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ABSTRACT

Laser photodissociation spectroscopy of the I-thymine (I"T) and I'-cytosine (I-C) nucleobase
clusters has been conducted for the first time across the regions above the electron detachment
thresholds to explore the excited states and photodissociation channels.  Although
photodepletion is strong, only weak ionic photofragment signals are observed, indicating that
the clusters decay predominantly by electron detachment. The photodepletion spectra of the I
‘T and I"-C clusters each display a prominent dipole-bound excited state (I) in the vicinity of
the vertical detachment energy (~4.0 eV). Like the previously studied I"-uracil (I'"U) cluster
[Li et al, J Chem Phys 145, 044319, (2016)], the I''T cluster also displays a second excited state
(II) centred at 4.8 eV, which we similarly assign to a m—m* nucleobase-localized transition.
However, no distinct higher-energy absorption bands are evident in the spectra of the I"-C.
TDDFT calculations are presented showing that while each of the I'T and I'-U clusters display
a single, dominant n—m* nucleobase-localized transition, the corresponding n—m* nucleobase
transitions for I'"C are split across three separate, weaker electronic excitations. I and
deprotonated nucleobase anion photofragments are observed upon photoexcitation of both I'"U
and I''T, with the action spectra showing bands (at 4.0 and 4.8 eV) for both the I' and
deprotonated nucleobase anion production. The photofragmentation behaviour of the I-C
cluster is distinctive as its I photofragment displays a relatively flat profile above the expected
vertical detachment energy. We discuss the observed photofragmentation profiles of the I
-pyrimidine clusters, in the context of the previous time-resolved measurements, and conclude
that the observed photoexcitations are primarily consistent with intracluster electron transfer
dominating in the near-threshold region, while nucleobase-centred excitations dominate close
to 4.8 eV. TDDFT calculations suggest that charge-transfer transitions (Iodide n (5p°) =
Uracil 6*) may contribute to the cluster absorption profile across the scanned spectral region,

and the possible role of these states is also discussed.
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I. INTRODUCTION

It is well established that ionizing radiation and high-energy particles passing through
biological material can efficiently produce low-energy secondary electrons.!> These low-
energy electrons are biologically important as they can cleave single- and double-DNA strands,
as well as promote fragmentation in the constituent building blocks of DNA.*1° A broad range
of experimental and theoretical studies have been conducted to characterise these processes at
the molecular level, where the low-energy electron interacts directly with components of DNA.
These studies have identified the unoccupied low-lying ©* orbitals of the nucleobases and the
dissociative ¢* phosphate orbitals as possible sites for electron capture prior to transient

negative ion formation.”!°

One novel approach for studying low-energy electron molecule coupling employs gas-phase
iodide ion-molecule clusters, where the iodide ion is photodetached to produce low-energy free
electrons with well-defined energies.!!"'® The free electrons can then be captured by the
adjacent molecule to form a temporary negative ion, with the subsequent dynamics being
probed either via photofragment action spectroscopy or time-resolved photoelectron
spectroscopy.'!"!® In recent work, we studied the photodissociation dynamics of the iodide ion-
uracil system (I"U) to more closely investigate the role played by the “spectator” iodine.'® Our
I''U study revealed that photoexcitation produced I" ion photofragments and, at lower signal
levels, deprotonated nucleobase, i.e. [U-H]", photofragments, along with electron production
from decay of a transient negative ion. The production spectra for both fragment ions displayed
two peaks centred at ~4.0 and ~4.8 eV, with the lower-energy band being assigned to excitation
of a dipole-bound excited state of the complex, while the higher-energy band was primarily
assigned to excitation of a uracil-localized m-n* transition. Although these two electronic

excited states are quite distinctive in nature, time-resolved photoelectron imaging (TRPEI)
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measurements indicated that across both bands, the I' ion was being produced via internal
conversion of the initially formed excited states back to the I''U electronic ground state
followed by I" evaporation. It was not possible to measure the TRPEI of the [U-H] fragment

dynamics due to the relatively low intensity of the ion.

