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a b s t r a c t

The adsorption and reactions of cis-1,2-dichloroethene on Cu(1 1 0) have been investigated using Reflec-
tion Absorption Infrared Spectroscopy, Temperature Programmed Desorption and Molecular Beam
Adsorption Reaction Spectroscopy, and the behaviour compared with that of the previously studied [S.
Haq, S.C. Laroze, C. Mitchell, N. Winterton, R. Raval, Surf. Sci. 531 (2003) 145] trans isomer. No isomeri-
sation between the cis and trans isomers was seen. The data reveal that, although the related positions
of the Cl atoms force different adsorption geometries for the two isomers, the behaviour of both com-
pounds follows a very similar general reaction pathway which is critically temperature-dependent and
can be described in terms of three main regimes: Regime I occurring at low temperatures in which intact
molecular adsorption occurs; Regime II, extending over the temperature range of 155–280 K, in which
desorption/dechlorination events are triggered; and, finally, Regime III, over 280–450 K, is governed, for
both isomers, by the behaviour of the acetylene intermediate at the surface which trimerises to form
eywords:
echlorination
ichloroethene
AIRS
PD

benzene and desorbs above 350 K.
© 2009 Elsevier B.V. All rights reserved.
BARS
u(1 1 0)

. Introduction

Chlorinated organic compounds are industrially important both
n their own right and as feedstocks or intermediates [1], though the
oor selectivity of some processes leads to unwanted by-products.

ndustry therefore has sought improved processes that respond to
hanges in demand and the need to minimise waste by effect-
ng more selective transformations and consuming by-products
s feedstocks. For these reasons, hydrodechlorination, the con-

ersion C–Cl + H2 → C–H + HCl, represents a reaction of industrial
nd technological importance. Group VIII(8–10) metals, partic-
larly palladium, platinum and copper, appear to be the most
ttractive hydrodechlorination catalysts in terms of activity, selec-

∗ Corresponding author. Tel.: +44 151 794 3606.
∗∗ Corresponding author. Tel.: +44 151 794 6981.

E-mail addresses: N.Winterton@liverpool.ac.uk (N. Winterton), Raval@liv.ac.uk
R. Raval).

1 Current address: Huntsman Polyurethanes, Everslaan 45, B-3078 Everberg,
elgium.

381-1169/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.molcata.2008.12.018
tivity and stability [4,5]. Fundamental studies [2,3,6–26] on well
defined single crystal surfaces and UHV conditions using sur-
face spectroscopic techniques are aiding our understanding of
the interactions of chlorinated compounds with the surfaces of
these metals, enabling insights to be gained into mechanistic
changes associated with the metal, surface structure, temperature,
coverage and the molecular structure of the chlorinated com-
pound.

The study of dichloroethenes (DCEs) enables the behaviour of
simple unsaturated chlorinated species with metal surfaces to be
delineated and, in particular, the reactivity patterns of different
isomers to be contrasted. Previous work has studied the adsorp-
tion and reaction of chloroethenes on Pt(1 1 1) [17], Pt(1 0 0) [17],
Pd(1 1 0) [13], Cu(1 0 0) [18] and Cu(1 1 0) [2,11]. In this paper [3],
the adsorption, reactive transformation and product evolution of
cis-1,2-dichloroethene on Cu(1 1 0) are reported and compared par-

ticularly with related studies on the trans isomer [2], continuing
efforts to characterise and understand the interactions of a series
of chlorinated ethenes with well-defined metal surfaces, includ-
ing Cu(1 1 0) [2,11,12], Pd(1 1 0) [13] and CuPd(1 1 0) [14–16] and Cu
nanoparticles [24,25].

