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“Tanaka showed first that it could be done, that large proteins could be ionized, analyzed, and
detected using any kind of laser desorption” “The success of Tanaka’s engineering team also
reminded the rest of us that ionizing proteins was not sufficient. It was also necessary to

b

customize the rest of the instrument, especially the detector.’
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Resumen

Titulo: Disefio racional, sintesis, caracterizacion y aplicacion de derivados de fenilenvinileno y
fluoreno como nuevas matrices MALDI

Autor: Juan Sebastian Ramirez Pradilla, M Sc *

Palabras Clave: MALDI, matriz, fluoreno, fenilenvinileno, transferencia electronica

La espectrometria de masas por desorcion laser asistida por una matriz “MALDI”, ha cumplido un
papel fundamental en el analisis de macromoléculas, compuestos labiles, moléculas de bajo peso
molecular, fracciones de crudo, entre otras. Los procesos de ionizacidn en espectrometria de masas
MALDI requieren la formacion de iones de la matriz la cual debe tener buena absorcién de luz
ultravioleta, solubilidad, cristalizaciobn homogénea y estabilidad quimica. Los compuestos que se
emplean actualmente presentan deficiencia en los procesos de ionizacion, baja estabilidad quimica
y un mal desempefio analitico gracias a la formacion de agregados y productos de descomposicion.
Todos estos problemas se deben a que no existe un proceso racional de disefio de nuevos
compuestos aptos para ser empleados como matrices MALDI. Durante las ultimas dos décadas el
uso de fenilenvinileno y fluoreno como bloques de construccién, ha permitido la obtencion de
diversos materiales con aplicaciones en celdas fotovoltaicas, pantallas OLED, etc., debido a su alta
conjugacion, bajo costo y propiedades optoelectronicas modulables. Este proyecto de
investigacion se basa en el disefio racional de derivados estructurales de fenilenvinileno y fluoreno
como parte de un sistema de sintesis racional soportado en célculos tedricos que ayudaran a
predecir propiedades fisicoquimicas de las moléculas las cuales seran sintetizadas y caracterizadas
para su posterior aplicacién como matrices MALDI. La propuesta de investigacion a desarrollar
se encuentra en el marco del Proyecto financiado por COLCIENCIAS convocatoria 712:
“loizacion por transferencia electronica en MALDI-MS: derivados ciano de fenilenvinileno y

fluoreno como matrices para el analisis de compuestos labiles, optoelectronicos y polimeros”

*Tesis para optar el titulo de doctor en Quimica
**Facultad de ciencias. Escuela de Quimica. Doctorado en Quimica. Directora: Marianny Yajaira
Combariza, Ph. D. Codirector: Cristian Blanco-Tirado, Ph. D.
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Abstract

Title: Rational design, synthesis and applications of phenylenevinylene and fluorene derivatives
as novel MALDI matrices

Author: Juan Sebastian Ramirez Pradilla, M Sc

Keywords: MALDI, matrix, fluorene, phenylenevinylene, electron transfer

Matrix-assisted laser desorption ionzation mass spectrometry "MALDI", has played a fundamental
role in the analysis of macromolecules, labile compounds, low molecular weight molecules, crude
fractions, among others. The ionization processes in MALDI mass spectrometry require the
formation of matrix ions which must have good ultraviolet light absorption, solubility,
homogeneous crystallization and chemical stability. The compounds that are currently used have
a deficiency in the ionization processes, low chemical stability and poor analytical performance
thanks to the formation of aggregates and decomposition products. All these problems are due to
the fact that there is no rational process for the design of new compounds suitable for use as
MALDI matrices. During the last two decades, the use of phenylenevinylene and fluorene as
building blocks has allowed obtaining different materials with applications in photovoltaic cells,
OLED screens, etc., due to its high conjugation, low cost and optoelectronic tunable properties.
This research project is based on the rational design of structural derivatives of phenylenevinylene
and fluorene as part of a rational synthesis system supported by theoretical calculations that will
help predict the physicochemical properties of the molecules which will be synthesized and
characterized for subsequent application as matrices MALDI. The research proposal to be
developed is within the framework of the Project funded by COLCIENCIAS call 712: " loizacién
por transferencia electronica en MALDI-MS: derivados ciano de fenilenvinileno y fluoreno como

matrices para el analisis de compuestos labiles, optoelectrénicos y polimeros "

*Thesis as partial requirement for doctoral degree
**Faculty of Science. School of Chemistry. Doctorate in Chemistry. Advisor: Marianny Yajaira
Combariza, Ph. D. Co-advisor: Cristian Blanco-Tirado, Ph. D.
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Introduction

The accelerated growth of human race demands innovation and discovering of novel materials
with applications in medicine, renewable energies, nanoscience, food, cosmetics and technology
in addition with enlarging the knowledge about sources of life consumption materials like fossil
fuels, agronomy soils, and sea environments. In recent years, the field of analytical chemistry has
become progressively the most important tool which explain the physical and chemical
transformation of the matter and phenomena related with the environmental behavior and earth
life. In general, analytical sciences can extract in high confidence, valuable quantitative and

qualitative information spanning from small systems to entire planets.

Since the introduction of first mass spectrograph by J.J. Thomson in 1899, mass spectrometry
born as an essential tool to ionize, separate and characterize elements and compounds by their
mass-to-charge ratio. Nowadays, several instruments varying the ion sources and analyzers are
indispensable for current analysis in biochemistry, material science, organic chemistry, medicine,
pharmacy, and fuel industry. However, despite the significant growth in the field of mass
spectrometry, the physicochemical phenomena involved during the experiments are still a mystery

and subject of daily study.

In 1989, Michael Karas and Franz Hillenkamp introduced the matrix-assisted laser desorption
ionization, a robust and rapid method for the analysis of proteins and peptides, not possible to

analyze to date; typically, analysis in MALDI-MS involves the use of an organic compound with
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specific physicochemical properties as a matrix which lead the desorption/ablation and ionization
step. This contribution opened a new window for macromolecule analysis by mass spectrometry,
considered the Achilles’ heel during century XX. Actually, a large number of macromolecules,
including polymers can be analyzed using MALDI-MS, however, there is a wide range of
molecules that cannot be analyze due to particular limitations such as chemical stability, solubility,

and absence of ionizable groups, demanding new developments in ionization fundamentals.

In MALDI-MS, two mechanisms dominate the ionization step; first, the well-studied
proton/cation transfer from the analyte to matrix or matrix to analyte depending upon the desired
ions and second, the secondary electron-transfer (ET) reactions from neutral analytes to primary
ions of the matrix. Essentially, proton/cation transfer reactions yield [A+H]*/[A+M]" or [A-H]
where M equals to Na*, K*, Ag*, NH4", among others, contrarily to charge-transfer reactions which
mostly yield radical species such as [M]™ and [M]". Surprisingly, the secondary electron-transfer
reactions in MALDI-MS have been less studied than proton/cation transfer due to the complex
mechanism involved during the desorption/ionization and the lack of suitable matrices. One of the
advantages of secondary ET reactions in MALDI-MS is related with the ability to ionize
compounds with the absence of polar groups, high-labile analytes, macromolecules and electronic
polymers, that are not easily affordable using current ion sources like electrospray (ESI), electron
impact (El), atmospheric pressure photoionization (APPI) and fast atom bombardment (FAB). ET
experiments are commonly held in the absence of acidic/basic media, salts, and using non-protic
solvents such as dichloromethane, tetrahydrofuran, and 1,4-dioxane, which majorly prevent

decomposition, reactivity and allow the analysis of intact molecules.
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Nowadays, the development of MALDI matrices is focused on the design of novel compounds
which effectively promotes the ionization of peptides, proteins, saccharides, metabolites and lipids.
Currently used matrices such as o-CHCA, DHB, dithranol, sinapinic acid, 3,4,5-
trihidroxyacetophenone, HABA and 1,5-DAN enlarge the number of application in bioscience,
biochemistry, and medicine. Contrarily, the design and synthesis of electron transfer matrices for
MALDI-MS is still lack due to the uncomprehending ionization mechanism, the physicochemical
properties whose influence the desorption/ionization process and the absence of proved

applications which decrease the scientific interest.

Since the electron transfer reactions in MALDI-MS depends strongly on matrix’s
physicochemical properties and a better understanding on ionization mechanism, the introduction
of novel compounds with well-established characteristics in order to expand the scope of the
technique is desired. Along these lines, the rational design of novel electron transfer matrices
within the thermodynamic framework during the secondary charge-transfer ionization in MALDI
mass spectrometry is used to explain better the ET phenomena and introduce new applications on
the analysis of high-labile organic compounds, polymers, nanoparticles, pigments, and crude-oil
components. Chapter 1 introduce the readers into the Matrix Assisted Laser Desorption lonization
phenomena, offering a close view on secondary ionization process by electron transfer reactions.
A comprehensive timeline discussion on a proposed mechanism is presented. Chapter 2 introduce
the rational design of novel phenylenevinylene matrices, their spectroscopic characterization and
ionization behavior within a thermodynamic framework. It is given a detailed analysis of analytical
descriptors in order to select the best ET matrix from a total of six synthesized compounds for

further applications in the analysis of nanoparticles, fullerenes, polymers, and biomarkers.
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A detailed view on experimental conditions; since the desorption/ionization of such compounds
depends strongly on the matrix to analyte ratios, deposition on target and instrument conditions,
are shown. The a-CNPV-CHs matrix efficiently promotes the ionization of electronic polymers
like polythiophene, commercial polystyrene and thiolated nanoparticles, compounds of great

importance in material science.

Chapter 3 present the design and synthesis of novel fluorene derivatives as new matrices for the
analysis of macrocyclic metal organic complexes (porphyrins and phthalocyanines). Their
application for petroporphyrin analysis is shown. Finally, Chapter 4 and 5 highlights the
applications of electron transfer reactions in MALDI-MS for petroleomics, not reported yet in
literature. ET experiments on crude-oil fractions using the a-CHPV-CH3 matrix enable a selective
ionization of low ionization potential species occurring in fossil fuels. The experimental evidence
suggests that targeted analysis of Nickel and Vanadyl porphyrins, currently associated with crude-
oil lithology, kerogen formation, and origins, can be achieved after a rational design of ET
experiments without extensive purification process, discussing the experimental and ionization

insights when compared with current ion sources like APPI and LDI.
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1. Matrix Assisted Laser Desorption lonization: an overview on principles

Through the history of mass spectrometry, the discovery and evolution of ion sources and
analyzers have expanded the number of applications, actually, mass spectrometry is an
indispensable tool for daily analysis in biochemistry,(Vitale et al., 2015)(Mattras et al.,
2002)(Reid, Brewer, & Clarke, 2004)(Satterlee et al., 2008) medicine,(Lightning et al.,
2000)(Ouertatani-Sakouhi et al., 2009)(Murai, Murakami, Ito, & Miyoshi, 2015)(Calvo et al.,
2012) materials science,(Liu, Loewe, & McCullough, 1999) (Dass, 2009):(De Winter et al., 2011)
fuel industry,(Giraldo-Davila, Chacén-Patifio, Ramirez-Pradilla, Blanco-Tirado, & Combariza,
2018) research, and academics. In general terms, mass spectrometry is in the purview of analytical
chemistry, like other relevant techniques such as NMR, HPLC, x-ray diffraction and spectroscopy.
In early years, mass spectrometry experiments were focused on obtaining valuable information
about the isotopic composition of elements, and was not until the second world war, the beginning

of molecule analysis for medical and fuel purposes.

In the fifties, the contributions of McLafferty, Biemann, and Djerassi for structure elucidation
looking onto fragmentation patterns for small organic molecules, opened the mind of many
scientists who despised the power of MS. During ‘60s to ‘80s, the analysis of macromolecules was
considered the Achilles’ heel due to the lack of techniques capable to turn on the gas phase,
molecular elephants like proteins, nucleic acids or polymers. One of the critical impediments relied
on how to volatilize and ionize these chemically sensitive molecules skipping the gas-phase

collisions with reactive species, in order to prevent the decomposition or fragmentation during the
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experiments. Some attempts were carried out using fast atom bombardment (FAB), plasma
desorption and thermospray ionization, however, none of them were successfully done for big
proteins in addition with the required amounts of each sample (milligram scale). Later on, at the
end of the eighties, the simultaneous introduction of electrospray (ESI) by John Fenn and matrix-
assisted laser desorption ionization (MALDI) by Franz Hillenkamp and Michael Karas for the
analysis of peptides and proteins was considered the first stone to build the macromolecule-

analysis world.(Karas & Hillenkamp, 1988)

Actually, electrospray ionization is considered one of the most important ion sources. As a soft
ionization technique, the analysis of high labile biomolecules, ionization of large proteins by
adding several charges and its ability to be coupled to HPLC instruments, makes ESI the preferred
technique for many scientists. Nevertheless, several compounds with the absence of polar groups
like polyaromatic compounds, fullerenes, dendrimers, electronic polymers, dyes, and non-polar
polymers cannot be easily ionized by ESI, demanding novel alternatives for their analysis.
Consequently, MALDI-MS emerged as a suitable technique for the analysis of titled compounds,
with large differences with ESI; low amounts of sample, high sensitivity, contaminants allowance
among others. One of the greatest advantages of MALDI-MS, relies in the ability to modulate the
experiment conditions and sample preparation to address the ionization of analytes yielding
species like (1) [A+H]", (2) [A+M]7, (3) [A-H], (4) [A]"" and (5) [A]", depending upon the solvent,
additives and instrument conditions. As mentioned above, the ionization mechanism in MALDI
goes under two general pathways; the proton/cation transfer reactions from the matrix to analytes
or vice versa (ions 1, 2 and 3) and charge-transfer reactions involving valence electrons (ions 4

and 5).
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1.1. Cluster Mechanism

Almost one decade after the introduction of MALDI, the number of reports increased as a result
of the potential applications on many fields, however, scientists not induced a vital discussion
about ionization mechanism, leaving all aspects on sample preparation and instrument conditions.
The MALDI mechanism is summarized under the “one-laser-shot-one-mass-spectrum” concept,
and its difficulty relies on the speed of all events, commonly at nano/pico/femtosecond scale;
consequently measurements at given level is still a challenge, especially for events involving solid
ablation/desorption. The first postulate about MALDI ionization mechanism treated the events
separately; ablation process, plume evolution and ion detection, however, the inability to
understand the energetics of each process separately, motivated several researchers to go deeper
into the MALDI ionization fundamentals, considering it as a whole process. In 2003, Michael
Karas and Ralf Kriger,(Karas & Kriiger, 2003) introduced the cluster mechanism, which briefly
explained the process as an emission of clusters containing analytes ions into a larger crystal of
the matrix. One of the crucial events in cluster mechanism is the desorption process, in figure 1, a
time-scale snapshots obtained after molecular dynamics calculations revealed that cold/hot clusters
and single molecules can be ejected after laser irradiation as a dense gas-phase, known as MALDI
plume; the desorption step depends on the cross section of molecules, volatility, the presence of
solvents within the solid solution, applied voltages, angle of laser irradiance, laser fluence and
photon energy (considering IR and UV sources). Hot cluster can be considered as tiny and short-
live aggregate of sample’s components containing enough energy to vaporizes during the evolution
of MALDI plume, in contrast, the cold cluster does not contain enough energy to vaporizes itself

and cannot be resolved over the m/z, causing the chemical noise during the experiments.
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Figure 1 Desorption event simulation by molecular dynamics at different times. (upper) molecules

being desorbed from sample surface (middle) intermediate surface nucleation (lower) expansion

of cold clusters.

Once the clusters are ejected from target surface, the ionization step can be considered as an
ESI-like process, the preformed ions occurring into the crystals are released to the analyzer after
disintegration of large aggregates (matrix evaporation) mediated by internal energy and expansion
into the gas-phase, then, lucky single charged ions reach the analyzer. Consequently, detected
species came from charge reduction and recombination process, depending upon the counter ions,
figure 2. The main factors influencing this event are pH, presence of salts, matrix and analyte
characteristics like basicity and solubility. Karas and Kriiger stablished the lucky survival ion for
cluster mechanism being the analyte’s basicity the crucial factor during the ionization (peptides
and proteins showing high basicity, were used during the experiments), therefore, photoionization
of clusters was not largely considered, even, with having observed signals corresponding to radical

cations in the resulting spectra. One of the flaws of the cluster mechanism is the scarce explanation
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about the efficient formation of radical cation/anion during the MALDI experiments, especially,
when low-basicity analytes or samples with the absence of proton/cations are used, hence, Karas
mentioned that photoionization of surrounded matrix molecules in clusters can be possible and

cannot be neglected for further considerations.
X= Na*, K*, H* @@
Y=Cl-, B _
A = analyte Desorption
M = Matrix @ @

@ Evolution of MALDI plume
Size decreasing
@ Cluster breaking
Charge separation

1 Charge reduction/neutralization
Detected lons

@

Figure 2 Lucky ion formation within cluster mechanism, proposed by Michael Karas.

1.2. The Coupled Physical and Chemical Dynamics Mechanism

During early days of MALDI-MS, the observation of radical ions during the experiments meant
a novel approach for the ionization and analysis of non-polar, labile and aromatic compounds of
great relevance in material science.’>® Until the end of the ‘90s the ionization mechanism
explaining the formation of radical ions remained understood and the lack of experimental
evidence inspired several scientists to perform controlled experiments, disclosing the

thermodynamic and kinetic aspects during the desorption and ionization events. In 1998, Richard
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Knochenmuss and Renato Zenobi, introduced by the first time the concept of MALDI mechanism
as separate events based on photoionization; firstly, the primary ionization of matrix step followed
by the secondary gas-phase reactions to ionize the analytes occurring into the matrix clusters.
Consequently, during the early days of MALDI the most forthright explanation for detected radical
ions after laser irradiation, desorption and ionization was the single molecule multiphoton

ionization (M + n(hv) » M** +e7).

Figure 3 Desorption event simulation by molecular dynamics at different times. (upper) molecules
being desorbed from sample surface (middle) intermediate surface nucleation (lower) expansion

of cold clusters.

1.3.  Primary lonization

The first approach was based on previous Karas’ statement; matrix’s radical cations/anions can
be enrolled during the desorption/ionization since these ions in the gas-phase exhibit a high
reactivity against protons, cations or counterions. Nevertheless, the single molecule multiphoton
ionization depends directly on matrix’s ionization potential, which commonly exhibits values over
8.0 eV for matrices like DHB or a-CHCA and more important, the emitted photon’s energy, which

commonly spans from 3.67 eV (N2 laser) to 3.50 eV (Nd:YAG laser) doesn’t has the enough
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energy to reach the ionized state in a multiphoton process. Having considered that matrix
molecules can efficiently absorb photons from laser, Knochenmuss in the same work purposed
that energy pooling during the evolution of MALDI plume can occur and need to be conceivable;
it is worthy of mention that ionization potential is considerably reduced when molecules are
stacked, for example, DHB almost decreases its ionization potential by 0.2 eV when is clustered
in the solid phase. The Knochenmuss’ postulation involves an intermediate excited state whose
interaction with other species results in the ionization of matrices (Figure 3). Energy pooling is
plausible since the packaging of the matrix’s molecules in the cluster ensures their interaction; the
ionization event may occur by 3 steps, first the hopping of matrix molecules from basal state So to
excited state (S1) by photon-molecule absorption, second the energy pooling by S; --> Sp + hv
decay, which excites a neighboring matrix in the excited state (S1) to a double excited state (Sn),
and third, an additional decay of one matrix in the excited state (S1) providing the enough energy
to one matrix in the Sy state to reach the ionized state (Sion), as illustrated in the figure 3. Previous
reports about solid state fluorescence measurements,(Richard Knochenmuss, 2006) proved that
luminescence for commonly used matrices is quenched probably by coalescence of excitons,
suggesting that annihilation process is possible, in addition, the threshold energy for matrices with
given interplanar distances increases or decreases as a result of the distance between molecules.
These observations supported the Knochenmuss statement and established the UV-absorption in
solid state, vapor pressure, two-photon absorption properties, molecular packaging, matrix’s and
cluster’s ionization potential as a crucial factor for primary ionization. In consequence,
Knochenmuss in 2016 introduced a summarized mechanism entitled as CPCD (Coupled Physical
and Chemical Dynamics) which bracketed the photophysical, kinetic and thermodynamic aspects

of primary and secondary ionization step in a whole comprehended phenomenon which explains
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better the observed signals during MALDI experiments. Along this dissertation, the CPCD
mechanism is adopted as the main ionization mechanism based on the rationale background which

explains better the observation of radical species during MALDI experiments.

hv (355 nm)
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M = Matrix >
A

x
0 gl JOI
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{\ Mt +A > M+ At “Photoionization” I
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1

Detected lons Secondary lonization

Figure 4 Two-step ionization mechanism proposed by Richard Knochenmuss.