Here, we extend our work on I'-U to the other pyrimidine nucleobases (thymine and cytosine)
to investigate the generality of the earlier results, focusing on the ionic fragments that are
produced following near-threshold photoexcitation. As for I-U, the I''T cluster has also been
investigated with TRPEI to investigate the electron loss channels,'®!” however, the ionic
photofragments that accompany near-threshold photoexcitation were not characterised in that
study so this is the first direct investigation of the I''T photofragment channels. Moreover, the
current work represents the first photoexcitation study of the I'*C cluster. In particular, by
comparing the photoexcitation spectra of these three nucleobase complexes, we aim to
investigate the extent to which the intrinsic electronic characteristics of the nucleobase
influence the cluster spectra, and hence to what extent the electronic excitations that occur can

be described as nucleobase-localized transitions.

II. METHODS

UV photodissociation experiments were conducted in an AmaZon (Bruker) ion-trap mass
spectrometer that has been converted for laser experiments as described in detail elsewhere.'®%°
The I'"M clusters were generated by electrospraying solutions of nucleobase and iodide in
deionized water (nucleobase solutions were 1 x 107* mol dm™, mixed with droplets of t-butyl

ammonium iodide (TBAI) at 1 x 102 mol dm™). All chemicals were purchased from Sigma

Aldrich and used without further purification.
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The I''M clusters were mass-selected and isolated in an ion-trap prior to laser irradiation. UV
photons were produced by an Nd:YAG (10 Hz, Surelite) pumped OPO (Horizon) laser across
the range 345 - 230 nm (3.6 — 5.4 eV). Scans were conducted using a 1 nm step size. The total
absorbance of the clusters is presented as photodepletion, which is calculated as the logarithm
of the ratio between the ion intensity of mass-selected I"M clusters without and with
irradiation. Photodepletion and photofragment production are corrected for laser power as

described in references 19 and 20.

The structure of the I'M (M = uracil, thymine, cytosine) clusters was studied as part of this
work using Gaussian 09.2! Cluster structures of the iodide ion coordinated to known tautomers
of the nucleobases were optimised using the B3LYP functional with the 6-311++G(2d,2p)
basis set on C, N, O and H atoms and 6-311G(d,p) on 1.22® The core electrons of the iodide
ion were described using the Stuttgart/Dresden (SDD) electron core pseudopotential.?’
Frequency calculations were performed after all geometry optimisations to ensure that all
optimised structures correspond to true energy minima. Time-dependent density functional
theory (TDDFT) calculations were performed on the lowest-energy optimised tautomer of the
I'"M clusters at the level described above. Dipole moments were calculated at the MP2/6-
311++G(2d,2p) level, 6-311G(d,p)/SDD on 1. The TDDFT method we have chosen to employ
here for the excited state calculations follows those used recently by Noguchi et al. and Stgckel

et al. in their calculations of excited states of the luciferin anion.?%?°

ITI. RESULTS

a. Geometric Structures and TDDFT calculations of the I-M clusters
Figure 1 (a-c) displays the most stable tautomer of each of the I'M (M = Uracil, Thymine,

Cytosine) clusters, calculated at the B3LYP/6-311++G(2d,2p) level, 6-311G(d,p)/SDD on 1.
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For all of the I''M clusters, the most stable structure has the nucleobase in its biologically active
form (keto-amino tautomer), with the iodide ion hydrogen-bonding to NH or CH bonds of the
nucleobase, within the plane of the nucleobase. In this orientation, the iodide ion is bound
along the axis of the permanent electric dipole moment of the isolated nucleobase. The
calculated geometric structures of the I*U and I"'T clusters are in good agreement with the
structures presented in reference 16, obtained at the ®B97XD/aug-cc-pVDZ/aug-cc-pVDZ-pp
level. To check that these structures do indeed correspond to the lowest-energy isomers, further
calculations were conducted of a selection of cluster isomers with different nucleobase
tautomers. These structures are presented in Section S1 of the supplementary material, and
confirm that the structures presented in Figure 1 are the global minima at this level of theory.
However, for I'-C, a second cluster isomer (Isomer 2 in Table S3), which contains cytosine as
the amino-oxo N3H tautomer, lies only 3.9 kJ/mol higher in energy than the global minimum
isomer. We therefore anticipate that both Isomers 1 and 2 may be present in our experiment
following electrospray ionization.”’! The presence of two isomers for IC is perhaps

unsurprising given that cytosine is known to exist in two tautomeric forms in the gas-phase.*>

