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A predictive science approach to aid understanding of
electrospray ionisation tandemmass spectrometric fragmentation
pathways of small molecules using density functional
calculations

Angelika Galezowska1, Mark W. Harrison2, Julie M. Herniman1, Chris-Kriton Skylaris1 and
G. John Langley1*
1Department of Chemistry, University of Southampton, Southampton SO17 IBJ, UK
2Pharmaceutical Development, AstraZeneca, Macclesfield SK10 2NA, UK

RATIONALE: Tandem mass spectrometry (MS/MS) dissociation pathways can vary markedly between compound
classes and can result in challenging and time-consuming interpretation of the data. Compound, class and substructure
specific fragmentation rules for protonated molecules require refinement to aid the structural elucidation process.
METHODS: The application of a predictive science approach using density functional theory (DFT) calculations has been
investigated to estimate the abundances of first-generation product ions observed using an ion trapmass spectrometer. This
has been achieved by application of Boltzmann population theory to electrospray ionisation (ESI)-MS and MS/MS data.
RESULTS: Tandem ESI-MS data for this preliminary study were used to investigate the internal stabilities of protonated
species and their product ions. The calculated relative abundances of 11.3%, 96.5%, and 1.1% for the product ion (m/z 192)
of three quinazoline structural isomers are compared with the experimental values of 16%, 90% and 0% observed in the
first-generation product ion mass spectra.
CONCLUSIONS: Close correlation between calculated and experimental data has been demonstrated for these initial data.
Applying this approach and establishing fragmentation rules, based on structure specific and common fragmentation
behaviour, would improve and expedite the structural elucidation process. Copyright © 2013 John Wiley & Sons, Ltd.

(wileyonlinelibrary.com) DOI: 10.1002/rcm.6536
For more than 30 years computational approaches have
been used inmass spectrometry (MS) to aid the characterisation,
understanding and prediction of the fragmentation behaviour
of gas-phase ions.[1,2] The DENDRAL project was one of
the first to focus on the problem of structural elucidation of
unknown molecules using computational approaches.[3]

At that time, the most common method of ionisation in
mass spectrometry was electron ionisation (EI), the latter
resulting in extensive investigations of the fragmentation
behaviour of small molecules. Many databases, as well
as structural elucidation matching software packages,[3,4]

were developed. Improvements in computer technology
enhanced the capabilities of structure predictive software
for EI-MS approaches leading to projects such as CHEMICS
and MASSIMO.[5–7] These two projects had a similar aim,
i.e. to develop software that could predict mass spectral data
for a given structure. The creation of larger databases,[8,9]

with the incorporation of mass spectrometry rules into
the predictive software, e.g. isotope pattern recognition, led
to increased confidence for matching a chemical structure
to the mass spectrum of an unknown compound. The
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continued expansion of these databases ensured the successful
construction of many EI-MS libraries, such as the US National
Institute of Standards and Technology library.[10,11]

More recently electrospray ionisation (ESI) low-
energy fragmentations, e.g. collision-induced dissociation
(CID) MS/MS analyses, have been implemented and
library databases constructed, although these are not as
comprehensive as standard EI-MS libraries. The dissociation
mechanisms of these ESI-MS/MS spectra can be specific
to an individual compound class, subclass or structurally
similar scaffold. Consequently, the mass spectral interpretation
of these data can be a difficult time-consuming process
and this time variable is often dependent on the
individual analyst.

General observation and tenets of gas-phase dissociation
have been used and also integrated into these approaches to
improve the data interpretation process, i.e. the even electron
rule[12] or Stevenson’s rule.[13] For example, collision-induced
dissociations afford the formation of even electron product
ions and even electron losses because even electron ions are
more stable;[14] radical cations are rarely formed due to their
high reactivity and instability.[15,16]

Many ESI-MS databases consider the even electron rule
as the principal rule for the fragmentation behaviour of gas-
phase ions. Since odd electron driven collision-induced
dissociations have been observed in MS/MS data, peak
Copyright © 2013 John Wiley & Sons, Ltd.
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identifications using methodologies that are based around
these even electron rules can be missed.[17,18]

