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Abstract

The two lowest-energy conformers of perfluorohexane and perfluoroheptane were investigated at the Hartree—Fock RHF/6-
31G* level and the structures, properties, and vibrational frequencies determined. The lowest-energy conformers of perfluoro-
hexane were found to differ by 8.600 kJ mol™" (2.055 kcal mol™") at this level of theory, while the lowest-energy conformers of
perfluoroheptane differed by 8.662 kJ mol~" (2.070 kcal mol™"). In addition, a transition state for the interconversion between the
two lowest-energy conformers of perfluorohexane was investigated at the RHF/6-31G* level, and was found to lie 13.247 kJ mol™
(3.166 kcal mol ") above the energy of the lowest-energy conformer, while a transition state for the equivalent interconversion
between the perfluoroheptane conformers was 15.279 kJ mol~' (3.652 kcal mol™") above the energy of the lowest-energy con-
former. These results have been used to interpret previously published thermal desorption and infrared reflection—absorption
spectroscopic data for the monolayer and sub-monolayer adsorption of perfluorocarbon molecules on a single-crystal Pt(111)
surface under ultra-high vacuum conditions. 7o cite this article: W.G. Golden et al., C.R. Chimie 7 (2004).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.

Résumé

Le deux conformeres de plus basse énergie du perfluorohexane et du perfluoroheptane ont été étudiés par le calcul de Hartree—
Fock RHF/6-31G* et les structures, les propriétés et les fréquences de vibration déterminées. Les conformeres du perfluoro-
hexane de plus basse énergie diftérent de 8,600 kJ mol~" (2,055 kcal mol™") a ce niveau de théorie, tandis que les conformeres du
perfluoroheptane de plus basse énergie différent de 8,662 kJ mol™' (2,070 kcal mol™"). De plus, un état de transition pour
I’interconversion entre le deux conformeres du perfluorohexane de plus basse énergie a été recherché au niveau RHF/6-31G*, et
une valeur de 13,247 kJ mol™" (3,166 kcal mol™") au-dessus de I’énergie du conformere de basse énergie a été trouvée, alors que
I’état de transition pour 1’interconversion équivalente entre le conformeres de perfluoroheptane se situe a 15,279 kJ mol™
(3,652 kcal mol™") au-dessus de 1’énergie du conformere de plus basse énergie. Ces résultats ont été utilisés pour interpréter des
données spectroscopiques de désorption thermique et de réflexion—absorption de rayons infrarouge précédemment publiés pour
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I’adsorption de monocouches et de sous-monocouches de molécules de perfluorocarbone sur la surface d’un monocristal Pt(111)
dans des conditions de vide extréme. Pour citer cet article: W.G. Golden et al., C.R. Chimie 7 (2004).
© 2005 Académie des sciences. Published by Elsevier SAS. All rights reserved.
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1. Introduction

Previous experimental surface studies of the adsorp-
tion of perfluorohexane and perfluoroheptane on single-
crystal Pt(111) surfaces under ultra-high vacuum con-
ditions [1] showed that the thermal desorption spectra
(TDS) of both perfluoroalkanes were similar. That is,
each perfluoroalkane exhibited two distinct desorption
peaks, denoted o, and a, in that study, due to mono-
layer species. At low surface coverages, the higher bind-
ing energy surface species, o, was believed to lie “flat’
on the Pt surface, thereby maximizing adsorbate—
surface interactions for the molecule. The unexpected
lower binding energy surface species, a,, had a bind-
ing energy thought to be consistent with a tilted or puck-
ered configuration in which the interaction of the mol-
ecule with the surface was reduced. The decrease in
surface interaction, and thus binding energy, for the o,
species was thought to be consistent with the binding
of at least one CF, unit less than that of the o, species.

