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Combining density functional theory (DFT) and collision cross-section
(CCS) calculations to analyze the gas-phase behaviour of small

molecules and their protonation site isomers
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'Biomolecular & Analytical Mass Spectrometry group, Department of Chemistry,
University of Antwerp, Antwerp, Belgium, “Molecular Spectroscopy group, Department of
Chemistry, University of Antwerp, Antwerp, Belgium, 3Waters Corporation, Stamford
Avenue, Wilmslow, SK9 4AX, UK, *Faculty of Engineering & Science, University of
Greenwich, Medway Campus, Chatham, ME4 4TB, UK, °Astbury Centre for Structural
Molecular Biology, University of Leeds, Leeds LS2 9JT, UK, éSchool of Molecular and
Cellular Biology, University of Leeds, LS2 9JT, UK

1. Abstract

Electrospray ion mobility-mass spectrometry (IM-MS) data show that for some small
molecules, two (or even more) ions with identical sum formula and mass, but distinct drift
times are observed. In spite of showing their own unique and characteristic fragmentation
spectra in MS/MS, no configurational or constitutional isomers are found to be present in
solution. Instead the observation and separation of such ions appears to be inherent to
their gas-phase behaviour during ion mobility experiments. The origin of multiple drift
times is thought to be the result of protonation site isomers (‘protomers’). Although some
important properties of protomers have been highlighted by other studies, correlating the
experimental collision cross-sections (CCS) with calculated values has proven to be a
major difficulty. As a model, this study uses the pharmaceutical compound melphalan and
a number of related molecules with alternative (gas-phase) protonation sites. Our study
combines density functional theory (DFT) calculations with modified MobCal methods
(e.g. nitrogen-based Trajectory Method algorithm) for the calculation of theoretical CCS
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values. Calculated structures can be linked to experimentally observed signals, and a
strong correlation is found between the difference of the calculated dipole moments of the
protomer pairs and their experimental CCS separation.

2. Introduction

lon mobility-mass spectrometry (IM-MS) is a separation and characterization technique
that has proven to be applicable in many research fields since it started to gain popularity
more than a decade ago with the introduction of the commercial Synapt system'. The dfrift
time in ion mobility is determined by the collision cross-section (CCS) of an ion, which is a
parameter related to its size, shape and charge. Originally used in structural studies

investigating protein folding®® and protein complexes'® ™

, more and more researchers
are starting to use commercial IM-MS instrumentation to investigate the separation,
identification and gas-phase behaviour of small molecules. A possible application is the
rapid separation of all types of isomers, based on their mobilities (drift times)'®2.
Recently, a number of ion mobility studies have reported on the observation of protomers
for aniline and the antibacterial agent norfloxacin®?’. These isobaric ions are gas-phase
protonation site isomers, where the protons are located on different atoms. Although the
position of a single H atom and the positive charge appear to have a very subtle effect on
these small molecules, they can cause clear differences in drift times. Such differences
can be relatively large for small molecules, and one would therefore typically expect that
they are due to the presence of isomers or conformers (i.e. size and shape differences).
In a recent study, Warnke et al. used IM-MS in combination with infrared multiple photon
dissociation (IRMPD) spectroscopy to study the origin of benzocaine protomers?®.
Differences in N-H and O-H stretch vibrations showed that two alternative sites are
protonated: the amine and, unexpectedly, also the carbonyl group. These data confirm
that the large difference between the observed CCS values for this compound is caused
by the different charge sites, rather than e.g. the consequence of a subsequent
gas-phase rearrangement reaction. The appearance of alternative gas-phase protonation
sites highlights the possibility of intra-molecular charge transfer during the electrospray
process?®. Anionic species show similar phenomena, as was recently reported by

Galaverna et al. for benzoic acid de-protomers®. It also questions the localization of
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charges in multiply protonated peptide and protein ions, important for computational
structure and fragmentation prediction, which are frequently assumed to remain on basic,
surface-exposed residues such as lysine and arginine during the ESI process.

Computational methods, such as molecular dynamics and quantum mechanical
calculations, can support IM-MS observations (see Figure 1). These methods have
become important tools for understanding and interpreting the experimental data, and
they can potentially also be used to predict the separation of hypothetical charge isomers
in ion mobility®*3!. Interpretation of ion mobility data typically requires a conformational
analysis of each protomer, after which all structures are optimized using DFT. This yields
a set of geometries and associated partial atomic charges that can be used to compute
the corresponding CCS values.

