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bstract

A QM + MM direct dynamics simulation, using MP2/6-31G* theory as a model for the intramolecular potential of protonated glycine (gly-
+), is used to study gly-H+ + diamond {1 1 1} SID. The simulations are performed for collisions normal (θi = 0◦) and oblique (θi = 45◦) to

he surface and at a collision energy of 70 eV (1614 kcal/mol). The gly-H+ energy-transfer dynamics, observed in this study, are in accord
ith previous studies in which AMBER and AM1 were used for the ion’s intramolecular potential [S.O. Meroueh, Y. Wang, W.L. Hase, J.
hys. Chem. A 106 (2002) 9983]. A particularly important finding is that a significant fraction of the gly-H+ ions fragment by a shattering
echanism as they collide with the surface. This result supports earlier studies in which shattering fragmentation was also observed for both

ly-H+ and gly2-H+, in QM + MM direct dynamics simulations in which the AM1 semiempirical QM model was used for the ion’s intramolecular

otential, instead of the MP2/6-31G* model. Using MP2/6-31G* the predominant shattering fragmentation channels, in decreasing order of
mportance, are NH3 + CH2COOH+, NH3 + CO + CH2OH+, H2 + NH2CHCOOH+, and NH2CH2

+ + C(OH)2 for θi = 0◦, and NH3 + CH2COOH+,
H2CH2

+ + C(OH)2, NH2CH2
+ + HCOOH, and NH + C(OH)2CH3

+ for θi = 45◦. SID at θi = 45◦ was studied previously with AM1 and the percentage
f gly-H+ trajectories which shatter with MP2/6-31G* is the same as found for AM1.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Collisions of gaseous particles with surfaces represent a
apidly growing area of chemistry and physics with a wide
ange of applications in various branches of science and tech-
ology. When a polyatomic ion collides with a surface, it can
issociatively or non-dissociatively scatter, stick to the surface,
.e., became trapped on the surface, so-called “soft-landing”,
r implant into the bulk. Surface-induced dissociation (SID),
rst introduced by Cooks and co-workers in the 1980s [1], is
mass spectrometry technique for fragmenting and analyzing

ons by colliding them with surfaces [1–5]. The specific frag-

ents produced provide detailed information concerning the

on’s structure and associated energetics for its fragmentation
athways.
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SID has proven to be a successful means to activate and
ragment protonated peptides [6–17]. It provides sequence infor-
ation for peptides, including large multiply charged peptides

18]. High internal energy deposition provided by ion-surface
ollisions yields extensive fragmentation of protonated pep-
ides, allowing relatively rapid and uncomplicated analyses of
heir sequences. SID combined with electrospray ionization
ESI) provides a distinct experimental technique to determine
he energetics and mechanisms of peptide fragmentation [19].
he relative position of ESI/SID fragmentation efficiency curves

plots of percentage fragmentation versus laboratory collision
nergy) for peptides can be utilized to estimate relative ener-
etics of peptide fragmentation and predict proton localization
ites.

The efficiency of transfer of the collision translational energy
o the projectile ion’s internal energy, during its collision with the

urface, has been investigated by classical trajectory simulations
20–29]. These SID simulations have investigated collisions of
i(CH3)3

+, Cr+(CO)6 and protonated polyglycine and polyala-
ine ions [i.e., gly-nH+ and alan-H+, n = 1–5] with diamond
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dx.doi.org/10.1016/j.ijms.2007.03.009
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1 1 1} and hydrogenated alkanethiolate self-assembled mono-
ayer (H-SAM) surfaces. These simulations have given an
tomic-level understanding of the dynamics of the collisional
nergy-transfer process. Semiquantitative agreement is found
etween experimental energy-transfer efficiencies [5,30–32]
nd those determined from the simulations [33].

The simulations show that ions, including protonated pep-
ides, may fragment by two mechanisms. The first dissociation

echanism corresponds to the traditional RRKM mechanism
34]. The ions initially undergo impulsive excitation upon colli-
ion with the surface, are inelastically reflected off the surface,
nd then undergo unimolecular dissociation. The collisionally
xcited ion first rebounds off the surface and then dissoci-
tes after intramolecular vibrational energy redistribution (IVR).
t low collision energies, the experimental kinetic to internal

nergy-transfer efficiencies are fit to an implusive excitation
odel which quantitatively duplicates the dependence on both

he initial kinetic energy and effective mass of the surface [3].
he second dissociative mechanism corresponds to so-called
shattering”, in which the ion dissociates as it collides with
urface. Experimental evidence in support of both these mech-
nisms has been observed for different ions [35,36], including
eptide ions [37–39].

