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Collisions of dihydrogen cations with tetrahydrofuran molecules have been studied. Luminescence spec-
tra and the emission functions of the excited products at projectile energies ranging from 8 to 1000 eV
have been measured using collision-induced emission spectroscopy. The recorded spectra are dominated
by the atomic lines of the hydrogen Balmer series, whose intensities decrease more quickly than derived
by the quantum-theoretical principle. The spectra also exhibit weak molecular bands of vibrationally
and rotationally excited diatomic CH fragments created in the A>A and B2X ™ electronic states. The
collisional processes are identified and compared with the latest results on cation-induced fragmentation

of tetrahydrofuran.
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1. Introduction

Ton—molecule collisions are ubiquitous in both
natural and human-made processes. In nature, they
are the fundamental reactions of astrochemistry [1].
As the cosmic rays propagate in diverse interstellar
environments, the ionic bombardment in the past
might have changed simple molecules into prebi-
otic biomolecules [1-4]. The ion—molecule reactions
also have many applications. They are utilized in
hadron therapy to damage cancer [5, 6]. The lu-
minescence from materials triggered by ionic col-
lisions allows detecting defects in the surface lay-
ers [7]. Moreover, focused ion beams etching enables
fragmentation and 3D mapping down to nanoscopic
sizes [8, 9].

In studies of ion—molecule collisions, heterocyclic
molecules are particularly important because many
of these compounds take part in biological and
technological processes. Tetrahydrofuran C4HgO
(THF) is such a pertinent molecule because it is
often regarded as a simple analog to deoxyribose
(dR) sugar [10, 11], and as a prototype for poly-
meric structures [12]. Therefore, the excitation, ion-
ization, and fragmentation of C4;HgO into reactive
species have been recently investigated utilizing the-
oretical and experimental approaches [13-27].

Although optical spectroscopy is a valuable tech-
nique to study the fundamental properties of sin-
gle atoms and molecules [28] and materials down
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to depths of several hundred nanometers [29],
ion-induced dissociation of THF into neutral ex-
cited fragments is rarely found in the literature.
Collision-induced emission spectroscopy was pre-
viously used to observe the luminescence from
the fragmentation of tetrahydrofuran induced by
atomic ions HT, C* and O [22, 23], re-
spectively. Emission fragmentation spectra were
recorded in the wavelength of A = 200-520 nm and
the £ =5-1000 eV energy range. Their analysis
showed that collision-induced dissociation is influ-
enced by the mass of cation and its electronic den-
sity [22, 23]. However, to our knowledge, no exper-
imental or theoretical results were published so far
on molecular ions impinged upon THF molecules.
Therefore, in the present work, neutral fragmen-
tation of the gas-phase tetrahydrofuran molecules
initiated by the impact of dihydrogen cations (Hj)
was studied utilizing optical spectroscopy in the en-
ergy range from 8 to 1000 eV. The H;r ions were
chosen as projectiles for the measurements because
of two motives. The HJ is the simplest molecu-
lar ion, consisting of two protons and one electron,
and it is the most abundant molecular ion formed
in the cosmos [30, 31]. On the other hand, modern
hadron therapy uses protons and C* projectiles to
cure tumors [32-34], but also other ionic beams are
recognized as a valuable source of radiation [34-37].
Thus, H is a model cation to explore the molecule-
molecule interactions in these environments.
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2. Experiment

Present measurements were performed at the
University of Gdansk using the equipment con-
structed to study chemiluminescent reactions in
small molecules [38, 39]. Its schematic view, opera-
tion description, and explanation of the procedure
of analysis are presented in detail in [22, 23, 39].
The summary is given here, together with details
pertinent to tetrahydrofuran.

