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Abstract: The interactions of ions with molecules and the determination of their dissociation patterns
are challenging endeavors of fundamental importance for theoretical and experimental science. In
particular, the investigations on bond-breaking and new bond-forming processes triggered by the
ionic impact may shed light on the stellar wind interaction with interstellar media, ionic beam
irradiations of the living cells, ion-track nanotechnology, radiation hardness analysis of materials, and
focused ion beam etching, deposition, and lithography. Due to its vital role in the natural environment,
the pyridine molecule has become the subject of both basic and applied research in recent years.
Therefore, dissociation of the gas phase pyridine (CsHsN) into neutral excited atomic and molecular
fragments following protons (H*) and dihydrogen cations (H,*) impact has been investigated
experimentally in the 5-1000 eV energy range. The collision-induced emission spectroscopy has
been exploited to detect luminescence in the wavelength range from 190 to 520 nm at the different
kinetic energies of both cations. High-resolution optical fragmentation spectra reveal emission bands
due to the CH(A2A—X?TT,; B2Zt —X211,; C2L+ —X11,) and CN(B2L+ —X2X*) transitions as well
as atomic H and C lines. Their spectral line shapes and qualitative band intensities are examined
in detail. The analysis shows that the H,* irradiation enhances pyridine ring fragmentation and
creates various fragments more pronounced than H* cations. The plausible collisional processes and
fragmentation pathways leading to the identified products are discussed and compared with the
latest results obtained in cation-induced fragmentation of pyridine.

Keywords: ion-molecule reactions; pyridine; collisions; collision-induced dissociation; luminescence;
spectral line shapes; protons; dihydrogen cations; charge transfer; dissociative excitation; dissociative
ionization; complex formation

1. Introduction

Ion—-molecule interactions lead to the chemical transformation of simple and complex
compounds in the atmospheres of Earth, planets, and the interstellar medium [1-7]. Some
collisional reactions are pertinent to combustion processes [8,9]. Luminescence produced
under ion beam bombardment is utilized to gain information on defect and impurity sites
for insulating materials and semiconductors [10-12]. Focused ion beams are employed
for etching, deposition, and direct-write lithography and fabrication technology [13,14]
and for sample imaging in ion microscopes [15-17]. However, the most intense studies
are performed to elucidate the ion-induced alterations to structure blocks of living cells,
mainly the DNA /RNA molecules [18-22] and their analogs [23-32]. The reason is that the
ionic beams are effectively applied in hadrontherapy to irradiate the cancerous cells [33-35].
Moreover, such studies enable predicting the risk of astronauts’ exposure to cosmic rays
and the solar wind during eventual human missions to Mars and other planets [36-38].

The interaction of ions with biological molecules in the gas phase leads to ionization,
excitation, charge transfer, complex formation, and dissociation processes that produce
neutral and ionic products [18-32]. The mass spectrometric methods are developed to
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probe the charged entities [22,39], as well as to study neutral fragments in high-Rydberg
states but without identifying their final states [40,41]. Conversely, excited products can
be identified by detecting their emission [42,43]. Therefore, fluorescence spectroscopies
have been utilized extensively to search excited neutral fragments in electron and photon-
induced excitation, ionization, and fragmentation of biomolecular targets [42-58].

Although fluorescence spectroscopy is a powerful technique to probe the reaction
intermediates and fundamental properties of atoms [59-61] molecules [43,62,63], and mate-
rials [64], it has been rarely used to explore ion-induced neutral dissociation of polyatomic
targets [24-32,65]. One of such objects is pyridine CSH5N—the simplest six-membered
nitrogen-containing heterocycle compound. The pyridine ring is a component of B vi-
tamins [66], NAD and NADP coenzymes [67], and alkaloids produced by living organ-
isms [67]. Pyridine derivatives such as vitamin B3 (niacin) and nucleobases (pyrimidines,
purines) have been discovered in carbonaceous chondrites [68,69]. Therefore, CSHSN
is the subject of unremitting astrochemical searches [70,71]. It also has many biological,
pharmaceutical, and agrochemical applications (see, e.g., [66,72] and references therein).

The ion-induced processes in pyridine molecules in the gas phase have not been
extensively studied thus far, despite their fundamental and industrial importance. For
instance, the formation of the free NH(AII) radical via the hydrogen migration has been
recently investigated in collisions of pyridine molecules with the H*, H,*, He™, He?*, and
O™ cations exploiting the collision-induced luminescence spectroscopy [27,30]. The creation
of the excited NH radicals depended on the type of selected projectile and was selectively
activated by tuning the collision velocity. In another research, the collisional excitation
products and the spectral signatures of collisional mechanisms in the He* + CsHsN impact
system have been identified by analyzing the collision-induced fragmentation spectra
measured at 1000 eV [32]. This investigation established traces of the electron capture
processes but with no conclusive evidence for other collisional reactions. To the best of
our knowledge, cation-induced fragmentation into neutral excited fragments of pyridine
has not been further reported in the literature. In particular, no experimental outcomes
have been published comprising the H* and H,* ions impinged upon pyridine molecules.
Nonetheless, we also mention the mass spectrometric investigations of collisional frag-
mentation to cover every aspect. Fondren et al. [73] have collided pyridine with several
ionic projectiles at the 1022 eV energy range. However, they only determined rate coeffi-
cients for the most intense primary dissociative ionization channels. The crossed molecular
beams technique was used to explore the elementary reactions of pyridine but with neutral
projectiles, i.e., carbon (C; 3Pj) [74] and nitrogen N(D) [75] atoms, both at collision energies
below 1 eV. These studies found few rection channels involving isomerization of the initial
collision complexes via ring-opening, ring-expansion, and ring-contraction mechanisms.

