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Abstract: Classical trajectory simulations are performed to study energy transfer in collisions of protonated
triglycine (Gly)3 and pentaglycine (Gly)5 ions with n-hexyl thiolate self-assembled monolayer (SAM) and
diamond {111} surfaces, for a collision energy Ei in the range of 10-110 eV and a collision angle of 45°.
Energy transfer to the peptide ions’ internal degrees of freedom is more efficient for collision with the diamond
surface; i.e., 20% transfer to peptide vibration/rotation at Ei ) 30 eV. For collision with diamond, the majority
of Ei remains in peptide translation, while the majority of the energy transfer is to surface vibrations for
collision with the softer SAM surface. The energy-transfer efficiencies are very similar for (Gly)3 and (Gly)5.
Constraining various modes of (Gly)3 shows that the peptide torsional modes absorb ∼80% of the energy
transfer to the peptide’s internal modes. The energy-transfer efficiencies depend on Ei. These simulations
are compared with recent experiments of peptide SID and simulations of energy transfer in Cr(CO)6

+

collisions with the SAM and diamond surfaces.

I. Introduction

The development of ionization techniques1-5 in combination
with tandem mass spectrometry6 has made it possible to study
the gas-phase collision-induced dissociation (CID)7 and surface-
induced dissociation (SID)8,9 of small peptides.10-15 SID may
be viewed as an extension of CID, in which the collider gas
projectile is replaced by a surface. In a typical SID experiment,8,9

an ion with a fixed incident angleθi and translational energyEi

is aimed at a surface. Upon collision with the surface, there is
transfer of some of the ion’s translational energy to the surface
vibrationsEsurf and the ion’s internal degrees of freedomEint;

whereEf is the ion’s final translational energy after collision.
This energy transfer model assumes that the collisions are

electronically adiabatic and the excitation of electronic states
of either the projectile or surface is unimportant. Such a model
is consistent with experiments utilizing hydrocarbon surfaces,
which do not have low-lying electronic states.8,9,12-15

SID has been used to extract important information about
the structure and thermochemistry of various ions.12-25 The
internal energy distribution of the scattered ionP(Eint), in
combination with RRKM modeling14,26,27 and fragmentation
efficiency curves, provides sufficient information to determine
threshold energies for the ion’s dissociation pathways,14 if
RRKM theory is a valid model for the ion’s unimolecular
dissociation.28,29 Several methods have been developed to
determineP(Eint),30-32 though obtaining an accurateP(Eint)
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remains a difficult endeavor. Experiments indicate that the
energy transferred to the ion depends on several factors which
include the surface composition,16,17,33,34the projectile struc-
ture,12 the collision energyEi,18,35,36and the incident angleθi.
18,35,37Work by Kubišta et al.31 suggests that the fraction ofEi

transferred to ion internal excitation may be independent ofθi.
The internal energy distribution of the scattered ion, along

with the ion’s final translational energyEf and the energy
deposited in the surface vibrations∆Esurf, may be determined
from classical trajectory simulations.35-39 Recent simulations39

of the surface-induced dissociation of Cr(CO)6
+ ions on diamond

{111} and n-hexyl thiolate self-assembled monolayer (SAM)
surfaces give efficiencies of 30, 14, and 56% and 10, 69, and
21%, respectively, for energy transfer toEint, Esurf, and Ef.
However, the energy-transfer dynamics of peptide SID may be
different from that of Cr(CO)6+, since peptides have low-
frequency torsional motions which are very important for the
transfer of energy to ion vibration.40