In this study we utilised the MobCal software®?, which provides three different algorithms;
the Projection Approximation (PA), Exact Hard Sphere Scattering (EHSS) and the
Trajectory Method (TM). Of these, the most widely used are the PA and TM. In both the
PA and EHSS methods the molecule is represented as a collection of overlapping hard
spheres. The CCS calculated by the PA is simply the rotational average of the projected
area of this collection. While fast, the PA fails to model momentum transfer between the
gas and analyte molecules as well as concave analyte structure and long range ion
molecule interactions. In the EHSS method, a full hard sphere trajectory is calculated for
each analyte-gas collision. This is a significantly more sophisticated model, and it has
found utility as a fast method for calculating CCS of large molecular structures®.
Long-range interactions, which are often significant for drug-like molecules, are
necessarily ignored. The TM is the most sophisticated and computationally intensive of
the commonly used methods. It involves a simulation of the trajectory of gas atoms
through a superposition of Lennard-Jones potentials corresponding to the atoms in the
analyte molecule. Polarisation of the gas molecules by the charge on the analyte
molecule is also taken into account, but modifications to the original algorithm are
required to adequately model interactions with polyatomic gases. More recently, the
Projected Superposition Approximation (PSA) algorithm was introduced by Bleiholder et.
al.**3® In this approach, which is used mainly for larger molecules, the PA cross section is
modified to take into account the detailed three-dimensional structure of the analyte.
Although previous studies of protomers made use of methods originally available in
MobCal, they were not always able to accurately reproduce the experimental CCS
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values®?’. It is believed that IM-MS separations using polyatomic drift gases (such as N
or CO,) require a better representation of long-range interactions. The passage of a
charged particle induces higher-order multipoles in the gas molecules, leading to
additional (retarding) forces on the ion, and more collision geometries must be
considered. Kim et al. proposed a modification to the existing trajectory method CCS
calculation algorithms for N2, which takes ion-quadrupole interactions and the orientation
of non-spherical gas molecules into account*®*'. This modification leads to significantly
higher calculated CCS values, which better conform to the experimentally determined
data. Only a few studies have used this new approach so far to correctly reproduce
experimental CCS values?®3%140%2_ Apart from protomer-related studies, Lavanant et al.
used the modified algorithm to calculate CCS values for phosphoric acid clusters, which
can be used for negative ion mode IM calibrations®.

The present study investigates 1. the experimental separation of hypothetical protomers
for 7 related compounds which share an amino and carbonyl function (in aniline, a
benzene ring) as alternative protonation sites; 2. the effect of using different levels of
theory for optimization of molecular geometry and charge distribution, 3. the ability to
obtain theoretical CCS that closely match experimental values; 4. the importance of the
analyte charge distribution itself (and the resulting dipole moment) in contrast to possible
charge-driven changes in molecular structure, and 5. the ability to predict protomer
separation in ion mobility experiments based on the difference in the calculated molecular
dipole moments for hypothetical protomer pairs. This study tests the hypothesis that
experimentally found protomers can be predicted reasonably well by differences in the
calculated dipole moments. The results reported here inform choices of computational
approaches for the prediction of protomer separation in ion mobility so that spectral
interpretation software (e.g. in metabolomics) could be trained to detect such
phenomena.

3. Results and discussion

3.1 IM-MS separation of protonation site isomers

Two distinct peaks are observed in the arrival time distribution (ATD) of melphalan (m/z
305) using nitrogen as drift gas: I’ and I” (see Figure 2), which are centred around 169.9
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A2 and 179.1 A2 However, for two other, closely related compounds,
dimethoxymelphalan (DOCHgs; Il) and dihydroxymelphalan (DOH; lll), we observe only
single and unique peaks (Figure 2), at 172.2 A2 for DOCH3 and 165.3 A2 for DOH. We
also used CO; to perform ion mobility separations of DOCH3; and DOH, but again only
single peaks were observed (data not shown).

Similar observations to those with melphalan were made for the local anaesthetic
para-benzocaine, an ethyl ester derivative of para-aminobenzoic acid (Figure 3). Two
peaks were found (IV’ and IV”) at 131.7 A% and 147.5 A2, For comparison, positional
isomers of benzocaine were also studied (Figure 3): ethyl 2-aminobenzoate
(“ortho-benzocaine”) and ethyl 3-aminobenzoate (“meta-benzocaine”). The selected-ion
ATD of ortho-benzocaine shows only one peak at 135.2 A? (V). For meta-benzocaine, two
peaks are observed (VI’ and VI”') which correspond to CCS values of 133.6 A® and 146.4
AZ. For aniline, which we included here as a reference compound, we find two peaks as
reported previously? (VI and VII”; see Figure 3), with CCS values of 112.9 A% and 118.9
AZ. Table 1 summarizes all experimental CCS values.

