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Dehydrocyclization of 1-hexene to benzene on CusPt(111)
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Even though dehydrocyclization is widely practiced in heterogeneous catalysis for the conversion of straight chain hydrocarbons
into aromatic compounds, knowledge of the mechanism of this process remains limited, largely because it has not previously been
possible to carry out the reaction under conditions amenable to detailed mechanistic study. We report here ultra-high vacuum stud-
ies of the dehydrocyclization of submonolayer coverages of 1-hexene to benzene on a CusPt(111) single crystal surface. In these
studies reflection—absorption infrared spectroscopy (RAIRS) and temperature-programmed reaction/desorption spectroscopy
(TPR/D) have been used to investigate the mechanism of the reaction. The results obtained demonstrate that the mechanism
involves two steps: dehydrogenation (7 = 270 K) and additional dehydrogenation + cyclization (T = 405 K). The RAIRS and
TPR/D results snggest that a planar intermediate with CsHg stoichiometry (probably 1,3,5-hexatriene) exists on the surface
between 270 and 405 K. For surface coverages of up to 12.5% of monolayer saturation the selectivity to benzene formation is 70%
with the remaining 30% of the adsorbed 1-hexene dehydrogenating irreversibly to surface carbon and Hj. For higher coverages,
molecular desorption commences.
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1. Introduction

Dehydrocyclization of straight chain alkanes and
alkenes to aromatics is an important process in the cat-
alytic reforming of petroleum feedstocks. It is well-
established that platinum [1-3] and platinum alloyed
with copper [4-6], gold [7-9], and cerium [10] are among
the most effective heterogeneous catalytic materials for
these dehydrocyclization processes. Ultra-high vacuum
studies utilizing high pressure cell techniques have
shown that single crystal platinum surfaces and plati-
num surfaces alloyed with gold can also carry out dehy-
drocyclization of hexane to benzene [9,11] and heptane
to toluene [12] at atmospheric pressures, but, to our
knowledge, there are no reports to date where single
monolayers of straight chain hydrocarbons are cyclized
to aromatics. This lack of monolayer reactivity over
well-defined surfaces has precluded a detailed mechanis-
tic study of dehydrocyclization and, as a result, it has
proven difficult to definitively establish the surface reac-
tion mechanisms for these processes.

In this letter we report the dehydrocyclization of 1-
hexene to produce and evolve benzene from single
monolayers on a Cu;Pt(111) surface. For 1-hexene cov-
erages up to 0.125 of monolayer saturation, 70 & 10 % of
the adsorbed molecules produce benzene at 405 K, while
30 & 10 % decompose to deposit carbon on the surface.
At higher surface coverages (above 4 L), molecular de-
sorption of 1-hexene is also observed at ca. 240 K.
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Temperature-programmed reaction/desorption (TPR/
D) studies in combination with reflection—absorption
infrared spectroscopy (RAIRS) results provide evidence
that 1-hexene dehydrogenates below 300 K to produce
1,3,5-hexatriene which is thermally stable to 405 K
where it dehydrogenates and cyclizes to produce
benzene.

2. Experimental

The experimental results presented here were obtained
in an ultra-high-vacuum chamber with background
pressure of ~ 5 x 1071 Torr equipped with an Auger
electron spectrometer (AES), a high-resolution electron
energy loss spectrometer, a differentially-pumped quad-
rupole mass spectrometer, an ion gun for surface
cleaning, a low-energy electron diffraction apparatus
(LEED), and a setup for reflection-absorption infrared
spectroscopy. A detailed description of this vacuum sys-
tem is published elsewhere[13].

The CusPt(111) single crystal was obtained from
Material-Technologie & Kristalle GmbH (Jiilich,
Germany) as a circular disk (1 cm diameter and 2 mm
thickness) polished to a mirror finish on one of the (111)
surfaces. The crystal was mounted on a resistive heating
element attached to a manipulator. The temperature of
the crystal was measured by a chromel-alumel thermo-
couple whose junction was wedged into the hole on the
side of the crystal. Crystal temperatures as low as 110 K
could be achieved by cooling with liquid nitrogen.



Heating was provided by a dc power supply (Hewlett-
Packard, 6291A), controlled by a temperature program-
mer (Eurotherm 818 P). A temperature ramp of 3 K/s
was used in the temperature-programmed desorption
studies. The crystal was cleaned as described in ref, [14]
by Ar* sputtering at 550 K for 15 min followed by
annealing in UHV at 840 K for 20 min to free the surface
of carbon, sulfur and oxygen as confirmed by AES.

