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Abstract

Laser photodissociation spectroscopy (3.1-5.7 eV) has been applied to iodide complexes of the
non-native nucleobases, 2-thiouracil (2-TU), 4-thiouracil (4-TU) and 2,4-Thiouracil (2,4-TU)
to probe the excited states and intracluster electron transfer as a function of sulphur atom
substitution. Photodepletion is strong for all clusters (I2-TU, I-4-TU and 1-2,4-TU) and is
dominated by electron detachment processes. For 1°4-TU and [-2,4-TU, photodecay is
accompanied by formation of the respective molecular anions, 4-TU" and 2,4-TU", behaviour
that is not found for other nucleobases. Notably, the I"2TU complex does not fragment with
formation of its molecular anion. We attribute the novel formation of 4-TU" and 2,4-TU" to the
fact that these valence anions are significantly more stable than 2-TU". We observe further
similar behaviour for I"4-TU and I-2,4-TU relating to the general profile of their
photodepletion spectra, since both strongly resemble the intrinsic absorption spectra of the
respective uncomplexed thiouracil molecule. This indicates that the nucleobase chromophore
excitations are determining the clusters’ spectral profile. In contrast, the I[-2-TU
photodepletion spectrum is dominated by the electron detachment profile, with the near-
threshold dipole-bound excited state being the only distinct spectral feature. We discuss these
observations in the context of differences in the dipole moments of the thionucleobases, and
their impact on the coupling of nucleobase-centred transitions onto the electron detachment

spectrum.
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1 Introduction

The production of low-energy secondary electrons when high-energy radiation passes through
biological molecules is a well-known phenomenon.'? In biological systems, these low-energy
electrons (<10eV) can induce single and double-strand breaks in DNA, leading to mutations
and genetic damage.*’ Quantum chemistry calculations have revealed that the nucleobase may
be the initial site of electron attachment in DNA, with the resulting transient negative ion (TNI)
corresponding to either a valence-bound anion via attachment to the base’s w orbital or a dipole-
bound anion.®!!" Experiments probing dissociative electron attachment have shown that an
initially formed dipole-bound state can act as a gateway to the valence-bound anion.'? Due to
the importance of low-energy electron-nucleobase interactions, a wide range of experiments
have been performed to characterise the molecular dynamics involved.'3?° One such series of
experiments have involved iodide ion-nucleobase clusters.?!>* Photoexcitation of such clusters
can be accomplished in the gas-phase, providing a highly-controllable environment for probing
low-energy electron-nucleobase coupling. The experimental approach is based on the concept
that the iodide ion is photodetached to produce a ‘spectator’ iodine atom and a low-energy free
electron with a well-defined kinetic energy that can be captured by the adjacent molecule.?”-*

The resulting TNI dynamics can then be monitored either via time-resolved photoelectron

spectroscopy or photofragment action spectroscopy.

In this work, we present the first study of complexes of iodide with the non-native nucleobases,
2-thiouracil (2-TU), 4-thiouracil (4-TU) and 2,4-thiouracil (2,4-TU) which are illustrated in
Scheme 1. We aim to probe how the cluster excited states are modified by the presence of one
or more sulphur atoms in a non-native nucleobase. Thiolated nucleobases are synthetic
analogues of native nucleobases that have been applied in radiation therapy and photodynamic

31-34

therapies for some time, motivating theory and experiments to understand their

fundamental photochemical and photophysical behavior. Investigations have focused on
understanding their photodynamics through comparison to native nucleobase excited-state

3548 Given that thionucleobases are

potential energy surfaces and relaxation pathways.
employed in both radiation therapy and phototherapy, we aim here to obtain novel experimental
information on how free electrons interact with thiolated nucleobases, both in the electronic

ground and excited states. 2
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Schemel Schematic diagram of uracil (U), 2-thiouracil (2-TU), 4-thiouracil (4-TU) and 2,4-
Thioracil (2,4-TU), illustrating how the Cz - C4oxygens of uracil are replaced with sulphur.

Low-energy interactions with 2-thiouracil have been studied recently in a crossed-beam
apparatus by Abdoul-Carime and co-workers.**-! Electron-attachment was shown to produce
three major anionic fragments, with deprotonated 2-thiouracil being the major product,
followed by the thiocyanate anion and the sulphur anion. The loss of hydrogen to form the
deprotonated anion was initially suggested to occur from a mixture of carbon or nitrogen
sites,**>* but was later found to arise from rupture of the N-H bond.>' It was also established
that molecular dissociation resulted from the initial step of dissociative electron attachment
occurring through dipole-bound anion formation. Further experiments with 1-methyl-2-
thiouracil gave fragments in line with this pattern of dissociative electron attachment, where
significant loss of the methyl group from the N1 position was also seen.’! No work has been
conducted to date to characterise the low energy electron scattering properties of 4-TU and 2,4-
TU. We note that the electronic spectrum of the deprotonated form of 2-TU has been studied
recently via laser photodissociation,® and photodetachment photoelectron spectroscopy has

been employed to characterize the molecular anions, [4-TU] and [2,4-TU].5»

2 Experimental Method

UV photodissociation experiments were conducted using a modified AmaZon (Bruker) ion-
trap mass spectrometer that has been converted for laser-interfaced mass spectrometry (LIMS)
as described previously.’>>” The I -2-TU, I' -4-TU and I -2,4-TU clusters were generated by
electrospraying solutions of thionucleobases and iodide in 98% acetonitrile and 2% deionized
water (solutions of 1 x 10* mol dm™, mixed with a CsI solution at 1 x 10* mol dm™). 2-TU

was purchased from Acros organics, 4-TU and 2,4-TU from Sigma, and Csl from Avocado
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Research Chemicals Limited. All chemicals were used without further purification.

UV photons produced by an Nd:YAG (10 Hz, Surelite) pumped optical parametric oscillator
(OPO) (Horizon) laser were used to irradiate mass isolated clusters across the range 400218
nm (3.1-5.7 eV). Scans were conducted with a 2 nm step size and ion depletion of the mass-

selected clusters were taken as equivalent to gaseous absorption using the following:

n(l‘ntOFF)
IntON

Photodepletion intensity = o

(1)

where P is the tuneable laser power (mJ), and A is the wavelength (nm). Photodepletion
intensities were averaged at each wavelength and plotted against photon energy.

