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Inelastic Scattering Dynamics of Ar from a Perfluorinated Self-Assembled Monolayer

Surface

I. Introduction

Self-assembled monolayers (SAMs) of thiolates on metals
are widely used in nanoscience and nanotechnoldgey are
also very valuable materials for exploring the dynamics of
collisions of gases with organic surfaces because their highly
ordered and well-characterized structures simplify the elucida-
tion of the microscopic mechanisms of energy transfer. The first
gas-surface scattering study involving SAMs was reported by
Cohen et al2who measured the fraction of translational energy
transferred in collisions of monatomic and diatomic gases with
long-chain, amphiphilic monolayers. They found a correlation
between the extent of energy transfer and the rigidity of the
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Dynamics of Ar atom collisions with a perfluorinated alkanethiol self-assembled monolayer (F-SAM) surface
on gold were investigated by classical trajectory simulations and atomic beam scattering techniques. Both
explicit-atom (EA) and united-atom (UA) models were used to represent the F-SAM surface; in the UA
model, the Ckand CF, units are represented as single pseudoatoms. Additionally the nonbonded interactions
in both models are different. The simulations show the three limiting mechanisms expected for collisions of
rare gas atoms (or small molecules) with SAMs, that is, direct scattering, physisorption, and penetration.
Surface penetration results in a translational energy distribufi@i), that can be approximately fit to the
Boltzmann for thermal desorption, suggesting that surface accommodation is attained to a large extent.
Fluorination of the alkanethiol monolayer leads to less energy transfer in Ar collisions. This results from a
denser and stiffer surface structure in comparison with that of the alkanethiol SAM, which introduces constraints
for conformational changes which play a significant role in the energy-transfer process. The trajectory
simulations predicP(E) distributions in quite good agreement with those observed in the experiments. The
results obtained with the EA and UA models are in reasonably good agreement, although there are some
differences.

scattering refers to the process in which the projectile rebounds
directly from the surface after a single encourifef® Phys-
isorption occurs when the gas species is adsorbed on the surface
for a substantial period of time. Physisorption together with
penetration into the monolayer have often been classified as
trapping desorption (TD¥37

Because of the inherent difficulty to directly observe trapping
desorption, the common experimental praci€é? 38 is to
equate the fraction of TD to the fraction of the translational
energy distribution of the scattered specie;), that can be
fit to a Maxwell—Boltzmann distribution for thermal desorp-
tion, % that is

chains and the gas/surface mass ratio. In addition, they suggested _ -2 -
that the internal rotation of the terminal methyl groups and the P(E) = (keT9 * E exp(-Ei/ks Ty @)
concerted waving motion of chains perpendicular to the carbon

skeleton play a significant role in the energy transfer.

Since the publication of the above study by Cohen et al.,
numerous experimental and theoretical investigations have
explored energy transfer in collisions of gas-phase species with
SAM surface$ 25 and liquid surfaces such as perfluorinated
polyether?5=31 These investigations show that three limiting
types of events, direct impulsive scattering, physisorption, an
penetration, can take place upon collision. Direct impulsive

wherekg is Boltzmann’s constang; is the final translational
energy of the scattered gas particle, ahdis the surface
temperature. The remaining higher-energy component of the
distribution is then assigned to inelastic scattering. However,
there are uncertainties in this approach since classical trajectory
simulations of Ne scattering off SAMs adsorbed on{ A11,1

d have shown that a Boltzmann componentH(E;) does not
necessarily arise from a trapping desorption intermedfafé.

A substantial number of trajectories associated with this
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component come from single-bounce encounters. Moreover, the

*To whom correspondence should be addressed. E-mail: bill.hase@ttu.edulOw-e€nergy component of the(Er) distribution may be fit by

(WiL.H‘.); gfemilio@usc.es (E.M.-N.). an effective surface temperature that differs from the actual
£\L/’i’;'§;?re]ir§'$2‘éhde Santiago de Compostela. temperature of the surface. In many instances, this effective

s Department of Chemistry and Biochemistry, Texas Tech University. t€Mperature is significantly higher thah, which may be
#High Performance Computing Center, Texas Tech University. interpreted in terms of thermalization with a subset of surface

10.1021/jp076431m CCC: $37.00 © 2007 American Chemical Society
Published on Web 11/07/2007



12786 J. Phys. Chem. A, Vol. 111, No. 49, 2007 Vazquez et al.

vibrational modes? In a similar vein, the fraction of the V=Vt T Var_sut (2)
Boltzmann component iR(Es) for CO, scattering off of the
F-SAM surface is not equivalent to either the fraction of As indicated above, both explicit-atom and united-atom models
physisorption or penetration events, or their combination. were considered to represent the F-SAM. In the EA model,
Most of the above experimental and theoretical studies are developed in previous work the F-SAM consists of 48 chains
concerned with inelastic scattering of rare-gas atoms (especiallyof the CR(CF)7S radical adsorbed on a single layer of 225 Au
Ne and Ar) with alkanethiol SAMs on goftt15 The use of rare ~ atoms held fixed at their equ.|I|.br|um positions. The validity of
gases at low collision energies facilitates the interpretation of treating the gold atoms as a rigid anchoring slab has been shown
the experimental observations as well as the use of computerélsewheré? The S atoms are adsorbed in a shape of a rhombus,
simulations because it removes complications from chemical t0 correspond to experimefitwith each S atom interacting with
reaction. Nevertheless, the variety of projectile species inves- e closest three Au atoms via three individual harmonic
tigated so far is quite wide, ranging from open-shell atoms Strétching potentialé:

[especially OFP)]8-20 and small molecules (e.g.oNO, CO, The potential energy function of the explicit-atom F-SAM
aniline, SiMe*)232-23to chemical species as large as peptide surfacé® comprises a sum of nonbonded interactions between
iong24.25 atoms from different gF17S chainsVNB(r;), as well as energy

contributions due to the distortions of bon&3(r;), bond angles,

Several studies have been designed to probe gas-surfacQ/B(gnk) and torsion anglesy (i)
ijk/y ij

adsorptioA®#2and the dynamics of energy transfer and thermal

accommodatioh!®7in collisions of gases with functionalized B S

~ORISIONS . V, =Y V) + § V) +

SAMs surfaces. These investigations are important to understand = SAM ; (ry) Z (ry)

the role of the surface structure in the energy-transfer dynamics. ' N Y 3

In particular, it was found that the extent of thermalization and Z ( iik) | (q’iikl) ®3)
L), LK

the percentage of energy transferred to the surface (using Ar as
the projectile gas) decreases when the alkanethiol chains ofThe stretching and bending interactions for atdmjs andk
SAMs on gold contain hydrogen-bonding groups at the terminus, are modeled by harmonic functions

such as-OH, —COOH, and—NH,.#16.17"When the hydrogen-

bonding groups are buried beneath the methyl terminus, the Vs(rij) = o_aéﬁ(rij — rgﬂ)z (4)
experiments show that impulsive scattering decreases and
accommodation increases as the functional group is located VB(Gijk) — 0‘5<08Lﬂy(9ijk _ ggﬁy)z (5)

farther below the methyl termind$.The scattering dynamics

becomes similar to that of-alkanethiol SAMs when the wherer, is the equilibrium bond length for atom typesand

H-bonding groups are positioned below five or six methylene B; 6°, is the equilibrium bond angle for atom types, and
roups. This fact is related to the observation that, for high- * =% . -

group ‘Ar collisi lkanethiol SAM Id. | ' 9 y; and kiﬁ and ksﬁy are the stretching and bending force

energy Ar coflisions om-akkanetniol SAVIS on gold, fong-range constants, respectively. The torsional terms are given by cosine

molecular motions involving up to six carbon atoms along the

individual chains play the dominant role in the energy-transfer series
dynamics: o V=S 05 51— costp — @50 (6)

In the present work, we report the results of classical trajectory m
simulations of Ar collisions with a perfluorinated alkanethiol
[CF5(CFy)7S] self-assembled monolayer (F-SAM) on gold, at wherek] .. s and ¢y 4, are torsional parameters. The non-
collisions energies of 50 and 100 kJ/mol. The general aim of bonded interactions in the EA model are modeled by Bucking-
the present work is to extend the previous investigations of the ham potentials
dynamics of Ar scattering from SAMs surfaces and analyze the c
effect of fluorination on the energy-transfer dynamics. The Brp \ — - R
simulations were performed with two model potentials for the v () = Auy @XPCByy) + Daj Q)
F-SAM surface, an explicit-atom (EA) model, used with success
in a recent dynamics study of G@cattering from the F-SAM! whereAgs, Bug, Cos, andDgg are the Buckingham parameters
and a united-atom (UA) model, wherein theGthd CF, units for atom typesa and 5. As seen below, the nonbonded
are represented as single pseudoatoms. As a complement to thiteractions for the UA model of the surface are different. All
trajectory simulations, we carried out atomic beam scattering of the parameters for the EA model of the F-SAM surface are
experiments to determine translational energy distributions of given in ref 37. This EA model gives a structure for the
the scattered Ar atoms. The comparison between the experi-F-SAM?2! which is in good agreement with experiméttfor
mental and the trajectory translational energy distributions will example, the ;S chains form a tilt angle of 1327with
serve to judge the reliability of the present simulations. A respect to the Au normal compared with the experimental value
specific goal of this study is to assess the performance of theof 12 4 2°,4 and the average distance between the terminal C
UA model, given that this model may be very useful for large- atoms is 6.247 0.808 A in comparison with the experimental
scale computations because it reduces the CPU time considervalue of 5.780+ 0.001 A%4

ij

ably in comparison with that of the EA model. The interaction term between Ar and the F-SAM surface in
the EA model is also expressed by a series of pairwise
Il. Computational Details Buckingham terms, witlh = 6. Parameter#\, B, and C for

the Ar--C and Ar--F interaction potentials were obtained
A. Potential Energy SurfacesThe potential energy function  elsewheré? by accurate fits to ab initio potentials of Ar CF,
employed to study the dynamics of inelastic collisions of Ar calculated at the CCSD(T)/aug-cc-pVTZ level with counterpoise
with the F-SAM surface comprises a potential for the surface corrections for basis set superposition errors. These potentials
(Vsurf) plus an Ar/F-SAM interaction termMVar, sur) are also in excellent agreement with very recent ab initio
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TABLE 1: Parameters Employed in the Potential Energy
Surface of the UA Model

bond force-filed parameters

kS ro
bond typé (mdyn/A) A
Au—-S 2.8 b
S—CR, 5.7 1.82
CR—CR, CR—CR; 3.5r 1.53
bond angle force-field parameters
kB 0°
bend typéf (kcal/motracP) (deg)
S—-CR—CF,, CR—CR—CF,, 0.863 114.6
CR—CR—CR;
torsion force-field parameters
KT @°
torsional typéf n (kcal/mol) (deg)
S—CR—CR—CkR 1 7.08471554 0.0
CRL—CR—CR—CFR, 2 4.208465094 0.0
CR—CR—CR—CR 3 5.462568782 0.0
4 2.953659654 0.0
5 1.726793568 0.0
6 1.726793568 0.0
7 0.2560869246 —180.0

nonbonded force-field parameters
A

B

UA pairf (kcal/mol Al?) (kcal/mol A8)
CF,--CFK, 77172756.95 —7633.897037
CFR;+-CF; 24370344.30 —2410.704328
CFy--CR; 50771550.62 —5022.300682

aRef 48.° Equilibrium distances between the S atoms and the
corresponding three closest Au atoms are different for all S atoms in
the unit cell (ref 44)¢Refs 50 and 519 Ref 52.¢ Ref 53." Ref 54.
9Taken as the arithmetic mean of the parameters for-@F, and
CRs++-CF; interactions.

calculations on the Ar+ CF; system, using focal point
CCSD(T) with complete basis set extrapolatfdn.

