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The effects of temperature on energy transfer during collisions of protonated diglycine iop$1 Ghyith

a diamond 111} surface were investigated by chemical dynamics simulations. The simulations were performed
for a collision energy of 70 eV and angle of @ith respect to the surface normal. In one set of simulations
the initial surface temperatur€s, was varied from 300 to 2000 K, while the Glifi* vibrational and rotational
temperatures were maintained at 300 K. For the second set of simulations tHé'Giiprational temperature,

Tuin, Was varied from 300 to 2000 K, keeping both the &2H/ rotational and surface temperatures at 300 K.
Increasing either the surface temperature on®ly vibrational temperature to values as high as 2000 K has,

at most, only a negligible effect on the partitioning of the incident collision energy to the surface and to the
vibrational and rotational modes of GHd*™. To a good approximation, the initial surface and peptide ion
energies are nearly adiabatic during the collisional energy transfer. This adiabaticity of the initial peptide ion
energy agrees with experiments Phys. Chem. 2004 108 1). A more quantitative analysis of the effects

of Tvip and Tsut Shows there are small, but noticeable, effects on the energy transfer efficiencies. Namely,
increasing the vibrational or surface temperature results in a near-linear decrease in the energy transfer to the
degrees of freedom associated with this temperature.

I. Introduction Several methods have been developed to me&WE;).1821
Experimental results indicate that the efficiency of energy
transfer to the ion depends on several factors, including surface
compositior??-25 projectile structurd? collision energyp,16:26
and incident anglel627 In a different interpretation of the
experiments, Kubis et all® suggested that the fraction &f
transferred to the projectile’s internal energy is nearly indepen-
gdent of the incident angle.

There is a considerable interest in the chemical dynamics
associated with surface-induced dissociation (SIB)hich is
a very important mass spectrometric technique for determining
structural properties of ions and both energies and mechanistic
pathway3&~7 for their dissociation. The fragmentation products
from SID are a fingerprint of the ion’s structure, and SID may
be used to identify the amino acid sequence of a protonate

peptide iorf:8-17 In a typical SID experiment, a projectile ion Classical trajectory simulations, based on accurate potential-

with a fixed translation energyE() and incident angle&) is energy surfaces, have proven to be an important method for

collided with a surface. During the collision, part of the ion’s determining distributions of energy transfer in SttFor Cr'-

translation energy is converted into surface vibratioiEg,) (CO)s SID on an-hexylthiolate self-assembled monolayer (H-

and internal vibration/rotation degrees of freedax&{y) of the SAM), the AEiy energy transfer distribution determined from

ion such that a simulatior® is in quantitative agreement with experimént.

Simulations of energy transfer in protonated glycine, triglycine,

E =E + AE,;+ AE,, 1) and pentaglycine SID givAE energy transfer distributions

similar to those determined from experiments for protonated

whereE; is the final translation energy after the collision. This dialanine!” In simulations of protonated diglycine (GH4*)
energy transfer model assumes the collisions are electronicallywith diamond{111}, Wang et af? varied the incident angle
adiabatic, and excitation of the electronic states of either the from 0° to 45° and observed a small decrease in transfer to the
projectile or surface is unimportant. This model is consistent peptide’s internal degrees of freedomFEin, and a larger
with SID experiments involving peptide ions and hydrocarbon decrease in transfer to the surfadeEsys, While substantially
surfaces, which do not have low-lying electronic stafe$:131417  more energy remained iB. The dependence of the energy
Understanding the energy transfer dynamics of SID is of transfer to AEn, AEsuys and Er on ¢; observed in these
fundamental, as well as practical, interest. simulations, are in qualitative agreement with experiments by
To interpret SID experiments, it is important to know the Herman and co-workers:3
distributions of energy transferred to the surfa@\Esur); to In this article, quasiclassical trajectory simulations are
the scattered ion’s internal vibration/rotation degrees of freedom, reported for the energy-transfer dynamics associated with
P(AEin); and of energy remaining in projectile translati&xts). scattering of Gly-H* off diamond{111}. The temperatures of
— this surface and of GlyH* are varied to determine their effects
:;‘;r"t"';?’g]g({f(':er]s;’\?;‘?_?f’;%‘?tshﬁ‘éﬁgﬁ ;I‘O:‘Sj;iseﬁfd e-mail bill hase@ttu.edu.gy the energy trans_fe_r dynamics. The trajectory s_ir_nulations are
*Texas Tech University. carried out at a collision energy of 70 eV and collision angle of
8 Wayne State University. 0° with respect to the surface normal. In one set of simulations,
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the surface temperature is varied while both the rotational and
vibrational temperatures of GhH* are kept at 300 K. In the
second set of simulations, the vibrational temperature 03-Gly
H* is varied while the surface temperature and Giy
rotational temperature are maintained at 300 K. For the different

temperatures, average percentages are determined for the transfer

of the collision energy to the GyH* internal degrees of
freedom Eint, and to the surfacég,, as well as for the amount
remaining in translationk;. Distributions are also determined
for AEin, AEsurr, andE;. The effect of the projectile vibrational
temperature on the energy transfer is compared with experi-
ments.