Several studies have investigated the dynamics of peptide
collisional activation.6,12-15,41,42Trajectory simulations of pro-
tonated (Gly)n and (Ala)n, n ) 1-7, collision-induced dissocia-
tion (CID) show that the energy-transfer efficiency depends on
both the peptide structure and collision energy.42 Though the
simulations show that the amount of energy transferred to
peptide rotation is much smaller than that transferred to peptide
vibration, linear peptides are more rotationally excited than are
folded, more compact peptides. From peptide SID experiments
on a hydrogenated self-assembled monolayer, Schultz et al.12

determined that the averageEf is 24% of the incident energy
for protonated (Gly)3 and (Gly)4. AverageEf values of 21 and
17% of the collision energy were found for a cyclic dipeptide
and a four-membered ring peptide, respectively.12 Assuming a
17%Ei s> Esurf energy-transfer efficiency obtained from work
on benzene SID,43 they estimated a 59-66% Ei s> Esurf

efficiency and a broad distribution forEf. In recent experiments,
Laskin et al.14,15studied protonated (Ala)2 SID in collisions with
a fluorinated SAM. They found a relatively narrow distribution
of Eint with an average∆Eint 21% of the collision energy.

In this article, quasiclassical trajectory simulations are
reported of the energy-transfer dynamics associated with the
scattering of protonated polyglycine (Gly)3 and (Gly)5 peptide
ions off diamond{111} and n-hexyl thiolate SAM surfaces.
The diamond and SAM surfaces represent stiff and soft
hydrogenated surfaces,39 respectively. Previous work42 has
shown that the energy-transfer dynamics is dependent on the
intermolecular potential between the projectile and the surface,
and ab initio calculations are performed to determine an accurate

analytic potential energy function for the interaction between
peptide ions and hydrogenated hydrocarbon surfaces. These ab
initio calculations are based on small molecules, which represent
the atoms and functional groups of the peptides, and methane,
which represents the hydrogen and carbon atoms of the diamond
and SAM surfaces. A comparison is made of the energy-transfer
dynamics for both extended and folded structures of protonated
(Gly)3 colliding with the diamond and SAM surfaces. The
simulations are performed at a collision energyEi of 30 eV
and collision angleθi of 45°, and they show how the transfer
of Ei to Eint, Esurf, andEf depends on the surface stiffness and
peptide structure. Trajectory simulations are also carried out
for the scattering of folded (Gly)3 and (Gly)5 peptides on the
diamond{111} surface to study the role of the peptide size on
the energy-transfer dynamics. Further trajectory simulations are
carried out for the collision of folded (Gly)3 with the diamond
surface atEi )10, 70, and 110 eV to study the effect of the
collision energy on the energy transfer. Previous work on the
gas-phase collisional activation of small peptides42 has shown
that the most of the internal energy absorbed by the peptide is
transferred to its torsions. A similar study is carried out here in
which the stretching and bending motions of the peptide are
constrained to study the internal energy-transfer pathways in
peptide surface scattering. Finally, the simulations reported here,
of the energy transfer in peptide SID, are compared with
previous simulations of Cr(CO)6

+ SID on the diamond{111}
and SAM surfaces39 and energy transfer in collisions of
protonated polyglycine and polyalanine peptide ions with
argon.42

II. Potential Energy Function

The general analytic potential energy function used for the
peptide/diamond{111} and peptide/n-hexyl thiolate SAM
systems is given by

whenVpeptideis the peptide protonated intramolecular potential,
Vsurfaceis the potential for either the diamond or SAM surface,
andVpeptide,surfaceis the peptide/surface intermolecular potential.
Each of these potential terms is described below.

A. Peptide Potential. The potentials for the polyglycine
peptides (Gly)3 and (Gly)5 are represented by the AMBER
valence force field of Cornell et al.44 and expressed as

Conformers used in this study for the (Gly)3 and (Gly)5
peptides are shown in Figures 1 and 2, respectively. The folded
structures were found using the SYBYL package (version 6.5,
Tripos Associates, Inc., St. Louis, MO) via a simulated annealing
procedure, which consisted of heating the molecule toTi ) 500
K for 1.5 ps and subsequently cooling the molecule toTf )
300 K for a period of 1 ps via an exponential cooling schedule.
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Once the conformer was found, a local energy minimization
procedure using the VENUS45 package was carried out, until a
potential energy minimum was found. The extended structure
of (Gly)3 was found by a local energy minimization of a (Gly)3

â-sheet structure. Favorable hydrogen-bonding interactions,
which stabilize the folded conformers, are shown in the figures.

