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Ab Initio Reaction Path Analysis of Benzene Hydrogenation to Cyclohexane on Pt(111)
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First-principles density functional theory calculations were performed to obtain detailed insight into the
mechanism of benzene hydrogenation over Pt(111). The results indicate that benzene hydrogenation follows
a Horiuti-Polanyi scheme which involves the consecutive addition of hydrogen adatoms. A first-principles-
based reaction path analysis indicates the presence of a dominant reaction path. Hydrogenation occurs
preferentially in the meta position of a methylene group. Cyclohexadiene and cyclohexene are expected to be
at best minor products, since they are not formed along the dominant reaction path. The only product that can
desorb is cyclohexane. Along the dominant reaction path, two categories of activation energies are found:
lower barriers at~75 kJ/mol for the first three hydrogenation steps, and higher barriers88fkJ/mol for

steps four and six, where hydrogen can only add in the ortho position of two methylene groups. The highest
barrier at 104 kJ/mol is calculated for the fifth hydrogenation step, which may potentially be the rate-determining
step. The high barrier for this step is likely the result of a rather strongl G Pt interaction in the adsorbed
reactant state (1,2,3,5-tetrahydrobenzene*) which increases the barrdblyd/mol. Benzene and hydrogen

are thought to be the most-abundant reaction intermediates.

aromatics. Most kinetic models assume a sequence of hydrogen
addition steps, from benzene to cyclohexadiene to cyclohexene

The hydrogenation of benzene over transition metal catalysts 54 1o cyclohexane, though from Figure 1 it is clear that
is the archetypical model probe reaction that is used to test the,jiernative pathways are also possible. On the basis of radiotracer
aromatic hydrogenatlon functionality of the catalyst. In addlpon,_ studies, Paal and Tetenyi suggest that hydrogenation proceeds
the hydrogenation of benzene as well as other aromatics isin 5 random fashiohor via a reaction path that does not pass
industrially relevant for a number of critical steps in petroleum i5 ¢y clohexené.Experimentally, little cyclohexene formation
refining and downstream chemical processing. Fuel quality as ig gpserved during benzene hydrogenation over transition metal
well as environmental concerns continue to impose stricter limits catalysts, except for Ru-based procegéeansistent with the

on the aromatic content of fuelsAlso for the production of
cyclohexane, a base chemical for nylon 6,6, benzene hydrogenas

reaction path proposed by Tetenyi and Paattually, for the
Six sequential hydrogenation steps in benzene hydrogenation,

tion is the major process. Moreover, hydrogenation reactions 14 possible reaction paths can be proposed (Figure 1). The actual

have been found to be structure-insensifitberefore studies

number of possible reaction paths is even higher (about 180),

on model surfaces can provide valuable information, applicable gjnce the symmetry of the adsorbed species is lower than the

to real industrial catalysts. For these reasons, many kinetic and
surface science studies have addressed the hydrogenation of
benzene, as well as the adsorption and dehydrogenation of the
possible reaction intermediates, cyclohexadiene, cyclohexene
and cyclohexane:34

Despite this large database of experimental studies, a detaile
picture of the mechanism of benzene hydrogenation is still

symmetry of the gas-phase molecules.

In addition to the complexity of the reaction network, there

is no concensus on the nature of the rate-determining step for

this process. Some researchers propose that the addition of the

erSt hydrogen is the rate-determining step, since it “breaks the
romaticity” (e.g., ref 5), while others suggest that the fourth

step may be rate-determinifigdther studies have proposed a

lacking. The rather large number of hydrogenation steps reSU|tSkinetic model without invoking a rate-determining stehor

in a large number of possible reaction paths. This complexity
is illustrated in Figure 1. Earlier studies indicate that benzene
hydrogenation follows a Horiuti-Polanyi mechanigi.e.,

hydrogenation occurs sequentially. Various kinetic models have
been proposed to capture the kinetics for the hydrogenation of

allowed for a linear distribution of activation energies between
the first and the sixth hydrogenation step.

The large number of possible reaction paths makes it difficult
to put forward a most likely reaction path and establish the
presence and location of a rate-determining step based on
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Figure 1. Possible reaction paths for the hydrogenation of benzene to cyclohexane. Possible reactive intermediates are indicated with the acronyms
that are used in this text. The dominant reaction path is indicated in boldface. The calculated hydrogenation and dehydrogenation activegtion energi
are indicated. The energy values are given in kJ/mol.

success of this approach has motivated us to try to elucidatedouble& quality and constructed from Slater type orbitals (STO).
the complex mechanism of benzene hydrogenation using aThe innermost atomic shells were kept frozen and replaced by
reaction path analysis based on DFT calculations. a fully relativistic core density. The Pt(111) catalyst was