3.2 Calculating CCS values of melphalan protomers

Three possible protomers of melphalan were taken into account here: protonation at the
nitrogen atom of the NH, group (Naa), the carboxyl group (Oco) on the amino acid side,
and the nitrogen atom adjacent to the phenyl ring on the chloroethyl side (N¢)). Based on
the solution basicity (i.e. pKa) of the various functional groups in melphalan*, Oco and Ng;
protonation seem less plausible (see Figure 2). Nonetheless, other protomer studies

have reported on oxygen-rich functional groups or even aromatic rings®2

as preferred
protonation sites. After performing a conformational analysis of melphalan and
subsequent DFT optimisation at the B3LYP/6-31G(d,p) level (hereafter referred to as
“standard” level), the CCS values for the optimised structures were calculated using a
modified version of MobCal where the TM code optimized for use with nitrogen (see
Figure 1). Table 2 gives an overview of the top 5 lowest-energy conformers of each
melphalan protomer, together with energies, overall Boltzmann weights, dipole moments
and calculated CCS values. Figure 4 visualizes the conformation and molecular
electrostatic potential (MEP) of each lowest-energy melphalan protomer.

From the three protomers considered here, the Naa and Ng forms best match the
experimentally determined CCSyp. This would indicate that the Oco protomer is not

observed during the ion mobility experiments. The ACCSy, between the calculated Naa
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and N¢; protomers is 9.0 A%, which is a good match with the experimentally determined
value of 9.2 A?,

3.3 Melphalan-related compounds: dihydroxymelphalan and dimethoxymelphalan

The study of melphalan derivatives, which unlike melphalan itself show only one
observed drift time, allows us to investigate the factors that govern formation and
separation of melphalan protomers more closely. A conformational analysis was
performed for possible protomers of these compounds, and the resulting structures were
optimised at “standard” level. Although DOH and DOCHg3 are chemically less complex
structures than melphalan itself (i.e. no halogen atoms), the additional rotational flexibility
yields more conformers and thus entails an added computational cost. For each
lowest-energy protomer, the values are reported in Table 3 and structures are given in
Figure 2. Calculated CCS values were also compared to the experimentally derived ones
(172.2 A? for DOCH; and 165.3 A? for DOH). This allows us to evaluate the
nitrogen-modified MobCal code, but could also show whether significantly different CCS
values are calculated for protomers in cases where they are not experimentally resolved.
The Naa protomer for DOH has a considerably smaller calculated CCS (156.1 A2) than the
experimentally observed value. The CCS of the Noy protomer on the other hand (164.6
A?) is a close match with the experiment. For DOCHg, the calculated CCS values of both
hypothetical protomers (181.3 A% and 182.3 A?) over-estimate the experimental CCS of
172.2 A%,

3.4 Other related small molecules: benzocaine isomers and aniline

Our calculation strategy was further evaluated against experimentally determined CCS
values of benzocaine isomers and aniline (Table 4). For para-benzocaine, protonation of
the carbonyl group gives a CCSy of 132.0 A? for the lowest-energy structure after
standard-level optimization, while the equivalent procedure for the amine-protonated
species results in a CCSyz value of 140.9 A% which is significantly smaller than the
experimental value (147.5 A?%). While the theory correctly predicts the separation of the
two protomers, it remains unclear why the calculated value for the amine-protonated
para-benzocaine deviates so much from the experiment.

After standard-level optimization, Oco and Nyu2 protomers of ortho-benzocaine have
computed CCS values of 131.0 and 131.5 A? respectively. Based on these values,
assignment of the single experimentally observed peak to either protomer is difficult, as
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they are expected to be almost indistinguishable. It is therefore impossible to say whether
they both occur in the gas phase, with their peaks overlapping, or if only one of them is
present. In this context it is worth noting that a recent report proposed the two alternative
forms of deprotonated ortho-hydroxybenzoic acid to be connected by a relatively low
isomerization barrier®. It might therefore be considered likely that the protomers of
ortho-benzocaine could also easily convert due to intramolecular H-bonding, leading to
only one mobility signal.

Two distinct CCS values are calculated after standard-level optimization for
meta-benzocaine: 133.9 A% for the Oco isomer and 140.8 A? for the Ny protomer. While
such calculations predict reasonably well if the postulated protomers will be separated by
ion mobility (one or two peaks expected), the absolute CCS values do not always match
well with the measured ones, e.g. for the Nnu2 form of meta-benzocaine.

The calculated CCS value of the N protomer of aniline (at “standard” level) is also not well
matched with either of the experimental values (112.9 A? and 118.0 A?. The
ring-protonated species should be assigned to the first peak in the ATD, based on data
reported in the literature®.

3.5 Evaluating different levels of DFT calculations

Although the majority of ion mobility studies employ the commonly used B3LYP functional
with 6-31G or 6-311G basis sets, a wide variety of other functionals and basis sets are
available. Because the CCS values computed so far, using the “standard” level combined
with the N>-modified MobCal code, still show some discrepancies with the experiment, we
also used B3PW91/def2-TVZP (hereafter called “high” level) in order to assess how
sensitive the computed values are to the DFT parameters. Tables 1, 3 and 4 and Figures
S.2 to S.9 contrast “standard” with high-level calculated CCS values.

For the benzocaine isomers and aniline, we found that the high-level calculations yield
generally better matches against the experimental values (Table 1).

