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Sum frequency generation (SFG) vibrational spectroscopy was used to investigate the adsorption geometries
and surface reactions of various I§/drocarbonsr(-hexane, 2-methylpentane, 3-methylpentane, and 1-hexene)

on Pt(100). At 300 K and in the presence of excess hydraghaxane, 3-methylpentane, and 2-methylpentane
adsorb molecularly on Pt(100) mostly in “flat-lying” conformations. Upon heating the metal surface to 450

K, the molecules underwent dehydrogenation to form new surface species in “standing-up” conformations,
such as hexylidyne and metallacyclic species. 1-Hexene, however, dehydrogenated to form metallgeycle Pt
C-(CH,)s-Pt at 300 K in the presence of excess hydrogen and remained unreacted on the surface upon heating
the metal surface to 450 K. Dehydrogenation was enhanced in the absence of excess hydrogen in the cases
of n-hexane, 2-methylpentane, and 3-methylpentane to form metallocyst€RCH,)s-Pt; 2-methyl-1-pentene

and 4-methyl-1-pentene; and metallacyclohexane, respectively, at 300 K. These surface species remained
unreacted after increasing the surface temperature to 450 K. The mechanisms for catalytic isomerization and
dehydrocyclization oh-hexane were discussed on the basis of these results.

1. Introduction metallacyclic species remained unreacted. Since previous studies
have been limited to Pt(111) single crystals, conducting these
experiments on the Pt(100) single crystal will further our
knowledge of this reaction, in particular how structure affects
the reaction pathway.

In this study, sum frequency generation (SFG) vibrational
FSpectroscopy is used to investigate adsorption geometries and
Isurface reactions of {alkane and alkene hydrocarbons on Pt-
(100) under 1.5 Torr of hydrocarbon in the absence and presence
OIof excess hydrogen at high temperatures (3080 K). The G
Shydrocarbons of interest in the study améhexane (GH1i4),
2-methylpentane (§H14), 3-methylpentane (§14), and 1-hex-
| ene (GHi). n-Hexane is the simplest alkane molecule to
undergo the full spectrum of skeletal rearrangement reactions
involved in reforming: isomerization, dehydrogenation, cy-
clization, and dehydrocyclizatio®:1*Under the electric dipole

The surface chemistry of alkanes on platinum surfaces is a
central issue in understanding reforming reactions that produce
high-octane gasolink=2 Identifying reactive surface intermedi-
ates is key for understanding the mechanisms of isomerization
and dehydrocyclization ofi-hexane to benzene. Furthermore,
understanding how surface reaction intermediates are affecte
by metal surface structure can extend our knowledge of chemical
bonding on single crystals to industrial catalysts.

Various surface analytical techniques have been employe
to probe surface species upon adsorption of alkane molecule
on metal surfaces at low pressures1Q® Torr).#~® Among
these are low-energy electron diffraction (LEED), therma
desorption spectroscopy (TDS), high-resolution electron energy
loss spectroscopy (HREELS), and reflection absorption infrared
spectroscopy (RAIRSY.® However, at low pressures, only 7 L . .
strongly bound adsorbates will exist on the surface, while weakly approximation, media with centrosymmetry and isotropic gases

bound species desorb quickly. These weakly bound species ma)}jo not appear in _the S.FG spectrum. Since bulk platin_um ha_s a
be key intermediates in high-pressure reactions. center of inversion, its contribution to the SFG signal is

High-pressure studies ofg@lkane hydrocarbons on Pt(111) pegligible. The symmetry at the surfagg of .the platinum crystal
s broken, giving rise to a surface specific signal. SFG is a more

have been investigated using sum frequency generation (SFG)|

vibrational spectroscopyThese studies found thathexane sensitive tool to study interfaces than infrared absorption and
and 3-methylpentane are inactive on Pt(111) at 296 K in the Raman spectroscopies since the SFG signal arises solely from

presence of excess hydrogen. 2-Methylpentane and 1-hexenethe adsorbates. Electron spectroscopies typically cannot be

however, readily dehydrogenate to form metallacyclobutane andémployed “”d?r amb_|ent pressure conditions necessary to
hexylidyne. Heating the metal surface to 453 K partially perform _cata_llytlc reactions. . .
dehydrogenated-hexane and 3-methylpentane to hexylidyne Here_lt will be shown that the §urface_ species and their
and metallacyclohexane. In the absence of excess hydrogen2dsorption geometries change radically with temperature and
n-hexane and 3-methylpentane dehydrogenate to foraily! the presence of excess hydrogen. At 300 K and in the presence
c-CeHo and metallacyclohexane at 296 K. Heating the metal Of €xcess hydrogem-hexane, 3-methylpentane, and 2-meth-
surface to 453 K causettallyl c-CgHo to undergo irreversible ~ YlIPentane are inactive on P(100) while 1-hexene readily

dehydrogenation to benzene, whereas the hexylidyne anddehydrogenates to form metallocycle®C-(CHy)s-Pt. Upon
heating, botm-hexane and 2-methylpentane dehydrogenate to

