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Efficiency of energy transfer in protonated diglycine and dialanine SID
Effects of collision angle, peptide ion size, and intramolecular potential
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Abstract

Classical trajectory simulations are performed to study energy transfer in collisions of protonated diglycine, (gly)2H+, and dialanine,
(ala)2H+, ions with the diamond{1 1 1} surface, for a collision energyEi in the range of 5–110 eV and incident angles of 0 and 45◦ with
respect to the surface normal. The distribution of energy transfer to vibrational/rotational degrees of freedom,�Eint, and to the surface,�Esurf,
and of energy remaining in peptide ion translation,Ef , are very similar for (gly)2H+ and (ala)2H+. The average percent energy transferred
to �Esurf andEf increases and decreases, respectively, with increase inEi. Average energy transfer to�Eint is less dependent onEi, but
does decrease with increase inEi. The AMBER and AM1 models for the (gly)2H+ intramolecular potential give statistically identical energy
transfer distributions in (gly)2H+ + diamond{1 1 1} collisions. A comparison of the current study with previous trajectory simulations of
glyH+, (gly)3H+, and (gly)5H+ collisions with diamond{1 1 1} shows that the energy transfer efficiencies to�Eint, �Esurf, andEf are similar
for (gly)nH+, n = 1–5. The energy transfer distributions for (gly)2H+ + diamond{1 1 1} collisions depend on the collision angle and do not
scale in accord with the normal component of the collision energyEn

i for collisions withθi of 0 and 45◦.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Surface-induced dissociation (SID) is used to study the
mechanisms and energetics for ion fragmentation[1–5]. In
addition, the fragmentation products provide a fingerprint
of the ion’s structure, and SID may become an important
tool for determining the amino acid sequence of protonated
peptide ions[2,6–14]. In a typical experiment[1], a beam
of ions, each with a fixed translational energyEi and inci-
dent angleθi, strikes a surface. Some of each ion’s transla-
tional energy is transferred to surface vibration,�Esurf and
to the ion’s internal vibrational/rotational degrees of free-
dom,�Eint, while some remains in translationEf : i.e.,

Ei = Ef + �Esurf + �Eint (1)

This energy transfer model assumes that the collisions are
electronically adiabatic and the excitation of electronic states
of either the projectile or surface are important. Such a model
is consistent with experiments with peptide ions and hy-
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drocarbon surfaces, which do not have low-lying electronic
states. If an excited electronic state is formed in the colli-
sion, it is assumed that it undergoes rapid internal conver-
sion to its ground electronic state, which has a much higher
vibrational density of states.

To interpret SID experiments, it is very useful to know
the distributions of percent energy transfer to�Eint, �Esurf,
and Ef and how they depend onEi and θi, the projectile
ion’s size and shape, and properties of the surface. Classical
trajectory simulations, based on accurate potentials for the
projectile–surface system, have proven to be an important
method for determining these energy transfer distributions
[15–19]. For Cr+(CO)6 SID the�Eint energy transfer distri-
bution determined from the simulations[17] is in quantita-
tive agreement with experiment[20]. Simulations of energy
transfer in protonated glycine, triglycine, and pentaglycine
SID [18,19] give �Eint energy transfer distributions similar
to the one determined from experiment for protonated diala-
nine[12]. A power of the trajectory simulations is that they
may be used to determine energy transfer distributions, study
specific systems, and answer important questions concern-
ing SID dynamics that are difficult to probe experimentally.
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In the work presented here, trajectory simulations are used
to compare the energy transfer distributions for protonated
diglycine, (gly)2H+, and protonated dialanine, (ala)2H+,
colliding with the diamond{1 1 1} surface. This work is an
extension of previous simulations of glyH+, (gly)3H+, and
(gly)5H+ SID [18,19] and the energy transfer distributions
determined from the current (gly)2H+ study are compared
with those of the previous simulations to see how the en-
ergy transfer efficiencies to�Eint, �Esurf, andEf depend
on peptide size. Both the AMBER[21] and AM1 [22] po-
tential energy models are used to represent the intramolec-
ular potential for (gly)2H+, to determine whether they give
the same or different energy transfer efficiencies. Different
incident anglesθi are used in experiments[1–14] and, to
study the effect of the incident angle on the energy trans-
fer distributions, bothθi of 0 and 45◦ with respect to the
surface normal are considered in the current simulations of
(gly)2H+ + diamond{1 1 1} collisions.

