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Abstract 

Laser photodissociation spectroscopy of the I-∙guanine complex has been conducted for the 

first time across the regions above the electron detachment threshold to explore the excited 

states and whether vertical ionization occurs from the iodide or the nucleobase.   The 

photofragment spectra reveal a prominent dipole-bound excited state (I) close to the calculated 

vertical electron detachment energy (~4.0 eV) and a second excited (II) centred around 4.8 eV, 

which we assign to -* nucleobase-localized transitions.  The ionic photofragments are 

identified as I- and I-· [G-H], with the later fragment being produced significantly more strongly 

than the former.  Both photofragments are observed across the two excited states, with 

production of the iodide being attributed to internal conversion to the ground state followed by 

evaporation.  We trace the formation of the I-· [G-H] photofragment to initial vertical ionization 

of guanine, followed by ejection of a proton.  This two-step process is important as it follows 

known steps in radiation-induced damage to DNA, namely initial formation of a guanine 

radical cation which then forms a free radical [G-H] moiety through deprotonation. Production 

of the I-· [G-H] photofragment is pronounced through II indicating that its formation is 

enhanced by coupling of the -* transitions to the electron detachment continuum. 
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1. Introduction 

Characterising the initial processes that occur in radiation chemistry and biology is an essential 

part of building a full understanding of the effect of high-energy radiation in condensed matter, 

including humans and other biological organisms.  Ionizing radiation triggers the production 

of secondary low-energy electrons, chemically reactive species that can attach directly to 

nucleobases [1].  The resulting nucleobase transient negative ions (TNIs) are important as they 

can lead to single and double-strand DNA cleavage, as well as the rupture of individual 

nucleobases. [2,3]   Due to the key importance of low-energy electron-nucleobase interactions 

in these processes, a wide number of experiments and theoretical studies have been performed 

to probe the key molecular events involved [4-12].  One such series of experiments have 

involved gas-phase iodide ion-nucleobase clusters.  Photoexcitation of these clusters provides 

a novel route for probing low-energy electron-nucleobase coupling in a highly controlled 

environment [13-16].  In these experiments, 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 an adjacent molecule [17-19].  The resulting TNI dynamics can then be 

monitored either via time-resolved photoelectron spectroscopy or photofragment action 

spectroscopy [13-21].  

 

The most extensively studied complex to date is that of iodide bound to uracil, i.e. I-·U 

[15,16,20,21].  Neumark and co-workers performed initial measurements using time-resolved 

photoelectron spectroscopy, finding that photoexcitation leads to charge transfer from the 

iodide to the nucleobase, forming a TNI that decays with a biexponential time-profile [20,21].  

Subsequent experiments investigated the role played by the spectator iodine [16].  

Photodissociation spectroscopy of the cluster produced I- photofragments as well as 

deprotonated uracil, i.e. [U-H]-, as a minor photofragmentation channel.  Electron production 

from decay of the TNI was also observed.  The production spectra for both photofragment ions 

displayed two peaks centred at ~4.0 and ~4.8 eV, with the lower-energy band being assigned 

to a dipole-bound excited state of the complex, while the higher-energy band was primarily 

assigned to excitation of a π-π* transition localized on the uracil.  Crucially, although these 

excited states are quite distinctive in nature, the time-resolved photoelectron imaging (TRPEI) 

measurements indicated that across both bands, the I- ion was being produced via internal 
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conversion of the initially formed excited states back to the I-∙U electronic ground state 

followed by I- evaporation [20,21].  

 

Further studies have been performed to investigate the electron attachment dynamics in 

thymine, cytosine and adenine via laser photodissociation studies of the I-∙N (N = thymine, 

adenine, cytosine) clusters [14,15], as well as via TRPEI [20,22,23].  These experiments 

provide a complex picture of the interplay of dipole-bound and valence-anion states formed 

following near-threshold excitation of the clusters, with the TNIs participating in cluster 

dissociation following internal conversion back to the electronic ground states.  An extensive 

review of the field has recently been published [13].  

