
 1 

Electron transfer induced side-chain cleavage in 

tryptophan facilitated through potassium induced 

transition-state stabilization in the gas-phase 

F. Ferreira da Silva*,#, T. Cunha#, A. Rebelo#, A. Gil†,┴, M. J. Calhorda†, G. García‡, O. 

Ingólfsson± and P. Limão-Vieira*,# 

# Atomic and Molecular Collisions Laboratory, CEFITEC, Department of Physics, Universidade 

NOVA de Lisboa, 2829-516 Caparica, Portugal. 

† BioISI -Biosystems & Integrative Sciences Institute, Departamento de Química e Bioquímica, 

Faculdade de Ciências, Universidade de Lisboa, Campo Grande, 1749-016 Lisboa, Portugal  

┴ CIC nanoGUNE BRTA, Tolosa Hiribidea, 76, E-20018, Donostia – San Sebastián, Euskadi, 

Spain 

‡ Instituto de Física Fundamental, Consejo Superior de Investigaciones Científicas (CSIC), 

Serrano 113-bis, 28006, Madrid, Spain 

± Chemistry and Science Institute, University of Iceland, Dunhagi 3, 107, Reykjavik, Iceland 

KEYWORDS: mass spectrometry; amino-acids; electron transfer; negative ion formation;  

  



 2 

ABSTRACT  

Fragmentation of transient negative ions of tryptophan molecules formed through electron transfer 

in collisions with potassium atoms is presented for the first time in the laboratory collision energy 

range from 20 up to 100 eV. In the unimolecular decomposition process, the dominating side chain 

fragmentation channel is assigned to the dehydrogenated indoline anion, in contrast to dissociative 

electron attachment of free low-energy electrons to tryptophan. The role of the collision complex 

formed by the potassium cation and tryptophan negative ion in the electron transfer process is 

significant for the mechanisms that operate at lower collision energies. At those collision times, 

on the order of a few tens of fs, the collision complex may not only influence the lifetime of the 

anion, but also stabilize specific transition states and thus alter the fragmentation patterns 

considerably. DFT calculations, at the BHandHLYP/6-311++G(3df,2pd) level of theory, are used 

to explore potential reaction pathways and the evolvement of the charge distribution along those. 

Introduction 

Charge transfer reactions are ubiquitous in nature and play an essential role in living organisms 

by maintaining the functionality and, not less important, the selectivity of biologically active 

molecules (see Refs.1–4 and references therein). These processes can be of high complexity and 

may proceed via numerous steps, e.g. in cellular respiration more than 15 electron transfer steps 

occur (see Ref.5 and references therein). Often there are specific molecular entities or redox 

systems that play essential roles in those electron transfer processes, among them the aromatic 

amino acid redox-pair tryptophan and tyrosine (Ref.4,6–8 and references therein). From these, the 

former contains an indole moiety linked to the α-C through a methylene bridge at the C3 position. 

The latter contains a phenol moiety linked to Cα through a methylene bridge in para-position. 
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Notwithstanding, the indole moiety plays an essential role in a vast variety of physiologically 

active substances.9 The simpler natural ones include such important compounds as serotonin and 

melatonin and applications of drugs containing the indole moiety are found in cancer therapy, 

depression, migraine and rheumatism treatments. However, the most “far out” example of 

physiologically active substances containing the indole moiety is the lysergic acid diethylamide 

(LSD). 

Within this context, and the potential role of low-energy electrons in radiation damage to 

biological systems,10 a significant number of gas-phase studies have been performed to investigate 

low energy electron interactions with isolated biologically relevant molecules (see e.g. reviews in 

Refs. 11–14 and references therein). While such gas-phase studies do generally not allow for 

replication of the actual biological environment of these molecules, they have the advantage to be 

performed under well-controlled experimental conditions.15 Hence, gas-phase studies may offer 

insight into fundamental processes, which are not attainable when those molecules are embedded 

in their natural environment. For low-energy electron interactions with tryptophan, we note studies 

on electron transmission mapping the low-lying temporary anion states by Aflatooni et al.16 and 

an electron energy loss study by Borisevich et al.. 17 Furthermore, a number of electron attachment 

studies have been reported on tryptophan 18–20, its methyl ester19 and N-acetyl tryptophan. 21 Also 

electron stimulated desorption (ESD), from condensed films of tryptophan, has been reported for 

the electron energy range from 0 to 12 eV.22 As far as indole is concerned, a number of studies 

have been reported on its interaction with low energy electrons. These include a combined electron 

transmission and dissociative electron attachment (DEA) study by Modelli et al.23 (also including 

indoline), an electron energy loss spectroscopy (EELS) study by Borisevich et al.17, calculation of 

the total electron scattering cross sections by Chiari et al.24 (used to determine the dipole-bound 