Fragmentation prediction software is continually developing;
initially these programs were simple bond fragmenters
based on fundamental mass spectrometry rules, such as the
nitrogen rule and the even electron rule.[19] These suites were
originally based on EI fragmentations but latterly improved
to include even electron ionisation techniques, e.g. atmospheric
pressure ionisation. However, the fragmentation behaviour of
some structurally similar compounds can differ and structural
elucidation becomes even more difficult if different mass
analysers are employed.[20] Through implementation of
compound-, class- and instrument-specific rules, garnered
from library data, some software packages now use neural
networks to learn new processes from the entered data. A
limitation of these approaches is that currently available
prediction software packages must contain reference data.[21]

Structurally similar compounds may dissociate to give
common fragmentation patterns, common product ions
and/or common losses. Therefore, the identification of the
product ions would not necessarily improve the absolute
identification of the compound since these ions may not be
structure-specific.[22] Only through the identification of
structure-specific product ions can the data interpretation
process lead to the identification of a particular compound
or class of compounds. Specific functional groups, sites of
substitution and compound class can show distinctive
fragmentations and therefore enhance the structural
elucidation process.
Different theoretical approaches have been considered in an

attempt to understand some specific fragmentation behaviours.
These have mainly used thermodynamic approaches to the
fragmentation behaviour of compounds while there has been
much less activity using kinetic theories.[23–26] The transition
state calculations or molecular dynamics (involving kinetic
theories) applied to gas-phase ion reactions often challenge
the generally held views of the mechanisms and pathways of
the fragmentation behaviour.[27,28] The use of commercially
available computational software, e.g. Gaussian,[29] Jaguar[30]

or Spartan,[31] has become more widespread outside the
computational chemistry community because their simpler
user-friendly interface requires less specialist computing
knowledge.[32,33] Ab initio quantum chemistry calculations,
based on density functional theory (DFT), have often been used
to help understand the specific fragmentation behaviour of
small molecules.[1] Well-optimised simulations should improve
the knowledge of atom interactions on a molecular level and
help the understanding of dissociation patterns of small
molecule gas-phase ions. Most of the in silico studies of small
molecule calculations are performed using the B3LYP hybrid
exchange-correlation functional,[1] which is commercially
available in most DFT software packages.[32,33] For example,
Vessecchi’s approach, including the transition state species,
presents a coherent explanation of specific fragmentation
mechanisms.[26] The integration of mass spectrometry with
DFT calculations should facilitate the interpretation of the
fragmentation behaviour of small molecules.[32] DFT-MS/MS
approaches discussing the influence of the change of a
bond length during the protonation process have been
published.[34,35] One of the conclusions was that the actual site
of protonation influences the change or changes in the lengths
of bonds that may be several bonds distant from the site of
Copyright © 2013 JoRapid Commun. Mass Spectrom. 2013, 27, 964–970
protonation. These bonds may cleave during the fragmentation
process,[34] in agreement with observations that led to the
creation of the bond-activation reinforcement rule (BAR rule)
reviewed in detail by Alcami et al.[1] The change in bond
length is related to the charge density of the two atoms
involved in the protonation process. The BAR rule focuses
on the differences in electronegativity of the two atoms[1]

and excludes the rationale of measuring the dissociation
energy of bonds that may also be relevant, although are not
necessarily bond-length dependent.[36] The bond energies
were implemented in a new prediction model based on ab
initio approaches called Fragment iDentificator (FiD).[37] This
involves the analysis of possible single-step and multi-step
fragmentation pathways as well as hydrogen rearrangement
reactions.

