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Abstract

The lonization Potential (IP) of chemical species is of paramount importance
for the Matrix Assisted Laser Desorption/Ionization (MALDI) analytical
technique. Specifically, IPs are used in MALDI MS Electron Transfer (ET) as a
parameter to select the matrix for a given family of chemical species. We used
a quantum chemical methodology to computationally determine IPs for a set
of photosensible phytoplanktonic pigments. These calculations could be used
as a guide for MALDI matrix selection. IPs were determined using Koopman’s
Theorem, via Geometry Optimization and Single Point Energy within the
Restricted Closed-Shell Hartree-Fock (RHF) technique. Structures of a
twenty-four set of pigments were geometrically optimized, and their IPs
determined. Calculated IP’s are in close agreement to reported experimental
IPs within an average 3.7% absolute error. Structural features of the chemical
species studied have a closed relationship with their chemical properties and
IP’s. Our results suggest that ET-MALDI matrices such as DCTB (IP = 8.5 ¢V)
and CNPV-OCHj3 (IP = 8.3 ¢V) could be more suitable to analyze these types
of chemical species.

Keywords: Koopsman, Hartree-Fock, HOMO-energy, Pigments, MALDIMS,
Electron-Transfer.

Resumen

El Potencial de Ionizacién (P1) de especies quimicas es de vital importancia
en técnicas de quimica analitica como Matrix-Assisted Laser Desorption/
Ionization (MALDI). Especificamente, el calculo de Pl es usado rutinariamente
en MALDI con matrices de Transferencia Electrénica (TE) para la seleccién de
la matriz adecuada para una familia de especies quimicas. En este estudio se
usaron metodologias computacionales basadas en la mecdnica cudntica para
determinar tedricamente los Pls de un grupo de pigmentos fotosensibles
provenientes del fitoplancton y asi poder realizar de forma mds acertada
el proceso de seleccién de matrices MALDI. Los PIs fueron determinados
usando el teorema de Koopmans a través de Optimizaciones Geométricas y
célculos de Single Point Energy (SPE) con nivel de teorfa Hartree-Fock de
capa cerrada (RHF). Las estructuras de 24 pigmentos fueron optimizadas y
sus Pls fueron determinados. Los valores de Pls calculados estdn muy cercanos
a los reportes experimentales de la literatura, con un porcentaje de error
absoluto aproximado de 3,7% y con cambios estructurales relacionados con las
propiedades quimicas de los pigmentos y IPs. A partir de nuestros resultados,
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se sugiere que algunas matrices MALDI ET tales como la DCTB (PI= 8,5 ¢V) y CNPV-OCHj3 (PI = 8,3 ¢V), podrian ser las mis adecuadas para
ser usadas con esta familia de compuestos.

Palabras clave: Koopsman, Hartree-Fock, Energia-HOMO, Pigmentos, MALDI-MS, Transferencia-Electronica.

Resumo

O potencial de ionizagio (PI) de espécies quimicas ¢ de suma importancia nas técnicas de quimica analitica como o Matrix-Assisted Laser
Desorption/Ionization (MALDI). Especificamente, o cdlculo de Pl é usado em ensaios MALDI com matrizes de transferéncia eletrénica (TE) para
conseguir selecionar uma matriz adequada para analisar uma familia de espécies quimicas em particular. Neste estudo foram usadas metodologias
computacionais bascadas na mecdnica cudntica para determinar tedricamente os Pl de um grupo de pigmentos fotossensiveis do fitoplancton, e
assim realizar de forma mais acurada o processo de selecio de matrizes MALDI. Os Pl foram determinados usando o teorema de Koopmans através
de otimizagdes geométricas e cdlculos de Single Point Energy (SPE) com nivel de teoria de Hartree-Fock de casca fechada (RHF). As estruturas dos
24 pigmentos foram otimizados ¢ seus PI foram determinados. Os valores de Pl calculados estio muito préximos aos informes experimentais na
literatura, com uma porcentagem de erro absoluto aproximado de 3,7% e as mudangas estruturais tém uma relagio préxima com as propriedades
quimicas dos pigmentos, especialmente seus Pl. Algumas matrizes MALDI-ET tais como DCTB (Pl = 8,5 ¢V)) ¢ CNPV-OCH3 (PI = 8,3 ¢V) podem

ser usadas para analisar estes pigmentos.

