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1 | INTRODUCTION

Alongside the relevance in

sciences, astrophysics and many other

the sparse track of secondary electrons created by the interaction
of high-energy radiation in a biological medium,

Ana Nunes?! |

plasma  physics,
fields, the study of

electron-molecule interactions at low energies is also motivated by

Monica Mendes! | Rodrigo Rodrigues?

Filipe Ferreira da Silva?

Rationale: 2,4,6-Tris(4-formylphenyl)boroxine (TFPB) is a substituted boroxine
containing a benzaldehyde molecule bonded to each boron atom. Boroxine cages are
an emerging class of functional nanostructures used in host-guest chemistry, and
benzaldehyde is a potential radiosensitizer. Reactions initiated by low-energy
electrons with such complexes may dictate and bring new fundamental knowledge
for biomedical and pharmaceutical applications.

Methods: The electron ionization properties of TFPB are investigated using a gas-
phase electron-molecule crossed beam apparatus coupled with a reflectron time-of-
flight mass spectrometer in an orthogonal geometry. lonization and threshold
energies are experimentally determined by mass spectra acquisition as a function of
the electron energy.

Results: The abundance of the molecular precursor cation in the mass spectrum at
70 eV is significantly lower than that of the most abundant fragment C;HsO™.
Twenty-nine cationic fragments with relative intensities >2% are detected and
identified. The appearance energies of six fragment cations are reported, and the
experimental first ionization potential is found at 9.464+0.11 eV. Moreover, eight
double cations are identified. The present results are supported by quantum chemical
calculations based on bound state techniques, electron ionization models and
thermodynamic thresholds.

Conclusions: According to these results, the TPFB properties may combine the
potential radiosensitizer effect of benzaldehyde with the stability of the

boroxine ring.

interesting feature for radiotherapy. The sensitivity of tumors to
high-energy radiation together with the generated secondary
atmospheric species is enhanced by the use of chemoagents known as
radiosensitizers. In summary, the effect of secondary electrons in
the cell environment is ultimately linked to the radiation damage to
DNA and other biomolecules, which is supported by several

12

which is an studies.®>™>
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Among the outcomes of the interaction between low-energy
electrons (LEEs) and biomolecules, two mechanisms can be
highlighted depending on the energy range. At very low collision
energies (units of eV), electrons can be attached to neutral targets and
form reactive temporary negative ions, or resonances, whose
dynamics can be usually viewed as a competition between auto-
detachment and nuclear relaxation on the femtosecond scale.®” In the
context of radiosensitizers, the temporary negative ions can be
dissociative and may decay via dissociative electron attachment
(DEA).°~® However, if the energy of the incident electron is above the
ionization threshold of the target, electron-impact ionization becomes
prevalent, in comparison to electron attachment, and gradually
dominates the total cross-section for electron-molecule scattering.
According to Sanche and coworkers,® when plasmid DNA is irradiated
with electrons above 30 eV, cationic fragments can be formed after
the precursor ionization and subsequently damage DNA segments.

Some recent studies have shown the efficiency of LEEs in
inducing dissociation in electrophilic compounds through DEA
mechanisms yielding reactive radicals that cause DNA damage.*® In
recent gas-phase studies, benzaldehyde has been investigated as a
potential radiosensitizer by analyzing single electron-molecule
interactions.” These studies, supported by quantum chemical
calculations, suggested rich fragmentation patterns leading to the
formation of a vast number of anions.” Besides, boroxines, also
known as boronic acid anhydrides, are the dehydration products of
organoboronic acids.’® Recent studies have been conducted to
understand the structural interconversion mechanisms of boroxine
cages containing pyridine that will enable the optimization of several
properties such as porosity and size-selective molecular
recognition.’>? Besides, in previous gas-phase studies, different
substituted boroxines were irradiated with electrons above the
jonization potential,*>'* and one DEA study was also performed on
triphenylboroxine.r®> In these studies, triphenylboroxine was
demonstrated to be stable towards fragmentation upon electron
interaction,®® and the stability of boroxines is affected by the
substituent on the boron atom.*3
(TFPB) is a substituted

boroxine containing a benzaldehyde molecule bonded to each boron

2,4,6-Tris(4-formylphenyl)boroxine

atom. Benzaldehyde is an aromatic aldehyde used in the food,

cosmetic and chemical industries.’® In addition, due to its

chemotherapeutic potential and low toxicity, it has been investigated

18,19

in patients with advanced carcinomas.}”*® Several in vitro and

in vivo?® studies have been conducted to assess the anticancer effect
of benzaldehyde and its derivatives as well as to understand the
mechanism of action at the cellular level. Two antitumor mechanisms
of benzaldehyde were proposed, namely inhibition of essential
nutrient uptake in cancer cells?* and inhibition of glutathione
peroxidase.?*?3 The latter mechanism induces an increase of oxidative
stress related to the production of highly reactive oxygen species.
Considering the stability of triphenylboroxine and the potential
radiosensitizer effect of benzaldehyde, a deeper knowledge of LEE
interactions with TPFB may help to develop new chemo-radiotherapy

