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Abstract. The abundance of an ion in an
electrospray ionization mass spectrum is depen-
dent on many factors beyond just solution con-
centration. Even in cases where the analytes of
interest are permanently charged (under study
here are ammonium and phosphonium ions)
and do not rely on protonation or other chemical
processes to acquire the necessary charge, fac-
tors such as cation structure, molecular weight,
solvent, and the identity of the anion can affect

results. Screening of a variety of combinations of cations, anions, and solvents provided insight into some of the
more important factors. Rigid cations and anions that conferred high conductivity tended to provide the highest
responses. The solvent that most closely reflected actual solution composition was acetonitrile, while methanol,
acetonitrile/water, and dichloromethane produced a higher degree of discrimination between different ions.
Functional groups that had affinity for the solvent tended to depress response. These observations will provide
predictive power when accounting for analytes that for reasons of high reactivity can not be isolated.
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Introduction

lectrospray ionization (ESI) is well-known to exhibit dif-
fering ion responses depending on the nature of the analyte
under study [1-3]. This effect extends beyond the propensity of
the analyte to acquire a charge in the solution phase (the more
basic a compound is, the more readily it is protonated) [4], as
permanently charged ions provide different intensities depend-
ing on their structure. Prior studies in this area have principally
focused on the most intuitively important factor, the extent of
ionization of a given analyte, which depends on factors such as
solution pH and the basicity of the molecule in question [5—7].
Signal strength in a mass spectrum does not transparently
reflect solution composition [8].
The ion response describes the surface activity of species in
a mass spectrum, which implies that surface-active analytes
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have a stronger ESI response than less surface-active analytes
[9-12]. Possible parameters that correlate with the ESI re-
sponse of analytes include morphology of the analyte, cation—
anion interaction, and solvation strength [13, 14]. The nature of
the solvent is a contributory factor to the manner of ESI
response of species, given that the response is contingent on
the solvation strength [13—16]. However, the extent of solva-
tion of ions may differ in polar and non-polar solvents eligible
for ESI-MS [17-19]. Hydrophilic and hydrophobic species
tend to be more solvated in polar and non-polar solvents,
respectively, thereby exhibiting poor surface activity. In this
regard, we previously reported that chloride aggregates of 1-
butyl-3-methylimidazolium [(BMIM), + CI]" showed a better
ESI-MS response than bistriflimide aggregates of the same
cation [(BMIM), +NTf,]" in dichloromethane, due to lower
solvation of the chloride aggregates in the non-polar solvent
[20]. In an experiment to investigate the ESI response of ionic
liquids, Bortolini et al. found that a cobalt-based ionic liquid
with bistriflimide counterion was more responsive in methanol
than in dichloromethane [21]. These findings apparently indi-
cate that intensity is related to the solvation strength. Strong
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solvation of analytes can occur because of hydrogen bonding
and other intermolecular forces [22-28]. For example, solva-
tion of chloride in methanol or water/acetonitrile systems
comes about because of ion—dipole interactions. Spatial effects
in terms of source geometry can also affect relative ESI-MS
response [29].

Analytes with flexible alkyl groups are identified as hydro-
phobic and are likely to occupy surface sites in a droplet of
polar solvent. Considering the morphology of such analytes,
Song and co-workers reported an anomaly in a trend of surface
activity for quaternary ammonium species with flexible alkyl
chains in an aqueous sodium chloride system [30]. They sug-
gested that, as the alkyl chain length increases (above 14
carbon atoms), aggregates are formed with less or no surface
activity depending on the environment of the species [30].
However, their assessment was not an MS study and involved
gemini surfactants (more than one headgroup) [30].

In this work, we investigate the parameters that could
influence the ESI response of an equimolar mixture of
six cations (cesium, tetraethylammonium,
tetrabutylammonium, tridodecylmethylammonium,
bis(triphenylphosphoranylidene)ammonium, and
tetradodecylammonium, i.e., Cs", NEt," (Et=ethyl),
NBu," (Bu=butyl), NDosMe" (Do = dodecyl; Me = meth-
yl), N(PPh;)," (Ph=phenyl) and NDo,"), paired with
various anions (chloride, hexafluorophosphate, tetrafluo-
roborate, and bistriflimide, i.e., ClI', [PF¢], [BF4]
[NTf,] ) in standard ESI solvents (Figure 1).

