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Abstract. Electrospray ionization efficiency is known to be affected by mobile phase
composition. In this paper, a detailed study of analyte ionization efficiency depen-
dence on mobile phase pH is presented. The pH effect was studied on 28 compounds
with different chemical properties. Neither pK, nor solution phase ionization degree
by itself was observed to be sufficient at describing how aqueous phase pH affects
the ionization efficiency of the analyte. Therefore, the analyte behavior was related to
various physicochemical properties via linear discriminant analyses. Distinction be-

1 tween pH-dependent and pH-independent compounds was achieved using two

20 pH 7.0

parameters: number of potential charge centers and hydrogen bonding acceptor

capacity (in the case of 80% acetonitrile) or polarity of neutral form of analyte and
pKa (in the case of 20% acetonitrile). It was also observed that decreasing pH may increase ionization efficiency

of a compound by more than two orders of magnitude.
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Introduction

Ithough numerous studies of ESI have been performed

[1-3], the mechanisms of ESI are still not fully under-
stood [4]. One aspect of great interest is the ionization efficien-
cy of analyte in the ESI source. Different groups have proposed
models to predict ESI ionization efficiency based on the phys-
icochemical properties of various analytes [5—9]. However,
these models have been developed in a single solvent and,
therefore, the obtained models do not fully account for the
effects arising from mobile phase composition when paired to
liquid chromatographic separation.

Kostiainen and Kauppila [1] have reviewed the effect of
eluent on the ionization process. It has been observed that
both organic solvent content [3, 10, 11] and the pH of
aqueous phase [3, 12] have significant impact on ESI/MS
sensitivity. The best ESI sensitivities have been observed
in cases where the analyte is already ionized in the liquid
phase [1, 3]. Marwah et al. [13] showed that adding vola-
tile organic acids in low concentrations (1-500 ppm) to the
mobile phase enhances ESI ionization efficiency of ste-
roids by several orders of magnitude. Choi et al. [14]
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showed that formic acid, ammonia, and ammonium for-
mate can decrease signal suppression in complex matrices.
They found that the highest sensitivity to methoxy-
fenozide in matrix (wheat forage) was obtained with
5 mM ammonium formate and 0.2% ammonia and formic
acid, whereas the highest sensitivity in the analysis of
standard solutions was observed with 1 mM concentration
of ammonium formate, ammonia, and formic acid [15].
There are some studies showing that increasing the degree
ofionization in solution could result in a decrease in sensitivity.
Kamel et al. [15] studied the effect of trifluoroacetic acid, acetic
acid, ammonia, and sodium acetate on the sensitivity of anti-
viral agents using ESI (positive mode). They showed that
trifluoroacetic acid suppresses and acetic acid enhances the
signal in ESI. Additionally, they showed that addition of am-
monia to the aqueous phase significantly enhances analyte
response. A significant conclusion drawn [16] from that work
was that the major processes for the formation of ions from
pyrimidines occurred via gas phase ion/molecule reactions and
not through solution phase reactions. The effects of
trifluoroacetic acid and acetic acid on the sensitivity of basic
drugs in ESI positive mode were also studied by Mallet et al.
[12]. Dams et al. showed [16], like Kamel et al. [15], that
trifluoroacetic acid has a suppressive effect and added that all
other acids with higher concentrations, too, have a suppressive
effect. They also reported the suppressive effect of volatile
acids (formic and acetic acid) on morphine analysis, with the
most suppression observed at acid concentrations 0.03—
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0.04 vol%; higher concentration did not yield further suppres-
sion [16].

Silvester [17] observed the highest responses in positive
mode ESI for various analytes (propanolol, rosuvastatin, and
drug AZ-X) in basic solutions (ammonium acetate buffer, pH =
9.89), for which the analytes were expected to be in a neutral
form. Mansoori et al. [18] first observed, and Zhou and Cook
[19] later studied in detail, “the wrong-way-round ionization”
this means that analytes give high response in conditions were
the analyte is not expected to ionize according to solution phase
chemistry (pK, and pH). They explained the phenomenon by
gas-phase reactions occurring with precursors either present in
solution or induced by corona discharge. Hua and Jenke [20]
showed that some compounds form ammonium adducts in the
droplet that may lead to increased protonated analyte signals.
Peng and Farkas [21] also showed that a high mobile phase pH
is suitable for analysis of basic analytes.

