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It is a common perception that as molecules become larger 
they become inherently more difficult to activate and dissociate 
in the gas phase, especially under low energy collision induced 
dissociation (CID) conditions.' This difficulty has been attributed 
both to the inefficiency of the coliisional activation processlab 

and to the requirement of higher levels of internal excitation to 
induce dissociation.10 A serious consequence of this supposition 
is the implied difficulty of using CID methods to sequence peptides 
and proteins. 

A thorough understanding of the coliisional activation dynamics 
of large molecules has been difficult to obtain due to lack of a 
simple model system. We have discovered a candidate for such 
studies in an investigation of the low energy dissociation pathways 
exhibited by deprotonated peptides.2 In particular, deprotonated 
peptides without acidic side chains dissociate at low collision 
energies to yield exclusively the deprotonated C-terminus amino 
acid. This system provides a homologous series of molecules 
which undergo unimolecular dissociation with similar activation 
parameters. Here the effect of molecular size on low energy 
coliisional activation processes is investigated using Fourier 
transform ion cyclotron resonance mass spectrometry. 

The instrument and methodology of the coliisional activation 
experiments have been described previously in detail.2 The 
deprotonated parent peptide was isolated with a series of radio 
frequency (rf) ejection pulses. Activation of the peptide was 
initiated by the application of rf excitation slightly off resonance 
from the cyclotron frequency of the selected species.3 The ion 
oscillates with low (typically <5 eV center of mass (COM)) 
bounded translational energy. In the presence of a collision gas 
the ion undergoes multiple collisions with the internal energy of 
the ion increasing over time until it undergoes unimolecular 
dissociation.4 Collision gases included nitrogen, carbon dioxide, 
cyclohexane, and ammonia at static pressures of 0.5-2.0 X 10-7 

Torr. The extent of dissociation of the activated ion was monitored 
as the translational energy, excitation time, and collision gas were 
varied. 

The proposed mechanism to account for the dissociation of 
deprotonated peptides without acidic side chains to give the 
deprotonated C-terminus amino acid is illustrated in Scheme I.2 

The reaction is endothermic by approximately 30 kcal mol-1 (1.3 
eV) and is estimated to have a threshold energy of 2.5 eV and 
a frequency factor of 1013-2. Larger molecules will require more 
internal energy to produce dissociation at the same rate. A simple 
RRKM rate calculation demonstrates this for a series of depro
tonated alanine polymers with an assumed threshold energy of 
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Figure 1. Dissociation rates for deprotonated (ala)„ as a function of total 
internal energy of the molecule at an assumed threshold energy (£o) of 
2.5 eV and a frequency factor of 1013,2 where n = 2,4,6 and s (the number 
of internal degrees of freedom) = 60, 120, and 180. 
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2.5 eV as shown in Figure I.5 Typical rates of dissociation for 
the time scale of our experiments using off resonance coliisional 
activation are in the range of 1-10 s_1. The excess energy in the 
activated complex required to obtain equal rates of dissociation 
increases as the number of degrees of freedom of the molecule 
increases. 

Figure 2a shows the extent of dissociation observed for each 
peptide. These data clearly demonstrate that the efficiency of 
coliisional activation and dissociation increases with increasing 
molecular size. Some of this enhanced dissociation can be 
attributed to increased cross section as a function of size. However, 
simple estimates of molecular size imply that this can account 
for at most a factor of 2 difference and does not fully explain the 
nearly 8-fold difference in dissociation efficiency observed here. 

It is concluded that the efficiency of converting relative 
translational energy into vibrational excitation increases with 
increasing molecular size. A simple estimate of the collision 
efficiency can be obtained by considering deprotonated gly-gly-
ile which is 50% dissociated with the conditions indicated in Figure 
2a. Using a gas kinetic ion-molecule collision rate of 1 X IQr9 

cm3 molecule-1 s_1, under these conditions the ion undergoes about 
6.5 collisions s_1. RRKM calculations with an assumed threshold 
energy of 2.5 eV indicate that it requires about 4.5 eV of total 
internal energy to induce dissociation at a rate of 10 s-1. This 
corresponds to an average energy transfer of 0.69 eV per collision, 
which is 55% of the average COM collision energy. 

