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Fragmentation of Benzylpyridinium
“Thermometer” Ions and Its Effect on the
Accuracy of Internal Energy Calibration

Konstantin V. Barylyuk, Konstantin Chingin, Roman M. Balabin, and

Renato Zenobi
Department of Chemistry and Applied Biosciences, ETH Ziirich, Ziirich, Switzerland

Electrospray ionization mass spectrometry (ESI-MS) is a powerful analytical method to study
biomolecules and noncovalent complexes. The prerequisite for their intact observation is soft
ionization. In ESI, the internal energy of ions is primarily influenced by collisional activation
in the source. The survival yield method is frequently used to probe the energy deposition in
ions during the electrospray process. In the present work, we investigate the fragmentation
pathways of para-substituted benzylpyridinium ions, the most widely used “thermometer
ions” in the survival yield method. In addition to the C-N bond cleavage, alternative
fragmentation channels were found for the compounds studied. We consider these pathways
to result from intramolecular rearrangements. The effect of these additional fragments on the
accuracy of the internal energy calibration is estimated for both collision-cell and in-source
collision-induced dissociation (CID). Altogether, results presented suggest that a correction of
the energy scale is necessary for the method based on benzylpyridinium ions to precisely

quantify ion internal energies.
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MS) [1] is widely used to characterize various

species, from small organic compounds [2] to
large supramolecular assemblies of biopolymers [3]. In
the ESI source, small charged droplets containing dis-
solved analyte are produced at atmospheric pressure.
As the droplets migrate along a voltage gradient to the
low-pressure region of the mass spectrometer, solvent
evaporates, releasing unsolvated ions. Ions produced in
the ion source undergo collisions with ambient gas mole-
cules and thereby accumulate internal energy. Such colli-
sional activation often results in fragmentation and/or
rearrangement of ions [4, 5]. The effect is more pro-
nounced for weak interactions, such as those involved in
noncovalent complexes, which are widely studied by
ESI-MS [5]. In addition, for instruments with restricted
MS/MS capabilities, so-called in-source CID is frequently
the only way to obtain structural information on the
parent ions. In-source CID strongly depends on instru-
ment parameter settings and experimental conditions,
thus resulting in poor reproducibility of the MS/MS
spectra [5]. Internal energy deposition in ions generally
affects the mass spectra. It is therefore important to control
the ion internal energy for many applications, such as
optimizing the molecular ion abundance, structure deter-

I Electrospray ionization mass spectrometry (ESI-
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mination, differentiation of isomers, MS" experiments,
and in the study of non-ovalent complexes [5].

The survival yield method was introduced to cali-
brate the internal energy distribution of ions after
collisional activation [6, 7]. In this method, compounds
with a simple and well known dissociation pattern,
so-called thermometer ions, are used to probe the
energy uptake due to the activation process. The sur-
vival yield is the ratio of the parent ion intensity to the
sum of parent and fragment ion intensities in the mass
spectrum. It is assumed that all ions that have an
internal energy above some critical energy (E,) undergo
dissociation, while all other ions with an internal energy
lower than E, do not dissociate. The survival yield is
equal to the fraction of ions that have energy below E,,.
This method has often been applied for the evaluation
of the internal energy distribution of ions produced by
electrospray ionization [8, 9].

Several compounds have been introduced as ther-
mometer ions, e.g., transition-metal carbonyl complexes
[7], tetraethylsilane ions [7, 10], and substituted ben-
zylpyridinium salts [11]. Benzylpyridinium ions are
believed to have a very simple fragmentation pattern,
which is an important prerequisite for thermometer
ions [5, 11]. The cleavage of the only C-N bond between
the benzyl and pyridyl moieties gives rise to neutral
pyridine and a substituted benzylium cation (Scheme 1):

The critical energy of benzylpyridinium ions varies
depending on the type and the position of the substitu-
ent on the benzyl moiety [5, 11]. Due to the presumed
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Scheme 1

simplicity of their fragmentation pattern, these com-
pounds have become very popular as thermometer ions
and have been used for a number of mass spectrometry
applications [12-14]. Benzylpyridinium ions have been
used for internal energy calibration of ions produced in
both ESI [8] and MALDI [15] sources.