34

Table 1 lists the calculated electron detachment energies of the I'"-M clusters as well as cluster
binding energies and dipole moments of the bare nucleobases. The values presented in Table 1
show that the calculations overestimate the VDEs of the I'"U and I''T clusters by ~0.18 eV. If
this trend is consistent across the nucleobases, we would expect the experimental VDEs of
Isomers 1 and 2 of I'*C to be ~3.95 eV, and ~4.01 eV, respectively. For all three I"M global
minima clusters, the binding energies of the iodide to the nucleobase are similar. This is
consistent with the calculated cluster structures, each of which involves two iodide ionic-

hydrogen bonds. Table 1 also lists the calculated vertical dipole moments of the clusters (i.e.
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the dipole moment of the neutral cluster ensemble calculated at the geometry of the ground
state anion). We note that all three neutral vertical cluster structures are sufficiently polar to

form stable dipole-bound anions. ™"’

TDDFT calculations were conducted to complement the ground state calculations presented
above, with the calculated excitation spectra for the I"“M clusters being displayed in Figure 2.
The calculated transitions energies and transition assignments are included in Section S2 of the
supplementary material. Further benchmarking TDDFT calculations of the I""M clusters are
available in the supplementary material and in reference 38. These TDDFT calculations are
not expected to accurately predict the transition intensities of dipole-bound excited states, since
the accurate calculation of such states is known to require the addition of tailored, diffuse
functionals centred on the dipole-bound orbital.>**! We note that any electronic excitations that
appear above the electron detachment threshold of the cluster will be resonance states rather
than bound excited states.*>** The accurate theoretical prediction of such states is demanding,
and beyond the scope of the current experimentally-focused work. Nonetheless, the
calculations conducted here provide a guide for interpreting the experimental results, and
follow on from other recent studies where TDDFT calculations have been successfully used to

interpret experimental results for similar anionic systems.?*

b. Photodepletion of the "M (M = U, T, C) clusters

Figure 3 displays the photodepletion spectra of the I'"M (M = uracil, thymine and cytosine)
clusters measured across the range 3.6-5.4 eV. These spectra correspond to gas-phase
absorption spectra in the limit where the excited states do not decay without fluorescence. The
spectra shown in Figure 3 are broadly similar for each of the I'"M clusters, with absorption

onsets at 3.7 eV for the I""U and I''T clusters and a slightly lower onset of ~3.6 eV for I"C. All
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of the photodepletion spectra display an absorption band (labelled I) between 3.7 — 4.2 eV that
peaks at 4.0 eV for the I'"U and I''T clusters, and at a slightly lower value of 3.9 eV for the I-C

cluster.

Above the first absorption band (I), the absorption cross section increases fairly gradually from
4.2 — 5.4 eV for the I''U cluster (Figure 5a). The I''C cluster displays a very similar
photodepletion profile, with a photodepletion cross section that increases gradually across the
same range (Figure 4c). However, the I''T photodepletion spectrum is distinctive as it shows
a more prominent and broad absorption band that peaks between 4.6 — 5.0 eV (Figure 5b). We
next turn to characterizing the photofragmentation channels across the I"M cluster series to
provide a fuller picture of the cluster photophysics, and the different decay pathways followed

by the clusters after photoexcitation.