The pH effect on ESI efficiency becomes even more com-
plex if changes in solution pH during the ESI process [22—24]
are considered. Van Berkel et al. [22] showed that electrochem-
istry occurring on the needle tip changes the pH of the solution
remarkably. In unbuffered solutions, the pH decreases in pos-
itive ion mode by as much as 1.8 pH units in the case of low
flow rates (0.008 mL min ') and 0.6 pH units using typical
chromatographic flow rates (0.2 mL min'). Additionally,
Zhou et al. [24] and Girod et al. [23] have shown that the pH
of droplets decreases along the ESI plume by approximately
0.6 pH units.

Previously, analytes were divided into two groups based on
their ionization efficiency dependence on solvent pH: (1)
analytes for which ionization degree changes with pH, and
(2) analytes for which ionization degree is independent of pH
[25]. However, contradictory results have also been observed
by Henriksen et al. [26].

None of the previous observations distinguish if the ESI
sensitivity dependence is caused by particular additive or
whether the overall pH of the solvent affects the sensitivity.
Additionally, existing observations are limited in the number of
compounds and mobile phases studied. Therefore, a detailed
study is needed to relate the chemical properties and pH-de-
pendent/pH-independent nature of analytes. By studying more
analytes of different chemical origins that display pH-
dependent ionization efficiency, insight into the ESI mecha-
nism may be achieved.

The aim of this work is to study the dependency of ESI
ionization efficiency on solvent pH and to relate these effects to
solvent and analyte properties. In order to study the effect of pH
on electrospray ionization efficiency in a detailed manner, the
ionization efficiencies of 28 analytes in 22 different solvents
(all containing acetonitrile and buffer) with aqueous phase pH
ranging from 2.1 to 7.0 and acetonitrile percentages of 20% and
80% were used. The studied analytes covered a wide range of
pKa(aq) values from —15.2 to 9.5, and a wide hydrophobicity
range: logP (octanol-water partition coefficient) values from —2
to 5. The ESI results are compared with the ionization degree in
solution, estimated by UV-Vis spectrophotometric
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measurements or from chromatographic data. This is the most
comprehensive study of ionization efficiencies of analytes in
various solvents to our knowledge.

Experimental
Chemicals

For the study of aqueous phase pH effects, the following
compounds were purchased from Sigma-Aldrich (St. Louis,
USA): 3-methoxy-N,N-dimethylaniline, 2,4-dinitroaniline, 3-
nitroaniline, 4-nitroaniline, 4-aminobenzoic acid, quinoline,
2-aminophenol, 2,6-diaminopyridine, 2-aminobenzimidazole,
2,4,6-trinitroaniline, 2-aminopyridine, Trizma base (further re-
ferred to in text as tris), 4-amino-N, N-dimethylaniline,
3-hydroxypyridine, 3-(dimethylamino)benzoic acid, 2-
nitroaniline, and aniline. The following were purchased from
Fluka (Buchs, Switzerland): 3-aminobenzoic acid,
tetramethylammonium chloride, tetraethylammonium
perchlorate, pyridine, and acridine. From Reakhim, 8-
aminoquinaldine, 3-aminophenol, 2,6-dimethylpyridine, 1-
naphtylamine, and N,N-dimethylaniline were purchased. 4-
(Dimethylamino)-N,N-dimethylaniline was purchased from
Merck (Darmstadt, Germany). N,N-diphenylbispidine and
(dinitrophenyl)imino)tris(pyrrolidino)phosphorane (further re-
ferred to in text as 2,6-(NO,),-C¢Hs-P1(pyrr)phosphazene)
were synthesized in our group according to [27] and [28],
respectively. The structures and physicochemical parameters
calculated with the COSMO-RS method [29, 30] are listed in
Supplementary Information (see Supplementary Table S1).

The concentrations of standard solutions of analytes were
between 5 and 50 uM. Owing to the low ionization efficiencies
in more basic media, concentrations of 100 uM were needed
for 2,4-dinitroaniline and 3-nitroaniline. The concentrations of
analyte in the spray varied from 0.125 to 2.5 pM depending on
the analyte and mobile phase studied.

Acetonitrile (Chromasolv Plus for HPLC, > 99.9%; Sigma-
Aldrich, USA), ultra-pure water (purified with Millipore
Advantage A10 MILLIPORE GmbH, Molsheim, France),
formic acid (98%, Fluka, USA), trifluoroacetic acid (99 + %,
Aldrich, USA), ammonia solution (25%, Lach:Ner,
Czech Republic), and ammonium acetate (>99.0%, Fluka,
USA) were used as solvent components.

