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In this article, we summarize some aspects of the recently
developed computational approach to model and predict
collision induced dissociation mass spectra. In particular, we
describe how initial conditions can be set to model fragmenta-
tion conditions and then obtain different results from the
analysis of an ensemble of reactive trajectories. This approach
was studied and validated on different systems, from small
organic molecules to large biomolecules. Recently an iterative

1. Introduction

Tandem mass spectrometry is a physical chemistry method
which is nowadays used in several analytical applications. The
basic principles are that once a given ionic species is isolated in
the gas phase it is activated and fragments are produced
(generally this occurs in an ion trap, or through quadrupoles).
The activation can be done via the collision with an inert gas
(N,, He, Ne, Ar, Xe), and, in this case, we talk about collision
induced dissociation (CID)." Alternatively, the ions can be
activated by collision with an inert surface (e.g. diamond),
leading to surface induced dissociation (SID).”? Photons can also
activate the ions:® when in UV/Vis region this results in the so-
called UV photon dissociation (UVPD), while if in the IR we have
IR(multiple) photon dissociation (IRPD and IRMPD) or the
blackbody infrared radiative dissociation (BIRD). The capture of
an electron is also a way of activating the ion, as in the electron
transfer and electron capture dissociations (ETD and ECD).
There exist, of course, other activation methods like ion-
molecule reaction, electron impact ionization, negative electron
transfer dissociation or electron detachment dissociation.”

The resulting fragmentation products are characteristic of
the activated ion and of the activation mode. They can be used,
for example, as a fingerprint of the molecule, or to study
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procedure was proposed to increase the fragmentation sam-
pling, reducing computational time and providing a more
comprehensive fragmentation pattern. All these fundamental
developments are at the basis of the application of this
approach to analytical problems. One important and possible
outcome will be in creating an in silico data base which will be
an useful complement to the experimental ones. This is
discussed within other possible future outlooks.

fundamental properties of the chemical bonds, or to recon-
struct the action IR or UV/Vis spectrum.

Theoretical chemistry and more in general computer-based
approaches are very powerful tools to help in understanding
fragmentation spectra.”” The aim of such in silico methods can
be manifold: propose the structures of reactants and products,
identify the reaction pathways, help in kinetic modelling
associated with some of these techniques etc.

One key issue in MS techniques, is that experimentally only
indirect information on the structure of the species is available.
While the mass is carefully determined, such that the object
under analysis is much more clearly identified with respect to in
solution approaches, only the charged species are analyzed.
Furthermore, it is very difficult to isolate the intermediates of a
reaction mechanism. Theoretical and computational chemistry
is a largely used tool to help experimentalists to better
understand molecular properties of molecules under study.

Often, quantum chemistry is used to identify reactants,
products and transition states via geometry optimizations, using
the highest level of theory which is computationally doable
given the size of the system.” This is done after the products
are known and it becomes very complicated when the system
size is growing. The reason is not only that the theory level
should decrease as systems size increases, but more importantly
the conformational sampling size increases enormously such
that “manual” identification of structures and reaction pathways
become almost impossible (and what suggested is often
questionable because of the uncertainty in the correctness of
the sampling). Recently, Blockhuys and co-workers proposed a
method to predict fragments based on bond order obtained
from electronic structure calculations of the reactants.”

One approach is to use computer-based approaches to
identify in an automatic fashion minima and transition states
along a reaction pathway.” In this way, a kinetic picture can
also be built"” In the context of MS/MS this was applied to
uracil™ and, partially, to L-sulfated cysteine.'”” The drawback is
that the procedure fails if the potential energy surface is too flat
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(which occurs in certain regions in particular for flexible
molecules).

Another approach, pioneered by Hase and co-workers," is
based on chemical dynamics simulations. lons are activated due
to explicit collision with an inert gas and resulting trajectories
can lead to products. In this way, products are obtained
automatically without the need of knowing them in advance.
Furthermore, also non-statistical mechanisms, which can be
important in both CID and SID, are obtained. This approach was
successfully used in MS/MS of different systems, paving the way
to a fully in silico fragmentation determination." A similar
approach based on multiple trajectories was proposed in 2013
by Grimme! and developed by the group, called quantum
chemistry ionization mass spectra (QCEIMS)."® It is designed to
model electron ionization (El) spectra by means of multiple
trajectories. The theoretical spectra are obtained by counting
the abundance of the different fragmentation products. The
most important difference comes from the activation way, as it
is obvious since QCEIMS was particularly designed for El.
Simulations were run using different electronic structure
methods and were successfully applied to fragmentation of
different organic molecules and nucleobases.!'”

