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bstract

Ion intensity distribution of thymine–ammonia clusters produced in a supersonic jet was investigated using the resonant 2-photon ionization
echnique. The mass spectrum of Thym(NH3)n (m = 1–7) exhibited an anomalously strong ion intensity for n = 1 in contrast to the nearly negligible
on signals for n > 1. We suggest that proton transfer from the thymine radical cation to an ammonia molecule following the ionization of the clusters
s responsible for the observed anomaly. It is also proposed that charge migration occurring with the proton transfer leads to an ion core switch
rom the thymine radical cation to the newly formed ammonium ion. The subsequent evaporation of other ammonia molecules in the cluster ion as
consequence of the energy released from the reaction results in extensive loss of ion signals for n > 1, and at their expense, an anomalously large
on intensity for n = 1. This mechanism is supported by density functional theory calculations on the thymine–ammonia 1:1 complex ion performed
long the reaction coordinate of the proton transfer. The formation of the ammonium ion in the cluster is also confirmed by the fragmentation
eature of metastable Thym(NH3)1

+ (m = 1–4) obtained using reflectron time-of-flight mass spectrometry.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Ionizing radiation causes mutagenic and carcinogenic effects
n a mammalian cell [1–3]. It is widely accepted that DNA is
he primary target for the radiation-induced lethality [3–5]. In
articular, double-strand breaks, which are one of the most crit-
cal cytotoxic DNA lesions [3], are directly initiated by ionizing
adiation that generates DNA base radical cations [6]. With the
ecreased basicity of DNA bases in their ionic state, the radi-
al cation gains considerable acidity [7] and undergoes proton
ransfer to its complementary base in a DNA base pair, which
eads to the breakage in a DNA double-strand [8].

Many studies have been performed on the radical cations of

NA bases and their reactions in solution, in the solid state, and

ven in the gas phase [6,8–11]. Much attention has been paid
o guanine and adenine radical cations in view of their roles in
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zation; Reflectron time-of-flight mass spectrometry

harge transport in DNA [12]. By comparison, the reactions of
he thymine radical cation that has the highest oxidation potential
mong the four DNA bases [13,14] have been scarcely studied.

The high oxidation potential of thymine implies difficulty of
orming a thymine radical cation in DNA, but also indicates that
hymine radical cation is more prone to react with other species,
nce it is formed. It was proposed that the greater stability of
he radical cations of purines than of pyrimidines could give
he former a longer lifetime so that they could be more easily
epaired by recombination processes. It is to be noted that in
uinine sensitized photo-oxidation of purines and pyrimidines,
nly the pyrimidine radical cations generated photo-products
15]. In this regard, the reactions of the thymine radical cation
an be critical in the DNA photo-damage caused by ionizing
adiation that initially generates randomly distributed radical
ations of DNA bases.

Since Sevilla [16,17] first showed that UV irradiation of

hymine at 77 K in both alkaline and acidic glasses can produce
he thymine radical cations, their reactions have been extensively
tudied in the past decades [7,15,17,18]. Electron spin resonance
ESR) and electron paramagnetic resonance/electron nuclear
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ouble resonance (EPR/ENDO) have been applied to identify the
eaction products of the thymine radical cation in the condensed
hase [19]. The formation and decay of the thymine radical
ations in solution were directly monitored in nanosecond time
cale by transient absorption [20] and time-resolved FT-EPR
21]. Theoretical calculations on radiation-induced damage of
hymine derivatives were also intensively carried out [22–24].
espite all these studies, the reactions of the thymine radical

ation have never been observed in the gas phase to our knowl-
dge.

