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Abstract: The coupling mechanism of two propyne molecules on th€lCl} surface has been studied by
means of a DFT cluster model approach. The gas-phase dimerization is highly unfavored because of the energy
cost to activate propyne by promoting molecules to the triplet state. However, on the surface, propyne is
adsorbed with a geometry very close to that of gas-phase propyne in the triplet state and, therefore, activation
of the reacting molecules does not incur any additional energy cost. Moreover, isomerization to vinylcarbene
is necessary to allow head-to-tail or head-to-head coupling resulting in 1,4- and 1,3-cyclohexadiene intermediates.
Vinylcarbene biradicals are present at the surface because the isomerization process proceeds at practically no
(thermodynamic) cost. Both head-to-tail and head-to-head interactions suggested by experiment are possible.
Both cyclohexadiene intermediates can dehydrogenate to yield benzene aiiith ld moderate energy cost.

An alternative head-to-head interaction, without interacting tails, yields twwo@cyclic intermediates which,

upon H addition, can be regarded as being responsible for the 82 amu product observed in the reaction.

. Introduction C3Hg

It has been recently reported that the coupling reactions of
propyne on Cu(111) are very different from those exhibited by
ethyne (acetylené)Ethyne on various metals surfaces (Cu, Pd, 2H
and Pd/Au) is known to trimerize to benzene through a
molecular mechanism involving a;8, intermediaté:® This
intermediate is formed by coupling two ethyne molecules, and 2, Head to tail
subsequent reaction with a third ethyne molecule ultimately
leads to benzene. The efficiency of the trimerization process CaHy

is rather high, ranging from-60% on Pd(111) to~80% on 2, Head to head
Pd/Au surfaces, and reaching almost complete stoichiometric
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conversion to benzene on Cu(110) and Cu(111) even at low MeﬂM - .
temperature$.For propyne on Cu(111) the analogous process i +2Ha 82 amu product
would lead to 1,2,4- and 1,3,5-trimethylbenzene. Indeed, these

products of trimerization are observed when propyne reacts on C, +H, [CsHgla [CHio]

TiO{001}.> One might therefore expect the same reactions
occur on Cu(11l). However, recent experimental work by
Middleton and Lambett* has shown that, contrary to the case

of ethyne, propyne does not trimerize on{Ca1}. In fact, the spectroscopy at 82 atomic mass units (amu), which corresponds
catalytic chemistry of propyne on €ull} is very different o an unsaturated¢Bl;o molecular formula. It was arguéthat

(see Figure 1). No trimerization occurs and the principal reaction this 82 amu product could be 2,3-dimethyl-1,3-butadiene,
products are benzene,,Hand a product detected by mass 5_methyl-1,3-pentadiene, and 2,4-hexadiene, only the latter being
depicted in Figure 1. Furthermore, when adsorbed propyne is

Figure 1. Schematic representation of the propyne coupling mechanism
suggested in ref 1.

T Universitat Rovira i Virgili.

* Universitat de Barcelona. co-coupled with adsorbed ethyne on{Qa1}, benzene is the
$ Universitadi Milano-Bicocca. only product! resulting from ethyne trimerization and from
E University of Cambridge. the coupling of two propyne molecules. Methylbenzene and

g; M;?r?;itog’ Fli' .Lg‘,:l‘;g;?gt’g"?pe}ﬁilr']oLftt,'\,llggsg.‘r’f’aé‘r’b'ert r . dimethylbenzenes are not formed. Therefore of 12} an

Langmuir1995 11, 3048. entirely different mechanism must operate in the case of
(3) Ormerod, R. M.; Lambert, R. M. IBurface Reaction$pringer Series propyne, which strongly favors thes€oupling product rather

