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Abstract: The adsorption geometries and surface reactions of various Cs hydrocarbons (n-hexane,
2-methylpentane, 3-methylpentane, and 1-hexene) adsorbed on Pt(111) were investigated using sum
frequency generation (SFG) surface vibrational spectroscopy. The adsorptions and reactions were carried
out in 1.5 Torr of Cg hydrocarbons in the absence and presence of excess hydrogen (15 Torr) and in the
temperature range 296—453 K. At 296 K and in the presence of excess hydrogen, n-hexane and
3-methylpentane adsorbed molecularly on Pt(111) mostly in “flat-lying” geometries. Upon heating the sample
up to 453 K, the molecules underwent dehydrogenation to form new surface species in “standing-up”
geometries, such as hexylidyne and metallacyclic species. However, 2-methylpentane and 1-hexene were
dehydrogenated to metallacyclobutane and hexylidyne, respectively, at 296 K in the presence of excess
hydrogen. The dehydrogenated species remained unreacted on the surface upon heating the sample up
to 453 K. The absence of excess hydrogen enhanced dehydrogenation of n-hexane and 3-methylpentane
to form m-allyl c-CsHg and metallacyclohexane, respectively, at 296 K. Upon heating to 453 K, the z-allyl
c-CeHg species underwent irreversible dehydrogenation, while hexylidyne and metallacyclic species remained
unreacted. On the basis of these results, the mechanisms for catalytic isomerization and dehydrocyclization
of n-hexane, which are the important “reforming” reactions to produce high-octane fuels over platinum,
were discussed.

1. Introduction Most mechanistic studies of the alkane catalytic reactions on

The adsorption and catalytic surface reactions of alkanes on metal su_rfaces were c_:arried outat high_ pressures by monitoring
metal surfaces have been intensively studied because ofthe reaction products in the gas ph&Sehis approach, however,
fundamental interest and technological importance. Alkanes on has difficulty unraveling details of the reaction mechanisms.
metal surfaces are model systems for understanding two-Th'S is due to the lack of knowledge of the elementary steps
dimensional orderinig® and dynamic processe$ of large comprising the overall catalytic reaction and reactive surface
organic molecules on surfaces that are associated with apphcalntermedlates involved in a particular elementary step. As an
tions for adhesion, lubrication, and molecular electrofids. alternative approach, various surface analytical techniques have
From the viewpoint of heterogeneous catalysis, catalytic surfacebeen employed to probe surface slgeues upon adsorption of
reactions of alkanes with-610 carbons (6-Ci) on platinum- alkane molecules on metal surfadést” Among them are low-

based catalysts are of importance in naphtha reforming processegnergy electron d!ffractlon (I,‘EED)' thermal desorption spec-
that produce high-octane fué. troscopy (TDS), high-resolution electron energy loss spectros-

copy (HREELS), and reflectienabsorption infrared spectroscopy

(1) Uosaki, K.; Yamada, R]. Am. Chem. Sod999 121, 4090. (RAIRS)3-17 These surface analytical techniques require low-
% mg{gﬂggtg Al %%ﬂsstg/ iﬁ;h;/:nh!é' I'_Eg?gzrggg%%o%?}gé“”- pressure 1076 Torr) environments to operate. At low pressure,
(4) Weckesser, J.; Barth, J. V.; Kern, B. Chem. Phys1999 110, 5351. only strongly bound species can exist on a surface, while weakly

(5) Fichthorn, K. A.; Miron, R. A.Phys. Re. Lett. 2002 89, 196103.
(6) Paserba, K. R.; Gellman, A. Phys. Re. Lett. 2001, 86, 4338.
(7) Huang, D.; Chen, Y.; Fichthorn, K. Al. Chem. Phys1994 101, 11021. (12) Antos, G. J., Aitani, A. M., Parera, J. M., Ed€atalytic Naphtha
(8) Brand, J. L.; Arena, M. V.; Deckert, A. A.; George, S. 8.Chem. Phys. Reforming: Smence and TechnoloMarceI Dekker New York, 1995.
1990 92, 5136. (13) Somorijai, G. Alntroduction to Surface Science Chemistry and Catajysis
(9) Jortner, J., Ratner, M., Edslolecular Electronics, Chemistry for the 21st Wiley: New York, 1994.
Centry, Blackwell: Oxford, 1997. (14) Sheppard, NAnnu. Re. Phys. Chem1988 39, 589.
(10) Bhushan, B.; Israelachvili, J. N.; Landman, Nature 1995 374, 607. (15) Sheppard, N.; Cruz, C. D. lIAdv. Catal. 1998 42, 181.
(11) Bhushan, B., EdHandbook of Micro/nano Tribology2nd ed.; CRC (16) Bent, B. EChem. Re. 1996 96, 1361.
Press: Boca Raton, FL, 1999; Vol. 1. (17) Zaera, FChem. Re. 1995 95, 2651.
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bound ones, which may be key reaction intermediates under3-methylpentane are partly dehydrogenated to hexylidyne or
ambient conditions, desorb quickly. Therefore, the surface metallacyclic species. At 296 K and in the absence of excess
species that are present at low pressure may not be directlyhydrogenn-hexane and 3-methylpentane are readily dehydro-

related to those present at high presstfrasd in the presence

genated to formr-allyl c-CeHg and metallacyclohexane, re-

of excess hydrogen, which are the conditions in most naphthaspectively. Upon heating to 453 K, theallyl c-CgHg species

reforming processée?.

underwent irreversible dehydrogenation, while hexylidyne and

Sum frequency generation (SFG) vibrational spectroscopy, metallacyclic species remained unreacted.
a nonlinear optical technique, has recently been adopted to On the basis of the SFG results, we discuss the mechanisms
monitor surface species during catalytic reactions on metal of then-hexane catalytic reactions to form isomers and benzene

surfaces under ambient conditiot¥s23 In SFG experiments, a

on Pt(111). Our SFG results provide spectroscopic evidence that

visible beam and a tunable infrared beam are spatially and-allyl c-CeHg is a reactive surface intermediate during dehy-
temporally overlapped on a surface. As the infrared beam is drocyclization ofn-hexane on Pt(111). In addition, our SFG
scanned over the frequency range of interest, vibrational spectraesults suggest that benzene formation frothexane on Pt-

of molecules present on the surface are obtained via a second{111) does not proceed via a five-member cyclic intermediate

order nonlinear optical proce$s:28 Due to the unique symmetry

as does isomerization, but rather proceeds through a diregt 1

selection rule of the second-order nonlinear optical process, thisring closure.

technique can be more surface-sensitive than infrared and Rama
spectroscopies, while electron spectroscopies cannot be em

¢l Experimental Section and Theory

ployed at high reactant pressures necessary to monitor catalytic All experiments were carried out on a Pt(111) single-crystal surface

reactions.