Recent findings, however, contest the validity of the
approach based on the simple mechanism shown in
Scheme 1. In particular, the possibility of additional
reactions involving benzylpyridinium ions was demon-
strated [16-18]. In the work of Gabelica et al. [16], the
addition of acetonitrile to benzyl cation was observed,
and the kinetics of this ion-molecule reaction was
studied. The rearrangement of benzyl cations into stable
tropylium cations was investigated both experimentally
and by theoretical calculations by Zins et al. [17] and
earlier by Katritzky et al. [18]. A theoretical model,
which was introduced to describe the connection be-
tween the survival yield and the internal energy distri-
bution focuses on the C-N bond cleavage in benzylpyri-
dinium ions [5, 8, 11]. Alternative reaction pathways
can, of course, compromise the reliability of the internal
energy calibration, but their characteristic kinetic con-
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stants and activation energies are usually not taken into
account [19].

In the present work, we investigate the fragmenta-
tion pathways of benzylpyridinium ions in both in-
source and collision-cell CID experiments performed on
two different mass spectrometers. Alternative fragmen-
tation pathways were found, and their effect on the ion
internal energy calibration was assessed. We suggest
that these pathways result from intramolecular rear-
rangement. Although the possibility of rearrangement
reaction is known for benzylium cations [17, 18], the
additional fragments formation has not previously been
reported and characterized.

Experimental
Materials

Benzylpyridinium salts were kindly provided by V.
Gabelica and E. De Pauw (University of Liege) and
were used without further purification. Stock solutions
(1 mg mL™) of 7 para-substituted salts (Table 1) were
prepared individually in water and then diluted 100-
fold with methanol/water (1:1 vol/vol). For mass cali-
bration, a Nal (puriss; Fluka Chemie AG, Buchs Swit-
zerland) solution in 2-propanol/water (1:1 vol/vol) at a
concentration of 2 mg mL™" was used. Methanol and
2-propanol (HPLC grade = 99.9%) were purchased
from Fluka Chemie AG. Deionized water was available
in-house at ETH.

Table 1. Fragments identified in CID experiments on benzylpyridinium ions

Additional fragments

E, (kcal mol™") calculated by  E, (kcal mol™) calculated by [M]* [M-79]"
R AM1? B3LYP/6-311+GP m/z m/z Exact mass  Molecular formula®
p-NO, 54.2 59.3 215 136 169.0887 C,,Hy,N
106.0419 C,H,0
90.0474 C,Hq
78.0471 CoHe
p-CN 48.4 55.6 195 116 89.0375 C,Hs
p-CH3 40.8 44.4 184 105 103.0542 CgH,
79.0542 CoH,
77.0382 CoHs
p-F 43.1 48.0 188 109 89.0402 C,Hs
83.0300 CsH.F
p-Cl 43.8 47.3 204 125 99.0000 CgH,CI
89.0386 C,Hs
p-tBu - 42.6 226 147 132.0935 CroHia
119.0856 CoHi1
117.0701 CoHy
107.0858 CsHis
105.0700 CsHo
91.0544 C,H,
p-OCH,3 34.8 35.6 200 121 106.0405 C,HsO
91.0535 C,H,
77.0385 CeHs
2From [29].

PSee the Experimental section.
°Deduced from exact masses of the fragments.
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Mass Spectrometry

Mass spectrometry experiments were performed on two
commercial electrospray ionization (ESI) instruments, a
Fourier transfer ion cyclotron resonance (FI-ICR) instru-
ment (Varian/Ion Spec, Lake Forest, CA, USA) and a
hybrid quadrupole-time-of-flight (Q-TOF) mass spec-
trometer (QTOF Ultima; Micromass, Manchester, UK).
Both instruments have the same ion source interface, a
so-called Z-spray source (Micromass). An automated
chip-based nanoESI robot (NanoMate model 100; Advion
Biosciences, Ithaca, NY, USA) was used for ion generation
on the Q-TOF mass spectrometer. A voltage of 1.3 kV was
applied to the chip nozzle, and a 5 bar backing pressure
was used to assist the sample flow. The distance to the
sampling cone was adjusted to optimize the spray. The
sample flow was maintained at 200 nL min™". In FT-ICR
measurements, a conventional electrospray configuration
was used. The capillary voltage was 4 kV, no auxiliary gas
was applied, and the sample flow was maintained at 2 uL
min™".