B. Surface Potentials.For the simulations reported here, the
same model was used for the diamond{111} surface as used
previously39 to simulate Cr(CO)6+ SID (i.e., see Figure 1 in ref
39), except the surface was enlarged to 32 Å× 34 Å so that
collisions of the peptide ions with the surface were accurately
represented. The surface model is hydrogen terminated, with

four layers of carbon atoms, and has a thickness of 8.0 Å from
the top hydrogen atoms to the bottom carbon atoms. Massive
atoms were attached to the bottom corner atoms of the model,
via harmonic potentials with large force constants, to ensure
the model did not move when struck by the peptide ions. The
potential energy function for the diamond{111} model consists
of harmonic stretches and bends, with force constants chosen
to fit the diamond phonon spectrum.46

The same model for then-hexyl thiolate SAM, developed
previously39 for Cr(CO)6+ SID, was used here, since the model
is sufficiently large to represent collisions of the (Gly)3 and
(Gly)5 peptide ions. The potential energy function for the SAM
is based on the Mar-Klein potential47 for alkanethiolates, with
the constraints of the C-H and C-C stretches and C-H bends
removed and the addition of more accurate short-range repulsive
interactions between the atoms of the SAM. The latter is
required so that the potential of the SAM is accurately described
when the SAM is compressed by the projectile collisions. These
accurate short-range repulsive interactions were determined from
ab initio calculations.39 The analytic potential energy function
and parameters for the SAM model and a depiction of the model
are given in ref 39.

C. Peptide/Surface Potential.As shown in previous simula-
tions of peptide CID,42 accurate repulsive potentials between
the colliding peptide ion and the surface are necessary to
accurately describe energy transfer in peptide SID. Such
potentials have not been developed for peptide ions interacting
with hydrocarbon surfaces such as diamond{111} and alky-
anethiolate SAMs, and they were derived here from ab initio
calculations. The peptide/surface intermolecular potential is
modeled by a sum of two-body potentials between the atoms
of the peptide and surface. The two-body potential is given by

whereX corresponds to C or H atoms of the diamond or SAM
surface andYcorresponds to H, C, O, or N atoms of the peptide.

To determine the parameters for the above two-body poten-
tials, ab initio potential energy curves were calculated between
CH4, as a model for the C and H atoms of the diamond{111}
andn-hexyl thiolate SAM surfaces, and CH4, NH3, NH4

+, H2-
CO, and H2O, as models for the different types of atoms and
functional groups comprising the polyglycine peptides. The ab
initio calculations are carried out at the MP2 level of theory
with the frozen-core approximation. The molecules are first
optimized at the MP2 level of theory using as a single-ú core
and triple-ú valence representation 6-311+g(2df,2pd) basis set,
which includes a set of diffuse s- and p-type Gaussian functions
on heavy atoms and three sets of d functions and one set of f
functions for first-row atoms and 2 sets of p functions and one
set of d functions for hydrogen atoms. The molecules are held
fixed in these optimized geometries and intermolecular potential
energy curves for different orientations of the CH4/CH4, CH4/
NH3, CH4/NH4

+, CH4/H2CO, and CH4/H2O systems are cal-
culated via the supermolecular approach48 with the above basis

(45) Hase, W. L.; Duchovic, R. J.; Hu, X.; Komornicki, A.; Lim, K. F.; Lu,
D.-h; Peslherbe, G. H.; Swamy, K. N.; Vande Linde, S. R.; Zhu, L.;
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Figure 1. Folded and extended protonated (Gly)3 peptide models used in
this study. The dashed lines denote important hydrogen bond ineractions.

Figure 2. Folded protonated (Gly)5 peptide model used in this study. The
dashed lines denote important hydrogen bond interactions.