In the following we will discuss methods and issues related
to the use of chemical dynamics in CID.

2. Methodologies

An ion in a mass spectrometer is activated by collisions with an
inert gas followed (eventually) by unimolecular fragmentation.
This corresponds to ro-vibrational activation and many aspects
depend on the experimental apparatus. Simulations were not
developed to a specific one but to grasp the general process. In
particular, they are aimed in modeling limit (somehow abstract)
conditions, and notably: (i) single collision with an inert gas
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atom or molecule; (ii) multiple low-energy collisions. These two
situations were modeled differently. In the following we report
the basic approaches used. They are important to correctly
identify the physical-chemistry framework on which the simu-
lations are located.

All the studies presented in sections 2.1 and 2.2 were
performed with VENUS software!™ developed by the Hase
group which was coupled with different electronic structure
theory codes, while the analysis was done with home-made
codes.

2.1. Single Collision

The single collision limit is modeled by simulating explicitly the
fragmenting molecular ion and the neutral gas. This last is
generally a rare gas atom (Ar, Xe, Ne,...) but it can be also N,.
The total system is treated by an interaction potential:

V:Vion + Vion/neutral + Vneutral (1)

composed by the intermolecular potential of the ion molecule,
Vione the internal potential of the projectile, V, oy (this is zero
for atoms) and a potential describing the interaction between
the ion and the gas, Vinmeuwrar FOr Vi, e€lectronic structure
calculations are generally used to allow the system to react.
First studies focusing on energy transfer used molecular
mechanics potential,"” while later semi-empirical Hamiltonians,
density functional theory or MP2 methods were used."* To
study relatively large ions, semi-empirical Hamiltonians are
necessary and recent studies suggest that PM3, RM1, PM6-D or
PM7 show the best performances.">"*® For V. e it is
possible to use analytical functions, parametrized on accurate
quantum chemistry calculations,”*#'92%2" while semi-empirical

Hamiltonians are well performing for N,.”?
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Initial conditions (positions and velocities) are obtained by
semi-classical sampling:® the ion minimum energy geometry is
determined (in principle it needs to be just a local minimum)
and normal modes calculated. Then, the population of each
mode is determined either by setting a temperature (normal
mode Boltzmann sampling) or a total internal vibrational
energy. Normally, 300K (or related vibrational energy) is
considered, assuming that in MS/MS experiments no particular
temperature control is done. If this is not the case, a different
initial temperature can be set. Rotational motion is considered
classical and added on top of vibrational one. The same is done
for N, when it is used as neutral collision partner.

Then, the ion and the neutral are placed at a given distance
(far enough to have Vi newa ~0) and random relative
orientations are sampled: Euler angles to consider the possible
side of approach and impact parameter (which measures the
distance from the center-of-mass). This shows that to correctly
model an explicit collision, many trajectories are needed (in the
order of hundreds or thousands depending on the size of the
ion and the complexity of fragmentation).

Finally, the relative energy is set as an input parameter. This
corresponds to the collision energy in the center-of-mass
framework, which is a typical parameter of mass spectrometer
instruments like quadrupole time-of-flight (QqTof) or triple-
quadrupole (QgQ). The collision energy can be varied as in
experiments and relative abundance of products followed as a
function of collision energy. An example is reported in Figure 1,
which corresponds to the fragmentation of protonated urea
(extracted from Ref. [14a]).

Once the initial conditions are set, chemical dynamics
simulations are run using the on-the-fly potential and numerical
integration of Newton’s equations of motion. The simulation
times are usually in the order of tens of picosecond for each
trajectory.

