.7 to 8.1. Positive and negative ion scans
were obtained simultaneously in a single day under stable
instrument conditions. The positive and negative total ion chro-
matograms (TIC) of the mixture are shown in Figures 2 and 3;
typical positive ion mode mass spectra for selected target
extractables are shown in Figure 4. In general, all the targets
produced recognizable TIC signals in the appropriate ioniza-
tion mode, although it is clear that the responses (ion inten-
sities) changed as a function of mobile phase composition (see
Tables II and III). Some portion of the variation in the magni-
tude of the TIC responses is linked to differing distributions of
analyte adducts as a function of mobile phase composition.

In addition to the change of response as a function of mobile
phase pH, the retention times of the ionic targets (basic and
acidic extractables listed in Figure 1) changed as well.

MS signal intensities may depend on multiple factors such as
mobile phase pH and organic percentage, LC separation effi-
ciency, ESI source parameters, and type and concentration of
mobile phase electrolytes. In order to more clearly understand
the effect of pH on the magnitude of the response for the
varied ions, flow injection analysis (FIA) was conducted with
aqueous solutions whose pH ranged from 2.7 to 8.3. In add-
ition, a 1:1 methanol/water solution was examined. The FIA
extracted ion response profiles for protonated DBA and
deprotonated BA are shown in Figure 5 and 6. As the positive
ions and negative ions responded differently to mobile phase
composition, each is discussed in greater details as follows.

Positive ions

The positive ion spectra generally included three different
adducts, [M-H]", [M-NH4]" and [M-Na]® depending on the
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individual analyte (for example, Figure 4). While DBA and CAP
predominantly formed their protonated adducts, Irg2, 25CS5,
and 30C6 preferentially formed ammoniated adducts while the
HAM and OAM spectra included both protonated and sodiated
adducts.

In considering the effect of mobile phase composition on
the responses of the positive ion adducts, we will focus on pro-
tonated and ammoniated adducts, as ammoniated adducts play
an important role for mobile phases containing ammonium ion
additives.

Mobile phase pH effect on protonated adducts
The formation of protonated adducts is closely linked to
mobile phase pH as lower pH provides more available hydro-
nium ion in solution. It has been generally reported that the
lower the pH of the mobile phase, the larger the response of
the protonated adduct is for weak bases as strong acidity could
enhance the solution’s proton abundance (13-14). However, it
is not easy to quantitatively link a compound’s basicity with
the response of its protonated adduct and wrong-way-around
phenomena complicate this issue (11). In this study we consid-
ered bases of varying strength (relatively strong base DBA,
weak base CAP, and very weak base HAM) to investigate the
relationship between solution pH and protonation intensity.
The relatively strong base DBA has a pKj, of 5.24 in water
(15) and exhibited varied LC—MS retention times as a function
of mobile phase pH, as seen in Figure 2. Under FIA conditions,
DBA predominantly formed the protonated adduct; a decrease
in solution pH resulted in an increase in the response of the
[M-H]* adduct (Figure 5). It is noted that in pure methanol/
water DBA exhibited a high proportion of protonated adducts,
similar to the behavior shown in the pH 2.7 (0.1% formic acid)
solution. This behavior could be due to the increase of droplet
acidity resulting from ESI tip electrochemical reactions and
fewer electrolytes competing with the target analytes in the
droplet for gas phase ionization. For example, the following
electrochemical reaction

40H™ (aq) — O2(g) + 2H,0 + 4e” (on metal surface)

was ascribed to the droplet acidity increase in positive ESI
mode under high ESI tip voltage, as the hydroxyl ions are
removed from the solution (12). The extra-positive charges
mostly reside on the droplet surface because of electrostatic
forces, making surface acidity higher than bulk solution of the
droplets. When no buffer is present in the droplets, droplet pH
will be more susceptible to change.

