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Abstract 

 

In a recent direct dynamics simulations of the collision induced dissociation (CID) of the 

doubly protonated tripeptide threonine−isoleucine−lysine and threonine−leucine−lysine ions, 

TIK(H+)2 and TLK(H
+)2, a shattering fragmentation mechanism was found, in which the ion 

fragmented upon impact with N2 (Phys. Chem. Chem. Phys., 2018, 20, 3614). In using models to 

interpret experiments of biological ion CID, it is important to know the collision energy 

threshold for the shattering mechanism. In the work presented here, direct dynamics simulations 

were performed to study shattering fragmentation versus the collision energy (Erel) for N2 + 

TIK(H+)2. From the probability of shattering fragmentation and the minimum energy transfer for 

fragmentation versus Erel, a threshold of ~ 55 kcal/mol was identified for N2 + TIK(H
+)2 

shattering fragmentation. This threshold is substantially higher than the lowest activation energy 

of 14.7 kcal/mol, found from direct dynamics simulations, for the thermal dissociation of 

TIK(H+)2. 
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Collision-induced dissociation (CID) mass spectrometry experiments, in which the 

fragmenting ion is energized by a single collision at a specified energy, provide the relative 

abundance of different product ions as a function of energy.1 These experiments yield important 

information regarding the primary structure of fragmenting ion and are also particularly useful 

for understanding the unimolecular kinetics and dynamics of biomolecules, like peptides.2,3 To 

interpret these experiments it is important to have a fundamental understanding of the ion’s 

fragmentation dynamics. Once the ion is excited by single-collision CID, the dynamics leading 

to fragmentation may occur in two limiting ways,4 analogous to what was identified in surface-

induced dissociation (SID) studies.4-9 The first one is a fully statistical process, in which the 

translation-to-vibration energy transfer due to the collision between the ion and the inert gas is 

followed by statistical internal vibrational energy redistribution (IVR) within the energized ion 

and then the subsequent unimolecular fragmentation dynamics are described by Rice-

Ramsperger-Kassel-Marcus (RRKM) theory. The other limiting situation is when the ion 

fragments during its collision and interaction with the bath gas, in a time which is less than one 

vibrational period of the fragmenting bond such that there is no IVR. The collision with the bath 

gas deposits energy in the ion in such a manner that the ion begins fragmenting upon collisional 

impact. This particular type of non-statistical fragmentation is called “shattering” in SID, and 

this terminology is retained here for CID. Besides this shattering non-statistical fragmentation, 

additional non-statistical fragmentation of the ion is expected until IVR is complete. These latter 

dynamics are referred to as apparent non-RRKM behavior.10  

In the case of shattering, translation to vibration energy transfer during the collision 

directly accesses a fragmentation transition state (TS). Previous studies have reported shattering 

in CID from chemical dynamics simulations and experiments of CH3SH
+,11-13 protonated 

urea,14,15 and protonated uracil16,17 and from simulations of Cr+(CO)6 and [Li(uracil)]
+.18,19 Note 

that the fragmentation dynamics found from these simulations are in excellent agreement with 

experiments. Intermediate of these RRKM and shattering limits, a gradation of dynamics is 

possible; e.g. non-shattering fragmentation, but fragmentation without complete IVR.20 

An important issue for CID of a peptide ion is the threshold for the shattering mechanism. 

For example, is shattering important at low collision energies at or near thresholds for peptide 

ion fragmentation? For the simulations presented here, shattering thresholds are investigated for 

both backbone and sidechain fragmentations of the doubly protonated tripeptide threonine−
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isoleucine−lysine ion, TIK(H+)2, whose minimum energy structure found from semi-empirical 

Recife Model 1 (RM1) calculations is shown in Figure 1. In previous simulations,22 shattering 

was found to be important for N2 + TIK(H
+)2 CID at 250, 300 and 690 kcal/mol collision 

energies. We have thus investigated in more depth details of the threshold energy needed to 

activate this shattering fragmentation. This system was chosen because it is a relatively extended 

peptide, with side-chains of different properties, that can be stabilized as doubly-charged species 

(the second charge being on a side chain) and whose simulation results were discussed with 

respect to typical peptide and amino-acid fragmentations.21,22 We have also already studied its 

statistical fragmentation,22 such that it is possible to compare the non-statistical shattering and 

statistical RRKM unimolecular thresholds. Atomistic details of the fragmentation mechanisms 

were discussed in previous studies21,22 and here we refer to them. In the work reported here we 

focus on how shattering evolves as the collision energy is decreased, thus making possible to 

identify an energy threshold for this particular way of fragmenting. The determination of 

shattering thresholds is quite important for the use of statistical RRKM modeling to interpret 

CID experiments of peptide ions. 