Twenty-two different mobile phase compositions were stud-
ied: two different acetonitrile percentages (20% and 80% v/v) in
combination with different aqueous phases: 0.1% trifluoroacetic
acid (pH = 2.1), 0.1% formic acid (pH = 2.7), and buffers with
pH = 3.0, 3.5, 4.0, 4.5, 5.0, 5.5, 6.0, 6.5, and 7.0. Buffer
solutions were obtained by adjusting the pH of 5 mM ammoni-
um acetate solution with formic acid or ammonia.

Equipment

The ionization efficiency measurements were carried out in the
positive ion mode on an Agilent XCT ion trap mass spectrom-
eter (Agilent Technologies, Santa Clara, CA, USA). For flow
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injection analyses, an Agilent 1100 series HPLC (Agilent
Technologies) was used. For instrument control, an Agilent
ChemsStation for LC (rev. A. 10.02) and MSD Trap Control
(ver. 5.2) were used. The following MS and ESI parameters
were used: nebulizer gas pressure, 15 psi; drying gas flow rate,
7 L min'; drying gas temperature, 300 °C; needle voltage,
3500 V. Additionally, only the target mass (7M) was optimized
[31].

For degree of ionization measurements, UV-Vis spectra
were recorded with a PerkinElmer Lambda 2S UV/Vis
spectrometer (PerkinElmer, Cambridge, MA, USA).
Spectra were recorded from 190 to 750 nm using 1 cm
cuvettes.

For chromatographic experiments, the same equipment
was used as for ionization efficiency measurements with a
250 mm long Zorbax Eclipse XDB-C18 column (internal
diameter of 4.6 mm and a particle size of 5 pm). Isocratic
elution with 80% acetonitrile was used for chromatograph-
ic ionization degree determination in corresponding sol-
vent. The aqueous phase pH was measured with pH-
meter (Evikon pH Meter E6115, Tartu, Estonia) using a
glass electrode (Evikon pH631).

lonization Efficiency Measurement

In this work, ionization degree is defined in solution and
described with Equation (3), and ionization efficiency de-
scribes the entire process occurring during electrospray
ionization.

Since it is complicated to measure absolute ionization effi-
ciency values [32], we measured the relative ionization effi-
ciency (RIE) of the analytes studied herein, a methodology that
has been successfully used in our group [5]. For ionization
efficiency measurements, flow injection analysis was per-
formed and a calibration graph was constructed for each ana-
lyte using standard solutions constructed by a series of dilutions
(5%,2.5%,2x%,1.67x,1.25%, and 1x) of stock solutions with the
solvent by the autosampler and injected to MS. The injection
volume was 10 uL and the mobile phase flow rate was
0.2 mL min'. For each measurement set, the linearity of
calibration graph was assessed and was found to be acceptable
for all compounds for which numerical ionization efficiency
values are presented in Supplementary Table S3. The RIE value
is obtained by dividing the slopes of analytical signals [6]
according to Equation 1:

RIE(M;) — slope([Ml + H]+)
VT lope(EtNT)

(1)

where M, denotes the analyte and all analytes were measured
relative to tetraethylammonium (Et4;N"). The
tetracthylammonium log/E values were determined with infu-
sion measurements at different pH values. It was observed that
tetracthylammonium has a nearly constant log/E value at all
studied pH values and, therefore, was taken to be log/E = 4.16
as assigned previously [25].
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The reproducibility of measurements was calculated as a
pooled standard deviation (Equation 2):

Spooled =

where s; is the standard deviation of an analyte in one solvent
system, 7 is the number of measurements performed on an
analyte in one solvent system, and £ is the number of different
solvent systems multiplied by the number of analytes.

Ionization Degree Measurement

Ionization degree of an analyte is calculated according to
Equation 3:

[AH™) 1
o= = (3)
AH ]+ [ K
1+ [Hﬂ

where [AH'] denotes concentration of protonated analyte, [A]
denotes concentration of analyte, and K the constant of proton-
ation of analyte.

For measurements of the degree of ionization, solutions of
analyte with different aqueous phase pH were made. The pH
ranged from pH 1 (0.1 M hydrochloric acid) to pH 13 (0.1 M
sodium hydroxide). The intermediate pH values were obtained
by titrating 5 mM ammonium acetate with formic acid or
ammonia.

The absorbances at the corresponding wavelengths were
recorded, and the ionization degree, a, was calculated using
Equation 4:

A i 7Aca ion
o — P 1 (4)

Aneutral —A cation

where Ay is absorbance at particular pH and A,eyqar and
Acation are the absorbances corresponding to the purely neutral
and purely cationic form, respectively. The absorbance maxi-
ma with the largest difference in absorbance between neutral
and cationic forms of an analyte were used for calculations (see
Supplementary Table S2).