These salts were selected to provide a variety of molecular
weights and structural variety; also ionic surfactants, such as
tetraalkylammonium halides, have been reported by Bruins and
co-workers as suitable model analytes for fundamental ESI-MS
studies, given their surface activity and insusceptibility to solution
pH [31]. Salts with counterions larger than chloride were synthe-
sized by switching the chloride counterion of the six cations by
employment of silver tetrafluoroborate (AgBF,), silver
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Figure 1. Representation of various sizes of cations and an-

ions employed in this study
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hexafluorophosphate (AgPFg), and silver bistriflimide (AgNTf),
exploiting the very low solubility of AgCl. We also investigated
the correlation between rigidity and ESI response of structurally
different species. A solid understanding of these factors is impor-
tant when using ESI-MS to gather kinetic data [32—38] because
while corrections can be applied when studying solution compo-
nents such as reactants and products (which can be individually
isolated and measured), such precautions are often impossible
when dealing with reactive intermediates [39].

Experimental

All chemicals were purchased from Sigma-Aldrich and
employed as received. Salts with hexafluorophosphate [PF¢],
tetrafluoroborate [BF,] , and bistriflimide [NTf,] counterions
were prepared by reaction of an equimolar mixture of the salts
with AgBF,, AgPFs, and AgNTf, in methanol (MeOH), ace-
tonitrile (MeCN), water/acetonitrile (H,O/MeCN 1:1), and di-
chloromethane (CH,Cl,) at room temperature. For example,
the salt with hexafluorophosphate counterion in methanol was
prepared by reaction of an equimolar mixture of the chloride
salts (1 equivalent, 10 mmol in methanol) with silver
hexafluorophosphate (1 equivalent, 10 mmol in methanol) at
room temperature; a gray precipitate was formed and removed
by gravity filtration. The filtrate was characterized by
electrospray ionization mass spectrometry (ESI-MS) whereby
[PF¢] counterion was identified as m/z 145 in the negative ion
mode (see supporting information). This synthesis procedure
was also carried out in acetonitrile, water/acetonitrile, and
dichloromethane.

Phosphonium salts were also synthesized by a general pro-
cedure as follows: Triphenylphosphine (10 mmol) and a
bromobenzyl compound (10 mmol) were dissolved in 20 mL
of toluene and were stirred at room temperature under nitrogen
for 48 h. The precipitate was filtered out of solution by vacuum
filtration which produced a white solid. A saturated aqueous
solution of the product obtained was added to a saturated
aqueous sodium hexafluorophosphate solution to swap the
bromide counterion for hexafluorophosphate counterion at
room temperature; a white precipitate was recovered through
vacuum filtration.

Prior to ESI-MS analysis, all analytes were further diluted to
10 uM. The ESI-MS spectra were obtained by means of a
Waters Acquity Triple Quadrupole Detector (TQD). The instru-
ment parameters employed were capillary voltage (2.5 kV), cone
voltage (15 V), extraction voltage (1.0 V); source temperature
was 80 °C for methanol; 110 °C for water/acetonitrile; 90 °C for
acetonitrile; and 50 °C for dichloromethane; desolvation tem-
perature was 180 °C for methanol; 200 °C for water/acetonitrile;
190 °C for acetonitrile; and 150 °C for dichloromethane. Cone
gas flow rate, 100 L/h; desolvation gas flow rate, 100 L/h. Scan
time was 3 s. All diluted analytes were fed into the mass
spectrometer with a gastight analytical syringe connected to
PEEK tubing and a syringe pump at a flow rate of 10 uL/min.
A conductivity experiment was also carried out by measuring the
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solution resistances of analytes at room temperature (see
Table S1, supporting information) using a potentiostat (Gamry
Instruments, Reference 600, Warminster, PA, USA); the solu-
tion resistances measured were converted to molar conductivities
(see Table 1 and Table S1, supporting information).