Both postulated protomers of DOH are found to have similar CCS at “high” level, which
also closely match the single observed peak centred at 165.3 A% The “standard” level
result, where the CCS value for the Naa protomer was underestimated (156.1 A?), falsely
suggested that two distinct DOH protomers should exist, with a ACCSy; of 8.5 A? (Table
3).

For the DOCHs; form of melphalan on the other hand, the CCS values calculated at both
levels of structural optimization (around 180 A?) are significantly higher than the
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measured one (172.2 A?). It is not apparent though why CCS calculations for this
compound deviate so much from the experiment.

For melphalan itself, the expected improvement in the theoretical values is also less
pronounced when using the B3PW91 functional and larger basis set. Notably the CCS of
the N¢; protomer is now overestimated: 170.6 A? (“standard” level) vs. 174.1 A? (“high”
level). Since the experimentally derived value for this protomer is 169.9 A2, the “standard”
level result is in better agreement in this particular case. While the reason for this anomaly
is not entirely clear, melphalan stands out as a compound with the highest conformational
“flexibility” (see below) in the group studied here.

We show here that for a number of structurally related compounds, the calculation of
“best” molecular geometries and charge distributions using two different levels of DFT
calculations leads to mixed results, with respect to how well the derived CCS match with
experimentally observed CCS (see Figure 5). Contrary to what we might have expected,
the high-level calculations do not always agree better with experiment. A more thorough
investigation of different basis sets and functionals is needed, as well as a
re-parametrization of CCS calculation methods, which currently rely on modifications to
the existing MobCal code. Such efforts are now underway in different research groups.

3.6 Effect of charge distribution on CCS calculations

Although this study assumes that different protonation site isomers can be formed in the
electrospray process and observed via their characteristic mobility peaks, the question
still remains to what extent different factors contribute to protomer separation in ion
mobility: is it the charge site itself, or rather the conformational change driven by
alternative charge sites? As an example of the latter, the rotation of the chloroethyl
groups in the mustard moiety of melphalan could lead to the observation of multiple
conformers. Interaction of these chloroethyl groups with the phenylalanine moiety of the
molecule could possibly also result in more compact ions.

Protonation at different sites, which results in different charge distributions (after
optimization) across the molecule, can potentially affect its geometry (i.e. the atomic
positions) in a way that contributes to a change in CCS. In order to assess the magnitude
of this effect separately from that of the charge distribution itself, we simply recalculated
the CCS, while removing the atomic partial charges. These re-calculated CCS values are
reported in Table 5 (“no charge distribution”). Removing the charges drastically lowers the
computed CCS values, as expected in Ny drift gas particularly for the smaller analytes
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(benzocaine isomers and aniline), and we do not expect them to match the experimental
values anymore. More importantly, what this exercise can show is if the calculated CCS
difference between two postulated protomers is maintained even in the absence of any
charge, i.e. whether it is largely caused by a conformational change of the molecule. This
is the case only for the melphalan protomers. All other molecules studied here show
virtually identical CCS (within the error margin of the experiment) for the “uncharged”
protomer pairs. This signifies that the potentially different molecular geometries of the
protomers, optimised in the presence of charge, would not account for any possible CCS
difference. Rather the position of the proton and the resulting relatively large differences
in charge distributions and dipole moments are held responsible for the observed
protomer separation in ion mobility. We can speculate that of the molecules studied here,
only melphalan is “flexible” enough to undergo a charge-site driven conformational
change which is sufficiently large to contribute to the separation of its protomer peaks.
These calculations show that different protonation sites can yield significantly different ion
mobilities in nitrogen, indicating that the long-range electrostatic contribution of the
charge to the overall CCS is substantial.

3.7 Protomers and dipole moments

The analysis of the effect of molecular geometry on CCS independent of charge (see
section 3.6) showed that for some of the small molecules studied here, charge
distributions are the determining factor for their separation in ion mobility when using
polarizable gases. A close look at the structures of the protomer pairs shows that,
although their mobilities can differ considerably, their geometries may indeed be relatively
similar. Since the atomic coordinates of these structures only vary slightly (apart from
melphalan), the CCS difference is thought to be predominantly the result of the charge
distribution. The differences between the molecular dipole moment of various protomers
could therefore be used as a possible predictor for the separation of these protomers in
ion mobility™°.

As an example, the charge distributions of the three melphalan protomers considered
here are visualized as molecular electrostatic potentials (MEPSs) in Figure 4. Comparison
of the 5 lowest-energy structures per protonation site (see Table 2) shows that they share
similar dipole moments. Furthermore, the structures with the smallest dipole moment (ca.
6 Debye) also correspond to the ion with the smallest CCS value, i.e. the N¢| protomer.
The structures that have a dipole moment of around 11 Debye correspond to the ion with
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the largest observed CCS value (Naa protomer). We plotted all 4 experimentally observed
protomer pairs with their ACCS values against the corresponding Delta dipole values,
calculated at the best-fitting DFT level (apart from melphalan, all “high” level; see Figure
6). Although the correlation is not very strong, the trend is clear: the larger the calculated
Delta dipole values, the higher the measured Delta CCS.

