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ABSTRACT: Gas-phase ion-mobility spectrometry provides a unique platform to study
the effect of mobile charge(s) or charge location on collisional cross section and ion
separation. Here, we evaluate the effects of cation/anion adduction in a series of xylene
and pyridyl macrocycles that contain ureas and thioureas. We explore how zinc binding
led to unexpected deprotonation of the thiourea macrocyclic host in positive polarity
ionization and subsequently how charge isomerism due to cation (zinc metal) and anion
(chloride counterion) adduction or proton competition among acceptors can affect the
measured collisional cross sections in helium and nitrogen buffer gases. Our approach
uses synthetic chemistry to design macrocycle targets and a combination of ion-mobility
spectrometry mass spectrometry experiments and quantum mechanics calculations to
characterize their structural properties. We demonstrate that charge isomerism
significantly improves ion-mobility resolution and allows for determination of the
metal binding mechanism in metal−inclusion macrocyclic complexes. Additionally,
charge isomers can be populated in molecules where individual protons are shared
between acceptors. In these cases, interactions via drift gas collisions magnify the conformational differences. Finally, for the
macrocyclic systems we report here, charge isomers are observed in both helium and nitrogen drift gases with similar resolution. The
separation factor does not simply increase with increasing drift gas polarizability. Our study sheds light on important properties of
charge isomerism and offers strategies to take advantage of this phenomenon in analytical separations.

KEYWORDS: ion-mobility mass spectrometry, charge isomerism, drift gas, metal adduction, collisional cross section

■ INTRODUCTION

Advances in gas-phase techniques have had a profound impact
on chemistry and biology.1−7 The versatility of ionization
methods has brought a wide range of molecules into vacuum
for molecular identification and structural elucidation. The
latter task often requires a high degree of structural fidelity
between gas-phase ions and (often neutral) target species in
their native condition. Ionization processes may preserve some
and transform other noncovalent interactions, resulting in
species with characteristics of both the gas-phase and the
native condition (most often solution). Protonation, metal
adduction, and charge isomerism are some of the key factors
that determine these observations with mass spectrometry
(MS).
Metal binding preionization and metal adduction (induced

by ionization) have both been exploited in gas-phase
separation of isomers. For example, Gaye et al.8 used ion-
mobility spectrometry mass spectrometry (IMS-MS) to
separate a mixture of 16 monosaccharides consisting of 8
glucose diastereomers and their respective enantiomers. This
clever approach measured collision cross sections (CCSs) of
the complexes of the glucoses with either an amino acid (L-
Ser) or dipeptide (L-Phe-Gly) or with both the dipeptide and a

metal [Mn(II)]. Thus, each isomer was described by multiple
CCS values of isomer:metal or isomer:peptide complexes.
Similarly, Rister et al.9 employed group I metal (Li+, Na+, K+)
adduction for steroid separation. Beyond metal adduction in
the gas phase, several macrocycles (e.g., crown ethers,10−14

valinomycin,15 and cyclosporines16) function as ionophores in
solution and have been investigated by MS. In some of these
examples, metal complexes are formed via gas-phase chemistry
while others are formed in solution and transferred into the gas
phase via ionization or being a part of ion−ion/ion-neutral
interactions in the gas phase.17,18 Therefore, understanding the
formation and selectivity of metal inclusion complexes in the
gas phase and their native forms in solution is part of rigorous
characterization efforts. Comparisons are often made between
MS data and solution- or solid-phase data from nuclear
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magnetic resonance (NMR)16 or X-ray crystallography19 or
with spectroscopy coupled to the end of MS.15

Previously, we used small synthetic macrocycles to study the
survivability and transformations of noncovalent interactions in
the gas phase, including selective metal coordination and self-
assembly. Macrocycles 1 and 2 (Figure 1A) are m-xylene

macrocycles containing a pair of ureas or thioureas,
respectively. Notably, 2 selectively recognizes and forms an
inclusion complex with Zn2+ (ZnCl2) composed of a
noncovalent dimer of 2 stabilized by a Zn2+ center via Zn−S
tetrahedral coordination.20 However, the species observed in
the MS data was [2x(2)−H+Zn]+ (a singly charged,
deprotonated dimer complex) and not [2x(2)+Zn]2+ (a doubly
charged dimer complex),20 which was unexpected. The loss of
a proton (deprotonation) occurred during the electrospray
ionization (ESI) in positive mode.20 We hypothesized that the
counterion (Cl−) participated in the initial complex formation
and upon leaving abstracted a proton from the macrocyclic
host. That process, if occurred, would have to be
conformation-dependent. In this work, we designed and
synthesized a new macrocycle (3) specifically to evaluate the
model of proton abstraction by Cl− anion and the roles of Zn2+

and Ca2+ cations in host−guest chemistry and self-assembly of
macrocycles. The mixed urea/thiourea 3 also examines the
competition between the two hydrogen bond directing groups
on how the assembly could be stabilized by metals.
In addition to evaluating the mechanism of deprotonation in

positive mode ESI, we also investigate charge isomerism in
these macrocycles, i.e., the formation and preference of charge
isomers, and the effect of charge isomerism on the measured
CCSs. Charge isomers are often serendipitously discovered in
IMS-MS experiments where the resolution of IMS-MS
surpasses other analytical techniques for this type of molecule.

