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Molecular beam scattering techniques are used to explore the energy exchange and thermal accommodation
efficiencies of HCl in collisions with long-chain OH- and Giterminated self-assembled monolayers (SAMs)

on gold. Upon colliding with the nonpolar methyl-terminated SAM, HEI=€ 85 kJ/mol) is found to transfer

the majority, 83%, of its translational energy to the surface. The extensive energy loss for HCI helps to bring
the molecules into thermal equilibrium with the monolayer. Specifically, 72% of the HCI approaches thermal
equilibrium prior to desorption. For the molecules that do not thermally accommodate, but scatter after an
impulsive collision with the surface, the final translational energy is observed to be directly proportional to
the surface temperature as the thermal surface energy and gas translational energy exchange during the collision.
For the OH-terminated SAM, the impulsively scattered HCI escapes from the surface with slightly more
average energy. The rigid nature of the OH-terminated SAM is due to the extended intra-monolayer hydrogen-
bonding network that restricts some of the low-energy modes of the surface. However, despite the rigid
nature of this system, the extent of thermal accommodation for HCI on these two surfaces is remarkably
similar. It appears that the potential energy well between the impinging HCI and the polar surface groups is
sufficient enough to trap HCI molecules that would otherwise scatter impulsively from this rigid SAM.

1. Introduction energy exchange and thermal accommodation for nonreactive
rr{ollisions on organic surfaces. The computational studies of
Hase et al. have contributed a great deal to our understanding
r;')[f how the properties of organic surfaces influence the fate of
interfacial collisionsl”22 They have demonstrated that low-
energy extended motions of alkane chains play the largest role
in dissipating the energy of a gasurface collision, whereas
the high-energy €H motions are not very active in the
scattering dynamic® The simulations have also provided new
information about the nature of the low-energy scattering
channel often described as trapping-desorption (TD). They find
that for neon scattering from a methyl-terminated self-assembled
monolayer (SAM), the apparent low-energy component to the
energy distribution does not arise from an actual trapping-
desorption intermediate. Rather, the low-energy scattered atoms
leave the surface with a nonstatistical distribution of energies
and recoil direction? However, more polarizable gases such
as Ar and Xe are found to scatter in two distinct pathways
corresponding to direct inelastic and actual trapping-desorption
thannelg?

The molecular beam scattering experiments of Sibener et al.

The transport of gases across hydrocarbon surfaces plays a
important role in atmospheric chemistry. Studies have demon-
strated that organic and surfactant-covered aerosols are abunda
in many regions of the troposphéere. The surfaces of these
particles are initially hydrophobic when formed, but oxidative
reactions may make them more hydrophilic by incorporating
carboxylic acid and other functional groups into the matefidfs.
The dissolution of atmospheric Hglinto these and other
particles, like water droplets and ice crystals, plays an important
role in the overall chemistry of the atmosphere. Hydroxyl sites
on the surfaces can help bind gas-phase HCI through hydrogen
bonding interactions, initiate a reaction by accepting an HCI
proton, or serve as a surface-bound reagent for other reaétions.
Each of these processes is mediated by an initial-gagace
collision, where the subsequent fate of the HCI molecule
depends on the dynamics of the interaction. Our objective is to
probe the nature of HCI surface collisions to help build a
fundamental understanding of energy exchange, accommodation
and trapping when HCI collides with functionalized organic

surfaces containing polar and nonpolar groups. These studieﬁ1 | led sianificant insights into the d - ¢
are facilitated by molecular beam scattering techniques to ave also revealed significant INsights into the dynamics of gas

X N ici i 25,26 i i
provide a well-characterized source of gas and self-assemblea‘:O”'s'Ons on organic surfacé82>2Their studies, often coupled

monolayers to present a well-characterized surface containing)[';’]'th clas'fs.lca'lbtratjlectolry sljmulﬁ;ucins, have Telﬁ)ed At\o elllljlc[date
functional groups located precisely at the interface. € specitic vibrational modes that aré important in Ar coflisions

The transport of gas-phase molecules across an interface i§"f[ 'tht n;ett::yi-ttirm_lntatedt_SAl\cs - In a?(lmon_,trt]hey h;aflve demkt))ln-d
regulated by the initial gassurface collision where the energy strated that the interaction imes of Ar with a seti-assembie
exchange dynamics determine whether the molecule scatter onolayer are very short. Impulsively scattered Species are
impulsively or dissipates its energy to become trapped at the ound to recoil from the surface after only 1 ps, and the time

surface. Several recent experimental and theoretical studies havéCales for normal and parallel momentum accommodation are