* To whom correspondence should be addressed. Tel: 510-642-4053, form hexylidyne while 3-methylpentane forms metallacyclo-
Fax: 510-643-9668. E-mail: somorjai@socrates.berkeley.edu. hexane. At 300 K in the absence of excess hydrogen, all of the
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SCHEME 1: n-Hexane (GH14) Adsorbed on Pt(100) and
2860 Pt(111)
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SCHEME 2: 3-Methylpentane (CsH14) Adsorbed on
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The Pt(100) crystal was cleaned by sputtering with Ans
(1 keV) for 20 min, heating to 1123 K in the presence ok 5
1-hexene 1077 Torr O, for 2 min, and then annealing at 1123 K for 2
5 min. AES and LEED were used to verify the cleanliness of the
Pt(100) surface after several cleaning cycles. The Pt(100) sample
was then transferred into the HP cell for SFG reaction studies.
1-Hexene £99.8%, Fluka), n-hexane=09.7%, Fluka), 2-me-
02 +————""— T thylpentane £97%, Fluka), and 3-methylpentane=49%,
2675 2775 2875 2975 3075 3175 Fluka) were purified by several freezpump-thaw cycles
P before introduction into the HP cell. Prior to the experiment,
Wave Number, cm the hydrocarbons were checked for impurities by means of gas
Figure 1. SFG spectra of surface species on Pt(100) at 300K in 1.5 chromatography. Such impurities were below 0.5% and con-
Torr of Cs hydrocarbon and 15 Torr of HIn order from the top are sisted of mostly light alkanes belowsC
n-hexane, 3-methylpentane, 2-methylpentane, and 1-hexene, respec- A Ng:YAG laser (1064 nm fundamental having a 20 ps pulse
tively. Markers represent experimental data and solid lines represent_ . . i,
the curve fits using eq 1. width operating at a 20 Hz repetition rate) was .used to create
a tunable IR (18064000 cntl, 5 cnT! resolution) and a
hydrocarbons readily dehydrogenate-exane, 1-hexene, and  second-harmonic VIS (532 nm) beam. The VIS (200 and
3-methylpentane form metallacyclic species on Pt(100): both the IR (200uJ) beams were spatially and temporally overlapped
n-hexane and 1-hexene form metallocycle=R&-(CH,)s-Pt on the Pt(100) surface with incident angles of 88d 60, with
while 3-methylpentane forms metallacyclohexane. 2-Methyl- respect to the surface normal. All spectra were taken using a
pentane is suggested to form 2-methyl-1-pentene and 4-methyl-ppp polarization combination (SFG, VIS, and IR beams were
1-pentene in the absence of excess hydrogen. all p-polarized). The generated SFG beam was sent through a
On the basis of our SFG results, we discuss the mechanismamonochromator and the signal intensity was detected with a
of n-hexane catalytic reactions to form isomers and benzene photomultiplier tube and a gated integrator as the IR beam was
on Pt(100) and we compare these mechanisms to those proposesicanned over the range of interest. Spectra were curve fit using
for Pt(111). Our SFG results provide spectroscopic evidence a previously reported proceddfé3to a form of the equation
that metallocycle R&EC—(CHy)s—Pt is a reactive surface
intermediate during dehydrocyclizationwhexane on Pt(100), ) _
giving credence to previous studig¢sat suggest benzene forma- (PONE |xNR(2)(a"”NR + Z— e”q? Q)
tion does not occur through a five-member cyclic intermediate, TR — 0q 111
as does isomerization, but through direct 1,6-ring closure.

wherexng®@ is the nonresonant nonlinear susceptibilitgyeis
2. Experimental the phase associated with the nonresonant backgrayid,
h- the strength of the gth vibrational modey is the frequency
| of the incident infrared laser beamy is the frequency of the
gth vibrational mode['y is the natural line width of the gth
vibrational transition, and& is the phase associated with the
gth vibrational transition. Detailed descriptions on the HP/UHV
system and SFG measurement can be found elseWwhéfe.

All experiments were carried out in a high-pressure/ultrahig
vacuum (HP/UHV) system on a prepared Pt(100) single-crysta
surface. The HP/UHV system consists of a UHV chamber
operating at a base pressure ofx210°° Torr and a high-
pressure (HP) cell isolated from the UHV chamber by a gate
valve. The UHV chamber is equipped with an Auger electron
spectrometer (AES), quadrupole mass spectrometer (QMS) and3 Results
Ar* ion sputter gun. Two Cafeonflat windows on the HP cell )
allow transmission of infrared (IR), visible (VIS), and sum 3.1. SFG Spectra of Surface Species on Pt(100) at 300 K
frequency radiation for SFG experiments. The reactant andin 1.5 Torr of C¢ Hydrocarbons and 15 Torr of Hydrogen.
product gases are constantly mixed via a recirculation pump. The SFG spectra of surface species on Pt(100) at 300 K in 1.5
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SCHEME 3: (a) 2-Methylpentane (GH14) Adsorbed on Pt(100) and (b) Metallacyclobutane (€H12) Adsorbed on Pt(111)