The UA model of the F-SAM consists of 48 chains of
CRs(CF)7S radicals adsorbed on a single layer of 196 con-
strained Au atoms. The sulfur atoms of thes(fFH-);S moieties
are placed 1.931 A above the 11} surfacé8in close-packed
rows rotated 30from the close-packed rows of gold atofis,
maintaining the nearest-neighbor chaghain distance of 5.776
A. The backbone of the GFECF,);S radical has a tilt angle of
9° with respect to the Au surface normal, which is in quite good
agreement with the experimental value of4t2°,4and shows
the typical helical conformation of perfluorocarbon chdihs.

As for the EA model, the general expression of the potential
energy of the UA F-SAM surface follows eq 3, but the

nonbonded interactions are represented by Lennard-Jones 6-15¢

potentials instead of Buckingham functions

Ao, Bag

12 + 6
ij ij

VNB(rij) = (8)

Within a chain, nonbonding interactions for united atoms
separated by four or more bonds were fully included in the
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13.5 A and no tail corrections were used in the UA F-SAM
model.

The Ar/F-SAM interaction functionMa,surf) for the UA model
was derived from a fit of the Buckingham expression to a
potential, Va((R), obtained by isotropically averaging the EA
interactions in the Ar-CF, systent®

1 n
Va\XR) = H kZ IZ VR(ri,Ar;Gk!(pk'Xk) (9)

whereR is the Ar--C separationn is the number of random
orientations of Ck (defined in terms of the Euler anglék,
@k, andyy) for a given distanc®, andVr(riar; Ok, @k, xk) IS the
EA potential energy of Ar-CF,. At constantR, the value of
this potential energy varies with the orientation of,Chich
determines the; o, distances (i stands for C or F in QFThe
parameters for both the EA and U, surfinteraction functions
are reported in ref 46.

B. Trajectory Simulations. Trajectory initial conditions were
chosen appropriately in order to mimic the experimental
conditions. The angle with respect to the surface normal for
the Ar projectile, that is, the incident polar angtg)( was 30.

The orientation of the projection of the initial Ar velocity vector
onto the F-SAM surface, given by the initial azimuthal angle
(xi), was chosen randomly between 0 and 380take account
of all possible collisions with different chain orientations on
the surface. The points on the surface at which the Ar atom
impacts were randomly selected from the central unit cell of
the surface, defined by the vectaisandVv determined from
the Cartesian coordinates of the terminal carbon atoms for three
chains at the corner of the unit cell. The aiming po#tif the
unit cell was randomly calculated by
A=Ril+ RV (20)
whereR; and R, are two freshly generated random numbers.
Periodic boundary conditions and the image vector convetition
were used to model a larger surface, which is especially
important for collisions leading to physisorption and multiple
Ar encounters with the surface.

Ensembles of 2000 trajectories were run at collision energies
(E;) of 50 and 100 kJ/mol, employing the VENUSO05 progrm.
The initial separation between the Ar atom and the surface
aiming point was 30 A (38 A above the gold atoms). The
integration of the classical equations of motion was performed
with a fixed step size of 0.3 fs using the Adamidoulton
algorithm. Prior to the propagation of the first trajectory, a
molecular dynamics simulation was carried out for 2 ps to attain
thermal relaxation of the F-SAM surface at 295 K. The structure
thus obtained was used later as the initial structure of a 100 fs
equilibration run before the second trajectory. This process was
peated before initiation of each trajectory.

Trajectories were halted when the separation between Ar and
the surface reached 35 A or when 60 ps had elapsed. Then,
several properties were evaluated from the atomic Cartesian
coordinates and momenta, such as the final translational energy
of Ar, the final internal energy of the surface, the residence
time of Ar (9 on/in the surface, and the angular distributions
of the scattered Ar atoms.

For some trajectories [1.2 (15%) and 0.6% (5%) for the EA

potential energy evaluation. Lennard-Jones interactions between(UA) model at 50 and 100 kJ/mol, respectively], the Ar atom
united atoms separated by one, two, and three bonds weredid not desorb within the integration time of 60 ps. Of these
neglected. The values of the force-field parameters employedpercentages of incomplete trajectories90% correspond to

in the UA model of F-SAM were taken from the literatbffe®*
and are collected in Table 1. A spherical potential truncation at

penetrating trajectories. One may expect that, after this period
of time, the Ar atom reached thermal equilibrium with the
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F-SAM surface. Eventually, the Ar atom will desorb from the TABLE 2: Percentages of Different Trajectory Types
surface, presumably following a statistical distribution of trajectory types
velocities. Accordingly, for these trajectories, the final Ar

velocity was randomly assigned from a 295 K Boltzmann B direct penetrate physisorb

distribution,0; was randomly sampled from a cosine distribution, UA EA UA EA UA  EA

andy; was sampled uniformly within the range of-G60C°. 50 27 47 23 (2;21) 9 (6; 3) 50 44
C. Experimental Approach. The scattering experiments were ~ 100 48 46 9(1:8) 17(14;3) 43 37

conducted using an alkanethiol SAM created by immersion of 2 Collision energy in kd/mol® The percentage of direct penetration

a gold-coated silica substrate @ 1 mMethanolic solution of and physisorption penetration is given in parentheses as (% of direct
CF3(CF2)7(CH,)2SH for 48 h. Although the degree of fluorina- ~ penetration; % of physisorption penetration).

