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The effects of temperature on energy transfer during collisions of protonated diglycine ions, Gly2-H+, with
a diamond{111} surface were investigated by chemical dynamics simulations. The simulations were performed
for a collision energy of 70 eV and angle of 0° with respect to the surface normal. In one set of simulations
the initial surface temperature,Tsurf, was varied from 300 to 2000 K, while the Gly2-H+ vibrational and rotational
temperatures were maintained at 300 K. For the second set of simulations the Gly2-H+ vibrational temperature,
Tvib, was varied from 300 to 2000 K, keeping both the Gly2-H+ rotational and surface temperatures at 300 K.
Increasing either the surface temperature or Gly2-H+ vibrational temperature to values as high as 2000 K has,
at most, only a negligible effect on the partitioning of the incident collision energy to the surface and to the
vibrational and rotational modes of Gly2-H+. To a good approximation, the initial surface and peptide ion
energies are nearly adiabatic during the collisional energy transfer. This adiabaticity of the initial peptide ion
energy agrees with experiments (J. Phys. Chem. A2004, 108, 1). A more quantitative analysis of the effects
of Tvib and Tsurf shows there are small, but noticeable, effects on the energy transfer efficiencies. Namely,
increasing the vibrational or surface temperature results in a near-linear decrease in the energy transfer to the
degrees of freedom associated with this temperature.

I. Introduction

There is a considerable interest in the chemical dynamics
associated with surface-induced dissociation (SID),1,2 which is
a very important mass spectrometric technique for determining
structural properties of ions and both energies and mechanistic
pathways3-7 for their dissociation. The fragmentation products
from SID are a fingerprint of the ion’s structure, and SID may
be used to identify the amino acid sequence of a protonated
peptide ion.4,8-17 In a typical SID experiment, a projectile ion
with a fixed translation energy (Ei) and incident angle (θi) is
collided with a surface. During the collision, part of the ion’s
translation energy is converted into surface vibration (∆Esurf)
and internal vibration/rotation degrees of freedom (∆Eint) of the
ion such that

whereEf is the final translation energy after the collision. This
energy transfer model assumes the collisions are electronically
adiabatic, and excitation of the electronic states of either the
projectile or surface is unimportant. This model is consistent
with SID experiments involving peptide ions and hydrocarbon
surfaces, which do not have low-lying electronic states.1,2,10,13,14,17

Understanding the energy transfer dynamics of SID is of
fundamental, as well as practical, interest.

To interpret SID experiments, it is important to know the
distributions of energy transferred to the surface,P(∆Esurf); to
the scattered ion’s internal vibration/rotation degrees of freedom,
P(∆Eint); and of energy remaining in projectile translation,P(Ef).

Several methods have been developed to measureP(∆Eint).18-21

Experimental results indicate that the efficiency of energy
transfer to the ion depends on several factors, including surface
composition,22-25 projectile structure,10 collision energy,5,16,26

and incident angle.5,16,27 In a different interpretation of the
experiments, Kubisˇta et al.19 suggested that the fraction ofEi

transferred to the projectile’s internal energy is nearly indepen-
dent of the incident angle.

Classical trajectory simulations, based on accurate potential-
energy surfaces, have proven to be an important method for
determining distributions of energy transfer in SID.16 For Cr+-
(CO)6 SID on an-hexylthiolate self-assembled monolayer (H-
SAM), the ∆Eint energy transfer distribution determined from
a simulation28 is in quantitative agreement with experiment.25

Simulations of energy transfer in protonated glycine, triglycine,
and pentaglycine SID give∆Eint energy transfer distributions
similar to those determined from experiments for protonated
dialanine.17 In simulations of protonated diglycine (Gly2-H+)
with diamond{111}, Wang et al.29 varied the incident angle
from 0° to 45° and observed a small decrease in transfer to the
peptide’s internal degrees of freedom,∆Eint, and a larger
decrease in transfer to the surface,∆Esurf, while substantially
more energy remained inEf. The dependence of the energy
transfer to ∆Eint, ∆Esurf and Ef on θi observed in these
simulations, are in qualitative agreement with experiments by
Herman and co-workers.19,30