(a) 2-methylpentane (CsH,4) (b) metallacyclobutane (CsHy2)
SCHEME 4: Metallocycle Ptz==C—(CH,)s—Pt Adsorbed Conformational changes ofalkanes on Pt(111) have been
on Pt(100) studied by RAIRS? temperature programmed desorption

(TPD)2 laser-induced thermal desorption (LITB)and mo-
lecular dynamics (MD$>~28 Theoretical calculations on the
dynamics and equilibrium af-alkanes on Pt(111) have stated
that n-hexane adsorbs in the TTT conformation greater than
99% of the time at temperatures below 20G%The fraction
of conformational isomers in gauche states increases above 200
K since torsional motions around the-C bonds are thermally
activated. Previous spectroscopic and theoretical studies on
n-hexane conformers in the liquid and gas phases report the
enthalpy change between the TTT conformer and the next stable
conformers (TTG, TGT, TGG, and GTG) to be in the range of
0.4-2.0 kcal/ mol?%30 At room temperature there will be
sufficient energy to overcome this barrier and form conforma-
tional isomers ofn-hexane. Based on the above information,
Hexane There are two major bands at 2860 and 2915%m the ad_sorbates pr‘fesent at ?00 K are suggested to be conforma-
The band at 2860 cm is assigned to a mixture of unperturbed tional isomers of “flat-lying"n-hexane. _
symmetric CH and CH; stretches (Ck{s) and CH(s)). The 3-MethylpentaneThe SFG spectrum of 3-methylpentane is
CHa(s) and CH(s) stretches are typically located-a2850 and strikingly similar to that ofn-hexane: two major bands appear
~2870 cntl, making the assignment of the spectral feature at 2860 and 2915 c_rﬁ. As is the Case ofi-hexane, the mode
located at 2860 crt to either a CH or CHs group difficult. ~ at 2860 cm™ is assigned to a mixture of Gks) and CH(s)
Furthermore, the peak width of the observed mode@® cnr?, while the mode at 2915 cm is assigned to a mixture of GH
implying that multiple resonances are responsible for the spectral (& P) and CH(a, p). The difference between thenexane and
feature. The band at 2915 cfis also assigned to a mixture of ~ 3-Methylpentane spectra can be observed when examining the
stretches: perturbed asymmetric £&hd CH; (CH(a, p) and relative intensities of the symmetric and perturbed asymmetric

CHa(a, p)). Perturbed asymmetric Gldnd CH; are generally stretches.. The asymmetric stretchgs in Heexane spectrum
centered at~2900 and~2920 cntl. Akin to the symmetric are less intense than the symmetric stretches as compared to

stretch discussed above, assignment of this mode to onethe 3-methylpentane, which has comparable intensities for the
functional group is not possible chiefly since the peak width is symmetric and asymmetric stretches. This difference lends to

metallocycle Pi;=C-(CH;)s-Pt

Torr of G hydrocarbons and 15 Torr ofatre shown in Figure

1. In order from the top in Figure 1 arehexane, 3-methyl-
pentane, 2-methylpentane, and 1-hexene. The solid lines in
Figure 1 correspond to fits using eq 1.

~45 cntl. the interpretation that two different adsorbates are being
Previous studies af-hexane on Pt(113)have been able to observgd. _
distinguish the peaks responsible for the,GiHd CH functional Previous work by Yang and Somofain the Pt(111) surface

groups for both the symmetric and perturbed asymmetric cases asseverated that physisorbegialkanes adsorb in a manner that
Based on the strong Gk, p) peak, Yang and Somofai  Will maximize the number of carbon chains bonding to the metal
determined that the GHyroups align with their 3-fold rotational ~ surface on Pt(111). Based on the presence of an unperturbed
symmetry axis parallel to the surface, thus interacting with the asymmetric CH stretch, Yang and Somorfaproposed an
metal surface. The CHyroups were also predicted to align with ~ adsorption geometry which is illustrated in Scheme 2. The
their 2-fold rotational symmetry axis parallel to the surface based proposed geometry involves the gihd terminal CH groups

on the strong Ck{a, p) peak. The asymmetric perturbed CH interacting with the metal surface while the central{&jfoup

and CH groups are characteristic of the “flat-lying-hexane tilts away from the surface. The similarities between the spectra
in the trans-trans—trans (TTT) conformation (see Scheme for Pt(111) and Pt(100) in the presence of 1.5 Torr 3-methyl-
1)2021 However, the presence of the symmetric Gitid CH; pentane and 15 Torr t+have led to the conclusion that similar
groups is not in line with this assessment. The metal surface surface species are present on both metal surfaces.

