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We report the first UV laser photodissociation spectra (4.0*5.8 eV) of gas*phase deprotonated 

adenosine 5'*triphosphate, diphosphate and monophosphate anions. The photodepletion 

spectra of these anions display strong absorption bands across the region of 4.6*5.2 eV, 

consistent with excitation of a primarily adenine*centred π*π* transition. The spectra appear 

insensitive to the charge of the species (i.e. the spectrum of [ATP*2H]2* closely resembles 

that of [ATP*H]*), while the spectral profile is affected to a greater extent by the variation of 

the molecular structure, i.e. the [AMP*H]* and [ADP*H]* photodepletion spectra display 

similar profiles while the [ATP*H]* spectrum is distinctive.  The photodepletion cross*section 

also decreases for the ATP anions compared to both the AMP and ADP anions, reflecting a 

high intrinsic photostability of ATP versus both AMP and ADP.  A range of photofragments 

are produced across the 4.0*5.8 eV spectral range for all of the ATP analogues studied. These 

fragments are primarily associated with fragmentation on the ground*state electronic surface, 

indicative of a statistical decay process where ultrafast decay is followed by ergodic 

dissociation. However, while the photofragments observed following photoexcitation of the 

monoanionic species, [AMP*H]* to [ADP*H]* to [ATP*H]* are entirely consistent with 

statistical decay, an additional group of photofragments are observed for the dianionic 

species, [ADP*2H]2* and [ATP*2H]2*, that we associate with electron detachment, and 

subsequent fragmentation of the resulting electron*detached photofragment. TDDFT 

calculations are presented to support the interpretation of the experimental data, and confirm 

that the electronic structure of the adenine moiety is relatively unperturbed by varying the 

overall charge.   

 

* Corresponding author� �
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The ultrafast photophysical and photochemical processes that occur in DNA following UV 

excitation have been the subject of intense investigation, since the absorption of UV radiation 

can lead to biological damage, including mutations and strand breaks.1,2 Such photodamage 

processes display low quantum yields, however, due to the operation of non*radiative decay 

mechanisms that enable nucleobases to dissipate the harmful electronic excitation into more 

benign thermal energy. Much effort has been expended into obtaining a molecular*level 

understanding of these processes, with a particular focus both experimentally and 

theoretically on adenine.3*8 

Gas*phase experiments provide a useful complement to solution*phase measurements, since 

they can often provide more detail and allow a more straightforward comparison between 

experiment and theory. Instrumental developments linking electrospray ionisation with UV 

laser spectroscopy provided a route to extend earlier gas*phase experiments on the simple 

nucleobases to the more complex oligonucleotides.9*16 For example, Marcum et al. have used 

photodissociation spectroscopy to study photodamage in isolated mononucleotides,10 and 

Chatterley et al. have used time*resolved photoelectron imaging spectroscopy to explore the 

ultrafast dynamics of the nucleotide and selected oligonucleotides of adenine.11 One of the 

key questions raised by these studies is the extent to which the native negative charge carried 

by a deprotonated oligonucleotide can affect the intrinsic photophysics and photochemistry of 

the adenine moiety.  

In this work, we present the first gas*phase UV laser photodissociation spectra of a series of 

deprotonated anions of adenosine 5’*triphosphate (ATP), diphosphate (ADP) and 

monophosphate (AMP), illustrated in Scheme 1.  Adenosine 5’*triphosphate plays the central 

role in the storage and distribution of energy in cells, and is also of key importance in signal 
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transduction via the production of 3',5'*cyclic adenosine monophosphate (cAMP).17 Although 

ATP is an important biological molecule, our focus in this work is on using the 

ATP/ADP/AMP series of molecules as a facile test system to investigate the effect of 

changing the charge state on the UV photochemistry of adenine nucleobase.  The question of 

how an adjacent negative charge influences the UV photophysics of a nucleobase is also of 

fundamental relevance to the correct interpretation of a number of recent laser experiments 

on molecular clusters that include nucleobases, e.g. iodide ion*nucleobase clusters and 

platinum complex anion*nucleobase clusters.18*21 Importantly, Compagnon et al. identified a 

strong bathochromic shift in the electronic excitation of tryptophan on going to the 

monoanionic deprotonated species.22  This shift was attributed to the impact of an adjacent 

excess negative charge on the tryptophan chromophore. The experiments performed here 

allow us to investigate whether this is a general phenomenon or an effect specific to the 

tryptophan system. 