 4 

electron affinity of indole), a Rydberg electron transfer study by Carles et al. 25 and an ultrafast 

electron diffraction study by Park et al.26 

In electron transmission spectroscopy (ETS), Aflatooni et al.16 observe the lowest lying negative 

ion resonance of tryptophan to be at about 0.7 eV and they find the next higher lying negative ion 

state at ~1.6 eV. The former is assigned to a π1* antibonding orbital localized on the indole moiety, 

while the latter is interpreted to be composed of π2* and π3* anti-bonding orbitals localized on the 

indole and carbonyl moieties, respectively. This is in good agreement with the electron 

transmission spectra of indole and formic acid, where these resonances appear at 1.85 and 1.73 

eV, respectively.16,23 Additional information supporting this assignment is found by comparing the 

contribution in the ETS of tryptophan to the same contributions in indole and the aliphatic amino 

acids, where they are shifted to higher energies as compared to tryptophan. Note in this context, 

that the indole-based resonances are shifted to lower energies by about 0.2 eV in tryptophan, while 

the π* carboxyl resonance is shifted to higher energies in the aliphatic amino acids (also about 0.2 

eV). Further resonances are observed in the ETS of tryptophan, at 2.5 eV (2.7 eV in indole) and 

close to 3.5 eV. The former is assigned as a π4* shape resonance and the latter is tentatively 

assigned as a core excited resonance associated with one of the low-lying electronic states. The 

3.5 eV resonance agrees well with the EELS of tryptophan17 where the first transition is observed 

close to 3.2 eV and that of indole where this transition is observed at about 3.3 eV and is associated 

with a transition to the first triplet state. In dissociative electron attachment the total cross-section 

for the dominant anion formation from tryptophan is found to peak at 1.2 eV, while Vasil’ev et 

al.19 find the loss of a hydrogen atom from tryptophan and its methyl ester at 1.2 and 1.55 eV, 

respectively. This is consistent with the interpretation of tryptophan  ETS where the resonance 

observed at 1.6 eV was assigned to an overlapping contribution from π orbitals at the indole ring 
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and the carboxyl group.  Hence, it apparently proceeds from the indole moiety as well as from the 

carboxyl group. Note that while ETS reflects the whole width of the respective resonances, DEA 

competes with autodetachment, i.e. ejection of the extra electron, which is most efficient at higher 

energies. Thus, the DEA ion yield generally appears at lower energies than the actual position of 

the respective resonances. In addition to hydrogen loss, Vasil’ev et al.19 also observe the cleavage 

of the carboxyl group from the α-carbon, formation of fragments from the carboxyl group and 

cleavage of the bond from the methylene bridge (β-carbon) to the α-carbon of the backbone. In an 

earlier study, Abdoul-Carime et al.18 have reported that hydrogen loss is only a minor channel and 

formation of HCOO− is found to be the most pronounced channel. Bond cleavage from the 

methylene side group bridge to the α-carbon of the backbone is also observed in this study as well 

as the typical carboxyl fragments. In addition, Abdoul-Carime et al.18 observe CN− formation 

peaking at 1.2 eV, a fragment anion that requires considerable rearrangement of the TNI formed 

in the free electron attachment process. This has been discussed in detail for the aliphatic amino 

acids glycine and valine.27–29 In ESD from condensed layers of tryptophan,22 the most pronounced 

channel is assigned to H−, yet other fragment anions are also discernible, O−, OH− and CN−. These 

fragment anions are observed at considerably higher energies than in the gas-phase, which is 

predominantly attributed to the energetic constraints on the desorption process. Finally, it is worth 

noting that the photolysis of jet-cooled tryptophan at 212.8 and 193 nm,30 yields Cα and Cβ bond 

cleavage as the only fragmentation pathway. A certain analogy may be expected between such 

photolysis experiments and dissociation through free electron attachment as the former often 

corresponds to the promotion of an electron from a bonding orbital to an anti-bonding orbital, 

while the later may constitute an extra electron occupying the same anti-bonding orbital. However, 

in the photolysis study referred here above, the dissociation is attributed to the ground state of the 
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molecule after rapid internal conversion rather than direct dissociation along an anti-bonding 

excited state. 