The previous calculations, which identified a shattering
echanism for gly-H+ and gly2-H+ fragmentation [24,27],
ere QM + MM direct dynamics simulations [40,41]. The AM1

emiempirical quantum mechanical (QM) theory was used to
epresent the potential energy function for the peptide ion Vion.
he complete potential energy function for the simulations is
ritten as

= Vion + Vsurf + Vion−surf (1)

here Vsurf is the potential for the model of diamond {1 1 1}
sed in the simulations and Vion-surf is the peptide ion surface
ntermolecular potential. Both Vsurf and Vion-surf are analytic

olecular mechanical (MM) type potentials.
Though AM1 theory gives an overall good representation of

otential energy barriers for gly-H+ dissociation [24], it is not as
ccurate as higher levels of theory such as the B3LYP and MP2
ethods (see Table 1 in Ref. [24]). A similar difference between
M1 and B3LYP and MP2 is expected for gly2-H+ and larger
eptides. Given the importance of unequivocally characterizing
ragmentation mechanisms for peptide ion SID, it is important
o perform the simulations at higher levels of theory than AM1.
his is computationally feasible for small peptides and, in the
ork presented here, a QM + MM direct dynamics simulation
f gly-H+ diamond {1 1 1} SID is reported. The simulation is
dentical to the previous study [24], except MP2/6-31G* is used
or the Vion potential instead of AM1. In addition, more atomic-
evel details are given for the energy transfer and fragmentation
ynamics.
. Potential energy function

The model used in this study for the gly-H+ + diamond{1 1 1}
ystem is the same as that used previously [24] and it con-

r
a
t
2
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ists of a 1988 atom diamond surface. The potential energy
unction is given in Eq. (1). As described above, the MP2/6-
1G* electronic structure theory model was used for the gly-H+

ntramolecular potential. The remaining potentials are analytic
unctions, described in detail previously [23,42]. The potential
nergy function for the diamond {1 1 1} model consists of har-
onic stretches and bends, with force constants chosen to fit the

iamond phonon spectrum [42]. The ion-surface intermolecular
otential, Vion-surf, is modeled by a sum of two-body potentials
etween the atoms of the peptide and the atoms of the surface.
he two-body potential is given by

XY = AXY exp(−BXYrij) + CXY

r6
ij

(2)

here X corresponds to the C and H atoms of diamond and
corresponds to the H, C, O, and N atoms of the peptide. To

etermine the parameters for the two-body potentials, ab initio
otential energy curves were calculated [23] using CH4 for the C
nd H atoms of diamond and CH4, NH3, NH4

+, H2CO, and H2O
s models for the different types of atoms and functional groups
omprising peptides. In fitting the ab initio potentials with a sum
f two-body potentials, as given by Eq. (2), the focus was on
ccurately fitting the short-range, repulsive region of the two-
ody potential [23]. The long-range region is not sufficiently
ttractive and obtaining two-body potentials which accurately
t both the short-range and long-range regions is an important
urrent research project [43].

. Computational procedure

The direct dynamics classical trajectory simulations were car-
ied out with general chemical dynamics computer program
ENUS [44] interfaced with the electronic structure theory

omputer program Gaussian [45]. Initial conditions for the tra-
ectories were chosen to represent experiments, as described in
he previous study [24]. Gly-H+ was randomly rotated about its
enter-of-mass to sample all collision orientations and directed,
ith a random azimuthal angle, towards a randomly chosen

mpact site on the surface. Initial conditions, for a 300 K Boltz-
ann distribution, were chosen for the vibrational modes of

ly-H+ using the quasiclassical normal mode method [46].
Initial conditions for the diamond surface were chosen by

ssigning velocities sampled from a 300 K Maxwell–Boltzmann
istribution for the surface of atoms. The surfaces were then
quilibrated for 2 ps of molecular dynamics by scaling the veloc-
ties [47] so the temperature corresponds to that for a 300 K
lassical Boltzmann distribution. The structure obtained from
his equilibration process is then used as the initial structure for
.1 ps equilibration run at the beginning of each trajectory. A
otal of 544 and 116 trajectories were calculated, using a 6th
rder symplectic integrator [48], for a collision energy Ei of
0 eV and an incident angle θi of 0◦and 45◦, respectively, with

espect to the surface normal. The trajectories were initiated with
16 Å separation between the gly-H+ center-of-mass and the

op of the surface and terminated when this separation exceeded
0 Å. To calculate a trajectory that terminated in this manner
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AM1 and AMBER within statistical uncertainties. (The distri-
butions in Fig. 1 may be compared with those in Fig. 7 of Ref.
[24].) Thus, AM1, AMBER, and MP2/6-31G* give the same
energy-transfer probabilities for gly-H+ collisions with diamond
28 K. Park et al. / International Journal

equired ∼20–30 h of CPU time on a single processor 3.0 GHz
entium IV computer.