Palavras-chave: Teorema de Koopmans, Hartree-Fock, Energia-HOMO, Pigmentos, MALDI-MS, transferéncia eletrénica.

Introduction

Phytoplankton constitute an essential component
in aquatic ecosystems, shaping the base of the food
chain pyramid and building up for at least a quarter
of the world biomass (Olenina et al., 2006; Roy et al.,
2012). Phytoplanktonic species are the pioneer pho-
tosynthetic organisms/producers in all ecosystems,
generating complex carbon compounds from carbon
dioxide (CO2) and using sunlight as energy source for
the metabolic processes (Bellinger and Sigee, 2015;
Burneo and Romero, 2016). Specifically, photosynthe-
tic residues coming from their metabolism generates
about 50% of primary mass (organic matter) on the
planet, keeping the ecological balance of dissolved nu-
trients in water sources (Descy and Gosselain, 1994;
Field, 1998).

Photosynthetic processes are carried out by complex
biochemical photosystems (PS), specifically the PSI and
PSII, which harvest sunlight energy in a highly efficient
way in order to keep the homeostasis. These PS’s are
located inside chloroplast thylakoid membranes (Bur-
neo and Romero, 2016; Beardall, 1989). PSI and PSlII
complexes are of three types: chlorophylls, carotenoi-
ds and phycobilins, present in different combinations
and proportions (Bellinger and Sigee, 2015; Golbeck
and van der Est, 2014). Some particular pigments such
as a-carotene, A-carotene and e-carotene are present
only in particular phytoplanktonic species, which gi-
ves them the potential to be used as chemotaxonomic
markers (Roy et al., 2012; Takaichi, 2011). Mass Spec-

trometry (MS) has been reported as a technique use-
ful to study these pigments, and, specifically Electron
Transfer (ET) coupled to Matrix Assisted Laser Desorp-
tion/lonization (MALDI) source, has been recognized
as an excellent option for analyzing these compounds
(Sanchez, 2019). In this regard, ET MALDI has proven
more accurate and straightforward, compared to other
techniques, such as High Performance Liquid Chroma-
tography (HPLC) (Sanchez, 2019; Siuzdak, 2004).

In ET MALDI MS, the lonization Potential (IP) is one
of the most sensitive physical chemistry parameters
to calculate, which allows to explain the ET process
between analyte and matrix (Castellanos-Garcia et al.,
2015; Castellanos-Garcia et al., 2017; Ramirez-Pradilla
et al., 2019.a; Ramirez et al., 2019). Also, it is of para-
mount importance to guarantee a larger value for the
matrix IP, compared to the analyte, in order to achieve
charge migration (see Eq. 3) (Vasil'ev et al., 2006; Per-
sico and Granucci, 2018; Robb, 2018).

Matrix + hv — Matrix*(E = hv) (1)
Matrix* — Matrix* + e (E > IPpyatrix) (2)
Matrix*' + Analyte — Matrix + Analyte* (IPyatix > IPanaiyte) ( 3)

The number of experimental IPs reported in the scien-
tific literature for phytoplanktonic pigments is very li-
mited and quite outdated (Nakato et al., 1974; Goupy
et al,, 2018). On the other hand, IPs reported from
theoretical studies are more recent but also reduced in
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quantity (Jaramillo et al., 2012; Hasegawa and Nogu-
chi, 2005). Therefore, we point our efforts to develop a
computational protocol to predict IPs of photosensible
phytoplanktonic pigments by applying the Koopmans
theorem via quantum chemical calculations (Koop-
mans, 1934; Ramachandran et al., 2008; Jensen, 2017).
In order to evaluate the quality of our results, we will
use a set of experimentally measured IPs and also data
coming from ET MALDI performed at our laboratory
(Giraldo-Davila et al., 2018; Castellanos-Garcia et al.,
2017; Ramirez-Pradilla et al., 2019.a; Ramirez-Pradilla
etal., 2019.b). Our results will allow us to make a more
reliable MALDI matrix selection suitable for a specific
family of chemical species, such as those coming from
phytoplanktonic species.