approaches and protocols. In the present paper, we report the

positive ion formation upon electron interactions in the gas phase
with TFPB using a crossed electron-molecule beam setup composed
of a trochoidal electron monochromator (TEM) coupled with an
orthogonal reflectron time-of-flight mass spectrometer (OReTOFMS).
lonization efficiency curves for the most abundant fragment cations
were obtained for energies between 4 and 40 eV with experimental
determination of threshold energies. Additionally, at 70 eV, was

recorded a mass spectrum.

2 | EXPERIMENTAL SETUP

The present study was performed using an experimental setup
composed of a trochoidal electron monochromator coupled with an
OReTOFMS, described in detail elsewhere.?* The electrons are
emitted from a tungsten hairpin filament, and a quasi-monoenergetic
electron beam is generated due to an electric field orthogonal to the
magnetic field. The stability of this quasi-monoenergetic electron
beam with a resolution of about 180 meV was constantly monitored
by a picoampere meter connected to a Faraday plate (ca 100 nA for
electron energy of 70eV). Upon the interaction electrons and
molecules, ions are formed and then extracted using an extraction
field (ca 1 V/cm) into the ion guide and further mass-separated in the
OReToFMS (ca 800 m/Am) and detected by a microchannel plate
detector.

3 | MATERIALS AND METHODS
4-Formylphenylboronic acid (FPBA) was purchased from Sigma-
Aldrich with stated purity of 95%. The conversion of FPBA to TFPB is
a dehydration reaction driven thermally (Figure 1).

When a sample is heated, FPBA undergoes a dehydration process
forming the trimeric anhydride. At the typical experimental base
pressure of about 5 x 107> Pa, the sample oven was heated to 40°C
in order to achieve sufficient sublimation of TFPB. An effusive beam
of molecules was formed by a capillary (1 mm in diameter) assembled
onto the oven. The ionization energy and threshold energies were
experimentally determined using a fitting method based on the
Wannier law, and the energy scale was calibrated using the ionization

efficiency curve of Ar*, determined by Weitzel et al.?*

4 | DISCUSSION

41 | Positive ion formation
Figure 2 shows the positive mass spectrum of TFPB recorded at an
incident electron energy of 70 eV.

At 70 eV the processes are well above the ionization threshold of
the TFPB molecule; therefore, several fragmentation pathways are
accessible at this energy. All fragment peaks were assigned according

to the isotopic distribution of the elements, including the natural
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FIGURE 1 Dehydration reaction of 0
4-formylphenylboronic acid to 2,4,6-tris o |
(4-formylphenyl)boroxine o/\©\
B—OH
0.
A 87 s
3 N oA
-3H,0 N
\o
o
C;Hs0* (105 m/z) TABLE 1 List of cationic fragments with relative intensities >2%
under electron ionization at 70 eV electron energy
Cation m/z Relative intensity
(PhCBO3)s+ 396 0.06
o CaoH14B3Os " 367 0.01
Ci13H12BO2™ 211 0.07
CeHs*
(77 miz) C13H11BOS™ 210 0.29
G50 CioH1305" 205 0.04
(210 m/z)
CyHgB303™ 197 0.03
C11H9B,0," 195 0.03
Ses0s CarHisB:06" 4
(133 miz) Bet iz C,H4B 163 0.02
A C,HsBOS* 152 0.02
] E) 150 130 250 250 ED B o CgHs0," 133 0.09
Mass (m/z)
C,H,0" 107 0.01
FIGURE 2 TFPB (Cy1H15B30y) electron ionization mass spectrum C/HsO" 106 0.75
recorded at 70 eV incident electron energy. CsHs0* 105 1
C4BO, " or CsH4BO™ 91 0.02
CeHs" 77 0.43
abundance of 1°B/1!B. In addition, all cationic peak intensities were C3H,B,0" 76 0.03
normalized according to the C;Hs0O" peak signal, which is the most CsH3B™ or CHzBO;™ 74 0.03
abundant fragment. As far as the authors are aware, no mass spectra CH,BO," 57 0.03
obtained by electron ionization have been reported previously. CBO," 55 0.02
. - .15
Comparing the 70 eV spectra of TFPB and triphenylboroxine, C,H,BO* 53 0.04
the precursor cation's relative intensity is significantly lower for TFPB. C,BHs" or C,HBO™ 59 014
In the case of triphenylboroxine the most intense cation is the
} ) ) CHB,O* 51 0.59
precursor cation followed by Ph,(C¢H,4)B,O," (m/z 207) with relative HBO." or GHLO* " 0.03
or .
intensity of 0.16. In the present case of TFPB, the most intense f Z
fragment is C;HsO™ (m/z 105), and precursor cation is formed with a 0% & LS
"
relative intensity of 0.06. In the triphenylboroxine electron ionization HB,0 39 0.04
mass spectrum, the precursor cation is the most intense fragment. On 02" 32 0.03
the other hand, in the TFPB spectrum the precursor cation presents a CHO™" 29 0.05
relative peak intensity of 6%. This indicates that the presence of the No* 28 0.15
formyl group attached to the benzene ring (benzaldehyde) induces BO™ 27 0.05