This trajectory ensemble was initially propagated with an
ntegration step-size of 2 fs, and, for θi = 0◦, 114 of the tra-
ectories had either an error in the numerical integration (i.e.,
iscontinuity in the MP2/6-31G* energy) or a SCF conver-
ence failure. These 114 trajectories were rerun with integration
tep-sizes of 1 fs and smaller, and 34 ended normally with a
eparation between both the nitrogen and hydroxyl oxygen of
ly-H+ and the top center atom of the surface greater than 20 Å.
mong these, 33 trajectories could be analyzed for both the
nal energy partitioning and the gly-H+ fragmentation pattern.
ne trajectory had one carbon atom remaining near the sur-

ace, and thus excluded from the final energy analysis. The
emaining 80 trajectories terminated as the result of a numer-
cal integration error or SCF convergence failure. Of these,
3 terminated after scattering off the surface and their frag-
entation mechanisms could be identified. The remaining 17

erminated as gly-H+ hit the surface and their fragmentation
roducts could not be identified. Most of the convergence fail-
re trajectories fragmented via channels forming OH+, H+, or the
-atom.
Of the above 63 trajectories, 28 terminated sufficiently above

he surface that the gly-H+/surface interaction energy was small
nd, thus, very accurate final energies could be calculated. For
he remaining 35 trajectories, their fragmentation mechanisms
ould be identified as described above, but they terminated too
ear the surface to determine final energies.

To summarize, a total of 544 trajectories were calculated.
he fragmentation mechanism was identified for all but 17 of

he trajectories and the final energy analysis was possible for all
ut 53. The final energies are identified by

i = Ef + �Esurf + �Eint (3)

here Ei is the initial collision energy, Ef the translational
nergy of the center of mass of the scattered ion (or its frag-
ents), �Esurf the energy transfer to the surface, and �Eint is the

nergy transfer to the gly-H+ ion’s internal vibrational/rotational
otions. It should be noted that the number of θi = 0◦ trajectories
ith a numerical problem decreased from 114 to 80 when the

ntegration time step was decreased from 2 to 1 fs. With a smaller
ime step or different integrator the number of trajectories with
numerical problem may be further reduced.

In contrast, of the 116 trajectories with an incident angle of
5◦, only 4 terminated by SCF convergence failure. These 4
rajectories were rerun with a 1 fs integration step-size. These
rajectories also terminated with a SCF convergence failure, but
t sufficient distance above the surface that the final energies as
ell as fragmentation mechanism could be determined.

The total integration time of the atomic motion for each tra-

ectory varied from 340 to 570 fs. With a 70 eV collision energy
nd θi = 0◦, it took gly-H+ 130 fs to strike the surface. Thus,
he time period for which the internal dynamics of excited gly-

+ was followed is 210–440 fs. For θi = 45◦ the gly-H+ internal
ynamics was followed for 190–300 fs.
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. Trajectory results

The trajectories were analyzed to determine their fragmen-
ation mechanisms and distributions for the energy transfers to
f, �Esurf, �Eint. Additional analyses were performed to deter-
ine the dependence of the energy-transfer distributions and

ragmentation mechanisms on the orientation of gly-H+ as it
trikes the diamond surface. The simulations were performed
or θi of 0◦ and 45◦.

.1. Energy-transfer efficiencies

The distributions for the collision energy remaining in pep-
ide ion translation, P(Ef), transferred to the surface, P(�Esurf),
nd transferred to the ion, P(�Eint), are plotted in Fig. 1 for θi
f 0◦ and 45◦. The average percentage energy transfers, deter-
ined for these distributions are listed in Table 1, where they

re compared with previous results. An important finding, for
i = 45◦, is that representing Vion by MP2/6-31G* theory gives
he same average energy-transfer efficiencies as found previ-
usly [24] when representing Vion by AM1 and AMBER. The
M1 and AMBER energy-transfer distributions are the same,
ithin statistical uncertainties [24], and the current MP2/6-31G*
istributions given in Fig. 1 are also the same as those for
ig. 1. Distributions of �Esurf, �Eint, and Ef for gly-H+ collisions with
iamond {1 1 1} for Ei = 70 eV. MP2/6-31G* theory is used for the gly-H+

ntramolecular potential. Solid line, θi = 0◦, and dashed line, θi = 45◦. Repre-
entative error bars are illustrated in Fig. 3. The total energy to be distributed is

i = 70 eV = 1614 kcal/mol.
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Table 1
Energy-transfer efficiencies

Ion, Vion Ei, θi Average percentage energy transfer

�Eint �Esurf Ef Ref.

gly-H+, MP2a 70, 0◦ 17.4 46.5 36.1 b

gly-H+, MP2a 70, 45◦ 11.4 38.4 50.2 b

gly-H+, AM1 70, 45◦ 12 38 50 [24]
gly-H+, AMBER 70, 45◦ 11 37 52 [24]
gly2-H+, AM1 70, 0◦ 20 40 40 [27]
gly2-H+, AMBER 70, 0◦ 21.7 40.9 37.4 [28]
gly2-H+, AM1 70, 45◦ 12 27 61 [27]
gly2-H+, AMBER 70, 45◦ 15.1 24.9 60.0 [28]

E

{
s
r
i

H
e
e
θ

a
l
t
f
e
1

4

{
t
s
t
c
b
a
g
t
p
c
l
{
o
m
i

w
l
o
T
a

g
t
t
a
n
s
a

�

f
fi
T
o
n
f
o
Ψ

O
t
e
c
o
s
i
A
v
i
s
g

4

t
t
g
f

i is in eV; 70 eV equals 1614 kcal/mol.
a QM + MM calculations with the 6-31G* basis set.
b This work.