In this study, we utilized SFG spectroscopy to investigate
the adsorption geometries and surface reactionsgedlkane
and G-alkene hydrocarbons on Pt(111) under ambient condi-
tions. The G hydrocarbon compounds of interest in this study
aren-hexane (GH14), 2-methylpentane (§H14), 3-methylpen-
tane (GH14), and 1-hexene (§12). n-Hexane is the simplest

in a high-pressure/ultrahigh-vacuum (HP/UHV) system. The HP/UHV
system is composed of a UHV chamber with a base pressurexof 4
10719 Torr and a high-pressure (HP) cell. The HP cell, where high-
pressure catalysis studies were carried out, was connected to the UHV
chamber through a gate valve. Two Gakindows on the HP cell
allowed input and output of both infrared and visible beams for SFG
experiments. The Pt(111) crystal was cleaned by sputtering with Ar
ions (1 keV), heating at 900 K in the presence of 307 Torr O, for

alkane molecule large enough to undergo the full spectrum of 2 min, and then annealing at 1200 K in UHV for 2 min. After a few
skeletal rearrangement reactions involved in the hydrocarboncycles of cleaning, the Pt(111) crystal was transferred to the HP cell

reforming processes including dehydrogenation, isomerization,

cyclization, and dehydrocyclizatidh282- and 3-methylpentane
are the main products from isomerizationsdfiexane. 1-Hex-
ene is also produced during théhexane catalytic reactions on

Pt(111). A Pt(111) single-crystal surface has been chosen in

for SFG measurements. The Pt(111) surface was routinely checked by
Auger electron spectroscopy (AES) for cleanliness.

For SFG experiments, a mode-locked 20 ps, 20 Hz Nd:YAG laser
with a 25 mJ/pulse energy output at 1064 nm was used to generate a
tunable infrared (13063200 cn1?) beam and a visible beam at 532
nm. The visible (20Q:J/pulse) and the infrared (1Q0)/pulse) beams

this study because it has the unique capability of carrying out yere spatially and temporally overlapped on the Pt(111) surface with

all skeletal rearrangement reactions, while undesirabteCC
bond scission is less significant on Pt(111) than on lower Miller
index Pt surfaces or on other transition metal surf&2dhe
adsorption and reaction studies af elkanes on metal surfaces
have been hampered by their low dissociative sticking prob-
ability.16-1729As a result, little is known about the surface species
and their adsorption geometries upogdkane adsorption on
Pt(111) at temperatures higher than cryogenic temperature.

It will be shown that the surface species and their adsorption

incident angles of 55and 60, respectively, with respect to surface
normal. Both the infrared and the visible beams were p-polarized. As
the infrared beam is scanned over the frequency range of interest, the
sum frequency output from the Pt(111) crystal was collected by a
photomultiplier and a gated integrator.

The theory of SFG for surface studies has been described in detail
previously?+26:30 Briefly, SFG is a second-order nonlinear optical
process in which an infrared laser beamest is combined with a
visible laser beam abys to generate a sum frequency outputgt =
wr + wvs. This process is only allowed in a medium without

geometries change dramatically with temperature and the centrosymmetry under the electric dipole approximation. Platinum bulk
presence of excess hydrogen. At 296 K and in the presence Ofis centrosymmetric, and its contribution to SFG is usually negligible.

excess hydrogem-hexane and 3-methylpentane are inactive

Isotropic gases in the HP cell do not generate SFG. Only the metal

on Pt(111) at 296 K, while 2-methylpentane and 1-hexene are surface and adsorbates on the surface can generate SFG under the

readily dehydrogenated to form metallacyclobutane and hexyl-

idyne, respectively. Upon heating to 453 K;hexane and

(18) Cremer, P. S.; Su, X.; Shen, Y. R.; Somorjai, G.JAAm. Chem. Soc.
1996 118 2942.

(19) Cremer, P. S.; Su, X.; Somorjai, G. A.; Shen, Y.JRMol. Catal. A1998
131, 225.

(20) Su, X.; Cremer, P. S.; Shen, Y. R.; Somorjai, G.JAAm. Chem. Soc.
1997 119 3994.

(21) Chen, P.; Kung, K. Y.; Shen, Y. R.; Somorjai, G. 3urf. Sci.2001, 494,
289

(22) McCrea, K. R.; Somorjai, G. Al. Mol. Catal. A200Q 163 43.

(23) Yang, M.; Chou, K. C.; Somorjai, G. A. Phys. Chem. B003 107, 5267.
(24) Shen, Y. RNature 1989 337, 519.

(25) zZhu, X. D.; Suhr, H.; Shen, Y. RPhys. Re. B 1987, 35, 3047.

(26) Shen, Y. RThe Principles of Nonlinear Optic®Viley: New York, 1984.
(27) Zaera, F.; Godbey, D.; Somorjai, G. A.Catal. 1986 101, 73.

(28) Davis, S. M.; Zaera, F.; Somorjai, G. A. Catal. 1984 85, 206.

(29) Zaera, FProg. Surf. Sci2001, 69, 1.

electric dipole approximation. The SFG signkl, is related to the
incidence visibleI{s) and infrared (r) beam intensities, and second-
order susceptibility of the medig@) as

lge O |X(2)\2|V|s||R (1)
The second-order susceptibili? is given by
A
X(z) =xwrt (2

TOR— 0q il

whereynr is the nonresonance contribution, aig wg, andI'y denote

(30) Shen, Y. RAnnu. Re. Phys. Chem1989 40, 327.
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the vibrational mode strength, the resonant frequency, and the line width
of the gth vibrational mode, respectively. The nonresonance contribu-

tion, ynr, Originates from the metal surface and is usually independent

of the frequency of the infrared laser beam. In contrast, the second
term is significantly enhanced when the frequency of the infrared laser
beam is in resonance with a vibrational mode of the adsorbates. The
vibrational mode strengthq is given by*

2‘7-[ ~n ~ A PN
Ay = ;ND;n Foik (DM (kAR it ®)

whereN is the number density of adsorbatEg; is the Fresnel factor,

and Ry m and g, are the Raman and the IR transition cross sections
for the gth vibrational modei,|j,k refers to the laboratory coordinates,
andl,mn refers to the molecular coordinates. The brackets indicate
the spatial average of the molecular orientations. Because the Fresne
factor is complexAq can be expressed #&g = |Aql€?9, whereg, is

the phase factognr is also complex, given ggir = [xnrl€7. Finally,

the SFG signal is written as

. Aeh
lse O llxnrl€? + z - [“lvislir 4)

TR — Wq Tl

To analyze our SFG spectra, the SFG signal was first normalized to
the intensity [ir) of the incident infrared beam on the surface. This is

Scheme 1

(a) n-hexane (CgHi4) (b) hexylidyne (CgHyy)
of CH, and CH; groups, respectively. These two bands are red-
shifted by 26-30 cnt! from those for n-hexane in the
tondensed phasé38These red shifts are due to the adsorbate
surface interaction and are commonly found in a system of a
“flat-lying” alkane monolayer on a metal surfa#e®® As the
temperature increases, ttrehexane monolayer on Pt(111)
desorbs molecularly at about 240 K with a desorption energy
of 14.8 kcal/moP® No indication of thermal decomposition of
n-hexane on Pt(111) has been observed with increasing tem-
perature?®

Contrary ton-hexane, 1-hexene §8;,) on Pt(111) undergoes
decomposition with increasing temperature. Ilharco et®al.

necessary because the gas molecules in the HP cell absorb some portioreported that 1-hexene adsorbs molecularly on Pt(111) at 100

of the incident infrared beam. Detailed descriptions on the HP/UHV
system and SFG measurement can be found elseh&re.