While the infrared reflection—absorption spectra (IR-
RAS or IRAS) of these monolayers indicated an orien-
tation of the perfluoroalkanes on the metal surface that
was different from that of the bulk condensate layer,
nothing could be conclusively determined regarding the
relative orientations of the o, and a, species relative to
the metal surface. The IR-RAS results could not be
unambiguously interpreted due to mixing of the C—F
functional group frequencies with the C-C skeletal
modes. Because of this complication, structures of the
o, and o, species could not be assigned unambigu-
ously.

In the experimental study [1], it was assumed that
the lowest-energy conformer of the perfluoroalkane (of
unknown structure) was the conformer that adsorbed
on the metal surface as the o, species, and that the struc-
tures of these lowest-energy perfluoroalkane conform-
ers were analogous to the structures of the correspond-

ing alkanes. This meant that the perfluorocarbon species
adsorbed on a Pt(111) surface would be derived from
the lowest-energy, staggered, zig—zag alkane con-
former. However, poly(tetrafluoroethylene), PTFE, is
well-known to adopt a helical structure [2,3], and,
despite the challenges of carrying out high-level quan-
tum mechanical calculations on perfluorinated hydro-
carbons, significant computational results [4-7] indi-
cate that smaller perfluorocarbons also adopt helical
structures or structures that would be helical if the
molecular chains were extended [6]. (A recent, com-
prehensive literature search indicated that no direct
experimental investigations of the adsorption geom-
etries of perfluorocarbon molecules on surfaces, using
LEED for example, have been reported).

A limited number of groups have been extensively
involved in computational perfluoroalkane conforma-
tional analyses [4—8]. Not only does poly(tetrafluoro-
ethylene) adopt a helical structure, but a fully helical
structure has been shown to be the lowest-energy con-
former for perfluoropentane, -hexane, and -heptane at
the Hartree-Fock RHF/3-21G%* level of theory [9].
This result is confirmed by the novel force-field and
density functional calculations recently reported by
Jang et al. [10] for a variety of perfluoroalkanes.

The comprehensive conformational analyses of per-
fluoropentane, -hexane, and -heptane [9], in confirm-
ing the lowest-energy helical structures of these mol-
ecules, also resulted in elucidation of the conformational
manifold exhibited by these three molecules. Signifi-
cantly, both the lowest-energy totally helical con-
former and the next-lowest-energy semi-helical
(“kinked”) conformers of perfluorohexane and perfluo-
roheptane have important implications for the interpre-
tation of the thermal desorption behavior of these mol-
ecules on a Pt(111) surface. With the goal of explaining
the high-coverage dual-state adsorption behavior of per-
fluoroalkanes on Pt(111) surfaces, the two lowest-
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energy conformers of perfluorohexane and perfluoro-
heptane were re-investigated at the Hartree—Fock
RHF/6-31G* level of theory. In addition, with the o,
and a, surface species in mind, a transition state for the
interconversion of these lowest-energy conformers was
identified and investigated at this same level of theory.

Herein are reported the computational results for the
two lowest-energy conformers of perfluorohexane and
perfluoroheptane, and a transition state defining the
interconversion of the conformers for each molecule.
These results are then applied to the interpretation of
the previously-reported thermal desorption data to aid
in clarification and refinement of previously proposed
surface structures [1] for perfluorohexane and perfluo-
roheptane on a Pt(111) surface.

2. Computational methods
The PC SPARTAN Pro® computational package [11]
was used for the computational determination of all

ground and transition state molecular properties. The
two lowest-energy conformers of perfluorohexane and

thx

Ahe'x

perfluoroheptane were identified from detailed RHF/3-
21G* conformational manifolds of the molecules [9],
and these conformers were optimized at the RHF/6-
31G* level of theory (including complete vibrational
analyses to confirm that the molecules were true ground
state minima). As the two lowest-energy conformers
for each molecule differ only by rotation of approxi-
mately 120° about one C—C bond, a potential transi-
tion state structure for the interconversion between the
conformers (and perhaps a; and a, surface structures)
was the eclipsed conformer along this rotational path-
way. Transition state optimizations of these structures,
followed by complete vibrational analyses, were car-
ried out at the RHF/6-31G* level of theory as well.