1 1 1}. That these three models for the gly-H+ potential give the
ame energy-transfer efficiencies suggests the energy-transfer
esults from the impulsiveness of the collision [35] and the
on-surface intermolecular potential.

The energy-transfer probabilities for both gly-H+ and gly2-
+ show that changing the incident angle from 0 to 45◦ decreases

nergy transfer to the surface and ion, with more of the collision
nergy remaining in translation. However, with this change in
i for gly2-H+, the decrease in energy transfer to the surface
nd increase in the energy remaining in translation are much
arger than found for gly-H+. For the same collision conditions,
he percent energy transfer to �Eint is not significantly different
or gly-H+ and gly2-H+. Though the gly2-H+ ion receives more
nergy transfer, it is only 3–4% larger; e.g., 11% for gly-H+ and
5% for gly2-H+.

.2. Initial gly-H+ orientation and energy transfer

In the previous simulation study of gly2-H+ + diamond
1 1 1} collisions [28], energy transfer was studied as a func-
ion of the orientation of the peptide’s backbone as it struck the
urface. Since the peptide ion had no rotational energy in the ini-
ial conditions, its initial orientation defined its orientation as it
ollided with the surface. This initial orientation was determined
y defining a vector from the nitrogen atom of the protonated
mino group to the hydroxyl oxygen atom of the carboxylic
roup. The angle between this vector and the vector normal to
he diamond surface determined the orientation angle Ψ i of the
eptide ion. For Ψ i of 0◦ and 180◦ the backbone of the peptide
ollides with a vertical orientation, while for Ψ i = 90◦ it col-
ides with a horizontal orientation. For the gly2-H+ + diamond
1 1 1} collisions, energy transfer was more efficient for vertical
rientations than for horizontal, with energy transfer somewhat
ore efficient if the C-terminus of the peptide strikes the surface

nstead of the N-terminus.
The same analysis of energy transfer versus orientation angle

as made for this simulation of gly-H+ + diamond {1 1 1} col-

isions. Since gly-H+ has no initial rotational energy, its initial
rientation defines its orientation as it collides with the surface.
he orientation angle Ψ i is defined as described above; i.e., the
ngle between a vector from the nitrogen atom to hydroxyl oxy-

w
i
f
w

en atom of gly-H+ and a vector normal to the surface. In Fig. 2
he internal energy changes for the peptide ion and surface, and
he final translational energy, are plotted versus the orientation
ngle for the gly-H+ + diamond {1 1 1} collisions. The smaller
umber of points for Ψ i near 0◦ and 180◦ is a reflection of the
in Ψ i weighting in choosing the initial conditions. As done in
previous study [28], second-order polynomial fits, given by

Eint = a(Ψi − Ψo)2 + b (4)

or �Eint, were used to establish trend lines for the data. (The
tting parameters are available from the authors on request.)
hough there is considerable scatter in the data, the fits indicate
rientation has an effect on the gly-H+ energy transfer, but it is
ot as pronounced as for gly2-H+. As shown in Fig. 4 of Ref. [28],
or gly2-H+ + diamond {1 1 1} energy transfer depends strongly
n Ψ i, with the energy transfers to �Esurf and Ef a maximum at
i ≈ 90◦ and the energy transfer to �Eint a minimum at this Ψ i.
ne point of agreement between the effects of orientation on

he gly-H+ and gly2-H+ collision dynamics is that for both ions
nergy transfer to �Eint is most efficient for Ψ i = 180◦, with the
arboxylic terminus first striking the surface. The much smaller
rientation dependence of energy transfer for the gly-H+ colli-
ions, as compared to those for gly2-H+, may be because gly-H+

s a smaller molecule and has a less pronounced backbone. That
M1 and MP2 give the same energy-transfer efficiencies, and
ery similar fragmentation dynamics (see below), for gly-H+

ndicates that the different effect of orientation for gly-H+ ver-
us gly2-H+ energy transfer is not a reflection of using MP2 for
ly-H+ and AM1 for gly2-H+.

.3. Fragmenting and shattering trajectories

For the two simulations reported here, the fractions of trajec-
ories which fragment and shatter are listed in Table 2, where
hey are compared with the previous simulations for gly-H+ and
ly2-H+ with AM1 for Vion. Shattering is identified as an event
or which at least one fragmentation occurs as the ion collides

ith the surface. All the fragmentation may occur during this

mpact or there may be further fragmentation after the shattering
ragments bounce off the surface. The fraction of the trajectories
hich shatter does not depend on the trajectory integration time.
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Fig. 2. Scatter plots of the energy transfers in Fig. 1 vs. the gly-H+ orien

n contrast, the fragmentation fraction depends on the period of
ime the dynamics of the peptide ion is followed after its colli-
ion with the surface. This time is shorter for the current MP2
imulations as compared to the previous AM1 simulations.