c. Photofragmentation of the "M (M = U, T, C) clusters

Photofragment mass spectra of the I'"M clusters (M = uracil, thymine and cytosine) irradiated
at 3.95 eV (in the regions of the band I maxima) are presented in Figure 4. The mass spectra
show that at this photoexcitation energy, all of the clusters photofragment with production of
of I. In addition, the deprotonated nucleobase, [M-H]’, is also observed as a minor
photofragment for all three clusters at approximately 5, 3 and 1% of the intensity of the I'
photofragment for the uracil, thymine and cytosine clusters, respectively. We note that the
deprotonated cytosine fragment appears only very weakly. (i.e. [C-H] is approximately ten
times weaker than the [T-H]™ photofragment) in terms of ion counts accumulated under the
same experimental measurement conditions. In comparison to other molecular systems we
have studied in this instrument, the ionic photofragment intensity observed for the I""M clusters

is low despite the strong photodepletion cross sections. This indicates that photodepletion of
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these clusters across the range scanned is largely associated with pathways that result in

electron detachment.

Figure 5 displays the I photofragment production spectra for the I*M clusters. The I''U and I
‘T clusters both fragment to produce I within two bands (labelled I and II) which peak at 3.95
and 4.77 eV for I''U, and 3.92 and 4.71 for I'T. The I' production spectrum from I'-C (Figure
4c) displays an onset at 3.8 eV, and again peaks in the band I region at 3.8 eV (band I). Above
4.0 eV, the I" photofragment from I"-C is produced with a continuous, flat profile and lacks the

peak in production around 4.8 eV seen when I is produced from the I""U and I'"'T clusters.

Production spectra of the [M-H] photofragments are included in Section S3 of the
supplementary material. For I'"U and I''T, the [M-H] photofragments are produced within the
same absorption bands (I and II) as the I" photofragment (Figure 5a and 5b). In comparison to
the I" photofragment spectra, the relative intensities of bands I and II are broadly similar for
the [U-H] and [T-H] photofragments, although the [U-H] is produced somewhat more
strongly through band I than band II in comparison to the I" photofragment (Figure 5a) for the
I'-U cluster. The [C-H]" photofragment is produced very weakly throughout the scanned
spectral range for the I'-C cluster, although there is some enhancement in the photofragment

signal between 3.7 - 4.3 eV, i.e. across the band I region.

IV. DISCUSSION

a. General overview of photodecay channels
Photoexcitation of an I'"M cluster can lead to excited state decay by a number of different

pathways. In the absence of fluorescence, all of these channels will contribute to the total
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photodepletion cross section. Ionic photofragmentation is energetically possible via one of

three routes:

'M —I+M [1a]
ST +M [1b]
— HI + [M-HJ [lc]

Electron detachment at energies above the electron detachment energy of the cluster is possible
either via direct detachment [2a] or indirect processes that arise from various excited states of

the cluster ([2b]),!® or from “hot” photofragments ([2¢c] or [2d]):

I'M —>IM+e [2a]
— [IIM]* — [[IM] + & [2b]
—I+M*>I1+M+ ¢ [2¢]
— HI+ [M-H]* — HI + [M-H] + ¢ [2d]

As noted above, the ionic photofragments are produced with very low intensities across the
spectral range studied here, so the primary conclusion in terms of the photodissociation
dynamics is that electron detachment channels dominate. Indeed, the spectral profiles for the
summed electron detachment channels for all three I''M clusters (Figure S13 in the

supplementary material) closely resemble the photodepletion spectra (Figure 3).

b. On the nature of the excited states observed for the I"-M clusters
The 4.0 eV absorption band (I) present in the photodepletion spectra of the I'"U and I''T
clusters, peaks just below the experimental VDEs of 4.11 and 4.05 eV, respectively.!® It has

been previously established for these clusters that dipole-bound excited states can be accessed
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at photon energies slightly below the electron detachment threshold,'®"!8 so that the 4.0 eV band
for the I''U and I'-T clusters can be confidently assigned to excitation of a dipole-bound excited
state. Indeed, we have found clear evidence for the formation of dipole-bound excited states
within our laser-interfaced mass spectrometry instrument following near-threshold excitation
of anionic salt clusters (I"MI where M = Na, K, Cs),* and are therefore confident that these
states can be observed using our experimental method. The absorption spectrum of the I'"C
cluster in the vicinity of band I strongly resembles the absorption spectra of the I'"U and I'"T
clusters, displaying a prominent absorption band in the spectral region where the VDE of the
cluster is expected to occur. (From the calculations shown in Table 1, the VDEs of isomers 1
and 2 of I'-C would be expected to occur around 3.95 and 4.01 eV.) This leads us to assign the

3.9 eV centred absorption band (I) of I'-C to a dipole-bound excited state.