Previously, we have studied the adsorption of benFeaed modeled by a two-layered Btcluster with 14 atoms in the top
1,4-cyclohexadierté on Pt(111), as well as the first two layer. The P+Pt distance was constrained at the bulk value of
hydrogenation steps of benzene to cyclohexadiene and the277 pm?® Adsorption and reaction were studied on the central
dehydrogenation of benzefein detail using cluster DFT  atoms of the top layer of this cluster. All these calculations were
calculations. The results of these first principles studies were carried out using the Amsterdam density functional (ADF2000)
compared directly and indirectly to surface science data, showingcomputational prograrft. In previous publications we have
gualitative as well as quantitative agreement. These theoreticaldemonstrated that this approach yields reasonably accurate
benchmark studies indicate that the selected theoretical procevalues for benzen¥, cyclohexadienél'2 and cyclohexerié
dure can be used with some confidence to study the full reactionadsorption enthalpies, as well as for cyclohexadiene dehydro-
path from benzene to cyclohexane. genation activation energié3both in comparison with fully

A number of fundamental concepts for the analysis of periodic slab calculations or with experimental data. The
catalytic reaction mechanisms were introduced and reviewedaccuracy of DFT for the prediction of adsorption energies and
recently by Boudart® These concepts are the following: the activation energies is often stated to be within-20 kJ/mol
catalytic cycle; the rate-determining step (RDS) for a reaction of reported experimental values, though relative values are often
which is “far from equilibrium” in the catalytic cycle as found to be more accurafe.
compared to the other steps in the mechanism; and the most- Transition state structures were located in four steps. First, a
abundant reaction intermediate (MARI) which allows a sim- series of calculations is performed to map out a portion of the
pIification of the site balance. Here, we will use ab initio density potentia] energy surface. This is done by examining a series of
functional theory to assess these concepts for the constructionstructures along the linear transient between the reactant and
of a fundamental kinetic model for the hydrogenation of mono- product states. The reaction path involves the breaking-6€Pt
aromatic molecules. In particular, the following questions will and P+H bonds and the formation of a-&H bond. A series
be addressed: of states that lie at-10 pm increments along the linear path

« From the many possible reaction paths, is there a dominantpetween the reactant and product state was chosen as starting
path along which activation energies are lower than along any structures to examine the potential energy surface. Thel C
other or does hydrogen addition occur in a random fashion? distance is constrained at each of these steps, while all other

* Along the dominant reaction path, can a RDS be located? internal coordinates are optimized. This leads to a first-order

« From an analysis of the enthalpy profile along the dominant approximation of the transition state geometry. The resulting
reaction path, is there a reaction intermediate significantly more geometry is then used as input to a more rigorous eigenmode

stable, so that it can be considered the MARI? following search strategy to isolate a true transition state. At
) this point, it is checked that the Hessian has one and only one
2. Computational Methodology negative eigenvalue. To verify the transition state that was

The selection of an adequate quantum chemical method forlocated indeed corresponds to the desired reaction, the path from

modeling adsorption and reaction on the catalyst surface is notthe transition state to the products and to the reactants was
an easy task and is limited by the accuracy that one can gain intraced, using the intrinsic reaction coordinate method. To gain
a higher level theoretical treatment at the expense of the losscomputational efficiency, up to this point all the calculations
of description of the catalytic surface. An optimal ab initio Were performed on smaller constrained model clusters. The
approach to the study of the hydrogenation of benzene wasresulting transition state geometry is then used as an initial guess
found to be relativistic density functional theory (DFT) with in an eigenmode following transition state optimization on the
the Becke Perdew (BP86) functioffalwhich enables us to  large Pi model cluster. The approximate Hessian of the
examine Pt clusters large enough to contain the adsorption site'esulting transition state is verified to have one and only one
as well as the local coordination about the active site. Scalar hegative eigenvalue.

relativistic effects were included through the zero-order regular  Accurate reference gas-phase enthalpies of formation for the
approximation (ZORA) Hamiltoniaf® Basis sets were of reaction intermediates were calculated using the atom additivity
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TABLE 1: Gas-Phase Enthalpy of Formation and
Adsorption Energies for Different Possible Reaction
Intermediates (kJ/mol)

Saeys et al.

energieso map theenthalpydiagram, the BP86 values are also
given. Deviations up to 90 kJ/mol (cyclohexane) can be found.
For benzene (B), cyclohexadiene (13CHD and 14CHD), cy-

moleculé BP8® CBS-QB3* expt? calculated adsorption energy  clohexene (CHE), and cyclohexane (CHA), both CBS-QB3*

B 83 82 829405 —102 (bridge) and experimental values are listed. For B, CHE and CHA, the
=71 (hollow) CBS-QB3* values are in good agreement with the experimental