Photofragment action spectra were also acquired, with spectra being produced using:

(I‘n,tFRAG)
Photofragmentation production = ’”;T £ ()

An Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)
with an ESI source was employed to perform higher-energy collision dissociation (HCD) to
explore the ground-state fragmentation characteristics of the clusters. HCD fragmentation
using the Orbitrap mass spectrometer gives tandem mass spectrometry which is similar to triple
quadrupole fragmentation.”® The instrument was operated with the following parameters:
sweep gas flow rate, 0.; sheath gas flow rate, 2.0; aux gas flow rate, 2.5; ion transfer tube
temperature, 275 °C; vaporizer temperature, 30 °C; MS1 detector, Ion Trap; MS1 scan range,
80-300; MS1 maximum injection time 100 ps; MS2 detector, Ion trap; MS2 maximum

injection time, 100 ms. HCD collisional energy was varied between 0% and 40%.

Electronic structure calculations were conducted using Gaussian 09.! Cluster structures
investigated were based on the six tautomers of the thiouracils. These were optimized at the
B3LYP/6-311++G(2d,2p) level, with 6-311G(d,p)/SDD for I. The vertical dipole moment (i.e.
the dipole moment of the neutral cluster at the ground-state geometry of the anionic cluster) of
the clusters was calculated at the MP2/6-311++G(2d,2p) level, with 6-311G(d,p)/SDD for L.
Global energy minima were confirmed for all optimized structures by performing frequency
calculations. Time-dependent density functional theory (TDDFT) calculations were performed
on the lowest-energy optimised tautomers of the I'-2-TU, I'"4-TU and I"-2,4-TU clusters to

assign the excited-state transitions. Several functionals were tested, with the calculations
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presented representing the best match to experiment.

3 Results
3.1 Geometric structures

Fig. 1 shows the lowest-energy structures of the I":2-TU, I*4-TU and I"2,4-TU clusters. (I-TU
will be used when we are discussing the group of clusters.) The calculated structures are in
good agreement with previous calculations of similar systems.??%?° Additional calculations
were conducted on other tautomers (Section S1, ESI), but the resulting cluster structures were
found to have higher relative energies. In the lowest-energy structures (Fig. 1), the iodide ion
hydrogen bonds to the nucleobases in a planar geometry through the N1 H and the C6 H. At
this location, the iodide ion is bound close to the axis of the permanent dipole moment of the

thiouracil (Section S2, ESI).

! !

\

e v /é : " - J . o J.’IJ . __é -
: ? f/‘ @ . 9

9 J J

)

b C

Fig. 1 Global minima geometric structures of a) [2,4-TU, b) I*2-TU and c) ["*4-TU clusters
obtained at the B3LYP/6-311++G(2d,2p) level of theory with SDD on I.

Table 1 displays the calculated vertical detachment energies (VDEs), binding energies and the
vertical dipole moments for the clusters. We note that the calculated vertical dipole moments
indicates that all three clusters are sufficiently polar to support a dipole-bound state.®?%* The
VDEs of the three clusters are similar to that of the native nucleobase cluster, I'-U. As the
experimentally measured VDE of I-U is 4.11eV, while the calculated VDE is 4.30 eV,*® we
expect that the experimental values for the I- TU clusters are also likely to be around 4.1 eV.
I4-TU and I-2,4-TU are calculated to possess very similar vertical dipole moments and
cluster binding energies, a result that is unsurprising given that 4-TU and 2,4-TU have similar
dipole moments.% In contrast, the dipole moment of 2-TU is much closer to that of uracil.

Indeed, the dipole moment of uracil derivatives is known to increase significantly on thialation
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at the C4 position.®

Table 1. Calculated vertical detachment energies (VDE), cluster binding energies (BE),* and
vertical dipole moments,® using B3LYP with the 6-311++G (2d,2p)/SDD basis set.

Cluster I-2,4-TU I-2-TU I-4-TU
VDE (eV) 4.35 4.30 4.32
Cluster BE (kJ mol™) 105.90 96.99 103.47
Vertical dipole moment (D) 7.09 6.68 7.10
Monomer dipole moment (D)¢ 4.67 4.20 4.47

?All binding energies are BSSE corrected.
® The vertical dipole moment is calculated at the MP2/6-311++G(2d,2p)/SDD level of theory.
¢ Ref [65].

3.2 Photodepletion spectra

Fig. 2 shows the photodepletion spectra of the I"- TU clusters obtained between 3.1-5.8 eV. The
three spectra are strikingly different, revealing that sulphur atom substitution impacts strongly
on the excited-state. The photodepletion spectrum of I-2,4-TU (Fig. 2a) displays an onset at
3.2 eV and two band maxima (I and II) at 3.5 eV and 4.3 eV. A third broad band (III) is evident
across the high energy region. Comparing the photodepletion spectrum of 1-2,4-TU to the
solution-phase absorption spectrum of 2,4-TU (Fig. 2d),% it is striking to observe that the
solution-phase spectrum of the (unclustered) thiouracil is very similar to the gas-phase
absorption spectrum of the cluster. The 2,4-TU solution-phase spectrum has two bands with
energies and intensities close to bands I and II of the gaseous cluster spectrum.®® This indicates
that the absorption spectrum of the 2,4-TU chromophore dominates the spectrum of its iodide

cluster. Band III of the photodepletion spectrum is absent from the solution-phase spectrum.

The I'-2-TU photodepletion spectrum has an onset at approximately 3.6 eV and displays a
strong absorption band (I) between 3.6-4.3 eV with Amax at 4.2 eV, followed by a flatter, broad
absorption region (II) between 4.6-5.6 eV. For this thionucleobase, the 2-TU monomer

spectrum (Fig. 2e) does not mirror the I-2-TU gaseous cluster spectrum since the monomer
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spectrum displays a broad region of absorption between 3.8-4.8 eV.% Finally, Fig. 2c shows

the gas-phase photodepletion spectrum of I"-4-TU, which displays an onset at 3.4 eV, with a

first strong and broad absorption band (I) peaking at 4.02 eV. (A shoulder feature, centred

close to 3.8 eV, is evident on the band’s low-energy side.) A higher-lying absorption band (II)

is evident from 4.76 to 5.56 eV. Intriguingly, the solution-phase spectrum of 4-TU (Fig. 2f),%

and the I"-4-TU cluster photodepletion spectrum are again very similar.
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I

a)
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80 ¢)
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T o T T

T T
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Fig. 2 Photodepletion (gas-phase absorption) spectra of a) I:2,4-TU, b) I-2-TU and ¢) I'-4-TU
across the range 3.1-5.7 eV. The solid line is a five-point adjacent average of the data points.
Aqueous absorption spectrum of (d) 2,4-TU, (e) 2-TU and (f) 4-TU across the range 3.1 — 5.8
eV (400 — 213 nm).