In this contribution, we study negative ion formation and decay channels of tryptophan in 

electron transfer processes. We argue that the ion-pair/polarization-interaction in the collision 

complex may not only influence the lifetime of the anion formed in the electron transfer process, 

but may also stabilize specific transition states and thus alter considerably the fragmentation 

patterns. These findings are discussed in context of DFT calculations carried out for potential 

reaction pathways and the relative stabilization of the corresponding transition states. Electron 

transfer experiments are in many ways complementary to studies of anion formation and decay 

through free electron attachment, as the lifetime of the negative ion initially formed in collisions 

with potassium may be extended considerably by stabilization through polarization interaction in 

the transient collision complex (see Refs.31–33), as compared to that of the transient negative ion 

(TNI) formed in free electron attachment. Moreover, as the interaction time of the potassium can 

be tuned through the collision energy, such experiments allow differentiating between slower, 

often kinetically hindered channels and faster, more direct channels. Recently, such influence of 

the extended lifetime of the TNI formed in collision with potassium has been demonstrated for the 

aliphatic amino acids glycine34 and alanine (not observed in valine),35 tyrosine36 and the 

nucleobases thymine and uracil.32–34 Specifically, for thymine, an unambiguous comparison has 

been offered of negative ion formation through collisions with potassium, dissociative electron 

attachment and metastable decay of the thermally activated thymine anion in its electronic ground 

state.37 Distinct site selectivity in bond breaking was also shown in electron transfer experiments 

by selective N-methylation of pyrimidines37,38  and in DEA to simple organic molecules, such as 

acetic acid.39 Furthermore, in a comprehensive electron transfer study on uracil (U) and its 
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halogenated derivatives, 5-chlorouracil (5-ClU) and 5-fluorouracil (5-FU),40 a significant 

enhancement of the electron transfer process was inferred for the Cl− channel from 5-ClU when 

the transient time of the potassium was on the same order as the C−Cl vibrational period.  

Hence, the transition time of the potassium is not only expected to influence the lifetime of the 

TNI, as compared to free electron attachment, but may also influence the underlying collision 

dynamics of the electron transfer process, i.e. diabatic and/or adiabatic descriptions may hold. 

Methods 

Experimental 

The experimental setup has been described in detail elsewhere,31 and we thus only give a brief 

description here. In this setup, K+ ions produced in a commercial potassium ion source (STD 250 

K Ion source from HeatWave Labs, Inc. US) are accelerated to 20–100 eV before passing through 

an oven containing neutral potassium vapour. In the oven, the potassium ions resonantly charge-

exchange with the neutral potassium, producing a beam of hyperthermal, neutral potassium atoms. 

Residual ions, from the primary beam, are removed by electrostatic deflection plates placed outside 

the oven. The intensity of the neutral potassium beam is monitored using a Langmuir-Taylor 

ionisation detector, before and after the TOF mass spectra collection, with typical values of tens 

of pA. The effusive beam of tryptophan was generated through sublimation of the solid sample at 

490 K and the heating temperature was controlled using a proportional integral derivative 

controller unit. In order to test for any thermal decomposition, control spectra were recorded at 

different temperatures. No differences were observed in relative peak intensities as a function of 

the temperature. In order to prevent any sample deposition and thence charge accumulation on the 
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electrodes, the extraction region and the TOF system were heated to approximately 393 K 

throughout the measurements. 

The effusive beam of tryptophan enters the collision zone through a 1 mm diameter capillary, 

where it crosses the neutral hyperthermal potassium beam between two parallel plates with 1.2 cm 

separation. The anions produced were extracted by a 250 Vcm–1, pulsed electrostatic field. The 

typical base pressure in the collision chamber was 8×10−6 Pa and the working pressure did not rise 

significantly upon heating the powder tryptophan sample. Mass spectra were obtained by 

subtracting the background measurements (without heated sample) from measurements with the 

sample present. The mass calibration was carried out on the basis of the well-known anionic 

species formed after potassium collisions with nitromethane.31 Tryptophan was purchased from 

Sigma-Aldrich with a ≥ 99.5 % stated purity and used as delivered. 