�

%$�&�������

Gas*phase UV photodepletion and photodissociation experiments were conducted in an 

AmaZon quadrupole ion*trap mass spectrometer, which was modified for conducting laser 

experiments as described in detail previously.20 UV photons were produced by an Nd:YAG 

(10 Hz, Surelite) pumped OPO (Horizon) laser, giving ~1 mJ across the range 215*345 nm.  

The laser step size employed was 1 nm.  Photofragmentation experiments were run with an 

ion accumulation time of 100 ms. A fragmentation time of 100 ms was employed, so that 

each mass*selected ion packet interacted with one laser pulse. Moreover, due to the fact that 

the ions are continually circulating within the ion cloud, the probability of multiphoton 

excitation of an ion is very low.  This was verified by conducting laser power studies across 

the scanned spectral range, which showed that ion photodepletion was linear with respect to 
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laser power, consistent with single photon absorption. The photodepletion intensity (PD) of 

the clusters and the photofragment production (PF) have been calculated using equations 1 

and 2 and are presented as a function of the photon energy.  

Photodepletion Intensity = 
Ln�IntOFF

IntON
�

λ ×P
   [1] 

Photofragmentation Production = 
�IntFrag

IntOFF
�

λ ×P
   [2] 

Where IntON and IntOFF are the peak intensities with laser on and off, IntFrag is the fragment 

intensity with laser on, λ is the excitation wavelength (nm) and P is the laser pulse energy 

(mJ). Equation [1] includes a natural logarithm in line with common practice for calculating 

photodepletion (See Ref [22]), while no natural logarithm is included in Equation [2]. This 

practice is adopted because some photofragment intensities can be low, which would lead to 

unintuitive negative values for photofragment production if a natural logarithm was used. 

Solution*phase UV absorption spectra (aqueous solution, 3x10*5 mol dm*3) were recorded 

using a Shimadzu 1800 UV spectrophotometer with a 1 cm UV cuvette, using distilled water 

as a baseline.   

Higher*energy collisional dissociation (HCD) was performed to investigate the ground state 

fragmentation characteristics of the [AXP*�H]�* (X = M, D, T and � = 1, 2) anions.  An 

Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) with an ESI source 

was employed for these experiments, run in the negative ion mode. The HCD fragmentation 

technique as implemented on the Orbitrap mass spectrometer provides tandem mass 

spectrometry, similar to triple quadrupole fragmentation.23  The instrument was operated at a 

flow rate of 20 NL/min and with the following parameters: spray voltage *2453V; sweep gas 

flow rate, 0; sheath gas flow rate, 35; aux gas flow rate, 10; ion transfer tube temperature, 325 

°C; vaporizer temperature, 150 °C; MS1 detector, Ion Trap; MS1 scan range, 50–600; MS1 

maximum injection time, 100 ms; MS1 automated gain control (AGC) target, 100,000; MS2 
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detector, Ion trap; MS2 AGC target, 100,000; MS2 maximum injection time, 100, S*lens RF 

level, 60 V (10 V for the dianions). The HCD collisional energy was varied between 0 and 45 

%, and the intensity of the ion in percentage was calculated. 

Solutions of ATP (1 x 10*5 mol dm*3) in deionised water were introduced to the mass 

spectrometer through electrospray ionisation using a nebulising gas pressure of 10.0 psi, an 

injection rate of 250 µL/hr, a drying gas flow rate of 8.0 L min*1, and a capillary temperature 

of 180oC.  ATP was purchased from Sigma Aldrich and used without purification.  We 

anticipate that the ATP analogues will be deprotonated on the phosphate side chains.  This 

point is discussed further in Ref. 24. 

Density functional theory (DFT) was used to calculate vertical detachment energies (VDEs) 

of the [AMP*H]*, [ADP*H]*, [ATP*H]*, [ADP*2H]2* and [ATP*2H]2* anions. Calculations 

were performed at the M06*2X/6*311++G** level as implemented in Gaussian 09.25  The 

method used to obtain the optimized structures is described in detail in the Supporting 

Information.  

