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Abstract. We have measured mass spectra for positive ions produced from neutral 5-
fluorouracil by electron impact at energies from 0 to 100 eV. Fragment ion appearance
energies of this (radio-)chemotherapy agent have been determined for the first time and
we have identified several new fragment ions of low abundance. The main
fragmentations are similar to uracil, involving HNCO loss and subsequent HCN loss, CO
loss, or FCCO loss. The features adjacent to these prominent peaks in the mass spectra
are attributed to tautomerization preceding the fragmentation and/or the loss of one or
two additional hydrogen atoms. A few fragmentions are distinct for 5-fluorouracil
compared to uracil, most notably the production of the reactive moiety CF*". Finally,
multiphoton ionization mass spectra are compared for 5-fluorouracil from a laser thermal
desorption source and from a supersonic expansion source. The detection of a new
fragment ion at 114 u in the supersonic expansion experiments provides the first evidence
for a clustering effect on the radiation response of S-fluorouracil. By analogy with
previous experiments and calculations on protonated uracil, this is assigned to NHj3 loss
from protonated 5-fluorouracil.

1. Introduction

5-fluorouracil is a significant chemotherapy drug whose action is primarily associated
with inhibiting the synthesis of thymidine and thus DNA replication. Furthermore, it is
well established that the substitution of thymine with a 5-halouracil in the genetic
sequence of cellular DNA during replication in the presence of these dopants leads to
greater sensitivity to ionizing radiation [1-3]. In view of the generally rapid replication
of cancerous cells compared with healthy cells, this provides a strong basis for the use of
halouracil radiosensitizers in radiotherapy. However, the nanoscale interactions of
halouracil molecules with ionizing radiation have not been characterized fully to date.

1



This limits our understanding of how the presence of these molecules can affect the
earliest physical-chemical stages of the radiation response of DNA. When high-energy
ionizing radiation passes through biological tissue it produces a large amount of
secondary electrons, mostly with energies below 30 eV, and these electrons are very
effective in causing DNA strand breaks [4-7]. For this reason, low-energy electron impact
studies of radiosensitizers such as 5-fluorouracil are of particular relevance. The present
work is the most detailed experimental study of the dissociative ionization of 5-
fluorouracil to date, and includes the first determinations of fragment ion appearance
energies. This article also provides the first insights on the effects of clustering on the
molecule’s radiation response, as a simple first approximation for a condensed
environment.

To our knowledge, the only previous electron ionization mass spectrum of 5-fluorouracil
in the literature [8] was recorded in the gas-phase at 70 eV electron impact without any
proposed fragment assignments. A mass spectrum of 5-fluorouracil following single
ionization by 100 keV proton collisions was presented by Champeaux et al. [9] and was
compared with equivalent measurements on 5-XU where X = C, Br, and I. In addition to
focusing on X" loss, Champeaux et al. [9] noted comparable channels for the procution
of XCH", XC,H", XC,0H", and 5-XU" minus HNCO in all four molecules. No other
single ionization products were identified or discussed and X" production was observed
to be strongly enhanced depending on the size of the halogen.

As the literature on the dissociative ionization of 5-fluorouracil is so sparse, many of the
interpretations of the present results rely on comparisons with previous experiments on
uracil and on other halouracils. There are numerous studies of fragment cation production
from gas-phase uracil in the literature, for example, see Tabet et al. [10] and references
therein. Denifl et al. [11] present electron ionization mass spectra of gas-phase 5- and 6-
chlorouracil at 70 eV, and have determined appearance energies of the strongest product
ions. Ulrich et al. [12] and Imhoff et al. [13] have reported 70 eV electron ionization
mass spectra of positive fragment ions from gas-phase 5-bromouracil and uracil. Itild et
al. [14, 15] have studied ionization-site-dependent fragmentation of core-ionized 5-
bromouracil, uracil and thymine molecules using synchrotron radiation (330 eV) and
electron-energy-resolved photo-electron-photo-ion-photo-ion coincidence spectroscopy.
Multi-charged ion collisions with halouracils have been studied theoretically [16, 17] and
also experimentally for 5-bromouracil in the gas phase and in pure and hydrated clusters
[9, 18, 19].

Taken together, these previous studies reveal various similarities in the fragmentation
patterns of halouracil ions and those of uracil ions, most notably with respect to strong
dissociation channels involving the loss of neutral HNCO and HCN units. However, the
relative intensities of comparable fragment ion channels vary among the different
halouracils and uracil, and several relatively weak channels have only observed from
certain halouracils. For example, fragment cations associated with single neutral halogen
loss have been observed in the electron ionization mass spectra of 6-chlorouracil and 5-
bromouracil, but not 5-chlorouracil [11, 20]. The present work is the first that addresses
the dissociative ionization processes of 5-fluorouracil beyond considering a selection of
the most prominent fragment ion channels.

Low-energy electron induced strand breaks in halouracil substituted oligonucleotides
have been studied by several authors, including most recently by Rackwitz et al. [21].
This research demonstrated an increase in the strand break yields of 5-fluorouracil
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containing oligonucleotides by a factor of 1.5 to 1.6 compared with non-modified
oligonucleotides when irradiated with 10 eV electrons. Several groups have studied the
production of fragment anions of the halouracils via dissociative electron attachment and
via electron transfer in collisions with potassium atoms (see [22] and [23] and references
therein). This research has established that secondary electrons of very low energy (0 - 3
eV) are effective in producing a variety of negative ion fragments and radicals, some of
which with cross sections that are substantially higher than for uracil. However, the
production of reactive species by the dissociative ionization of 5-fluorouracil at electron
collision energies close to the molecule’s ionization threshold has not been studied
previously.