3. Results and discussion

The structures of the lowest-energy conformers of
perfluorohexane and perfluoroheptane are illustrated in
Figs. 1 and 2, respectively, as both ball-and-stick and
space-filling models. As these illustrations demon-
strate, the helicity of the lowest-energy conformers

Fig. 1. The structures of the lowest-energy (A,,.,) and next lowest-energy (B,,,) conformers of perfluorohexane as both ball-and-stick and
space-filling models. Black spheres are carbon atoms; gray spheres are fluorine atoms. The arrows indicate C* and C*, respectively.
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Bhepe

Ahept

Fig. 2. The structures of the lowest-energy (A and next lowest-energy (By,ep) conformers of perfluoroheptane as both ball-and-stick and
space-filling models. Black spheres are carbon atoms; gray spheres are fluorine atoms. The arrows indicate C* and C°, respectively.

(Apex and Ay,,,,) is evident in the space-filling models,
while the ‘kinked’ nature of the next lowest-energy con-
formers (B, and By, is equally apparent. A pitch
angle of approximately 20° is observed in each helical
molecule (Ayey and Ay,epe)- The higher energy B con-
formers are related to the lower energy A conformers
by a rotation of approximately 120° about the C>~C*
bond of perfluorohexane or about the C*~C> bond of
perfluoroheptane, as illustrated by the Newman projec-
tions in Fig. 3.

The calculated properties for the two lowest-energy
conformers (conformer A is lower in energy than con-
former B) of perfluorohexane and perfluoroheptane, as
well as the calculated properties of the proposed tran-
sition states for the interconversion between the two
lowest-energy conformers, are listed in Table 1. It is
noteworthy that the difference in energy between the
two lowest-energy conformers for each perfluoroal-
kane is approximately the same (~8.6 kJ mol™'). The
energy difference between each of the ground state con-
formers and the transition state for the interconversion

F, F4CF,C
F CF,CF3 F. CF,CF3
F F
F3CF,C F
ki) E E
Ahex Bhex
F, F3C(F:C)
F CF,CF3 F. CF,CFy
F F
F3C(F,C F
3C(F2C); ! p
Ahept Bhep!

Fig. 3. Newman projections of the two lowest-energy conformers of
perfluorohexane and perfluoroheptane, showing that the conformers
differ only by a rotation of approximately 120° about the C>*~C* bond
of perfluorohexane or the C*~C? bond of perfluoroheptane.
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Table 1

Calculated properties for perfluorohexane and perfluoroheptane conformers and transition states

Molecule® Hartree—Fock energy® HF energy difference HOMO energy*© LUMO energy* Dipole
moment®

Perfluorohexane

Conformer Ay, —1619.3473341 a.u. -14.301 eV +4.997 eV 0.072D

Conformer By, —1619.3440585 a.u. —14.472 eV +5.194 eV 0.029 D

E;-E, 8.600 kJ mol ™!

TS Apex < Bhex —1619.3422884 a.u. -14.374 eV +5.018 eV 0.091 D

Es-E, 13.247 kJ mol™

E.s-Eg 4.647 kJ mol™!

Perfluoroheptane

Conformer Apepe —1856.0879490 a.u. —-14.158 eV +4.716 eV 0.091 D

Conformer By, —1856.0846497 a.u. -14.310 eV +4.898 eV 0.138 D

E;-E, 8.662 kJ mol ™!

TS Apept © Bhept —1856.0821294 a.u. —14.200 eV +4.670 eV 0.147D

Eys—E, 15.279 kJ mol™

E.s-Eg 6.617 kJ mol™!

#The abbreviation TS refers to the transition state structure; the Hartree—Fock energy differences between the conformers are symbolized
Eg - E ,, while the energy differences between conformers A or B and the transition state structure are denoted using the symbols Eg—E, and

E.s — Eg, respectively.