: I - - Iso on the picosecond time scale5.26
rovided new insights into the mechanisms of -gssrface a . ) . .
P 9 E Recent theoretical studies of Ar collisions with &H

T Part of the special issue “William Hase Festschrift”. terminated SAMs by Troya and co-workers have furthered our
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surface collisiong? Their results have highlighted the impor-  control over the surface temperature from 155 to 500 K. The
tance of the potential energy surface in governing the outcome sample temperature is measured by a K-type thermocouple spot-
of the collision. Specifically, they find that differences in the welded adjacent to the monolayer surface samples. Previous
gas-surface well-depth of only 42 kJ/mol can have a  experiments from our group have shown that alkanethiol SAMs
significant effect on the scattering dynamics, even for collision on gold-coated glass slides produce similar scattering results
energies of 80 kJ/maf. These results suggest that the dynamics to the same studies performed for alkanethiols adsorbed onto

for molecules such as HCI scattering from organic surfaces may
depend a great deal on the polarity of the surface as dipole
dipole and hydrogen-bonding forces may contribute to the
potential energy landscape.

atomically flat vapor-deposited gold on freshly cleaved nifca.
Molecular Beam Scattering. The experimental setup is

similar to molecular beam scattering systems described previ-

ously32:3435High-energy HCI beams are created by expanding

The molecular beam studies of Pettersson et al. demonstrate®% HCI in H, at 700 Torr through a 0.05 mm diameter nozzle

that HCI efficiently transfers its incident energy to the surface
of ice and HCl-doped icé They discovered three competing
scattering channels for the surface interaction: direct inelastic
scattering, trapping followed by prompt desorption, and long-
time uptake. Comparisons of the HCI energy exchange and
accommodation efficiencies to those for Ar scattering from ice
revealed that the two gases followed very similar dynar#fiés.

Our previous studies for HCI scattering on well-ordered
hydroxylated SAMs also show evidence for three distinct
scattering channefd.We find that 85 kJ/mol HCI can scatter
impulsively from the OH-terminated monolayer or dissipate its
energy to thermally equilibrate on the surface. The accom-
modated molecules either desorb immediately back into the
vapor phase or become trapped through the formation of HO
--HCI hydrogen bonds. Comparisons with Ar scattering from
w-functionalized SAM¥% suggest that the HCl-surface hydrogen-
bonding and possibly dipotedipole forces may play a major
role in controlling the overall energy transfer and the overall
accommodation efficiency on the surface.

(General Valve). After passing through a 0.40 mm diameter
conical skimmer located 6 mm from the nozzle, the beam enters
a differential pumping stage where it collides with a mechanical
chopper wheel. The slotted wheel, rotating at 185 Hz, produces
approximately 8Qus pulses of gas that then pass through a 1.5
mm collimating aperture and into a final differential pumping
stage. The final pumping stage is separated from the main
ultrahigh-vacuum chamber by a 2.2 mm aperture through which
the beam passes to produa 1 cm spot size on the surface
sample located in the main chamber, 36 cm from the nozzle.
The peak energy of the 2% HCI in Hnixture isE; = 85 kJ/
mol, as measured by recording the time-of-flight (TOF)
distribution for a modulated beam directed at an in-line mass
spectrometer.

The surface samples are aligned such that the normal is
coplanar with the source and detector and)iat 30° to the
molecular beam. A fraction of the HCI that scatters from the
surface is intercepted by a doubly differentially pumped mass
spectrometer oriented at 6@ the incident beam such thét

The molecular beam scattering studies described below are= 30°. The ionizer of the mass spectrometer viea 1 cm

aimed at providing further insight into the importance of-gas
surface forces, such as hydrogen-bonding and dipdileole
interactions, in controlling the fate of HCI in collisions with
organic surfaces. The experiments focus on the dynamics of
HCI impinging on CH- and OH-terminated self-assembled

spot size on the surface through two collimating apertures. The
TOF distributions of the scattered HCI are determined by
monitoring the mass spectrometer signalngz = 36 as a
function of time. Each TOF scan is initiated when a slit of the
chopper wheel passes a light-emitting diode (LEphotodiode

monolayers. These long-chain SAMs have nearly identical arrangement that sends a voltage pulse to trigger a multichannel
packing densities and structures but differ in their polarity at scalar (Ortec). The multichannel scalar integrates signal from
the gas-solid interface. Although previous studies have dem- the spectrometer in 10s intervals.