The collision-induced emission spectrometer con-
sisted of separate vacuum chambers containing the
source of cations, the magnetic mass selector, the
collision cell, and the optical detection system. The
ionic source of the Colutron type utilized hot cath-
ode discharge to produce dihydrogen cations from
the Hs gas being under pressure of 100 Pa. By ap-
plying a 1000 V voltage, the cations were pulled
from the source and compelled to the 60° magnetic
mass selector. The cations of a required m/q ratio
were chosen, slowed down to the given energy, and
then moved to the collision chamber. In the col-
lision cell, they bombarded the gas phase tetrahy-
drofuran molecules. The energies of Hj were main-
tained from 8 to 1000 eV. The optical emission
of excited products generated during collisions was
then dispersed by a McPherson 218 spectrograph
and acquired by a multichannel photon detector
mounted in the detection chamber. The lifetimes of
products obtained in the present work were short
enough so that these species emitted only in the
collision region. The spectrograph was equipped
with interchangeable diffraction gratings blazed at
various wavelengths. The grating of 1200 l./mm
was employed to measure the high-resolution spec-
tra AXN=0.4 nm (FWHM) and assign the spec-
tral features correctly. Typically, the emission from
collisions is very weak, and a 300 l./mm grating
was used to collect more light. The resulting spec-
tra had a lower optical resolution (AX = 2.5 nm),
but it was high enough to obtain emission func-
tions by recording luminescence signals in the se-
lected spectral regions of interest as a function of
the incident cation energy. The detection efficiency
curve of the experimental system was determined
for a 300 l./mm grating in a separate measure-
ment using a source of monochromatized light [40].
Therefore, each spectrum measured utilizing this
grating was corrected for the wavelength depen-
dence of the optical system sensitivity. Then, the
intensities (I) of the emission lines were obtained
by integrating over the peak areas and normalized
to recording time, ion current, and pressure. These
emission functions represent relative emission cross-
sections (o), i.e., the formation probabilities of the
recorded products.

Tetrahydrofuran with a declared purity of 99.9%
was purchased from Sigma Aldrich. Tetrahydro-
furan has high vapor pressure (143 mmHg [41] at
room temperature); thus, measurements were per-
formed without heating the sample. Before the

229

measurements, the vessel with THF was degassed
through several freeze-pump-thaw cycles. It was
checked that THF pressures below 30 mTorr pro-
vided emission from primary processes, not af-
fected by secondary collision mechanisms. There-
fore, the pressure of the THF gas was main-
tained at 15 mTorr utilizing a Barocel capacitance
manometer.

3. Results and discussion

3.1. Luminescence spectrum

A high-resolution luminescence spectrum ob-
tained for collisions between Hj and THF at the
energy of 1000 eV (310.6 km/s) is shown in Fig. 1.
It is endowed with intense atomic lines of the
Balmer series, Hg to H¢, due to the excited hy-
drogen H(n) atoms, n = 4-8. In the spectrum,
there can also be identified weak bands of the ex-
cited CH(A?2A — X211, B>X* — X2]I,) diatomic
molecules.

The present spectrum can be directly com-
pared with our earlier studies on tetrahydrofu-
ran and its analogs. In the HT + THF [22] and
HT + furan [23] collisions, we recorded spectra
closely resembling the present spectrum. On the
other hand, heavy hadrons, i.e., C* and O, trig-
gered more severe fragmentation of tetrahydrofu-
ran, causing the appearance of more intensive bands
of CH radical and bright enough lines of the C
atoms [22]. Moreover, synchrotron radiation stud-
ies on THF neutral dissociation [19] showed promi-
nent fluorescence of the diatomic CH fragments and
even weak Swan bands of Cy. It should be noted
that recent investigations on the cation- [42, 43],
electron- [44, 45|, and photon-induced [46-50] frag-
mentation of five- and six-membered heterocyclic
molecules showed their disintegration into numer-
ous excited atomic and diatomic fragments. This
comparison shows that the H;r cations dissociate
the THF molecules ineffectively.

3200 [ H,"+THF
E=1000 eV cr(a2axCiL,) Hp
2400 J, w0 g,
__ 1000 f \
S CH(B?L™-X711,) \\
= Av=0 \
)
= 500} ‘
H‘C_‘ He
0 MM
375 390 405 420 435 480 495 510
A[nm]
Fig. 1. High-resolution luminescence spectrum

recorded for collisions of the Hj cations with
tetrahydrofuran molecules. The spectrum was not
corrected for the wavelength dependence of the sen-
sitivity of the detection system.
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3.2. Emission functions

Figures 2 and 3 show the H(n = 4) and CH(A42A)
emission functions. Experimental uncertainties of
the emission functions are standard deviations from
independent measurements performed at each col-
lision energy. The maximum uncertainty of im-
pact energy was estimated to be 3.5%, considering
the target’s ion beam energy spread and thermal
motion.