1.4.  Secondary lonization

Contrarily to cluster mechanism in which detected ions came from preformed species
(protonated or cationated form), the CPCD established the secondary ion-molecule reactions
during the evolution of MALDI plume as the analyte ion source, however, this kind of ionization
is a more complex event to understand and several thermodynamic aspects need to be considered.
Equations 1-7 shows the ionization pathways proposed by Zenobi and Knochenmuss in 1998,
based on the observed ions during controlled experiments:

Eq.1 MO™ +hy +e” > M*
Eq.2 MM +e” > M~

Eq.3 M*™+H*' - [M+H]*
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Eq.4 M**—H* - [M—H]*
Eq.5 M™ —H" - [M —H]"
Eq.6 M™+A > M+ A*
Eq.7 M +A -M+A"
Eq.8 [M+H]* +A >M+[A+H]"

Eq.9 [M—H]” +A »M+[A—H]"

In general, secondary ionization is determined by the yield of primary ions, as far, the
photoionization of matrices (equations 1-2) represent the key step of the process. Once the radicals
are formed, the reactivity against added species, remaining solvent or humidity, address the
secondary ionization yielding as a result [M+H]*, [M-H], and, in some cases, [M+X]* (X=Na, K,
Ag, etc) ions, depending upon the functional groups, polarity and proton/cation affinity (Equations
3-5). It is widely known that excited-state basicity/acidity is dramatically affected when compared
with basal state values, aftereffects, the preformed matrix’s ions react with analyte neutrals,
equations 6-7 under two accepted process: the matrix to analyte charge transfer reactions,
involving the electrons occurring into HOMO/LUMO orbitals and proton/cation transfer

ionization from matrix to analyte or vice versa, as discussed above.

In MALDI-MS, the ionization by proton/cation transfer is the largest observed phenomena in
the “omics” area; metabolomics, proteomics and lipidomics.(Jaskolla, Lehmann, & Karas,
2008)-(Stubiger & Belgacem, 2007)'(Aboulmagd et al., 2017)'(Kaya et al., 2017) Because samples
came from biological systems, these molecules exhibit high proton affinities by the presence of

carbonyls/amino/hydroxyl groups or carboxylic acid units. During the evolution of MALDI plume,
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proton/cation transfer takes place and physicochemical properties such as proton affinities, drive

the kinetic and thermodynamic aspects, then, equations 8 and 9 can be rewritten as;

Eq.8 [M+H]* +A > M+[A+H]* -~ PA(A) > PA(M)

Eq.9 [M—H]” +A » M+ [A—H]™ - PA(A) < PA(M)

Proton affinities play a crucial role, since the reaction is thermodynamically favored if the
proton affinity (PA) of analytes is larger than the matrix’s PA, in positive ion mode, contrarily to
negative ion mode in which ions with high acidity and low proton affinity can be efficiently ionized
as [A-HJ', and matrix’s preformed ions act as basic species. Summarizing, the analyte and matrix’s
physicochemical properties to be considered in proton/cation transfer reactions are, in order of

priority, proton affinity, UV absorption, solubility, and ionization potentials.

On the other hand, secondary electron transfer (ET) reactions, of great importance for the
development of current work, represent a more complex mechanism to understand. Here, the
electrons occurring into valence orbitals are transferred from neutral analytes to matrix’s primary
ions or vice versa, accordingly to equations 6 and 7. Here, knowing the electronic structure of
analytes and matrix is crucial for understand the ionization. In 1998, McCarley and
Limbach,(McCarley, McCarley, & Limbach, 1998) reported by the first time the concept of
electron transfer ionization in MALDI-MS, then, in 1999, reported a rational design of experiments
disclosing the thermodynamic aspects during the ionization of non-polar compounds in positive
ion mode MALDI experiments. As discussed in the chapters below, the electron transfer reactions

between primary ions of the matrix and neutral analytes are thermodynamically favored if the AIP
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(AIP = lonization Potential (analyte) — lonization Potential (matrix)), yielding as a result, the
radical cation corresponding to the analyte. In negative ion mode, electron affinity is the crucial
factor; (AEA = Electron Affinity (analyte) — Electron Affinity (matrix)) and the reaction is
thermodynamically favored when the analytes electron affinity is larger than matrix’s value. In
2006, Vasil’ev et al,(Vasil’ev et al., 2006) reported the electron transfer reactivity within the
thermodynamic framework for ET reactions using non-polar analytes with defined
physicochemical properties and DCTB matrix. They demonstrated the high influence of electron
affinities and ionization potentials during the ET-MALDI experiments. These findings opened a
new window for the analysis of non-polar compounds and the development of novel matrices for
ET ionization. Henceforth, to simplify the discussion, the proton/cation transfer will be excluded,

focusing on the electron transfer reactions, the main objective of this dissertation.

1.5.  Factors influencing the matrix’s performance and analyte signals in ET-MALDI:

the clues behind finding the right matrix

As summarized in the previous session, the matrix’s performance in MALDI-MS relies in
several physicochemical and chemical properties, in addition, the matrix’s properties, sample
preparation, and instrument conditions dramatically affect the analyte signals, being necessary to
comprehend the behind of observed results for further discussions in chapters 1, 2 and 3. As
discussed above, the mechanistic aspects of MALDI, treated the process as a two-step event;
primary and secondary ionization. Going beyond the CPCD model,(R. Knochenmuss, 2016)
physicochemical and chemical properties like UV absorption, fluorescence, conjugation,

ionization potential, electron affinity, gas-phase reactivity, crystallization, and solubility need to
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be considered during the experimentation. Commonly, manufacturers of MALDI instruments
incorporate a tripled Nd:YAG solid state-laser emitting UV photons at 355 nm with a specific
energy of 3.5 eV. From a simplified point of view, MALDI can be treated as a UV process in
which electrons on the valence orbitals (HOMO) are involved (as shown in figure 4). From a given
energy and laser fluence, the ion yields of matrices differing on UV absorption properties can
significantly vary; we previously demonstrated that phenylenevinylene derivatives with donor
substituents and high ex=3s5 values showed higher ion yields and low energy threshold in contrast
with phenylenevinylenes containing acceptor groups and low &x-3s5 values, when subjected to LDI
experiments at the same laser output energy.(Castellanos-Garcia et al., 2017) In consequence, a
matrix with low UV absorption properties results in hard threshold energy and low yield of primary

ions, then, the signal of the analyte is drastically affected.

During the evolution of MALDI plume, the interaction between matrix molecules also affects
the yield of primary ions; a good crystallization in which the aromatic rings of the matrix are in a
distance <4A, may help during the energy pooling, in addition, the fluorescence properties are
important since low values of radiative quantum yields “¢f” ensures that emitted photons stay
within the cluster, driving the matrix molecules to the excited/ionized state. In previous reports,
solid state fluorescence experiments,(Richard Knochenmuss, 2004) using DHB matrix, revealed
that emitted photons rarely overcome the half of absorbed ones and exhibits a typical non-radiative
process. Interestingly, packaging of DHB molecules also revealed a significant decreasing on
ionization potential from 8.05 to 7.93 eV. Considering an ideal event in which primary ions are
formed in high yields, there are other critical factors affecting the signal of analytes. Since analyte

molecules need to be occluded into the matrix crystal, the solubility of sample components in a
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common solvent is desired. For non-polar matrices like anthracene, 9,10-diphenylanthracene or
DCTB, solvents like tetrahydrofuran, dichloromethane, 1,4-dioxane, and ether are commonly
used,(Ulmer, Mattay, Torres-Garcia, & Luftmann, 2000)'(Nazim Boutaghou & Cole, 2012) instead
of DHB, a-CHCA or sinapinic acid which are solubilized in polar and protic solvents like water,
acetonitrile, methanol and ethanol, in the presence of acidic media. In the hypothetical case of low
solubility, exclusion of analytes from crystal matrix is commonly observed affecting the ion yields.
Additionally, the solvent determines the crystal size, then, large and compact crystals are hard to
ionize, whereas well distributed tinny crystals on MALDI target can be efficiently
desorbed/ionized during the experiments. In MALDI-MS, electron transfer ionization is used for
the analysis of non-polar and high-labile compounds. Sample preparation for ET experiments
reduces the use of acidic/basic media or protic solvents in order to prevent the chemical
decomposition or reactivity in the gas-phase. In addition, common matrices for ET ionization, 9-
nitroanthracene,(Juhasz & Costello, 1993) DCTB,(Ulmer et al., 2000) (Wyatt, Stein, & Brenton,
2006) anthracene, 9,10-diphenylanthracene,(Nazim Boutaghou & Cole, 2012) terthiophene, and
tetraphenyl-1,3-butadiene are highly soluble in non-polar solvents, which are likely chosen to
reduce the matrix-solvent reaction ensuring the formation of intact radical species. These matrices
have been used for the analysis of high labile analytes based on fullerene, chlorophylls, porphyrins,
polymers, and pigments with good results, however, the lack on performance related with a poor
rational design gives limited physicochemical properties and dramatically affects the final results
during the experiments. Under controlled conditions and the same matrix-to-analyte ratio, the
signal of analyte after ET ionization is conditioned to the thermodynamics of the ET reaction; for
a hypothetic analyte ionization potential value of 7.4 eV, the AIP using DCTB (8.54 eV), 9-

nitroanthracene (7.8 eV) and 9,10-diphenylanthracene (7.5 eV) is -1.04, -0.3 and -0.1 eV
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respectively, thus, the analyte signal for DCTB using is expected to show the highest abundance.
Consequently, matrices with ionization potentials between 8.0 and 9.0 eV are desired. The radar
chart shown in figure 5, summarizes the optimal matrix’s physicochemical properties to be
considered during the election of compounds; as mentioned above, a higher ionization potential
ensures the ionization of a wide range of analytes, a good primary ion formation as a consequence
of higher UV absorption and low energy threshold and solubility/crystallization in a common

solvent used for analytes.

lonization Energy

Crystallization - S-a UV Absorption
(2.=355)

Threshold

Energy Pr

L4 0 10

——
Solubility Arbitrary Units

Figure 5 Radar chart in arbitrary units for most relevant matrix’s properties to be considered

during ET experiments.

Along the chapters 2 and 3, the correlation between physicochemical properties of rationally
designed matrices, their performance in LDI-MS and the analytical behavior for their use as
MALDI matrices are shown. This manuscript focuses on the study of analytical descriptors
obtained after extensive MS experiments in MALDI-TOF and MALDI-FTICR using the fluorene
and a-cyanophenylenevinylene matrices for the ionization of organic materials, nanoparticles,

crude-oil biomarkers.
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2. Electron transfer ionization of nanoparticles, polymers, porphyrins and fullerenes

using synthetically-tunable a-cyano-phenylenevinylenes as UV MALDI-MS matrices

2.1. Abstract

Electron transfer (ET) ionization in MALDI is widely used for the analysis of functional
materials which are labile, unstable and reactive in nature. However, conventional ET matrices
(e.g. DCTB) still lack in performance due to cluster formation, reactivity with analytes and vacuum
instability. In this contribution we report the use of a-cyano-phenylenevinylene derivatives as UV-
MALDI matrices for the analysis, by ET ionization, of nanoparticles, polymers, porphyrins and
fullerenes. The synthetic versatility of the phenylenevinylene (PV) core allowed us to modulate
physicochemical properties, fundamental for efficient formation of primary ions in the gas phase
under MALDI conditions, such as planarity, ionization potentials, molar absorptivity and laser
thresholds. For instance, introduction of -CN groups in vinyl positions of the PV core induced
structural disruption in planarity in the new a-CNPV derivatives, shifting their maximum molar
absorptivity to UV wavelengths, and increasing their ionization energy values above 8.0 eV. UV
MALDI-relevant photophysical properties in solution and solid state are reported (Amax and &3ssnm).
LDI spectra of a-CNPVs exhibit predominantly signals due to M™ and [M+H]* species, while the
standard matrix DCTB show peaks associated with clusters and non-desirable products. The MS
performance of six a-CNPV derivatives was assessed for the ionization of a standard compound,
with a-CNPV-CHs and a-CNPV-OCHz exhibiting better analytical figures of merit than those of

a standard matrix (DCTB). These new matrices display high vacuum stability (79%) for up to 240
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minutes of residence in the ionization source, in contrast with DCTB with 13%. Vacuum stability
is vital, particularly for applications such as high-throughput analysis and imaging MS. In addition,
when a mixture of twenty analytes (PAHSs, porphyrins and triphenylamine dyes) ranging from m/z
300 to 1700 was analyzed via ET MALDI, we observe analyte coverage of 90% with the a-CNPV-
CHa derivative, while DCTB afforded only 70%. Finally, a-CNPV-CHzwas tested, and compared
with DCTB, as ET-MALDI matrix for petroporphyrins, conjugated polymers, gold nanoparticles,

and fullerene derivatives analysis, outperforming in most cases the standard matrix.

2.2. Introduction

In MALDI-MS the electron transfer (ET) process in positive ion mode, involves a transfer of
an electron from a low ionization potential (IP) neutral molecule (A:analyte) to an already ionized
high IP molecule (M:matrix) to yield an analyte molecular ion (A**), according to the following

mechanism:(McCarley, McCarley, & Limbach, 1998)

M*+ A > A" +M .. IPmarix > IPanaiyte) . AIP > 0.5 eV (Eq 1)

This versatile gas-phase reaction is used to charge molecules of fundamental importance in
material science, that otherwise would not be amenable to mass spectrometric analysis, such as
non-volatile molecules,(Wyatt, Stein, & Brenton, 2006) conjugated polymers,(De Winter et al.,
2011) non-polar hydrocarbons,(McCarley et al., 1998) nanoparticles,(Chaki, Negishi, Tsunoyama,
Shichibu, & Tsukuda, 2008) fullerene derivatives and dyes.(Ulmer, Mattay, Torres-Garcia, &

Luftmann, 2000)(Castellanos-Garcia et al., 2017) However, a widespread analytical use of ET
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processes in MALDI strongly depends on the availability of adequate matrices to effectively
promote the bimolecular ET reaction. Since the first reports on ET-MALDI in the 90s,(Juhasz &
Costello, 1993) the development of suitable matrices for this process has been timid to say the
least. Systematic searches for new organic compounds as MALDI matrices are rare in literature,
and most efforts are isolated, analyte-dependent and amount to a really small group of compounds
including 9-nitroanthracene (9-NA),(Juhasz & Costello, 1993) trans-2-[3-(4-tert-butylphenyl)-2-
methyl-2-propenylidene] malononitrile (DCTB),(Ulmer et al., 2000) 1,9-diphenylanthracene (1,9-
DPA),(Nazim Boutaghou & Cole, 2012) terthiophene (TER) and 1,5-diaminonaphtalene (1,5-
DAN).(Calvano, Ventura, Cataldi, & Palmisano, 2015) 9,10-DPA is an efficient ET MALDI
matrix for analysis of compounds like retinol, fullerenes and chlorophyll-a; however, a low IP
value (7.25 eV) restricts its use to the analysis of compounds with IPs below 7.0 eV.(Nazim
Boutaghou & Cole, 2012) A similar issue is observed with oligomers such as terthiophene (TER,
IP= 7.5 eV), used by Suzuki and co-workers for the analysis of chlorophyll derivatives. More
recently Calvano, et al. reported the use of 1,5-diaminonaphtalene (1,5-DAN, IP 6.74 eV), a
traditional matrix for in source decay ISD, for the electron transfer ionization of
bacteriochlorophylls from cyanobacteria.(Calvano et al., 2017) The 1,5-DAN outperformed
DCTB and TER, in terms of sensitivity, due perhaps to high yields of primary ions (M** and M™)
which favor chlorophylls (IP 6.0-6.3 eV) secondary ion formation. The DCTB, perhaps the most
successful ET-MALDI matrix to date, was put forward by Ulmer, et al. for the analysis of fullerene
derivatives.(Ulmer et al., 2000) This compound has advantages such as good solubility, high IP
(8.54 eV) and good UV molar absorptivity making it a good matrix for the analysis of
fullerenes,(Kotsiris et al.,, 2006) polymers,(Macha & Limbach, 2002) conjugated

polymers,(Chendo et al., 2015) and conjugated organic compounds.(Wyatt et al., 2006) However,
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DCTB still lacks in performance as ET MALDI matrix due to several issues related to cluster
formation in the low-mass region, reactivity with analytes, chemical decomposition and vacuum
instability, among others.(Wyatt et al., 2006)'(Lou, de Waal, van Dongen, Vekemans, & Meijer,

2010)

In organic material science, highly conjugated structures based on oligo-p- phenylenevinylenes
(p-PV) exhibit outstanding performance as OLEDs,(Moorthy, Venkatakrishnan, Natarajan, Lin, &
Chow, 2010)(Jandke, Strohriegl, Gmeiner, Britting, & Schwoerer, 1999) sensitizers,(J.-J. Li,
Chen, Yu, Cheng, & Liu, 2018)(Ding et al., 2018) bioimage dopants,(Chen et al., 2018)'(Feng,
Wang, & Ju, 2018) non-linear optic materials,(Camposeo, Del Carro, Persano, & Pisignano, 2012)
two-photon absorption compounds,(Chung et al., 2005)(Scotognella et al., 2011)(Fang et al.,
2010) and organic solar cell light harvesters.(Ameri, Khoram, Min, & Brabec,
2013)(Vandenbergh et al., 2011)(Masuda et al., 2010)/(Mikroyannidis, Kabanakis, Suresh, &
Sharma, 2011) The photophysic properties of PV, and similar compounds such as fluorenes,
prompted us to systematically study the feasibility of using these organic materials as ET MALDI
matrices in mass spectrometry. In an exploratory report we reported the successful use of p-
PV, (Castellanos-Garcia et al., 2017) with electron-donor and electron withdrawing groups on the
peripheral phenyl rings, as ET MALDI matrices for the ionization of porphyrins, phthalocyanines
and polyaromatics. The position of the substituents on the PV core dramatically influenced the
derivatives photophysic and mass spectrometric performance. In this first approach we singled out
the p-CNPV derivative, from eight different structures tested, as promising ET-MALDI matrix
due to its analytical performance. For instance, when compared with DCTB, p-CNPV increased

the S/N for standard analytes from 3 up to 500 times. However, despite its interesting properties
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as ET-MALDI matrix, the p-CNPV derivative has some structurally-related disadvantages such as
low IP (7.96 eV) -which restricts the molecule’s use for ET ionization of a wider range of analytes-
and low solubility in MALDI-suitable solvents which dramatically affects crystallization and

sample distribution homogeneity.

Continuing with our quest for developing broad-spectrum ET MALDI matrices, here we report
the development of six new phenylenevinylene derivatives with -CN groups on the vinyl bridges
(a-CNPVs) and a variety of EDG (-CH3z, OCHs, N(CHz)2, N(Ph).) and EWG (-Cl) on the
peripheral p-positions, following the rational design concept introduced by Jaskolla and co-
workers.(Jaskolla, Lehmann, & Karas, 2008) When compared with the previously reported p-
CNPV, introduction of -CN groups in vinyl positions induced structural disruption in planarity in
the new a-CNPV derivatives, shifting their maximum molar absorptivity to lower wavelengths,
and increasing their ionization energy values above 8.0 eV. In addition, the presence of electron
donor groups (EDG) causes a red shift in the UV absorption maxima increasing molar absorptivity
of the derivatives due to changes in the HOMO energy and electron enrichment over the -
backbone. Meanwhile, electron-withdrawing groups (EWG) exhibit a blue-shift in the UV
absorption maxima and significant decrease in the molar extinction coefficient. EWG and EDG
substituents can, respectively, increase (>8.2) or decrease (<8.2) theoretical ionization potentials
(IP). UV MALDI-relevant photophysical properties in solution and solid state are reported (Amax
and esssnm) as well as the a-CNPVs analytical performance as ET-MALDI matrices for the analysis
of a wide range of functional materials such as dyes, polyaromatics, fullerenes, porphyrinic
compounds, gold nanoparticles and electronic polymers. We always compared the o-CNPV’s

performance with the standard DCTB.
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2.3.  Results and Discussion

2.3.1. a-CNPVs synthesis and characterization. Figure 6A shows a straightforward and
synthetically elegant route to a-CNPV derivatives (a-CNPV-H, a-CNPV-CI, a-CNPV-CHs, a-
CNPV-OCHj3, a-CNPV-N(CHz)2 and a-CNPV-NPhy) using the classic Knoevenagel reaction in
basic media. This versatile approach easily allows the introduction of EWG and EDG substituents
on the para positions of a-CNPV, through the aldehyde precursor, which not only allows
modulation of solid-phase absorption properties (causing red or blue shifts respectively) but also
physicochemical properties such as ionization potential (IP) and solubility. Supporting information
(Scheme S1) contains detailed description of a-CNPV synthesis. From our previous work we
know that p-CNPVs efficiently aggregate in solid and liquid phases, forming 7 stacking structures
with low interplanar distances (< 8 A) that favor exciton formation in solid phase and increase the
ability to incorporate conjugated analytes such as polyaromatics, dyes and
porphyrins.(Castellanos-Garcia et al., 2017)(Wang, Collison, & Rothberg, 2001):(Cornil, Heeger,
& Bredas, 1997)'(R. Knochenmuss, 2016) However, aggregation proneness in p-CNPV results in
decreased solubility in common electron-transfer MALDI solvents such as THF, ACN, toluene
and DCM. Introduction of -CN groups onto the vinyl bridges of the PV core (Figure 6A), instead
of the p position of the phenylene ring, improved o-CNPV solubility and altered their structure by
breaking planarity. This latter effect also resulted in increased IPs for a-CNPVs while also
induced a blue shift in the solid state and two-photon absorption properties of the derivatives.(Yoo
et al., 2003)(Xu, Xie, Zhang, Shen, & Ma, 2016)'(Chung et al., 2005):(Pond et al., 2002) The two
photon absorption, a phenomenon related with nonlinear optics, is a characteristic property of

organic materials associated with the ability to absorb two photons from different sources (laser or
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a neighbor-emitted photon) to reach an excited state (Sn) non linearly, as reported by Bubeck and
co-workers.(Bubeck et al., 1989) It is well-know that introducing a high electron affinity cyano
group on a vinyl bridge in PVs enhance the effective two photon absorption cross section of the
molecule turning it into a donor-acceptor push pull system (D-A-n-A-D).(Yoo et al., 2003)'(Pond

et al., 2002)
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Figure 6 A) Synthetic approach to a-CNPV derivatives. B) Radar chart for the correlation between
each synthesized a-CNPVs and their physicochemical properties: molar extinction coefficients at

355 nm, experimental IP values by UPS, molecular ion [M++] abundance a

The radar chart in Figure 1B compiles characterization information for the six a-CNPV
derivatives and DCTB in terms of molar extinction coefficients at Asss nm from UV-Vis spectra,
experimental ionization potential (IP) values obtained by UPS, molecular ion (M™) abundance at

0.58 wJ per pulse, slopes (m) from ion abundance vs laser energy plots, and mass spectrometric
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performance (S/N ratios) for a single analyte. The experimental data used for building the radar
chart can be found in the Supporting Information Figures S1, S2, S3 and S4. Figure S1 of the
Supporting Information shows characteristic UV-vis absorption bands in a-CNPV derivatives,
related mostly with m-rt* transitions, located between 200 and 400 nm; as a reference point, the
basic a-cyanophenylenevinylene core (a-CNPV-H) shows UV absorption maximum (Amax) at 349
nm. The inclusion of a soft EDG group such as —CHs, in the phenylene para- position, induces a
red shift to Amax=355 nm, the wavelength of the Nd:YAG laser; while a strong EDG group —OCHj,
causes an even more dramatic red shift to Amax=365 nm. In addition, the introduction of basic
auxochromic substituents (also EDGS) in the a-CNPV core, such as N(CHz)2 and NPh,, cause
even stronger red shifts in the Amax to 425 and 430 nm, respectively. Interestingly, as the red shift
increases (by inclusion of EDG groups) the IP of the derivative decreases; UPS measurements
show IP values of 8.30, 8.22, and 7.77 eV for derivatives with -OCHz, -N(CHz3)2 and -NPh; groups
in contrast with 8.92 eV for the a-CNPV-H core. On the other hand, introduction of a EWG group
(-CI) barely affects the Amax, with a shift from 349 nm (in a-CNPV-H) to 351 nm (for a-CNPV-
Cl). Finally, the a-CNPV-CI derivative exhibits the second highest IP value of the series,

corresponding to 8.62 eV, in comparison with 8.92 eV for the a-CNPV-H core.