Therefore, the current study explores the collisional and dissociation processes in
the gas phase pyridine molecules initiated by the impact of protons (H*) and dihydrogen
cations (Hy*). The collision-induced emission spectroscopy has been used to detect the
collisional excitation products at the different kinetic energies of both cations. On that basis,
we identified the possible reaction channels involved in the fragmentation of pyridine
under the H* and H,* cations impact. These ions were selected as projectiles for the
investigations because of two reasons. They are the simplest and most abundant cations
formed in the cosmos [76,77], and the velocities applied here correspond to slow-speed
solar wind [76]. Moreover, medical hadrontherapy procedures usually utilize protons
to irradiate deep-seated tumors [78,79], but other ionic beams are also expected to be a
propitious source of radiation [79-83]. Hence, H* and H," are model projectiles to explore
the ion—molecule interactions in cosmic and biological environments, respectively.

2. Results and Discussion
2.1. Fragmentation Spectra

High-resolution optical fragmentation spectra measured for collisions between the
H* and H," cations and pyridine molecules are shown in Figure 1. Both spectra show
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spectral features of the atomic Hg to H, lines of the Balmer series and the molecular CN
(BZZ*—X?Z*) Av = 0, and CH(A?A—X?T1,; B2L* —XT1,; C?2* —XT1,) Av = 0 systems.
However, the spectra obtained in the Hp* collisions (Figure 1a) are a bit more complex than
the spectra recorded for the H* cations (Figure 1b) and contain a much stronger signal in
the case of Hy* as compared to that obtained from H*. Moreover, the relative intensities of
the features in both spectra are different. These observations are confirmed by a detailed
analysis of the fractional yields of excited fragments (which are further discussed). It is of
note that weak emissions of CN(B?Z* —X2%*) Av = 1, NH(A’TI—X3Z~) Av = 0 bands and
C lines were observed but in spectra measured with much lower resolution.
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Figure 1. High-resolution optical fragmentation spectra measured for collisions (a) Hy* + pyridine,
(b) H* + pyridine. The spectra were not corrected for the wavelength dependence of the sensitivity
of the optical detection system.

The present data can directly be compared with our previous pyridine impact studies.
In contrast to the present measurement, more severe fragmentation of pyridine irradiated by
He™ cations was observed [32]. The recorded spectra revealed pronounced emission bands
due to the CH(AZA—X?T1,; BZL+ —X2T1,; C2X* —X2I1;) Av = 0,1, CN(B2Z* = X?L*) Av =0,
+1, Cz(d3Hg —a%TI,) Av = +1, and NH(A3TT—X3% ") Av = 0 transitions, as well as atomic
H, He, and C atom lines. Synchrotron radiation studies on pyridine neutral dissociation [56]
also showed prominent fluorescence of the diatomic fragments, particularly the CN radical.

Our luminescence fragmentation spectra may also be compared with the emission spec-
tra measured in collisions involving other heterocyclic biomolecules. In the series of works
regarding the cation- [28,31] electron- [44,45], and photon-induced [53-58] fragmentation
of isoxazole, pyrrole, tetrahydrofuran, pyrimidine, five- and six-membered heterocyclic
molecules, we observed complex fragmentation spectra suggesting significant disintegra-
tion of their rings. The electron-induced fragmentation processes of larger biomolecules also
showed similar nature. Electron collisions with adenine [47,50], cytosine [48], thymine [49],
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and glutamine [51,52] molecules prompted their decomposition through various channels,
the most apparent of which contained the detachment of hydrogen atoms and diatomic
radicals in the excited states with the subsequent fluorescence emission. In contrast to the
studies discussed thus far, but in line with the observations made here, the light projectiles
(H*, Hp*, Hs*, He?") dissociated furan and tetrahydrofuran molecules ineffectively, leading
mainly to their dissociation into excited H(rn) atoms [24-26,28,31].

2.2. Theoretical Spectra of CN and CH Radicals

The theoretical spectra of CN(B>Z*—X?2*) Av = 0 and CH(AZA—X2I1,; B?Z+ —X211,)
Av = 0 molecular bands were next calculated to identify the differences in each impact
system. The spectral fittings were achieved by comparing the experimental data with
simulations generated using the LIFBASE molecular spectra simulation package [84]. This
procedure was initiated in the most intense rovibrational bands of CN and CH because less
uncertainty exists in their resultant populations. The line positions and their intensities
were computed utilizing the relevant spectroscopic vibrational and rotational constants of
the A2A, B2X* and X211, electronic states of CH [85-87] as well as B2+ and X2X* states
of CN [88,89]. Moreover, the rovibrational populations were assumed to be Boltzmann.
Figures 2 and 3 show fittings performed for the CH(A?A—X?T1;) and CN(B?Z+ —X2%*) +
CH(B?>L*—X?T1,), respectively. The best fits were achieved by employing the Voigt profile
for the apparatus function with a resolution AA of 0.39 nm (FWHM). The program permits
the determination of the characteristic vibrational (T,) and rotational (Tg) temperatures
listed in Table 1. For comparison, the results from He* + CsHsN collisions [32] are also
presented.
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Figure 2. The experimental (black dots) and simulated (red contours) CH (AZA—XI1,) spectra
obtained in the (a) H* + pyridine (E = 1000 eV), (b) Hy™ + pyridine (E = 1000 eV).
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Figure 3. The experimental (black dots) and simulated (red contours) CN(B?Z*—X?L*) +
CH(B*X*—X?I1,) spectra obtained in the (a) Hy* + pyridine (E = 1000 eV), (b) H* + pyridine
(E = 1000 eV).

Table 1. Characteristic vibrational (T;) and rotational (Tg) temperatures obtained from the fittings.
The data for He* + C5HsN collisions was taken from [32]. The uncertainties were 500 and 200 K for
Ty and Tg in all impact systems, respectively.