Computational Studies 

In order to evaluate the reaction paths initiated by hydrogen transfer from the side chain to the 

indole moiety a set of DFT calculations were performed with the Gaussian09 software.41  

The single bonds corresponding to the backbone of tryptophan and the two single bonds not 

included in the aromatic system of its side-chain are free to rotate. The energy of these torsions is 

on the order of tens to hundreds of meV, thus giving rise to different stable rotamers. Keeping this 

in mind, a systematic conformational search was performed, using the Avogadro software.42 The 

C-OH bonds were considered as being two fold (rotations of 180°), while the remaining single 

bonds were considered as being three fold (rotations of 120°). This amounts to 108 starting 

conformers, which were subjected to minimization by molecular mechanics using the force field 

MMFF94.43,44 At the end, as some of these rotamers evolved to the same structure, a total of 46 

structures showed nuclear stability. These 46 structures were optimized at the DFT level of theory 
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with the BHandHLYP functional and the 6-311++G(3df,2pd) basis set. The respective radical 

anions were then generated from all the optimized neutral systems by addition of one electron and 

re-optimized. The most stable anionic structure was chosen for the fragmentation study. The 

BHandHLYP functional was chosen because it is known that for open-shell systems, such as these 

radical anions, pure and hybrid density functionals with small percentage of exact exchange could 

lead to a bad description of the geometrical structure of the ground state of the system45 and to 

molecular structures with a too much delocalized Singly Occupied Molecular Orbital (SOMO).46–

48 

The search for transition states of the reactions involving hydrogen transfer to the indole ring was 

carried out using Chemical Dynamics Simulations with TSSCDS software.49,50 On the other hand, 

for the transition states involving C-C bond cleavage, the C-C distance (reaction coordinate) was 

increased in steps of 0.05 Å until the bond cleavage was complete. For each frozen C-C distance, 

the remaining degrees of freedom were allowed to relax, before the next step. The highest energy 

structure (top of the hill on the reaction coordinate) obtained, was then optimized as a transition 

state (saddle point). The transition states were optimized at BHandHLYP/6-311++G(3df,2pd) 

level of theory. 

The nature of all stationary points was checked by vibrational frequency calculations. In all cases, 

intrinsic reaction coordinate (IRC) calculations were carried out to confirm that the located 

transition states linked the proposed reactants, intermediates and products. Thermodynamic 

corrections were computed assuming an ideal gas, unscaled harmonic vibrational frequencies and 

the rigid-rotor approximations by standard statistical methods51. It is known that atomic charges 

are not proper quantum observables and their assignment to atoms has been a problem, leading to 

several arbitrary approaches to obtain values for the charge distributions in such systems. 
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Sometimes the calculation of charges in different fragments of a system could even lead to 

contradictory conclusions52,53. For this reason, spin and charge density were evaluated by using 

different charge schemes based on several approaches of different nature. Thus, we used for the 

main qualitative discussion Mulliken54 based on the population analysis of the wavefunction. 

Nevertheless, for comparison, charge density distributions were also evaluated by means of the 

following approaches: Hirshfeld approach55 based on the electronic density of the molecule as a 

function of space and of a fictitious pro molecule that the method defines as the sum over the 

ground-sate atomic densities; APT approach56 based on the atomic polar tensor, charge model-5 

(CM-5)57; Merz-Singh-Kollman58,59 where the charges are derived from an electrostatic potential; 

and NBA/NBO60 where the charges are calculated from the so-called natural population analysis 

and are relatively insensitive to the basis set changes.  

Results and discussion 
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Fig. 1 shows time-of-flight mass spectra (TOF-MS) of negative ions formation through electron 

transfer in potassium-tryptophan collisions at laboratory frame collision energies (Ecoll) of 20, 50, 

75 and 100 eV. In the centre-of-mass frame (ECM) these correspond to 10.8, 33.4, 52.3 and 71.2 

eV, respectively, representing the maximum energy transfer possible through collisional 

activation.  

Figure 1. Negative ion mass spectra recorded at potassium–tryptophan lab-frame collision energies of 20, 30, 75 and 

100 eV.  
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In the lower mass region, below m/z 100, the main fragments appear at m/z 16, 17, 26 and 33. 

These are assigned to O−/NH2
−, OH−, CN−/C2H2

− and HO2
−/NH2OH−, respectively. With the 

exception of HO2
−/NH2OH−, all these fragments are observed in DEA to tryptophan,18 (see Table 

1) and in general from DEA to amino acids.61,62 The isobaric fragments CN−/C2H2
− and O−/NH2

−, 

have been studied in detail, both in DEA to glycine 28 and to valine.27 In both cases the total ion 

yield results from a combined contribution of these fragments but in the case of O−/NH2
−, NH2

− 

dominates in the low-energy range, to about 6 eV incident electron energy, while O− dominates 

above that energy. For CN−/C2H2
−, CN− dominates in the low-energy range and C2H2

− in the high-

energy range in the case of glycine. For valine, on the other hand, the situation is not as clear and 

both fragments are mainly formed below 4 eV incident electron energy. Further low intensity 

CnHm
− fragments are also discernible in  the mass spectra shown in Fig. 1. We attribute these to 

contributions from traces of pump oil in the chamber. 

