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1 1 

Introductio n n 

Groundd state reactions between ions and molecules in the gas phase have been 

studiedd extensively by use of various experimental methods, in particular 

Flowingg Afterglow (FA) [1-3] and Fourier  Transform Ion Cyclotron Resonance-

(FT-ICR )) mass spectrometry [4,5]. These studies have provided a wealth of 

informationn and a detailed knowledge on ion/molecule reaction mechanisms 

andd kinetics [6-13], ion structures [14,15] and thermodynamic properties. In this 

realmm proton transfer  reactions constitute one of the most fundamental chemical 

reactionss together  with electron transfer  reactions [16,18]. A large amount of 

thee studies involved the intra- and intermolecular  proton transfer  reactions in 

solutionn [18-21]. A smaller  part is devoted to intra- and intermolecular  proton 

transferr  reactions in the gas phase [22,23]. 

Muchh less is known, however, about the change in reactivity of excited ions in 

ion/moleculee reactions in the gas phase. Yet very legitimate questions are 

whetherr  the reactivity of an excited ion increases and if so, how much more 

reactivee wil l be an excited ion compared to its ground state partner? For 

example,, the gas-phase reactivity of a number  of small excited ions, such as 

NO+,, 02^ , HCr and HCO+ has been investigated using the ion monitoring 

techniquee [24-26]. This technique [24,25] monitors chemically the internal 

energyy of excited ions by an ion/molecule reaction, which thermodynamically is 

allowedd only for  excited ions, and enables in this way to determine the 

reactivityy differences between excited and ground state ions. Knowledge of 

suchh reactivity differences is very important, if not essential, for  areas such as 
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atmosphericc chemistry [27] or to understand processes involved in the 

vaporizationn and protonation of analyte molecules surrounded by matrix 

moleculess in matrix-assisted laser desorption ionization time-of-flight (MALDI -

TOF)) mass spectrometers [28-34]. MALDI is presently widely applied in the 

analysiss of large molecules [28,29], but the mechanism(s) of ionization is (are) 

nott yet fully understood. Protonation of the analyte molecules has been 

proposedd to occur in the gas phase by reaction of the electronically excited 

matrixx molecules with ground state analyte molecules [30]. Recent studies 

proposee multicenter excitation of matrix molecules and charge transfer from 

neutrall  excited matrix molecules to other neutral molecules whereby the 

generatedd charged matrix species subsequently protonate the analyte [33-35]. 

Inn such studies it is desirable to know the excited states present, the relaxation 

pathways,, decay times and the mechanisms of excitation. For example, 

excitationn of ions can be achieved in several ways, that is by collisional 

excitation,, in which collisional energy transforms into vibrational energy, by 

heatingg or by electronic excitation with use of photons from a lamp or laser. 

Experimentss involving laser light excitation have an advantage over other 

methodss of excitation because the energy input and therefore the excited state 

fromfrom which relaxation occurs is defined much more precisely. If the electronic 

statess are known in detail, one can then possibly determine the most relevant 

relaxationn and/or reaction pathways. To perform reactions with ions in an 

excitedd state, such as proton transfer to an appropriate neutral molecule, it is 

importantt to generate the ions in an excited state which is long-lived because 

protonn transfer is usually slow compared to radiative- and collisional relaxation. 

Too provide evidence that the intermolecular reaction occurs between the ion in 

ann excited state and the neutral molecule, first it must be shown that an excited 

statee of the ion exists between its dissociation limit and its ground state. This is 

nott easy in the absence of any spectroscopical data for the ions studied in the 
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presentt thesis! The previous paragraphs undoubtedly show the complexity of 

studyingg the bimolecular chemistry of excited ions in the gas phase. Yet, the 

motivationn for the studies described in this thesis originates from the interest in 

atmosphericc chemistry and MALDI mass spectrometry, where light interacts 

withh ions leading to a practically unexplored area of the bimolecular chemistry 

off  light-excited species in the gas phase. 

Chapterr 2 of the thesis describes the instrumentation used for the experiments 

andd the kinetic schemes associated with the unimolecular and bimolecular 

chemistryy of the laser-light excited ions. In chapter 3 the influence of light upon 

thee proton transfer capability of protonated naphthalene, an even electron 

system,, is examined. To this end, the so called 'bracketing method', normally 

usedd to determine ground state proton affinities of gas phase (radical) ions, has 

beenn used for measuring the difference in proton transfer capability of the 

groundd state and excited state gas phase protonated naphthalene species. 

Chapterr 4 deals with the difference in proton transfer capability of the ground 

statee and excited indene radical cation, being an odd electron system. Also the 

'bracketingg method' has been used to determine the difference in proton transfer 

capabilityy of the ground state and excited indene radical cation. Finally, in 

chapterr 5 the ratio of the collisional relaxation rate and the rate of protonation 

off  a base is determined for the excited indene radical cation. The results of 

chapterss 3, 4 and 5 are discussed in the epilogue (chapter 6) to give some ideas, 

possiblyy as a starting point for further research in this yet unexplored area of the 

gas-phasee chemistry of light-excited ions. 
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2 2 

Experimentall  methods and kinetic schemes 

Introductio n n 

Thiss chapter will describe successively the experimental methods of Fourier 

transformm ion cyclotron resonance mass spectrometry and the kinetic schemes 

appliedd in the research for this thesis. 

Experimentall  methods 

2.11 Fourier  Transform Ion Cyclotron Resonance Mass 

Spectrometry y 

Thee method of Fourier Transform Ion Cyclotron Resonance (FT-ICR) [1,2] 

masss spectrometry has first been developed by Comisarow and Marshall in 

1974.. Since then this type of mass spectrometry has become increasingly 

advancedd and sophisticated and has been applied extensively in reaction 

mechanisticc and kinetic studies of gas-phase ion/molecule reactions at low 

pressuress [3-9], in probing ion structures [10,11] and in the determination of 

thermodynamicc properties [12,13] such as the proton affinity, electron affinity, 

acidity/basicityy and heat of formation of gas phase molecules. Tremendous 

instrumentall  developments and improvements, such as external ion sources, 

higherr magnet field strenghts and advanced methods to manipulate ions and to 

retrievee spectra, have enabled FT-ICR mass spectrometry [14,15] to play a very 

importantt role in fundamental research. Nowadays the commercially available 
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FT-ICRR mass spectrometers have reached a stage for more or less routine use. 

Recently,, the FT-ICR method has been applied for the analysis of compounds 

withh a high molecular weight (~106 Daltons) [16,17] in routine jobs with use of 

electrosprayy (ES) [18-20] coupled to, for example, electrophoresis [21] or by 

usee of the matrix assisted laser desorption ionisation (MALDI ) technique 

[22,23]. . 

Inn the research described in this thesis, FT-ICR has been applied to study 

relativelyy low mass singly charged ions, that is m/z < 150. In the next 

paragraphss the basic principles and operation of the FT-ICR mass spectrometer 

usedd wil l be described for understanding the performed experiments. 

2.22 Basic principles of FT-ICR mass spectrometry 

Inn Figure 2-1 a schematic drawing of a cubic cell constructed from molybdenum 

platess with a side length of d=2.5 cm is shown. This cell, mounted in a vacuum 

chamber,, is the heart of the FT-ICR mass spectrometer. The cell consists of two 

trappingg plates, two excitation plates and two receiver plates plus an assembly 

off  a filament and a few grids to generate and control an electron beam. The 

vacuumm system, which is heatable for outgassing, is pumped by an Edwards 

modell  EO-2 diffusion pump in series with an Edwards ED-50 rotary pump. 

Variablee leak valves are used to introduce neutral gases at pressures of 10"9 to 

10"66 Ton*  in the vacuum chamber. Pressures were measured with a Vacuum 

Generatorss VIG 21 ion gauge. 

Thee electron beam is used for ionisation (Electron Ionisation) of the neutral 

gases.. The ionisation energy of the electrons was between 15 and 20 eV in all 

experiments. . 
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Figuree 2-1. Schematic drawing of the FT-ICR cell. The cell is mounted in a 
vacuumm chamber. 

Thee direction of motion of the electrons in the electron beam is parallel to the 

magneticc field which was supplied by a 1.4 T 12 inch Varian magnet, adjusted 

too 1.25 T and surrounding the vacuum chamber. To irradiate the trapped ions 

withh laser light, the FT-ICR mass spectrometer contains a sapphire window. 

Thee excitation plates are highly light-transparent molybdenum mesh grids and 

att the back of the cell a slightly concave mirror reflects the light. 

2.33 Ion storage 

Thee FT-ICR mass spectrometer is based on storing or 'trapping' ions in the cell. 

Too trap the ions, in addition to the magnetic field a small electric potential is 

appliedd to the trapping plates. 
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2.3.12.3.1 Storage of ions in the xy-plane using the Lorentz force 

Lorentz'ss law describes the motion of an ion in a homogeneous magnetic field 

B:: the ion moves with constant velocity along a circle perpendicular to the 

magneticc field applied as shown in Figure 2-2. 