selection rule (MSSR) forbids IR modes that are parallel to the  2-MethylpentaneThe SFG spectrum of the surface species
metal surface. As seen in Scheme 1, the dipole moment for thepresent in 1.5 Torr 2-methylpentane and 15 Toridsomewhat
symmetric CH and CH stretches for am-hexane molecule  similar to n-hexane and 3-methylpentane. One noticeable
adsorbed on a metal surface will not be allowed. On the basisdifference from the 2-methylpentane spectrum and those of
of the observation of symmetric GHind CH; stretches in the n-hexane and 3-methylpentane is that there appears to be a much
sum frequency spectrum, the adsorbate must exist in differentweaker interaction between the nonresonant nonlinear suscep-
conformations on the surface. tibility and the resonance at 2915 ciThis may be explained
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Figure 2. Temperature-dependent SFG spectra of surface species onFigure 3. Temperature-dependent SFG spectra of surface species on
Pt(100) under 1.5 Torr af-hexane and 15 Torr of Hn the temperature Pt(100) under 1.5 Torr of 3-methylpentane and 15 Torr gfiHthe

range of 308-450K. The top SFG spectrum was taken after the metal temperature range of 38@50 K. The top SFG spectrum was taken
surface was cooled from 450 to 300 K. Symmetric ;Cihd CH, after the metal surface was cooled from 450 to 300 K. Symmetrig CH
perturbed asymmetric GHand CH, and vinylic —C=C—H) bands and CH and perturbed asymmetric Gldnd CH bands are identified.

are identified. Markers represent experimental data and solid lines Markers represent experimental data and solid lines represent the curve
represent the curve fits using eq 1. fits using eq 1.

by a weaker interaction between the adsorbate and the metal 1-HexeneThe SFG spectrum in the case of 1-hexene is dis-
surface and implies that the surface species present uporsimilar to the cases af-hexane, 3-methylpentane, and 2-me-
adsorption of 2-methylpentane is different from those present thylpentane. Three strong bands are present in the SFG spectrum

whenn-hexane and 3-methylpentane adsorbed. at 2860, 2915, and 2950 crh Previous RAIRS! studies on
Two major peaks are present at 2870 and 2915crs in 1-hexene adsorption under UHV conditions on Pt(111) have

the n-hexane and 3-methylpentane cases, the feature at 287Ghown three peaks at 2880, 2911, and 2938'¢cmwvhich have

cm! is assigned to a mixture of symmetric gldnd CH been assigned as Gd), CHy(s) (bound to surface), and GH

stretches, while the feature at 2915@is assigned to perturbed (), respectively. On the basis of these assignments, Ilharco et
asymmetric CHand CH; stretches. To determine the adsorption al-3* have proposed that the adsorbate present on the surface is
geometry of 2-methylpentane, we apply criterion proposed by metallocycle PE=C-(CH,)s-Pt, as illustrated in Scheme 4. The
Yang and Somorjai:Cs alkanes physisorb in such a way as to similarity between the RAIRS and SFG spectra leads us to
maximize the number of carbon chains bonding to the metal conclude that the adsorbate present under 1.5 Torr of 1-hexene
surface. This information coupled with the knowledge that the and 15 Torr of H is metallocycle R&=C-(CH,)s-Pt.
spectrum for 3-methylpentane is very similar to 2-methylpentane  3.2. Temperature-Dependent SFG Spectra of Surface
leads to the conclusion that 2-methylpentane adsorbs in a similarSpecies in 1.5 Torr of G Hydrocarbons and 15 Torr of
fashion as 3-methylpentane. As seen in Scheme 3a, the proposeHlydrogen. The temperature-dependent SFG spectra of the
adsorption geometry involves the two glnd two of the surface species on Pt(100) under 1.5 Torr gfh@drocarbon
terminal CH groups interacting with the metal surface while and 15 Torr of H are shown in Figures-25. The crystal was
the third terminal CH group is tilted away from the surface. initially held at 300 K and sequentially heated for each SFG
This proposed adsorption geometry is quite different from measurement. After reaching 450 K, the crystal was cooled to
the molecular geometry on Pt(111). A much stronger symmetric 300 K to examine the reversibility of the reaction and the surface
stretch is observed on Pt(111). On the basis of the strongchemistry during the heating/cooling cycle.
symmetric stretch, the adsorbate is determined to be in a As described in the previous sectiorhexane adsorbs in a
“standing-up” conformation on Pt(111) with two carbon atoms “flat-lying” geometry at 300 K on Pt(100) with two major peaks
interacting with the surface to form a metallacyclobutane (see at 2860 and 2915 cm, which were assigned as G(d)/CHs-
Scheme 3(b)). (s) and CH(a, p)/CH(a, p). Upon heating the surface, the bands
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Figure 4. Temperature-dependent SFG spectra of surface species onFigure 5. Temperature-dependent SFG spectra of surface species on