In this article, quasiclassical trajectory simulations are
reported for the energy-transfer dynamics associated with
scattering of Gly2-H+ off diamond{111}. The temperatures of
this surface and of Gly2-H+ are varied to determine their effects
on the energy transfer dynamics. The trajectory simulations are
carried out at a collision energy of 70 eV and collision angle of
0° with respect to the surface normal. In one set of simulations,
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Ei ) Ef + ∆Esurf + ∆Eint (1)
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the surface temperature is varied while both the rotational and
vibrational temperatures of Gly2-H+ are kept at 300 K. In the
second set of simulations, the vibrational temperature of Gly2-
H+ is varied while the surface temperature and Gly2-H+

rotational temperature are maintained at 300 K. For the different
temperatures, average percentages are determined for the transfer
of the collision energy to the Gly2-H+ internal degrees of
freedom,Eint, and to the surface,Esurf, as well as for the amount
remaining in translation,Ef. Distributions are also determined
for ∆Eint, ∆Esurf, andEf. The effect of the projectile vibrational
temperature on the energy transfer is compared with experi-
ments.

II. Potential Energy Function

The potential-energy function used for the simulations is
expressed as

whereVion is the Gly2-H+ intramolecular potential,Vsurf is the
potential for diamond{111}, andVion,surf is the intermolecular
potential between Gly2-H+ and the surface. The AMBER 9431

molecular mechanical (MM) model was used forVion. Previous
work has shown that this model forVion gives the same energy
transfer dynamics as does the AM1 semiempirical quantum
mechanical (QM) model.32

The potential for diamond{111} is similar to that reported
earlier.28 The diamond surface model is hydrogen-terminated
with eight layers of carbon atoms and a total of 1988 atoms. A
“slab” model of this size for the surface gives results in very
good agreement with experiment.17,33,34The surface area of the
model is 34 Å× 34 Å and its thickness is 8 Å, from the top
hydrogen atoms to the bottom carbon atoms (see Figure 1 in
ref 28). Five massive atoms are added to the bottom corner and
middle of the model to ensure it does not move when the surface
is hit by Gly2-H+. The mass is sufficiently large that even if all
of the collision energy is transferred to one of these atoms, the
atom would move negligibly during the simulation. The potential
energy function for diamond{111} consists of harmonic
stretches and bends, with force constants chosen to fit the
phonon spectrum of diamond.35

The peptide/surface intermolecular potential is modeled by
a sum of two body potentials between the atoms of the peptide
ion and surface, which are expressed as

where the subscriptx corresponds to the C or H of the diamond
surface and the subscripty corresponds to the H, C, O, and N
atoms of the peptide. The AMBER force field31 was developed
to represent the long-range components of these intermolecular
interactions, including the potential minima. However, it was
not developed to represent the short-range repulsive regions of
the intermolecular potentials, which affect the Gly2-H+/diamond
{111} energy transfer dynamics. Previous work36 has shown
that it is necessary to have proper models for these repulsive
potentials to determine reliable energy transfer efficiencies from
the simulations. Accurate repulsive intermolecular potentials
were developed, from ab initio calculations, for protonated
polyglycine and polyalanine ions interacting with diamond
{111}.34 The parametersAxy, Bxy, and Cxy in eq 3 were
determined by nonlinear least-squares fits of ab initio potential
energies calculated between CH4, as a model for the C and H
atoms of the surface, and CH4, NH3, NH4

+, H2CO, and H2O,

as models for the different types of atoms and functional groups
of the peptide ions.