® ® B B 

, , 

Figuree 2-2. An ion in a homogeneous magnetic field moves with constant 
velocityy along a circle perpendicular to that magnetic field. The magnetic 
field'ss direction is towards the reader. 

Thee force that is exercized on the ion to create the ions circular motion is 

describedd by eq. 1. 

dv v 
FF = m a = m = q-E + q(vxB) (1) 

m,, q and v define the mass, charge and velocity of the ion. The vector cross 

productt explains the direction of the Lorentz force which is perpendicular to the 

planee of the magnetic field vector and the velocity vector. At constant velocity 

thee ion has a circular motion with radius r. If the velocity v in the xy plane 

(vxy)) is defined as 

vxy=V^ F F +v\ +v\ 
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itt can be combined with the angular acceleration 

dvv v2 

xyy xy 

dtt r 

inn eq. 1 which becomes 

m v 2 2 

-- = q - V B (2) 

Iff  we define the angular velocity co (in rad/s), about the z-axis by 

v v 
xy y 

coo = — -

eq.. 2 becomes 

q-BB z-e-B 
== (3) 

mm m 

Thee angular velocity co is denoted as Cflfc, the cyclotron frequency. 

Althoughh the ion is trapped in the xy plane by the magnetic field with the 

frequencyfrequency of its circular motion being equal to cot, it is free to move in the 

directionn of the magnetic field (z-direction). 

2.3.22.3.2 Trapping ions in the z-direction using an electric field 

Thee motion of ions in the z-direction can be restricted by application of an 

electricc field. This field is created by an electrostatic potential of usually 2 Volts 
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appliedd to the 'trapping plates' with respect to the other plates. This leads to an 

approximatelyy quadrupolar field and an approximately harmonic potential along 

thee z-axis in the center of the cell, the direction of the magnetic field. This is 

shownn in Figure 2-3. 

Thee motion of the ion in the direction of the magnetic field has been shown [24] 

too be approximately harmonic in a cubic cell. This is described by eq. 4. 

dvzz _ 4 q v T 

dt t m d2 2 (4) ) 

~© © 

o. . 
OX) ) 

c c 

1 1 

B B 

5 5 
T3 3 

SJL L 

+2V V +0.677 V +2V V 

Figuree 2-3: The potential well in the cell (black line) induced by the voltages 
appliedd to the trapping plates prevents the ion from escaping along the axis of 
thee magnet field. The potential in the center of the cell is the average of the 
voltagess on all plates of the cubic cell. 

wheree d is the distance between the trapping plates and vT the applied voltage. 

Thiss gives the trapping frequency o>r as given by eq. 5. 

0)TT =2-7CVT = -  J -—-TT d V m 
(5) ) 
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2.3.32.3.3 The motion of ions in a combined magnetic and electric field 

Thee motions of ions within a magnetic and quadrupolar electric field, formed by 

thee voltages on the trapping plates with respect to the receiver/excitation plates, 

aree coupled [24]. This results in two circular motions leading to the 'reduced' 

cyclotronn frequency av and the magnetron frequency ox, respectively. 

qBB + Jq2B2 - 4  mqE 
" * = - ^ 2 SS (6) 

qB-Jq2B2-4mqE E 
m = — ^^  ( 7 ) 

Thee magnetron frequency for all ions except for high mass ions is very small 

andd negligible with respect to the cyclotron frequency ax.. Although it is correct 

too use uif instead of ov, for convenience cot is used in the discussions in the 

paragraphss below where the trapping frequency o>r and magnetron frequency ax 

aree ignored. 

2.44 Ion excitation 

Iff  a radio-frequent electric field with frequency cot ( see eq. 3) is applied to the 

excitationn plates, then the ions in the center of the cell, with a corresponding 

mass-to-chargee ratio, are accelerated and spiral outwards to a circle with a 

largerr radius (see Figure 2-4). 
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appliedd rf-field 

receivingg plate 

currentt detection 

receivingg plate 

O O 

w w o. o. 
c c 
o o 

3 3 
--> > X X 
u u 

..-> > 

receivingg plate receivingg plate 

Figuree 2-4. Left: The applied rf-field is in resonance with the m/q of the ion in 
thee center of the cell. Therefore it's radius wil l increase. Right: Detection of the 
inducedd current of a translationally excited ion m/q gives a damped alternating 
responsee field with frequency cut according to eq. 3 because the coherence of 
thee motion of the ions is lost. 

Thus,, a radio frequency sweep through the appropriate frequency range will 

translationallyy excite all ions in resonance, that is having a mass within the 

frequencyy range, as ion packets coherently [15] to a larger radius. Following the 

externall  radio frequency field excitation the ions induce an alternating current 

withh frequency cot on the receiver plates. However, the coherent motion of the 

ionn packets is lost due to collisions of the ions with neutral molecules which 

causee a damping of the induced alternating current response in the receiver 

plates.. This alternating current response is Fourier transformed to give the 

frequenciesfrequencies present from which via eq 3 the corresponding mass spectrum can 

bee obtained. 

2.55 Ion manipulation 

Ionss can also be manipulated using the techniques of translational excitation. 

Forr example, when the applied radio-frequent electric field is strong or its 

durationn long, the radius of the ion circular motion wil l become very large. 
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Eventually,, this results in collision of the ions with the excitation or receiver 

platess followed by neutralisation of the ions. If the frequency of such radio 

frequentt electric field is equal to the cyclotron frequency cot of the ions, then 

onlyy these ions wil l be neutralized and ejected from the cell. 

Thiss is very useful [24] to remove unwanted ions from the cell during the 

experiments.. An efficient way to achieve this and to isolate in this way ions 

withh a particular m/z ratio in the cell is SWIFT (Stored Waveform Inverse 

Fourierr Transform) [25,26]. In this method a sum of frequencies is selected in 

whichh ions should be removed from the cell. This sum of frequencies is inverse 

Fourierr transformed to the time-domain and then applied to the excitation plates 

removingg instantaneously all selected ions. By combining or repeating such 

methodss a complete and pure isolation of ions with a particular m/z ratio in the 

celll  is possible. 

Inn Figure 2-5 a typical time sequence of applied pulses in FT-ICR is presented. 

Thee total time duration of such a time sequence can be from 100 ms up to 

seconds. . 

quench h 
pulse e 

electron n 
beam m 

shutterr open pulse 

detection n 
pulse e 

detection n 
off  current 

t[ms]]  —» 

Figuree 2-5. A typical time sequence of pulses used in FT-ICR experiments. 

Duringg the quench pulse (5 ms) a voltage of-10 V is applied to one trapping 

platee for removing the trapping well and therefore removing all ions from the 

cell.. Subsequently the electron beam is activated. This generates ions from the 

neutrall  gases present in the cell. Typical lenghts of the electron beam pulse are 
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fromfrom 10 ms for high pressures (10~6 Torr) up to 600 ms when the gases are 

presentt at very low pressure (109Torr). 

Ejectionn pulse 1 is, for example, a SWIFT pulse (usually 4 ms up to 16 ms) used 

forr the isolation (selection) of ions with a particular m/z value in the cell by 

ejectingg all unwanted ions. The waiting period between ejection pulses 1 and 2 

iss used to give the isolated, electron beam excited ions time to relax by radiation 

orr non-reactive collisions to obtain relatively cool ions in the cell. Depending 

onn the pressure this waiting time can be up to 700 ms. Ejection pulse 2 is to 

remove,, for example, ionic products from reaction of the electron beam excited 

ionss with neutral gases. Afterwards the shutter is opened for a defined time (100 

mss up to 3000 ms) to irradiate the mass selected ions with laser light. Then 

detectionn of the remaining isolated ions and fragment or ion/molecule reaction 

productt ions is achieved by successive excitation (4 ms) to a cyclotron radius of 

aboutt 25% of the cell diameter and receipt of the current response signal (up to 

99 ms) induced in the receiver plate, which subsequently is subjected to Fourier 

transformation. . 

2.66 Instrumental setup 

Inn Figure 2-6 a schematic representation of the FT-ICR apparatus is shown. The 

MVME1333 Motorola computer, the core-controller of the apparatus, sends the 

timingg instructions of the programmed pulses, the SWIFT data and shutter 

timingg to the laboratory built microcomputer which controls the laser-light 

shutter,, frequency synthesizer, DC voltages (Quench pulse etc.) and electron 

beam.. The Motorola computer also receives the AC current from the receiver 

platess via an AD converter (8 MHz). The time domain signal is then 

transformedd to a frequency domain signal. The obtained spectra can be stored in 

thee personal computer. The frequency synthesizer is used for single frequency 

excitationn or for a frequency sweep 'chirp' where the frequency is swept over a 
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selectedd range corresponding to the mass range of ions to be ejected in the 

performedd experiments. 

lenses s 

argonn ion 
laser r 

personal l 
computer r ( ( 

Motorola a 
computer r 

homee built 
microcomputer r 

Figuree 2-6. A schematic representation of the FT-ICR apparatus. 