Ha 0 0.0 —94 (top) data. For these molecules we prefer to use the experimental

H 231 218 :ggérzgls)w) values, since the reported experimental uncertainty is better than
—261 (holiow) the MAD of the CBS-QB3* method. For 14CHD, two incon-

BH 187 204 —229 sistent experimental values were foldlhe higher value is

13CHD 79 110  104.6+£0.7 —lfSZ(bii%gfidi \ in good agreement with the ab initio value, but the lower value
147 (Twlléw) i deviates significantly. We therefore prefer using the CBS-QB3*
—75 (bridge, enthalpy of formation for 14CHD. Also for 13CHD, we prefer

2,3w—1,4-di0) to use the CBS-QB3* values, to be consistent with the nearly

14CHD 84 111 1026‘9* 3.5 —146 (bridge) thermoneutral cyclohexadiene isomerization enth&lior the
—142 (hollow) radical intermediates no experimental enthalpies of formation
—88 (bridge, dis) were found in the NIST Chemistry WebBo#k.

13DHB 285 325 —370 Next, adsorption energies will be reported for the possible

gﬂ:g 1312 gi :ggi reaction intermediates. In combination with the accurate standard

135THB 411 472 _526 gas-phase enthalpies of formation of Table 1, a reaction enthalpy

CHE —64 -3  —43+1.0 —81 (boat die) diagram can be constructed using eq 1

1235HB 204 271 —333

i_zrg;lB 3071 2715 :igg AH (surface)= AH,(gas phase) E, {react,DFT+

CHA —214 —124 —123.1+0.8 —27 (hollow) E,q{prod,DFT) (1)

aThe acronyms refer to Figure 1AH; were calculated from the
standard reaction enthalpy of-B%-H, — BHj, using the experimental

where AH,(surface) is the surface reaction enthalpy:(gas
AHs values of gas-phase benzene and hydrogen.

phase) is the experimental or CBS-QB3* ab initio gas-phase
reaction enthalpy andE,{X,DFT) is the DFT ab initio
adsorptionenergyfor X.

The adsorption of cyclic €molecules has been the subject
of a number of surface science and DFT studfeg In
particular, the adsorption of stable molecttésydrogen, ben-

This section has been split into two parts. In the first part, zene, CHD, CHE, and CH#Ahas received considerable atten-
the adsorption enthalpies of the different possible reaction tion. In the following discussion we will mainly focus on these
intermediates and the resulting reaction enthalpy diagram arespecies. For most of the molecules, different adsorption modes
discussed. The adsorption enthalpies are compared with avail-have been found both experimentally and theoretically. Ab initio
able experimental values. Analysis of the enthalpy diagram may calculations can help to elucidate the sometimes complicated
provide some information about possible rate-determining stepsadsorption behavior. The experimental data also allow a
and most-abundant reaction intermediates (MARI). In the secondvalidation of the selected theoretical approach. However, since
part, we present ab initio activation energies to further discrimi- the focus of this paper is the reaction path analysis, we will
nate between the possible reaction paths and assess potenti@nly review the major conclusions of the adsorption studies and
rate-determining steps. discuss the resulting enthalpy diagram in more detail. A more

3.1. Enthalpy Diagram. Most theoretical studies of catalytic ~ in-depth discussion of the adsorption process can be found
reactions use DFE&nergiesto map theenthalpydiagram of the elsewherg?®11.13
reaction. For reactions such as benzene hydrogenation which Benzene adsorptiois the first step of the hydrogenation
consist of a significant number of consecutive elementary steps,reaction path and was studied extensiv@lBenzene was found
the neglect of zero-point energies and to some extent of thermalto adsorb at two sites on the Pt(111) surface: at the bridge(0)
corrections may lead to an important accumulation of errors in and the hollow(30) site with adsorption energies-df02 and
the calculation of the reaction enthalpies. The accuracy of the —71 kJ/mol, respectively. Temperature-programmed desorption
enthalpy diagram can be substantially improved by using studies have also reported two adsorption modes with adsorption
accurate gas-phase enthalpies of formation for the reactionenergies around-120 and—85 kJ/mol** Recently, Morin et
intermediates as reference points. For some of the reactional.’® studied benzene adsorption on Pt(111) using periodic DFT
intermediates in Figure 1, accurate experimental enthalpies ofcalculations on a large six-layered slab model. Their best
formation are available. However, for many of the radical adsorption energies of, respectivetyl00 and—73 kJ/mol for
species, experimental data are lacking. For these speciesthe bridge and the hollow site are in excellent agreement with
accurate enthalpies of formation can be calculated using theour findings. Thermodynamic considerations and comparison
atom additivity corrected CBS-QB3 method, CBS-QB3#8 of the calculated vibrational spectra with experimental data
Previously, it was demonstrated that the CBS-QB3* method revealed that adsorption at the bridge site is preferred at low
succeeds in predicting standard enthalpies of formation of coverage. At higher, catalytically more relevant coverages, the
hydrocarbons with a mean absolute deviation (MAD) of 2.5 experimental spectra change dramatically and rather closely
kJ/mol#” Table 1 lists the standard gas-phase enthalpies of match the ab initio spectrum of benzene adsorbed at the hollow
formation for the reaction intermediates. The abbreviations usedsite. This change in site preference might be due to repulsive
in Table 1 correspond to the definitions given in Figure 1. To interactions between adsorbed species. Benzene adsorbed at the
illustrate the potential deviations that can result when using DFT hollow sites can adsorb in a much more compact way without

