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Light-inducedd intermolecular  proton transfer 

fromm protonated naphthalene to neutral 

moleculess in the gas phase 

Abstract t 

Itt is shown by use of Fourier transform ion cyclotron resonance (FT-ICR) mass 

spectrometryy that protonated naphthalene excited by laser light of 488 nm is 

moree reactive toward reference bases than groundstate protonated naphthalene. 

Suchh an excitation affects proton transfer from this ion to reference bases for 

whichh reaction in the ground state of the reaction partners is endothermic up to 

aa maximum of 60 kJ/mol. 

3.11 Introductio n 

Reactionss between ions and molecules in the gas phase, in which the ions and 

moleculess are in their ground state, have been studied extensively by use of 

variouss experimental methods, in particular flowing afterglow (FA) [1-3] and 

Fourierr transform ion cyclotron resonance (FT-ICR) mass spectrometry [4,5]. 

Thesee studies have provided a wealth of information on reaction mechanisms 

andd kinetics [6-13], ion structures [14,15] and quantitative thermodynamic data 

includingg proton- and electron affinities of neutral species and heats of 

formationn of both ions and neutral molecules in the gas phase [16,17]. 

Veryy limited research, however, has been devoted to reactions between 

electronicallyy and/or vibrationally excited ions and neutral molecules in the gas 
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phase.. In this area of research a number of elegant studies has been published in 

whichh the electronically and/or vibrationally excited state population of small 

ions,, such as NO+, 02
 +, HC1+ and HCO+, has been probed via an ion/molecule 

reactionn [18-20]. The ion/molecule reaction is chosen such that it is 

thermodynamicallyy allowed only for excited ions. This serves to chemically 

monitorr the internal energy of the ions and has been termed the ion monitoring 

techniquee [18]. Using this technique in a triple cell FT-ICR spectrometer, the 

vibrationallyy excited state population and associated radiative lifetimes of CF+ 

andd NO+ [19] have been determined by charge transfer with suitable monitor 

molecules,, while those of HCO+ [19] have been obtained by monitoring proton 

transferr to suitable molecules. 

Inn the present study protonated naphthalene has been excited in the gas phase 

withh use of light from an Argon ion laser with the aim to observe a proton 

transferr reaction which in the absence of excitation would be endothermic. The 

motivationn for such research derives from the presently widely applied method 

off  matrix assisted laser desorption ionization (MALDI ) in the analysis of large 

moleculess [22,23]. It has been suggested that excited neutral matrix molecules 

orr ions produced by photon absorption in the gas phase following the initial 

desorptionn process may play a role in the MALDI ionization process [24]. Such 

excitedd species have an increased acidity and could therefore in part account for 

thee formation of protonated analyte molecules in MALDI through proton 

transferr in a gas phase ion/molecule reaction. In the second part of the present 

studyy the difference in the proton transfer capability of the non-excited and laser 

light-excitedd even electron protonated naphthalene species has been probed by 

usee of the bracketing method [25-27] which enables to estimate the threshold 

forr proton transfer to take place. The bracketing of such difference in reactivity 

inducedd by laser light may also shed some light on not yet fully understood 

mechanismss of MALDI . 
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Followingg a description of the conditions for photochemical experiments on gas 

phasee ions in an FT-ICR mass spectrometer, experimental details will be given. 

Subsequentlyy the results obtained will be presented and discussed. 

3.22 Conditions for  photochemical experiments on gas-phase ions 

inn an FT-ICR mass spectrometer 

Whenn studying photochemical reactions of ions in an FT-ICR cell, the 

experimentall  conditions must be chosen rather carefully. 

Firstt of all, the ions must absorb light in the wavelength region used and the 

resultingg excited state should be below the dissociation threshold of the ions. It 

iss well-known [28-30] that in these cases the photo-excited ions often have a 

lifetimee sufficiently long to absorb a second photon and to dissociate by a two-

(orr multi-) photon process. This long lifetime, of course, is also required to 

makee bimolecular reactions of the photo-excited ions possible. In general, 

photochemicall  reactions of gas-phase ions therefore will be in competition with 

two-- (or multi-) photon dissociation processes. 

Thee reaction scheme for a pure two-photon dissociation process is shown in 

Schemee 3-1. In this Scheme F represents the fragment ions plus neutral species. 