In this article, we report on positive ion fragment formation by electron impact of 5-
fluorouracil, aiming at identifying possible fragmentation pathways that are different in
comparison with uracil and thymine. Figure 1 shows the chemical structures of these
molecules. We have obtained ion yield curves and appearance energies for 47 positively
charged fragments. These results are compared with other research on uracil and the 5-
halouracils, and provide new information about the fragmentation pathways initiated by
ionizing radiation. The present work also provides the first measurements of fragment
ion production from 5-fluorouracil monomers and clusters using multiphoton ionization.

2. Experimental section
2.1. Experimental set-ups

The experimental set-up for the electron ionization measurements at the National
University of Ireland Maynooth comprises three inter-connected and differentially
pumped vacuum chambers, containing a molecular beam source, a pulsed electron beam,
and a reflectron time-of-flight mass spectrometer. The set-up has been used before for
the study of nucleobases [24-26]. The molecular beam of 5-fluorouracil was produced
by resistively heating a small oven containing 5-fluorouracil powder (99% purity from
Sigma Aldrich) to a temperature of 185 °C. Molecules effused from a capillary (0.5 mm
diameter and 4.5 mm length) in the front of the oven, and passed through a skimmer (1.2
mm diameter) into the collision chamber where they were collided with electrons.

The electron gun was pulsed at a rate of 8 kHz with a 0.5 ps pulse width. The energy
resolution of the electron beam was about 0.8 eV FWHM. The electron gun was
optimised in pulsed mode by maximizing the current on the Faraday cup and ensuring
that the current was independent of the electron energy. In this way an electron beam was
obtained with a total current that was constant down to 15 eV and dropped to 60% at 8
eV. The excellent agreement of the appearance energies of the parent ions of cytosine
[24], thymine [25] and adenine [26] obtained with the present experimental set-up
compared with literature values indicates that this drop in the current did not have a
significant effect on the recorded appearance energies.

A multichannel scaler (FastComtec 7886S) was used to acquire mass spectra, and a delay
generator (Stanford Research Systems DG535) was used to synchronise the pulsing of
the electron gun, the ion extraction voltage, and the start of the multichannel scaler.
Positively charged fragments were extracted into the mass spectrometer 0.05 ps after the
electron pulse. Data acquisition was controlled by a PC running LabVIEW code. The
electron energy was increased from 5 to 100 eV in 0.25 eV steps, and at each energy a
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mass spectrum was acquired and added to the data already accumulated. After each scan
of the electron energy (taking 220 min.), the full data set was written to a file. The full
data set used for this paper consists of 10 scans of the electron energy, and is a two-
dimensional array of ion yield as a function of flight time and of electron energy. During
the heating up of the oven no changes in the relative peak heights (notably those of the
parent ion and the strongest fragment ions at 87 u, 58-60 u, 44 u, 31 u, 28 u) were
observed. Comparison of mass spectra taken before, during and after the data acquisition
showed no sign of thermal decomposition or other undesired effects.

The experimental set-up for the multiphoton ionization experiments at the Open
University has been described previously [27, 28]. Separate experiments were performed
on vapour targets produced by a laser-thermal desorption (LTD) source and by a
supersonic expansion source. In both cases, the 5-fluorouracil molecules and / or clusters
were multiphoton ionized by a focused UV laser beam (224 nm, pulse width 7 ns, fluence
~107 Wem2). The resultant ions were detected using a reflectron time-of-flight mass
spectrometer. Background ion signals due to residual gas in the chamber were negligible.

Based closely on systems at Queen’s University Belfast [29] and Heriot Watt University
[28], the LTD source consisted of a piece of stainless steel foil onto which a layer of 5-
fluorouracil (thickness several hundred 100 um) is deposited. The front of the foil (with
the deposit) faced the extraction volume of a reflectron time-of-flight mass spectrometer.
The back of the foil was irradiated using a CW diode laser (445 nm, maximum output
power 1.0 W). The resultant heating of the foil produced a plume of sublimated 5-
fluorouracil molecules. MPI mass spectra were compared in the desorption laser power
range of 0.30-0.52 W; no changes in the relative peak heights were observed that could
indicate thermally-driven decomposition or reactivity.

The supersonic expansion source [27] consisted of a resistively-heated pinhole nozzle
(orifice diameter 50 pm) containing a cartridge loaded with 5-fluorouracil powder and a
continuous argon flow at 1 bar. The nozzle was heated to 240 °C such that a mixture of
argon and sublimated 5-fluorouracil expanded into a differential pumping stage. Part of
the expansion then passed through a skimmer into the chamber containing the mass
spectrometer and the ionizing UV laser beam.

2.2. Data analysis

The data analysis of the electron ionization measurements has been done in the same way
as described in earlier papers [24-26]. The mass resolution in the mass spectra is Am/m
=0.0045 at 130 u at 100 eV. Above 35 u adjacent peaks in the mass spectra are not fully
resolved, and ion yield curves have been extracted from the full data set by fitting groups
of adjacent peaks with sequences of normalized Gaussians.

The mass spectra feature peaks at 16 u, 17 u and 18 u due to a remnant of water vapour
in the vacuum system. By comparison with the recommended ionization cross sections
for the production of H,O" and OH" in Itikawa and Mason [30] (table 11), the ion yield
curves for 17 u and 18 u have been used for calibration of the incident electron energy.
This has been done by adjusting two parameters, the electron energy offset and the
normalisation of the 17 u and 18 u yields, and simultaneously obtaining the closest
agreement between our measured 17 u and 18 u yield curves and the ionisation cross
section data points from [30] in the range 10 - 40 eV. The estimated error in the calibration
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1s+0.3eV.