Since the electron transfer process in MALDI strongly depends on matrix photoexcitation and
primary ion formation (Eq 1.); molar absorptivity at 355 nm can be used as an initial approximation
to weight the photophysical performance of the matrix candidates when compared with the
standard DCTB.(Richard Knochenmuss, 2006) (Breuker, Knochenmuss, Zhang, Stortelder, &

Zenobi, 2003)(R. Knochenmuss, 2016) UV-vis analysis (at 355 nm) in solution show for a-

CNPV-H, a-CNPV-CHjs and a-CNPV-OCHzs, molar absorptivities of 38.000, 70.000 and 41.000



DEVELOPMENT OF NOVEL MATRICES FOR MALDI MASS SPECTROMETRY 46

Mcm™, respectively (Figure 6B, Figure S2). These values are all above DCTB (32.000 M*cm™)
indicating that these a.-CNPV derivatives have interesting UV absorption properties in the liquid
phase. However, since primary ion formation in MALDI strongly depends on matrix photophysical
properties in solid phase, in Figure S1 the diffuse reflectance spectra corresponding to all a-
CNPVs and the standard matrix DCTB reveal efficient photon absorption in the wavelength range

of the Nd:YAG laser.

The performance of an ET MALDI matrix is also related to its ability to form a dense plume of
primary ions at laser energies close to the matrix threshold. Figure S3 shows the ion yield in
function of laser energy per pulse (from 0.39 to 2.80 wJ) for a-CNPV derivatives and DCTB.
Logarithmic appearance curves of ion yield vs laser energy per pulse exhibit a well-known shape
starting with a steep slope covering almost an order of magnitude along the energy per pulse axis
and finishing with a plateau. Leveling off, in the ion abundance appearance curves, can be related
to either detector saturation or fragmentation/decomposition of matrix’s primary ions as a
consequence of the high laser energy.(Dreisewerd, 2003) Four a-CNPV derivatives plus the
standard matrix (DCTB) showed ion yields in the range of 102 to 102 counts at low laser energy
per pulse values (0.58 wJ), interestingly these derivatives exhibit the lowest ionization potential of
the series: a-CNPV-CHjs (8.42 eV), a-CNPV-OCH3 (8.30 eV), a-CNPV-N(CHz3). (8.22 eV) and
o-CNPV-NPh; (7.77 eV). The derivatives a-CNPV-CI (IE: 8.62 eV) and a-CNPV-H (IP: 8.92
eV) show ion yields below 102 at 0.58 pJ. At laser energies above 0.89 pJ per pulse the ion yields
for the standard DCTB matrix level off at 104 counts, while the a-CNPV derivatives still show a

linear dependence between laser energy and ion abundance up to 1.33 pJ. When reaching a plateau,
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ion abundance for a-CNPVs are 1.5 orders of magnitude above those of DCTB. These
observations show abundant yields of matrix primary ions for the a-CNPV derivatives, which in
turn could promote gas-phase ion-molecule charge exchange reactions with analytes. To further
support this assertion, the radar plot in Figure 6B, shows the slopes (m) of linear sections of the
ion abundance vs laser energy plots (Figure S3) when fitted to the form Y~H", where “Y”
represents the ion yield, “H” the laser energy and “m” indicates the molecule’s ability to form
primary ions. Derivatives with the lowest IP values and highest molar absorptivity exhibit the
highest “m” values, as is the case with a-CNPV-CH3 (m = 7.64). MALDI-MS matrices with “m”
values between 5-10 can efficiently form primary ions, which is of fundamental importance to
form secondary ions according to Eq 1.(Dreisewerd, 2003) As an exploratory way to measure the
performance of a-CNPV derivatives as ET matrices, we selected the cobalt porphyrin (IP ~ 6.58
eV) as standard analyte (Figure S4). As seen in Figure 6B, a-CNPV-CH3s and a-CNPV-OCHs3
afforded the highest S/N ratios (4.5x10° and 5.0x103, respectively) for cobalt porphyrin [CoPP]**
m/z 791. These derivatives also exhibited the highest molar absorptivity, “m” values, ion yields

about ~10° at 0.58 pJ/pulse and high ionization potentials, 8.42 and 8.30 eV, respectively.

Among the many requirements for an efficient MALDI matrix a clean and background-free
spectrum is of paramount importance, especially for detection of low molecular weight compounds
and for lowering the detection limits (LODs) of the technique. In Figure 7 the LDI MS spectra for
all a-CNPV derivatives and the standard matrix DCTB, using an energy laser output of 0.819 uJ
and 2.5 pmol of each compound on target revealed high-abundance signals corresponding to the
molecular ions (M**), with a small-to-large contribution of protonated molecules [M+H]" and

absence of clusters, fragments or adducts. Derivatives a-CNPV-H, a-CNPV-CI, a-CNPV-CHjs,
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and o-CNPV-OCHj3 show the highest contributions of [M+H]" signals to the LDI spectra. For
example, in the LDI spectrum of a-CNPV-CHjs the base peak apparently corresponds to the
protonated molecule [M+H]" at m/z 361. However, analysis of the experimental isotopic pattern
for a-CNPV-CH3 (Figure 7) shows that abundances for both M** (m/z 360) and [M+H]* (m/z 361)
are equivalent; since the contribution of the monoisotopic [M+H]" to the measured M+1 signal is
around 71%, with the remaining 29% corresponding to the radical cation of the a-CNPV-CH3
isotopologue B*C?CzsH20N,. Observation of [M+H]" species in a-CNPV-CHs (and —H/-CI/-OCHs
derivatives) can be explained by two different reaction pathways: first the possibility of protonated
matrix molecules preformed in the solid phase, as a result of the presence of —-CN groups on the
vinyl bridges which increase the acidity of adjacent B-hydrogens. Previously Lou and co-workers
reported on the acidity of H- on 3 positions supporting this possibility.(Lou et al., 2010) Secondly,
protonated matrix molecules can be the result of bimolecular reactions of the type M™ + M/S —
[M-H]" + M*/S" (M= matrix neutral molecule, S=neutral solvent molecule) in the gas phase. This
effects are also observed with the DCTB standard matrix where a high abundance of protonated
species [M+H]" at m/z 251 is also observed. In this case the M+1 signal in the isotopic pattern of
Figure 2 corresponds to an overlapping of the monoisotopic [M+H]* (80%) and the radical cation
of the DCTB isotopologue *3C*2C16H1sN2 (20%). Interestingly, a-CNPV-N(CHs), and a-CNPV-
NPh; do not show significant [M+H]" signals due perhaps to the stabilization of the matrix radical
cations induced by resonance and delocalization of the lone electron pair(s) in these auxochromic

groups.

Four of the tested a-CNPV (-CHs, -OCHs, -N(CHz3)2, NPhy) provide a clean and background-

free spectrum as seen in Figure 7; in contrast, the standard ET matrix DCTB shows a complex
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background were not only the radical cation signals were observed but also protonated molecules
([M+H]", [2M+H]", [3M+H]*, [4M+H]"), adducts ([M+Na/K]") in addition to several signals
corresponding to the matrix chemical decomposition and intermolecular reactions in the gas phase.
The presence of these clusters and adducts may hinder detection of low molecular weight

compounds and alter the isotopic patterns of the analytes (an issue in low to medium resolution

analyzers).
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Figure 7 LDI MS spectra for the a-CNPV derivatives a-CNPV-H, a-CNPV-CI, a-CNPV-CH3,

a-CNPV-OCH3, a-CNPV-N(CH3)2, a-CNPV-NPh2 and DCTB using 0.819 uJ of laser output

and 2.5 pmol of each compound on target.
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In addition to the above mentioned disadvantages, are the DCTB’s well documented reactivity
against analytes, in-source decomposition, low vacuum stability and chemical decomposition
overtime.(Lou et al., 2010) Comparatively, the LDI spectra of a-CNPV-H showed signals
associated with [2M+H]" (m/z 661) and some adducts at m/z 355 corresponding to [a-CNPV-
H+CH3OH]". The a-CNPV-CI derivative exhibited signals related to hydrolysis products such as
[-CNPV-Cl+t-BuO+Na]* at m/z 497, resulting of t-BuO" addition to the —CN group due the high
electrophilic character of the -ClI substituent due to the strong basic media used for the synthesis

of these derivatives.

Considering the radar plot of Figure 6B and the LDI spectra in Figure 7, we selected a.-CNPV-
CHs and o-CNPV-OCH3 derivatives to test further as ET matrices. These derivatives exhibit
remarkable UV absorption properties (g3ss = 70 000 and 41 000 M-tcm™), ability to efficiently
produce primary ions upon laser irradiation (m = 7.64 and 6.74), high yields of primary ion at low
laser thresholds (0.58 pJ/pulse), high S/N values for a standard analyte and the absence of clusters,

adducts and fragment in their LDI spectra.

2.3.2. Vacuum stability a-CNPV-CHs and o-CNPV-OCHs derivatives. Vacuum
stability in a MALDI matrix is of fundamental importance, particularly for applications where the
analyte:matrix mixture must stay for long periods of time at low pressure such as the case of high-
throughput analysis and imaging MS.(lbrahim, Jurcic, Wang, Whitehead, & Yeung, 2017)
Traditional ET matrices, such as DCTB, rapidly decompose and sublimate under vacuum. We
tested the vacuum stability of a-CNPV-CHz and a-CNPV-OCH3 against DCTB, for the analysis

of Cobalt porphyrin (11) as a function of sample residence time in the MALDI ion source. Figure
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8 shows the change in M signal (m/z 791.21) over a 240 min time period. As a general trend we
observe, over time, a decrease in S/N ratios for the cobalt porphyrin with the three matrices.
However, with a-CNPV-CH3s and a-CNPV-OCHG3 this decrease corresponds to 21 and 34% of the
initial S/N value after 240 min, respectively, while for DCTB the decrease reaches 87% after 240
min. Recently, Lou et al, reported on the disadvantages of DCTB,(Lou et al., 2010) among which
reactivity with analytes and poor vacuum instability are of great concern. For applications
requiring long residence times of the sample in the ion source, such as MALDI imaging, clearly

o-CNPV-CH3 and a-CNPV-OCHj3 could provide the necessary vacuum stability.

(minutes)

Figure 8 Changes on [M]++ S/N ratios for cobalt porphyrin as a function of residence time in the
ion source using a-CNPV-CH3, a-CNPV-OCH3 and DCTB as matrices. 1.25 pmol of analyte

on target
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2.3.3. Analysis of polyaromatic hydrocarbons, porphyrins, phtalocyanines and solar
cell sensitizers using a-CNPV-CHs, a-CNPV-OCHs as ET matrices. Highly conjugated
organic and organometallic compounds, such as porphyrins dyes, polyaromatics and
optoelectronic materials are important structures for light harvesting applications.(Kay & Graetzel,
1993)(Mathew et al., 2014)(Gomez Esteban, de la Cruz, Aljarilla, Arellano, & Langa,
2011)(Tigreros et al., 2014) Porphyrins, for example are extensively studied for their ability to
harvest photons in plants, transport oxygen in blood, and take part in catalytic processes.(Collman,
Marrocco, Denisevich, Koval, & Anson, 1979) On the other hand, molecules based on
triphenylamine and polyaromatics structures are extensively used as sensitizers, quantum dots
dopants, and building blocks in electronic polymers for organic light emitting diode (OLED)
technology, among other applications.(Arcos, Guimaraes, Insuasty, Araki, & Ortiz, 2016)'(G. Li
et al., 2015) The analysis of compounds mentioned above by MS represents a great challenge
because common ionization techniques such as electron ionization (EI) or electrospray (ESI) cause
demetallation, fragmentation and intermolecular reactions which produce undesirable signals in
the mass spectrum. To test the performance of a-CNPVs as ET matrices we selected twenty
compounds (see structures in Figure S5 supporting info) suitable for ionization via ET reactions
and subjected the mixture to LDI and MALDI analysis using a-CNPV-CHs, a-CNPV-OCHz; and
commercial DCTB as matrices. The mixture includes organic materials such as polyaromatics:
coronene (1), naphto[2,3-b]-pyrene (2), 1,9-diphenylanthracene (3), 1,2,3,4,5-pentaphenyl-1,3-
cyclopentadiene (4), rubrene (5), and hexaphenylbenzene (6); porphyrins and phtalocyanines:
compounds 7-15; and triphenylamine-based dyes: compounds 16-20.(Nazim Boutaghou & Cole,
2012)(Arcos et al., 2016)(Barlow, Scudiero, & Hipps, 2004):(Clar, Robertson, Schloegl, &

Schmidt, 1981) (Clar & Schmidt, 1979) (Kiselev, Sakhabutdinov, Shakirov, Zverev, & Konovalov,
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1992):(Sato, Seki, & Inokuchi, 1981)(Gyorosi, Hvistendahl, & Undheim, 1975)(Dolgounitcheva,
Zakrzewski, & Ortiz, 2005)(Blase, Attaccalite, & Olevano, 2011) Figure 9 shows the MALDI
spectra of the mixture, using 1.25 pmol of each analyte on target and laser energy of 0.89 uJ per
pulse. In addition, Table S1 (see supporting material, Table S1) shows the S/N ratios for all
observed signals in Figure 9. We calculated the percentage coverage of the mixture, the ratio
between the number of observed analytes (with S/IN>3) over the total number of analytes times
100, as a general way to determine how efficient the analytical approach is. For MALDI, using the
standard DCTB matrix we detected 14 out of 20 analytes for a coverage of 70%. With a-CNPV-
OCHs and a-CNPV-CHs as MALDI matrices we registered signals for 18 of the 20 compounds in
the mixture for a 90% of analyte coverage. In Figure 9 we observed signals corresponding to
radical cations for all analytes; interestingly, for analytes 16 and 19 (containing tertiary basic
nitrogens) we also observed [M+H]" species ( with less than 5% of relative abundances, see Table
S1). Porphyrins (10) and (11) are detected with high S/N ratios using a-CNPV-CHzand a-CNPV-
OCH3z as MALDI matrices (1342 and 1058; 517 and 504, respectively) in contrast with S/N of 270
and 491 when DCTB was used. The phthalocyanine (13) shows high S/N ratios with 78, 1395 and
1265 with a-CNPV-CHs, a-CNPV-OCHs and DCTB, respectively. Although, in general
phthalocyanines have higher IPs than porphyrins (because the imino groups in the a-position act
as EWG substituents and decrease the available m-electrons on the conjugated m-backbone, in
contrast with porphyrins that do not contain imino groups), the presence of EDG (—OC4sHg) groups
in the phenyl ring of 13, decreases the IP of the molecule and stabilizes charged species in the gas
phase making this compound easily ionizable, even more so than porphyrins. Likewise,
unsubstituted phthalocyanines 7, 8, 9 and 12 exhibit lower S/N values than the alkoxy substituted

13, 14 and 15 analogues. The presence of these substituents, strong donating groups, cause a
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decrease on IPs that favor electron transfer net energy release. Secondary ionization in electron

transfer, depends strongly, as mentioned above, on energetically-favored M*/A interactions.
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Figure 9 MALDI spectra of polyaromatic hydrocarbons 1-6, porphyrins and phtalocyanines 7-15

and triphenylamine pigments 16-20. 1.25 pmol of each analyte on target and laser energy of 0.89

uJ per pulse.

Aromatic compounds 4 and 6 (1,2,3,4,5-pentaphenyl-1,3-cyclopentadiene  and
hexaphenylbenzene), with the highest IPs: 7.54 and 8.60 eV, respectively; were not observed
during the electron transfer experiments. Secondary ion formation for compound 6 is not
thermodynamically favored with any of the matrices used, hence this compound is not detected,
while for compound 4 secondary ion formation is favored. However, due to the analyte suppression

effect (ASE) compound 4 is not observed in the MALDI spectra.(Richard Knochenmuss, 2009)
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Analytes with lower IPs than compound 4 (basically all of the analytes in the mixture except 6)
can react more favorably with the matrix, thus competing and decreasing the signal for compound
4.(Richard Knochenmuss, 2009) Finally, triphenylamine-based (TPA) compounds (16-20),
commonly used as solar cells sensitizers, exhibit the lowest IPs of the mixture ranging from 5.83
to 6.0 eV (theoretical DFT values (Arcos et al., 2016)). These five analytes were all efficiently
ionized by a-CNPV-CHz and a-CNPV-OCHjs, while DCTB only produced ions from compounds
17, 18 and 19 with low S/N (Table S1). As a general conclusion we observe better analyte
coverage, and overall signal enhancement and reduced background noise in the MALDI spectra

when using a-CNPV-OCHjs and a-CNPV-OCHs matrices versus DCTB. In the following sections

we feature exclusively the a-CNPV-CH3z as ET MALDI matrix.

2.3.4. ET-MALDI applications to complex mixture analysis using a-CNPV-CHs as matrix:

2.3.4.1. Direct identification of biomarkers (nickel and vanadyl porphyrins) in crude oils.
In geochemistry the presence of nickel and vanadyl porphyrins is related with the processes of
diagenesis, kerogen formation and catagenesis.(Treibs, n.d.)(Hodgson & Peake, 1961) These
compounds (Figure 10), structurally derived from biologically-active chlorophylls or heme groups,
range from small to large complex structures incorporating everything from aromatic and
heteroaromatic rings to variable length alkyl units in the peripheral tetrapyrrole structure.(X. Zhao,
Shi, Gray, & Xu, 2014) Although useful as biomarkers for assessing oil maturation, among other
geochemical characteristics, determining the presence of nickel and vanadyl porphyrins in feeds
before the refining process is crucial, because these metals cause catalyst poisoning impacting
negatively oil refineries worldwide. The characterization of metal porphyrins is typically achieved

after lengthy isolation processes including open column chromatography,(X. Zhao et al., 2013)
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HPLC(Kashiyama, Kitazato, & Ohkouchi, 2007) and solid phase extraction.(Putman, Rowland,
Corilo, & McKenna, 2014) However, sometimes these methods overlook low concentration
species such as nickel porphyrins which hold valuable information. We recently demonstrated the
use of a-CNPV-CH3s as ET matrix for the ionization of metal porphyrins-enriched fractions,
extracted from heavy American crude-oils using traditional chromatographic approaches.(Giraldo-
Davila, Chacén-Patifio, Ramirez-Pradilla, Blanco-Tirado, & Combariza, 2018) Complex mixture
analysis, as discussed above, is regularly tackled from a solubility point of view (e.g. crude oil
chromatographic fractionation SARA -Saturated, Aromatic, Resins and Asphaltenes); however,
for analytical purposes one can take advantage of other physicochemical characteristics common

to groups of compounds present on those complex mixtures.