Thee argon ion laser-light from a Spectra-Physics Stabilite 2017 is telescopically 

adjustedd with a few lenses to cover most of the cell area. Powers used are in the 

rangee of 0.05 W to 1.80 W at wavelenghts of 488 nm or 514 nm and adjusted 

withh a power controller. 

17 7 



Kineticc Schemes 

2.77 Two-photon dissociation 

AA kinetic model for a sequential two-photon dissociation was introduced by 

Beauchampp and co-workers [27,28] and by Dunbar and Fu [29] in the mid 

seventies.. This model accounts for the consequences of varying the laser beam 

intensityy and pressure in two-photon dissociation experiments and wil l be 

presentedd below. 

2.7.12.7.1 The kinetic model 

Inn the kinetic scheme of Figure 2-7 an ion M+ absorbs successively two photons 

providedd by the laser with intensity I which leads to fragmentation. G\ is the 

crosss section for the first photon absorption which gives the excited ion M+\ 

Figuree 2-7. The kinetic scheme of a two-photon dissociation. For an 
explanationn of the symbols see further text. 

Thiss excited ion M+ can absorb a second photon with photon absorption cross 

sectionn G2 which dissociates and forms fragment F among other fragments. 

Relaxationn back to the ground state occurs by collisions with a relaxation rate 

constantt ki at a neutral density n or by radiation with a relaxation rate constant 

k2.. From this kinetic scheme the partial differential equations can be derived: 
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^ i ^ - I - a . - t M ^^  + n-k.-EM^ l + k^tM" ] (8) 
at t 

ffiffi  = ra,- [M + ] - I -o ! [M +*]-nk , [M +*]-k 2 [M+*] (9) 
dt t 

fflffl  = I-a2[M
+* ] 

dtt  2 L J 

Followingg rewritin g eq. 8 into eq. 11 and differentiating gives eq. 12 

[ M r . ] == 1 d t M ^ I o . t M * ] 
nk ,+k 22 dt nk,+k 2 

where e 

(10) ) 

(11) ) 

d[M +'] == 1 dï[M +] | I<yd[NT ] 
dtt  n-k,+k2 dt2 (nk,+k 2)dt 

Substitutionn of eqs. 11 and 12 into eq. 9 leads to eq. 13 

^ ll  + ( I . a 1 + I a 2 + n k , + k 2 ) ^ i + I 2.a1.o2.[M
+] = 0 (13) 

dtt  dt 

withh the solution 

[M +(t,I)]/[M +(t,0)]]  = -̂  2 (14) 
r,, -r , 
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__ (Ia, + Io2 + nk, + k2)  V(Ia, + Ia2 + nk, + k2 )
2 - 4I2a,a2 

ri.22 ~ U~V 

R.C.. Dunbar [30] and van der Hart [31] have shown that the term ri(2 can be 

approximatedd by 

r,, = (la, + Ia2 + nk, + k2) 

I22 a, -a2 
F22 = ~ 

l a ,, l i e , +nk, +k, 

forr a wide variety of the values of (k2+nkt) /(Iai+Ia2) and that it may be 

concludedd that for r2«ri and for times t»(Iai+Ia2+ k2+nki)"1 the second term 

off  eq. 14 becomes vanishingly small, so that eq. 16 obeys a single exponential 

behaviour,, that is: 

-ln([M +(t,I)]/[M +aO)])== l 2 ' q , ' q 2 . t . 06 ) 
II  (a, +a2) + nk, +k2 

Fromm the final result given by eq. 16 it is concluded that, when the amount of 

ionss [M+] is measured at a constant irradiation time t as a function of light 

intensityy and pressure, a plot of-I/ln([M +(t,I)]/[M +(t,0)]) versus I"1 should be 

linear.. The slope a and the intercept p of the corresponding line are given in 

eq.177 and eq. 18, respectively. 

aa = — ! 2- (17) 
a , a2 t t 
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PP = <°'+q' > (18) 
CT,CT, • a2 • t 

AA plot of a versus pressure n should be linear with the slope y and intercept 8 

givenn be eq. 19 and 20, respectively. 

y=—^-y=—^- (19) 
o,-a2-t t 

88 = — ^ — (20) 
a,,  a2  t 

Byy varying the pressure over a reasonably large range, it is possible to make a 

distinctionn between nki and k2. However, the subscripts 1 and 2 of the 

absorptionn cross sections are interchangeable in eq. 18, so that it is not possible 

too assign experimentally determined values specifically to Ci or a2. Therefore, 

twoo solutions of the ratio of the absorption cross sections are possible, which 

aree ai/a2 and G2IO\ and which are relevant for the following sections. 

2.88 Excited state intermolecular  proton transfer  reactions 

Inn the FT-ICR cell an ion can transfer a proton to a neutral molecule. Usually 

thee proton transfer is (very) fast, but the reaction should be thermoneutral or 

exothermic.. For this an important thermodynamic quantity is the proton affinity 

(PA)) of a molecule M which is defined as the negative of the enthalpy change 

off the reaction: 

M+H++ - • MH+-AH23; PA(M)=-(-AH23)=AH23 (21) 
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Similarly,, the PA of a neutral molecule N is given by: 

N+H++ - • NH+-AH24; PA(N)=-(-AH24)=AH24 (22) 

Itt follows that the enthalpy change AH25 of the reaction 23: 

N+MH++ - • M+NH+-AH25; (23) 

iss equal to the difference of PA(M)-PA(N). That is, reaction 23 is exothermic 

forr PA(N)>PA(M) and can occur, whereas for PA(N)<PA(M) the reaction 23 is 

endothermicc and will not take place. 

2.8.12.8.1 The kinetic model 

Inn Figure 2-8 the kinetic scheme for the sequential two-photon dissociation in 

sectionn 2.7.1 has been extended to include proton transfer from the excited ion 

MM to a neutral molecule of gas A to give the bimolecular reaction product P, in 

whichh k4 is the rate constant for relaxation of M+* by collisions with gas A 

wheree nA is the density of molecules A and k3 the bimolecular rate constant for 

reactionn of M+* with A. 

M++  M+ F 
nAk4+k2 2 

"A^a a 

Figuree 2-8. Reaction scheme for a pure two-photon dissociation process of M+, in 
whichh the singly photon excited M+ reacts with molecule A to give product P in 
competitionn with deactivation and absorption of the second photon to give F. The 
radiativee relaxation constant k2 is neglected in deriving the solutions of the 
differentiall equations (see further text). 
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Fromm the reaction scheme in Figure 2-8, the partial differential eqs. 24 to 27 are 

derivedd in which the relaxation rate constant k2 is neglected because usually 

radiativee relaxation is much slower than collisional relaxation at pressures of 

10"7Torrtoo 10~5Torr. 

^ O ^ - I G ,, [M+] + nA k4 -[NT*] (24) 
dt t 

d[P] ] 
dt t 

d[F] ] 
dt t 

d[M+'] ] 
dt t 

== n A k 3 [ M + ' ] (25) 

== I-o2 ' [M+ ' ] (26) 

== I a 1 [ M + ] - ( n A ( k 4 + k 3 ) + Ia2)-[M+*] (27) 

Rewritingg eq. 25 into eq. 28 and combining with eq. 26 gives: 

[M+>—L-4211 (28) 
nAA k3 dt 

jd[F]] = i ^ J d [ P ] (29) 

[P]] n A k 3 

(30) ) 

Eq.. 30 shows the dependence of the fragment and product ion abundance ratio 

ass a function of the laser intensity I and pressure expressed as nA. From this 

equationn it follows that a plot of the ratio of fragment and product ion 
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abundancess present in the cell after a constant irradiation time t versus the 

intensityy of the laser, I, and a plot of the reciprocal of the ratio versus the 

pressuree at a constant irradiation time t should be linear. 

Followingg rewriting of eq. 24 into eq. 31 and differentiating leads to eq. 32 

[ M + > > 
nAk4 4 

d[M+] ] 

dt t 
++ Ia,[M+] (31) ) 

d[M+*]__ 1 fd2[M+] d[M+] 

dtt nAk4 dt' ' dt t 
(32) ) 

whichh upon substitution in eq. 27 gives the differential eq. 33 

^ ^^ + (nA(k4+k3) + I ( a 1 + o 2 ) ) ^ P + Ia1(nAk3+Ia2)[M+] = 0 (33) 
att at 

Thee solution of eq. 33 is: 

[M+(t,I)]/[M+(t,0)]] = __ * i r1-e-ri,, + r,-e-r,t 

r , - r , , 
(34) ) 

where e 

ruu = 
( I a 1 +Ia 2 +n A k 4 +n A k 3 > / ( I a ,+ I a 2 +n A k 4 +n A k 3 ) 2 - 410 , ( 1^+nX) ) 

2 2 
(35) ) 
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eq.. 35 can be approximated by [30,31]: 

r,, = la, + Io2 + nAk4 + nAk3 

r,, = 
Ia,(Ic 2+nAk3) ) 

(Ia,+Ia 2+nA k 4+nA k 3) ) 

Fromm this approximation it may be concluded that for  r 2«r i and that for  times 

t»(Iai+Ia2 ++ nAk3+nAk4)'  m e second term of eq. 34 becomes vanishingly 

small,, so that eq. 34 wil l obey a single exponential behaviour. 