Appearance energies have been determined by fitting an onset function f(E) = c¢(E — Eo)’
convoluted with a Gaussian representing the electron energy spread to each of the ion
yield curves [25]. For ion yield curves featuring a second onset an additional term was
included in the onset function.

To our knowledge, no published calculations or measurements exist of the total ionization
cross section of 5-fluorouracil for electron impact, and no comparison can be made of the
total ion yield as a function of electron energy obtained from our mass spectra.

3. Electron ionization results and discussion
3.1. Mass spectra

Figure 2 shows the mass spectrum of 5-fluorouracil at 70 eV electron impact. We can
identify groups of peaks in the mass spectra by the number of heavy atoms (C, N, O, F)
contained in the fragments. Group 9 is the parent ion group, containing the parent ion at
130 u and its isotopes. Fragments in groups 7 and 8 have very low yields and are not
further considered in this paper. Qualitatively the mass spectrum in figure 2 is very
similar to the NIST mass spectrum [8], but the relative yields of the smaller masses in
figure 2 are higher. Such deviations may easily arise from different ion extraction
conditions and different transmission functions of mass spectrometers. The 131 u/ 130
u yield ratio is 6.7 + 0.3 %, in agreement with the natural abundance of carbon-13 in 5-
fluorouracil.

Comparison with the mass spectrum of uracil [12, 13, 31-33] provides clear indications
regarding the main fragmentation pathways of 5-fluorouracil. Comparisons with the mass
spectra of 5-bromouracil, 5-chlorouracil and 6-chlorouracil can also be made [11-13].
Following the 5-fluorouracil measurements, we have acquired a full data set of mass
spectra for uracil under the same experimental conditions, enabling us to make
comparisons at different electron impact energies.

In radiosensitizing thymine is commonly replaced with 5-fluorouracil, but a comparison
with the mass spectra of thymine [12, 31, 34] shows that replacement of the fluorine atom
with the methyl group clearly changes the fragmentation patterns. For this reason only a
few comparisons with thymine are made in this paper.

In our earlier work [24-26] for each of the nucleobases we have observed groups of 2, 3
or 4 ion yield curves (each 1 u apart) with nearly the same shape, indicating the relevance
of tautomerization in the fragmentation of these molecules. The six possible tautomeric
forms of 5-fluorouracil and their rotamers are shown in Figure 1 of Markova et al. [35].
In section 3.3 we will discuss evidence for tautomerization in the fragmentation of 5-
fluorouracil.

3.2. Appearance energies

Table 1 lists the appearance energies for most of the fragments of 5-fluorouracil. The
errors stated are relative; they were obtained directly from the Levenberg-Marquardt
algorithm used for the fitting of the onset functions. This is separate to the systematic
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error in the electron energy calibration (£0.3 eV) affects each appearance energy equally.
Naturally, absolute errors can be obtained by adding these relative and systematic
contributions in quadrature. Table 1 also lists the assignments that we consider to be the
most likely. In a number of cases only one possible configuration exists. For several
ions, the possible assignments will be discussed in detail in section 3.4. Figure 3 shows
fitted onset functions for four 5-fluorouracil fragments.

The ionization energy of 5-fluorouracil is 9.5 £ 0.2 eV, which agrees well with the
ionization energy of 9.54 + 0.02 eV for 5-fluorouracil determined by Holland et al. [36]
using photoelectron spectroscopy, and with the ionization energy of 5-chlorouracil 0o 9.38
+ 0.05 eV determined by Denifl et al. [11].

group m/q (u)  assignment appearance second
energy (eV) onset (eV)
1 12 C* 31.7+1.0
13 CH" 27.7+0.5
14 CH,"/N* 25.8+0.6
15 CH;" /NH" 29.6+1.2 36.3+1.3
2 24 G’ 322+2.0 402+1.0
25 C.H" 302+0.8 35.8+0.8
26 CoHy" / CN* 255+ 1.4
27 HCN" / CoH3" 21.4+1.0 269+0.5
28 HCNH"/ CO* 13.8+0.7 157+0.3
29 CH3;N" / HCO* 16.6 £ 0.6
30 H,CO" 22.0+0.7 28.8+ 1.0
31 CF* 180+1.4 20.2+0.5
32 HCF* 16.6 £0.4
33 H,CF* 17.6 £0.3
3 37 C:H' 297+1.3
38 CoN™/ C3Hy' 24.4+0.7 30.8+0.9
39 CoHN" 22.0+0.9 28.0+0.4
40 CoHoN' 18.8+£0.7
41 C,HO" / CoH5N* 22.0+04
42 C:H,O" / NCO" 17.0+0.6 21.8+1.7
43 HNCO" 146+1.4 19.4+0.7
44 C,HF'/ CH.NO* 15.1+0.3
45 NCF" / C,H,F* 17.9+£0.7
46 HNCF* 17.9+0.7
47 OCF* 14.8+0.2
4 50 CsN* 40.1 +£0.6
51 C;HN* 262+04
52 C3;HoN' / CGoNLH/ GO 25.0+£0.6
53 CsHsN' / C,HN," / C;HO® 19.8+0.9 241+£0.9
54 C,H>N,* / C3H,O" / CoNO™ 15.4+0.5 21.1+0.7
55 CHsN," / CHNO™ / C3F* 149 +0.8 18.2+£0.6
56 C:H:NO' / CN,O" / C3HF* 129+0.9 16.7+1.0



57 C,NF* / CsH.F* 13.5+0.2 259+03
58 C,HNF* 14.5+0.6 17.6+0.3
59 C,OF" / C;H,NF* 13.6£0.2
60 C,HOF* / C;H;NF* 14.0+0.2
5 67 C;HNO* 159+04 23.0+0.5
68 C;H,NO* 153+0.3
69 C;H;NO" / C;HN,OF 13.9+0.5
70 OCNCO" / C;HoN,O" / C;HNF* 16.2+0.7 21.1+£04
71 OCNHCO" / C;H3N,O" / C3H,NFY 13.7+0.2
73 C,NOF* 129+0.5
74 C,HNOF* 14.7+0.8 184+03
6 86 C;HNOF* 17.8£0.3
87 C;H.NOF* 114+0.2
88 C;H3;NOF* 11.5+£0.2
9 130 C4H:NOF* 9.5+0.2

Table 1. Appearance energies and second onsets for fluorouracil fragments produced by
electron impact. The errors in the appearance energies are relative and separate from the
systematic error in the energy calibration (see text).