All alkane and alkene hydrocarbons used in this study were
purchased from AldrichX99%). All samples were purified by several
freeze-pump—thaw cycles before introduction to the HP cell. The
reactant pressure was 1.5 Torr of-lgydrocarbon or 1.5 Torr of £
hydrocarbon and 15 Torr of hydrogen. In the latter case, hydrogen was
always introduced first, followed by &hydrocarbon. €-C; hydro-
carbon impurities in the reactants were routinely checked using gas
chromatography (GC). The hydrocarbon impurities were below 0.4%,
and most of the impurities were light alkanes below The light

K with the molecular plane parallel to the surface. At 250 K, it
converts into the hexylidyne @Bi1) species. RAIRS results
showed that two types of hexylidyne conformers coexist on Pt-
(111) at 250 K: transtrans—trans (TTT) and gaucherans—
trans (GTT) conformers. Hexylidyne in the TTT conformation,
as illustrated in Scheme 1b, aligns its molecular plane perpen-
dicular to the surface, giving rise to a strong IR band for
symmetric CH stretch at 2877 cmi. The GTT conformer,
which can be obtained by 90otation along G—C3 bond, is
characterized by a strong IR band for asymmetric; Gtretch

alkanes are no more reactive than the reactants on Pt(111) and thust 2960 cm1.4° Above 270 K, hexylidyne starts decomposition

can be ignored in the SFG analysis.
3. Results and Analysis

3.1. Previous Studies of @Alkane and Cg-Alkene Hy-
drocarbons Adsorbed on Pt(111) Under Low-Pressure
(<1078 Torr) Conditions. For our SFG spectral analysis, it is
important to review the studies ofs@lkane and galkene
hydrocarbons adsorbed on Pt(111) under low-pressut®®
Torr) conditions.

Whenn-hexane (@H14) adsorbs on Pt(111) at 100 K, it binds
molecularly to the surface, aligning its«C bonds parallel to
the surface in the trandrans-trans (TTT) conformation (see
Scheme 1aJ436 The atomic structure of the Pt(111) surface
was not drawn in Schemes-¥ because the adsorption sites of

to form two types of metallacyclic species: One is a partially
dehydrogenated form, [lEC—(CH,)s—Pt], and the other is a
completely dehydrogenated form, §&C—(CH,),—C=Pt]. No
indication of fragmentation by €C bond scission was observed
below 500 K% It should be noted that no studies, to our
knowledge, on the adsorption of 2-methylpentane and 3-meth-
ylpentane on Pt(111) have been reported.

Cs-Alkane and G-alkene hydrocarbons on Pt(111) are
complicated systems in that there may exist more than one
conformer and reaction pathway, depending on temperature and
pressure. Thus, it is necessary to set the criteria for the
assignment of our SFG bands and the identification of corre-
sponding chemical species on the surface. First, whedkanes
are physisorbed on Pt(111), they align on the surface such that

the proposed surface species are not known. The IR spectrtuMpe nymper of carbon chains bonding to the metal surface is

of the TTT-typen-hexane on the surface is characterized by
two major bands at 2904 and 2929 chin the C-H stretching
region3>36The two bands are assigned to asymmetric stretches

(31) Himmelhaus, M.; Eisert, F.; Buck, M.; Grunze, 8.Phys. Chem. B00Q
104, 576.

maximized. This has proven to be the case ifealkanes
(CnHant2, N > 4) on Au and Pt surfaces*439The adsorption
energy of then-alkanes increases with an increasing number of
carbon chains: for example, the binding energy per carbon chain

(32) Kung, K. Y.; Chen, P.; Wei, F.; Rupprechter, G.; Shen, Y. R.; Somorjai,
G. A. Rev. Sci. Instrum 2001, 72, 1806.

(33) Yang, M.; Tang, D. C.; Somorjai, G. Rev. Sci. Instrum2003 74, 4554,

(34) Firment, L. E.; Somorjai, G. Al. Chem. Physl977 66, 2901.

(35) Manner, W. L.; Bishop, A. R.; Girolami, G. S.; Nuzzo, R. &.Phys.
Chem. B199§ 102, 8816.

(36) Chesters, M. A.; Gardner, P.; McCash, E. $airf. Sci.1989 209, 89.

7700 J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004

(37) Snyder, R. GJ. Chem. Phys1965 42, 1744.

(38) Wisnosky, M. G.; Eggers, D. F.; Fredrickson, L. R.; Decius, J.©Chem.
Phys.1983 79, 3505.

(39) Bishop, A. R.; Girolami, G. S.; Nuzzo, R. G. Phys. Chem. R00Q 104,
754

(40) IIha'rco, L. M.; Garcia, A. R.; Hargreaves, E.; Chesters, MSArf. Sci.
200Q 459, 115.
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(a) H = (b) H, 1.5 Torr hydrocarbon and 15 Torr hydrogen
\ n\"*-.___ - {1 T=20K
C—H c 2850
/ \ 0.6 2905
Unperturbed CH; group Unperturbed CH; group 2§70 2920
Asymmetric, CHa(a) - 2960 em’! Asymmetric, CHa{a) - 2920 em’! i ! xi 2945
Symmetric, CHs(s) ~ 2875 em’' Symmetric, CHx(s) ~ 2850 cm’” pﬁi
- o n-hexane
© @ > Ransiai
[ H .
H ©
E 044 R
/ /’fig‘h._ / 2 3-methylpentane
—Cp,, C @ _ . g“; %@Wg &
\”#H - \ @
i y =N
O
Perturbed CH: group Perturbed CH. group LL ]
Asymmetric, CHz(a,p) ~ 2920 cm’ Asymmetric, CHa(a,p) ~ 2900 cm” n
Red-shifted by interaction with the Red-shifted by interaction with the
metal surface by ~ 40 cm™ metal surface by ~ 20 cm” 0.2
Figure 1. Schematic diagram of CH stretching modes. i 2-methylpentane
for n-alkanes (6< N < 10) on Pt(111) is about 2.1 kcal/m®l. i FRRF R
Second, when galkanes and galkenes are dehydrogenated, 1-hexene
they exist on the surface in largely two adsorption geometries: . R
“flat-lying” and “standing-up” as in the case of hexylidyne in
Scheme 1. The “standing-up” geometry can be more favorable ot
than the “flat-lying” geometry when van der Waals interactions 2700 2800 2900 3?00 3100
between adjacent carbon chains are dominant over carbon Wavenumber (cm’ ')
chain—metal interactions. Figure 2. SFG spectra of surface species on Pt(111) at 296 K in 1.5 Torr

IR band positions for the CH stretching modes of interest of Cs hydrocarbons and 15 Torr ofHin order from the top ara-hexane,

are summarized in Figure 1. The IR spectrum for a “standing- 3-methylpentane, 2-methylpentane, and 1-hexene, respectively. The solid

up” adsorbate is featured by symmetric stretches of @tl lines correspond to fits using eq 5.

