J. Braz. Chem. Soc., Val. 10, No. 5, 359-362, 1999.

Printed in Brazil.

Article

A Theoretical Model for the Scattering of 12 Molecule from a
Perfluoropolyeter Liquid Surface

Alexandre S. Leal® Claudio Gouvéa dos Santos?, Cristina M. QuintellaS,
and Heloiza H.R. Schor®

a“"Depto. de Quimica - ICEX/UFMG 31270-901 Belo Horizonte - MG, Brazl
PDepto. de Quimica/l CEB-UFOP, 35400-000 Ouro Preto - MG, Brazil
“Depto. de Quimica/UFBa, 40170-280 Salvador - BA, Brazil

Neste trabalho desenvolvemos um modelo do potencial de interacdo para simulacdo de experi-
mentos de espalhamento de um feixe de moléculas de |2 sobre a superficie do liquido polimérico
poliéterperfluorado e resolvemos adinémicado processo de colisdo usando o0 método dastrajetorias
cléssicas. A energiatransferidano processo para os modos vibracionais damoléculade I2 e parao
liquido foram investigados como fungéo dos parametros do potencial.

In order to simulate experimental resultsof scattering of an 12 beam from liquid perfluorpolyeter
(PFPE) surfacewe developed amodel potential for the gas-polymer interaction at theliquid surface
and solved the dynamics of the collision process by the classical trajectory method. The energy
transferred in the process to the vibrational mode of the 12 molecule and to the liquid surface was
investigated as a function of potential parameters.
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I ntroduction

Although many properties of liquids, such as surface
tension, adhesion, lubrication and wetting are related to
their microscopic surface chemical structure, the chemical
structure of liquid surfaces is less understood than the
structure of solid surfaces. Recently, methods that probe
directly the liquid surfaces chemical structure have been
developed employing rare-gas atomic! and ion? beam scat-
tering, reactive ion beam scattering®, nonlinear optical
spectroscopy?, and angle resolved photoel ectron spectros-
copy®. Theunderstanding of theinteraction of atoms, mole-
cules and ions with surfaces is of great relevance to
establish the dynamics of the fundamental processes occur-
ring in beam/surface collision. When a gas molecule col-
lideswith aliquid surfaceit can scatter away immediately,
it can exchange energy with the liquid molecules, or it can
bind temporarily to surface molecules and then evaporate,
react or dissolve in the liquid bulk. Relevant questions
concerning the dynamics of these processes remain unan-
swered such as: the mechanism of surface reaction, how is
the collision energy transferred to the surface and to the
vibrational and rotational degrees of freedom of the scat-
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tered molecule, the spatial distribution of scattered mole-
cules, and the influence of the surface and the colliding
moleculein each process. Recently, scattering experiments
have been performed directing acold beam of iodine mole-
cules to liquid polymer surfaces in vacuum®. The experi-
ment can distinguish molecul es scattered directly from the
surface and molecules desorbed from the surface. The gas
molecules are activated by the collision and the energy
transferred to the internal modes of the gas is determined
and depends on the chemical nature of the surface. Here,
we present acal culation of the dynamics of thisexperiment
aiming a characterization of the gas-liquid interaction, and
amolecular description of the collision process.

M ethods

The experimental results obtained suggest that the di-
rect scattering ischaracterized by ainelastic collisionwhere
a very small amount of the gas trandationa energy is
convertedtovibrational and rotational energy or transferred
to the liquid surface molecules. When the molecules are
adsorbed at the surface the energy conversion and transfer
processes are much more effective.
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Figure 1. Model of the scattering of a supersonic 12 beam by a liquid
polymer surface indicating the direct inellastic and desorption processes.
The laser, placed parallel to the surface, detects the vibrational an rota-
tional state of the scattered molecule.

A theoretical approach tothegas-liquid scattering prob-
lem is a diatomic molecule interacting with one liquid
surface molecul e represented by amodel moleculewith two
constrai ned degrees of freedom. Webuild amodel potential
for theinteraction of al, molecule with PFPE given by: V
=Veps + Vsup, Where V gps is a three-body L EPS (Lon-
don-Eyring-Polanyi-Sato) potential employed in gas phase
reaction studies’ and gas-solid interaction®, and Vsup de-
scribes the motion of the model liquid surface molecule.
VLeps is a non-pairwise potential, which for al, molecule
and al- surface Sinteraction takes the form:

VLEPS=Qab+Qac+ch—[Ji+JfC+Jb2C—JabJac—

Jac Jeb = Joc Jad] 72
in which
. (1-D) D (€%RRo) 4 g 20(R ~Ra)
Q (Ri)= e
J(R)= (1 +4) D (€729(Ri = Ra) _ g 2a(Ri = Ra)