General trends can be observed from the appearance energies listed in table 1. In each of
the groups 2 to 5, several of the ions with higher masses have appearance energies that
are similar, but the ions with the lower masses have progressively higher appearance
energies. For instance, in group 4 the 55 u to 60 u ions have similar onsets, whereas the
50uto 54 uions have the appearance energies that increase with decreasing mass. Similar
trends are observed in the other nucleobases [24-26], and can in some cases be ascribed

to loss of additional hydrogen atoms.

cation m/q (u)  appearance energy m/q (u)  appearance energy
of 5-CIU (eV)[11] of 5-FU  (eV) (present)
HCNH'"/ CO* 28 13.96 + 0.05 28 13.8+0.7
CoHNY 39 15.61 £0.10 39 22.0+0.9
CH,N* 40 12.34+0.2 40 18.8 0.7
X" 47 16.8 +0.4 31 18.0+1.4
CHX" 48 14.92 £0.07 32 16.6 = 0.4
CoHX" 60 13.97 £ 0.06 44 15.1+0.3
CHOX" 76 13.19+£0.03 60 14.0+0.2
CsHNOX' 103 11.12+0.03 87 11.4+0.2
CsH3N2O2X" 146 9.38+0.05 130 9.5+0.2

Table 2. Appearance energies for several 5-chlorouracil fragments produced by electron
impact, determined by Denifl et al. [11], compared with the appearance energies of
corresponding fragments of 5-fluorouracil (present work).

respectively.

X stands for Cl and F,



Table 2 compares the appearance energies for several fragments with the appearance
energies of corresponding fragments of 5-chlorouracil determined by Denifl et al. [11].
The appearance energies for 146 u & 130 u, 103 u & 87 u, and 28 u are in agreement,
suggesting very similar fragmentation processes with the key bonds being broken away
from the immediate vicinity of the halogen. Similarly, the appearance energies of 76 u &
60u, 60 u & 44 u, 48 u & 32 u, and 47 u & 31 u are less than 1.5 eV apart. Substantial
differences in the appearance energies of the 40 u and 39 u ions indicate that they are due
to quite different fragmentation processes of the two halouracils. Interestingly, these
fragments do not contain the halogen, which might indicate that they lost it, the potential
energy barrier of this process possibly being different for chlorine and fluorine.

3.3. The main fragmentation pathways

Based on a comparison of the mass spectra of 5-fluorouracil, uracil [12, 13], 5-
chlorouracil [11] and 5-bromourcil [12, 13], we propose that the main fragmentations of
5-fluorouracil are HNCO loss leading to the 87 u fragment ion, followed by (1) HCN loss
producing the 60 u ion, (2) CO loss producing the 59 u ion, and (3) FCCO loss producing
the 28 u ion. Loss or rearrangement of a hydrogen atom may accompany these
fragmentations leading to peaks adjacent to 87 u, 60 u, 59 u, and 28 u in the mass
spectrum. A prominent fragmentation that is distinct for 5-fluorouracil leads to the
formation of the 31 u ion. We briefly consider these fragmentations in this section.

Figure 4 shows the ion yield curves for these fragments together with the ion yield of the
130 u parent ion. The ion yield curves for 130 u, 131 u and 132 u have the same shape
over the full energy range and 131 u and 132 u are attributed to isotopes. The 131 u/ 130
u ratio is 0.067 which is close to the expected ratio of 0.051 based on isotope abundances.
Small peaks at 89 u, 75 u and 61 u are attributed to fragments of the 131 u parent isotope
and are not further considered.

86 u - 88 u (group 6)

The 87 uion is C3H2NOF' formed by HNCO loss. There are two possible configurations,
and this fragmentation is similar to the loss of HNCO from uracil producing C3H3NO".

The 88 u ion yield has the same shape as 87 u over the full energy range and has the same
appearance energy, see figure 5. This cannot be HNCO loss from the parent isotope,
because the yield ratio 88 u/ 87 u = 0.21 above 30 eV, which is higher than the isotope
ratio. Hence we assign 88 u production to NCO loss, most likely with tautomerization
immediately preceding the dissociation moving the H atom bound to one of the N atoms
to the adjacent O atom.

The 86 u ion is attributed to HNCO + H loss: it has a significantly higher appearance
energy, and its ion yield has a similar shape to 87 u (see figure 5) with yield ratio 86 u/
87 u = 0.058 above 50 eV. We attribute the rising background in the 86 u ion yield
between 12 and 18 eV to metastable decay of 87 u and 88 u in the acceleration region of
the reflectron.

A noticeable difference with uracil is in the ion yield ratio for these ions. For fluorouracil
86 u/ 87 u slowly rises from 0.052 at 40 eV to 0.058 at 100 eV, whereas for uracil 68 u /
69 u slowly rises from 0.39 at 40 eV to 0.42 at 100 eV [33].