 

In this work, we aim to complete the series of I-∙N nucleobase clusters by presenting the first 

experimental studies of the I-∙guanine cluster, i.e. I-∙G.  Guanine has been elusive to date since 

it is extremely difficult to study via molecular beam experiments using simple sample heating 

due to challenges in vaporizing the molecule [11].  Laser desorption provides an alternative 

route to transferring guanine to the gas phase that has been successfully employed in some 

experiments [24].  Guanine is also the hardest of the nucleobases to study via electrospray 

ionization due to its low solubility.  However, it is a key member of the nucleobase series as it 

is known to exhibit the lowest ionization energy [25-28], and is renowned for playing a key 

role in radiation-induced damage of DNA [29,30].  By careful optimization of the electrospray 

ionization conditions, we have been successful in making I-∙G clusters, therefore allowing us 

to study this complex via laser-induced photodissociation.  In the experiments presented here, 

we aim to establish whether near-threshold ionization results in initial electron loss from the 

iodide ion or the guanine moiety.  Both cases are interesting in the context of the resulting 

electron dynamics:  For iodide photodetachment, the resulting dynamics should involve free 

electron capture by guanine, whereas in the case where the electron is initially removed from 

guanine, the experiment may reveal details of a subsequent iodide electron to guanine hole 

electron transfer.    

 

As a purine base guanine might be expected to exhibit behaviour that is closest to the other 

purine base, adenine.  I-∙A has been investigated by Neumark and co-workers previously via 
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TRPEI of clusters produced in a plasma-ion molecular beam source [23], with two adenine 

tautomers being observed, the biologically relevant A9 tautomer along with the A3 isomer.  In 

subsequent work from our group where the I-∙A clusters were prepared by electrospray 

ionization, iodide ion clusters with the A7 tautomer were produced [14].  The photodissociation 

spectra of I-∙A displayed a strong dipole-bound excited state, as well as excitations associated 

with the nucleobase.  The overall photofragmentation profiles mirrored those of the pyrimidine 

clusters, with evidence for nucleobase free electron capture, and internal conversion of the 

excited states back to hot ground states. 

 

Guanine is known to exist in three common tautomers (9H, 7H or 3H: notation following Ref. 

[31]), according to the hydrogen atom position (N9, N7 or N3), as well as adopting keto-enol 

and cis- and trans- conformations.  From previous calculations, the 9H- and 7H-keto structures 

are almost degenerate, with some low-energy enolic forms also existing at relatively low 

energies [11, 31].  Figure 1 displays the tautomers that are present in our current experiment. 

Haranczyk and Gutowski have conducted extensive theoretical calculations on the valence and 

dipole-bound anions of guanine tautomers, finding that the 7H-Enol (7H_E) and 9H-Keto (9H) 

tautomers can form stable dipole-bound anions.  However, they concluded that none of the 

common guanine tautomers can form adiabatically stable valence anions [11].  Indeed, 

dissociative electron attachment studies of guanine have revealed that it behaves differently 

from the other nucleobases, since hydrogen atom loss from the TNI is suppressed compared to 

single-bond cleavages as well as more complex unimolecular decompositions associated with 

excision of CN units from the molecular framework [32]. 

(Figure 1) 

2. Methods 

UV photodissociation experiments were conducted in a laser-interfaced amaZon SL (Bruker 

Daltonics) ion-trap mass spectrometer as described previously [33, 34].  The clusters were 

generated by electrospraying a solution of guanine (1 × 10−4 mol dm-3) mixed with droplets of 

t-butyl ammonium iodide (1 × 10−2 mol dm-3) solution in deionized water (1 × 10−4 mol dm-3). 

To increase the solubility of guanine in water, the solution was made alkaline with droplets of 

a 30% ammonium hydroxide solution.  All chemicals were purchased from Sigma Aldrich and 

used without further purification.  Typical operating conditions of our mass spectrometer 

provide mass resolution better than 0.3 amu.  
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The I-∙G 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 ranges 326 – 221 nm (3.8 – 5.6 eV).  Scans were conducted using a 1 nm step size.  The 

total absorbance of the clusters is presented as photodepletion (PD), which is calculated as the 

logarithm of the ratio between the ion intensity of mass-selected I-∙G clusters without and with 

irradiation.  Photodepletion is corrected for the average number of photons used to dissociate 

the clusters, following Dugourd and co-workers: ln(IntOFF/IntON)/(λ·P) [35].  Here, IntON and 

IntOFF are the intensities of the parent clusters with and without irradiation respectively, λ is the 

irradiation wavelength and P is the average power of the laser.  The photodepletion of the 

clusters was averaged at each scanned wavelength.  Photofragment production spectra were 

recorded at each wavelength and corrected for the cluster intensity as well as the average 

number of photons i.e. [IntFRAG/IntOFF]/(λ·P), where IntFRAG is the intensity of fragment ions 

produced following photodissociation [35]. 