Previous literature has used the term “protomers” to describe
the molecular forms of the same species differed by the
protonation sites. Notable examples include aniline,21−24

benzocaine and its analogues,23,25−34 nicotine,35,36 and
porphyrin derivatives.21 The reported cases of charge isomer-
ism have often been based on discrepancies observed in the
arrival time distribution (ATD) obtained in polarized buffer
gases of which at least one feature has a CCS much larger than
expected. Taking benzocaine as an example, two features were
observed in the ATD, and upon further investigation with ion-
mobility selected IR spectroscopy and quantum mechanics
(QM) modeling, they were assigned to be N-protonated
(favored in solution) and O-protonated (favored in the gas
phase).37 However, charge isomerism has not been reported in
metal-bound complexes. Here, we use the Zn-bound 3
complexes as the model system. Furthermore, the relative
position of proton acceptors are examined with macrocycles 4
and 5. The synthetic macrocycles 4 and 5 (Figure 1) are
similar in size to 1−3 as they contain urea and/or thiourea
hydrogen bonding motifs which can direct their assembly.
These two macrocycles also display alternative coordination
modes by employing the lone pairs of their pyridyl-N and urea-
O as proton acceptors.
Here, we take a step toward controlling charge isomerism by

considering “charges” in a broad context; i.e., charges can be
from the metals and counterions adducted or bound to the
host molecules or a proton being shared among multiple
acceptors. Using a combination of organic synthesis, IMS-MS,
IMS-MS/MS, and density functional theory (DFT) calcu-
lations, we show structure-dependent pathways that promote
tautomerization in some macrocyclic models. Our work
demonstrates that macrocycles and metal−macrocycle com-
plexes are great models to assess the effect of charge
preferences on the measured CCS. This will be a step closer
to unravel the implication of charge isomerism in the
mobilities of large biomolecules such as proteins where ions
with higher charge states than the number of basic sites have
routinely been observed.38−40 Such findings will have a
profound impact on our understanding of protein folding
and unfolding in the gas phase.

■ MATERIALS AND METHODS
Macrocycle Synthesis and Characterization. The urea

1,41 thiourea 2,42 and pyridyl bisurea 5 m-xylene43,44

macrocycles were synthesized as previously reported. The
asymmetric macrocycle 3 was prepared such that it contains
both urea and thiourea groups (see SI Scheme S1). Macrocycle
3 was crystallized by the vapor diffusion of H2O into a
dimethyl sulfoxide (DMSO) solution of 3 (20 mg/mL).
Macrocycle 4, the structural isomer of 5, was synthesized
starting from pyridine-3,5-dicarboxylic acid (Scheme S2), and
crystals suitable for X-ray diffraction were obtained by heating
macrocycle 4 in a 5 mL DMSO/acetonitrile (2:3 v/v) solution
to 120 °C for 30 min, followed by slow cooling to room
temperature at a rate of 1 °C/h. See the Supporting
Information for characterization details. Other chemicals
were used without further purification.

IMS-MS. For IMS-MS experiments, the stock samples were
prepared at the concentration of 1 mg/1.1 mL of DMSO (2.7
mM). The stock was further diluted to the final concentration
of 100 μM in pure LC-MS H2O. Mass spectrometry and
multifield ion-mobility spectrometry experiments were per-
formed using an Agilent 6560 IMS-Q-TOF instrument

Figure 1. (A) 2D chemical structures of macrocycles 1−5. The
macrocycles are used as model structures to investigate (B) the
mechanism of deprotonation in positive mode which may involve a
transformation from a tetrahedral coordination (favored by 2) into an
octahedral coordination (by 3). (C) Combined effect of charge and
conformational isomerism, (D) effect of metals on self-assembly, and
(E,F) effect of drift gas polarizability on separation factor of charge
isomers.
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(Agilent Technologies, Santa Clara, CA). The mass calibration
and CCS were validated using the Agilent ESI-L tuning mix
(diluted in 95:5 v/v ACN/H2O). The ions were generated by
ESI by a dual ESI/Agilent Jet stream source and a syringe
pump at the rate of 30 μL/min. Instrument parameters were
tuned based on the early work by Gabelica and co-workers.45

The ions were stored in a source funnel and then pulsed into a
78.1 cm drift cell filled with a pressure at 3.94 Torr. The ions
then traversed through the drift tube under the influence of a
weak electric field and simultaneously collided with the
stationary buffer gas. The size, shape, and net charge
determined the velocity at which the ions drifted through
the cell. Data were obtained in positive polarity over the course
of 5.2 min with drift cell voltages of ΔV = 1490, 1390, 1290,
1190, and 1090 V in nitrogen and 900, 800, 700, 600, and 500
V in helium. For each species, the drift velocity is related to the
reduced ion mobility, K0, and used to calculate the
momentum-transfer collision integral through the Mason-
Schamp15 equation, which is reported as the experimental
CCS.