57 u-60u (group 4)

Three different mechanisms have been proposed in the literature for the equivalents of
these fragments in uracil, thymine, 5-chlorouracil and 5-bromouracil. For 5-fluorouracil
these mechanisms are the following.

1. Successive HNCO and CO loss produces C2H2NF' (59 u), and loss of one or two H
atoms yields C;HNF" (58 u) and CoNF' (57 u). C2H3NFE' (60 u) could possibly be
produced if the H atom from the HNCO group transfers to the 59 u fragment.

2. Bond cleavage along N1-C2 and C4-C5 produces C:HoNF' (59 u), and the 60 u, 58 u
and 57 u fragments are produced in the same way as in mechanism 1.

3. Successive HNCO and HCN loss produces C;HOF" (60 u), and loss of an H atom leads
to C2OF" (59 u).

Mechanisms 1 and 3 have been proposed for the production of 39-42 u in uracil [33, 37-
39]. Denifl et al. [11] attribute the peaks at 76 u and 78 u to C;HOCI" (two isotopes),
implying mechanism 3. Imhoff et al. [13] consider mechanism 2 to be the main
mechanism for the production of the [HNC>HBr + H]" (two isotopes, 120 u and 122 u) in
S-bromouracil. Based on the equal appearance energies of the 83 u and 55 u fragments
of thymine, van der Burgt et al. [25] have argued that near threshold C3HsN" (55 u) is
formed directly by bond cleavage along N1-C2 and C4-C5, according to mechanism 2.

In 5-fluorouracil the appearance energies of 57 u to 60 u are at least 2 eV higher than that
of 87 u, see table 1. This shows that even near threshold 57 u to 60 u can be produced by
successive fragmentations, and we cannot exclude mechanism 1 over mechanism 2.

For 59 u and 60 u, the appearance energies are nearly the same, and the ion yield curves
have nearly the same shape over the full energy range, see figure 5. The ion yield ratio
59 u/ 60 u slowly rises from 0.41 at 30 eV to 0.415 at 100 eV. This similarity points to
tautomerization immediately preceding the dissociation, rather than loss of an H atom
producing the smaller fragment. All tautomers involve movement of H atoms between O
and N atoms. Based on this we consider mechanism 3 to be more likely than mechanism
1. The configurations of the 59 u and 60 u fragment ions are indicated with the dashed
lines in figure 6.

57 u and 58 u have similar appearance energies as 59 u and 60 u. The yield ratios 57 u/
58 uand 58 u/ 59 u are not constant. For both 57 u and 58 u the main rise in ion yield
occurs after the second onset, see figure 5. These second onsets are consistent with the
additional loss of one or two H atoms from 59 u formed by successive loss of HNCO and
CO according to mechanism 1. These configurations are indicated with the dash-dotted
lines in figure 6.

The low appearance energies of 57 u and 58 u are inconsistent with the loss of additional
H atoms from 59 u. We propose that these appearance energies are due to a fragmentation
involving C3HOF loss accompanied by the loss of an additional H atom via
tautomerization. The resulting configurations of 57 u and 58 u are indicated with the
dotted lines in figure 6. We do note however that the equivalent fragments (with the same
masses) are absent in the mass spectrum of uracil, so this seems to be a fragmentation that
is not occurring in uracil.

28, 31, 32 u (group 2)



At higher electron energies (above about 30 eV) the peaks at 31 u and 32 u, attributed to
CF* and HCF", are very noticeable in the mass spectra of fluorouracil. We estimate that
at 100 eV 32 u contains a 6% remnant of oxygen in the vacuum chamber. These fragments
have fairly low appearance energies (see table 1) but are only becoming prominent above
30 eV. The ion yield curves for 28 u and 31 u are shown in figure 4; 32 u is in figure 7.

31 u is due to a prominent fragmentation. The 31 u peak has a larger width than most
other peaks, indicating that it is produced in an energetic fragmentation. The appearance
energy of 31 u is much lower than that of 13 u (CH") and 13 u is also a fragment of very
low abundance. 32 u can only be formed by transfer of one hydrogen atom to CF prior
to fragmentation. Interestingly the 32 u peak is much narrower than the 31 u peak.

31 u and 32 u are produced by fragmentations that are specific to fluorouracil, because
the CH" and CH>" ions have a very low abundance in all the uracil mass spectra. We note
also that there is only a very small but broad peak at 19 u, showing that F' is produced
with very low probability. We could not reliably determine an appearance energy for 19
u.

In the mass spectrum of 5-chlorouracil at 70 eV [11], CCI" and CHCI" are also present,
but less prominently compared with fluorouracil, and CCI" is somewhat less abundant
than CHCI". In the mass spectrum of 5-bromouracil at 70 eV, CBr" and CHBr" are also
less prominent than in 5-fluorouracil, but the relative yields of these ions in the mass
spectrum of Ulrich et al. [12] are clearly higher than in the mass spectrum of Imhofft et al.
[13].

In our mass spectra of fluorouracil, 28 u is the most prominent peak, attributed to both
HCNH" and CO™. Its appearance energy is at 13.8 £ 0.7 eV, which is quite low compared
to the other smaller fragments, and only 2.4 eV higher than the appearance energy of 87
u(11.4 £0.2). The ion yield curve is shown in figure 4. In analogy with earlier work on
the halouracils and uracil [11-13, 31-33], HCNH' could be formed by FCCO loss from
87 u, but the low appearance energy suggests that it may be produced by a direct
fragmentation. 28 u is the most abundant fragment in our mass spectra above 25 eV. 28
u is also the most abundant fragment in the 5-bromouracil mass spectrum at 70 eV in [13],
but not in [12]. Also in the 5-chlorouracil mass spectrum at 70 eV the 28 u abundance is
much less [11].