Alternatively, DBA exhibited a slightly decreased response
when mobile phase pH dropped from 8.1 to 5.1, as seen in
Figure 2 and Table II. This behavior can be explained by
changes in DBA’s retention time as a function of mobile
phase pH. At low pH, DBA, in its ionic form, eluted early in
the mobile phase gradient, where the mobile phase is
primarily aqueous. In such an aqueous environment, DBA’s
response factor has been reported to decrease. (16) Thus
the competing factors of mobile phase acidity and reduced
retention times dictate the behavior of relatively strong bases
such as DBA.

Caprolactam (CAP) is a weak base with pKjy about 15.5 in
water (15). The flow injection analysis of CAP in varied pH
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Figure 2. Positive lon ESI LC—MS analysis of the standard mixture using conditions in Table | with varied aqueous mobile phases: (A) pH8.1 0.01% NH3 in 10 mM NH4Ac; (B)
pH7.0 10 mM NH4Ac; (C) pH5.1 0.025% HAc in 10mM NH4Ac; (D) pH3.3 0.1% HAc; (E) 0.1% formic acid. Mobile phase pH affected the adduct formation and distribution of
several analytes, producing a corresponding difference in peak area response (see Table Il). Additionally, the retention times of the ionic analytes (e.g., DBA and Irg2) varied as

a function of mobile phase pH.

solutions did not produce only protonated adducts; rather, pH dependent, CAP retention is largely pH-independent and

multiple peaks including the sodiated monomer and dimer thus the pH effect on CAP’s MS response can be observed
were observed at high intensities. Nevertheless, one expected without complications due to shifting retention times. The
that the response of the [M-H]* adduct would increase with expectation was realized as the [M-H]" ion intensity increased

decreasing mobile phase pH. Unlike DBA, whose retention was with decreasing mobile phase pH (Table II).
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Figure 3. Negative lon ESI LC—MS analysis of the standard mixture using conditions in Table | with varied agqueous mobile phases: (A) pH8.1 0.01% NH3 in 10 mM NH4Ac;
(B) pH7.0 10 mM NH4Ac; (C) pH5.1 0.025% HAc in 10mM NH4Ac; (D) pH3.3 0.1% HAc; (E) 0.1% formic acid. Mobile phase pH affected the adduct formation and distribution
of several analytes, producing a corresponding difference in peak area response. Additionally, the retention times of the ionic analytes (e.g., BA, Irg2, MyA, PmA) varied as a

function of mobile phase pH.

Hexanedecanoamide (HAM) is estimated to be a very weak
base (pK;, >15.5) and its primary amide structure should
make it a more weak base than CAP, which is a cyclic sec-
ondary amide. The additional alkyl group in CAP make
protons more attractive to nitrogen site. Similar to CAP, HAM
mainly formed protonated and sodiated adducts in FIA, as
seen in Figure 4.

Although one would expect HAM (and OAM) to behave simi-
larly to CAP in LC-MS, the intensity of the protonated adducts
of HAM and OAM were lower in low pH buffers (pH 3.3 and
pH 2.7) than in higher pH buffers (Figure 2 and Table II),
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despite the fact that their retention times were constant under
varied mobile phase conditions. Further analysis indicated that
ammonium ions in higher pH buffers might play an important
role in the formation of the protonated adducts. The increased
intensity of the protonated adduct in the mobile phases that
contained ammonium ions may indicate a specific pathway for
protonated adduct formation for the amide type of compounds.
It is proposed that amides may first attach to ammonium ions
and then lose ammonium to form protonated adducts in the
ESI gas phase, a process that was reported by Draper et al. (17)
at low collision energy for microcystin toxins.
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Figure 4. Positive ion mass spectra obtained for several target extractables using mobile phase C from Figure 2. The illustrated spectra represent the average of at least three
spectra obtained at various points on the analyte peaks. Extractables shown include (A) CAP; (B) DBA; (C) Irg2; (D) 25C5; (E) HAM. The spectra illustrate the distribution of
adducts for each of the extractables. Relatively strong base analytes, such as DBA, form predominately protonated adducts while weak or non-base analytes such as 25C5 form

predominately ammonium adducts.