 

Electron detachment (ED) yield spectra were calculated by assuming that any depleted ions not 

detected as ionic photofragments are decaying by electron detachment, i.e. the electron 

detachment yield = [(photodepletion ion count – Σ photofragment ion counts)/IntOFF]/(λ·P).  

This analysis assumes that both the parent ions and photofragments are detected equally in the 

mass spectrometer, a reasonable assumption for the systems studied here where the parent ions 

and fragment ions are reasonably close in m/z. In the figure where we present ED spectra 

(Figure 7), we overlay this data with the photodepletion yield (PD*). PD* is the normalized 

photodepletion ion count, i.e. PD*= [(IntOFF-IntON)/IntOFF)]/(λ·P), which provides the most 

straightforward comparison to the electron detachment yield [14]. 

 

The geometric structures of the I-∙G clusters were studied computationally with Gaussian 09 

[36].  Cluster structures of the I- ions coordinated to known guanine isomers were optimised at 

the B3LYP/6-311++G(2d,2p) level of theory on C, N, O, and H, and 6-311G(d,p) on I, with 

the iodine core electrons being described using the Stuttgart/Dresden (SDD) electron core 

pseudopotential. MP2 level calculations were performed to calculate the dipole moments and 

the spin densities.  Cluster binding energies were calculated using the counterpoise correction 

method.  Frequency calculations were performed to ensure that the optimised structures 
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correspond to true energy minima.  To calculate the electronic excitations, time-dependent 

density functional theory (TD-DFT) calculations (50 states) were performed on the lowest-

energy I-∙G optimised isomers.  

 

3. Results 

3.1 Geometric structures of I-∙G 

 

Table 1 lists the relative energies and other calculated properties of the three lowest-energy 

calculated structures of the I-∙G clusters, which are shown in Figure 2.  A wide range of 

additional cluster structures were explored as part of this work, with a selection of the lowest-

energy cluster structures being presented in Section S1 of the Supplemental Material (SM).  

The iodide ion is involved in two hydrogen bonds to the guanine in each of the lowest-energy 

structures, forming ionic hydrogen-bonds to combinations of the C-H, N-H and O-H groups.  

(Numerous low-lying cluster isomers have been observed for guanine clusters previously [37].) 

In the lowest-energy I-∙G cluster, guanine is present in the 7H form rather than the 9H canonical 

form.  From a Boltzmann population analysis (Table 1), we expect that all three of the lowest-

energy isomers shown in Figure 2 will be present in our electrosprayed ion ensemble.  For 

electrospray from a protic solvent, as used in this study, the isomers should be present at ratios 

approximately equal to the gas-phase Boltzmann ones [38].  Therefore, we anticipate that I-

·G7H will dominate the electrosprayed ion sample (~ 62 %), with I-·G9H also being present at 

significant levels (~23 %).  The I-∙G7H_E tautomer is expected to be present as a minor 

constitutent (~ 15 %). 

(Table 1) 

 

For the I-·G clusters studied here, the calculated VDEs are in line with values for the related I-

·adenine and I-·pyrimidine [14,15,23].  In the I-·N clusters, detachment results in production of 

a neutral complex where the iodine atom interacts only very weakly with the nucleobase once 

the electron is removed.  The VDE of the cluster is then effectively blue-shifted from the 

electron binding energy of the bare iodide ion by the cluster ion-molecule binding energy (~1 

eV) [39,40].   We note that our calculated VDEs for the I-·G clusters are also in line with 

experimental VDEs of Ag-·G and Au-·G clusters measured by Zheng and co-workers [41, 42]. 