Molecular clusters produced in a supersonic jet provide an
deal system to study ion–molecule reactions at the molecu-
ar level [25–28]. The cluster ion distribution with anomalously
trong ion peaks for certain cluster sizes has often been used to
educe the mechanism of ion–molecule reactions in the clus-
er [27,28]. Here, we investigated ion intensity distribution of
hymine–ammonia clusters using the resonant 2-photon ioniza-
ion (R2PI) technique. An anomalous ion intensity distribution
as observed in the mass spectrum, which was explained by the

ransfer of a proton from the thymine radical cation to an ammo-
ia molecule in the cluster ion followed by extensive thermal
vaporation of other ammonia molecules with the excess energy
f the reaction. Density functional theory (DFT) calculations
n the thymine–ammonia 1:1 complex ion were performed to
upport the proposed mechanism. The fragmentation process of
etastable Thym(NH3)1

+ (m = 1–4) was also investigated using
eflectron time-of-flight mass spectrometry to further confirm
he mechanism of the proton transfer forming the ammonium
on in the cluster.

. Experimental methods

The experimental set-up was described elsewhere [29].
riefly, the apparatus is a typical molecular beam machine with
linear time-of-flight mass spectrometer (TOF-MS). The pow-
er sample of thymine was heated to 230 ◦C in a metal oven,
nd the vapor was expanded through a 0.5-mm hole of a pulsed
ozzle with a mixture of ammonia and argon at a total stagnation
ressure of 1–2 atm. The expanded gas passed through a 1-mm
ole of a skimmer and was ionized by R2PI using ns or fs laser
ulses in the ionization region of TOF-MS. The ions were accel-
rated toward a field-free region of TOF-MS and then detected
y a microchannel plate.

The fourth harmonic of an Nd:YAG laser (266 nm, 6 ns,
0 mJ/pulse) was used in ns-R2PI. For fs-R2PI, the third har-
onic (267 nm, 400 fs, 1 �J/pulse) of the fundamental light

enerated by a commercial regeneratively amplified Ti:sapphire
aser was used. Thymine was purchased from Aldrich Chemical
ompany and used without further purification.

. Results and discussion

Fig. 1a and b shows the mass spectra of Thym(NH3)n
m = 1–7) obtained by ns- and fs-R2PI, respectively. The pre-
iously reported even–odd alternation in the ion intensities of
nsolvated thymine clusters is clearly seen in Fig. 1a but not
n Fig. 1b, as reported and explained in earlier papers [30,31].

i
m
2
s

ig. 1. Mass spectra of Thym(NH3)n
+ obtained by R2PI using (a) ns and (b)

s laser pulses. The dotted lines indicate ion signals of Thym(NH3)1
+. The ion

ignals for n > 1 in (b) are denoted by the number n.

he most interesting feature observed in both mass spectra is
hat the ion intensity for n = 1 of Thym(NH3)n

+ is anomalously
trong compared with those for n > 1. In Fig. 1a the ion signals
or n > 1 are completely absent, and in Fig. 1b they are less than
ne fifth of the ion signal for n = 1. This is quite a unique feature
hat has never been observed in the mass spectra of solvated van
er Waals clusters. Even the R2PI mass spectra of the closely
elated species Adem(NH3)n [32] and Thym(H2O)n [33] did not
xhibit this feature. Only the unique combination of Thy and
H3 seems to yield such anomaly.
It is possible that the anomalous feature may simply repre-

ent the abundance of neutral clusters produced in the super-
onic jet. In other words, the strong ion signal for n = 1 may
ndicate the extra stability of the mono-ammoniated thymine
lusters over other ammoniated thymine clusters, possibly due
o stronger binding of the first ammonia molecule to thymine
han the subsequent binding. This scenario is not likely, how-
ver, because the anomalous feature is observed for all sizes of
hymine clusters (m = 1–7), the majority of which have more
han one first-binding sites for ammonia molecules.