tion of the alkane chains employed in the experiments was , :
slightly lower than that used in the simulations, previous work {UA modei

has demonstrated that only about seven carbon atoms along the i 5

individual chains are involved in the energy-transfer event for ; 5 '
high-energy Ar collisions on hydrocarbon SAKMTherefore, E, = 50 kJ/mol 714
the two CH groups buried beneath the SAM are expected to T 3 :
have a minor effect on the overall scattering dynamics. The
structure of the monolayer is very similar to that employed in
the simulations and has been characterized by Alves and
Porter®” The resulting monolayer sample was removed from
solution, rinsed in ethanol, dried extensively in ultrapurg N
and then transferred immediately into an ultrahigh-vacuum
scattering chamber via a rapid loalbck system. The atomic
beam scattering experiments were conducted for high-energy
(100 kJ/mol) and low-energy (50 kJ/mol) Ar scattering from
the self-assembled monolayer. As described in detail elsewhere,
the experiments were performed by directing a nearly mono-
energetic Ar atomic beam at the monolayer surface under
ultrahigh-vacuum conditior’sThe peak incident beam energy
was controlled using standard seeding technigliés in the
simulations, the incident angle was set td 3@dth respect to

the surface normal. The flight times of the Ar atoms were
recorded as they traveled from a spinning slotted wheel,
scattered from the monolayer, and passed through an aperture
into a quadrupole mass spectrometer located at the specular
angle of 30. The raw spectrometer signal in the TOF distribu-
tions was proportional to the number denshift), and was used
to compute the probability?(E;), that an argon atom leaves
the surface with final energh.

EA model!

L 74403

13.8411

Number of trajectories

Physisorption
—— Penetration

Number of trajectories

7(ps) 7(ps)

Figure 1. Distributions of residence times for physisorbing and
penetrating trajectories calculated with the EA and UA models at 50

. . . . and 100 kJ/mol. Vertical dashed lines indicate average values, and the
lll. Simulation Results and Discussion uncertainty is given by the standard deviation of the mean.

A. Types of Trajectories.As expected, the simulations show
the three limiting types of trajectories, that is, direct, physisorb- the results for the EA model, which show similar percentages
ing, and penetrating, described in the Introduction. Direct of direct scattering for both collision energies. For the UA
trajectories are those having only one inner turning point (ITP) model, the penetration probability decreases with an increase
in their motion perpendicular to the surface plane and give rise in E;, while the opposite effect is found for the EA mode. While
to inelastic scattering-3>Physisorption is identified as an event  the percentage of direct penetration is only226 for the UA
in which Ar undergoes two or more ITPs without penetration. model, for the EA model, this percentage is larger {8%).
On average, physisorption trajectories are adsorbed on the For each trajectory, we evaluated a residence tirhag the
surface during a substantial period of time (several picoseconds).difference between the times of the last and first ITPs in the
Following the criterion employed in the previous study of CO  perpendicular motion of the Ar atom. With this definition, used
scattering from the F-SAM! a trajectory is considered as recently in the simulations of GO F-SAM 2% only penetrating
penetrating if the Ar atom approaches within 11.6 A of the Au  trajectories with more than one ITP and physisorption trajec-
surface, which is a height intermediate of the average heightstories will have nonzero residence times. A different criterion
of the C atoms of the-CF; terminal groups and adjacent based on the time the projectile spends within a specified height
—CF,— groups. The trajectories that penetrated the surface areabove the surface gives short residence times for direct
not delineated by whether the penetration and desorption aretrajectories.!Figure 1 displays distributions of residence times
direct or whether the Ar atom is temporarily trapped on the top determined by the ITP approach for the penetrating and
of the F-SAM before it penetrates and/or after it leaves the physisorbing trajectories. As found for the €3 F-SAM
surface interior. systenv! the residence times of the penetration events are longer

Table 2 shows the percentage of each type of trajectory for than those of the physisorbing trajectories, especially for the
the two collision energies investigated (50 and 100 kJ/mol). For UA model, which shows average values significantly larger than
the UA model, the percentage of direct scattering increases subthose predicted by the EA model. The shapes of the distributions
stantially as the collision energy increases. This contrasts with of residence times obtained with the EA and UA models of the
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TABLE 3: Average Translational Energies of the Scattered
Ar Atoms?2

(Axy=~0;

total direct  penetrate physisorbd; ~ 300 exp

Ei=50
UA EA UA EA UA EA UA EA UA EA
[E010.3 16.2 134 18.0 57 51 10.7 16.3 11.7 16.6 11.6
Ei=100
UA EA UA EA UA EA UA EA UA EA
[E0 23.0 25.7 234 27.3 5.6 8.0 259 32.0 247 248 216

2Energy is in kJ/mol® For these trajectorief\y = +40, and the
final scattering angle i®: = 30 £+ 20, resembling the experimental
conditions Ay=0 and6; =30).

F-SAMs are also different. The differences between the EA and
UA models of the F-SAM results found in this study are
discussed in more detail in section 111.D.

Also, the average residence time decreasels; ascreases,
except for the penetrating trajectories calculated with the UA
model. For physisorption, all of th(r) distributions peak at
= 0 and decrease with increasingfollowing an exponential-
like pattern (see Figure 1). TH¥7) also peaks at = O for the
EA, but not the UA, penetrating trajectories.