(Figure 2) 
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Figure 3 displays the TD-DFT calculated spectra of the lowest-energy I-∙G clusters. Such 

calculations are not expected to accurately predict dipole-bound excited states [15], since 

tailored, diffuse functionals are necessary to accurately mimic dipole-bound orbitals [43-45].  

The TD-DFT calculations predict two bands centred at ~ 4.3 and ~ 5.3 eV for the I-∙7H cluster 

(Figure 3a), with a π-π* excitation in each of these bands and a number of charge-transfer (CT) 

transitions.  Similar CT transitions have been calculated previously for other I-∙nucleobase 

complexes [14,15].  For the I-∙G9H cluster (Figure 3b), the calculations predict two strong 

transitions around 4.8 eV which are associated with two nucleobase-localized π-π* excitation.  

Between 3.6 to 4.4 eV, a lower-intensity band arises from CT transitions between the n orbital 

on I- and the nucleobase.  The spectrum of I-∙G7H_E (Figure 3c) displays a single strong band 

over the 3.6-5.0 energy range, which peaks at ~ 4.6 eV and primarily contains a π-π* transition, 

along with a rising shoulder towards the higher-energy edge since other high-intensity 

transitions occur at energies above 5.6 eV.  

(Figure 3) 

3.2  Photodepletion of I-∙G 

Figure 4 shows the photodepletion spectrum of I-∙G across the range 3.8-5.6 eV.  This spectrum 

corresponds to the gas-phase absorption spectrum of the cluster in the limit where the excited 

states decay without fluorescence [46].  It is important to note that as the system is anionic, for 

energies above the detachment energy the photodepletion spectrum (PD) will reflect 

contributions from electron detachment, as well as intracluster electronic excitations. 

(Figure 4) 

The I-∙G photodepletion spectrum displays a somewhat gradual photodepletion onset at ~ 3.8 

eV, which is followed by a flat region from 4.1 to 4.5 eV, then another rise in photodepletion 

around 4.5 eV.  Notably, the photodepletion falls above 5.2 eV, back to the level of the 4.1 to 

4.5 eV region.  The photodepletion onset of 3.8 eV is consistent with the prediction of our 

calculations, which estimated the VDEs of the two main I-∙G isomers (I-∙G7H and I-∙G9H) as 

~ 4 eV.  The minor isomer, I-∙G7H_E, is predicted to have a higher VDE of 4.36 eV, so that 

the detachment onset for this cluster is likely contributing to the relatively flat appearance of 

the region between 4.1-4.5 eV.  From previous photodepletion spectra of I-·nucleobase 

complexes [14-16], the strong enhancement in photodepletion above 4.5 eV is likely to arise 

from the presence of guanine-localized transitions.  To further explore the nature of the excited 

states, we next turn to inspecting the action spectra for the photofragments that are produced 

across the same spectral region. 
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3.3 Photofragmentation of I-∙G 

Figure 5 displays the photofragment mass spectra obtained when I -·G is excited at 4.8 and 4.0 

eV.  At these energies, the two most intense photofragments are the ions with m/z 127 and 277.  

The m/z 127 photofragment can be straightforwardly assigned to I-, with the m/z 277 ion 

corresponding to loss of a H atom from the precursor cluster, i.e. either I-· [G-H] or I·[G-H]-.  

It is likely that the m/z 277 ion is I-· [G-H] rather than I·[G-H]- as the later cluster is unlikely to 

be stable given that the neutral I atom would be extremely weakly bound to the deprotonated 

guanine, and prone to dissociation at thermal energies [47].  We note that [G-H] is a free radical 

species following H atom loss.  At 4.0 eV (Figure 5b), the two photofragments are produced 

with comparable intensities, but at 4.8 eV (Figure 5a), I-· [G-H] is produced much more strongly 

than I- (~10:1).  A small number of additional low intensity peaks are evident in the 

photofragment mass spectra corresponding to the loss of a further one or two H atoms from 

anionic guanine, or loss of a HNCO unit, a known fragmentation pathway of guanine [32, 48, 

49]. 