CH, groups. These symmetric stretches are denoted aésiCH

and CHy(s), for further discussion. These bands appear at about

2875 and 2850 cm, respectively, similar to those in the

condensed phase. The IR spectrum for a “flat-lying” adsorbate

g?oigi_l.a ;;es;l;]rgs ;rﬁ?zﬁgmggécs;ﬁéc?ﬁrsﬁfﬂ&?e The relative magnitudes A betvvgen the vibrational modes.

in the condensed phase because of their interactions with the?'® useful to evaluate molecular oneqtgﬂons of surfa.0e shecles
because the Raman and the IR transition cross sections in eq 3

metal surface. As a result, asymmetric £4hd CH stretches, " . . .

perturbed by the surface, appear at about 2920 and 2908 cm are sensitive to the molecular orientatidh&In particular, SFG
respectively. These two bands are denoted agf&p) and Ch from a_ldsorbates on a metal surfa_cg shc_)uld obey the IR surface
(a,p), respectively. Finally, unperturbed symmetric stretches of selectloq rule that only the IR transmop dipole vector component
CHs and CH, denoted as Cis) and CH(s), appear at about perpgndmular to thg metal surfagg is accountable for the IR
2960 and 2920 crit, respectively. transition cross sectiomg,. In addition, the nonresonant SFG

3.2. SFG Spectra of Surface Species on Pt(111) at 296 K signal from a Pt surface is much smaller than that from other
in 1.5 Torr of C¢ Hydrocarbons and 15 Torr of Hydrogen. metal surfaces such as Au and Ag. These may be the reasons

The SFG spectra of surface species on Pt(111) at 296 K in 1.5Why in some cases the IR and SFG spectra from a Pt surface

Torr of Cs hydrocarbons and 15 Torr ofHre shown in Figure adsorbed with hydrocarbons are similar in terms of the relative
2. In order from the top in Figure 2 arehexane, 3-methyl- intensities between the vibrational modes. Among the cases are

pentane, 2-methylpentane, and 1-hexene. To simplify the fitting di-o cyggﬁ)éene, 1,3-cyclohexadiene, aneallyl CeHs on

of the SFG spectra, all resonance terms in eq 4 were assume(ft(lll)' ’ . ) . L

to be in phase; that is, the phase fagggis independent of the In our SFG analysisiAq| will be used to gain some insight
vibrational mode. This assumption was previously used to O" the molecular orientations but only for qualitative purpose.

analyze SFG spectra fromalkanethiol monolayers on gold The limitation arises from the fact that the fitting was performed
62, 5160.

surfaces! Equation 4 can then be rewritten as )
)
(5) (43) Su, X.; Kung, K. Y.; Lahtinen, J.; Shen, Y. R.; Somorjai, G.JAMol.
)
)

resonance components. The solid lines in Figure 2 correspond
to fits using eq 5 where the fitting parameters figz|, 0, |Aq/,

wq, andIq. The parameterfy|, wq, andI'y determined from

the fits are summarized in Table 1.

(41
(42) Wei, X.; Hong, S.; Zhuang, X.; Goto, T.; Shen, Y.Fys. Re. E 200Q

Hirose, C.; Akamatsu, N.; Domen, K. Chem. Phys1992 96, 997.

Al
— sk Catal. A1999 141, 9.
DR — a)q + |rq (44) Lamont, C. L. A.,; Borbach, M.; Martin, R.; Gardner, P.; Jones, T. S;
Conrad, H.; Bradshaw, A. MSurf. Sci.1997, 374, 215.

ls O lzngle” +
q

. . d(45 Manner, W. L.; Girolami, G. S.; Nuzzo, R. @. Phys. Chem. B998
where@ is the phase difference between the nonresonance an 102, 10295.

J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004 7701



ARTICLES Yang and Somorjai

Table 1. Fitting Results to Eq 5 and Assignments for the SFG Spectra of n-Hexane, 3-Methylpentane, 2-Methylpentane, and 1-Hexene at
296 K on Pt(111) at High Pressure (1.5 Torr) with 15 Torr of Hy

modes n-hexane 3-methylpentane 2-methylpentane 1-hexene
CHoy(s) wq 2851+ 0.8 2850+ 0.9 2833+ 2.8
[Aql 0.40+ 0.07 0.47+ 0.06 0.077+£ 0.03
I'q 10.3+1.2 115+1.5 10.8+£ 5.4
CHa(s) wq 2868+ 0.1 2872+ 4.7 2865+ 2.5 2870+ 0.4
|Aql 0.13+ 0.07 0.07+ 0.03 1.184+ 0.96 1.064+ 0.03
Iq 10.0+ 4.0 10.2+ 2.3 9.1+ 29 11.3+0.42
CHoy(a,p) wgq 2907+ 0.5 2903+ 3.6 2893+ 2.6
[Aql 0.54+ 0.07 0.15+ 0.17 0.10+ 0.10
I'q 118+ 11 9.9+ 6.5 7.9+6.1
CHs(a,p) wq 2931+ 1.0 2922+ 1.7
|Agl 0.44+ 0.08 0.51+ 0.12
Iq 14.0+ 1.8 13.0+5.7
CHs(FR) wgq 2920+ 2.7 2917+ 1.4
[Aql 1.284+ 0.25 0.22+ 0.06
Iq 225+3.1 13.0+£ 34
CHs(a) wq 2942+ 2.3 2944+ 4.1
|Aql 0.19+0.15 0.08+ 0.09
Iq 95+45 10.0+9.7

aThis SFG band includes a contribution from the symmetric stretch of agtélip on carbons bonded to the surface §éndy-positions). See text for
details.

under the assumption of identicgl's and|Aq contains the are described mainly by two-dimensional translation and rigid-
Fresnel factors that depend on the vibrational modes. Despitebody rotation parallel to the surface. Above 200 K, torsional
the fact that the Fresnel factors were not separable in our motions around €C bonds are thermally activated, giving rise
analysis, we believe that the relative magnitudeggfbetween to an increase in the fraction of conformational isomers in the
the vibrational modes still reflect the molecular orientations, gauche states. Spectroscopic and theoretical studiesherane
mainly due to the IR surface selection rule. As shown in Figure conformers in the liquid and gas phases reported that the
2 and Table 1, the relative magnitudes |8§| between the  enthalpy difference between the TTT and next stable conformers
vibrational modes vary (dramatically in some cases) with (TTG, TGT, TGG, and GTG) lies in the range of 8:2.0 kcal/
different molecules. This is due to different molecular orienta- mol#849which can be overcome at room temperature.

tions from corresponding surface species rather than different  Near then-hexane desorption temperature (240 K) from Pt-

Fresnel factors that are similar for those l@ydrocarbons. (111), there should be more segmental motions of &t CH
Hexane.There are three major bands at 2851, 2907, and 2931 4o ps perpendicular to the surface, allowing various types of

cm~1 with a weak band at 2868 crh(Table 1). The three major

bands are assigned to unperturbed symmetrig (H(s)), desorption ofh-alkanes from Au(111) proposed that the fraction

perturbed asymmetric GH(CHz(a,p)), and perturbed asym- 4t ihe TTT-typen-hexane (@H14) at the desorption temperature
metric CH; (CHs(a,p)) stretching modes, respectively. The weak (215 K) is 88%, but the fraction of the TTT-type-decane

band at 2868 cmt is gssigned to the unperturbed symmetric (CioH22) at the desorption temperature (305 K) is 44%.
_CH_3 (CHy(s)) stretching mod_e. The S“‘_’”g &H.p) p_eak Therefore, we predict that, upamhexane adsorption on Pt-
indicates thaf[ the Ckigroups align W'th their 3.-fold rotatlonal (111) at 296 K, some fraction of conformers coexist with the
symmetry axis pa rallel to the surface, |ntera§t|qg with the metal TTT-type n-hexane adsorbates. This explains the observation
surface. In addition, the strong Gfd,p) peak indicates that the of the CHy(s) band (2851 cm?) for n-hexane in Figure 2: This

tz-f(t)rlld rotaponal _s;;mme:ry aX|_fh0Ihthe Q}?roupg,rlhs als?c patrallel band originates from various conformers in the gauche states
0 the surface, interacting wi € sur“ace. . e’se €alures are ather than from the TTT-type conformer.
consistent with characteristics of the “flat-lying-hexane in .
the TTT conformatio4-36 3-Methylpentane. The SFG spectrum in the case of 3-me-

