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Role of Surface Intramolecular Dynamics in the Efficiency of Energy Transfer in Ne Atom
Collisions with a n-Hexylthiolate Self-Assembled Monolayet

I. Introduction

In thermal and hyperthermal gasurface collisions, a
bimodal final translational-energy distributid(Es) may be
observed for the scattered projectifeOften the two peaks are
assigned to a low-energy trappindesorption (TD) channel and
a higher-energy inelastic scattering (IS) charirdhut this is
not always a correct interpretatién? A bimodal P(E;) is
observed in both computer simulatiSnzand experimenfsof
Ne atoms scattering off of alkylthiolate self-assembled mono-
layer (SAM) surfaces, and as shown in Figure 1, good agreement ]
is obtained between simulation and experiment. It is possible
to fit the low-energy peak to the MaxwelBoltzmann distribu-

tion function

P(E) = (kas,eﬂ)_ZEf eXF(_ kb-i,e
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The energy-transfer dynamics associated with Ne atom collisions witkhexylthiolate self-assembled
monolayer (SAM) surface at 20 kcal/mol collision energy are studied in chemical dynamics simulations by
using both harmonic/separable and anharmonic/coupled surface models and by considering a SAM in both
its classical potential energy minimum and containing a 293 K energy distribution. For the anharmonic surface,
excitation of higher-energy potential energy minima arising from different intermolecular conformations of
the alkyl chains and intramolecular vibrational energy redistribution (IVR) between the surface modes during
the collision enhance the energy transfer from Ne atom translation to the surface. IVR is efficient for the
alkyl chain’s torsional modes and intramolecular chain-bending modes and occurs on the time scale of the
Ne atom collisions. It does not occur during the collisions for other modes, such as the higher-frequency
intrachain CCC bends. This IVR between surface modes, during the collision, increases the number of modes
coupled to the Ne atom’s translational motion and enhances energy transfer to the surface. Whether modes
promoting or not promoting IVR are initially excited depends on the surface site at which the Ne atom collides.
The simulation indicates that the presence of these different energy-transfer dynamics for different surface
sites is the origin of the bimodal energy-transfer distribution fundi). It is suggested that a large number

of surface modes and chains coupled by IVR, for collisions at some surface sites, may create a sufficiently
large bath to form a Boltzmann-like componentR(E;).
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Figure 1. Comparison of simulation and experimental results of Ne
) atoms scattering off of a 1-decanethiolate SAMEat 12.7 kcal/mol,

(1) 0; = 45°, andTs = 135 K. The Ne atoms are colliding with a 15
azimuthal angle with respect to a plane defined by-3d° tilt angle
of the thiolate chains. The SAM surface model is modeled with united-

where Ts o is different than the surface temperatdrg This methyl and methylene groups on the thiolate chains self-assembled on
suggests that the Ne atoms are not thermally accommodatedf figid A{113} surface with periodic boundary conditions.

when they collide with the surface, which is supported by the

finding from the trajectories that most of the NSAM multiple inner turning points (MITPs) for a full accommodation
collisions are direct events with only one inner turning point of the incident particle’s energy and complete thermalization
(ITP) in the relative motion of the Ne atom with respect to the prior to desorptiorf. Thus, instead of identifying the NeSAM
surface? The standard paradigm is that the collision requires P(E;) as one with TD and IS components, a more accurate

description is one with a low-energy Boltzmann-like component

" Part of the special issue “Charles S. Parmenter Festschrift”. ~ (BC) and a high-energy non-Boltzmann (NB) component. Both
wlr: gc’s.w";g?ge dﬁf’"eSpO”dence should be addressed. E-mail: of these latter components arise from inelastic scattering.
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(i.e., Figure 4 in ref 3) for a range of incident energies and incorporating previous work by Jorgens¥nto represent

angles. The times range from 0.2 to 2 ps. important properties of the SAM’s experimental structt(ee.,
As shown in a previous studya bimoldalP(E) is found in the commensurate’3 x +/3R30° structure and the-30° tilt
Ne—SAM simulations for a surface temperatdrgof O K. The angle). The dihedral potential for a single alkyl chain has trans-

low-energy component is Boltzmann-like and may be fit with (180°) <> gauche(120) and trans(18Y9 < cis(C®) barriers of