VXY ) AXY exp(-BXYrij) + CXY/rij
6 (4)
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set and full-counterpoise corrections.49-52 All of the ab initio
calculations are carried out with the GAUSSIAN 98 suite of
programs.53

The calculated ab initio potential energy curves for the CH4/
NH4

+ system are shown in Figure 3. The curves for the different
orientations of a particular system were fit simultaneously by a
sum of the two-body functions in eq 4. The fitting was
accomplished by nonlinear least squares. The fits to the potential
energy curves for the other systems are similar to the one in
Figure 3. The potential energy parameters derived from the fits
are listed in Table 1.

III. Computational Procedure

The classical trajectory54-56 simulations were carried out with the
general chemical dynamics package VENUS.45 Initial conditions for
the trajectories were chosen to model experiments. The center of a beam
of peptide ion projectiles is aimed at the center of the surface, with
fixed incident angleθi 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.
Following the procedure described previously,38,57the peptide 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
angle ø, between the beam and a fixed plane perpendicular to the
surface, was sampled randomly between 0 and 2π. Such a random
sampling ofø simulates collisions with different domains of growth
on the SAM and diamond surfaces.57 The distance between the center
of the beam and the center of the top of the surface was set to 30 Å.
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Figure 3. Fitted analytic potential energy function compared to ab initio data (b) for the CH4/NH4
+ system.

Table 1. Parameters for Two-Body Potential Energy Function in
Eq 4

X−Ya AXY
b BXY

c CXY
d

CH4/CH4

C-C 20604 6.1940 21.873
C-H 12455 3.3143 0.18877
H-H 3485.1 8.8492 0.00097365

CH4/NH4
+

C-N 26572 7.4777 72.3877
C-H 10189 3.0839 2.9818
H-N 5469.5 3.9466 0.59338
H-H 3923.4 8.5594 0.00038714

CH4/NH3

C-N 2320.1 2.7989 82.024
C-H 3139.4 2.4881 84.804
H-N 5166.0 4.2389 0.7863
H-H 3244.0 7.5592 0.0011701

CH4/H2COe

C-C 84389 5.5696 6516.4
C-O 4071.1 2.2660 74.611
H-C 6808.4 4.6973 0.67710
H-O 4366.7 5.9569 0.00049008

CH4/H2O
C-O 75068 6.0169 0.22928
C-H 14817 3.6565 32.142
H-O 4986.9 2.9871 13.444
H-H 4390.9 9.5165 0.00014392

a X is an atom of the first molecule, CH4, andY is an atom of the second
molecule.b Units are kcal/mol.c Units are 1/Å.d Units are kcal Å6/mol.
e The H-H interaction is assumed to be the same as that for the CH4/CH4
system.
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The initial conditions for the vibrational modes of the peptides were
chosen via the quasiclassical normal-mode method,56,58-60 which
includes zero-point energies. Excess energies, for each normal mode
of vibration, were selected from the mode’s 300 K harmonic oscillator
Boltzman distribution.60 The energy was randomly partitioned between
kinetic and potential by choosing a random phase for each normal
mode.58 A 300 K rotational energy ofRT/2 was added to each principal
axis of rotation of the projectile.

Initial conditions for the surfaces were chosen by assigning velocities,
sampled from a Maxwell-Boltzmann distribution at 300 K, to the
surface atoms. The surfaces were then equilibrated for 2 ps of molecular
dynamics by scaling the velocities61 so the temperature corresponds to
that for a 300 K classical Boltzmann distribution. The structure obtained
from this equilibration process is then used as the initial structure for
a 0.1-ps equilibration run at the beginning of each trajectory. A time
step of 0.1 fs was used to integrate the classical equations of motion,
to ensure conservation of energy to eight significant figures.

Three hundred trajectories were computed for each set of initial
conditions with fixedEi andθi. When the trajectory is terminated, the
projectile’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 relationship in eq 1.