3.3 Photofragmentation
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3.3A Photofragment Identities

Figure 3 displays the photofragment mass spectra obtained when the I TU clusters are excited
at their absorption maxima, with Table 2 listing the photofragments observed and assignments.
The most intense photofragment for all the clusters is the m/z 127 fragment, with different
minor photofragments being produced by the three clusters. It is notable that all of these
photofragments are low-intensity, indicating that the major channel for decay is through

electron detachment.

T2,4-TU —=f
6000
127 2000
143
144
0
" 143 142 143'“/1 144 145
0 A
T T T T
9000 - [2-TU *
127
z
En, i ‘ 8000 2y
E} i 58
=
g N
L) E) El o T T ]
m/z 126 127 128 1290
m/z
58
0
T T T T
I'4-TU id
14000
127
9000 127
128
0
126 127 128 120
m/z
0
T T T T
50 100 150 200 250

m/z

Fig. 3 Photofragment difference (laseron-laserofr) mass spectrum of I TU clusters excited at 3.5
eV (354 nm), 4.2 eV (295 nm) and 4.0 eV (310 nm) photodepletion band maxima of the

individual I TU clusters respectively. *Represents the precursor cluster ion signal.

For I'-2,4-TU, the m/z 127 photofragment can be straightforwardly assigned to I', however for
I':2-TU and I'-4-TU, m/z 127 can correspond to either I" or the deprotonated anions of 2-TU
and 4-TU at the resolution of the laser-interfaced mass spectrometer.’®>’ For other iodide-

nucleobase clusters we have studied,??%2%2° we have observed both I and the respective
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deprotonated nucleobase as photofragments, indicating that the m/z 127 peak present for I"-2-
TU and I-4-TU likely corresponds to a mixture of I and [2-TU-H] or [4-TU-H]".*’ ForI"-2,4-
TU, we do indeed observe the deprotonated anion [2,4-TU-H] as a photofragment with m/z
143. Surprisingly, the molecular anion, i.e. TU", is observed as a photofragment from both I
-2,4-TU and I'-4-TU, despite the fact that the corresponding nucleobase anions have not been
observed as photofragments from other iodide-nucleobase complexes.?>?622° m/z 58 is the
final photofragment observed. This ion corresponds to SCN-, which is one of the major
dissociative electron attachment product following electron attachment to 2-TU. We note that
dissociative electron detachment to 2-TU also results in production of the [2TU-H] and S
anions.*>! While [2TU-H] appears to be produced in our experiment, S~ cannot be detected
as its mass is below the cut-off of the ion trap.’®>’ (If S~ is being produced as an undetected

photofragment in our experiment, its intensity should be comparable to that of SCN~*-!)

Finally, the **S isotope occurs with around 4.5% intensity, and studies of this cluster isotope
could clarify the ambiguity in the identities of the photofragments for the I"-2-TU and I"-4-TU
clusters. These experiments were not, however, possible here as even using the major *2S
isotope clusters, the [TU-H] photofragments were close to the detection limits of our

instrument.

Table 2 Lists of photofragments with assignments observed at the Band I maxima of the I TU

clusters, shown with the HCD collision-induced dissociation fragments.*

I-24-TU I-2-TU I-4 TU
Photofragments
m/z 58 v (SCN") v (SCN") X
m/z 127 V(@) v/ [2-TU-H]) V(I / [4-TU-H])
m/z 128 : X Y([4-TU-H])
m/z 143 Y ([24-TU-H]) - ;
m/z 144 v ([2,4-TU]) - -
HCD fragments
m/z 126.90522 ~v'major (I) ~v'major (I) ~v'major (I)
m/z 126.99735 - ~'minor ([2TU-H]) | vminor ([4TU-HJ])
m/z 142.97402 <minor ([2.4-TU-H]) - -

2 Section S4, ESI
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3.1B Photofragment production spectra

Wavelength (nm)
400 360 320 280 240

Photodepletion Intensity

—7
1

—
(=
L

Photofragment Intensity (Arb.)

0'0 I‘ | | | | | L
14e)
04

32 3.6 40 44 48 52 5.6
Photon Energy (V)
Fig. 4 a) Gas phase photodepletion spectra of I*2,4-TU with the b) I', ¢) [2,4-TU-HJ, d) [2,4-
TU] and e) SCN™ photofragment spectra across the range 3.1-5.7 eV. (Although the
photofragment intensities are arbitrary, they can be directly compared for the photofragments
from this cluster, providing a measure of branching ratio.) The solid line is a five-point adjacent

average of the data points, while the arrow represents the calculated VDE.
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Fig 4 displays the photofragment production spectra associated with I"2,4-TU, shown with the
photodepletion spectrum for comparison. 1" (Fig. 4b) is the most intense photofragment, and is
produced across the entire photodepletion spectrum with peaks in production through the band
I and band II maxima. [2,4-TU-H] is the second most intense fragment (Fig. 4c). This
photofragment’s production is also maximised through the band I and I maxima, although its
production drops sharply after the band II peak. The [2,4-TU] fragment production profile
(Fig. 4d) is similar to that of [2,4-TU-H] through the band II region, although its production
through the band I region is somewhat lower. Finally, the production spectrum of the very low
intensity photofragment, SCN, is shown in Fig. 4e. This photofragment displays a distinctive
production profile, with an onset at 3.65 eV, and production across a region that peaks just

above the band II maximum.