H* + C5H5N H2+ + C5H5N Het + C5H5N
Transition
Ty [K] Tr [K] Ty [KI] Tr [KI] Ty K] Tr [K]
CH(AZA—>X2Hr) Av=0 7900 4100 9500 4200 10,000 4800
CH(B2Z’—> XZHr) Av=0 3000 3200 3800 3500 3900 3500
CN(BZZJ“% X22+) Av=0 9000 4500 9500 5500 13,500 6000

The CH emission (414—440 nm) arises from electronic transitions from the A2A first
excited to the X?I1, ground electronic level with no change in the vibrational quantum
number (Av = 0). Calculations show that vibrational transitions at this excited electronic
level generate characteristic spectral emission bands, with the strongest being related to the
(0,0) band. The asymmetric peak at 431 nm is produced by the overlapping Q branches
of the (0,0) and (1,1) vibrational transitions. Its low wavelength shoulder consists of R
branches, while the structure above 433 nm is built by the P branches. The narrow peak at
432.5 nm was appointed as the head of the Q branch of the (2,2) vibrational transition. The
spectra measured for various cations have the same primary components, but they differ
slightly in shape due to different temperatures. Both T, and Ty increase with increasing
cation mass (see Table 1). As a result, the small bump at 433.5 nm becomes visible at the
CH(A2A—X2TT,) Av =0 spectra obtained for H,* (Figure 2b) and He* (see Figure 1 in [32])
collisions. Calculations show that this feature is related to the head of the Q branch of the
(3,3) vibrational transition, which only appears at higher T,
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Because CN(B2Z* —X2%*) band overlaps with the CH(B?Z* —X?T1,), the sum of their
simulated contours is shown in Figure 3 for both impact systems. Figure 3 also exhibits
the H, to Hg lines of the Balmer series arising from higher excitations of H(n), n = 7-10.
The 370-389 nm spectral region displays luminescence of the BZX*—X?%* rovibrational
bands of the CN molecule. This emission results from electronic transitions with no
change in the vibrational quantum number (Av = 0). Calculations show that the band
heads of the P branches of the (0,0), (1,1), and (2,2) transitions produce the peaks at 388.3,
387.1, and 386.0 nm, respectively. The relative peak amplitudes of the P heads on the
high wavelength side depend on the vibrational temperature. The rotational temperature
determines the shape of a tail towards a lower wavelength corresponding to transitions
between higher rotational levels. In this case, both temperatures increase as the mass of the
cation rises. In addition, T, temperatures are on average twice as high as Tr ones. Note
that the T, vibrational temperatures used in the fittings to CN spectra measured in the
photodissociation of pyridine [56] were slightly lower but gradually increased from 5000
to 7200 K in the 16-27 eV photon energy range. The Ty rotational temperatures raised
subsequently from 3000 to 4300 K at those energies [56].

The 386.5-409.0 nm spectral region reveals luminescence of the CH molecule’s second
B?X* —X2T1, rovibrational band. Its structure consists of the rotational lines of the (0,0) and
(1,1) vibrational transitions: the (0,0) rovibrational lines spread over the 386.5-402.5 nm
wavelength range while the (1,1) band appears at the 402-409 nm. In addition, the R
branch’s band head of the (0,0) transition of the CH(B*X* —X°T1,) overlaps with the (1,1)
vibrational band of the CN. In addition, here both temperatures slightly increase as the
mass of the cation rises. However, they are lower than those obtained for previous systems.
In addition, T, temperatures are almost on the same level as Tr ones contrarily to fittings
to CH(A2A—X2I1;) and CN(B?Z* —X?%*) bands.

The above analysis shows that the diatomic products yielded in collisions are highly
energized. This observation implies that the fragmentation process is vigorous, releasing a
large amount of energy. Recent experiments concerning the production of CH(A?A) and
CN(B2%") radicals utilizing intense femtosecond near-IR laser pulses [90,91] showed the
interlink between the nature of molecular dissociation and the level of T, and Ty tem-
peratures and their respective energies. High temperatures, particularly of both radicals’
rotational energies, indicated the sequential character of the parent molecules dissociation
in agreement with a so-called impulsive model [92]. High values of these temperatures ob-
tained here may thus suggest that collisional interaction is a first step that triggers a cascade
of further elementary reactions. Molecular fragments can only be formed in complex frag-
mentation of pyridine, which proceeds via ring-opening reactions [93]. The effectiveness of
the momentum transfer of the breaking bonds into the internal degrees of freedom of the
fragments should then depend on the geometry of the open ring structures [94]. The effi-
ciency of rotational excitation of a particular molecular fragment depends on the reduced
mass of reactants and the distance of the impulsive recoil from its center of mass [94]. This
decomposition pulse additionally may provide unevenly distributed fragments around the
center of mass. Using the velocity mapping ion imaging, Pei & Farrar [95] have recently
studied the charge transfer reaction between C* and NHj and observed such an asymmetry
of the product flux distributions in relation to the center of mass direction. Their kinetic
energy distributions additionally suggested the efficient formation of a range of product’s
vibrational states [95], thus lending support to the impulsive model scenario.

2.3. The H(n) Intensity Ratios

In the next step, the characteristics of hydrogen Balmer series intensities were exam-
ined. As seen in Figure 1, the recorded spectra exhibit the hydrogen atomic lines, whose
intensities decrease quickly. In quantum mechanics, the H(n) intensities are proportional to
the principal quantum number 7, according to the I~n~3 relationship [96].

In Figure 4, the H(n), n = 4-7, intensities corresponding to Hg-H, Balmer lines
measured at two example cations energies are plotted in the log-log scale as a function of
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the principal quantum number n. These dependencies were fitted for each projectile energy
using a least-squares-fitting procedure by an nX exponential function, where K was an
adjustable parameter. Accordingly, straight lines were obtained, as shown in Figure 4, and
the K values were determined. In Figure 5, the calculated K factors were drawn as a function
of each cation’s velocity. Both curves show a similar trend. They are generally two times
lower than the expected theoretical value of (—3). The K factors decrease from about (—4)
down to their minimal values at the lowest velocities. Then, they slowly, monotonically,
increase with rising velocity and reach the maximum values of an order of (—5.7).