�

'$�"�������	
��(��������
�

��������	
��
�����
�
�����

The photodepletion spectra of the [AMP*H]*, [ADP*H]*, [ATP*H]*, [ADP*2H]2* and [ATP*

2H]2* anions are displayed in Figure 1.  (We label these species as [AXP*�H]�* where X = M, 

D, T and � = 1,2.)  These spectra can be considered as gas*phase absorption spectra, in the 

limit where fluorescence is not a significant decay channel following electronic excitation.26 

The spectra are all similar in that they display broad absorption features between ~4.6*5.2 eV, 

with the photodepletion cross section remaining considerable (or increasing) towards the 

high*energy limit of the scans.  We note that the photodepletion intensity of ATP is markedly 
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smaller than the photodepletion intensities of AMP and ADP, indicating that the ATP anions 

are inherently more photostable than the AMP and ADP analogues.  To test that the 

photodepletion spectra correspond to single*photon absorption spectra, laser*power 

dependent photodepletion measurements (0.5 to 1.5 mJ) were conducted at 4.9 eV, close to 

the maxima of the broad absorption maxima bands.  Figure 2 displays these power*dependent 

measurements, which are linear across this range, confirming that photoexcitation under the 

experimental conditions employed here (100 ms fragmentation time, 1.0 mJ pulse energy) is 

a one*photon process.  

Figure 3 presents the aqueous absorption spectra of solutions of ATP recorded at a range of 

pHs (between 1 and 12) for comparison with the gas*phase spectra.  Despite the change in 

pH, these solution*phase absorption spectra are remarkably similar, displaying a prominent 

absorption between 4.6 and 5.2 eV (λmax~4.75 eV), followed by a strongly increasing 

absorption profile towards the high*energy limit of the scan.  The λmax~4.75 eV absorption 

band has been associated with the π*π* transition centred on the adenine moiety,6,7,27,28 and 

this feature dominates the spectra irrespective of the fact that the various ATP solutions will 

contain mixtures of differentially deprotonated ATP, ADP and AMP species.29 

Returning to the gas*phase photodepletion spectra (Figure 1), we therefore assign the broad 

absorptions observed between ~4.6*5.2 eV as arising from the same, predominantly adenine*

centred π*π* transition that appears with λmax~4.75 eV for the solution*phase ATP species.29  

It is evident that this absorption is relatively insensitive to whether the species carries a single 

or a double negative charge (e.g. the [ATP*H]* spectrum closely resembles that of the [ATP*

2H]2* spectrum).  Although the photodepletion spectra of all of the [AXP*�H]�* anions are 

broadly similar, the spectra are modified by whether the adenosine species carries a mono*, 

di* or triphosphate tail.  This is most evident for the [ATP*�H]�* species which have spectra 
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that display a considerably more sharply increasing absorption profile towards high energy 

compared to the ADP and AMP species.  We note that the strong absorption towards the 

high*energy tail we observe here mirrors the spectral profile of solution*phase ATP (Figure 

3). 

It is instructive to consider where the photodepletion spectra appear with respect to the 

electron detachment energies of the [AXP*�H]�* anions.  Photoelectron spectra of the 

dianionic species have been recorded by Schinle at al.,30 but since we have no experimental 

electron affinities for the monoanions, we calculated electron affinities for all of the species 

studied here and use them as a complete set of values, where relative values should be 

reliable.  These calculated VDEs are included in Table 1.  For the monoanions, [AXP*H]*, the 

VDEs all lie above the high*energy limit of the scans, indicating that the electronic transitions 

observed in Figures 1a*1c lie well below the electron detachment continuum.  The situation is 

slightly different for the dianionic species, [ADP*2H]2* and [ATP*2H]2*, which we predict to 

have vertical detachment energies of 3.10 and 4.11 eV.  However, the threshold for electron 

detachment is only reached around ~5.3 and 6.0 eV,30 respectively, when the repulsive 

coulomb barrier (RCB) for electron detachment is exceeded.31,32 Therefore, the dianion 

photodepletion spectra also lie predominantly below the electron detachment continuum, 

although there is likely to be some photodetachment below these energies associated with 

electron tunnelling through the RCB.31,32 

While the overall spectral profile is similar for all of the [AXP*�H]�* anions, it is evident that 

there are differences between the spectral profiles.  One prominent example of this is the way 

that the ATP species (Figures 1c and 1e) display a much more strongly increasing 

photodepletion cross*section to high*energy.  To further explore the differences in the 

photodepletion spectra and the decay pathways that follow photoexcitation,33 we will 
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investigate the spectral profile for the photofragment production spectra that accompany the 

photodepletion spectra in Section 3iii.  

�

����������������	��
	���������������

Higher*energy collisional dissociation (HCD) was performed for the series of [AXP*�H]�* (X 

= M, D, T and � = 1, 2) anions to fully characterise their ground electronic*state 

fragmentation behaviour. The HCD fragmentation curves are displayed in Figure 4. 