ze
N K k T

CCS
3

16
1 2

0 0 B

π
μ

≈
(1)

where e is the elementary charge, N is the gas number density
of the drift gas, μ is the reduced mass of the ion and drift gas,
KB is the Boltzmann constant, and T is the drift-gas
temperature. The ATDs and the mass spectra graphs were
made using OriginPro. For all IM-MS experiments reported
here, the same systems were characterized in both helium and
nitrogen drift gases.
Distance Geometry (DG) Conformational Search. DG

modeling was performed using the OpenEye OMEGA
software46 and the macrocycle module, the MMFF94s force
field, and dielectric_constant set to 78.4 (water). The search
successfully sampled all possible orientations of amines (cis/cis,
cis/trans, trans/trans) and of the two benzyl rings (syn/anti).
The theoretical CCS values of all conformers from the search
were calculated using the trajectory method (TM) available in
the Mobcal package47,48 with the partial charges from QM.
From this procedure, the CCS ranges and the largest possible
CCS of 1 and 3 can be determined (see SI section S3). The
model structures can be founded in the Supporting
Information as compressed PDB files.
Quantum Mechanics Calculations. For [3+Zn+Cl]+, the

initial conformations were built using Avogadro version 1.2.049

starting from the reported structure of [2+Zn]2+ (the bowl-like
conformer where Zn2+ can maximize its interaction with S and
O)20 or the conformers where the amines are cis/trans (DG-
generated) or trans/trans (X-ray structure; see SI section S6).
The Cl− ion was placed on top, inside, or below the
macrocyclic host to evaluate its interaction with the aromatic
benzyls and the amine protons. DFT calculations were
geometrically optimized with Gaussian 1650 at the
B3LYP51−54 level theory and Karlsruhe basis sets,55 the
Grimme’s dispersion correction GD3,56 and frequency
calculation. Single-point energy values were reported. For
[4+H]+ and [5+H]+, the X-ray crystal structures were used.

■ RESULTS AND DISCUSSION
Proton Abstraction of Chloride Anion Leads to

Deprotonation in Positive Polarity. Our previous study20

showed selective metal complexation of 2 and Zn2+ (from

ZnCl2). No Zn
2+ complexes were observed with 1. The dimeric

[2x2−H+Zn]+ complex consists of two off-axis “flat” 2 with
four sulfurs equally “bonded” to a Zn center. Such offset is
crucial for the sulfur coordination around Zn2+ to be in a
distorted tetrahedral geometry (the sphalerite polymorph),
with an average Zn−S distance of 2.5 Å. At low Zn2+ (ZnCl2)
concentrations, the dominant species was [2x2−H+Zn]+,
whereas increasing the concentration led to the presence of
[2−H+Zn]+. In both species, the observed macrocyclic host
was deprotonated. A possible explanation is the thiol−thione
tautomerization of thiourea promoted the deprotonation of
NH as S−···Zn2+ is a stronger interaction than S···Zn2+. We
further hypothesized that the dimeric complex is formed
stepwise starting with ZnCl+ or ZnCl2 initially making contact
with one unit of 2. As the Zn2+ tetrahedral coordination is
satisfied by two units of 2, the bond(s) between Zn2+ and Cl−

is weakened. Because the ionization polarity is positive, the
dissociated Cl− would be “protonated” by capturing a nearby
hydrogen from the macrocyclic host. However, experiments
with 2 never resulted in any complexes with Cl−.
Here, we designed the macrocycle 3 with a mix of one

thiourea and one urea. Given that the oxygen of urea does not
form a stable interaction with Zn2+ (evident by macrocycle 1
showing no Zn2+ complexes20), the dimer of 3 cannot provide
a strong tetrahedral coordination to stabilize the Zn2+ center as
2 does. As such, we may have a better chance to capture the
intermediate complexes containing Cl−.
Figure 2 shows two mass spectra of 3 with ZnCl2 at 100:1

and 10:1 ratios (the latter has higher ZnCl2 concentration). In

addition to complexes containing Na+ and K+ (both are
ubiquitous in MS solvents and easily picked up by MS), we
observed [2x3+Zn+Cl]+ but not its deprotonated form (i.e.,
[2x3−H+Zn]+). This evidence supports our hypothesis that
the Cl− anion may be involved in the initial binding of Zn2+ to
3 (and 220) in solution. Additionally, we also observed species
such as [2x3+Zn+2Cl+Na]+ and [2x3+2Zn+3Cl]+. It is
important to note that the observed species could be related
but not identical to those existing in solution. For example, the
solution-phase species could be [2x3+Zn+2Cl] and [2x3+2Zn
+4Cl]; both have a net charge of 0 and hence cannot be
detected by MS. Nonetheless, the presence of Cl−-containing
species suggests that the Zn center in the complex of 3 may

