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Photon-induced dissociation pathways of thymine are investigated with vacuum ultraviolet
photoionization mass spectrometry and theoretical calculations. The photoionization mass
spectra of thymine at different photon energy are measured and presented. By selecting
suitable photon energy, exclusively molecular ion m/z=126 is obtained. At photon energy
of 12.0 eV, the major ionic fragments at m/z=98, 97, 84, 83, 70, and 55 are obtained, which
are assigned to C4 H6 N2 O+ , C4 H5 N2 O+ , C3 H4 N2 O+ (or C4 H6 NO+ ), C4 H5 NO+ , C2 NO2 + ,
and C3 H5 N+ , respectively. With help of theoretical calculations, the detailed dissociation
pathways of thymine at low energy are well established.
Key words: Thymine, Dissociation pathway, VUV photoionization, Mass spectrometry,
Theoretical calculation

damage of DNA. Also, photon and electron ionization
could be used to probe physical and chemical properties
of these basic molecules.

I. INTRODUCTION

The interaction of gaseous molecules with photon and
electron has attracted great attentions in the last several decades [1, 2]. This phenomenon is important in
some artificial and natural processes, such as laboratory plasma, astrophysical system, atmospheric photochemistry, and gene damage [3−8]. In gas phase, the
interaction of organic molecules with photon can be
used to probe the electronic structures, excited energy
level information, and molecular conformer structures
[1, 9]. Also, the vacuum ultraviolet (VUV) photoionization has been utilized widely to study the photophysical and photochemical properties of organic molecules
[10−13]. Compared with ultraviolet discharge lamp and
laser, synchrotron VUV has higher energy resolution
and wider energy range. Consequently, the emergency
of synchrotron VUV radiation has widened the application of photoionization to various fields.
DNA is constituted by four nucleobases (adenine,
guanine, cytosine, and thymine). The irradiation damages of DNA in condensed phase have been investigated
widely with electron and photon irradiation [7, 14, 15].
In the irradiation damage of DNA, electron and photon induced charging of nucleotide bases is assumed as
the initiation step in the charge transformation reaction
along nucleic acid strand by photon irradiation [16−18].
So the ionization processes of nucleobases are assumed
to be of significance in understanding of photon induced

Some efforts have been made to study the electronic
and molecular structures of these nucleobases in gas
phase [19−26]. The investigations with photoelectron
spectroscopy have been carried out to probe electronic
structures and molecular tautomerism, and to provide
ionization potential (IP) information [21, 27]. Dudek
et al. have reported the mass spectrometric studies
of these bases with electron impact [25]. Besides the
fragmentation pathways were analyzed with help of
metastable peaks and isotope deuterium labeling [19,
25]. Recently, low energy electron impact was utilized to study the mass spectrometric behaviors of these
gaseous molecules [28]. Jochims et al. have used synchrotron VUV photoionization mass spectrometry to
study the photoionization and photodissociation processes of adenine, thymine, and uracil [29].
Because fragmentation investigations can provide
abundant structural information, some methods were
employed to study the dissociation processes of nucleobases and water-containing clusters in the gas-phase
[19, 20, 23, 29]. Besides, the dissociative electron
attachment (DEA) was utilized usually to study the
gaseous decomposition of DNA bases [30−33]. In this
work, we present the photofragmentation pathways of
thymine in detail, which are established with help of
theoretical calculations. By selecting suitable photon
energy, the exclusively molecular ion at m/z=126 was
measured. Increasing photon energy up to 12.0 eV,
many fragment ions at m/z=98, 97, 84, 83, 70, and 55
were obtained. Density functional theory (DFT) calcu-
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lations of dissociation pathways of thymine cation were
carried out at B3LYP/6-31++G(2df, p) level. Combining with calculations and previous reports, we established some novel fragmentation pathways of thymine
cation under condition of low photon energy, except for
validating some known dissociation pathways.
II. METHODS
A. Experimental methods