The H(n = 4) emission function obtained in col-
lisions of Hf with tetrahydrofuran (see Fig. 2) in-
creases gradually with energy up to a maximum
of 550 eV. Between 550 and 700 km/s, it de-
creases by about 20%, and above 700 €V, it be-
comes almost constant. Notably, other H(n) emis-
sion functions (not shown here) resemble curves
displayed in Fig. 2. The H™ + THF collisions
were performed for the 20-1000 eV projectiles en-
ergies [23]. The H(n = 4) curve obtained for pro-
tons increases gradually. However, it has a minor
maximum at 450 eV.

H(n = 4)

8 L 4
—8— THF+H"
—s— THF+H,"
=6 1
<
£
24 1
9,
o
2 -
0
0 200 400 600 800 1000
EleV]
Fig. 2. The H(n = 4) emission function obtained

in collisions of Hf with tetrahydrofuran molecules
(red squares). Results of the collisions of H with
THF (black dots) taken from Ref. [23] are shown
for comparison.

2 T T T T T
CH(A?A)

—&— THF+H"
—=— THF+Hy*

o [cts/(nA s)]
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EleV]
Fig. 3. The emission function of the CH excited to

the A%A state determined in collisions of HJ with
tetrahydrofuran molecules (red squares). Results
of the collisions of HT with THF (black dots) taken
from Ref. [23] are shown for comparison.
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The CH(A%A) emission function obtained in the
Hi + THF collisions (see Fig. 3) shows almost no
CH fragments production below 20 eV. Between
20 and 150 eV, the CH(A%A) emission function
increases by one order of magnitude, and it rises
very slowly above 150 eV. At 550 eV, this emis-
sion function reveals a small bump. Conversely,
the CH(A?A) emission function measured in the
H* + THF collisions differs slightly from the cur-
rent curve. It increases gradually with rising veloc-
ity. Moreover, it is twice lower than the curve ob-
tained in this work for energies higher than 100 eV.
This consideration confirms that dihydrogen cations
do not lead to a substantial decomposition of THF
molecule, yet they promote fragmentation more ef-
ficiently than HT.

3.3. Collisional processes

Four impact reactions, namely dissociative ion-
ization, dissociative excitation, electron transfer,
and cation—molecule complex generation, were rec-
ognized as preceding fragmentation [22, 23]. The
first mechanism leads to ionization of the target
molecule, and after that, its dissociation. In the sec-
ond process, fragmentation of the target molecule
occurs following its excitation. The dissociative re-
actions arise efficiently when the reactants are close
to each other and move with low velocities [51, 52].
The third reaction involves an electron migration
from C4HgO to the HJ cation, leading to fragmen-
tation of molecular parent cation C4HgO". The
electron transfer occurs effortlessly when the dis-
tance between the cation and the target is pro-
longed [52-57]. The ion—dipole interaction can oc-
cur if the target molecule is polar, allowing for
a transient complex formation [56, 58]. The Hy
is a molecule, and therefore, it can be decomposed
during these reactions.

As shown in Figs. 1-3, the excited hydrogen atom
is the dominant product in the H; + THF col-
lisions. Therefore, in Fig. 4, we show the esti-
mations of the lowest energy fragmentation chan-
nels only for this fragment. These calculations
were performed using the ionization and dissocia-
tion energies taken from papers [16, 19, 20, 59-61].
It is of note that each impact process may cause
a far more complicated, energy-consuming decom-
position of THF than outlined in Fig. 4. Therefore,
the more complex dissociation pathways are not
considered here.