The m/z 127 (I and [2-TU-H]") photofragment action spectrum produced from I"-2-TU across
the region 3.1-5.7 eV is presented with the photodepletion spectrum for comparison in Fig. 5.
The photofragment production spectrum peaks at ~4.04 eV (I) and ~ 4.6 eV (II), before tailing

off to higher energies.
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Fig. 5 a) Gas phase photodepletion spectrum of I2-TU and b) the m/z 127 photofragment

action spectrum, across the range 3.1-5.7 eV. The solid line is a five-point adjacent average of
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the data points, while the arrow represents the calculated VDE.

Fig. 6 displays the photofragment production spectra for [*4-TU, along with the photodepletion
spectrum. The m/z 127 (I' and [4-TU-H]) photofragment spectrum peaks at the band I
maximum of 3.81 eV, and again with lower intensity (II) around 5.1 eV. The m/z 128 molecular
ion photofragment, [4-TU]" (Fig. 6¢), is produced only within the band I region, with an onset
at 3.5 eV. Its production spectrum displays a shoulder at ~3.6 eV prior to a well resolved peak

at 4.1 eV, with intensity that falls away sharply after the peak.

Wavelength (eV)
400 3|60 3I20 2I80 2:!0

70 4 a)

Photodepletion Intensity

Photofragment Intensity (Arb.)
]
1
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A

3 6 4. 0 4 4 4 8
Photon Energy (eV)

Fig. 6 a) Gas phase photodepletion spectrum of the I*4-TU cluster and photofragment action
spectra of b) m/z 127 and c) [4-TU] across the range 3.1-5.7 eV. (Although the photofragment
intensities are arbitrary, they can be directly compared for the photofragments from this cluster,
providing a measure of branching ratio.) The solid line is a five-point adjacent average of data

point while the arrow represents the calculated VDE.
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4 Discussion
4.1 Assignment of the observed excited states from the photodepletion spectra

The solution-phase spectrum of 2,4-TU displays two peaks over the 3.2-5.7 eV spectral region,
with Amax at 3.45 eV and 4.55 eV.%® These peaks occur at similar energies to bands I and II of
the I"-2,4-TU spectrum, indicating that the cluster excited states in these regions are associated
with -n" localized transitions of the 2,4-TU moiety. In other iodide-molecule clusters, dipole-
bound excited states have been observed in the region of the VDE.?>¢282 We anticipate that
the VDE of I"-2,4-TU should occur around 4.1 eV, so a dipole-bound excited state is expected
to occur for the cluster around this energy. The photodepletion spectrum does not display the
sharp fall-off in photodepletion intensity that is typically observed at the high-energy edge of

68,69

the dipole-bound excited state, so it is not possible to conclude that the dipole-bound

excited state exists for I"-2,4-TU from its photodepletion spectrum. This is a situation we have

observed in previous studies of iodide-pyrimidine clusters,>>*

and we will return to this point
when we discuss the cluster’s photofragment production spectra below. Band III of the
photodepletion spectrum does not correlate with any prominent transitions of the 2,4-TU
chromophore, and since this spectral region lies above the expected VDE of the cluster, it can

be assigned to direct electron detachment (Fig. S5, ESI).?>2¢

In contrast to I-2,4-TU, the I-2-TU photodepletion spectrum does not display the same
features as the solution-phase spectrum of 2-TU, which is characterised by a pair of partially-
resolved bands with Amax of 4.2 and 4.7 eV.%6 The I-2-TU spectrum displays a strong
photodepletion onset around 3.6 eV, peaking at 4.1 eV, in the vicinity of the predicted VDE
(band I). The near-threshold band is followed by a rather flat region of photodepletion between
4.6-5.6 eV. This spectral profile is typical of a number of iodide ion-polar molecule

complexes,?>2

where the band I feature has been assigned to a dipole-bound excited state
followed by a region of direct electron detachment.”®’! This leads us to assign band I to a near-
threshold dipole-bound excited state of I-2-TU. There are no strong signatures of n-n" localized
2-TU excited states evident on the photodepletion spectrum. (We note that two features can
tentatively be seen at ~ 4.5 and 5 eV in the photodepletion spectrum, which could correspond

to the n-n” 2-TU excitations. However, they can certainly not be described as prominent

spectral features, and are only just visible above the electron detachment background.)
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The solution-phase spectrum of 4-TU displays a very strong band with Amax at ~3.8 eV,
followed by a lower-intensity band with Amax at ~5.0 eV.%® These features are associated with
n-1 transitions of the 4-TU chromophore.®® The photodepletion spectrum of I4-TU displays
a band peaking at ~4.1 eV (band I), followed by a lower-intensity band (II) at 5.2 eV. Band I
could either be associated with a dipole-bound excited state or with excitation of the lower-
energy strong 4-TU m-n" transition. It is probable that contributions from both of these very
distinctive excited states are present in this excitation region as will be discussed further below.

Band II can be assigned to excitation of the higher-energy n-n” transition in the cluster.

Having performed a preliminary assignment of the excited states evident in the photodepletion
spectra of the I"-'TU clusters, it is now useful to compare the experimental spectra to TDDFT
generated spectra (Fig. 7) The TDDFT calculations are expected to predict n-n* nucleobase-
localized transitions reasonably well, but are not expected to accurately predict dipole-bound
excited states. Comparing the calculated and experimental spectra, there is good agreement
for I2,4-TU and I4-TU, while the I*2-TU calculated spectrum does not closely resemble the
photodepletion spectrum. The good agreement observed for 1+2,4-TU and I*4-TU reflects the
fact that the experimental spectra for these complexes are dominated by the m-n* nucleobase-

localized transitions.
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Fig. 7 TDDFT (M062X/ DEF2SVP) excitation spectra of a) [+2,4-TU, b) I*2-TU and c) I"4-
TU clusters. The oscillator strengths on the y axis of individual transitions > 0.005 are shown
by vertical bars while the full line spectrum is a convolution of the calculated spectrum with
Gaussian function (0.25 eV HWHM). (The red line represents transitions from an iodide p-

orbital and the green lines represent transitions from thiouracil © orbitals.)

Finally, it is of interest to consider whether the two spin-orbit states of the iodine atom in the
photodetached clusters contribute to the photodepletion spectra. Although direct detachment
to the upper P12 neutral state around 5 eV has been observed for some iodide ion pyrimidine

25,26

complexes (I-U and I'-T) via photoelectron spectroscopy, photodepletion spectra did not

clearly show the upper spin-orbit dipole-bound state.”