(Figure 5) 

To gain further insight into the production pathways for the photofragments from I-∙G, it is 

useful to consider their production spectra.  Figure 6 displays these spectra, illustrating that the 

I- and I-· [G-H] photofragments display somewhat different production spectra, with both 

displaying fragment production across two regions which we label I and II.  The more intense 

photofragment I-· [G-H] is produced only weakly across the low-energy spectral region between 

3.8-4.2 eV (band I), but very strongly across the higher-energy region from 4.4-5.2 eV peaking 

around 4.8 eV (band II).  For the less intense I- photofragment, the fragment action spectrum 

forms a clear band across the low-energy band I region, peaking at 4.0 eV.  This energy is 

notable as it corresponds to the calculated VDEs of the two lowest-energy cluster isomers.  I- 

is produced with similar intensity through the higher-energy band II region with a relatively 

flat profile, before a fall in intensity towards the high-energy spectral edge. 

 

(Figure 6) 

3.4 Electron detachment yield spectra of the X-∙A clusters 

The electron detachment yield spectrum for I-∙G is shown in Figure 7, overlaid with the 

photodepletion yield (PD*) spectrum for comparison.  Both the electron detachment yield and 

the modified photodepletion spectra largely overlap for I-∙G, except between 4.4-5.3 eV (band 
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II region).  This indicates that ionic photofragmentation is maximised between 4.4-5.3 eV 

where production of the I-· [G-H] photofragment is most prominent (Figure 6a).  However, even 

across this region, the difference between electron detachment and photodepletion is small, 

indicating that electron detachment processes still dominate.  This reflects the behaviour of the 

other I-∙N clusters we have studied [14-16]. 

(Figure 7) 

4.  Discussion 

4.1 Overview of the I-∙G Decay Channels 

It is useful to review the possible decay pathways for I-∙G, prior to discussing the 

photofragmentation dynamics.  The first group of cluster decay channels result in 

fragmentation.   For I-·G this would correspond to pathways such as: 

I-∙G + hν  → I + G-                 (1a) 

    →  I- + G                 (1b)

    →  HI + [G-H]-                                                               (1c) 

→ I-∙ [G-H] + H                                                            (1d) 

Alternatively, above the detachment threshold, electron detachment can occur, either via direct 

detachment (2a) or indirectly from an excited state of the cluster (2b).  Electron detachment 

can also occur from hot photofragments, e. g. (2c) and (2d).  

I-∙G            → I∙G + e-                (2a) 

                                               → [I∙G]*-              →     [I∙G] + e-             (2b) 

           → HI + [G-H]*-   →    HI + [G-H] +   e-                         (2c) 

           →  I + G*-  →     I + G + e-              (2d) 

An additional possibility occurs when electron detachment leads to the transfer of hydrogen, 

either as a hydrogen atom or as a proton, on the neutral surface.  We observed this process in 

the H2PO3
-·A cluster system [14].  For I-·G, this would result in the following decay pathways: 

Hydrogen-atom transfer:   

I-·G + hν          →  e- +  I·G  →    IH· [G-H]             (3a) 

Proton transfer:    

I-·G + hν          → e- +  [I-·G+]     →    IH· [G-H]                         (3b) 
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4.2 Assignment of the I-·G excited states 

Although no clear bands are evident in the photodepletion spectrum of I -·G (Figure 4), the 

photofragmentation action spectrum of the I-· [G-H] photofragment (Figure 6a) clearly shows 

the presence of two bands (I and II) which peak at 4.05 and 4.8 eV, respectively.  Since 4.05 

eV is close to our calculated VDEs for the I-·G7H and I-·G9H isomers, we assign band I to 

dipole-bound excited states of these two cluster tautomers that are accessed in this region.  This 

assignment is in line with the behaviour of I-·N clusters we have studied previously [14-16], 

and is also consistent with the fact that dipole-bound excited states can be observed via 

photodepletion spectroscopy in our instrument [50,51].  Our calculations indicate that the I-

·G7H_E isomer should also be present as a minor constituent of our electrosprayed ion 

ensemble.  This cluster isomer is predicted to display a higher VDE (4.36 eV) compared to the 

keto isomers, in line with its higher dipole moment.  We would therefore anticipate that a 

dipole-bound excited state associated with the I-·7H_E isomer should be evident around 4.4 

eV, albeit with significantly lower intensity than the I-·G7H/ I-·G9H dipole-bound excited state.  