Since the charge transfer mechanism is exoer-
gic [67], it is energetically the most favored reac-
tion. Indeed, careful analysis of the luminescence
spectra measured at 8 and 15 eV showed a very
weak emission of excited hydrogen and CH radi-
cals. This observation agrees with the lowest es-
timated dissociation energy limits after CT reac-
tion, which were found to be 9.47 and 8.24 eV for
H(n = 4) and CH(A%A). It is also in agreement
with theoretical investigations of energy curves and
couplings of the C2* + THF molecular system [25].
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Fig. 4. The estimation of the lowest energy reac-
tions producing the H(n = 4) in the collisions of HJ
with THF. Reactants are assumed in their ground
states. Note that DP — direct dissociative exci-
tation of a projectile, CT — charge-transfer, DI
— dissociative ionization, and DE — dissociative
excitation.

The calculations showed the chemical bonding of
the oxygen atom of THF and the C?* ion, leading
to single and double electron capture processes [25].
Furthermore, it is consistent with the curve-crossing
mechanism for HT + deoxyribose (dR) [53, 55]|.
This model predicted many avoided crossings be-
tween the entrance channel HT + dR and the dif-
ferent H + dR™T electron transfer levels at the po-
tential energy curves [53, 55|. These avoided cross-
ings induce electron transfer more effectively than
any other reaction because the charge migration is
driven mainly by the nonadiabatic interactions at
the points of the closest approach [53, 55].

Therefore, the excited hydrogen can be produced
via the CT process either by dissociating the neu-
tralized H2+ cation or detaching hydrogen from the
tetrahydrofuran parent cation. The latter process
requires 1.3 eV more energy and is less proba-
ble. Recent experimental studies on collisional sys-
tems Hf + NDj3 [62] and HJ /D5 + Hy [39] have
shown strong dissociative excitation of ND3 and the
collision-induced excitation of the Hy, respectively.
However, neither the emission of the excited Hs
molecule nor the greater overall spectral emission
was recorded (see Figs. 1-3). The reason is that the
dissociative processes require at least 6.8 eV of en-
ergy more than the first charge transfer mechanism,
and they probably cannot compete with the CT re-
action. In fact, Mayer and co-workers [63] excluded
the possibility of effective dissociative excitation of
the target molecules after the H2+ cation impact in
their investigations on the impact complexes aris-
ing in the Hy /He™ collisions with methane, acety-
lene, benzene, and naphthalene. These findings
also agree with the ion-impact studies of Schlathdl-
ter and co-workers, who pointed out that the elec-
tron transfer reaction releases most of the energy
on the cation [52].
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3.8.1. The oug/ocu(a2 ) Tatios

The intensity ratios analysis is used to directly
compare the results obtained for THF collisions
with various cations. For that purpose, Hg nor-
malized intensities to the CH(A%A) intensities were
calculated as quotients of their corresponding emis-
sion functions. The ong/0cH(424) ratios obtained
for the Hy + THF collisions are shown in Fig. 5
as a function of energy compared to intensity ra-
tios obtained in the collisions of HT /CT /O with
THF. As seen in Fig. 5, these ratios are two-three
times lower than the oug/ocm(a2 ) ratios obtained
for H* + THF. However, they are many times
higher than the same ones obtained in the C*/O"
+ THF impact systems. This trend is associated
with the production of excited hydrogens after the
charge transfer from THF to Hj. Since hydrogen
atoms are incorporated either into the projectile
and molecule, the H(n = 4) emission can arise due
to atoms detached from both of them. The CH can
only be derived from the fragmentation of THF.
Consequently, the ong/0cH(a24) ratio is enhanced.
For oxygen and carbon cations, the H(n = 4) and
CH(A%A) fragments arise only due to the disinte-
gration of the ring of THF giving the suppressed
values of the ong/ocH(a2 ) ratios. A similar obser-
vation was made about the oc(2pssip1)/ocH(A24)
ratios which were vast for the C* + THF colli-
sions [22] in comparison with the results obtained
in other collisional systems [22, 23, 43, 56, 64].