100

80

60

O/O

40+

20—

15 20
Collision energy (eV, lab frame)

Figure 1. Results of final products of UreaH* + Ar collisional simulations:
reactants (), NH,+ CONH,* (0J) and NH,* +CONH (A) products. Full lines
are total, while dotted lines are for shattering and dashed for non-shattering
trajectories. In blue the same results as obtained from statistical kinetic
analysis. Reprinted with permission from Ref. [14a]. Copyright 2009 American
Chemical Society.
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2.2. Multiple Collisions

When ions are activated by multiple (and generally low-energy)
collisions, it is typically assumed that after each collision the
transferred energy is redistributed to the whole ion and then
another collision occurs and the process is repeated a huge
number of times. This is modeled in simulations by providing to
the ion a given internal energy which is randomly distributed
on the vibrational (and eventually rotational) degrees of free-
dom. Only the ion under investigation is explicitly considered,
so at odds with single collision method described previously
the neutral gas is not modeled explicitly.

The fragmenting ion is thus treated using electronic
structure theory as before. Even if collisions are not explicitly
simulated, it is necessary to perform an ensemble of trajectories
also in this case: in fact, the initial excess energy can be
distributed in different ways in the internal degrees of freedom.
Usually, micro-canonical normal mode sampling is performed to
internally activate the ion.” The value of the internal energy
cannot be set directly from an experimental parameter, but it
can be estimated in different ways. One possibility is to use
explicit collisions to evaluate the amount of transferred energy
and then use the average value or a range of obtained values.
Another possibility, is to run simulations as a function of the
internal energy and analyze the evolution of results (fragmenta-
tion percentage, product ions, mechanisms...) as a function of
this parameter. In some way, this is analogous to what is done
experimentally by modifying the activation voltage. At odds
with collisional simulations, which can be compared with QgQ
or QqTof experiments where the collision energy is set, the
excess energy cannot be directly related to the collision voltage
of an ion trap, for example. In simulations, one can control
precisely the excess energy given to the ion. The analysis of
theoretical results and their evolution as a function of the
internal energy could become a fully in silico approach to study
properties of ions even disconnected from experiments.

2.3. Data Analysis

Once the simulations are done, an accurate analysis of the
results is needed to obtain an in silico mass spectrum. First,
trajectories provide geometries of atoms as a function of time: a
key point is that one must analyze them to have the first
important information, namely if the ion fragmented. When
only few trajectories were performed, like in early
studies,'*%%2 this analysis was often done just looking the
generated animations, while today with the increasing number
of trajectories this is no longer possible. Another important
information is the chemical species obtained. In simple systems,
one can identify all the possible products before the simulations
and then monitor their formation (in terms of abundance, time
etc). Again, when moving to large systems this is no more
possible. At this end, automatic tools were developed based on
graph theory.”™* From the atom-atom distance, with a
distance cut-off criterion which must be carefully checked, it is
possible to know which atoms are connected and, using

125 © 2021 The Authors. Published by Wiley-VCH GmbH
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standard graph-theory algorithms, to identify the fragments
and their atomic composition.

Once the product molecules are identified in the whole
ensemble of trajectories, one needs to localize the charge. For
simple systems (in particular singly charged with few products),
this can be done very easily by simple chemical intuition. On
the other hand, when systems grow in size and charge, the
approach used so far is to couple with some charge projection
method, like Mulliken charges or Natural Bond Orbitals (NBO)
analysis.””’ These methods provide the partial charge on each
atom and by summing them it is possible to obtain the charge
on each fragment. In principle, non-integer charges can result
on the fragments: this can be due to an intrinsic electronic
structure problem or as an indication that the two fragments
are still strongly interacting.

By counting the abundance of charged products at the end
of simulations one can obtain a theoretical mass spectrum. An
example is reported in Figure 2. However, due to limitation in
time-length of the actual simulations, it is possible that at the
end some ion-molecule complexes still survive or some
activated ions do not have enough simulation time to fragment.
They can evolve in a simple fragmentation but it is also possible
that they rearrange providing different products. This is why
the obtained spectra are time-dependent spectra.