Compounds without chromophores (tris) could not be stud-
ied with UV-Vis spectroscopy; for these compounds, HPLC
measurements were performed [33]. For three analytes, the
HPLC measurements were used to confirm the results obtained
with UV-VIS spectroscopy. For chromatographic ionization
degree measurements, the analytes were analyzed after
isocratic elution with two different aqueous phase pH values:
0.1% trifluoroacetic acid (pH 2.1) and 0.1% ammonia (pH
10.7). The mobile phase consisted of 80% acetonitrile and
20% buffer (v/v). The change in retention times at different
pH values was an indicator of change in ionization degree.
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Discriminant Analysis

Ions are known to escape droplets as solvent clusters, or as
associates with solvent modifiers, or combined [34]. However,
there is no certainty to which extent the escaping ions are
clustered under specific conditions used in experiments.
Therefore, we use molecular parameters calculated for ions
without solvent shell. The eligibility of this approach has also
been demonstrated before by successfully modeling the ioni-
zation efficiencies of various compounds by parameters calcu-
lated for analyte ion [5, 6, 35].

Various physicochemical properties of the analytes in the
solvent phase were calculated with COSMO-RS method to
determine the appropriate analyte form (neutral or ionic) for
linear discriminant analysis (LDA) and quadratic discriminant
analysis (QDA) (see Supplemental Information). The calculat-
ed parameters were: aqueous pK,, logP, the charge delocaliza-
tion weighted average negative sigma (WANS) parameter, and
the Klamt parameters (molecular area, molecular volume, sig2
and sig3, which describe polarity and polarizability, respective-
ly, and Hbdon3 and Hbacc3, which are quantitative measures
of hydrogen bonding donor and acceptor capacities, respec-
tively). These parameters were calculated for both neutral and
cationic forms of an analyte. Additionally, parameters such as
change in the degree of ionization (see lonization Degree
Measurements), and number of potential charge centers were
used.

To conduct linear discriminant analysis, the analytes were
randomly divided into training and validation sets. In the
validation set, there were nine compounds: N,N-
diphenylbispidine, 2,4-dinitroaniline, 2,6-dimethylpyridine,
N,N-dimethylaniline, acridine, 2,4,6-trinitroaniline, 3-
hydroxypyridine, quinoline, and 3-aminobenzoic acid. The
other 19 compounds were used for developing a linear discrim-
inant function. The modeling was first performed using a one-
parameter-at-a-time approach and the subsequent steps were
performed using up to five parameters. All possible combina-
tions were considered in discriminant function development.
First, the models were generated with either one, two, three,
four, or five parameters for training set (including leave-one-
out cross-validation step). For validation, the best models (for
each number of parameters) were also tested on a validation set
(Supplementary Figures S2 and S3). In case of small number of
compounds (size of training set and validation set) it is possible
that overfitting of the LDA model occurs. Using training set
results, a model with smallest number of parameters having
sufficient prediction precision was chosen (see Supplementary
Figures S2 and S3). It was observed that more than two
parameters in the LDA model do not significantly improve
the prediction precision, neither for training nor for validation
set. Therefore, it is possible that models with higher number of
parameters give small improvement by chance. The two pa-
rameter model was considered the best composing of two
parameters that alone gave the best predicition precisions com-
pared to others. For quadratic discriminant analysis, all 28
compounds were used to study the relationship. The quadratic
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discrimination analysis was not used to make any prediction
but to describe the observed phenomena.

Results

The results of the log/E measurements for different solvents are
presented in Supplementary Table S3. Altogether, 22 solvent
compositions were measured. The pooled standard deviation of
the results (Equation 2) in the case of 80:20 acetonitrile:buffer
was 0.14 log/FE units and in the case of 20:80 acetonitrile:buffer,
0.23 log/E units. All 28 analytes were measured in both mobile
phase compositions with pH 2.1 and pH 7.0 and if the difference
between log/E values was larger than 0.5 (the threshold for
statistical significance, calculated based on the reproducibility
of the results), the compound was placed in a pH-dependent
group. Analytes with statistically insignificant log/E change
were grouped into the pH-independent group. The log/E values
determined for the analytes in both mobile phase compositions
and both pH values studied are listed in Table 1. All measured
log/E values are listed in Supplementary Table S3
(Supplemental Information).