B. Energy Transfer. Table 3 collects the final average
translational energy of the scattered Ar atoms for the 50 and

J. Phys. Chem. A, Vol. 111, No. 49, 200122789

UA-model for F-SAM EA-model for F-SAM

Ej= 50 kJ/mol

Total

Direct

—— Physisorption
Penetration

PED

Ej= 100 kJ/mol

PEp

—~—
40 60

Ef(kJ/mol)

Figure 2. Translational energy distributioi¥Es) of the scattered Ar

40 60 800 20 80

Ef(kJ/imol)

0 20

100 kJ/mol collision energies. The average energies transferreddtoms for direct, physisorbing, penetrating, and total trajectories,

to the surfaceAEsy) can be evaluated by energy conservation
asE; — E;. The results obtained in the present work resemble
those of the previous study on G& F-SAM.2! For example,

the percentage of the incident energy transferred to vibrational
modes of the surface is substantial. Specifically, for the EA
model, we found in this study thalEg{is 68% (74%) forE;

= 50 kJ/mol (100 kJ/mol) when all trajectories are considered
in the averaging. For the UA model, the percentages are 79
and 77% for the 50 and 100 kJ/mol collisions, respectively. For
both the EA and UA models, the results for the direct trajectories
are quite similar to those obtained for the physisorbing
trajectories. At 50 kJ/mol, the physisorbing trajectories lead to
somewhat more energy transfer than do direct collisions, but
strikingly, the contrary is found & = 100 kJ/mol. For the
penetrating trajectories, the fraction of the collision energy
transferred to the surface is very large, as expected.

The distributions of the final translational energy of the Ar
atom,P(Es), for the different classes of trajectories are depicted
in Figure 2 as fits using the method of Legendre moméhts.
The P(E) for the direct trajectories are quite broad and have a
single peak. For the physisorbing trajectories, &) display
a bimodal pattern. The(Es) for the physisorbing and penetrating
trajectories show a well-defined peak at snglland particularly
for the penetrating distributions, the peak is quite marked,
indicating efficient accommodation of the final translational
energy. Except for penetration, all of the distributions become
broader as the collision energy increases. All of these trends
were also found in the related system £0© F-SAM .2

The low-energy region of thB(E;) distributions was fit to a
Maxwell—Boltzmann distribution for thermal desorption (eq 1),
but following previous studie51%-13 in this work, the temper-
ature of the distributionT) was treated as a variable. This low-
energy region of the curve (fit to a Boltzmann distribution) is
called the Boltzmann component. The fits to eq 1 for the total

depicted as fits by the method of Legendre moméhithe distributions
were calculated with the UA (left panels) and EA (right panels) models,
at 50 (upper panels) and 100 kJ/mol (lower panels). All distributions
were normalized.

UA-model for FSAM EA-model for FSAM
Ej= 50 kd/mol
——Total ]
o=
& — ]
o
Ej= 100 kJ/mol 1
g
L‘L_.l’ 1 4
o
0 20 40 60 800 20 40 60 80
Ef (kJ/mol) Ef (kd/mol)

Figure 3. Translational energy distributiof¥E;) of the total scattered

Ar atoms, and Boltzmann (BC) and non-Boltzmann (NB) components
in the P(E) distributions (see text). The(Es) distributions are plotted

as histograms and as fits by the method of Legendre moments (black
curve)®

number of trajectories are shown in Figure 3. The parameterscollected in Table 4. These parameters may serve as a guide to
obtained from these fits, as well as those derived from similar estimate the degree of thermal equilibration experienced by the
fits for the penetrating and physisorbing trajectories, are projectile upon interaction with the surface. The direct collisions
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TABLE 4: Parameters for the Boltzmann Fits to the P(Es)

Distributions®@ |1 UA-model for F-sam |  EA-model for F-SAM
E total penetrate physisorb —Totat  £f= 50 kJ/mol
T 1 - - sin(gcosta) 1
UA EA UA EA UA EA il 27

50 0.78;447 0.46;454 1.00;338 0.98;331 0.81;454 0.61;557 g | — physsormton ]
100 0.37;475 0.40;528 1.00;314 0.95;425 0.46;531 0.30;471 - | N

aThe first number in each pair is the fraction of the Boltzmann
component in the fit and the second is the temperature (K) for the
Boltzmann component. The collision energy is in kJ/mol. 4 _

do not lead to Boltzmann distributions. For the total and
physisorption trajectories, the Boltzmann component decreases i ]
asE; increases, which is consistent with a higher difficulty in ] \
thermal accommodation as the collision energy increases. : : ! ' L R
However, for the penetrating trajectories, the Boltzmann com- A ]
ponent fraction is unity or near unity and insensitiveefoThe
fitted temperature of the Boltzmann component for the penetrat-
ing P(Es) distributions is only slightly larger than the surface i i
temperature of 295 K, except the 425 K temperature for the
EA model atE; = 100 kJ/mol, which points out that thermal
accommodation of the final translational energy is accomplished 4 .
to a large degree. For the physisorbing trajectories and the total
trajectories, the fitted temperature is substantially larger than 7
the surface temperature. This result, in which the Boltzmann ; .
components show temperatures significantly higher than the ’
surface temperature, has been found in previous W21 ]
and suggests that there is sufficient relaxation to form a ’ : , — . . —
Boltzmann distribution with a subset of modes of the surface ¢ M ® B Be B W N ®

E Ei =100 kJ/mol .