Petroporphyrins in crude oils, due to structural similarities, have very similar IP values (ranging
from 6.5 t07.5 eV), therefore a strategy for selective ionization of these analytes can be devised
from Eq 1. For instance, the use of a matrix with IP above 0.5 eV from that of the petroporphyrin
group could be adopted for selective ionization. This rationale is demonstrated in Figure 10 where
an ACN extract, from a heavy crude oil, is directly analyzed via ET ionization using both a-CNPV-
CHs and DCTB as MALDI matrices. Clearly, the group of nickel and vanadyl porphyrins in the
m/z 450-700 mass region is easily detected as radical cations when using a-CNPV-CHj3 as matrix
(100 porphyrins identified), while the standard DCTB matrix does not perform as well (30
porphyrins identified). A complete description and discussion of this new strategy for
petroporphyrin analysis is presented in a submitted manuscript.(Ramirez-Pradilla et al., 2019) ET
reactions between primary ions of the a-CNPV-CHz3 and the nickel/vanadyl porphyrins are highly
favored by a AIP > 2 eV.(Ogunrinde, Hipps, & Scudiero, 2006)(Scudiero, Barlow, & Hipps, 2002)

Curiously, the selective ionization of porphyrins by DCTB (IP 8.54 eV) is dramatically hindered
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by the presence in the ACN extract of species containing nucleophilic or high polar groups, which
otherwise do not affect the a-CNPV-CHz performance. This effect has been identified by Lou et
al.(Lou et al., 2010) as the appearance of several signals that don’t correspond with the DCTB’s
fingerprint in the MS spectrum. These signals, of the type [DCTB+Nu]*, are associated to

nucleophilic reactions of DCTB with analytes with functional groups like —NH. or -SH.
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Figure 10 ET-MALDI-TOF spectra showing selective ionization, when using a-CNPV-CHjs as

matriX, of nickel and vanadyl porphyrins present in a heavy American crude-oil.

2.3.4.2. Polymer analysis. The development of novel polymeric materials based on
polythiophene has increased significantly in recent years, due to their application as photoactive
material in PLED technology,(Camurlu et al., 2009)(Ohshita, Tada, Kunai, Harima, & Kunugi,

2009)(Youn, Park, & Guo, 2015) polymer-sensitized solar cells,(Qin et al., 2016):(Zhang, Guo,
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Ma, Ade, & Hou, 2014):(L. Zhao & Lin, 2012) and chemical sensors.(Nalwa et al., 2010) Ability
to perform accurate measurement of molecular weight distributions and molecular weight averages
(Mw and Mn), as well as to follow decomposition and end group modification during synthesis
and deposition steps, are analytical characteristics of fundamental importance during
polythiophene analysis by MS.(Liu & McCullough, 2002)(Liu, Loewe, & McCullough, 1999) In
a previous report, De Winter et al,(De Winter et al., 2011) found a significant correlation between
the photophysical properties of three different matrices (DCTB, dithranol and terthiophene) and
their performance during the ET ionization of polyhexylthiophene. Properties such as IP (8.54 eV),
Amax (337 nm) and e3s5 determined the performance of DCTB as matrix, when compared with the

other matrices for the ionization of P3HT 3000.

Figure 11 shows the ET-MALDI-MS spectra of a 3-hexylpolythiophene (P3HT3000) standard
using a-CNPV-CHs and DCTB as matrices. a-CNPV-CHs produced an ET spectrum where the
molecular weight averages My and Mn were 3493.30 and 3196.95, respectively; while for DCTB
the My and M, were 3084.11 and 2682.04. MS data measured with o-CNPV-CHz coincides with
the reported standard’s parameters, while the compositional information collected with DCTB do
not (Figure 11). Interestingly, despite the fact that IP values for DCTB (8.47 eV) and a-CNPV-
CHz3 (8.42 eV) are very close -translating into energetically-favored ET processes in both cases
with AIP ~ 3.8 eV (IPp3nt 4.7 €V),(De Winter et al., 2011) - the matrices’ analytical performance
is not comparable (as seen in Figure 6). We believe a-CNPV-CH3 outperforms DCTB due to a
combination of factors such as UV absorption (g3ss 70 000 M~cm™ for a-CNPV-CHjzvs 32 000
Mcm for DCTB), high yield of primary ions upon laser interaction with the matrix (m=7.54 for

a-CNPV-CHz vs m=4.64 for DCTB) and absence of collateral processes (cluster and aggregate
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formation, fragmentation, reactions with analytes, etc.) during primary and secondary ion

formation.
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Figure 11 ET-MALDI-TOF mass spectra of 3-hexylpolythiophene using a-CNPV-CH3 and

DCTB as matrices, at 1.24 uJ per pulse of laser energy and 1:1000 matrix to analyte ratio.

In addition, we observed S/N ratios up to 1000 with a-CNPV-CHz while DCTB afforded a
maximum S/N of 200 under the same experimental conditions. Regarding molecular ion survival,
Figure 11 shows abundant polymer fragmentation in the low-mass region when using DCTB,

while the ET mass spectrum with a-CNPV-CHz does not show analyte fragmentation. It has been
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reported, by De Winter et al,(De Winter et al., 2011) that the use of DCTB induces hexyl groups

excision and thiophene-thiophene bond cleavage.

2.3.4.3. ET-MALDI analysis of labile materials using a-CNPV-CHs as matrix: Gold
Nanoparticles. In recent years, the number of applications of ligand-protected gold nanoparticles
and nanoclusters as nanozymes,(Wu et al., 2018) drug delivery materials,(Paciotti et al.,
2016)'(Nasrolahi Shirazi et al., 2013) phototermal cancer therapy agents,(Fazal et al., 2014)
nanomaterials for memory storage,(Gupta, Kusuma, Lee, & Srinivasan, 2011) and a myriad other
uses, have increased exponentially. Controlling gold nanoparticles size during synthesis,
purification and isolation steps is crucial depending upon the target application. The small size of
gold nanoclusters/nanoparticles in addition with their low IP,(Jin, 2015) make these materials ideal
analytes for electron transfer ionization in MALDI-MS. Historically, MS analysis of gold
nanoparticles has been performed using electrospray ionization ESI-TOF,(Qian & Jin, 2009) direct
laser desorption ionization LDI-TOF and matrix assisted laser desorption ionization, MALDI-TOF

using DCTB as matrix.(Chaki et al., 2008):(Dass, 2009) (Jin, 2015)

Figure 12 shows the ET-MALDI-TOF-MS spectra, using a-CNPV-CHjs (top left) and DCTB
(bottom left) as matrices, of gold nanoclusters/nanoparticles with several core sizes synthesized
following the Brust methodology.(Brust, Walker, Bethell, Schiffrin, & Whyman, 1994) The
spectra, taken in positive reflectron ion mode, shows signals corresponding to gold nanoclusters
with low core sizes; for instance, the distribution around 8 kDa was previously reported for
Auzs(SC12H2s5)18 and other clusters with several core sizes; Auos, Auzi, Auss. In material science,

the targeted synthesis and isolation of gold nanoparticles of specific core sizes depends on
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synthetic techniques, solvents, temperature, molar ratios, among others(Chaki et al., 2008) (Brust
et al., 1994). The synthetic approach we used, under non-controlled conditions, produced gold
nanoparticles with random sizes and not structures with magic numbers Auzs, Auss, Ausg, AU10?
and Auiss. Nevertheless, this induced randomness allows us to demonstrated that a.-CNPV-CH3
matrix can be used for the simultaneous ionization of gold nanoparticles with several core sizes,

and represents a new alternative —to DCTB- for the analysis of these materials.
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Figure 12 ET-MALDI-TOF-(+) spectrum in reflectron (left) and linear modes (right) of thiolated

gold nanoparticles using a-CNPV-CHsz and DCTB as matrices.

The spectra in Figure 12 (right), taken in positive linear ion mode, shows a bimodal distribution
centered around ~22 kDa and ~30 kDa, for the synthesized gold nanoparticle sample. These

signals correspond mostly to Auio2 and Auiss core sized nanoparticles. Previously, Martin, et
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al,(Martin, Li, Dass, & Eah, 2012) reported the simultaneous detection of gold nanoparticles with
core sizes of 25, 35, 68, 102 and 144 gold atoms using DCTB as matrix, however a high degree of
fragmentation was observed. On the other hand, the use of LDI-TOF causes a high degree of
fragmentation of gold nanoparticles with core sizes larger than 38 atoms.(Chaki et al., 2008) In
contrast, a-CNPV-CH3 can efficiently ionize - in high yields- intact gold nanoparticles, as a
consequence of a highly energetic electron transfer reactions, with AIP larger than 4eV, and other
advantageous properties of the a-CNPV-CHz as discussed and demonstrated above. Besides, the
matrix properties can merge synergistically with the high UV absorption properties of gold
nanoparticles, resulting from the SPR effect, which are core size-dependent with, for instance, gap

energy (Eg) decreasing as the nanoparticle core increases.(Jin, 2015)

2.3.4.4. Fullerene derivatives. Fullerenes are important in materials science due to their
applications in photovoltaics,(Giacalone & Martin, 2010) photochemistry,(Speller et al., 2017) and
biochemistry,(T. Li et al., 2017) among others. DCTB was introduced in 2000 by Ulmer and co-
workers as ET matrix for the analysis of substituted fullerenes and other labile compounds.(Ulmer
et al., 2000) However, under MALDI-MS conditions fullerenes tend to fragment during the
ionization step making it difficult, with most matrices, to observe their intact molecular ions. In
Figure 13 (left), the MALDI-MS spectra in positive ion mode for a BODIPY-Cgo derivative (Ortiz,
et al,(Cabrera-Espinoza, Insuasty, & Ortiz, 2018)) using a-CNPV-CHz and DCTB. Both matrices
allow observation of the intact molecular ion at m/z 1540; a-CNPV-CHjs, though, afforded a
significant signal enhancement in terms of ion abundance, resolution and S/N ratio when compared
with DCTB. The S/N ratio for the molecular ion with a-CNPV-CHzs is almost an order of

magnitude higher than with DCTB (339.1 vs 42.3, respectively). The HOMO energy of the
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BODIPY-Cego derivative is under 5 eV, thus, the ET reaction between o-CNPV-CHsz or DCTB
primary ions has a AIP > 3eV, which may cause an excess of internal energy in the secondary

analyte ion resulting in fragmentation, particularly loss of a NO" radical.
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Figure 13 Analysis of fullerene derivatives by electron transfer ionization using a-CNPV-CHs,

TPB and DCTB as MALDI matrices.

Recently, use of Diels-Alder reactions for introduction of anthracene units on fullerenes allows
the regiochemically controlled synthesis of derivatives (regioisomers bis adducts), however, mass
spectrometric analysis of these new compounds is still a challenge due to their extremely high
lability.(Cerdn, Castro, Neti, Dunk, & Echegoyen, 2017) An alternative charge-acquisition
channel in ET involves formation of radical anions, where migration of an electron from a primary
matrix radical anion to the neutral analyte produces a negatively-charged secondary ion. This

process is possible only for analytes with electron affinities (EA) larger than the matrix’s (M ™" +
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A—-> A"+ M - EA(A) > EA(M)). Coincidentally, the EA of fullerene derivatives are above 2.0
eV, while HF calculations for a-CNPV-CHsshow an electron affinity of 1.52 eV and experimental
measurements report 2.37 eV for DCTB.(Vasil’ev et al., 2006) Thus, the ET from a-CNPV-CHjs
primary ions to fullerene derivatives will be energetically-favored, while the reaction with DCTB
is not (see supporting information, Figure S6). This rationale is demonstrated in Figure 13 (right),
where the ET-MALDI-TOF-MS spectra in negative ion mode of the bis-adduct Czo-[anthracene].
shows the molecular ion as the base peak in the spectrum, when using a-CNPV-CHz as matrix. In
the same Figure, the use of TPB (tetraphenyl-1,1,3,3-butadiene) - a common matrix for fullerene
analysis- produces a low-abundance signal for the bis-adduct Cro-[anthracene]., while the ET

spectrum with DCTB only shows signals associated with fragments of the molecule.

2.4. Conclusions

Electron transfer reactions in MALDI-MS strongly depend on matrix physicochemical and
optoelectronic properties, among which ionization potentials and solid-phase photon absorption
are of fundamental importance.(R. Knochenmuss, 2016) We report new a-CNPV-based MALDI
matrices with IP values ranging from 7.90 to 8.49 eV and the ability to efficiently harvest photons,
as demonstrated by the low energy threshold needed to obtain primary ions. We observe that the
introduction of —CN groups on the vinyl bridge of the PV core, greatly enhance the derivative
solubility and also that introduction of —CHs and —OCHzs groups on the phenyl ring greatly
improves the matrix ability to efficiently form secondary ions. These new matrices also exhibit
high vacuum stability, 79% for up to two hours of residence in the MALDI source, in contrast with

DCTB with only 13%. Vacuum stability for a ET-MALDI matrix is of paramount importance for
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applications requiring long residence times at low pressure such as imaging MS. In addition, we
demonstrated the highly effective analytical performance of the a-CNPV-CHsz and a-CNPV-
OCHzs as ET MALDI matrices for the analysis of mixtures of compounds including polyaromatics,
porphyrins, phtalocyanines and triphenylamine dyes. Finally, we prove the versatility of a-CNPV-
CHjs for the ionization of a wide range of advanced materials such as electronic polymers, gold

nanoparticles and fullerene derivatives.
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3. Tunable Fluorene-based light-harvesting materials as MALDI MS matrices for

macrocyclic ligands and metal complexes analysis via Electron-Transfer lonization

3.1. Abstract

Macrocyclic ligands and their metal complexes are fundamental structures, in both nature and
technology. Molecular characterization of these compounds can be easily performed via secondary
ion formation by electron-transfer (ET) reactions in the gas phase, using synthetically-tunable
molecules based on Fluorene (FL) as UV MALDI matrices. Five FL derivatives, synthesized from
2,7-dibromofluorene via Knoevenagel reaction, were characterized in terms of physicochemical
properties such as IE, UV absorption in solution and solid phase, gap energy Egap and primary ion
energy thresholds. ET-MALDI MS experiments using the FLs provided a significant signal
enhancing based on analytical descriptors such as ion abundance and signal-to-noise ratios and a
100% of analyte coverage in a mixture of porphyrins/phthalocyanines/chlorophyll when compared
with standard matrix DCTB. Finally, we evaluate the performance of Fls for the ionization of
crude-oil lithology markers (vanadyl porphyrins) in a real complex oil mixture; FLs exhibited high
selectivity and a significant signal increase when compared with the LDI and DCTB standard

matrix.

3.2. Introduction

Macrocyclic ligands and their metal complexes such as the tetrapyrrole-based porphyrins,

porphyrazines, phtalocyanins, hemes and the chlorin-based chlorophylls are compounds of
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fundamental importance in nature and technology as photosensitizers,(Lovell et al., 2009):(Shen
et al.,, 2011) light harvesters,(Hiroto, Miyake, & Shinokubo, 2017)(Economopoulos &
Tagmatarchis, 2015) oxygen and electron carriers,(Nishide, Tsukahara, & Tsuchida,
1998)(Marydasan, Nair, & Ramaiah, 2013) dyes, pigments, biomarkers,(Gourier et al.,
2010)(Giraldo-Davila, Chacén-Patifio, Ramirez-Pradilla, Blanco-Tirado, & Combariza, 2018) and
photocatalyst,(Murphy et al., 2014):(Nayak et al., 2016) among others. Molecular identification of
these species, alone or in complex mixtures, is vital in many research fields, e.g.
biochemistry,(Hitchcock et al., 2016) (Davison et al., 2005) material sciences,(Hosseini, Hodgson,
Tham, Reed, & Boyd, 2006)'(Bera, Jana, Mondal, & Patra, 2017) petrochemistry.(Giraldo-Davila
et al., 2018)(Putman, Rowland, Corilo, & McKenna, 2014) Mass spectrometric analysis of
macrocyclic ligands and their metal complexes afford compound identification, molecular weight
measurement and study of gas-phase reactivity, among other properties. However, due to the labile
nature of most of these complexes MS analysis, even using “soft” ionization methods such as ESI
or APCI, often result in compound degradation, demetallation, fragmentation, oxidation and
decomposition.(Miller, Vergeiner, & Kréutler, 2014),(Schoefs, 2002) Electron transfer (ET)
ionization in MALDI-MS is a powerful technique able to yield single charged species in the form
of radicals (M™, M™) from labile species. (R. Knochenmuss, 2016) (Richard Knochenmuss, 2006)
These species are formed by secondary charge-transfer reactions with a matrix primary ion

according to Eq 1-3, where M refers to matrix and A to analyte.

Eq.1 MO™ +hy +e” > M*
Eq.2 MM +e” > M~
Eq.3 M™+A > M+ A*
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Primary ion formation in ET-MALDI majorly depends on effective interactions between a solid
matrix and photons emitted from a light source, typically a Nd-YAG laser (355 nm) for UV-
MALDI. Thus, a compound acting as ET matrix must form crystalline networks able to efficiently
harvest photons, withstand low pressure environments, be chemically inert and exhibit relatively
high ionization energy, among other characteristics. (Richard Knochenmuss, 2006) (Richard
Knochenmuss, 2009) According to the coupled physical and chemical dynamics model (CPCD)
proposed by R. Knochenmuss,(R. Knochenmuss, 2016) primary ionization in MALDI-MS occurs
by energy pooling where adjacent excited species (So, S1 and Sz) are involved in the process of
absorption/emission of photons. Matrix electronic structure is of fundamental importance to create
molecular “excitons” where enough energy can be stored by pooling to reach an ionized state.
Once matrix primary ions are formed , the ET reaction (Eq 3) involving a matrix radical cation
[M]** and a neutral analyte [A] takes place only if the ionization energy (IE) of A is at least 0.5 eV
lower than the matrix’, according to McCarley and Co-workers statement.(McCarley, McCarley,

& Limbach, 1998)(Vasil’ev et al., 2006)

As mentioned above, the role of porphyrin derivatives in biochemistry, material science, and
petrochemistry, has prompted the development of several matrices for their analysis using ET
reactions in MALDI-MS, which decreases the rate of metal loss, fragmentation and decomposition.
In 2012, the 1,9-diphenylanthracene (9,10-DPA) was reported as electron transfer matrix for the
ionization of chlorophyll a, with an outstanding performance when compared with traditional
MALDI matrices, DHB, dithranol or CHCA. Such matrices drive the ionization of chlorophylls
via proton transfer reactions, dramatically affecting the integrity of the molecular ion, as a result,

the observed ions corresponded to fragments [Chla-Mg]* m/z 870 and [Chla-phytol]™ m/z 614 while
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9,10-DPA showed the signal corresponding to intact chlorophyll a at m/z 892 as a radical cation
[Chla]**.(Nazim Boutaghou & Cole, 2012) Because chlorophylls are of great importance in food
industry and biochemistry field, the detection of those metal complexes as intact ions using ET
ionization has received a special efforts, recently, Calvano, et al, reported the use of 1,5-
diaminonaphtalene (1,5-DAN) for the selective ionization of chlorophylls in foodstuff and
bacteria; interestingly the basic character in addition with low energy threshold and high yield of
primary ions, conducted to their effective ionization without metal or phytol losses.(Calvano,
Ventura, Cataldi, & Palmisano, 2015)(Calvano et al., 2017) Chlorophyll-derived porphyrins
occurring in fossil fuels, are partially degraded biomarkers carrying information about origin,
kerogen formation and maturity, additionally, these compounds are commonly responsible of
nickel(11) and vanadium(1V) bounding, deleterious metals for catalyst during the refining process.
The detection, identification and characterization of these compounds have been achieved after
several chromatographic approaches, using ESI or APPI ion sources, however, their limitations in
ionization efficiency, sample amounts, purity and dynamic range of the instruments, inhibit a
comprehensive characterization. Recently, we reported an approach for the identification of
petroporphyrins in Colombian heavy crude-oils using a p-cyanophenylenevinylene matrix,
demonstrating that rationally designed electron transfer experiments in MALDI, can address a
comprehensive analysis of these important molecules.(Giraldo-Davila et al., 2018) As far, the
electron transfer ionization in MALDI-MS is still a matrix-dependent phenomena and strongly
relies in physicochemical properties such as UV-absorption, chemical stability, vacuum pressure,
solubility, crystallization and ionization energy. Reasonably, the fluorene core, which has been
widely used as starting material in light harvesting, electronic polymers, OLEDs, solar cell

sensitizers and photoswitch technology, using bottom up synthesis, represent a potential organic
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material for the design and synthesis of matrices to be used in electron transfer MALDI mass
spectrometry. The advantages of fluorene core are based on its synthetically-tunable structure
which enable the introduction of chromophores, EDG and EWG substituents and extension on
conjugation by current approaches like heck reactions, aldol condensations via acidic hydrogen

activation, sonogashira coupling, among others.