Il. Potential Energy Function

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

V,

V= Vion + surf+ Vv,

ion,surf (2)
whereVio is the Gly-H™ intramolecular potentialsy is the
potential for diamond 111}, andVin surfis the intermolecular
potential between GlyH* and the surface. The AMBER &4
molecular mechanical (MM) model was used Y&y,. Previous
work has shown that this model f,, gives the same energy
transfer dynamics as does the AM1 semiempirical quantum
mechanical (QM) mode¥

The potential for diamongl111} is similar to that reported
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as models for the different types of atoms and functional groups
of the peptide ions.

[ll. Computational Procedure

The classical trajectory simulations were carried out with the
general chemical dynamics package VENY$nitial condi-
tions’® were chosen to determine effects of the energy transfer
distributions on the temperature of the surface and on the
vibrational temperature of the peptide ion. The center of a beam
of peptide ions is aimed at the center of the surface with a fixed
initial translational energyk;, of 70 eV and a fixed incident
angle,6;, of 0° with respect to the surface normal. The radius
of the beam is chosen so that the beam overlaps a hexagonal
repeating unit on the top of the surfdéavith an area of 16.4
A2 The trajectory results are insensitive to its radius. The
projectile for each trajectory is randomly placed in the cross-
section of this beam and randomly rotated about its center of
mass so that it has an initial random orientation with respect to
the surface. The azimuthal angje, between the beam and a
fixed plane perpendicular to the surface is sampled randomly
between 0 and /2 Such a random sampling ¢f simulates
collisions with different domains of growth on the surf&€e.
The distance between the center of the beam and the center of
the top of the surface is set to 25 A.

The initial conditions for the vibrational modes of the peptide
ions are chosen via the quasiclassical normal mode méth#t,
which includes zero-point energy (ZPE). The energy, for each

earlier?® The diamond surface model is hydrogen-terminated normal mode of vibration, is selected from the quantum
with eight layers of carbon atoms and a total of 1988 atoms. A harmonic oscillator Boltzmann distribution corresponding to a
“slab” model of this size for the surface gives results in very vibrational temperatureT(;,) of the peptide ion. The energy is
good agreement with experimefi334The surface area of the  randomly partitioned between the kinetic and potential energies
model is 34 Ax 34 A and its thickness is 8 A, from the top by choosing a random phase for each normal mode. A rotational

hydrogen atoms to the bottom carbon atoms (see Figure 1 inenergy ofRT/2 corresponding to a temperature of 300 K is added
ref 28). Five massive atoms are added to the bottom corner andko each principal axis of rotation of the peptide.

middle of the model to ensure it does not move when the surface |nitial conditions for the surface, representing a Boltzmann
is hit by Gly>-H*. The mass is sufficiently large that evenif all  gistripution at a temperatufB,;, were determined fra a 1 ps
of the collision energy is transferred to one of these atoms, the molecular dynamics simulation, in which the atomic velocities
atom would move negligibly during the simulation. The potential gre scalet to correspond tdsu+. The structure and velocities
energy function for diamond 111} consists of harmonic  optained from this equilibration are then used as the initial
stretches and bends,lwith force constants chosen to fit thecgnditions for an equilibration run at the beginning of each
phonon spectrum of diamorté. trajectory. A time step of 0.2 fs is used to integrate the classical
The peptide/surface intermolecular potential is modeled by equation of motion, which provided energy conservation of 0.2
a sum of two body potentials between the atoms of the peptide kcal/mol or less. This is much smaller than the amounts of
ion and surface, which are expressed as collision energy transferred to the surface and Gty (see
below).
The trajectories are calculated with surface temperatlisgs,
of 300, 1000, 1500, and 2000 K while the vibration@l;f)
and rotational Tror) temperatures of the peptide are held at 300