Thatt  is, eq. 34 with the conditions M+
(t=o)=Mo and M+ (t=o)=0 can be written as 

-ln([M +(t,I)]/[M +(t,0)])) = 
Iq,(Iq 2+nA k 3)t t 

Io,+Ic 2+nA (k 4+k 3) ) 
(36) ) 

Thee final solution, eq. 37, which shows clearly the relationship between the 

ratioratio  of the rates of fragment, F, and product ion, P, formation, Ic2/nAk3, and the 

laserr  intensity, I, and pressure of the neutral gas, nA, at a constant irradiatio n 

timee t is given below. 

1 1 
-ln([M +(t,I)]/[M +(t,0)])) a, 

K K ++ 1 ++
11 a, 

—— +a,k3 3 

(37) ) 

Fromm eq. 37 it follows that a plot of the left hand side of eq. 37 at a constant 

irradiatio nn time t versus I/nA at several laser  intensities and several pressures of 

thee reference base should result in a straight line with intercept (k4+k3)/k3ai and 
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slopee (o~i+a2)/aik3. These quantities are important to obtain experimentally the 

ratioss k4/k3 from G\/o2 as will be discussed in chapter 5 of this thesis. 
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3 3 

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) 

31 1 



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). 

2 00 30 500 G0 70 

J i ii _J.1L JUU Uk 
200 30 500 60 70 1200 130 

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 
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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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4 4 

Intermolecularr  proton transfer  from visible 

laserr  light-excited indene radical cations to 

referencee bases in the gas phase 

Abstract t 

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

spectrometryy that indene radical cations excited by laser light of 514.5 run are 

moree reactive toward reference bases than ground state indene radical cations. 

Suchh an excitation affects proton transfer from the indene radical cation to 

referencee bases for which reaction in the ground state of the reaction partners is 

endothermicc up to a maximum of 48 kj/mol. 

4.11 Introductio n 

Flowingg afterglow (FA) [1-3] and Fourier transform ion cyclotron resonance 

(FT-ICR)) [4-6] mass spectrometry have been applied extensively over the past 

decadess to study gas phase ion/molecule reactions. These studies have provided 

aa wealth of information and a detailed knowledge on reaction mechanisms and 

kineticss [7-13], ion structures [14,15] and thermodynamic properties [16,17] 

wheree the species involved are in their ground states. For example, proton 

affinitiess have been obtained for hundreds of molecules using the bracketing 

[18-20]] (usually by FT-ICR), equilibrium and kinetic methods [21-25] (mostly 

byy use of Triple Stage Quadrupole (TSQ), Mass analyzed Ion Kinetic Energy 

(MIKE),, Ion Trap (IT), FA and FT-ICR instruments). Much less is known, 
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however,, about the change of such properties when the molecules or 

correspondingg protonated species are internally excited. Using among others 

FT-ICRR and the monitor ion technique/differential reactivity method [26,27] 

whichh are based on chemically monitoring charge or proton transfers from 

excitedd ions to suitable monitor molecules in the ground state, the gas-phase 

reactivityy of a number of small excited ions has been investigated [26-28]. 

Recentlyy there is a growing interest in the gas-phase chemical reactivity of 

largerr excited ions. FT-ICR is a suitable method studying such chemical 

reactivity,, because it allows an extensive manipulation of stored ion populations 

att low pressures (~10"9 Torr) and investigation of bimolecular ionic reactions 

overr a timescale from milliseconds to several hours. 

Inn chapter 3 of this thesis and in a previous article [29] the visible laser light-

inducedd intermolecular proton transfer from gas-phase protonated naphthalene 

too neutral molecules has been reported. 

Inn this chapter the difference in the proton transfer capability of the non-excited 

andd visible laser light-excited indene radical cation which has an odd number of 

electronss has been probed by use of the bracketing method. The monitoring of 

suchh difference in reactivity induced by laser light may partially shed some 

furtherr light on not yet fully understood mechanisms of matrix assisted laser 

desorptionn ionization (MALDI) [30-36] where pulsed laser light and a 

chromophoree as matrix are used to evaporate and protonate analyte molecules. 

Thiss protonation of analyte molecules has been proposed to occur in the gas 

phasee by reaction of the electronically excited matrix molecules with the 

groundd state analyte molecules [32]. Afterwards the ejection of species into the 

gass phase and possible ionization processes in MALDI mass spectrometry have 

beenn described [33]. Recent studies propose multicenter excitation of matrix 

moleculess and charge transfer from neutral excited matrix molecules to other 
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neutrall matrix molecules, whereby the generated charged matrix species 

subsequentlyy protonate the analyte [35-37]. 

Thee probing of differences in reactivity of visible light-excited and non-excited 

polycyclicc aromatic hydrocarbon (PAH) ions is further of astrophysical interest 

wheree recent FA studies have focused on the role possibly played by PAH's, 

PAHH radical cations and protonated PAH's in the diffuse interstellar bands 

[38,39]. . 

Thee paragraphs below will successively and briefly describe the necessary 

conditionss for the photochemical experimental setup, the performed 

photochemicall experiments and the applied pulse sequences for obtaining by 

thee bracketing method the data presented in this paper. Finally, the results will 

bee presented and discussed. 

4.22 Conditions for  the photochemical setup 

AA brief discussion of the experimental conditions to be fulfilled for studying a 

bimolecularr photochemical reaction of ions is given below (for more details see 

chapterr 3 of this thesis and ref. [29]). First, the indene radical cation, to be 

studiedd and generated by electron ionization of indene, should absorb photons 

att the wavelength of 514.5 nm of the argon ion laser used. Second, to be certain 

thatt the proton transfer occurs from the excited indene radical cation, it must be 

shownn that the indene radical cation obeys the rules of two-photon dissociation. 

Inn that way there is evidence for the existence of an electronically excited state 

betweenn the ground state and the dissociation limit. Third, the excited indene 

radicall cation should have a lifetime of several hundreds of milliseconds, which 

iss the time-scale of the FT-ICR experiment during which the proton transfer 

fromfrom the excited ion to the reference base occurs. 
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Schemee 4-1 presents the case for a pure two-photon dissociation of ion M+ 

wheree the symbols Oj and <5i are the photon absorption cross sections, I the 

laserr light intensity, kt the rate constant for collisional deactivation, k2 the rate 

constantt for radiative deactivation, n the density of neutral molecules, M+ the 

excitedd ion and F the generated fragments. 

MM ^ = = : M+ 

nk!+k2 2 

Schemee 4-1. Reaction scheme for a pure two-photon dissociation process of M+ 

(seee further text). 

Onn the basis of Scheme 4-1 it has been shown [40,41] that the decay of the ion 

abundancee is singly exponential (Eq. 1). 

[M-0.I) ]]  i ' -<v«,- t  ) ( 1) 

[M+(t,0)]] I -Ca .+o^ + n ^ + k , 

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

irradiation.. Eq. 1 implies that -I/ln([M(t,I)]/[M(t,0)]) should be linear with 1/1. 

Schemee 4-2 is an extension of Scheme 4-1 to include photochemical reactions 

off M+* with substrate molecules A to give the bimolecular reaction products P, 

inn which nA is the density of molecules A and k3 the bimolecular rate constant 

forr reaction of M+ with A. 
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.. c 1 '  .*  <*2' 

M++  M+ 

nk1+k2 2 

nAk2 2 

Schemee 4-2. Reaction scheme for a pure two-photon dissociation process of M+, 
inn which the singly photon excited M+ reacts with molecule A to give P in 
competitionn with absorption of the second photon to give F (see further text). 