Table 1. Tryptophan anion formation upon electron transfer (ET, current results) compared to anion formation from 

Tryptophan through DEA (taken from ref. 18 and ref. 19). From ref. 19 the relative intensities reported are shown in 

parenthesis after the respective fragments and from ref. 18 the approximate count rates, reported as counts per second 

are shown in parenthesis after the respective fragments. 

 

m/z 
Anion 

ET present results DEA (ref. 18) DEA (ref. 19) 

203 - [Try-H]- (2) [Try-H]- (100) 

182 - - [Try-H-H2O]- (< 1) 

159 - - [C10H11N2]- (1.9) 

158 - - [C10H10N2]- (1.5) 

130 - - [C9H8N]- (0.74) 
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118 [C8H7NH]- - - 

74 - [C9O2H4N]- (15) [C9O2H4N]- (7.8) 

45 - [CO2H]- (175) [CO2H]- (< 1) 

33 [HO2]-/ [OHNH2]- - - 

26 [CN]-/ [C2H2]- [CN]-/ [C2H2]- (4) - 

17 [OH]- [OH]- (4) [OH]- (<1) 

16 [O]-/ [NH2]- [O]-/ [NH2]- (4) [O2]-/ [NH2]- (< 1) 

 

In the ET mass spectra (Fig. 1), there is no evidence of the dehydrogenated molecular anion (m/z 

203) formation and for m/z > 100, the only fragment anion observed with appreciable intensity 

appears at m/z 118. We attribute this contribution to isomers of the dehydrogenated indoline anion, 

C8H7NH− (shown along with indole and tryptophan in Fig. 2). In one of these isomers the indoline 

anion has lost a hydrogen from C3, in the other a hydrogen has been transferred to C3a, leading to 

loss of the aromaticity and a hydrogen is removed from both C2 and C3. The formation of these 

anions is a remarkable process because: i) it requires rupture of the indole γ-C3 bond to the Cβ of 

the remaining amino acid moiety, while side chain cleavage in DEA and photolysis exclusively 

proceeds through rupture of the Cβ−Cα bond19 and ii) it requires the transfer of two hydrogen atoms 

to the indole moiety from the remaining amino acid. Furthermore, a close inspection of the mass 

spectra in Figure 1 shows that the relative intensity of this fragment anion decreases significantly 

with increasing collision energy. In fact, at 100 eV laboratory frame collision energy there are no 

signs of isomers of the dehydrogenated indoline anion at m/z 118.  
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Figure 2. Molecular structures of indole, indoline and tryptophan. Assignments of the carbon atoms are shown on 

tryptophan structure. 

For a more quantitative consideration, Fig. 3 shows the branching ratios (BRs) as a function of the 

collision energy for the dehydrogenated indoline anion (m/z 118) and for the fragments OH− and 

O−/NH2
−. While formation of the dehydrogenated indoline anion requires the transfer of two 

hydrogen atoms from the backbone to the side chain (indole moiety), OH− results from a direct 

dissociation process from the carboxyl group. This process also seems to be predominant in the 

case of the O−/NH2
− formation, which shows the same behaviour as OH−, with insignificant 

contribution at low collision energies, where the indoline anion dominates. 
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Figure 3. Branching ratios as a function of the lab frame collision energy for the dehydrogenated indoline anion 

([indoline-H]−), O−/NH2
− and OH− fragments upon potassium-tryptophan collisions at 20, 30, 75 and 100 eV. 