® The symbol a.u. refers to an atomic unit; 1 a.u. =627.510 kcal mol™! = 1625.50 kJ mol~".

¢HOMO is the abbreviation for highest occupied molecular orbital; the energy is given in electron volts, eV, where 1 eV = 96.4853 kJ mol .
4LUMO is the abbreviation for the lowest unoccupied molecular orbital.

¢ Dipole moments are given in units of the debye, D; 1 D = 3.33564 x 10 C m.

between them is also of a similar magnitude, but the
energy differences between the ground state conform-
ers and the transition state for perfluoroheptane are
approximately 2 kJ mol™" greater than the analogous
differences for perfluorohexane.

The transition state structure for the interconversion
between the perfluorohexane conformers (TS;,.y) is
depicted in Fig. 4, and Fig. 5 illustrates the transition
state structure for the perfluoroheptane conformer inter-
conversion (TSp,,). As expected, the transition state
structure for the interconversion of the two lowest-
energy conformers of each perfluorocarbon is an
eclipsed structure, as depicted by the Newman projec-
tions in Figs. 4 and 5.

In order to confirm the presence of a transition state,
vibrational analyses of both TS, and TSy, were car-
ried out. For the perfluorohexane transition state, only
one imaginary vibrational frequency was found at
37.51 cm™', and for the perfluoroheptane transition
state, only one imaginary vibrational frequency was
found at 36.56 cm™'. In each case the imaginary fre-
quency corresponded to a slight torsional motion about
the C—C bond carrying the eclipsed atoms and groups.
Vibrational analyses on the ground state conformers
Apex> Bhexs Anepts and By exhibited no imaginary fre-
quencies, as expected.

The experimental desorption energies of perfluoro-
hexane and perfluoroheptane from a Pt(111) surface
were 11.68 kcal mol™! (48.87 kJ mol™) and
12.86 kcal mol™" (53.81 kJ mol™) for the strongly
adsorbed o, species, respectively, while the less-
strongly adsorbed a, species desorbed with energies of
9.82 kcal mol ™ (41.09 kJ mol™") and 10.75 kcal mol™
(44.98 kJ mol™), respectively [1]. In Ref. [1] it was
assumed that the o, species were staggered, zig—zag
alkane-like conformers adsorbing to the surface, and
these experimental values led to the conclusion that
since perfluorohexane and perfluoroheptane differ by
exactly one CF, group, the adsorption energy per CF,
group was about 1.18 kcal mol™" (4.94 kJ mol™"). Once
this value was determined, the difference in desorption
energies of the o, and 0, species was seen to be equiva-
lent to the loss of approximately one CF, surface inter-
action for each molecule.

Recent reports demonstrating that the lowest-energy
conformer of a perfluoroalkane is helical rather than a
staggered, zig-zag alkane-like conformer alter the above
analysis only slightly. Because of the helical structure
of conformers A, only about five of the fluorine atoms
of perfluorohexane and six of the fluorine atoms of per-
fluoroheptane can interact strongly with the Lewis
acidic Pt metal surface. (If the lowest-energy conform-
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F
CF,CF;

FsCF,C-F

Fig. 4. The transition state structure (TS, ) for the interconversion
of the two lowest-energy conformers (A, and By,,) of perfluoro-
hexane. Black spheres are carbon atoms; gray spheres are fluorine
atoms. The arrows indicate C* and C*, respectively.

ers were the staggered, zig-zag alkane-like conform-
ers, six fluorine atoms in perfluorohexane and eight
fluorine atoms in perfluoroheptane could interact with
the metal surface.) However, conformers B differ from
A only in that the ‘kink’ in the perfluorocarbon chain
reduces the surface interaction by about one fluorine
atom; conformers B interact with a metal surface
through four fluorine atoms in perfluorohexane and five
in perfluoroheptane. Thus, the interaction energy per
CF group is about 1.18 kcal mol™ (4.94 kJ mol™),
rather than per CF, group.