3. Fragmentation Fingerprint

Using the methodology described previously, it is possible to
obtain the fragmentation products of a molecular system just
using as input a molecular geometry. Often, different isomers
are possible for a given chemical formula, and the fragmenta-
tion products can be obtained for each of them. This is
potentially useful to determine the fingerprint of a given
molecular structure and compare with experiments. In most
cases, the isomers differ from the protonation site and this will
be discussed in detail in section 3.1. Recently, different isomers
of protonated glycine were studied by fragmentation simula-
tions, and used to suggest that multiple isomers are formed as
result of laser-induced ion-product reaction.”® In Figure 3 we
show the experimental CID spectrum of ion m/z 76 which is the

386 |
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g

(Cy, Ny, Hg)*

201 ) ¥ 2
i .96 % o 224 2 &
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356
446274 90 163 266 ‘ 3‘68
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0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380 400
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Figure 2. Theoretical mass spectrum of protonated b-amminoethylcellobiose

as obtained from CID simulations. Reproduced from Ref. [14b]. Copyright
2017 Wiley.
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Figure 3. CID spectra of protonated ion m/z 76 as obtained from IR-induced
ion-molecule reaction. Experimental (top left) and theoretical (different
isomers as noted). Reproduced from Ref. [25]. Copyright 2020 Wiley.

result of NH;OH" +CH;COOH reaction catalyzed by IR laser,
with theoretical spectra of three isomers. Notably, peaks m/z 43
and 58, which were not typical of protonated glycine, can come
from different structures and simulations show such different
CID fingerprints.

3.1. Mobile Proton

It is well-established that gas phase fragmentation of peptides
follows the so-called mobile proton model.”” In fact, the gas
phase ions produced by electrospray ionization are protonated
in the most basic site(s). Collisional activation can provide
fragmentation directly from the most stable tautomer in the
gas phase, but also induce proton transfer(s) populating
tautomers which are higher in energy. These intermediates are
often crucial to further provide final fragmentation products.
Simulations have confirmed this picture, and found that also
other molecules follow a similar mechanism."*2®28 However,
simulating the full process (proton transfer plus subsequent
fragmentation) needs a huge amount of computing time.
Shortcuts can be used by running different sets of simulations
with the different tautomers as initial structure. In small
systems, where the number of tautomers is relatively small, this
can be done directly.”® However, when the possibilities grow
due to a large number of possible protonation sites, a more
general approach is needed. Recently, we have proposed an
iterative scheme to account for different tautomers in fragmen-
tation of protonated methyl-guanine.”*® This approach is totally
general and it is based on automatic recognition of isomers
using graph theory. Once an isomer (which is mostly a
tautomer) is obtained, it is used as new input if the structure is
new and this iteratively up to any new structure is recognized.
A schematic picture of the iterative procedure is shown in
Figure 4.

In this way, we can gain a lot of computing time: in fact, the
new tautomer starts from equilibrated initial conditions, thus

126 © 2021 The Authors. Published by Wiley-VCH GmbH
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Figure 4. Schematic representation of the iterative simulation approach to
account for proton mobile model in fragmentation simulation. Here we
show the general procedure which holds for any kind of isomerization.

mimicking the equilibration step done by the buffer gas in real
instruments.

This approach, so far used to sample tautomerization space,
is not limited in principle to proton transfer, but it can be
extended to all possible isomers which are populated within
the energy considered in the activation energy range applied to
the initial structure.

4. Database and “Omics” Sciences

In the era of genome-wide association studies and develop-
ment of -omics techniques, new technologies are needed to
allow, for example, the investigation of molecular effects arising
from the environmental exposure in all its complexity.

In this scenario, mass spectrometry has played a key role in
the last decade, defining several biomarkers for the early
diagnosis of complex diseases.”” Recently, computational mass
spectrometry has emerged as an additional tool, useful for the
identification of unknown compounds, independently on any
prior assumption about their fragmentations.””*" Even though
computational approaches, e.g. Mascot, can drive mass spec-
trometry data analysis across super dense set of data,*” sample
preparation is still playing a key role at isolating the class of
molecules, which are aimed to be investigated.

The exploration of certain molecular classes allows the
systematic study of their expression under specific boundary
conditions, related to the experimental design. The most typical
example is the identification of proteins within proteomic
associated studies.”® Nevertheless, proteins are not the only
class of molecules deserving the attention of fundamental
research. For example, the investigation of peptides, lipids,

Chemistry—Methods 2021, 1,123-130 www.chemistrymethods.org

carbohydrates and nucleic acids supports glycomics,*”

lipidomics®™ and genomics.®® Today, the evaluation of each
sample batch is based upon the possibility of loading the
experimental file on a dedicated database and get feedbacks
about the direct comparison of both theoretical and exper-
imental MS data e.g. METLIN.®” This approach is extremely
efficient for compounds which have a known, or at least a
predictable, fragmentation mechanism. This is the case, for
example, for peptides,” nucleic acids® or aldehydes.™ At the
state of the art, the biggest limitation for data analysis is the
lack of fragmentation information. These data are necessary for
the unambiguous identification of analytes, which can be
candidate biomarkers.