an effective surface temperatuiie ¢ of 330 K, which is 5.2 and 2.7 kcal/mol, respectively. In previous wéikyariety
remarkably different from the actual surface temperature. As models for the A{i111} surface were used, including one with
found for trajectory simulations with a high&k, a very small multiple Au layers and a thermal bath. This model gave the
fraction of the trajectories have MITPS giving rise to a same energy-transfer dynamics as the stiff model used here.
physisorbed Ne atoflt is of fundamental interest to identify ~ The adequacy of the stiff Ai111} model arises from the short

the energy-transfer pathways leading to the bimd{&). collision time for the Ne-SAM interaction and the large number
There are multiple pathways for translation-to-vibration (i.e., of vibrational modes associated with the SAM.
T — V) energy transfer in gassurface collisions. The structure The classical trajectory simulations were carried out with the

of an alkylthiolate SAM with well-defined normal modes for general chemical dynamics package VENWS$itial conditions
the alkylthiolate chains but highly coupled anharmonic inter- for the trajectories were chosen so that the incident Ne atoms
chain modes is somewhat intermediate between that for a solidwere randomly aimed within the central unit cell on the SAM’s
and that for a liquid. Modemode couplings are expected to surface. The initial velocity vectors of the Ne atoms are parallel
be particularly important for the anharmonic interchain modes. to the tilt angle of the alkanthiolate chains’ backbone so that
Developing a complete and accurate model foHS&AM T — the incident angled; and azimuthal angle; are 34 and 9
V energy-transfer processes requires identifying both the respectively. The collision enerdy; is 20 kcal/mol. An angle
vibrational mode(s) initially excited by the collision and those of 34° represents the range of angles studied experimerstally,
excited by the subsequent relaxation of the SAM. and a bimodal energy distribution is observed at this angle. The
If intramolecular vibrational-energy redistribution (IViRpr energy-transfer dynamics depends on the incident angle, and
the SAM is faster than the residence time of the incident rare- normal energy scaling does not describe the reSuksr
gas atom, then efficient energy accommodation may occur, andexample, the accommodation of the parallel componerk; of
a Boltzmann-like component may be presenP{f;). At low is similar to that for the normal compone¥ft.
energies and low surface temperatures, IVR may be investigated Simulations are performed with the SAM surface in its
by transforming the surface’s Cartesian coordinates and mo-potential energy minimum (i.e., a classical mechanical temper-
menta, used for solving the classical equation of motion, to ature of 0 K) and at a surface temperatlig®f 293 K. For the
normal-mode coordinates and momenta. Though this transfor-latter, zero-point energy (ZPE) is included in the surface’s
mation is exact only in the small displacement lifit! it still energy, and the energies for the surface vibrational modes were
gives realistic results if the total energy is not too latgén sampled from their quantum harmonic oscillator distributions
alternative approach for studying energy-transfer mechanisms(i.e., a quasiclassical normal-mode sampling meth&jl In
for gas—surface collisions is to use a Hamiltonian in which the previous worl§ we have shown for the NeSAM system that
surface motions are directly represented by normal métes. quasiclassical normal-mode sampling and molecular dynamics
The surface represented by this Hamiltonian is thhis-3 6 classical mechanical sampling of the surface give the same
collective harmonic oscillators. Though this harmonic surface trajectory results. The understanding of this finding is that for
model does not allow modemode couplings and thus IVR, it  the short Ne-SAM collisions there is not sufficient time for
allows one to study the surface modes initially excited by the zero-point energy to flow unphysically between the surface
impact of the projectile. Comparing the energy-transfer dynam- modes?%2! If not stated otherwise, the simulation results for a
ics for the harmonic and anharmonic models provides informa- particular initial condition are based on 400 trajectories.
tion concerning the importance of IVR and conformational ~ The above simulations assume that each Ne atom collision
changes for the surface (i.e., properties present in the anharmonievith the surface is an isolated event. This is the situation for

model) for gas-surface energy transfer. the experiments of Sibener’s research group, with which the
In the work presented here, the role of surface intramolecular Simulations are compared. In the experimental setup, one Ne
dynamics in promoting energy transfer in NBAM collisions atom hits a unit-cell at approximate intervals of several hundred

is investigated. The computational method is briefly described picoseconds.