For both instruments, the ion source temperature
was maintained at 60 °C for efficient desolvation, but to
avoid thermal dissociation of analyte ions. On the
Q-TOF, the sampling cone voltage was varied in the
range of 80-240 V during in-source CID experiments
and was kept at 50 V for MS/MS measurements. The
voltage on the first ion guide was kept at 40 V. The
transmission of ions through the quadrupole was opti-
mized for the range of m/z 50-300. On the FT-ICR, the
sampling cone voltage was varied in the range of 30-100
V and the extractor cone voltage was kept at 10 V.

Collision-induced dissociation (CID) was used in
MS" experiments. On the Q-TOF, ions were activated
inside a hexapole collision cell, while sustained off-
resonance irradiation (SORI) [20, 21] was applied to
activate ions inside FT-ICR trap. Argon was used as
collision gas. On the Q-TOF, the collision energy offset
was varied from 2 to 20 eV. In case of in-source CID
experiments, a typical collision energy setting of 10 eV
was used for optimal ion transmission and sensitivity.
In SORI-CID experiments, the frequency offset was
varied in the range of 600-3000 Hz and an activation
amplitude of 1-5 V was used; a pulse duration of 0.5 s
was used. The mass spectra acquisition time was 1 s for
both instruments.

Data Processing for Calibrating lon Internal
Energies

In-source CID and MS/MS spectra of p-substituted
benzylpyridinium obtained from the QTOF Ultima in-
strument were used to evaluate the internal energy
distribution of ions [22]. Briefly, for each data point,
mass spectra were accumulated for 10 s (MassLynx 4.0;
Waters, Manchester, UK). The intensities of precursor
and fragment ion peaks were used to calculate the
survival yield. Calculated survival yield values were
averaged over the number of iterations and plotted
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against the critical energy of the corresponding ben-
zylpyridinium ion fragmentation according to Scheme
1. The resulting data points were fitted with a Boltz-
mann equation model with OriginPro 8 (OriginLab
Corp., Northampton, MA, USA). The internal energy
distribution was obtained by calculating the derivative
of the Boltzmann distribution. Mean internal energy
values were plotted against the variable experimental
parameters (cone voltage or collision energy) fol-
lowed by linear fitting to obtain the ion internal
energy calibration.

Critical energies (Table 1) of benzylpyridinium ions
were calculated at the B3LYP/6-311+G(2d,p) level of
theory (up to 579 basis functions) using B3LYP/6-
31G(d) optimized geometries. All calculations were
performed with Gaussian 03 (Gaussian Inc., USA) [23].
The expected uncertainty of this treatment is ~10 kcal
mol~}, which is a factor of 1.5-2 lower than that of the
AM1 model [24, 25].

Results and Discussion

The fragmentation of 7 para-substituted benzylpyri-
dinium ions was studied with two different mass spec-
trometers, a Q-TOF and a FT-ICR. Table 1 summarizes
the results for CID experiments. For all the compounds
examined, additional fragments were observed besides
the major fragment ion [M — 79]" corresponding to the
loss of neutral pyridine (Scheme 1). Exact mass mea-
surements were performed to determine the molecular
formulae of the additional fragments (Table 1). Figure 1
shows tandem mass spectra (a and b) and in-source CID
mass spectra (c and d) of p-cyanobenzylpyridinium
recorded on the FT-ICR instrument. At low collision

—[M-79]* 1 — M
116 195

M-791"
149 116

50 100 150 200 250 300 50 100 150 200 250 300
(a) (c) m/z

—[M-79]* —[Mm-791*
116 116
89 149 Mr*
| | 89 195

50 100 150 200 250 300 50 100 150 200 250 300
(b) miz (d) miz

Figure 1. CID fragmentation spectra of para-cyanobenzylpyridinium
ion acquired on the FT-ICR. (a) SORI-CID, excitation voltage 2 V;
(b) SORI-CID, excitation voltage 4 V; (c) in-source CID, cone
voltage 40 V; (d) in-source CID, cone voltage 80 V. Precursor and
fragment ion peaks are annotated with m/z values, and the
precursor ion and benzylium fragment peaks are marked with
[M]* and [M — 79]%, respectively. *Phthalate fragment m/z 149, a
common ion source contaminant [30], which did not interfere with
the result of experiment.
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energy or cone voltage, the parent ion [M]" (m/z 195)
and benzylium fragment [M — 79]" (m/z 116) were
predominant (Figure 1a and c). When increasing the ion
activation, the intensity of the [M]" peak went down,
while the intensity of the [M — 79]" peak grew, yet
another fragment ion peak at m/z 89 was observed
(Figure 1b and d). Most other compounds featured a
similar behavior, differing only in the number of frag-
ments with their characteristic energies of appearance.
In the case of p-nitrobenzylpyridinium (Figure 2), two
additional fragment peaks at m/z 169 and 106 were
registered along with [M]" (m/z 215) and [M — 79]"
(m/z 136), even at low activation energies (Figure 2a and
). Two more fragment peaks at m/z 90 and 78 showed
up at higher values of activation parameter (Figure 2b
and d). The critical energy E, for C-N bond cleavage
between the benzyl and pyridyl moieties is relatively
high for p-nitrobenzylpyridinium, since the strong
electron-withdrawing effect of the NO, group in the
para-position destabilizes the benzylium cation. Alter-
native unimolecular reactions may have activation en-
ergies that are similar or equal to E, and can therefore
proceed in parallel with the typical fragmentation ac-
cording to Scheme 1.

