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Protomers: formation, separation and
characterization via travelling wave ion
mobility mass spectrometry
Priscila M. Lalli,a Bernardo A. Iglesias,b Henrique E. Toma,b
Gilberto F. de Sa,c,d Romeu J. Daroda,c Juvenal C. Silva Filho,d
Jan E. Szulejko,e* Koiti Arakib* and Marcos N. Eberlina*
Travelling wave ion mobility mass spectrometry (TWIM-MS) with post-TWIM and pre-TWIM collision-induced dissociation (CID)
experiments were used to form, separate and characterize protomers sampled directly from solutions or generated in the gas
phase via CID. When in solution equilibria, these species were transferred to the gas phase via electrospray ionization, and then
separated by TWIM-MS. CID performed after TWIM separation (post-TWIM) allowed the characterization of both protomers
via structurally diagnostic fragments. Protonated aniline (1) sampled from solution was found to be constituted of a
ca. 5:1 mixture of two gaseous protomers, that is, the N-protonated (1a) and ring protonated (1b) molecules, respectively.
When dissociated, 1a nearly exclusively loses NH3, whereas 1b displays a much diverse set of fragments. When formed via
CID, varying populations of 1a and 1b were detected. Two co-existing protomers of two isomeric porphyrins were also
separated and characterized via post-TWIM CID. A deprotonated porphyrin sampled from a basic methanolic solution was
found to be constituted predominantly of the protomer arising from deprotonation at the carboxyl group, which dissociates
promptly by CO2 loss, but a CID-resistant protomer arising from deprotonation at a porphyrinic ring NH was also detected and
characterized. The doubly deprotonated porphyrin was found to be constituted predominantly of a single protomer arising from
deprotonation of two carboxyl groups. Copyright © 2012 John Wiley & Sons, Ltd.
Keywords: protomers, protonation site; aniline; pyridyl porphyrins; electrospray ionization; travelling wave ion mobility; mass
spectrometry, gas phase acidity, gas phase basicity
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The determination of the intrinsically most favorable sites for
protonation or deprotonation of molecules exhibiting multiple
basic or acidic sites is a matter of great fundamental and practical
relevance.[1] However, the analytical task involving the detection
and characterization of ideally gaseous isomers resulting either
from the addition (protomers) or removal of protons from different
sites has been challenging. Several techniques have been
employed for protomer characterization in the gas phase, but
contrasting results have been reported for several molecules[1–8]
including aniline, the most classical model for protonation site
studies. Earlier calculations at the STO-3G level using isodesmic
reactions have indicated preferable N-protonation as compared
to ring protonation (preferably para to the amine group),[2] but
with an energy difference of only 1–3 kcal mol1. Subsequent
determinations of proton afﬁnity suggested that some substituted-anilines were preferentially ring-protonated showing a
contrasting behavior as compared with the parent aniline.[3]
Collision-induced dissociation (CID) experiments gave similar
results for p-alkylanilines, whereas N-alkylanilines were shown
to be almost exclusively N-protonated.[4] In 1990, Karpas et al.[5]
employing conventional ion mobility coupled to mass spectrometry (IM-MS) was able to separate two protomers of aniline which
were tentatively assigned to the N- and ring-protonated isomers,
but peak attribution could not be performed. Ion/molecule
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reactions have also been applied, indicating the co-existence of
two gaseous protomers of aniline, the N-protonated isomer
being kinetically favored.[6] More recently, Russo et al.[7] performed
different levels of theoretical calculations showing that whereas
the energy gap between N- and ring-protonated aniline at the
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para-position is very sensitive to the theoretical method employed,
the results using the highest calculation levels (MP4 and G2(MP2))
were always consistent, suggesting that the protonation at the
para-position of the aromatic ring is favored by only 0.5–0.7 kcal
mol1, in accord with the CID experiments. Ion/molecule reactions
of halobenzenes with ammonia, as well as electrospray ionization
(ESI) were reported to produce dominantly N-protonated aniline,
characterized by collision activation.[8] In all cases, therefore, the
aniline N-atom and the C-atom at the para-position relative to
the amine group are the most favorable protonation sites. However, despite the extensive work carried out with this prototype
molecule, the exact proportion of aniline protomers sampled from
solution or formed in the gas phase remains uncertain.
Ion mobility spectrometry (IMS) separates ions on the basis of
their masses, charges and shapes (as usually measured by collision cross sections) while they travel through a drift gas under
the inﬂuence of an electric ﬁeld.[9] When combined to MS, IMS
adds therefore shape as a new dimension of analysis in addition
to m/z ratios, greatly increasing the range of analytical applications of MS.[10] IM-MS has therefore been employed to resolve
several types of isomers,[11] in the characterization of complex
mixtures, such as polymers[12] and crude oil,[13] in structural
analyses of small molecules, supramolecular assemblies[14] and
biomolecules.[15] Recently, travelling wave ion mobility (TWIM)
has been coupled to MS and introduced as a new mode of
ion propulsion (and separation) for TWIM-MS experiments.[16]
Unlike conventional IMS, in which a low electric ﬁeld is applied
continuously to the IM cell, TWIM uses a continuous train of
transient voltage pulses (travelling waves) to drift the ions
through a very compact and effective IM cell (18.5 cm long).
For structural elucidation, a unique and welcome feature of
the commercial TWIM-MS setup is the possibility to perform
either pre-TWIM or post-TWIM CID of mass selected ions.
Recently, we have demonstrated the possibility of analyzing
mixtures of ruthenated meso-phenyl(meta- and para-pyridyl)