in section Il. Results for both the harmonic and anharmonic

SAM model, withTs = 0 K and no zero-point energy (ZPE), ll. Simulation Results

are given in section Ill. In section IV, intramolecular dynamics A Harmonic and Anharmonic Surface Models with Ts =
for the anharmonic model are studied for the higher surface g k. 1. Energy-Transfer Pathways.#rage Energiesersus
temperature of 293 K. The important findings of this study are Time The total energy for the NeSAM system may be written

discussed in section V. as

II. Computational Method st = Tne F Vieosurt + Ecurt )
The models for the SAM potential and the N8AM

intermolecular potential were described previodélyhe SAM where Tne is the Ne translational energWne-surr is the

consists of 3d-hexylthiolate chains self-assembled on a stiff intermolecular potential energy between Ne and the SAM
Au{111} surface, with the methyl and methylene groups of the surface, andEsis the sum of the surface potential and kinetic
chains represented by united atoms. This model, identified asenergies. Average values for these three energies versus time
UA-small/Au-1-stiff/Ne-V(UA)? has been shown to be adequate were determined for Ne atoms colliding with both the harmonic
for studying the dynamics of NeSAM thermal collisional- and anharmonic SAM surfaces B{= 0 K with no ZPE. The
energy transférand comparing with experimehiThe potential results are plotted in Figure 2a and b for the anharmonic and
for the SAM model was developed by Hautman and KI€in, harmonic models, respectively. The average energies for the
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Figure 2. Average energy vs timeEg,, total surface energyEs v Ef (kcal mol’)

surface vibrational energ¥ie, Ne atoms' kinetic energiye-saw, Ne— Figure 3. Final translational-energy distributid®(E;) for Ne atoms
SAM intermolecular potential energy; aid/s,;, conformational energy  gcattering off of a SAM surface. Initial conditions ae= 20 kcall
of SAM. (a) Anharmonic SAM; (b) harmonic SAM. mol, incident along the SAM tilt direction, ari = 0 K without ZPE.

. . (a) Anharmonic SAM; (b) harmonic SAM.
harmonic model, which become constant@.75 ps, show that
t_he average collision lasts about 0.5 ps, con_sistent with residencqmport additional energy to the surface besides the excitation
times that range from 0.2 to 1 gd-or the first 0.5 ps of the ¢ e surface’s vibrational modes. For the anharmonic model,
s!mylatlon, the average energies for the two surface§ are Veryenergy may also be deposited in the surface by exciting higher-
similar. However, as expected, the Ne atoms scattering off of energy potential energy minima (i.e., conformations) of the SAM
th_e harmomc surface experience a stiffer surface and rebound(See discussion below). This conformational potential energy
with a h|gh§r average tr_anslanonal ene@(D The surfgce is denotedAVgy+. This additional channel for energy transfer
energyEsyy is more elastic for the harmonic surface. Eighty- 4y explain why the anharmonic surface adsorbs more of the
five and 73% of the initial Ne atoms’ translational energy is .qjjision energy. However, additional studies/tests are needed
transferred to the anharmonic and harmonic surfaces, respeciy getermine if this is indeed the case
tively. . L .
" . Figure 2a shows that at the end of the simulation, where

Additional gnderstandmg of the pathways for energy transfer 25 gs andAV., is identified as the difference betwei,
t(.) the_ SAM is obtained by caICl_JIatlng the average surf:alce andEs vin, AVsurifis 2—2.5 kcal/mol and 1815% of the surface
V|brat|c|)nal denelz_gy,Fs,vib, Versus tlme”. (IjBefc_:au;ef theb St/I:‘MthS energy. For a cold, larger surface model, the SAM is expected
normal-mode Kinetic energy 1s well aefined for ol € to relax to its equilibrium conformation at long time so that
anharmonic a_nd harmonlq SUTface mo_déIES,\,ibwas obtained AVt becomes zero. For this study, the surface is not of
fro(rjn_the_ maxtl)ma of the kinetic energies of the normal modes sufficient size (i.e., insufficient number of alkyl chains) and the
and Is given by numerical integration is not long enough to study tNi&—
Esvip relaxation. This is not a consequence of comparing a
E (t—t+ At) = E(t—t+At) = simulated 6-carbon chain with the experimental 10-carbon chain

Svib Z ! data; the results herein essentially converge to the 6-carbon atom
3N—6 limit.®
Z Tt — t + At)D 2. Final Tran.slationaI-Er.\ergy Distribut!on.of t_he Scattered