M++ z^i  M
+ — 

nk1+k2 2 

Schemee 3-1. Reaction scheme for a pure two-photon dissociation process of M+ 

(seee further text). 

II  is the light intensity, 0\ and c2 are the cross sections for absorption of the first 

andd the second photon, n is the density of neutral molecules and ki and k2 are 

thee rate constants for collision-induced and collisionless (IR emission) 
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relaxationn of the photo-excited ions [28,29]. According to previous work 

[28,29]]  the decay of the ion abundance is singly exponential as shown in eq. 1. 

Mii  = exp(- V-WX 

[M +(t,0)] ] I-(a,, + a2) + nk, +k. 
) ) (1) ) 

Heree M(t,I) and M(t,0) are the ion abundances after t seconds with and without 

irradiation.. It follows from eq. 1 that 

-I/ln([M(t,I)]/[M(t,0)] )) should be linear with 1/1 (eq. 2). 

- I t t 

ln([M +(t,I)]/[M +(t,0)]) ) 

(o-,+q2)) | (nk,+kj 

cr,, a, II  a , a2 

(2) ) 

Extensionn of Scheme 3-1 to include photochemical reactions with a substrate 

moleculee A leads to Scheme 3-2 where P are the bimolecular reaction products, 

k44 is the rate constant for relaxation of M+*  by collisions with gas A and nA is 

thee density of molecules A. k3 is the bimolecular rate constant for reaction of 

ionss M+ with molecules A. 

M++ ^ = : M+ - F 
nAk4+k2 2 

nAks s 

Schemee 3-2. The reaction equation for a pure two-photon dissociation process of 
M+,, in which the singly photon excited M+*  reacts with molecule A to give P in 
competitionn with deactivation and absorption of the second photon to give F (see 
furtherr text). 
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Itt is obvious from Scheme 3-2 that the ratio of product and fragment ion 

abundancess is given by eq. 3. 

[P]]  nA-k3 

Inn order to observe photochemical reactions, it is therefore essential that the 

relativee pressure of molecules A is as high as possible in the FT-ICR 

experiments.. In contrast, competing reactions of ions M+ with its neutral 

precursorr should be suppressed as much as possible. Since the FT-ICR 

spectrometerr used in the present experiments does not have an external ion 

source,, the pressure of the precursor molecules therefore has been kept close to 

10"99 torr. In addition, to make a clear distinction between reactions of ground 

andd excited state ions, it appeared to be important to thermalize ions M+ as 

muchh as possible before irradiation was started. 

3.33 Experimental 

Thee experiments were performed with a laboratory-built Fourier transform ion 

cyclotronn resonance (FT-ICR) mass spectrometer. The major components of this 

instrumentt are a 2.5 cm cubic cell situated in a 1.4 Tesla 12-inch magnet, a 

Motorolaa MVME133 computer, a home-built microcomputer which produces 

alll  the necessary pulses and controls, a Wavetek/Rockland model 5110 

frequencyfrequency synthesizer and a laboratory-built stored waveform inverse Fourier 

transformm (SWIFT [4]) unit. The protonated naphthalene species were isolated 

inn the FT-ICR cell by use of the SWIFT method. For excitation of the ions with 

visiblee light a 4 Watt Spectra-Physics Stabilite 2017 argon ion laser was used. 

Thee light beam (488 nm) from the laser was expanded to a diameter close to 2.5 
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cmm to ensure irradiation of all ions present in the ICR cell and was controlled by 

aa shutter opened and closed by a pulse from the microcomputer. 

3.3.13.3.1 Two-photon experiments. 

Inn the photodissociation measurements protonated naphthalene species were 

preparedd from naphthalene by proton transfer from CH5
+ generated from 

methanee which reaction is exothermic by 264 kJ/mol. 

quench h 
pulse e 

base e 
line e 

ejection n 
pulsee 1 

electron n 
beam m 

pulsee + 
freq. . 
pulses s 

shutterr open pulse 

frequency y 
pulse e 

detection n 
off  current 

12 2 24 4 
25 5 

1000 0 

t[ms] ] 

1010 0 3055 5 

Schemee 3-3. Pulse sequence applied for the study of the two-photon dissociation process 
off  M+, presented in Scheme 3-1. The duration of the pulses was: quench 5 ms, base line 
detectionn 5 ms; ion ejection pulse 1 to remove all ions with the exception of protonated 
naphthalenee 12 ms; electron beam pulse 10 ms; waiting period to allow for reaction of 
CH5++ with gas-phase naphthalene 964 ms; ejection pulse 2 to further isolate protonated 
naphthalenee 8 ms; laser on 2060 ms; Frequency pulse to increase the radius of detection 
55 ms; 5x20 pulse sequences were accumulated to obtain [M+(t)] at a laser intensity I. 