porphyrin isomers by TWIM-MS.[17] Herein, using four model
molecules (Scheme 1), we have tested the ability of TWIM-MS
to form, separate, quantitate and characterize protomers of
aniline (1) and several porphyrins (2–4) using CO2, a relatively
massive and polarizable drift gas[18] in an attempt to enhance
resolution.

EXPERIMENTAL
Travelling wave ion mobility experiments
TWIM-MS experiments were performed using a ﬁrst generation Waters Synapt HDMS (high-deﬁnition mass spectrometer,
Manchester, UK). This instrument, described in detail elsewhere,[16]
has a hybrid quadrupole/ion mobility/orthogonal acceleration
time-of-ﬂight geometry. Acidic methanolic solutions of aniline (1),
meso-tetra(4-pyridyl)porphyrin (2) and meso-tetra(3-pyridyl)
porphyrin (3) were analysed separately via ESI in the positive
ion mode, whereas a basic methanolic solution of meso-tetra
(4-carboxyphenyl)porphyrin (4) was analyzed via ESI in the negative
ion mode.
In our Synapt HDMS instrument, the TWIM entrance and exit
apertures were reduced from 2-mm to 1-mm diameter to allow
drift gas pressure to be efﬁciently increased over 1 mbar without
any substantial detrimental effect on MS performance.
Typical ESI() source conditions were as follows: capillary
voltage 3.0 kV or 2.5 kV (for positive and negative ion mode,
respectively), sample cone 30 V, extraction cone 3.0 V, source
temperature 100  C, desolvation temperature 100  C, desolvation ﬂow rate 400 mL min1 of N2. In all experiments, the ions
of interest were mass selected by the quadrupole prior to TWIM
separation. The TWIM cell was operated at a pressure of 1.0
mbar of CO2, with wave velocity and wave height adjusted for
each species analyzed (Table 1) such that the ion drift times
were centered in the drift time window. For MS experiments,
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Scheme 1. Structures of aniline (1), para- (2) and meta- (3) isomers of meso-tetrapyridylporphyrin and meso-4-tetra(carboxyphenyl)porphyrin) (4).
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Table 1. Wave parameters (velocity and height) set for TWIM separation and transfer collision energy values for MS/MS experiments for each of the
mass selected species used in this work
Compounds

m/z

Aniline
tetra(3-pyridyl)porphyrin
tetra(4-pyridyl)porphyrin
tetra(3-pyridyl)porphyrin
tetra(4-pyridyl)porphyrin
tetra(4-carboxyphenyl)porphyrin