Figure 2. ESI-mass spectra of 3 with ZnCl2 at 100:1 and 10:1 ratios.
The concentration of 3 was kept constant at 100 μM.
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exist in an octahedral environment instead of a tetrahedral
environment of Zn-bound 2 complexes. For the dimeric
complex of 3 with Zn2+, the metal center can be stabilized by
two sulfurs, two oxygens, and two chlorides (see Figure 1B).
The dimeric complex is preferred over the monomeric

complex [3+Zn+Cl]+. The monomeric complex was only seen
at a high ZnCl2 ratio. The monomeric complex was likely the
dissociated byproduct of the dimeric complex, or of a
monomeric complex like [3+Zn+2Cl], which is neutral and
thus cannot be detected by MS. The loss of a chloride anion to
go from [3+Zn+2Cl] to [3+Zn+Cl]+ can yield at least two
geometric isomers distinguishable based on the distance
between Cl− and the NH proton (see Figure 1C).
Interestingly, a further inspection of the ATD of m/z 439,

which corresponds to [3+Zn+Cl]+, indicated that there were
two distinct species, corresponding to two different modes of
[Zn+Cl] binding to 3 (Figure 3A). We carefully checked to
confirm that the second feature observed of m/z 439 in helium
(or nitrogen) is not a post-IM product of a larger complex.

Previous studies have suggested that anions (SO4
2−/HSO4

−,
Cl−, NO3

−) could bind to the four urea hydrogens (NHs) of
the m-xylene macrocycles, whereas cations such as metal
cations (e.g., Zn2+) would bind to the (soft) sulfurs of
thioureas.20,57,58 Therefore, two hypothetical binding motifs
could be considered. The first motif (Figure 3B,i) would have
ZnCl+ (or ZnCl2) as a single unit interacting mainly with
thiourea-S. In this motif, the Cl− anion(s) makes no contact
with NHs, serves no role other than providing Zn
coordination, and subsequently has no chance to abstract an
NH proton. The second motif (Figure 3B,ii) has Zn2+

interacting with thiourea-S while the Cl− anion (as a separate
entity) interacts with NH protons. In this configuration, the
Cl− anion could easily capture a proton when the complex is
energized. QM calculations on the optimized structures of
these two models in the gas phase show configuration I is
about 8 kcal/mol higher in energy than configuration II, which
is consistent with the longer arrival time feature being more
intense. Of note, while the macrocycle unit in both

configurations adopts a “bowl”-like conformation, in config-
uration I, the binding of Cl− to the amine hydrogens actually
competes with the binding of Zn2+ to the urea-O/thiourea-S,
making the macrocycle more compact and thus increasing ring
strain.

Charge Isomerism Magnifies the Conformational
Difference between the Two Charge Isomers of [3+Zn
+Cl]+. Given the two model structures from QM calculations
(Figure 3B), the next logical step is to compare their
theoretical CCS values to the experimental CCS values of
the two features in Figure 3A. The gold standard for theoretical
CCS calculation has been the TM available in the Mobcal
package.47,48 However, Mobcal does not have parameters for
Zn2+ and Cl− and works only with He as the buffer gas. Other
software programs59 may have generic parameters for Zn but
are far less accurate at predicting CCS for small molecules than
Mobcal TM.
The difference between the experimental value (CCSHe,EXP =

117 Å2) and the theoretical value from Mobcal TM
(CCSHe*,Mobcal TM = 110 Å2; the asterisk denotes that the
calculation was performed for with Zn and Cl modeled as two
S) is small. Given the sizes (van der Waals radii), the buried Zn
and Cl can contribute an additional of ∼7 Å2 to the total
CCSHe. This is a reasonable assumption as we experimentally
determined that counterions (Cl−, NO3

−, DMSO) contributed
less than 10 Å2 to the total CCSHe for macrocycles with similar
size (see Supporting Information of ref 20).
Next, the longer arrival time feature has an experimental

CCS value of 135 Å2 in helium. The DG conformational search
shows that the largest possible CCS of 3 is 120 Å2 (see SI
section S3 and Figure S1). Given that Zn+Cl can contribute
∼7 Å2, the predicted CCSHe is still much smaller than the
experimental CCSHe. Essentially, Mobcal TM (or any existing
CCS calculation software) is not accurate at predicting the
CCS of this feature (configuration II). Our extensive
conformational search eliminates the possibility that this
large CCS corresponds to an extended conformer (SI section
S3). Notably, consider the seminal case of benzocaine: the
longer arrival time feature of the N protomer of benzocaine has
an experimental CCS of 155 Å2, and the reported theoretical
CCS is only 144 Å2 (the data were collected in N2).

37 In other
words, the relatively large differences between predicted and
experimental CCS observed here and for benzocaine suggest
that predicting CCS of the ions with longer arrival times
requires more sophisticated treatments. The charge locations/
distributions affect how the ions interact with the drift gas,
which subsequently amplify any difference in structure
between two tautomerization states of [3+Zn+Cl]+.
Of note, one possibility that might lead to the presence of

two ATD features in Figure 3A is the formation of an aquo-Zn
complex (i.e., [3+Zn+(H2O)n+Cl]

+) that was dissociated into
[3+Zn+Cl]+ after exiting the drift cell. However, such a
complex is unlikely to survive the heated drying gas (300 °C)
at the source. Solvent clustering often leads to peak
broadening60 and not two well-resolved, baseline-separated
peaks. Furthermore, as the dimer complex [2x3+Zn+Cl]+ was
observed before [3+Zn+Cl]+ (at high [ZnCl2]), if solvent
clustering occurred, we should have observed more than only
the feature in the ATD of the dimer (Figure S2). Finally, as
shown in the latter section, we also observed two features in
the ATD of [3+Ca+Cl]+ (Figure S3), making it unlikely that
both metals can populate the same kind of solvated complexes.