= Ne AtomsThe final translational-energy distributioR(E;), for

3N—-6

3) the Ne atoms scattering off of the SAM is shown in Figure 3a
aN-6[ 1 M and b for the anharmonic and harmonic surface models,
= Z - T%vma%(t_»t+ At) respectively. Both distributions are determined from 1000
SHLE trajectories with exactly the same initial conditions. Because
the SAM surface is static at the beginning of each trajectory
whereN is the number of surface atonts;> t + At is the time and is excited only through the Ne atom’s collisions, the
interval, andV; is the number of maxima in the interval for all ~ differences in energy transfer for the trajectories for each surface
of the trajectories, andt = 0.5 ps. For the harmonic surface arise from the Ne atoms striking different places on the surface’s
model, Es i, and Esys become equivalent after the Ne atom unit cell.
scatters, which is the required result for the harmonic model.  For both surfacesP(E;) is bimodal, which is more pro-
However, for the anharmonic surface mod&l,i, andEsg,s are nounced for the harmonic surface. Apparently, the anharmonic
not the same immediately after the collision. Thus, the Ne atoms surface has an additional mechanism (or mechanisms) for energy
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Figure 4. Chain orientation parameter of the anharmonic and harmonic
SAM surfaces after collision with a Ne atom.
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transfer, increasing the low-energy componen®() . For
the anharmonic surface, this low-energy component is only ., Rt ook  1725-30ps
. . i E E =149 kcal mol 7 7 E_ =157 kcal mal

approximately Boltzmann. The fit of the anharmonic surface &
P(E;) with eq 1 is given in Figure 3a. The effective temperature é
for the fit is 718 K. For a quasiclassical model for the SAM at 50+
0 K but with ZPE included, the low-energy component is well 2
fit by eq 15 As shown below, the anharmonic surface has two . o
pathways for energy transfer, which are not present for the 900 o0d5 030 0% o0 000 005 010 o1 030
harmonic surface. They are conformational changes of the alkyl Energy (kcal mol™) Energy (kcal mol™)
chains comprising the SAM and intramolecular vibrational
energy redistribution (IVR) between the SAM’s vibrational
modes during the Ne atoms’ collisions. The latter has the effect
of coupling more surface modes with the Ne atom’s translational
motion.

The bimodal energy distribution for the harmonic surface
must arise from different efficiencies for energy transfer to the

Figure 5. Distribution of energy (kcal/mol) in the vibrational modes
of the SAM vs time (ps) for 0.5-ps time intervals. Results are for the
anharmonic surface model.

vibrates about its global potential minimum with only small
changes in its chain orientation parameter. In contrast, the
o : i anharmonic SAM surface model traverses a much more
SAM when the colliding Ne atoms strike different places on - gyiensive region of configuration space, even at very short times
the surface’s unit cell. For collisions with certain surface regions, ;5 the Ne atom collides. The oscillation of the anharmonic
modes may be easily excited, and efficient energy transfer g, tace's chain orientation parameter indicates that the surface
occurs. However, if the Ne atom strikes other positions, then rggjqes in different local potential energy minima for times of
the energy transfer may be very inefficient. Similar energy- 1 g or more. The anharmonic SAM surface retains a certain
transfer dynamics may also occur for the anharmonic surface. 5 ount of potential energy that is not released to surface
Therefore, a bimodaP(Ef)_ (_Jlistribution might be an intrinsic iy ational energy,Esvi during the simulation. Collision-
property of Ne-SAM collisions for both thermal and hyper-  jqqyced conformational changes are important in the energy-

th%rnéari inci(c;ept fr"[?rgi’:; er of the SAM SurfadeMD transfer dynamics of NeSAM scattering.
- ~hain Lnentaton Farameter of the ur 4. Mode-Mode Couplings and Intramolecular Vibrational

simulation of the anharmonic SAM surfacelgt= 300 K shows :
Dynamics.Intramolecular energy transfer occurs between the

there are dramatic trans> gauche (t— g) conformational A ) 8
changes, especially for the terminal methyl grép— g is vibrational modes of the anharmonic surface model during and
' ’ after the Ne atom’s collision. The distribution of energies in

not observed in this simulation of N6&SAM collisions atTs = L. : . . o
" the SAM'’s vibrational modes versus time is plotted in Figure
0 K. Initially, the surface has no energy, and the total system . . ) :
5, where time zero is defined as the time when one surface

energy is only the incident Ne atom’s energy of 20 kcal/mol, ) " . .
so the likelihood is very low that the available energy is directed V|brat.|onal mode acquires more than 1 crof energy. Resqlts
are given for 0.5-ps time intervals out to 3.0 ps. The fraction of