Inspection of the fragmentation curves shows that a number of larger molecular fragments are 

produced only over a limited energy range, with fragmentation into smaller ionic species 

becoming dominant at higher collision energies.  One example is provided by the [ADP*H]* 

anion (Figure 4b) which fragments with production of [cAMP*H]* only between 10*35% 

HCD, and also the corresponding dianion, [ADP*2H]2* (Figure 4d) which produces the 

[AMP*H]* fragment only between 0*28% HCD. Although there have been previous collision*

induced dissociation (CID) measurements conducted on the [ATP*2H]2* and [ADP*2H]2* 

dianions (low*energy CID),24 and the [AMP*H]* monoanion (higher*energy CID),34 this is the 

first time that a comparable set of CID profiles have been obtained for the [AXP*�H]�* series.   

In the previous CID measurements of the [AMP*H]* anion by Ho and Kebarle,34 an absolute 

measurement of centre of mass collision energy was obtained through absolute calibration.  

Comparison of the current results for [AMP*H]* (Figure 4a) with these earlier 

measurements,34 allows us to obtain an approximate calibration of the HCD fragmentation 

curves presented in Figure 4.  From this comparison, it appears that the 4*6 eV energy range 

(i.e. the photon range employed in our laser experiments, and hence the maximum amount of 

energy that would be available to fragment the ground state surface anions) corresponds to 

the 20*38% range on the HCD fragmentation plots (Figure 4).  
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Figure 5 displays the photofragment mass spectra obtained for photoexcitation of the [AXP*

nH]n* anions at 4.9 eV, close to the peaks of the photodepletion spectra.  (A list of the 

prominent photofragments observed is included in Table 2.)  Photofragments associated with 

fission of the phosphate side chain are common�� 
��� PO3
* and HP2O6

*.  For [ATP*2H]2* 

(Figure 5e), the PO3
* photofragment is observed with the accompanying monoanion in 

photofragmentation of the dianionic species, consistent with a photoinduced ionic 

fragmentation process,10,23,32 e.g. 

    [ATP*2H]2* + hν  →  PO3
* + [ADP*H]*      [3] 

Deprotonated adenine, [A*H]* is seen as a prominent photofragment for [AMP*H]*, [ADP*H]*

, and [ADP*2H]2* (Figures 5a, 5b and 5d).  It should be noted that although we refer to this 

fragment as deprotonated adenine, it could equivalently be described as A*, i.e. the anionic 

nucleobase formed upon rupture of the CN glycosidic bond.34  The [A*H]* anion has been 

observed as a stable photofragment in several recent studies of clusters that include adenine.20 

Intriguingly, [A*H]* it is not observed as a significant intensity photofragment for either of 

the ATP anions (Figures 5c and 5e).  Electron detachment is observed for both of the 

dianionic species (Figures 5d and 5e), e.g. 

     [ADP*2H]2* + hν   →  [ADP*2H]*  + e*    [4] 

This is despite the fact that this photoexcitation energy, although greater than the adiabatic 

electron affinity, is still considerably below the electron detachment onsets associated with 

exceeding the RCB (see Section 3i). 

Page 9 of 43

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



10 
 

As described in Section 3ii, a series of HCD experiments were conducted on the [AXP*nH]n* 

anions to establish which ionic fragments are produced on the ground state surface following 

collisional excitation.  Table 2 presents a comparison of the major photofragments obtained 

with a photoexcitation energy of 4.9 eV, along with the anionic fragments obtained with an 

HCD centre*of*mass collision energy of 24%, i.e. a similar energy to the laser photon energy.  

For systems where photoexcitation is followed by rapid decay back to the ground*state 

surface and subsequent ergodic (statistical) dissociation, the photofragments are expected to 

mirror the HCD fragments produced when an amount of energy equivalent to the photon 

energy is deposited in the ground*state system.9,10   Inspection of Table 2 reveals that the 

major 4.9 eV photofragments largely mirror the major 24% HCD fragments, consistent with a 

predominantly statistical decay process.  For the dianionic systems, all the fragments 

observed in the HCD experiment are seen as photofragments, along with a small number of 

additional photofragment species e.g [cADP]* from [ADP*2H]2*.35  It appears that 

photofragmentation represents a slightly softer fragmentation process than HCD, since larger 

fragments such as [cADP]* can be seen in photofragmentation but are absent in HCD, 

presumably due to secondary fragmentation of primary CID fragments that are produced with 

high internal energy.  We note that while similar sets of photofragments and HCD fragments 

are observed for all of the ATP analogues, the relative intensities (of a set of fragments 

produced by a single [AXP*nH]n* species in photofragments �
���� HCD) vary more on 

going to longer phosphate chain length and to higher charge.  For the dianionic systems, this 

observation can largely be attributed to the electron*detachment decay pathway of a multiply*

charged anion being accessed via photoexcitation in addition to adenine*centred π*π* 

transitions. 