Based upon previous work by Sexton and Hughes
[12] and Madey and Yates [13], the adsorption of per-

F3C(F,C),- F CF,CF;

Fig. 5. The transition state structure (TSy,,,) for the interconversion
of the two lowest-energy conformers (A, and By,,) of perfluoro-
heptane. Black spheres are carbon atoms; gray spheres are fluorine
atoms. The arrows indicate C* and C°, respectively.

fluorocarbons on metal surfaces may be described by
Eq' (1)5

AH, = AH, +nAHg (1)

other

where AH,, is the enthalpy of desorption, AH is the
contribution to the enthalpy of desorption by fluorine
atoms bound to the surface per CF unit, n is the number
of CF units interacting with the metal surface, and
AH ., is the contribution to the enthalpy of desorp-
tion from other sources, such as endgroup effects.
Knowing that the desorption energies of perfluorohex-
ane and perfluoroheptane differ by 1.18 kcal mol™
(4.94 kJ mol™") and that the helical structures of these
molecules dictates that the molecules differ by one
surface-to-fluorine atom interaction allows the adsorp-
tion energy difference to be equated to the average
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energy of the surface-to-fluorine interaction. Using
4.94 kJ mol ™" for AHp and the experimental desorp-
tion energies given above, AH ., is calculated to be
24.17 kJ mol™! for either molecule. If, as the calculated
structures of perfluorohexane and perfluoroheptane
indicate, the ‘kinked’ conformers B are responsible for
the o, species desorption energies, then the desorption
energies of the a, species can be calculated from Eq.
(1). From such a determination, the calculated values
for the desorption energies of the o, species are
43.93 kJ mol ™" for the perfluorohexane a, species and
48.87 kJ mol™! for the perfluoroheptane o, species,
which are reasonably comparable to the experimental
values of 41.09 and 44.98 kJ mol™, respectively.

The activation energies to attain the transition state
for the interconversion of conformers A and B for per-
fluorohexane and perfluoroheptane are accessible
(13.247 and 15.279 kJ mol™') at the temperatures of
the adsorption/desorption experiments (ca. 100 K);
increased surface coverages and the crowding that
results can provide the necessary activation energies to
convert conformer A to conformer B for either perfluo-
rocarbon. Further, the ‘kinked’ conformers B are vis-
ibly shorter than conformers A (for perfluorohexane,
the longest end-to-end distance for Ay, is 8.527 A,
while for B, the longest end-to-end distance for the
molecule is 7.781 A; the analogous distances for per-
fluoroheptane are 9.797 and 9.007 A, respectively). If
adsorbed to the surface either directly from the gas
phase or if formed on the surface due to crowding, the
B conformers are likely to take up less space on the
surface than will conformers A. Thus, again, increased
surface coverages are likely to cause the conversion of
conformers A to B, and to actually favor conformers B
at higher coverages. Finally, it might be argued that
some of the differences in adsorption arise from adsor-
bate—adsorbate interactions. However, since the B con-
formers are shorter than the A conformers, these pos-
sible adsorbate—adsorbate interactions will also be
diminished because of the smaller size of the B con-
formers.

4. Conclusions
The stability of helical structures for the perfluorocar-

bons indicates that it is the helical structure that adsorbs
to a platinum(111) surface at low sub-monolayer cover-

ages (the o, adsorbate). With increasing coverages of
the perfluorocarbon, some of the o, adsorbate is crowded
into an interconversion to the o, adsorbate, now identi-
fied as the next lowest-energy conformer of the perfluo-
roalkane. The energy differences between the two con-
formers for the two perfluoroalkanes studied, as well as
the energy required to interconvert them (through the
eclipsed transition state), are readily accessible at the
temperatures of the experiment.
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