In future perspective, the growing number of high
throughput methodologies will expand the classes of candidate
compounds characterized by biological interest. On our present
days, we are already affording this open challenge. Most of the
unknown compounds can only be identified by evaluating
manually their MS spectra,”*” but some speculations are hardly
supported by further experimental evidences, because of the
lack of isotopically labeled internal standards.

For the time being, in silico mass spectrometry is relatively
in its infancy, in particular concerning applications to large
systems. Further developing and systematic application to
different classes of compounds will be important to keep
sharing and rationalize MS data arising from un-harmonized
experimental conditions.”” In fact, MS fragmentations differ
from instrument to instrument according to collision energy,
geometry, lens voltages etc. To achieve a global coverage of MS
data, it will be necessary to introduce an algorithm aimed at
defining unique fragmentation models, based on an unambig-
uous chemical approach. In silico mass spectrometry can be the
instrument of choice to support future progresses of mass
spectrometry, especially in case of unknown compounds. At
this end, simulations must be computationally fast and reliable
at the same time. The use of chemical dynamics (as described
in previous sections) with semi-empirical Hamiltonians seem to
be the best choice at the time, while other methods, like tight-
binding density functional theory (DFTB)*? will merit a deeper
investigation. First direct dynamics simulations using this
approach are encouraging.?

The iterative approach described in section 3.1 for the
mobile proton case, is surely a practical way of enhancing the
fragmentation sampling without the need of conceiving all the
possible isomers. In fact, its use is not limited to proton transfer
but it can be used for any isomerization process. Furthermore,
also secondary fragmentation can be considered in an analo-
gous way, by using, for example, the main first fragmentation
products as input for new runs and determination of new
fragments. The ultimate goal of iterative simulations approach
will be the full coverage of the chemical pathway behind each
experimental fragmentation pattern.

By means of high-resolution mass spectrometers, nowadays
analysts can easily get accurate mass spectra, wherein each
fragmentation signal has a chemical formula directly associated.
Differently from today, the future database search will directly
use chemical formula instead of m/z data. In this way, all the

127 © 2021 The Authors. Published by Wiley-VCH GmbH
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unknown analytes will be partially, or even completely,
identified using a pull of diagnostic fragments, instead of
computing for the number of theoretical signals covered by
experiential result-set.

Furthermore, the intensive use of computational models
along with the development of dedicated facility and network
project, will allow to merge together results from any sort of MS
facility. Hopefully, disputes arising from un-harmonized results
will be minimized and eventually computational mass spec-
trometry will bring research teams deeply into the systematic
investigation of molecular biology.

These different aspects suggest that in silico MS/MS can be
used to build a new database which would be complementary
to experimental ones and can help in better analysis of a large
class of compounds. At this end, after the first pioneering phase
of theoretical fragmentation studies, a more systematic ap-
proach to cover the different classes of fragments is clearly
needed, together with more standard and user-friendly compu-
tational tools.

5. Fundamental aspects

Chemical dynamics simulations can provide also fundamental
aspects of unimolecular reactivity in MS/MS experiments. As
already discussed, the fragmentation patterns and branching
ratio are time-dependent quantities, so their absolute values
are related to the simulation time. With this respect, the
intensities from in silico mass spectra should not be directly
compared with experiments.

On the other hand, since simulations provide time depend-
ent properties, it is possible to obtain kinetic information. In
particular, by following in time the abundance of the precursor
ion, it is possible to characterize its unimolecular kinetics.
Simulations have shown that, when using the internal energy
activation approach, the precursor ion shows an exponential
decay, in line with Rice-Ramsperger-Kassel-Marcus (RRKM)
theory." This decay can be fitted with an exponential function
obtaining the uni-molecular rate constant. In case of multiple
reaction products, the rate constant of each pathway (k) can be
obtained from the overall one (k) by the simple expression:

ki=P; k )

where P; is the probability of obtaining a given pathway i. Of
course, this is statistically meaningful only for abundant path-
ways (i.e. when P; is not small and its statistical uncertainty not
too large).

