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As part of a mass spectrometric investigation of the binding properties of sulfonamide anion
receptors, an atmospheric pressure chemical ionization mass spectrometric (APCI-MS) method
involving direct infusion followed by thermal desorption was employed for identification of
anionic supramolecular complexes in dichloromethane (CH,Cl,). Specifically, the dansylamide
derivative of tris(2-aminoethyl)amine (tren) (1), the chiral 1,3-benzenesulfonamide derivatives
of (I1R,25)-(+)-cis-1-amino-2-indanol (2), and (R)-(+)-bornylamine, (3), were shown to bind
halide and nitrate ions in the presence of (n—Bu),N*X~ (X~ = Cl~, NOj, Br~, I"). Solutions
of receptors and anions in CH,Cl, were combined to form the anionic supramolecular
complexes, which were subsequently introduced into the mass spectrometer via direct
infusion followed by thermal desorption. The anionic supramolecular complexes [M + X]~,
M =1-3,X" =Cl",NO;, Br~, I") were observed in negative mode APCI-MS along with the
deprotonated receptors [M — H] . Full ionization energy of the APCI corona pin (4.5 kV) was

necessary for obtaining mass spectra with the best signal-to-noise ratios.

(J Am Soc Mass

Spectrom 2005, 16, 1377-1383) © 2005 American Society for Mass Spectrometry

ass spectrometric methods [1-3] have been
Mextensively used as analytical tools because

they are sensitive, selective, and reliable tech-
niques for the analysis of organic compounds, includ-
ing explosives [4], biomolecules [5], and pollutants [6].
Inorganic ions with small mass-to-charge ratios are
typically analyzed by other techniques, such as ion
chromatography and capillary electrophoresis, because
under normal MS ionization conditions many com-
pounds can produce small ions that can interfere with
their detection. There are, however, some notable ex-
amples [7, 8] that demonstrate the potential of soft
ionization methods [9], such as atmospheric pressure
chemical ionization mass spectrometry (APCI-MS) and
electrospray ionization mass spectrometry (ESI-MS)
[10] for analysis of inorganic ions, and ion pairs, such as
ammonium nitrate [11].

Increased sensitivity for MS analysis of inorganic
ions has been achieved by a relatively new and prom-
ising strategy, which bridges the fields of mass spec-
trometry and supramolecular chemistry [12-14]. This
approach is based on selective host molecules for spe-
cific cationic or anionic guests, which can form ionic
adducts with higher molecular mass. Most of the su-
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pramolecular complexes investigated by MS involve
macrocycles, such as crown ethers and cryptands, which
form cationic metal-receptor complexes detectable in
positive ion mode [15-19]. Anion supramolecular
chemistry [20] is relatively less well developed and
oftentimes anion receptors are not as strong as cation
receptors in terms of thermodynamic binding constants.
Moreover, negative ionization is more susceptible to
corona discharge [21, 22]. Therefore, negative-ion mode
MS detection of noncovalent anion-receptor complexes
is less common than positive-ion mode, with the exam-
ples reported [23-28] utilizing almost exclusively ESI-
MS. Yinon and coworkers, [29] and very recently Ma-
this and McCord, [30] have reported anionic adduct
formation by ESI-MS [29, 30] and APCI-MS [29] for the
detection of organic explosives. APCI presents some
advantages compared with ESI in quantitative analysis
such as higher dynamic range, and is considered rug-
ged, easy to operate, and more tolerant of higher buffer
concentrations (fewer matrix effects) [31]. Multiply
charged species are typically not observed in APCI-MS
spectra [1]. Even though APCI is considered a soft
ionization method, it has not found the same applica-
tion in anion supramolecular chemistry as ESI because
the larger supramolecular ions are generally not ob-
served. Therefore, successful identification of noncova-
lent complexes by APCI-MS could lead to selective
detection of only the relatively more stable supramo-
lecular complexes, thus offering a potentially powerful
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screening tool for evaluation of anion receptor libraries,
in a similar fashion as it has been reported for mixtures
of cation receptors by ESI-MS [32, 33].