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:N.Winterton@liverpool.ac.uk
mailto:Raval@liv.ac.uk
dx.doi.org/10.1016/j.molcata.2008.12.018


1 atalysis A: Chemical 305 (2009) 117–120

2

a
R
S
A
D
e
b
8
A
2
w
u
w
t
2
p
s
u
(

3

a
m
t
w
t

l
8
m
t
c
s

18 S. Haq et al. / Journal of Molecular C

. Experimental

The experimental details of the characterisation methods
nd equipment used to carry out Molecular Beam Adsorption
eaction Spectroscopy (MBARS), Reflection Absorption Infrared
pectroscopy (RAIRS), Low Energy Electron Diffraction (LEED),
uger Electron Spectroscopy (AES) and Temperature Programmed
esorption (TPD), have been described in detail previously [2]. The
xperiments were performed in a ultra-high vacuum (UHV) cham-
er and the Cu(1 1 0) crystal was cleaned by sputtering (500 eV,
�A), annealed at ca. 873 K and characterised using LEED and
ES. TPD experiments were carried out using a heating rate of
K s−1. For RAIRS measurements the UHV chamber is interfaced
ith a FTIR spectrometer (Mattson-Galaxy) using KBr optics. A liq-
id nitrogen cooled mercury–cadmium–telluride (MCT) detector
as used, accessing the spectral range of 4000–650 cm−1. Spec-

ra were acquired at a resolution of 4 cm−1 and by co-addition of
56 scans. The liquid cis-1,2-dichloroethene sample (Supelco, 99%
urity) was subjected to freeze-pump-thaw cycles prior to admis-
ion into the chamber and the purity of each sample was confirmed
sing mass spectrometry. The exposures are quoted in Langmuirs
L) where 1L = 1 × 10−6 Torr s.

. Results and discussion

Our previous work on trans-dichloroethene on Cu(1 1 0) [2,11]
nd Pd(1 1 0) [13] clearly demonstrates that the reaction of this
olecule occupies a complex phase space, with five different reac-

ion regimes identified for Pd(1 1 0) and three on Cu(1 1 0). Here,
e show that the behaviour of the cis isomer is broadly similar to

he trans-isomer on Cu(1 1 0).
The adsorption of cis-1,2-dichloroethene on Cu(1 1 0) was fol-

owed as a function of exposure over the temperature range of

5–450 K. RAIRS was used to obtain chemical and molecular infor-
ation on the adlayer while TPD and MBARS were utilised to detect

he evolution of products. From these data, reaction regimes I–III
an be identified, as shown in the TPD events following 14 L expo-
ure of cis-1,2-dichloroethene to Cu(1 1 0) at 83 K (Fig. 1). Regime I,

Fig. 2. RAIR spectra following (A) increasing exposure of cis-1,2-dichloroethene o
Fig. 1. TPD spectra after adsorption of 14 L cis-1,2-dichloroethene on Cu{1 1 0} at
85 K. The main reactivity regimes shown by this system are marked.

occurring between 85 and 155 K, characterises molecular adsorp-
tion in the monolayer and the multilayer. In Regime II, the retained
monolayer undergoes desorption/dechlorination processes; and
finally, in Regime III (280–450 K), the reaction of the acetylene inter-
mediate dominates the system behaviour. Each of these reaction
regimes is described in more detail below.

3.1. REGIME I: non-dissociative molecular adsorption; 85–155 K

The RAIR spectra obtained after 0.75–8.75 L exposure of cis-1,2-
dichloroethene at 85 K (Fig. 2A) display a continuous increase in the
intensity of all IR bands, with the highest exposure corresponding
to an adsorbed multilayer. The infrared spectrum of the multi-

layer is similar to that reported for cis-1,2-dichloroethene in the
gas and liquid phase [27–30], with bands at 715, 848, 1292, 1589
and 3081 cm−1 due to fundamental modes of vibrations (Table 1).
The orientation of cis-DCE in the multilayer may be deduced by
applying the dipole selection rule to a metal surface [21]. In partic-

n Cu{1 1 0} at 85 K, (B) adsorption of 1.2 L at 177 K and the effect of heating.
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Table 1
Assignment of vibrational frequencies observed in this work and those listed in Ref. [28].