A particularly important finding is that the fraction of gly-H+

rajectories that shatter, for θi = 45◦, is the same for the MP2/6-
1G* and AM1 simulations. Comparing the MP2 results for the
wo θi shows that shattering is more likely for θi = 0◦, which is
xpected since the perpendicular component of its kinetic energy
s larger. There is also less total fragmentation at θi = 45◦, even
hough the gly-H+ dynamics is followed for a longer period of
ime. This results from smaller amounts of �Eint energy transfer
t θi = 45◦.
A comparison of the MP2 results for gly-H+ and AM1 results
or gly2-H+ at θi = 0◦ shows there is a small decrease in the
hattering fraction for the larger ion. The agreement between
he MP2 and AM1 shattering fractions for θi = 45◦ suggests that

g
e
t
i

able 2
ractions of fragmenting and shattering trajectories

olecule (theory) Ei, θi
a Timeb Num

ly-H+ (MP2/6-31G*)e 70, 0◦; 70, 45◦ 0.21–0.44; 0.19–0.30 527;
ly-H+ (AM1)f 70, 45◦ 1.3 100
ly2-H+ (AM1)g 70, 0◦ 0.85 122

a Collision energy is in eV; 70 eV equals 1614 kcal/mol.
b Maximum period of time (ps) the dynamics of the peptide ion was followed after
c The total fragmenting fraction includes both shattering and non-shattering events
d Number of trajectories which shatter divided by the total number of trajectories.
e Results reported here.
f Ref. [24].
g Ref. [27].
angle Ψ i. The curves are parabolic fits, Eq. (4). Energy is in kcal/mol.

he same result would have been obtained if MP2 had been used
or the gly2-H+ simulation. However, the effect of peptide ion
ize on the efficiency of shattering is an important issue and in
he future it will be important to use MP2 to study SID of larger
eptide ions.

The total gly-H+ fragmentation fractions in Table 2 for the
P2 and AM1 calculations are consistent. For MP2, 0.08 of

he fragmentation occurs by non-shattering, while this fraction
s 0.19 for the AM1 calculation. The larger fragmentation frac-
ion for the AM1 calculation is consistent with the longer time
he gly-H+ ion’s unimolecular dynamics was followed with
M1, i.e., 1.3 ps versus 0.19–0.30 ps with MP2. It is impor-

ant to note that if the unimolecular dynamics of the excited

ly-H+ ions were followed for a sufficiently long time, all are
xpected to dissociate. For both the AM1 and MP2 calculations
he minimum amount of internal energy transferred to gly-H+

s greater than 50 kcal/mol; i.e., see Fig. 7 of Ref. [24] and the

ber of trajectories Total fragmenting fractionc Shattering fractiond

116 0.68; 0.30 0.57; 0.22
0.42 0.23
0.66 0.44

its collision with the surface.
.
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Fig. 3. Probabilities of different gly-H+ scattering events vs. the gly-H+ orien-
tation angle Ψ i for the MP2/6-31G* simulations with Ei = 70 eV and θi = 0◦.
The bar height is the number of trajectories in each angle interval, �Ψ i = 10◦,
divided by sin Ψ i, where Ψ i is the median angle within the interval. Dividing
by sin Ψ i removes the sin Ψ i weighting factor present in selecting the initial
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As discussed above, for both θi’s, all of the scattered gly-
H+ ions contain sufficient internal energy to fragment. Thus, if
the dynamics of scattered ions were followed for a much longer
K. Park et al. / International Journal

urrent Fig. 1. B3LYP/6-31++G** [49], B3LYP/6-31G* [50],
P2/6-31G*[50,51], QCISD(T)/6-31+G** [50], and AM1 [24]

alculations predict the lowest barrier for gly-H+ dissociation is
6–41 kcal/mol to form NH2CH2

+ + CO + H2O.
Due to its larger size and more degrees of freedom, amongst

hich the internal energy may be distributed, less fragmenta-
ion might be expected for gly2-H+ as compared to gly-H+ at
he same collision energy and incident angle and for the same
rajectory integration time [34]. As shown in Table 2, nearly
dentical fragmentation probabilities are found for gly-H+ and
ly2-H+ at the same collision energy and incident angle. How-
ver, the unimolecular dynamics of the gly2-H+ trajectories were
ollowed for a longer period of time of 0.85 ps as compared to
.21–0.44 ps for the gly-H+ trajectories, so that gly2-H+ had
ore time to fragment.

.4. Initial gly-H+ orientation and fragmentation dynamics

The probabilities of the different collision events (i.e., frag-
entation, non-fragmentation, shattering, and non-shattering

ragmentation) are given in Fig. 3 as a function of the peptide
on’s orientation angle Ψ i for the MP2/6-31G* simulations with
i = 70 eV and θi = 0◦. To remove the sin Ψ i weighting factor
hich is present in selecting the initial conditions [45], the num-
er of trajectories in each bin was multiplied by 1/sin Ψ i, where
i is the median angle within the bin. Thus, the height of the

in represents the probability the particular event occurred for
he specific �Ψ i bin width. Fragmentation in the top graph is
sum of shattering and non-shattering fragmentation. The ratio
f bin heights, for two types of events for the some �Ψ i, equals
he ratio of the number of trajectories for the two event types. As
iscussed above, all of the trajectories are expected to fragment
f the trajectories are integrated for a sufficiently long period
f time. Thus, the most meaningful analysis in Fig. 3 is for the
hattering events.