Methods and Materials

Computational Resources and Software

Quantum chemical calculations were executed using
the ab initio quantum chemistry program ORCA (Nee-
se, 2018-2020), using the facilities of the High Per-
formance Computing Cluster INKARI, located in the
“Instituto Astronémico y Aeroespacial Pedro Paulet”,
Universidad Nacional de San Agustin, Arequipa, Peru
(http://inkari.iaapp.edu.pe/).

Geometry optimizations were carried out within the
Restricted Closed-Shell Hartree-Fock (RHF) method, in-

creasing the size of the basis set from STO-3G, def2-SVP
and def2-TzvP (Hartree, 1928; Fock, 1930; Gomez et
al., 2009). A total of 24 photosensible phytoplanktonic
pigments taken from PubChem (https://pubchem.ncbi.
nlm.nih.gov/) and ChemSpider (http://www.chemspi-
der.com/) databases were analyzed: 7 chlorophylls and
17 carotenoids and xanthophylls (See Table 1).

The RHF method uses the both, Born-Oppenheimer
and the independent-particle approximations to build
the Hamiltonian operator and the wave function of
any molecular system (Ramachandran et al., 2008;
Lewars, 2011). This wavefunction is based on the Li-
near Combination of Atomic Orbitals (LCAO) method,
which represents a molecular orbital (Lewars, 2011).
The HF equation is described as:

Fii =9 )

where the F; is the Fock operator, ¢ is the wave-
function and € is the energy. On the other hand, the
basis set STO-3G is a minimum basis set and the def2-
SVP and def2-TZVP are extended.

Koopmans theorem

IPs were determined by applying the Koopmans theo-
rem for closed-shell molecular systems. This theorem
states that the first ionization energy equals the nega-
tive value of the HOMO frontier orbital energy, within
the RHF method (Ramachandran et al., 2008). Mathe-

Table 1. Molecular species analyzed. Source: Authors.

e G Mo.lecular Chemical R Mo'lecular Chemical
Weight (u) formula Weight (u) formula
4,4’-Diapolycopenedial 428.6056 C30H3602 Diadinoxanthin 582.855 Ca0H5403
Alloxanthin 564.8397 CaoH5202 Neoxanthin 600.8702 Ca0H5604
Astaxanthin 596.8385 CaoH5204 Peridinin 630.8101 C39H5007
Antheraxanthin 596.8385 CaoH5603 Zeaxanthin 568.8714 Ca0H5602
Astacene 592.8067 CaoH4804 Diatoxanthin 566.8556 C40H5402
a-Carotene 536.8726 CaoHse Chlorophyll a 893.489 CssH72MgN40s
B-Carotene 536.8726 CaoHse Chlorophyll b 907.4725 Cs5H70MgN406
B-Cryptoxanthin 552.872 CaoHs60 Chlorophyllide a 614.9733 C35H34MgN405
Crocoxanthin 550.8562 CaoH540 Chlorophyll c1 610.9415 C35H30MgN405
Canthaxanthin 564.8397 CaoH5202 Chlorophyll c2 608.9256 C35H28MgN40s
Lutein 568.8714 Cao0H5602 Pheophorbide a 592.6841 C35H36N40s
Fucoxanthin 658.9063 Ca2H5806 Pheophorbide b 606.6677 C35H34N406
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matically, the koopmans theorem is represented by

the equations 5 and 6.
1 elec
EN—EN—1=hk+§ZI1N/ (Ji) — k+Z/1 elee (i — (5)

En—En-1=hic+ D ie™ (i) — Kin) = e (6)

where, equation 6 shows that EN — EN — 1 is equal to
the ek energy in Eq. 4.