3.3.2. The H(n) intensity ratios

In Fig. 6, the H(n = 4-7) intensities correspond-
ing to Hg—H. Balmer lines are shown in the log-log
plot as a function of the principal quantum num-
ber n. These dependencies were approximated by
an n’€ exponential function, where K is an unknown
parameter. The K values were found using a least-
squares-fitting procedure. As a result, a straight

line was obtained for each projectile energy with

—o— THF+H"
—=— THF+H,"
9 [ —A— THF+C*
—v— THF+O*

0 i A A A— A&

0 200 400 600 800 1000
EleV]

Fig. 5. The ratio of intensities of the H(n = 4)

and CH(A?A) fragments in the collisions of HF
with THF. The results of the THF collisions with
H* [23] and the O and C™T [22] impact are shown
for comparison.
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Fig. 6. Examples of the log—log plots representing

the Balmer line intensities (I) as a function of the
principal quantum numbers (n). The solid lines
show the best fits to the experimental points.

—&— THF+H" |
—8— THF+Hy"
—¥— THF+0O"
—A— THF+c* |
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Fig. 7. The K factors as a function of energy. The
results of the THF collisions with HT [23] and the
O* and C* [22] impact are shown for comparison.

a slope equal to K (see solid black lines in Fig. 6).
Then, the obtained K factors were drawn as a func-
tion of energy, as shown in Fig. 7. The results of
the THF collisions with H* [23] and the Ot and
C* [22] impact are also shown for comparison.

The present K factors decrease from —6 to —6.9
at the lowest H;‘ cation energies. Above 400 eV,
they slowly, almost linearly, increase, but even then,
the maximum values are equal to —6.4. Experi-
mental results obtained in the collisions of H* with
THF (black dots) show a similar trend as the curve
obtained in the H2+ collisions but having a few per-
cent lower values. In contrast, the K factors de-
crease from —3 to —4.4 with the increase of the C*
cations energies. The values obtained in the O im-
pact are on average equal to —3.3 in the presented
energy range.

Bethe and Salpeter [65] have shown that the in-
tensities of the emission lines of the Balmer se-
ries, where the excited (n, ) substates are popu-
lated according to the (21 + 1) statistical weights,
decrease as n~3 to better than 5%. Also, the
H(n) intensities obtained in electron- [45] and
photon-induced [19, 46] dissociation of heterocyclic
molecules obey the n =3 rule. The variations in the
K factors may point to differences in the processes,
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which produce and populate the H(n) atoms in the
dissociation. In particular, K close to —3 may im-
ply a dissociation of the target molecule, which pro-
duces the H(n) fragments in their substates pop-
ulated according to their statistical weights. We
associate this type of trend with the production
of the H(n) hydrogen from dissociative processes.
Lower values of K factors usually indicate that the
charge transfer process is responsible for creating
the excited hydrogen atoms. The reason is that
cations in motion generate electric fields, which al-
ter the branching ratios and lifetimes of individ-
ual states [66]. As a result, the residual electric
field causes the Stark mixing of the states that
contributes to the depopulation of higher-lying lev-
els of hydrogen. It is noteworthy that the ve-
locity of the THF molecular beam and, in conse-
quence, the fragments produced were too low to
generate the electric field strength capable of the
Stark mixing [67].

4. Summary and conclusions

The collisional excitation products and the spec-
tral signatures of collisional mechanisms occurring
in the H2++ C4HgO impact system have been in-
vestigated in the 8-1000 eV energy range. Opti-
cal spectra display prominent luminescence of the
hydrogen Balmer series and weak bands of vibra-
tionally and rotationally excited diatomic CH rad-
icals. The measured emission functions also show
the highest yields for the production of hydrogen
atoms whose intensities rapidly decrease with an in-
creasing principal quantum number. Detailed anal-
ysis of the spectra measured at the lowest energies
and estimated thresholds of products allowed us to
propose a new impact mechanism. It occurs via
neutralization of Hj due to the electron transfer
process from the THF molecules to the projectiles,
followed by excitation and dissociation of the neu-
tralized cation. The vestiges of the charge trans-
fer reaction were also found through a compari-
son of the oug/ocu(a24) and H(n) intensity ra-
tios between various collisional systems. Notably,
further quantum chemical calculations are indis-
pensable in evaluating collisional dynamics in de-
tail and predicting the importance of the reaction
under study.
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