As shown in Fig. 3, both the shattering probability is largest
or vertical or near vertical orientations with Ψ i approximately
qual to 0◦ or 180◦. Concurrent with a greater efficiency for
nergy transfer to �Eint for Ψ i = 180◦ (i.e., see Fig. 2), shattering
s also more probable for Ψ i = 180◦ with the carboxylic terminus
rst striking the surface instead of the protonated amine group.
ollisions in which the carboxylic group first impacts the surface
learly promote fragmentation.

.5. Fragmentation mechanisms

Fig. 4 shows possible backbone cleavage sites for gly-H+

ragmentation. Site 1 is C–C bond rupture, site 2 C–O bond
upture, and site 3 C–N bond rupture. In addition, C–H bond
upture was observed and identified as site 4. The probabilities
or the different backbone cleavage patterns observed in the tra-
ectories are listed in Table 3 for the calculations at θi of 0◦ and
5◦. The most probable cleavage pattern is bond rupture at site 1

or both initial angles. Bond cleavages at sites 2 and 3 are much
ess probable than at site 1 for θi = 0◦, but for θi = 45◦ cleavage
t sites 2 and 3 have nearly equal probabilities. Multiple back-
one cleavages are important for θi = 0◦, but not for θi = 45◦.

F
r
r

onditions. The error bars depict the standard deviation in the number of events
ithin each �Ψ i interval. All the ions are expected to fragment if the trajectories
ere integrated for a sufficiently long period of time.

he enhanced multiple backbone bond cleavages for θi = 0◦ is
onsistent with more energy transferred to the gly-H+ internal
egrees of freedom for perpendicular collisions. H-atom elimi-
ation is important for θi = 0◦, where 130 out of the 138 H-atom
liminating trajectories involved shattering.
ig. 4. Possible bond rupture sites for the gly-H+ backbone. Site 1 is C–C bond
upture, site 2 is C–O bond rupture, and site 3 is C–N bond rupture. C–H bond
upture also occurs, identified as site 4.
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Table 3
Number of trajectories which fragment at each dissociation site

Backbone cleavage pattern Number of trajectories Number of H eliminationa Number of shattering

θi = 0◦
1 139 (0.26)b 66 105
2 21 (0.04) 3 17
3 39 (0.07) 1 32
1 2 73 (0.14) 25 60
1 3 53 (0.10) 12 49
1 2 3 5 (0.01) 1 5
No backbone cleavage 30 (0.06) 30 30
No reaction 167 (0.32) – –

Total 527 138 298

θi = 45◦
1 16 (0.14)b 2 13
2 1 (0.01) 0 0
3 14 (0.12) 0 10
1 2 2 (0.02) 1 2
1 3 1 (0.01) 0 0
1 2 3 0 (0.00) 0 0
No backbone cleavage 1 (0.01) 0 1
No reaction 81 (0.70) – –

Total 116 4 26
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a H elimination is channel 4 and includes H, H2, and H + H2 eliminations.
b The number in parentheses is the probability of the cleavage pattern.

eriod of time than the less than 0.5 ps studied here, 100% frag-
entation is expected and the backbone cleavage pattern may

iffer from what is found here. However, the complete shattering
ragmentation dynamics is obtained from the current simulation
nd they may be documented. For θi = 0◦ the relative ranking by
ecreasing importance of different backbone shattering patterns
s cleavage at site 1; sites 1 and 2; sites 1 and 3; site 3; site 2;
nd sites 1, 2, and 3. For θi = 45◦, cleavage of multiple sites by
hattering is much less important and only constitutes ∼10% of
he fragmentation.

Of the 60 θi = 0◦ shattering trajectories with cleavage at both
ites 1 and 2, site 1 shattered as the ion hit the surface for ten
f the trajectories and site 2 shattered for seven. The second
leavage occurred after the shattering fragments rebounded off
he surface. For 43 of the 60 trajectories, sites 1 and 2 shattered
early simultaneously. Of the 49 θi = 0◦ shattering trajectories,
hich cleaved at sites 1 and 3, 12 shattered simultaneously at

hese sites yielding H2. Of these, for 3 these two sites cleaved by
hattering, followed by H2 dissociation, and 9 shattered nearly
imultaneously to all the product fragments including H2. Of the
7 remaining trajectories, 15 shattered at site 3, 1 shattered at
ite 1, and 21 shattered simultaneously at sites 1 and 2.