Pt(100) under 1.5 Torr of 2-methylpentane and 15 Torr efirHthe
temperature range of 36@150 K. The top SFG spectrum was taken
after the metal surface was cooled from 450 to 300 K. Symmetrig CH
and CH; perturbed asymmetric GHand CH; and vinylic CH bands

Pt(100) under 1.5 Torr of 1-hexene and 15 Torr gfitithe temperature
range of 306-450 K. The top SFG spectrum was taken after the metal
surface was cooled from 450 to 300 K. Symmetric,Gidd CH and
asymmetric CH and CH bands are identified. Markers represent

are identified. Markers represent experimental data and solid lines experimental data and solid lines represent the curve fits using eq 1.

represent the curve fits using eq 1.

in the SFG spectra broaden. This is most likely the result of
the thermal activation of the translational/rotational motions of

and asymmetric stretches change. This may be due to dehy-
drogenation of the adsorbed 3-methylpentane to metallacyclo-

the adsorbates giving rise to many adsorption structures, hexane since the GHyroup is now aligned with the surface

ultimately giving rise to inhomogeneous broadening of the
observable SFG bands. At 3K a new band at 3000 crh
appears in the spectrum, most likely arising from a vinylic
stretch31-32This vinylic stretch has been assigned to the partial
dehydrogenation ofn-hexane. Further heating the surface
increases the relative intensity of the peak at 2860'camd
decreased the relative intensity of the peak at 2915'ciiy
shoulder is also observed at 2825 ¢mPrevious studies on
the Pt(111) surfadehave shown a similar SFG spectrum, which
was ascribed to hexylidyne (see Scheme 5). RAIRS sttidies
have shown that hexylidyne exists in the TTT and GTT

normal, thus increasing its relative intensity in the SFG spectrum
as compared to the “flat-lying” 3-methylpentane whose methyl
group is tilted toward the metal surface. Another alternative
explanation for the spectra is that 3-methylpentane isomerizes
to form n-hexane upon adsorption. This rearrangement is less
likely since the relative intensities of the adsorbate observed
during 3-methylpentane adsorption at 425 K are not consistent
with the relative intensities observed durimgpexane adsorption

at the same surface temperature. Furthermore, in the case of
n-hexane, a vinylic stretch is observed at 3000 Eafter heating

the crystal to 375 K. No such stretch was observed in the case

conformations. We have assigned the peaks as follows: 28250f 3-methylpentane, indicating that the adsorbate present under

cm~ corresponds to Cifs) (GTT), 2860 cm* corresponds to
CHga(s) (TTT), and 2915 cm! corresponds to Cifa) (GTT/
TTT). Heating the crystal to 450 K and cooling to 300 K reveals
a similar spectrum to the initial spectrum at 300 K, indicating
that “flat-lying” n-hexane is present on the surface and that
hexylidyne was formed through a reversible pathway.

1.5 Torr of 3-methylpentane and 15 Torr of I3 different that
in the presence of 1.5 Torr af-hexane and 15 Torr of H
Cooling the surface from 450 to 300 K reveals that the
temperature dependent changes in the adsorption of 3-methyl-
pentane are reversible.

The SFG spectra in the case of 2-methylpentane show

The SFG spectra in the case of 3-methylpentane are remarktemperature dependences different from those in the cases of

ably similar to that ofn-hexane. Increasing the surface tem-

n-hexane and 3-methylpentane, as seen in Figure 4. Increasing

perature to 375 K shows little change in the vibrational signature the surface temperature to 375 K results in the increase of the

of the surface adsorbate, much like in the casa-bexane.
Upon heating to 425 K, the relative intensities of the symmetric

CHy(a, p)/CH(a, p) peak and the appearance of a stretch at
3000 cntl. The stretch at 3000 crh has been attributed to a
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SCHEME 5: Hexylidyne (CgH11) in the (a) TTT and (b)
4 2860 GTT Conformations Adsorbed on Pt(100) and Pt(111)
'
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0 ' T T T 3.3 SFG Spectra of Surface Species on Pt(100) at 300 K
2675 2875 3075 under 1.5 Torr of C¢ Hydrocarbons in the Absence of Excess
Hydrogen. The SFG spectra of the surface species on Pt(100)
Wave Number cm'1 at 300 K under 1.5 Torr of £hydrocarbons in the absence of
1