94
619
619
310
310
789

tetra(4-carboxyphenyl)porphyrin

394

Species
+

[M + H]
[M + H]+
[M + H]+
[M + 2H]2+
[M + 2H]2+
[M - H][2M - 2H]2[M - 2H]2-

trap and transfer cells were operated at a pressure of 1.0 x 102
mbar of argon at 6 and 4 V, respectively. For MS/MS experiments using CID, trap parameters were kept the same, while
transfer energy was increased to values optimized for each
species (Table 1) depending on the fragment ion stability such that
sufﬁcient dissociation was achieved for structure determination.
Experiments were acquired over the m/z range of 50 to 1000
and a mass resolving power of about 7000 at m/z 540.
Calculation of theoretical collision cross section
Structure optimization was performed using the density function theory basis sets B3LYP/6-311G(d,p) implemented in the
Gaussian 3[19] molecular modeling software. Theoretical collision

Figure 1. ESI(+)-TWIM-MS drift time plot showing the two protomers of
the gaseous protonated species of m/z 94.07 sampled from an acidic
methanolic solution (pH 4.0) of aniline.

Wave velocity (m/s)

Wave height (V)

Transfer CE (V)

300
180
180
300
300
300

16
30
30
25
25
30

25
70
70
40
40
40

300

30

22

cross section (Ω) values were calculated using the open source
software program MOBCAL[20] trajectory method.

RESULTS AND DISCUSSION
Figure 1 shows the TWIM-MS plot of mass selected protonated
aniline (m/z 94.07) generated via ESI(+) from a methanolic and
acidic solution of aniline. Note the two well-resolved peaks at
3.87 and 4.95 ms, and the relative intensity ratio of about 1:5.
This quite gentle separation process, in which no substantial
ion heating occurs thus avoiding any substantial collisional
activation,[9] and the detection of the intact nearly undisturbed
ion population, suggests that two gaseous protomers of aniline
coexisted inside the TWIM cell at near room temperature, as
observed by Karpas et al.[5] Methanolic solutions of aniline at
different pHs (2.0, 4.0 and 7.0) were also investigated by
TWIM-MS, and no changes in the 1:5 proportion were observed.
Note that upon ESI(+), a drop of more than 4 pH units may occur
due to the electrolytic oxidation of the solvent.[21] This constancy
indicates 1:5 to be the intrinsic proportion of the two gaseous
aniline protomers, but peak attribution is still missing as was the
case in the Karpas experiment. [5]
To characterize the two separated protomers, post-TWIM CID
was therefore performed in the transfer collision cell (Fig. 2).
Interestingly, the slower, more abundant protomer (drift time of
4.95 ms) was found to dissociate nearly exclusively by NH3 loss
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Figure 2. ESI(+)-TWIM-MS/MS of the two aniline protomers of m/z 94.07 with drift time equal to a) 4.95 ms and b) 3.87 ms.
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to give the phenyl cation of m/z 77.0516, which is known[8,22] to
fragment further to the ion of m/z 51.0464 via acetylene loss
(Fig. 2a). Note that this prompt and nearly exclusive NH3 loss is
consistent with the gaseous N-protonated species 1a (Scheme 2).
The less abundant protomer found at 3.87 ms also dissociates by
NH3 plus C2H2 loss (Fig. 2b), but other competitive pathways are
observed indicating ring protonation (1b). Note that loss of
NH3 from 1b seems to require 1b ! 1a isomerization; hence,
CID-induced isomerization may explain the contrasting results
observed previously for aniline protomers sampled with different degrees of collision activation.[2–8]
NH2