molecular instability and, thus, a wide range of fragmentation
patterns. The list of 29 cationic fragments with relative intensities
>2% is presented in Table 1.

It is also important to remark that the two most abundant cations,
C;Hs0" (m/z 105) and C;HsO" (m/z 106), do not include boron in
their chemical structure. This suggests that the boroxine ring is
significantly preserved upon electron ionization. We do not discard

the possibility of electronic rearrangements, although C;HsO™ can be
formed by simple cleavage of C&bond;B bond and C;H,O" by the
cleavage of C-B bond followed by proton transfer. In addition, eight
double cationic fragments are formed (Table 2). The double cations
have been assigned regarding °B isotopic contribution. Precursor
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double cation is attributed at m/z 197.5; double cation C13H1,BO,%*
(m/z 105.5) corresponds to the double ionization of cationic species
m/z 211.

Double cation m/z 82.5 is assigned as C4H,B»04%"; m/z 77.5, m/
z 53.5 and m/z 52.5 are assigned to the double cationic species
CgHsB,0,%", C;H,0%" and C;Hs

correspond to the double ionization of C;HsO" and C;H50", m/z

Mass Spectrometry

02", respectively. The latter two

107 and m/z 106 respectively. The only boron-absent double cation
identified appears at m/z 38.5 being attributed to the phenyl double
cation C¢Hs2". The lightest identified double cation is attributed to
CsH302" (m/z 37.5).

4.2 | Minor fragments

Apart from the four cations described in Table 1, there were identified
18 more fragments with relative intensities <2%. The fragment
cations C1gH15B303 (m/z 312), C13H14B0} (m/z 240), C14H13B,05
(m/z 235), C45sH2B,0" (m/z 220), C1,H9B,0O5 (m/z 207), C12HeOf
(m/z 185), CoH5B,03 (m/z 183), C11H¢BOJ (m/z 181), C4H9B,O;
(m/z 167), C4H7B,0; (m/z 165), C1o0H¢BO™ (m/z 152), C4H4BOS (m/
7 135), C;HB,O; (m/z 111), CBO} (m/z 71), CHOJ (m/z 45), C;HO™
(m/z 41) and CH3O" or H4BO™ (m/z 31) are reported in this electron
ionization study.

TABLE 2 List of the observed double-ionized cationic fragments
Cation m/z 4.3 | lonization and appearance energies
Ca1H15B306%" 197.5
C13H1,BO,2" 105.5 The ionization efficiency curves near the threshold were measured for
CeH7B,042" 825 six abundant cations in the mass spectrum at 70 eV. The experimental
CeHsB,0,2" 775 data of cations m/z 51, m/z 77, m/z 91, m/z 105, m/z 210 and m/z
ot 396 were fitted by the method based on the Wannier law®* to
C;HsO 53.5
e determine the experimental ionization and appearance energies. The
C;HsO 525
CoH2 385 experimental ionization energy of TFPB was determined at 9.46
e - ’ + 0.11 eV. Figure 3 depicts the experimental data and the respective
CsH3B 37.5 . ) . . .
sTis Wannier-type fits for the six most intense cations.
0 = 100 =
(A) . (B) of
60 /,’ . ’:/
m/z 51 A ®1 miz 77 0
50 o~ . /%
) ¥ B %
E o . II/ ®e E &0 ’,I
;?_i 30 AE = (17.72 £ 0.32) eV .,_(:'. %; % =(1370.1) eV . ./’-
L . n/' 8 . ‘,/. .
A 2 5
10 o SH " . ."“
Y A
0 btam ot st ey . . 0t EYPR y 2os : . . .
15 16 17 18 19 20 21 22 12.0 125 13.0 B3s 14.0 145 15.0 155 16.0
Electron energy (eV) Electron energy (eV)
50 120 7
(C) (D) /
(Y 100 o/
91 myzo1 NE m/z 105 2
z 0 e £ w ,".’ FIGURE 3 Experimental
2 AE = (1076 = 0.61) eV ‘*,f{" ¢ £ (1033 £ 015) ey ol thresholds for the six most
= = 76+ 0. e oo 6 = - 33 %0 Te .
) . ..// i ] € / abundant cations. The blue dots
8 NP, f'. s % > represent the experimental data
o " /’/' . .
10 . *’:’!’ 5 g and the green dasheq line
. I ?_ .-.”_‘. ¢ ool represents the Wannier-type
IV ,“, R . i PO ' s i L . -
: 3 5 = = 0 : ) ms . - fitting function. The values in
Ele(tron energy (eV) Electron energy (eV) pa rentheses correspond to the
. (E) ;A 2ol (F) A e)fperlmental thrF:shoId ?Ic?ng
": s with the respective statistical
o1 M/2210 7 109 {2396 o uncertainties. (A) CHB,O™" (m/z
By g VA 51); (B) CeHZ (m/z 77);
g . /,'“' : g //' (C) C4BO™ or CsH4BO™ (m/z 91);
] s@ses0Iney 4k, 3 ” AE = (9.46 % 0.11) eV o J (D) C;HsO™ (m/z 105);
§ » ,/ % § ..:,./" (E) precursor cation C13H11BOj5
e % . Lo : (m/z 210); (F) precursor cation
o it il Cz1Hi15B30} (m/z 396) [Color
haggt, o rnacamadtes’ . . ’. (il + f
S S T S S S S A ; P i % figure can be viewed at