From Fig. 3 we see that the rearrangement process associated with formation of the 

dehydrogenated indoline anion benefits strongly from the longer transition times of the potassium 

at lower collision energies. The direct processes, on the other hand, are enhanced as the collision 

energy increases. In this context we note that at a lab-frame collision energy of 20 eV, the collision 

time amounts to 37 fs and Ecm is 10.8 eV. At a lab-frame collision energy of 100 eV, on the other 

hand, the collision time is shortened to 16 fs but Ecm amounts to 71.2 eV. Hence, while the direct 

processes predominantly depend on the energy transfer in the collision, the complicated 

rearrangement process leading to the formation of the dehydrogenated indoline anion is critically 

dependent on the lifetime of the collision complex. We attribute this observation to a stabilization 

of the transition state(s) through the interaction of the positively charged potassium ion and the 

intermediate anionic tryptophan formed in the electron transfer process. Such stabilization may 

partly be due to a general coulomb stabilization of the anion in the complex, but also to a preferable 
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geometry in the collision complex allowing for the required hydrogen transfer processes to proceed 

within its lifetime. We note that the dissociation channels observed are competitive channels and 

while the faster more direct processes benefit directly from increased energy transfer, 

rearrangement reactions such as the formation of the dehydrogenated indoline anion are critically 

dependent on reaching a favourable geometry for the respective rearrangement to proceed.  

For further comparison, Fig. 4 shows the branching ratios for HO2
−/NH2OH− and CN−/C2H2

− as 

a function of the collision energy. These ions do, at least in part, require some rearrangement and 

while the branching ratio for HO2
−/NH2OH− has a maximum in the range from 30 to about 70 eV, 

the CN−/C2H2
− branching ratio decreases slightly with increasing collision energy, displaying a 

similar trend as is observed for the dehydrogenated indoline anion. Though the trends are not as 

clear here as for the fragments shown in Fig. 3, they still exhibit the interplay between the lifetime 

of the collision complex and the energy available for the dissociation to proceed. 
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Figure 4. Collision energy dependence of the branching ratios for CN−/C2H2
− and HO2

−/NH2OH− fragment formation 
upon potassium-tryptophan collisions at 20, 30, 75 and 100 eV in the laboratory-frame. 

 

In order to further our knowledge on the underlying molecular mechanism responsible for the 

dehydrogenated indoline anion formation (m/z 118), comprehensive quantum chemical 

calculations were performed for a number of potential reaction pathways for this process. 

In a potassium-tryptophan collision yielding the dehydrogenated indoline anion, cleavage of the 

Cβ bond (see Fig. 2) from the side chain moiety and transfer of two hydrogens from the backbone 

to the indole moiety, must occur. To assess this reaction path we have initially explored, as a first 

step, a hydrogen transfer from the carboxylic group to different carbon acceptor positions in the 

indole ring, i.e. C3, C2 and C3a. The resulting reaction paths are depicted in Fig. 5 (hydrogen transfer 

to C3) and in Fig. S1 (hydrogen transfer to C2) and Fig. S2 (hydrogen transfer to C3a) in the 

Electronic Supplementary Information (ESI). The pathways shown in Fig. 5 and Fig. S1 show an 

initial hydrogen transfer from the carboxyl group to C3 and C2, respectively, leading to a C3−Cβ 
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bond cleavage, that in turn leads directly to the formation of m/z 117. For these two paths the gas-

phase Gibbs free energy for the hydrogen transfer to C2 shown in Fig. S1 is less favourable. In case 

of hydrogen transfer from the carboxyl group to C3 shown in Fig. 5, the barrier for the hydrogen 

transfer is only 0.2 eV, and that for the C3−Cβ bond rupture is 0.6 eV with respect to the anion 

ground state (1.1 eV above the intermediate). The overall process leading to m/z 117 formation on 

this path is exergonic by 0.6 eV (see Fig. 5). For initial hydrogen transfer from the carboxyl group 

to C2, shown in Fig. S1, we find the hydrogen transfer to be barrierless. The barrier for the C3−Cβ 

bond rupture, on the other hand, is found to be 2.5 eV and the reaction is endergonic by 1.7 eV 

(3.4 eV above the intermediate).  

An initial hydrogen transfer from the carboxyl group to C3a followed by a second hydrogen transfer 

from the NH2 group to C3, and a C3−Cβ bond rupture, shown in Fig. S2, leads to the formation of 

a m/z 118 fragment. The barrier for the initial hydrogen transfer on this path is only about 0.7 eV, 

but that for the second hydrogen transfer along with the C3−Cβ bond rupture is 4.3 eV (4.0 eV 

above the intermediate) and the overall reaction is endergonic by 1.3 eV.  
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Figure 5. Gas-phase Gibbs free energy (eV), DG0 298K, profile for the fragmentation mechanism of tryptophan 

upon electron transfer leading to a m/z 117 fragment. The initial hydrogen transfer is from the carboxylic group to C3 

at the indole moiety.  