NH3+
- NH3

H H
1b

1a

Theoretical collision cross section (Ω) calculated for 1a and 1b
(54.10  4.20 Å2 and 53.10  4.20 Å2, respectively) shows that
protonation at different sites causes little change on the size or
shape of this pair of protomers. Therefore, it seems that protomer
separation by TWIM could be achieved mainly due to their contrasting charge distribution. Ions with uneven charge distribution
and high polarity and/or high polarizability should form stronger
proton bound heterodimers with the drift gas molecules with a
lifetime long enough to survive over several mean free paths
whereas ions with more delocalized charge are more largely free
between collisions.[23] For this reason, the N-protonated aniline
(at 4.95 ms), in which the positive charge is more localized in
the NH+3 group, takes a longer time to travel through the TWIM
cell and therefore can be separated from ring-protonated aniline
(at 3.87 ms), in which the positive charge is delocalized in the
benzene ring.
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Scheme 2. Dissociation routes proposed for ring-protonated aniline (1b).
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Figure 3. ESI(+)MS-TWIM-MS drift time plot for protomers of m/z 94.07
formed in the gas phase via pre-TWIM CID of mass-selected protonated
a) N-butyl aniline and of b) p-butyl aniline.

Figure 4. ESI(+)-TWIM-MS drift time plots of the singly charged
protomers of m/z 619.24 from acidic methanolic solutions of a) mesotetra(4-pyridyl)porphyrin (2) and b) meso-tetra(3-pyridyl)porphyrin (3)
and c) of the doubly charged protomer of m/z 310.11 of meso-tetra
(4-pyridyl)porphyrin (2c). Note that Fig. 4a–b and Fig. 4c plots were
acquired with different wave parameters (Table 1), and therefore drift
time values cannot be directly compared.
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Interestingly, both N-butyl aniline and p-butyl aniline displayed a
single protomer signal in TWIM-MS plot (not shown), and their CID
chemistry was characterized by butane loss which is not elucidative
for the assignment of the protonation site. However, such fragmentation process forms protonated aniline of m/z 94.07, which
allowed us to investigate, via the unique pre-TWIM CID experiments offered by the Synapt design, the relative population of
N- and ring-protonated protomers of aniline formed in the gas
phase via CID of either protonated N-butyl aniline or p-butyl aniline
(Fig. 3). Using such conditions, the population of the two aniline
protomers differed considerably from that observed when the ions
were sampled directly from acidic methanol solutions (Fig. 2). In
both cases, the ring-protonated protomer 1b was formed in much
greater extent, such that its amount was even greater than the
amount of N-protonated protomer 1a when the protonated aniline
was obtained from protonated p-butyl aniline by butene loss. The
site of protonation in the parent molecule seems therefore to play
a major role on the proportion of the nascent protomers of aniline,
with N-alkylation but more pronouncedly ring-alkylation favouring
ring protonation. Similar amounts of both protomers were generated from protonated N-butyl aniline. Clearly, the resulting pair of
nascent protomers formed by CID with isolated species is not
at the equilibrium condition. Accordingly, the intramolecular
proton transfer process in the gas phase, required for the isomerization/interconversion of 1b to 1a, must be slow considering
the time scale of TWIM-MS experiments.
Porphyrins, both from natural and synthetic sources, are molecules of great importance in many ﬁelds,[24] and pyridyl groups
are particularly suitable as porphyrin substituents owing to their
effective coordination properties.[25] ESI-MS[26] and ESI-TWIMMS[17] have been used to characterize the isomers of ruthenated
meso-pyridylporphyrins, but meso-tetrapyridylporphyrins (TPyP)
also are interesting model systems due to the presence of
multiple protonation sites. In fact, it is possible to add up to four