To investiagte the ammonium adduct intermediate mechan-
ism, 500 ppb HAM was infused in 1:1 MeOH/10mM NH4AC
solution and responses were measured at varied decluster
potentials using the API 4000 mass spectrometer. The results
of this experiment are shown in Figure 7. At a low DP of 20 V,
the ammonium adduct of m/z 273 was present as the base ion,
accompanied by protonated and sodiated adducts. When DP
increased, the response for the ammonium adduct decreased
and eventually disappeared at DP 120 V, while the response for

the protonated adduct increased accordingly. This behavior
demonstrates that a majority of the protonated adduct was con-
verted from ammonium adduct at DPs between 80 to 120
V. When a similar set of experiments was conducted with CAP,
the intermediate ammonium adduct was also observed, as seen
in Figure 8. It is noticed that the response for the ammonium
adduct for CAP is much weaker than the response for HAM
while the response for the protonated adduct was stronger
than that for HAM. The reason for this trend could be the
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Table Il

Peak Areas, Total lon Current (TIC) and Extracted lon Current (EIC) Responses, for Selected Target Compounds in Various Mobile Phases (Positive lon Mode). In the case of the EIC responses, the m/z
ratio of the adduct used is indicated

MP pH Response in counts x 10°
Cap DBA 25C5 30C6 HAM 0AM
Tic [M-HIY, m/z114  TIC IM-HIT, m/z198  TIC TIC! Tic [M-H]", m/2256 [M-Na]*, m/z278  TIC [M-HI*, m/z284 [M-Na]*, m/z306
8.1 0915 0542 520  4.96 5.22 258 444 216 0.899 538 275 0.115
7.0 0.934  0.687 492 435 6.01 26.9 431 2.16 0.730 490 249 0.947
5.1 1.23 0.743 3.30 2.90 0.607 271 484  2.02 1.04 504 211 1.33
33 4.25 2.36 6.67  6.21 124 271 3.63 0.342 1.62 359 029 1.67
2.7 4.05 2.86 6.59 5.47 8.54 271 3.85 1.17 1.40 390  0.960 1.37

Note: 'The responses for the [M-NH,]* adducts for these compounds showed the same trend as the TIC.

Table 11l
Peak Areas, Extracted lon Current (EIC) Responses, for Selected Target Compounds in Various
Mobile Phases (Negative lon Mode, [M-H] ™ ions)

Mobile Response in counts x 10°

Phase BA EHA Irg 2 DBP MyA PmA

pH m/z 121 m/z/143 m/z 277 m/z 205 m/z 227 m/z 255
8.1 0.000 0.159 0.723 1.02 1.97 2.33

7.0 0.000 0312 1.23 1.71 234 3.06

5.1 0.028 0.399 1.19 1.25 2.64 2.75

3.3 0.243 1.00 2.08 1.93 2.97 2.40

2.7 0.011 0.012 0.676 0.264 0.189 0.175

basicity difference between HAM and CAP that was mentioned
previously. The higher basicity of CAP increases the ability to
form protonated adducts while decreasing the ability to form
ammonium adducts. For the meta-stable HAM ammonium
adduct, low amide basicity coupled with the presence of a
carbonyl function group were proposed to facilitate adduct
formation and transform from NH4 ™ to hydronium ion.

OAM has similar structure as HAM and exhibited similar
LC—-MS adducts behavior as seen in Figure 2 and Table IL

The alternative protonation pathway for these very weak
bases could be utilized to interpret literature data provided by
Ikonomou etal and Ehrmann et al. (13, 14). While their data for
very weak bases did not fit for the trend of decreasing response
for the protonated adducts with increased the pKj, values, such
a trend could be readily explained by our proposed ammonium
facilitated protonation pathway, as ammonium jons are always
present in reagent grade solvents (18) at low levels and could
help protonation of very weak bases in the acidic solutions.
This mechanism could also help to interprete some
wrong-way-around phenomena observed by different research-
er groups (11, 19-21). For example, it was reported that some
weak bases (atrazine pKa 1.7, irgarol pKa 4.9) do not exhibit
significantly different ESI protonation responses over a pH
ranging from 9.0 to 2.5 (11). This trend could be linked to the
ammonium facilitated protonation pathway, so that the proton
adduct responses could be less dependent on the solution pH.