The I'TU complexes behaviour
appears to be in line with that of the previously studied iodide ion pyrimidine complexes (I"-U
and I"-T), in that the upper spin orbit dipole-bound excited state is not clearly evident on the
photodepletion spectra. (It would be expected to appear around 5.1 eV.) We conclude that

excitation to the upper spin-orbit state is occurring with relatively low cross section.?®
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4.2 Photofragment production

Two general mechanisms are associated with production of ionic photofragments in clusters
such as the I*TU complexes studied here. The first group correspond to various intracluster
electron-transfer processes, including events that follow dipole-bound excited state formation,
ejection of a low energy electron from I" that then undergoes electron scattering from the
thionucleobase, or straightforward charge transfer from 1" to the thionucleobase valence
orbitals.”” This group of processes are expected to result in production of either the dipole-
bound anion of the thionucleobase through direct fragmentation of the dipole-bound excited
state, or of the deprotonated thionucleobase since this is the most intense fragment expected

when the thionucleobase captures a free electron.

The second type of photofragmentation follows electronic excitation that is largely localized
on the nucleobase chromophore. Native nucleobases are known for their propensity to decay
back to the electronic ground state following UV excitation and then lose excess energy by

3 In an anion-nucleobase complex, when electronic relaxation of a

thermal dissipation.’
nucleobase centred excited state results in a return to the electronic ground state, followed by
thermal fragmentation, we expect to observe the same ionic fragments that would be produced
upon low-energy CID.”*’> On conducting CID experiments for the I TU clusters, we observed
production of the iodide ion and the respective deprotonated thionucleobase (Section S4, ESI).
Simultaneous production of I" and [TU-H]" as photofragments could therefore be interpreted as
arising from ultrafast decay of a thionucleobase-centred excited state. There are two important
points however to note. Firstly, thionucleobases are known to exhibit much less efficient
ultrafast decay than native nucleobases, potentially meaning that the I TU excited states could

be significantly longer-lived than those of iodide-native nucleobases.?”-38:4245-48

Secondly,
even in the iodide-native nucleobase clusters, excited states (both dipole-bound and nucleobase
localized) have been observed to decay with long lifetimes, consistent with internal conversion
to the ground electronic state followed by evaporation of I' and the deprotonated
nucleobase.?>*¢ Ultimately, analysis of the production profile of individual photofragments is

crucial in assigning the nature of the excited state involved in generating specific

photoproducts.

For I2-TU, the m/z 127 (I' / [2-TU-H]") photofragment profile is very like that of the
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comparable fragments for the iodide pyrimidine complexes,?*°

suggesting that similar
photofragmentation mechanisms are present, i.e. intracluster electron transfer dominates in the
near threshold region, while 2TU-centred excitations dominate close to the band II nucleobase
localized m-m* transition. In I+4-TU, the m/z 127 (I' / [4-TU-H]) photofragment displays a
similar profile to the m/z 127 photofragment of the I"*2-TU cluster, indicating the presence of
similar excited states and decay processes. However, there is a notable difference in the profile
of the second photofragment, the molecular anion, [4-TU]J". Its production profile displays a
very sharp falloff in intensity above the expected VDE, suggesting that this photofragment is
formed directly from decay of a precursor dipole-bound excited state. Our experiment does
not allow us to measure whether this anion is a dipole-bound or valence anion, although time-

resolved photoelectron spectroscopy could be applied in future experiments to clarify this.?”’!

I+2,4-TU provides the richest photofragmentation pattern. The I" ion is produced across most
of the scanned region with a profile that largely resembles that of photodepletion. (I production
decreases > 5.0 eV, but this is consistent with electron detachment increasingly dominating at
high excitation energies). The similar appearance of the I" production and the photodepletion
spectrum indicates that I" is being produced from decay of all of the excited states present for
the cluster, behaviour that again mirrors that seen for the iodide-pyrimidine complexes.?>¢ As
for the [4-TU] photofragment from I[+4-TU, the [2,4-TU] molecular anion photofragment
from I2,4-TU displays a production profile indicative of production through a dipole-bound
excited state in the region of the VDE, with a sharp fall in intensity around the expected VDE.*
Indeed, this photofragment’s production profile can be directly associated with a dipole-bound

excited state, and thus confirms that such a state is present in this region for I2,4-TU.

The profile for production of [2,4-TU-H] is similar to that of the I photofragment in the lower
energy region of the spectrum, again mirroring the behaviour of the iodide-pyrimidine
complexes.?>2?® However, its intensity drops sharply above 4.2 eV, on the high-energy edge of
the dipole-bound excited state. This leads us to conclude that the dipole-bound excited state
decays with production of both [2,4-TU] and [2,4-TU-H]". (Low level production of the [2,4-
TU-H] photofragment is observed in the region around 5.2 eV, possibly associated with decay
of the upper spin-orbit excited state). We note that the [2,4-TU] fragment is produced
considerably less strongly through the lower energy band I region than [2,4-TU-H]". Indeed,

what is surprising is that [2,4-TU] is seen at all in this region, since band I corresponds to a
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thionucleobase localized excited state. The simplest explanation of the proximity of the
thionucleobase band I excited state with the cluster dipole-bound excited state is resulting in

strong coupling of these two very distinctive excited states.

The SCN- photofragment profile from I+2,4-TU is distinctive compared to the other
photofragments, with production limited to the region between 3.6 eV-4.9 eV. It is notable
that SCN™ production does not follow the dipole-bound excited state profile established by the
[2,4-TU]" photofragment, allowing us to conclude that this fragment is not a biproduct of
electron transfer onto 2,4-TU. This spectral region corresponds to the more intense 7m-m*
localized transition of 2,4-TU. It is very notable that [2,4-TU-H] is not being produced though
this region. This suggests that the chromophore-centred excited state accessed in this region
does not decay directly back to the ground state with statistical evaporation of the primary
fragment pair, but instead evolves to eject SCN™ as a dissociative photoproduct. This behaviour
is in line with the known distinctive behaviour of thionucleobases compared to native

nucleobases.>?

5 Further Discussion

In most respects, the photophysics and photochemistry of the I-TU complexes closely
resemble those of the iodide-pyrimidine complexes studied previously.?>® Photoexcitation
predominantly results in electron detachment (likely via autodetachment following electronic
excitation of the cluster), with ionic fragmentation representing only a minor decay pathway.