The largest decrease in log/E with a pH change from 2.1 to
7.0 was observed for 3-nitroaniline (2.3 log/E units) and
smallest statistically significant log/E decrease was observed
for 2-nitroaniline (0.6 log/E units) in case of 80:20
acetonitrile:buffer. The average decrease of log/E in the pH-
dependent group was 1.2 log/E units. Similarly, in the case of
20:80 acetonitrile:buffer, the largest decrease was observed for
3-nitroaniline (2.5 log/E units) and the smallest for 2-
nitroaniline (0.6 log/E units) with a pH change from 2.1 to
7.0. Of the 28 studied analytes, 13 were pH-dependent and 15
were pH-independent.

The pH-dependent group was studied in detail at all solvent
compositions (pH from 2.1 to 7). The flow rate effect on pH
dependency was determined for three compounds: N,N-
dimethylaniline, pyridine, 1-naphthylamine. The pH depen-
dence of the log/E values of these compounds was evident and
numerically consistent at flow rates of 0.008 mL min ' and
0.2 mL min . The log/E change has the same profile and change
occurs at the same aqueous phase pH (see Supplementary
Figure S1). The obtained log/E values with both flow rates at
corresponding mobile-phase compositions were in a good cor-
relation (0.84 < R* < 0.99). Therefore, it can be assumed that
ionization efficiency change with pH is a flow rate-independent
effect. Typical behavior of a pH-dependent analyte is presented
in Figure 1 for the case of N,N-dimethylaniline.

In addition to the change in the ionization efficiency, the
degree of ionization (o) in solution phase was determined for
all analytes. The results of corresponding changes in « in
solution are indicated in Table 2. Based on the results of degree
of ionization measurements in solution and the results of ion-
ization efficiency measurements, analytes were divided into
four groups: (I) compounds for which both the log/E and «
changes (10 compounds), (II) compounds for which o changes
but the log/E does not change (13 compounds), (III)
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Table 1. The lonization Efficiency Values of Analytes in Both Solvent Compositions (80% and 20% (v/v) Acetonitrile) with Two Different Aqueous Phases: pH =
2.1 and pH = 7.0. The Asterisk Indicates that Analyte Ionization Efficiency is Dependent on Aqueous Phase pH

Analyte Acetonitrile:buffer

80:20 20:80

pH=2.1 pH=7.0 pH=2.1 pH=7.0
2,6-(NO,),-CsH;3-P1(pyrr) phosphazene 5.27 522 4.62 4.84
N,N-diphenylbispidine 4.63 4.84 4.13 428
acridine 4.20 4.17 3.90* 2.88%
3-methoxy-N,N-dimethylaniline 3.93* 2.70%* 3.62% 2.06*
4-(N,N-dimethylamino)-N,N-dimethylaniline 3.82 3.68 3.56 3.19
8-Aminoquinaldine 3.74 3.46 3.55% 1.52%
N,N-dimethylaniline 3.74* 1.81* 3.31* 2.46*
Quinoline 3.65% 2.61* 3.29% 1.98*
2,6-Dimethylpyridine 3.60* 2.34* 3.19% 1.84*
2-Aminobenzimidazole 3.60 3.42 3.14 3.30
1-Naphthylamine 3.49* 2.85% 3.01%* 1.95*
4-Amino-N,N-dimethylaniline 3.44 3.17 2.73 275
2,6-Diaminopyridine 332 3.06 3.10 2.63
2-Aminopyridine 3.20 2.85 2.32 2.36
Aniline 3.12% 0.92* 2.92% 0.78*
3-Hydroxypyridine 2.92 2.64 2.27 1.67
2-Aminophenol 2.92% 2.32% 2.82% 2.18%
3-Nitroaniline 2.85% 0.57* 2.23% -0.31*
Pyridine 2.76* 1.03* 2.48* 1.00*
3-Aminobenzoic acid 2.70% 1.74* 2.08* 1.23*
4-Aminobenzoic acid 2.68% 1.73* 1.94% 1.29%
3-Aminophenol 2.66 2.34 2.94 2.56
3-(N,N-dimethylamino)benzoic acid 2.64 2.67 3.16 241
4-Nitroaniline 2.59 2.56 2.15 2.08
Tris 2.53 2.16 2.66* 1.64*
2-Nitroaniline 2.48* 1.92%* 1.89* 0.86*
2,4-Dinitroaniline 1.39% —0.53%* 0.41* NA™*
2,4,6-Trinitroaniline 1.27 0.96 NA?* NA?*

“Not possible to measure.

compounds for which a does not change but log/E changes (3
compounds), and (IV) compounds for which neither o nor
log/E changes (2 compounds) (Table 2). However, it is possi-
ble that for some analytes, the log/E change occurs but is too
small to be statistically significant.