In both APCI-MS and ESI-MS, polar solvents with
high dielectric constants such as water, acetonitrile, and
methanol are typically used. In anion supramolecular
chemistry there is an interest in applying negative-ion
mode MS in relatively less polar solvents such as
CH,Cl,, in which the anion-receptor complexes (formed
via hydrogen bonding) exhibit higher formation con-
stants and are involved in separation applications based
on liquid-liquid extraction. There are only a few ESI-MS
examples of such studies in these solvents reported by
other investigators [34, 35] as well as ourselves [36-38].
Herein, we wish to communicate a unique application
of APCI-MS in CH,Cl, for detection of simple halide
anions, and NO;, a common component of inorganic
explosives, via complexation with receptors Schemes
1-3. The noncovalent anionic complexes were detected
in the negative ion mode along with the [M — H]~
anions corresponding to the deprotonated receptors.

Experimental Section

Materials and Methods

All chemicals were purchased from Aldrich Chemical
Co. (Milwaukee, WI) or ACROS Organics (Morris

2 Cp4H24N206S;
M = 500.1

Scheme 2
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Plains, NJ), and used without further purification un-
less otherwise noted. Spectroscopic grade CH,Cl, was
used for all MS experiments. Receptor 1 [38, 39] and
chiral receptors 2 and 3 [40] were synthesized by small
modifications of procedures reported elsewhere and
characterized spectroscopically [41].° All° compounds
were dried under vacuum, and 1 was kept in the
dark. APCI mass spectra were obtained on a Finnigan
ThermoQuest Navigator (San Jose, CA) aQa single-
quadrupole LC-MS instrument.

APCI-MS Experiments

The mass spectrometer was tuned for m/z = 200-1000.
CH,Cl, was run through the instrument before each
analysis. 1.0 X 107° M solutions of 1-3 and 1.0 X 107
M (for 1) or 20 X 107®> M (for 2, 3) solutions of
(n—Bu),N*X~ (X~ = NO3, Cl~, Br~, I") were prepared
in CH,Cl,. Spectra were obtained in APCI negative ion
detection mode after mixing the solutions at 1:1 volume
ratios. The resulting solutions were introduced directly
into the mass spectrometer by a thermal desorption
technique (ramping the probe temperature). Typical
experiment settings were: sample infusion flow rate 100
pL/min; cone voltage —11 V; corona pin voltage 4.5 kV;
thermal desorption by probe temperature ramping
from 100 to 350 °C at 18 °C/s. After spectral collection,
it was assured that the sample was fully desorbed
before the next analysis was attempted, and CH,Cl,
was used to rinse the system between sample analyses.
No carryover effects were observed. For the corona pin
variation experiments for the [1 + NO;]~ complex, the
cone voltage of the instrument was set at -5 V, and the
probe temperature was ramped from 25 to 400 °C. The
experiments were repeated for corona pin voltage set at
0kV,225kV, and 4.5 kV.

Results and Discussion

Sulfonamides, such as the dansylamide derivative of
tris(2-aminoethyl)amine (tren) 1 and the chiral derivatives
2 and 3 have been known to bind anions via hydrogen
bonding®forming®1:1°anion/receptor®complexes®[38,°42,
43].° Association®constants°from° H-NMR°titrations®indi-
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cate the general stability trend [M + Cl]” > [M + Br]~
M + NO;]™ >IM°+°I] " for°l [38],°2, and°3 [41-43],°and
other similar sulfonamides. When comparing the different
receptors to each other, the stability of receptor-anion
complexes from "H-NMR titrations shows the trend: [2 +
X]™ >3 +°X]™ =1 +°X]~ [38,°41].