corrected CBS-QB3 methdd#8 These calculations were per-
formed with the Gaussian98 quantum chemistry progtam.

3. Results and Discussion
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Figure 2. Enthalpy diagram for possible reactive intermediates during the hydrogenation of benzene. For species with different adsorption modes,
only the catalytically significant mode was included.

overlap of the van der Waals spheres, which would lead to large  Five different adsorption modes have been found for GHE.
repulsive interactions, as compared to benzene adsorbed at th&@he favored geometry, boat-di-has a calculated adsorption
bridge sites’ Moreover, the DFT calculations also revealed that energy of—81 kJ/mol, in fairly good agreement with a reported
hollow-site benzene has a low energy barrier for diffusies ( experimental value of-72 kJ/mol®
kJ/mol) and is therefore very mobile, whereas benzene adsorbed The CHA adsorptionenergy of —27 kJ/mol is low as
at the bridge site has a much higher energy barrier for diffusion compared to experimental values (arour88 kJ/mol)20-22
(~50 kd/mol)1° The corresponding entropy difference between CHA interacts with the catalyst via 3-€H--+Pt bonds. This
the two adsorption modes might also favor the hollow-site type of weak interaction has been shown to be at least in part
species at higher temperatures. due to dispersive forcéd,which are not treated accurately by
Hydrogen adsorptioon Pt(111) is one of the most studied DFT.* Though similar interactions are also found for other
systems, both experimentally and theoretically (e.g., ref 12). molecules discussed here, it is far more important for closed
Hydrogen dissociatively adsorbs, forming two coadsorbed shell alkanes such as CHA.
hydrogen atoms. At low coverages, dissociative adsorption The radicatz-allylic cyclohexenyl (123THB)as been found
enthalpies betweer60 and—90 kJ/mol have been reported. to be rather stable during the dehydrogenation of E¥4§25-28
Surface science and most theoretical studies indicate that theand CHA°2529 and has been characterized by HREEE3
resulting hydrogen atoms sit at fcc hollow sites. However, both SFG28 and RAIR® spectroscopy. The calculated geometry of
experiment and theory find that atomically adsorbed hydrogen the adsorbed cyclohexenyl species (Figure 3) can be compared
is highly mobile. Indeed, DFT studies report a very small qualitatively with the spectroscopic data. Two distinct bands
difference between the adsorption energies for the hollow and are found in the &H stretching region of the RAIRS and SFG
for the top site £5 kJ/mol)5! Our calculations yield a low  spectra of 123THB. Manner et #.assigned the lower peak
coverage dissociative adsorption energy-@&5 kJ/mol for the (at 2846 cm?) to a symmetric Chistretch of the two symmetric
hollow site and of—94 kJ/mol for the top site, in agreement methylene groups. This frequency is slightly lower than the
with the lower range of the experimental adsorption energies, symmetric CH stretching frequency in cyclohexene (2846 vs
and confirm the high mobility of the adsorbed hydrogen atom, 2864 cnt?), consistent with the slightly longer (weaker)-€l
with a diffusion barrier of only 5 kJ/mol. bond length (111.3 pm) found in the calculation. A correlation
14CHD adsorptionwas discussed in detail in ref 11. Three between calculated -€H bond length and the frequency shift
possible adsorption modes were identified: quadeaaisorption has also been observed for adsorbed 14GHMore impor-
at the bridge site with an adsorption energy-ef46 kJ/mol, tantly, Manner et al. assigned the sharp high-frequency peak
a-di-o bonding at the hollow site with a slightly lower (at2930 cm?) as indirect evidence for an agostic, i.e., hydrogen-
adsorption energy of 142 kJ/mol, and a die mode at the bridge ~ bond like, C-H-:-Pt interaction. Such an interaction is clearly
site with an adsorption energy of ony88 kJ/mol. On the basis  found in the calculated structure (Figure 3). Unfortunately, no
of semiempirical valence bond theory, Koel etl@lhave softened mode vibrations were observed in the experimental
proposed a value of 144 kJ/mol for the adsorption energy. spectrum, probably because the band is too bfo&dch modes
No experimental values are available because CHD readily would provide more direct evidence for a-HPt interaction.
dehydrogenates during temperature-programmed reaction (TPR). In general it can be concluded that DFT provides a reasonably
Also three adsorption modes were identified for 13CHD:  accurate description of the adsorption of unsaturated hydrocar-
1,27-3,4-di-o adsorption at the bridge site is the preferred mode bons on Pt(111), with adsorption energies typically withir-10
with an adsorption energy of-155 kJ/mol; 1,4-dis-2,34 20 kJ/mol of experimental data.
adsorption at the hollow site has an adsorption energylaf7 The data in Table 1 allow the construction of an enthalpy
kJ/mol. Ring strain makes 1,4-di2,3+r adsorption at the bridge  diagram for the possible surface intermediates (Figure 2). To
site unfavorableHags = —75 kJ/mol)*3 simplify the diagram, only the enthalpy levels for the preferred
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Figure 3. Three reaction paths for the third hydrogenation step starting from 13DHB. The acronyms of the intermediates, the hydrogenation
activation energies, and reaction enthalpies (kJ/mol) are listed. Bond distances are reported in A.