2. Computational method

The method used for the simulations reported here is the
same as that used in previous simulations of protonated pep-
tide ion SID[18,19]. The simulations were performed with
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Fig. 1. Conformers of protonated diglycine and dialanine studied in the simulations. A 300 K Boltzmann distribution of vibrational energy was added to
the conformer, for each ensemble of trajectories calculated.

the VENUS [23] and VENUS/MOPAC[24,25] computer
program packages. Only a brief description of the simula-
tion method is given below.

2.1. Potential energy function

The general analytic potential energy function used for
the protonated peptide/diamond{1 1 1} systems is given by:

V = Vpeptide+ Vsurface+ Vpeptide,surface (2)

whereVpeptide is the protonated peptide intramolecular po-
tential,Vsurfaceis the potential for the diamond surface, and
Vpeptide,surfaceis the peptide/diamond intermolecular poten-
tial. For most of the simulations reported here the AMBER
valence force field of Cornell et al.[21] was used for the
(gly)2H+ and (ala)2H+ intramomolecular potentials. The
minimum energy conformers of these peptide ions, shown
in Fig. 1, were used in the simulations. A local energy
minimization algorithm of the VENUS computer program
was used to determine the conformer structures. There is a
slightly higher energy conformer for (gly)2H+ and (ala)2H+
with the H atom of the OH group rotated 90◦, so that the
OH bond is in a plane nearly perpendicular to the plane of
the peptide backbone. Unpublished simulations for (gly)2H+
[26] show that this higher energy conformer and the mini-



J. Wang et al. / International Journal of Mass Spectrometry 230 (2003) 57–64 59

mum energy conformer inFig. 1give the same energy trans-
fer efficiencies when colliding with the diamond{1 1 1}
surface. To investigate whether the energy transfer efficien-
cies depend on the form of the peptide ion’s intramolec-
ular potential, simulations were also performed in which
the (gly)2H+ potential is modeled by AM1 semiempirical
electronic structure theory[22]. The (gly)2H+ conformer in
Fig. 1 was also used for these calculations with AM1.

The model used for the diamond surface is hydrogen ter-
minated, with eight layers of carbon atoms and a total of
1988 atoms. It has a surface area of 34 Å×34 Å and a thick-
ness of 8.0 Å from the top hydrogen atoms to the bottom
carbon atoms (seeFig. 1in Ref.[17]). Massive atoms are at-
tached to the bottom corner atoms of the model to ensure the
model did not move when struck by peptide ions. The po-
tential energy function for the diamond{1 1 1} model con-
sists of harmonic stretches and bends, with force constants
chosen to fit the diamond phonon spectrum[27].

Accurate repulsive potentials between the colliding pep-
tide ion and the surface are necessary to accurately describe
energy transfer in peptide SID. Such potentials were devel-
oped in previous work[18] for peptide ions interacting with
hydrocarbon surfaces, such as diamond{1 1 1}. These po-
tentials were derived from high level ab initio potential en-
ergy curves[18] for the interaction between CH4, as a model
for the C and H atoms of the hydrocarbon surface and CH4,
NH3, CH4

+, H2CO, and H2O as models for the different
types of atoms and functional groups comprising the pep-
tide. These potential curves are accurately fit by a sum of
two-body potentials, each given by:

Vxy(rij) = Axy exp(−Bxyrij) + Cxy

r6
ij

(4)

wherex corresponds to C or H atoms of CH4 and y cor-
responds to H, C, O, or N atoms of the model molecules
representing the peptide ion’s atoms and functional groups.
Vpeptide,surface for (gly)2H+ and (ala)2H+ interacting with
the diamond{1 1 1} surface was written as a sum of these
two-body potentials.

2.2. Trajectory simulations

The classical trajectory[28,29] simulations were carried
out with the general chemical dynamics package VENUS
[23] for the calculations with the AMBER intramolecular
potential, and with the VENUS/MOPAC[25] package for
the calculations with the AM1 intramolecualr potential. Ini-
tial conditions for the trajectories were chosen to model ex-
periments. The center of a beam of peptide ion projectiles
is aimed at the center of the surface, with fixed incident an-
gle θi with respect to the surface normal and fixed initial
translational energyEi. The radius of the beam was chosen
so that the beam overlapped a unit area on the surface and
the trajectory results are insensitive to its radius. The pep-
tide projectile for each trajectory was 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 angleχ, between
the beam and a fixed plane perpendicular to the surface, was
sampled randomly between 0 to 2π. Such a random sam-
pling of χ simulates collisions with different domains of
growth on the diamond surface[17]. The distance between
the center of the beam and the center of the top of the sur-
face was set to 40 Å.