The surface structure and composition of
Cu;Pt(111) has recently been studied by Wandelt and co-
workers [15], and their early papers reported a (2 x 2)
LEED pattern for this surface [15a—15c]. This is the dif-
fraction pattern that one would expect for ideal termina-
tion of the bulk lattice, and it corresponds to a lattice of
isolated Pt atoms, each surrounded by six nearest neigh-
boring Cuatoms in the plane as shownin scheme 1.

More recent papers from Wandelt et al. report a
(1 x 1) pattern for CusPt(111) [15d-15¢e] which is the
same as is observed here. The similarities between the
bonding and reactions of CO and H; on the surfaces with
these two different LEED patterns suggest that in both
cases the surface Pt atoms are surrounded by Cu even
though long-range order of the Pt atoms is absent on the
(1 x 1) surface. Low-energy ion scattering studies indi-
cate that the surface is enriched in copper by only 5%
[15d-15¢].

l-hexene (Aldrich, 99+%) was purified by several
freeze—pump-thaw cycles before introduction into the
chamber and the purity of the dosing gas was confirmed
in situ by mass spectroscopy. All the exposures are
reported in langmuirs (L), where 1 langmuir is 1075
Torrs.

For the TPD experiments, the adsorbate-covered sur-
face was positioned line-of-sight to the mass spectrom-
eter, about 2 mm from a 2 mm diameter sampling
aperture which was used to detect selectively the mole-
cules desorbing from the center of the single crystal sur-
face.

For the RAIRS studies, the infrared light from a FT-
IR spectrometer (Perkin-Elmer 1800) is focused through
a differentially pumped barium fluoride window onto
the sample at an incidence angle of 82.5° from the surface
normal. The reflected light in the specular direction is

Scheme 1.
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collected by a narrow band mercury cadmium telluride
(MCT) detector (EG&G Judson, model No. J15-D14-
M216-S-01M-YS-WE, Ge window, D* > 4 x 101%). The
optical path is purged with CO,- and H,O-free air gener-
ated by an FT-IR purge gas generator (Balston 75-62).
Each spectrum presented here is taken with 8 cm™! reso-
lution and represents the average of several thousand
scans (~4 min/ 1000 scans). The number of scans corre-
sponding to each spectrum is indicated in the figure cap-
tion.

3. Results and discussion

The TPR/D results presented in fig. 1 show the evolu-
tion of masses 84 and 78 for exposure of the Cus;Pt(111)
surface to different amounts of 1-hexene. The TPD
peaks for mass 84 represent molecular desorption of 1-
hexene as was confirmed by following masses 84 and 27
at an electron impact ionization energy 70 eV and mass
84 at an electron impact energy 9 eV #! (to eliminate
cracking and to isolate the molecular ion [16,17]).
Molecular desorption of 1-hexene is not observed for
exposures less than 0.5 L. Above 0.5 L there is a linear
increase in the peak area as a function of exposure. This
molecular desorption occurs at 270 K for low exposures
(1 L) and shifts down in temperature upon increasing the
exposure. At 3L, a second, 180 K, feature appears on the
spectra. Given that the onset for second layer desorption
(at 150 K; not shown) occurs for an exposure of > 4L,
the 180 K peak presumably corresponds to a second
adsorption state in the monolayer.

For the exposures less than 0.5 L where no 1-hexene
is evolved from the surface, benzene (m/e = 78) evolu-
tion is detected. Mass 78 shows a single peak at 405 K, as
shown in fig. 1. The temperature of this peak is indepen-
dent of exposure, and the peak area grows linearly with
exposure up to a saturation value at 0.5 L. By tracing
masses 78 and 77 at 70 eV electron impact ionization
energy and mass 78 at 9 eV electron impact ionization
energy, this peak is assigned to benzene formation and
desorption. On the basis of the TPD spectra for the
molecular desorption of benzene from CuzPt(111) which
show benzene evolution at temperatures between 160
and 270 K with no decomposition, we conclude that evo-
lution of benzene from 1-hexene at 405 K is limited by
therate of benzene formation.