We next turn to considering the nature of the iodide-nucleobase cluster excited state(s) accessed
in the region around 4.8 eV. In our recent study of the photodissociation dynamics of I'-U, we
identified a second cluster excited state (~4.8 eV) which we assigned to a cluster transition that
was associated with a m-n* transition localized on the uracil moiety.'® This band, labelled II,
can be seen most clearly in the photofragment action spectra (e.g. the I" action spectrum from
I'-U displayed in Fig. 5a). Comparing the spectra obtained in this work for I T to those for I
-U, we can again assign a second excited state (II) for the I'-T cluster. This excited state is
visible in the photofragment action spectra, centred at ~4.75 eV (e.g. in the I photofragment
action spectrum in Fig. 5b). We note that these excited states are resolved in the photofragment
action spectra but not in the photodepletion spectra since the photodepletion spectra include
contributions from direct electron detachment [2a] above the cluster detachment threshold. For
the I'-C cluster, however, no resolved band II is evident in the I" photofragment action

spectrum.
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The TDDFT results presented in Section Illa provide some insight into the electronic spectra
of the I'-M clusters. For all three clusters, a number of charge-transitions associated with the
iodide p-orbitals (Iodide n (5p®) = Uracil 6*) are predicted across the spectral range studied
here. All of these orbitals are diffuse in nature, but with some orbital density remaining on the
molecular framework, thus indicating that they have significant dipole-bound character. In
addition, for I''U and I'- T, a single dominant transition is predicted associated with a m-orbital
nucleobase-localised transition. This transition occurs in the region of the experimentally
observed band II features, at 5.04 and 4.86 eV for I'-U and I'-T, respectively. The TDDFT
calculations predict electronic transitions for Isomer 1 of I'- C that differ from those of I'-U and
I'-T as there are three much lower-intensity m-orbital nucleobase-localised transitions predicted
for the cytosine cluster at 4.77, 5.22 and 5.43 eV. Thus the TDDFT calculations provide an
explanation for the differing nature of the experimentally observed electronic spectrum of I"-C
compared to I-U and I'-'T. Whereas the transition intensity for nucleobase-n-orbital transitions
in U and I"- T is localized in a single strong transition, producing a prominent band II feature
for each of these clusters, in isomer I of I'-C, this transition intensity is distributed across
several transitions so that no single band II feature is evident. (In uncomplexed gaseous
cytosine, weak transitions have been recorded for the keto-amino tautomer as low as ~4
eV. 33344346y Moreover, if the second I"-C isomer (II) is also present in the experiment, then
this may contribute to further distribute the transition intensity, since this isomer displays a pair

of nucleobase-localized transitions at 4.45 and 5.65 eV (Figure 2d).

The fact that the TDDFT calculated spectra of the I"-M clusters with respect to the nucleobase-
localized transitions, appear to do a good job of predicting the main features of the
photodepletion/photofragment action spectra indicates that nucleobase-localized transitions are

the primary excitations controlling the main differences in the photodepletion profiles over the
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4.2-5.2 eV region. We note that the charge-transfer transitions (Iodide n (5p®) = Uracil *)
are predicted to make significant contributions to the overall absorption profiles of the clusters.
Molecular orbitals involved in the TDDFT excitations for I'-U and I'-C (amino-oxo-N1H
tautomer) are included in Section S3 of the Supplementary Material. We note that a particularly
strong charge-transfer transition is predicted for the amino-oxo-N1H tautomer of I'-C, and

return to discussing the role of these states in Section IVd.