excess hydrogen are shown in Figure 6. The SFG spectrum for
Figure 6. SFG spectra of surface species on Pt(100) at 300K under N-hexane features three bands at 2860, 2920, and 2955 cm
1.5 Torr of G hydrocarbons in the absence of excess hydrogen. In The peak positions, relative intensities, and widths are very
order from the top are-hexane, 3-methylpentane, 2-methylpentane, similar to the case of 1.5 Torr of 1-hexene and 15 Torr of H
and 1-hexene. Markc_srs represent experimental data and solid Iines<see Figure 5). We propose that the surface species present in
represent the curve fits using eq 1. this case is also metallocycles®C-(CH,)s-Pt (see Scheme 4).
o . The SFG spectrum for 3-methylpentane features three bands
vinylic stretch¥ Further heating the crystal surface to 425 K 4 5860 2915 and 2955 cth which are assigned as Gfd)/
results in the disappearance _of the vinylic stretch along with CHa(s), ’Cl—b(a)’, and CH(a), respectively. Previous studies on
the CHy(a, p)/ CH(a, p). The vibrational spectrum observed at py1119 have observed similar features of similar intensities to
425 K bears striking resemblance to the case of 1.5 Torr of \he spectrum shown in Figure 6. Yang and Somorjai attributed
n-hexane and 15 Torr of Hat 425 K. Therefore, the surface e yibrational signature to metallacyclohexane (see Scheme 6).
species present at 425 K is determined to be hexylidyne. Upon;atajiacyclohexane is believed to be a surface intermediate in
cooling the surface to 300 K, a spectrum similar to “flat-lying”  tha isomerization of 3-methylpentane tehexane and vice
n-hexane is observed. It should be noted that the peak positions,grsa2 Another possible interpretation is that the adsorbate
of the cooled to 300 K spectrum are very similar to the initial present under 1.5 Torr of 3-methylpentane is metallocyce Pt
spec’_[ru_m at 300 K, however,_ thg relat?\{e peak intensities are C—(CHy)s—Pt based on the peak positions. However, we believe
not similar. Based on the relative intensities of thexSHCH- 4t metallacyclohexane is the more likely surface adsorbate
(s) and CHi(a, p)/CHy(a, p), the adsorbate present after cooling pased on the relative intensities of the observed modes in the
to 300 K is assigned as “flat-lyingii-hexane. Identifying the  55¢ of 3-methylpentane.
adsorbate responsible for the vibrational signature at 375 Kis  The SEG spectrum in the case of 2-methylpenatane exhibits
difficult since there is a paucity of vibrational spectroscopic foyr peaks at 2860, 2905, 2955 and 3030 &that are assigned
studies of 2-methylpentane. What can be said about the gg CH(s)/CH(s), CHx(a, p), and vinylic—-C=C—H stretches.
intermediate is that it is some intermediate in the rearrangementtpe vinylic stretch indicates that 2-methylpentane has dehy-
of 2-methylpentane to hexylidyne. drogenated on the surface. The identification of this intermediate
Contrary to the cases af-hexane, 3-methylpentane, and is difficult since there is a dearth of spectroscopic studies
2-methylpentane, very little change is observed in the SFG examining the surface intermediates present during 2-methyl-
spectra for 1-hexene during the heating/cooling treatment, aspentane adsorption. However, two possible candidates for the
seen in Figure 5. These results indicate that metallocycle surface species are 2-methyl-1-pentene and 4-methyl-2-pentene
Ptz=C-(CH,)s-Pt is a thermally stable species on Pt(100) in based on infrared spectroscoff\Both of these molecules have
the temperature range 300-450 K. The proposed adsorptionmodes present at 2870, 2925, 2960, and 3070'cm the case
geometries and thermal chemistry of the l@ydrocarbons in of 1-hexene, there is very little difference between the SFG
the presence of excess hydrogen are summarized in Schemespectra in the presence and absence of excess hydrogen (Figures
7-10. 1 and 6). Cooling the surface temperature from 450 to 300 K
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SCHEME 7: Observed Surface Species under 1.5 Torr of-Hexane in the Presence and Absence of Excess bh (a)
Pt(100) and (b) Pt(1119
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SCHEME 8: Observed Surface Species under 1.5 Torr of 3-Methylpentane in the Presence and Absence of Exces®ii
(a) Pt(100) and (b) Pt(111)
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shows that all of the reactive surface intermediates observedthe largest increase in octane number. Catalytic reactions of
in the absence of excess hydrogen are reversible, indicatingn-hexane on platinum based catalysts have been used as a model
that they are thermally stable intermediates (see Supportingsystem to elucidate the reaction mechanisffs34Four classes
Information). of reactions occur during reforming othexane on platinum
based catalysts in the presence of excess hydrogen: (1)
dehydrocyclization to form benzene, (2) cyclization to form
The most important reactions in naphtha reforming processesmethylcyclopentane, (3) isomerization to form 2- and 3-
are isomerization and dehydrocyclization because they producemethylpentane, and (4) hydrogenolysis to form smaller hydro-