III. Computational Procedure

The classical trajectory simulations were carried out with the
general chemical dynamics package VENUS.37 Initial condi-
tions28 were chosen to determine effects of the energy transfer
distributions on the temperature of the surface and on the
vibrational temperature of the peptide ion. The center of a beam
of peptide ions is aimed at the center of the surface with a fixed
initial translational energy,Ei, of 70 eV and a fixed incident
angle,θi, of 0° with respect to the surface normal. The radius
of the beam is chosen so that the beam overlaps a hexagonal
repeating unit on the top of the surface28 with an area of 16.4
Å2. The trajectory results are insensitive to its radius. The
projectile for each trajectory is randomly placed in the cross-
section of this beam and randomly rotated about its center of
mass so that it has an initial random orientation with respect to
the surface. The azimuthal angle,ø, between the beam and a
fixed plane perpendicular to the surface is sampled randomly
between 0 and 2π. Such a random sampling ofø simulates
collisions with different domains of growth on the surface.28

The distance between the center of the beam and the center of
the top of the surface is set to 25 Å.

The initial conditions for the vibrational modes of the peptide
ions are chosen via the quasiclassical normal mode method,38-40

which includes zero-point energy (ZPE). The energy, for each
normal mode of vibration, is selected from the quantum
harmonic oscillator Boltzmann distribution corresponding to a
vibrational temperature (Tvib) of the peptide ion. The energy is
randomly partitioned between the kinetic and potential energies
by choosing a random phase for each normal mode. A rotational
energy ofRT/2 corresponding to a temperature of 300 K is added
to each principal axis of rotation of the peptide.

Initial conditions for the surface, representing a Boltzmann
distribution at a temperatureTsurf, were determined from a 1 ps
molecular dynamics simulation, in which the atomic velocities
are scaled41 to correspond toTsurf. The structure and velocities
obtained from this equilibration are then used as the initial
conditions for an equilibration run at the beginning of each
trajectory. A time step of 0.2 fs is used to integrate the classical
equation of motion, which provided energy conservation of 0.2
kcal/mol or less. This is much smaller than the amounts of
collision energy transferred to the surface and Gly2-H+ (see
below).

The trajectories are calculated with surface temperatures,Tsurf,
of 300, 1000, 1500, and 2000 K while the vibrational (Tvib)
and rotational (Trot) temperatures of the peptide are held at 300
K. Then, while bothTsurf and Trot are kept at 300 K,Tvib is
varied from 300 to 2000 K. Five hundred trajectories are
calculated for each set of initial conditions. When a trajectory
is terminated, the peptide ion’s final translational energy,Ef, is
determined. The peptide ion’s internal energy change,∆Eint, is
determined by subtracting the initial value of the projectile’s
internal energy from its final value. The surface internal energy
change,∆Esurf, is determined similarly. These final energies
show how the peptide ion’s collision energy is transferred.

The 70 eV collision energy corresponds to 1614 kcal/mol,
which is much larger than the initial internal energy of the
peptide ion but smaller than the initial energy of the “slab”
model for the surface. For the trajectories calculated atTvib )
300, 1000, 1500, and 2000 K, the average quasiclassical internal
energies of Gly2-H+, including zero-point energy, are 94.5,
133.5, 172.2, and 214.9 kcal/mol, respectively. If the initial

V ) Vion + Vsurf + Vion,surf (2)

Vxy ) Axy exp(-BxyRxy) + Cxy/Rxy
6 (3)
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energies for the Gly2-H+ normal modes had been sampled
classically, with an average energy ofRT for each mode, the
average energies of Gly2-H+ for the above respective temper-
atures would be 28.6, 95.4, 143.1, and 190.8 kcal/mol. For the
trajectories calculated, the initial total energy for the slab model
of the surface varies from 3752 to 23 760 kcal/mol as the surface
temperature is increased from 300 to 2000 K. However, these
latter energies are not particularly meaningful since the slab
model used here gives good agreement with experiment15,33and
is expected to give the same energy transfer results as those for
a much larger slab model approaching a macroscopic object.42

IV. Trajectory Results

A. Effects of Surface Temperature.Values of the average
percent energy transfers of the collision energy toEint andEsurf

and the percent remaining in translation,Ef, are listed in Table
1 for the simulations at different surface temperatures, while
Tvib and Trot of Gly2-H+ were held at 300 K. Overall, these
percentages are at most only weakly dependent onTsurf. The
majority of the collision energy remains in Gly2-H+ translation,
with Ef accounting for ∼42% of the collision energy, a
percentage that is independent ofTsurf. However, as shown in
Figure 1, there is a small, near-linear increase and decrease in
the transfer of energy to∆Eint and∆Esurf, respectively, asTsurf

is increased. Thus, there are small, but detectable effects in the
energy transfer efficiencies with increase inTsurf.