Results

The geometry optimization of the selected set of che-
mical species was carried out within the RHF level of

AVATALLLALILATALALALALASALILALLAALLAALTALALALALAAALILALLAALLAALLLALIIALALALLAALLAALIAAL A TALLLALALALALALLLALA VAL LAALLAALLLALIALAAALL LA ASAS L AN VY

theory using the def2-TZVP basis set and the optimized
configurations are shown in figure 1. The highlighted re-
gions of the optimized configurations show the largest
structural deviations compared to the initial structures.

Figure 2 clearly shows stabilization in molecular ener-
gy as early as the second optimization step. For all
structures, the minimization curve flattens rapidly, i.e.,
the molecular energy stabilizes. Only some particular
pigments such as Chlorophyll c2 (Chl_c2), Chloro-
phyllide a, Diatoxanthin, Piridinin, Fucoxanthin and
4,4’-Diapolycopenedial are exceptions. The associated
Single Point Energy (SPE) calculation for each pigment
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Figure 1. Chlorophyll, carotenoid and xanthophyll molecular structures (ball and stick model): minimized geometries. Source: Authors.
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final configuration is shown in figure 2. From these
molecular conformations we extracted the ionization
energies by applying the Koopman'’s theorem, that is,
by taking the negative value of the HOMO energy for
each molecule.

HOMO frontier orbitals were drawn for each molecule.
The HOMO shows the probability regions for the exter-
nal shell electrons in the molecules, which are responsi-
ble for the chemical interactions with the matrix along
the ET process. For the chlorophyll family, HOMO orbi-
tals are located on the porphyrin rings; while, for the ca-
rotenoids (xanthophylls and carotenes) HOMO orbitals
are located inside the molecule core (See Figure 3).

Calculated IPs were compared to experimental IPs re-
ported in the literature, when existing data is available,
as reported in Table 2. Comparison of IP’s show that
calculated energies overestimate experimental values,
with a relatively small deviation of ~3.7% (see Figure

4). Lutein and Canthaxanthin IPs show the lowest error
compared to experimental reports, with 1.5% and 2.0%
for Lutein and Canthaxanthin respectively. Chl_c2 and
a-carotene show the largest deviation from experi-
ments, with 7.52 and 6.20% respectively (See Table 2).

An interesting behavior is observed for the calcula-
ted IPs of similar structures. A particular substitution
of the -CH3 (methyl) in Chl_a for -COH (aldehyde) in
Chl_b, causes an IP difference of 0.42 eV, whereas a
more sizable structural change between Chl_a and
Chlorophyllide_a, where the phytol tail is removed,
shows a small variation in IP of 0.08 eV. Between
Chlorophyllide_a and Chlorophyll c¢1 (Chl_c1) struc-
tures does not occur atom substitution, but Chl_c1
has an additional double-bound compared to the
Chlorophyllide_a, which produces a AIP = 0.2 eV (see
Figure 1). The difference could be ascribed to the pre-
sence of the double-bond.

Single Point Energy (SPE)
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Figure 2. Single point energy of Photosensible pigments from structural optimization with HF/def2-TZVP. Source: Authors
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Figure 3. HOMO orbitals of chlorophyll and carotenoids. Source: Authors.
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The -CH»-CH3 functional group in the Chl_c1 molecu-
le is substituted to -CH=CH2 in the Chl_c2 molecule
(see Figure 1). The Chl_c2 presents a double bond and
the loss of two hydrogen atoms with respect to the
Chl_c1 molecule, which generates an IP difference of
0.05 eV. This Chl_c1-Chl_c2 case is similar to Chl_c1-
Chlorophyllide_a structural change. However, the Chl_
c1-Chl_c2 case has a loss of one hydrogen atom more
than the Chl_c1-Chlorophyllide_a case. Additionally,
the chemical environment in the site of substitutions
is different. Between Pheo_a and Chlorophyllide_a,
the only structural difference is the presence of an
Mg*? central atom forming four coordinated bonds
with Nitrogen (N), which makes an IP difference of

0.4 eV. Thus, the Mg*™? atom absence increases the
IP value. Finally, in the group of chlorophyll pigments,
the substitution of -CH3 group to -HC=0 group in the
Pheophorbide_b (Pheo_b) from Pheo_a structure, cau-
ses a AIP of 0.27 eV. The carotene and xanthophyll
molecules present a similar behavior of structure-IP re-
lationship compared with the chlorophyll mentioned
above, i.e., the presence of double bonds or functional
groups with oxygen atoms in a determined position
increases or decreases the IP value in the molecules.

