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Abstract

Temperature-programmed desorption (TPD), Auger electron spectroscopy (AES), and low-energy electron diffrac-

tion (LEED) were used to study the chemistry of 1,3-butadiene (H2C@CHCH@CH2, C4H6) on Pt(111) and p(2 · 2)-

Sn/Pt(111) and (
p
3 ·

p
3)R30�-Sn/Pt(111) surface alloys. All chemisorbed 1,3-butadiene completely dehydrogenated

to H2 and surface carbon on Pt(111). Alloying Sn on Pt(111) can completely inhibit this decomposition and 1,3-but-

adiene reversibly adsorbs and desorbs from the two Sn/Pt(111) alloys under UHV conditions. The desorption activa-

tion energy of 1,3-butadiene on the (2 · 2) and (
p
3 ·

p
3)R30�-Sn/Pt(111) surface alloys is 88 and 75kJ/mol,

respectively. These values are good estimates of the adsorption energies, and also place lower limits on the activation

energy barrier for dissociating vinylic C–H bonds on the (2 · 2) and
p
3 surface alloys. Even though 1,3-butadiene is

much more strongly chemisorbed than 1-butene (H2C@CHCH2CH3, C4H8) on the (2 · 2)-Sn/Pt(111) alloy, 1,3-butad-

iene is less reactive than 1-butene because there are no allylic b-CH bonds in 1,3-butadiene as there are in 1-butene.
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1. Introduction

Chemisorption of alkenes on Pt(111) has been

investigated rather extensively because of the fun-

damental interest in the chemistry of these mole-

cules as reactants, products and intermediates in
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hydrocarbon conversion over Pt-based catalysts

[1–5]. Surface science studies of the chemistry of

acetylene (HC„CH, C2H2) [6–13] and 1,3-butadi-

ene (H2C@CHCH@CH2, C4H6) [4,14,15] on

Pt(111) have also been carried out in part due to

the industrial importance of partial hydrogenation
of dienes and alkynes [16,17]. The activity and

selectivity for such reactions strongly depend on

the metal used as a catalyst. Two metallic sys-

tems, Pd and Pt, have been the focus of most
ed.
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fundamental studies of the hydrogenation of

hydrocarbons [18]. For example, butadiene is

preferentially hydrogenated to form butane

(H3CCH2CH2CH3, C4H10) over Pt [19].

Generally, the addition of Sn to supported Pt
catalysts for hydrocarbon conversion decreases

the catalytic activity, but increases the selectivity

for unsaturated hydrocarbon products and re-

duces coking, a poisoning of the catalyst that

decreases its useful lifetime due to carbon accumu-

lation from non-specific dehydrogenation. Bime-

tallic Pt–Sn catalysts are particularly promising

for a variety of selective dehydrogenation and
hydrogenation reactions. For example, Cortright

and coworkers [20–22] have reported a highly ac-

tive and selective Pt/Sn/K–L zeolite catalyst for

isobutene dehydrogenation in which Pt–Sn alloy

particles are clearly formed. The reduced reactivity

of Pt–Sn alloy surfaces provides a simple explana-

tion for why bimetallic Pt–Sn catalysts may have

an increased selectivity for producing alkenes from
the hydrogenation of dienes over that of Pt cata-

lysts. Fundamental understanding of adsorption

and reaction of 1,3-butadiene on well-defined Pt–

Sn alloys would provide important information

for understanding and improving Pt–Sn catalysts

for use in diene hydrogenation.

Adsorption of 1,3-butadiene on Pt(111) has

been studied experimentally by temperature pro-
grammed desorption (TPD) [4], high-resolution

electron energy loss spectroscopy (HREELS)

[4,14,15], and near-edge X-ray absorption fine

structure (NEXAFS) [14,15]. Avery and Sheppard

[4] concluded that chemisorption occurred via di-

r-bonding of both C@C bonds in the molecule in

a tetra-r-bonding configuration without any over-

all hydrogen loss at 300K. This picture is sup-
ported by recent DFT calculations [23,24].