Assignment in the liquid/gas phase Normal mode description Liquid/gas phase frequency Observed on Cu{1 1 0}multilayer

�1 (A1) �s (C–H) 3077 (IR, R) vs
�2 (A1) � (C C) 1590 (IR, R) s 1589
�3 (A1) ı (C–H) 1183 (IR, R) s 1179
�4 (A1) �s (C–Cl) 714 (IR, R) s 715
�5 (A1) ı (C C) 173 (IR, R) s
�6 (A2) � (HClC CClH) 876 (R)
�7 (A2) � (C–Cl/H) 406 (R)
�8 (B1) �as (C–H) 3072 (IR) s 3081
�9 (B1) ı (C–H) 1294 (IR) s 1292
� (B ) � (C–Cl) 848 (IR) vs 848
�
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11 (B1) ı (C–Cl)
12 (B2) � (C–H)

R = infra-red; R = Raman; vs = very strong; s = strong.

lar we point out the almost equal intensities of the B1 asymmetric
asC–Cl stretch and the A1 symmetric �sC–Cl stretch at 848 and
15 cm−1, respectively, suggests that the molecular plane and the

C bond are, on average, highly tilted away from the surface plane.
his behaviour is different from that observed for trans-DCE which
hows a strong preference for adopting an orientation in which the
olecular plane and the C C bond are held parallel to the surface.

learly, the relative positioning of the Cl atoms leads to a very sig-
ificant difference in packing. However this packing difference does
ot affect the desorption temperature of the cis-1,2,DCE multilayer
hich occurs at 142 K, Fig. 1, and is identical to trans-DCE within

xperimental error.

.2. REGIME II: desorption limited dechlorination events in the
onolayer; 155–280 K

Upon heating to 177 K, desorption of the weakly held multi-
ayer occurs, leaving a more strongly adsorbed monolayer at 177 K.
ig. 2B shows that the RAIR spectrum obtained for this adlayer is
uite different from that of the multilayer, displaying a single strong
bsorbance at 742 cm−1. We attribute this band to the A1 symmet-
ic �sC–Cl stretch and suggest that the upshift in frequency from
he gas phase value arises as a result of direct interaction between
he Cl atoms on the molecule and the Cu atoms in the surface. This
ehaviour is consistent with density functional theory (DFT) cal-
ulations carried out on trichloroethene on CuPd(110) [6] where
he surface interaction is dominated by Cl–Cu bonding and leads
o a strong perturbation of the C–Cl bond. It is proposed that in
rder to maximise this interaction, the cis-1,2-DCE orients itself
ith the C C bond parallel but the molecular plane normal to the

urface allowing both Cl atoms to interact directly. Such an adsorp-
ion geometry would also explain why the A1 symmetric �sC–Cl
tretch is observed but not the B1 asymmetric �asC–Cl stretch. This
ppears to be an activated process as this adsorption symmetry is
ot observed at 85 K.

Upon increasing temperature to 223 and 263 K, changes are
bserved in the RAIRS spectra, with the molecular band at 745 cm−1

ecreasing rapidly so that it is no longer visible at the latter tem-
erature, accompanied by growth of a new band at ∼1295 cm−1.
n the basis of our previous studies of trans-DCE on Cu(1 1 0) [2]
nd using the fingerprint analysis of Sheppard [31,32], we assign
his band to the �(C C) stretch of a di-�/di-� acetylene intermedi-
te arising from dechlorination of the molecule. We also note that
he vibrational literature reported for C2H2 adsorbed on Cu sin-
le crystal surface all show a significant 1292 cm−1 peak [31–36].

rom the TPD data, Fig. 1, it can be seen that the changes in the
AIRS spectra coincide with a broad molecular desorption peak in
his temperature range. This suggests that the observed dechlori-
ation is desorption-limited, i.e. vacant surface sites to be released
o accommodate the products of a surface reaction. No desorption
571 (IR) s
697 (IR) vs

of chlorine is seen in this temperature range, suggesting that it is
still attached to the copper surface.

Regime II thus comprises of the overall following process:

xC2H2Cl2(a) → nC2H2Cl2(g) + mC2H2Cl2(a) + (x − n − m)C2H2(a)

+ 2(x − n − m)Cl(a)

3.3. REGIME III: reactions of molecular intermediates; 280–450 K

Regime III is dominated by the reactions of the surface-bound
molecular intermediates and was investigated using structural
spectroscopic studies, TPD and thermal molecular beam experi-
ments.