Three analytes — acridine, 8-aminoquinaldine, and tris — had
ionization efficiencies independent of pH in a mobile phase
containing 80% acetonitrile but in a mobile phase containing
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Figure 1. The loglE values and degree of ionization (a) values
of N,N-dimethylaniline in 80:20 acetonitrile:buffer and pH 2.1-7.
The blue and red lines are fitted curves

20% acetonitrile, their ionization efficiency depended signifi-
cantly on pH. For other compounds, the ionization efficiencies
were independent of the mobile phase acetonitrile composition.

Table 2. The Distribution of Analytes According to the Behavior of Ionization
Efficiency Values in ESI and Degrees of lonization in Solution for 80:20
Acetonitrile:Buffer

loglE Dependent Independent

o

Dependent  Pyridine Acridine
2-Aminophenol N,N-Diphenylbispidine

3-Aminobenzoic acid 3-Aminophenol

Aniline 4-Amino-N,N-dimethylaniline
2,6-Dimethylpyridine 8-Aminoquinaldine
Quinoline 2,6-Diaminopyridine

3-Methoxy-N,N-dimethylaniline 2-Aminopyridine
N,N-Dimethylaniline 2-Aminobenzimidazole
1-Naphthylamine 3-Dimethylaminobenzoic acid
4-Aminobenzoic acid 3-Hydroxypyridine
2,6(NO,),-CgH3-P1(pyrr)
phosphazene
Tris
4-Dimethylamino-N,
N-dimethylaniline

4-Nitroaniline
2,4,6-Trinitroaniline

Independent 3-Nitroaniline
2-Nitroaniline
2,4-Dinitroaniline
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To explain the pH-dependence in ESI source, a linear dis-
criminate analysis was conducted based on physicochemical
parameters calculated via the COSMO-RS method and on
measured solution phase degrees of ionization. For 80:20
acetonitrile:buffer mobile phase, the best accuracy was
achieved with Equation 5:

F = —1.501"N charge centers—0.210-HBacc3, + 2.211 (5)

where Neparge centers 18 the number of potential charge centers,
HBacc3, is the hydrogen bonding acceptor capacity of neutral
form of the analyte. If > 0, the analyte was considered to be in
the pH-dependent group; if 7' < 0, the analyte was considered to
be in the pH-independent group. The prediction precision of
this model was 84.2% in the training set and 66.67% in the
validation set. This means that 16 compounds of 19 were
grouped correctly into corresponding groups in the training
set and 6 of 9 correspondingly in the validation set. If three
parameters were used, the prediction precision increased in the
validation set (see Supplementary Figure S2) but the functions
had the same precision using any of the parameters as the third
parameter. It shows, additionally, that two parameter function
describes the behavior well enough.

The best discrimination in the case of 20:80
acetonitrile:buffer was achieved using Equation 6:

F =-0.186-pK,—0.030-sig2, + 3.500 (6)

where sig2,, is polarity of neutral form of analyte. The predic-
tion precision was 78.9% for the training set and 77.8% for the
validation set. If F'> 0, the analyte was considered to be in the
pH-dependent group; if F' <0, the analyte was considered to be
in the pH-independent group.

Discussion

It has been previously shown in several studies (e.g., [1, 15, 20])
that ionization efficiency depends on the mobile phase compo-
sition. In a previous study [25], we observed that ionization
efficiencies of analytes with pK, values in the range of studied
aqueous phase pH were pH-dependent. In this study, we focus
on analytes with different logP (-1.5 to 5.1 calculated with
COSMO-RS method) and pK,(aq) values, mostly in the range
of studied aqueous phase pH. The analytes with these particular
pK, values divide into two groups based on ESI response be-
havior (Table 2). However, the reasoning for such grouping is
not self-explanatory: it cannot be determined solely based on
pK, values of compounds or « determined in a particular mobile
phase. Linear discriminant analysis (Equations 5 and 6) was
used to explain the grouping of analytes based on their pH-
(in)dependence in ESI source, and the best fit was achieved by
using two parameters: number of potential charge centers and
hydrogen bonding acceptor capacity (in case of 80% acetoni-
trile) or polarity of neutral form of analyte and pK, (in case of
20% acetonitrile). These parameters can be related to three stages
occurring during electrospray ionization: (1) protonation of
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analyte in the droplet interior, K, ;, and on the droplet surface,
K, s, (see Figure 2), (2) ejection of charged analyte from the
droplet, and (3) protonation of analyte in the gas phase, K, ,. The
possible processes occurring in the droplet are shown in
Figure 2.