H'+C,HN (a)

100 4 / =

10 A
e FE=1000eV /
B E=300eV
g |~ n—5.3
The best fits

Intensity (arb. units)

4 5 6 7

Principal quantum number n

Figure 4. Examples of the log-log plots representing the Balmer line intensities as a function of the
principal quantum numbers in the collisions of (a) H* + pyridine, (b) Hy* + pyridine. The solid lines
show the best fits to the experimental points.
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The differences in the K values may suggest that diverse processes produce and
populate the H(n) atoms. The K factors near (—3) evince the production of the H(n)
atoms in their substates populated according to their statistical weights. This K value
can be related to H(n) hydrogen production via dissociative processes. Recent studies
of electron- [44] and photon-induced [53,54] dissociation of heterocyclic molecules have
established that the H(n) intensities follow the #3 relation. In addition, the H() intensities
of hydrogen atoms obtained in C*/O* + THF collisions fulfill this rule [28]. Values of
K factors determined from our measurements are lower than (—3), which means that
excited states in hydrogen leading to Balmer emission produced during H* /H,* + pyridine
collisions were not populated equally. In particular, higher-lying excited states of H(n) were
strongly depopulated.

Poorly populated Hydrogen atoms can only be formed from the beam of neutralized
H*/H,* projectiles [25,26,28], thus suggesting that the charge transfer process may be
responsible for creating the excited hydrogen atoms in that way. The movement of H* /H,*
projectiles in the Earth’s magnetic field may generate the electric field due to the space
charge phenomenon. It is well-known that electric fields via Stark mixing may influence
the branching ratios and lifetimes of specific states. High electric field strengths alter the
populations [97-100], but the remnant electric field existing in the collision cell can also
modify the wave functions of the excited states [101]. The electric field strengths higher
than 0.22 V/cm were estimated by us previously for H projectiles [26]. Such field strengths
are high enough to induce the Stark mixing capable of depopulation of then=6,7,8, ...,
levels, thus leading to the observed decrease of K values. Note that the velocity of diffusive
pyridine molecular beam and, consequently, hydrogens produced from its fragmentation
were too low to generate the electric field strengths capable of Stark mixing [102].

2.4. Emission Yields

Emission yields (representing relative emission cross-sections, c—for more details, see
Section 3) for production of the H(n), n = 4-7, CH(A?A), CH(B?%Z"), CH(C2X "), CN(B?LY),
and the C(2p3s 'P;) excited fragments in collisions with the H* and H,* cations depicted
as functions of the projectiles’ velocities are shown in Figures 6 and 7, respectively.

The experimental uncertainties are the mean standard deviations obtained from inde-
pendent measurements performed at each impact velocity. The ion beam energy spread
and thermal motion of the target determine the uncertainty of collision velocity, which was
estimated to be less than 3.5%.

The measurements with H* were performed in the 5-1000 eV energy range with
100 eV step above 100 eV. These energies correspond to velocities of 31-440 km/s. The
emission yields obtained for the above fragments rise gradually in the presented velocity
range. However, some fluctuations are observed for velocities of 250-350 km/s.

The measurements with Hy* were carried out in the 5-1000 eV energy range (velocity
range 22-311 km/s) with 50 eV step above 50 eV. The ¢ curves recorded for H,™ have
different contours that depend on the velocity. They rise rapidly above 125 km/s and
show resonance-like maxima peaking at 175 km/s and having a half-width of ~80 km/s.
Above 225 km/s, almost each emission yield rises monotonically. However, the H(n) and
CN(B?Z*) curves at the maximum reach almost twice the values of the resonance-like peaks.
In contrast, CH(A?A), CH(B?Z "), CH(C?%*) emission yields do not increase as promptly.
The C(2p3s !P;) emission yield reaches a plateau above 250 km/s.

The average relative abundances (RA) given as the fractional yields of individual
excited fragments to the total yield of all identified emitting products (recorded in 190-
520 nm wavelength) and averaged over the whole cation energy range have been calculated
to determine the trends in different collisional systems. Table 2 displays the obtained results
of H" /Hy* + CsHsN. The results of He™ + CsH5N [32] and HY /H,* /H3* + C4HgO [24-26]
collisions are also presented in Table 2 for comparison.
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Figure 6. Emission yields of the excited fragments obtained in collisions of Hp* with pyridine.
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Figure 7. Emission yields of the excited fragments obtained in collisions of H* with pyridine.
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Table 2. The average relative abundances (RA) of excited fragments. The results of He* + CsHsN
were taken from [32], while the results for H*, H,", and H3™" collisions with tetrahydrofuran were
adopted from [24-26], respectively. The NH(A3IT) data from [27] were also used. The numbers in
brackets represent the calculated uncertainties.

RA (%)
Fragment
H* + C5H5N H2+ + C5H5N He* + C5H5N t H* + C4H80 H2+ + C4Hgo H3+ + C4H80
u 43.6 32.0 5.1 67.4 57.4 51.1
B (6.0) (3.7) (0.6) (5.2) (4.5) (3.0)
H 12.5 9.6 3.6 15.0 12.5 11.2
Y 2.0 1.1 0.5 2.0 2.2 1.8
@0 61.4 _@D 459 05 10.8 29 88.8 @2 76.2 _48 67.3
H 3.6 2.6 21 47 47 35
5 (0.7) (0.3) (0.4) (1.0) (0.9) 0.7)
u 1.6 1.7 ) 1.7 1.6 1.5
€ (0.3) 0.2) (0.5) (0.5) (0.4)
CH(A2A—X211,) 19.9 30.6 28.2 8.8 18.9 26.6
Av=0 (3.4) (3.7) (1.4) (2.0 (1.9) (2.3)
CH(B2Z~ —X3I1,) 4.1 5.6 11.7 2.4 49 6.1
Av=0 06 209 7 404 09) 22 g9 112 4 288 g 327
CH(CZZ+ —X2I1,) 29 42 2.3 - - -
Av=0 (0.4) (0.6) (0.5)
CN(B2Z+— X25*) 7.1 7.9 23.4 - - -
Av=0 (1.3) (0.9) (1.3) ) i )
CNB2Z*— X2z 21 02 g5 104y, 278 - -
Av=1 (0.3) (0.3) (0.8)
NH(A3TTI—X32 ) 1.0 1.5 1.0 - - - - - -
Av=0 (0.2) 10 (0.4) 15 (0.4) 10
C (2p3s 'P;—2p2'Dy) 1.1 1.0 2.4 - - -
A=193.1 nm (0.3) 0.2) (0.5) i i i
C@p3s'P—2p2lsy) 04 2 g 18 0.9 3.3 - - ]
A=247.9 nm (0.1) (0.4) (0.3)
13.3
CyAv=0,1 - - - - (1.0) 13.3 - - - - - -
1.6
He - - - - 0.4) 1.6 - - - - - -

* Measured at 1000 eV [32].

