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Results are reported for a direct dynamics simulation of NH4
+ + CH4 gas phase collisions. We interpret the

results with protonated peptide/hydrogenated alkanethiolate self-assembled monolayer (H-SAM) surface
collisions in mind. Previous theoretical studies of such systems have made use of nonreactive surfaces, and
therefore, our goal is to investigate the types and likelihood of peptide/H-SAM reactions. In that vein, the
NH4

+ + CH4 reaction represents a simple gas phase system which includes many of the important interactions
present in protonated peptide/H-SAM surfaces. Thirty-seven open pathways are seen in the 5-35 eV collision
energy range. An energy dependence on the likelihood of forming CN bonds is found. This type of bonding
could deposit both the peptide and its molecular fragments on the H-SAM surface. For our gas phase collision
system, around 50% of the trajectories result in the formation of CN bonds. For all collision energies in
which reactive scattering occurs, CN bond formation is an important reaction pathway.

1. Introduction

Interfacial interactions influence chemistry in several diverse
areas, such as mass spectrometry, atmospheric chemistry, and
high-energy combustion reactions. The recent research focus
on interfacial chemistry from both an experimental and theoreti-
cal standpoint is therefore of no surprise. In the field of mass
spectrometry, one area of particular interest involves the collision
of a polyatomic ion with a surface. During such events, the ion
may dissociatively or nondissociatively scatter, “soft-land,”
undergo “reactive landing”, or become embedded in the bulk.
Several studies have been performed involving gas/surface
collisions, and in particular, surface-induced dissociation (SID)
events, first introduced by Cooks and co-workers,1 have been
extensively studied. SID represents a common technique in mass
spectrometry used to fragment and analyze ions colliding with
surfaces.1-5 These types of surface interactions have many
similarities to gas phase collisions.

SID has shown great utility in fragmentation of protonated
peptides (peptide-H+).6-16 High-energy collisions of these
peptide-H+ allows for a relatively rapid and uncomplicated
means of determining sequences. Experimentally, energetics and
reaction mechanisms of such fragmentation events can be
determined by combining SID and electrospray ionization.17

Computationally, Hase and co-workers18-28 have made great
use of classical trajectory simulations to investigate SID and
energy transfer to the surface for a diverse set of systems,
including Si(CH3)3

+, Cr+(CO)6, and protonated polyglycine and
polyalanine. Collisions with both diamond {111} and hydro-
genated and perfluorinated alkanethiolate self-assembled mono-
layers (H-SAM and F-SAM) have been modeled.

Other possibilities in gas/surface collisions are the “soft” and
“reactive” landings mentioned briefly above. In such events,
the incoming ion remains intact, or nearly intact, and is bound
to the surface either physically or chemically. Several nice
experimental examples of reactive landing and reactive ion

scattering spectrometry are present in the literature.29-35 Of note
is the recent work of Wang et al.29 in which a close examination
of reactive landing is performed. They find a strong dependence
on the kinetic energy of the ion for occurrence of reactive
landing.

The computational studies mentioned above have focused on
SID and energy transfer, not chemical changes to the surface.
Therefore, in all the above works, a molecular mechanics (MM)
representation of the surface has been utilized. Experimentally,
collisions may also induce bond ruptures, chemical reactions,
or both, involving atoms of both the surface and peptide-H+.
These products could further dissociate from the surface. A MM
treatment of the surface does not allow for these possibilities,
and hence, a more flexible treatment is of much interest.

The ideal solution would be a full quantum mechanical
treatment of all atoms in the system; however, such an approach
is computationally intractable since several thousand atoms are
included in models for these systems. Embedding a quantum
mechanical region within the top few layers of the surface
represents the next step down in sophistication and is a viable
option, though still computationally expensive.36 A smaller and
computationally less expensive model for peptide-H+ colliding
with H-SAM type surfaces is the NH4

+ + CH4 gas phase
collision system. The protonated ammonia is analogous to the
peptide-H+, and the methane is analogous to the terminating
CH3 group of the H-SAM surface. Although the collision
partners are small, the interactions present are of the same
general types that will be present in the large peptide-H+/H-
SAM system. Investigation of the NH4

+ + CH4 collision
system provides insight into both the possibility and types
of reactions that may take place between the peptide and the
surface. Such insight is important for developing more
sophisticated models.