Fromm scheme 4-2 it follows that the ratio of product P and fragment F ion 

abundancess is given by Eq. 2: 

[F]__ I a 2 
(2) ) 

[P]] nA-k3 

4.33 Experimental 

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

cyclotronn resonance (FT-ICR) mass spectrometer equipped with three inlet 

systems,, a 1.4 T 12-inch Varian magnet used at 1.25 T, and a home-built 

SWIFTT (Stored Waveform Inverse Fourier Transform [42]) unit. The SWIFT 

unitt allows the ejection of unwanted ions at specifically chosen mass ranges 

duringg the experiments. The laser light from the argon ion laser (Spectra-

Physicss Stabilite 2017) enters the FT-ICR cell via a shutter, a lens system to 

broadenn the beam so as to cover the entire cell through a sapphire window and 

iss reflected at the back of the cell by a slightly concave mirror. The laser power 

wass adjusted by a calibrated laser power controller from 0.05 Watt to 1.1 Watt 

att a wavelength of 514.5 nm. Indene and all reference compounds were 

commerciallyy available and used for the experiments without further 

purification. . 
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Schemee 4-3 shows a typical pulse sequence of the ion formation, ejection, 

isolationn and detection used in the pure two-photon dissociation experiments. 

quench h 
pulse e 

base e 
line e ^j iÊrps | | 

shutterr open pulse 

frequency y 
pulse e 

detection n 
off current 

; ; 

55 20 37 540 557 600 1105 

t[ms]] —> 

Schemee 4-3. Pulse sequence applied for the study of the two-photon dissociation 
processs of M+, presented in Scheme 4-1. The duration of the pulses was: quench 5 
ms;; base line detection 5 ms, electron beam ionization 500 ms; ion ejection pulse 
11 and 2 to isolate M+ 16 ms and 16 ms, respectively; laser on 500 ms; detection 5 
ms.. 5x20 pulse sequences were accumulated to obtain [M+(t)] at a laser intensity I. 

Followingg electron ionization of indene at a pressure of 10"8 torr, the indene 

radicall cation was isolated by the application of several SWIFT pulses and 

subsequentlyy irradiated with the laser light of 514.5 nm. A detection pulse was 

triggeredd at the end of each sequence. See for details about the duration of the 

variouss pulses the legend of Scheme 4-3. After Fourier transformation the 

heightss of the peaks due to the indene radical cation with and without 

irradiationn were taken as a measure of their ion abundances. 

Schemee 4-4 gives a typical pulse sequence for the proton transfer bracketing 

experimentss from the indene radical cation with and without irradiation. See for 

detailss about the duration of the various pulses the legend of Scheme 4-4. 

Duringg the electron beam pulse to generate the indene radical cations, unwanted 

ionss were ejected by application of repeated SWIFT pulses. This was necessary 

too reduce the number of unwanted ions as much as possible, because the 

referencee compound is present in about a hundred-fold excess. 
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shutterr open pulse 

detect t 
pulse e 

detection n 
off current 

25788 2583 

Schemee 4-4. Pulse sequence applied for the study of the proton transfer process 
fromm excited M+ , presented in Scheme 4-2. The laser pulse (depicted in dotted 
lines)) was applied alternately on and off to obtain a difference spectrum. The 
durationn of the pulses was: quench 5 ms; electron beam ionisation 495 ms; ion 
ejectionn pulse 1 to remove all ions with the exception of M+ 515 ms; ejection 
pulsee 2 to isolate M+ 8 ms; a waiting period to carry off excess energy of (cool) 
thee ions 497 ms; laser on 1520 ms; ejection pulse 3 to further isolate M+ after 
coolingg 8 ms; detection 4 ms. 1000 pulse sequences were accumulated to obtain 
thee difference spectrum. 

Thenn a waiting period to carry off the excess energy of the indene radical 

cations,, obtained during electron ionisation, by non-reactive collisions was 

applied.. This waiting period was followed by a SWIFT ejection pulse to remove 

thee ion/molecule reaction products formed and to isolate the "cooled" indene 

radicall cations with m/z 116. Finally these ions were allowed to react for 1500 

too 2000 ms with the laser light on or off followed by a pulse to detect the 

reactantt and product ions. 

Differencee spectra were obtained by subtracting the Fourier transformed signals 

off two successive experimental cycles, one with the laser light on and one with 

thee laser light off. 

4.44 Results and discussion 

Firstt experiments have been performed to prove that the indene radical cation 

dissociatess following absorption of two photons. For that purpose the argon ion 

laserr light with the wavelength of 514.5 nm has been used, which is near the 
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absorptionn peak in the liquid-phase thermalized UV/VIS spectrum [43] of the 

indenee radical cation. 

3.5 5 

3 3 

«« 2.5 
o o 

55 1.5 

** 1 

0.55 H 

0 0 — r — — 

5 5 10 0 15 5 20 0 25 5 

1/1 1 

Figuree 4-1. Fraction of two-photon dissociating indene radical cations as a 
functionn of light intensity varied from 0 to 1.1 Watt at 514.5 nm and plotted 
accordingg to Eq. 1 (see text). The pressure of indene was 1-10~8 torr. 

Ass noted in section 4-2, for a pure two-photon dissociation -I/ln{M(t,I)/M(t,0)} 

shouldd be linear with 1/1. Therefore the amount of indene radical cations 

dissociatedd at different laser light intensities has been measured and plotted as 

-I/ln{M(t,I)/M(t,0)}} versus 1/1 in Figure 4-1. This Figure shows that the indene 

radicall cation indeed dissociates following absorption of two photons. In this 

dissociationn the indene radical cation loses a hydrogen atom (see Figure 4-2) to 

givee the indenyl cation. The next step has been to introduce 3-pentanone into 

thee cell to serve as proton acceptor from the visible laser light-excited indene 

radicall cation. 
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Figuree 4-2. A difference spectrum (see experimental) of the indene radical cation 
(0.5«10~99 Torr) in the presence of 3-pentanone (2.MO"7 Torr, MW is 86) 
measuredd according to the pulse sequence in scheme 4-4 (1500 cycles performed). 
Thee 514.5 nm laser light was used at a power of 0.25 W. Loss of a hydrogen atom 
occurss in the photodissociation process of the indene radical cation. 3-pentanone 
iss only protonated when the laser light is on. 

Thiss proton transfer, which is endothermic and therefore does not occur if the 

radicall cation of indene is in the ground state (PA of 3-pentanone = 836.8 

kJ/mol;; PA of indenyl radical = 840 kJ/mol), is observed indeed for the excited 

radicall cation of indene. According to Eq. 2, the ratio of abundances of 

photofragmentt ions F of the indene radical cations (because of the two-photon 

dissociationn process) and product ions P (because of proton transfer to 3-

pentanone)) should depend linearly on the laser light intensity I. This has been 

confirmedd by measurements at different pressures of 3-pentanone as shown in 

Figuree 4-3. 
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Figuree 4-3. Ratio of abundances of photofragment ions of the indene radical cation 
andd its bimolecular product ions ([F]/[P]) as a function of the light intensity at 
514.55 nm measured at different pressures and plotted according to Eq. 2 (see text). 
Thee partial pressure of indene is 1.5«10"9 Torr and that of 3-pentanone 9.1-10"8 

Torrr (0), 1.4«10"7 Torr (a), 2.1-I0"7 Torr (A) and 2.8* 10"7 Torr (o). 

AA plot of the reciprocal slopes of the straight lines in Figure 4-3 versus pressure 

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

photofragmentt ions and pressure as shown in Figure 4-4 and in agreement with 

Eq.. 2. In the bracketing experiments at a total pressure of lxl0"7 Torr (ratio of 

pressuress of indene and reference base about 1:100) a waiting period of 500 ms 

wass inserted in the pulse sequence following the ejection pulse 2 (see Scheme 

4-4).. This waiting period is sufficiently long to carry of the excess energy of the 

indenee radical cations, obtained during electron ionization, by non-reactive 

collisions. . 
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Figuree 4-4. Reciprocal slopes of the lines in Figure 4-3 as a function of pressure 
(seee further text). 

Thee results of the bracketing experiments obtained with the laser light on and 

offf have been listed in Table 4-1. The data in Table 4-1 show that the threshold 

forr a thermoneutral proton transfer from the indene radical cation with the laser 

lightt off takes place to a base having a proton affinity of 843  2 kJ/mol. This 

valuee becomes 795  3 kJ/mol with the laser light on, indicating that an 

endothermicc proton transfer of 48 kJ/mol (0.50 eV) can be affected from the 

indenee radical cation when excited by laser light of 514.5 nm, that is 2.41 eV. 
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Tablee 4-1. Bracketing of the proton transfer from the indene radical cation to a 

referencee base with the laser light on and off. 