2(1+4)

are empirical functions analogous to the Coulomb and
exchangeintegralsof diatomsi = a-b, a-c and b-c, inwhich
a and b are the two atoms of the 1> molecule and c is the
surface group. Here we follow the usual LEPS treatment
for evauation of the two-body Coulomb and exchange
integralsassuming that thel-1 and I-surfaceinteractionscan
be adequately described by Morse potentias. Ai, Di, Rai,
and a; are the corresponding Sato parameter, dissociation
energy, equilibrium distance and range parameter for the
ith. two-body interaction. A adjusts the topology of the
potential at close interaction distance(such as the high of
the barrier or depth of wells), and a; the curvature of the
potential along the R; coordinate. The parametersfor the |2
molecule are known from spectroscopical data® and the
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parameters describing the interaction of the | atom and the
surface are determined by an optimization procedure from
this simulation. This potential function describes correctly
all asymptotic atomic configurations, theinternal excitation
of thel, molecule and its dissociation, and can be evaluated
numerically.

It is known that PFPE is bound in trans configuration
with axial -CFs groups®. A previous study of the liquid
PFPE surface using reactive ion beams showed that its
surfaceis primarily composed of fluorine atoms® and more
recently, X-ray photoel ectron spectroscopy reveal ed that it
is mostly composed of -CF3 chain ends oriented nearly
perpendicular to the surface, suggesting that thereisahigh
degree of order in these liquid polymer surfaces®. Starting
from this experimental evidence we built amodel molecule
describing the surface as a diatom with a reduced mass M
corresponding to the mass of the protruding group which
vibrates with frequency v1 around an equilibrium distance
b corresponding to CF2-CF3 bond. The constrained move-
ment of M across the surface is assumed as the rocking
vibration of the protruding group with frequency v2 and
equilibrium distance a . The vibrational frequency v1, con-
sidered as the group stretching frequency, and the rocking
frequency voare obtained from literature!®!!, Thuswehave
a model molecule potential representative of the liquid
surface, written as a pair of coupled harmonic oscillators
which should be applicable to any liquid polymer surface
that exhibits some degree of order, regardless the structure
of the bulk. Figure 2 shows the liquid model molecule and
the parameters used to describe V sup.

The above potential was used in quasi-classical trajec-
tory calculations to determine the dynamics of the scatter-
ing process. The equations of mation are the ones derived
from a Hamiltonian of 9 relative coordinates and its asso-
ciated momenta. The initial conditions are the ones estab-
lished inthe experiment: Thel, molecule hasatrangl ational
energy of 10 and 40 kJ/mol and always strikes the surface
at normal angle. It isinitialy in the ground vibrational and
rotational state. The surface model molecule is considered

Figure 2. Model molecule representing an ordered polymer surface. M =
56.0 is the reduced mass in am.u, a = 2.0742 and b = 2.8932 are the
equilibrium distancesin a.u. and v1 = 850 and v2 = 190 are the vibrational
frequenciesin cmt
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also in the ground vibrational state and the remaining
undefined initial coordinates for each trgjectory were
treated as stochastic variables and sampled randomly. The
equations of motion are integrated numericaly until the
relative distance between the molecule and the surface is
large enough so the interaction between the gas molecule
and the surface vanishes.

Results

TheparametersD;, ai, and Aifor thel-surfaceinteraction
potential were systematically changed until weobtained the
vibrational temperature close to the one determined from
the experiment for the indirect scattering of |2 from the
polymer. The vibrational energy of the scattered I2is very
sengitive to D; and A, that regulate the topology of the
surface, (barrier and wells) and the rotational energy of the
scattered | is very sensitive to aj, the potential curvature,
as well known from dynamical studies in the gas phase'.
The initial guess of D; for the I-surface interaction was
approximately the half of the I, dissociation energy corre-
sponding to 0.029 a.u. D; was changed from 0.022 to 0.036
in steps of 0.001. The choice of thisinterval isarbitrary but
it corresponds to a set of values chemically acceptable for
the energy of thel-surface bond. Theinitial guessof a; was
0.99, the same of the I> molecule, and the interval of
variation from 0.80 to 0.99 in steps of 0.01 a.u. For each
pair of values of D; and ai, the equilibrium distance I-sur-
face was taken as the C-I distance and kept constant as R
= 4.2028 a.u and A assumed the values 0.2, 0.4 and 0.6 in
atotal of 900 different set of parameters.