Anion complexation of 1 with C1~ and NO; was
observed by ’APCI-MS‘in°anion°detection’mode®(Figure
1)°after°the’essential°thermal®desorption.°Both°the’[1 +
Cl]” and [1 + NO;]~ complexes at m/z = 880 and m/z =
907, respectively, were identified, along with the dep-
rotonated receptor [1 — H]™ at m/z = 844, as expected
for°a®weak’acid®[34,°44].°The°[1 +°Cl]~ signal®at’m/z =
880 was always prominent even when (n—Bu),NCl had
not been added to the solution; formation of [M+CI] ™~
anionic adducts in chlorinated solvents has been exten-
sively°discussed for°’ESI-MS°by°Cole®and°Zhu°[34]°and
for°’APCI-MS°by°Zhao®and°Yinon°[45].°Since°the°[M°+
Cl]™ adduct signal in nonchloride-containing samples is
attributed to the solvent and shows consistent intensity
for samples of similar composition, it is used in the
following discussions for comparing the signal intensi-
ties of the various formed anionic adducts. Complexes
of 1 with Br~ and I” were also detected after addition of
the corresponding tetrabutylammonium salts, but with
significantly reduced intensities compared with [1 +
Cl]” and [1 + NO;] .

For the APCI-MS detection of anionic complexes of 2
and 3, the experiments were carried out in a similar
fashion: anionic complexes of 2 with CI~, NO;, Br~,
and I™ at m/z of 535, 562, 579, and 627, respectively,
were°detected“with°strong°to°medium°intensities°(Fig-
ure?).“Theanionic®complexes®of3 with®Cl~, NO3, Br~,
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and I~ were detected at m/z of 543, 570, 587, and 635,
respectively°(Figure®3).°As°with°the°case®of’1, the°[2 +
Cl]” and [3 + CI]” species consistently gave high-
intensity signals even without the presence of
(n—Bu),NCl indicating formation of anionic adducts
due to CH,Cl,-[34,%45].Comparingthe%ignalintensities
in reference to [M+Cl]™ shows the trend [M+CI]™ > [M
+ NO;]” =[M + 1" >[M + Br]” for2and 3. For 2, a
prominent®signal®was°observed©at®all°times®(Figure©2)
for m/z = 499 corresponding to the deprotonated recep-
tor [2 — H] . For 3 the [3 — H]  at m/z = 507 was
generally“observed‘at’muchreduced‘intensities®(Figure
3),°indicating® possibly°lower®acidity.® Even® though®a
systematic quantitative study was not attempted, the
approximate adduct intensities for the anion series of
both 2 and 3 are generally consistent with the general
anion-binding trend observed for such sulfonamides,
indicating stronger affinities for the more hydrophilic
anions, as expected for hydrogen bonding receptors
[43].°There®is,’however,an°obvious®“inversion” °for°the
[M + I]” complexes, which show stronger signal inten-
sities than it would be expected based on their thermo-
dynamic stability. Conversely, the [M + Br]~ complexes
appear consistently with weaker intensities than some-
one would expect.

In an attempt to elucidate the mechanism of ion-
ization, a 1.0 X 102 M solution of (n—Bu),NNO; and
1 was analyzed using three different instrument
settings to test whether or not the anionic complexes
can be introduced into the mass spectrometer using
only simple thermal desorption from the needle with
reduced or no APCI corona pin voltage. For this set of
experiments, the cone voltage of the instrument was

[M + NO;T
907
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%
M +CIT
880
[M-HJ
844
0 “M “\ [T ‘\\ . m/z
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Figure 1. APCI-MS spectrum of 1 and (n—Bu),NNO; (1:1) in CH,Cl, showing signals for [1 + Cl]~
at m/z = 880, [1 + NO;]™ at m/z = 907, and the deprotonated receptor [1 — H]™ at m/z = 844.
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Figure 2. APCI-MS spectra in CH,Cl, of 2 and (a) (n—Bu),NCI (1:2) showing signals for [2 + Cl]~
atm/z = 535, and for the deprotonated receptor [2 — H] ™ at m/z = 499. (b) (n—Bu),NNO; (1:2) showing
signals for [2 + Cl]™ at m/z = 535, [2 + NO;]~ at m/z = 562, and for the deprotonated receptor [2 —
H]™ at m/z = 499. (c) (n—Bu),NBr (1:2) showing prominent signals for [2 + Cl]™ at m/z = 535 and for
the deprotonated receptor [2 — H] ™ at m/z = 499, and a weaker signal for [2 + Br]™ at m/z = 579. (d)
(n—Bu),NI (1:2) showing signals for [2 + CI]™ at m/z = 535, [2 + I]” at m/z = 627, and for the