Thymine with purity of over 98% was obtained commercially and used directly without any further purification. Experiments were completed at National Synchrotron Radiation Laboratory (NSRL, Hefei, China).
The setup has been described in detail elsewhere [34,
35]. Briefly, a beam of 1064 nm output of a pulsed
Nd:YAG laser (Surelite I-20, Continuum, USA) with a
duration of 7 ns and repetition rate of 10 Hz was utilized
to generate the gaseous molecule plumes of analyte.
In experiment, thymine was coated onto the surface of
stainless steel substrate without any matrix. In order to
generate intactly neutral molecule, laser power for desorption was controlled at about 9 mJ/pulse. The gasphase neutral molecules desorbed by laser were ionized
by the crossed synchrotron VUV light, and the generated ions were detected by a home-made reflection timeof-flight (TOF) mass spectrometer. Ion signals were
amplified by a preamplifier (VT120C, ORTEC, USA)
and recorded by a multiscaler (FAST Comtec P7888,
Germany). Time delay between laser and pulse of repeller field of TOF was about 150 µs, which was controlled by a home-made pulse/delay generator.
Synchrotron VUV light from an undulator beamline
of 800 MeV electron storage ring was monochromatized by a 1 m Seya-Namioka monochromator equipped
with a laminar grating (1500 grooves/mm, Horiba Jobin
Yvon, France) with wavelength accuracy of ±1 Å . The
grating covers photon energy range of 7.8−24 eV with
energy resolution (E/∆E) of about 103 . Average photon flux was measured to be 1013 photons/s at ionization region. A silicon photodiode (SXUV-100, International Radiation Detectors Inc., USA) was used to
monitor photon flux for normalizing ion signals. The
high order harmonic radiation from the undulator was
eliminated by a gas filter filled with argon.
B. Theoretical methods

All calculations were carried out with Gaussian 03
program package [36]. All geometries were optimized at
B3LYP/6-31++G(2df, p) level [37, 38]. And harmonic
frequencies at the same level were computed to verify
minima and transition state, and to obtain zero-point
energies (ZPE). In this work, relative energies of neutral
thymine molecule is defined as zero. Appearance energy
(AE) of ionic fragment is defined as EAE =Emax −E0 , in
DOI:10.1088/1674-0068/24/03/275-283

FIG. 1 Photoionization mass spectra of thymine at photo
energy of (a) 9.5 and (b) 12.0 eV. Relative ion signals are
amplified by a factor of 5 for mass region below m/z=120.

which Emax refers to the maximally absolute energy of
species involved in the formation pathway of this fragment, and E0 is absolute energy of corresponding neutral precursor.
III. RESULTS AND DISCUSSION
A. Photoionization mass spectra

Figure 1 shows the VUV photoionization mass spectra of thymine at different photon energies. By selecting
photon energy of 9.5 eV, exclusively molecular ion at
m/z=126 is observed. The ionization potential (IP) of
thymine is calculated to be 8.74 eV in this work, which
is close to previously reported value of 8.82 eV [29].
While increasing photon energy to 12.0 eV, some discernible and assignable fragment ions at m/z=98, 97,
84, 83, 71, 70, 56, and 55 are obtained. And the fragment ions at m/z=17 and 18 are assumed to be NH3 +
and NH4 + . The parent ion at m/z=126 has the highest intensity, which is consistent with results of 70 eV
electron impact [39]. However, Rice et al. reported the
ionization study of thymine with 70 and 20 eV electron
impact, in which the m/z=126, 83, 55, and 54 were presented [25]. Under condition of 70 eV electron impact,
Rice et al. reported the m/z=55 fragment ion with the
highest intensity. However, other studies with 70 eV
electron impact presented that the mass signal of parent ion m/z=126 are the base peak [39]. It is assumed
the instrument discrimination effect could be employed
to explain the phenomena.
According to Jochims’s report, most intense fragment
ions at m/z=126, 82, 55, 54, 28, and 27 were measured at photon energy of 20 eV. And m/z=55 was the
strongest fragment ion [29]. However, in this work we
present m/z=126 and 83 with high intensity and parent ion m/z=126 is the base peak at photon energy of
c
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TABLE I Measured fragment ions with photon impact and electron impact.
m/z
126
98
97
96
84
83
82
71
a
b

Relative intensitya /%
12 eV
20 eV
70 eV
100
52
100
3
0
0.4
3.7
1
1.5
1.7
0
0.4
3.3
3
1.8
19.3
8
12.5
1
10
7.9
2
3
2.4