To test this hypothesis further, we also plotted predicted ACCS values for all possible
protomer pairs, calculated at both “standard” and “high” levels using MobCal, against
their corresponding Delta dipole values. These data highlight that the correlation between
CCS and dipole moment is quite poor with standard-level calculations (red squares in
Figure 6). The high-level structure calculations on the other hand (blue diamonds) yield a
reasonably good correlation (linear fit: R?=0.8784) between differences in dipole moment
of protomer pairs and their separation in ion mobility experiments where polarisable drift
gases such as nitrogen are used®*3'. Aniline shows a ACCS larger than expected based
on the calculated A dipole value, which may be due to the fact that the smaller protomer is
a ring-protonated (charge-delocalized) form.

Taken together, these data suggest that rather than geometry or net charge alone, the
charge distribution — characterized by the dipole moment and, as recently proposed?, the
polarizability of the analyte — plays a major role for the observed CCS values as well,
particularly for relatively rigid molecules and their specific interaction with a polarizable
drift gas (i.e. N2). Experimentally observed protomer separation is found to be explained
reasonably well by differences between the calculated dipole moments of alternatively
protonated forms of the analyte.

4. Experimental

Caution: melphalan and degradation products are carcinogenic and should be handled
with care.

4.1. Chemicals and sample preparation

Chemicals purchased from Sigma-Aldrich (Bornem, Belgium): acetaminophen (> 99.0
%), alprenolol (Eur. Pharmacop. Ref.), aniline (99.8 %), colchicine (> 95 %),
dexamethasone (> 97 %), ethyl 4-aminobenzoate (98 %), ethyl 3-aminobenzoate (97 %),
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ethyl 2-aminonenzoate (> 99 %), N-ethylaniline (98 %), melphalan (min. 95 %),
ondansetron (> 98 %), poly-DL-alanine, sodium formate (HPLC, > 99.0 %) and verapamil
(> 99 %). Acetonitrile (ACN; HPLC grade), methanol (MeOH; HPLC grade) and formic
acid (FA; 99+ %) were obtained from Acros (Geel, Belgium). Reversed osmosis (RO)
water was prepared using a Silex water filtering system from Eurowater (Nazareth-Eke,
Belgium). Ammonium hydroxide (solution of 25 % v/v) was purchased from Merck
(Overijse, Belgium). Dimethoxymelphalan was synthesized in-house, and
dihydroxymelphalan formed during synthesis as an additional reaction product. Stock
solutions (102 M) of all analytes and calibrants were prepared in MeOH.

4.2 Optimisation of molecular structures and charge distributions

A conformational analysis was performed to find the best structure of melphalan ions in
the gas phase. The conformational space of the different protonated species
(‘protomers’) was explored using TINKER (version 6)45 with the Merck molecular force
field (MMFF94). The resulting structures were further optimised with Gaussian 09 at the
B3LYP/6-31G(d,p) (“standard”) and B3PW91/def2-TZVP (“high”) levels. For each
calculation, the optimised structure was verified to be a local minimum by performing a
vibrational analysis. Atomic charges were computed using the Merz-Singh-Kollman
scheme with the constraint to reproduce the molecular dipole (‘pop=mk,dipole’). The
uncharged structures were generated by simply removing the atomic partial charges. As
the dipole moment for charged species depends on the origin chosen, the center of
charge was used as a reference point instead of the center of mass for all calculations.
Three-dimensional structures were visualized using Avogadro (version 1.1.1)* and

molecular electrostatic potentials (MEPs) using VMD (version 1.9.2)%%4°,

4.3 Calculation of CCS values
MobCal was used to calculate CCS values®*®3. MobCal is available as freeware®.

MobCalPARSER, also available as freeware®', allowed the direct use of Gaussian output
(.log) files.

The modified version of MobCal*

used in this study calculates CCS values for
experiments in nitrogen drift gas and takes into account ion-quadrupole interactions and
the orientation of non-spherical gases during collisions (TM algorithm only).
Lennard-Jones potentials were re-tuned by scaling universal force field (UFF) parameters
such as the atomic energy and van-der-Waals distance, in order to represent the ion
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motion through N» drift gas better. The code was also expanded with other types of
atoms.

4.4 Instrumentation

Travelling-Wave lon Mobility Spectrometry (TWIMS) experiments were performed on a
Synapt G2 HDMS instrument, and data acquisition and processing were carried out using
MassLynx (V 4.1).