However, Bertolini and coworkers [14,15] argued

that only the carbon atoms at the ends of the mol-

ecule form r bonds to the Pt(111) surface, in a 1,4-

di-r-bonding configuration, and chemisorption is

accompanied by the formation of a new C@C

bond at the center of the molecule. This is consist-

ent with an older calculation by Baetzold [25].
Alloying Sn in a Pt(111) surface greatly

changes the reactivity of the surface and weakens

the interaction with adsorbed molecules [26–28].
Under UHV conditions, decomposition of alkenes

is totally inhibited on the (
p
3 ·

p
3)R30�-Sn/

Pt(111) alloy and greatly decreased on the

(2 · 2)-Sn/Pt(111) alloy [26–28]. 1,3-butadiene

contains two C@C double bonds, and thus is ex-
pected to have a much stronger interaction with

these alloys (barring severe steric constraints due

to Sn). Stronger adsorption often leads to higher

reactivity and so this is a interesting molecule to

probe C–H bond cleavage barriers on these alloy

surfaces.

In this paper, we investigated adsorption,

desorption, and dehydrogenation of 1,3-butadiene
on Pt(111), the (2 · 2)-Sn/Pt(111) and (

p
3 ·p

3)R30�-Sn/Pt(111) surface alloys. We examined

the influence of alloy structure on the chemistry

of 1,3-butadiene and compared the reactivity of

this molecule, as a prototype diene, with that of

the alkenes, ethylene (H2C@CH2, C2H4) and 1-bu-

tene (H2C@CHCH2CH3, C4H8).
2. Experimental methods

Experiments were performed in a three-level

UHV chamber as described earlier [29]. The

Pt(111) crystal (Atomergic; 10-mm dia., 1.5-mm

thick) was prepared by using 1-keV Ar+-ion sput-

tering and oxygen exposures (5 · 10�7-Torr O2, at
900K for 2min) to give a clean spectrum in Auger

electron spectroscopy (AES) and a sharp (1 · 1)

pattern in low energy electron diffraction (LEED).

The (2 · 2)Sn/Pt(111) and (
p
3 ·

p
3)R30�Sn/

Pt(111) surface alloys were prepared by evaporat-

ing one monolayer of Sn onto the Pt(111) crystal

surface and subsequently annealing the sample

for 20s to 1000K and 830K, respectively. Sn is
incorporated substitutionally into primarily only

the surface layer to form an ordered alloy or inter-

metallic compound with hSn = 0.25, with a compo-

sition corresponding to the (111) face of a bulk

Pt3Sn crystal, and hSn = 0.33, with a composition

corresponding to a Pt2Sn surface. These surface al-

loys are relatively ‘‘flat’’, but Sn atoms protrude

0.02nm above the surface-Pt plane at both sur-
faces [30]. In the (2 · 2) structure, pure-Pt three-

fold reactive sites are present, but no adjacent

pure-Pt three-fold sites exist. All pure-Pt three-fold



Fig. 1. Butadiene (C4H6) TPD spectra after 1,3-butadiene

exposures on Pt(111) at 100K.
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sites are eliminated in the (
p
3 ·

p
3)R30� struc-

ture, and only two-fold pure Pt sites are present.

For brevity throughout this paper, we will refer

to the p(2 · 2)-Sn/Pt(111) and (
p
3 ·

p
3)R30�-

Sn/Pt(111) surface alloys as the (2 · 2) and
p
3 al-

loys, respectively.

1,3-Butadiene (C4H6, Matheson, 99.5%) was

used without additional purification. The gas was

exposed on the Pt crystal by a microcapillary array

doser connected to a gas line through a variable

leak valve. All of the exposures reported here are

given simply in terms of the background pressure

in the UHV chamber as measured by an ion gauge.
No attempt was made to correct for the flux

enhancement of the doser or ion gage sensitivity.

The mass spectrometer in the chamber was used

to check the purity of the gases during dosing.

For all TPD experiments, the heating rate was

3.6K/s and all exposures were given with the sur-

face temperature at 100K. AES measurements

were made with a double-pass cylindrical mirror
analyzer (CMA) using a modulation voltage of

4eV. The electron gun was operated at 3-keV

beam energy and 1.5-lA beam current. Coverages

hi reported in this paper are referenced to the

surface atom density of Pt(111) such that

hPt = 1.0ML is defined as 1.505 · 1015cm�2.
3. Results

Fig. 1 shows butadiene, C4H6, TPD spectra

after different 1,3-butadiene exposures on
Pt(111) at 100K. At low exposures, no molecular

C4H6 desorbs upon heating. Increasing butadiene

exposures leads to desorption from the physi-

sorbed layer at 130K. At any coverage, the chemi-

sorbed layer of butadiene decomposes and only H2

is detected in the TPD spectra. The dehydrogena-

tion of butadiene leads to the build up of surface

carbon on Pt(111), which is detected by AES fol-
lowing TPD experiments. Our results agree with

the TPD results of Avery and Sheppard [4].