Formula
C5 H6 N2 O2 +
C4 H6 N2 O+
C4 H5 N2 O+
C4 H4 N2 O+
C3 H4 N2 O+
C4 H5 NO+
C4 H4 NO+

Lossb

CO
CO+H
CO+H2
CH2 CO
HNCO
HNCO+H

m/z
70
69
57
56
55
18
17

Relative intensitya /%
12 eV
20 eV
70 eV
3.3
2
0.7
1.5
0
0.3
1.6
0
0.6
1.8
9
6.1
4.6
100
82
0.8
1.6
2.8
1

Formula

Lossb

C3 H6 N2 +
C3 H5 N2 +

2CO
2CO+H

NH4
NH3

12 eV and 20 eV [29] refers to photo energy, 70 eV [39] refers to electron energy.
Proposed fragments loss.

Scheme 1 Proposed dissociation routes of thymine cation.

12.0 eV. According to previous study, the appearance
energy of m/z=82 and 28 were reported to be 13.2 and
13.6 eV, respectively [29]. However, the weak m/z=82
peak is obtained at 12.0 eV in this work. Consequently,
the fragment ions at m/z=28 and 27 are not measured
in this work. Table I summarizes the measured fragment ions with relative intensity in this work and those
reported in previous studies.

marize previous studies and present some novel dissociation pathways of thymine cation under low-energy
photon excitation. Mainly, the formation pathways for
m/z=98, 97, 84, 83, 70 and 55 will be discussed in
detail. The proposed dissociation routes of thymine
cation are presented in Scheme 1. And the geometries
of species involved in the dissociation studies of thymine
are presented in Fig.2. Table II presents the calculated
energies for species involved in this work.

B. Fragmentation pathways of thymine

In previous studies of thymine, the dissociation pathways of thymine cation have been reported by several
groups [19, 25, 29]. However in this work, we sumDOI:10.1088/1674-0068/24/03/275-283

1. Formation pathways for m/z=98 and 97

In previous studies of thymine, weak or no fragment
ion at m/z=98 and 97 were measured with photon and
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FIG. 2 The geometries for the species involved in the dissociations of thymine cation. Bond lengths are in Å and bond
angles are in (◦ ).
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TABLE II The calculated electronic energies (in Hartree) for species involved in the dissociative processes of thymine cation
at B3LYP/6-31++G(2df, p) level.
Species
Electronic energy
Species
Electronic energy
RCa
−454.1964675
TS16
−453.7298285
+
RC
−453.8752396
INT1
−453.8317460
TS1
−453.7826672
INT2
−453.7652188
TS2
−453.8112891
INT3
−453.8539496
TS3
−453.7320262
INT4
−453.7723093
TS4
−453.7800612
INT5
−453.7597257
TS5
−453.7780588
INT6
−453.7394094
TS6
−453.7379504
INT7
−453.7734223
TS7
−453.7204190
INT8
−340.5328101
TS8
−453.7968013
INT9
−453.6603450
INT10
−453.7780175
TS9
−453.7707804
TS10
−340.4485573
INT11
−453.8171791
INT12
−453.7990816
TS11
−453.6820696
TS12
−453.6659917
I (m/z=98)
−340.5484735
TS13
−453.7727311
II (m/z=97)
−339.9331296
TS14
−453.7225493
III (m/z=97)
−359.0679385
TS15
−453.7117113
IV (m/z=84)
−301.2108666
a
In this work, the relative energy of RC was defined to be zero.

Species
V (m/z=84)
VI (m/z=83)
VII (m/z=83)
VIII (m/z=55)
IX (m/z=70)
X (m/z=70)
XI (m/z=70)
XII (m/z=70)
CO
H
NCO
CH2 CO
HNCO
CH3 CCHNH2
CH3 CHCO
CH2 NH

Electronic energy
−285.7028224
−285.0497615
−285.0877118
−171.6620382
−227.1173380
−281.1017031
−261.7472713
−261.7505102
−113.3279468
−0.5016659
−168.0230228
−152.6236824
−168.7062807
−172.6075980
−191.9414188
−94.6438617

electron impact [25, 29]. As shown in Fig.1, distinct
fragment ions at m/z=98 and 97 are measured in this
work. The proposed formation pathways for m/z=98
and 97 are depicted briefly as reactions (1)−(3). As we
know, these dissociation pathways for thymine cation
have not been reported previously.
C5 H6 N2 O2 + → C4 H6 N2 O+ + CO
C5 H6 N2 O2 + → C4 H5 N2 O+ + CO + H
C5 H6 N2 O2 + → C4 H3 NO2 + + CH2 NH