Formation of ammoniated adducts

Ammoniated adducts are commonly formed by many com-
pounds that lack strong basic functional groups (9). In our test
mixture, Irg2, 25C5, and 30C6 all produced strong ammonium
adducts under the studied LC—MS conditions, as seen in
Table II. It was noticed that these compounds had a selective
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tendency to form ammonium adducts even though the mobile
phase did not have an apparent source of the ammonium ions.
For example, the cycloethers 25C5 and 30C6 predominantly
formed an ammoniated adduct even in the acetic mobile phase
system (0.1% acetic acid—-MeOH). This indicated that the
mobile phase inherently contains trace amounts of ammonium
ions (as suggested in reference 18), which have a greater
ability to form adducts than the predominant proton ions from
the mobile phases. The stable peak area responses of ammoni-
ated 30CO in five different mobile phases provided further evi-
dence that the instrument system had stable conditions
throughout different mobile phase experiments. The formation
of several adducts is common in ESI+ process, as opposed to
APCI+ (atmospheric pressure chemical ionization), which
mainly forms protonated adducts (11). Protonated, ammoni-
ated, and sodiated adducts are common ions seen in LC-ESI-MS,
possibly due to the universal presence of trace amount of
NH4" and Na® ions. These co-existing multiple ions usually
facilitate molecular weight determinations. In APCI, chemical
ionization occurs in the vapor state and vaporized molecules
form protonated adducts according to their proton affinity
(11). Ammonium adducts are less likely as high gas phase tem-
perature may decompose weakly attached ammonium ion.
Sodiated adducts are also less likely as sodium ion may not
easily vaporize in the gas phase (9, 11). In the ESI, it is
assumed that the molecule is charged before final formation of
the gas-phase ion, or in other words, the analyte charging has
occurred in the ESI charged droplet solution (11). Thus the ESI
gas phase ions are formed in more mild conditions than APCI.
The gas phase adduct formation may depend on multiple para-
meters related to solution, instrument, and compound proper-
ties. Here we focus on compound structure and its effect on
adduct formation.

The strong response of the ammonium adducts seen in 25C5
and 30C6 can be related to the size-fit-ion-in-the-hole complex-
ation effect that had been reported by Tsuda and Oshima for
crown ethers (22) in solution. A similar crown ether complex-
ation effect was also reported for sodium ion; while the
15-membered crown ether preferentially formed the sodiated
adduct, the 18-membered crown ether preferentially formed
the ammonium adduct. Sodium ion complexation with polyoxy
compounds in the solution and gas phases are well documen-
ted (9, 23). The ammoniated adduct of Irg2 could be related to
its poly-functional group and stereotic configuration. The car-
boxylic side chain can “curve up” with phenyl hydroxyl group,
fitting the ammonium ion in between them. Ammonium ions
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Figure 5. Extract ion response profiles from flow injection analysis of 1 ug/mL (ppm) BA in 1:1 MeOH/varied aqueous solutions: (A) water; (B) pH8.3; (C) pH6.1; (D) pH5.0;
(E) pH4.0 buffer solutions; (F) pH3.3 0.1% HAc; (G) pH 2.7 0.1% formic acid. Isocratic mobile phase conditions with 1:1 MeOH/varied aqueous solutions corresponding to

sample matrices were used.

were known to solvate polyfunctional compounds to give
ammoniated ions in the gas phase, particularly polyoxy com-
pounds (24-25). The ammonium adduct responses did not
change significantly among the various mobile phases as seen
in Table II, and similar observation was also made by Kamel
et al. (9). It is possible that these compounds have a strong
ammonium jon binding affinity, and that ammonium ions as a
solvent or system impurity is sufficient for adduct formation, as

increasing the solution’s ammonium ion concentration did not
produce significantly more new ammonium adducts.