A small enhancement in the photofragmentation action spectra of both the I-· [G-H] and I- 

photofragments (Figure 6) is evident in the region between 4.2-4.35 eV which could be 

associated with a dipole-bound excited state for the I-·G7H_E tautomer.   

 

Band II, which is most clearly visible in the I-· [G-H] photofragment action spectrum, is centred 

around 4.8 eV (Figure 6a).  This band covers the region of the strong predicted π-π* transitions 

for the I-·G tautomer clusters (Figure 3), leading us to assign band II to nucleobase-centred 

excitations.  This assignment follows those of the other I-·N clusters we have studied [14-16].  

One further point of note is that there is no prominent spectral signature in either the 

photodepletion spectrum or photofragmentation spectra of the upper spin-orbit state of the 

neutral cluster (2P1/2), which should lie 0.94 eV above the 2P3/2 state, which is responsible for 

the band I dipole-bound excited state [19,47].  Inspection of the I-·G photodepletion spectrum 

in the region where the 2P1/2 state should occur (~5 eV), reveals no evidence of the presence of 

this new channel opening.  It is likely that the appearance of the 2P1/2 detachment channel is 

obscured by strong competitive photoexcitation into the nucleobase localized transitions. 

 

4.3 Photofragment production 
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Two main mechanisms are normally responsible for the production of ionic photoproducts 

from anion-nucleobase clusters: The first corresponds to electron transfer from the anion to the 

nucleobase, whereas the second involves nucleobase-localized electronic excitations [13].  For 

the case of anion to nucleobase electron transfer, the electron transfer can either be mediated 

by formation of a dipole-bound excited state or by a direct transfer to a nucleobase valence 

orbital.  When the first type of process occurs, we anticipate that either a guanine anion or 

deprotonated guanine anion, [G-H]- will be formed, corresponding to pathways (1a) or (1c), 

respectively.  However, when nucleobase-localised transitions dominate, we expect 

photoexcitation to be followed by ultrafast decay of the initially populated excited state, and 

ensuing thermal fragmentation of the electronic ground state.  Collision induced dissociation 

(CID) of the electronic ground state was performed on I-·G to identify the fragments associated 

with ground-state thermal fragmentation (Section S2 of the SM).   CID of I-·G reveals that the 

cluster fragments with production of I- as the only ionic fragment, mirroring the behaviour of 

other iodide-nucleobase complexes [14-16]. 

 

The I-·G photofragment action spectra of presented in Section 3.3 revealed that the expected I- 

photofragment is produced in the region of the guanine-localised electronic excitations (band 

II).  However, it is also produced across the region of the dipole-bound excited state (band I).  

We have observed this phenomenon previously, as all of the iodide-pyrimidine clusters produce 

I- as a photofragment through the regions of their near-threshold dipole-bound excited state.  

This behaviour has been attributed to internal conversion to the ground electronic state 

followed by evaporation of I- [15, 16]. 

 

While photofragmentation of I-·G into I- mirrors other iodide-nucleobase clusters, I-· [G-H] type 

photofragments have not been observed previously.  Indeed, formation of this fragment cannot 

be attributed to a mechanism involving electron transfer from iodide to guanine, as such a 

process would have resulted in dissociative attachment fragments associated with free energy 

electron attachment to guanine.  This leads us to consider alternative photofragmentation 

mechanisms for production of I-· [G-H].  In discussing this photofragment, it is important to 

acknowledge that it could be formed by two routes, either direct ejection of a hydrogen atom 

(4a) or ionization of an electron from guanine to form a CT state, followed by ejection of a 

proton (4b): 

I-∙G + hν  → I-∙ [G-H] + H                                      (4a) 
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Or, 

I-∙G + hν  → I-∙ [G+] + e- → I-∙ [G-H] + H+ + e-                  (4b) 

 

We note that (4b) represents a two-step version of the pathway depicted in pathway (1d) in 

Section 4.1.  