All carotene and xanthophyll molecules exhibit simi-
lar structures and these compounds contain only Car-
bon (C), Oxygen (O) and Hydrogen (H) atoms (Roy

Table 2. Calculated and reported experimental IPs Source: Authors.

Pigment name Cala(:fl;\t/t)ed 1P Reported experimental IP (eV) AIP (eV) Error (%)
4,4’-Diapolycopenedial 6.70
Alloxanthin 6.72
Astaxanthin 6.85 6.67 £ 0.1 (Goupy et al., 2018) 0.18 2.63
Antheraxanthin 6.71 6.53 £ 0.1 (Goupy et al., 2018) 0.18 2.68
Astacene 7.07
a-Carotene 6.77 6.35 + 0.1 (Goupy et al., 2018) 0.42 6.20
B-Carotene 6.62 6.41 % 0.1 (Goupy et al., 2018) 0.21 3.17
B-Cryptoxanthin 6.65 6.34 £ 0.1 (Goupy et al., 2018) 0.31 4.66
Crocoxanthin 6.66
Canthaxanthin 6.89 6.75 % 0.1 (Goupy et al., 2018) 0.14 2.03
Lutein 6.67 6.57 £ 0.1 (Goupy et al., 2018) 0.10 1.50
Fucoxanthin 7.03
Diadinoxanthin 6.80
Neoxanthin 6.78
Peridinin 6.87
Zeaxanthin 6.65 6.43 + 0.1 (Goupy et al., 2018) 0.22 3.31
Diatoxanthin 6.72
Chlorophyll a 6.32 6.1 + 0.2 (Nakato et al., 1974) 0.22 3.48
Chlorophyll b 6.74
Chlorophyllide a 6.40
Chlorophyll c1 6.60
Chlorophyll c2 6.65 6.15 £ 0.2 (Jaramillo et al., 2012) 0.45 7.52
Pheophorbide a 6.80
Pheophorbide b 7.07
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et al., 2012). Specifically, the main difference between
carotenoid and xanthophyll molecules is the presen-
ce of oxygen atoms in the xanthophyll structures. The
two carotenes studied here were the a-carotene and
B-carotene, which have an IP difference of 0.15 eV
between them. To evaluate the presence of Oxygen
atoms in the hydrocarbon structures, the comparison
of structures and IP values between the Alloxanthin
and a-carotene or B-carotene molecules is ideal, be-
cause the only structural change is the presence of an
-OH group in the Alloxanthin molecule (see Figure 1).
The a-carotene IP value is 6.77 eV and the IP value of
Alloxanthin pigment is 6.72 eV. Another good exam-
ple of IP-structure relation is the comparison between
Lutein and Canthaxanthin, where Lutein has an alco-
hol group, while the Canthaxanthin molecule has the
carbonyl group, causing significant IP changes. Our
preliminary results show that the presence of double
or triple bonds causes a small increase of IP energies,
such as in Crocoxanthin and B-Cryptoxanthin molecu-
les (See Figure 1 and Table 2).

Discussion

The overestimation of IPs with respect to experimental
data can be explained by the mathematical approxi-
mations made in the RHF level of theory used to solve
the Time-Independent Schrédinger equation (Jensen,
2017). The main approximation is the Born-Oppenhe-
imer (BO), which says that the electron and nuclear
motions can be considered separately, because the
nuclear motion is rather small, compared to that of the
electrons. Therefore, the nuclei are statics (Born and
Oppenheimer, 1927). And the second approximation
made in the HF method is the Independent-Particle ap-
proximation, which says that the electronic correlation
is not considered as a particular mathematical term in
the solution, it is taken as an average value (Jensen,
2017). These two approximations cause systematic
errors and the underestimation of the calculated ener-
gies.

