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Epilogue e 

Thiss epilogue is aimed at discussing the questions which have arisen from the 

experimentall  results obtained, thereby possibly giving the interested reader  a 

startingg point for  further  and new experiments. As shown in chapter  5, the rate 

off  proton transfer  from the single photon excited indene radical cation to a base 

iss considerably slower  than its rate of relaxation by non-reactive collisions. The 

intermolecularr  proton transfer  between protonated benzene in the ground state 

andd neutral benzene has been measured to be surprisingly slow (t,>300 ms) 

comparedd to the intra-molecular  proton shifts along aromatic rings which 

usuallyy are investigated with use of Mass analyzed Ion Kinetic Energy (MIKE ) 

masss spectrometry of metastable ions with lifetimes of 10*5 to 10"4 s [1]. This 

suggestss that in the intermolecular  proton transfer  a complex is formed (not 

detectablee within the time-scale of the FT-ICR mass spectrometer) prior  to 

protonn transfer  and that in the potential energy surface a relatively high barrier 

forr  the proton transfer  is present. Thus, the rate of proton transfer  wil l be slow if 

thee density of states in the transition state of this reaction is less than at other 

locationss of the reaction trajectory. It is then probable that the photon energy of 

2.455 eV deposited in the indene radical cation is partly lost during collisions 

andd radiative relaxation so that only part of the deposited energy will be 

availablee for  transferrin g the proton to a base. Most of the reference bases 

turnedd out to have a comparable reactivity towards the excited protonated 

speciess (a small amount of the excited protonated species transferred a proton) 

despitee their  totally different structures and associated proton affinities. 

Consequently,, the endothermicity of the proton transfer  in the ground state of 
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thee reaction partners seems to be of less importance/influence in the proton 

transferr process than a barrier as referred above. Perhaps the barrier is 

predominantlyy due to the protonated species itself, that is a possibly large 

entropiee change in the excited protonated species accompanying the proton 

tranferr to a base. However, the physico-chemical characteristics of the 

protonatedd species, such as electronic states and relaxation rates, might be 

importantt as well in the proton transfer process. If proton transfer is fast [2] and 

noo considerable barrier is present, the RRKM method may be used [3] to predict 

thee internal distribution of the energy deposited in the protonated species. 

Althoughh it is not known whether the basic assumptions of the RRKM theory 

[3-5]]  are correct, they would imply that the deposited photon energy of 2.41 eV 

iss distributed statistically over the vibrational modes of the ion prior to proton 

transfer.. As discussed in chapter 5, it is assumed that during relaxation the 

overalll  rate of proton transfer will decrease and that therefore one may assume 

thatt the major part of the reaction products wil l be formed when the average 

internall  energy is still relatively high and that the available energy deposition of 

0.5-0.66 eV observed to be available for the endothermic proton transfer 

correspondss with about 1.5 vibrational quanta in the relevant C-H bond. Thus, 

assumingg complete energy randomization, this amount of energy does not seem 

unreasonablee for the possibility of reaction. Therefore, it might be that for 

equallyy large ions which obey energy randomization over all degrees of freedom 

similarr results could be obtained. Of course, this should be verified by 

experiments,, but many of such ions obey the RRKM theory. Thus, the RRKM 

theoryy could become an important tool for estimating changes in the reactivity 

off  ions induced by light and, possibly even of neutral gas phase molecules! 

Inn order to obtain more information on the reaction path and time scale of 

bimolecularr reactions, Hase [3] has suggested to measure the internal and 
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kineticc energy and scattering angle distributions of products and to determine 

thee dependence of the reaction probability on the orientation and mode specific 

excitationn of the reactants. A direct experimental observation of bimolecular 

(andd also unimolecular) microscopic reaction dynamics can be made nowadays 

byy real time laser femtochemistry. 

Fromm the above it may be clear that it is not easy to understand in depth the 

mechanismm of proton transfer from excited naphthalene or indene radical 

cationss to a base in the gas phase. For this, knowledge of the spectroscopy of 

gas-phasee ions would be most appropriate. However, although tremendous 

progresss has been made in assigning spectroscopical data to electronic, vibronic 

andd rotational states of neutral molecules and radicals, spectra of only about 200 

ionss have been described [6], because there are not many methods 

available/applicablee to obtain detailed structure data and/or spectra of gas-phase 

ionss in the infrared and UV-vis region. J.P. Maier [7] has described the 

problemss associated with experiments to spectroscopically characterize gas-

phasee ions, such as the production of the ions in sufficient amounts and with a 

reasonablyy well defined internal energy, the means to detect sensitively the 

electronicc transitions induced and the unambigious identification of any 

observedd signals. The same author [7] has developed a method that combines 

masss spectrometry with matrix spectroscopy. Herein an ion of interest is 

depositedd in a 5 K neon matrix. From this matrix-, electronic-, IR-, or ESR-

spectroscopyy data of the trapped ions can be obtained which subsequently can 

bee used as reference data in gas-phase ion experiments. For example, two-color 

absorption-dissociationn experiments, in which the first photon with a variable 

frequencyy excites the ion and the second photon with a fixed frequency 

dissociatess the ion, can then be used to obtain gas-phase spectroscopic data. 