A disadvantage of any of the prediction software packages
is the compromise of computational cost and speed of
analysis versus higher prediction score and accuracy of
result.[38] For most DFT models, the compromise between
simulation time and accuracy means that simulations are
limited to 50 atoms, excluding hydrogen atoms; thus
applications are mainly focused on small molecules and
metabolites.[39,40] For example, a simulation for a larger
molecule (> 50 atoms) would demand a longer calculation
time, improved computational power and therefore increased
cost. The time required for a particular calculation will
depend on the choice of hardware, software and the selected
model. Thus, the computational time of conventional DFT
calculations is scaled to N3, where N is the number of
orbitals in the calculation, and therefore is dependent
on the number of atoms and the quality of a basis set;
i.e. calculations for larger molecules with more atoms
mean that more orbitals are taken into account, resulting
in longer calculation times.[39,40]

Current computational approaches to develop prediction
software for small molecule fragmentation are not focused
on a deep understanding of the fragmentation behaviour of
gas-phase ions. Establishing a set of rules, based on
structure-specific and common fragmentation behaviour of
subclasses of compounds, would simplify the structural
elucidation process. By selecting the optimum features from
pre-existing models and supplementing this knowledge with
rules for specific compound classes could enhance MS/MS
prediction software without the need to upload reference
data. However, the use of different mass analysers and/or
different ion activation methods can lead to method-specific
fragmentation behaviour. Whilst there may also be some
generic, cross-platform rules to consider, any fragmentation
rules established will need to include mass-analyser-specific
dissociations. Finally, this improved prediction software
could aid, but not substitute for, the analyst in structural
elucidation studies. Hill and Mortishire-Smith’s approach is
a good example of prediction software.[41] The aim of their
model, called EPIC (Elucidation of Product Ion Connectivity),
was focused on reducing the number of possible product ions
by identifying the precursor ion using high-resolution mass
spectrometry (HR-MS) and incorporating the accurate mass
measurement (AMM) into the prediction software.

This work investigates the fragmentation behaviour of
positional isomers of quinazolines using ESI-CID-MS/MS.
The understanding of specific dissociation patterns, to aid
structural elucidation, has been related to DFT calculations
wileyonlinelibrary.com/journal/rcmhn Wiley & Sons, Ltd.

5



A. Galezowska et al.

966
using a purely thermochemical approach. Understanding and
predicting the fragmentation behaviour of small molecules
based on the DFT calculations have been supplemented by
combining additional knowledge gained from hydrogen/
deuterium exchange (HDX) and AMM experiments. This
approach should improve the structural elucidation process
of small molecules by understanding the energetics that
drive gas-phase ion mechanisms and therefore aid
prediction of MS/MS data and structural elucidation.
EXPERIMENTAL

Chemicals

The quinazolines, 7-benzyloxy-6-methoxyquinazolin-4-one
(compound 1), 6-benzyloxy-7-methoxyquinazolin-4-one
(compound 2) and 7-benzyloxy-8-methoxyquinazolin-4-
one (compound 3), were supplied by AstraZeneca
(Macclesfield, UK) (Fig. 1).
Stock solutions of 1 mg mL�1 were prepared in methanol

(LC-MS grade, Fisher Scientific Ltd, Loughborough, UK)
and stored in a fridge, from which 1 mg mL�1 solutions
methanol/formic acid (0.1%) (Analytical reagent grade,
Fisher Scientific Ltd) were prepared daily. The HDX
experiments were performed using solutions prepared as
above using deuterated methanol (MeOD-4, >99.5%) and
deuterated formic acid (DCOOD, >99.0%) (Apollo Scientific
Ltd, Stockport, UK).

Instrumentation

Positive ion electrospray product ion mass spectra were
acquired using a LCQ Classic QIT (quadrupole ion trap) mass
spectrometer (Thermo Fisher Scientific, San Jose, CA, USA)
operating with Xcalibur 1.2 software (Thermo Fisher
Scientific). MeOH and MeOD sample solutions were directly
infused at a constant flow rate of 3 mL min�1. Nitrogen was
used as the sheath and auxiliary gas, and helium as the
collision gas. The source conditions were as follows: sheath
gas flow rate 30 arbitrary units, auxiliary gas flow rate 1
arbitrary unit, spray voltage 3.7 kV, capillary temperature
200 �C, capillary voltage 31 V and tube lens offset voltage
5 V. Spectra were obtained with an isolation width of either
1 or 4m/z units. The 1m/z unit isolation width was applied
Figure 1. Structures of quinazoline positional isomers.

wileyonlinelibrary.com/journal/rcm Copyright © 2013 John Wi
to simplify the product ion spectra and observe the ion
corresponding to the 12C isotope only. The normalised
collision energy was optimised for each compound and was
varied from 20% to 50% for MS/MS experiments with respect
to the WideBand activation being on or off. Each spectrum
was the result of 20 averaged scans. The activation time and
collision time were kept constant.