The outline of this paper is as follows. In Section 2, we
describe our computational approach. In Section 3, we describe
and analyze our trajectory results. In Section 4, we provide a
summary.
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2. Computational Details

In modeling gas phase NH4
+ + CH4 collisions, we choose

to make use of direct dynamics,37,38 with the interaction potential
calculated using the uB3LYP/6-31G(d) level of theory and basis
set. This choice is made on two grounds: First, this combination
of level of theory and basis set allows for fast evaluations of
the energy gradient and Hessian matrix, which are essential for
our chosen direct dynamics method. Second, we find that most
of the reaction products in this system result from XH bond
rupture, where X is either carbon or nitrogen. A comparison of
the heats of formation calculated with uB3LYP/6-31G(d) and
NIST39 values is favorable for a set of basic bond rupture
reactions involving CH4 and NH3. A summary of these results
is displayed in Table 1.

Although the uB3LYP/6-31G(d) energies are not quantitative,
they are expected to be sufficiently accurate to give a meaningful
description of the NH4

+ + CH4 reaction dynamics. For the high
collision energy simulations reported here, the observed dynam-
ics are expected to be much less sensitive to reaction barrier
heights than the kinetics of thermal reactions.40 For the latter,
the reaction rate constant depends exponentially on both the
barrier height and temperature. However, for the high-energy
NH4

+ + CH4 collisions, the reaction probabilities are not
expected to depend exponentially on either the barrier heights
or collision energy.40 As shown below, indeed, the calculated
reaction probabilities are much less sensitive to collision energy
than what would be seen for an exponential dependence. A
recent example of the relative insensitivity of high-energy
simulations to barrier heights are the simulations of protonated
glycine, gly-H+, and surface-induced dissociation with a
diamond surface.19,41 Though the AM1 and MP2/6-31G(d)19

electronic structure methods yield different energetics for gly-
H+ unimolecular decomposition, they give similar shattering
fragmentation dynamics for gly-H+ when it collides with the
diamond surface.

The trajectory calculations were carried out using the general
chemical dynamics program VENUS42 interfaced with the
electronic structure theory program NWChem.43 Initial condi-
tions for each trajectory were selected from a 300K Boltzmann
distribution for both rotations and vibrations. The vibrational
energy was distributed according to the quasiclassical normal
mode method.44 Both reactants were randomly rotated about
their individual centers of mass to sample all relative orienta-
tions. The impact parameter was fixed to zero, which is
analogous to a normal incident with a surface. The Hessian-
based predictor-corrector integration scheme of Lourderaj et
al.45 is utilized.

As described above, the interaction potential is calculated
using uB3LYP/6-31G(d). Although the system is closed-shell,
a significant radical character is likely in many of the possible
reaction pathways because they involve the hydrogen atom. We

therefore make use of an open-shell electronic wave function.
A small number of trajectories still terminate due to a failure
to converge the SCF wave function. However, this is a rare
event, and most trajectories had progressed far enough to analyze
the results.

A set of trajectories for a range of collision energies from 5
to 35 eV were calculated that conserve energy to within 1 kcal/
mol as well as have progressed significantly far down a reaction
channel for products to be identified. Each trajectory was run
until the carbon and nitrogen are separated by more than 15 Å,
an SCF error takes place, or 125 fs of simulation time has
passed. At the lowest collision energy, slightly longer simula-
tions were performed to allow the complete separation of
products to occur. Trajectories were run in parallel on eight cores
and required approximately 1.5 h of wall-clock time. A total of
350 trajectories were calculated, 27 of which are rejected due
to energy conservation or SCF failure.

The reaction pathways were determined through use of an
in-house code, built upon Open MOPAC7,46 which determines
fragmentation and charge distributions. This code performs
single-point PM3 calculations with an unrestricted Hartree-
Fock wave function for the final geometry of each trajectory.
The electron density is used to construct a “connectivity matrix”
which describes the bonding between all atoms. Atoms are
considered connected if their bond order is >0.7. This approach
has advantages over determination of products solely on the
basis of distances because it was seen that on occasion, atoms
that would lead to incorrect determination of products could be
accidentally close. In particular, this approach allowed for the
straightforward determination of 2H from H2. Charge analysis
is performed on individual fragments on the basis of the electron
density from the PM3 calculations.