3.4. Fragmentation pathways producing fragments with low yields
56 u (group 4) and 74 u (group 5)

The only possible assignment for the small but clear peak at 74 u is C;HNOF'. Charge
localization on the other fragment would yield 56 u (C:HoNO™), which is weakly present.
We propose that these fragments are formed by breakage of the C2-N3 and C5-C6 bonds
with charge localization on either fragment. Both configurations are shown in figure 6.
The higher abundance of 56 u in the mass spectra of uracil would then be understandable,
because the equivalent fragment of 74 u is 56 u for uracil. The ion yield curve for 74 u
is shown in figure 7.

68 u-72u(group 5)
In the fitting of the 67 u to 72 u group of peaks, two additional peaks at 69.5 u and 70.5
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u had to be included, see figure 8. We do not see any indication of doubly-charged parent
molecules (at 65 u) or of singly-charged dimers in our mass spectra. Therefore we
tentatively attribute the broadening of the 70 u peak to kinetic energy release from the
dissociation. At lower electron energies this broadening disappears.

The 70 u fragment likely does not contain F because 70 u is also present in the mass
spectra of uracil and thymine. Van der Burgt et al. [25] argued that the thymine fragment
could be OCNCO™ or C:HoN>O™ (both shown in figure 6), and these configurations are
also possible for fluorouracil and uracil. For fluorouracil another possible configuration
is CsHNF",

The peaks at 67 u, 68 u and 69 u are very small, and likely due to different fragmentations
than 70 u. 69 u could be due to loss of FNCO. 68 u could be due to loss of HNCO and
F. The ion yield curve of 68 u is shown in figure 7.

50u-55u(group 4)

These are a series of fragments which produce a series of small but distinct peaks in the
mass spectra. The ion yield curves have similar shapes, and the ion yield curve for 53 u
is shown in figure 7. 50 u to 54 u cannot contain the fluorine atom. The possible
assignments are listed in table 1. The 50 u - 55 u fragments have increasing appearance
energies with decreasing mass, consistent with successive loss of single hydrogen atoms.
Possible hydrogen loss sequences are CaH3oN2" (55-52 u), C3Hz.00" (54-52 u) and
C3H3.0N" (53-50 u).

37 u-47u (group 3)

In the fitting of the 41 u to 45 u peaks we have had to include half-integer peaks at 41.5
u,42.5u,43.5uand 44.5, as shown in figure 9. Atlower electron energies the broadening
of these peaks disappears. Unlike the 70 u peak discussed above, this could plausibly be
attributed to the production of doubly charged fragment ions. Alternatively, it may be an
effect of dissociative kinetic energy release. The ion yield curves for the 41 - 45 u ions
in figure 9 have been determined by assuming the broadenings to be symmetric, ie. the
contribution to 42.5 u by the broadening of 42 u has been assumed to be equal to the yield
of 41.5 u, and the contribution to 43.5 u by the broadening of 44 u has been assumed to
be equal to the yield of 44.5 u.

The 45 u to 47 u fragments are absent in the mass spectra of uracil; the ion yield curves
are shown in figure 10. Based on this, possible assignments for these fragments are NCF"
/ CoHoF" , HNCF', and COF", respectively, each formed by atom rearrangement during
the fragmentation.

The 44 u fragment is significantly more abundant in the fluorouracil mass spectra than in
uracil. Based on this we suggest that this peak has contributions from two different
fragments: C;HF " and CH,NO™. C>HF" could be formed by double HNCO loss. The ion
yield of 44 u rises very rapidly compared to the other ions in figure 9, but the appearance
energy is about 0.5 eV higher than that of 43 u. Figure 3 shows the fitting with onset
functions for these two ions.

The 43 u fragment has an approximately equal relative abundance in fluorouracil and in
uracil. Based on this, the likely assignment is HNCO®, although in fluorouracil CoF" is
also possible.
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The 38 u to 42 u fragments cannot contain F. 41 u has a higher onset than 42 u, and 40 u
down to 37 u have progressively higher onsets, pointing towards successive loss of
hydrogen atoms. Table 1 gives possible assignments.

24u-27u, 29 u (group 2)

The 27 u down to 24 u fragments have progressively higher appearance energies, which
are all higher than the appearance energy of 28 u. Also 29 u has an appearance energy
that is 2.8 eV higher than that of 28 u. The possible assignments are listed in table 1.
Each of these fragments can be formed via multiple possible fragmentations.

4. Multiphoton ionization results and discussion

Figure 11 presents resonant MPI (multiphoton ionization) mass spectra of 5-fluorouracil
targets recorded at 224 nm (photon energy 5.53 eV). Photoabsorption by nucleobases at
this wavelength is dominated by excitation to their optically-bright S>(nr*) states [40]
with sub-100 fs lifetimes [41]. Internal conversion to the electronic ground state, either
directly or via S states of mainly nr* character with ps-order lifetimes, dominates S»
deactivation [42]. Although intersystem crossing to long-lived triplet states has also been
reported [43], our previous MPI experiments on uracil and uracil-water clusters suggested
that ionization from triplet states did not contibute strongly to the total ion signals [27].
Therefore, we expect ionization from the S> and/or S; states of 5-fluorouracil to dominate
MPI in the present experimental conditions. Zgierski et al.’s [44] ab initio calculations
revealed that fluorination of uracil at the H5 site extends the lifetime of the S> state so we
expect MPI via this state to contribute to the present ion signals relatively strongly.