The simulations reported here were performed with direct dynamics,23 using the same 

methodology as described previously for TIK(H+)2 and TLK(H
+)2 + N2 collisional direct 

dynamics,21 and is only briefly outlined here. A software package consisting of an interface 

between the VENUS24,25 classical chemical dynamics and the MOPAC26 semi-empirical 

electronic structure theory computer programs was used for the simulations. The RM1 semi-

empirical electronic structure theory method27 was used previously for direct dynamics 

simulations of TIK(H+)2 and TLK(H
+)2 fragmentation

21,22 and is also used here. Note that, as 

from detailed comparison done in our previous work,21 the fragmentations of TIK(H+)2 and 

TLK(H+)2 are almost identical. Here, for simplicity, we focus on TIK(H
+)2 in order to better 

discuss the collisional fragmentation and the shattering energy threshold. TIK(H+)2 was excited 

about its RM1 global potential energy minimum in Figure 1.21 Note that RM1 method was 

shown in the past to correctly describe also gas phase fragmentations of different peptides28,29 

and thus we follow its use also in the present study. Quasi-classical initial conditions30 were 

selected for TIK(H+)2, with its initial vibrational and rotational energies chosen from their 300 K 

Boltzmann distributions. The initial conditions include the ion’s harmonic ZPE. N2 was in its n = 

0 ground vibrational state and its rotational energy was chosen from its 300 K Boltzmann 
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distribution. Both the ion and N2 were randomly rotated about their Euler angles. The initial 

center-of- mass separation between N2 and TIK(H
+)2 was set at 16.0 Å. 

To establish an impact parameter b for the current simulations, the distributions of impact 

parameters leading to shattering for the previous TIK(H+)2 CID simulations at collision energies 

of 250 and 300 kcal/mol were investigated. For these simulations b was chosen randomly 

between 0 and 8.5 Å and histograms of the probability of shattering versus b are given in Figure 

2. With b chosen randomly, the probability of a collision with b is proportional to b and it is seen 

that the probability of shattering versus b is approximately proportional to the probability of a 

collision versus b for a value for b up to about 2.5 Å. Following this result, a fixed value for b of 

2.5 Å was chosen for the simulations reported here to enhance the probability of shattering and 

to use a value for b which is important for collisions.  

The N2 + TIK(H
+)2 simulations were performed for collision energies Erel of 100, 150, 

175, 200, and 225 kcal/mol. These energies were chosen in order to slowly decrease from the 

lowest energy of 250 kcal/mol studied previously21 to a lower value for which no (or few) 

shattering trajectories were found. The respective number of trajectories calculated for these 

energies were 10,338; 7,491; 3,259; 1,928; and 1,237. The total number of trajectories for each 

value of Erel was chosen in order to have at least about 100 fragmenting trajectories, limiting the 

maximum number of total trajectories for each set to about 10,000 (this last condition was 

applied only to the trajectories with the lowest Erel value). Each trajectory was integrated for 2.5 

ps. Shattering occurred as N2 + TIK(H
+)2 collided and interacted. A maximum time for this 

collisional interaction is 40 fs and fragmentations which occurred within this short time-window 

were identified as shattering. Similar to the previous simulations of TIK(H+)2 and TLK(H
+)2 

fragmentation,21,22 a connectivity matrix21,29 was used to identify reactive trajectories, their 

fragments, and charges for the fragments. 

Four different types of fragmentation mechanisms were observed in the current 

simulations; i.e. non-shattering fragmentation, backbone and side chain shattering, and shattering 

forming an H+ or NH2
+ ion. In Table 1 we report three percentages which characterize the 

fragmentation as a function of collision energy (Erel): (i) the percentage of the trajectories which 

fragmented, (ii) the percentage of shattering trajectories over the number of fragmentation 

trajectories, and (iii) the percentage of shattering trajectories over the total number of 

trajectories. There is a substantial decrease in the percentage of the trajectories which 
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fragmented, with decrease in Erel, ranging from 9.5% at 225 kcal/mol to 0.22% at 100 kcal/mol. 