3.3.1. Structural studies of the adsorbed layer
RAIRS data show that at 300 K, a new species is created at the sur-

face, producing a single dominant band at 733 cm−1, Fig. 2B, closely
resembling the out-of-plane �(C–H) bending mode observed for
benzene on Cu(1 1 0) [37]. This is the major dipole-allowed mode
of a flat-lying benzene species, also seen at the same position in
related experiments using trans-DCE on Cu(1 1 0), suggesting that a
trimerisation reaction of the adsorbed acetylene has occurred. The
frequency of the out-of-plane �C–H mode is upshifted compared
to the gas-phase molecule (671 cm−1) or to adsorbed benzene on
clean Cu(1 1 0) [37] where it occurs at 685 cm−1. This increased
frequency has been directly attributed to a stronger interaction
of benzene [38] with a Cl-covered surface where the electrostatic
field of the halogen increases the local work-function, inducing
an increase in charge donation from benzene to Cu. TPD data,
Fig. 1, directly support this by showing that benzene is evolved
at a temperature of 370 K when mass 78 (C6H6) and the known
benzene fragments at amu 50, 51 and 52 desorb simultaneously
although they are not shown. In contrast, benzene adsorption is
limited to <300 K on clean Cu(1 1 0) [37] and Cu(1 1 1) [39]. We con-
clude from the increased strength of benzene chemisorption that
product formation from cyclotrimerisation is desorption-limited
on Cl-contaminated Cu(1 1 0), whereas it is reaction-limited on
clean Cu(1 1 0) [33,40]. Other possible desorption products, such
as hydrogen, hydrogen chloride or carbon-containing compounds,
are not seen.

The mechanism of trimerisation of acetylene on extended sur-
faces is thought to be similar to that observed in homogeneous
catalysis using transition-metal cluster compounds. A stepwise
mechanism, shown below is thought to occur:
2C2H2(a) → C4H4(a) Step 1

C4H4(a) + C2H2(a) → C6H6(a) Step 2
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ig. 3. Schematic of molecular beam apparatus and procedure used. The inset shows
omparison of So against temperature for cis- and trans-1,2-dichloroethene.

We were unable to observe the metallopentacycle species in the
R spectra but the data in our studies of cis- and trans-DCE are in
greement with the general mechanism shown above, with Step 1
ppearing to be the rate determining step for benzene formation.

.3.2. Molecular beam studies
Using molecular beam studies to monitor reactive adsorption

s a function of temperature provides valuable information about
ticking coefficients and general adsorption kinetics. Fig. 3 illus-
rates the apparatus and procedure used and the typical uptake
rofile obtained for adsorption of cis-1,2-dichloroethene at 296 K.
he beam enters the analysis chamber on opening flag 1 and is
otally reflected from the inert flag 2 in front of the crystal. When
his second flag is removed the beam strikes the crystal and the sig-
al decreases as adsorption proceeds. Once the surface is saturated
he signal recovers back to the level observed from reflection off
ag 2.

Sticking probability curves obtained from such MBARS data are
hown for both the trans and the cis isomer collected at 296 K.

ithin experimental error and variation of beam flux between the
wo experiments, it can be concluded that both isomers show very
imilar behaviour, namely that the initial sticking probability, S0, is
igh at ∼0.75, and the shape of the S versus time curve is indicative
f precursor adsorption kinetics.

. Conclusions

The adsorption and reaction behaviour of cis-1,2-dichloroethene
n Cu(1 1 0), studied over the temperature range 85–450 K, shows
hat the reaction of this molecule follows a reaction pathway that
s broadly similar to that exhibited by trans-1,2-dichloroethene
n Cu(1 1 0). In both cases, the reaction phase space can be
ivided into three regimes where different events occur: Regime
(85–155 K) representing molecular adsorption in the monolayer

nd the multilayer; Regime II (155–280 K) in which desorption and
echlorination occur to leave acetylene and coadsorbed Cl atoms at
he surface; and, Regime III (280–450 K) where acetylene trimerises
o benzene, which subsequently desorbs. Overall, copper is found
o be extremely effective at cleaving the C–Cl bond (observed as

[
[
[
[
[

is A: Chemical 305 (2009) 117–120

low as 220 K in our work), while the C–H bond remains intact. In
this respect, the behaviour of Cu differs significantly from group
VIII metals such as Pd(1 1 0) [13] where the ease of C–H bond fis-
sion leads to the dominance of HCl or H2 production in much of the
reaction phase diagram.
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