Accurate mass measurements were performed using an
Apex III FTICR mass spectrometer with a 4.7 T actively
shielded magnet with an external Apollo ESI ion source
(Bruker Daltonics, Inc., Bremen, Germany). Sample solutions
were directly infused at a constant eluent flow rate of 3 mL
min�1. The mass range of experiments was set between m/z
65 and m/z 650 and data were acquired using 512 K data
points. Nitrogen was used as drying gas and argon as
collision gas. Source parameters for positive ion ESI-MS were
as follows: capillary voltage �4.5 kV, spray shield voltage
�3.8 kV, capillary exit voltage 80 V, drying gas temperature
250 �C, skimmer 1 voltage 12 V, and skimmer 2 voltage 6 V.
The ICR cell voltages were PV1 1.25 V, PV2 1.20 V and excite
plate PL3 6 V. The values of corr sweep (PL4) and ion
activation (PL8) attenuations, which are responsible for the
isolation and fragmentation, respectively, of ions of selected
m/z values, were varied for each MS/MS experiment to
ensure that the peak isolation and fragmentation parameters
were optimized for each specific compound. The first
generation product ion spectra were acquired when the
signal intensity for the protonated molecule was reduced
to a minimum, to produce a spectrum with the highest
abundance of product ions; thus allowing data to be
compared with product ion spectra acquired on a QIT mass
spectrometer. The ESI Fourier transform ion cyclotron
resonance mass spectrometry (FTICR) MS/MS spectra were
acquired using Xmass 7.0.8 (Bruker Daltonics, Inc.) and all
data were processed using Data Analysis 3.4 (Bruker
Daltonics, Inc.).

Theoretical calculations

The DFT calculations were performed using Spartan ’02
(Wavefunction Inc., Irvine, CA, USA).[31] A validated method
was used to calculate the protonation energies using single
point energies, B3LYP exchange-correlation functional and
the 6-31G* basis set on the energetically lowest geometry
conformers optimised by the Merck molecular force fields
(MMFF) approach.[38,39,42] The most favourable site of
protonation, for each of the protonated molecules, may be
indicated by analysis of the enthalpies of protonation
(ΔHprot).

[25,43] However, the premise is that protonation of a
molecule does not occur on one favoured atom, but is
distributed across all possible sites of protonation.[33] Thus,
a distribution of the protonated molecule species may be
formed. The use of Boltzmann distribution theory (based
upon changes of enthalpies of protonation only) was used
to estimate the distribution of each species by population
studies[40] (described in percentage values) and to identify
the particular forms of protonated molecule (FPM, i.e. a
species with a specific tautomeric site and specific site of
protonation) that are responsible for a specific fragmentation
behaviour. The temperature was varied between 0 K and
ambient and the difference observed in the population
studies was negligible (1–2%) between these two values.
ley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2013, 27, 964–970
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RESULTS AND DISCUSSION

Mass spectrometry

The comparison of first-generation product ion spectra of
three positional isomers is presented in Fig. 2. The spectrum
of protonated compound 1 (Fig. 2(a)) shows the formation
of a product ion at m/z 91, C7H7

+ (data confirmed by AMM
and presented in the Supporting Information, Tables S.I.1–
S.I.3 – for each compound). However, product ions formed
due to the loss of species such as MeOH or CO are also
observed. Similarly, protonated compound 3 (Fig. 2(c))
fragments to form a base peak at m/z 91. However, there
are fewer product ions formed in the higher mass range
(m/z 160–283). The fragmentation behaviour of protonated
compound 2 (Fig. 2(b)) does not show such similarities;
m/z 91 is present but only at less than 3% abundance
and the base peak (m/z 192) has been confirmed as a
radical cation formed through the loss of the benzyl
radical (C7H7