protons to the peripheral pyridyl groups and two protons to the
porphyrin ring allowing the formation of several protomers. The
resulting protonated species is stabilized by solvation in aqueous or polar solvent solution, but electrostatic repulsion generally inhibits the formation of gaseous species protonated at
multiple sites. Thus, TWIM-MS technique was used to resolve
and characterize the species present in MS-selected mixtures
of TPyP protomers. Methanolic solutions of the isomeric mesotetra(4-pyridyl)porphyrin (2) and meso-tetra(3-pyridyl)porphyrin
(3) were therefore separately analyzed. Surprisingly, two peaks
were observed (Fig. 4a-b) for each of the monoprotonated
[M + H]+ isomers of m/z 619.24 suggesting the coexistence of
two distinct protomers. This result indicates that protonation took
place not only in the more basic peripheral pyridyl substituents,
but also in the inner porphyrin ring generating an isomeric monoprotonated species. In contrast, the bis-protonated [M + 2H]2+
species of m/z 310.11 exhibited a well-deﬁned, symmetrical single
peak in the TWIM-MS drift time plot (Fig. 4c), suggesting the
predominant formation of one doubly charged species among
the three possible combinations: cis-pyridyl, trans-pyridyl and
pyridyl-porphyrin ring. Probably, the ‘vicinal’ cis-pyridyl protonated
species is the less stable species in gas phase, but it is rather
difﬁcult to decide which one is more stable among the remaining
two doubly charged species.
These results contrast with those generally found in solution.[27]
The monocationic ring-protonated species is not observed in solution because the bis-protonated porphyrin is preferentially formed
after protonation of the peripheral pyridyl sites. This clearly shows
that these sites, with more localized positive charges, are more
strongly stabilized by solvation than the protonated porphyrin ring
with much more delocalized positive charge inverting the protonation sequence found in the gas phase.
Figure 5 shows the TWIM-MS/MS for CID of the two separated
4-TPyP protomers 2a and 2b. The slower protomer 2a (at 3.2ms)
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Figure 5. ESI(+)-TWIM-MS/MS of the two singly charged protomers of m/z 619.24 with drift time equal to a) 3.29 and b) 2.65 ms generated from acidic
methanolic solution of meso-tetra(4-pyridyl)porphyrin (2).
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loses preferentially neutral pyridine (m/z 540.2065) in the primary
dissociation process, whereas the faster protomer 2b dissociated
forming neutral pyridine (m/z 540.2065) and a pyridyl radical
(m/z 541.2140) to similar extents. The preferential loss of neutral
pyridine is generally indicative of protonation at the pyridyl substituent, whereas loss of a pyridyl radical seems more consistent
with the dissociation of a core protonated species. Therefore,
the faster protomer 2b (at 2.6 ms) was assigned to the inner Nporphyrinic ring-protonated species. The meso-tetra(3-pyridyl)
porphyrin showed similar TWIM-MS/MS CID behaviour.
Again, the extent of charge delocalization seems to be useful to
explain the elution (drift time) order of the pyridyl and porphyrin
ring-protonated protomers of TPyP in CO2 atmosphere. Charge
density is highly localized in the pyridyl-protonated protomer 2a
(at 3.29 ms) which therefore should interact more strongly with
CO2 and is slowed down. The positive charge is, however, more
delocalized in the core-protonated protomer 2b (at 2.65 ms) thus
explaining its faster elution. As for intrinsic basicity, the pyridyl
group seems to be more basic and its proton afﬁnity higher than
the inner porphyrin ring N-pyrrolic sites, whereas meta versus para
substitution seems to have little effect on those properties since

Figure 6. ESI()-TWIM-MS/MS drift time plot for the ions of m/z 789.28
generated from a basic methanolic meso-tetra(4-carboxyphenyl)porphyrin
solution.