Each backbone cleavage resulted in multiple fragmen-
ation channels and the 96 different channels found from
he θi = 0◦ simulations are listed in Table 4 and the 14
ifferent channels found from the θi = 45◦ simulations are
isted in Table 5. Also included are the number of tra-
ectories which fragmented in this manner and the number

f the trajectories which are shattering events. The θi = 45◦
on-perpendicular collisions transfer less collision energy to
he internal degrees of freedom of gly-H+ (see Table 1),
hich results in substantially fewer fragmentation channels.

c
t
M
H

or θi = 0◦ the predominant channels in decreasing order
f importance are NH3 + CH2COOH+, NH2CH2

+ + C(OH)2,
H3 + CO + CH2OH+, H2 + NH2CHCOOH+ and NH2CH2

+

CO + H2O. For θi = 45◦ the predominant fragmentation chan-
els in decreasing order of importance are NH3 + CH2COOH+,
H2CH2

+ + C(OH)2, and NH2CH2
+ + HCOOH. These are well

nown channels for gly-H+ fragmentation as found from the
revious QM + MM direct dynamics simulation [24], electronic
tructure calculations [49–52], and experiment [53–55].

The trajectories were followed for a sufficient period of time
o identify all shattering events and it is of interest to identify
he relative importance of the different shattering pathways. This
nalysis is summarized in Table 6. For both θi’s the dominat shat-
ering channel yields NH3 + CH2COOH+. However, the relative
mportance of the lesser channels is different for the two θi’s.
s shown in Table 4 for θi = 0◦, many of the product channels

re only formed by shattering and the strong suspicion is that
o additional products would be observed for these channels
f the trajectories were followed to complete dissociation. For
xample H2 + NH2CHCOOH+ is one of the dominant channels
nd appears to be only formed by shattering. The statistics are
uch poorer for the θi = 45◦ simulations, but many of the frag-
entation channels observed at this angle may also only occur

y shattering. Two such channels may be NH2CH2
+ + HCOOH

nd NH + C(OH)2CH3
+.

Table 6 also provides a comparison of the gly-H+ shat-
ering dynamics predicted by MP2 and AM1 at θi = 45◦. For
oth the NH2CH2

+ + C(OH)2 and NH2CH2
+ + HCOOH product
hannels the MP2 and AM1 QM models give similar fragmenta-
ion probabilities. However, NH3 + CH2COOH+ is the dominant

P2 channel, but much less important for AM1. Similarly,
NCH2 + H2 + COOH+ is the dominant AM1 fragmentation
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Table 4 (Continued )
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hannel, but much less important for MP2. In addition,
H + C(OH)2CH3

+ is the fourth most important MP2 channel,
ut not observed in the AM1 simulation. Another important
ifference between the previous AM1 [27] and current MP2
imulations at θi = 45◦ is the smaller number of H atom or H2
hattering channels for the latter. For MP2 3.4% of the trajecto-
ies shatter to form H or H2, while for AM1 the fraction is 13%.
or the MP2 simulation all the H and H2 products were formed
y shattering. For AM1 there is one additional non-shattering
vent forming H2.

Previous MP2, B3LYP, and QCISD(T) ab initio calculations
49–52], with the 6-31G*, 6-31+G** and 6-31++G** basis sets,
ave studied the following gly-H+ fragmentation channels and
etermined the fragmentation barriers (kcal/mol) given in paren-

hesis: NH2CH2

+ + CO + H2O (36–41), NH2CH2
+ + C(OH)2

52–63), NH3CH3
+ + CO2 (74–78), NH2CHCOOH+ + H2

∼80), and NH2CH2
+ + HCOOH (85–93). Each of these

able 4
roducts from gly-H+ SID for θi = 0◦

aThe grey cell indicates the charge distribution is uncertain.
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Table 5
Products from gly-H+ SID for θi = 45◦
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The grey cell indicates the charge distribution is uncertain.

hannels is observed as shattering and non-shattering for
he MP2 simulations at θi of 0◦ and 45◦, except the one
orming NH2CHCOOH+ + H2, which is only observed at
i = 0◦ as shattering. It is also of interest that each of the 5
ragmentation channels were observed in the previous gly-H+

M1 simulations at θi = 45◦. For this previous AM1 study
total of 18 fragmentation channels (both shattering and

on-shattering) were observed, while as shown in Table 5 a
otal of 14 fragmentation channels occurred for the current

P2 study. The larger number of fragmentation channels for
he AM1 study may result from the longer period of time the
nimolecular dynamics of the collisionally excited gly-H+ ions
re followed for this study as compared to the MP2 study;

.e., 1.3 ps versus 0.2–0.3 ps as shown in Table 5. Finally, the
ominant fragmentation channel for both the MP2 and AM1
imulations is the formation of NH3 + CH2COOH+. In future

able 6
elative importance of different shattering channels

hattering products Percentage of all trajectories

MP2 AM1

i = 0◦
NH3 + CH2COOH+ 4.9a –
NH3 + CO + CH2OH+ 4.2 –
H2 + NH2CHCOOH+ 4.2 –
NH2CH2

+ + C(OH)2 2.3 –
NH2CH2

+ + CO + H2O 1.9 –
H2 + NH2CHOH+ + CO 1.7 –

i = 45◦
NH3 + CH2COOH+ 6.9b 1c

NH2CH2
+ + C(OH)2 3.4 3

NH2CH2
+ + HCOOH 3.4 4

NH + C(OH)2CH3
+ 1.7 0

NHCH2 + H2 + COOH+ 0.9 5

he collision energy is 70 eV = 1614 kcal/mol.
a Results of 527 trajectories.
b Results of 116 trajectories.
c Results of 100 trajectories.
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ork it will be of interest to investigate the energetics of this
hannel by electronic structure calculations.