(1)
(2)
(3)

As shown in Scheme 1, thymine cation eliminates CO
to generate fragment C4 H6 N2 O+ (I, m/z=98). According to the definition of EAE , the appearance energy of
C4 H6 N2 O+ is calculated to be 11.26 eV. Subsequent
loss of H atom from C4 H6 N2 O+ (I, m/z=98) could
lead to the formation of C4 H5 N2 O+ (II, m/z=97), as
in reaction (2). The AE of C4 H5 N2 O+ is calculated to
be 11.80 eV. Another formation pathway for fragment
ion at m/z=97 is depicted in reaction (3) via elimination of CH2 NH. Along this route, higher energy barrier
needs to be overcome, and the AE of C4 H3 NO2 + (III,
m/z=97) is calculated to be 13.19 eV. Considering energy barrier, reaction (3) is assumed to be less favorable than reaction (2) at low photon energy. The calculated potential energy surfaces for formations of fragment ions at m/z=98 and 97 are displayed in Scheme 2.
From thymine cation RC+ , the C(4)O group moving outward from planar pyrimidine ring leads to the
N3−C4 bond elongation. The N3 electrophilic attack
onto C5 changes the pyridine ring into imidazole strucDOI:10.1088/1674-0068/24/03/275-283

Scheme 2 Calculated potential energy surfaces for the formation pathways of fragment ions at m/z=98 (I) and m/z
=97 (II and III). Relative energies are in the unit of eV.

ture (see product I). After that, the stable product I
(m/z=98) is generated with loss of CO. In this formation pathway, the energy barrier is low, so this route
is assumed to be favorable. Subsequently, the methyl
group at C5 can lose one hydrogen atom to give the stable product II (m/z=97), due to the conjugate of imidazole ring with CH2 group at C5. Thus this formation
pathway for C4 H5 N2 O+ is proposed to be favorable. In
the formation pathway of product III (m/z=97), the
first step involves hydrogen transfer to C5 from methyl
group. Then intramolecular structure rearrangement
is employed to give a seven-membered ring transition
state (TS3). Subsequently, the seven-membered ring
opens to eliminate CH2 NH via N1−C2 bond fission to
c
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Scheme 3 Calculated potential energy surfaces for the formation pathways for fragment ion m/z=84 (IV and V).
Relative energies are in the unit of eV.

Scheme 4 Calculated potential energy surfaces for the formation pathways for fragment ions m/z=83 (VI and VII)
and m/z=55 (VIII). Relative energies are in the unit of eV.

generate product III (m/z=97). However, along this
dissociation route, higher energy barrier needs to be
overcome to generate product III. So this formation
pathway contributes less to fragment ion at m/z=97
at low energy.

(V) were displayed in Scheme 3. In the formation of
product IV, a hydrogen atom shifts from methyl group
to C5 and pyridine ring opens to rearrange into a sevenmembered ring intermediate (INT3). Then the ring
structure opens via C4−N3 bond fission. After ketene
elimination, the final product ion IV (C3 H4 N2 O+ ,
m/z=84) is generated. As we mentioned above, this
formation route is favorable. In reaction (5), the product V (C4 H6 NO+ , m/z=84) is generated via loss of
NCO. The first step involves the hydrogen shift to C6
from N1. Then pyridine ring opening occurs via C2−N3
bond fission. Finally, the product V is generated with
the loss of NCO. Because the stable pyridine ring is conjugated, higher energy barrier needs to be overcome to
open the pyridine ring. Besides, the product ion V is
not structurally stable. So it is assumed reaction (5) is
not favorable at low energy.
Jochims et al. have reported that thymine cation
could lose HNCO to generate fragment C4 H5 NO+
(m/z=83) [29]. In this work, we calculate this HNCOelimination dissociation pathway of thymine cation,
and present two proposed formation pathways for
C4 H5 NO+ . As shown in Scheme 1, two isomeric ions
VI and VII of C4 H5 NO+ are formed via two different
pathways from thymine cation.
The calculated potential energy surfaces for the formation pathways of C4 H5 NO+ are given in Scheme 4.
In formation pathway of VI, the C4−C5 bond cleaves to
eliminate HNCO accompanied by C2−N3 bond cleavage. However in the VII formation pathway, the RetroDiels-Alder (RDA) reaction from thymine cation is employed, involving C2−N3 and N1−C2 bond fissions.
Jochims et al. have reported the same dissociation
pathway from thymine cation [29]. As his suggestion, the specie VII could be converted into 5-methylsisoxazole cation via ring closing. However, in this work,
we suggest that the structure of VII is stable.
Comparing these two HNCO-elimination pathways,
the formation pathway of VII with lower energy barrier is assumed to be more favorable than that of VI
at low photon energy. Hence, the AE of C4 H5 NO+ is