to a torsion by a collision leading to a+ g conformational . . Lo
change. However, conformational changes may still be induced modes that are in the low-energy intercept of the distribution
' : decreases from-50% for the 0-0.5-ps interval to~30% for

thrngh reorientations of the muIt|pIe qlkyl ghalns from their the 2.5-3.0-ps interval. Thus, with increases in time the fraction
equilibrium configurations. The chain orientation parameter for . S I .
of the modes with negligible excitation decreases. The simula-

the SAM was determined frotf tions were carried out to 5 ps, and for times between 3 and 5

ps, there are only small changes in the distribution of energy in
S= %(3 cog v, — 1)D 4) the surface modes arfid i, varies between 15.5 and 15.7 kcal/
mol.
where 9; is the angle betweeith sub-bond vector and the The time-dependent distributions of energy in the modes of
equilibrium chain backbone. the harmonic SAM surface are not shown. For thed(®- and

The time evolution of the chain orientation parameter for the 0.5-1.0-ps time intervals, they are very similar to those in
anharmonic and harmonic surface models is shown in Figure Figure 5 for the anharmonic surfades i, values for the two
4. The calculation for each surface is based on a single trajectory.respective time intervals are 12.0 and 14.6 kcal/mol for the
The harmonic surface allows only one configuration. The SAM harmonic surface and are similar to the values of 11.5 and 13.5



10604 J. Phys. Chem. A, Vol. 107, No. 49, 2003 Yan et al.

08 1 1 1 1 1
a
— 074 . @ |
©
g 0.6 . -
§ 0577 - . ) : o~
S.‘, 044" i . L
<) Lo
SRS D ! . - '% L "
.o - . K3 L A
g 0.25 .é.- ﬂn :!_ o i | o 4
<L g -i@! L ne 5 ¥
M "' LAy g TR o
0 : e B 0 A, L) 2 \ 12 1
D % A®
10 - ,\335 = o
_ (b) 2 7 s
4 34 | 332 -] \_\Q
Py . o
E &l ' i
= 1 b '
c | LR o
S 4 s R
® . ., ) H -
E 2 g ko E.F o
y L, -
i Wl By : o
0 T T T T T ° -
0 100 200 300 400 500 600 % A
|
Frequency (cm’) | -
Figure 6. (a) Maximum kinetic energy acquired by a vibrational mode “‘ A o
of the SAM, during a 5-ps trajectory, averaged over 400 trajectories. %6— 12 A /) /) s
Mim>is plotted versus the frequency of mode(b) Time for a 6’4 25 “‘ A®
vibrational mode of the SAM to acquire a kinetic energy of 1¢m ©, 2= /) A0
averaged over 400 trajectories. 2 03 g <) Q°

kcal/mol in Figure 5 for the anharmonic surface (i.e., these ®

averageks vip values may also be obtained from Figure 2 for Figure 7. Evolution of the kinetic energy vs time for the five highest
the two time intervals). Because IVR does not occur between excited modes of a trajectory with inefficient energy transfer. Results
the modes of the harmonic SAM surface after the Ne atom are shown for the anharmonic (top plot) and harmonic (bottom plot)
scatters, the energy distribution for the modes of the harmonic Surface models. For each, the Ne atom is aimed at the same site on the
surface do not change after the ©BR0-ps time interval. Surdfatﬁe L.m't.dce”t' Lhe |tn|t|al Surface tezzrcm)wpkere;/turel is 0 K, without ZPE,

If there is efficient IVR between the vibrational modes of and e incident e atom energy 1s caymor