3.3.  Experimental Section

3.3.1. UV-vis spectroscopy measurements and lonization Energy measurement. UV-
Vis properties of FL derivatives and the standard matrix DCTB were measured by UV-Vis
experiments in solution and solid state using a Shimadzu UV-2401PC instrument; 15 mg of each
matrix was dispersed in 200 mg of BaSO4 and subjected to irradiation in a range of 200-900 nm
with a slit of 0.5 nm. For molar extinction coefficients, stock solutions of all compounds in the
range of 5.0 — 30 uM in THF were measured at 355 nm in a double channel Shimadzu UV-2401PC
spectrophotometer (Kyoto, Japan) using the Beer-Lambert law to fit the data. A scanning range of
200 to 800 nm was used in order to obtain all spectra focusing the region of interest close to 355
nm. The ionization potentials of fluorene (IPs) were theoretically determined by Koopmans theory

using the Gaussian 09 software suite
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3.3.2. LDI and UV-MALDI sample preparation. For all experiments 5.0 mM stock
solutions of the FL derivatives and analytes in THF were prepared and sonicated in a Bransonic
ultrasonic bath (Danbury CT, USA) at 40 KHz and 130 W during 30 seconds. For MALDI
experiments, FLs and analyte solutions were mixed in several analyte:matrix molar ratios from
1:10 to 1:10° and 1.0 pL, resulting solution was placed on stainless steel target by dried droplet

method.

3.3.3. Mass Spectrometry. Bruker Ultraflextreme MALDI TOF-TOF instrument
(Bruker Daltonics, Billerica, MA) equipped with a 1 kHz Smart Beam Nd:YAG laser (355 nm)
was used to LDI and MALDI experiments. The energy of Nd:YAG laser was measured employing
a PowerMaxTM — USB/RS Sensor System (Coherent, Santa Clara, USA); ranging the attenuator
from 0% to 60% in order to obtain the threshold energies. Mass spectra of fluorenes were acquired
in positive ion reflectron mode from m/z 100 to 2000, with delayed extraction set at 100 ns and an
accelerating voltage of 25 kV. [J-CHCA and standard peptide as leu-enkephaline, bradykinin,
bombesin and renin substrate purchased from Sigma Aldrich (St. Louis, MO) were used for
internal calibration. Autoexecute mode in FlexControl Software (Bruker Daltonics, Billerica, MA)
was used to randomize the adquisition data over spot and is based on a 10-shots walk algorithm
over spot. For each analysis 2000 spectrum were accumulated, and the analysis of all experiments
was carried out using FlexAnalysis software (Bruker Daltonics, Billerica MA, USA) that

automatically reports analytical figures of merit such as ion abundances, S/N ratios and resolution.
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3.4. Results and Discussions

Historically, fluorene derivatives have demonstrated a great versatility in material science with
large applications in biochemistry,(Yue et al., 2015) molecular electronics,(Lian, Liu, & Chen,
2011) display technology,(Tang et al., 2006)(Feng et al., 2015) photocatalysis,(Stergiou &
Tagmatarchis, 2016) solar cells,(Liu, Li, et al.,, 2014)(Liu, Xiong, et al., 2014) and
chemoresponsive sensors.(Peterson, Davis, Werre, Coughlin, & Carter, 2011):(Sui, Kim, Zhang,
Frazer, & Belfield, 2013) Extending the conjugation on C-9 position consists in an accessible
reaction which creates a new C-C bond, yielding substituted derivatives containing chromophores,
biologically active moieties or conjugated extensions with specific physicochemical properties.
Because organic materials for applications as electron transfer matrices in MALDI-MS need to
attach some well-known physicochemical properties such as liquid and solid UV absorption, gap
energy Eg, ionization energy (IE) and high yield on the formation of matrix’s primary ions, the
fluorene derivatives emerges as ideal candidates due to its synthetic versatility and
optoelectronically-tunable structure. In Scheme 1, a straightforward methodology using the
Knoevenagel condensation from 2,7-dibromofluorene and 4-substitued benzaldehydes, resulted in
five fluorene derivatives (3a-¢); (a) FL-H, (b) FL-CI, (c) FL-CHs, (d) FL-OCHjs and (e) FL-CN.

In supporting information a detailed procedure including NMR-tH data is shown (See figure S1).

o\
Br
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R = -H (a), -Cl (b), -CHj (c), -OCHj3 (d), -CN (e)
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According to the coupled physical and chemical dynamics mechanism “CPCD” introduced by
R. Knochennmuss,(R. Knochenmuss, 2016) the desorption process and primary ion formation in
MALDI-MS is likely a photon-mediated event. Primary ionization is a consecutive pooling
mechanism started by the absorption of UV laser photons (Nd:YAG 355 nm) followed by
annihilation of excited species, resulting in the formation of primary ions of the matrix. As seen in
Figure 14 (middle), all tested compounds showed [Imax values ranging from 250 to 360 nm; the
observed absorption bands are mostly related with the [J-[0* transitions with hypso shifts for EWG
(-H, -Cl, -CN) and batho shift for the EDG —OCH?3 group, taking 355 nm as a reference (Nd:YAG
laser emitted photon wavelength). The ability to harvest photons was measured using the Beer-
Lambert law at 355 nm. Insets in figure 14 show values from 5600 to 16400 M™.cm™, in which
molecules like FL-CN, FL-OCH3z and FL-CHz3 appeared as excellent candidates for ET matrices
with molar extinction coefficients above 10000 M*.cm™. As far, the UV absorption in solution
cannot be considered as a descriptor to determine the absorption properties of a matrix candidate
since MALDI process is a solid/semi-condensed-gas-phase phenomenon, therefore, diffuse
reflection (DR) experiments can be used to obtain valuable information about photon absorption
properties in the solid phase. In Figure 15, the DR spectra revealed a strong photon absorption in
the range of 400-250 nm for all FLs and DCTB standard matrix with a minimum percentage of
reflectance close to 355 nm; in solid state, all the fluorenes efficiently absorbs photons and
appeared to be good matrix candidates. Additionally, data obtained from DR experiments were
treated using the Kubelka-Munk approximation; in material science, the Kubelka-Munk estimates
the gap energy; referring to the energy between valence (HOMO) and conduction (LUMO) band.
In figure 15, those give us information about the exciton energy (gap energy between HOMO and

LUMO “Eg”) for insulators like fluorene derivatives.(Brimmer & Griffiths, 1988):(Morikawa,
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Asahi, Ohwaki, Aoki, & Taga, 2001)'(Jeong, Jin, So, Lim, & Lee, 2009) As seen in figure 3, we
observed low exciton energies for all tested matrices: FL-H (2.69 eV), FI-CI (2.65 eV), FL-CN
(2.44 eV), FI-CHs (2.55 eV), FI-OCHs (2.42 eV) and DCTB (3.05 eV). Because pooling
mechanism is mediated by the annihilation of excited species, matrices like FL-CN and FL-OCHj3
with a low Eg ensures a higher population, thus, the annihilation of two excited molecules “S;”

promotes the formation of a double excited state “Sp” in a key step.
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Figure 14 LDI-MS spectra of all fluorene derivatives in comparisson with standar matrix DCTB,
5 pmol on target and 1.24 pJ per pulse. (middle) UV-Vis absorption screening of fluorene

derivatives; inset dot line refers to 355 nm (Nd:YAG photon wavelenght).
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Figure 15 (TOP) Diffuse reflection (DR) spectra for all FL derivatives and standard matrix DCTB
taken in BaSO4. (BOTTON) Kubelka-Munk transformation for FL derivatives. Insets correspond

to a linear fit and the cut on x-axis denotes the Eg of each derivative.

Contrarily, the FL-H, FL-CI and DCTB exhibited a higher exciton energy, interestingly, these
derivatives possess a higher ionization energy when compared with other derivatives. Here, the
presence of EDGs or EWGs play an important role since the enrichment or reducing the n-electron
cloud decreases or increases the ionization energy. These physicochemical aspects are
fundamental in the formation of primary ions and need to be considered in a whole mechanism,
therefore, ensuring a good UV absorption, desorption, exciton formation and annihilation between
species result in a high yield of matrix’s ions. The correlation between physicochemical properties
and primary ion yield can be summarized in the ion appearance curves; the ion abundance in
function of laser energy ([1J) explain better the correlation between photons from the Nd:YAG

laser and matrices in solid state. The ability to form a dense plume at low laser energies is one of



DEVELOPMENT OF NOVEL MATRICES FOR MALDI MASS SPECTROMETRY 89

the requirements of a MALDI matrix candidate; a great ion count increases the probability for the
electron transfer reaction between matrix and analytes, improving figures of merit such as signal
to noise ratio and ion abundance.(Dreisewerd, 2003)'(Knochenmuss, Stortelder, Breuker, &
Zenobi, 2000) We studied the behavior of our FL derivatives and DCTB in function of laser energy
by ranging the values from 0.65 to 3.37 [1J per pulse. As seen in figure 16, at laser threshold energy
(0.43 [1J per pulse) FL-CN and FL-OCHz showed the highest ion abundance for the formation of
primary ions as radical cation m/z 434 [FL-CN]**, m/z 439 [FL-OCHzs]**; those with the lowest
Eg of the series. Curiously, the DCTB exhibited a high ion abundance at the energy threshold
despite the Eg value which goes up 3 eV; the high volatility under vacuum help during the
desorption process after laser irradiance, in addition, the high absorption showed by the DCTB at

355 nm plays a crucial role for the primary ion formation.

As a general trend, we observed a linear dependence between 0.65 and 1.49 wJ, reaching the
plateau between 1.49 and 3.27 [1J, in contrast, the DCTB matrix, exhibited the worst behavior of
teste compounds without a clear tendency. Interestingly, at high energies, the fluorene derivatives
keeps the radical cation signals without fragmentation process when compared with DCTB, see
supporting info S3, probably related with the stabilization of the positive charge along the

conjugated core. In previous reports, Dreissewerd,(Dreisewerd, 2003)

Respecting to the signal-to-noise values, we observed the same trend for fluorene derivatives;
due to energy dependence the S/N ratios at low energies exhibited values under 1.0° observing the
highest value at 1.24 uJ. With the laser increment, the noise levels augmenting (See supporting

info S4) and the S/N dramatically decreases until values below 2x10%. For DCTB using, we
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observed a high noise levels even at low energies, obtaining for all determinations, values under
1x10°. Because the electron transfer in MALDI-MS relies on the ability to form a dense plume of
primary ions, we decide to discard the FI-H and FI-CI compounds due to their poor results in LDI
experiments when compared with the analogues. Based on figures of merit such as ion abundance,
S/N ratio and signal resolution FI-CN, FI-CHz and FI-OCHz are shown as excellent candidate for

ET-MALDI.
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Figure 16 lon appearance curve for FL derivatives and DCTB.

3.4.1. Fluorene derivatives as Electron transfer in MALDI-MS. Since its introduction
by Karas and Hillenkamp,(Karas & Hillenkamp, 1988) MALDI-MS has been a suitable, rapid and
robust technique for the analysis of organic molecules, organometallic complexes,
macromolecules and biomolecules. In general, many compounds can be analyzed using proton or
transfer reaction in positive and negative ion mode, however, non-protonable and labile

compounds such as porphyrins, polymers, polyaromatics, fullerene derivatives and organic dyes
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are of great importance in the growing field of organic materials and cannot be ionized using the
current ionization methods, accordingly, the electron transfer (ET) in MALDI-MS becomes as an
adequate technique for the ionization of such compounds. Porphyrins and phtalocyanines are
compounds based on a tetrapyrrole core, with several applications in photodynamic
therapy,(Bonnett, 1995) petroleum chemistry,(Giraldo-Davila, Chacén-Patifio, Orrego-Ruiz,
Blanco-Tirado, & Combariza, 2016) organic solar cells,(Mathew et al., 2014) and supramolecular
chemistry.(Moscatelli, 2015) For instance, some porphyrins containing a metallic nucleus (MPps)
like Mg, Fe or Zn, which are involved in redox process, oxygen transport or simply stabilization
of tetrapyrrole structure, thus, when MPps are analyzed in acidic media, the tetrapyrrole core
undergoes demetallation or metal exchange, given unwanted results of MS analysis. Considering
the importance of porphyrins and phtalocyanines, we decided to test the ability of our synthesized
fluorenes for the ionization of cobalt porphyrin and a mixture of MPps and phtalocyanines derived
from synthesis and purification process (from spinacia olearacea). As seen in figure 17, we tested
the ability of FI-CN, FI-CHs, FI-OCHz and DCTB to form the radical cation of cobalt porphyrin
[CoPp]™, at 1.25 pJ per pulse of laser energy and 1000:1 (matrix to analyte ratio, 2.5 pmol of
analyte on target). The FI-CN, FI-CHs, FI-OCH3 show the signal associated with the intact CoPp
molecule with a clean background and matrix suppression effect, in contrast, the use of DCTB
shows the [CoPp]** with signals in the range of m/z 400 to 700 directly related with DCTB
background spectrum (zoomed DCTB spectrum is shown in supporting info, Figure S5). Up to
this point, we decided to take a look onto the thermodynamics in the gas phase for the electron
transfer reaction between CoPp and FI-CN, FI-CHs and FI-OCHs. As shown in figure 17, we

followed the signal associated with [CoPp]** and [FI]™ in function of laser energy from 0.34 to

2.37 wJ per pulse. At the threshold energy, we observed the matrix suppression effect phenomena,
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(ref) meaning that secondary matrix-analyte

reaction

92

is thermodynamically favored,

determinations by ultraviolet photoelectron spectroscopy, showed that compounds like CoPp

exhibits ionization energy values of 6.5 eV. Taking as reference the IP values for Fls, 8.7, 8.3 and

8.3 eV for FI-CN, FI-CHs and FI-OCHs, the observed MSE is in accord with the condition

stablished by McCarley and co-workers; in our particular case, the secondary matrix-analyte

reaction is favored by a value of 2.2, 1.8 and 1.8 eV. Interestingly, with laser increasing we still

observed the MSE (See figure S6, supporting info) for all matrices, nevertheless, for FI-CN, this

trend is more pronounced, probably due to the high ionization potential.
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Figure 17 (left) ET-MALDI spectra for the ionization of cobalt porphyrin (CoPp) using FI-CN,

FI-CH3, FI-OCH3 and DCTB as matrices. (right) ion appearance curves following the analyte

radical cation signal [CoPp]+e and [M]+e ranging the laser energy from 0.34 to 2.16 uJ per pulse.
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Figure 18 (left) Limit of detection for the ionization of CoPp using FI-CN, FI-CH3z, FI-OCH3 and
DCTB. (right) vacuum stability of FI-CN, FI-CHs, FI-OCH3z and DCTB during a long time

experiment following the [CoPp]+e signal.

Because our objective is to analyze a mixture of porphyrins and phtalocyanines with a possible
application to petroporphyrins analysis (compounds that are present in crude oils at low
concentrations), we decided to test the limit of detections (LODs) following the [CoPp]** signal at
several matrix to analyte ratios; 1x10%:1, 1x104:1 and 1x105:1. Figure 18, shows the LODS for Fl-
CN, FI-CHs, FI-OCH3z and DCTB, interestingly, at low concentration of analyte, 12.5 fmol on
target, we observed S/N ratios in the range of 1x10? to 5x102. We concluded that Fls could exhibit
good performance as matrices for low concentrated analytes such as petroporphyrins in crude-oils

and porphyrinoids in plants.

Some analysis such as MALDI imaging and time scale experiments needs to retain the matrix
over sample or MALDI target, especially when experiments go under vacuum condition; matrices
with high vapor pressures have critical disadvantages due to sublimation resulting in a signal loss.

In figure 18 (right) the analysis of [CoPp]** in function of time at 1x10%:1 M:A molar ratio, shows
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a dramatic decrease of the S/N value when DCTB was used; from 1x10* to 3x10° during the first
60 minutes of analysis. In contrast, the use of FI-CN, FI-CHz and FI-OCHj3 keep the S/N in almost
the 70% of the initial value; 1.8x10* to 1.3x10% 1.3x10* to 1.0x10* and 1.2x10* to 9.8x10%

respectively.

In brief, we have determined several physicochemical and mass spectrometric properties with
the expected results, thus, the FI-CN, FI-CHsz and FI-OCHsz compounds appear as promising
matrices for the electron transfer ionization of complex mixtures containing porphyrin-like
compounds. To evaluate the efficiency of Fls for the ionization of complex samples, we used a
mixture of ten porphyrins and phtalocyanines as analytes listed as; phtalocyanine IP =7.36 eV (1),
nickel phtalocyanine IP = 6.56eV (2), zinc phtalocyanine IP = 6.46 (3), pheophorbide b IP =
unknown (4), p-aminotetraphenylporphyrin IP = unknown (5), naphtalocyanine IP = unknown (6),
cobalt porphyrin IP = unknown (7), octabutoxyphtalocyanine IP = unknown (8),
octabutoxynaphtalocyanine IP = unknown (9) and octaoctyloxyphtalocyanine IP = unknown (10),
mixed in a matrix to analyte molar ratio of 1x10%:1. Figure 19 highlights the LDI and MALDI
spectra in positive ion mode for the ionization of the porphyrin mixture using DCTB (B), FI-CN
(C) and FI-OCH3 (D) as matrices, we decided to discard the FI-CH3 matrix based on its figures of
merit, being overcome by FI-CN and FI-OCH3 performance. According to figure 19 and table 1,
we observed in the LDI spectrum the signal of compound (6), interestingly, the UV absorption in
naphtalocyanines exhibits a blue-shift, when compared with phtalocyanines and porphyrins, which
normally absorbs at visible wavelengths. Moreover, some signals for compounds 9 and 10 are
observed in small amounts, probably by a secondary analyte-analyte electron transfer reactions;

the ionization energy of raw naphtalocyanine apparently overcome the value of phtalocyanines 9
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and 10, which present strong donor groups like butoxy and octyloxy in their structures. Regarding
MALDI experiments, with the use of DCTB we coverage the 70% of tested analytes, in which
compounds 1, 4 and 6 were not observed. In contrast, when FI-CN a were used, we coverage the
100% of tested analytes, being porphyrin 4 and 7 with phtalocyanines 8 and 10 the signals with
higher ion abundances and S/N ratios. Apparently, the presence of strong donor substituents like
alcoxy chains, affects the HOMO energy causing a decreasing on ionization energies for
compounds 4, 7, 8 and 10. It phenomena was plenty observed for porphyrin 4, which contains the
strong donor group —NH2 on phenyl p-position and probably the lowest ionization energy; the —
NH:z act as donor group by delocalization of the lone pair of electrons. Taking a look onto the
phtalocyanine and naphtalocyanine structure, these compounds have a common characteristic: the
presence of imino like segments on the tetrapyrrole skeleton which act as an electron acceptor
groups producing an increase on the ionization energy; raw phtalocyanine (1) exhibited an IP value
of 7.36 eV. It means that structures like 2, 3 and 6 which do not have donor substituents, apparently

possess higher IP values when compared with the analogues 8, 9 and 10.

The mass accuracy in MALDI-MS depends on many factors; sample preparation, acquisition
parameters, internal and external calibration and signal resolution. We have stablished the same
protocol for sample preparation and have used the same instrumental parameters for spectrum
acquisition leaving the mass accuracy depending directly on matrix performance. As seen in figure
18 we obtained a clean spectrum of the mixture when FI-CN and FI-OCHz3 were used, hence, the
mass accuracy for all analytes were in the range of 3.0 to 17.5 ppm and 2.52 to 9.16, respectively.

In contrast, the use of DCTB exhibited mass accuracy values in the range of 11.6 to 97.7 ppm.
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The outstanding analytical performance exhibited by FI-CN and FI-OCH3z over the DCTB,
motivated us to test the matrices for the ionization of complex mixtures such vanadyl porphyrins
extracted from Colombian crude oils. We previously reported the ionization of these mixtures
using the [1-CNPV-CHs matrix, obtaining excellent results in terms of signal resolution,
appearance of the spectrum and ion abundances. Figure S7 (see supporting info) shows the
petroporphyrins spectra at 1.49 [1J per pulse of laser energy and matrix to analyte molar ratio 100:1
approx. With the use of Fls, we observed a clear molecular weight distribution in the range of m/z
480 to 600 assigned to vanadyl porphyrins, previously demonstrated by APPI-FT-ICR
experiments,(Giraldo-Davila et al., 2018) contrarily to the DCTB matrix, which shows a complex
spectrum with molecular distribution unlike the MWD for vanadyl porphyrins. Based on molecular
formula assignments by FT-ICR,(Ramirez-Pradilla et al., n.d.) we extracted the signal associated
with m/z 501 (C29H30N4QOV); insets in figure 6s, demonstrated that experimental isotope patterns
obtained using the Fls are similar to theoretical isotope patterns, also, the signal resolution and ion

abundance open a new window for future analysis using MALDI-FT-ICR.

Table 1 Mass accuracy and signal-to-noise ratio for porphyrins and phtalocyanines

Molecular Mass Accuracy (ppm) S/N
formula Mass DCTB FL-CN FL-OCH: | LDI DCTB FL-CN FL-OCHs

1 CazH1sNs 514.165 - 9.7 - - - 39 -

2 CazH16NsNi 570.085 71.9 17.5 3.5 - 25 62 112
3 Ca2H1eNsZn 576.078 88.5 17.5 5.2 - 20 347 491
4 CasH34N41Os 606.247 - 12.8 6.4 - - 237 339
5 Cas4H31Ns 629.257 794 7.9 6.35 - 455 2087 1104
6 CasHz2sNs 714.228 - 11.4 - 82 - 211 -

7 CasHzsCoNsOs4 791.206  94.7 6.3 2.52 - 734 2104 1901
8 Ce4Ha2NsOs 1090.625 22.9 11 9.16 17 1704 2226 1137
9 CsoHgoNsOs 1290.688 154 3.0 7.7 - 416 678 389
10  CogsH1eNsOs  1539.126 11.6 13.7 6.8 21 702 1147 938
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Figure 19 LDI and MALDI spectra using the FI-CN and FI-CHs of a mixture of ten porphyrins

3.5.

at 1.24 pJ per pulse and 1000:1 matrix to analyte molar ratio.