Z‘ Surf. Sci., Vol. 34; Madix, R. J., Ed.; Springer: Berlin, 1994; Chapter  than the @ trimerization product. A possible mechanism for
' (4) Middleton, R. L. Ph.D. Thesis, Cambridge, 1998. the propyne reaction involving head-to-tail coupling of two
(5) Pierce, K. G.; Barteu, M. Al. Phys. Chem1994 98, 3882. propyne molecules has been proposédgure 1. That is, the
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approach of the CH group (head) of one molecule toward the
end (tail) of the other and the tail of the former to the head of
the last. This mechanism could lead to formation of a cyclo-
hexadiene intermediate, followed by, ldlimination to yield
benzene. A head-to-head, without interacting tails, mechanism
is also possible and it is suggested that this alternative mode of
interaction is responsible for the 82 amu product. The first stage
of this process is formation of a dimethyl-metallopentacycle.
However, this metallocycle cannot add a third propyne molecule
and instead undergoes other reactions such as hydrogenatioﬁ:

to G dienes. ) L . "
Th hani tined in Fi 1 ts f t of a detailed study of the gas-phase reaction including transition state
€ mechanism outlined In Figure 1 accounts for most o geometry and energy but rather to analyze the key features of this

the experimental observations although it is by no means p qcess.

intended to suggest detailed elementary steps. In fact, the direct chemisorption of propyne and vinylcarbene on{Cid} has been
approach of two propyne molecules to form the 1,3-cyclohexa- studied by means of the cluster model approdct. The CY111}
diene molecule involves the concerted transfer of two hydrogen surface has been modeled by a,£12,7,3) cluster model, Figure 2.
atoms. Such a concerted process is rather unlikely and theThis cluster is a section of the ideal i1} surface with a CtCu
reaction probably proceeds via a sequence of elementary stepsiearest neighbor distance taken from the bulk and equal to 2.551 A;
Moreover, it is quite clear that the interacting molecules need the cluster geometry has been held fixed in all subsequent calculations
to be distorted form the linearity imposed by the triple bond [[?]‘_’O"’l'”% adso(jrbaée(?gc;mtetry °pt!m'zat'ﬁ_”-h':°”°‘t"””§: pggvuouds_f}/vork,t
for cydlization to benzene to occur. For ethyne trimerization |20 iy 2ol 2o ictined by the three most internal atoms of
on Pd(111), the interplay of theory and experiment confirmed Y g y

h d hanist icul he th ical vsi the surface layer whereas the rest of the atoms defineutezregion.
the proposed mechanishin particular, the theoretical analysis  aioms in thelocal region are described by a relativistic, small core,

of the vibrational frequencies of a8, intermediate adsorbed  gffective core potential, ECP, which treats explicitly th&3pe3dio4st

on a surface cluster model corroborated the assignment ofvalence electrons of each Cu atéhthese electrons are described by
frequencies on the HREELS spectrum to this intermediate, thusthe standard, LANL2DZ, doubl&basis set of Hay and Wadt also taken
supporting the proposed catalytic mechanism. Therefore, usefrom ref 14. The remaining cluster atoms are described with a more
of theoretical models should be of value in elucidating the extended ECP that leaves just one 4s valence electron per CéPatom
mechanism of propyne coupling: this is the aim of the present @nd a minimal basis set. This constrained description of the system is
work. To this end we have performed first principles Density imposed by the necessity of.performlng a full geom_etry optimization
Functional Theory, DFT, cluster model calculations for the ©°f adsorbed propyne and vinylcarbene geometry in the absence of
various species involved in the coupling mechanism. The presentsymnm.etry elements. The determination of the geometry of the cyclo-

. . .~ "hexadiene structures arising from the head-to-tail, HT, and head-to-
approach Star_ts W'Fh a study of the gas-phase reaction Wh'_Chhead, HH, mechanisms is computationally even more demanding. On
allows us to identify some key features of the process, in the other hand, basis set requirements on DFT calculations are less
particular, the requirement for a highly distorted geometry in stringent than those concerning ab initio wave function based methods.
the reacting propyne molecules and the possibility of an Therefore, the present calculations are thought to provide a semiquan-
alternative pathway via vinylcarbene (although vinylcarbene will titative view of the various reaction paths rather than an exhaustive
be used to refer to this radical we must point out that strickly and quantitative description of the energy of each elementary step.
Speaking one should refer to this Species as biradical propene- All calculatio_ns were carr_ied out using the Gaussian-94 suite of
1,3-diyl). The study of these gas-phase reactions provides aduantum chemical computational prografs.
better understanding of the role played by the surface. Next,
we describe the adsorption properties, geometry, and energy oflll. Gas-Phase Dimerization of Propyne
adsorbed propyne and vinylcarbene; finally, the different
coupling mechanisms of two adsorbed propyne molecules are
discussed.

igure 2. The Cuyx(12,7,3) cluster model used to represen{ CLL} .