 

In the search for a more favourable path for the m/z 118 anion formation, we explored potential 

reaction pathways with an initial hydrogen transfer from Cα to C3a (shown in Fig. 6) and hydrogen 

transfer from Cβ to the C2 carbon concomitant with a second hydrogen transfer from the carboxylic 

group to C3 (shown in Fig. 7). For the initial hydrogen transfer from Cα to C3a, shown in Fig. 6, the 

transition state (TS) is 2.5 eV above the anionic ground state and the intermediate formed is at 1.5 

eV above the ground state. In a second step, the reaction may proceed from the intermediate state 

through excision of the C3–Cβ bond and concomitant hydrogen transfer from the carboxylic group 

to C3 as shown in Fig. 6. The activation barrier for this step is 3.0 eV (1.5 eV above the 

intermediate). The overall reaction is endergonic by only 0.3 eV, but the resulting isomer of the 
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dehydrogenated indoline moiety on this path is hydrogenated at C3 which annuls the aromaticity 

of the six-membered ring. 

 

 

Figure 6. Gas-phase Gibbs free energy (eV), DG0 298K, profile for the fragmentation mechanism of tryptophan 

upon electron transfer leading to fragment m/z 118. Hydrogen is transferred from the Cα to the C3a carbon at the indole 

moiety. This is followed by hydrogen transfer from the carboxylic group to C3 concomitant to C3–Cβ bond rupture.  

 

For the reaction path initiated by hydrogen transfer from Cβ to C2 of the indole ring and hydrogen 

transfer from the carboxylic group to C3 in the same step (shown in Fig. 7), we find the energy 

barrier for the first step to be 3.1 eV. However, the intermediate formed lies at 0.2 eV below the 

initial ground state. The second step leads to the formation of the de-hydrogenated indoline moiety 

through C3-Cβ bond breaking and the counter fragment forms a chiral (Cα) 3-member ring, with a 

positive formal charge on the N atom and a negative on the Cβ atom. The barrier for this step is 

2.7 eV and the overall reaction is endergonic by 1.7 eV. 
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Figure 7. Gas-phase Gibbs free energy (eV), DG0 298K, profile for the fragmentation mechanism of tryptophan upon 

electron transfer leading to m/z 118 formation. Two hydrogen atoms are transferred from the Cβ to C2 carbon and from 

the carboxylic group to C3 of the indole moiety, followed by C3-Cβ bond cleavage.  

 

For a laboratory frame collision energy of 20 eV, where m/z 118 formation is the most prominent 

feature (see Fig. 1), the available energy in the centre-of-mass frame is 10.8 eV, which is enough 

to allow both reaction pathways (Fig. 6 and Fig. 7) to be energetically accessible. This also applies 

to both reaction paths we calculated for the formation of the m/z fragment 117 shown in Figs. 5 

and S1, as well as the energetically least favourable reaction path leading to the m/z 118 fragment 

(shown in Fig. S2). To further examine the progression along the reaction paths shown in Figs. 6 

and 7 we have analysed the charge and spin density along these paths by means of Mulliken, 

Hirshfeld, APT, QM-5, Merz-Singh-Kollman and NBA/NBO approaches (see Tables S1 a and b 

and S2 a and b, for charge and spin density, respectively). Though there are variations between the 

different approaches, certain trends can be observed. It is clear that the additional charge is mainly 

located on the indole moiety of the initial tryptophan anion. However, in the transition state for the 

first hydrogen transfer, the charge is more delocalized while in the intermediate formed after  

hydrogen transfer, the charge is predominantly located on the carboxylic backbone. On the reaction 

path shown in Fig. 6, a certain delocalization is also found for the second transition state while for 
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the reaction path shown in Fig. 7, the charge remains on the backbone in this step. In both cases 

the charge retention is on the carboxylic fragment after the final bond rupture. This evolvement of 

the charge density along these reaction paths is also reflected in the resulting dipole moments 

(Mullikan) shown in table S3 a and b for the reaction path shown in Fig. 6 and Fig.7, respectively. 

On both these reaction paths, the spin density is on the indole site-chain moiety throughout the 

reaction, with the exception of the intermediate on the reaction path shown in Fig. 7, where the 

spin density is on the backbone.  