Conclusions

We report a new set of ET matrices based on the fluorene core with well-defined

psychochemical properties; good UV absorption in the solid phase, low exciton energy and

ionization potentials above 8.0 eV. We demonstrated the high ability to yield primary ions after

laser irradiance, one of the critical issues in MALDI-MS. The fluorene derivatives showed an

outstanding performance for the ionization of porphyrin-like compounds reaching the LOD at

femtomole level, also, exhibited high vacuum, chemical stability and low fragmentation, even, at

high laser energies. The fluorene derivatives FI-CN and FI-OCHgs, proved the excellent

performance for the ionization of mixtures containing porphyrins and phtalocyanines with

coverages of 100 and 90% when compared with 70% exhibited by DCTB.
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4. Electron Transfer in MALDI-FTICR-MS: a non-chromatographic approach for the

targeted analysis of Nickel and Vanadyl Porphyrins in complex mixtures

4.1. Abstract

The electron transfer (ET) ionization in matrix-assisted laser desorption ionization MALDI-
MS, is a powerful technique scarcely explored nowadays which consist in the electron transfer
from an analyte with a low ionization potential (IP) to a preformed radical cation of the MALDI
matrix. With the use of ET ionization, we report here a novel methodology for the targeted analysis
of nickel and vanadium porphyrins in complex mixtures without purification steps or
chromatographic sample enrichment. The ET-MALDI-FTICR MS experiment of a simple liquid-
liquid (L-L) acetonitrile fraction directly extracted from a middle-eastern crude-oil and using our
newly reported matrix (a-CNPV-CH3), revealed a selective ionization of the nickel and vanadyl
porphyrins, contrarily to currently used ion sources in petroleomics APPI, and LDI. A
discriminatory data refinement by Kendrick mass defect in function of the ion abundance enabled
the direct identification of the homologous series; DBE 17-26 for vanadyl porphyrins, and DBE
17-23 for nickel porphyrins. The remarkable resolving power of m/mses% 1 000 000 at m/z 500 and
mass accuracy under 50 ppb, provided a detailed molecular formula assignment within the
isotopologues determination (*3C, *°N, 5V, %8Ni, Ni). This straightforward methodology allows
the direct identification of more than 350 petroporphyrins in crude-oils (NaVO, N4VO2, N4VOs,
N4VOS, and N4Ni) without chromatographic sample enrichment and represents the first rational

electron transfer experiments in MALDI-FTICR applied for petroleomics.
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4.2. Introduction

The analysis of crude-oils and its components represent one of the most challenging tasks in
mass spectrometry due to the inherent complexity of the sample. In petroleomics, the high-
resolution mass spectrometry (HRMS) has become progressively the most powerful technique to
assess the compositional space and molecular-level characterization of crude-oils
components.(Rodgers & McKenna, 2011):(Fernandez-Lima et al., 2009)'(Hughey, Rodgers, &
Marshall, 2002) (K. Qian, Rodgers, Hendrickson, Emmett, & Marshall, 2001) The use of Fourier
Transform lon Cyclotron Resonance Mass Spectrometry (FTICR-MS), provides the sufficient
resolving power and mass accuracy to differentiate ion peaks from isobaric interferences and
isotopic contributions, augmenting the knowledge about the molecular composition of
asphaltenes,(Chacén-Patifio, Rowland, & Rodgers, 2017):(Chacén-Patifio et al., 2016) interfacial
material,(Jarvis, Robbins, Corilo, & Rodgers, 2015):(Clingenpeel, Robbins, Corilo, & Rodgers,
2015) naphthenic acids,(Valencia-Davila, Witt, Blanco-Tirado, & Combariza, 2018)(Colati et al.,
2013) and petroporphyrins.(Giraldo-Davila, Chacén-Patifio, Orrego-Ruiz, Blanco-Tirado, &
Combariza, 2016)'(Mckenna, Purcell, Rodgers, & Marshall, 2009):(Zhao et al., 2013)(Liu et al.,

2015)

In crude-oils, petroporphyrins (PPs) represent a small group of compounds responsible of nickel
(Ni) and vanadium (V) bounding, derived from chlorophylls, bacteriochlorophyll or heme group
depending upon its origin.(Treibs, n.d.)(Barwise, 1990) (Baker, William Louda, & Orr, 1987) The
main characteristic of PPs lies in maintaining the tetrapyrrole core despite the maturation process
yielding a well-classified and low-polydispersed homologous series; etio porphyrins (DBE = 17/

Etio), deoxophylloerythroetioporphyrins (DBE = 18 / DPEP), dicyclic-deoxophylloerythroetio
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porphyrins (DBE = 19 / Di-DPEP), Rhodo-etio porphyrins (DBE = 20 / Rhodo-Etio), Rhodo-
deoxophylloerythroetioporphyrins  (DBE = 21 / Rhodo-DPEP), and Rhodo-
dicyclicdeoxophylloerythroetio (DBE = 22 / Rhodo-Di-DPEP).(Zhao, Shi, Gray, & Xu, 2014)
Naturally occurring Ni and VO porphyrins are in a concentration less than 1% and their
characterization normally involves extensive chromatographic techniques.(Vorapalawut et al.,

2012) (Kuangnan Qian, Edwards, Mennito, Walters, & Kushnerick, 2010)

Rodgers et al,(Rodgers et al., 2001) introducing by the first time in 2001 the analysis of
oxovanadium (1V) porphyrins by ESI-(+)-FTICR from a chromatographed crude-oil, detecting 30
VOPPs from DBE 17 to 21 as [VOPP+H]" ions. In 2008 Qian et al,(Kuangnan Qian, Mennito,
Edwards, & Ferrughelli, n.d.) observed sulfur-containing and high DBE ring-fused vanadyl
porphyrins using APPI-(+)-FTICR from raw asphaltenes, interestingly, the presence of these high
DBE species suggest that the structure of porphyrins added condensed phenyl and naphthalene
rings during the catagenesis/diagenesis. Lately, an extensive porphyrin characterization by
cyclograph sample enrichment followed by APPI-(+)-FTICR experiments addressed the
identification of nickel porphyrins with the same structural growing than vanadyl
porphyrins.(Kuangnan Qian et al., 2010) In crude-oils nickel is present in a concentration rate of
1:3 Ni:V,(Vorapalawut et al., 2012) being necessary an extensive sample enrichment using several
strategies like chromatography,(Zhao et al., 2013) cyclograph,(Kuangnan Qian et al., 2010) or
solid-phase extraction (SPE) with specific amino-coated stationary phase.(Putman, Rowland,
Corilo, & McKenna, 2014) These methodologies which yield enriched fractions and efficiently
separates the nickel, vanadyl, sulfur vanadyl and acidic porphyrins represent an exhaustive and
time-consuming procedures. Consequently, the comprehensive identification of nickel and

vanadyl porphyrins from raw complex mixtures without sample enrichment is still a challenge.
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Recently, the simultaneous identification of Ni/\VVO porphyrins from natural seeps was reported
using APPI-(+) and ultrahigh resolution mass spectrometry,(McKenna et al., 2014) nevertheless,
the ionization efficiencies of these species - which are common in low concentration - are critically
affected by the inherent complexity of the mixture, aggregation, the occlusion on asphaltenes, and
the presence of other ionizable species in higher concentrations.(McKenna et al., 2014)
Interestingly, the ionization efficiency of vanadyl porphyrins has been proved to be three times
more by using APPI-(+) than nickel analogues, in addition with its low concentration when
compared with vanadium (1:3 Ni:V as mentioned above).(Kuangnan Qian et al., 2010)
Consequently, the use of an additional non-discriminatory ionization strategy that increases the

ionization efficiencies and sensitivity for low occurring porphyrins, is desired.

In MALDI-MS, the electron transfer (ET) ionization which consists in a gas-phase charge
transfer between primary ions of a matrix (commonly a photoactive material) and neutral analytes,
is a promising approach for the direct analysis of porphyrins occurring in complex mixtures. In a
recent contribution, we observed a high selectivity for the ionization of vanadyl porphyrins from
enriched fractions using MALDI-TOF,(Giraldo-Davila, Chacon-Patifio, Ramirez-Pradilla,
Blanco-Tirado, & Combariza, 2018) and nickel/vanadyl porphyrins using the ET ionization in a
(MALDI-FTICR) instrument.(Ramirez-Pradilla, Blanco-Tirado, Hubert-Roux, et al., n.d.) The
high selectivity observed in electron transfer was attributed to the thermodynamics of the gas-
phase; accordingly to McCarley et al,(McCarley, McCarley, & Limbach, 1998) these electron
transfer reactions were favored because the matrix’s ionization potential was almost 1.5 eV larger

than analyte’s value which is in the order of ~6.5-7.0 eV.
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In figure 1, several model analytes corresponding to thiophene (S1-Class), carbazole (N1-Class),
quinoline (N1-Class), benzopyrene (CH-Class), tetralin (CH-Class), phenol (O:-Class) and Nickel
and Vanadium porphyrins (N4Ni and N4V) - commonly occurring in crude-oils fractions - exhibit
theoretical and experimental ionization energies starting from 6.5 eV and going up 10
eV.(Scudiero, Barlow, Mazur, & Hipps, 2001)(Ogunrinde, Hipps, & Scudiero, 2006)
Interestingly, the lowest ionization potential of the series correspond to Ni/VVO porphyrins; the
high aromaticity caused by electron current over the peripheral tetrapyrrole core promotes a
decreasing on IPs by affecting the HOMO energy.(Ramirez-Pradilla, Blanco-Tirado, &
Combariza, n.d.) Our recently introduced a-CNPV-CHs matrix,(Giraldo-Davila et al.,
2018)'(Ramirez-Pradilla, Blanco-Tirado, Hubert-Roux, et al., n.d.)(Ramirez-Pradilla, Blanco-
Tirado, & Combariza, n.d.) has an ionization potential of 8.42 eV (measured by ultraviolet
photoelectron spectroscopy, UPS), in consequence, the use of a-CNPV-CHz favors the ionization
of Ni/VO porphyrins by a AIP in the range of the 1.5-2.0 eV, while compounds with saturated
rings, polar species and less conjugated of the CH, N1 and S: class are less favored (See figure S1,

supporting info).

In this contribution, we introduced the electron transfer ionization in MALDI-FTICR-MS for
the direct analysis of Nickel and VVanadyl porphyrins in crude-oils. For the best of our knowledge,
this approach represents the first rationally designed MALDI experiments applied for petroleomics
and allows the simultaneous detection of NiPPs and VOPPs without chromatographic sample

enrichment.
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Figure 20 lonization potential values for N1, S1, O1, N4VO, N4Ni core extracted from NIST.

Inset at 8.42 eV corresponds to a-CNPV-CH3’s ionization potential.

4.3.  Experimental section

4.3.1. Materials. The a-cyanophenylenevynylene matrix (a-CNPV-CHz) was synthesized
following our previously reported procedure,(Giraldo-Davila et al., 2016) PAH mixture, Nickel
octaethylporphyrind and Vanadyl octaethylporphyrin were purchased from Sigma-Aldrich.
Analytical grade (99.5%) acetonitrile (ACN), tetrahydrofuran (THF) and Toluene (Tol), were

purchased from Merck Millipore (Darmstadt, Germany).

4.3.2. Sample preparation. For extraction process (Scheme 1), 1 mL of a middle east crude-
oil was placed in a glass flask, then, 1.5 mL of acetonitrile (ACN) was added and the resulting
two-layer mixture was stirred using a VVortex apparatus during 5 minutes and sonicated during 1
minute. The upper ACN layer was carefully separated. This procedure was repeated six times,

then, E1-E6 were monitored by MALDI-TOF with the a-CNPV-CH3 matrix (See supporting
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information, figure SX), the last extract Es exhibited the highest ion abundance on porphyrin
region (m/z 450 — 600) and was chosen for further analysis. For LDI experiments, 5 uL of Es were
placed on a MALDI polished steel target by dried droplet method. Samples for MALDI were
prepared mixing a 5 mM matrix’s solution with an equivolume of Es, then, 1 uL of the resulting
solution was seeded on the MALDI polished steel target. For APPI experiments, Es extract was

dried and diluted in 1 mL of toluene as solvent.

4.3.3. Mass spectrometry. APPI, LDI and ET-MALDI-HRMS experiments were performed
in a Bruker Solarix XR 12T (Paracell™) instrument operated in positive ion mode and equipped
with a tripled Nd:YAG solid state laser (355 nm). 200 scans were accumulated for LDI, APPI and
ET-MALDI experiments in 8M size, using a selective accumulation parameter (8.0x108 - 9.0x108)
for data collecting. LDI and MALDI experiments were obtained using 28% and 18% of laser
power, respectively. lons were conducted to the ICR cell using a sweep energy of 38.5% and 0.800
ms time of flight, 0.05 seconds of acquisition time with an average transient of 4.42 seconds. The
external calibration was performed using a mixture of PAHs and standard Ni and VO porphyrins

(Figure S3, supporting information).

4.3.4. Data processing. Raw spectra obtained after APPI and LDI/MALDI-FTICR experiments
were internally calibrated following a CH™® class series with an average RMS of 50 ppb. Resolving
power of m/Amsp, 700 000 — 1 000 000 at m/z 500 was observed for MALDI and APPI
experiments, in contrast with LDI which exhibited values between 400 000 and 600 000. After
peak peaking, raw data output was filtered by relative abundance in order to perform the
discriminatory Kendrick Mass Defect plots. Molecular formula assignments for NiPPs and VOPPs

after Kendrick refinement were performed using the SmartFormula tool in DataAnalysis (Bruker
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Daltonics, Bremen, Germany) with an error window of 0.3 ppm. DBE vs carbon number diagrams

and mass spectra data were plotted using OriginPro Software (North Hampton,MA).

4.4. Results and Discussion

4.4.1. ET-MALDI, LDI, and APPI analysis. The sixth extract (Es) after the subsequent
liquid-liquid extraction directly from a middle-eastern crude-oil using ACN as a solvent, was
subjected to APPI, LDI and ET-MALDI FTICR-MS experiments. As seen in figure 20, the
broadband spectra obtained by APPI-FTICR consisted of more than 12 000 assigned formulas
corresponding to radical cations; since protonated ions can be generated by APPI, all the
contribution of [M+H]* were discarded.(Raffaelli & Saba, n.d.)(Purcell, Hendrickson, Rodgers, &
Marshall, 2006) In LDI-FTICR, the formation of [M]* and [M+H]" species is a process which
follows the primary ion formation mechanism proposed by R. Knochenmuss (Coupled Physical
and Chemical Dynamics, CPCD).(R. Knochenmuss, 2016) By LDI, the compounds which
effectively absorb the photon from Nd:YAG laser can be ionized, in fact, the number of signals
corresponding to [M]™ were reduced to ~ 9 000, figure 20. In electron transfer ionization, the
mechanism follows the CPCD model and all the analytes with an ionization potential 0.5 eV below
the matrix’s IP can be ionized, consequently, the signals in the spectrum corresponding to the Es
fraction were significantly reduced to about 40% (~3500) of the signals corresponding to radical

cations [M]"™ observed by APPI. (Figure 20).

The main differences between APPI, LDI, and ET-MALDI are the gas-phase energetics during
the ionization process. In APPI, the use of toluene as dopant set a capped energy of 8.86 eV and
components within the sample with lower ionization potential can be ionized,(Purcell et al., 2006)

this strategy has extensively applied to restrict the number of ionized species and drive a partial
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selective ionization, however, we still observed a broadband spectrum with a contribution of more
than 10k signals in Es (Figure 20). In LDI, the photons from the Nd:YAG laser (355 nm) with an
energy of 3.5 eV are irradiated on sample and molecules absorbing the UV radiation can be
ionized.(Richard Knochenmuss, 2004) However, the LDI addressed a partial selective ionization
with an important reduction from 12k to 7.5k signals corresponding to the radical cation [M]™; in
previous reports, molecules like asphaltenes and aromatics demonstrated high ionization
efficiencies using LDI as ion source.(Cho et al., 2014) (Witt, Godejohann, Oltmanns, Moir, &

Rogel, 2017)

As LD, in ET-MALDI the sample is irradiated with photons from the Nd:YAG laser (3.5 eV),
however, the ionization step is mediated by the use of the matrix, in our particular case, our
previously reported a-CNPV-CHz with an IP of 8.42 eV).(Giraldo-Davila et al., 2018)(Ramirez-
Pradilla, Blanco-Tirado, Hubert-Roux, et al., n.d.)(Ramirez-Pradilla, Blanco-Tirado, &
Combariza, n.d.) We previously demonstrated that secondary ion-molecule electron transfer
reactions during the evolution of MALDI plume are restricted to the thermodynamics in the gas-
phase; a AIP >0.5 eV ensures the efficient ionization of neutral analytes by charge transfer with
primary ions of the matrix.(McCarley et al., 1998)(Knochenmuss, Stortelder, Breuker, & Zenobi,
2000) As discussed above, in figure 1, the ionization potential values corresponding to naturally
occurring compounds of the CH, heteroatomic aromatic classes and saturates, span from 7 to 10
eV, while IP values of highly conjugated nickel and vanadyl porphyrins exhibit the lowest
value.(Ogunrinde et al., 2006)(Scudiero et al., 2001)'(Scudiero, Barlow, & Hipps, 2002) As we
expected, the electron transfer reactions between o-CNPV-CHs and nickel/vanadyl porphyrins

were highly favored and the typical molecular weight distributions corresponding to NiPPs and
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VVOPPs exhibited an important increasing on total ion abundance with a high selectivity when
compared with APPI and LDI, Figure 2.(Giraldo-Dévila et al., 2018)

Interestingly, during the ET-MALDI-FTICR-(+) experiments not only the NiPPs and VOPPs were
ionized, but also, a molecular weight distribution centered to m/z 350 was observed. In general,
the ionization potential of organic compounds is directly related with the HOMO energy, (Blase,
Attaccalite, & Olevano, 2011)(Djurovich, Mayo, Forrest, & Thompson, 2009) and closely linked
with the electronic structure and r-electron cloud, meaning that organic molecules with condensed
aromatic rings and heterocyclic compounds with nt-excedent electrons such as pyrrole or thiophene

can be ionized by electron transfer in MALDI.
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Figure 21 Extract E6 APPI, LDI and ET-MALDI spectra in positive ion mode.

In a recent paper, we observed in a mixture of 20 analytes including PAH, nitrogen-containing
aromatics and porphyrins analyzed by MALDI-TOF, larger differences on the ionization

efficiencies; the S/N ratios for porphyrins (IP 6.5-7.0 eV) were several times larger than PAH (IP
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~ 7.0-7.5 eV) and nitrogen-containing aromatics (IP 6.5-7.5 eV). Consequently, the heteroatom
class distribution for extract Es using APPI, LDI and ET-MALDI, Figure 21, shows that
compounds of the CH, N1, N2, S1, Sz and NiSi, associated with aromatic-like structures were
ionized when ET-MALDI was used, in contrast, APPI promotes the ionization of polar compounds
(NxOyS; class) with high heteroatom content; these compounds exhibit the highest ionization

energies.(Jaramillo, Domingo, Chamorro, & Pérez, 2008)

B APPI-(+)
14 [ LDI-(+)
| Il ET-MALDI-(+)

Figure 22 Heteroatom class distribution in E6 for APPI-(+), LDI-(+) and ET-MALDI-(+).

In figure 22, the double bond equivalent (DBE) vs carbon number plots for the most abundant
species (CH, N1, S1, O1, Sz and N1S1) explain better the gas-phase energetics for APPI, LDI and
ET-MALDI. As observed in Figure 21, the ET-MALDI favored the ionization of most aromatic
species; an enriched m-cloud causes a decreasing on ionization energies, in fact, molecules with
high grade of unsaturation were efficiently ionized and a shape close to the planar limit was
observed for all classes. As a trend, LDI revealed several signals corresponding to high aromatic

species, however, without the use of a matrix, the ionization step relies on the efficient photon
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absorption, even with the presence of peripheral alkyl chains. This observation proves that species
with high DBE and carbon number exhibited the highest relative abundance. Since the ionization
step in APPI is controlled by the presence of toluene as a dopant, reactive species are generated
and polar molecules with a low grade of unsaturation can be ionized. Hence, DBE plots for APPI
revealed a major contribution of high carbon number and low DBE species when compared with

LDl and ET-MALDI.

Avoiding the ionization of polar and saturated species while favoring the ionization of aromatic
compounds including nickel and vanadyl porphyrins in ET-MALDI, causes an unprecedented
increasing on the analytical descriptors such as signal-to-noise ratio and ion abundance
corresponding to such signals. In figure S4 (supporting material), an expanded-scale view at m/z
513, revealed that S/N ratios corresponding to the vanadyl porphyrin [C3oH3oN4OV]™ were
positively affected when compared with S/N for the same signal using APPI and LDI. Clearly,
figure S3 is closely related with the ionization efficiency, being several times larger for vanadyl
porphyrins using ET-MALDI in contrast of APPI or LDI, discarding as a result, almost the 50%

of assigned classes per nominal mass.