Schemee 3-3 shows the pulse sequence of the ion formation, ejection, isolation 

andd detection in the pure two-photon dissociation experiments including a 

reactionn time to protonate the naphthalene gas with CH5
+ formed by ionized 

methanee gas. In other photochemical experiments protonated naphthalene 

speciess were obtained as fragment ions from l-methyl-3,4-dihydronaphthalene 

att electron ionizing energies of 20-25 eV. The latter compound was prepared 

accordingg to the literature [30]. 
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Figuree 3-1. Mass spectra of mass selected protonated naphthalene, m/z 
129,, generated by chemical ionization of naphthalene, as obtained 
withoutt (upper part) and with (lower part) collision gas (Ar). 
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Figuree 3-2. Mass spectra of mass selected protonated naphthalene, m/z 
129,, generated by the electron ionization induced fragmentation of 1-
methyl-3,4-dihydronaphthalene,, as obtained without (upper part) and with 
(lowerr part) collision gas (Ar). 

Collision-inducedd dissociation spectra of protonated naphthalene, prepared in a 

chemicall  ionization source by protonation of naphthalene with methane as 

reactantt gas and by electron ionization induced fragmentation of l-methyl-3,4-
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dihydronaphthalene,, were obtained with use of a four sector Jeol SX/SX 102A 

tandemm instrument (Jeol Ltd. Akishima, Tokyo, Japan). 

Followingg selection of the main ion beam by the first B and E sectors, collision-

inducedd dissociation experiments were performed in the third field-free region 

usingg argon as a target gas at such a pressure that the signal of the mass selected 

ionn beam was reduced to 50% of its original intensity. The obtained collision-

inducedd dissociation spectra appeared to be practically identical (see Figures 3-

11 and 3-2). 

3.3.23.3.2 The proton transfer from protonated naphthalene to reference bases. 

Protonatedd naphthalene was generated in the cell by electron ionization of 1-

methyl-3,4-dihydronaphthalenee at a pressure of 1*10~9 Torr. 

shutterr open pulse 

detect t 
pulse e 

detection n 
off  current 

1052 2 2552 2 

Schemee 3-4. Pulse sequence applied for the bracketing of proton transfer from excited 
protonatedd naphthalene to reference bases. The laser pulse (depicted in dotted lines) was 
appliedd alternately on and off to obtain a difference spectrum. The duration of the pulses 
was:: quench 5 ms, electron beam ionization 463 ms; ion ejection pulse 1 to remove all 
ionss with the exception of protonated naphthalene 485 ms; ejection pulse 2 to further 
isolatee protonated naphthalene 16 ms; waiting period to carry off excess energy of (cool) 
thee ions 484 ms; ejection pulse 3 to further isolate protonated naphthalene after cooling 
88 ms; laser on 1507 ms; 700 pulse sequences were accumulated to obtain the difference 
spectrum. . 

Too prevent reaction of the formed protonated naphthalene with its precursor, 

thee pressure of the reference bases used was 1-10"7 to 2*10"7 Torr. Scheme 3-4 

givess a typical pulse sequence used for proton transfer from protonated 
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naphthalenee to reference bases. During the electron beam pulse to generate 

protonatedd naphthalene, unwanted ions were ejected by application of repeated 

SWIFTT pulses. 

i ' ' ''  i i i  i 1 1 1 . 1 1 1 , i , i i 

50 0 60 0 70 0 90 0 100 0 110 0 120 0 

JL~4~ ~ 
1300 140 150 0 

Figuree 3-3. A difference spectrum of protonated naphthalene irradiated with laser 
lightt of 488 nm at 0.1 W and without laser light. Acetonitrile (MW is 41) is 
protonatedd only when the laser light is on. The precursor ion of protonated 
naphthalene,, that is ionized l-methyl-3,4-dihydronaphthalene, is capable of 
capturingg a proton as well and dissociates with the laser light on in a similar way 
ass protonated naphthalene, that is by hydrogen atom loss. Therefore, the pressure 
off  the precursor molecule was at least a 100 fold lower (1«10"9 Torr) than the 
pressuree of acetonitrile (1.9»10~7 Torr). 