Finally, we turn to considering whether the two spin-orbit channels of iodine atom influence
the overall appearance of the photodepletion and photofragmentation spectra. Direct
detachment to the upper 2P1/2 neutral states of the I''T and I""U clusters was evident around 5
eV in the one-photon photoelectron spectra.'””> In a recent study of I"MI (M = Na, K, Cs)
anionic salt microclusters conducted in one of our groups, the upper (*°Py, ) spin-orbit state of
the IKI cluster was evident in the photodepletion spectrum ~0.94 eV above the lower (*P3/2)
spin-orbit state.** However, the [KI]" photofragment spectrum that accompanies the
photodepletion spectrum of this cluster revealed that no ionic photofragments were produced
across the region of the upper spin-orbit state of the cluster. We concluded that the lack of
photofragments resulted from rapid spin-orbit relaxation of the upper iodine Py, state
accompanied by electron detachment occurring on a timescale that is faster than decay to ionic
photofragments. Such dynamics had been previously observed for other iodide ion-molecule
complexes by Mabbs and coworkers, who have reported that the photodetachment dynamics
in the vicinity of the 2Py, state threshold are strongly correlated with the molecular dipole.*’
Consideration of these previous studies leads us to conclude that the upper spin-orbit dipole-
bound state of the iodide ion-pyrimidine clusters studied here is not evident in the
photodepletion spectra due to it occurring with a relatively low cross section (akin to I'

-CH3CN),* and hence being obscured by the nucleobase-centred excitations that occur over
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the same region. Any accompanying photofragments would also therefore be produced with

low cross-section, but may indeed not be observed at all as in the IKI system.**

c¢. On the distinctive electron detachment profile of the I'*T cluster

One notable difference between the photodepletion spectra of I'-'T compared to I'-U and I'-C is
the much larger cross section for photodepletion that is evident between 4.2-5.2 eV. Given that
this feature is uniquely observed in the I''T photodepletion spectrum, the enhanced
photodepletion appears to be linked to transitions centred on the thymine moiety. However, as
discussed in Section 4a, photodepletion for all three clusters is predominantly associated with
electron loss decay channels, so that a [2b] - [2d] type process must be occurring, consistent

with an enhanced probability for excitation to a dissociative or autodetaching state of the anion.

This situation is reminiscent of behaviour we observed in photoelectron spectroscopy of PtCle>
‘T clusters, where indirect electron emission was observed from the cluster following 266 nm
photoexcitation.*” The indirect electron emission is indicative of autodetachment of the anionic
cluster excited state or dissociative products. Given that the enhanced propensity for electron
detachment is centred around 4.7 eV, it seems highly probable that the state involved is a
thymine-localized n-n* excitation, or can be accessed by evolution of this state. It is important
that enhanced electron emission has been seen following 4.7 eV excitation for both the singly-
charged I"-T and the multiply-charged PtCle>~T. While 4.7 eV excitation of I"-T could in
principle produce an ~0.7 eV free electron that could be captured by the thymine to form a
valence anion, i.e.

I'T — I- Tves
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such a process is not possible from the multiply charge cluster due to the presence of repulsive
coulomb barriers on the potential energy surface, so that any free electrons are generated with

significant kinetic energy.

d. On the mechanism of photofragment production

Ionic photofragments can be formed by two general mechanisms. The first group of
mechanisms can be broadly described as intracluster electron transfer, and includes processes
that follow either dipole-bound excited state formation, ejection of a low energy electron from
the I" that subsequently undergoes electron scattering with the nucleobase or direct charge
transfer from I to the valence orbitals of the nucleobase. These process would be expected to
result in production of either the dipole-bound anion of the nucleobase, M~ (following direct
decay of the dipole-bound excited state) or, the deprotonated nucleobase anion, [M-H]. The
second type of photofragmentation mechanism follows an electronic excitation that is largely
localized on the nucleobase moiety. The pyrimidines are well known for their propensity to
decay by ultrafast relaxation back to the ground electronic state following UV excitation, and
then dissipate excess energy by thermal dissipation.’*>? In I'-M where a nucleobase-localized
transition is excited, we would anticipate formation of fragments associated with dissociation
of a hot electronic ground state.”> Any such ionic fragments formed through thermal
fragmentation of the electronic ground state system can be identified by conducting low-energy
collision-induced dissociation on the I''M clusters in the quadrupole ion trap of our
instrument.?>>> On performing low-energy collision-induced dissociation, I was observed as

the sole ionic fragment.