The observation that all of the [AXP*nH]n* anions produce a group of photofragments that 

mirrors the CID fragments indicates that each of the [AXP*nH]n* anions follow broadly 
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similar decay pathways following photoexcitation at 4.9 eV, irrespective of the charge state 

or the phosphate chain length.  This picture is consistent with the photodepletion spectra 

discussed above, and with the known photophysics of adenine (i.e. ultrafast decay with 

subsequent ergodic dissociation),5*9 and thus again indicates that the adenine moiety is largely 

unaffected across the [AXP*nH]n*  series.  

Table 3 compares the photofragment mass spectra observed following photoexcitation at 5.6 

eV with the ionic fragments produced upon HCD at 36% collision energy.  The propensity 

for production of lower mass fragments (e.g. PO3
* and H2PO4

*) can be seen to increase, as 

both the laser excitation energy and the collision excitation energy increase.  As for the 4.9 

eV photoexcitation data presented above, similar fragmentation patterns are observed for both 

laser excitation and collisional excitation, indicating that a largely ergodic dissociation 

process is also occurring at high*energy, along with the additional multiply*charged anion 

photofragment pathways.  

 

��������������
����������
�
�����

Figure 6 displays the photofragment action spectra (4.0*5.8 eV) for production of some 

photofragments of the [AXP*nH]n* anions.  For the [AMP*H]* anion (Figure 6a), the major 

photofragments PO3
* and H2PO4

* are produced smoothly through the main photodepletion 

band (λmax~5.0 eV), and then increase strongly in intensity towards the high*energy tail of the 

spectrum.  The [A*H]* anion displays a similar profile, although production of this 

photofragment peaks slightly lower in energy (~4.85 eV), and increases less strongly towards 

the high*energy limit.  This difference in the band shapes for production of the [A*H]* 

photofragment compared to the PO3
* and H2PO4

* pair of photofragments explains the shape of 
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the overall photodepletion spectrum (Figure 1a), where a step is visible at ~4.85 eV 

associated with production of the [A*H]* photofragment peaking at this excitation energy. 

Figure 6b displays the photofragment action spectra for [ADP*H]*.  This set of photofragment 

action spectra show the advantage of recording the photofragment action spectra, compared 

to just the photodepletion spectrum (Figure 1b), since they clearly reveal that two distinct 

fragmentation processes occur across the spectral region investigated.  Production of the 

[cAMP*H]* photofragment peaks strongly at 4.7 eV, dropping to zero above 5.6 eV, while the 

[A*H]* photofragment peaks close to 5.25 eV, probably due to the [cAMP*H]* fragmenting 

into [A*H]* with maximum cross section around this energy  The distinctive profile of the 

[cAMP*H]* photofragment between 4.7*5.6 eV closely mirrors the production of this ion at 

only a limited range of HCD energies (Figure 4b), and is strong evidence that this 

photofragment is produced through a statistical decay process.  The HP2O6
* photofragment 

appears to be produced concurrent with both of the [cAMP*H]* and [A*H]* photofragments.  

HP2O6
* and [cADP]* are observed as the major photofragments for the [ATP*H]* monoanion 

(Figure 6c).  Both photofragments are produced with identical profiles across the 4.0*5.0 eV 

region, although the [cADP]* fragment is produced much less strongly than the HP2O6
* 

fragment above 5.0 eV.  This behaviour again mirrors the HCD results for this anion (Figure 

4c), with production of HP2O6
* increasing towards high collision energy, while the intensity 

of the [cADP]* fragment tails off, again probably due to the [cADP]* fragmenting into HP2O6
*

. 

Figure 6d displays the photofragment action spectra for the fragments produced from the 

[ADP*2H]2* dianion.  These spectra show similar profiles, although the PO3
* fragment and the 

H3P2O7
* both show an increasing production profile towards high energy.  The H3P2O7

* and 
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[cADP]* fragments also display a similar profile, with an onset around 4.3 eV and a 

maximum around close to the maximum of the electron detachment fragment, [ADP*2H]*. 