IV. Trajectory Results

A. Effects of Surface Stiffness and Peptide Structure.
Values for the average percent energy transferred to peptide
internal energy, surface vibrations, and peptide translation for
folded and extended (Gly)3 collisions with the diamond and
SAM surfaces are given in Table 2. The collisions are for an
initial energyEi of 30 eV and collision angle of 45°. Overall,
the peptide structure does not have a strong effect on the manner
in which the energy transfer is partitioned, particularly for
collisions with the diamond surface. For collision with the SAM
surface, the transfer of energy toEint is unaffected by the peptide
structure; however, there is a 9% decrease and increase of energy
transferred toEsurf andEf, respectively, for the extended (Gly)3.

The surface has a pronounced effect on how the energy is
transferred. For collision with the diamond surface, more than
70% of the energy remains in peptide translation, while for
collision with the SAM surface, more than 50% of the energy
is transferred to surface vibrations. Approximately 20% of the
energy is transferred to the peptide vibrational/rotational degrees
of freedom upon collision with diamond, which is 2-3 times
larger than for collision with the SAM. Only a small fraction
of the energy transferred to the ion’s internal modes is rotation.
For extended and folded (Gly)3 collisions with diamond, 15 and

12% of the energy transferred toEint is to rotation, respectively,
while for collision with the SAM these values are both 8%.

Distributions of the energy transfers are similar for extended
and folded (Gly)3 and are shown in Figure 4 for the folded
structure. The diamond and SAM surfaces give similarP(Ef)
distributions similar in shape, but much differentP(∆Eint) and
P(∆Esurf) distributions. P(∆Eint) is significantly broader for
collision with diamond as compared to the SAM surface.

B. Energy-Transfer Pathways.Peptide ions have a hierarchy
of vibrational modes ranging from high-frequency stretches to
low-frequency torsions. It is of interest to determine which types
of peptide modes are most efficiently excited by collisional
activation. In a previous simulation40 of exciting extended (Gly)4

by zero impact parameter collisions with Ar atoms atEi ) 100
kcal/mol, the role of different types of modes on the energy
transfer was investigated by increasing the mode frequencies
to the high-frequency limit at which the modes are constrained
and do not accept energy. With none of the vibrations
constrained, 58% ofEi is adsorbed by the peptide’s internal
degrees of freedom. When all of the modes are constrained,
except the torsions, this is lowered to 49%, which indicates that
the torsions absorb∼84% of the internal energy transferred to
the peptide.

As discussed above, with none of the folded (Gly)3 modes
constrained, 18, 9, and 73% ofEi ) 30 eV is transferred to
Eint, Esurf, andEf, respectively, for collision with the diamond
surface. With all of the modes of the (Gly)3 peptide, except the

(58) Chapman, S.; Bunker, D. L.J. Chem. Phys.1975, 62, 2890.
(59) Sloane, C. S.; Hase, W. L.J. Chem. Phys.1977, 66, 1523.
(60) Cho, Y. J.; Vande Linde, S. R.; Zhu, L.; Hase, W. L.J. Chem. Phys.1992,

85, 958.
(61) Allen, M. P.; Tildesley, D. J.Computer Simulation of Liquids; Oxford

University Press Inc.: New York, 1987.

Table 2. Average Energy (%) Transferred to Peptide Internal
Energy, Surface Vibrations, and Peptide Translations for Folded
and Extended Protonated (Gly)3 Collisions with the Diamond and
SAM Surfacesa

diamond SAM

folded extended folded extended

∆Eint 18 20 7 8
∆Esurf 9 8 63 54
Ef 73 72 30 38

a The collision energy and angle are 30 eV and 45°, respectively.

Figure 4. Distribution of the energy transfer to the ion(∆Eint) and to the
surface(∆Esurf) and the translational energy of the recoiling ion (Ef) as a
result of folded (Gly)3-H+ collisions with the diamond and SAM surfaces
at an initial translational energy of 30 eV (692 kcal/mol) andθi of 45°.
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torsions, constrained as described above, these respective values
become 14, 16, and 70%. Thus, as found in the previous
simulation of peptide CID,∼80% of the internal energy
transferred to the peptide in SID goes to the torsions.