H2 evolution, as shown in Fig. 2, monitors com-

plete butadiene decomposition on Pt(111). The

amount of H2 desorption saturates at 0.18-L expo-

sure, where the butadiene monolayer saturation

coverage was reached as determined by monitor-
ing C4H6 desorption in Fig. 1. Three H2 desorp-

tion peaks can be identified at 370, 398 and

585K, which indicates that several steps are

needed to complete the decomposition process.

At low coverage, the first H2 desorption peak ap-

pears at 339K and no peak at 398K is detected.

This shift indicates that co-adsorbed hydrocarbon

fragments produced from dehydrogenation in-
creases the C–H bond cleavage barrier. The total,

amount of H2 evolved in TPD after large expo-

sures of butadiene is 0.44ML H2, corresponding

to the complete decomposition of 0.15-ML C4H6.

This value was determined by comparison of this

H2 TPD peak area to a reference H2 TPD spec-

trum obtained after ethylene (C2H4) exposures

on Pt(111) at 300K to produce 0.25-ML ethyli-
dyne (CCH3) [31], in which complete decomposi-

tion produces 0.375-ML H2, i.e. 0.75ML H.

Since complete dehydrogenation is the only reac-

tion pathway for chemisorbed C4H6, the satura-

tion coverage of C4H6 on Pt(111) is 0.15ML.



Fig. 2. H2 TPD spectra after 1,3-butadiene exposures on

Pt(111) at 100K.
Fig. 3. Butadiene (C4H6) TPD spectra after 1,3-butadiene

exposures on the (2 · 2)-Sn/Pt(111) alloy at 100K.
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In Fig. 3, a series TPD spectra are shown for

C4H6 following 1,3-butadiene dosing on the

(2 · 2) surface alloy at 100K. Butadiene from the

chemisorbed layer desorbs at 341K at low cover-

age and this shifts to 330K at monolayer coverage.
Desorption from the physisorbed layer is observed

at 135K at high coverage. Assuming first-order

desorption kinetics with a preexponential factor

of 1013 s�1, the Redhead method [32] was used to

estimate a desorption activation energy Ed of

88kJ/mol for C4H6 adsorbed on the (2 · 2) alloy

at low coverage.

In Fig. 4, a series of C4H6 TPD spectra are
shown following 1,3-butadiene dosing on the

p
3

alloy at 100K. Butadiene from the chemisorbed

layer desorbed at 292K at low coverage and this

shifted to 275K at monolayer coverage. Desorp-

tion from a physisorbed layer was observed at

121 and 145K at high coverages. A value for Ed

of 75kJ/mol on the
p
3 alloy was obtained by Red-

head analysis using the peak at low coverage. We
note that the desorption peak width of chemi-

sorbed butadiene on the
p
3 alloy is appreciably

narrower than that on the (2 · 2) alloy. This might

mean that butadiene chemisorbs on the (2 · 2)

alloy in more than one bonding configuration.

H2 evolution shown in Fig. 5 monitors butadi-

ene decomposition on Pt(111) and the (2 · 2)

and
p
3 alloys at monolayer coverage. In contrast

to the complete dehydrogenation of butadiene on

Pt(111), no significant H2 desorption was ob-

served (or at any butadiene coverage used in these

experiments) on the two Sn/Pt(111) surface alloys.

The small H2 desorption features are mostly due to

cracking fractions from butadiene desorption and

the residual yield is almost at the same level as that

in ‘‘background’’ TPD experiments where no
exposure to butadiene was given. This is consistent

with AES that detected no carbon on the two al-

loys after any TPD experiment. Therefore, butad-

iene thermal decomposition was completely

suppressed under these conditions upon forming



Fig. 4. Butadiene (C4H6) TPD spectra after 1,3-butadiene

exposures on the (
p
3 ·

p
3)R30�-Sn/Pt(111) alloy at 100K.

Fig. 5. Comparison of H2 desorption spectra resulting from

1,3-butadiene decomposition on Pt(111) and the (2 · 2)-Sn/

Pt(111) and (
p
3 ·

p
3)R30�-Sn/Pt(111) alloys.
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the two alloys. 1,3-Butadiene reversibly adsorbs
and desorbs on these two Sn/Pt(111) surface

alloys.