4. Discussion
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SCHEME 9: Observed Surface Species under 1.5 Torr of 2-Methylpentane in the Presence and Absence of Exces®i
(a) Pt(100) and (b) Pt(111)
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carbong>%-34 Extensive studies have investigated macroscopic ~ Similar surface species are observed on Pt(100) and Pt(111)
information such as reaction kinetics through the functionality in the case of 3-methylpentane (see Scheme 8). In the presence
of active sites and surface structdrf®.However, to have a  of excess hydrogen, “flat-lying” 3-methylpentane is observed,
detailed understanding of elementary reaction steps, the reacwhich dehydrogenates to metallacyclohexane as the surface
tive surface intermediates must be identified. Yang and temperature is increased. Metallacyclohexane is also observed
Somorja? have made considerable progress in this arena by in the absence of hydrogen on both surfaces and is believed to
using SFG to investigate adsorbates present on the Pt(111l)e a surface intermediate wharhexane isomerizes to 3-me-
surface duringi-hexane isomerization and dehydrocyclization. thylpentane and vice ver3azurthermore, the rate of isomer-
To further understand the catalytic reactionsnefiexane on ization from n-hexane to 3-methylpentane has shown little
platinum based catalysts, a molecular level understanding of dependence on surface structiftevhich supports this theory.
the adsorbates present during reaction on other surface structures Metallacyclobutane is believed to be an intermediate in the
is necessary. isomerization ofn-hexane to 2-methylpentahand is only
n-Hexane adsorption on Pt(111) and Pt(100) yields quite observed on the Pt(111) surface. In the case of 2-methylpentane
similar adsorbates in the presence of excess hydrogen, an Pt(100), “flat-lying” 2-methylpentane forms hexylidyne
summarized in Scheme 7. Initiallgshexane adsorbs in a “flat-  without forming metallacyclobutane. This may indicate that the
lying” conformation. Increasing the surface temperature dehy- isomerization of metallacyclobutane occurs so rapidly on Pt-
drogenates the “flat-lying” species to form hexylidyne. In the (100) that it cannot be observed in the SFG spectrum. Without
absence of hydrogen, different adsorbates exist on the platinumhydrogen, 2-methylpentane undergoes another different reaction
surfaces: metallocycle ££C—(CH,)s—Pt on Pt(100) and pathway, through a dehydrogenated species speculated to be
m-allyl c-CgHg on Pt(111). 2-methyl-1-pentene or 4-methyl-1-pentene (see Scheme 9).
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In the case of 1-hexene, the dehydrogenated products areResearch, Office of Basic Energy Sciences, Materials Sciences
observed on both Pt(111) and Pt(100) in the presence andand Engineering Division of the U.S. Department of Energy
absence of hydrogen: hexylidyne is formed on the Pt(111) under Contract DE-AC02-05CH11231.
surface, while metallocycle EC—(CH,)s—Pt is formed on
Pt(100). Previous wofR has suggested that the intermediate ~ Supporting Information Available: Temperature-dependent
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experimental conditions benzene is not produced. Alternatively,
the observation of metallocycleC—(CH,)s—Pt may indicate References and Notes
that cyclization occurs prior to dghydrpgenation in the formation (1) Antos, G. J.; Aitani, A. M.; Parera, J. Meatalytic Naphtha Refor-
of benzene. Yang and Somof#ound in the case af-hexane, ming: Science and Technoladdnd ed.; Marcel Dekker: New York, 1995.
production of benzene occurs primarily through the formation (2) Davis, B. H.Catal. Today1999 53, 443.
of z-allyl c-C¢Hg and proposed that direct 1,6-ring closure (3) Cooper, B. H.; Donnis, B. B. LAppl. Catal., A1996 137,
occurs via formation of cyclohexane followed by consecutive (4) Somorjai, G. A.Introduction to Surface Science Chemistry and
dehydrogenation rather than consecutive dehydrogenation ofCatalysis Wiley: New York, 1994.
n-hexane followed by cyclization. We have expanded upon the  (5) Sheppard, NAnnu. Re. Phys. Chem1988 39, 589.

i, ; : (6) Sheppard, N.; Cruz, C. D. |Adv. Catal. 1998 42, 181.
1,6-ring closure mechanism by purporting that metallocycle (7) Bent, B. E.Chem. Re. 1996 96, 1361.

Pt=C—(CHp)s—Pt is the reactive intermediate in forming (8) Zaera, FChem. Re. 1995 95, 2651.
mr-allyl c-CgHg, which in turn forms benzene. Furthermore, we (9) Yang, M.; Somorjai, G. AJ. Am. Chem. SoQ004 126, (24),
suggest that the cyclization of metallocycle=€—(CH,)s— 7698.

Pt to formsz-allyl c-CgHg is the rate determining step irshexane (10) Davis, S. M.; Zaera, F.; Somorjai, G. 4. Catal. 1984 101

dehydrocyclization to benzene. This assertion is based on studies '(11) Zaera, F.; Godbey, D.; Somorjai, G. A. Catal. 1986 101, 73.
by Davis et al® that investigated structure sensitivity of (12) Bain, C. D,; Davies, P. B.; Ong, T. H.; Ward, R. N.; Brown, M. A,
aromatization ofn-hexane and found that the reaction is Langmuirl99l 7, 1563. .

markedly maximized on Pt(111) surfaces. Combining the gas- 208123%6'\/'?8;%’_ F. G.; Becraft, K. A; Richmond, G. IAppl. Spectrosc.
phase production data with the molecular level information  (14) Bratlie, K. M.; Flores, L. D.; Somorjai, G. /Surf. Sci2005 599,
provided by SFG leads us to the conclusion that the 1,6-ring (1-3), 93.