Although it is possible in principle that the anomalous fea-
ure is due to different ionization cross-sections of the clusters,

t is rather unlikely for the following reasons: First, the chro-
ophores of Thym(NH3)1 and Thym(NH3)n (n > 1) in R2PI at

66 nm are same. Second, the R2PI spectrum of thymine in a
upersonic jet exhibits only broad and unstructured absorption
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tarting at around 277 nm [34]. Hence, it is unlikely that the
lectronic absorption spectrum of Thym(NH3)1 shows any sharp
esonance band near 266 nm, which is absent in the spectrum
f Thym(NH3)n (n > 1). Third, the 2-photon energy of 266 nm
9.3 eV) is higher than the ionization potential (IP) of thymine
8.9 eV) [13] and therefore, well above those of Thym(NH3)n

35]. For this reason, an abrupt change in the ionization effi-
iency with the number of solvent molecules n will not occur in
he R2PI of Thym(NH3)n at 266 nm. This is further supported
y the fact that the R2PI mass spectrum of Thym(H2O)n does
ot exhibit the anomalous feature.

Since the anomalous feature in the mass spectrum of
hym(NH3)n

+ does not result from the intrinsic stability or dif-
erent ionization cross-sections of neutral clusters, it is likely due
o some reactions that occur in the cluster during the ionization
rocess. In R2PI, a molecule is ionized by absorbing two pho-
ons simultaneously or sequentially within the temporal width
f the laser pulse. The first photon excites the molecule to one
f the electronic excited states and the second photon ionizes
he excited molecule. Hence, the reaction responsible for any
nomalous distribution in the mass spectrum may occur either
n the electronic excited state or in the ionic state.

Between these two possibilities, we ruled out the reaction
ccurring in the excited state because the anomalous ion inten-
ity distribution was observed in both Fig. 1a and b, regardless of
he laser pulse width. Since the progress of a reaction in the elec-
ronic excited state during R2PI is limited by the temporal width
f the laser pulse, the mass spectral feature resulting from the
eaction should be markedly different between ns-R2PI and fs-
2PI, unless the reaction is so fast to be complete within the pulse
idth of the latter (∼400 fs), which is very rare. We note that

he hydrogen transfer in the excited state of phenol–(NH3)n=1−3
nd the excited state proton transfer in naphthol–(NH3)n clus-
ers, both of which are among the fastest reactions, were reported
o occur in a few tens of ps [36,37].

If, on the other hand, the reaction time in the electronic excited
tate is longer than the laser pulse width, the excited molecules
ill be mostly ionized before the reaction takes place and the
ass spectral feature will not be affected by the reaction.
As a contrasting case, it is worth noting that the even-

dd alternation in the ion intensity distribution of unsolvated
hymine clusters, which is due to intracluster photo-dimerization
n the electronic excited state [30], is not observed in the fs-
2PI mass spectrum (Fig. 1b), but clearly seen in the ns-R2PI
ass spectrum (Fig. 1a). Therefore, the observed anomaly for
hym(NH3)1

+ in both the ns- and fs-R2PI mass spectra indicates
hat it results from a reaction not in the electronic excited state
ut in the ionic state of the cluster.

We should therefore now focus our attention to what kind
f reaction in the ionic state causes the loss of ion signals of
hym(NH3)n

+ for n > 1 in contrast to the strong ion intensity
or n = 1. We suggest that a most likely candidate should be the
roton transfer from the thymine radical cation to an ammonia

olecule in the cluster following the ionization. This is sup-

orted by the fact that thymine obtains considerable acidity upon
onization by becoming the thymine radical cation [7]. Beckert
nd co-workers [21] also suggested that deprotonation in the

o
c
t

Scheme 1.

1 site is a dominant reaction channel of pyrimidine radical
ations in aqueous solution (Scheme 1). The deprotonated rad-
cal at C5–CH3 was identified as a major product of ionizing
adiation for thymine in aqueous glasses at 77 K or anhydrous
hymine crystals [16,19,38].