Figure 3. (A) Representative 2D plot of m/z vs drift time for [3+Zn
+Cl]+ (m/z 439). The isotope spacing is consistent with Zn and Cl
containing species. (B) QM-optimized structures of two proposed
models. Note that the reported theoretical CCS values (with the
asterisk) are of the macrocyclic host and Zn+Cl modeled as two S
atoms, thus they are expected to be smaller than the experimental
values. The elements in the structures are color-coded; carbon (cyan),
hydrogen (white), nitrogen (blue), oxygen (red), zinc (silver), and
chloride (green).
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Effect of Drift Gases. To address the role of drift gas, we
collected the IMS-MS data of [3+Zn+Cl]+ using nitrogen as
the buffer gas. Nitrogen as IM gas would have more efficient
declustering capabilities than helium. The ATDs show two
well-resolved features similar to those in helium (see Figure 4).

To evaluate the effect of drift gases on the CCS differences
between the isomers, we need to obtain their theoretical CCS
values in N2 and compare them with CCSN2,EXP. We chose to
convert the CCSHE*,THEORY values from Mobcal TM to
CCSN2*,THEORY using the a linear approximation constructed
by experimental CCS of 6 small molecules (m/z 250−609),61
5 Agilent tune-mix ions (m/z 322−1522),61 and the
macrocycles 1, 2, and 3. The linear approximation is described
by eq 2 (see also SI section S4 and Figure S4) for details. Note
that eq 2 is only used to obtain CCSN2,THEORY, whereas the
reported CCSEXP are absolute CCS.

CCS CCS 1.091 53.9N2,THEORY He,THEORY= × + (2)

Thus, the theoretical CCSN2*,THEORY values of configura-
tions I and II are 174 and 182 Å2, respectively, as seen in Table
1. It is important to note that our nitrogen results here are

consistent with the helium data and the previous studies on
gas-phase protomers where a larger discrepancy is observed for
the features with longer drift times (the “solution-favored”
protomer).37 Also, similar to the report of benzocaine, here,
the solution-phase isomer (configuration II; the charges are

exposed) has a longer drift time than the gas-phase isomer
(configuration I; the charges are buried).
Warnke et al.37 suggested that CCS calculation methods

have not considered the charge effect in polarizable drift gases
(N2). Here, the separations of two species using He are
significantly better than those in N2 (see Table 1; ΔCCSN2,EXP
= 14 Å2 vs ΔCCSHe,EXP = 18 Å2; see also Table S3 for the
calculated degrees of peak separation61), suggesting that gas
polarizability may not be the sole factor.
Prior work on benzocaine protomers displayed poorer

separation in helium than in nitrogen.7,37 Our results show an
opposite trend where the IM measurements in helium yield a
similar if not better “resolution”. In our case, the isomers are
different in both conformations and charge locations.
Apparently, the “charge” effect magnifies the conformational
difference (from ∼7−8 to 14−18 Å2). Although the net charge
of both configuration is +1, the local partial charges that
interact with the drift gas molecules are different. Because the
effect of “charge” always outweighs the effect of size and shape,
the effect of charge isomerism will be greater than the effect of
conformational isomerism. In fact, McLean and co-workers62

showed that the effects of drift gas polarizability vary with
analyte classes and charge states. However, going from helium,
argon, nitrogen, to carbon dioxide, ΔCCS between species of
the same class and charge state (e.g., P-Ala6 and P-Ala13 or
maltose and maltohexanose) remain relatively constant,62

which could explain similar CCS differences between charge
isomers of the m-xylene macrocycles in helium and nitrogen.
Finally, we performed the IMS-MS/MS experiments of the

precursor ion m/z 439 ([3+Zn+Cl]+) to further confirm the
ATD assignments in Figure 3. Because we use an IMS-QTOF
instrument and ion activation (collision-induced dissociation)
is after the drift cell, the product ions have the drift time as its
precursor ion.20

In Figure 4A, the main product ion is m/z 403, which
corresponds to [3-H+Zn]+. The isotopic spacing confirms that
this is a Zn-containing species. The drift time of the m/z 403
product ion is the same as the shorter arrival time feature of m/
z 439 (configuration I, Figure 4B). In order for [3-H+Zn]+ to
form, the to-be-dissociated Cl− must be positioned near a H
proton, and only in conformation I (Figure 3B,ii) is the proton
abstraction from an amine possible. Thus, the data support our
assignments. The data also support that the formation of [2-H
+Zn]+ and [2x2-H+Zn]2+ reported in Link et al. are due to
dissociated Cl− abstracting an amine proton during positive
mode ESI.
In summary, our data support the hypothesis that the

binding of Zn2+ to m-xylene macrocycles containing thiourea
(sulfur) involves the counterions. Furthermore, our study of 3
complexed with Zn2+ and Cl− suggests that charge isomers can
be formed by adducting the molecule with cations/anions in
such a way that these mobile charged units can be rearranged
in different configurations.
Furthermore, our data show that (a) the no or poor

treatment of charge effect hinders the accuracy of CCS
calculation methods for systems of charge isomers, and (b)
unlike linear molecules like benzocaine,7 the choices of drift
gas (helium vs nitrogen) yield an opposite trend in terms of
separation factor.
There can be multiple trends for different types of

molecules, rather than one trend that fits all. The drift time
is a function of CCS, reduced mass, and charge. Asbury and
Hill63 showed that the separation factor of chloroaniline and