1-hexene and benzene are the only gas phase hydro-
carbon products detected for the interaction of 1-hexene
with CusPt(111). The total area of the peaks correspond-
ing to these compounds (corrected for the mass
spectrometer detection sensitivities) is plotted in the

#1 1t should be noted that these values of the electron impact ioniza-
tion energy are the values from the mass spectrometer control
panel. There is evidence that the actual values are slightly higher
[17].
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Fig. 1. TPR/D studies of 1-hexene reaction with a Cu3Pt(111) surface. The inset shows the relative yields of 1-hexene molecular desorption and
benzene formation as a function of 1-hexene exposure.

inset to fig. 1. Note that the total area of these two fea-
tures is not a straight line, a result which indicates (in the
absence of a nonlinearity in the adsorption rate) that
there are other products of the reaction. Consistent with
this inference, Auger electron spectroscopy studies show
that carbon remains on the surface after annealing to
840 K. The amount of carbon for exposures >0.5 L cor-
responds to 4 £ 1 % of a monolayer of 1-hexene. Since
the amount of benzene evolved corresponds to 9 =2 %
of a saturation monolayer of 1-hexene, we conclude that
for exposures less than 0.5 L, 70 & 10 % of the adsorbed
1-hexene is converted to benzene and 30 £ 10 % decom-
poses to deposit carbon and evolve hydrogen.
Consistent with this conclusion, we find that if satura-
tion exposures are repeated without surface cleaning to
remove carbon in between, the area of the benzene peak
decreases by 30 £ 5%.

TPR spectra of mass 2 taken after a saturation expo-
sure of 1-hexene show two peaks as indicated in the lower
panel of fig. 2. The lower temperature feature corre-
sponds to the desorption of hydrogen whose rate of evo-
lution is similar to the rate of H + H recombination on
CusPt(111) as confirmed by comparison with studies of
the reaction of molecular hydrogen with this surface.
The high temperature (400 K) hydrogen desorption is
coincident with the evolution of benzene and presum-
ably reflects the kinetics of the rate-determining second
step in the conversion of 1-hexene to benzene.

The 2 : 1 ratio of the areas of 280 K and 400 K H, de-
sorption peaks indicates, on the basis of the overall loss
of six H atoms to form benzene, the loss of four H at 280

K to form a C¢Hjy intermediate which subsequently loses
two more H atoms at 400 K to form benzene #2. We rule
out 1,3- and l,4-cyclohexadiene as this intermediate,
since both of these compounds form and evolve benzene
on CusPt(111) below 300 K. A probable intermediate is
1,3,5-hexatriene, and similar triene species have been
previously proposed as the key intermediates in catalytic
dehydrocyclization [18-20].

The intermediacy of 1,3,5-hexatriene is substantiated
by the RAIR S results presented in fig. 2 (top panel). This
figure compares the multilayer spectrum of 1-hexene
(scaled to match the size of the spectrum fora 0.5 L expo-
sure) with the spectra of 0.5 L of 1-hexene taken at the
temperatures indicated on the accompanying TPR/D
spectrum. Spectrum A, taken after adsorption of 0.5 L of
I-hexene at 120 K, shows most of the intense features in
the multilayer 1-hexene spectrum, confirming that at
120 K this molecule remains intact on the CusPt(111)
surface. When the surface is annealed to 250 K, the spec-
trum does not change, but when the annealing tempera-
ture is increased to 350 K, no absorption features are
observed in the C-H stretching region of the IR spec-
trum. Since benzene has not yet formed on the surface by
350 K, these results indicate that an adsorbed intermedi-

#2 Strictly speaking, this statement is only correct for a 100% conver-
sion of 1-hexene to benzene. Since 30% of the 1-hexene is converted
to carbon and hydrogen for this 0.5 L exposure of 1-hexene, addi-
tional hydrogen evolution rot associated with the conversion of 1-
hexene to benzene is expected. Studies are in progress to determine
if this hydrogen is evolved at temperatures above 600 K.



4 A.V. Teplyakov, B.E. Bent / Dehydrocyclizationon Cuz Pt(111)

100 L 1-Hexene
{(/200)

A

AR/R =0.02%

AR/R

B

2942 2914 C

' i M 1 ! |
3000 2800 2600
WAVENUMBER, cm™

3200

0.5L 1-Hexene

,_//-\/\ m/e = 2
J/\ m/e=78

m/e = 84

INTENSITY

— >

]

j I 1 I
200 300 400 500
TEMPERATURE (K)

600

Fig. 2. Comparison of RAIRS spectra for 1-hexene dehydrocyclization

to benzene on a Cu3Pt(111) surface with TPR/D results for this reac-

tion. The multilayer 1-hexene IR spectrum (1000 scans) is compared

with IR spectra for 0.5 L exposure of 1-hexene which were taken after

briefly annealing the surface at the temperatures indicated in the TPR

spectrum. Each of these submonolayer IR spectra represents the aver-
age over 2000 scans.

ate, undetected in the C—H stretching region by IR, exists
on the surface. This observation is consistent with a pla-
nar 1,3,5-hexatriene intermediate, whose C—H bonds lie
parallel to the CusPt(111) surface and are therefore, as
result of the surface IR selection rule [21,22], transparent
in the C—H stretching region. Additional spectroscopic
studies are in progress to confirm the identity of this
intermediate.