Referencee base 

dimethyll sulfoxide 

pyrrole e 

thioanisole e 

4-fluoroaniline e 

ethyll vinyl ether 

3-methylphenyl l 
methyll ketone 

3,4-dihydro-2H-pyran n 

acetophenone e 

indene e 

di-n-butyll ether 

cyclohexanone e 

indenyll radical 

3-pentanone e 

2-butanone e 

cyclopentanone e 

acetone e 

oxetane e 

1,4-dioxane e 

dimethyll ether 

toluene e 

protonn affinity3 

[kJ/mol] ] 

884.4 4 

875.4 4 

872.6 6 

871.5 5 

870.1 1 

868.2 2 

865.8 8 

861.1 1 

848.8 8 

845.7 7 

841.0 0 

8400  1 c 

836.6 6 

827.3 3 

823.7 7 

812.0 0 

801.3 3 

797.3 3 

792.0 0 

784.0 0 

laser r 
lightt on 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

+ + 

--

--

laser r 
lightt off 

+ + 

+ + 

+ + 

+ + 
d d 

+ + 

+ + 

+ + 

--
e e 

+/--

-/+ + 
e e 

--

--

--

--

--

--

--

--

--

--

--

--

pressure e 
[Torrr 10"7]b 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

2.0 0 

1.0 0 

2.0 0 

1.1 1 

2.8 8 

2.1 1 

1.4 4 

0.9 9 

1.0 0 

2.5 5 

1.0 0 

1.0 0 

1.4 4 

1.0 0 

0.9 9 

1.4 4 

Valuess have been taken from ref. [17]. 
bb Ratio of pressures of indene and reference base about 1:100. 
cc Obtained in the present work, 
dd Charge transfer observed from the indene radical cation to ethyl vinyl ether. 
ee Indene and the indenyl radical have been included in the Table for 
completeness. . 
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4.55 Conclusions 

Althoughh the bracketing method has its limitations, the results show that it can 

bee applied to study the change of proton transfer capability of visible laser light-

excitedd ions with respect to their ground state. The question remains, however, 

whyy at most 0.5 eV of the excitation energy of 2.41 eV could be used in the 

presentt experiments. We assume that this result indicates that the proton 

transferr rate constant k3 in Scheme 2 is significantly smaller than the relaxation 

ratee constant kj. This will be the subject of further more detailed experiments on 

thee overall reaction kinetics, the results of which are described in chapter 5 of 

thiss thesis. 
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5 5 

AA study of light-induced proton transfer  from 

gass phase indene radical cations to reference 

basess and associated reaction kinetics. 

Abstract t 

Byy use of Fourier transform ion cyclotron resonance, it is shown that for indene 

radicall cations excited at 514.5 nm, the rate constant for intermolecular proton 

transferr to 3-pentanone is either about 10 or about 100 times lower than the rate 

constantt for relaxation by collisions with 3-pentanone. From the energy 

depositedd in the indene ions, 0.5 eV is available for proton transfer a to a base 

whichh seems reasonable when taking into account a complete randomization of 

thee initially deposited energy 

5.11 Introductio n 

Groundd state reactions between ions and molecules in the gas phase have been 

studiedd extensively by use of various experimental methods, in particular 

Flowingg Afterglow (FA) [1-3] and Fourier transform ion cyclotron resonance 

(FT-ICR)) mass spectrometry [4,5]. These studies have provided a wealth of 

informationn and a detailed knowledge on ion/molecule reaction mechanisms 

andd kinetics [6-13], ion structures [14,15] and thermodynamic properties [16]. 

Muchh less is known, however, about the change of such properties when the 

ionss are excited. For example, the gas-phase reactivity of a number of small 

excitedd ions, such as NO+, C^ , HO** and HCO+ has been investigated using 
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thee ion monitoring technique [17-19]. The monitoring of such difference in 

reactivityy may shed some further light on at present not fully understood 

mechanismss of matrix assisted laser desorption ionization (MALDI) [20-27] 

wheree pulsed laser light and a chromophore as matrix are used to evaporate and 

protonatee analyte molecules. This protonation of the analyte molecules has been 

proposedd to occur in the gas phase by reaction of the electronically excited 

matrixx molecules with ground state analyte molecules [23]. The ejection of 

speciess into the gas phase and possible ionization processes in MALDI mass 

spectrometryy have been described [24]. Recent studies propose multicenter 

excitationn of matrix molecules and charge transfer from neutral excited matrix 

moleculess to other neutral molecules, whereby the generated charged matrix 

speciess subsequently protonate the analyte [26-28]. 

Inn chapters 3 and 4 and previous articles from this laboratory, the reactions of 

laser-lightt excited gas-phase ions were investigated where a proton is 

transferredd from excited indene radical cations or excited protonated 

naphthalenee to reference bases [29,30]. In the study on the indene radical 

cationss [30] it was observed, that the laser-light excited gas-phase ions transfer 

aa proton to reference bases with much lower proton affinities than the ground 

statee proton affinity of the donor, which in the ground state is an endoergic 

reaction.. It appeared that this endoergicity should not be larger than about 50 

kJ/moll (=0.5 eV) notwithstanding the 2.41 eV (=514.5 nm) energy deposition 

intoo the indene radical cations. In ref. [30] it was suggested that relaxation of 

thee excited (radical) cations after internal conversion to a highly vibrationally 

excitedd ground state is much faster than the intermolecular proton transfer and 

thatt this could explain the relatively small amount of the total energy deposition 

availablee for proton transfer. 

Inn this chapter a model is proposed which has been used to determine 

experimentallyy the ratio of the photon absorption cross sections, 0\/C2 of 
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schemee 5-3 and 5-5and the ratio of thee rate constants of relaxation of and proton 

transferr from excited indene radical cations. 

5.22 Experimental 

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

cyclotronn resonance (FT-ICR) mass spectrometer equipped with three inlet 

systems,, a 1.4 T 12-inch Varian magnet used at 1.25 T, and a SWIFT (Stored 

Waveformm Inverse Fourier Transform [31]) unit. The SWIFT unit allows the 

ejectionn of unwanted ions at specifically chosen mass ranges during the 

experiments.. The laser light from the argon ion laser (Spectra-Physics Stabilite 

2017)) enters the FT-ICR cell perpendicular to the magnetic field direction via a 

shutter,, a lens system to broaden the beam so as to cover most of the space of 

thee cubic cell (2.5 cm) through a sapphire window and is reflected by a slightly 

concavee mirror positioned behind the cell. The laser power was adjusted by a 

calibratedd laser power controller at 514.5 nm in the experiments with the indene 

radicall cation. Except for indene-d3, synthesized according to ref [32], all other 

compoundss were commercially available and used without further purification. 

Variouss experiments were performed to determine the rate constants ki, k2 and 

ratio'ss <5\l<5i  and VJk  ̂ in schemes 5-3 and 5-5 for the indene radical cation 

whichh will be discussed in the following section. For a reasonable 

approximationn of kj, indene and indene-d3 were introduced into the cell both at 

aa partial pressure of 2.5* 10"8 Torr to measure the rate constant for charge 

transferr between the molecular ion of indene-d3 and its unlabeled neutral. After 

isolatingg the indene-d3 radical cation by application of several SWIFT pulses, 

thee abundances of the formed indene radical cation and reacted indene-d3 were 

measuredd at several reaction times. 
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Forr determining the ratio of <Ji and a2 in the pure two-photon dissociation 

experiments,, the typical pulse sequence of the ion formation, ejection and 

detectionn was applied as shown in scheme 5-1. Following electron ionization of 

indenee at pressures from 3-10"8 Torr up to 5*10"7 Torr, the indene radical cation 

wass isolated by application of several SWIFT pulses and subsequently 

irradiatedd with laser light of 514.5 nm. 

quench h 
pulse e 

electron n 
beam m 

ejection n 
pulsee I 

ejection n 
pulsee 2 

;; shutter open pulse detection n 
off current 

55 2 0 15 0 20 0 21 0 23 0 223 0 223 2 223 6 

t[ms ]]  — > 

Schemee 5-1. Pulse sequence applied for the determination of the cross sections ö\ 
andd G2 in the two-photon dissociation process of the indene radical cation, 
presentedd in scheme 5-3. The duration of the pulses was: quench 5 ms; electron 
beamm ionization 130 ms; ion ejection pulses 1 and 2 to isolate the indene radical 
cationn 8 ms and 16 ms, respectively; laser on 2000 ms; detection 5 ms. 2000 pulse 
sequencess were accumulated to obtain spectra with and without laser light. 

AA detection pulse was triggered at the end of each sequence. For details about 

thee duration of the various pulses, see scheme 5-1. After Fourier transformation 

thee heights of the peaks due to the indene radical cation with and without 

irradiationn at several laser intensities and pressures of the neutral indene gas 

weree taken as a measure of the ion abundances. 

Too determine the bimolecular rate constant for proton transfer from the laser-

lightt excited indene radical cation, k3, indene was introduced into the cell at a 

pressuree of 2*10~9 Torr together with the reference base 3-pentanone at 

pressuress from 1*10"7 Torr up to 6»10"7 Torr. Scheme 5-2 gives a typical pulse 

sequencee for the proton transfer experiments from the indene radical cation with 

andd without irradiation. Isolation of the indene radical cations by application of 

repeatedd SWIFT pulses was followed by a relaxation period of 620 ms to carry 
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offf the excess energy of electron ionization excited indene radical cations by 

nonreactivee collisions (6 to 7 collisions took place). This relaxation waiting 

periodd was followed by a SWIFT ejection pulse to remove the ion/molecule 

reactionn products formed and to isolate the "cooled" indene radical cations. 

quench h 
pulse e 

electron!! waiting ^ | 
beamm period 

shutterr open pulse detect t 
pulse e 

15. . 
20 0 

1055 72 5 73 5 75 0 

t[ms ]]  —* 

2750 . . 
2752 2 

Schemee 5-2. Pulse sequence applied for the determination of 1<4 and IC3 presented 
inn scheme 5-5. The laser pulse (depicted in dotted lines) was applied alternately on 
andd off to obtain separated spectra. The duration of the pulses was: quench 5 ms; 
electronn beam ionization 80 ms; ion ejection pulse 1 to remove all ions with the 
exceptionn of the indene radical cations 90 ms; a waiting period to carry of excess 
energyy of (cool) the ions 620 ms; ejection pulse 2 to isolate the indene radical 
cationss 8 ms; ejection pulse 3 to further isolate the indene radical cations after 
coolingg 8ms; laser on 2000 ms; detection 4 ms. 3000 pulse sequences were 
accumulatedd to obtain the separated spectra. 