Figure 4. (A) Tandem IMS-MS/MS spectrum of [3+Zn+Cl]+. (B)
Representative ATDs of [3-H+Zn]+ (m/z 403; left) and [3+Zn+Cl]+

(m/z 439; right) at the same drift voltage. Data were collected in N2.

Table 1. CCSEXP and CCSTHEORY of [3+Zn+Cl]+

drift gas CCSEXP (Å
2) CCSTHEORY

* (Å2)

He 117 110
135 117

N2 186 174a

200 182a

* Values were obtained by Mobcal TM with Zn and Cl modeled as S.
aValues were converted from CCSHe,THEORY using eq 2.
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iodoaniline is better in helium than in nitrogen. As the drift gas
polarizability increases (He < N2; 0.205 × 10−24 cm3 for He
and 1.740 × 10−24 cm3 for N2),

64 the velocity of the
chloroaniline ion decreases relative to the iodoaniline ion.
Moreover, because the drift time is not a function of only the
gas polarizability, the effect of reduced mass or charge could
also be significant. In helium, the reduced mass is similar to the
mass of He, whereas in highly polarizable gas such as CO2
(polarizability of 2.911 × 10−24 cm3 > N2), the reduced mass
will better reflect the mass of the analyte. Thus, in the case of
chloro- versus iodoaniline, the separation factors are high for
He and CO2 buffer gases but poor in N2.

63 To recap,
increasing drift gas polarizability does not always lead to a
better separation factor.
Ca2+ Stabilizes Oligomeric Structures of Macrocycles.

In our previous study, some oligomers (clusters) of 1 and 2
were observed, albeit with low intensity.20 Here, in an effort to
demonstrate the unique binding of Zn2+ to thiourea containing
m-xylene macrocycles, we discovered a unique behavior of
Ca2+. The presence of this metal cation increased the
abundance of oligomers of 3 observed in the mass spectrum
(Figure 4A). Notably, with Zn2+, we did not observe any
clusters larger than a dimer. However, with Ca2+ (CaCl2), a
range of large clusters of 3 were detected. The largest cluster
was an octamer. At low Ca2+ (CaCl2) concentration, the
dominant species were doubly charged clusters of 3 with Ca2+

(no Cl−). At high Ca2+, complexes containing both Ca2+ and
Cl− were detected such as [3+Ca+Cl]+. IMS measurements
also showed two distinct features, as seen in the case of Zn2+.
Figure S6 shows the ATDs of Ca2+-adducted oligomers where
multiple features corresponding to post-IM dissociated
oligomers were observed. This phenomenon (loss of neutral
species post IM for IM-QTOF instruments) has been
discussed in detail.65 The post-IM dissociation of oligomers
of 3 indicates that the oligomeric structures are fragile in the
gas phase.
The question is whether Ca2+ contributed to the formation

of clusters or mainly served as a (charge) carrier to make the
detection of these (neutral) clusters possible. The m-xylene
urea macrocycle 1 self-assembled into a range of ordered
structures via hydrogen bonding and π-stacking,41 while the
thiourea 2 assembles via edge-to-face slabs of the hydrogen
bond network composed of 12 atom circuits with four different
sulfurs in each circuit.42 In a previous study, in the absence of
added salt, only oligomers of 1 were detected,20 indicating that
the edge-to-face assembly is less stable than column assembly.
From SI section S6, the assembly of 3 is similar to that of 2.
We argue that because the oxygens (urea) and sulfurs
(thiourea) of 3 are part of an intricate hydrogen bond
network, a protonation/deprotonation, which is required for
the cluster to carry nonzero charge, would weaken the
assembly. Such a problem can be overcome by forming
adducts with a cation such as Ca2+, as seen in our data.
However, we did not observe the same effect with other metal
cations such as Na+, K+, or Zn2+, suggesting that Ca2+ could
have another role in addition to being a charge carrier. We
hypothesize that a binding of a single Ca2+ to one unit of 3
helps maintain the macrocyclic host conformation to
stabilization of hydrogen bonding in the gas phase. The
experimental CCS values of the calcium-adducted clusters are
shown in (Figure 5B). The doubly charged species (+Ca2+)
have CCS values larger than those of the singly charged species
(+Ca2++Cl−), suggesting that these are two different assembly

modes. The experimental values are smaller than the
theoretical CCSs, indicating that some structural rearrange-
ments occurred in the gas phase.