; ; ; (15) Kung, K. Y.; Chen, P.; Wei, F.; Rupprechter, G.; Shen, Y. R;;
closure is faster on Pt(111) leading to a larger production of Somorjai, G. A.Rev. Sec. Instrum2001, 72, 1806,

benzene. (16) Yang, M.; Tang, D. C.; Somorjai, G. Rev. Sci. Instrum2003
74, 4554,
5. Conclusions (17) Shen, Y. RNature 1989 337, 519.

(18) Shen, Y. RAnnu. Re. Phys. Chenmi989 40, 327.

Through the use of SFG we were able to probe reactive  (19) Shen, Y. RThe Principles of Nonlinear Optic§Viley: New York,
surface intermediates and elucidate reaction pathways in hy-2003. _
drocarbon reforming processesHexane, 3-methylpentane, and (20) Chesters, M. A.; Gardner, P.; McCash, E.34uf. Sci1989 209
2-methylpentane were inactive on Pt(100) at 300 K in the .(21) Manner, W. L.; Bishop, A. R.; Girolami, G. S.; Nuzzo, R. &.
presence of excess hydrogen. However, 1l-hexene readilyPhys. Chem. B998 102 8816.

dehydrogenated to form metallocyclesPC—(CH,)s—Pt, re- 20(()%2)103i37hgfv A. R.; Girolami, G. S.; Nuzzo, R. G@. Phys. Chem. B
gardless of the presence of excess hydrogen. At high surface (23) Paserba, K. R.: Gellman, A. Bhys. Re. Lett. 2001, 86, 4338.

temperaturen-hexane and 2-methylpentane dehydrogenated to  (24) Brand, J. L.; Arena, M. V.; Deckert, A. A.; George, S. MChem.
form hexylidyne in the presence of excess hydrogen. 3-Meth- Phys.199q 92, 5136. _
ylpentane also underwent dehydrogenation at elevated temper- (25) Fichthorn, K. A.; Miron, R. APhys. Re. Lett. 2002 89, 196103.

ature to form metallacyclohexane. In the absence of excessllézzi)_ Huang, D.; Chen, ¥.; Fichthorn, K. Al Chem. Phys1994 101,

hydrogen, dehydrogenation of each hydrocarbon was en- (27) Raut, J. S.; Fichthorn, K. Al. Chem. Phys1998 108, 1626.
hanced: n-hexane formed metallocycle £tC—(CH,)s—Pt, (28) Cohen, D.; Zeiri, Y. JJ. Chem. Phys1992 97, 1531.

_ _ 1. _ 1. (29) Mirkin, N. G.; Krimm, S.J. Phys. Chem1993 97, 13887.
2-methylpentane formed 2-methyl-1-pentene and 4-methyl-1 (30) Harada, I.; Takeuchi, H.; Sakakibara, M.; Matsuura, H.; Shiman-
pentene, and 3-methylpentane formed metallacyclohexane.qchi’1.Bull. Chem. Soc. JprL977 50, 102.

These results support previous clafrtisat metallacyclohexane (31) llharco, L. M.; Garcia, A. R.; Hargreaves, E. C.; Chesters, M. A.
is a reactive surface intermediate in the isomerization of Surf. Sci.200Q 459, 115.

3-methylpentane ta-hexane and vice versa. Additionally, 2083(;2)11%?25)’ }:<1'7gMz'i=rK1”7€9V§%r' C.J.; Somorjai, G. Al. Phys. Chem. B

metallocycle P#=C-(CHp)s-Pt is suggested to be a reactive (33) Coblentz Society, |. Evaluation of Infrared Reference Spectra. In
surface intermediate in the direct 1,6-ring closurexdfexane NIST Chemistry WebBook, NIST Standard Reference Database Number 69
in the formation of benzene. Linstrom, P. J.; Mallard, W. G. Eds.; National Institue of Standards and
Technology: Gaitersburg, MD, 2005.
. . 34) Davies, P. B.; Zaera, F.; Somorjai, G. A.Catal.1984 101, 73.
Acknowledgment. This work was supported by the Director, 2353 Teplyakov, A. V.: Bent, B. E JJ Phys. Chem. Bl4997,l10L

Office of Science, Office of Advanced Scientific Computing 9052.



	Iowa State University
	From the SelectedWorks of Kaitlin M. Bratlie
	May, 2007

	A Sum Frequency Generation Vibrational Spectroscopic Study of the Adsorption and Reactions of C6 Hydrocarbons at High Pressures on Pt(100)
	No Job Name