The band at 2851 crd, assigned to CHs), is not SFG active thylpentane is similar to that in the casershexane. The two
for the “flat-lying” n-hexane in the TTT conformation. The MaOr bands at 285(_) and 2922 chrare assigned to Cis)
observation of this band in the SFG spectrum implies that there &"d CH;(a,lp), respectively. The three weak bands at 2872, 2903,
exist different conformers af-hexane on the surface at 296 K. 2942 cm™ are assigned to Cf), CHy(a,p), and CH(a),
Temperature-dependent conformational changesaiianes on ~ fespectively. The strong GX&,p) peak as compared with the
metal surfaces have been studied by experifiédfsand CHs(s) peak indicates that GHyroups mainly align with their
computer calculation”4647Molecular dynamics (MD) calcula- ~ 3-fold rotational symmetry axis parallel to the surface, interact-
tions’ on the equilibrium and dynamics ofalkanes on Pt(111) ~ ing with the metal surface. One difference frarhexane is
suggest that-hexane exists in the TTT conformation for greater that the band at 2903 crh corresponding to Cifa,p), is weaker
than 99% of the time at surface temperatures below 200 K.

; " 48) Mirkin, N. G.; Krimm, S.J. Phys. Chem1993 97, 13887.
Molecular motions of ther-hexane adsorbates below 200 K 5493 ngellrc]ia, l.; Takerhngm, H.; Sakgﬁibar; M.; I\?atsuura, H.; Shimanouchi, T.
Bull. Chem. Soc. Jprl977, 50, 102.

(46) Raut, J. S.; Fichthorn, K. Al. Chem. Phys1998 108 1626. (50) Wetterer, S.; Lavrich, D.; Cummings, T.; Bernasek, S.; Scole§, Bhys.
(47) Cohen, D.; Zeiri, YJ. Chem. Phys1992 97, 1531. Chem. B1998 102 9266.

conformers. MD calculatiofsombined with TPD result8on
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Scheme 2 contribution is the symmetric stretch of a g€gtoup on carbons
bonded to the surface{ andy-positions). This stretching mode
has been observed in the RAIRS and SFG spectralminded
hydrocarbons (€-Cs) on Pt(111) at 29082920 cnt1.18:40.52
Another possible contribution is the Fermi resonance{ER))
of the CH; stretching mode by interaction with an overtone of
a ChHs bending modé?153.54
1-Hexene.Similar to the case of 2-methylpentane, the SFG
spectrum in the case of 1-hexene is featured by a strong band
(a) 3-methylpentane (CsH,s) (b) metallacyclobutane (CgH,2) at 2870 le, which is assigned to Cd(B) We propose that
the major surface species responsible for the SFG spectrum is
than that fom-hexane. Another difference is the appearance of 4 hexylidyne (GH1y) intermediate, as illustrated in Scheme 1b.
a new band at 2942 cm, which is assigned to Cih). The two weak bands at 2833 and 2917 ¢érare most likely
To determine the adsorption geometry of 3-methylpentane cHy(s) and CH(FR), respectively. The values are about 10°&m
on Pt(111) at 296 K, we apply the first criterion proposed in |ower than those in the literature, for which a reason is not
section 3.1: physisorbeds@lkanes align on Pt(111) such that  known at this point. As another possibility, the band at 2917
the number of carbon chains bonding to the metal surface is oyt may be CH(s) originating from GTT conformers. As
maximized. The proposed adsorption geometry of 3-methyl- gescribed in the previous section, hexylidyne was previously
pentane at 296 K |S I||UStl’ated il’l SCheme Za, Where tWQ CH observed upon l_hexene adsorp“on on Pt(lll) under UHV
groups and two terminal GHgroups are in contact with the  :onditions?® Absence of the Ch{a) band in our SFG spectrum
metal surface while a central GHyroup tilts away from the  indicates that the TTT conformer is dominant over the GTT
surface. This adsorption geometry can explain, qualitatively, our conformer. The reason is likely that 1-hexene adsorption on Pt-
observations thai\;[CHs(a,p)] for 3-methylpentane is similar  (111) at high pressure (1.5 Torr) results in the formation of a

to that forn-hexane whilefA;[CHz(a,p)] for 3-methylpentane  self-assembled monolayer of densely packed hexylidyne on the
is smaller than that fon-hexane. The reason is as follows. The  gyrface in the TTT conformation, due to substantial intermo-

vibrational mode strengthAy|, is proportional to the number  |ecular interactions.

density of adsorbaté$2>*°Assuming the same surface coverage 3.3, Temperature-Dependent SFG Spectra of Surface
on Pt(111) fom-hexane and 3-methylpentané| should scale  species in 1.5 Torr of the G Hydrocarbons and 15 Torr of
linearly with the number of the CH groups responsible for the Hydrogen. The temperature-dependent SFG spectra of surface
qgth mode in an adsorbate. Based on the proposed adsorptionspecies on Pt(111) in 1.5 Torr of the, 8ydrocarbons and 15
geometries, botin-hexane (Scheme 1a) and 3-methylpentane Torr of hydrogen are shown in Figures-8. The sample was
(Scheme 2a) have two terminal glgroups interacting with jnjtially kept at 296 K and then heated sequentially for each
Pt(111), resulting in similar magnitude JAj[CHs(a,p)] (0.44 SFG measurement. After it was heated to 453 K, the sample
and 0.51, respectively). In contrast, 3-methylpentane with two was cooled to 310 K to examine the surface chemistry during

perturbed CH groups on Pt(111) has a smallég[CHx(a,p)] a heating/cooling cycle.