Six observations are noted from the average relative abundances assembled in Table 2:
(i) production of H(n) atoms decreases linearly with an increase of the hydrogen cation mass
similarly for pyridine (CsHsN) and tetrahydrofuran (C4HgO). (ii) In contrast, the formation
of CH excited radicals increases with increasing the hydrogen cation mass correspondingly
for pyridine and tetrahydrofuran. (iii) The creation of other emitting products (i.e., CN, NH,
C) is generally at the same level for both H* + CsHsN and H,* + CsHsN impact systems.
(iv) Collisions with He* cations dramatically diminish the generation of H(n) and increase
the production of other products, thus enhancing pyridine ring fragmentation significantly.
(v) The emission of NH(A3IT) radicals indicates the hydrogen atom relocation prior to the
cation-induced fragmentation (see [27] for details). Such isomerization leading to NH(A3IT)
formation occurs at a comparable level in all collisional systems. (vi) Observation of He
emission lines is direct evidence of single electron transfer from pyridine to He* projectiles
before the fragmentation (discussed in detail in [32]). However, it is not a significant
collisional process (RA equal to 1.6%). A rationale for these observations will be established
further below.
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2.5. Elucidation of Collisional and Fragmentation Processes

Recent experimental [18,19,24-28,32], and theoretical [31,103] investigations have
shown that five collisional processes occur prior to fragmentation:

(i) Charge-transfer (CT) that ensues via an electron relocation from CsHsN to the H* /H,*
cations, followed by fragmentation of CsHsN™ parent cation of pyridine. This reaction
is usually exothermic [104], which enables the transfer of a significant amount of
energy into internal degrees of freedom of molecular products. CT reaction occurs
readily at relatively long projectile—target distances [18,19,31,103].

(if) Dissociative excitation (DE) involves excitation and further fragmentation of pyridine
molecules.

(iii) Dissociative ionization (DI) represents direct ionization of the pyridine molecule
accompanied by excitation and fragmentation of the pyridine cation. Alvarado
etal. [105], in their investigations on interactions of keV H* and He" with isolated de-
oxyribose molecules, assumed that the creation of small fragments is associated with
violent close collisions involving mainly direct ionization accompanied by electronic
and vibrational excitation.

(iv) The fourth reaction is a transient cation-molecule complex formation (TC) owing to an
ion—dipole interaction [106]. The constituent units interact electrostatically due to the
attractive force between the charge of the H,* ions and the permanent dipole moment
(2.21 D [107]) of pyridine. Akin to the charge transfer reaction, the complex formation
occurs at a relatively long projectile—target distance. The ab initio quantum chemical
calculations of the collisions of He* /He?" cations with furan [31] have recently shown
significant changes of the wave functions leading to avoided crossings at the potential
energy curves around R = 1.5-2.0 A. Physically this means that electronic clouds of the
target and the projectile start overlapping at this length, thus merging both reactants
into [He—C,H,0]*/%* temporary cluster. Note that the CT mechanism also occurs
via avoided crossings and, in principle, can also be regarded as the formation of a
quasimolecular complex [31].

(v) The fifth mechanism that we can ascertain is a direct dissociative excitation of an H,*
projectile (DP) since the H,* is a molecule that can be decomposed during collisions.

As suggested in the Section 2.2, each collisional interaction may prompt sequential
fragmentation leading to observed products. In this regard, we calculated the simple
thermochemical values of the lowest threshold energies (Ety) for reactions producing
the most intense excited fragments in the collisions of H* /H,* with pyridine. These
estimations (listed in Table 3) were performed utilizing the dissociation, ionization, and
excitation energies from papers [53,55,56,108-114]. Note that five carbons build the skeleton
of the pyridine molecule, but their detachment from the ring requires complex, multistep,
and energy-consuming decomposition that is difficult to decipher. Moreover, the NH(A3IT)
radicals appear in the isomerization of pyridine via the H atom migration, as has been
described by us in the preceding papers [27,58]. Therefore, dissociation channels leading
to excited C and NH and multistep processes leading to H, CH, and CN species are not
considered in Table 3.
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Table 3. Simple thermochemical estimation of the lowest threshold energies (Etpy) for reactions
producing the most intense excited fragments in the collisions of H* /H,* with pyridine. Reactants
are assumed in their ground states. Note that CT—charge-transfer, DE—dissociative excitation,
DI—dissociative ionization, and DP—direct dissociative excitation of a projectile.