The masses of the additional fragments (except for
the case of p-nitrobenzylpyridinium) are below [M —
79]" (Table 1). These ions cannot be produced easily by
direct bond cleavage of benzylpyridinium. We there-
fore suggest that a rearrangement of either parent or
benzylium ion takes place first, followed by an alterna-
tive fragmentation. The rearrangement of the benzy-
lium cation into a stable tropylium cation was previ-
ously studied experimentally and by quantum chemical

(M1 IMJ*
215 215

[M-79]* M-791*
136 136
106 |
169 {
106 | 78 |f 1ol

(a)f’“ 100 wéum!zzéo 250 300 (c)éo 100 150

200 250 300
m/z

106~ [m-797* -M-791*
136 136

169

(M]*
7890 215
| I
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(b) miz (d) miz

Figure 2. CID fragmentation spectra of para-nitrobenzylpyridinium
ion acquired on the Q-TOF instrument. (a) Collision cell CID,
collision energy 12 eV; (b) collision cell CID, collision energy 22
eV; (c) in-source CID, cone voltage 140 V; (d) in-source CID, cone
voltage 180 V. Precursor and fragment ion peaks are annotated
with m/z values, and the precursor ion and benzylium fragment
peaks are marked with [M]" and [M — 79]", respectively. Peaks
that are not annotated correspond to common ion source contam-
inants and sample impurities [30]. These impurities did not
interfere with the result of experiment.
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calculations [17, 18]. In the present study, we also
observed that additional fragment ions can be produced
in the MS? experiment on [M — 79]" (data not shown),
supporting the mechanism of benzylium cation rear-
rangement. The results of SORI-CID experiments in the
FT-ICR instrument, however, suggest yet another
mechanism. In these experiments, the fragmentation of
parent ion [M]" gave rise to the major and the addi-
tional fragments simultaneously (Figure 1b). In SORI-
CID, cyclotron motion of precursor ions is excited by a
near resonance RF pulse. Multiple collisions of thus
accelerated ions with buffer gas molecules induce the
dissociation. SORI-CID is a selective ion activation
method, in which only ions of a particular m/z value are
dissociated. Fragments produced do not dissociate fur-
ther [20, 21]. Thus, all the fragments observed must
originate from the parent ion. We can therefore conclude
that several fragmentation pathways are open upon acti-
vation of benzylpyridinium ions and that the cleavage of
C-N bond between pyridyl and benzyl moieties is the
lowest energy fragmentation channel in most cases.

In view of our findings, the question arises whether
the model proposed by De Pauw [5, 8, 11] needs to be
extended to accurately describe the ion internal energy
distribution of benzylpyridinium ions, and whether
benzylpyridinium ions are an ideal choice as thermom-
eter ions. The theoretical model by De Pauw describes
the internal energy distribution for the limit where C-N
bond cleavage is the one and only fragmentation reac-
tion taking place. However, as shown here for ben-
zylpyridinium ions, several reactions proceed simulta-
neously or sequentially. Each of these reactions is
characterized by its own kinetic and thermodynamic
parameters that should be taken into account. In the
strict sense, De Pauw’s model is incomplete, because it
does not take into account these additional fragmenta-
tion pathways of the benzylpyridinium ions.