For each set of initial parameters, N = 2500 trajectories
were calculated with a Monte Carlo standard error
A = [(P«(1 - P2)/N]¥2 lower than 1%, where P,, the adsorp-
tion probability, was approximated by the fraction of the
trgjectories in which the |2 molecule was adsorbed by the
surface. The best set of parameters obtained for D;, ai and
A were, respectively, 0.026, 0.93 and 0.4, corresponding to
a value of A = 0.6% for Pa = 11,4%. These results are
properly converged. With 1500 trajectories, we obtained A
=0.8% and Py = 11,0%, values only dlightly different from
the ones used in thiswork.

The experimental vibrationa temperature Tyip of 12 mole-
cule scattered from PFPE surface with incident trandational
energy of 40 k¥mol is 150 K in the direct inelastic scattering
and 110 K in the desorption process. We determined in this
work Tvip = 124 K and 134 K respectively for each collison
regime with a maximum error of 17%. Tyip is determined
experimentally from the integrated area of each vibrational
band in the fluorescence spectra of directly scattered 1, and of
desorbed I2. Here Tyip iscal culated from theratio of molecular
population in vibrational states 1 and O for the direct collison
and 2 and 1 for thetrgjectoriesthat undergomultiplecollisions.
The two collision regimes are digtinguished by a chosen
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collison time limit. This is an approximate method to
estimate Tyip . Thetime of interaction for the direct collision
islessthan 1psand for the desorption of the order of 15 ps, as
can be seenin Figs. 3aand 3b, respectively.

Experiments of scattering of atomsfrom liquid surfaces
have shown that for sufficiently high collision energiesthe
scattering isdominated by direct collisions. We observethe
same result, asillustrated in Fig. 3awhere one can see a set
of 10 trgjectories representative of the average behavior of
the process with an incident energy of 40 kJ/mol. At low
incident energy (10 kJ/mol) we observe the favorable ad-
sorption at the surface followed by desorption, after multi-
ple collisions, as shown by aset of 10typical trgjectoriesat
this collision energy represented in Fig. 3b. We also ob-
served that for agiven value of initial trandlational energy

and the same set of potentia parameters, ahigher A implying
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Figure 3a. Temporal evolution of thedistance p between the surface and
the center of mass of thel2moleculefor 10 typical trajectoriesin thedirect
inellastic collision regime PFPE surface. Theincident energy is40kd¥moal.
The horizontal line represents the surface limit.
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Figure3b. Temporal evolution of thedistance p between the surface and
the center of mass of the 12 molecule for 10 typical trajectories in the
multiple collision regime for PFPE surface. The incident energy is
10 kImol. The horizontal line represents the surface limit.
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a higher desorption barrier, favors the occurrence of multi-
ple collisions of gas molecules with the surface, because the
potentia traps the 1, molecule at the surface.

There is a correlation between the amount of energy
transferred to the surface with the vibrational frequencies
v1 and v of the protruding groups of the liquid polymer
surface. The average fraction of energy transferred to the
surfacein the b direction issmaller thanin the a direction
where the vibrational frequency islower (v2 <v1), Fig. 2,
although the available energy in the collision is large
enough to excite both oscillators. Fig. 4a. illustrates the
coupling of the I molecule trandational motion with
respect to the surface and the vibrational motion of the
surface model molecule, asthe 1> molecule approachesthe
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Figure 4a. @) Detailed particular tragjectory in the multiple collision
regime describing atrapped 12 at PFPE surface.
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Figure4b. Time evolution, for the same trajectory showed in Fig. 4a, of
the horizontal displacement r across the surface of the reduced mass M of
the model molecule representative of the surface. The trapped |2molecule
perturbs the surface vibration mode of lower frequency.
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surface for a particular trajectory. In Fig. 4b the PFPE
surface vibrational coordinate, associated with the lower
frequency modevy, isplotted asafunction of timetogether
with the collision coordinate for a typical trajectory. We
seein detail the exchange of energy between the I, mole-
cule and the surface for the sametrajectory showed in Fig.
4a.

Conclusions

We conclude that this diatom-surface potential function
providesareasonable semi-quantitative model for theinterac-
tion of 1, molecule with the liquid polymer surface. The
experimental resultscan befitted to themode reproducingthe
vibrational temperature of the scattered 1> molecule and some
ingght into the dynamics of the processis obtained. A com-
parison with experimental results obtained for scattering ex-
periments performed with other liquids and further
refinements of the surface potential employing more redlitic
vibrational frequencies of the polymer and accounting for the
periodicity of the ordered surface are under way.
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