(0.15) thann-hexane (0.54) with four perturbed GHroups. The SFG spectrum fon-hexane at 296 K in Figure 3 is
The observed Chfs) band at 2851 crit originates from various  featured by the three major bands at 2851 £G), 2907 (CH-
conformers in the gauche states, as in the casehsxane. (a,p)), and 2931 crt (CHs(a,p)), as described in the previous

2-Methylpentane. The SFG spectrum in the case of 2-me- section. The appearance of these bands along with negligible
thylpentane is different from those in the cases-tiexane and bands for CH(s) and CH(a) is indicative of the “flat-lying”
3-methylpentane. The strong band at 2865 tis assigned to  adsorption geometry. Upon heating the surface, the bands
the unperturbed symmetric Gitretch (CH(s)). The predomi-  proaden and their intensities decrease, becoming featureless at
nant CHy(s) peak over the Cifa) and CH(a,p) peaks indicates 453 K. A new band above 3000 crhat 373 K arises probably
that the 3-fold rotational symmetry axis for the €gtoups is  from vinyl or aromatic CH stretck4° After the heating/cooling
nearly perpendicular to the metal surface. In addition, the very treatment, two new bands appear: a strong band at 2876 cm
weak CH(a,p) peak indicates that the @lgroups are not in (CHs(s)) and a weak band at 2950 ch(CHs(a)).
contact with the metal surface, as opposedteexane and The SFG band broadening with increasing temperature is a
3-methylpentane. These features represent the characteristics gfesylt of an increase in the disorderingrehexane adsorbates
“standing-up” geometry where the molecular plane is perpen- on the surface. When the translational/rotational motions of the
dicular to the metal surface. We propose that 2-methylpentaneadsorbates are thermally activated, there exist multiple adsorp-
exists as a metallacyclobutane on Pt(111) at 296 K, in which tjon sites and intermolecular interactions, giving rise to inho-
two carbon atoms imx- andy-positions bind with the surface  mogeneous broadening of the SFG bands. A decrease in the
througho-bonding, as illustrated in Scheme 2b. The formation peak intensity is due to a decrease in the surface coverage of

of metallacyclic species on Pt(111) througtiydride elimina-  the adsorbates by activated thermal desorption with increasing
tion has been reported from thermal decomposition of adsorbediemperature. Another possible origin for the intensity decrease
neopentyl species [(CGHHCH,—] at 235 K> is the disordering of the adsorbates because SFG is a coherent

The peak centered at 2920 ctinhas a much broader line process®
width (Cq = 23 cn1l) than other bands, implying that it is

comprised of more than one CH stretching mode. One possible(52) Fan, J.; Trenary, M.angmuir 1994 10, 3649.

P 9 P (53) Star, D.; Kikteva, T.; Leach, G. W.. Chem. Phys1999 111, 14.
(54) Miranda, P. B.; Pflumio, V.; Saijo, H.; Shen, Y. B. Am. Chem. Soc.
(51) Janssens, T. V. W.; Zaera, Surf. Sci.2002 501, 1. 1998 120, 12092.

J. AM. CHEM. SOC. = VOL. 126, NO. 24, 2004 7703



ARTICLES Yang and Somorjai

0.6 - 0.6
1.5 Torr n-hexane and 15 Torr hydrogen 1.5 Torr 3-methylpentane and 15 Torr hydrogen
2850 2850
1 2870 1 2870
2905
1 2905 -
2920
& 202 $
_ oF 0.4 - SO 19
— 0.4 (;850 2950 — éﬁ :9{)? 2950
5 b @ > SN
© | g?glid to ) S 4  cooled to M &R o
< %o > 310K ques G tng,
@ 1 oSSR 02 5 2 e
5 QS 5% B9 onee L 453K SRS R0 8%, oot RS R fuss
<€ 453K ¥ b = i
. R R O
2 Foss, | i SRSy
“ o, o RIS o 02— 373K SR 5%’%
T sk & kS > &
y & {PW@@ 1 B %b
1 $ %s 3 " ¥ a0,
s &é 333K N
| 333K casReng® AR i S %
S’Q'Q? 0% R0 g o? Q%-'Cé %
A A I g 0%
g & T 206K  ERuSEERGS RS R
206K eSS O'Q 5%
RS RGeS0 00 e
0.0 —

frrrrryrrTT T T T T T Ty T T T T T 2600 2700 2800 2900 3000 3100
2600 2700 2800 2900 3000 3100 Wavenumber (cm'1)

-1
Wavenumber (cm ') Figure 4. Temperature-dependent SFG spectrum of surface species on Pt-
Figure 3. Temperature-dependent SFG spectrum of surface species on Pt-(111) in 1.5 Torr of 3-methylpentane and 15 Torr of iH the range 296
(111) in 1.5 Torr ofn-hexane and 15 Torr of Hn the temperature range 453 K. The SFG spectrum on the top was obtained after the surface was
296-453 K. The metal surface was initially kept at 296 K and then heated cooled to 310 K.
sequentially for each SFG measurement. The SFG spectrum on the top was

?ot;t?/iigﬁgl Zfitsésthe surface was cooled to 310 K. Dotted lines were drawn ment, a strong band appears at 2870 trassigned to Ch(s).
' A proposed surface intermediate responsible for the new band

The appearance of the new bands,s@Hand CH(a), after is a metallacyclohexane (Scheme 3a).
the heating/cooling treatment indicates that a new surface species Contrary to the cases ofhexane and 3-methylpentane, the
was formed through an irreversible pathway’ that is, a dehy_ heating/cooling treatment induces little Change in the SFG
drogenation process. Because thes(SHpeak is much stronger spectra for 2-methylpentane and 1-hexene, as seen in Figures 5
than the CH(a) peak, the new species is likely in a “standing- and 6. These results indicate that metallacyclic species and

up” geometry. One possible species is hexylidyngHg) in hexylidyne are thermally stable species on Pt(111) in the
the TTT conformation (Scheme 1b). Its conformers such as GTT temperature range 29853 K. This is consistent with our
may coexist, making contribution to Gf) (2950 cml).40 findings that adsorbed-hexane and 3-methylpentane partly
Alkylidyne on Pt(111) is formed by subsequeathydride converted into metallacyclic species or hexylidyne upon heating

elimination from adsorbed alkyl or alkene groups. Studies at t0 453 K. The proposed adsorption geometries and thermal
low pressures reported that the alkylidyne formation on Pt(111) chemistry of the @ hydrocarbons in the presence of excess
occurs at 208300 K for G—Cg alkyl and alkene mol- hydrogen are summarized in Schemes74 Note that the
eculest8405155 Another possible species in a “standing-up” Proposed molecular structures are the ones that best satisfy the
geometry is metallacyclobutane or metallacyclohexane, ascriteria setin section 3.1.
illustrated in Schemes 2b and 3a, respectively. These metalla- 3.4. SFG Spectra of Surface Species on Pt(111) at 296 K
cyclic species are believed to be surface intermediates whenin 1.5 Torr of C¢ Hydrocarbons in the Absence of Excess
n-hexane is isomerized to 2- or 3-methylpentane and vice Hydrogen. The SFG spectra of surface species on Pt(111) at
versa® 296 K in 1.5 Torr of G-alkane and galkene hydrocarbons in
The SFG spectra in the case of 3-methylpentane showthe absence of excess hydrogen are shown in Figure 7. The
temperature dependences similar to those in the case ofSFG spectrum fon-hexane features two bands at 2845 and 2920
n-hexane, as seen in Figure 4. The absence of thgsJldnd cmL. The characteristics of the two SFG bands, in terms of
CHz(a) bands at 296 K is indicative of a “flat-lying” adsorption ~peak positions, and relative broadness and intensities, match
geometry. Upon heating the sample, the SFG bands broadenwell those of a cyclohexenyk-allyl c-CgHo, intermediate. The
and their intensities decrease. After the heating/cooling treat- -allyl c-CgHg intermediate (Scheme 3b) has been observed
upon adsorption of cyclohexane or cyclohexene on Pt(111) at
(55) Chesters, M. A.; De La Cruz, C.; Gardner, P.; McCash, E. M.; Pudney, P.; high pressur@vfﬂand low pressurés.'58v59The two bands at 2845