adsorption modes are shown in Figure 2. For benzene, howevergndothermic. Contrary to the first five hydrogenation steps, the
both hollow- and bridge-site adsorption are included. Figure 2 sixth hydrogenation step is found to be exothermic. Though
qualitatively agrees with the semiempirical energy diagram for CHA is completely saturated, it still binds to Pt with a calculated
cyclohexane dehydrogenation proposed by Koel éfahough adsorption energy of-27 kJ/mol. Such bonding is typical for
important differences are observed. In particular for the radical CHA, thus leading to the last hydrogenation step being
species, Koel et al. propose higher adsorption energies. This isexothermic. Without this interaction, tleehexyl hydrogenation
related to their value of the-€Pt bond strength of 220 kJ/mol.  would be endothermic16 kJ/mol).
This value is significantly higher than the calculated adsorption ~ The enthalpy diagram can also provide preliminary ideas on
energy ofc-hexyl, 167 kJ/mol. Also the strength of the @i-  the presence and potential identity of a rate-determining step.
bond in 123THB might be lower than in CHE. In particular, This is speculative though, since identifying the true rate-
for BH* their adsorption energy of365 kJ/mol is much higher  determining steps would require a full analysis of the reaction
than the ab initio value;-229 kJ/mol. Analogous differences rate coefficients as well as the surface coverages. Previbusly,
are found for 123THB {294 vs —203 kJ/mol) andc-hexyl we used a limited enthalpy diagram (considering only adsorbed
(—220 vs—167 kd/mol). hollow-site benzene, CHD, CHE, and CHA) to speculate that
Adsorbed benzene and six adsorbed hydrogen atoms formthe third or fourth hydrogen addition may be rate-limiting.
the thermodynamic sink in the reaction system. Thermodynami- Indeed, the hydrogenation from cyclohexadiene to cyclohexene
cally, B* and H* can be expected to be the dominant species is more endothermict55 kJ/mol) than the hydrogenation from
on the catalyst surface and may likely be the most-abundanthollow-site benzene to cyclohexadiene36 kJ/mol) or from
reaction intermediate (MARI). This assumes, however, that the cyclohexene to cyclohexanet+80 kJ/mol). Hence, if the
governing surface intermediate concentrations are controlled byactivation energies are assumed to follow an Evans-Polanyi
thermodynamics rather than by kinetics. relation and thus scale with the enthalpy of reaction, it can be
Contrary to gas-phase hydrogenation, the catalytic hydrogen-expected that the third or fourth hydrogenation step has the
ation over Pt(111) is an endothermic process. In particular, the highest barrier.
strong H-Pt bond seems to cause the endothermicity. Each of These arguments can now be further extended to the more
the subsequent hydrogen addition steps requires breaking aletailed enthalpy diagram derived in this section (Figure 2).
strong H-Pt bond (265 kJ/mol, Table 1) and a strong-F2x Since the first five steps have very similar endothermic heats
bond (about 165 kJ/mol, e.gshexyl in Table 1) in order to of reaction, it might be speculated that they have very similar
form a C-H bond (400 kJ/mol). As a result, all of the activation barriers. Similarly, the activation energy for the last
hydrogenation steps from B*(bridge) 6H* to c-hexyl* + H* hydrogenation step can then be assumed to be significantly lower
are comparable with reaction enthalpies that a89 kJ/mol since this step is fairly exothermic.
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Figure 4. Reaction path for the fourth hydrogenation step starting from 135THB. Hydrogenation activation energies and reaction enthalpies are
reported in kJ/mol, bond distances in A.
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Figure 5. Reaction path for the fifth hydrogenation step starting from 1235THB. Hydrogenation activation energies and reaction enthalpies are
reported in kJ/mol, bond distances in A.