It is intriguing that the [ATP*2H]* electron detachment fragment is produced so strongly 

through the 4.4*5.2 eV region (Figure 6e), since this energy is considerably below the 

expected electron detachment threshold (Section 3i). It appears that the excited state accessed 

in this region is able to couple efficiently to an electron detachment coordinate that 

circumvents the repulsive coulomb barrier.  This phenomenon is not unique to the [ATP*

2H]2* dianion, since in a recent photoelectron spectroscopy study of Pt(CN)4
2*Wnucleobase 

clusters, delayed electron detachment signals were observed when the adenine cluster was 

irradiated at 266 nm (4.66 eV).  This appeared to be due to excitation of long*lived adenine*

centred excited states that can effectively couple to the electron detachment continuum. 36 

To summarize, the [AXP*nH]n* anions produce a range of different photofragments across the 

4.0*5.8 eV range. In general, production of the smaller fragment ions, e.g. H2PO4
*, PO3

* and 

HP2O6
*, increases towards the high*energy region of the spectrum, and the overall patterns for 

production of photofragments as a function of excitation energy mirrors those observed using 

high*energy collisional excitation.  The energy redistribution process involved in ergodic 

dissociation following fast internal conversion back to the ground state may not exactly 

match the energy transfer (and subsequent energy redistribution) that occurs upon higher*

energy collision induced dissociation.  However, the close relationship between 

photofragments and collisional fragments observed here, strongly indicates that the [AXP*

nH]n* anions do undergo rapid conversion back to the electronic ground state following 

photoexcitation, as would be expected for a system with a largely adenine*centred 

chromophore. 

�
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 To gain further insight into the nature of the electronic excitations involved in 

photoexcitation of the [AXP*nH]n* anions across the 4*6 eV range, time*dependent density 

functional theory (TDDFT) calculations were performed.  Full details of these calculations, 

along with the full results are presented in Section S3 of the supporting information.  The 

TDDFT calculations were able to accurately predict the general form of the photodepletion 

spectra, with each anion displaying a broad absorption between 4.4*5.6 eV, followed by an 

increasing absorption profile to high photon energy.  In general, the main electronic 

transitions originated from orbitals with electron density on both the adenine and the 

phosphate group(s), indicating extensive orbital mixing across the molecular framework.  The 

dominant transition in the region of the maximum (~5.0 eV) of the 4.4*5.6 eV absorption 

band was found to be associated with the expected π*π* transition on adenine. n*π*and σ*

based transitions are also common, particularly in the high*energy excitation regions. 

Comparing the calculated spectra and the component electronic excitations for pairs of anions 

with the same molecular framework but different excess negative charges (e.g. [ATP*2H]*  

versus [ATP*2H]2*), indicates that there is little change in the excitation energies or extinction 

coefficients of the main electronic excitations with variation in excess charge.  For the 

adenine*centred chromophoric molecules studied here, we therefore conclude that there is no 

substantial bathochromic shift associated with negative charges existing in close proximity to 

the nucleobase.22 

�
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Nielsen 
����� studied the photodestruction of [AMP*H]* at 266 nm (4.66 eV),9 and found that 

the excited state lifetime was 16�s, with the major part of photofragmentation occurring by 

an ergodic process.  The photofragment identities associated with excited state decay could 

not be identified in that experiment due to instrumental limitations.  However, the set of 

photofragments of [AMP*H]* observed in the current study (i.e. PO3
*, H2PO4

* and [A*H]*) 

with 4.9 eV excitation are entirely consistent with photofragmentation occurring ��� an 

ergodic process since the photofragments are identical to the major HCD fragments observed 

with a similar collisional excitation energy. 

The ultrafast dynamics of adenine following 4.66 eV photoexcitation was also investigated 

by Verlet and co*workers via time*resolved photoelectron imaging of the deprotonated 3’*

deoxy*adenosine*5’monophosphate nucleotide, and its di* and trinucleotides.11,12  These 

experiments revealed that the dynamics of the base are relatively insensitive to the 

surrounding environment, and led to the conclusion that the decay mechanism primarily 

involves internal conversion from the initially populated 1
π*π* states to the ground states.  