Electron energy (eV)

Electron energy (eV)

wileyonlinelibrary.com]
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The appearance energy of C;HsO0™ (m/z 105), which is assigned
to C&bond;B cleavage (bond break between the benzaldehyde and
the boroxine ring), was found at 10.33+0.15eV. The appearance
energy of phenyl cation (m/z 77) that is related to the cleavage of the
formyl group and the C&bond;B bond was observed at 10.7 £0.1eV.
The remaining appearance energies of the other cations CHB,O" (m/
z 51), C13H11BOJ (m/z 210) and C4BO™ or CsH4BO™ (m/z 91) were
determined at 17.72+0.32, 9.59+0.11 and 10.76+0.61eV,
respectively.

Theoretical values for the first ionization potentials (IPs) were
determined using the outer-valence Green's function (OVGF) method,
together with the 6-311G(df,p) basis set. The calculations were
performed with the gaussian09 package.?® In this approach, the IPs
correspond to the absolute values of the OVGF energies of the
molecular orbitals of the neutral molecule. The first IP was obtained at
9.49 eV, which is in very good agreement with the appearance energy
of the precursor cation (m/z 396). Besides, we conducted auxiliary
investigation of the dissociation thresholds associated with some of
the most abundant singly ionized fragments, from which we drew a
conclusion that is worth mentioning. Due to the complexity of the
molecule, we only focused on reactions involving single bond breaks
and/or the simplest possible rearrangements. The thresholds were
calculated with the G4(MP2) methodology, as implemented in
gaussian09, at T=313 K. For the cationic fragment m/z 210, our
estimate for the reaction

TFPB+e~ — Cy3H1y BO} +CgH4B,04

is AEy, = 10.77 eV, which is more than 1 eV higher than the observed
appearance energy for that channel. A similar discrepancy was
observed for the cationic fragment m/z 105. The calculated threshold
for the reaction

TFPB+e™ — C7H5OJr +C14H10B305

corresponding to a single C&bond;B bond break was AEy, =
11.89 eV, about 1.56eV above the value observed experimentally.
These results indicate that parallel reactions may take place. Along the
dissociation paths, secondary rearrangements with more than two
products should occur, therefore lowering the reaction threshold. As
suggested, a parallel reaction leading to formation of boroxine
H3B30;3 is exothermic by 1217.54kJ/mol.?” The energy release in a
possible lateral reaction will contribute to the thermodynamics
lowering. This fact may explain the difference between experimental

and theoretical values.

5 | CONCLUSIONS

TFPB shows rich fragmentation patterns upon electron interactions at
70 eV, including several double-ionization cations. The precursor
cation's relative intensity is significantly lower compared to the most

abundant fragment C;HsO™, which indicates that the presence of

Rapid 50f 6

L4 ;na:sSpe;tr;met;; Wl LEYJ—
benzaldehyde as a substituent on the boron atom induces molecular
instability when compared to triphenylboroxine (phenyl groups as
substituents). Twenty-nine cationic fragments with relative intensities
>2% were detected and identified. The ionization energy of TFPB
was found at 9.46+0.11 eV. In addition, it was observed that three
of the most intense cationic fragments do not include boron in their
molecular composition, suggesting the boroxine ring's stability. Thus,
these results suggest that the TFPB properties may combine the
potential radiosensitizer effect of benzaldehyde with the stability of
the boroxine ring, which might be important in drug delivery. This
comprehensive description of electron-induced dissociation of TFPB
may contribute to the development of novel medical strategies,

namely in anticancer therapy, including chemo-radiotherapy
protocols.
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