Adiabatic energies of the S> and Si states of 5-fluorouracil have been calculated at 4.33
and 4.15 eV [42]. Therefore, we expect the first photon absorption in our MPI
experiments to produce S2- and Si-excited molecules with excess vibrational energies of
~1.2 eV and ~1.4 eV, respectively. Due to the inefficient conversion of energy from
vibrational modes to electronic modes, this vibrational energy is expected to survive
photo-ionization and result in (at least) equivalently vibrationally-hot ions [45].

The 5-fluorouracil targets used in figure 11 were produced (a) by LTD (laser thermal
desorption) and (b) by seeding sublimated molecules in an argon expansion. LTD is a
thermal desorption process under vacuum and therefore the 5-fluorouracil target in figure
11(a) is expected to be physically similar to that produced by the Maynooth oven source.
All the ions produced by MPI in figure 11(a) are also visible in the Maynooth electron
ionization (EII) results (see figure 2 and table 1), with the exception of the weak 112 u
peak (0.3% of the (5-FU)" signal). There is a very small peak at 112 u in the NIST EII
mass spectrum [8] but this is most likely due to a trace uracil impurity in the 5-fluorouracil
sample. MPI of uracil using ns-timescale laser pulses in the range 220-234 nm produced
84 u fragment ions (uracil” minus CO) that were absent in EIl measurements and
attributed to a structural change (an isomeric transition or a dissociation) in a neutral
electronically excited state [27, 46]. As with thymine, we see no evidence for any MPI-
induced CO-loss from 5-fluorouracil that could be an indicator of similar neutral excited
state dynamics.

The most obvious difference between figure 11(a) and figure 2 is the weakness of the 87
u peak in the MPI measurement compared with the EIl measurement. At 11.4 +0.2 eV,
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the 87 u ion has the lowest appearance energy of any fragment of (5-FU)" (table 1). Two
photons at 224 nm deliver 11.07 eV, enabling only (5-FU)" production from gas-phase 5-
fluorouracil. The most likely explanation for the weakness of the 87 u peak in figure
11(a) is that 3-photon absorption by 5-fluorouracil at 224 nm (delivering 16.60 eV)
produces ions with excessive internal energy to yield a significant population of stable
C3H,NOF'. The same general explanation for a similarly weak production of CsH3sNO™
from uracil (also due HNCO loss from the radical cation) by single-colour MPI around
224 nm was supported by a strong wavelength dependence, with this fragment ion
contributing strongly to the mass spectrum at 266 nm [27].

The 5-fluorouracil mass spectra in figure 11 created by LTD and by seeding in an argon
beam differ significantly in terms of the 131 u/ 130 u signal ratio. Thisis 7+ 1 % in the
LTD measurement, matching the ratio of 6.7 % [8] due to the natural abundance of
carbon-13 in 5-fluorouracil. The much higher ratio of 89 + 6 % in the argon beam
measurement must be due to proton or hydrogen transfer reactions in neutral or ionic
clusters followed by cluster fragmentation. Various previous experiments have identified
protonated nucleobases as dissociative ionization products of pure clusters (e.g. [46]) but,
to our knowledge, this is the first observation of protonated 5-fluorouracil ([5-FU+H]")
in the gas phase. Electronic structure calculations [47] have shown that the hydrogen-
bonded uracil dimer ion relaxes to a proton-transferred form so we suggest that an
analogous proton transfer process in ionized 5-fluorouracil dimers is likely to be
responsible for most of the [5-FU+H]" signal in figure 11(b). Also by analogy with uracil,
the extra proton in [5-FU+H]" is expected to be localized preferentially on the O8 atom
[48].

While [5-FU+H]" detection provides clear evidence for the presence of clusters in the
argon beam, we did not observe any peaks at cluster ion masses (notably the dimer ion at
260 u). This suggests that the cluster ions produced by MPI in the present laser conditions
dissociated on short timescales compared with their flight times in the mass spectrometer
(several tens of microseconds). This appears to be consistent with our expectation of
vibrational excitation of at least 1.2 eV via MPI in the present experimental conditions.
This is large compared with the calculated binding energies of hydrogen-bonded and
stacked uracil dimers (0.81 and 0.36 eV, respectively) [49], so we do not expect clusters
to survive MPI without the loss of at least one molecule. It follows that the absence of
cluster ion peaks in figure 11(b) implies that the clusters in the argon beam were small,
most likely with dimers and trimers dominating. It is possible that additional Ar atoms
were present in the clusters prior to ionization. However, the pinhole nozzle temperature
of 240 °C and the fairly low speed (500 L.s!) of the pump on the expansion chamber are
not expected to enable sufficient cooling in the CW expansion for significant Ar
aggregation.

Comparing mass spectra (a) and (b) in figure 11 reveals two new features in the argon-
beam mass spectrum at 114.0 u and at 120.9 u. The absence of both in the EIIl mass
spectra of gas-phase 5-fluorouracil (figure 2 and NIST [8]) provides further evidence that
these features depend on the presence of clusters in the target beam. The 120.9 u feature
in figure 11(b) cannot be due to prompt loss of a neutral molecule from 5-FU" (130 u) or
[5-FU+H]" (131 u); it must be caused by the dissociation of excited ions as they travel
through the field free region of the reflectron mass spectrometer before reaching the
reflector (of the order of 10 us after ionization). A full description of this effect is
provided in Pandey et al.’s [45] paper about multiphoton ionized uracil and thymine. By
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comparing the observed flight time with calculated flight times, we can identify the
metastable feature as being due to 131 + 1 u — 114 + 1 u dissociation. As the feature is
not visible in figure 11(a) with its extremely strong 130 u signal, and as the 114 peak is
much stronger than its neighbours in figure 11(b), the most plausible assignment for the
feature is 131 — 114 u dissociation. This suggests that the 114 u ions observed in the
present work do not come directly from cluster ions. Instead, a cluster ion (most likely a
dimer ion) dissociates to produce protonated S5-fluorouracil, which then dissociates
(possibly following the absorption of one or more additional photons) to produce a 114 u
ion. Itis also worth noting that [ 19] observed a broad peak centred at 174 u in their multi-
charged ion impact mass spectra of 5-BrU clusters that was absent in equivalent
measurements on gas-phase 5-bromouracil (mass 191 u). They associated this peak with
OH loss from 5-bromouracil clusters. We cannot unambiguously identify an analogous
peak at 113 u above the background noise in the present MPI experiments on 5-
fluorouracil in clustering conditions (figure 11(b)).