The instrument (Waters Corporation, Wilmslow, UK) was equipped with a
nano-electrospray source and used gold-coated glass capillary needles, which were
fabricated in-house. In order to obtain clean spectra, the ions under investigation were
m/z selected in all IM-MS experiments. Prior to the experiments, the instrument was
calibrated in the m/z 50-600 mass range using sodium formate solution (positive ion
mode). All prepared solutions were checked for the presence of impurities, which might
overlap with the signal of the analyte.

Typical instrument parameters in time-of-flight mode are: sample and extraction cone
voltage: 10 V and 3 V, trap bias: 2 V, trap cell gas flow: 2 mL/min, trap and transfer CE: 4
V and 0 V. Experimental CCS are determined after a single calibration of the TWIMS cell
using both poly-DL-alanine (0.5 mg/mL in 1:1 H>O:ACN) and a set of drug-like
compounds (5 pM each in 1:1 HO:ACN) as reported before'®. In ion mobility mode,
drift times were determined for different IM wave velocities in order to eliminate
energy-dependent phenomena, which could affect the ion mobility separation. Some
parameters differ in ion mobility mode: trap bias: 40 V, IMS wave velocity: 600 m/s or, for
melphalan and related compounds: 1000 m/s, IMS wave height: 40 V, He and IMS
(nitrogen) gas flow: 180 mL/min and 90 mL/min.

5. Conclusions

Most small compounds show only one, unique drift time in ion mobility experiments, which
allows the use of such data as additional identifiers for mass-spectrometry based
molecular characterization, e.g. in metabolomics. There is now considerable interest in
assembling databases which contain ion mobilities of compounds under standardized
conditions, not dissimilar to retention times in chromatography.
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Occasionally, small molecules exhibit multiple ion mobility drift times, due to the ability to
form different protomers. Protomers are constitutional isomers, or more precisely,
isomeric catiomers. They are molecular species which originate from the same chemical
entity in solution, but where partial, intramolecular proton transfer during electrospray
ionization causes the formation of charge isomers in the gas phase. This is often
encountered for, but not limited to, small molecules containing an amino and a carbonyl
or carboxyl moiety. Protonation at different sites may not only distort the molecular
geometry, affecting the hard sphere cross-sections, but also lead to significantly different
charge distributions. The latter can be represented by the dipole moment, which has a
large effect on the ion's mobility when polarisable drift gases such as nitrogen are used.

In the most systematic analysis to date, we utilized a panel of 7 closely related small
molecules, 4 of which are found to show two drift time signals, to better understand what
determines protomer separation in ion mobility and evaluate computational approaches
for their characterization. IM-MS of the chemotherapeutic agent melphalan revealed the
presence of two mobility peaks, whereas molecules closely related to this compound (i.e.
dihydroxy- and dimethoxymelphalan) only showed one protonated form. For comparison,
aniline and three isomers of benzocaine were also included in this study.

By comparing experimental with calculated CCS values from molecular modelling, we
could assign the protonation site and structure of the observed ions. More flexible
structures with bulky side chains (e.g. DOCHs3) however appear to have their CCS
overestimated with both types of calculations used. While results of what we call
“high-level” calculations match experimental data much better for most molecules studied
here, a more systematic investigation of functionals and basis sets is required to
determine the most appropriate computational strategy for the optimization of structure
and charge of protomers. With different protonation sites in these compounds available
under electrospray conditions, a number of alternative charge distributions and molecular
geometries have to be evaluated for how well they match the corresponding collision
cross sections in the experiment. More straightforward and efficient calculation methods
would make this step much faster and more accurate, and enable “high-throughput”
approaches for ion mobility data processing such as would benefit, e,g., compound
identification in complex samples.

The use of polarisable drift gases (e.g. N2), which has become common due to the
widespread use of travelling wave IM-MS, leads to a more frequent observation of
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protomer phenomena, and puts the issue of their structual assignment into the spotlight.
We found a good agreement between experimental and theoretical CCS data in this
study when using a modified version of the trajectory method, optimised for use with
nitrogen as drift gas. Our data show that the molecular dipole moment, rather than the
hard sphere collision cross section, is a useful determinant for the ion mobility separation
of protomers. Furthermore, a good correlation appears to exist between the different
calculated dipole moments, and both experimental and theoretical CCS differences, in
protomer pairs investigated here. As calculated dipole moments are readily available,
they may be useful “predictors” of protomer separation in experiments which target rapid
small molecule isomer separation and identification using ion mobility.
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582  Figure 1
583  Overview of the sequence and output of the various experiments and calculations.
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Figure 2:

Observation of two peaks for melphalan (I; top panel), but only one peak for the DOCHj3
() and DOH (lll) hydrolysis products. The drift time difference between the two
melphalan peaks is larger than the difference between DOH and DOCHz.
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593  Figure 3:
594  QObservation of two peaks for para-benzocaine (IV) and meta-benzocaine (VI) as well as

595 aniline (VII). Only one peak is observed for ortho-benzocaine (V).