3. Trajectory Results

Our goal is to determine the types and probabilities of
reactions occurring between NH4

+ and CH4 during gas phase
collisions to gain insight into the importance of different types
of reactions between a peptide-H+ and a H-SAM surface. To
this end, NH4

+ + CH4 classical trajectories were propagated
with collision energies between 5 and 35 eV.

3.1. Collision Products. For a reactive collision, the most
likely events are XH bond ruptures, where X is either carbon
or nitrogen. If multiple XH ruptures occur, there are two classes
of reaction pathways possible. In the first, two hydrogen atoms
interact to form H2, and in the second, two lone hydrogen atoms
are produced. As the number of XH bond ruptures increases,
the number of possible pathways increases, as well. If two or
more XH ruptures occur, the heavy atoms have two possible
classes of reaction pathways, as well. In the first, they
impulsively scatter from one another, leading to separated
products. In the second, bonds form between the heavy atoms;
hence, creating a complex. The combination of the reaction
classes for both the hydrogen and heavy atoms, along with
multiple XH bond ruptures, leads to a large number of possible
reaction pathways. Thirty-seven reaction pathways are open
within the 5-35 eV collision energy range and are denoted in
Table 2.

In Table 2, the pathways are listed according to the total
number of occurrences for all collision energies. The probability
for pathways 1-10 are plotted in Figure 1 as a function of
collision energy. Note that in some rare cases, partial (δ+)
charges are listed. These trajectories terminated before the
products were sufficiently separated to force the localization of
an electron. If longer trajectories had been performed, such

TABLE 1: Heats of Formation for Simple Bond Rupture
Reactions Calculated with uB3LYP/6-31G(d) and Compared
to NIST Values

reaction
NISTa

(kJ/mol)
uB3LYP/6-31G(d)

(kJ/mol) % difference

CH4 f CH3 + H 438.6 441.6 0.7
CH4 f CH2 + 2H 897.3 911.4 1.6
CH4 f CH + 3H 1323.0 1425.8 7.8
NH3 f NH2 + H 454.3 429. 5.6
NH2 f NH + 2H 858.5 808.4 5.8

a NIST values are from M. W. Chase and are for 298 K.39
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products would not be seen. At the lowest collision energies,
no reactive collisions take place. The first reaction pathway to
grow in corresponds to formation of (H3NCH3)+ + H2, and at
a collision energy of 20 eV, all trajectories result in a reaction.
Table 3 reports the reaction pathways for each collision energy
with a probability of at least 10% and allows for a quick
examination of the character of the dominant pathways. For high
collision energies, a wide range of products are seen, and hence,
probability is spread among many pathways. The presence of
linked pathways involving a low-energy product and a high-
energy product is observed. One clear example is pathways 3
and 4. These two products differ only in the presence of a CN
bond. At 15 eV, the lower-energy CN complex is dominant,
but by 20 eV, the high-energy product is more abundant. Some
product pathways also differ solely by H2 or 2H.

It should be noted that it is possible that the trajectories
involving CN bond formation may end up as separated products
if the trajectory integration time has increased and unimolecular
dissociation of the CN bond has occurred. However, even if
this would occur, the presence of these short-lived CN com-
plexes is very important. In collisions with an H-SAM surface,
these dissociations are expected to be unimportant because the
surface would likely absorb the excess energy. It is well known
that surface complexes can lead to new and interesting chemical
reactions.

If one examines the cumulative probability for all CN bond
forming pathways, shown in Figure 2, it is seen that the
probability of CN bond formation peaks at 15 eV with a
probability of 48%. At high collision energy, the probability
drops due to the impulsive nature of high-energy collisions.18

The number of XH bond ruptures also increases with collision
energy as well as the number H atoms produced. Therefore, a
competition exists between the energy available for relative
translation between the heavy atoms and the energy available
for XH bond ruptures, as well as the resulting H atom