Finally,, these ions were allowed to react for 2500 ms with the laser light on or 

offf followed by a pulse to detect the reactant and product ions. Separate spectra 

withh the laser light on and with the laser light off were obtained from the 

Fourierr transformed signals of the two successive experimental cycles. 

5.33 Background of the kinetics of the photochemical experiments 

Forr the discussion in the next section of the results obtained, the background of 

thee kinetics of two-photon dissociation will be given. This will be followed by 

thee expanded kinetic model for intermolecular proton transfer from gas phase 

ions,, such as the indene radical cation. 
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5.3.. J Two-photon dissociation 

Two-photonn photodissociation of gas phase ions has been studied since the mid 

seventiess [33-37]. To be certain that the proton transfer occurs from excited 

ions,, it must be shown that they obey the rules of two-photon dissociation. That 

is,, evidence should be provided for the existence of an excited state in between 

thee ground state and the dissociation limit of the ions. Of course, also important 

iss the lifetime of such an excited state after internal conversion to a 

vibrationallyy excited ground state, which can be as long as 500 ms for aromatic 

radicall cations (for more details chapter 3, chapter 6 and [29,37,38]). Scheme 5-

33 presents the case for a two-photon dissociation of the ion M+ where the 

symbolss o~i and Ö2 are the cross sections for the first and second photon 

absorption,, I the laser intensity, kt the rate constant for collisional deactivation, 

k22 the rate constant for radiative deactivation, n the density of neutral 

molecules,, M+ the excited ion and F the generated fragments. 

nk1+k2 2 

Schemee 5-3. Reaction scheme for a pure two-photon dissociation process of M+ 

(seee further text). 

Too determine the ratio of the photon absorption cross sections, (T1/O2, of the 

indenee radical cation, the value of kj is needed. Assuming that relaxation of the 

excitedd indene radical cation in the two photon dissociation occurs purely via 

chargee exchange with neutral indene, the collisional relaxation rate constant ki 

willl be about equal to the rate constant for charge transfer from the ground state 

indene-d33 radical cation to neutral indene. This system has been chosen to be 

ablee to observe experimentally the charge transfer as shown by the reaction 

equationn in scheme 5-4. 
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DD D DD D 

^ ^ \ \ 

Schemee 5-4. The reaction equation for the charge transfer from the indene-cb 
radicall cation to neutral indene and vice versa. 

Thee exact solution of the differential equation for the kinetic model in scheme 

5-33 yields: 

1-F(t)== l/(r,-r2) • (ne-v-rje''1) (1) ) 

wheree l-F(t) is the fraction of the remaining indene radical cations after an 

irradiationn time t and 

r,j22 = 1/2 {(IOi+Io2+k2+nki) 2+k2+nk,)2-4I2 G^)} (2) ) 

Ass discussed in an earlier paper [36] the following approximation is valid: 

r,== (I(7i+l02+k2+nki) 

r2== I2 G]G2 /(Iai+Ia2+k2+nki) 

wheree r 2 «r , and for times t»(lCTi+lG2+k2+nki)"' the second term in eq. 1 

becomess vanishingly small. This leads to a single exponential behaviour for 1-

F(t)) from which it follows that [36]: 

-I/ln{l-F(t)}== (nk,+ k2)/lCTiCT2t+(ai+a2)/aia2t (3a) ) 
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or r 

-I2/lnn {1-F(t)}= k2/a,a2t+I(a,+G2)/aia2t+nk1/ai02t (3b.) 

Byy substituting the measured ki in eq. 3 b, and by measuring the amount of 

fragmentfragment F(t) when varying the pressure and laser light intensity it is possible to 

calculatee the ratio Gi/a2 and the radiative relaxation rate k2 using multiple 

regression.. However, the subscripts 1 and 2 of the absorption cross sections are 

interchangeablee in eqs. 3, so that it is not possible to assign experimentally 

determinedd values specifically to <7i or 0"2. Therefore, two solutions of the ratio 

off the absorption cross sections are possible, which are G]/a2 and <52IO\. 

5.3.25.3.2 Proton transfer 

Schemee 5-5 is an extension of Scheme 5-3 to include photochemical reactions 

off M+ with substrate molecules A to give the bimolecular reaction products P, 

inn which nA is the density of molecules A, IQ the collisional relaxation constant 

forr indene radical cations in the presence of substrate molecules A and k3 the 

bimolecularr rate constant for reaction of M+* with A. 

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

nAk3 3 

Schemee 5-5. Reaction scheme for a pure two-photon dissociation process of M+, 
inn which the singly photon excited M+ reacts with molecule A to give products P 
inn competition with deactivation and absorption of a second photon to give 
fragmentsfragments F (see further text). 
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Fromm scheme 5-5 it follows that the ratio of product P and fragment F ion 

abundancess is given by eq. 4: 

P/F=nAk3/a2II (4) 

Thee solution of the differential equation for the kinetic model in scheme 5-5 

leadss to eq. 5, assuming that, as in the case of two-photon dissociation at 

pressuress in the order of 10"7 Torr [36], the radiative relaxation rate k2 is much 

smallerr than the collisional relaxation rate nAk4 and can be ignored. 

-It(l++ Ia2/nAk3)/ln(l-F(t)) = (k4+k3)/k3a, + I/nA-(aj+a2)/aik3 (5) 

Thus,, a plot of-It(l+ Ia2/nAk3)/ln(l-F(t)) versus I/nA at several laser intensities 

andd several pressures of the reference base should result in a straight line with 

interceptt <|>=(k4+k3)/k3ai (6) 

and d 

slopee £=(<Ji+a2)/aik3 (7) 

Fromm (f> and e and the determined ratio of oVa2, the ratio of ILJ and k3 can be 

calculated.. It should be noted that, because of the ambiguity in the ratio of Gi 

andd 02 (see above), this procedure leads to two possible values for the ratio of 

ktt and k3. 
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5.44 Results and discussion 

Determinationn of the ratio of the relaxation rate of and the rate of proton 

transferr from the excited indene radical cation. 

5.4.15.4.1 Charge transfer from the indene-d3 radical cation to neutral indene. 

Ass discussed in section 5.3.1 and 5.3.2, the ratio of the relaxation rate of and the 

ratee of proton transfer from the excited indene radical cation, kVl ,̂ can be 

derivedd from the ratio of the cross sections for the first and second photon 

absorption,, Oi/a2, in the two-photon dissociation process. For the last ratio the 

ratee constant ki is required. This rate constant kj has been obtained from the 

measurementt of the rate constant for charge transfer from the ground state 

indene-d33 radical cation to neutral indene, assuming that the relaxation of the 

excitedd indene radical cation occurs via this charge exchange. 

Figuree 5-1 shows the decay of the molecular ion of indene-d3 and the rise of the 

molecularr ion of indene as a function of time. From an exponential fit of the 

curvess in Figure 5-1 the rate constant for charge transfer has been derived to be 

7»10"100 cm3mor1s"1. It should be noted that this is not an absolute value. It is, 

e.g.,, not corrected for the difference between the pressure in the ICR cell and its 

valuee read from the ionization gauge. 
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Figuree 5-1. The relative abundances of the via charge exchange formed indene 
radicall cation (m=116, o) and the reacting indene-d3 radical cation (m=119, A) 
measuredd as function of the reaction time. The pressure used for both neutrals was 
2.5«10"8Torr. . 

5.4.25.4.2 Two-photon dissociation of indene radical cations excited by laser light 

ofof 514.5 nm. 

Ass in previous papers [29,30,36], Figure 5-2 shows -I/ln( 1 -F(t)) versus 1/1 for 

differentt pressures (see eq. 3a). In earlier work [36] the values of CT1/O2 and of k2 

weree determined from the intercept by plotting the slopes of the curves versus 

pressure.. In the present work we used multiple regression instead (see eq. 3b). 