The initial conditions for the vibrational modes of the pep-
tide ions were chosen via the quasiclassical normal mode
method[30–33], which includes zero-point energies. Excess
energies, for each normal mode of vibration, were selected
from the mode’s 300 K quantum harmonic oscillator Boltz-
mann distribution. The energy was randomly partitioned be-
tween kinetic and potential by choosing a random phase for
each normal mode. A 300 K rotational energy ofRT/2 was
added to each principal axis of rotation of peptide.

To assign an initial condition representing a 300 K Boltz-
man distribution for the atoms of the diamond surface, the
surface was first equilibrated for 1 ps of molecular dynam-
ics by scaling the atomic velocities[34] so the surface tem-
perature corresponds to that for 300 K classical Boltzmann
distributions. The structure and velocity obtained from this
equilibration process is then used as the initial structure for
an equilibration run at the beginning of each trajectory. A
time step of 0.1 fs was used to integrate the classical equa-
tions of motion, to ensure conservation of energy to eight
significant figures.

The trajectories for (gly)2H+ and (ala)2H+ colliding with
diamond{1 1 1} were calculated for a collision angleθi of
45◦ and collision energiesEi of 5, 10, 30, 70, and 110 eV.
Trajectories were calculated for (gly)2H+ colliding with the
diamond surface at�i of 0◦ andEi of 30, 70, 110 eV. Three
hundred trajectories were computed for each set of initial
conditions with fixedEi andθi. When the trajectory is ter-
minated, the peptide ion’s final translational energy,Ef , is
determined and the ion’s internal energy change,�Eint, is
determined by subtracting the initial value of the projectile’s
internal energy from its final value. The energy transferred
to the surface,�Esurf, is then determined from the energy
conservation relationshipEq. (1).

3. Energy transfer distributions and efficiencies

3.1. Protonated diglycine and dialanine

The average percents of the collision energyEi that re-
mains in translation,Ef , transferred to the surface,�Esurf,
or transferred to the peptide’s internal degrees of freedom,
�Eint, are listed inTable 1for (gly)2H+ and (ala)2H+ col-
lisions with diamond{1 1 1} at a collision angleθi of 45◦.
The energy transfer efficiencies are very similar for these
two dipeptides. For all collision energies, the majority ofEi

remains in final translational energyEf . However, the per-
cent remaining in translation decreases with increase inEi
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Table 1
Average percent energy transfera

Ei (eV) (gly)2H+, θi = 45◦ (ala)2H+, θi = 45◦ (gly)2H+, θi = 0◦

�Eint �Esurf Ef �Eint �Esurf Ef �Eint �Esurf Ef

5 16 0 84 19 1 80 – – –
10 17 4 79 19 5 76 – – –
30 16 12 72 18 12 70 24 27 49
70 15 25 60 21 21 58 20 40 40

110 13 34 53 15 31 54 17b 48b 35b

a The results given here are for calculations with the AMBER intramolecular potential for the protonated peptide. The AM1 intramolecular potential
gives the same results for the (gly)2H+, θi = 0◦ calculations.

b Ei for this calculation is 100 eV.

and the percent energy transfer to surface. Though the per-
cent energy transfer to the internal degrees of freedom of
(gly)2H+ and (ala)2H+ is somewhat insensitive toEi, there
is first a small increase in this percent energy transfer and
then a decrease asEi is further increased from 10 to 110 eV.
This effect was also seen in previous simulations of colli-
sions of both Cr+(CO)6 and (gly)3H+ with diamond{1 1 1}
[17,18]. For eachEi the (gly)2H+ and (ala)2H+ collisions
have similar energy transfer distributions. Their distributions
for Ef , �Esurf, and�Eint are compared inFig. 2 for colli-
sions withEi = 70 eV.

Though the energy transfer efficiencies are similar for
(gly)2H+ and (ala)2H+, there are several noteworthy differ-
ences. Energy transfer to (ala)2H+ is slightly more efficient
than to (gly)2H+, which is consistent with the former pep-
tide having two additional torsional degrees of freedom
(i.e., CH3 rotors). Previous trajectory studies[18] have
shown that peptide torsional degrees of freedom are prefer-
entially excited, when the peptide is collisionally activated.
At the highest initial energies of 70 and 110 eV, collisions
of (gly)2H+ transfer approximately 5% more energy to the
surface than do (ala)2H+ collisions. Concomitant with this
difference is an increase in energy remaining in translation
for the (ala)2H+ collisions.