596
para-Benzocaine 2
m/z 166 \'A 2 /= O PKy=-6.0
131.7 A2 147.5 A PKy=2.5 HN —%f:.'_l fﬁ

o ; NH,
g ortho-Benzocaine s
] m/z 166
= \
z 0
—
[e] H N
= meta-Benzocaine 3 o
2 m/z 166
@ o
3
£ s

Aniline \ 1

m/z 94 118.0 A?

NH,,
/
1 7/ 1 L/ 1 v 1 L I - 1 ' 1 L 1
10 60 80 100 120 140 160 180

Arrival Time Distribution (bins)
597



598
599
600
601
602
603

604
605

Figure 4

3D-visualisation of the lowest-energy structures of melphalan (l) after conformational
analysis of the protonated molecules and subsequent standard-level DFT optimisation.
Three possible protomers are shown: Oco (left), Naa (center) and Ng (right). Molecular

electrostatic potentials (MEPs) are also given. Red areas display negative sites (e.qg.

electron dense) and blue areas more positive sites (e.g. protonated).
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Figure 5

Visualisation of the experimental and calculated (both “standard” and “high” level) CCS
values (A?) from Table 2 and 3. Only 4 of the 7 compounds investigated (1, IV, VI, and VII)
are separated experimentally into protomer pairs (I’/I”’ etc.), while for all of them CCS

values were calculated for the 2 most plausible isoforms.
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615  Figure 6

616 Correlation between calculated ACCS (A?) and A dipole moment (D) values for protomer
617  pairs, using “standard” and high-level DFT calculations and the nitrogen-based MobCal
618  software. For the 4 experimentally observed protomer pairs, the dipole moments were
619  calculated using the best-fitting DFT level (apart from melphalan, all “high” level). At “high”
620 level a linear fit (R?=0.8784) suggests itself with aniline as an outlier, while at “standard”
621 level, many calculated (A)CCS deviate from the experiment and no correlation is found
622 with the calculated dipoles (R?=0.1543).
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626 Tables

627

628 Table 1

629 Experimental CCSy; values derived from TWIMS. MobCal-calculated CCSy; using both
630 “standard” and high-level DFT optimizations are given for comparison. A detailed
631  overview of the calculated values can be found in Tables 2 and 3, together with calculated
632  energies, Boltzmann weights and dipole moments.

Analvi Observed Protonation CCS,,,. (A?) CCS.. (A
nalyte
signal(s) site (Synapt G2 HDMS) | Standard level High level
Melphalan I' Ngi 169.9 (£ 1.5) 170.6 1741
(Mel) " Naa 179.1 (£ 0.9) 179.6 178.7
Dimethoxymelphalan Nochs 182.3 181.7
Il 172.2 (£ 0.9)
(DOCHs3) Naa 181.3 180.8
Dihydroxymelphalan " Now 165.3 (+ 0.6 164.6 166.3
.3 (x0.6)
(DOH) Naa 156.1 164.4
v Oco 131.7 (£ 0.8) 132.6 132.5
para-benzocaine
v" Nnhz 147.5 (£ 0.6) 140.9 145.2
b Vv Oco 135.2 (£ 0.3 131.0 131.0
ortho-benzocaine .2 (£0.3)
[\ 132.0 133.4
A"/ Oco 133.6 (£ 1.1 133.9 133.5
meta-benzocaine
\" Nnh2 146.4 (£ 0.8) 140.8 143.8
. viI' ring (para-) 112.9 (£ N/A) 111.5 110.7
Aniline
vi" Nnhz 118.0 (+ 2.8) 114.9 118.5

Underlined values represent best matching calculated and experimental CCS values

633
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Table 2

Overview of the 5 lowest-energy melphalan structures for each protomer. Structures were
acquired after conformational analysis of the protonated molecule, followed by
standard-level DFT optimization. The global E ranking and energies (relative to the
lowest-energy structure) give an indication of which protonation sites are most favored in
the gas-phase. Note the significantly different dipole moments for the Naa/Oco and Ng

structures.
Protonation | E-ranking E-ranking Rel. E Boltzmann Dipole CCS. ...

site (relative) (global) (kcal/mol) weight (%) (Debye) (A?Y)

1 1 0.0000 10.87 11.23 179.6

2 2 0.0220 10.47 11.49 177.3

Naa™ 3 3 0.0878 9.37 11.38 181.0

4 4 0.1908 7.87 12.66 179.2

5 5 0.1995 7.76 12.26 176.6

1 17 1.0718 1.78 5.00 170.6

2 23 1.2669 1.28 7.55 170.5

N¢, 3 30 2.6268 0.13 7.72 170.1

4 33 3.1156 0.06 4.77 172.4

5 37 3.6565 0.02 4.70 177.5

1 151 31.0944 0.00 16.62 183.0

2 152 34.4133 0.00 18.33 182.3

Oco 3 153 34.4195 0.00 18.13 185.6

4 154 35.4411 0.00 22.65 184.1

5 155 37.1824 0.00 16.86 181.2

Underlined values represent calculated CCS values for lowest-energy structures
1 Expected protonation site in solution (i.e. based on pK,)
* Favoured protonation site in the gas phase (i.e. based on Boltzmann weights)
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Table 3

Overview of the lowest-energy structure for each protomer of dimethoxy- and
dihydroxymelphalan (DOCH3; and DOH). Structures were acquired after conformational
analysis of the protonated molecule and both “standard” and high-level DFT optimization.
Note that, unlike melphalan, Naa is the least favored protomer. Similar dipole moments
are observed for each protonation site. The global energy ranking is given for each

compound and per DFT optimization level.