Using the relationship between C4H6 TPD peak

area and butadiene coverage deduced from the

data in Figs. 1 and 2, as described in Appendix

A, we can calculate the unknown butadiene mono-

layer coverage on each alloy by using the C4H6

TPD peak area in spectra from the chemisorbed
monolayer on the two alloys. This approach gives

values of 0.15 and 0.17ML on the (2 · 2) and
p
3

alloy, respectively.
4. Discussion

At 300K, 1,3-butadiene is believed to chemi-
sorb on Pt(111) in a tetra-r-bonding configuration
[4,23,24], without any dehydrogenation of the mol-

ecule [4]. Fig. 2 shows that no H2 evolution occurs

before 300K, which is an experimental result con-
sistent with that reported by Avery and Sheppard

[4]. An older theoretical study by Baetzold [25]

predicted that 1,3-butadiene would decompose

via loss of two terminal hydrogens to form a

(CH)4 metallacycle, but the data in Fig. 2 shows

that this decomposition mechanism is not correct.
At low exposure (0.057-ML C4H6), the H2 desorp-

tion peak area ratio at 339K to 585K is larger

than 4:2, rather than the 2:4 ratio predicted by

the theory.

The presence of Sn in the surface layer of

Pt(111) greatly weakened the interaction between

1,3-butadiene and the alloy surface. Increasing

the Sn concentration from 25% to 33% leads to a
decrease in the desorption activation energy Ed

from 88 to 75kJ/mol. This is also a good estimate

of the adsorption energy in this case where there is

no appreciable activation energy barrier to adsorp-

tion. This effect of Sn on the adsorption energy has

been observed for alkenes [26–28] and many other

molecules as well. The adsorption energy of
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1,3-butadiene on the (2 · 2) and
p
3 alloys is

roughly 1.5 times that of ethylene [26] and 1-bu-

tene [27] on the same alloy. Ethylene chemisorbs

on Pt(111) and the two Sn/Pt(111) alloys via di-

r-bonding, but the carbon atoms in chemisorbed
ethylene are less rehybridized toward sp3 with

increasing Sn in the surface layer [26]. A compari-

son of adsorption energies between 1,3-butadiene

and 1-butene or ethylene suggests that all four car-

bon atoms in 1,3-butadiene should have strong

interactions with the alloy surfaces. We propose

that 1,3-butadiene chemisorbs on the two Sn/

Pt(111) alloys in a tetra-r-bonding configuration,
as on Pt(111), but with the carbon atoms less sp3-

rehybridized than that on Pt(111). The presence of

Sn in the surface layer of Pt(111) has no effect,

however, on the chemisorbed monolayer coverage

of 1,3-butadiene. This coverage is identical on

Pt(111) and the (2 · 2) alloy, and even slightly

higher on the
p
3 alloy. Such behavior has also

been observed in studies of other alkene and alk-
ane molecules [27,28,33]. This is probably due to

a small relaxation in the bonding geometry/site

requirements that result from slightly weaker

bonding interactions between the chemisorbed

molecule and the
p
3 alloy surface.

All of the butene isomers, along with propene,

undergo an appreciable amount of decomposition

(7–10%) on the (2 · 2) alloy. Even though the
adsorption energy of 1,3-butadiene is 1.5 times

that of 1-butene or 2-butene [27], the decomposi-

tion of 1,3-butadiene is completely inhibited on

the (2 · 2) alloy, like that observed for ethylene

[26]. This result, which is surprising at first glance,

can be explained simply by the presence of rela-

tively weak allylic b-CH bonds in propene and bu-

tene. Only vinylic CH bonds exist in ethylene and
1,3-butadiene, and these bonds have a higher bond

dissociation energy than allylic b-CH bonds [34].

So, these vinylic CH bonds are appreciably less

reactive on Pt(111) and these alloys. The 1,4-di-r-
bonded configuration of 1,3-butadiene on Pt(111)

proposed by Bertolini and coworkers [14,15] may

not be appropriate, particularly on the (2 · 2) alloy,

because this configuration would create allylic
b-CH bonds on the end carbon atoms and this

would pretty clearly lead to decomposition on the

surface.
Like all of the small alkene molecules, 1,3-but-

adiene reversibly adsorbs and desorbs on the
p
3

alloy. The origin of this decreased reactivity com-

pared to that on Pt(111) was explained originally

for ethylene as an increase in the activation energy
for C–H bond scission, E* on the alloys. However,

this was never quite clear because the ethylene

adsorption energy also decreased on these two

Sn/Pt(111) alloys, and this could also lead to in-

creased desorption and lack of reaction under

UHV conditions. Now, because of the much larger

desorption activation energy for 1,3-butadiene

compared to ethylene on these two Sn/Pt(111) al-
loys, we can exclude this latter rationale which