Thiss was necessary to reduce the number of unwanted ions from the reference 

compoundd which was present in about 100-fold excess. Then a waiting period 

wass applied to carry off the excess energy of the protonated naphthalene by 

nonreactivee collisions. This waiting period was followed by a SWIFT ejection 

pulsee to remove the ion/molecule reaction products formed and to isolate the 

"cooled""  protonated naphthalene with m/z = 129. Finally these ions were 
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allowedd to react for 2000-2500 ms with the laser light on or off. This was 

followedd by a pulse to detect the reactant and product ions. Difference spectra 

weree obtained by subtracting the Fourier transformed signals trom two 

successivee experimental cycles, one with the laser light on and one with the 

laserr light off (see Figure 3-3). 

3.44 Results and discussion 

Thee lifetimes of excited aromatic hydrocarbon (radical) cations are known to be 

inn the order of a few hundred ms [28,29] which matches nicely the time-scale of 

thee FT-ICR method used in the present study. 

Initiallyy attempts were made to perform experiments with photo-excited 

protonatedd benzene, but no reaction could be observed probably because the 

ionss do not absorb 488 nm light, considering the reported calculated absorption 

spectraa [31,32]. 

AA more satisfactory result has been the generation of sufficiently abundant 

protonatedd naphthalene, which was obtained in the FT-ICR cell from either 

protonationn of naphthalene by CH5
+ formed from methane or electron ionization 

inducedd fragmentation of l-methyl-3,4-dihydronaphthalene. The ions prepared 

byy either method have the same structure as indicated by their corresponding 

collision-inducedd dissociation spectra (see Experimental). 

Mostt of the experiments have been performed with l-methyl-3,4-

dihydronaphthalenee as precursor of protonated naphthalene for practical reasons 

(noo mixing of two gases required as in the case of protonation of naphthalene by 

CH5
++ formed from methane). It should be emphasized, however, that similar 

resultss from the experiments using FT-ICR have been obtained with either 

method. . 
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Figuree 3-4. Thermalisation of protonated naphthalene (a), generated from 1-
methyl-3,4-dihydronaphthalenee upon 20 eV electron ionization, by collisions 
withh its precursor and acetonitrile as a function of time. Partial pressures were 
1-10"99 Torr for l-methyl-3,4-dihydronaphthalene and 1.5*  10"7 Torr for 
acetonitrile.. protonated acetonitrile (A); protonated l-methyl-3,4-
dihydronaphthalenee (0). 

Priorr to excitation of the protonated naphthalene species by laser light, their 

behaviourr in the absence of light and in the presence of both its precursor 

moleculee l-methyl-3,4-dihydronaphalene and acetonitrile was monitored as a 

functionn of time. The observations made are presented in Figure 3-4. As can be 

seenn from Figure 3-4, after about 500 ms under the applied experimental 

conditionss (see sections 3.2 and 3.3) the original protonated naphthalene species 

havee been thermalized by non-reactive collisions and no longer transfer a 

protonn to acetonitrile. This time has been used as "waiting period" to achieve 

removall  of electron ionization excited protonated naphthalene species prior to 
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illuminationn of the remaining and thermalized protonated naphthalene 

moleculess by laser light in the experiments described below. 

3 n n 

2.5 5 

S S 

SS 2 

5 5 

1.5 5 

0.5 5 1.5 5 2.5 5 3.5 5 
1/1 1 

Figuree 3-5. Fraction of two-photon dissociating protonated naphthalene species 
ass a function of light intensity at 488 nm plotted according to Eq. 2 (see text). 
Partiall  pressures were 2«10"8 Torr for naphthalene and 6*10"8 Torr for the 
protonatedd reagent gas methane. 

Too reduce proton transfer from protonated naphthalene in both its ground and 

excitedd state to its neutral precursor l-methyl-3,4-dihydronaphthalene, the 

pressuree of the latter was held at a hundred-fold lower pressure than that of 

acetonitrile. . 
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3.4.13.4.1 Two-photon dissociation. 