•). This base peak at m/z 192 is also observed
in the product ion spectrum of protonated compound 1,
but at a lower relative abundance. Product ions due to
the loss of smaller fragments from protonated compound
2 are not observed.
Figure 3. Structures of three tautomeric forms of
compound 1.
Computational approach

The probability studies discussed here are based on
thermodynamic studies only and are applied in order to
understand the formation of a specific product ion in three
positional isomers, i.e. the radical cation, m/z 192. It is known
that radicals are reactive species; however, they can be
thermodynamically stable if charge re-localisation is possible.
Therefore, specific product ions (in this case radical cations)
can be used to help understand their formation in CID
experiments and help to build rules of fragmentation.
The enthalpies of protonation for the formation of a

precursor ion, m/z 283, and the product ion, m/z 192, for three
positional isomers were calculated. The protonated molecule,
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as well as the product ion, can have more than one site of
protonation and tautomeric form. Each quinazoline can have
three possible tautomeric forms, as shown in Fig. 3 for
compound 1. In addition, compounds 1, 2 and 3 each have
five most probable sites of protonation, i.e. the heteroatoms,
which equate to 15 possible forms of protonated molecule
for each compound. Analogously, 15 possible forms of the
product ion can be proposed.

Individual forms of the protonated molecule may
dissociate to form specific, analogous forms of product ions.
Correlation of the population studies of hypothetical product
ions to the population of the forms of protonated molecules
aids the understanding of the mechanism that drives the
specific dissociations and can reduce the number of possible
mechanistic pathways.

Quantification of the spread of theoretical species of
protonated molecules was performed using Boltzmann
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distribution theory. The ΔHprot values of all 15 possible
species were calculated and the most favoured forms, in
normalised populations (percentages), are presented in
Scheme 1. Compound 1 is the most thermodynamically stable
of the three compounds and population studies indicate four
forms of protonated molecule (a, b, c and d) and five forms of
product ion at m/z 192 (a’, b’, c’, d’ and e’) (schemes for
compounds 2 and 3 are available in the Supporting
Information, Schemes S.I.1 and S.I.2). The four indicated forms
of protonated molecule are estimated to be ca. 25% each. The
first two forms of product ions, i.e. a’ and b’, have the highest
probability of formation, estimated at ca. 44%. It is also
observed that the c’ and d’ analogue forms of product ions
are theoretically less favourable, ca. 0.1%, but notably one
additional form of product ion, e’, has a thermodynamically
probable formation of ca. 11.3%. The e’ form of product ion
does not have an analogous form of protonated molecule
(this would be e, in the upper row), and has also been
indicated in the theoretical calculations of compounds 2
and 3. The probability of formation of the equivalent to the
e’ form of product ion in compounds 2 and 3 has been
calculated to be 96.5% and 1.1%, respectively (Supporting
Information, Schemes S.I.1 and S.I.2).
The hypothetical analogue form of the protonated molecule

would support the suggestion of a simple homolytic cleavage
due to the loss of 91m/z units. However, in a scheme such as
this, the additional e’ form of the product ion must be formed
from a, b, c or d of the thermodynamically indicated forms of
the protonated molecule. Therefore, the mechanistic pathway
resulting in the formation of the e’ form has to be more
complex than just a simple odd electron dissociation. It must
involve charge migration to the oxygen atom where the
elimination of the benzyl radical has occurred. A movement
of a charge to the cleaved bond seems to be thermody-
namically favoured and agrees with experimental data.
Depending on the possible mechanism of this process, a
Scheme 1. Schematic population distributio
favourable forms of protonated molecule (to
row, m/z 192) of compound 1 indicated from
point energies B3LYP/6-31G*.

wileyonlinelibrary.com/journal/rcm Copyright © 2013 John Wi
hydrogen atom that moves to a different site (of protonation)
is known as a mobile proton.[44] It is interesting that one of the
most stable and favourable forms of the radical cation species of
the three positional isomers has been indicated as a protonated
species with the charge on the radical oxygen atom.