Figure 6. Reaction path for the final hydrogenation step starting frehexyl. Hydrogenation activation energies and reaction enthalpies are
reported in kJ/mol, bond distances in A.

As indicated, under catalytic conditions benzene adsorbed atthis path may likely be considered the dominant reaction path
the hollow site might be the dominant surface species. A more for the hydrogenation of this species (e.g., hydrogenation to form
careful look at the reaction enthalpies starting from hollow-site 13DHB). The difference in activation energy should be at least
benzene and considering the thermodynamically favored inter- 15 kJ/mol to correspond to a 50-fold difference in reaction rate
mediates yields values €10, +26,+18, +36, +40, and—10 at 450 K, assuming similar preexponential factors. The geom-
kJ/mol, respectively. On the basis of the reaction enthalpies of etries of the transition states for the possible reaction paths are
the individual steps, the highest activation energy might be rather comparable (Figures—8) and similar preexponential
expected for the fourth or fifth step. factors can therefore be expected. If there is a dominant reaction

3.2. Activation Energies and Reaction Path AnalysisOn path (e.g., forming 13DHB), only the hydrogenation reactions
the basis of the thermodynamic arguments of the previous starting from the molecule formed via this dominant reaction
section, it is difficult to establish the presence of a dominant path are considered in the next hydrogenation step.
reaction path. Though it is unlikely that, based on the enthalpy =~ Because the reaction enthalpidsj(surface), were calculated
diagram in Figure 2, the dominant reaction path proceeds via by combining DFT adsorption energies with experimental or
the 1245THB* intermediate, the reaction enthalpy diagram does CBS-QB3* ab initio gas-phase reaction enthalpies, eq 1, the
not allow one to select the most likely reaction path. Moreover, difference between the DFT activation energies for hydrogena-
it was shown previously that the kinetics do not always follow tion, Es(hydro,DFT), and dehydrogenation is not equal to the
thermodynamics for catalytic hydrogenation reactions, in that reaction enthalpy of eq 1. Hence, if the hydrogenation activation
a less endothermic reaction does not always have a lower€nergies are obtained from the DFT calculations, the dehydro-
activation energy? As a result, the Evans-Polanyi relationship genation activation energies should be calculated using eq 2 to
does not always hold for catalytic hydrogenation reactions. To €stablish thermodynamic consistency.
assess the presence of a dominant reaction path and of a possible
rate-determining step, the activation energies were calculated E,(dehydro)= E(hydro,DFT)— AH(surface)  (2)
for a number of carefully selected reaction steps. The location
of a transition state is computationally rather demanding (see The resulting dehydrogenation activation energig&lehy-
Computational Methods section). To reduce the number of dro), will differ from the DFT dehydrogenation activation
transition state calculations, only the activation energies are energies. Alternatively, the DFT dehydrogenation activation
calculated for the hydrogenation of a species that was formedenergies can be applied. Then the hydrogenation activation
via the dominant reaction path for the previous hydrogenation energies have to be calculated using a relation similar to eq 2
steps. For example, for the hydrogenation of BH*, three possible to establish thermodynamic consistency. The latter procedure
reactions paths were distinguished in Figure 1. Activation will, in general, yield higher activation energies by about 25
energies were calculated for all of these possible paths. If onekJ/mol. Based on transition state theory it can be shown that
of the activation energies is significantly lower than the other, the former procedure, i.e., using DFT hydrogenation activation
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energies and calculating the dehydrogenation energies from eqeaction paths. Clearly, the activation energies are not uniquely
2, should be preferret. determined by the reaction enthalpy, but also depend on the
Next, the hydrogenation steps are discussed step by step. Thepecific details of the reaction mechanism.
results are summarized in Figure 1. The mechanism for the first A reaction path analysis of the first two steps can be compared
two hydrogenation steps has been discussed in detail in ourto experimental surface science data for the adsorption and
previous communicatiot?. Benzene can adsorb at the hollow  dehydrogenation of cyclohexadienes on Pt(111). Because surface
as well as the bridge sites. The hydrogenation from both of thesescience studies are primarily carried out in UHV, dehydroge-
adsorption modes was considered. For benzene adsorbed at thgation studies are most convenient. In refs 11 and 12, it was
bridge site, two types of carberplatinum bonds can be  found that our ab initio results can be used to begin to explain
distinguished, leading to two distinct reaction pathghe first  the surface science results. The calculated barrier for 13CHD
reaction path is characterized by a two-step “three-centeredyehydrogenation, 52 kJ/mol (Figure 1), is within the experi-
mechanism” (H-Pt-C)!? whereby the attacking H-atom moves  menta| range, 5069 kJ/mol2540-42 Surface science studies
over a Pt-atom while forming the -GH bond. The second  jngicate that 14CHD dehydrogenates more slowly than 13CHD,
reaction path_ resembles more a sl_lp mechanlsm whereby a it 4 barrier between 65 and 74 kJ/MBI242 again in
C=C bond slides upward to form a five-centered like{Et- reasonable agreement with the ab initio barrier of 78 kJ/mol.