the SAM, then the average energies of the SAM’s vibrational study, where the time required for modéo acquire a kinetic
modes will be nearly the same. Though average oscillator energy ofT; > 1 cn ! is averaged over 400 trajectories. Some
energies are identical for a collection of classical harmonic \,qdes receive this small amount of energy nearly instanta-
oscillators with a statistical energy distribution, there will be neously as the Ne atom collides, whereas for others the time is
small differences in the average energies if the oscillators are 4, the ‘order of 10 ps. A comparison of Figure 6a and b shows
anhgrmonic’f? Tp study the extent of IVR fqr the SAM, the that if a low-frequency mode has a large"®Tthen it tends to
maximum kln_et|c energy acquwe_d by each vibrational mode of receive a small amount of energy in a very short period of time.
the SAM during the 5.0-p$ motion of the _SAM after the Ne Intramolecular energy transfer between the vibrational modes
atom’s impact was determined for each trajectory. An average of the SAM during the collision may enhance energy transfer
maximum kinetic energy for mode [T;"*f) was then deter-  om Ne translation to surface vibration. This is illustrated in
mined by averaging thg"*"value for each trajectory over 400  Figyres 7 and 8, where the time evolution of the kinetic energy
trajectories. The results are striking and are given in Figure 6a, for the five most highly excited surface modes is shown for
where [T"*Tis plotted versus the frequency of moieThe two trajectories with inefficient and efficient energy transfer.
excitation of the modes is not stochastic because some modesn each Figure, the results of a trajectory are shown for collision
are preferentially excited over others. The preferential excitation with both the anharmonic and harmonic surface models. For
is not restricted to a particular frequency range, though the each surface, the Ne atom is aimed at the same site on the
modes with frequencies below 90 chtend to be more highly  surface unit cell. For Figure 7, the Ne atom collides with a site
excited. The origin of the peaking iff{"*Cat frequencies of  that gives inefficient energy transfer, whereas in Figure 8 the
approximately 26, 83, 135, 240, and 380 ¢nis interesting collision is with a site that gives efficient energy transfer. For
but not fully resolved. The modes with the larg&st*Ifor the collision with the surface site that gives inefficient energy
these approximate frequencies correspond to intermoleculartransfer (Figure 7), the energy of the scattered Ne atom is very
bending of multiple chains far of 26 and 83 cm! and localized similar for the anharmonic and harmonic surfaces (i.e., 9.77

CCC bending of +3 chains forv of 135, 240, and 380 cmi. and 9.98 kcal/mol, respectively). In contrast, the scattered Ne
There are broad frequency ranges for which there is no atom’s energy is much different (i.e., 0.84 and 4.24 kcal/mol)
appreciable excitation of the modes. for the anharmonic and harmonic surfaces, respectively, when

The modes of the SAM may receive energy on different time it collides with the site that gives efficient energy transfer (Figure
scales. This is illustrated in Figure 6b for a 10-ps simulation 8).
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chains (72.3), symmetric bending of chain rows (75.6), asym-
metric bending of chain rows (82.6), and CCC torsions and
wagging of central chains (132.5 and 132.6). These modes are
composed of CCC torsions and intermolecular bending of
multiple chains. The suggestion, from comparing the types of
modes excited by the trajectories giving inefficient and efficient
energy transfer, is that energy is retained in the intramolecular
CCC bending and stretching modes of the alkyl chains for a
relatively long time and IVR is slow. In contrast, the excitation
of CCC torsion and intermolecular modes by trajectories with
efficient energy transfer gives rise to efficient IVR during the
collision and a large “bath” of surface modes coupled to the
Ne atom translational motion.

B. Anharmonic Surface Model with Ts = 293 K. In the
above simulations, energy transfer to the SAM surface and the
surface’s intramolecular dynamics were studied for a surface
initial condition of Ts= 0 K and no zero-point energy. To study
the effect of increasing the surface temperature, simulations were
also performed for an initial surface temperature of 293 K, with
zero-point energy added by the quasiclassical method as
described in section Il. The above simulationTat= 0 K and
& without zero-point energy, has a low surface energy, and normal-
B mode coordinates are meaningful for studying how energy is
‘__E 4322 deposited in the surface and transferred between surface modes.

= _ However, for the much higher surface energy for the quasi-

=Y @2 S S classical simulation af; = 293 K, the surface’s normal-mode
—~~ a® coordinates are less representative of the surface’s vibrational
% 138 N AR » motion? and another approach is needed to investigate the
) 12 5 AN surface intramolecular dynamics. The one used here is to study
o the relaxation of the autocorrelation function (ACF) for different
Figure 8. Same as Figure 7, except that the Ne atom is aimed at a tYPes of surface modes.
site on the surface unit cell for which there is efficient energy transfer. 1. Autocorrelation Function (ACF) for Different Types of
Surface ModesTo study the intramolecular vibrational dynam-
For the trajectories in both Figures 7 and Figure 8, the initial ics of the SAM at 293 K, a molecular dynamics trajectory was

kinetic energy in each of the five modes is very similar for the calculated for the SAM at this temperature. An autocorrelation
anharmonic and harmonic surface models. For collision with function, defined b