The number of potential charge centers and pK, can be
related to the process of ionization in solution. Analyte polarity
and possibility to accept hydrogen bonds influence the ability
to move to the droplet surface and eject from droplet. The
number of potential charge centers describes the analyte prob-
ability of becoming charged in the solution phase. Analytes
with more than one potential charge center tend to be in the pH-
independent group; however, this group also contains com-
pounds that have only one charge center. The analytes with
more than one potential charge center are more likely to be
ionized, as these compounds have more possibilities to become
protonated. Similar observations have been made by Wang
et al. [36], who observed that the fragmentation spectra of
drugs with two basic functional groups may be significantly
different at various pH. They explained this phenomenon by
the change in the location of the charge on the molecule. This
effect suggests that attaching the proton may be the limiting
stage in ESI ionization for pH-independent compounds.

This phenomenon can be followed through the example of
pyridine (one charge center), 2-aminopyridine (two charge

Ka g gas phase

interior

surface

Figure 2. The possible processes affecting formation of a
charged analyte. K, denotes equilibrium constant of proton-
ation, P denotes the partition between two phases, and sub-
scripts i, s, and g stand, correspondingly, for interior of droplet,
surface of droplet, and gas phase
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centers), and 2,6-diaminopyridine (three charge centers); of
these, only pyridine is in the pH-dependent group. This trend
is also observed for two analyte pairs: aniline (1 charge center)
and 4-amino-N,N-dimethylaniline (2 charge centers); and N,N-
dimethylaniline (1 charge center) and 4-N,N-
dimethylamino-/V,N-dimethylaniline (2 charge centers). The an-
iline and N,N-dimethylaniline are in the pH-dependent group but
4-amino-N,N-dimethylaniline and 4-N,N-dimethylamino-N,N-
dimethylaniline are in the pH-independent group.

However, other physicochemical parameters also change
for these compounds with increasing number of potential
charge centers. For example, the logP value changes from
0.61 (pyridine) to —0.69 (2,6-diaminopyridine). The effect of
logP can also be followed through the example of related
compounds like pyridine, quinoline, and acridine. The logP
value increases from pyridine (0.61) to quinoline (1.74) and
acridine (2.76). However, only acridine (the most hydrophobic
of these compounds) is in the pH-independent group in case of
80:20 acetonitrile:buffer. For these two series of compounds,
the logP effect on ionization efficiency is controversial.
Therefore, it could be hypothesized that the analytes in the
pH-independent group are either highly hydrophobic (tend to
prefer droplet surface) or highly hydrophilic (tend to prefer
droplets interior).

This hypothesis was tested by using quadratic discriminant
analysis with the octanol-water partition coefficients of the
neutral forms of analytes (logP,) calculated with COSMO-RS
method as an input parameter to explain the pH-dependent
behavior of compounds in 80:20 acetonitrile:buffer,
Equation 7:

F = log’P—2.4-logP + 0.4 (7)

if F > 0, the analyte was considered to be in pH-dependent
group; if ' < 0, the analyte was considered to be in the pH-
independent group.

The quadratic discriminant function is able to predict the
classification into pH-dependent and pH-independent com-
pounds with the precision of 82.1%. This phenomenon is
visualized in Figure 3 and could be related to the two possible
mechanisms for the analyte to form gas-phase ions (Figure 2).
First, analyte can partition to the droplet surface in a protonated

QDA predicts:

no log/E change loglE change no log/E change

2 -1 0 1 2 3 4 5 6
logP
@ pH independent A pH dependent
Figure 3. The relationship between pH-dependency and cal-
culated octanol-water partition coefficients of the neutral form
of an analyte (logP,,) in the case of 80:20 acetonitrile:buffer. The
dashed lines indicate the discriminating levels predicted with
quadratic discriminant analysis
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form [Pi(AH")]; this process is driven both by the charge-
charge repulsion in the droplet but also by the hydrophobicity
of the protonated analyte. Secondly, the analyte may partition
to the droplet surface as a neutral [P;s(A)] and become proton-
ated on the acidic surface of the droplet [37]. This process is
driven solely by the hydrophobicity of the analyte (neutral
form). However, the proportion of these effects is very com-
plicated to estimate as the hydrophobicities of the protonated
forms are not available. A similar effect has also been observed
by Golubovic et al. [8], who noted a Gaussian-shaped relation
between the ESI/MS response and logP of the analytes. In the
case of 20:80 acetonitrile:buffer, this phenomenon was not as
evident.