These results again mirror the results found in this study, across the 4.4*5.2 eV absorption 

band.  In another related work, Weber and co*workers studied the photodissociation 

spectroscopy of a series of deprotonated nucleotides, including deprotonated 2’*deoxy*

adenosine*5’*monophosphate.10 Their results are again largely consistent a photodecay 

mechanism that involves rapid electronic relaxation followed by unimolecular fragmentation 

on the vibrationally hot ground*state surface. 

The results presented herein complement these earlier results, since they demonstrate how the 

ATP anions appear to share much of the photophysical properties that were observed 

previously.  Photoexcitation across the 4*5.8 eV region appears to largely follow the expected 

adenine*centred excitation followed by rapid relaxation via a conical intersection and 

subsequent ground*state statistical decay. The TDDFT calculations provide a picture of 
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electronic excitations that contain significant adenine*centred π*π* character, but are 

delocalized across the entire molecular framework, possibly facilitating statistical decay.  

One interesting point of note in comparing the ATP experiments conducted with the deoxy*

nucleotides studied by Verlet and Weber is that the presence of two OH groups on the ribose 

in the ATP analogues, means that the anions are able to maintain a hydrogen*bond network 

across the molecular ion (see Section S1 of the supporting information for calculated 

geometric structures).  Such molecular structures have recently been identified to facilitate 

ultrafast decay mechanisms,7 and appear likely to be a key factor in the overall photostability 

of ATP.  

It is interesting to consider the results of the current work in the context of the 

photodetachment study of the tryptophan anion conducted by Compagnon and co*workers.22 

They found via experiment and TDDFT calculations that the tryptophan chromophore was 

sensitive to the presence of the excess negative charge in the anion, resulting in substantial 

bathochromism of the main electronic excitations of up to 25 nm. No such dramatic shift is 

observed here on going from the monanionic to dianionic species, either experimentally or in 

the TDDFT calculations. It seems possible that this differing behaviour can be traced to the 

very different geometric arrangements of the chromophores and excess charges in the 

tryptophan anion compared to the [AXP*nH]n* anions. Alternatively, it may be that the 

electronic excitations of the adenine chromophore studied here are particularly insensitive to 

environmental changes,11,12 including excess charge.  Nonetheless, the considerable 

differences in bathochromism between deprotonated tryptophan and ATP are notable. Further 

investigation of a broader range of molecular anions where excess charge is located at a 

distance from a chromophore are desirable to clarify the generality of excess*charge induced 

electronic transition shifts.  
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The photofragmentation measurements conducted on the [AXP*nH]n* series of anions 

indicate that the decay dynamics are consistent with photoexcitation of a largely adenine 

centred chromophore that undergoes ultrafast decay following photoexcitation. Both the 

photodepletion spectra and photofragmentation patterns indicate that the adenine moiety 

within the ATP anions appears to be unaffected by the charge state of the molecular system. 

This is an important result for clarifying the interpretation of recent experiments that have 

been conducted on anion*nucleobase clusters such as I*Wuracil and Pt(CN)4
2*Wadenine.18,36  In 

further work, it would be interesting to directly monitor the inferred decay dynamics by 

probing the production of the various photofragments via ultrafast spectroscopy. Time*

resolved photodetachment photoelectron spectroscopy provides a facile approach to such 

measurements,37 and could be readily applied to the system studied here. 
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The Supporting Information is available free of charge on the ACS Publications website at 

DOI: xxx. 

Details of geometry optimization, TD*DFT calculations of the electronic transitions, DFT 

calculations of the cADP* anion and photofragment mass spectra (4.7 and 5.6 eV).  
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Ion Calculated VDEs (eV) a Electron Detachment Onset 

Energies (eV) b 

[AMP*H]* 6.04  

[ADP*H]* 6.17  

[ATP*H]* 6.24  

[ADP*2H]2* 3.10 5.3 

[ATP*2H]2* 4.11 6.0 
 

a Not zero point energy corrected. 
b Calculated VDEs combined with the experimental RCB from Ref 24. 
c See Section S1 of SI for details. 
�

�

� �

Page 24 of 43

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60



25 
 

�	����%����������	�1�
��������=��������C�
������������	���
�	��)$6����	
���������

�
��� ���������
	���������	���
�>2�(?���	�1�
������	�
���	��%)D���������
	���
��� �����

����@
9���2A
��
�>��B�#7%?�	
��
�$

	
�

 

a Photofragments and HCD fragments are listed in order of decreasing intensity. 