Amongst the trajectories which fragmented, the percentage which fragmented by shattering 

decreased by approximately a factor of 2 with decrease in Erel from 225 to 100 kcal/mol, i.e. 

from 39.3% to 17.4%. Since the number of shattering trajectories does not depend on the 

integration time, but the number of fragmenting trajectories does, these percentages depend on 

the integration time. The percentage which does not depend on integration time is the percentage 

of shattering trajectories over the total number of trajectories, which is given in Table 1 and also 

plotted in Figure 3. This percentage decreases from 3.7% at 225 kcal/mol to 0.04% at 100 

kcal/mol. 

Percentages of the shattering fragmentations which are side chain, backbone, or 

formation of an H+ or N2H
+ ion are given by the bar graph in Figure 4, for collision energies of 

150, 175, 200, and 225 kcal/mol. For each energy, the sum of the percentages is 100% and the 

dominant shattering fragmentation mechanism is formation of an H+ or N2H
+ ion. In the case of 

backbone shattering, they occur primarily from pathways 4 and 6 described in Refs 21 and 22, 

which correspond to loss of N-terminus and C-terminus groups, forming ions a1
+ and a3

2+, 

respectively. The side chain shattering fragmentations correspond mainly to pathway 5 (loss of 

threonine side chain), pathway 8 (loss of isoleucine side chain), and pathway 9 (loss of terminal 

part, CH2N3
+, of lysine side chain), described in the same Refs 21 and 22. At 175, 200, and 225 

kcal/mol, the percentages for side chain and backbone shattering are similar. However, at 150 

kcal/mol only side chain shattering is observed and its percentage is much smaller than that for 

H+ or N2H
+ formation.  The threshold for backbone shattering fragmentation is higher than that 

for side chain shattering fragmentation or shattering fragmentation forming an H+ or N2H
+ ion. 

While the backbone shattering fragmentations concern parts of the molecule quite exposed to the 

projectile, the side chains (and also the leaving H+) are slightly more exposed, being probably the 

origin of their lower shattering energy threshold. 

As shown in Figure 3, the percentage of all the trajectories which are shattering at a 

specific Erel decreases with decrease in Erel, becoming 0.04% for Erel = 100 kcal/mol. An Erel 

threshold for shattering will be less than 100 kcal/mol. From the trajectories, it is possible to 

obtain the amount of collision energy transferred to the ion’s internal energy for both shattering 

and non-shattering trajectories, and for different values of Erel. It results in the distributions of 

internal energies which are reported in Figure 5. The energy distributions for the non-shattering 
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trajectories will be a function of simulation time and for the long time limit they will be for 

statistical fragmentation. For this reason, the minimum internal energies for fragmentation found 

here for the 2.5 ps “non-shattering” trajectories do not correspond to the statistical limit. This 

limit was found from a previous statistical study in which the minimum energy threshold was 

obtained from an Arrhenius plot.22 On the other hand, shattering trajectories are defined as the 

ones which fragment in less than 40 fs, and thus they are all inside our simulation time. It is thus 

possible to identify the minimum transferred energy for which shattering occurs. We should 

remark that the transferred internal energy is always less than the collision energy (Erel), and it 

corresponds to the actual activation provided to the ion by the collision. From the energy 

distributions it is possible to identify the average energy transfers which are listed in Table 2. 

They are obtained as a function of Erel for all of the fragmentations and then only for the 

shattering fragmentations. For shattering we report in the same table also the minimum energy 

transfer, which provides an estimate of the internal energy threshold for shattering. The average 

energy transfer, for all of the fragmenting trajectories and only the shattering fragmentation 

trajectories, is statistically the same. In considering all the Erel, the smallest minimum energy 

transfer for shattering is 55 kcal/mol, which approximates a shattering threshold. 

The above threshold is for the b = 2.5 Å simulations reported here and of interest is 

whether substantially different thresholds are expected for different b. A possible effect of 

varying b is an increase in rotational energy transfer to TIK(H+)2 as b is increased. Note that in 

CID the interaction is repulsive,31 such that the orbital angular momentum will only add 

additional repulsion and it does not contribute to a centrifugal barrier which can be important as 

in ion-molecule reactions where the charge-dipole attractive interaction is important.32 Since 

fragmentation results from vibrational energy transfer, an appreciable transfer of the collision 

energy to rotation would increase the minimum energy transfer for rotation. Information 

regarding the importance of collision energy transfer to rotation may be obtained from the 

previous simulations for TIK(H+)2 and TLK(H
+)2 CID.