P&y

but insufficient accommodation for the scattered Ar atoms to A A
acquire the surface temperatdfe.
C. Angular Distributions of the Scattered Ar Atoms. For Figure 4. Distributions of the scattering angle for direct, physisorbing,

penetrating, and total trajectories. The dashed curve corresponds to

each collision energy, we analyzed the distributions of the angles )
random scattering.

formed between the final Ar velocity vector and the surface
normal @r). These scattering angle distributiorf3(0), are TABLE 5: Average Scattering Angles for Different
displayed in Figure 4, and the average scattering angigs, Trajectory Types?
are shown in Table 5. The dashed line in the figure is the average scattering angig @
expected distribution for random scattering (8imos 6).11 In X -
only one plane perpendicular to the surface, the random B direct penetrate physisorb total
distribution is given by co#.54 As can be seen, if we analyze UA_ EA UA EA UA EA UA EA
separately the direct, physisorbing, and penetrating trajectories, 50 399 36.1 435 41.7 551 582 483 46.2
we observe clear differences between the corresponding distri- 100 37.8  34.7 432 39.6 612 604 485 450
butions and average angles. As expected, the distributions for agnergies are given in kJ/mol and angles in degrees. The incident
penetrating trajectories are more random than are the distribu-collision angle; is 3C.
tions for direct scattering (shifted toward lowek) and
physisorption (shifted toward highé). At first sight, one may  also analyzed these distributions for the different trajectory types.
expect random distributions for physisorption trajectories. As can be seen, for the direct and physisorbing trajectories, the
However, in our analysis, these types of trajectories also include distributions are peaked in the in-plane-forward direction, while
a significant fraction with a small number of ITPs (see Figure for the penetrating trajectories, the distributions are more
5) which do not thermalize significantly. Actually, we found random. These trends were also predicted for collisions of Ar
that by increasing the number of ITPs for a trajectory to be with alkanethiolate SAM&15 The result that the physisorption
identified as a physisorption type, the average scattering angletrajectories have azimuthal angle distributions peaking in the
approaches 45the value for random scattering. Interestingly, in-plane-forward direction is not surprising, taking into account
when all of the trajectory types are grouped together, the that a significant fraction of these trajectories does not ther-
distributions follow the pattern for random scattering quite well, malize, as discussed above.
especially those of the EA model. As a result, the corresponding  D. Comparison between the Simulation Models.The
average scattering angles are close tb. 45 present study shows that, in general, the UA model leads to
Figure 6 shows the distributions of the change in the results in reasonably good agreement with those obtained by
azimuthal anglé\y = xt — yi, that is, the angle formed between the more CPU-time-demanding EA model, although in some
the projections of the initial and final Ar velocity vectors onto cases, the discrepancies are significant. For example, the
the plane of the surface\y = 0 indicates in-plane-forward  residence times of penetrating trajectories calculated with the
scattering. The distributions of the total trajectories are fairly UA model are markedly longer than those predicted with the
symmetric with respect to this plane and peak at, or close to, EA model. In addition, there is a substantial discrepancy between
Ay = 0° (or Ay = 360°). The UA distributions show somewhat the percentages of direct trajectories calculated at 50 kJ/mol
more forward scattering than do the EA distributions. We have with the EA and UA models, although at 100 kJ/mol, the
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SAMs 12 Specifically, energy transferred to the EA surface was
approximately 10% smaller than that transferred to the UA
surface. The results were explained in terms of a denser and
stiffer EA modell? The relatively less stiff structure of the UA
model absorbs the collision energy more easily by conforma-
tional changes than does the EA model. The role of surface
stiffness in rationalizing the relative efficiencies of energy
transfer in collisions of Ar with H-SAM and F-SAM surfaces

is considered in the next section.

The nonbonded interactions between the chains in the
monolayer are responsible for the density and stiffness of the
models used to represent the surfaces. A decrease in the
nonbonded interactions between the chains should make the
chains more loosely packed, thus decreasing the barriers to
conformational change and favoring the efficiency of energy
transfer to the surface.

To make sure that the nonbonded interactions are responsible
for the discrepancies between the EA and UA models of the
F-SAM surface, we ran additional trajectory calculations for
collisions of Ar with a single, isolated chain, and therefore
without interchain interactions. In this simulation, the Ar atoms
were aimed at the carbon atom of the terminal; GFoup.
Obviously, only direct trajectories took place. The results for
E; = 100 kJ/mol show that energy transfer to the UA model is
9% less efficient than that to the EA model. The same result is
found when Ar collides with €Fs, modeled either by EA or
UA potentials; in this case, & = 100 kJ/mol, the energy-
transfer efficiency is 14% higher for the EA model. These results
may be rationalized by the higher number of degrees of freedom
in the EA models and also by the higher energy-transfer
efficiency to low-frequency modes.

However, ag; = 100 kJ/mol, the energy-transfer efficiencies
for the EA and UA models of F-SAM are quite similar to each
other, with the efficiency for the latter slightly higher by 2.7%.
Therefore, the more efficient energy transfer predicted for the
UA model at 50 kd/mol can be associated with the less stiff
nonbonded interactions in the UA model of F-SAM, which
compensate the lower number of degrees of freedom in this
model.