To find out if the proton transfer can occur in the thymine–
mmonia van der Waals clusters as in the condensed phase, we
erformed DFT calculations on the thymine–ammonia 1:1 com-
lex ion using the GAUSSIAN 03 package [39]. The structures
ere fully optimized with DFT employing a hybrid functional of
B3LYP with a standard 6-31+G(d,p) basis set. The optimized

tructures are shown in Fig. 2.
Three hydrogen-bonded forms were found and labeled as

B1+, HB2+, and HB3+. The fully optimized structure of HB1+

ould not be obtained due to its convergence to the proton-
ransferred form (PT1+) during the optimization process. The
B1+ in Fig. 2 is thus a partially optimized structure with a fixed
ond length of N1–H at 1.12 Å. The relative energies for the
ydrogen-bonded and proton-transferred forms without zero-
oint energy correction are shown in Fig. 3. The relaxed potential
nergy surface scan as a function of the N (1 or 3)–H or C–H
istance was also performed at the UB3LYP/6-31G(d) level to
nd any reaction barrier for the proton transfer. Interestingly, no
arrier was found for the proton transfer of HB1+ and HB3+.
nly HB2+ was predicted to have a barrier. With optimization
f the transition state (TS2+) at the UB3LYP/6-31+G(d,p) level,
he barrier height was estimated to be 0.77 kcal/mol.

These results of calculations are quite consistent with the
bservations in the earlier condensed phase study [16,19,21,38],
hich found the deprotonation at N1–H or C5–CH3 was the
ain reaction channel for the thymine radical cation. Therefore,
e conclude that the proton transfer of the thymine radical cation

an occur in the thymine–ammonia clusters.
The proposed mechanism is illustrated in Fig. 4. The R2PI
f Thym(NH3)n generates a thymine radical cation within the
luster. A proton of the thymine radical cation is then transferred
o an ammonia molecule, resulting in the ion core switch within
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Fig. 2. The optimized structures of Thy1(NH3)1
+ calculated at the UB3LYP/6-31+G

HB3+ and the corresponding products of proton transfer as PT1+, PT2+, and PT3+. The
to PT1+ during the optimization. Therefore, HB1+ is the structure obtained by partial

Fig. 3. Energy level diagram showing the relative energies of the reactants
(HB1+, HB2+, HB3+), the transition state (TS2+), and the products (PT1+, PT2+,
PT3+) along the reaction coordinate for proton transfer. Energy values were cal-
culated at the UB3LYP/6-31+G(d,p) level without zero-point energy correction.
The energy of HB1+ is the single-point energy at the partially optimized structure
(see the text).
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(d,p) level. The hydrogen-bonded cluster ions are labeled as HB1+, HB2+, and
fully optimized structure of HB1+ could not be obtained due to its convergence
optimization with a fixed bond length of N1–H (see the text).

he cluster from the thymine radical cation to the newly formed
mmonium ion. The final step is evaporation of most neutral
olvents by the energy released from the reaction. This leads to
he loss of ion signals for n > 1 of Thym(NH3)n

+, while increasing
he ion signal for n = 1.

To verify the formation of ammonium ion in the cluster
hrough proton transfer, we investigated metastable fragmen-
ation of Thym(NH3)1

+ using a reflectron TOF-MS. When a
etastable cluster ion decomposes into a daughter ion and a

eutral fragment in the field-free region of the TOF-MS, the
aughter ion carries a kinetic energy of Ed = (Md/Mp)Ep, where
d and Mp are the masses of the daughter and parent ions,

espectively, and Ep is the parent ion energy. Because of the
ifference in the kinetic energy, the daughter and the parent ions
enetrate into the reflectron by different amounts to obtain dif-
erent flight times, and thus become separately detected.

Fig. 5a shows the mass spectrum near the mass of
hy1(NH3)1

+ obtained by a refelctron TOF-MS under basically
he same experimental conditions as used for Fig. 1. The mass
pectra of Fig. 5b and c show the daughter ion signals that come
rom dissociation of parent Thy1(NH3)1

+, which were obtained
y applying a lower voltage (Ud

r ) to the reflectron than that used
n Fig. 5a (Up

r ). By setting Ud
r = (Md/Mp)Up

r , we can make the
aughter ion follow the same path in the reflectron with the par-
nt ion and arrive at the detector in the same flight time [40]. The
on signal of the daughter ions was fitted to a Gaussian function
nd then integrated to obtain their ion intensities.