2. Formation pathways for m/z=84 and 83

As shown in Fig.1, the relatively high intense mass
signals of m/z=83 and 84 are measured at photon energy of 12.0 eV. Jochims et al. have presented that
fragment ions at m/z=84 and 83 were generated with
losses of NCO and HNCO, respectively [29]. In this
work, we calculate the formation pathways for fragment
ions at m/z=84 and 83 at B3LYP/6-311++G(2df, p)
level. The possible formation pathways for m/z=84 and
83 are depicted in reactions (4)−(6). We find that the
fragment ion at m/z=84 is contributed dominantly by
CH2 CO elimination route at low photon energy, instead
of NCO elimination pathway. Besides, it is noteworthy
that the fragment C4 H5 NO+ (m/z=83) has two isomers
(products VI and VII, see Fig.2).
C5 H6 N2 O2 + → C3 H4 N2 O+ + CH2 CO
C5 H6 N2 O2 + → C4 H6 NO+ + NCO
C5 H6 N2 O2 + → C4 H5 NO+ + HNCO

(4)
(5)
(6)

As shown in Scheme 1, two dissociation pathways of
thymine cation are involved to generate product ions
C3 H4 N2 O+ (IV, m/z=84) and C4 H6 NO+ (V, m/z=84)
with losses of CH2 CO and NCO, respectively. In reaction (4), ketene is removed to form imidazole-2-one
cation (C3 H4 N2 O+ ). Along this route, the AE of
C3 H4 N2 O+ is calculated to be 11.54 eV. In reaction
(5), NCO is eliminated to produce C4 H6 NO+ (m/z=84)
with calculated AE of 12.95 eV. Comparing these two
pathways, the reaction (4) is assumed to be more favorable with lower energy barrier than reaction (5).
The calculated potential energy surfaces for the formation pathways of C3 H4 N2 O+ (IV) and C4 H6 NO+
DOI:10.1088/1674-0068/24/03/275-283
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Scheme 5 Calculated potential energy surfaces for the formation pathways for fragment ion m/z=70 (IX and X).
Relative energies are in the unit of eV.

Scheme 6 Calculated potential energy surfaces for the formation pathways for fragment ion m/z=70 (XI and XII).
Relative energies are in the unit of eV.

calculated to be 10.95 eV, which is close to the reported
value by Jochims et al. [29].

vorable at low photon energy, due to the high energy
barriers.
C5 H6 N2 O2 + → C2 H2 N2 O+ + CH3 CHCO
C4 H6 N2 O+ → C3 H6 N2 + + CO

3. Formation pathways for m/z=70

According to Ulrich’s suggestion [40], the fragment
ion at m/z=70 is assigned to C2 NO2 + , depicted in
reaction (7). We calculate the formation pathway of
C2 NO2 + , as shown in Scheme 5. Two-step hydrogen
transfers are employed in this route. First H[1, 2] shift
to C2 from N3, and then this hydrogen atom shifts to
N1 again (see TS12). Due to N1 having two hydrogen atoms, the unstable pyridine ring structure could
break to form INT10 via N1−C2 bond fission. Then
C4−C5 bond ruptures to form product X with loss of
CH3 CCHNH2 . The AE of C2 NO2 + is calculated to be
14.59 eV, which is not obviously consistent with the
measurement of signal of m/z=70 at photon energy of
12.0 eV. So this formation pathway is considered to be
not favorable at low photon energy.
C5 H6 N2 O2 + → C2 NO2 + + CH3 CCHNH2