No. Reactants Products Ety [eV] Collisional Process
1. H + C5H5N* —4.40 CT
2. H(n = 4) + CsHsN* 8.35 CT
3. H + CsHyN* + H(n = 4) 13.13 CT
4. H + NCCHCHCHCH* + H(n = 4) 14.24 CT
5. H* + C5HyN + H(n = 4) 17.53 DE
6. H* + NCCHCHCHCH + H(n = 4) 18.64 DE
7. H* + CsHyN* + H(n = 4) 27.75 DI
8. H* + CsHsN H + NCCHCH™ + CH(A2A)+ CH, 9.48 CT
9. H + NCCHCHCH* + CH(A2A) + H 9.61 CT
10. H* + NCCHCH + CH(A2A)+ CH, 13.88 DE
11. H* + NCCHCHCH + CH(A2A) + H 14.01 DE
12. H* + C3H;3N* + CH(A2A) + CH 26.68 DI
13. H + CN(B22*) + CHCHCHCH,* 5.17 CT
14. H + CN(B?x*) + H + CH,CCHCH™* 7.00 CT
15. H* + CN(B?Z*) + CHCHCHCH, 9.54 DE
16. H* + CN(B2Z*) + H + CH,CCHCH 11.40 DE
17. H* + CN(B?Z") + H+C, H,* 22.61 DI
18. H2 + C5H5N+ —6.23 CT
19. H + H(n = 4) + CsH5N* 9.17 CT
20. H, + CsHyN* + H(n = 4) 11.30 CT
21. H, + NCCHCHCHCH™ + H(n = 4) 12.41 CT
22. H* + H(n=4)+CsHsN 17.23 DP
23. Ho*+CsHyN+H(n = 4) 17.53 DE
24, H,* + NCCHCHCHCH+H(n = 4) 18.64 DE
25. Hyt + CsHyN* + H(n = 4) 27.75 DI
26. Hy™ + CsH5N H, + NCCHCH* + CH(A2A) + CH, 7.65 CT
27. H, + NCCHCHCH™* + CH(A2A) + H 7.78 CT
28. H,* + NCCHCH + CH(A2A) + CH, 13.88 DE
29. H,* + NCCHCHCH + CH(A2A) + H 14.01 DE
30. H,* + C3H3N* + CH(A2A)+CH 26.68 DI
31. H, + CN(B%x*) + CHCHCHCH,* 3.31 CT
32. H, + CN(B2x*) + H + CH,CCHCH* 5.17 CT
33. H,* + CN(B2Z+) + CHCHCHCH, 9.54 DE
34. H,* + CN(B2Z+) + H + CH,CCHCH 11.40 DE
35. Hyt + CN(B2Z%) + H + C4Hyt 22.61 DI

As seen in Table 3, capturing an electron by the H+ and Hy* projectiles from pyridine
is an exothermic reaction. For that reason, it is energetically the most privileged process.
H(n = 4), CH(A2A), and CN(B2X+) all have the lowest appearance energies after the charge
transfer reaction. We did not attempt to measure accurate collision energy thresholds for the
observed emissions. However, traces of CH, CN and even H emissions should be observed
in the spectra measured at the lowest energies if this process occurs. In-depth examination
of the luminescence spectrum measured for 5 eV Hy* cations showed the existence of
excited CH, CN emission bands, and Hf line, thus corroborating our supposition. Their
emission deteriorated in the spectrum measured at an energy of 25 eV. These observations
agree with recent ab initio quantum chemical calculations of the collisions of protons
with the pyrimidine nucleobases, uracil, and thymine [103]. The calculations showed
avoided crossings around R = 2.1 A between the entry channel and the charge transfer
state corresponding to a double excitation at the potential energy curves of the different
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molecular states involved in H* + uracil and H* + thymine collisional systems [103]. These
anti-crossings induced efficient electron charge transfer because this process is prompted
chiefly by the nonadiabatic interactions between the adiabatic potential curves at their
nearest points [103]. Thus, reactants do not have to be close together to feel the attraction,
and the CT reaction can take place even at low energies. The corresponding charge
transfer cross-sections for both pyrimidine nucleobases were the highest below 10 eV
(~10—3 x 10—16 cm?) and decreased slowly (to about 10—4 x 10—16 cm?) with increasing
collision energy [103]. Suppose a similar situation occurs in the present collisions. In that
case, the production of exited products at 5 eV results from the nonadiabatic interactions
between the adiabatic potential curves, and the drop of the CT cross-sections can explain
the decrease in the intensity of the emitting products. However, a final description of this
process can only be supported by theory, and thus the quantum chemical calculations are
required for the present impact system.

For proton collisions, a situation is a little bit puzzling. The spectra measured with
H+ cations at the 5, 50, and 100 eV energies revealed no exciting products. However,
high values of H(n) relative abundances (see Table 2) suggest that this process occurs here
and dominates the H* + pyridine collisions. The absence of emission at these spectra can
perhaps be rationalized by remarking that the typical H+ cation beam current was several
times lower than H2+ ionic flux. Thus, it was too low for detecting the CT reaction signal. If
we increased the recording time significantly, we could likely observe traces of this reaction.
Nevertheless, the latest experimental [26,28,105], and theoretical [103] investigations of
fragmentation and collision-induced ionization of biomolecules established that capturing
electrons from the targets to protons is the primary impact mechanism. A significant
portion of the energy is then embedded into the neutralized H+ cations [105], thus giving
excited hydrogen atoms. The excited hydrogen atoms can be generated via the CT reaction
either by excitation of neutralized H* (reaction no. 2) or by detaching hydrogen from
the pyridine parent cation. The latter process can occur in two general ways. Hydrogen
can be detached from a closed ring of pyridine (no. 3) or the open ring structure (no. 4).
These likely reactions differ only by 1.11 eV, but they still require 4.78 eV more energy than
reaction no.2.

As suggested in the Section 2.3, substantial depopulation of H(n) higher-lying excited
states indicates that hydrogens were produced from cations via charge transfer reaction
from pyridine to projectiles. However, in the H,™ + pyridine collisions, the H2 must first
decompose (see reaction no. 19). This process increases the reaction energy. Therefore,
detachment of hydrogens from pyridine after electron transfer reaction requires only 2.13 eV
more energy (reaction no. 20) and can efficiently compete with the fragmentation of Hy. In
addition, the production of other fragments becomes more competitive. In general, this can
lead to decreased overall production of excited hydrogens. The relative yield of hydrogen
species decreased from about 61.4 to 45.9%, going from the H* + CsHsN to Hy* + CsHsN
impact system (Table 2).

Some fraction of excited hydrogens may come from the direct dissociation of excited
H," projectiles (see reaction no. 22). However, direct dissociative excitation of an Hy*
requires 4.82 eV more energy even than the energetic CT reaction (no. 21), and we exclude
this decomposition channel.