C. Effect of Peptide Size.The effect of peptide size on the
energy transfer was investigated by simulating collisions of
folded (Gly)5 with diamond atEi ) 30 eV andθi ) 45°. The
results may be compared with those above for folded (Gly)3.
For folded (Gly)5, the energy transfers ofEi to Eint, Esurf, and
Ef are 23, 5, and 72%, respectively, which are only slightly
different from the above respective values of 18, 9, and 73%
for folded (Gly)3. For (Gly)5, as compared to (Gly)3, there is a
small 5% increase inEi f Eint at the expense ofEi f Esurf.

D. Effect of Ei. The initial peptide translational energy is
expected to affect the energy-transfer dynamics, and this
property was investigated by simulating collisions of folded
(Gly)3 with diamond{111} at Ei of 10, 70, and 110 eV, to
complement the above results forEi ) 30 eV. The energy
transfers for all theEi are shown in Figure 5. It is seen that the
energy transfer to the peptide increases from 8 to 18%, when
Ei is increased from 10 to 30 eV, but then decreases asEi is
increased from 70 to 110 eV. Energy transfer toEf decreases
asEi is increased. At highEi , energy transfer to the diamond
surface vibrations becomes more important than energy transfer
to the peptide’s vibrations.

E. Collision Lifetimes. The average lifetime62,63 for the
collision of folded (Gly)3 with diamond{111}, at Ei of 10, 30,
70, and 110 eV, was studied by determining the average change
in the (Gly)3 vibrational and rotational energy versus time for
the ensemble of trajectories calculated at eachEi. The results
are shown in Figure 6. AsEi is increased, the collision lifetime
becomes shorter. Since the collisions are direct, with no trapping
of the peptide on the diamond surface, a simple model would
assume the collision lifetime to be proportional to the collision
velocity, which is proportional to (Ei)1/2. The results in Figure
6 are only qualitatively consistent with such a model. Comparing

Figures 5 and 6 shows that asEi is increased the collision
lifetime decreases and the energy transfers to peptide translation
and peptide and surface vibrations decrease and increase,
respectively.

V. Comparison of Peptide and Cr(CO) 6
+ Energy

Transfer Dynamics

In recent work,39,64 we have simulated the energy-transfer
dynamics associated with Cr(CO)6

+ SID and it is of considerable
interest to compare the results of this work with that reported
here for peptide SID. An important finding from these studies
are the different energy transfers for Cr(CO)6

+ and the proto-
nated (Gly)3 and (Gly)5 peptide ions, with overall more efficient
activation of the internal vibrational modes for the smaller
projectile Cr(CO)6+. For Cr(CO)6+ collision with the SAM
surface, atEi ) 30 eV andθi ) 45°, the energy transfers to
Eint, and Esurf, and Ef are 10, 69, and 21%, respectively. For
folded (Gly)3 collision with the SAM, at the sameEi and θi,
the respective values are 7, 63, and 30%, while for extended
(Gly)3 they are 8, 54, and 38%. The Cr(CO)6

+ collisions transfer
more energy toEint andEsurf and less toEf.

As shown in Table 3, more extensive comparisons between
the Cr(CO)6+ and folded protonated (Gly)3 ion energy-transfer
dynamics may be made for collisions with diamond{111}. For
all Ei, the Cr(CO)6+ collisions transfer more energy toEsurf and
less toEf than do the (Gly)3 collisions. At low Ei, the energy
transfer toEint is larger for Cr(CO)6+ than (Gly)3. However, at
largeEi, the internal activation is similar for the two ions.

Though (Gly)3 has more vibrational modes than does Cr-
(CO)6+, i.e., 69 versus 33, this does not necessarily translate
into more efficient activation of the peptide. As shown above,
by constraining the modes of the peptide,40 only the peptide
torsions are efficiently excited by collisional activation. Includ-
ing the N-C-OH torsion, (Gly)3 has nine torsional modes. For
Cr(CO)6+ activation, only the six high-frequency CO stretch
modes appear to be inactive to the reception of energy.64 Folded
(Gly)5 has 15 torsional modes, and for its collisions with
diamond{111}, the energy transfer toEint is 23% forEi ) 30
eV, a value intermediate of the 18% for (Gly)3 and 30% for
Cr(CO)6+.