3.2. AMBER and AM1 intramolecular potentials

In previous work, the effect of using either the AMBER
empirical model or the AM1 semiempirical electronic struc-
ture theory model for the peptide ion’s intramolecular po-
tential was investigated in a simulation of protonated glycine
collisions with the diamond{1 1 1} surface[19]. Simula-
tions with these two models for glyH+ give energy transfer
distributions which are statistically the same[19]. The same
result is found here for (gly)2H+ collisions with the dia-
mond{1 1 1} surface, for which the distributions of energy
transfer to�Eint, �Esurf, andEf are given inFig. 3. The
incident energy and angle are 70 eV and 45◦. For AMBER
the average percent transfer ofEi to �Eint, �Esurf, andEf

are 15, 25, 60, while these respective average percents are
13, 26, and 61 for the AM1 model. The previous simulations
for glyH+ [19] and the current ones for (gly)2H+ support

the use of the AMBER intramolecualr potential model in
studies of energy transfer in peptide ion SID.

It is a significant finding that the AMBER and AM1
intramolecular potentials for the peptide ions give nearly
identical energy transfer efficiencies. This suggests the col-
lisional energy transfer is direct, impulsive, occurs in a
short-time and, thus, is only influenced by the peptide ion’s
structure[35] and the forces about the ion’s potential energy
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Fig. 2. Comparison of energy transfers to protonated diglycine vs. di-
alanine. Distributions of energy transfer to the peptide,�Eint, and to
the surface,�Esurf, and of the energy remaining in translation,Ef , for
(gly)2H+ (– – –) and (ala)2H+ (—) collisions with the diamond{1 1 1}
surface atEi = 70 eV (1614 kcal/mol) andθi = 45◦. Calculations with
the AMBER potential.
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Fig. 3. Effect of peptide ion intramolecular potential on energy transfer.
Distributions of energy transfer to�Eint, �Esurf, and Ef for (gly)2H+
collisions with the diamond{1 1 1} surface atEi = 70 eV (1614 kcal/mol)
andθi = 45. Simulations with the AMBER (– – –) and AM1 (—) models
for the (gly)2H+ intramolecular potential are compared.

minimum. The independence of energy transfer in SID and
CID [19] on the details of the peptide ion’s intramolecular
potential is important and will certainly be addressed again
in future studies.

3.3. Varying the peptide size

In previous simulations[18,19], energy transfer efficien-
cies have been determined for protonated glycine, triglycine,
and pentaglycine ions colliding with the diamond{1 1 1}
surface at a collision angle of 45◦. As discussed before[18],
energy transfer is similar for the (gly)3H+ and (gly)5H+
ions with a slightly greater average percent transfer to�Eint
for the larger (gly)5H+ ion. Here, the energy transfer ef-
ficiencies determined in the previous studies are combined
with those obtained from the current work to compare av-
erage percent energy transfers to�Eint, �Esurf, andEf for
the (gly)nH+ ions,n = 1–3, 5. The comparison is made in
Fig. 4.

0

5

10

15

20

25

0

10

20

30

40

50

0 20 40 60 80 100 120
40

60

80

100

 n=1
 n=2
 n=3
 n=5P

er
ce

n
t 

E
in

t
P

er
ce

n
t 

E
su

rf

E
i
 (eV)

P
er

ce
n

t 
E

f

Fig. 4. Effect of peptide ion size on energy transfer. Average percent
energy transfer to�Eint, �Esurf, and Ef vs. Ei for (gly)nH+ collisions
with the diamond{1 1 1} surface atθi = 45◦. (�) n = 1; (�) n = 2;
(�) n = 3; and (�) n = 5. Calculations with the AMBER potential and
for folded peptide structures; i.e., Ref.[18]. The results reported here
for (gly)3H+ at Ei = 10 eV are slightly different than the results in Ref.
[18]. The previous results were based on a small sample size, while the
current results are based on 300 trajectories for (gly)3H+.

3.4. Varying the collision angle

Experimental studies of peptide ion SID have been per-
formed at different collision angles; e.g., atθi of 0◦ (normal
to the surface) and at 45◦ as for the above simulations. In the
simplest models of energy transfer in gas–surface collisions
[36], it is only the normal componentEn

i of Ei which partic-
ipates in energy transfer. However, with surface roughness
and anisotropy in the gas–surface interaction, the parallel
componentEp

i may also induce energy transfer (i.e.,Ei =
En

i + E
p
i ) [37,38]. The following investigates how varying

θi from 45 to 0◦ affects energy transfer fromEi to �Eint,
�Esurf, andEf in (gly)2H+ + diamond{1 1 1} collisions.