For both cations, dissociative excitation and dissociative ionization processes require
several electronvolts more energy than the charge transfer mechanisms, thus becoming
less competitive processes regarding the CT reaction. Recent ion-induced fragmentation
investigations corroborate these observations. Alvarado et al. [105] found that the electron
transfer reaction releases most of the energy on the projectile, particularly the H* cation.
This result is also consistent with ion-impact studies of Mayer and co-workers [65], who
examined collisions of the H,* /He* with methane, acetylene, benzene, and naphthalene
and the curve-crossing mechanism for collisional activation. Their calculations of adiabatic
potential energy curves for the ground and excites states of the collisional clusters excluded
the possibility of effective dissociative excitation of the target molecules after the H,*



Int. . Mol. Sci. 2022, 23, 205

15 of 22

cation bombardment [65]. In addition, the most recent studies on H>" collisions with
tetrahydrofuran [25] suggested increased H(n) production via CT reaction that most likely
dominated any other mechanism.

Note that electron transfer occurs even in systems with resonant electron capture
energetically prohibited. For instance, spectroscopic signatures of CT reactions have been
recently observed in the collisions of He* with furan [31]. It was surprising because the
energy levels of He" and furan do not coincide at all, which significantly hinders the
resonant transfer of electrons from furan’s highest occupied molecular orbital to He*. A
similar situation could occur in the case of He* + pyridine collisions. The energy levels
of interacting entities did not have similar energies, which hampered the CT reaction.
Therefore, a single electron transfer from pyridine to He* projectiles was observed as an
insignificant collisional process (see Table 2).

The binding of the projectile and the target in a collision complex is complicated, and
only quantum-chemical calculations can describe this mechanism. Therefore, temporary
complex formation was omitted in our simple estimations, although in many gas-phase
phenomena, such complexes are important intermediate species, often leading to unusual
processes [27,28,31,106,115,116]. Nevertheless, some hints indicate the formation of such
clusters in the present collisions. A high level of quantum chemistry calculations [31]
showed that the formation of the [He—-C,H4O]*/%* temporary clusters before decomposition
was responsible for the appearance of the narrow resonances in the relative cross-section
curves at lower velocities of He™. Our emission yields measured for H," demonstrate
clear resonance-like maxima (Figure 6), thus indicating the formation of the [H,—CsHsN]*
ion-neutral molecule temporary complexes prior to dissociation. Such complexes may
arise because the pyridine molecule has the 7-electron system and the nonbonding electron
pair of nitrogen heteroatom as attractive sites for molecular interactions [107]. Theoretical
calculations suggested that the electrostatic potential on the nitrogen atom can bound stable
van der Waals on-type complexes rather than the 7-electron ones [107,117,118]. However,
calculations concerning interactions of pyridine with various hydrides suggested that
interactions in the on-type complexes are predominantly electrostatic, while the dispersion
connects the m-type clusters [119]. Moreover, ab initio calculations identified propeller-
shaped isomers of (Benzene-Pyridine)* covalently bonded via a C-N bond [120], which
has been recently observed experimentally in pyridine clusters [121]. These works show
that pyridine can create complexes, which would probably also be formed during present
collisions.

Note that some fluctuations having the resonance-like character appear to be at emis-
sion yields measured for H* (see Figure 7), but their origin is mysterious at the moment.
The only explanation could be the formation of temporary collision complexes [27,28]. The
protonated pyridine (CsH;NH*) where the protonation site is at the nitrogen atom has been
observed employing cold ion infrared action spectroscopy [122]. A high proton affinity
(9.7 eV) of pyridine [121] may be a factor in forming such a complex. However, thus far,
there has been no direct spectroscopic evidence confirming the occurrence of the complexes
in the collisions with H* projectiles [26-28,30].

Calculations of adiabatic potential energy curves for the ground and excited states
of the [He + naphthalene]" collisional cluster found crossing points between them, thus
suggesting increased probability for collisions with the formation of excited states of the
naphthalene molecule [65]. After the breakup of the cluster, its excitation can be transferred
to excited states of the reactants, yielding enhanced overall production of emitting products.
This result may explain the enriched luminescence fragmentation spectra observed by us
and Mayer’s group [65] when He" cations were used as projectiles.

Notwithstanding the arguments we have presented above, all emitters excluding
the hydrogen atoms can only come from the dissociation of pyridine. The earliest works
considered mainly dissociation of pyridine into the ground state products. Such prod-
ucts were observed in pyrolysis [123-125] and laser-induced photodissociation [93,126] of
pyridine. Ab initio density-functional calculations of geometries and energies of various
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pyridine isomers showed that their fragmentation occurs in the ground electronic state via
ring-opening reactions involving extensive isomerization [93]. Zhong et al. [127] indicated
a role of conical intersections in driving these ground-state processes. However, an inter-
nal conversion would prevent dissociation due to the enhanced density of higher-lying
excited states (likely populated in the present experiment). In contrast, Lobastov et al. [128]
traced the ring-opening mechanism in pyridine excited to the singlet S; state using the
ultrafast electron diffraction technique. They observed that the C-N bond scission caused
the production of a hot ring-opened diradical structure characterized by increased vibra-
tional internal energy. The photodissociation studies of pyridine in valence regime [56-58]
enabled an insight into the fragmentation mechanism, including the excited states. They
showed that dissociation of pyridine occurred via its initial excitation into the higher-lying
superexcited Rydberg states, followed by rearrangement and isomerization [56-58]. Then,
these states decayed into two, three-, or even four-fragment channels producing vibra-
tionally and rotationally excited fragments. These fragments were usually cleaved from
terminating parts of the molecular chain of open-ring structures [56,58].

Considering the above discussion, we propose a decomposition mechanism that
could produce exciting fragments other than H(n). Both H* and H," cations’ kinetic
energies are high enough to generate superexcited pyridine molecules via one of the
discussed collisional reactions (most likely CT or TC ones). Such superexcitation likely
prompts a cascade of further elementary reactions, including their geometrical structures
rearrangement, either via isomerization or directly through bond breaking and generation
of ring-opening structures, similar to those found in the ab initio calculations for the ground
states. Apart from electronic excitation, these structures can carry an amount of vibrational
and rotational energy. This energy must be transferred to the reaction products because it
cannot be dissipated to surrounding solvent molecules under single collision conditions in
gas-phase experiments. The easiest way to obtain a particular fragment is to detach it from
the outermost parts of the open-ring structures, which usually requires a small number
of bonds to rupture. In such a scenario, the bonds break far from the center of the mass
of the open-ring structure, and the arising impulsive recoil will additionally increase the
rotational energy of the escaping fragment.