QM + MM direct dynamics simulations, with AM1 as the
odel for Vion, have been used to study gly2-H+ SID at the same

ollision energy and angle as considered in the current study; i.e.,
0 eV and 0◦ [27]. Fewer fragmentation reaction channels, i.e.,
4, were found for gly2-H+ as compared to the 96 found here for
ly-H+. This is an interesting result, since as shown in Table 3
he percentage fragmentation is nearly the same for gly-H+ and
ly2-H+. The same fraction of fragmentation for gly2-H+, via
ewer channels, may result from the longer period of the time
he unimolecular dynamics is followed for gly2-H+ as compared
o gly-H+. In future work it will be important to simulate gly2-H+

ID with MP2/6-31G* as is done here for gly-H+.

. Summary

In the work presented here a QM + MM direct dynamics sim-
lation, with the MP2/6-31G* theory as a model for Vion in Eq.
1), is used to study gly-H+ + diamond {1 1 1} SID. The simu-
ations are performed for collisions with incident angles θi = 0◦
normal to the surface) and θi = 45◦, and a collision energy of
0 eV. The energy transfer and gly-H+ fragmentation dynamics
bserved in this study are in accord with previous studies using
oth AMBER and AM1 for the ion’s intramolecular potential
ion [24].

A particularly important finding from the current study is
hat a significant fraction of the gly-H+ ions fragment by a shat-
ering mechanism as they collide with the surface. This result
upports early studies [24,27] in which shattering fragmentation
as also observed for both gly-H+ and gly2-H+, in QM + MM
irect dynamics simulations in which the AM1 semiempiri-
al QM model was used for Vion. The similarity between the
M1 and MP2 results suggests that it will be meaningful to
se the more computationally efficient AM1 theory to model
ID of much larger peptide ions, such as bradykinin for which
hattering fragmentation is suggested from experimental studies
37–39]. It will be also important to consider other surfaces, such
s a per-fluorinated self-assembled monolayer (F-SAM) and a
odel for this surface has been developed [56].
An issue which should be addressed in future work is the

umerical instability of some of the direct dynamics trajec-
ories. The instabilities arose from the MP2/6-31G* potential
nergy model for the gly-H+ ion, and occurred in either the
CF convergence of the gly-H+ potential energy or in a dis-
ontinuity in the gly-H+ potential energy during the integration
f the θi = 0◦ trajectories. This numerical instability was much
ess important for the θi = 45◦ trajectories and this difference
pparently arises from the smaller amount of energy trans-
erred to gly-H+ for the oblique incident angle. For θi = 0◦, a
otal of 544 trajectories were calculated and 17 of them became
nstable as gly-H+ hit the surface. Thus, their possible fragmen-
ation mechanisms and percent energy transfers could not be

dentified. For an additional 36 trajectories, gly-H+ rebounded
ff the surface and fragmentation mechanisms could be identi-
ed. However, gly-H+ or its fragmentation products were still
trongly interacting with the surface. Thus, for these trajectories



of Ma

i
i
d
a
n
c
j
a
l
c
c
s
t
c
t
g
w
e
w

A

S
a

R

[

[
[

[

[

[

[

[

[

[

[

[

[
[
[

[
[

[

[

[

[
[
[
[

[

[

[
[
[
[
[

[

[

[
[

[

[

K. Park et al. / International Journal

t was not possible to determine the percent transfers of the
nitial collision energy to the surface and the gly-H+ internal
egrees. The fraction of these trajectories, i.e., 17/544 = 0.03
nd (17 + 36)/544 = 0.10, are not large and will not have a sig-
ificant effect on the results. However, it is possible that there
ould be an interesting fragmentation event amongst the 17 tra-
ectories whose fragmentations could not be analyzed, and the
mount of energy transfer to gly-H+ vibration may be particu-
arly high for the 53 trajectories whose percent energy transfers
ould not be determined. Clearly it is important to accurately
alculate the trajectory for each initial condition chosen by the
ampling protocol. In future work it will be important to iden-
ify the origin(s) of the numerical instability in the MP2/6-31G*
alculation for this direct dynamics simulation. Finally, we note
hat the trajectories calculated with the 6th order symplectic inte-
rator [48] became more stable when the integration time step
as reduced from 2 to 1 fs. It will be of interest to consider

ven smaller time steps and also different integrators in future
ork.
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