However, two aspects of the results merit further discussion.

The first relates to the identities of the [4-TU] and [2,4-TU]J anions produced following
photoexcitation of I*4-TU and I2,4-TU, respectively. Photoelectron spectroscopy of [4-TU]
and [2,4-TU] was conducted by Bowen and co-workers, with the results compared to the uracil
molecular anion, U~>* While U- was identified as a dipole-bound anion, both [4-TU] and [2,4-
TU]J were found to be valence anions. Accompanying theoretical calculations revealed that
[4-TU]J and [2,4-TU] are considerably more stable as valence anions than both [2-TU] and U"
, with only [4-TU] and [2,4-TU] displaying positive vertical electron affinities.”> The
behaviour of uracil mirrors that of the other canonical nucleobases, since their valence anions

have generally been elusive in the gas-phase (except in delicate Rydberg electron transfer
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experiments),’® likely due to their low electron affinities.”” Indeed, U™ was not observed as a
photofragment in photoexcitation of I~ U,* and it appears that the I*2-TU complex studied in
this work is displaying very similar behaviour, with 2-TU not being observed as a
photofragment. Therefore, in our experiments on [*4-TU and I*2,4-TU, initial photoexcitation
in the VDE region accesses a dipole-bound excited state, which decays with formation of [4-
TU] and [2,4-TUJ as stable valence molecular anions. For I'*2-TU, photoexcitation in the
near threshold region again accesses a dipole-bound excited state, but the ultimate
photoproduct is [2-TU-H]  as the valence-bound form of [2-TU] is not sufficiently stable, so

that the dissociative electron attachment product is the end product.

In the context of the above discussion, it is notable that I"=2-TU can also be considered to be
the “odd man out” compared to I4-TU and [2,4-TU in relation to the general profile of the
photodepletion (gas-phase absorption) spectra. The photodepletion spectra of I*4-TU and I
+2,4-TU both strongly resemble the intrinsic absorption spectra of the uncomplexed
nucleobases, i.e. the nucleobase localized mn-n* transitions dominate these spectra.
Intriguingly, this is not the case for [*2-TU. Comparing the calculated properties of the clusters
(Table 1) reveals that I*2-TU has a weaker cluster binding energy and vertical dipole moment
than the other two clusters, due to the relatively lower dipole moment of 2-TU. An intriguing
possibility is that the stronger dipole moments of 4-TU and 2,4-TU are enhancing the coupling
of the electron detachment continuum to nucleobase-centred transitions. Current
understanding of the physics of how molecular excited states couple to the electron detachment

t,78_81

continuum is an area of emerging interes and further theoretical insight is urgently needed

to better understand the photophysics and electron dynamics.?! The thionucleobases provide a
useful series of molecules for extending the current studies given that the molecular dipole

changes significantly with derivatization.
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S1: DFT calculations of the tautomers of the I' “TU clusters

The structures of the I' -TU clusters (TU = 2,4-thiouracil, 2-thiouracil and 4-thiouracil) clusters

were optimised from multiple starting structures mainly from tautomers obtained by Andrze;]

Les and Ludwik Adamowicz.! The lowest energy structure of each I ‘TU cluster are presented

in Tables S1, S2 and S3 respectively. For each I" -TU cluster, the keto form was found to

produce the lowest energy structure T1.

Table S1 Calculated structures and relative electronic energies of the tautomers 2,4-thiouracil

iodide (I*2,4-TU) clusters. Structures were calculated at the B3LYP/6-311++G(2d,2p) level,

6-311G(d,p)/SDD on I (see main text for details).Energies are zero-point energy corrected.
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O e . 60.31
J
T2 f} 5 9
|
|
3‘ .(fi -
R ¢ e
” Jr”‘ 39.62 . 'f" 55.47
I
» 2
o
T3 . T6 J_{
P
P ¥ 9
[ 3 60.52 )1‘% )\ 41.33
g Ny
? 3
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Table S2 Calculated structures and relative electronic energies of the tautomers 2-thiouracil

iodide (I"*2-TU) clusters. Structures were calculated at the B3ALYP/6-311++G(2d,2p) level, 6-

311G(d,p)/SDD on I (see main text for details).Energies are zero-point energy corrected

Tautomer Energy Tautomer Energy
(kJ/mol) (kJ/mol)
T
.
[
60.22
"~ 0.0
T2
o
a | : i
o LA,
f//) 70.25 44.88
J
T3 T6
¥
r
f' i
66.73 55.98
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Table S3 Calculated structures and relative electronic energies of the tautomers 4-thiouracil

iodide (I"*4-TU) clusters. Structures were calculated at the B3LYP/6-311++G(2d,2p) level, 6-

311G(d,p)/SDD on I (see main text for details).Energies are zero-point energy corrected

Tautomer Energy Tautomer Energy
(kJ/mol) (kJ/mol)

T1

‘r T4

@ ' '/‘\ o/-‘
l 0.0 59.15
J/‘{Q:-’f‘“x °

A ™

5
T2 T5

@
60.29 102.23
>
T3 T6
'l ?""
. 4 ,e-:'ji:;..
“9 - e
I L |
- J_,Ji:.:;c;f:;.iﬂ‘--..__
| 50.69 ! 69.20
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S2: Direction of the dipole moment of the TU molecule in the I' -“TU clusters

9
;s t
:@;}\ J/&}Q‘,, | ®

(I2,4-TU) (I2-TU) (I4-TU)

Fig. S1 The vector direction of the axis of the dipole moment of the TU molecule, calculated

for the neutral uncomplexed molecule at the geometry of the optimized ion-molecule complex.
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S3: Solution-phase absorption spectra of the I'-TU clusters

Wavelength (nm)
400 360 320 280 240
PR | M L M 1 M 1

Ta)

0.5 4

Absorption

0.0 4

_I_ T T T T T T T T T T T T 1
32 3.6 40 44 48 52 5.6
Photon Energy (eV)

Fig. S2 Aqueous absorption spectrum of (a) 2,4-TU, (b) 2-TU and (c) 4-TU across the range
3.1 -5.8eV (400 —213 nm).
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S4: Higher collisional dissociation of I'-TU clusters

Higher energy collisional dissociation (HCD) was performed on isolated I-TU clusters to
determine the ground state thermal fragments. Fig, S4 displays as a function of applied % HCD
energy, the relative intensities of the I"-TU clusters parent ion and fragments production

intensities respectively.