deprotonated receptor [2 — H]™ at m/z = 499.

set at —5 V and the probe temperature was ramped
from 25 to 400 °C. With a corona pin ionization
energy of 0 kV, the signal for the anion/receptor
complexes was indistinguishable from the back-
ground noise of the spectrum. With an ionization
energy of 2.25 kV, all signals showed low abundance,
with only the [1 + Cl]™ (m/z 880) signal being clearly
distinguishable from background noise (S/N ratio =
9). When full ionization energy of 4.5 kV was used, all
adducts were detected in good abundance, with a
prominent [1 + Cl]~ signal (S/N ratio = 34). The [1 +
NO;] ™ signal (m/z 907) showed an abundance of 16%

relative to [1 + Cl]”. Anionic complexes of 1 are
already present in solution before being introduced
into the mass spectrometer. Thus, theoretically, it
could be possible to introduce the adducts directly by
simple thermal desorption without any ionization.
Since the anionic adduct detection was dependent on
the corona pin voltage, it is possible that ion pairing
[38,%46]betweentheanioniccomplex‘and the%etrabu-
tylammonium cation is rather strong in CH,ClI,.
APCI-driven ionization disrupts this ion pairing and
facilitates the detection of the anion-receptor com-
plexes, possibly via a solvent-mediated mechanism,
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Figure 3. APCI-MS spectra in CH,Cl, of 3 and (a) (n—Bu),NCI (1:2) showing signals for [3 + CI]~
at m/z = 543, and for the deprotonated receptor [3 — H] ™ at m/z = 507. (b) (n — Bu),NNO; (1:2)
showing prominent signals for [3 + Cl]™ at m/z = 543, [3 + NO;] ™ at m/z = 570, and a weaker
signal for the deprotonated receptor [3 — H]™ at m/z = 507. (¢) (n—Bu),NBr (1:2) showing a
prominent signal for [3 + CI]™ at m/z = 543 and weaker signals for [3 + Br]™ at m/z = 587, and
for the deprotonated receptor [3 — H]™ at m/z = 507. (d) (n—Bu),NI showing prominent signals
for [3 + Cl]™ atm/z = 543, [3 + I]” at m/z = 635, and a weaker signal for the deprotonated receptor

[3 — H]™ at m/z = 507.

as it would be indicated by the increase in the [1 +
Cl]™ signalintensity934].°ESI-MS°and°APCI-MS‘anal-
ysis of supramolecular complexes is traditionally
carried out in polar solvents with high dielectric
constants. The application of negative ion mode
APCI-MS for detection of supramolecular complexes
in less polar solvents promoting ion pairing, such as
CH,Cl,, is unique and could be potentially used in
combination with liquid-liquid extraction as a novel
evaluation tool for anion binding and for extraction-
based’sensor®discovery°[47,°48].

Conclusions

A unique application of a simple thermal desorption
APCI-MS method for the identification of anionic su-
pramolecular adducts was demonstrated. Future quan-
tification and optimization of this technique could offer
a potentially powerful tool for anion detection and for
evaluation of receptors and receptor libraries in water
immiscible solvents, such as CH,Cl,. This advance may
lead to future wider application of APCI-MS in anion
host—guest chemistry, discovery of efficient and selec-
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tive anion sensors, and characterization of supramo-
lecular phenomena in complex systems involving sol-
vent extraction by synthetic hosts.
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