Analvt Protonation DFT opt. E-ranking Relative E Boltzmann Dipole CCStun2 CCS,,p,.
nalyte
site level (per level) (kcal/mol) weight (%) (Debye) (A?) (A?)
Standard 1 0.0000 10.87 11.23 179.6
N 179.1 ( 0.9)
Mel High 1 0.0000 8.23 10.55 178.7
) Standard 17 1.0718 1.78 5.00 170.6
N 169.9 (+ 1.5)
High 5 0.2027 5.85 5.09 174.1
. Standard 126 7.5470 0.00 8.50 181.3
N
DOCH, A High 119 5.7718 0.01 9.78 180.8
172.2 (£ 0.9)
) N Standard 1 0.0000 15.76 7.97 182.3
oere High 1 0.0000 11.98 8.02 181.7
Nao Standard 26 47214 0.01 3.73 156.1
DOH High 34 5.3294 0.01 9.80 166.3
165.3 (+ 0.6)
() Now* Standard 1 0.0000 35.99 6.57 164.6
High 1 0.0000 36.68 6.99 164.4

1 Expected protonation site in solution (i.e. based on pK,)
* Favoured protonation site in the gas phase (i.e. based on Boltzmann weights)
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Table 4

Overview of the lowest-energy structure for each of the benzocaine and aniline
protomers, after conformational analysis of the protonated molecule and both “standard”
and high-level DFT optimization. For all molecules (apart from ortho-benzocaine)
significantly different CCS values are observed for both protomers. Standard-level DFT
optimization tends to underestimate CCS values, but similar dipole moments are
observed at both levels anyway.

Analyt Protonation DFT opt. E-ranking Relative E Boltzmann Dipole CCStun2 CCS,,,.
nalyte
site level (per level) (kcal/mol) weight (%) (Debye) (A?) (A?)
Standard 1 0.0000 67.22 2.73 132.0
Oco* 131.7 (£ 0.8)
para-benzocaine High 1 0.0000 74.22 2.62 132.5
(V) Standard 5 11.6453 0.00 15.75 140.9
Nure™ 147.5 (x 0.6)
High 5 11.9007 0.00 15.59 145.2
o Standard 5 9.9485 0.00 0.99 131.0
ortho-benzocaine «© High 3 9.9485 0.00 1.04 131.0
135.2 (£ 0.3)
V) . Standard 1 0.0000 68.58 5.54 131.5
N
N2 High 1 0.0000 7459 5.30 133.4
Standard 1 0.0000 45.62 0.96 133.9
Oco 133.6 (x 1.1)
meta-benzocaine High 1 0.0000 57.02 0.87 133.5
(V1) Standard 5 1.3987 4.30 13.25 140.8
[NV 146.4 (£ 0.8)
High 5 2.4900 0.85 13.05 143.8
Standard 1 0.0000 99.22 1.67 111.5
ring (para-)* 112.9 (= N/A)
Aniline High 1 0.0000 90.60 1.62 110.7
(v Standard 2 2.9687 0.68 7.18 114.9
Nuiz" 118.0 (+ 2.8)
High 2 1.3535 9.36 7.07 118.5

1 Expected protonation site in solution (i.e. based on pK,)
* Favoured protonation site in the gas phase (i.e. based on Boltzmann weights)



663 Table 5

664 Comparison of CCS values calculated for structures with or without their charge
665  distribution. Apart from melphalan (1), the effect of the charge distribution is essential in
666  order to calculate a distinct CCS for each of the compound's protomers.

Analyte Protonation CCS..... (A?)
site Charge distr. | No charge distr.

Mel Nei 170.6 149.0
U] Naa 179.6 155.9
DOCH; Nochs 181.7 161.8
(1) Naa 180.8 161.5
DOH Now 166.3 144.4
(1 Naa 164.4 142.0
para-benzocaine Oco 132.5 109.2
(V) Nz 145.2 109.4
ortho-benzocaine Oco 131.0 105.2
(V) Ntz 133.4 106.1
meta-benzocaine Oco 133.5 109.4
(V1) [\ 143.8 108.8
Aniline ring (para-) 110.7 76.6
(v Ntz 118.5 76.6
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