C—H—Pt) transition state. This is similar to what is seen for Th ¢ st | the dominant " th is th
ethene hydrogenatidfi.Both mechanisms were observed for hvd € next Se? aong i omlnanbl reaction pa h|s €
the other hydrogenation steps in this study as well. In general, ydrogenation of 13DHB. Three possible reaction paths were

for the reactions studied here the three-centered mechanism idound. The reactants, transition states, and products for the three
found to have a lower activation energy than the slip mechanism. reaction paths are shown in Figure 3. Activation energies of 77
For the hydrogenation of bridge-site adsorbed benzene, activa-kY/mol (135THB), 95 kJ/mol (cyclohexenyl, 123THB), and 115
tion barriers of 100 and 106 kJ/mol and reaction enthalpies of kJ/mol (124THB) were calculated. Note that the preferred
+51 and+42 kJ/mol were calculated, respectively. For benzene reaction path is rather endothermic, $88 kJ/mol. 135THB
adsorbed at the hollow site, the six carbguiatinum bonds are ~ and 123THB are formed via a three-centered mechanism,
Symmetrica”y equiva|ent and there is 0n|y one reaction path whereas the mechanism Ieading to 124THB resembles more the
The hydrogenation of the less strongly bound hollow-site species slip mechanism. This mechanistic difference can in part explain
has a lower activation energy at 74 kJ/mol and a reaction the higher barrier for the latter reaction. The kinetics do not
enthalpy of +10 kJ/mol. Because of the 26 kJ/mol lower follow thermodynamics for the third hydrogenation step, since
activation energy, the weakly adsorbed hollow-site benzene isadsorbed 123THB is 20 kJ/mol more stable than 135THB, but
more likely to be the reactive species, whereas the bridge-sitethe corresponding hydrogenation barrier is 18 kJ/mol higher.
species may be too strongly adsorbed and can thus be considereis a consequence, the dehydrogenation barrier of 123THB is
as a spectator species. For ethene hydrogenation, similarather high at 77 kJ/mol (Figures 1 and 3) and 123THB is rather
behavior has been found experimentally on ideal (111) suffaces stable during the dehydrogenation of CHA, in agreement with
and on model catalyst,as well as theoretically from DFT  the surface science results discussed above. The difference in
calculations:% Ethene adsorption in the di-mode is much  activation energies between the preferred and the alternative
stronger than in the-mode. Based on sum frequency generation paths is again substantial (18 kJ/mol), and the dominant reaction
(SFG) studies, Somorjai and co-workers proposed that the path goes via 135THB. As a consequence, the formation of
weakly zz-bound ethene is the reactive species, whereas thecyclohexene during benzene hydrogenation is expected to be
strongly adsorbed d species is mostly converted to a site- at best a side reaction, since 135THB hydrogenation does not
blocking ethylidyne specie¥. Though ther-bound ethene was  |ead to CHE (Figure 1). This observation is consistent with early
stated to have a surface concentration of only 4%, it was found gpservations by Tetenyi and P&aDn the basis of extensive

to be the reactive species. At low coverages, hollow-site benzene,ggiotracer studies of benzene hydrogenation, these authors

is also a minority species, but the relative surface concentrationsiong that “the reaction path which cannot lead to cyclohexene”
of the hollow- and the bridge-site benzene were found to vary ¢nould be “regarded as more or less favored”.

strongly with coverage, probably due to the lower repulsive
interactions for the hollow-site speci&st>17At temperatures,
pressures, and coverages that are consistent with industria
hydrogenation conditions, the more reactive hollow-site species
may become the more important surface species.