�

�� �

Parent ion Photofragments (4.9 eV) HCD fragments (24%) 

[AMP*H]* PO3
* ≈ H2PO4

*, [A*H]*, [AMP*H*A]* PO3
*, H2PO4

*, [AMP*H*A]* [A*H]* 

[ADP*H]* [A*H]*, [cAMP*H]*, HP2O6
*, [cADP]* 

≈ PO3
*, [ADP*H*A]*,                  

[ADP*H*A*H2O]* 

[cAMP*H]*, [cADP]*, HP2O6
*, [A*H]*, 

[ADP*H*A*H2O]*, PO3
*, [ADP*H*A]*  

[ATP*H]* HP2O6
* ≈ [cADP]*, H3P2O7

* [cADP]*, HP2O6
*, H3P2O7

*  

[ADP*2H]2* H3P2O7
*, [A*H]* ≈ [cADP]*, HP2O6

*, 

H2PO4
*, P O3

*, [ADP*2H]*, [AMP*H]* 

PO3
*, [A*H]*, H2PO4

*, [AMP*H]* 

[ATP*2H]2* [ADP*H]* ≈ HP2O6
*, [ATP*2H]*, 

H4P3O10
* , [ATP*2H*A]*, PO3

*, 

[cAMP*H]*, [A*H]* 

PO3
*, [ADP*H]*, HP2O6

*, [A*H]*, 

[cAMP*H]* 
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 a Photofragments and HCD fragments are listed in order of decreasing intensity. 

 

 

�

� �

Parent ion Photofragments (5.6 eV) HCD fragments (36%) 

[AMP*H]* PO3
* ≈ H2PO4

* , [A*H]* PO3
*, H2PO4

*, [A*H]*  

[ADP*H]* [A*H]*, HP2O6
*, 

[ADP*H*A*H2O]*, PO3
* 

HP2O6
*, [A*H]*,  

[ADP*H*A*H2O]*, PO3
* 

[ATP*H]* HP2O6
*, [cADP]*, H3P2O7

*, [ADP*H*

A*H2O]* 

HP2O6
*, [cADP]*, [ADP*H]*, [ADP*H*

A*H2O]*, H3P2O7
* 

 

[ADP*2H]2* [cADP]* ≈ H3P2O7
*, 

[A*H]*, PO3
*, H2PO4

* [ADP*2H]* 

PO3
*, [A*H]*, H2PO4

* 

[ATP*2H]2* HP2O6
*, H4P3O10

*, [ATP*2H]*,  

[ATP*2H*A]*, PO3
*, [ADP*H]* ≈ 

H3P2O7
* ≈ [cAMP*H]* 

PO3
*, HP2O6

*, [A*H]*, [cAMP*H]*, 

[ADP*H]* 
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��2/&/��
,(�*�.�"/�� 

����1��#� Chemical structures of the neutral forms of AMP, ADP and ATP. 

�

*������# a) Photodepletion (absorption) spectra of a) [AMP*H]*, b) [ADP*H]*, c) [ATP*

H]*, d) [ADP*2H]2*, and e) [ATP*2H]2* across the range 4.07 – 5.77 eV.   The 

solid lines are five*point adjacent averages of the data points.   

 

*������%�� Laser power measurements for photodepletion of the a) [AMP*H]*, b) [ADP*

H]*, c) [ATP*H]*, d) [ADP*2H]2*, and e) [ATP*2H]2* anions, recorded at 4.9 

eV. 

�

*������' Aqueous absorption spectra of ATP (3x10*5 mol dm*3) recorded at pH = 1, 2, 7 

and 12. 

*������)  Fragment production curves for a) [AMP*H]*, b) [ADP*H]*, c) [ATP*H]*, d) 

[ADP*2H]2* and e) [ATP*2H]2* upon HCD between 0 and 45 % energy.  

�

*�������   Photofragment mass spectra of a) [AMP*H]*, b) [ADP*H]*, c) [ATP*H]*, d) 

[ADP*2H]2*, and e) [ATP*2H]2* excited at 4.9 eV. * indicates the depleted 

parent ion signal. 

 

*������5   Photofragment action spectra of the major photofragments produced following 

photoexcitation of mass*selected a) [AMP*H]*, b) [ADP*H]*, c) [ATP*H]*, d) 

[ADP*2H]2*, and e) [ATP*2H]2*, across the range 4.07 – 5.77 eV.  The solid 

lines are five*point adjacent averages of the data points. 
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