The coupling of two propyne molecules requires distortion
from the linear geometry of the isolated molecule imposed by
the carbon-carbon triple bond. Two possible ways to activate
propyne are considered. The first is a promotion to the first
ll. Computational Details triplet state, whereas the second involves an intramolecular

. hydrogen transfer to form vinylcarbene, a biradical species,
For the gas-phase reaction between two propyne molecules (or two

propyne derived biradical species) ab initio all electron DFT calculations  (10) Bagus P. S.; lllas, F. The Surface Chemical Bond. Time
have been carried out within the B3LY¥®Pmodel for the exchange- Encyclopedia of Computational Chemist8chleyer, P. v. R., Allinger, N.
correlation functional and the standard 3-2X&ussian basis set. The L., Clark, T., Gasteiger, J.,Kollman, P. A., Schaefer, H. F., IlI, Schreiner,

aim of these calculations is to explore the different reaction paths and - (Fil)%lelfmtgr?hg Vﬁ/i-leyaﬁgsﬁnssﬂrfcggihﬁf)riggg'zig?% Vol. 4, p 2870.
more specifically the thermodynamic feasibility of the gas-phase (12) Pacchio’ni,' G.Iiieterog’]eneou's Chem. ReL096 2 213.

reac_tion. To th_is end, B3LYP calculations have been carried out to  (13) Curulla, D.; Clotet, A.; Ricart, J. M.; lllas, Fl. Phys. Chem. B
obtain the optimum geometry and energy of propyne and of the 1999 103 5246.

vinylcarbene biradical. Both singlet and triplet multiplicities have been  (14) Hay, P. J.; Wadt, W. Rl. Chem. Phys1985 82, 270. _
considered for propyne, whereas for the vinylcarbene biradical only _ (15) Bagus, P. S.; Bauschlicher, C. W., Jr.; Nelin, C. J.; Laskowski, B.

- . DA +r C.; Seel, M.J. Chem. Phys1984 81, 3594.
the triplet state was considered, to avoid difficulties connected with (16) Frisch, M. J.: Tracks, G. W.; Schlegel, H. B.; Gill, P. M. W.:

the description of open shell singlets by means of a single Kohn  jonnson. B. G.: Robb. M. A.- Cheeseman. J. R.: Keith. T.: Petersson. G.
Sham determinant. The purpose of these calculations is not to providea ; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.;

(6) Pacchioni, G.; Lambert, R. Msurf. Sci 1994 304, 208. Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
(7) Becke, A. D.J. Chem. Phys1993 98, 5648. Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;

(8) Lee, C.; Yang, W.; Parr, R. Ghys. Re. B 198Q 37, 785. Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
(9) Binkley, J. S.; Pople J. A.; Hehre, W.JJ Am. Chem. Sod 980, Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian 94, Revisions D.4 and

102 939. E.2; Gaussian, Inc.: Pittsburgh, PA, 1995.



Catalytic Coupling of Propyne on §a11}

J. Am. Chem. Soc., Vol. 122, No. 31, 200575

H

AN H H
H
T/ " \, < IRUIAN cﬁ
¢ —— \ / a6 e
|l| $=¢ ’ H 110
! i lc" ur N —sH
. c H s 130° ~VH
1.49
2 Propyne 2 Propyne (T) 106 | L0 c=¢
H 133
(a) (b)
H H H 128° H
N H H A 137 K7
o\ \ / 1.38
eC —H ¢=¢c 126 -
/ N c—H
’C
H \t’u us
2 Vinylcarbene or 2 Vinylcarbene (TS) H
(c)
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Figure 3. Schematic representation of the reaction gas-phase reaction