Besides identifying the number and types of projectile
molecular modes that receive energy, the relative partitioning
of the collision energy between the projectile modes, the surface
vibrations, and projectile final translation depends on the
relationships between the time scales for projectile vibration,
surface vibration, and projectile translation.65-67 The results in
Table 3 show that at lowEi the higher frequency diamond modes

(62) Bernshtein, V.; Lim, K. F.; Oref, I.J. Chem. Phys.1995, 99, 4531.
(63) Oref, I.; Bernshtein, V.J. Chem. Phys.1998, 108, 3543.

(64) Meroueh, O.; Song, K.; Hase, W. L.J. Phys. Chem. B, submitted.
(65) Mahan, B. H.J. Chem. Phys.1970, 52, 5221.

Figure 5. Percent energy transfer toEint (b), Esurf (2), andEf (9) versus
collision energy, for collisions of folded protonated (Gly)3 with diamond
{111} at θi ) 45°.

Table 3. Comparisons of Trajectory Simulations of Energy
Transfer (%) for Folded Protonated (Gly)3 and Cr(CO)6

+ Collisions
with Diamond {111}a

∆Eint ∆Esurf Ef

Ei
b (Gly)3 Cr(CO)6

+ (Gly)3 Cr(CO)6
+ (Gly)3 Cr(CO)6

+

5 20 1 79
10 8 2 89
30 18 30 9 14 73 56
70 17 17 21 29 62 54

110 14 16 29 38 57 46

a The collision angle is 45°. b The collision energy in eV.
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are inactive and receive very little of the collision energy.
However, asEi is increased, the time scales for projectile
translation and surface vibration become in accord and more
energy is transferred to surface vibration at the expense of the
scattered projectile’s translation. A reflection of the change in
the relationships between the different time scales, asEi is
increased, is the peak in the percent energy transfer to the
projectile at Ei of ∼30 eV, which is more pronounced for
Cr(CO)6+ (See Table 3).

VI. Summary

The following are the important findings, from the simulations
reported here, of 10-110-eV collisions of protonated polygly-
cine (Gly)3 and (Gly)5 ions with n-hexyl thiolate SAM and
diamond{111} surfaces.

1. For a collision energyEi of 30 eV, the diamond surface is
a more efficient activator of the peptide’s internal modes,
transferring∼20% ofEi to peptide vibration/rotation, while the
SAM only transfers about 8%. In other recent work,39,64 the
diamond surface is also found to be a more efficient activator
of Cr(CO)6+ projectile ions than is the SAM surface.

2. For 30-eV collisions with the diamond surface, the energy-
transfer probabilities are similar for folded and extended
structures of (Gly)3. However, for collisions with the SAM
surface, energy transfer to the peptide’s internal modes does
not depend on its structure, but energy transfer to the surface
vibrations and translation of the scattered projectile depends on
the peptide’s structure. Energy transfer toEsurf andEint is 9%
smaller and larger, respectively, for the extended structure. This
is an interesting finding, which is clearly related to experimental
studies of the influence of secondary structure on the fragmenta-
tion of peptides13,68and needs further investigation. The effect
of different energy-transfer distributions, for different peptide
structural conformations, would be to broaden energy-transfer
distributions for experimental studies, in which the projectile
ion beam is composed of a distribution of structural conforma-
tions.

3. Constraining various modes of folded (Gly)3 shows that
∼80% of the energy transfer to the peptide’s internal modes
goes to the torsions. That the peptide torsions are the principal
“accepting modes” of energy in SID agrees with the∼84%
transfer of internal energy to peptide torsions in a recent
simulation of peptide CID.40

(66) Shin, H. K. InDynamics of Molecular Collisions, Part A.; Miller, W. H.,
Ed.; Plenum: New York, 1976; p 131.