Detectionn of the fragment ions and their abundances as a function of the 
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frequencyy of the first photon absorbed gives the energies of the excited states. If 

thee excited electronic states relax radiatively, then the laser-induced 

fluorescensee approach is attractive. 

Unfortunatelyy the electronic states of gas-phase protonated naphthalene and the 

indenee radical cation, studied in this thesis, have not yet been determined 

althoughh the spectroscopy of both ions has been studied in solutions. The 

electronicc states of the c-bound proton complexes of naphthalene at the 1 and 2 

positionn (see for such complex of benzene [8]) have been calculated by P. Du et 

al.. [9] and G. Dallinga et al. [10]. Evidence for a a-bound proton complex of 

naphthalenee at the 1 position has been provided by NMR experiments in 

solutionn [11-13]. Yet, some inconsistency in the reported results has been noted. 

Inn the absorption spectrum of protonated naphthalene in super acid glasses, G. 

Dallingaa et al. [10] found that the first absorption band at 470 nm reaching to 

5100 nm is probably due to the 7t5—>%(, type transition. Freiser and Beauchamp 

[14-17]]  have studied extensively the photodissociation spectroscopy of 

protonatedd aromatics and very similar Li+-cationized aromatics and have shown 

thatt their gas-phase spectra usually could be compared directly with their 

solutionn spectra, which match very closely apart from small solvent shifts. 

Interestingg to note [18] is the similarity of gas-phase spectra of the neutral 

moleculee and its protonated conjugate acid apart from a substantial redshift. P. 

Duu et al. [9], have described the electronic states of unsaturated polyatomic 

hydrocarbons,, and found that only the electronic state of the 2-position bound 

protonn in protonated naphthalene has to have the absorption band nearest to the 

visiblee light at 350 nm. However, the spectrum of the unprotonated species was 

nott very similar to that of its protonated conjugate acid. E. van der Donckt et al. 

[19]]  have also studied spectroscopically protonated naphthalene in super acid 

solutionss and observed that the excited protonated naphthalene relaxes via both 

fluorescencee and phosphorescence. With regard to the indene radical cation, 
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A.I .. Bokin et al. [20] have measured in solution that it has an absorption band in 

thee visible region due to a transition from the deeply lying 7t3 MO to the 

partiall yy occupied 7t5 MO. No other  spectroscopic data describing the electronic 

statess of the indene radical cation have been found in the literature. 

Onee of the main issues important for  understanding the mechanism of proton 

transferr  is the relaxational behaviour  of the protonated naphthalene and the 

indenee radical cation. Several authors have suggested that the electronically 

excitedd species relax through internal conversion to a highly vibrationall y 

excitedd ground state with a lifetime of several hundreds of ms. For  example, J.P. 

Maierr  [21] has described the relaxational behaviour  of electronically excited 

open-shelll  organic cations in the gas phase and has shown for  butadiene and 

trans-- and cis-1,3,5 hexatriene radical cations that relaxation from the lowest 

electronicallyy excited state via radiative decay is a minor  process, the dominant 

pathwayy being that of internal conversion, i.e. formation of vibrationall y excited 

groundd state ions and leading to fragment ions. 

Thee Forster  cycle [14-17,22], which is a thermochemical cycle, suggests that 

electronicallyy excited ions, such as C6H5CHOH+ and C6H5CNH+ are more basic 

thann their  ground state partners. The cycle is applied to calculate the proton 

affinitie ss of electronically excited ions and their  protonated conjugate acids. 

Thiss is in contradiction with the investigation of vibrationall y excited ground 

statee ions which show to be more acidic. Also E. van der  Donckt [19] found in a 

studyy of the acidity constant of protonated naphthalene in the lowest singlet and 

triple tt  excited state, as estimated from application of the Förster  cycle to the 

electronicc spectra, that singlet and triple t excited protonated naphthalene should 

bee more basic than their  ground state partner. This is, of course, not comparable 

withh the results of the experiments described in this thesis which are 

surprisinglyy different and opposite. 
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Obviously,, spectroscopic studies on excited protonated naphthalene and the 

radicall  cation of indene are badly needed to shed more light on their proton 

transferr mechanisms to appropriate bases in the gas phase. 
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