Furthermore, by measuring the unimolecular rate constants
at different internal energies it is possible to obtain activation
energies via Arrhenius-like or RRK fits (RRK is the classical
version of the general RRKM theory). Arrhenius-like expressions
are grounded in particular for systems with a large number of
degrees of freedom and when the activation energy is much
higher than the barrier. In this case, a classical correspondence
between energy and temperature can be done and it is possible

Chemistry—Methods 2021, 1,123-130 www.chemistrymethods.org

to describe the temperature behavior via a typical Arrhenius
plot. Also, pre-exponential factors can be obtained.2%<%

Similarly, RRK fits can be done if the system does not hold
the previously mentioned conditions, providing the threshold
energies.

Recently, a simple model of unimolecular reaction was
simulated including nuclear quantum effects with relatively
non-expensive algorithms.*?' This paves the way of a more
quantitative calculations of unimolecular reaction barriers.

Using this approach, it was possible to estimate the
statistical fragmentation threshold of different peptides. The
comparison between these simulations and direct collision ones
could show differences between the two fragmentation
processes.?** |n particular, while unimolecular decay is
exponential in internal energy activation simulations, it is not
when doing single collision ones*? In these simulations a
direct fragmentation mechanism, the so-called shattering,”
can play an important role: this is characterized by a sudden
bond breaking when the ion and the inert gas collide (typically
in less than a vibrational period of the breaking bond). Different
simulations have shown how this mechanism can be important
and possibly at the basis of the formation of high energy
products which cannot be justified simply by the study of the
potential energy surface™*4"“ Fyrthermore, it was possible
to estimate the shattering threshold energy (i.e. the minimum
energy needed for shattering formation) in peptides and
compare with statistical threshold, showing that this last is
clearly smaller.®**¢! A direct consequence is that in threshold-
CID experiments the effect of shattering fragmentation should
be minimal (while it can be important when increasing the
collision energy).

Finally, these fundamental aspects related to kinetics and
activation energy have a direct relation with applications. In
fact, they can be used to make a direct link between internal
energy used in simulations and experimental conditions, for
example through the dissociation of the thermometer ions.**"
Recent simulations have shown that they can be successfully
studied with different methods and different kinetic fits,”” thus
paving the way of using them to a more accurate calibration of
energy used in simulations.

6. Conclusions and Outlooks

This minireview has summarized the main advances made
recently to use in silico technology in order to model and
predict collision induced dissociation spectra of complex
molecules. Chemical dynamics simulations are at the basis of
the approach and two limit activation modes are discussed and
used recently to study different classes of molecules. We should
recall that the same approach can be used in SID.”” However,
SID is less used in analytical chemistry laboratories and from a
computational point of view the ion-surface interaction is more
complex and should be parametrized for each new system. A
similar approach, also based on multiple trajectories but with a
different activation mode, was developed and applied by
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Grimme and co-workers to model in silico electronic ionization
spectra.’*"7

The internal energy activation simulations are very general
and can provide a reference for future building of an in silico,
fragmentation database. A systematic study of different com-
pounds should be done to this end and this will also need a
technological development to provide user friendly tools which
can be used by not skilled operators. Different options are
under considerations, like developing a web-server database
where submitting the system under interest and/or build a
library which can be accessed by the users.

Combining together the different developments done so far
(electronic structure method, activation modeling, graph-theory
based analysis, iterative procedure etc.) a full in silico mass
spectrometer is available. While it should be made more user-
friendly from a technical point of view, the different studies
have shown that it is scientifically solid and it can move on to a
production stage. Further developments are likely in some
fundamental aspects related to including nuclear quantum
effects but also in using faster methods (like e.g. reactive force
fields) in order to study bigger systems and/or increase the
statistical sampling. One possibility would be to use machine-
learning (ML) based approaches. ML is used in mass spectrom-
etry to obtain fragmentations from data-bases of existing
spectra or to predict MS/MS of specific classes of molecules
from common rules (typically peptides).*" However, recently
many progresses were done in using ML to build reactive
potentials,®? with applications also to excited state reactivity."™
It can be clearly a powerful method to build reactive force fields
paving the way to study, for example, full proteins.
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