onstrated that the OH-terminated monolayer is a more rigid The intensities and shapes of the TOF spectra were found to
partner for rare-gas collisions than the analogous-eHninated be highly stable and reproducible over the course of these
SAM,32400ur results show that HCI thermally equilibrates more studies. The stability in the experiments enables studies to be
readily on the polar surface than the pure hydrocarbon surface.performed on surfaces at several different temperatures under
These results suggest that the gasrface hydrogen-bonding identical conditions, facilitating direct comparisons of TOF
and/or dipole-dipole interactions between HCIl and OH groups spectra on relative scales. For Figures 2 and 3, we performed
are significant enough to overcome the rigid nature of the SAM. the measurements during the courfa 8 hperiod to minimize

the effects of any slight changes in the beam intensity or mass
spectrometer efficiency that may occur over much longer periods
of time. In addition, the scattering studies shown in Figure 2,
for which two different SAMs are directly compared, were
‘conducted by mounting the two surface samples on the same
sample holder and installing them into the ultrahigh-vacuum
scattering chamber at the same time. We switched rapidly from
one surface to the other by a simple translation of the sample
manipulator.

2. Experimental Section

SAM Preparation. The SAMs used in this study were
prepared by spontaneous chemisorption of hexadecanethiol (HS
(CHy)16CH3) and 16-mercapto-1-hexadecanol (HSEEEOH)
from 1 mM ethanolic solutions onto clean Au surfaé&3he
chemicals used in this study were purchased from Aldrich and
used without further purification. The substrates were prepared
by Au evaporation onto Cr-coated glass slides (EMF Corp.).
The gold-coated glass slides were cleaned in a piranha solutio ; :

(70/30 (v/v) mixture of HSOy/H,O,) prior to use. The clean "3. Results and Discussion

gold slides were placed in the solutions for at least 12 h, rinsed HCI Scattering from CH s-Terminated SAMs. Figure la

with copious amounts of ethanol, dried under a stream of shows TOF data for the 85 kJ/mol HCI beam scattering from
ultrahigh-purity nitrogen, and then immediately transferred to the CHs-terminated SAM. The data are a plot of the detector
the main ultrahigh-vacuum chamber (base pressuse< 1010 signal atm/z= 36 versus the flight time for molecules to traverse
Torr) via a load-lock system. In the main chamber, the samples the distance between the surface and the ionizer of the mass
are mounted on a precision manipulator that is in thermal contact spectrometer. The raw signal is proportional to number density
with a liquid nitrogen reservoir and a sample heater that provides N(t) and is used to compute the probabil®{E;) that an HCI
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Figure 1. (a) TOF spectrumiN(t), for 85 kJ/mol HCI scattering from
a HS(CH)1sCHsz SAM on Au at a surface temperature of 295 K. (b)
The corresponding final translational energy distributle(k;) was
derived from the TOF data in a.

TABLE 1: Summary of Results for 85 kJ/mol HCI and 80
kJ/mol Ar Scattering from SAMs

IS energy transfer

gas—monolayer TD fraction (B — ESD/E
HCI—CHjs(CH,)15S—Au 0.72+ .01 0.83+ .01
HCI—OH(CH,)15S—Au 0.74+ .01 0.78+ .01
Ar—CH;(CH,)1sS—Au 0.61+.01% 0.83+.01%
Ar—OH(CH,)155—Au 0.434+.01% 0.77+ .01

molecule leaves the surface with final eneigy The transla-
tional energy distributions are computed from the relatiBns
= (1/2)myci(L/t)? and P(Ef) ~ t2N(t), wheret is the HCI flight
time andL is the flight length. Figure 1b shows this translational
energy distributionP(Es). The distribution is separated into a
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Figure 2. TOF distributions for 85 kJ/mol HCI scattering from GH

and OH-terminated SAMs at a surface temperature of 240 K. The
dashed line represents a Boltzmann distribution at the surface temper-
ature.

provides several degrees of freedom into which the translational
energy of the impinging molecules can be partitioned. The
bending motions of the chains, vibrational modes along the
chains, and wags or rotations of the terminal groups can all be
excited by the high-energy HE:21.23

The significant energy transfer and thermal accommodation
efficiency for HCI is very similar to the dynamics observed for
Ar scattering from a Cktterminated SAM. For an 80 kJ/mol
Ar beam impinging on a Cgiterminated monolayer under the
same experimental conditions as those used to record the data
in Figure 1, we measured the TD fraction to be 0.61 and the
fractional energy transfer to be 0.88%” The similar scattering
dynamics for HCI and Ar impinging on the nonpolar hydro-
carbon surface appear to be due to the kinematics rather than
chemical forces, such that gases with similar size, mass, and
incident energy follow similar scattering pathways.