The distributions for the final energies,P(∆Eint), P(∆Esurf),
andP(Ef), are plotted in Figure 2 for simulations withTsurf of
300 and 2000 K. The standard deviations for the distributions
are given as error bars in the form of vertical lines. The
distributions for the two different temperatures are nearly similar
in shape. However, a more careful inspection shows that asTsurf

is increased, the peaks inP(∆Eint) andP(∆Esurf) slightly shift
to higher and lower values, respectively. In contrast, there is
no change in theP(Ef) peak. These small shifts affect the energy
transfer efficiencies. Thus, the increase in the surface temper-
ature results in more energy transfer to the peptide ion and less
energy transfer to the surface.

B. Effect of Peptide Vibrational Temperature. As shown
in Table 1 and Figure 1, increasingTvib has the opposite effect
compared to increasingTsurf. Though the changes in the average
percent energy transfers are small with increases inTvib, there
are near-linear decreases and increases, respectively, in the
energy transfers to∆Eint and ∆Esurf. In addition, as shown in
Figure 2 for the simulations atTvib of 300 and 2000 K, there
are corresponding small shifts in the peaks inP(∆Eint) and
P(∆Esurf) to lower and higher values. With an increase in the

peptide vibrational temperature, there is more energy transferred
to the surface and less energy transferred to the peptide.

The fraction of the 1614 kcal/mol collision energy transferred
to Gly2-H+ internal energy decreases from 20.3% to 18.8% as
the ion’s initial temperature is increased from 300 to 2000 K.
As discussed in section III, this temperature increase results in
initial average Gly2-H+ internal energies of 94.5, 133.5, 172.2,
and 214.9 kcal/mol forTvib of 300, 1000, 1500, and 2000 K,
respectively. The collision energy transferred to Gly2-H+ is
328-303 kcal/mol and is nearly independent of the ion’s initial
vibrational energy.

V. Summary

The major result from this study is that there are no significant
changes in the energy transfer efficiencies for Gly2-H+ collisions
with the diamond{111} surface as either the surface or Gly2-
H+ vibrational temperature is varied. The latter is in accord with
experimental results by Herman and co-workers.43 This insen-

TABLE 1: Effects of Surface and Peptide Ion Vibrational
Temperatures on Collision Energy Transfer with the
Diamond {111} Surfacea

Trot (K) Tvib (K) Tsurf (K) ∆Eint ∆Esurf Ef

300 300 300 20.3 (0.4) 37.6 (0.3) 42.1 (0.2)
300 300 1000 21.0 (0.4) 36.5 (0.3) 42.5 (0.2)
300 300 1500 21.3 (0.4) 36.6 (0.3) 42.1 (0.2)
300 300 2000 21.7 (0.4) 35.8 (0.3) 42.4 (0.2)
300 1000 300 19.7 (0.4) 38.2 (0.3) 42.1 (0.2)
300 1500 300 19.7 (0.4) 38.6 (0.3) 42.3 (0.2)
300 2000 300 18.8 (0.4) 39.0 (0.3) 42.2 (0.2)

a Average percents of the collision energy transferred to protonated
diglycine internal energy (∆Eint), the surface (∆Esurf), and peptide
translation (Ef) for protonated diglycine collisions with the diamond
{111} surface at different vibrational temperatures,Tvib, of the peptide
and temperatures of the surface,Tsurf. The collision energy is 70 eV
and the collision angle is 0°. The standard deviation of the mean
obtained from 500 trajectories is given in parentheses.