Viy = Ay eXpByR,) + Cy/R,] (3)
where the subscriptcorresponds to the C or H of the diamond
surface and the subscriptcorresponds to the H, C, O, and N K. Then, while bothTs, and T,oc are kept at 300 KTy, is
atoms of the peptide. The AMBER force fiéldvas developed  varied from 300 to 2000 K. Five hundred trajectories are
to represent the long-range components of these intermoleculaicalculated for each set of initial conditions. When a trajectory
interactions, including the potential minima. However, it was is terminated, the peptide ion’s final translational eneggyis

not developed to represent the short-range repulsive regions ofdetermined. The peptide ion’s internal energy chatd®y, is

the intermolecular potentials, which affect the &hy"/diamond determined by subtracting the initial value of the projectile’s
{111 energy transfer dynamics. Previous w®rkas shown internal energy from its final value. The surface internal energy
that it is necessary to have proper models for these repulsivechange,AEsuy, is determined similarly. These final energies
potentials to determine reliable energy transfer efficiencies from show how the peptide ion’s collision energy is transferred.

the simulations. Accurate repulsive intermolecular potentials The 70 eV collision energy corresponds to 1614 kcal/mol,
were developed, from ab initio calculations, for protonated which is much larger than the initial internal energy of the
polyglycine and polyalanine ions interacting with diamond peptide ion but smaller than the initial energy of the “slab”
{111 3* The parametersdy, By, and C,, in eq 3 were model for the surface. For the trajectories calculatet,gt=
determined by nonlinear least-squares fits of ab initio potential 300, 1000, 1500, and 2000 K, the average quasiclassical internal
energies calculated between £lds a model for the C and H  energies of GlyH™, including zero-point energy, are 94.5,
atoms of the surface, and GHNHs, NH4, H,CO, and HO, 133.5, 172.2, and 214.9 kcal/mol, respectively. If the initial



8420 J. Phys. Chem. A, Vol. 110, No. 27, 2006 Rahaman et al.

TABLE 1: Effects of Surface and Peptide lon Vibrational 225
Temperatures on Collision Energy Transfer with the T 22
Diamond {111} Surface? % 215
Trot (K) Tvib (K) Tsurf (K) AEint AEsurf Ef E 21
300 300 300 20.3(0.4) 37.6(0.3) 42.1(0.2) § 205 |
300 300 1000 21.0(0.4) 36.5(0.3) 425(0.2) &
300 300 1500 21.3(0.4) 36.6(0.3) 42.1(0.2) & 20 1
300 300 2000 21.7(0.4) 35.8(0.3) 42.4(0.2) g 19.5 |
300 1000 300 19.7(0.4) 38.2(0.3) 42.1(0.2) = 19|
300 1500 300 19.7(0.4) 38.6(0.3) 42.3(0.2) 3 185
300 2000 300 18.8(0.4) 39.0(0.3) 42.2(0.2) & Y
a Average percents of the collision energy transferred to protonated 18 0 500 10'00 1500 20'00 2500
diglycine internal energy AEin), the surface AEs.s), and peptide
translation E) for protonated diglycine collisions with the diamond Temerature (K)

{111 surface at different vibrational temperaturéss,, of the peptide
and temperatures of the surfadeyr. The collision energy is 70 eV
and the collision angle is°0 The standard deviation of the mean
obtained from 500 trajectories is given in parentheses.

39.5

energies for the GkH™ normal modes had been sampled
classically, with an average energy RT for each mode, the

average energies of GhH™ for the above respective temper-
atures would be 28.6, 95.4, 143.1, and 190.8 kcal/mol. For the &
trajectories calculated, the initial total energy for the slab model §
of the surface varies from 3752 to 23 760 kcal/mol as the surface §
temperature is increased from 300 to 2000 K. However, these & 355 -
latter energies are not particularly meaningful since the slab 35 : : : :
model used here gives good agreement with experithérand 0 500 1000 1500 2000 2500
is expected to give the same energy transfer results as those for Temperature (K)
a much larger slab model approaching a macroscopic offject.

rgy transfer (A Bsury)
8

45

IV. Trajectory Results “s

A. Effects of Surface Temperature.Values of the average
percent energy transfers of the collision energ¥itpandEsy
and the percent remaining in translatidh, are listed in Table
1 for the simulations at different surface temperatures, while
Tuib and Tyor of Gly,-H™ were held at 300 K. Overall, these
percentages are at most only weakly dependentsgn The
majority of the collision energy remains in GHA™ translation,
with E; accounting for~42% of the collision energy, a 40.5
percentage that is independentTef+. However, as shown in 20 i . . i
Figure 1, there is a small, near-linear increase and decrease in 0 500 1000 1500 2000 2500
the transfer of energy tAE,: and AEg,, respectively, aJqur Temperature (K)
is increased. Thus, there are small, but detectable effects in therigyre 1. Plots of percent energy transfers verdug: (O) and Tus
energy transfer efficiencies with increaseTig+ (m). For the variabld s, simulations,T.i, and T, of Gly,-H™ are kept