uses the decrease in desorption activation energy

by alloying Sn to Pt(111). We now show that eth-

ylene decomposition is inhibited because of the in-

crease in E* the C–H bond breaking barrier, on

the alloys. Also, now we can place a much better

lower limit for E* of vinylic CH bonds of 88 and

75kJ/mol on the (2 · 2) and
p
3 alloys, respec-

tively. The increase in this barrier may be caused

by site-blocking or by electronic modifications of

the Pt(111) surface by alloying with Sn. In the

(2 · 2) structure, pure-Pt three-fold reactive sites

are present, but no adjacent pure-Pt three-fold

sites exist. All pure-Pt three-fold sites are elimi-

nated in the (
p
3 ·

p
3)R30� structure, and only

two-fold pure Pt sites are present. Alloying also
changes the local electronic structure at Pt sites.

Calculations by Pick [35] and Delbecq and Sautet

[36] consider that a shift of the Pt d-band center

resulting from charge transfer from Sn to Pt de-

creases the bond strength between adsorbed mole-

cules and Sn–Pt alloys. Such changes could also

leads to the formation of a significant activation

energy barriers for bond dissociation reactions of
adsorbed molecules.
5. Conclusions

On Pt(111), chemisorbed 1,3-butadiene com-

pletely decomposed to H2 and surface carbon

upon heating. This decomposition pathway is
completely inhibited on two Sn/Pt(111) surface al-

loys. Alloyed Sn also reduces the chemisorption

bond strength of 1,3-butadiene compared to that
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on Pt(111). The desorption activation energy Ed

for 1,3-butadiene on the (2 · 2) and (
p
3 ·

p
3)-

R30�-Sn/Pt(111) alloys is 88 and 75kJ/mol, respec-

tively. However, alloyed Sn has no effect on the

coverage of 1,3-butadiene in the chemisorbed
monolayer, which is 0.15, 0.15, and 0.17ML on

Pt(111) and the (2 · 2) and (
p
3 ·

p
3)R30�-Sn/

Pt(111) surface alloys, respectively. We propose

that the lack of reactivity of ethylene and 1,3-but-

adiene on these alloys is due to lack of allylic

b-CH bonds. Because Ed for 1,3-butadiene on these

alloys is 1.5 times that of ethylene or 1-butene on

the same surface, we can now set a more useful
lower limit for the vinylic C–H bond breaking bar-

rier E* on these alloys of 88kJ/mol.
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Appendix A

Herein we derive the relationship between but-

adiene TPD peak area and butadiene coverage

by using data from Fig. 1 in order to calculate
the monolayer coverage of butadiene on the alloys

from the areas of the TPD peaks obtained from

the two alloy surfaces.

Surface coverage h is related to gas exposure e
by h = Se where S is the sticking coefficient.

Assuming that the butadiene sticking coefficient

is a constant value over the monolayer and multi-

layer regime on Pt(111) at 100K, as has been
shown for similar molecules many times before,

then there is a simple relationship h2/h1 = e2/e1 be-
tween two different coverages produced by two dif-

ferent exposures. TPD peak areas are also related

to surface coverages by a factor X that is unknown

but is a constant and has units of ML�1. This fac-

tor for butadiene can be determined from the but-

adiene TPD curves from Pt(111) shown in Fig. 1,
along with information that the monolayer cover-

age of butadiene hmono is 0.15ML, as derived from

the H2 TPD data of Fig. 2. Butadiene exposures of
0.18 and 0.24L produce a butadiene coverage on

the surface that exceeds one monolayer, and the

total amount is given by hmulti + hmono. Butadiene

desorbs from the two multilayers produced by

these two exposures to yield desorption peak areas
of 7842 and 53912, respectively. The value of hmulti

is given by 7842/X and 53912/X for exposures of

0.18 and 0.24L, respectively. Substitution into

the simple relationship between coverage and

exposure given above yields the following equation

53 912
X þ 0:15

7842
X þ 0:15

¼ 0:24

0:18
ð1Þ

that can now be solved for X. A value of

X = 869120ML�1 is obtained.

All of the butadiene in the monolayer desorbed

molecularly on the (2 · 2) and
p
3 alloy to give

butadiene desorption peak areas of 129931 and
150978, respectively. These peak areas are con-

verted to monolayer coverages by dividing by X

to give 0.15 and 0.17ML on the (2 · 2) and
p
3

alloy, respectively.
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[18] H. Arnold, F. Döbert, J. Gaube, in: G. Ertl, H. Knözinger,
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