the surface site that gives inefficient energy transfer (Figure 7),

the kinetic energies of the modes versus time for the harmonic .
surface model show that the collision last®.2—0.3 ps. The C(t) = 9(0) f(t)D_ Eb(O)ﬁ (5)
mode energies are very similar for the two surface models during [$(0)’C— [p(0)3

this time period as the collision occurs. However, at longer times
some of the modes for the anharmonic surface lose energywas determined for both the CCC bending and torsional modes
through IVR processes. Figure 8 shows that the anharmonicof the SAM. The CCC stretching modes are not significantly
and harmonic surfaces give much different energy-transfer excited by the SAM, and their ACF was not considered. In eq
dynamics for Ne atom collision with the surface site that gives 5, ¢(t) are values for the bending (or torsional) angles at times
efficient energy transfer. The kinetic energies for the modes of 0 andt, and[¢(0)[is the average value for the angleg &t 0.
the harmonic surface show that the collision last4 ps. In The ACF is evaluated by extracting valuespadt 10 000 equally
the initial stage of the collision, the mode energies for the two spaced time intervals of a 100-ps trajectory. With this 0.01-ps
surfaces are similar. However, as the collision proceeds thesampling time interval, the simulation is able to resolve
modes of the harmonic surface continue accumulating energy,frequencies of. = %,A = 50 ps' = ~1666 cn! and lower
and the modes of the anharmonic surface lose energy, redis-by a discrete Fourier transform 6ft).?> Because the vibrational
tributing it to other surface modes. The implication is that the modes of the SAM excited by the Ne atom collision have
coupling between modes and IVR during the collision for the frequencies much lower than 1666 chmthe MD simulation
anharmonic surface enhances energy transfer to the surface sand the ACFs describe the intramolecular dynamics of the modes
that the scattered Ne atom'’s energy is 0.84 kcal/mol and muchparticipating in collision-energy transfer to the SAM.
smaller than the 4.24 kcal/mol value for the harmonic surface.  Figure 9 shows that the relaxation of the bending modes is
The trajectory with efficient energy transfer excites different much slower than that for the torsional modes. The ACF for
types of surface modes than does the one with inefficient energythe bending modes oscillates between positive and negative
transfer. The modes excited in Figure 7 for the trajectory with values, indicating that the individual CCC angles oscillate
inefficient energy transfer are alkylthiolate chains collective around their equilibrium values, with weak couplings. The
wagging (37.9), CCC bending (133.5, 133.9, and 134.2), and relaxation is slow, and the bending modes retain the memory
vertical vibration of alkylthiolate chains (343.7). Except for the of their initial conditions for more than 2 ps. In contrast,
37.9-cnmt! mode, these are modes for intramolecular motions relaxation is rapid for the torsional modes and occurs on a 0.5-
of the chains. For the trajectory in Figure 8 with efficient energy ps time scale, which is similar to the time for the Ne atom’s
transfer, the modes excited are CCC torsions of the alkylthiolate collision with the surface (Figures 7 and 8). Thus, if torsional
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1 ) . . The average total SAM surface energy with quasiclassical
sampling at 293 K is 1400 kcal/mol. According to linear
0.8 Bending ACF i response theorf the incident Ne atom’s energy of 20 kcal/
0.6- L mol constitutes a small disturbance of the SAM’s equilibrium
£ o4l I energy distribution and therefore may merge with the surface’s
T thermal motion. Because the system cannot distinguish whether
o 0.2 - such a distribution is caused by its own spontaneous fluctuation
0 | or by an incident Ne atom, the relaxation of the system following
this distribution should coincide with the ACF for the system
02 I as described above. The residence time of Ne atoms on the
0.44 . . ; surface is approximately 0-0.5 ps, which is on the same time
Y 1 2 3 4 scale as relaxation of the torsional and low-frequency interchain
1 1 vibrational modes. Therefore, efficient energy accommodation,
through fast IVR processes during the collision, is expected for
0.8+ Torsional ACF i collisions that excite these modes. However, less efficient energy
0.5, | accommodation may occur if only a small set of modes with
= slow IVR are excited during the NeSAM collision. The types
5 0.4 - of surface modes that are excited depend on the surface site
3]

with which the Ne atom collides, and the two types of energy
0.24 I transfer and accommodation dynamics should contribute to the
0. bimodal P(E).