Finally, to explore the influence of the potassium atom and that of the presence of a positive 

charge on the stability and charge distribution for the reaction products, additional calculations 

were carried out for the reaction products in the presence of a potassium atom and in the presence 

of a positive charge. Initially, energy minimisations of the products from the reaction path shown 

in Fig. 7 were carried out at the BHandHLYP/6-311++G(3df,2pd) level of theory, in the presence 

of the potassium atom. In these calculations, three locations of the potassium atom were explored; 

one, where the potassium atom was located 2.5 Å from the center of the 5-membered ring, one 

where the potassium atom was located 2.5 Å above the center of the 6-membered ring and one 

where the potassium atom was located 2.5 Å from the oxygen atoms of the carboxylic group. When 

the potassium atom was located 2.5 Å from the 5-membered ring it moves to the 6-membered ring 

in the optimization process, resulting in a similar geometrical configuration as when the potassium 

atom was initially located 2.5 Å above the plain of the 6-membered ring. The lowest energy 

configuration was found to be that of the optimized geometry with the potassium located in the 

proximity of the carboxylic group. The charge and spin density for the optimized products of the 

reaction paths shown in Fig. 6 and 7, with a potassium atom placed 2.5 Å from the carboxylic 

oxygens and for the same systems with a positive charge replacing the potassium atom were carried 
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out using the Mulliken, Hirshfeld, APT and QM-5 approach (see table 4S a and b and 5S). For 

both reaction paths with both the potassium atom and the positive charge, the charge density 

remained on the carboxylic backbone fragment.  

From the current calculations it is clear that the energetics alone, when the influence of the 

potassium is not taken into account, do not explain the current observation of the dominant 

formation of the anionic m/z 118 fragment at low collision energies. Our observations, that the 

charge retention is on the side chain fragment is also in contrast to the charge density calculations, 

which predict the charge retention to be on the backbone fragment. Further, the stabilization of the 

end products in the presence of a potassium atom or a positive charge, does not, in our simplified 

approach, influence the charge distribution in the reaction products.  

It is clear from the current comparisons that the influence of the potassium on the progression 

of the reactions cannot be explained by the extended lifetime of the TNI formed in the collision 

complex alone. Rather, the current study indicates that in the potassium tryptophan collisions 

certain transition states are stabilized in the collision complex which in turn alter the reaction 

pathways in such a way that they differ significantly from what is observed in free electron 

attachment. This is a dynamic problem and a better understanding may be obtainable via direct 

molecular dynamics simulations or via biased-sampling techniques. Such simulations would, 

however, be prohibitively expensive at the DFT level and exceed the scope for this study. 

 

Conclusions 

In this joint experimental and theoretical investigation, we have reported the collision energy 

dependence of the fragmentation of transient negative ions formed in collisions of neutral 

potassium atoms with neutral tryptophan molecules. The time-of-flight mass spectra give evidence 
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of the formation of the isobaric fragments CN−/C2H2
−, O−/NH2

−, and HO2
−/NH2OH− and the 

dehydrogenated indoline anion (m/z 118). From these, the branching ratios for the formation of 

O−/NH2
− and HO2

−/NH2OH− increase significantly with increasing collision energy, lending 

support to a direct dissociation. The dehydrogenated indoline anion, on the other hand, is most 

significant at low collision energies and is absent at the highest collision energy probed (100 eV 

lab frame). This fragmentation path is not observed in free electron attachment experiments, and 

requires the transfer of two hydrogen atoms from the side chain to the indole group and cleavage 

of the Cβ−C3 bond of the side chain moiety. The most favourable reaction paths we identify for 

this process are an initial hydrogen transfer from Cβ to C2 of the indole ring followed by a hydrogen 

transfer from the carboxylic group to C3 of the indole ring and an initial hydrogen transfer from 

Cα to C3 of the indole ring, followed by hydrogen transfer from the carboxylic group to the indole 

ring. In both cases the charge retention after the cleavage of the C3–Cβ bond is found to be on the 

carboxylic backbone fragment. The energetically most favourable reaction path we computed is, 

however, an iInitial hydrogen transfer from the carboxylic group to the indole side chain, leading 

to direct cleavage of the C3–Cβ bond without the transfer of a second hydrogen, leading to the 

formation of a m/z 117 fragment. For this reaction path, the barrier for the hydrogen transfer from 

the carboxylic group to the C3 position and the C3–Cβ bond rupture is only 0.6 eV, making this the 

lowest energy path of all paths considered.  

It is thus clear that the calculations do not reflect the experimental observations and that the 

formation and evolution of the collision complex is determining for the transition states acquired 

in the process and thus the reaction path. This is a dynamic problem, which theoretical description 

requires molecular dynamics simulations or biased-sampling techniques. These approaches are 

computationally expensive but could initially be performed on more simple systems than the 
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current potassium tryptophan charge transfer process and could be benchmarked with the current 

results. 
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