TABLE 2: Reaction Pathways and Relative Abundance Are
Denoted Belowa

pathway products occurrences

1 NH4
+ + CH4 99

2 NH3
+ + CH3 + 2H 34

3 (H3NCH3)+ + H2 19
4 NH3 + CH3

+ + H2 19
5 NH3 + CH3

+ + 2H 18
6 (H3NCH3)+ + 2H 14
7 NH3

+ + CH2 + 3H 14
8 NH3

+ + CH3 + H2 13
9 NH3

+ + CH2 + H2 + H 12
10 (H2NCH2)+ + 2H2 8
11 NH3 + CH2

+ + 3H 8
12 NH2 + CH3

+ + H2 + H 8
13 (H2NCH2)+ + H2 + 2H 7
14 NH3 + CH2

+ + H2 + H 7
15 NH3

+ + CH4 + H 5
16 NH2 + CH2

+ + H2 + 2H 5
17 (H3NCH2)+ + H2 + H 4
18 (H2NCH2)+ + 3H + H 3
19 NH3

δ+ + CH3
δ+ + H2 3

20 NH2
+ + CH2 + H2 + 2H 3

21 NH4
+ + CH2 + H2 2

22 NH2 + CH3
+ + 3H 2

23 NH+ CH3
+ + 2H2 1

24 NH2 + CH+ + H2 + 3H 1
25 NH4

+ + CH2 + 2H 1
26 (H3NCH2)+ + 3H 1
27 NH2

+ + CH3 + H2 + H 1
28 NH+ CH2

+ + H2 + 3H 1
29 (H2NCH3)+ + H2 + H 1
30 NH3

δ+ + CH3
δ+ + 2H 1

31 NH3
δ+ + CH2

δ+ + H2 + H 1
32 NH4

+ + CH3 + H 1
33 NH2 + CH2

+ + 2H2 1
34 NH2

+ + CH2 + 3H + H 1
35 NH2 + CH+ + 2H2 + H 1
36 NH2

+ CH + H2 + 3H 1
37 NH2

+ + CH3 + 3H 1

a For the products with partial charge, δ+, the trajectories were
not integrated long enough to identify the charge localization.

Figure 1. Reaction probabilities for pathways 1-10 as a function of
collision energy.

TABLE 3: Reaction Pathways for Each Collision Energy
with a Probability >10%

collision energy (eV) pathway percentage

5 1 100
10 1 91.8
15 3 22.0

1 18.0
6 18.0

20 4 15.6
2 11.1
3 11.1
8 11.1

25 2 26.1
7 13.0

10 10.9
30 5 20.0

2 12.5
9 12.5

35 2 17.4
7 13.0
4 10.9

11 10.9
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translations. At the energies considered, the impulsive nature
of the collisions dominates this competition, and hence, the
decrease in complex formation is seen.

The results from this gas phase system yield intuition
concerning the peptide-H+/H-SAM collision system. On the
basis of the above results, two different types of reactions are
likely to occur between a peptide-H+ and the H-SAM surface:
The first consists of one or more hydrogen atoms’ being
removed from the surface and ending as either lone hydrogen(s)
or molecular hydrogen. These reactions are probably common
because nearly every reactive pathway in our gas phase system
involves the removal of at least one hydrogen from methane.
The second class of reactions with the H-SAM surface involves
formation of a bond between the nitrogen of the peptide and a
carbon atom in the surface. The “reactive landing” collisions
observed by Laskin and co-workers29 are similar and in
qualitative agreement with our results. However, their SAM is
terminated by an ester group, and therefore, a direct comparison
is not justified, since chemical reactivity may be important.

3.2. Product Charge Distributions. Our gas phase system
has three classes of reaction events: (non)reactive scattering, in
which no charge transfer takes place; reactive scattering, in
which charge transfer takes place; and CN+ complex formation.
The collision energy dependence of these pathways is shown
in Figure 3. At low collision energies, the dominant pathway
involves (non)reactive scattering in which the charge remains
with the nitrogen. As seen in the previous section, this pathway

decreases in probability, though even at our highest collision
energies, a fair number of trajectories do not involve charge
transfer.

It is of interest that in all trajectories which form a CN
complex, the charge is associated with the complex. One very
simple explanation for this is that larger atoms/molecules, in
general, are more able to stabilize charges. Charge transfer from
the nitrogen to the carbon, without complex formation, shows
a steady increase, with collision energy. Close to 60% of
trajectories following this pathway at high collision energies.
As mentioned in the previous section, some of our pathways
involve partial charges due to “early” termination of the
trajectory. Figure 3 shows that these pathways are a rare
occurrence and would not have an effect on the qualitative
discussion of charge transfer.