path involving coupling of two propyne molecules. The energy necessary to promote propyne from the singlet

to the triplet state at the 3-21G/B3LYP level of theory is quite
high, 3.75 eV, and well above the energy of the vinylcarbene
biradical which lies 2.25 eV above the ground-state structure.
However, once propyne triplet or vinylcarbene are forntoexdh

the HT and HH couplings are rather favorable processes.
Moreover, the energy of these intermediates is only 0.04 or 0.02
eV above the energy corresponding to benzene plgsaH
schematic representation of this energy profile is given in Figure
5. From this energy profile it is clear that while the coupling
reaction is thermodynamically favorable, the formation of the

- Lo - ~intermediate precursors requires very high energies so that the
pathway indicated in Figure 3 are of interest because, as will

rocess is hindered. The study of the gas-phase reaction also
be shown later, they are closely related to the structure of thesep y gasp

‘ shows that once propyne is activated the coupling reaction is
same species adsorbed on{CLL . The 3-21G/B3LYP geom- gy exothermic. The fact that the reaction occurs with very

etry of the carbon chain of gas-phase propyne in its closed shell,; 5 ctivation energy on the @a11) surfacé indicates that the
electronic ground state is linear, as expected, whereas thatge of the surface is to activate the propyne molecule at a low-
corresponding to the triplet is highly deformed with the three onorqy cost. Results presented below show that this is indeed

carbon atoms forming an angle of I36igure 4. Also indicated  {he case, and that the geometry of adsorbed propyne is close to
in Figure 4 is the optimized geometry of the triplet vinylcarbene 1, corresponding to the triplet state of gas-phase propyne.
biradical. Optimization of the geometry in the closed shell singlet

state yields cyclopropene and the open shell singlet has not been .
considered because (i) the singitiplet difference is not V- Propyne Coupling on the Cu{111; Surface
significant within the scope of the present work and (ii) the

proper description of the open shell singlet requires more that
one Slater determinant, and cannot be currently treated in theg, o important features, Figure 6. In particular, it closely

Kohn—Sham implementation of DFT. For the biradical, a8 esemples the structure of chemisorbed etiirteraction with

nonplanar structure is also obtained, but this corresponds to 3he surface destroys the linearity imposed by the triple bond,
transition state involving rotation of the methylene group along

the C-CH, axis with a barrier of 0.82 eV.

Figure 3. Both triplet propyne and triplet vinylcarbene can be
HT or HH coupled to yield 1,3- and 1,4-cyclohexadiene, which
after H; elimination lead to benzene. A schematic representation
of this gas-phase mechanism is presented in Figure 3. The
hypothesis of the vinylcarbene biradical arises naturally from
the need to avoid a double hydrogen transfer, in one or two
steps, to obtain the cyclohexadiene species by direct coupling
of two triplet propyne molecules.

The geometries of some of the species involved in the reaction

The optimized structure of propyne (singlet state) on thg Cu
cluster model used to represent the{ Cll} surface exhibits

(17) Clotet, A.; Pacchioni, GSurf. Sci 1996 346, 91.
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Figure 7. Top and side view of the optimized geometry of vinylcarbene
adsorbed on Gu11}; the relevant distances (A) and angles (deg) are
schematically shown at the bottom of the figure.

Figure 6. Top and side view of the optimized geometry of propyne
adsorbed on QU11}; the relevant distances (A) and angles (deg) are
schematically shown at the bottom of the figure.

the molecule is strongly bent, and the main interaction involves
atoms in the local region of the cluster surface model. The close
agreement between the present calculated;,124d experi-
mental (photoelectron diffraction), 128 C—C—C bond angle

for chemisorbed propyne indicates that the present approach is
a reliable one. More importantly, the observed geometry of
chemisorbed propyne is remarkably close to that obtained for
the gas-phase propyne in the triplet state: compare the
geometries indicated in Figure 4 and Figure 6. With the present Figure 8. Top and side view of the optimized geometry of the head-
model and method, the adsorption of propyne is slightly to-tail, HT, 1,4-cyclohexadiene intermediate arising from the coupling
exothermic,—0.22 eV, thus below the energy of &uplus of two vinylcarbene species adsorbed or{ Cid}.

propyne. This interaction energy can be viewed in a two-step
process; 1%the cost to distort propyne to activate the molecule,
+3.24 eV, and the gain obtained by allowing thistivated
molecule to interact with the surface3.46 eV. This is because
the distortion of the singlet is less important than that to obtain
the optimized geometry of the triplet (for the same structure,
the biradical singlet should be above in energy).