Despite the similarities in the final energy distributions for
HCI and Ar, HCI does exhibit a greater TD fraction than does
Ar (0.72 as compared to 0.61). This difference may be due to
a combination of factors related to the contrast in molecular
versus atomic scattering. For example, HCI possesses internal
degrees of freedom that can participate in the energy exchange
event. Rotations and vibrations of the molecule are both
energetically accessible for the high incident energy HCI.
However, previous work has demonstrated that HCI vibrations
are rarely excited in gassurface collisions at energies around

direct-inelastic scattering (IS) component and a thermal accom-80 kJ/mol?® and recent state-resolved scattering studies of CO
modation component by assigning the latter component to theshow that translational-to-vibrational energy transfer is very

part that falls within a Boltzmann distributionPrp(E;) =
E«(RTs) 2 exp(—E#/RTy). The Boltzmann distributions in Figure

inefficient3° Therefore, the observed differences in Ar and HCI
scattering are most likely due to differences in the-gmaface

la,b are represented by the solid curves. The excellent matchpotential energy landscape and possibly rotations of the HCI.

of the Boltzmann curve to the low-energy portion of the

Comparing Scattering from OH- and CHs-Terminated

scattering data strongly suggests that the molecules thatSAMs. Previous results for Ar scattering show that OH-
contribute to the distribution at these energies are representativderminated SAMs and other associated polar surfaces are notably

of a true TD channel, similar to that for Ar scattering from
methyl-terminated SAM% The direct inelastic component to

more rigid than analogous GHerminated SAM$240We find
significantly lower TD fractions and higher energy IS distribu-

the energy distribution is assigned to the difference betweentions for Ar scattering from SAMs containing end groups that

P(Es) and Prp(Ef). The TD fraction, defined as the weighting
coefficient,a, in the relationP(Es) = oPrp(Er) + (1 — a)Pis-

can form a hydrogen-bonding network. For example, the TD
fraction for Ar scattering from a long-chain OH-terminated SAM

(E¢),%%is 0.72+ 0.01 and the fractional energy transfer to the is only 0.43 and; — [E;s[)/E; = 0.7732 In general, it appears

surface in the direct inelastic channel & ¢ [Es)/E; = 0.83

+ 0.01. These results, along with scattering from the OH-

terminated SAM, are summarized in Table 1.

that the hydrogen-bonding network anchors the end groups of
an alkanethiol SAM to restrict some of the low-energy modes
typically active in simple methyl-terminated monolay&t41:42

The extensive energy exchange and thermal accommodationHowever, the dynamics for HCI scattering from the hydrogen-

observed for HCI collisions with the GHerminated SAM is

bonding and non-hydrogen-bonding SAMs are markedly dif-

the result of very efficient coupling of the translational energy ferent than those observed for Ar.

of the impinging molecule to isolated and concerted motions

of the methylene chains within the monolayer. The SAM

Figure 2 shows a direct comparison of the TOF distributions
recorded for HCI scattering from the OH- and &términated
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that, throughout this entire temperature range, the TD distribu-
tion can be modeled well by a Boltzmann distribution at the
temperature of the surface. This result is fundamentally different
from the dynamics for HCI scattering from an OH-terminated

A 233K
%&% —&— 200K

SAM. Figure 2 of ref 31 shows that as the surface temperature
of an OH-terminated SAM is reduced, the TD component of
the distribution broadens to the extent that it cannot be described
by a single Boltzmann distribution. The time broadening of the
HCI TD channel on the OH SAM is due to the extensive
residence time of the molecules on the surfac&at 200 K.

In contrast, the residence time for HCI on the methyl surface is
so small that it is not reflected in the final TOF distributions.
This indicates that the residence time<4 us and probably
much shorter, as expected for thermal HCI on the nonpolar
surface. In fact, calculations indicate that the minimum well-
depth for HCI interacting with methane is only about 3.5 kJ/
mol,*3 which, according to transition-state theory, would lead
to a characteristic surface residence time of only about 1 ps,
even atTs = 150 K.

Despite the effect of surface temperature on the residence
time for HCI desorbing from the OH-terminated SAM, the TD
fractions and final energy distributions for the direct impulsive
scattering are nearly independent of surface temperature. In
contrast, the intensity of the TD channel increases and the final