N-Pyridyl Bisurea m-Xylenes: The Protomers. In the
first section, for 3, the effect of charge isomerism was observed
as a result of varying the positions of the cations (Zn2+) and
anions (Cl−). There was no change in the protonation of the
macrocyclic unit (z = 0). Here, we attempted to protonate the
macrocycles and watch for protomers. The formation of
protomers is often induced by a proton transfer among
acceptor atoms,24,25,30,32,66 but how easy for it to occur? Here,
we evaluate whether having two proton acceptors is sufficient
for protomer formation under standard MS ionization
condition, or if any other factor may influence the process.
To do so, we studied two m-xylene macrocycle analogues

where the benzyl rings were replaced with pyridine rings. The
isomers 4 and 5 differ by the orientations of the pyridyl-N to
the urea-O. Within these macrocycles, the two probable proton
acceptors are the pyridyl-N (pKa ∼ 6.6 for the conjugate acid
similar to 2,6-lutidine67) and the urea-carbonyl (pKa ∼ −3.0;
conjugate acid). The pyridyl-N is a lot more ready to accept a
proton than the carbonyl. In addition, the proximity between
the pyridyl-N and ureas also influences their chemistry, as
demonstrated by their assembly in the solid state. Newly
synthesized macrocycle 4 forms columns are held together by a
3-centered urea−urea hydrogen bonding motif with hydrogen
bond lengths of N1(H1)···O1 = 2.902(10) Å and N2(H2)···
O1 = 2.847(11) Å. However, the proximity of pyridyl-N to the
urea group in 5 affords columns in which the urea NHs
interact with two different acceptors (see section S7).43,44

In the ATD of 4, only one feature was observed in the drift
time region (Figure 6, top left panel). In standard MS
ionization with heated nebulizing and drying gases, a proton
transfer via a solvent bridge cannot occur. In 4, the pyridyl-N

Figure 5. (A) Representative mass spectra of 3 with CaCl2 at (i) 10
μM and (ii) 1 μM. (B) Experimental and theoretical CCSs of clusters
of 3 in N2.
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does not share its proton with other acceptors. The energy
difference between the geometry-optimized pyridyl-N proto-
mer and the urea-O protomer is 15 kcal/mol. As the difference
in energy of 1.4 kcal/mol results in a 10:1 ratio, without any
perturbation to the system (e.g., a proton transfer pathway, a
very high ionization voltage, etc.), the urea-O protomer of 4
should not be observed. Note that the feature at 32 ms
corresponds to a post-IM dissociated product where a singly
charged dimer successfully traversed the drift cell but was
dissociated, lost a neutral monomer, and detected as a singly
charged monomer. This event was discussed in detail in our
previous work on similar systems.20 Of note, the width of the
ATD of 4 is greater than those of 5, implying that there may be
unresolved conformers that cannot be separated with our 78.1
cm drift tube.
On the other hand, in 5, the ATD shows two distinct

features. Of note, Shimizu and co-workers showed that
protonation of 5 by naphthalene-1,5-disulfonic acid
(H2NDS) led to two salt cocrystal solvates in which the
macrocyclic host adopted two distinct conformers: step-shaped
with the urea groups in trans−cis configuration and bowl-
shaped with the ureas in trans−trans configuration.43 In fact,
these “doubly protonated” species in the solid state are the
closest references for the gas-phase structures obtained by MS.
However, in the X-ray structures with H2NDS,

43 both N-
pyridyls were protonated (z = +2), whereas here, we detected
only the singly charged species (z = +1).
The CCS difference between the step and bowl conformers

of 5 is only 1 Å2 (see Figure S7), and if this was the case, our
IMS-MS should not have sufficient resolving power to
distinguish them. In fact, previous studies of m-xylene
macrocycles using IMS-MS were able to indirectly identify
several conformers only when comparing the protonated/
deprotonated species with the cation/anion adducted
species.20 It was not possible to resolve conformers of the
isobaric species. Here, the CCS difference of the two observed
species in N2 is ∼9 Å2. Thus, we conclude that the effect of a
shared protons between two acceptors contributed significantly
to the difference in drift time (and CCS) we observed for the

two conformers of 5. On a side note, macrocycles are great
systems to strategically design molecules with a shared proton.
An interesting example is biliazarine by Zeigler and co-
workers,68 a phthalocyanine analogue where a hydrogen bond
closes the ring.
In summary, the main difference between 4 and 5 is the

close proximity of the pyridyl-N and urea-O in 5, which allows
for a proton transfer. The proton transfer between the two
acceptors can account for the two features observed in the
ATD of 5 (m/z 327) at 23 and 24 ms (Figure 6, top right
panel). The pyridyl protonation and the urea−carbonyl
protonation have essentially the same energy, consistent with
the two features in the ATD having similar intensities. Of note,
the 2D sketches may make it look like the pyridyl-N and urea-
N were closer in space than between pyridyl-N and urea-O.
However, protonation of urea-N is unlikely. For urea/thiourea
alone, experimental and theoretical studies established that the
oxygen/sulfur is more likely to pick up a proton (oxonium/
sulfonium) than the nitrogen (ammonium).69−71 Interestingly,
there is a faint feature at 28 ms, which could possibly assigned
to the urea-N protomer (CCSN2,EXP = 211 Å2). This protomer
is ∼12 kcal/mol higher in energy than other two protomers,
and its intensity reflects this difference. In addition, the same
features (protomers) were observed when He was the drift gas
(Figure S8). Therefore, similar to the charge isomers of 3, the
protomers of 5 can be observed in both N2 and He with similar
CCS differences (He is slightly better), indicating that the
polarizability of the buffer gas may not be the main factor.
Table 2 summarizes the experimental CCSs of the protomers

Figure 6. Representative 2D plot of protonated species of 4 and 5. QM-optimized structures of [4+H]+ and [5+H]+. The latter shows a shared
proton between pyridyl-N and urea-O. The feature annotated with an asterisk corresponds to a post-IM dissociated dimer.