Now, let us consider the chemisorption of the vinylcarbene
biradical. In this case the gas-phase molecule is already distorted
from the linear geometry and ready to interact with the substrate
but the interaction with the surface induces noticeable changes
in the structure, Figure 7. Nevertheless, the interaction energyFigure 9. Top and side view of the optimized geometry of the head-
is quite large and the geometry of the adsorbed biradical is to-he.ad, HH, intermediate arising from the coupling of two vinylcarbene
similar to that of the gas-phase species, except for the tilting of SPecies adsorbed on C1LT}.
the hydrogen atoms of the methylene group toward the vacuum,
to decrease the Pauli repulsion with the surface. The interaction  Haying obtained the structures of isolated chemisorbed

energy with the surface is large2.70 eV, and itis even larger  nropyne and vinylcarbene species, calculations were carried out
|f_one_ considers the energy cost to distort the geometry of the ;5 4 pair of these species on the model surface, in both HT
biradical from that corresponding to the gas phase43 eV.  ang HH orientations. The resulting chemisorbed structures are
Hence, the interaction energy with respect to the hypothetical o course larger than the single species and extend somewhat
activated vinylcarbene is—4.13 eV. Taking into account the  peyond the local region. This may introduce some uncertainty
energy necessary to obtain the biradical from propyr.25 in the calculated energies, but we do not expect that qualitative
eV, the interaction energy with respect to gas-phase propynechanges in the structures or energy profile would result from
plus Cuy, is —0.45 eV. Therefore, it is very possible that e yse of a larger local region. Such calculations are beyond
adsorbed propyne spontaneously isomerizes to adsorbed vinylq present computing facilities. For the HT and HH coupling
carbene at finite temperatures. mechanism involving two vinylcarbene radicals the optimization
(18) Toomes, R.: Bradshaw, A. M.: Lindsay R, Woodruff, DJrchem, ~ 9€ometries lead to 1,4-, Figure 8, and 1,3-cyclohexadiene, Figure
Phys.Submitted for publication. ' ‘ 9, intermediates suggested by Middleton and Lambert, Figure
(19) Hermann K.; Witko, M Surf. Sci 1995 337, 205. 1. Both cyclohexadienes are stable on the (luster model
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of Cu{ 111}, with the 1,4-isomer more stable than the 1,3-isomer, Interm. HH (ads.) Interm. HT (ads.)

in agreement with experimental eviderdcBoth intermediates i ) ]
are stable with respect to dissociation to gas-phase benzene plu§igure 11. Schematic energy profile for the head-to-head and head-
H,, by 0.51 and 0.46 eV, respectively. Therefore, the energy to-tail mechanisms for propyne coupling on the{Cl1} surface.

cost to transform to the final products is relatively low so that

the reaction may be expected to occur under experimental .y ciohexadiene that can decompose to benzene and hydrogen
conditions (<200 K). The energy cost required to obtain the \vithout a large energy cost.

final products from the cyclohexadiene intermediates is con-
sistent with the relatively low conversion of propyne to benzene
on Cy 111}, ~10% of the initial propyne overlayéimoreover,
cyclohexadiene intermediates could be hydrogenated to cyclo-
hexene, which is also a 82 amu product. The identity of
cyclohexene as the 82 amu product was rejected because th

V. Summary

The coupling mechanism of two propyne molecules on
Cu{111} has been studied by means of a DFT cluster model
; > . %pproach. The gas-phase reaction has also been studied. It is
desorption profile and mass spectral fragmentation pattern Ofshown that the gas-phase reaction reveals key features of the
cyclohexene are very different from that of the 82 amu product. g, tace_catalyzed process. The results provide a rather complete