Figure 1. Plots of percent energy transfers versusTsurf (O) and Tvib

(9). For the variableTsurf simulations,Tvib andTrot of Gly2-H+ are kept
at 300 K.Tsurf andTrot are kept at 300 K for the variableTvib simulations.
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sitivity in the collisional energy transfer efficiencies is consistent
with an impulsive model for surface-induced dissociation.16

A detailed analysis of the energy transfer efficiencies shows
some small dependencies on the surface and Gly2-H+ vibrational
temperatures. The energy remaining in projectile translation,
Ef, does not depend on these temperatures, but the transfer to
the surface,∆Esurf, and to the projectile’s internal degrees of
freedom,∆Eint, do. Thus, there seems to be some dynamical
coupling between the surface and projectile vibrational energies
but not with the projectile’s translational energy. IncreasingTsurf

results in a small, near-linear increase and decrease, respectively,
in the energy transfer to∆Eint and∆Esurf. The opposite is found
when the Gly2-H+ vibrational temperature,Tvib is increased; that
is, there is a near-linear decrease and increase in the respective
transfers to∆Eint and∆Esurf. These are small effects, as shown
in Figure 1, but they may assist in developing a model for energy
transfer in SID.

Finally, it is of interest to consider the possible role of ZPE
in the energy transfer dynamics reported here. Quasiclassical
thermal initial conditions,40 which include ZPE, were chosen
for the Gly2-H+ ion. The surface’s thermal initial conditions
were chosen by a classical molecular dynamics (MD) simula-
tion41 which adds an average thermal energy of 3NRT to a
harmonic surface model. In a previous study,42 for which a small
alkanethiolate self-assembled monolayer (H-SAM) surface
model was used and its vibrational frequencies could be
evaluated, it was found that, for temperatures of 0 and 300 K,
quasiclassical and MD initial conditions for the surface give
very similar energy transfer results. At 0 K, the surface is in its
classical potential energy minimum for the MD initial conditions
but contains ZPE for the quasiclassical initial conditions. At
293 K, the surface contains approximately a factor of 2 more
energy by quasiclassical sampling as compared to MD sampling.
These striking differences in the surface’s energy for the MD
and quasiclassical initial conditions had at most only a small
effect on the energy transfer dynamics.42 For the large diamond
surface model used here, calculating its vibrational frequencies
and performing quasiclassical sampling is impractical. However,
the previous finding for the H-SAM surface suggests MD
sampling for the diamond surface model should be adequate.

As found in the work presented here, the overall insensitivity
of the Gly2-H+ + diamond {111} collision energy transfer
efficiencies on the surface temperature suggests that the method
used to choose initial conditions for the surface, in simulations
of peptide-H+ + surface collisional energy transfer, is not a
critical issue.

Classical trajectory simulations of bimolecular reactions, for
example, H+ H2 f H2 + H,44 unimolecular reactions,45 and
intramolecular vibrational energy redistribution (IVR)46 have
shown it is often necessary to include ZPE in the molecule to
obtain agreement with the quantum dynamics. For this reason
quasiclassical sampling, with ZPE included, was used for the
Gly2-H+ ion. Its ZPE is 88.0 kcal/mol and is the principal
contributor to the ion’s average thermal internal energy at 300
K (i.e., this energy is 94.5, 133.5, 172.2, and 214.9 kcal/mol
for the 300, 1000, 1500, and 2000 K simulations, respectively).
Before the simulations were performed, it was difficult to predict
the role of the Gly2-H+ ZPE on the energy transfer dynamics.
For a statistical-type model, increasing the initial internal energy
of Gly2-H+ with ZPE would decrease collisional energy to the
Gly2-H+ vibrational modes. On the other hand, for nonstatistical
energy transfer, adding ZPE and increasing the initial internal
motion of Gly2-H+ might have increased energy transfer to Gly2-
H+ vibration, as found for IVR from an excited C-H stretch
mode of benzene to its remaining bath modes.47 The simulation
results indicate that the efficiency of collisional energy transfer
to the Gly2-H+ ion’s vibrational modes is overall insensitive to
the ion’s initial temperature (i.e., energy content), and apparently
ZPE does not have an important effect on the energy transfer
dynamics. In future work, it will be of interest to see if this is
also the case for larger peptide-H+ ions.
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