Acknowledgement

Financial support from the National Science
Foundation (Grant No. CHE-93-18625), The Dow
Chemical Company, and Union Carbide as part of their
Innovation Recognition Program is gratefully acknowl-
edged.

References

[1] F. Garin, 8. Aeiyach, P. Legaire and M. Maire, J. Catal. 77
(1982) 323.
[2] JM.Mullerand F.G. Gault, J. Catal. 24 (1972) 361.
[3] F.M.DautzenbergandJ.C. Platteecuw, J. Catal 24 (1972) 364.
[4] A.J. den Hartog, P.J.M. Rek and V. Ponec, J. Chem. Soc, Chem.
Commun. (1988) 1470.
[5] H.C. de Jongste, F.J. Kuijers and V. Ponec, Proc. 6h Int. Congr.
on Catalysis Vol. 2, London 1976, eds. G.C. Bond, P.E. Wells and
F.C. Tompkins (The Chemical Society, London, 1977) p. 915.
[6] H.C. de Jongste, V. Ponec and F.G. Gault, J. Catal, 63 (1980)
39s.
[71 J.R.H. van Schaik, R.P. Dessing and V. Ponec, J. Catal. 38
(1975)273.
[8] A.O’Cinneide and F.G. Gaulit, J. Catal. 37 (1975) 311.
[91 R.C.Yeates and G.A. Somorjai, J. Catal. 103 (1987) 208.
[10] R.A. Saymeh, HM. Asfour and S.S. Mahmoud, Indian J.
Chem. 34B(1995) 546.
S.M. Davis, F. Zaera and G.A. Somorjai, J. Catal. 85 (1984)
206.
W.D. Gillespie, R.K. Herz, E.E. Petersen and G.A. Somorjai, J.
Catal. 70 (1981) 147.
C.J. Jenks, B.E. Bent, N. Bernstein and F. Zaera, J. Am. Chem.
Soc. 115(1993) 308.
G.R. Castro, U. Schneider, H. Busse, T. Janssens and K.
Wandelt, Surf. Sci. 269/270 (1992) 321.
(@) U. Schneider, H. Busse, R. Linke, G.R. Castro and
K. Wandelt, J. Vac. Sci. Technol. A 12 (1994) 2069;
(b) R. Linke, U. Schneider, H. Busse, C. Becker, U. Schrdder,
G.R. Castro and K. Wandelt, Surf. Sci. 307 (1994) 407;
(c) C. Becker, U. Schroder, G.R. Castro, U. Schneider, H. Busse,
R.Linkeand K. Wandelt, Surf. Sci. 307 (1994) 412;
(d) Y.G. Shen, D.J. O’Connor, K. Wandelt and R.J.
MacDonald, Surf. Sci. 328 (1995) 21;
(¢) Y.G. Shen, D.J. O’Connor, K. Wandelt and R.J.
MacDonald, Surf. Sci. 331-333 (1995) 746.
M. Xiand B. Bent, J. Vac. Soc. Technol. B 10 (1992) 2440.
J.-L.Linand B.E. Bent, J. Am. Chem. Soc. 115 (1993) 2849.
Z.Padl and P. Tétényi, J. Catal. 30 (1973) 350.
A. Papazov, Ch. Bonev, D. Shopov, G. Leitz, A. Sdrkdny and J.
Volter, J. Catal. 103 (1987) 249.
B. Shi and B.H. Davis, in: Proc. 11th Int. Congr. on Catalysis,
40th Anniversary, Baltimore 1996, Studies in Surface Science and
Catalysis, Vol. 101, Part B, eds. J.W. Hightower, W.N. Delgass,
E.Iglesiaand A.T. Bell (Elsevier, Amsterdam, 1996) p. 1145.
[21] F.M.Hoffman, Surf. Sci. Rep. 3 (1983) 107.
[22] Y.J.Chabal, Surf. Sci. Rep. 8 (1988)211.

[1]
[12]
[13]
[14]

[15]

[16]
[17]
(18]
(191

[20]