Results and Discussion

An equimolar mixture of cations (Cs', [NEt,]", [NBuy]",
[NDosMe]", [N(PPhs),]", [NDo,]") was paired with one of four
anions (Cl', [BF4], [PFg], [NTf;]) in methanol, acetonitrile,
water/acetonitrile, and dichloromethane; however, CsCl in dichlo-
romethane was excluded, given its insolubility (see supporting
information). This exclusion also included pairing of the other
anions with cesium in dichloromethane. The relative responses of
these species were measured in positive mode ESI-MS.

Figure 2 shows the relative intensities of salts in acetonitrile.
The differential response with chloride as a counterion (Fig-
ure 2a) showed high intensity for [NEt,]", [NBus]", and
[N(PPh;),]"; moderate intensity for [NDosMe]" and [NDo,]";
and near-zero response for Cs'. The low response of Cs' is
possibly due to a high level of solvation and/or ion-pairing for
this ion [40], and the lower response of the ammonium salts
with dodecyl groups could probably be related to Song’s ex-
planation for the formation of non-surface active aggregates in
relation to surface activity of long-chain ammonium salts [30].
Swapping the chloride for increasingly hydrophilic counterions
(Figure 2b—d) changes the distribution in favor of the lowest
molecular weight species, and for [NTf,] , the spectrum is
dominated by [NEt,]" with the next most intense ion,
[NBuy]"; [N(PPh;),]" being less than 25% and all others at
baseline levels. At the same time as ion differentiation in-
creased, ion intensity dropped overall.

A representation of reproducible peak area distribution for
species in acetonitrile also depicted a similar trend (see
Figure S5, supporting information). Also, in a dichloromethane
system (Figure 3), we observed that all cations paired with
chloride were over-represented compared with cations paired
with relatively hydrophobic anions ([BF4] , [PFs] , and
[NTf,] ), considering that the cations paired with chloride were

I. Omari et al.: Factors Affecting Cation Response in ESI-MS

less solvated. Comparing the relative intensity (Figure 2) and
peak area (Figure 3 and Figure S5, supporting information) of
the hydrophobic rigid cation [N(PPhs),]" with that of the bulky
hydrophobic flexible cations [NDosMe" and NDo, ] in both
acetonitrile and dichloromethane, the hydrophobic flexible
species were under-represented, though less so than the Cs*
(in acetonitrile), which was almost invisible, suppressed by the
more surface-active ions.

In polar solvents, such as methanol and water/acetonitrile
systems, polarity of the solvents could have influenced the
solvation strength (between chloride and the solvents); as well,
hydrogen bonding could also contribute to the solvation
strength [20]. Figure 4 and Figure 5 show that cations paired
with chloride anions as providing the highest ion counts. It is
possible that this is the case due to chloride being more easily
oxidized than any of the other counterions; thus, the ESI
process generates a greater excess of charge for a given capil-
lary voltage [41-44].

Also, the highest response exhibited by species paired with
chloride anion could be attributed to their increase in conduc-
tivity as shown in Table 1. In this regard, the molar conductiv-
ity of all electrolytes examined in this study followed a trend
whereby halide species (except CsCl in acetonitrile) had a
relatively higher molar conductivity as compared to polyatomic
species (see Table 1 and Table S1, supporting information).
This result could be interpreted as halide species being more
conductive in solution, possibly due to a relatively less ion—ion
interaction [45, 46] in all solvent systems employed.

In Figure 4 and Figure 5, it can be observed that the bulky
hydrophobic flexible cation species [NDosMe]" and [NDo,]"
had a low response again, probably due to the formation of less
surface-active premicellar species [30]. Also, as shown in
Figure 4, Figure S5, and Figure 5, tetracthylammonium and
cesium ions (m/z 130 and m/z 132, respectively) have different
peak area distributions in methanol, acetonitrile, and water/
acetonitrile systems. Cs" had a poor response in the polar sol-
vents, probably due to a strong ion pairing that existed in the
cesium species (e.g., CsCl) [40, 47], as well as the overall
relatively small size of the cesium species; thereby, the solvation
strength was larger as compared to the tetracthylammonium
species.