A clear precedent exists for the production of 114 u ions from protonated 5-fluorouracil:
Sadr-Arani et al. [48] and Beach et al. [50] observed the production of 96 u ions from
collision-induced dissociation of protonated uracil (UH"). Based on DFT calculations
and tandem mass spectrometry experiments, they attributed this channel to neutral NH3
loss from UH" following (i) C2-N3 breakage with hydrogen transfer from N1 to N3, (ii)
proton transfer from O8 and N3, and then (iii) N3-C4 breakage. There is no obvious
reason why this process should be prevented by fluorination at the C5 site, so we propose
that NH3 loss from excited [5-FU+H]" is the most likely production route for the 114 u
ions observed in figure 11(b). Sadr-Arani et al. [48] calculated a free energy of +5.172
eV for C4HaNO:>" (96 u) compared with the lowest-energy form of UH" so it seems likely
that [5-FU+H]" absorbs at least one further photon in the present experiment to initiate
NH; loss. Naturally, future calculations dedicated specifically to [5-FU+H]" would be
invaluable to better understand the production mechanism for 114 u ions.

5. Conclusions

We have determined ion yield curves and appearance energies for most fragments of 5-
fluorouracil, providing further insight into the electron-impact fragmentation processes
that are characteristic for this molecule.

The main fragmentations of 5-fluorouracil are similar to uracil, and are HNCO loss
leading to the 87 u fragment ion, followed by (1) HCN loss producing the 60 u ion, (2)
CO loss producing the 59 u ion, and (3) FCCO loss producing the 28 u ion. We argue
that tautomerization preceding the fragmentation and/or loss of one or two additional
hydrogen atoms produces peaks adjacent to 87 u, 60 u, 59 u, and 28 u in the mass
spectrum.

We have found a few fragmentations that are distinct for 5-fluorouracil compared to
uracil, most prominently CF" (31 u). CF" and also CHF " are produced by fragmentations
that are specific to fluorouracil, as the CH" and CH," ions in the uracil mass spectra have
a very low abundance. We find that F' is produced with very low probability. Co;HF" (44
u) has a higher abundance in the 5-fluorouracil mass spectra, compared to C2H>" in the
uracil mass spectra, and could be formed by double HNCO loss. Several fragments such
as HCF' (32 u), NCF"/ CoHoF* (45 u), HNCF' (46 u) and OCF* (47 u) can only be formed
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by significant atomic rearrangement prior to dissociation.

The present multiphoton ionization experiments on 5-fluorouracil from a laser thermal
desorption source and from a supersonic expansion source provide the first insights into
ionization-induced reactivity between molecules within 5-fluorouracil clusters. New
products at 131 uand 114 u can be assigned to proton transfer in ionized clusters followed
by dissociation to [5-FU+H]" and then NH3 loss, by analogy with equivalent processes in
uracil cluster ions and protonated uracil. It is interesting that fluorination at H5 appears
to have little effect on these reactive pathways and calculations would be welcome to
reveal the dynamics.
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Figure 1. Left to right: chemical structures of the radiosensitizer 5-fluorouracil, the RNA
nucleobase uracil and the DNA nucleobase thymine.
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Figure 2. The mass spectrum of 5-fluorouracil at 70 eV electron energy. The numbers
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fragments.
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Figure 5. Ion yield curves for the most abundant 5-fluorouracil fragments in groups 4
and 6. 87 u is formed by HNCO loss from the parent ion. 60 u and 59 u are formed by
subsequent HCN and CO loss from 87 u. 87 u and 88 u, and also 59 u and 60 u have
nearly the same shape, suggesting tautomerization during the fragmentation of 5-
fluorouracil. For further discussions see text.
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Figure 6. The encircled regions show possible assignments of seven positive fragment
ions of 5-fluorouracil. For discussions see text.
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Figure 7. lon yield curves for four fragments of 5-fluorouracil with lower yields.
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Figure 8. Top: fitting of the half-integer peaks around 70 u with Gaussians. Bottom: Ion
yield curves for 69.5 u, 70 u, 70.5 u and the sum of these. Assuming that 69.5 u and 70.5
u are due to a broadening of the 70 u peak because of an energetic fragmentation, the sum
represents the full yield of the 70 u fragment. For further discussions see text.
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Figure 9. Top: fitting of the half-integer peaks between 41 u and 45 u with Gaussians.
Bottom: Ion yield curves for 41 u to 45 u. The ion yields of 42 u, 43 u and 44 u have
been obtained by assuming that the half-integer peaks are due to symmetric broadenings
of the 42 u, 43 u and 44 u peaks because of energetic fragmentations. For further
discussions see text.
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Figure 10. Ion yield curves for six 5-fluorouracil fragments in group 3.
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Figure 11. Multiphoton ionization mass spectra (224 nm, fluence ~10” Wem™) of (a) 5-
fluorouracil released into the gas phase by laser thermal desorption (450 nm, power 0.5
W), and (b) 5- fluorouracil seeded in a supersonic expansion of argon (see text for details).
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