  

It seems unlikely that pathway (4a) is followed given that it is not active in the other I-∙N 

clusters.  This suggests that pathway (4b) is leading to I-∙ [G-H] formation.  Guanine is well 

known as being distinguished from the other nucleobases by having a considerably lower 

ionization energy.  This was first demonstrated unequivocally by Wang and co-workers in their 

photodetachment studies of gaseous nucleotide anions, where the guanine nucleotides were 

observed to display much lower ionization energies than the other nucleotides [27].  These 

experiments were supported by Chatterly and co-workers in two-photon ionization 

measurements on nucleotides [52], where the guanine-containing nucleotide was the only 

system where ionization occurred from the base.  Indeed, it is well acknowledged that guanine 

sites within DNA and nucleotides have the greatest propensity to be ionized [25-28], and a 

number of studies have revealed that ionizing radiation causes positive hole formation at 

guanine sites [53-57].  The photophysics and dynamics of these DNA charge-separated states 

are of key current interest [58,59]. 

 

To further explore whether the guanine within I-∙G is the site of vertical ionization, spin density 

calculations if I-∙G were conducted for the key tautomers, with the results presented in Figure 

8.  The calculations reveal that the electron is indeed removed from guanine upon vertical 

ionization for all three tautomers, in striking contrast to the previously studied I-∙A cluster, 

where spin-density calculations were also conducted and revealed that the ionized electron was 

removed from the iodide [14]. 

(Figure 8) 

In our experiment, we are not able to directly detect I-∙ [G+] since this CT complex is neutral.  

To form the detected I-∙[G-H] cluster, the CT complex must subsequently eject a proton, as 

shown in the second step of pathway (4b).  This is not unreasonable given that the CT complex 

is likely to contain substantial excess energy, as well as the fact that guanine radical cations are 

known to undergo rapid decay via proton loss [60-62]. 
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5. Further discussion 

The I-∙G cluster is distinctive compared to the other I-∙nucleobase clusters as it produces I-∙[G-

H] as a relatively strong photoproduct.  The origin of this photofragment appears to lie in the 

low ionization potential of guanine compared to the other nucleobases. This leads to the initial 

ionization site within I-∙G being localized on the guanine molecule, producing a charge-

separated product which subsequently decays via loss of a proton from the guanine radical 

cation within the cluster.  This explanation fits well with the known ionization behaviour of 

guanine in gaseous nucleotides [27,52].  However, what is surprising in this context is the fact 

that the photophysics of the I-∙G cluster are remarkably similar to those of the other I-

∙nucleobase clusters.  This is true in relation to the fact that the photofragment action spectra 

indicate the presence of two excited states for the cluster with a near-threshold dipole-bound 

excited state and a higher-energy excited state that can be linked to nucleobase localized 

transitions.  The fact that a dipole-bound state exists for the I-∙G cluster despite the guanine 

moiety being the electron source, can be attributed to little geometric rearrangement in the 

cluster upon vertical ionization.  It is also notable that production of the distinctive I-∙[G-H] 

photofragment is strongly enhanced in the region where excitation of the guanine π-π* 

transitions are dominant.  It seems that electron detachment (and hence production of I-∙[G-H]) 

is being enhanced by coupling of the π-π* transitions to the electron detachment continuum.  

This effect mirrors the coupling of the analogous π-π* transitions to the electron detachment 

continuum in other I-∙nucleobase clusters [14-16], and in Pt(CN)4,6
2-∙nucleobase complexes  

[63, 64]. 

 

I-∙G represents an important test case for future time-resolved studies to confirm whether 

guanine is indeed the vertical ionization site, and explore the CT state dynamics.  Time-

resolved studies are particularly relevant for this cluster given that guanine bases are known to 

be the primary sites of radiation damage in DNA through initial formation of radical cations 

[54-59].  The primary photofragmentation channel identified for I-∙G in this study mimics this 

key process, and thus demonstrates that the cluster is a key model system for further 

experimental and theoretical studies.   
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Table 1.  Properties of the I-∙G clusters calculated at the B3LYP/6-311++G(2d,2p) level of 

theory, with 6-311G(d,p)/SDD for I-. 

Cluster Relative 

Energy  

kJ mol-1 

Boltzmann 

populationa 

% 

VDE Calc.  

eV 

Vertical 

Dipole 

Momentsb 

Binding 

Energy 

kJ mol-1 

I-∙G7H 0.0 61.6 4.05 8.7 -95.5 

I-∙G9H 2.4 23.1 4.02 19.8 -94.9 

I-∙G7H_E 3.5 15.3 4.36 11.6 -121.2 

a At 298 K.  

b At the MP2/6-311++G(2d,2p) level of theory, with 6-311G(d,p)/SDD for I-. 
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Figure 1. Structures of the 7H-keto (7H), 9H-keto (9H) and 7H-enol (7H_E) tautomers of 

guanine.  