Shahid, G.; Sheppard, N. Chem. Soc., Faraday Trank99Q 86, 2757. X .
(56) Davis, B. H.Catal. Today1999 53, 443. and 2920 cm? are assigned to GHsymmetric (CH(s)) and
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Figure 5. Temperature-dependent SFG spectrum of surface species on Pt-Figure 6. Temperature-dependent SFG spectrum of surface species on Pt-
(111) in 1.5 Torr of 2-methylpentane and 15 Torr ofiH the temperature (111) in 1.5 Torr of 1-hexene and 15 Torr of kh the temperature range
range 296-453 K. 296-453 K.

asymmetric (CHa)) stretches, respectively. The proposed Scheme3
adsorption geometf$58.60.61of 7-allyl c-CgHg is such that Ch

groups at the & Cs, and G positions can contribute to the

SFG signal. In particular, the GHyroup at the ¢ position is

responsible for the strong Gth) peak at 2920 crd due to the

IR surface selection rule. One may attempt to assign the band

at 2920 cm? to the CH(a,p) mode rather than the @) mode.

It was impossible, however, to find any reasonable adsorption

geometry that can be characterized by theSHand CH(a,p)
bands. (a) metallacyclohexane (CsHg) (b) w-allyl c-CsHs

Special care was taken to determine the percentage of reactive
impurities such as cyclohexane and cyclohexene that can formCyclohexane and cyclohexene tehexane at 296 K were
z-allyl c-CeHg upon adsorption on Pt(111) at 296 K in the calculated to be less than 10
absence of hydrogefi5” Cyclohexane and cyclohexene inthe ~ The SFG spectrum for 3-methylpentane in Figure 7 is very
n-hexane reactant were found to be below the GC detection Similar to the SFG spectrum in Figure 4 that was obtained after
limit (1075%). A simple calculation can show that the surface the heating/cooling cycle in the presence of excess hydrogen.
coverages of these impurities are negligible even at the highWe propose that the strong band at 2870~ &nfCHs(s))
limit. The underlying assumption in the calculation is that the originates from metallacyclohexane. In the cases of 2-methyl-
relative surface coverages are proportiondpt& exp(—AHa/ pentane and 1-hexene, there is little difference between the SFG
RT), whereP is the partial pressure antH, is the adsorption spectra in the presence and absence of excess hydrogen (Figures
enthalpy. Using the values &fH, for cyclohexane €14 kcal/ 2 and 7, respectively).
mol) %2 cyclohexene {17 kcal/mol)%? and n-hexane {14.8 The temperature-dependent SFG measurements in 1.5 Torr
kcal/mol}? in the literature, the relative surface coverages of of Cs hydrocarbons in the absence of excess hydrogen were
also performed using the same experimental scheme described

(57) Yang, M.; Somorjai, G. AJ. Am. Chem. So@003 125 11131. i i imi
(58) Pettiette-Hall, C. L.; Land, D. P.; Mclver, R. T.; Hemminger, JJCAm. in section 3.3, Similar to the case of the presence of exces§
Chem. Soc1997, 113 2755. hydrogen, the SFG bands decreased and became featureless with

(59) Henn, F. C.; Diaz, A. L.; Bussell, M. E.; Hugenschmidt, M. B.; Domagala, ; i ; R
M. E. Campbell. C. TJ. Phys. Chemi992 96, 5965. increasing temperature. The main difference is thabfoexane

(60) Land, D. P.; Erley, W.; Ibach, Fsurf. Sci.1993 289, 237. the two SFG bands (2845 and 2920 ¢jnat 296 K, assigned
(61) Bussell, M. E.; Henn, F. C.; Campbell, C. I. Phys. Chem1992 96, to z-allyl c-CgHo, disappeared after the heating/cooling treat-
(62) Koel, B. E.; Blank, D. A; Carter, E. Al. Mol. Catal. A1998 131, 39. ment. This is due to irreversible dehydrogenation of the
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Scheme 4
with 15 Torr Hz heating to 453 K
NN
h adsorptlon and cooling to 310 K 7
n-hexane at 296 K “fTat. g 8
flat-lying” n-hexane hexylidyne metallacyclobutane  metallacyclohexane
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adsorption W and cooling to 310 K
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Scheme 5
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_
- Z - Z
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Scheme 7

with or without

{

15 Torr H, heating to 453 K
/\/\/
adsorption and cooling to 310 K
1-hexene at 296 K

intermediate to form benzene or phenyl groépBor 2-meth-

hexylidyne (CsHj,)

[

hexylidyne (C¢H,))

of all-trans-state and gauche-state conformers. Upon heating to

ylpentane, 3-methylpentane, and 1-hexene, the major peaks a#53 K, some portion ofi-hexane and 3-methylpentane in the
296 K, representing “standing-up” geometries, reappeared after“flat-lying” geometries were dehydrogenated to form surface

the heating/cooling treatment. The adsorption geometries andspecies in the “standing-up” geometries:
thermal chemistry of the £hydrocarbons in the absence of  metallacyclic species. However, at 296 K and in the presence
excess hydrogen are summarized in Schemes. &he tem-  of excess hydrogen, 2-methylpentane and 1-hexene formed
perature-dependent SFG spectra can be found in the SUppO”'ngnetallacyclobutane (via- andy-carbon atoms) and hexylidyne,
Information. respectively. The dehydrogenated species remained unreacted
during the heating/cooling treatment.

4.1. Adsorption Geometries and Surface Reactions of the The absence of excess hydrogen enhanced dehydrogenation
Cs Hydrocarbons on Pt(111).0ur SFG measurements probed ©Of n-hexane and 3-methylpentane. In the absence of excess
surface species and their reactions in 1.5 Torr ghg@rocar- hydrogenn-hexane and 3-methylpentane were dehydrogenated
bons on Pt(111) in the absence and presence of excess hydrogeito form m-allyl c-C¢Hg and metallacyclohexane, respectively,

At 296 K and in the presence of excess hydrogehgxane even at 296 K. Dehydrogenation of 2-methylpentane and
and 3-methylpentane absorb molecularly on Pt(111) in a mixture 1-hexene in the absence of excess hydrogen produced metal-

hexylidyne and

4. Discussion
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in octane numbern-Hexane on Pt-based catalysts has been
studied extensively as a model system to understand the reaction
mechanism&2132856Catalytic reactions afi-hexane on Pt-based
catalysts in the presence of excess hydrogen include, in general,
four classes of reactions: (a) dehydrocyclization to form
benzene, (b) cyclization to form methylcyclopentane, (c)
isomerization to form 2- and 3-methylpentane, and (d) hydro-
genolysis to form smaller hydrocarbot¥$® Although enormous
progress has been made in studies of the reaction kinetics,
functionality of active sites, and structural sensitivity, a detailed
understanding of elementary reaction steps and reactive surface
intermediates in the reaction steps still remains to be explored.