Thee resulting value of ö\/ö2 was 9 (or 1/9) while k2 was 2 s"1. 
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Figuree 5-2. -I/ln(l-F(t)) versus 1/1 for the indene radical cation at different 
pressuress (see eq. 3a). Pressures were: 50-10"8 (+), 43-10~8(o), 30«10"8(*), 20«10~8 

(x),, 13'10"8(A),3'10"8(0),7.5«10"8(D)Torr 

5.4.35.4.3 Proton transfer from the indene radical cation to 3-pentanone. 

Subsequentlyy the ratio of the rate constants for relaxation of and proton transfer 

fromm the excited indene radical cation, kVk ,̂ in the presence of a gas-phase 

neutrall reference base has been determined. 

Too this end the laser light intensity and the pressure of the neutral reference 

basee 3-pentanone in the presence of indene radical cations have been varied. 

Thee results are plotted as -It(l+lG2/nAk3)/ln(l-F(t)) versus I/nA (eq. 5) in Figure 

5-3. . 
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Figuree 5-3. -It(l+Io2/nAk3)/ln(l-F(t)) versus I/n for indene radical cations in the 
presencee of neutral 3-pentanone at different pressures and light intensities (see eq. 
5). . 

Fromm the intercept and the slope of the line in Figure 5-3 the ratio kyk^ has been 

calculatedd using eqs. 6 and 7 given in section 5.3.2. The results have been 

summarizedd in Table 5-1. 

Tablee 5-1. Ratio kVk3 determined from the intercept and slope of the 

linee in Figure 5-3 and use of the determined value for 0\/a2>-

0\/a0\/a2 2 Wks s 

1/9 9 
9 9 
80 0 

aa Because of the symmetry of the formula for the two-photon dissociation process, 

twoo values for the ratio oVo"2 are possible; see section 5.3.1 
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Discussion n 

Althoughh it is not clear whether the value of k ^ is either about 100 or about 

10,, it is clear that for the single photon excited indene radical cation the rate of 

itss proton transfer to a base is considerably slower than its rate of relaxation by 

non-reactivee collisions. Here it should be noted that scheme 5-5 is of course a 

simplificationn and that during relaxation the overall rate of proton transfer will 

decrease.. One may therefore assume that the major part of the reaction products 

willl be formed when the average internal energy is still relatively high. Taking a 

CHH stretching frequency of 3000 cm"1, the observed of 0.5-0.6 eV energy 

availablee for the endothermic proton transfer corresponds with 1.5 vibrational 

quantaa in the relevant CH-bond. Assuming energy randomization, this does not 

seemm unreasonable for the possibility of reaction. Because prior to energy 

randomizationn internal conversion to a highly vibrationally excited ground state 

hass to occur, it is important to measure the quantum yields for fluorescent and 

phosphorescentt relaxation of the single photon excited indene radical cation to 

estimatee the amount of internal conversion. 

5.55 Conclusions 

Inn chapter 3 of this thesis it has been shown possible to determine the threshold 

forr proton transfer from laser-light excited protonated naphthalene to a base in 

thee gas phase by use of the bracketing method as applied in our previous study 

too the laser-light excited indene radical cation in chapter 4 of this thesis and ref. 

30.. For protonated naphthalene excited by light of 488 nm (2.54 eV) it has been 

foundd in this way that the proton transfer to a base can be as endoergic as 60 

kJ/mol.. This value is very similar to that for the radical cation of indene excited 

byy light of 514.5 nm (2.41 eV) where the proton transfer to a base can be as 

endoergicc as 48 kJ/mol. The observed 0.5-0.6 eV energy available for proton 
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transferr  to a base seems reasonable when taking into account a complete 

randomizationn of the initiall y deposited energy in the ions. In the next chapter, 

thee epilogue, a more elaborate discussion is presented on the experimentally 

obtainedd results described in the previous chapters. 
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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 will 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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Summary y 

Thee research presented in this thesis is focused on the influence of light on the 

reactivityy of gas phase ions and in particular  on the changes in proton transfer 

capabilityy of protonated naphthalene and the indene radical cation towards 

referencee bases. The main issue of the research was to establish such differences 

inn reactivity and to quantify them. 

Thee instrumental methods applied in the experiments and the kinetic schemes 

usedd in evaluating the results are described in Chapter  2. 

Chapterss 3 and 4 show that it is possible to measure differences in reactivity of 

excitedd ions with respect to their  ground state by use of the bracketing method 

whichh until now has been used only for  the determination of thermodynamic 

quantities,, such as the gas-phase proton affinities of ground state species. From 

thee results of the bracketing measurements it can be concluded that proton 

transferr  from protonated naphthalene excited by light of 488 nm (2.54 eV) to a 

basee can be as endothermic as 60 kj/mol which value is very similar  to that for 

thee radical cation of indene excited by light of 514.5 nm (2.41 eV) where proton 

transferr  to a base can be as endothermic as 48 kj/mol . 

Inn chapter  5 a method is evaluated and applied to determine the ratio of the 

collisionall  relaxation constant and the proton transfer  rate constant for  the 

indenee radical cation excited by light of 514.5 nm (2.41 eV) which under  the 

appliedd experimental conditions is shown to be in the order  of 10 or  100. This 

meanss that relaxation to the ground state is 10 or  100 times faster  than the 

protonn transfer. In the discussion of chapter  5 it is highlighted that when 

assumingg energy randomization, the observed energy available for  the proton 

transfer,, which is 0.5-0.6 eV, does not seem unreasonable. 
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Fromm chapter 5 and the epilogue in chapter 6 it may be concluded that 

additionall information is required to be able to explain the mechanisms which 

playy a role in the proton transfer reaction from a vibrationally excited ground 

statee ion. In particular spectroscopic data, the determination and assignment of 

thee excited states in the ions and associated lifetimes, the description of the 

relaxationn pathways and possibly other reaction pathways would be needed. 

Unfortunately,, such data are not (yet) available for the very many gas phase 

ionss for which the chemistry has been studied in the ground state. 
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Samenvatting g 

Hett onderzoek, beschreven in dit proefschrift, is gericht op de invloed van licht 

opp de reactiviteit van gasfase ionen en in het bijzonder op de gemakkelijkere 

overdrachtt van een proton van geprotoneerd naftaleen of het radicaalkation van 

indeenn naar referentie basen. De hoofdprobleemstelling was om de verschillen 

inn reactiviteit te kunnen vaststellen en deze tevens te kwantificeren. 

Dee instrumenten en kinetische schema's, die voor het uitvoeren, resp. 

verwerkenn van de resultaten van de experimenten zijn toegepast, zijn in 

hoofdstukk 2 beschreven. De hoofdstukken 3 en 4 tonen aan, dat het mogelijk is 

omm de verschillen in reactiviteit van geëxciteerde gasfase ionen ten opzichte van 

hunn grondtoestand te meten m.b.v. de bracketing methode, die tot nu toe slechts 

gebruiktt is voor het bepalen van thermodynamische grootheden, zoals gasfase 

protonaffmiteitenn van deeltjes in de grondtoestand. Uit de resultaten van de 

bracketingg experimenten kan worden geconcludeerd, dat de protonoverdracht 

vann geprotoneerd naftaleen, geëxciteerd door licht van 488 nm (2.54 eV), naar 

eenn base 60 kJ/mol endotherm kan zijn. Dit komt overeen met de bracketing 

resultatenn van het d.m.v. licht van 514.5 nm (2.41) eV geëxciteerde indeen 

radicaalkation,, waarbij de protonoverdracht naar een base 48 kJ/mol endotherm 

kann zijn. 

Inn hoodstuk 5 is een methode uitgewerkt en toegepast om de verhouding van de 

botsingsrelaxatiekonstantee en de protonoverdrachtskonstante van het d.m.v. 

lichtt van 514.5 nm (2.41 eV) geëxciteerde indeen radicaalkation te bepalen, die 

onderr de toegepaste experimentele omstandigheden ongeveer 10 of 100 blijkt te 

zijn.. Dit betekent, dat relaxatie naar de grondtoestand 10 of 100 keer sneller is 

dann protonoverdracht. In de discussie in hoofdstuk 5 is benadrukt, dat bij de 

aannamee van een statistische verdeling van de geabsorbeerde energie over de 
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aanwezigee inwendige vrijheidsgraden de waargenomen beschikbare energie 

voorr de protonoverdracht (0.5-0.6 eV) niet onredelijk is. 

Uitt hoofdstuk 5 en de epiloog in hoofdstuk 6 kan geconcludeerd worden, dat er 

meerr informatie nodig is om de mechanismen, die een rol spelen in de 

protonoverdrachtsreactiee vanuit een vibrationeel geexciteerde grondtoestand, te 

kunnenn verklaren. Met name spectroscopische gegevens, bepaling en 

benoemingg van de geexciteerde toestanden in de ionen en hun levensduren, 

beschrijvingg van de relaxatie- en mogelijk andere reactiepaden zouden hiervoor 

nodigg zijn. Helaas zijn dergelijke gegevens momenteel (nog) niet beschikbaar 

voorr zeer vele gasfase ionen, waarvan de chemie in de grondtoestand 

bestudeerdd is. 
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