Subsequently,, it was first shown that protonated naphthalene photodissociates 

viaa a pure two-photon dissociation process. In this photodissociation process 

protonatedd naphthalene loses a hydrogen atom (see figure 3-3). The amount of 

thiss hydrogen atom loss has been measured at different intensities of the laser 

byy measuring the corresponding peak height with the laser on and off. As 

expectedd for a pure two-photon dissociation process, a plot of 

-I/ln([M(t,I)]/[M(t,0)] )) versus 1/1 should give a straight line (see eq. 2 in section 

3.2)) as is observed indeed (see Figure 3-5). This means that absorption of one 

photonn leads to photo-excited protonated naphthalene with a sufficiently long 

lifetimee for a second photon to be absorbed. 

3.4.23.4.2 Proton transfer 

Inn an experiment done in the presence of acetonitrile, photo-excited protonated 

naphthalenee has been found to be capable to transfer a proton to this molecule. 

Thiss process does not occur from protonated naphthalene in its ground state. 

Accordingg to eq. 3 in section 3.2, the ratio of abundances of photofragment ions 

off  protonated naphthalene (due to the two-photon dissociation process) and 

productt ions (due to proton transfer to acetonitrile) should depend linearly on 

thee laser light intensity. 

Figuree 3-6, where the various straight lines have been obtained at different 

acetonitrilee pressures shows that this is indeed observed. 

AA plot of the reciprocal slopes of the straight lines in Figure 3-6 versus pressure 

yieldss the linear relationship between the ratio of abundances of product and 

photofragmentt ions and pressure as shown in Figure 3-7. This is in agreement 

withh eq. 3 in section 3.2 which is expressed in terms of number density. 

Experimentss to determine the threshold of proton transfer from photo-excited 

protonatedd naphthalene to suitable bases by the bracketing method are described 

below. . 
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Figuree 3-6. Ratio of abundances of photofragments ions of protonated 
naphthalenee and its bimolecular product ions ([F]/[P]) as a function of light 
intensityy at 488 nm measured at a pressure of l-methyl-3,4-dihydronaphthalene 
off  1  10"9 Torr and different pressures of acetonitrile, that is 3.8-10"7 Torr(0), 
2.8-10"77 Torr (a), 2.3-10"7 Torr(A), and 1.9-10"7 Torr (o). 

3.4.33.4.3 Bracketing of the proton transfer from laser-light excited protonated 

naphthalene. naphthalene. 

Itt has been shown that protonated naphthalene dissociates following absorption 

off  two photons of 488 nm and that following laser-light excitation it can 

transferr a proton to a suitable base in an endofhermic reaction. Thus, to perform 

thee bracketing [25-27] of proton transfer from excited protonated naphthalene to 

aa base, several bases with a decreasing ground state proton affinity have been 

used.. The results of bracketing experiments for this proton transfer are 

summarizedd in Table 3-1. They show that the excited protonated naphthalene 

speciess can transfer a proton to abase having a proton affinity of 2 kJ/mol. 
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Thiss means that the proton transfer reaction can be as endothermic as 60 kJ/mol 

(0.66 eV) which is a relatively small amount of the energy (2.54 eV) initially 

depositedd in the protonated naphthalene. 

"ii  r 

11 2 3 
Pressur ee in Torr*10" 7 

Figuree 3-7. Reciprocal slopes of the lines in Figure 3-3 as a function of pressure 
(seee further text). 

Fromm UV-VIS spectra of protonated naphthalene in glasses [31-34] and 

calculationss [31-33] it is known that in addition to fluorescense also 

phosphorescencee occurs. The absorption band of the first excited state extends 

upp to 500 nm which covers the 488 nm wavelength of the Argon ion laser used. 

Itt could therefore be that protonated naphthalene in the triplet excited state 

transferss a proton to a base, such as acetonitrile, to give the protonated base in 

thee triplet state because of spin conservation. To check whether this is possible, 

thee energy of the first triplet excited state of protonated acetonitrile (see Figure 
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3-8)) has been estimated by use of HF/6-311G**  (for  geometric optimization) 

andd CISD/6-311G**, QCISD/6-311G**  calculations. 

Tablee 3-1. Bracketing of the proton transfer from laser-light excited protonated 
naphthalenee to a reference base. 