(67) Yardley, J. T.Introduction to Molecular Energy Transfer; Academic
Press: London, 1980.

(68) Tsaprailis, G.; Nair, H.; Somogyi, A.; Wysocki, V. H.; Zhang, W.; Futrell,
J. H.; Summerfeld, S. G.; Gaskell, S. J.J. Am. Chem. Soc.1999, 121,
5142.

Figure 6. Ensemble average of the internal energy of folded (Gly)3 versus time forEi ) 10 (upper left), 30 (upper right), 70 (lower left), and 110 eV (lower
right). An estimate of the collision lifetime is shown in each graph.
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4. The percent energy transfer to the peptide’s internal modes
is only weakly dependent on peptide size. For folded (Gly)3

colliding with the diamond surface, 18% of the collision energy
is transferred toEint, while this energy transfer is 23% for folded
(Gly)5. This small increase in energy transfer toEint, for (Gly)5
collisions with the diamond surface, comes at the expense of
energy transfer to the surface vibrations.

5. The partitioning of the energy transfer, between the
projectile’s internal modesEint, the surface vibrationsEsurf, and
projectile final translationEf depends on the collision energy
Ei. For folded (Gly)3 collisions with diamond{111}, percent
energy transfer toEint first increases withEi and then decreases.
Energy transfers toEsurf andEf increase and decrease, respec-
tively, with increase inEi. Similar patterns in collisional energy
transfer were found in recent simulations of Cr(CO)6

+.64

6. For the same surface and collision energy, more of the
collision energy is transferred to the internal modes of Cr(CO)6

+

than to internal modes for either (Gly)3 or (Gly)5, though the
latter have more internal degrees of freedom. The efficiency of
internal energy transfer depends in part on the number of modes
that can act as active pathways for receiving the collision energy.
This work and that reported earlier38 indicate that only the
torsions of the peptides are efficient receptors of the collision
energy, while for Cr(CO)6+, only the CO stretches have been
identified as inefficient energy-transfer pathways.

The Ei f Eint energy transfers found here for (Gly)3 and
(Gly)5 colliding with then-hexyl thiolate self-assembled mono-
layer (H-SAM) and diamond{111} surfaces are overall
consistent with experiments by Laskin et al.14 of dialanine SID
on a fluorinated self-assembled monolayer (F-SAM) surface
consisting of the FC12 alkanethiol CF3(CF2)9 C2H4SH. However,
it should be noted that in their collisions the projectile ion
collisions are normal to the surface, instead of the 45° collision
angle simulated here, and their distributions ofP(∆Eint), which

they describe as arising from a thermalization process, are
broader than the ones reported here. Using RRKM modeling
of the experimental results, Laskin et al. found that for a collision
energy Ei in the 3-23-eV range on average 21% ofEi is
converted to peptide internal energyEint. For the simulations
reported here, of folded (Gly)3 colliding with the diamond{111}
surface, theEi f Eint energy transfer varies from 8 to 18% for
Ei in the range of 10-110 eV, with a peak in the energy transfer
of ∼18% atEi of ∼30 eV. For folded (Gly)3 colliding with the
softer H-SAM surface, theEi f Eint energy transfer from the
simulations is much smaller and 7% ofEi at 30 eV.

Previous work69 has shown thatEi f Eint energy transfer is
∼5-10% larger for projectiles colliding with a F-SAM as
compared to a H-SAM surface. There are several reasons why
energy transfer to the projectile’s internal modes is more
important for collisions with a F-SAM. Because C-F bonds
are longer than C-H bonds and the F-atom larger than the
H-atom, repulsive forces between the alkyl chains will be more
pronounced for the F-SAM, giving rise to a stiffer surface. In
addition, the intermolecular potential between the projectile and
the F-SAM may give rise to more energy transfer. TheEi f
Eint energy transfer for peptide ions colliding with F-SAM
surfaces is apparently similar to that for projectiles colliding
with the diamond{111} surface. In future trajectory simulations,
it will be important to study the SID of peptide ions colliding
with F-SAM surfaces.
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