(7)

Under photoionization condition, Jochims et al. suggested to assign the fragment ion at m/z=70 to
C2 H2 N2 O+ via loss of stable CH3 CHCO moiety [29].
This process is depicted as reaction (8). We calculate this dissociation pathway from thymine cation and
present two isomers of product ion C2 H2 N2 O+ (XI
and XII), which are shown in Fig.2. The calculated
potential energy surfaces for the formation pathways
of C2 H2 N2 O+ are displayed in Scheme 6. Along reaction (8), first hydrogen transfer process is involved
from C6 to C5. Second hydrogen transfer is employed
from N1 to C6 to give an intermediate INT12. From
INT12, two dissociation pathways are employed to form
C2 H2 N2 O+ . First one involves the Retro-Diels-Alder
reaction to form product XI. The other one employs
N3−C4 and C5−C6 bond fission to generate product
XII. However, these two formation pathways for fragment ion of C2 H2 N2 O+ are calculated to be less faDOI:10.1088/1674-0068/24/03/275-283

(8)
(9)

Another possible formation pathway for fragment
ion at m/z=70 derived from further dissociation of
C4 H6 N2 O+ (m/z=98) is depicted in reaction (9). The
calculated potential energy surface for this process is
displayed in Scheme 5. Along this way, the fivemembered ring structure of product I opens to lose CO
to give product ion C3 H6 N2 + (IX, m/z=70). The AE
of C3 H6 N2 + is calculated to be 11.52 eV, which is consistent with experimental measurement of m/z=70 at
photon energy of 12.0 eV. It is worth mentioning that in
reactions (7) and (8), the charge switch could generate
the fragment ion at m/z=56. So two possible formation
pathways for m/z=56 are supposed to be derived from
N3−C4 and C5−C6 bond cleavages to lose C2 H2 N2 O,
C4−C5 and N1−C2 bond cleavages to lose C2 NO2 , respectively.
4. Formation pathway for m/z=55

According to previous study, the structures of
C4 H5 NO+ (VI or VII, m/z=83) could lose CO to form
the fragment C3 H5 N+ (m/z=55), depicted in reaction
(10) [29]. The calculated potential energy surfaces for
the formation pathways of C3 H5 N+ are displayed in
Scheme 4. The AE of C3 H5 N+ is calculated to be
13.61 eV. However in this study, we can measure the
signal of m/z=55 at photon energy of 12.0 eV. Thus
it is suggested that some unknown dissociation pathways should be employed to explain the formation of
fragment m/z=55 at low energy.
C4 H5 NO+ → C3 H5 N+ + CO

(10)

As shown in Fig.1, the mass peak of m/z=71 has relatively low intensity. Jochims et al. proposed that the
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fragment m/z= 71 assigned to OCNHCO+ was formed
by direct C4−C5 and N1−C2 bond cleavages to lose
CH3 CCHNH [29]. However in this work, we calculate
the appearance energy for OCNHCO+ (m/z=71) to be
16.33 eV via C4−C5 and N1−C2 bond cleavages (not
shown in this work), indicating this process could not
happen under 12.0 eV. So it is assumed some dissociation mechanisms of thymine cation are still unknown
for the formation of fragment at m/z=71.

IV. CONCLUSION

This work presents the detailed dissociative photoionization investigations of thymine with VUV photoionization mass spectrometry under low photon energy and
DFT calculation. We measured the photoionization
mass spectra of thymine at different photon energies. At
photon energy near IP threshold, exclusively molecular
ion at m/z=126 without any fragment ions is obtained.
At the photon energy of 12.0 eV, some dominant fragments of m/z=98, 97, 84, 83, 70, and 55 are measured.
With help of theoretical calculation, we establish the
detailed dissociation channels for thymine cation under
low energy excitation. Compared with previous studies, some well known dissociation pathways of thymine
cation are confirmed. More importantly, we establish
some novel low-energy dissociation channels of thymine
cation, which would be helpful for well understanding
the properties of this molecule.
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