4.4.2. Nickel and Vanadyl porphyrin molecular formula assignments. As mentioned
previously, the larger differences on ionization efficiencies revealed by APPI, LDI, and ET-
MALDI, enabled a discriminatory data refinement by Kendrick mass defect [KMD]. In Figure S5
(supporting material), all families classified in function of nominal mass showed a complex data
output, however, when we plotted [KMD] vs nominal mass as a function of the relative ion

abundance in a color-map form, all the families corresponding to Nickel and VVanadyl porphyrins
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were easily identified, additionally, all signals below 5% of relative ion abundance were settled as

grey/white scale to show up the signals of interest.
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Figure 23 DBE vs Carbon Number plots for most abundant species in extract E6, using APPI, LDI

and ET-MALDI.

Once the signals corresponding to nickel/vanadyl porphyrins were extracted, the analysis of
isotopologues for relevant signals was performed in order to corroborate our findings. In direct
analysis from raw samples without sample enrichment, the molecular formula assignments relies
in instrument resolving power, as previously discussed by McKenna and co-workers,(McKenna et
al., 2014) in which almost m/Amsey > 1 000 000 is needed to separate porphyrins signals from
isobaric interferences, fortunately, the ET-MALDI spectrum revealed enough resolving power and
significantly decreased the isobaric interferences. In figure 23, the expanded scale ET-MALDI
spectrum at m/z 513-518 for Es, revealed the peak at m/z 513 corresponding to the DBE 17 vanadyl

porphyrin [C3oHsoN4VO]™ with a mass accuracy of 4 ppb and m/Amsow 980 000, in addition, *C
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isotopologue [**C1C29H30N4VO]™ was differentiated from the contribution of the protonated ion
[Ca0H30N4VO+H]". Advantageously, the significant increasing on ion abundances using ET-

MALDI, allowed the detection of the °N isotopologue [C3sH30N3VO™N1]* with a 74 ppb of mass

accuracy.
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Figure 24 Mass scale expanded-scale spectrum (m/z 513 — 518) of extract E6 using ET-MALDI-
(+). Insets show the isotopic fine structure determination, 3C, ©®N and ®Ni contribution

corroborate the molecular formula assignments.

At m/z 504 and 506, the peaks corresponding to monoisotopic DBE 18 nickel porphyrin
[C31H30N4*®Ni]** and ®Ni isotopologue [Cs1H3oNs®Ni]™ with -21 and 22 ppb of mass accuracy
validated the molecular formula assignments for nickel porphyrins. Starting from correct isotopic
determinations, all porphyrin families were classified by DBE and Kendrick mass defect, showing

the relative ion abundance and mass accuracy, table S1 (Supporting Information).
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4.4.3. Porphyrin Diversity. In figure 24 (TOP), double bond equivalent (DBE) vs carbon
number plots, highlight all the porphyrin classes found in extract Es after ET-MALDI experiments.
Without chromatographic sample enrichment, more than 150 vanadyl porphyrins were detected
with an average error of 31 ppb, furthermore, about 100 nickel porphyrins including high DBE 22
and 23 classes were observed with a RMS of 102 ppb within isotopic fine structure determinations.
Historically, vanadyl porphyrins with two or three oxygen atoms N4VO: or acidic porphyrins
N4VO3 have been detected after chromatography enrichment and co-elution with mobile phase
containing formic acid.(Putman et al., 2014) Without chromatography sample enrichment,
oxygen-containing porphyrins are also diluted in the ACN Es extract and can be ionized by the a-
CNPV-CHsin ET-MALDI. The homologous series for NsVO2 and N4VVO3 families were detected
with RMS of 50 and 51 ppb, respectively, (Supporting info table S1). Molecular insights about
porphyrins have been reported based on MS/MS experiments and theoretical calculations,
suggesting that structure growing specially for high DBE structures, attach phenyl or naphtyl rings
on peripheral porphyrin core. Regarding sulfur vanadyl porphyrins, introducing a benzothiophene
group explain the fact that VOS porphyrins starts at DBE 22 to 26 with a dibenzothiophene-like
structure. Regarding oxygenated porphyrins VO and VOs, several reports suggested the presence
of ketone groups and free carboxylic acid groups, commonly based on more abundant Etio and
DPEP structures. In arecent contribution, we discovered a new series of N4VO2 and N4VO3 species
which exhibited low polarities by HPTLC separation and ET-MALDI experiments, however, these
unknown species requires tandem MS/MS experiments in MALDI-FTICR for structure-insights

determination.
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Figure 25 (TOP) Double Bond Equivalent (DBE) vs Number of Carbon plots for Vanadyl and

Nickel porphyrins observed in extract Es. (BOTTON) Proposed structures for Vanadyl and Nickel

porphyrins founded in extract Es.

45. Conclusions

We presented a straightforward analytical approach for the detection and classification of

Nickel and Vanadyl porphyrins from crude-oils using the electron transfer (ET) ionization in

MALDI-FTICR-MS. For the best of our knowledge, this novel methodology represents the first

rational design of MALDI experiments for targeted analysis of porphyrins in crude-oils without
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chromatographic sample enrichment or exhaustive purification procedures. The ET-MALDI
approach not only increased the number of identified Ni/VVO porphyrins, also, improved the
analytical descriptors corresponding to low occurring nickel porphyrins, oxygen-containing VO-
and VO3 vanadyl porphyrins. This work explains how ET-MALDI works in complex mixtures

and open a new window for Petroleomics.
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5. A comprehensive Petroporphyrin Identification in Crude Oils Using Highly Selective

Electron Transfer Reactions in MALDI-FTICR MS

51. Abstract

Petroprophyrins are biomarkers used to extract information about petroleum genesis among
other characteristics. Identification of particular types such as Ni, Cu, Mn, vanadyl (VO),
oxygenated or sulfur-containing porphyrins, typically involves exhaustive isolation and
purification processes followed by high resolution mass spectrometry analysis using atmospheric
pressure photoionization (APPI-(+)) or electrospray (ESI-(+)) sources. Simultaneous identification
of all porphyrins present in a particular crude oil or organic-matter rich sediment, still remains an
analytical challenge. Here, we report a straightforward petroporphyrin isolation and identification
methodology based on a single-step liquid-liquid (L-L) extraction (Crude-Oil:Acetonitirle) and
high performance thin-layer chromatography fractionation (HPTLC — aminopropyl-bonded silica)
followed by selective ionization via electron transfer in matrix assisted laser desorption ionization
(ET) MALDI-FTICR. Mass spectrometric analysis of the extracts resulted in detection of 351
individual compounds in the ACN extract and 519 in the HPTLC extract, corresponding to the
porphyrin families N4VO, N4VO2, N4VOs, N4VOS and NsNi as verified by isotopic structure
analysis. To the extent of our knowledge, this observation constitutes in the largest simultaneous
identification of Ni, VO, oxygenated and sulfur-containing porphyrins in a single crude oil sample.
In addition, the use of MALDI significantly reduces the amount of sample required for analysis
(pico to femto mole levels) in comparison with continuous infusion methods such as APPI and

ESI.
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5.2. Introduction

Nickel, copper, vanadium, iron and manganese porphyrins, commonly known as
petroporphyrins, are tetrapyrrole-based metal complexes directly derived from chlorophylls and
other biologically active light- and oxygen-harvesting molecules, commonly found in fossil fuels
(crude-oils, bitumens, and oil sands).(Mohammad Farhat Ali & Abbas, 2006) In 1934, Alfred
Treibs suggested the biogenic origin of fossil fuels by studying chlorophyll-like compounds

present in asphaltenes.(Treibs, n.d.)

Nowadays, petroporphyrins are not only considered geochemical markers that hold valuable
information about fossil fuels genesis,(Hodgson & Peake, 1961)(Sundararaman, 1993) but also
crucial compounds in catalysts” performance during refining processes; particularly nickel and
vanadium porphyrins.(Filoy & Berkel, 1987) The actual structures of nickel and vanadyl
petroporphyrins are the result of geochemical modifications of the original chlorophyll core caused
by the mineral matrix and source conditions of the organic matter during early diagenesis and
catagenesis processes.(Filby & Berkel, 1987) Chlorophyll structural changes during fossil fuel
formation include phytol loss, demetallation, aromatization by temperature and pressure,
peripheral ring attachment, sulfur insertion, Ni/V derivatization, and finally transalkylation, the
latter commonly associated with thermal conversion and degradation during catagenesis.(Filby &
Berkel, 1987)(Lash, 1993) These transformations yield several structurally diverse porphyrin
families of the types N4sVO, N4VO2, N4sVO3, N4sVOS and NaNi, depending upon the peripheral

functional groups as shown in Figure 1.



DEVELOPMENT OF NOVEL MATRICES FOR MALDI MASS SPECTROMETRY 130

Bacteriochlorophyll

Chlorophyll a

Chlorophyll ¢ Heme A

Phytol loss
Decarboxylation
Aromatization

Transalkylation
N,4Ni N4VOS
DBE 17-23 DBE 22-27

Figure 26 Geochemical transformations of chlorophylls. Diagenesis involves phytol loss,
decarboxylation, aromatization, metalation and heteroatom insertion; catagenesis involves thermal

induced transalkylation and degradation.(Filby & Berkel, 1987)

In general, the simplest and most abundant structures resulting from chlorophyll transformation
to petroporphyrins are etioporphyrins (Etio: DBE 17) and deoxophylloerythroetioporphyrins
(DPEP: DBE 18).(Sundararaman, 1993) The transalkylation process suffered by the DPEP series
under thermal conditions give valuable information about crude-oil kerogen conditions;(Bonnett,
1995) hence, the ratio > DPEP/Y Etio is currently used as a maturity indicator in fossil
fuels.(Sundararaman, 1993) In contrast, low abundance petroporphyrin families that originate
from peripheral aromatic ring insertion or partial degradation are classified as dicyclic-
deoxophylloerythroetioporphyrins (Di-DPEP: DBE = 19), rhodo-etioporphyrins (Rhodo-Etio,
DBE = 20), rhodo-deoxophylloerythroetioporphyrins (Rhodo-DPEP, DBE = 21), Rhodo-
dicyclicdeoxophylloerythroetioporphyrins (Rhodo-Di-DPEP, DBE = 22) and polycondensed

porphyrins with DBE between 23 and 27.(Zhao, Shi, Gray, & Xu, 2014a)'(Zhao, Xu, & Shi, 2016)
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In refining schemes, compositional and structural information about petroporphyrins could be vital
during Ni/V removal and asphaltene destabilization, since porphyrins can interact with aromatic
cores via peripheral substituents and cause dramatic problems, such as emulsification and
aggregate formation.(Yin, Tan, Mdllen, Stryker, & Gray, 2008) Historically, spectroscopic
techniques such as UV-Vis,(Freeman & O’Haver, 1990) (Foster, Day, Filby, Alford, & Rogers,
2002) Raman,(Cantu, Stencel, Czernuszewicz, Jaffe, & Lash, 2000) NMR-!H,(Ocampo, Callot,
Albrecht, & Kintzinger, 1984) and X-Ray diffraction,(Senglet, Williams, Faure, Courieres, &
Guilard, 1990) have been used to study porphyrins structure. However, during the last two decades
high resolution mass spectrometry (particularly FTICR-MS) has become an important tool for the
identification, compositional space analysis and molecular level characterization of nickel and
vanadyl porphyrins in complex mixtures (crude oils, bitumens, asphalt and asphaltenes). Table 1
shows the most relevant contributions of mass spectrometry, combined mainly to chromatographic
separations, to porphyrin identification over the past 20 years. In 2001, Rodgers et al. reported the
molecular level identification, using ESI-(+) FTICR, of DPEP and Etio porphyrins extracted from
crude-oils by column chromatography.(Rodgers et al., 2001) This first work showed the breadth
of high resolution mass spectrometry applications, opening a window for vanadyl porphyrin
speciation in complex mixtures, and can be considered the starting point of high-level
compositional space and structural characterization for these compounds. Later on, Qian et al. used
APPI-(+) for the ionization of porphyrin-enriched asphaltenes, reporting the identification of sulfur
porphyrins (88 molecular formula assignments for N4VVO and 18 for N4VOS).(Qian, Mennito,
Edwards, & Ferrughelli, n.d.) Using APPI-(+) McKenna et al. reported the direct analysis of
porphyrins from crude-oils and Athabasca bitumen, showing the presence of Etio and DPEP as

[M+H]*and [M]"" ion series.(Mckenna, Purcell, Rodgers, & Marshall, 2009) Typically, in crude-
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oils and bitumens the Ni:V ratio is around 1:4,(Mohammad Farhat Ali & Abbas,
2006)'(Mohammad F. Ali, Perzanowski, Bukhari, & Al-Haji, 1993)(Mohammad F. Ali, Bukhari,
& Saleem, 1983) with nickel concentrations in the range of 50-300 ppm.(L6pez & Mdnaco, 2017)
In 2010 Qian et al. reported nickel porphyrins in asphaltenes, observed as Etio and DPEP
homologous series only after an exhaustive cyclograph purification process. These authors showed
that nickel porphyrins have ionization efficiencies three times lower than vanadyl porphyrins in

APPI-(+), which may explain why they were not observed before.

Table 2. Relevant MS contributions to porphyrin identification

Number of porphyrins per family

Isolation Total identified

AR ST Method lonSource  \ VO NiNi guvo N,VO, NVO;  porphyrins*
R;figztz)rglet Crude-oil Chromatography ESI'(':;ICR 30 - - - - ~30
Xg(;eé;l, Crude-oil Chromatography LDE;;OF 36 - > > 0 ~36
Qia;ré&tgal, Asphaltene Direct analysis FTIT(I;EIi ) 88 - 18 - - ~106
:{Ig:,(gggz Crude-oil Direct analysis FTAI\CP;Iiﬂ 34 ) } ; _ 34
Qi;r(l)legal, Asphaltene Cyclography FT’?CPFR’Ii 9 - 52 - - - ~52
Zhgc()) f;ta al, m:zae\_/é/“ Extrography ESI—(I:;ICR 152 B } 52 48 252
Zhggit1 al, Crude-oil Chromatography ESI-(I:;ICR 84 } 69 } R ~153
Selooty  Biumen DrectAnabsis o JRRE S0 3 . 18 16 ~180
Chzooitzlal, Crude-Oil Direct Analysis LDI—(I:)FICR 12 7 } ) R ~19
P;frggri:t \A(;:Jcr?;? Chromatography ESI—(I:;ICR 01 101 57 8 11 ~268
Ligoeltsal, Hngsvi)(/jiil Chromatography ESI—(I:;ICR 163 36 79 16 _ ~294
(iilr,a;(i)g gt Crude-0il Extrography FT?EE%) 159 R ; ; _ ~159
. ) L-L, HPTLC BT
This work Crude-oil ' MALDI(+) 234 84* 83 95 43 ~539*

-FT-ICR
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In petroporphyrin analysis sample isolation and enrichment is of paramount importance,
particularly for observation of low-abundance compounds. Zhao et al. reported in 2013 extensive
porphyrin identification from a Venezuelan heavy crude-oil (more than 250 molecular formulae)
after column chromatography purification and ESI-(+) FTICR analysis.(Zhao et al., 2013b) The
observation, for the first time, of the N4VVO2 and N4VVOs homologous series showed that the propyl-
carboxylic acid moiety or the cyclopentanone residues in chlorophyll can be preserved during
diagenesis. Zhao et al. also reported a new series of vanadyl porphyrins containing an extra
nitrogen atom, present in an aminoether functionality.(Zhao et al., 2014a) These findings proved
the Hodgson hypothesis about association of protein fragments with porphyrins during the
diagenesis, highlighting also the role of polar porphyrins in asphaltene stabilization.(Hodgson &

Peake, 1961)

In 2014, McKenna et al.(McKenna et al., 2014) reported the direct observation of nickel and
vanadyl porphyrins in a bitumen, with 180 molecular formulae assigned, setting a record in the
number of compounds detected without sample enrichment. The species corresponded mostly to
the N4VO and N4Ni compound families. In the same year, Putman et al. reported 230 molecular
formulae corresponding to N4VO, N4VO2, N4VO3s and N4Ni species in a volcano asphalt. The
porphyrinic compounds were isolated via primary/secondary amine (PSA) solid phase extraction
(SPE) and examined by ESI(+)-FTICR.(Putman, Rowland, Corilo, & McKenna, 2014) Liu et
al.(Liu et al., 2015) studied heavy residues, setting a record in the number of identified porphyrins
with about 294 molecular formulae assigned to N4VO, NzNi, N4VO2 and N4VOS homologous
series. Interestingly, 79 sulfur vanadyl porphyrins were detected with DBE ranging from 21 to 27.

Recently, our group reported an extrography methodology applied to enriched acetonitrile
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fractions followed by column chromatography and APPI-(+) FTICR experiments for porphyrin
analysis, revealing more than 150 vanadyl porphyrins in heavy american crude-oils,(Giraldo-
Dévila, Chacon-Patifio, Orrego-Ruiz, Blanco-Tirado, & Combariza, 2016) however, species like

N4Ni, N4VO: or sulfur vanadyl porphyrins N4sVVOS were not detected.

When targeting particular compounds - such as porphyrins - in complex mixtures - such as
fossil fuels - there are two choices from an analytical perspective: selective isolation or selective
ionization. The former is extensively ilustrated in Table 1, while the latter has not been applied to
porphyrin analysis since the ionization sources used are not very selective towards these
compounds (APPI, ESI and LDI). However, porphyrins have particular physicochemical
characteristics, such as low ionization potentials, when compared to other compound families in
crude oils, that can be used to devise selective ionization strategies for their study. Our group has
been working on developing new electron-transfer (ET) MALDI matrices based on optoelectronic
compounds, we recently reported a new matrix based on [1-cyanophenylenevinylene moieaty (o.-
CNPV-CH3s) with an outstanding analytical performance for the analysis of nanoparticles,
polymers, conjugated molecules and biomarkers,(Ramirez-Pradilla, Blanco-Tirado, & Combariza,
n.d.) additionally, we have used the a-CNPV-CHz as matrix for the selective ionization of vanadyl
porphyrins extracted from heavy crude-oils.(Giraldo-Davila, Chacén-Patifio, Ramirez-Pradilla,
Blanco-Tirado, & Combariza, 2018) In general, a-CNPV-CHz outperformed DCTB (a standard
ET matrix) in terms of selectivity, resolution, ion abundance and signal-to-noise ratio for
petroporphyins analysis by MALDI-TOF. According to McCarley and co-workers(McCarley,
McCarley, & Limbach, 1998) the formation of analyte ions in gas-phase ET-MALDI reactions is

determined by the net difference between analyte and matrix ionization energies, with a threshold
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value in AIP < -0.5 eV required for a thermodynamically-favorable ET reaction. Porphyrins have
IP values between 6.5 and 7.0 eV, while the a-CNPV-CHzmatrix has El of 8.42 eV; this difference
ensures efficient ET reactions from the neutral porphyrin to the ionized matrix ions, resulting in
formation of secondary ions of the analyte. As we demonstrated previously, the high selectivity of
ET reactions in MALDI-(+) combined with the high mass accuracy and resolution of FTICR could
provide an additional tool for porphyrin analysis by mass spectrometry, without the need for the
complex sample enrichment or purification procedures required when using APPI, ESI or LDI
sources. In this contribution, we report the simultaneous identification of N4VO, N4VO2, N4VOs,
N4VOS and NzNi porphyrins in a Middle-Eastern crude oil. With a simple L-L extraction step
(ACN:Crude-Qil) direct ET-MALDI experiments revealed more than 351 porphyrins, whereas
sample enrichment using aminopropyl-bonded HPTLC increased the number of assigned formulas
to 525. A total of 539 individual molecular formulas corresponding to N4sVO, N4VO2, N4VOs,
N4VOS and NsNi were assigned, using isotopic structure analysis to corroborate identification,
breaking the record on total number of identified porphyrins set at 294 by Liu and co-workers in

2015.(Liu et al., 2015)

5.3. Experimental Section

5.3.1L Materials. The a-cyanophenylenevynylene (a-CNPV-CHs) matrix was
synthesized and purified following a previously reported methodology.(Giraldo-Davila et al.,
2018) Coronene, fluoranthene, anthracene, fluorene, cobalt porphyrin, nickel octaethylporphyrin
and vanadyl octaethylporphyrin were purchased from Sigma-Aldrich (Darmstadt, Germany) and

used as an external calibration mixture. Analytical grade (99.5%) acetonitrile (ACN),
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tetrahydrofuran (THF) dichloromethane (DCM), n-hexane and aminopropyl-bonded HPTLC

plates were purchased from Merck Millipore (Darmstadt, Germany).