3. Materials and Methods

The experiments were performed at the University of Gdansk using collision-induced
emission spectroscopy (CIES) described in detail in [26,129,130]. The up-to-date picture
of the spectrometer and method of measuring was described in [27,28]. Therefore, only a
sketch is given here, combined with data pertinent to pyridine.

The setup incorporated individual vacuum chambers intended for the source of
cations, the magnetic mass selector, the collision cell, and the optical detection system.
The first chamber contained the Colutron type ionic source cooled with liquid nitrogen. A
hot cathode discharge produced protons and dihydrogen cations from the H; gas under
50 and 100 Pa pressure. The cations occurring in the plasma were attracted by a 1000 V
electric potential and moved to a 60° magnetic mass selector. The cations of a required
m/q ratio were filtered from that beam in a mass selector. Then they were decelerated to
appropriate velocity /energy using immersion lenses and then transferred to the collision
cell. The measurements for the H* + pyridine collisions were performed for the 5-1000
eV projectiles energies, which covered the velocity regime of 30440 km/s. The research
using Hy* cations was carried out in the 5-1000 eV energy range corresponding to the 22—
311 km/s velocity range. The reached cation beam current in the collision region was about
0.21 nA at 5 eV and rose to 0.97 nA at 1000 eV for protons and 1.0 nA at5 eV and 2.6 nA at
1000 eV for Hy*. For the proper normalization of photon signals, the ionic beam currents
were monitored simultaneously with the measurements of photon emission rates. In the
collision cell, each cation beam traversed pyridine vapors. As a result of collisions, exciting
products were generated. We estimated that the lifetimes of these emitting products were
short enough to emit all luminescence before escaping from the collision zone. The optical
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emission was then dispersed by McPherson 218 spectrograph and acquired by a 1024
channel “Mepsicron” multi-channel photon detector mounted in the detection chamber.

The collection of experimental data was performed in two spectrometer operating
modes. First, the 1200 1/mm grating was utilized to measure the high-resolution spectra
AM of 0.4 nm (FWHM) at a fixed ion beam energy of 1000 eV. Such a measurement allowed
assigning the spectral features accurately. However, the products’ intensities were weak,
and long acquisition times were required. Therefore, we employed a 300 1/mm grating in
the second operating mode to collect more light and measure emission yields. The spectra
were characterized by a lower optical resolution (AA of 2.5 nm), still sufficient to separate
luminescence features. The detection efficiency curve of the optical system working on the
300 1/mm grating was previously determined using a standard monochromatized light
source [131]. The emission yields were measured as follows: the luminescence signal of
the selected spectral line or molecular band was monitored as the incident cation energy
was scanned over the entire energy range. The measurement at single energy was repeated
several times to accomplish good statistics. Each spectrum was corrected for the wavelength
dependence of the optical system sensitivity. The intensity of a particular emission line or
band was obtained by integrating over the peak/band area and normalizing to collecting
time, cation beam current, and pressure. These emission yields provided us with relative
emission cross-sections (¢), i.e., formation probabilities of the observed products. In this
paper, we presented emission yields and K factors as a function of the velocity of individual
cations, which allowed direct comparison between different impact systems.

The liquid pyridine (CsH5N) was purchased from Sigma Aldrich, Poznan, Poland.
The declared purity of the sample was 99.8% [132]. It was outgassed several times through
freeze-pump-thaw cycles until the residual gases evaporated. The measurements were
performed at room temperature. We did not heat the sample because pyridine is volatile—
it has 10 mmHg vapor pressure at 13.2 °C [132]. The dependence of the luminescence
intensity as a function of the pyridine vapor pressure was checked in the range up to 30
mTorr. In this pressure range, it was linear, suggesting measurement in a single impact
regime. Nevertheless, the pressure of the pyridine vapors was kept at 15 mTorr to ensure
that secondary collision mechanisms did not play any role. During the measurements, the
pressure of the pyridine vapors was controlled with the Barocel capacitance manometer.

4. Summary

H*/Hj*-induced dissociation of pyridine into excited neutral fragments has been
investigated experimentally in the 5-1000 eV energy range. Collision-induced emission
spectroscopy has been employed to measure high-resolution luminescence spectra in the
wavelength range from 190 to 520 nm and search for the spectral signatures of collisional
mechanisms. The spectra displayed a shared set of excited atomic and diatomic products
even at the lowest cations’ energies. Although experiments have been performed in similar
conditions, the products had different relative intensities. There was enhanced production
of the Balmer series lines, whose intensities decreased with increasing principal quantum
number 1 more quickly than predicted by quantum theory. The relative yield of hydrogen
species decreased with increased cation mass. Moreover, the collisions with H,* yielded
vibrationally and rotationally hotter molecular fragments than collisions with H*. Detailed
analysis of the spectra and the lowest threshold energies indicate that the charge transfer
reaction prevailed during collisions. The recorded emission yields revealed significant
variations with the change of the projectile velocity. In particular, at lower velocities of Hp*,
the relative cross-sections of dissociation products had prominent resonance-like maxima,
which were tentatively assigned to the formation of the [H,—CsH5N]* temporary clusters
before decomposition. On that basis, the most likely scenario of the course of collision
mechanisms and pyridine decomposition has been proposed.

However, a complete picture of collisional processes and their importance during
pyridine fragmentation can only be explained in coupling with the theory. Conversely
present experimental results may be utilized as initial parameters for benchmarking state-
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of-the-art theoretical calculations applied in many areas, such as modeling planetary
atmospheres or simulating interactions of ionizing radiation with biological tissues and
high-tech materials.
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