The benzyloxy substituent of the three compounds is
involved in two fragmentation mechanisms: (i) formation of
m/z 91 (C7H7

+) and (ii) formation of a radical cation at m/z
192 ([M+H–C7H7

•]+•). The dissociation of the protonated
molecules of the three compounds described results in the
formation of one or both of these product ions and is
considered to be a structurally competitive process. The
understanding of these two competitive mechanism
pathways could aid the interpretation of the fragmentation
behaviour and consequently improve the rule-based
predictive approach.

The favourability of the formed product ions, i.e. their
abundances in first-generation product ion spectra, can be
correlated to thermodynamic stabilities indicated by
Boltzmann distribution studies. As a result, thermodynamic
studies of the e’ form of the product ion indicate relative
abundances of 11.3%, 96.5% and 1.1%, which are in good
correlation with the experimental values of 16%, 90% and
0% for m/z 192 in the first-generation product ion mass
spectra of protonated compounds 1, 2 and 3, respectively.
This confirms that the predictive DFT approach can provide
a link to mass spectral data (Fig. 2).

It is significant that protonation on the oxygen atom leads
to one of the most stable and favourable forms of product
ion, which is counter-intuitive to the generally held belief that
protonation in ESI occurs at the most basic site of a molecule.
Further acceptance of the non-adherence to the even electron
rule, with focus on the option of odd electron driven
processes directing fragmentation, will improve the structural
elucidation process. It is noteworthy that two concurrent odd
electron losses result in an even electron product ion, which
n (% values) of most thermodynamically
p row) and forms of product ion (bottom
heats of formation calculated by single

ley & Sons, Ltd. Rapid Commun. Mass Spectrom. 2013, 27, 964–970
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itself may be a bi-radical. The latter observation has been
noted in related structures (data not shown here) and will
be discussed in a future publication.
CONCLUSIONS

The use of density functional theory (DFT) calculations together
with mass spectrometry provides a better understanding of
gas-phase ionmechanisms and can aidMS/MS data prediction
and structural elucidation. The DFT calculations of enthalpies
of protonation are a useful tool to understanding the specific
CID fragmentation of small molecules. Population studies, in
addition to HDX and AMM experiments, may readily
determine and narrow the range of proposed mechanisms for
CID-MS/MS dissociations. Structural elucidation studies may
be further improved if density functional studies are applied
to a larger range of compounds.
Modelling of the populations of different species of

protonated molecules or formed product ions can help define
specific mechanistic dissociation pathways. This is also aligned
to the hypothesis that there is not one favoured site of
protonation on the molecule and that the site with the highest
proton affinity does not have to be the most crucial site for
fragmentation. Density functional studies indicated that more
than one form of protonated molecule and product ion can be
formed with respect to the site of protonation and the
proportion of the preferred forms can be quantified using
population studies. Each of the thermodynamically favoured
forms of protonated molecule may be involved in more than
one mechanism; however, one form can dominate one
fragmentation pathway. It was noted that odd electron species
are energetically more stable when the protonation site is
defined as the oxygen atom of the homolytically cleaved bond.
The approach described above highlights that DFT-MS/MS

could play an important role in a predictive science approach
for the interpretation of tandem MS data. The combination of
common rule-based software with a DFT approach would
efficiently advance the use of predictive science in mass
spectrometry. In addition, HDX and AMM experiments are
just as important in understanding the thermodynamic and
kinetic properties of gas-phase ions. If both approaches are
used, then rules could be defined and integrated into
computational rule-based DFT software for small molecule
structural elucidation. Expansion of the DFT approach could
be applied to higher molecular weight compounds or faster
simulations by the application of linear-scaling DFT codes,
these approaches would then enable analysis of compounds
of a thousand atoms or more.[45]

SUPPORTING INFORMATION

Supporting information may be found in the online version of
this article
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