The same types of charge transfer pathways will exist in a
peptide-H+/H-SAM collision. On the basis of the above results
in such a system, at low collision energies, little charge transfer
should be seen. Toward higher collision energies, many collision
events will result in the charge remaining on the surface, either
through direct charge transfer or through complexation. How-
ever, it must be noted that in such a large system, there are
many more ways for the ion to shatter such that the resulting
product will retain a charge.

4. Summary

We have presented results of a direct dynamics calculation,
making use of the uB3LYP/6-31G(d) model chemistry for the
NH4

+ + CH4 gas phase system, as an analogue to peptide-H+/
H-SAM collisions. Trajectories were calculated for a range of
collision energies from 5 to 35 eV. The probability of ending
in a given reaction pathway shows a strong energy dependence
on the collision energy. Many of the pathways are quite similar
and differ only in the amounts of H and H2 present.

We find that the formation of a CN bond, which is analogous
to a peptide bonding to the H-SAM, is probable and important
at all reactive collision energies in this study. The probability
increases dramatically at 15 eV, with 48% of trajectories forming
CN complexes. This probability steadily decreases with increas-
ing collision energy as the impulsive nature of the scattering
increases. In our analysis, we have also defined two atoms to
be “bonded” if their bond order is >0.7. The quantitative details
of the analysis depend on this definition; however, the qualitative
conclusions, on which we focus, would remain unchanged for
reasonable definitions of a bond.

Our goal is to elucidate the probabilities and types of different
reactive scattering events in SID. This information provides
useful insight for creating more sophisticated models. This work
has shown that reaction with the H-SAM surface is an important
possibility and ideally would be included in peptide-H+/H-SAM
models. A molecular mechanics representation of the surface
is insufficient, since it does not describe the formation or rupture
of bonds between the peptide projective and the surface.
Embedding a quantum mechanical region in the H-SAM is a
logical first step in future work. A study of the effects of surface
stiffness also seems to be warranted. We clearly see that as the
collision becomes more impulsive, the probability of CN bond
formation decreases. This strongly suggests that as the stiffness
of the surface varies, the reactive probability will also be
affected. In this work, if we had collided NH4

+ with CF4 (i.e.,
an F-SAM), qualitatively different results would likely have been
obtained. Our results suggests that reactions of projectile ions
with the surfaces may be an important mechanism for ion loss.47

Finally, it is of interest to consider possible differences and
similarities in the NH4

+ + CH4 gas phase and peptide-H+ +

Figure 2. Probability of CN bond formation as a function of collision
energy.

Figure 3. Probability for charge transfer pathways as a function of
collision energy.
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H-SAM gas-surface reaction dynamics. The NH4
+ + CH4

collisions are direct, either forming products or scattering
nonreactively in ∼ 0.1 fs or less. Similar dynamics are found
in small peptide-H+ + H-SAM collisions, which result in a
percentage of the collision energy transferred to peptide-H+

vibration that is independent of the peptide-H+ size.18,20 The
collisions are impulsive and not complex-forming.3 The latter
would result in collision energy transfer to all of the peptide
ion’s vibrational modes, with an energy transfer efficiency
dependent on the peptide ion’s size. An important difference
between NH4

+ + CH4 and peptide-H+ + H-SAM collisions is
the size of the peptide ion and its localized proton. Consider,
for example, N-protonated diglycine. If the -NH3

+ moiety
collides with a terminal -CH3 group of the H-SAM, reactions
as found here for NH4

+ + CH4 may occur. However, if another
region of the glycine ion collides with the H-SAM, there may
be no reaction. This effect could be investigated by simulating
gas phase collisions of protonated amines, R-NH3

+, with CH4.
A collision of a folded peptide ion, with NH3

+ in its interior,
would be expected to be nonreactive unless the collision unfolds
the ion and exposes NH3

+ so that it interacts with the H-SAM.
Even if the -NH3

+ group of the peptide-H+ collides with the
H-SAM, reaction dynamics different from that found here for
NH4

+ + CH4 may result if the collision energy is not principally
localized in -NH3

+ and a small region of the H-SAM including
a -CH3 group. If this is not the case, there may not be sufficient
localization of energy to promote reaction. Software for simulat-
ing peptide-H+ collisions and possible reactions is under
development, and in the future, the above questions regarding
peptide-H+ + H-SAM reaction dynamics will be further
addressed.48
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