100 b e ]
—[2,4-TU
—
. P4TUH]
0 T T —:—- T :=.
100 4, s
£ S
< \f/ o [~:2-TU
5 /i \ﬁ\ —— [2-TU-HJ-
= 0 4,../—.-1—!—— Flm A A
T T T T T
100 4, o
\ ’,1/"
\-\ /’ e AT
/ .
0 - Za—o-c_( e e B S O o o
T - 1 - 1 - 1 - 1

0 4 8 12 16 20
% HCD

Fig. S4. Parent ion dissociation curve for [*2,4-TU, I*2-TU and I-4-TU alongside production
curves of fragments upon HCD between 0 and 20% energy. The data points fitted with the

curved lines are viewing guides to show the profile for an individual fragment.
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S5: Electron detachment spectra of I'-TU clusters

Electron detachment (ED) yield of I-TU clusters are displayed in Fig S5. Although electron
loss cannot be directly measured in our instrument, we calculate it by assuming that any
photodepleted ions that is not detected as an ionic-fragments are electron loss. (Note that our
instrument can only detect ions with m/z >50.) Therefore, our calculated electron detachment
yield is an upper limit on the true electron detachment yield, and should be treated as an

estimated yield rather than an absolute measurement.

ED = ( Photodepletion ion count -) Photofragment ion count)

Wavelength (nm)
400 360 320 280 240
a1l M 1 i 1 A 1

-,  T24-TU

30 4

% Electron Detachment Yield

i | o ] v ] o I i ] v ]
32 3.6 40 44 48 52 56
Photon Energy (eV)

Fig. S5 % Electron Detachment yield of I-2,4-TU, I"-2-TU and I'-4-TU clusters. The solid line

is a five-point adjacent average of data point.
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S6: Time dependent density functional theory data of tautomers of the I'-TU clusters

Wavelength (eV)
400 360 320 280

Absorption
Oscillator Strength

nll i llllu ||| 'l ll 0.0

32 36 40 4.4 48 52 56
Excitation Energy (eV)

Fig. S6 TDDFT excitation spectra of the tautomers of 1+2,4-TU clusters for the structures
shown in Table S1. The oscillator strengths (OSC.) on the y axis of individual transitions >
0.005 within the experimental scan range are shown by vertical bars while the full line spectrum

is a convolution of the calculated spectrum with Gaussian function (0.25 eV HWHM).
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Fig. S7 TDDFT excitation spectra of the tautomers of I"*2-TU clusters for the structures shown
in Table S2. The oscillator strengths (OSC.) on the y axis of individual transitions > 0.005
within the experimental scan range are shown by vertical bars while the full line spectrum is a

convolution of the calculated spectrum with Gaussian function (0.25 eV HWHM).

Page | 39



Wavelength (eV)
400 3(;;'0 3%0 2{'%0 2110

™ [
- 0.3
- 0.0

T2
J\/\/-U‘s
7—r—u‘—v“—r||'|—r—l—lﬁ-0.0

T3
-0.3

T4 - 0.3

Absorption
,‘ r
=
=
llator Strength

1

Osc

._JII_ ‘Il'llh _II | 1 0.0

i

L II—-J-I.-'-L-IL--O.O

1
32 36 40 44 48 52 5.6
Excitation Energy

Fig. S8 TDDFT excitation spectra of the tautomers of I"*4-TU clusters for the structures shown
in table S2. The oscillator strengths (OSC.) on the y axis of individual transitions > 0.005 within
the experimental scan range are shown by vertical bars while the full line spectrum is a

convolution of the calculated spectrum with Gaussian function (0.25 eV HWHM).
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S7: Equation-of-motion coupled-cluster singles and doubles calculations of I-2-TU

cluster

EOMCCSD

o TDDFT
5 PD  Los
[
(O]
IS
=
(@]
wn
< | N

LI IIJ | | IIII ..I 0-0

4.4

32 36 40 ) 48 52 56
Photon energy(eV)

Fig. S9 Overlaid EOMCCSD, TDDFT and photodepletion spectrum of I'-2-TU to explore the

dipole-bound state.
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S8: Molecular orbitals involved in the TDDFT transitions of I-TU clusters

3.865eV f=10.0954
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4.2034eV £=0.5295

Fig. S10 Molecular orbital transitions I"-2-TU involved in the dipole-bound excited state
predicted by EOMCCSD calculations between 3.87 —4.21 eV. The excitation energies are

offset by — 1.12 eV for comparison with the experimental data.
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Table S4 Calculated TDDFT transition energies at the B3LYP/6-311++G(2d,2p)/SDD
level of theory and oscillator strengths of the I-2,4-TU cluster. Only transitions
below 5.7 eV with oscillator strength > 0.005

Orbital transitions AE (eV) f
(0.26)35(m)>42(n*) 3.51 0.0470
(0.65)37( m)>42( *)

(0.69)41(n)>44(c*) 3.81 0.0102
(0.69)40(n)>44(c*) 3.84 0.0151
(0.53)35(n)>42(n*) 4.05 0.1301
(0.35)37( m)>43( *)

(0.26)35( m)>43( n*)

(0.69)39(n)>44(c*) 4.09 0.0407
(0.69)40(n)>45(m*) 4.29 0.0159
(0.34)35(m)>42(n*) 4.47 0.3131
(0.36)35(m)>43(n*)

(0.35)37(n)>43(n*)

(0.22)39(n)>45(m*)

(0.20)37(m)>42(n*)

(0.66)39(n)>45(m*) 4.52 0.0428
(0.63)41(n)>46(c*) 4.57 0.0518
(0.25)41(n)—>48(c*)

(0.46)35(m)>43(n*) 4.71 0.3399
(0.43)37(n)>43(n*)

(0.22)40(n)—>46(c*)

(0.63)39(n)—>46(c*) 4.85 0.0462
(0.24)39(n)—>48(c*)

(0.66)41(n)>47(c*) 4.87 0.0134
(0.67)40(n)>47(c*) 4.90 0.0207
(0.60)41(n)—>48(c*) 4.96 0.0339
(0.24)41(n)>46(c*)