Negative ions

Acidic extractables such as acids and phenols can form nega-
tive ions readily in ESI. The negative ion profiles in varied pH
mobile phases are shown in Figure 3 and peak intensity data
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Figure 6. Extracted ion response profiles from flow injection analysis of 500 ng/mL (ppb) DBA in 1:1 MeOH mixtures with various aqueous solutions including (A) water; (B)
pH8.3; (C) pH6.1; (D) pH5.0; (E) pH4.0 buffer solutions; (F) pH3.3 0.1% HAc; (G) pH 2.7 0.1% formic acid. The peak intensity of the M-H+ adduct increased with decreasing

solution pH.

are listed in Table IIL It is noticed that negative ion responses
did not decrease with lower pH mobile phases. Actually, for
benzoic acid (BA) and 2-ethylhexanoic acid (EHA), the corre-
sponding negative ion responses increased quickly with
decreased mobile phase pH (from 8.1 to pH 3.3). Because the
retention times of these acids were different as a function of
mobile phase pH, FIA analysis of the acids in 1:1 methanol/
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aqueous solutions with pH ranging from 2.7 to 8.3 were also
performed; the results for 1 ppm BA are shown in Figure O.
The negative ion responses for BA increased consistently from
pH 8.3 to 3.3 solutions at constant organic content, indicating
that weak acids facilitated the formation of ESI negative ions.
This relationship between mobile phase pH and analyte
response in ESI was observed by other research groups and is
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Figure 7. Positive ion mass spectra obtained from infusion of 500 ppb HAM in 1:1 MeOH/10 mM NH4Ac solution at 10 wL/min as a function of decluster potential (DP): (A)

20 v; (B) 40 v; (C) 80 v; (D) 120 v. All spectra represent average of at least 30 scans.

termed as wrong-way-around (9, 11, 26). Two reasons
were given by Dalton et al. (26) to account for the
wrong-way-around phenomena in negative ESI mode. The elec-
trochemical reaction in the ESI capillary tip could be facilitated
is a weakly acidic environment (versus a neutral pH solution).
Near the ESI tip, weak acids could provide protons that facili-
tate the production of excess negative charge by reducing the
number of protons to hydrogen gas. These excess charges
likely accumulate to a greater extent on the surface of ESI dro-
plets, increasing local pH value and promoting deprotonation
of the analytes. Furthermore, acetic acid was chosen as the
appropriate acid due to its relatively higher gas phase
proton affinity versus some other acids like formic acid and
propionic acid.

When formic acid was used in the mobile phase, severe
signal suppression resulted, as demonstrated in Figure 6. As
strong solution acidity would decrease the pH gradient within
the spray droplet, the low gas phase proton affinity of the
weakly acidic formic acid retarded the deprotonation process,
resulting in a dramatic signal decrease in the negative ion
intensities.

Similar to the positive ion mode, deprotonated BA in metha-
nol—water only exhibited high signals similar to pH 3.3 acetic
acid solution; this could be due to the decrease of droplet
acidity via ESI tip electrochemical reactions and less electro-
Iytes competing for gas phase ionization. When no buffer exists
on the droplets, pH could be much higher than neutral in
droplet surface environment.

The high responses for the investigated acids in weak acidic
mobile phases like acetic acid can be attributed to the previ-
ously noted solution effects that occur during ESI process.
These effects, when combined with the response benefits asso-
ciated with the longer retention times in the acidic mobile
phases, makes buffers containing acetic acid the preferred
choice for negative ESL

Comprebensive consideration of mobile phase effects

Considering the results for the positive and negative ions
experiments, a weakly acidic mobile phase containing some
ammonium ion improves sensitivity in both detection modes.
Further experiments were performed to more finely tune
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Figure 8. Positive ion mass spectra obtained from infusion of 500 ppb CAP with a 1:1 MeOH/10 mM NH4Ac solution at 10 L/min as a function of decluster potential (DP):

(A) 20 v; (B) 40 v; (C) 80 v; (D) 120 v. All spectra represent average of at least 30 scans.