The most remarkable finding is that NH4
+ is produced by
ragmentation of Thy1(NH3)1
+ (Fig. 5c), which suggests that

he parent ion Thy1(NH3)1
+ contains an NH4

+ ion core and a
Thy–H)• radical, in a distinctly different composition from that
f a Thy+ core and NH3. This result strongly supports our mecha-
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ig. 4. Schematic diagram for the proton transfer in Thym(NH3)n
+ that leads to

f Thym(NH3)n
+ for n > 1. An initial system of Thy1(NH3)3

+ was chosen for a
olvents, respectively.

ism for ammonium ion formation through proton transfer from
hymine radical cation to ammonia following the ionization of
hy1(NH3)n.

We note, however, that fragmentation also yields the molec-
lar ion Thy+ in addition to NH4

+ (Fig. 5b), which indicates
hat some of the parent ions may exist in the form of a complex
etween Thy+ and NH3. From the relative daughter ion intensity
f NH4

+ to Thy+, it is estimated that at least 16% of the parent
ons have NH4

+ as the core ion.

It is interesting to note that this percentage increases as

he cluster size becomes larger. In order to better represent
he fragmentation propensity, we define the fragmentation ratio

as γ i = Ii/(IA + IT–H + IT) with i = A or T–H or T, where

ig. 5. (a) Reflectron TOF mass spectra of Thym(NH3)n in the vicinity of the
ight time for m = n = 1, obtained by R2PI with ns laser pulses at 266 nm. (b)
nd (c) are the same mass spectra showing respectively the daughter ions of
he NH3 and (Thy–H)• loss channel from the parent ion of Thy1(NH3)1

+. The
pplied voltages at the reflectron were (a) +2800 V, (b) +2467 V, and (c) +352 V.
he ion signals (©) were fitted to a Gaussian function (solid line). Asterisk (*)

epresents the ion peak resulting from the loss of NH3 from Thy1(NH3)1H+.
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ong ion signal for Thym(NH3)1
+ and simultaneous reduction in the ion signals

trative example. PT and Evap represent proton transfer and evaporation of the

A, IT–H, and IT are the intensities of the daughter ions from
he loss of NH3, the (Thy–H)• radical, and the Thy neutral

olecule, respectively. Fig. 6 shows γ i measured for parent
ons of Thym(NH3)1

+ (m = 1–4). For m = 1 and 2, the loss of
H3 occurs more extensively than that of Thy or (Thy–H)•,
hich implies that a large fraction of the parent ions have Thy+

s the core ion. For m = 3 and 4, however, the loss of (Thy–H)•
ecomes totally predominant, with more than 80% of the frag-
entation occurring via the (Thy–H)• loss in contrast to the NH3

oss channel that accounts for less than 4%. These results clearly
how that NH4

+ rapidly becomes the core ion as the cluster size
ncreases in Thym(NH3)1

+.
The fact that such an anomalous distribution is not observed

hen the solvents are water, i.e., for Thym(H2O)n
+, can be

xplained by the low proton affinity of H2O [41]. The proton
ffinity of H2O is about 40 kcal/mol less than that of NH3,
hich would render the proton transfer reaction considerably
ore endothermic.
In summary, an anomalous ion intensity distribution was

bserved in the R2PI mass spectrum of Thym(NH3)n
+, with a

trong ion intensity for n = 1 and negligible ion signals for n > 1.
he culprit was proposed to be the proton transfer from the

hymine radical cation to an ammonia molecule in the cluster fol-
owing the ionization, which also causes the ion core switch from
he thymine radical cation to the ammonium ion. Subsequent

vaporation of neutral ammonia solvents results in extensive
oss of ion signals for Thym(NH3)n

+ (n > 1), while increasing the
on signal for Thym(NH3)1

+ where NH4
+ is now the ion core.

Fig. 6. Plot of the fragmentation ratio, γ i, for Thym(NH3)1
+ (m = 1–4).
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