Average percent energy transfers to�Eint, �Esurf, and
Ef versusEi are plotted inFig. 5 and compared inTable 1
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Fig. 5. Effect of collision angle on energy transfer. Average percent energy
transfer to�Eint, �Esurf, andEf vs. Ei for (gly)2H+ collisions with the
diamond{1 1 1} surface atθi of 0◦ (– – –) and 45◦ (—).

for (gly)2H+ colliding with diamond{1 1 1} at θi of 0 and
45◦. For the calculations atθi = 45◦ AMBER is used for
the (gly)2H+ intramolecular potential, while AM1 is used
for the (gly)2H+ potential atθi = 0◦ [26]. However, as
shown above, the results are insensitive to whether AMBER
or AM1 is used for the (gly)2H+ potential. The results in
Fig. 5show that changingθi from 0 to 45◦ decreases the en-
ergy transfer to�Eint and�Esurf, and retains more energy
in Ef . Of the three energy transfers, that for�Eint is least
sensitive to the collision angle. The trends found here for
the dependence of energy transfer to�Eint, �Esurf, andEf

on collision angle are in qualitative agreement with experi-
ments by Hermann and co-workers[37,38]. However, they
find that energy transfer to�Eint is independent of incident
angle for collisions with alkyl thiolate self-assembled mono-
layers (SAMs). These experimentally prepared surfaces may
be rougher than the smooth diamond{1 1 1} surface inves-
tigated here, which would have the effect of making energy
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Fig. 6. Effect of collision angle on energy transfer. Average percent energy
transfer to�Eint, �Esurf, and Ef vs. En

i , normal component ofEi, for
(gly)2H+ collisions with the diamond{1 1 1} surface atθi of 0◦ (– – –)
and 45◦ (—).

transfer to�Eint less dependent on collision angle. The man-
ner in which the incident angle affects energy transfer to
�Eint may be different for diamond and hydrocarbon SAM
surfaces. In future simulations, it will be important to deter-
mine how the incident angle affects energy transfer in col-
lisions of protonated peptide ions with hydrocarbon SAM
surfaces.

In Fig. 6 the average percent energy transfers to�Eint,
�Esurf, and Ef are plotted versus the normal component
of Ei, i.e.,En

i = Ei cos2 θi. As in Fig. 5, the results are for
(gly)2H+ colliding with diamond{1 1 1} at θi of 0 and 45◦.
The energy transferred to the surface,�Esurf, scales best
with En

i . The energy that remains in translation,Ef , scales
better withEn

i thanEi, but the relationship is still poor. En-
ergy transfer to�Eint scales better withEi thanEn

i . Overall,
neitherEi or En

i gives a good representation of the energy
transfers to�Eint, �Esurf, andEf versus incident angle.
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4. Questions for future studies

This study has provided important new information con-
cerning the ways in which peptide SID is affected by: (1) the
peptide’s amino acids, i.e., glycine versus alanine; (2) the in-
tramolecular potential energy function used for the peptide,
i.e., AMBER versus AM1; (3) the peptide’s size; and (4)
the collision angle. However, the study has raised and leaves
open several important issues which should be addressed in
future studies. They are:

1. As the collision energy is increased, the percent energy
transfer to the diamond{1 1 1} surface increases and
the percent which remains in translation decreases. At
the low collision energy of 5 eV, energy transfer to the
surface is of the order of 1% or less. The increase in
energy transfer to the surface is consistent with an ef-
fective “softening” of the surface as the translational
velocity is increased[39]. However, as energy trans-
fer to surface vibration increases asEi is increased,
there is not a corresponding increase in percent energy
transfer to�Eint the peptide’s vibrational degrees of
freedom. Instead, the percent energy transfer to�Eint
decreases asEi is increased from 10 to 110 eV. The
same type of increase in energy transfer to the surface
and decrease in energy transfer to the projectile’s vi-
brations, with increase inEi, is seen in simulations of
(gly)3H+ and Cr(CO)6+ collisions with diamond{1 1 1}
[18,19].

2. For Cr(CO)6+ collisions with then-hexylthiolate SAM
surface, percent energy transfer to�Eint is nearly con-
stant and independent ofEi, while percent energy transfer
to �Esurf first increases and then approaches on apparent
limiting values of∼80% at highEi [40]. This asymptotic
value is the same as that for Ne atom collisions with this
SAM [41]. It would be of interest to determine whether
peptide ions have the same trends in efficiencies of en-
ergy transfer versusEi when colliding with the SAM.
Also of interest would be to determine whether the dia-
mond{1 1 1} surface has a highEi asymptotic limiting
value for average percent energy transfer to�Esurf as for
the SAM surface.
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