On the other hand, in the Koopmans theorem, the
frozen orbital approximation assumes that the Nx1-
electron state (positive or negative ion) is equal to the
N-electron state, neglecting the spin-orbital relaxation
and producing overestimations in the IP values (Mdller,
1980; Szabo and Ostluand, 1996; Plakhutin, 2018).
The systematic errors mentioned above, Independent-
Particle and frozen orbital approximations, cancel
each other and generate good IP results. Therefore,

the obtained IP errors are considered as a typical and
expected result.

The IP variations due to structural changes can be ex-
plained by several chemical factors such as the meso-
meric effect caused for the functional groups and the
electronegative and electropositive tendencies in the
molecules (Lazzari-Dean, 2015). The increase of IP
value in the Pheo_b molecule to Pheo_a and in the
Chl_a to Chl_b molecule, due to the substitution of
-CH3 to -HC=0 functional group can be explained by
the presence of the carbonyl group (C=0). The C=0 is
an electron-withdrawing group; therefore, compounds
with this functional group tend to attract electrons and
their IP value increases (Lazzari-Dean, 2015; Szent-
Gyorgyi, 1968; Tian et al., 2010), the carbonyl group,
C=0, being the main carbonyl group of ketones or
aldehydes (Szent-Gyorgyi, 1968). Contrarily, the -OH
functional group in the Alloxanthin causes an IP reduc-
tion with respect to a-carotene, as mentioned above.
The -OH group is an electropositive compound, i.e.,
an electron donor, therefore the energy to remove
an electron is lower (the mesomeric effect is positive,
+M) (Szent-Gyorgyi, 1968; Triggle and Taylor, 2006;
Tian et al., 2010). Indeed, the presence of a double or
triple bond causes a AIP lower than that caused only
for the presence of oxygen atoms or another substi-
tute. These @-bonds involve @-electron delocalization
which contributes to changes in the electron attraction
or repulsion (Triggle and Taylor, 2006). An example of
this behavior is of B-cryptoxanthin and Crocoxanthin,
where the AIP between them is only 0.01 eV, showing
Crocoxanthin a triple bond. For the carotenoid pig-
ments, in the conjugated cycle systemes, it is clear how
the functional group position impacts the IP value. The
-ortho, -para, or -meta positions change the chemical
electron donor or attraction properties (Lazzari-Dean,
2015). Specifically, the -OH functional group in the
meta position generates larger IP relative to the -ortho
and -para positions.

Concerning the IP values only, some ET MALDI matri-
ces such as the trans-2-[3-(4-tert-Butylphenyl)-2-methyl-
2-propenylidene|malononitrile (DCTB) (IP = 8.54 eV)
(Ulmer et al., 2000) or ET matrices based on Phenyle-
nevinylene (PV) and fluorenone cores such as CNPV-
OCH3 (IP = 8.3 eV) (Castellanos-Garcia et al., 2017;
Ramirez-Pradilla et al., 2019.a; Godoy et al., 2019; Cris-
tancho et al., 2016) can efficiently be used to analyze
phytoplanktonic pigments. A preponderant require-
ment for the suitable charge migration, is that the IP di-
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fferences between Matrix and Analyte should be larger
than 0.5 eV (McCarley et al,. 1998).

Conclusions

Computationally calculated 1P’s are of paramount
importance for ET MALDI matrix selection. We have
successfully calculated IP’s for a set of phytoplankto-
nic compounds: chlorophylls (7), carotenoids (2) and
xanthophylls (15); with very close agreement to expe-
rimental results at relatively low computational cost,
on average 9.4 hours/system. For the purpose of this
research IP errors obtained are in excellent agreement
with experimental values. The computational approach
described here allows to ascribe IPs differences to struc-
tural changes and to the presence of particular functio-
nal groups, showing the intimate relationship structure
and physical plus chemical properties. From the calcu-
lated IP values, we can suggest advantages on some ET
MALDI matrices reported in the literature for ET analysis,
specifically for phytoplanktonic photosensible pigments.
We are working on improving this methodology, using
alternatives to the Koopman'’s theorem to overcome
the approximations involved in the RHF method.
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