As discussed in Section IVb, we have assigned the ~4.0 and ~4.8 eV excited states of the '-M

clusters to a dipole-bound state and a nucleobase-localised excited state, respectively, and
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would simplistically have expected to see [M-H] (or a nucleobase dipole-bound anion) as the
photofragment from the ~4.0 eV excited state, and I" as the photofragment from the 4.8 eV
excited state. However, the photofragment mass spectra and photofragment action spectra for
all three of the iodide-pyrimidine clusters clearly show the two photofragments are produced
across both of these distinctive excited states. The inferred decay mechanisms have been
discussed in detail in our recent paper on I"-U,'® which included femtosecond time-resolved
measurements. To summarise the conclusions of that paper, both the ~4.0 eV and 4.8 eV
excited states were found to decay with long lifetimes for production of the I" ion, consistent
with internal conversion to the ground electronic state followed by evaporation of I'. The I'- T
and I'-C clusters studied in this work display similar propensities to produce I' as a
photofragment from both the 4.0 and higher energy nucleobase localized-excited states, along
with the respective [M-H] ion as a minor photofragment. This suggests that similar
photodissociation dynamics are operating in all three clusters, although direct time-resolved

measurements will be necessary to confirm this.

One of the intriguing aspects of the calculations performed as part of this study is that Iodide n
(5p® = Uracil 6* charge-transfer transitions are predicted to be reasonably strong in both the
dipole-bound region of the spectra, and in the regions close to the nucleobase localized n—m*
transitions. There are a number of aspects of the dynamics of the I''M complexes that were
previously unexplained,'*!8 that may be attributed to these charge-transfer states. In particular,
if the o* and n* excited states are strongly coupled, an excitation of the 6* state may be evident
as observed behaviour that is characteristic of the w* state, i.e. an observation of electron
detachment from a valence-bound anion state in the photoelectron spectroscopy measurements.
For example, the near-simultaneous rise of detachment signals from dipole-bound and valence-

bound signals at excitation energies near the VDE could be readily explained if there is strong
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o* and ©* coupling. This effect could also explain the instantaneous rise of valence-bound
signals around 4.7 eV, which is very challenging to explain within a picture where only n—m*
excitations occur at this energy. Of the other clusters studied in this work, the I'-C (amino-
oxo-N1H tautomer) displays particularly strong 6* and ©* coupling for the TDDFT excitations
that are predicted to occur at 5.22 and 5.27 eV (See Figures S8 and S11 of the Supplementary
Information.). This suggests an alternative explanation for the distinctive photofragmentation
behaviour of I'-C as arising due to strong 6* and ©t* coupling across the above threshold region.
Further theoretical work is clearly desirable to fully investigate the nature and role of these

charge-transfer states in the photophysics of iodide-nucleobase complexes.

V. CONCLUSIONS

Laser photodissociation spectroscopy (3.5-5.4 eV) has been applied to investigate the
dissociative channels of the I'"M clusters following photoexcitation. The photodepletion
spectra, equivalent to gas-phase absorption spectra, reveal the presence of two bands across
this spectral region for I"-U and I'-T which we have assigned to a dipole-bound excited state
(~4.0 eV) and a nucleobase-localized n-n* excitation (~4.8 eV). The primary photodecay
channel from both (above threshold) excited states corresponds to electron loss, either via direct
detachment or via indirect processes. lonic photofragmentation channels are evident as minor
processes, with photofragmentation producing I" as the dominant ionic photofragment for each
of the three clusters, with the corresponding action spectra displaying band maxima around 4.0
eVand 4.8 eV forboth I'"U and I"'T. The behaviour of the I'- C cluster is somewhat distinctive,
as although a near threshold dipole-bound excited state is again evident, photofragment ion
production is relatively flat across the spectral region scanned above the detachment energy.
We attribute this to the presence of a relatively larger and weaker number of cytosine-localised