Although the best discriminant function was obtained with
two parameters, the size of analyte plays a role in ESI source.
The LDA functions of three parameters with highest precision
contained parameter that describes size (area or molecular
volume). Larger (by volume) analytes tend to be in the pH-
independent group; 2,6-(NO,),-CsH3-P1(pyrr) phosphazene,
N,N-diphenylbispidine, 4-dimethylamino-N,N-
dimethylaniline, acridine, 2,4,6-trinitroaniline, and 3-
dimethylaminobenzoic acid are the six largest analytes among
the studied compounds and all are in the pH-independent
group. An explanation could be that, as a general trend, larger
molecules tend to be more stable in the gas phase when pro-
tonated as they screen and stabilize the charge through the polar
effect more efficiently if the nature of the protonation center
does not change dramatically (e.g., for alkylamine versus pyr-
idine the change in the nature of the protonation center is
significant) [38]. However, these compounds are among the
most hydrophobic of those studied and, therefore, the molecu-
lar volume effect cannot be fully separated from logP effect.

In addition to structurally similar compounds, the behavior
of isomers can also be compared. For 3-nitroaniline, 2-
nitroaniline, and 4-nitroaniline, some interesting phenomena
arise. In the solution phase (UV-vis measurements), none of
these compounds show any change in degree of ionization with
changing pH. In terms of ionization efficiency, 3-nitroaniline
and 2-nitroaniline are in the pH-dependent group whereas 4-
nitroaniline belongs to pH-independent group. It is very inter-
esting that 2-nitroaniline and 4-nitroaniline have similar reso-
nance behavior but they behave differently in ESI ionization.
Though 4-nitroaniline and 2-nitroaniline have the same reso-
nance effect, the inductive and steric effects are different and
that results in lower basicity of 2-nitroaniline. The 4-
nitroaniline was continuously mispredicted, adding more evi-
dence that stereochemistry is unpredictable with these molec-
ular parameters. Interestingly, a similar mismatch between 2-
and 4-isomers behavior has been observed in negative ESI
mode for the 2-nitrophenol and 4-nitrophenol, where signifi-
cantly lower ionization efficiency for 2-nitrophenol was ob-
served [6]. These observations lead to the hypothesis that
different steric effects can influence processes that kinetically
limit the ionization. However, the kinetics of the processes
occurring in ESI droplets are known to be significantly differ-
ent from the ones observed in bulk solution [39]. Studying



468

kinetic effects on the ESI mechanism is challenging and out of
the scope of this paper.

Comparing the results of measurements of degree of ioni-
zation with results of ionization efficiency measurements (an
example is given in Figure 1, similar graphs were observed for
other analytes) for 80:20 acetonitrile:buffer, we see that the
ionization efficiency change occurs at 0.5 units higher pH
(aqueous phase) than the ionization degree changes in the
solution. This offset can be explained by the change of pH that
occurs during the electrospray process. It has been shown in
positive mode ESI that due to electrochemical reaction occur-
ring on the ESI needle tip, the pH of the mobile phase is lower
in the plume compared with the original solution [22]. During
electrochemical reactions, additional hydrogen ions are gener-
ated in ESI positive mode [22]. Additionally, the evaporation
of solvent from the ESI droplets increases the concentration of
protons; therefore, pH decreases along the plume [24].

One of the solvents used (pH 2.1) contained trifluoroacetic
acid (TFA) as a pH modifier. Previously, it has been observed
in the literature [12, 15] that TFA may cause ionization sup-
pression. In our case, several compounds showed lower log/E
values in the mobile phase containing 0.1% TFA than in the
mobile phase containing 0.1% formic acid, though the mobile
phase with TFA had lower pH. The highest suppression was
observed for 3-aminobenzoic acid (0.8 log/E units). However,
the suppressive effect of TFA was rarely statistically signifi-
cant. Interestingly, in both solvents, log/E values have been
anchored to tetracthylammonium, for which the log/E did not
change remarkably with pH. This means that suppressive effect
of TFA is compound-dependent.

Conclusion

pH is a powerful way to change the sensitivity of ESI/MS
method but only for some analytes. Some analyte’s ionization
efficiencies are completely unaffected by the mobile phase pH.
However, the extent of ionization efficiency change with pH
cannot be predicted based on the degree of ionization or pK,.
More important tend to be the number of potential charge
centers revealing the fundamental difference between process-
es in bulk solution and in ESI droplets.
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