Trajectory calculations using a molecular mechanics force field 
are consistent with our experimental observations.6 Figure 3 shows 
the calculated amount of energy transferred per collision for 
deprotonated gly-gly-ile colliding with nitrogen at a relative 

(5) RRKM calculations were carried out using the Whitten-Rabinovitch 
approximation to estimate sums and densities of states. Whitten, G. Z.; 
Rabinovitch, B. S. / . Chem. Phys. 1963,38,2466-2473. See also Appendix 
1 of ref 2 for more details. 

(6) Trajectory calculations were run using MM+, a version of the MM2 
force field supplied with Hyperchem (Autodesk, Inc.) to describe the peptide 
and an exponential-6 potential to describe the projectile-peptide interaction. 
It is described more fully by Allinger: Allinger, N. L. / . Am. Chem. Soc. 
1977,99,8127. Atomic charges were initially optimized using semiempirical 
methods. 
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Figure 2. (a) Effect of molecular size on dissociation efficiency. The extent of dissociation as a function of the number of internal modes of the peptide 
at a constant average center of mass collision energy of 1.25 eV and nitrogen collision gas pressure of 2 X 10-7 Torr is shown. The off resonance excitation 
was applied for a period of 1 s. (b) Effect of collision gas on dissociation efficiency. The extent of dissociation of deprotonated gly-gly-ala was monitored 
as the average COM collision energy was varied for nitrogen, carbon dioxide, cyclohexane, and ammonia collision gases. The off resonance excitation 
was applied for a period of 1 s. Data are given for nitrogen at two different pressures. Ammonia is more efficient at activating large molecules. 
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Figure 3. Results of trajectory calculations using a molecular mechanics potential energy surface for deprotonated gly-gly-ile colliding with nitrogen. 
On the left is the orientation of deprotonated gly-gly-ile with optimized geometry. Nitrogen approaches from above with 1.25-eV relative kinetic energy. 
On the right is the three-dimensional representation of the fraction of energy transferred from translational to vibrational excitation as a function of 
impact position. The maximum amount of energy is transferred when nitrogen collides with the hydrogen-bonded N and C termini. On average 41% 
of the collision energy is transferred into internal modes. 
translational energy of 1.25 eV. On average, 41 % of the available 
relative kinetic energy is transferred into internal modes of the 
peptide, which undergoes extensive deformation during the 
collisions. Energy transfer is insensitive to nitrogen orientation. 
The peptide behaves like a compressible energy-absorbing me
dium. Trajectory calculations for nitrogen colliding with pro-
tonated bradykinin (a nonapeptide with 444 internal degrees of 
freedom) typically show energy conversions of greater than 90% 
even at relative collision energies as high as 100 eV. It should 
be possible to deposit reasonably well defined amounts of internal 
excitation in a large molecule under single-collision conditions.7 

The effect of collision gas on dissociation efficiency was 
examined for nitrogen, carbon dioxide, cyclohexane, and ammonia. 
Nitrogen, carbon dioxide, and cyclohexane have similar activation 
efficiencies (Figure 2b), with the extent of dissociation varying 
as a function of the product of the average COM collision energy 
and the pressure, which is a measure of the "energy exposure" 
for multiple collision conditions. The one polar species inves
tigated, ammonia, is more efficient at transfer of energy into 
internal modes. 

(7) One way to readily accomplish this is by excitation with a fast neutral 
colliding with a slow ion. This has been proposed by Turecek: Turecek, F. 
Rapid Commun. Mass Spectrom. 1991, 5, 78. 

Characterizing the collisional activation process is a necessary 
first step in understanding more fully the dynamics and energetics 
of the dissociation of large, complex molecules. The off resonance 
collisional activation process is amenable to modeling with a master 
equation analysis which includes the effects of ion deactivation 
due to collisions and infrared radiative emission.8 This may yield 
parameters such as activation energies. The largest species we 
have examined in the present studies has a molecular weight of 
405 amu. It will be of particular interest to extend the present 
studies to peptides with significantly higher molecular weights. 
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