(0.21)41(n)>47(c*)
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(0.61)40(n)>48(c*) 4.99 0.0321

(0.23)40(n)>46(c*)
(0.65)38(ny) >44(c*) 5.07 0.1476
(0.67)40(n)>50(c*) 5.16 0.0159
(0.61)39(n)>48(c*) 5.24 0.0413
(0.23)39(n)>47(c*)
(0.22)39(n)>46(c*)
(0.63)36(1)>44(c*) 5.35 0.0636
(0.21)38(ng)D45(n*)
(0.64)41(n)>51(c*) 5.41 0.0075
(0.65)35(1)>44(c*) 5.45 0.0313
(0.60)40(n)=>51(c*) 5.46 0.0123
(0.21)40(n)=> 53(c*)
(0.61)41(n)>52(c*) 5.61 0.0068

MO 39 MO 40 MO 41 MO 42
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MO 43 MO 44 MO 45

MO 50 MO 51 MO 53
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Table S5 Calculated TDDFT transition energies at the B3LYP/6-311++G(2d,2p)/SDD
level of theory and oscillator strengths of the I-2,4-TU cluster. Only transitions
below 5.6 eV with oscillator strength > 0.005

Orbital transitions AE (eV) f
(0.26)35(m)>42(n*) 3.51 0.0470
(0.65)37( m)>42( *)

(0.69)41(n)>44(c*) 3.81 0.0102
(0.69)40(n)>44(c*) 3.84 0.0151
(0.53)35(n)>42(n*) 4.05 0.1301
(0.35)37( m)>43( *)

(0.26)35( m)>43( n*)

(0.69)39(n)>44(c*) 4.09 0.0407
(0.69)40(n)>45(m*) 4.29 0.0159
(0.34)35(m)>42(n*) 4.47 0.3131
(0.36)35(m)>43(n*)

(0.35)37(n)>43(n*)

(0.22)39(n)>45(m*)

(0.20)37(m)>42(n*)

(0.66)39(n)>45(m*) 4.52 0.0428
(0.63)41(n)>46(c*) 4.57 0.0518
(0.25)41(n)—>48(c*)

(0.46)35(m)>43(n*) 4.71 0.3399
(0.43)37(n)>43(n*)

(0.22)40(n)—>46(c*)

(0.63)39(n)—>46(c*) 4.85 0.0462
(0.24)39(n)—>48(c*)

(0.66)41(n)>47(c*) 4.87 0.0134
(0.67)40(n)>47(c*) 4.90 0.0207
(0.60)41(n)—>48(c*) 4.96 0.0339
(0.24)41(n)>46(c*)

(0.21)41(n)>47(c*)
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(0.61)40(n)>48(c*) 4.99 0.0321

(0.23)40(n)>46(c*)
(0.65)38(ny) >44(c*) 5.07 0.1476
(0.67)40(n)>50(c*) 5.16 0.0159
(0.61)39(n)>48(c*) 5.24 0.0413
(0.23)39(n)>47(c*)
(0.22)39(n)>46(c*)
(0.63)36(1)>44(c*) 5.35 0.0636
(0.21)38(ng)D45(n*)
(0.64)41(n)>51(c*) 5.41 0.0075
(0.65)35(1)>44(c*) 5.45 0.0313
(0.60)40(n)=>51(c*) 5.46 0.0123
(0.21)40(n)=> 53(c*)
(0.61)41(n)>52(c*) 5.61 0.0068

MO 39 MO 40 MO 41 MO 42
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MO 43 MO 44 MO 45

MO 50 MO 51 MO 53

Page | 48



Table S6 Calculated TDDFT transition energies at the B3LYP/6-311++G(2d,2p)/SDD
level of theory and oscillator strengths of the I"-4-TU cluster. Only transitions

below 5.7 eV with oscillator strength > 0.005

Orbital transitions AE (eV) f
(0.71)37(n)>39(x*) 3.66 0.0067
(0.69)37(n)>40(c*) 3.82 0.0091
(0.69)36(n)>40(c*) 3.85 0.0177
(0.52)35(n)>40(c*) 4.09 0.3181
(0.44)33( m)>38( ©n*)
(0.52)33( m)=>38( n*) 4.11 0.1450
(0.46)35(n)>40(c*)
(0.69)37(n)>41(m*) 4.22 0.0059
(0.69)36(n)>42(c*) 4.26 0.0173
(0.62)37(n)>42(c*) 4.58 0.0618
(0.31)37(n)>43( 6%)
(0.62)36(n)>42( c*) 4.62 0.0583
(0.31)36(m)>43(c*)
(0.62)35(n)>42(c*) 4.86 0.0626
(0.31)35(n)>43(c*)
(0.61)37(n)—>43(c*) 4.92 0.0395
(0.33)37(n)>42(c*)
(0.61)36(n)—>43(c*) 4.95 0.0309
(0.33)36(n)>42(c*)
(0.68)34(ns)=>40(c*) 5.03 0.0727
(0.60)33(m)=>39(n*) 5.11 0.0716
(0.24)36(n)—>45(c*)
(0.20)37(n)—>44(n*)
(0.43)36(n)—>45(c*) 5.12 0.0376
(0.43)37(n)>44(n*)
(0.31)33(m)>39(n*)
(0.47)37(n)>44(n*) 5.16 0.0200
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(0.45)36(n)>45(c*)

(0.58)35(n)>43(c*) 5.19 0.0097
(0.30)35(n)>42(c*)
(0.67)35(n)>45(c*) 5.36 0.0051
(0.53)37(n)>47(c*) 5.40 0.0112
(0.37)37(n)>46(c*)
(0.58)36(n)>47(c*) 5.45 0.0079
(0.29)36(n)>46(c*)
(0.70)33(n)>41(n*) 5.61 0.0054
(0.63)34(ny) >42(c*) 5.68 0.0354
(0.67)34(ny)>43(c*)
(0.45)35(n)>47(c*) 5.69 0.0526
(0.43)35(n)>46(c*)

MO 36 MO 37 MO 38 MO 39
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MO 40 MO 41 MO 42

MO 43 MO 44 MO 45

MO 46 MO 47 MO 48

Note: The ns are transitions from non-bonding orbital of the sulphur atom while n is the iodide

n (5p°%)
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