Additional calculations were carried out starting the geometry view of the coupling mechanism and lend further support to
optimization procedure of either two propynes or two vinyl- the mechanism suggested by Middleton and Lamberith
carbenes but only interacting by an extreme of each molecule. some minor modifications, mainly involving participation of the
HH, HT, and TT couplings are all possible. These adsorbed vinylcarbene biradical species. This biradical appears in a natural
noncyclic-C6 intermediates could yield some 82 amu products way when the same coupling reaction is studied in the gas phase
after hydrogenation. Both propyne and vinylcarbene HH (vide infra). The gas-phase dimerization process is highly
coupling would produce 2,4-hexadiene. Propyne TT and HT disfavored by the energy cost required to promote propyne to
coupling would generate nonlinear dienes, 2,3-dimethyl-1,3- the triplet state. Moreover, isomerization to vinylcarbene is
butadiene and 2-methyl-1,3-pentadiene, respectively. Vinyl- necessary to allow head-to-tail or head-to-head coupling result-
carbene TT and HT coupling would yield linear dienes, 1,5- ing in 1,4- and 1,3-cyclohexadiene intermediates. On the Cu
hexadiene and 1,4-hexadiene, respectively. Among these sixsurface, propyne is adsorbed in a geometry very close to that
possibilities, only the corresponding HH coupling intermediates of gas-phase propyne in the triplet state and, therefore, activation
are obtained in the minimization process. These adsorged C  of the reacting molecules does not incur any additional energy
intermediates are schematically reported in Figure 10. The cost. In addition, vinylcarbene biradicals may form at the surface
existence of these two adsorbed species adds further support thecause the isomerization process proceeds (thermodynamically)
the suggestion of 2,4-hexadiene as the resulting hydrogenatedyith no additional energy cost. Both head-to-tail and head-to-
82 amu product. In addition, this is also in agreement with the head interactions suggested in ref 1 are possible. Both inter-
mechanism suggested by Middleton and Lambefhese  actions readily lead to cyclohexadiene (1,4-cyclohexadiene and
adsorbed gnoncyclic species are considerably more stable than 1,3-cyclohexadiene) which can dehydrogenate to yield benzene
two adsorbed isolated propyne or vinylcarbene molecules, and H at moderate energy cost. Moreover, cyclohexadiene can
although they are energetically less favored than the HT and hydrogenate to cyclohexene which is a 82 amu species, but this
HH cyclohexadiene intermediates. possibility was rejected because the desorption profile and mass

A rather complete picture of the coupling reaction thus spectral fragmentation pattern of cyclohexene are very different
emerges, at least from a thermodynamic point of view. A from that of the 82 amu product. In addition, head-to-head
schematic representation of the energy profile is presented in(without interacting tails) interaction yields twos@oncyclic
Figure 11. From this profile it is clear that the highest energy intermediates which, upon addition of adsorbed hydrogen, result
corresponds to the reactants, two propyne molecules plus thein the experimentally observed 82 amu product (2,4-hexadiene).
surface cluster model, and that every subsequent process lowers The present study focuses on the energy profiles calculated
the energy. The adsorption of two noninteracting propynes by means of a cluster model and is not free from computational
lowers the energy by 0.5 eV, transformation to two noninter- and physical limitations. While improving the level of calcula-
acting vinylcarbene represents an additional gain-6f5 eV, tion may lead to some variations in the energy profile, it is most
and HT or HH interaction of these biradicals decreases the unlikely that qualitative changes would result. A complete
energy by almost 2.5 eV resulting in rather stable adsorbed description of the reaction requires determination of the various
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isomers and transition state structures, as well as the energyinteresting heterogeneously catalyzed reaction that has many
barriers between the different steps. Adsorbed structures otheranalogies in homogeneous cataly4is.

than propyne and vinylcarbene are not totally excluded. In this

respect, propyne exhibits a much richer surface chemistry than ) )
ethyne and other mechanisms are possible, at least in principle. Acknowledgment. The authors acknowledge financial
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