Davis et aP® studied the catalytic reactions nfhexane on
Pt single-crystal surfaces at ambient pressure and above 570
K. They suggested from gas chromatography (GC) measure-
ments that the dehydrocyclization occurs via direct 1,6-ring
closure rather than ring enlargement of methylcyclopentane.
Direct 1,6-ring closure can take place via two different pathways.
One is the consecutive dehydrogenation-biexane to hexane
hexadiene-hexatriene followed by cyclizatio?:54 The other
is the formation of cyclohexane followed by its consecutive
dehydrogenation to cyclohexeneyclohexadienebenzené®
However, isomerization ofi-hexane is believed to occur via
formation of methylcyclopentane, followed by hydrogenolysis
to form 2- and 3-methylpentaré.

One of the most interesting observations in this study is the
formation of -allyl c-CgHg from n-hexane at 296 K in the

Wavenumber (cm’1)
) Co . absence of excess hydrogen. In the presence of excess hydrogen,
Figure 7. SFG spectra of surface species on Pt(111) at 296 K in 1.5 Torr
of Cs hydrocarbons in the absence of excess hydrogen. In order from the n-hexane adsorbs molecularly on Pt(111) at 296 K. Upon
top aren-hexane, 3-methylpentane, 2-methylpentane, and 1-hexene, re-heating, it converts into different surface species with “standing-
spectively. up” geometry, most likely either hexylidyne via stepwise
o-hydride elimination or metallacyclic species via hydrogenoly-
lacyclobutane and hexylidyne, respectively, at 296 K. The sjs of methylcyclopentane. Without excess hydrogen, dehydro-
dehydrogenated species remained unreacted during the heatingfyclization ofn-hexane tor-allyl c-CgHg occurs predominantly
cooling treatment. Howeverz-allyl c-C¢Hg disappeared after  even at 296 K. Neither metallacyclic species nor hexylidyne
the heating/cooling treatment. This is due to irreversible ere detected during the heating/cooling cyclerafllyl c-CgHo
dehydrogenation of the intermediate to form benzene or phenylin the range 296450 K, and vice versa. This implies that
groups?® dehydrocyclization of-hexane to formr-allyl c-CgHg proceeds
Fragmentation of the {hydrocarbons via €C bond scission  via a different reaction pathway from dehydrogenation of
was not considered in our SFG analysis regarding the new n-hexane to form a hexylidyne or metallacyclic species. Our
surface species generated by the heating/cooling cycle in theprevious SFG studi%of high-pressure cyclohexene i)
presence of excess hydrogen—C bond scission is highly  on Pt(111) showed that-allyl c-C¢Hg is a reactive intermediate
endothermic and usually occurs after the formation of highly in the cyclohexene conversion to benzene:allyl c-CgHg
dehydrogenated surface species, such as alkylidyne and metconverts into 1,3-cyclohexadiene ) followed by the
allacyclic species, and at elevated temperattir#sarco et af® benzene formation. All of these results lead us to conclude that
reported from RAIRS results for 1-hexene adsorption on Pt- z-allyl c-C4Hy is a reactive surface intermediate for dehydro-
(111) that there was no indication of the fragmentation viegQC  cyclization of n-hexane to benzene. This conclusion supports
bond scission below 500 K. Similar results have been reported the proposed mechanism of direct 1,6-ring clodtrather than
for 1-pentene adsorption on Pt(111) by Avery et*a¥loreover, ring enlargement of methylcyclopentane for dehydrocyclization
it is known that excess hydrogen suppresses the fragmentatiorof n-hexane. Furthermore, we propose that direct 1,6-ring closure
of hydrocarbons on a Pt surface. The presence of atomic stepgakes place via formation of cyclohexane followed by the
in large concentrations on higher Miller index platinum surfaces consecutive dehydrogenation rather than the consecutive dehy-
would unlock reaction channels involving-@ bond scission. drogenation ofn-hexane to hexanehexadiene-hexatriene
The Pt(111) surface does not have these defect sites availablgollowed by cyclization.
in large concentrations. Isomerization ofi-hexane on Pt(111) to form 2- or 3-meth-
4.2. Reaction Mechanisms of Isomerization and Dehydro-  ylpentane at high pressures/temperatures is believed to occur
cyclization of n-Hexane.Isomerization and dehydrocyclization  via formation of a methylcyclopentane intermediate followed
of n-alkanes is one of the most important reactions in naphtha
reforming processes because they produce the largest mcreasggg Bﬁ?n é&‘y’%_iﬁ}a’\hiﬁ%iafg i?féreppi’ L. A: Balse, V. R; Sarmowski,

K. T.; Beall, C. E.; Kataoka, T.; Rudd, D. F.; Trevino, A. /d. Eng.
Chem. Res1987, 26, 1399.

(63) Avery, N. R.; Sheppard, Nsurf. Sci.1986 169, L367.
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by its hydrogenolysid’2856 |t has been speculated that this were readily dehydrogenated to form metallacyclobutane and
reaction pathway should include metallacyclic species as ahexylidyne even at 296 K, regardless of the presence of excess
reactive intermediat¥.%6 Our SFG results showed that metal- hydrogen.n-Hexane was dehydrogenated to form hexylidyne
lacyclic species and hexylidyne from the I/drocarbons were  or metallacyclic species at high temperature in the presence of
formed either by heating to 450 K in the presence of excess excess hydrogen. Hexylidyne and metallacyclic species were
hydrogen or at room temperature in the absence of excessalso main surface intermediates in the dehydrogenation of 2-
hydrogen. This leads us to suggest that metallacyclic speciesand 3-methylpentane. These results suggest that hexylidyne and
and hexylidyne are reactive intermediates in the process of metallacyclic species are reactive surface intermediates in the
n-hexane isomerization through the methylcyclopentane forma- jsomerization process af-hexane.
tion. Note that this reaction pathway is distinctive from
dehydrocyclization oh-hexane to benzene.

Finally, we discuss the hydrogen effect on the reaction
pathways in then-hexane reforming process. Davis et?@l.
reported from the GC measurements during tikbexane

The absence of excess hydrogen opened a different reaction
channel tan-hexane: dehydrocyclization to benzene. Our SFG
results provided spectroscopic evidence thallyl c-CgHg is
a reactive surface intermediate in the dehydrocyclization of

. . . n-hexane. In addition, our SFG results supported that the
reforming reactions on Pt(111) that the gas product ratio of )
benzene to methylcyclopentane increases with decreasingb,enzer,]e formation from—hgxane on PY(111) doe; not prpcegd
hydrogen pressure; that is, dehydrocyclizatiomeéfexane to via a five-member cyclic |nterm§d|ate gs does isomerization,
benzene is favored over cyclization to methylcyclopentane in but rather proceeds through a direet@ring closure.
hydrogen-deficient environments. Our spectroscopic measure-
ments of the surface species during the reactions show that
dehydrocyclization oh-hexane is the dominant pathway in the
absence of excess hydrogen over isomerization-béxane.
This is consistent with the GC results by Davis et al.
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5. Conclusions
. . . Supporting Information Available: Temperature-dependent
This study demonstrated the capability of the SFG technique SFG spectra of surface species on Pt(111) in 1.5 Torref C

to probe reactive surface intermediates and elucidate reaction - . ;
athwavs in the hvdrocarbon reforming processellexane hydrocarbons in the absence of excess hydrogen. This material
P Y y gp . is available free of charge via the Internet at http://pubs.acs.org.

and 3-methylpentane were inactive on Pt(111) at 296 K in the
presence of excess hydrogen. 2-Methylpentane and 1-hexen€A0361446
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