Table 2. CCSEXP of [5+H]+ and [1+H]+ Protomers

CCSEXP (Å
2)

macrocycle protomer N2 He

5
pyridinium 179 115
oxonium 170 105
ammonium 211

1
oxonium 169 106
ammonium 188 137
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of [5+H]+. This appears to contradict earlier studies of
protomers of linear molecules where the N and O protomers
were observed in He but less resolved than the protomers
detected in N2.

7,37

Recall the faint feature at 28.38 ms in Figure 6 that we
tentatively assigned as the ammonium ion (the N protomer) of
5. The abundance of this feature is low as the pyridinium
(pyridyl-N protomer) and oxonium (carbonyl-O protomer)
are strongly favored. Nonetheless, the N and O protomers
could fairly compete when the pyridyl-N is removed, which is
going back from 5 to the macrocycle 1.
In nonstandard MS ionization conditions, the Attygalle

group has further investigated conditions that promote
tautomerization. Notably, moistened nitrogen gas stream at
the source enhanced the detection of the N protomer of
benzocaine.24,25,30,32,66 Interestingly, we observed similar
phenomenon when we revisited macrocycle 1 previously
shown to have only one feature in the ATD of [1+H]+ ions.
Our method to create a humidified source chamber is less
sophisticated than that of the Attygale group,24,25,30,32,66 as we
simply wetted the source with water/methanol prior to data
acquisition. Nonetheless, as the source becomes dry over time,
Figure 7 shows the evolution of the [1+H]+’s ATD going from
a humidified to a dry environment over a period of ∼40 min.
Helium buffer gas was used in this case. The shortest arrival
time feature was assigned to be the urea O protomer
(CCSHe,EXP = 106 Å2), the middle feature to be the urea N
protomer (CCSHe,EXP = 137 Å2), and the longest arrival time
feature to be the post-IM dimer. The intensity of the middle
feature is gradually depleted over time as the humidity of the
source chamber decreased. The water vapor may allow kinetic
trapping of the solution-phase N protomer, whereas given
enough time, the O protomer takes over. Similar data were
obtained in nitrogen, and the CCS values are reported in Table
2.

■ SUMMARY AND CONCLUSIONS

Noncovalent interactions play a fundamental role in chemistry
of life, from molecular recognition to protein folding and self-
assembly. MS has become a powerful technique to study these
interactions, but what occurs during and after the ionization
may produce species with both characteristics of the native and
gas-phase conditions. Here, we demonstrate that carefully
designed macrocycles are excellent model systems to
investigate metal adduction, self-assembly, and charge isomer-
ism that are part of important noncovalent interactions.
Using an asymmetric urea/thiourea macrocycle (3), we

validate the hypothesis that the deprotonation of metal-bound
complexes observed in positive polarity involves a counterion
(Cl−) abstracting a proton upon leaving. We also demonstrate
that protomers can be observed in two types of systems. The
first type is composed of complexes containing charged
adducts such as metals or counterions. Those cations/anions
that cause structural (re)arrangement can lead to a small
change in conformation, which is then further magnified by
interaction with drift gases. The second type includes
molecules in which a proton can be shared among multiple
atoms with similar proton affinities or under a perturbation
that favors charge transfer. However, while previous studies
suggested that the drift gas determines the resolving power of
the protomers,7,27,37 our data show that N2 and He have
similar effect on the macrocyclic systems. Moreover,
interactions of the protomers with drift gases amplify the
conformational difference, suggesting that observation of
protomers can be exploited to further enhance gas phase
separation and identification of unknowns.
The model systems of charge isomers with accurate CCS

measurements will provide experimental data for future
refinement of CCS calculation methods. Finally, the detection
of charge isomers in IMS-MS should be investigated in the
context of systems such as peptides and small proteins, as they

Figure 7. (A) Time evolution of the ATDs of [1+H]+ at m/z 325 going from a wet to a dry source chamber. Three ATD features were observed
corresponding to the O-protonated, N-protonated, a dimer post IM-dissociated species. (B) Ion abundances of the two protomers. The drift gas is
He. Post-IM dissociated dimer is labeled with an asterisk. Data were collected in He.
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may introduce a novel approach to indirectly probe secondary
structures and protein−protein interactions. For example, one
can probe structures of a peptide/protein by using unnatural
amino acids containing pyridines and rely on IMS and MS/MS
data to identify the residues or backbone segments that
interact with the unnatural amino acid.
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