Table 1. Molar Conductivities (Units in Sem’mol ") of Solutions (10 pM) at Room Temperature

Salt Molar conductivity
measured in MeOH

Molar conductivity
measured in HyO:MeCN (1:1)

Molar conductivity
measured in MeCN

Molar conductivity
measured in CH,Cl,

CsCl 101.01 90.91
NE,Cl 117.65 83.33
NBu,Cl 109.89 6536
[N(PPhs),]CI 75.76 71.43
NDo;MeCl 58.48 67.57
NDoyCl 50.00 62.50
CsNTE 91.74 75.76
NEt,NT, 9434 69.44
NBu,NTf 83.33 54.64
[N(PPhs),INT£, 58.82 60.61
NDo;MeNTf, 55.55 58.48

NDosNTf, 40.00 55.55

33.33 -

103.09 47.62
133.33 56.50
101.01 36.36
86.96 33.33
82.64 27.62
117.65 -

106.38 37.59
95.24 52.08
90.09 33.33
84.75 31.06
80.00 26.32
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Figure 2. Positive ion ESI mass spectrum of an equimolar mixture of six cations [NEt4]* (m/z 130), [Cs]* (m/z 132), [NBu,]* (m/z 242),
[N(PPha),]* (m/z 538), [NDosMe]" (m/z 536), and [NDoy4]* (m/z 690), paired with various counterions in acetonitrile: (a) [CI]7; (b) [BF4];
(e) [PFel; and (d) [NTf,]”
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Figure 3. Peak area distribution in positive ion ESI-MS of salts in dichloromethane. The cations are represented: 1=[NEt,]*;
2 =[Cs]*; 3=[NBuy]*; 4 = [N(PPha),]*; 5=[NDosMe]"; 6 =[NDo,]*. The anions are represented: a=[CI]"; b =[BF,]"; ¢ =[PFg]"; and
d=[NTf,]". There is no peak area representation for all cesium salts given that cesium chloride is insoluble in dichloromethane;
hence, salt metathesis for the other counterions was not conducted. The standard deviation of the mean (n = 3) is represented by the

vertical bars

Furthermore, [NBu,]" species had a better response in aceto-
nitrile and dichloromethane as compared with [N(PPhs),]" spe-
cies, possibly due to a relatively higher molar conductivity in
acetonitrile and dichloromethane (see Table S1, supporting infor-
mation); however, this was less favored in methanol and water/
acetonitrile systems. This study has clearly revealed that when an
equimolar mixture of cations of different sizes was paired with
weakly coordinating counterions ([BF4], [PF¢], [NTf]) in
polar and non-polar standard ESI solvents, there was no striking
effect in their ESI response; and as well, discrimination between

masses of all species employed can be observed regardless of
their equal amounts in solution due to possible non-uniform ion
transmission in the mass analyzer (triple quadrupole) employed
[48, 49]. Another notable observation was that the highest relative
intensity and peak area distribution for analytes in acetonitrile
(Figure S5, supporting information and Figure 2) compared with
analytes in the other solvent systems. This result agreed with our
previous findings where we observed that the aprotic polar
solvent (acetonitrile) could solvate ions to a somewhat similar
extent regardless of their morphology [20].

[NlEtal’ [Clsl’ [NTU.:]+ [N(F"iha)z]+ [f‘“f)ilaMe]+ [NDloal’
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Figure 4. Peak area distribution in positive ion ESI-MS of salts in methanol. The cations are represented: 1 =[NEt4]*; 2 =[Cs]*;
3 =[NBug]*; 4 =[N(PPha),]*; 5 =[NDosMe]*; 6 = [NDo4]*. The anions are represented: a=[CI]"; b =[BF4]"; ¢ = [PFg]; and d = [NTf,]".
The standard deviation of the mean (n = 3) is represented by the vertical bars
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The correlation between rigidity and response of analytes
was investigated by assessing an equimolar mixture of struc-
turally different species of approximately the same molecular
weights (m/z 353+ 14) in both polar and non-polar ESI solvents
as shown in Figure 6.