electronic transitions associated with the I'-C cluster, and suggest that this effect is likely
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enhanced due to a second low-energy isomer (2) of the I'-C cluster also being present in the
experimental ensemble. Finally, we note that the calculations performed in this work suggest
that strong o* and m* coupling may exist in the cluster excited states. This situation should
certainly be investigated using more rigorous theoretical treatments,’®>® to provide a further

understanding of the extent of orbital coupling and its impact on the excited state photophysics.

SUPLEMENTARY MATERIAL

The supplementary material includes DFT calculations on the tautomers of the I''M clusters,
TDDFT studies of the I'M clusters, Molecular orbitals involved in the TDDFT transitions of
I'-Uracil and the amino-oxo-N1H tautomer of I'-Cytosine, production spectra of the [M-H]

photofragments, and electron detachment action spectra.
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TABLES

Table 1: Vertical detachment energies (VDE), adiabatic electron affinities (AEA),

cluster binding energies and nucleobase dipole moments. VEDs and ADEs are

calculated at the B3LYP/6-311++G(2d,2p)/SDD level, while the vertical dipole

moments were calculated at the MP2/6-311++G(2d,2p)/SDD level.

Structure I-U I-T I-CQ1) I-C(2)
Experir(r;e\?)tfl VDE 411 4.05 ) i
Calculated VDE (eV) 4.30 422 413 4.16
Calculated ADE (eV) 4.20 4.14 3.85 413
Ecnle“rz;ra]f}ﬁ‘;%) 98.6 93.9 863 1104
Nugleobase ]()Dil)"’le 6.19 5.97 8.36 9.47

a — Experimental VDEs taken from reference 15.

23|Page




FIGURES

Figure 1:

Figure 2

Figure 3:

Figure 4:

Global minima geometric structures of the I'-M clusters, where M= a) uracil, b)
thymine and c) cytosine. Clusters were optimised at the B3LYP/6-

311++G(2d,2p) level.

TDDFT excitation spectra of the I'-M clusters, where M = a) uracil, b) thymine,
¢) amino-oxo-N1H cytosine and d) amino-oxo-N3H cytosine. The red lines
correspond to transitions originating from an iodide p-orbital. The blue lines
correspond to transitions originating from a nucleobase m orbital. The full line
spectrum represents a convolution of the calculated electronic transitions with

Gaussian functions (0.25 eV HWHM).

Photodepletion spectra of the I'-M clusters across the range 3.5 — 5.4 eV, where
M = a) uracil, b) thymine and c) cytosine. The solid red lines are five-point
adjacent averages of the data points. Part a) of this Figure is reproduced from
W. L. Li, A. Kunin, E. Matthews, N. Yoshikawa, C. E. H. Dessent and D. M.
Neumark, J. Chem. Phys. 145, 044319 (2016), with the permission of AIP

publishing.

Photofragment mass spectra of the a) I"U, b) I'T and c) I'"C clusters
photoexcited at 3.95 eV (314 nm). The intensities of the ions are given as a
percentage of the intensity of the parent I"M cluster without irradiation. The I
-M cluster is denoted by an *. The inset on each spectrum shows the intensity

of the deprotonated nucleobase ([M-H]") fragment.
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Figure 5:

Photofragment production spectra of I' produced by the I'-M clusters across the
range 3.5 — 5.4 eV, where M = a) uracil, b) thymine and c) cytosine. The solid
red lines are five-point adjacent averages of the data points. Part a) of this
Figure is reproduced from W. L. Li, A. Kunin, E. Matthews, N. Yoshikawa, C.
E. H. Dessent and D. M. Neumark, J. Chem. Phys. 145, 044319 (2016), with

the permission of AIP publishing.
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