5.3.2. Mass spectrometry. A mixture of crude-oil and ACN (1:2 mL) was placed on a
vial and heated at 50 °C under magnetic stirring; after 30 min the upper layer was separated. 50
uL of the extract were dried at room temperature and reserved for direct ET-MALDI-FTICR
experiments; the remaining extract was concentrated to a final volume of 500 uL and manually
spotted on aminopropyl-bonded HPTLC plate. The plate was eluted using a mixture of CH>Cl:n-
hexane 1:1 as mobile phase. Nickel octaethylporphyrin and vanadyl octaethylporphyrin were also
spotted on the plate and used as standards to calculate retention factors (Rf). The whole ACN
extract and the porphyrin pink fraction taken from the HPTLC plate were scanned in a double
channel Shimadzu UV-2401PC spectrophotometer (Kyoto, Japan) with a range of 200 to 700 nm
using CH2Cl> as solvent; for commensurate results, UV-Vis spectra were normalized. For ET-
MALDI experiments the dried extracts was redissolved in 10 uL of THF, mixed with an equal
volume of a-CNPV-CH3 (5 mM) matrix solution and vortexed; 2 uL of the resulting solution were
placed on a polished steel MALDI target. For HPTLC-ET-MALDI-FTICR experiments, 50 uL of
o-CNPV-CHz 5 mM were spotted directly on the HPTLC plate and analyzed directly in the

instrument.

ET-MALDI-FTICR experiments were performed on a Bruker solarix XR 12T (ParacellTM)
instrument, equipped with a MALDI source with a Nd:YAG solid state laser (355 nm) operated in
positive ion mode. LDI and ET-MALDI experiments were performed using 20% of laser power.

All spectra were acquired in broadband mode, with accumulation of 300 scans and number of data
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points set to 16M at m/z 500; an active exclusion with minimum threshold intensity of 7.0x10% and
maximum of 1.0x10° was used. An external calibration was performed using a mixture of PAHs
and standard Ni and VO porphyrins. All spectra were internally calibrated following compounds
of the N1, CH and N4VO series with an average RMS of 21 ppb for the whole fraction data and 43
ppb for the HPTLC data. Molecular formula assignments and isotopic fine structure analysis were
performed with the DataAnalysis (Bruker Daltonics, Bremen, Germany). DBE vs carbon number

diagrams and mass spectra data were plotted using OriginPro Software (North Hampton, MA).

5.4. Results and Discussion

54.1. Direct analysis of an ACN extract via ET-MALDI-FTICR. Figure 25 shows the
ET-MALDI FTICR spectra resulting from the direct analysis of the L-L ACN extract and the
HPTLC band (corresponding to porphyrins) from a Middle-Eastern crude oil sample. Interestingly,
in the ACN extract mass spectrum (Figure 25A) two distributions are observed: one in the low
mass region (centered around m/z 349) and another in the medium mass region (centered around
m/z 513) corresponding to aromatic compounds with low H/C ratios and porphyrins, respectively.
Electron transfer (ET) reactions in MALDI-MS are two-step processes suitable for the ionization
of labile, unstable, non-polar and highly conjugated molecules as seen in Equations 1-2, where A

refers to analyte and M to matrix.(Calvano et al., 2017) (Castellanos-Garcia et al., 2017)

Eq.1 M+hv > M*™ +e”
Eq.2 M**"+A - M+ A™
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Porphyrins, are compounds with an enriched r-electron cloud as a consequence of the presence
of n-exceeding pyrrole units, exhibiting relatively low IPs (6.5 to 7.5 eV) depending upon the
extension of the conjugated system, the presence of functional groups or the nature of the metal
center.(Barlow, Scudiero, & Hipps, 2004) Under MALDI conditions, the ET reaction between
neutral porphyrins and primary ions of the o-CNPV-CHz matrix (IP: 8.42 eV) is
thermodynamically favored (1P between -0.92 and -1.92 eV).(McCarley et al., 1998)(Kotsiris et
al., 2006) Thus, porphyrins are easily ionized and detected in the ET-MALDI experiment, as seen
in the prominent medium mass region distribution in Figure 2A where 351 individual molecular
formulae (in the form of [M]™ molecular ions) corresponding to porphyrins were assigned (See
Table S1 of the Supporting Information). In contrast, the AIP for ET reactions between saturated,
polar or less conjugated compounds possibly present in the ACN extract (IP ranging from 7.8 to
11 eV) and the primary ions of the matrix, range from -0.62 to +2.58 eV (See Figure S1 in the
Supporting Information). This indicates a least (or not at all) thermodynamically favorable ET
process. Thus, the least abundant distribution, in the low mass region of Figure 25A mostly
corresponds to CH, N1, Si, S2 and NiS: classes with low contribution of polar species (See
supporting material, Figure S2, heteroatom class distribution for whole ACN fraction). The
ionization energy of organic compounds decrease, in terms of HOMO energy, as DBE and
heteroatom content increases. Hence, some competing secondary electron transfer reactions may
occur between low IP aromatic species present in the ACN extract and the matrix. In Figure S3 of
the Supporting Information, the DBE vs carbon number plots of species in the low MW distribution
of Figure 2A show high DBE values (10 to 25) corresponding to CH, N1, Si, S2 and NiS:
compound classes. In addition, van Krevelen plots in Figure S3 show low H/C ratios, particularly

for the S class.
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Figure 27 ET-MALDI FTICR spectra resulting from the direct analysis of the L-L ACN extract
(A) and the HPTLC band (corresponding to porphyrins) (B) from a Middle-Eastern crude oil

sample.

Figure 25B shows the effect of eliminating compounds that may interfere with porphyrin
detection from the raw ACN extract. Evidently, after the HPTLC fractionation and ET-MALDI
ionization, directly from the plate, a cleaner spectrum is obtained where 6550 individual molecular
formulae (in the form of [M]™ molecular ions) were assigned (See Table S1 of the Supporting
Information). The MS data in Figure 25 indicate ET-MALDI ionization affords selective formation
of [M]™ for nickel and vanadyl porphyrins, even for the direct analysis of the ACN extract,
contrarily to APPI-(+) or ESI-(+) sources where ionization depends on molecular properties
different than IP (results not shown). Interestingly, ICP-MS measurements revealed a 1:3.37 Ni:V

ratio for the ACN extract; while in ET-MALDI MS the ratio between the sum of relative
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abundances for the total number of assigned nickel porphyrins to vanadyl porphyrins in the ACN
fraction corresponds to 1:3.17 (see supporting info, Table S1). This observation suggests that ET-
MALDI does not appear to discriminate between the low-abundance nickel and the high-
abundance vanadium species in the ACN extract, due to the nature of the ionization process,
contrarily, in ion sources such as APPI(+) nickel porphyrins exhibit ionization efficiencies three
times lower than vanadyl ones, as reported by Qian et al,(Qian, Edwards, Mennito, Walters, &
Kushnerick, 2010) using nickel As mentioned in the experimental section, ICP-MS of whole ACN
extract showed a total concentration of ~9.2% and ~5.1% of vanadium and nickel from the parental
crude-oil, consequently, the observation window is limited and, speculatively, we observed the
nickel and vanadyl porphyrins whose are not occluded in the heavy fractions and can be easily

extracted with the L-L approach.

On the other hand, for low abundance NsNi porphyrins, the high mass accuracy of the
measurements (< 100 ppb) together with nickel particular isotopic distribution (*®Ni, ©Ni, ®*Ni and
®2Ni) allowed unambiguous elemental composition assignments. Figure 26 shows signal
assignments corresponding to isotopologues of the monoisotopic molecular ion C3oHsoNsNi, the
most abundant nickel porphyrin in the ACN extract. At m/z 505, the species 2Czo*Hzo'*N3>N*Ni
and Y2C29"3C H30™N4>8Ni were detected, respectively, with mass accuracy of 240 and 76 ppb and
S/N ratios of 7.2 and 165.7. At m/z 506, the contribution of ®°Ni isotopologue and *C, were
assigned in a 4 and 42 ppb of mass accuracy. From nickel isotopologues, the contribution of ®:Ni
shows the lower abundance, however at m/z 507 it was observed in a mass accuracy of 111 ppb
(SIN 17) and differentiated from the contribution of *3C;%Ni signal. At m/z 508, the signal

corresponding to nickel isotopologue 82Ni was detected in a 15 ppb of mass accuracy. The relative



DEVELOPMENT OF NOVEL MATRICES FOR MALDI MASS SPECTROMETRY 141

ion abundance for all signals were stablished in function of monoisotopic ion signal and compared

with theoretical isotopic distribution, Figure 26.
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Figure 28 Expanded scale mass spectrum of the ACN extract containing Ni and V porphyrins.

Insets correspond to isotopologue assignment for Nickel porphyrin DBE 18 CzoH30N4Ni.

As mentioned above, we detected 351 unique molecular formulae corresponding to N4VO
(173), N4VO2 (34), N4VO3 (16), N4VOS (43) and NsNi (84) porphyrins by direct ET-MALDI
analysis of the whole ACN extract isolated from the crude oil sample as illustrated in Figure 27
(See also Supporting Information Table S1 for assignments, mass accuracy and signal-to-noise
ratios for all species). The DBE vs carbon number plots show that N4VVO, N4VO2, N4VVOz and NzNi
compound families share the same compositional space, with the most abundant species clustered
around DBEs 16 to 20 and carbon numbers 27 to 37. In contrast, N4VVOS species exhibit higher

DBE values (22 to 27) and carbon numbers (35 to 50). Figure 24 shows petroporphyrins structural
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changes during diagenesis and catagenesis, the attachment of peripheral aromatic rings in
particular goes up to of DBE values of 27. When comparing the most abundant N4sVO and NsNi
families, we observed a maximum DBE of 27 for N4sVVO while for nickel porphyrins we had a
maximum DBE of 23. The metal insertion on the porphyrin core during early diagenesis can
produce both, nickel and vanadyl porphyrins; however, the concentration of each metal during
metalation plays a crucial role, resulting in more abundant vanadyl porphyrins which can be

transformed by sulfur insertion, partial degradation or ring attachment.
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Figure 29 Isoabundance color-map plots corresponding to all porphyrin families found in the ACN

and the HPTLC fractions.

Sulfur vanadyl porphyrins are presumably formed in source kerogens after thermo/bacterial
sulfate reduction which inserts thiophene and benzothiophene-like peripheral substituents (Figure
24).(Hodgson & Peake, 1961)(Zhao et al., 2014a)(Orr, 1986) (Jgrgensen, 1977) Interestingly, the
presence of N4VVO2 and N4VOs3 families shows that it is also possible to maintain the oxygen (or
the carboxylic moiety as acid or ester groups) on the five-membered fused ring of the chlorophylls

in a partial degradation. Unfortunately, the low concentration of nickel porphyrins dramatically
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influence these transformations and sulfur-containing or extra oxygen nickel porphyrins are not
observed. In summary, up to this point we demonstrated that a simple L-L procedure followed by

selective ET-MALDI ionization can afford access to porphyrin targeted analysis in crude-oils.

5.4.2. HPTLC-ET-MALDI-FTICR. Historically, several chromatographic approaches
(e.g. column, TLC, extrography) with a wide range of stationary and mobile phases have been
applied to isolate and concentrate petroporphyrins for mass spectrometric analysis.(Putman et al.,
2014) (Giraldo-Davila et al., 2016) However, additional selective enrichment strategies are used
to observe low-abundance families such as N4VVO2, N4VOz and nickel porphyrins, particularly
when using ESI-(+) or APPI-(+) sources. As discussed above, ET reactions in MALDI might
provide a way to selectively detect particular compound classes sharing a common
physicochemical characteristic (i.e. ionization energy), as occurs with porphyrins. Considering the
observation of a bimodal distribution when interrogating directly the ACN extract (Figure 25A),
we performed an additional purification step using aminopropyl-bonded HPTLC plates to fraction
the original extract. As observed in figure S5 (see supporting material) this process induced
separation of the ACN extract into three bands, one of them corresponding to a concentrated
porphyrin fraction (R¢ 0.27) suitable for direct MALDI analysis on the HPTLC plates. UV-Vis
measurements of the TLC bands (DCM extracts after L-S extraction from the solid aminopropyl
silica phase scratched from the plate) show a strong Soret band corresponding to petroporphyrins

at 420 nm, in the band with R¢ 0.27.

The ET-MALDI-FTICR spectrum in Figure 25B shows a unique distribution centered around
m/z 527, corresponding exclusively to porphyrins, in contrast with the bimodal spectrum of Figure

25A. Using HPTLC we were able to detect 534 unique molecular formulae corresponding to N4VVO
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(241), NaVO;2 (95), NsVOs3 (43), N2VOS (83) and N4Ni (63) porphyrins as illustrated in Figure 28
(See also Supporting Information Table S1 for assignments, mass accuracy and signal-to-noise
ratios for all species). The compound families observed in the HPTLC fraction are apparently the
same as the ones found in the ACN extract, however, previous reports on solid phase extraction
(SPE) using aminopropyl-bonded stationary phase, revealed a high retention of acidic porphyrins
whose were extracted with formic acid elution. Because these N4VVO3 porphyrins were observed
in the porphyrin-enriched fraction, the significant oxygen-content can be attributed to other
functional groups like ester, ketones, ethers, among others, nevertheless, the comparison against
characterized standards and additional experiments like tandem MS need to be examined for a
consistent molecular structure attribution. Figure S6 of the Supporting Information show a
significant reduction of signals corresponding to heteroatomic compounds, and enhancement of
porphyrin ions, after HPTLC fractionation. In addition, an expanded scale spectrum at m/z 587 in
Figure 29, shows a significant increase in S/N ratios for the radical cations of [C32H3N4VO]™
(DBE 22), [C33H3sN4VO3]*™ (DBE 18) and [C3sHoN4VO2]*™* (DBE 17) species when compared
with the whole ACN extract. Interestingly, after HPTLC all porphyrins classes showed an increase
in number of species with the exception of nickel porphyrins (N4Ni) where the total number of
assigned molecular formulae dropped from 84 in the ACN extract to 63 in the HPTLC band with
a dramatic decrease on S/N ratios. Previous reports concerning ICP-MS analysis of TLC bands in
crude-oils, revealed that after elution nickel compounds spread over the plate exhibiting several Ry
values, while vanadium is efficiently separated and clearly identified at specific Rs.(\VVorapalawut
et al., 2012) The reduced number of N4Ni in HPTLC suggest a spread over the plate and certainly,
a different Rf when compared with vanadyl porphyrins as previously reported by Xu and

Lesage;(Xu, 1992) these effects can either decrease the concentration and dramatically affects the
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desorption during the ET-MALDI process. In contrast, the HPTLC separation increased the
number of formulae corresponding to vanadyl species, providing enhanced isotopologue
assignments, and revealing new porphyrins of the N4VO2 or N4VOs types, commonly buried in
the noise and present in low concentration.(Xu, 1992) The DBE vs carbon number plots in Figure
28 show significant increase in the number of assignments corresponding to sulfur vanadyl
porphyrins N4VVOS. Efforts on chromatographic sample enrichment, using silica gel open column
chromatography,(Liu et al., 2015)(Zhao et al., 2013a) aimed to selective isolation of sulfur-
containing porphyrins showed that this particular class is always accompanied by aromatic Sy,
N:S: and N1 compounds, very abundant in crude oils, having similar polarities than porphyrins.
Additionally, Si;, NiS: and N classes exhibit relatively good ionization efficiencies in
APPI,(Putman et al., 2014) while in ESI formation of [M+H]" is highly favored.(Zhao, Shi, Gray,
& Xu, 2014b) These effects combined hinder detection of sulfur-containing porphyrins by current
chromatographic-MS strategies. The use of ET-MALDI allows significant increment on S/N ratios
for the sulfur vanadyl porphyrin [CasH3sNsVOS]™ (3.7 times increase) and the high DBE
[C40H44N4VO]™ (6.7 times increase) for the HPTLC fraction when compared with the ACN
extract, as seen in Figure 30. The same observation is true for most species in the N4VOS

compound family.

Figures 29 and 30, show increased S/N ratios for high carbon number porphyrins after HPTLC
fractionation, particularly for V-containing families such as: N4sVO, N4VO2 and N4VOs; while
Table S1 of the Supporting Information show that we duplicate the number of assigned formulas
for these compounds, reaching a total of 221. For NsVOS we observed a 1.45 increase in the

number of assignments (83). When compared with previous reports, as shown in Table 1, the
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HPTLC-ET-MALDI-FTICR experiments shown here (525 assigned formulae) represent a net
increase of 1.8 times the number of porphyrins previously reported by Liu et al. (294 assigned
formulae)(Liu et al., 2015) and Putman et al. (231 assigned formulae)(Putman et al., 2014). From
our perspective, we believe that comprehensive identification of porphyrins in complex mixtures

not only depends on isolation strategies, but on the use of selective ionization methods such as ET-

MALDI.
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Figure 30 Expanded scale ET-MALDI mass spectra for the ACN extract and the HPTLC fraction.
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Figure 31 Significant increase in S/N ratios in the simultaneous identification of N4OV, N4VOS

and N4VO. porphyrins by ET-MALDI experiments.

5.4.3. Observation of new oxygenated vanadyl porphyrins. Figure 31 shows the
expanded mass scale spectra at m/z 531, revealing the presence of the monoisotopic signal for
porphyrin [C3oH32N4VO2]™ (DBE 17, 16 ppb, S/N 280) in the HPTLC fraction and its isotopic
distribution. In 2013, Zhao, et al,(Zhao et al., 2013a) reported for the first time the identification
of vanadyl porphyrins containing an extra oxygen atom, believed to originate from partially
modified chlorophylls still maintaining the carbonyl group attached to the five membered saturated
ring, as seen in Figure 1.The DBE value for the N4VO: family starts at 18 because of the C=0
double bond; however, we observe thirteen new porphyrins at DBE 17 with mass accuracy under

100 ppb (See Table S1 of the Supporting Information) suggesting that N4VVO2 porphyrins with
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DBE 17 can exist. Interestingly, in 2014, Zhao, et al,(Zhao et al., 2014a) identified a new series of
amino-containing porphyrins with ether-like structures, as shown by CID experiments,
consequently, a “DBE 17” oxygenated vanadyl porphyrin can incorporate an unsaturated oxygen-
carbon bond like an alcohol or ether moiety, however, this consist in a speculative statement and

tandem MS experiments need to be considered for a truly elucidation.

Chlorophylls are carboxylic acid-containing compounds, as shown in Figure 1, transforming into
reduced species (with peripheral alkyl chains) during diagenesis geochemical processes. However,
Hodgson observations,(Hodgson & Peake, 1961) suggested that chlorophylls can be partially
derived and remaining functional groups such carboxylate or carbonyl unit are preserved. Figure
28, revealed an important contribution of acidic porphyrins ranging from DBE 18 to 21, going up
to a total of 47 assigned formulas with a major contribution of Etio acidic vanadyl porphyrins DBE

18, see Figure 24.

[CaoHszNaVO,I™ [1°C2C2gH3aNaVOI™*
0,
Mo e 531195981 [%CCogHyNVOS™  [CaoHszNeVO, + HI*  theor. miz 533.202647 % R-A

e;‘;:{; 5;1';3593‘;’ theor. m/z 532.199292 theor. m/z 532.203762 exp. m/z 533.202735
b PP exp. m/z 532.199317  €Xp. m/z 532.203795 DBE 17 // -106 ppb
DBE 17 // -48 ppb DBE 17 // -61 ppb S/N 12 L4
C S/N|85 S/N 117 |
| ’
‘ J ‘ U I Al Ao 3
ol M il Aot L,
531.15 531.20 531.25 531.30 532.15 532.20 532.25 533.18 533.19 533.20 533.21
-2
Isotope Pattern Theor. Exp.
[CaoH32NsVO,]" 100 100
[*CiCxHxNVO,)" 322 3217 L1
[°CCasHNVO,]" 5.6  5.09 J “
m/z R ; i LL.LI ol Al JI 0
HPTLC 531.5 532.0 532.5 533.0 533.5

Figure 32 HPTLC purification combined with high sensitivity ET-MALDI experiments, provided
a significant increasing on signal-to-noise ratio corresponding to novel N4sVO; at DBE 17

porphyrins.
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5.5.  Conclusion

The use of similar physical properties of a group of molecules present in a complex mixture, e.g.
IP values, can be advantageously used to device MS-based analytical strategies for their selective
detection. The electron-transfer (ET) process in MALDI MS is one of such strategies, providing
that there is a suitable organic matrix able to efficiently produce primary and secondary ions in the
gas-phase. We demonstrate that the compound a-CNPV-CHs can be effectively used as ET
MALDI matrix for the selective ionization and detection of nickel and vanadyl porphyrins present
in ACN extracts and HPTLC purified fractions from a middle east crude-oil. Selective ionization
by ET is warranted by an [JIP > 0.5 eV between matrix primary ions (a-CNPV-CHs, IP=8.42 eV)
and petroporphyrins neutral molecules (IP= 6.5-7.0 eV). The high selectivity of ET reactions in
MALDI-(+) combined with the high mass accuracy and resolution of FTICR provide an additional
tool for porphyrin analysis by mass spectrometry, without the need for the complex sample
enrichment or purification procedures required when using APPI, ESI or LDI sources. This
approach allowed us to detect more than 500 molecular formulae, at mass accuracy within parts
per billion, corresponding to NsNi, high DBE NsVO, NsVO2, N4VOs and sulfur vanadyl
porphyrins N4sVOS. In addition, we report the observation of N4VVO2 porphyrins at DBE 17,
presumably corresponding to ether or alcohol-like structures as previously reported by Zhao, et
al.(Zhao et al., 2014b) The experiments of tandem MS using the ET-MALDI approach will be

considered for further publications.
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