22 For these simulations b was chosen 

randomly between 0 and 9 Å, and the collision energy transferred to rotation is small, 9 kcal/mol 

as an average corresponding to about 11% of the total transferred energy. This average 

percentage rotation energy transfer is slightly higher than the 1-3% values found for CID of 

polyglycines.33,34 Thus, rotational energy transfer is small for TIK(H+)2 CID and the current b = 

2.5 Å simulations are expected to give a minimum energy transfer threshold for shattering. 
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In comparison to a shattering threshold of ~ 55 kcal/mol, the lowest threshold found for 

the thermal dissociation of TIK(H+)2, with random distribution of its vibrational energy and 

obtained in the statistical limit from an Arrhenius plot, is 14.7 kcal/mol.22 Thus, the shattering 

threshold is significantly higher than that for statistical redistribution of the ion’s vibration 

energy and RRKM unimolecular kinetics. This result shows that shattering does not seem to be 

important for energies near the fragmentation threshold and thus it would not be important in 

determining fragmentation products in Threshold-CID experiments.35,36 

Concluding, for the first time, details of shattering fragmentation are reported for a 

relatively large peptide ion. An approach is described for obtaining a shattering threshold and 

applied to a tripeptide, yielding a threshold energy substantially larger than that for statistical 

RRKM fragmentation. This work may stimulate the determination of shattering and RRKM 

fragmentation thresholds by comparing collisional simulations at different relative energies with 

statistical trajectory decompositions done at different temperatures. This approach does not 

require the location of transition states and, thus, it can be readily applied to complex molecules 

for which geometrical identification and description of saddle points is often very problematic. 
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Table 1. Results from N2 + TIK(H
+)2 trajectories at different collision energies (Erel) 

  

Erel 
(kcal/mol) 

100 150 175 200 225 

Number of 
Trajectories 

10338 7491 3259 1928 1237 

% Fragmentation 0.22 ± 0.05 1.3 ± 0.1 3.0 ± 0.3 5.7 ± 0.5 9.5 ± 0.8 

% Shatteringa 17 ± 8 29 ± 5 31 ± 5 29 ± 4 39 ± 5 

%Shatteringb 0.04 ± 0.02 0.39 ± 0.07 0.95 ± 0.17 1.7 ± 0.3 3.7 ± 0.5 

a Percentage of shattering over the number of fragmentation trajectories. 

b Percentage of shattering over the total number of trajectories. 
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Table 2. Energy transfer results for reactive trajectories as a function of the collision energy 

(Erel)
a 

Erel 150 175 200 225 

Average energy transfer for 
reactive trajectories 

100 ± 15 117 ± 20 139 ± 23 156 ± 25  

Average energy transfer when 
shattering 

93 ± 14 111 ± 20 134 ± 29 149 ± 30 

Minimum shattering energy 
transfer 

 
58 

 
55 

 
55 

 
88 

a Energies in kcal/mol. 
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Figure Captions 

 

Figure 1. The TIK(H+)2 minimum energy structure determined from RM1 calculations reported 

in reference 22. 

 

Figure 2. Number of shattering trajectories versus impact parameter for N2 + TIK(H
+)2 collisions 

at Erel of 300 and 250 kcal/mol. The impact parameter is chosen randomly between 0 and 8.5 Å. 

Results from reference 23. 

 

Figure 3. Percentage of trajectories which are shattering, with respect to the total number of 

trajectories, versus N2 + TIH(H
+)2 relative translational energy Erel. The impact parameter is 2.5 

Å. 

 

Figure 4. Bar graph of the percentages of the shattering fragmentation which are side chain 

(blue), backbone (red), and formation of an H-atom or N2H
+ (green). Total percentage for each 

energy is 100 %. The impact parameter is 2.5 Å. 

 

Figure 5. Probability of collisional energy transfer to TIK(H+)2 internal energy for non-

shattering and shattering trajectories, with respect to the total number of shattering and non-

shattering trajectories. The total probability of each graph is 100 %, with results for different 

relative translational energies Erel. The impact parameter is 2.5 Å. 
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