The distributions for the final energieB(AEin), P(AEsur), at 300 K. Tgyrand T are kept at 300 K for the variab&i, simulations.
andP(E;), are plotted in Figure 2 for simulations witfy, of
300 and 2000 K. The standard deviations for the distributions peptide vibrational temperature, there is more energy transferred
are given as error bars in the form of vertical lines. The to the surface and less energy transferred to the peptide.
distributions for the two different temperatures are nearly similar The fraction of the 1614 kcal/mol collision energy transferred
in shape. However, a more careful inspection shows théas  to Gly,-H* internal energy decreases from 20.3% to 18.8% as
is increased, the peaks R(AEin) and P(AEsyr) slightly shift the ion’s initial temperature is increased from 300 to 2000 K.
to higher and lower values, respectively. In contrast, there is As discussed in section Ill, this temperature increase results in
no change in th&(Er) peak. These small shifts affect the energy initial average Gly-H™ internal energies of 94.5, 133.5, 172.2,
transfer efficiencies. Thus, the increase in the surface temper-and 214.9 kcal/mol foifyi, of 300, 1000, 1500, and 2000 K,
ature results in more energy transfer to the peptide ion and lessrespectively. The collision energy transferred to &y is
energy transfer to the surface. 328-303 kcal/mol and is nearly independent of the ion’s initial

B. Effect of Peptide Vibrational Temperature. As shown vibrational energy.
in Table 1 and Figure 1, increasifigi, has the opposite effect
compared to increasinG+ Though the changes in the average ;. Summary
percent energy transfers are small with increasek;if there
are near-linear decreases and increases, respectively, in the The major result from this study is that there are no significant
energy transfers t\Ejns and AEgy. In addition, as shown in  changes in the energy transfer efficiencies forgy collisions
Figure 2 for the simulations &, of 300 and 2000 K, there  with the diamond 111} surface as either the surface or &ly
are corresponding small shifts in the peaksP@\E;,) and H* vibrational temperature is varied. The latter is in accord with
P(AEsur) to lower and higher values. With an increase in the experimental results by Herman and co-workérghis insen-

43.5

425

Percent energy transfer (Ey)
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Figure 2. Distributions of energy transfer to the ioAEi) and to the
surface AEsu) and of the energy remaining in translatids)(for Gly--
H* collisions with the diamond{111} surface atTsus and Ty
temperatures of 300 and 2000 K. is fixed at 300 K. The standard
deviations are given as vertical lines. The results of simulatiofhg,at
Tuib Of (blackm) 300 K, 300 K; (red®) 300 K, 2000 K; and (greea)
2000 K, 300 K are shown.

sitivity in the collisional energy transfer efficiencies is consistent
with an impulsive model for surface-induced dissociafidn.
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As found in the work presented here, the overall insensitivity
of the Gly-H™ + diamond{111} collision energy transfer
efficiencies on the surface temperature suggests that the method
used to choose initial conditions for the surface, in simulations
of peptide-H + surface collisional energy transfer, is not a
critical issue.

Classical trajectory simulations of bimolecular reactions, for
example, H+ H; — H + H,** unimolecular reaction®, and
intramolecular vibrational energy redistribution (IVRhave
shown it is often necessary to include ZPE in the molecule to
obtain agreement with the quantum dynamics. For this reason
quasiclassical sampling, with ZPE included, was used for the
Gly>-H™ ion. Its ZPE is 88.0 kcal/mol and is the principal
contributor to the ion’s average thermal internal energy at 300
K (i.e., this energy is 94.5, 133.5, 172.2, and 214.9 kcal/mol
for the 300, 1000, 1500, and 2000 K simulations, respectively).
Before the simulations were performed, it was difficult to predict
the role of the Gly-H* ZPE on the energy transfer dynamics.
For a statistical-type model, increasing the initial internal energy
of Gly,-H™ with ZPE would decrease collisional energy to the
Gly,-H* vibrational modes. On the other hand, for nonstatistical
energy transfer, adding ZPE and increasing the initial internal
motion of Gly,-H™ might have increased energy transfer toSly
H* vibration, as found for IVR from an excited-€H stretch
mode of benzene to its remaining bath mo#féBhe simulation
results indicate that the efficiency of collisional energy transfer
to the Gly,-H™ ion’s vibrational modes is overall insensitive to

A detailed analysis of the energy transfer efficiencies shows the ion’s initial temperature (i.e., energy content), and apparently

some small dependencies on the surface angGtyvibrational

temperatures. The energy remaining in projectile translation,

ZPE does not have an important effect on the energy transfer
dynamics. In future work, it will be of interest to see if this is

Er, does not depend on these temperatures, but the transfer talso the case for larger peptide-tibns.

the surface AEqy, and to the projectile’s internal degrees of

freedom,AEjy, do. Thus, there seems to be some dynamical
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