mobile phase composition, specifically examining four mobile
phase systems with aqueous components having pH values of
4.5, 36, 3.1, and 3.3 and containing varying amounts of
acetic acid, ammonium acetate, and formic acid. The results
of these experiments are shown in Figure 9 and 10. Severe
negative ion signal suppression across all target compounds
was seen using formic acid, even at levels as low as 0.01%.
However, certain basic compounds, such as CAP and DBA,
had elevated positive ion responses with the 0.01% formic
acid mobile phase system, possibly due to its relatively low
clectrolyte strength. Even compared with 0.1% formic acid
(pH 2.7, Figure 2E), 0.01% formic acid mobile phases at a
higher pH (pH 3.3) provided better responses for CAP and
DBA. All things considered, however, formic acid is not
recommended for extractables screening LC—MS due to the
poor negative ion sensitivities.

‘When mobile phases with 0.1% acetic acid in 10 mM ammo-
nium acetate were examined, negative ion signals for BA and

224 Hua and Jenke

EHA and the positive ion signal of CAP was reduced at the
higher pH values (for example pH 4.5 versus either 3.6 or 3.1).
While the peak responses for the other target analytes were
not adversely affected by the higher pH, the pH 4.5 mobile
phase produces sub-optimal performance and therefore is not
recommended. Although mobile phases at pH 3.6 and pH 3.1
produced comparable responses in positive ion mode, the
latter mobile phase produced recognizably lower responses in
negative mode for most target compounds. This was the case
because high acid concentrations (0.5%) were required to
make the pH 3.1 mobile phase that also contained 1 mM am-
monium acetate. The reduction of negative ion responses by
high acidity mobile phase components modifier was demon-
strated by Dolton et al. (26). These researchers performed
post-column infusion experiments and suggested that high
acidity (greater than 1 mM, 0.007%) could reduce negative ion
intensities by reducing the spray droplet surface pH gradient,
making deprotonation more difficulty.
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Figure 9. Positive ion ESI LC—MS analysis of the standard mixture using conditions in Table | with varied agueous mobile phases: (A) pH4.5 0.1%HAc in 10 mM NH4Ac; (B)
pH3.6 0.1% HAc in TmM NH4Ac; (C) pH3.1 0.5% HAc in 1 mM NH4Ac; (D) pH3.3 0.01% formic acid. * Irg2 co-eluted with impurity peaks.

Based on the experiments performed in this study, it is con-
cluded that a pH 3.6 (0.1% HAc in 1 mM NH4Ac) mobile phase
system should be used to achieve the best overall LC—MS response
for chemically diverse extractables. With the moderate 0.1% HAc
concentration, negative ions exhibited optimal responses while
positive ions also showed good responses for the different types of
extractables examined. Furthermore it is suggested that the weak
acetic acid with ammonium acetate mobile phases could be
appropriate in other screening-type of applications.

Conclusion

A LC-UV-MS methodology utilizing a pH 3.6 mobile phase
system containing 0.1% acetic acid and 1 mM ammonium

acetate is proposed as a means of optimizing detectability for
the chemically diverse set of chemical compounds that are
encountered in extractables screening. This acidic aqueous
mobile phase produces optimal responses for negative ion-
producing compounds due to the combined effects of acid-
promoted electrochemical reaction and favored acetate ion gas
phase basicity. This mobile phase system also produces overall
favorable responses for positive ion-producing compounds.
Although more acidic mobile phases might increase the
responses for some basic targets (such as CAP and DBA), they
also caused reduced responses for very weak basic compounds
such as amides due to lack of ammonium ijon effect.
Ammonium ions were identified as important mobile phase
components, improving the response of protonated adducts of
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Figure 10. Negative ion ESI LC—MS analysis the standard mixture using conditions in Table | with varied aqueous mobile phases: (A) pH4.5 0.1%HAc in 10 mM NH4Ac; (B)
pH3.6 0.1% HAc in TmM NH4Ac; (C) pH3.1 0.5% HAc in T mM NH4Ac; (D) pH3.3 0.01% formic acid.

very weak basic compounds like amides via ammonium adduct
conversion. With further study, the general recommendation of
this study may also be applicable to other types of multi-
component analyses such as those encountered in environmen-
tal, food, and pesticide studies.
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