no signiﬁcant change could be observed in the TWIM-MS/MS CID
behavior as far as competition for protonation sites is considered.
The negatively charged ‘de-protomers’ generated by deprotonation of meso-tetra(4-carboxyphenyl)porphyrin (4) were also investigated by ESI()-TWIM-MS. Figure 6 shows the drift time plots
for the selected ions of m/z 789.28. Note that three peaks were
detected: one at 4.86 ms with an isotopomeric ion separation
of 0.5 m/z revealing to be a doubly charged [2M – 2H]2- species;
and two additional peaks at 9.28 and 11.01 ms corresponding to
a couple of singly charged [M – H]- species, but the 11.01 ms
species being much more abundant. Note that the doubly
charged species are subjected to higher acceleration by the TWIM
electric ﬁeld and therefore display a much shorter drift time.
Post-TWIM CID was then performed for the two negatively
charged protomers (Fig. 7). Interestingly, in a structurally diagnostic fashion,[28] the more abundant species at 11.01 ms promptly
and near exclusively loses CO2 (Fig. 7a), forming the ion of m/z
745.2836, whereas the less abundant species at 9.28 ms is much
more stable under the same CID conditions (Fig. 7b). Prompt loss
of CO2 indicates deprotonation at the carboxylate group (4a)
whereas resistance to dissociation is consistent with deprotonation
at the porphyrin core (4b). Also, the signiﬁcantly much lower basicity expected for the phenylcarboxylate substituent as compared
with the deprotonated porphyrin ring species can account for
the predominant deprotonation of the carboxylic acid group in 4.
According to the above discussed results, the monoanionic
species 4a formed by deprotonation of a peripheral carboxylate
group is observed at 11.0 ms in the drift time plot, been slower
than 4b (9.3 ms), due likely to more localized negative charge
distribution and hence stronger interaction with the drift gas
molecules (CO2).
As Fig. 8a shows, TWIM-MS of the doubly deprotonated mesotetra(4-carboxyphenyl)porphyrin 4 of m/z 394.1, viz. [M - 2H]2species, shows a quite sharp and symmetrical single peak indicative of formation of a single doubly charged species 4c. Its
post-TWIM CID data (Fig. 8b) shows an interesting chemistry with
two consecutive losses of CO2, that is CO-.2 (m/z 700.2799) and then
neutral CO2 (m/z 744.2723) therefore indicating deprotonation
at two carboxylic acid groups, probably in trans position for
maximum charge separation. In this case, the energy difference
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Figure 7. ESI()-TWIM-MS/MS for CID of the two singly charged ‘de-protomers’ of m/z 789.28 with drift time equal to a) 11.01 ms and b) 9.28 ms
generated from a basic methanolic solution of meso-tetra(4-carboxyphenyl)porphyrin (4).

P. M. Lalli et al.

Figure 8. a) ESI()-TWIM-MS drift time plot and b) ESI()-TWIM-MS/MS for post-TWIM CID of the doubly deprotonated meso-tetra(4-carboxyphenyl)
porphyrin of m/z 394.14.

for formation of the deprotonated porphyrin ring is much higher
than for the deprotonation of a second carboxylic acid group, thus
generating the trans dianionic species 4c. Interestingly, there is no
indication of the co-existance of the trans- and cis-carboxylate
species, which points to high enough electrostatic repulsion ensuring only the formation of the trans protomer 4c.

CONCLUSION
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Singly or doubly charged protomers of aniline and/or several
porphyrins have been formed, separated and characterized
using TWIM-MS and TWIM-MS/MS experiments employing
pre-TWIM and post-TWIM CID. Although these isomers display
similar sizes and shapes, and the same charges, protonation or
deprotonation in different sites causes substantial differences
in charge distributions that seem to be the major effect promoting proper separation in the TWIM cell using the polarizable CO2
as the drift gas. Proton bound heterodimers with CO2 of
contrasting strengths and lifetimes are likely formed, hence
ensuring their proper resolution. Post-TWIM CID enabled protomers to be characterized via structurally diagnostic CID, and
such characterization was for the ﬁrst time done for aniline
protomers. Protomer ratios for aniline sampled from equilibrium
in solution or formed in isolated forms in non-equilibrium conditions in the gas phase via pre-TWIM CID were also shown via
TWIM-MS to vary substantially. Protonated aniline sampled from
solution equilibrium was found to be consistent with a mixture
of two protomers, the N-protonated and ring-protonated species,
in ca. 5:1 ratio whereas these two isomers were produced in different relative amounts from gas phase CID of speciﬁc precursor
molecules at non-equilibrium conditions. For the porphyrins, the
formation of unusual ring-protonated and deprotonated porphyrin
species was observed in the gas phase. TWIM-MS(/MS) with preor post-TWIM CID has been shown therefore to offer a powerful
structural tool enabling the investigation of protomers and
‘de-protomers’; hence revealing intrinsic acidities and basicities
at competing sites for poly or multifunctional molecules both
from solution or gas phase processes.
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