) o . energy of the HCI in the IS channel decreases as the surface
Figure 3. (a)_ Four TOF distributions (plotted on a relative scale) temperature is reduced for the Gterminated SAM. The
recorded at different surface temperatures. The IS components for . Lo
= 295 and 166 K are shown by the thin and thick lines, respectively. §urface; appears to become more effective at d|§S|pat|ng .the
The dashed line is a MaxwelBoltzmann distribution fofTs = 166 impinging HCI energy at lower temperatures. This effect is
K. (b) The average final energy in the IS channel for HCI scattering evidenced by Figure 3a, which shows that the IS component
from CHs-terminated SAMs versus surface temperature. for scattering from the Chiterminated SAM shifts to longer

arrival times, or lower final energies, as the temperature of the
monolayers. Although the average final energy in the IS channel syrface is reduced. This trend is further highlighted in Figure
is higher (as evidenced by earlier arrival times) for HCl recoiling  3p which shows the average final energy of molecules in the
from the OH-terminated SAM (in agreement with the trend |S channel versus the temperature of the surface. The increase
observed for Ar), the overall TOF distributions are remarkably iy the average energy of the IS channel with increasing surface
similar. These observations Suggest that as HCI collides with temperature is due to the increasing thermal motions of the
the OH-terminated SAM, some of the molecules eXperience asurface molecules that impart more energy to the gas during
repulsive wall similar to that for Ar and recoil immediately from  the impulsive collisior?s4445

the surface to retain a relatively large fraction of their incident | contrast to the pure hydrocarbon SAM, the IS distribution
energy. However, most of the HCI molecules appear to transfer ¢, g5 k3/mol HCI collisions with the hydroxylated surface
enough energy to the OH surface during the initial collision 0 4ppears to be remarkably insensitive to surface temperature over
become trapped in the gasurface potential energy well. The  he yange of 350 to 160 K. Figure 2 of ref 31 shows that the
trapping _efficiency is different_for Ar scattering because the Ar peak arrival time of the IS distribution for 85 kJ/mol HCI
OH well is much less attractivi¥2>2’by a factor of about 20, gcattering from the OH-terminated SAM is constant over the
than the HC+OH SAM potentiaf* entire range of temperatures studied. We find similar behavior
Previous experiments in our group have used pulsed molec-to Ar scattering from the methyl- and hydroxyl-terminated
ular-beam residence-time measurements of HCI on the OH-gaws It appears that the hydrogen-bonding network restricts
terminated SAM to determine the adsorption energy {0 be 24 yhe types of thermal motions that couple to the translational
kJ/mol3! Therefore, any of the molecules that transfér ¢ energy of the impulsively scattered molecules. This interpreta-
24 kJ/mol) = 61 kJ/mol of energy to the SAM during the jon is consistent with recent He atom scattering experiments,
collision may become trapped on the surface and contribute to\yhich showed direct evidence that the average thermal displace-
the TD channel. In addition to the OHHCI hydrogen bonds  ent increases more quickly with temperature for a methyl-
th.at help trap molecules on the.surfa}ce, HCI can also interactgrminated monolayer relative to an associated hydrogen-
with the polar surface through dipetelipole forces. Although o ding syster The picture that emerges from these scattering
our experiments cannot distinguish between these two contribu-gy,gies s that thermal motions of the surface molecules have a
tions to the dynamics, they both likely play a significant role - gmq| effect on the dynamics and that this influence is readily

in contributing to the attractive potential well that appears to dampened out by the presence of a rigid hydrogen-bonding
be significant enough to overcome the rigid nature of this nepyork that restricts some of the thermal vibrations.
associated SAM. Molecular dynamics simulations are currently

underway to explore these issues in more detail.

Surface Temperature DependenceWe have further ex-
plored the gassurface energy exchange by recording TOF  Molecular beam studies of the energy exchange and ther-
spectra at several different surface temperatures. Figure 3 showsnalization probabilities for HCI scattering from GHand OH-
the TOF distributions for HCI scattering from the gH terminated self-assembled monolayers have been used to learn
terminated SAM surface at 295, 233, 200, and 166 K. We find about the role of gassurface attractive forces in determining
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the fate of these interfacial collisions. As high-energy HEI (
= 85 kJ/mol) collides with the Ckterminated SAM, it transfers
the majority of its incident energy to the surface and over 70%
of the molecules appear to completely thermally equilibrate with

the monolayer. The large-energy exchange efficiency is due to

the many low-energy vibrational and wagging motions that are
excited during the collision. In contrast, impulsively scattered
HCl resulting from collisions with the OH-terminated monolayer

escapes from the surface with slightly more average energy.

The rigid nature of the OH-terminated SAM is due to the
extended intramonolayer hydrogen-bonding network that re-

stricts some of the low-energy modes of the surface. However,

the rigid nature of this system has only a minor influence on
the overall thermalization probability relative to the &H
terminated SAM. It appears that the gasurface hydrogen-
bonding and dipoledipole forces are strong enough to over-
come the rigid nature of this SAM to trap a major fraction of
the molecules that would otherwise scatter impulsively from
the surface.
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