E. Mass and Surface Stiffness Effects for Energy Transfer
to Hydrogenated and Fluorinated SurfacesClassical trajec-
tory simulations of Ar collisions withn-alkanethiol self-
assembled monolayer (H-SAM) surfacesat= 80 kJ/mol,Ts
= 300 K, andé; = 30° predict a percentage of energy transfer
of about 90% (the exact value varies slightly with the potential
model employed in the calculations) Comparing this result
with ours, we conclude that, although the amount of energy
transferred to the surface is considerable for collisions of Ar
with the F-SAM at the conditions explored in this work,
fluorination of the alkanethiol chains leads to a significant
decrease in the efficiency of energy transfer. This is in line with
the early investigation of Cohen et alwho measured trans-
lational energy transfer from He, Ar, and two diatomics, (O
and NO) ton-octadecyltrichlorosilane (OTS) and perfluorinated
acid ester (PFAE) monolayers on glass at a collision energy of
~6 kJ/mol. For Ar (He) collisions, they found that the
percentages of energy transferred to the SAM wete #0%
(28 + 10%) for PFAE and 29t 10% (43+ 10%) for OTS.

corresponding percentages are similar. This better agreemenfThey rationalized the different efficiencies in energy transfer
found at the highest collision energy also occurs for energy by the mass ratios of the projectile gas and the surface unit
transfer. At 50 kJ/mol, energy transfer in the EA model is 12% (taken to be either GFor F) and by the rigidity of the surface.
less efficient than that in the UA model, but this percentage The results for collisions of He and Ar with PFAE, however,

reduces to 3% &t = 100 kJ/mol. A similar result was found
for energy transfer in simulations of Ne with alkanethiol

cannot be easily explained by only these two arguments since
the mass ratio should favor energy transfer for Ar collisions.
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The importance of the mass ratio in gas-surface scattering
dynamics is well documented in the literatGfe®2 Here, to ]
investigate its role in the relative efficiencies of energy transfer 1
in collisions of Ar with the F-SAM and H-SAM surfaces, we
performed two different simulations. For one, we calculated the
percentage of energy transfer for gas-phase collisions of Ar with
CRsCF; and with CHCHs, employing the EA model potentials
used in this study. The collisions were for zero impact parameter,
with the molecule randomly rotated and a relative collision
energy of 100 kJ/mol. We intentionally used the same param-
eters for fluorine and for hydrogen (i.e., the only difference is
in the masses of F and H) because this allows us to analyze
energy-transfer changes caused by pure mass effects. The second
simulation was the same as that above fortAF-SAM, with 2 SRR
the I_EA model andg; = 100 kJ/mol, except the masses of the PR o ok 2 e
fluorine atoms were changed to that for a hydrogen atom. Thus, A —— Experiment
the potential energy function and parameters were the same as
those for Ar+ F-SAM, and the simulations only investigated
a possible mass effect. This latter simulation is identified as Ar
+ H/F-SAM.

For the Ar+ CRCR; and CHCHjz collisions at 100 kJ/mol,
86 and 82% of the collision energy was transferred ta@Hz
and CHCHjs, respectively. Thus, as expected, we found that E, (kJ/mol)
less energy is transferred when the mass of fluorine is replaced f
by the mass of hydrogen, for which the mismatch in masses is Figure 7. Comparison of the final translational energy distributions
higher. Also as expected, if the mass of the Ar atom is replaced °btained by the trajectory simulations and experiment.
by that of He, energy transfer becomes more efficient for
collisions with CHCHs. Thus, for the gas-phase Ar CRCF; collisional energy transfer with a decrease in surface flexibility
and CHCHs collisions, energy transfer is more efficient to the IS consistent with a study of the Ne H-SAM system in which
fluorinated molecule in contrast to what is found for Ar €nergy transfer for a harmonic, single potential energy minimum
collisions with the F-SAM and H-SAM surfaces. For the Ar  model of the H-SAM was compared with that for the complete
H/F-SAM simulations, we found that the percentage of energy anharmonic surface mod®.Energy transfer is .Iess efﬂugnt
transfer to the surface was 90%, in comparison to the 74% foundfor the former surface. Other factors such as differences in the
for Ar + F-SAM. Thus, this simulation reproduced the tilt angles of the chains and the interaction potentials between
experimental and simulation findir¥ that the hydrogenated ~ Ar @nd the chain units may play minor roles.

SAM absorbs more energy than does the fluorinated one. In ] . .
fact, the energy-transfer percentage for the JAH/F-SAM IV. Comparison with Experiment

simulation is in good agreement with the results of ref 14 for | this work, the distributions of final translational energies
Ar + H-SAM and suggests that the overriding factor for energy ot ar were measured experimentally & = 50 and 100
transfer to the SAM is the mass effect and not the potential kJ/mol, with an incident anglé; = 30° and a surface tem-
energy function since it is different for the H-SAM and H/F- perature of 295 K, thus resembling the initial conditions em-
SAM. ployed in the trajectory simulations. However, the experimental
Before discussing the different mass effect found for the Ar distributions were determined with the atomic beam and detector
+ CH3CHz and CRCFs simulations, as compared to those for  in the same plane and 3@om the surface normal. Therefore,
Ar + F-SAM and H/F-SAM, the energy-transfer pathways for in order to make a rigorous comparison with experiment, one
these two sets of simulations should be discussed. For the gasshould select only those trajectories that were scattered in a very
phase Ar collisions with CECH3z and CRECF;, the translational narrow interval around the in-plane-forward directiaky (=
to vibrational (T— V) energy transfer is to the intramolecular 0) and around a scattering angle= 30° for analysis. Because
modes of the two molecules. However, for the ArF-SAM of computational limitations, however, we have had to select
and H/F-SAM collisions, the TV energy transfer may occur  all trajectories scattered within a broad intervatef0® around
to the intramolecular modes of the alkyl chains and/or the the in-plane-forward direction antt20° aroundds = 30°.
interchain intermolecular modes. Previous stucfié3®’indicate The experimental and the simulation results are compared in
that the latter is the predominant pathway for energy transfer Figure 7 and Table 3. The experimental average values listed
to SAM surfaces. The ability of UA models to describe energy in the table were derived from the experimental distributions
transfer to SAM surfaces, as found here, indicates the importanceof Figure 7. In the figure, the trajectory distributions are
of energy transfer to the intermolecular modes as compared todisplayed as histograms only because the number of trajectories
that to the intramolecular mode$1?Apparently, the determin-  that fulfilled the above constraints faxy and 6; (~250) was
ing factor that governs the relative efficiencies of energy transfer not sufficient to accurately fit the distributions by the method
in collisions of Ar with F-SAM and H-SAM surfaces is the of Legendre moments. The uncertainties in the error bars were
mobility of the alkyl chains and the ease with which the calculated for a confidence level of 95%. As seen in the figure,
intermolecular modes may be excited. Because of the heavythere is reasonably good agreement between the experimental
mass of the alkyl chains for the F-SAM as compared to that for and the trajectory distributions. For the collision energy of 50
the H-SAM, the chains of the latter may be more mobile and kJ/mol, the average translational energy of the scattered Ar
receptive of the collision energy. This effect of decreased atoms (forAy = +40° and6; = 30 £+ 20°) obtained with the