We therefore carried out lower-bound estimates of
the effect of these additional fragmentation channels on
the ion internal energy according to the De Pauw’s
theoretical model. Since the formation of the [M — 79]"
fragment is the lowest energy fragmentation channel
and all other reactions proceed at higher activation
energy, the loss of neutral pyridine is the dominant
reaction at an energy equal to E, To simplify the
analysis, we assume that additional fragments are pro-
duced by reactions having the same kinetic and ther-
modynamic parameters as the major one. In this case,
the system has only one explicit parameter (E), and De
Pauw’s theoretical model can still be applied. The only
difference is that the survival yield must be calculated,
taking into account the entire set of fragments. At each
ion activation parameter (collision energy or cone volt-
age) value, the mean internal energy of the ions can be
derived and used to build a calibration plot.

Figure 3 shows the relationship between ion mean
internal energy and ion activation parameter obtained
with Q-TOF. Ion internal energies were calculated tak-
ing into account only the [M — 79]" intensity (filled
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Figure 3. Ion internal energy calibration evaluated for (a) colli-
sion cell and (b) in-source CID using the Q-TOF mass spectrom-
eter. Internal energy distributions were derived from the survival
yields calculated considering the intensity of only the [M — 791"
fragments (filled red dots, solid red line) and when intensities of
all fragment ions were taken into account (open blue dots, dashed
blue line). Slopes with standard deviation for the linear fitting are
shown; (b) [k] = kcal mol™* V1.

dots) or, alternatively, all fragment ion intensities (open
dots). A linear dependence is clearly observed. All
experimental data points lie within the 95% confidence
interval (not shown) of the corresponding linear fits.
The slope of the straight line characterizes the increase
of the ion internal energy with increasing collision
energy (Figure 2a) or cone voltage (Figure 2b). The
picture obtained for in-source CID (Figure 2b) is very
similar to the case of collision cell CID (Figure 2a). This
indicates the similarity of CID processes taking place in
the ESI source and collision cell. In both cases we deal
with multiple collisions, i.e., ions undergo a number of
low-energy collisions with neutral gas molecules before
dissociation. The slope of the linear fit corresponding to
the ion internal energy calculated based on a canonical
fragmentation scheme (Figure 3, solid line) is lower
than that of the line representing the case of multiple
fragmentation pathways (Figure 3, dashed line). When
increasing the ion activation (cone voltage or collision
energy) the mean internal energy of ions grows faster
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than the canonical model predicts. This difference is
real and reliable for two reasons: first, the k values
characterizing the slopes of linear fits differ signifi-
cantly (Figure 3), and second, the 95% confidence
intervals for the two linear fits do not include a signif-
icant number of data points obtained with the alterna-
tive model.

In reality, the actual critical energies for the addi-
tional fragmentation reactions should be higher than
that for the major mechanism, neutral pyridine loss,
which is preferentially observed at low activation. In
other words, a higher internal energy needs to be
deposited into the system for the alternative dissocia-
tion mechanisms to effectively compete with the major
fragmentation. The maximum ion internal energy dis-
tribution should therefore shift towards a higher value.
The ion internal energy should therefore deviate even
more from the one predicted with the canonical model.

The lower-bound estimation proposed here, although
rough and oversimplified, unambiguously shows that
additional fragmentation pathways cannot be ignored
when probing the internal energy distribution of ions
produced in electrospray. The behavior of benzylpyri-
dinium ions in the CID process is more complex. Every
reaction proceeding in the system is characterized by its
own kinetic and thermodynamic parameters that
should be taken into account. The master equation
formalism can be used to precisely describe multichan-
nel unimolecular reactions [26, 27], particularly, disso-
ciation of collision-activated ions [28]. The main source
of error in the model will be the presence of reactions
exhibiting a reverse activation barrier. Indeed, some
fragments observed in the present study may originate
from radical-type cleavage reactions and reverse activa-
tion barriers may be present in such fragmentation
channels. Furthermore, ions of different m/z are trans-
mitted with different efficiency through the mass spec-
trometer. Since focusing electrodes are usually opti-
mized to transport precursor ion with the highest
efficiency, the transmission capacity for lighter frag-
ment ions can be lower. Moreover, collisions with
neutral gas molecules result in more efficient scattering
for lighter ions. All these effects are difficult to account
for and control precisely. As can be seen from the
above, there are many questions in this field left for
future investigations.

Conclusions

In the present study, additional fragmentation channels
of the most commonly used thermometer ions, ben-
zylpyridinium ions, were found. The contribution of
these additional fragments to the calculated ion internal
energy was estimated. This estimation provides clear
evidence that additional fragments compromise the
accuracy of the ion internal energy calibration.
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