In Figure 6, it can be observed that phosphonium species
with rigid groups at m/z 339 and m/z 347 were more responsive
than the ammonium species with flexible alkyl chains at m/z
354 in both polar and non-polar solvents; however, a difference
in design of the phosphonium species at m/z 367 affected its
response in all solvents employed. These observations were

Salt

Figure 5. Peak area distribution in positive ion ESI-MS of salts in water/acetonitrile. The cations are represented: 1 =[NEt,]";
2 =[Cs]*; 3=[NBug]*; 4 =[N(PPhy),]"; 5=[NDozMe]*; 6 = [NDo,]*. The anions are represented: a=[cl]"; b=[BF4]"; ¢ =[PFg]"; and
d =[NTf,]". The standard deviation of the mean (n = 3) is represented by the vertical bars

also apparent in Figure S9 (supporting information), where
[PFs] was the counterion, i.e., the counterion seems to play
only a minor role in affecting the relative response of the
various cations. We therefore considered probing the structural
effect further by evaluating an equimolar mixture of phospho-
nium salts in the form of [PhsPCH,C¢H4R] [X]", where R =H,
CHj;, CH(CHj;),, CO,CHjs; X =[PF¢] , in both polar and non-
polar solvents. In this case, all four ions share a common
structural feature. We have previously shown that such ions
tend to show similar responses in reactions tracked by ESI-MS,
whether measured directly [50] or observable by a flat total ion
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Figure 6. Positive ion ESI mass spectrum of an equimolar mixture of four cations paired with bromide counterion in (a) acetonitrile,

(b) water/acetonitrile, (¢) methanol, and (d) dichloromethane
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Figure 7. Positive ion ESI mass spectrum of an equimolar mixture of four phosphonium species paired with hexafluorophosphate
counterion in (a) acetonitrile; (b) water/acetonitrile; (¢) methanol; and (d) dichloromethane

current for the duration of the transformation of one ion into
another [32, 51, 52]. Figure 7 captures the relative intensities of
the phosphonium analytes examined.

In relation to Figure 7, the relative intensities of the species
decreased upon changes in the R group (H> CH;>
CH(CH3;), > CO,CHs;) in acetonitrile, water/acetonitrile, and
dichloromethane solvents. In methanol, hydrophobic species
at m/z 395, m/z 367, and m/z 353 (decreasing hydrophobicity
from higher mass to lower mass) were all more responsive than
the ester-functionalized phosphonium ion at m/z 411. The
higher polarity of this species increases its affinity for the
solvent, making it less likely to migrate to the surface of the
droplet and in turn migrate to the gas phase through ion
evaporation.

Conclusions

An examination of a variety of solvents, cation structures,
cation functionality, and counterion identities in the context
of electrospray ionization response has revealed that all of these
factors play a part in dictating peak height. Polar protic solvents
tend to discriminate between different ions most strongly;
contrastingly, acetonitrile was the best in terms of most closely
representing concentration with peak area. Smaller species tend
to have higher responses overall, most likely due to an increase
in conductivity and/or ease of oxidation. These effects were
particularly marked for species paired with chloride over the
other analytes investigated (all polyatomic). Any effect due to
reduced ion pairing due to a larger counterion seems very
minor. Cations that have long flexible groups are significantly
under-represented in mass spectra compared with rigid ions of
the same m/z ratio. Cations with functional groups capable of
forming stronger intermolecular forces with the solvent are also

likely to be under-represented. Collectively, these observations
should provide experimentalists with some explanatory power
in explaining discrepancies between different analytes and
should help them design experiments to either mitigate or
exacerbate these effects as desired.
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