E, = 50 kJ/mol

P(Ep

E =100 kJ/mol

i

P(E)
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UA model is predicted to be 11.7 kd/mol, which is in excellent expelled projectile may increase with the deepness of its
agreement with the experimental result of 11.6 kJ/mol. The penetration. A “washboard” mod€loften represents scattering
average value computed using the EA model is 5 kJ/mol higher. with metal surfaces, but to describe the flexibility of softer, more
For Ei = 100 kJ/mol, the predictions obtained with both the highly corrugated surfaces such as SAMs, a “washboard with
EA and UA models are similar to each other25 kJ/mol for moment of inertia” model is needéd.For Ar + Pt(111)
<Es>) and in good agreement with the experimental results scattering?® there is rapid thermalization of the normal com-

(22 kJ/mal). ponent of the scattered projectile’s velocity but quite slow
thermalization (86-100 ps) of the parallel component. For Ne
V. Conclusions and Ar scattering of H-SAM surfacég there are much smaller

differences between the times of thermalization of the normal
and parallel velocity components. The former’s is thermalized
in <2 ps, while the latter’s is only slightly longer {8 ps). It

is postulated that efficient thermalization of the parallel

component for scattering off of a SAM arises from a combina-
tion of interchain wagging modes of appropriate frequency and
the highly corrugated surface.

Classical trajectory simulations and atomic beam scattering
experiments were performed to explore energy transfer in
collisions of Ar with a fluorinated alkanethiol self-assembled
monolayer on gold, at incident energies of 50 and 100 kJ/mol.
Both explicit-atom and the united-atom model potentials were
used to represent the F-SAM surface in the simulations.

_ The simulations consist of direct inelastic scattering, phys- e yransiational energy distributions of the scattered Ar
isorption, and penetration trajectories, the three types of limiting ;0 P(E;), predicted by the Ar- F-SAM trajectory simula-
mechanisms expec?ed for CO"'S'Q“S_ Of_ Ar with the '_:'SAM tions are in reasonably good agreement with those determined
surface. The transational energy distributi&() for the direct o, harimentally. This, together with the accumulated experience
collisions have a single peak. By contrast, the physisorbing ot research on scattering of gases with SAM surfaces, points
trajectories have an obvious bimod&(E) distribution. The t that the simulation models employed in this study are reliable
fltted_tem_peraturgs of their low-energy Boltzmann comp_onents for studying the dynamics of energy transfer in collisions of
are_3|gn|f|cantly h|gher tha_\n the surface temperature, which may ¢ with F-SAMs, at least from a qualitative point of view. In
be interpreted as insufficient accommodation for the scatteredgenera| the results obtained with the UA model agree quite

atoms to acqu_ire_the_surfgce temperature but sufficient lE%form well with those predicted by the EA model. For several
a Boltzmann distribution with a subset of modes of the surface. properties, however, the agreement is not as good. For example,

All of the P(E) distributions, except those associated with " resjdence times of penetrating trajectories predicted with
penetration, show a clear broadening=aicreases. By contrast, 1o UA model are much longer than the corresponding times

the_P(Ef_) for the penetrating tra_ljegt_ories are_rather narrow, and obtained with the EA model. Also, the percentage of direct
their widths do not change significantly with the amount of  aiectories calculated at 50 kd/mol with the UA model is
collision energy, which is clear evidence for efficient accom- g psiantially lower than that computed with the EA model.
modation of Fhe f|na}l tran§lat|onal energy. In. fact, ,?(‘Ef) for. Related to this is the more efficient energy transfer of the UA
the pene'Fratm_g trajectories can _be essentially fit to a single model in comparison with the EA model, which was also found
exponential with temperatures quite close to that of the surface. energy-transfer simulations of Ne with alkanethiol SAMs.
As expected, the scattering angle distributions associated withtq g large extent, the disagreement between the UA and EA
penetration are more random than are the distributions for direct,ggjts may come from differences in the stifiness of the UA
_scatterlng and phys_lsorptl_on. The totgl distributions _(|.e., includ- gnd EA potentials due to different nonbonding potentials
ing all types of trajectories) are quite random, with average petween the chains. The former model potential, being less stiff,
scattering angles close to #5In agreement with previous  fayors the efficiency of energy transfer due to less impediments

simulations of Ar scattering from alkanethiol SANI%> the total to conformational changes. Future work may be needed to
distributions are fairly symmetric with respect to the incident improve the quality of the UA model.

plane and peak at, or close ty = 0° (or Ay = 360C°), thus
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