Figure 2. The lowest-energy structures of the I-∙G clusters, calculated at the B3LYP/6-

311++G(2d,2p) level of theory, with 6-311G(d,p)/SDD for I-. 

Figure 3. TD-DFT calculated spectra (50 states) of (a) I-∙G7H (b) I-∙G9H and (c) I-∙G7H_E.  

The oscillator strengths of the strongest transitions are given by the vertical bars.  Red lines 

denote  π-π* transitions, whereas black lines denote charge transfer transitions from the iodide.  

The full black line spectrum represents a convolution of the calculated transitions with a 

Gaussian function (0.25 eV HWHM). 

Figure 4. Photodepletion spectrum of the I-∙G cluster. The line is a five-point adjacent average 

of the data points. Arrow A indicates the calculated VDEs of the I-∙G7H and I-∙G9H isomers, 

with arrow B indicating the calculated VDE of I-∙G7H_E. 

Figure 5. Photofragment mass spectra of the I-∙G cluster obtained at (a) 4.8 and (b) 4.0 eV. The 

peak labelled * is the I-∙G precursor ion. 

Figure 6. (a) I-· [G-H] and (b) I- photofragment action spectra produced from the I-∙G cluster. 

The line is a five-point adjacent average of the data points. 

Figure 7. Photodepletion yield (PD*) and electron detachment yield (ED) of the I-∙G cluster. 

The curves displayed are three points adjacent average of the data points.  PD* and ED are 

defined in Section 2. 

Figure 8. Spin-density plots of the I-∙G7H, I-∙G9H and I-∙G7H_E tautomers of I-∙G. The shaded 

regions indicate areas where excess electro-spin density is located following ionization.  
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S1 Lowest Energy I-·G clusters  

 

The structures of I-·G clusters were studied via DFT, at the B3LYP/6-311++G(2d,2p) level of 

theory on C, N, O, and H, and 6-311G(d,p) on I with the iodine core electrons being described 

using the Stuttgart/Dresden (SDD) electron core pseudopotential. 3H, 7H and 9H guanine 

isomers (with H on G3, G7 or G9) were investigated in their keto and enol tautomeric forms. 

The enolic forms were studied in their cis and trans isomeric forms (with respect to the -NH2 

group), as described in ref. S1. For each of these structures, different iodine positions near the 

nucleobase were calculated, and the lowest energy ones are shown in Table S1. 
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Table S1 Calculated structures of the I-·G cluster. Calculations were performed were 

optimised at the B3LYP/6-311++G(2d,2p) level of theory on C, N, O, and H, 

and 6-311G(d,p)/SDD on I. 

 

Structure Relative 
Energya 

(kJ/mol) 

Structure Relative 
Energya 

(kJ/mol) 

Structure Relative 
Energya 

(kJ/mol) 
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I-·G7 

0 

I-·G9_E_trans 

25.0 

 

 

I-·G7_E_cis 

33.0 

 

 

I-·G9 

2.43 

 

I-·G9_E_cis 

28.7 

 

I-·G3_E_cis 

38.0 

 

I-·G7_E_trans 

3.45 

 

I-·G3_E_trans 

31.7 

 

I-·G3 

40.7 

aRelative energies are zero point corrected energies. 
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S2 Collision Induced Dissociation 

 

The fragments associated with ground-state thermal fragmentation were identified via 

collision-induced dissociation (CID) in the ion trap of the amaZon SL (Bruker, Daltoniks) [S2]. 

Here, selected molecular ions are trapped and accelerate to cause collisions with helium buffer 

gas and thus fragmentation. The acceleration is obtained by applying a voltage to the end-cap 

electrode, varying its amplitude between 0 and 10% (2.5 V being the maximum). 

CID was performed on the isolated I-·G cluster and the fragment production curves are shown 

in Figure S1. 

 

Figure S1. Fragment production curves for I-·G upon CID between 0 and 10 % energy. 
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