0.2 r T r IV. Summary

1
t/ps In the work reported here, the intramolecular dynamics of
Figure 9. Autocorrelation function (ACF) afs = 293 K for the CCC the surface is investigated to study the efficiency of energy
bending (a) and torsion (b) angles. transfer in collisions of Ne atoms with timehexylthiolate self-
assembled monolayer (SAM) surface. Important components
of the study are the use of both anharmonic/coupled and
harmonic/separable models for the surface’s vibrational modes
and considering a surfacé @K with no zero-point energy and
84.5% BC i one at 293 K with zero-point energy. The anharmonic surface
T =575K has two energy-transfer mechanisms that are not present for the
' harmonic surface, which may enhance energy transfer from Ne
atom translation to the surface. They are (1) the excitation of
higher-energy potential energy minima arising from different
intermolecular conformations of alkyl chains and (2) intramo-
lecular vibrational energy redistribution (IVR) between the
surface modes as the Ne atom collides.
0 2 4 6 8 10 12 For Ne atom collisions with the SAM at a collision energy
Ef (kcal/mol) of 20 kcal/mol, 16-15% of the collision energy is transfer to
conformational potential energyAVsus, for higher-energy
potential energy minima. For a cold surface, tAi¥s, will
relax to vibrational energy about the surface’s global potential
energy minimum. However, the surface model used here is not
large enough to study this relaxation process. The time
modes are initially excited by the Ne atom’s collision with the dependence of the chain orientation parameter for the alkyl
SAM, then IVR is expected to be rapid between the torsional chains indicates that after the Ne atom collision the alkyl chains
modes and compete with the atom’s residence on the surfacereside in and move through different local potential energy
Such a bath of modes coupled to the Ne atom’s translational minima. The relaxation oAVsyto surface vibrational energy
motion during the collision may have the effect of “thermaliz- may be nonexponential.
ing” the Ne atom’s translational energy and forming a Boltz-  IVR between surface modes as the Ne atom collides increases
mann-like component in its final translational-energy distribu- the number of modes to which the Ne atom translational motion
tion. is coupled and is expected to enhance energy transfer to the
2. Final Translational-Energy Distribution of the Scattered surface. IVR is rapid and occurs during the collision for the
Ne AtomsThe final translational-energy distributioR(Ey), for torsional modes of the alkyl chains and interchain bending
Ne atoms scattered off of the 293 K SAM surface is shown in modes. However, IVR is slower and does not occur during the
Figure 10. The average final ener@llequals 2.98+ 0.16 collision for the intrachain CCC bending modes. The types of
kcal/mol, which is much higher than the surface thermal energy modes that are excited depend on the surface site at which the
of 2k,Ts = 1.2 kcal/mol. TheP(E;) distribution may be Ne atom collides. For some surface sites, multiple modes may
deconvoluted into Boltzmann-like (BC) and non-Boltzmann be excited by IVR during the collision, leading to efficient
(NB) component$, which comprise 84.5 and 15.5% of the energy transfer. Inefficient energy transfer may result if only a
distribution, respectively. The effective surface temperatyee small number of modes, which do not undergo IVR during the
for the Boltzmann-like component is 575 K and is much higher collision, are excited. It is suggested that these different types
than the surface temperature of 293 K. of collisional energy-transfer efficiencies and dynamics for

0.3 1 1 1 1 1 !

Anharmonic Surface

Figure 10. P(Es) of Ne atoms scattered off of the SAM surfaceTat
= 293 K; BC, Boltzmann component; NB, non-Boltzmann component.
The Boltzmann component has an effective temperature of 575 K.
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different surface sites give rise to the bimodal Ne atom multiple chains and that there is a propensity for inefficient

translational energy distributioR(Ey). energy transfer with the excitation of only a small number of
Though an insignificant number of the Ne atom collisions chains. These conjectures may be probed in future studies

have multiple inner turning points in the Ne SAM relative utilizing both the anharmonic and harmonic surface models. An

motion (i.e., a property indicative of a collision intermediate), important property to be determined in future wrks an

the Boltzmann-like component iR(Es) arising from efficient “energy-transfer grid” identifying the efficiency of energy

energy transfer may be fit by an effective surface temperature, transfer at each impact point of the unit cell. It is expected that
Tsef that is different from the actual surface temperature. The this grid will depend on the collision energy, incident angle,
simulations indicate that a bath of surface modes, coupled viaand azimuthal angle.

IVR for collision with some surface sites, allows the relatively
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