Referencee base 

naphthalene1 1 

acetonitrile e 
benzyll  alcohol2 

ethylenee oxide 
cyclopentene3 3 

nitromethane4 4 

cyclopropane e 
chloro-acetonitrile e 

1,3,5-trifiuorobenzene e 
1,2,4-trifluorobenzene e 

iodoethane3 3 

1,2,3-trifluorobenzene e 
1,4-difluorobenzene e 

formaldehyde e 
ethylene e 

fluoromethane e 

protonn affinity 
[kJ/mol] ] 
802.9 9 
779.2 2 
778.3 3 
774.2 2 
766.3 3 
745.6 6 
750.3 3 
745.7 7 
741.9 9 
729.5 5 
724.8 8 
724.3 3 
718.7 7 
712.9 9 
680.5 5 
598.9 9 

Reaction n 

+ + 
+ + 
+ + 
--
--
+ + 
+ + 
--
--
--
--
--
--
--
--

pressure e 
[Torrr 10"7] 

2.3 3 
1.3 3 
2.0 0 
2.9 9 
1.0 0 
1.0 0 
1.7 7 
2.0 0 
2.3 3 
2.0 0 
2.3 3 
2.0 0 
1.9 9 
2.0 0 
2.0 0 

11 Naphthalene has been included for completeness. 
22 Complete H20 loss observed following proton transfer. 
33 Charge transfer observed. 
44 Proton transfer to slow for observation of product ions. 

Thee results of these calculations, summarized in Table 3-2 and Table 3-3 show 

thatt  proton transfer  from triplet excited state protonated naphthalene to 

acetonitrilee is not possible due to the high lying triplet excited state of 

protonatedd acetonitrile at about 4.8 eV which is almost 2 times as high as the 

energyy deposition in protonated naphthalene (2.54 eV). For  the timescale of the 

FT-ICRR experiments the excited ions should be long-lived [28], that is up to 

500-6000 ms, to react as excited species in ion/molecule reactions. Because 

relaxationn from the corresponding triplet and singlet excited states is fast in 
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comparisonn with relaxation from a highly vibrationall y excited groundstate [31-

34]]  and spin-flip during the proton transfer  process is forbidden, 

H H 

v (( / 
VV H 

C — " " 

Figuree 3-8. The calculated geometry of protonated acetonitrile in its first 

triplett state. 

itt  therefore is anticipated that a significant part of the laser-light excited 

protonatedd naphthalene species undergoes internal conversion to a highly 

vibrationall yy excited groundstate prior  to proton transfer  in an ion/molecule 

reaction. . 

Tablee 3-2. The results of the HF/6-311G**  calculations for geometric 
optimizationn of protonated acetonitrile in the ground state and in the first 
triplett state. The calculated symmetry of protonated acetonitrile in the 
groundd state was C3V, a linear symmetry. 

d(H-N) ) 
d(N-C) ) 
d(C-CMe) ) 
d(C-H)) out of plane 
d(C-H)) in plane 

Z(H-N-C) ) 
Z(N-C-C) ) 

Bondd distances (A) 
'CH3CNH+ + 

0.99 9 
1.1197 7 
1.4593 3 
1.0836 6 

Bondd angles (°) 
180.0 0 
180.0 0 

3CH3CNH+ + 

1.0113 3 
1.2723 3 
1.4621 1 
1.0881 1 
1.0867 7 

129.2 2 
137.9 9 
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Tablee 3-3. Energies of 'CH3CNH+ and 3CH3CNH+, calculated with use of 
thee CISD and QCISD method. The lowest point of the triplet state, and the 
triplett state from the singlet ground state geometry (Franck-Condon 
simulation)) have been calculated. 

Statee of acetonitrile 

singlet t 
triplett (Franck-Condon) 
triplet t 
AE(singlet,triplet) ) 

CISD D 
energyy (eV) 

-3610.53 3 
-3602.87 7 
-3605.85 5 

4.68 8 

QCISD D 
energyy (eV) 
-3611.88 8 
-3604.06 6 
-3607.09 9 

4.79 9 

3.55 Conclusion 

Thee present study has shown that visible light can effect proton transfer from 

ionss to neutral molecules in the gas phase. It has been shown possible to 

determinee the threshold for proton transfer from laser-light excited protonated 

naphthalenee to a base in the gas phase by use of the bracketing method. The 

excitationn of protonated naphthalene with laser light of 488 nm leads to reaction 

withh bases for which proton transfer in the ground state is endothermic up to a 

maximumm of 60 kj/mol. 
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