The difference in activation energy between hollow- and
bridge-site hydrogenation, 26 kJ/mol, is sufficient to consider
hydrogenation of the hollow-site species as the dominant
reaction path. Therefore, only the cyclohexadienyl species (BH*)
formed from hollow-site benzene hydrogenation was considered

Along the preferred reaction path, the hydrogen atom adds
f’n the meta position of the methylene groups, as was also
observed for the addition of the second hydrogen atom. The
barrier for the third addition, 77 kd/mol, is similar to the barriers
for the first and the second hydrogenation of 74 and 72 kJ/mol,
respectively. The higher barrier for hydrogenation in the ortho
or para position of a methylene group might be due to the
strength of theoc—p: bond at these positions. Indeed, in the
corresponding gas-phase structures, carbon atoms in the ortho

in the second hydrogenation step. Because of the low symmetryanOI para position of the methylene group have more pronounced

of adsorbed BH, five possible hydrogenation paths can be radical character. The -€Pt bond at these positions will
distinguished: two leading to 13CHD, two leading to 13DHB, therefore be stronger. I_t seems that the st_rength, or ra@her the
and one leading to 14CHB. The preferred mechanism for weakness, of the breaking-®t bond determines the dominant
hydrogenation of BH to 13CHD has a barrier of 91 kJ/mol; eaction path.

hydrogenation to 14CHD has an activation energy of 115 kJ/  The rather high dehydrogenation barrier of the adsorbed
mol. The dominant reaction path leads to 13DHB with a barrier z-allylic cyclohexenyl (123THB) is consistent with the observed
of 72 kJ/mol and follows a three-centered mechanism. On the stability during TPR studies. Using TPR, Pettiette-Hall et*al.
basis of the enthalpy diagram of Figure 2, one would expect determined a barrier of 74 kd/mol for the dehydrogenation of
much smaller differences in activation energy between the 123THB. A slightly higher value of 87 kJ/mol was put forward
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by Henn et ak® The calculated dehydrogenation barrier of 77 50
kJ/mol again shows good agreement with the experimental
values.

Only one reaction path appears to be available for the
hydrogenation of 135THB (Figure 4). A three-centered mech-
anism is found and the barrier, 88 kd/mol, is significantly higher
than for the first three steps. The hydrogen addition can only
occur in the ortho position of the methylene groups. The barrier
is comparable to the barriers leading to 123THB (95 kJ/mol)
and 13CHD (91 kJ/mol) and seems characteristic for hydrogen
addition in the meta position of a methylene group. The length
of the C—Pt bond which needs to be broken and the geometry
of the transition state are also very similar to the latter reactions.
The reaction is+39 kJ/mol endothermic and an important
agostic H--Pt interaction with the surface is observed in the
product 1235THB. The H-Pt distance is rather short at 197 400
nm. As a result, the €H bond length increases from110 to Figure 7. Energy profile along the dominant reaction path.

113.2 pm in the product. Similar but less strong interactions ) . L
are responsible for the CHA adsorption enthalpy—cf7 kJ/ elementary reaction of hydrogenation, which is found not to be

mol. In CHA. the H-+Pt distance is 223 nm and the axiat-& structure-sensitive. However, if one considers the very high
bond Iength’increases to 112.3 nm. mobility of CHA, it can be envisioned that CHA may rapidly

. . . . diffuse to a defect site. However, some researchers have also
The fifth hydrogen_atlon be_trrler is even higher at 104 kJ/_moI. reported that CHA dehydrogenation is a structure-insensitive
This value seems slightly high, as compared to the barrier of

. . reaction®® The dehydrogenation of CHA might also be assisted
the fourth step. Here too, hydrogenation occurs in the ortho by coadsorbed hydrogen. Perry and Hemmifigeported that
p05|t|on of t\.NO methylenq groups. This high barrier is qmte coadsorbed hydrogen can lower the activation energy for CHA
interesting since the reaction is onkyl6 kJ/mol endothermic. dehydrogenation by approximately 20%

_The high barrier mlght _be rela_lted_to the breaklng of the The reaction path analysis presented here unravels details of
important H--Pt agostic interaction in 1235THB during the the reaction mechanism (Figure 1) and can provide some
hydrogenation step. In the transition state, this interaction has

to b thereby i ing the barrier. The st th fanswers to the questions raised in the Introduction. In Figure
0 D€ overcome, thereby increasing the barrier. 1he strengih ol e c5icylated energy diagram for the dominant reaction path
this interaction can be estimated from the difference in adsorp-

. . - . is shown. The activation energies along this path are significantl
tion energy between the chair- and the boatlike conformation 9 9 P 9 y

. - . .~ lower than along any other path. This dominant reaction path
of 1235THB' 1.€., 2.6 k/mol. Inde_ed, this agostic interaction is does not pass via cyclohexadiene nor cyclohexene; instead,
absent in the boatlike conformation.

hydrogen prefers to add in the meta position of a methylene
Figure 6 shows the rea_ctio_n mechanism for the a_ddition of group. Note that the second and third hydrogenation steps
the sixth hydrogen atom, yielding adsorbed CHA. Again a three- determine the dominant reaction path (Figure 1). Indeed, only
centered mechanism is found. The transition state geometry ispne possible reaction path is available for the hydrogenation of
similar to the fourth hydrogenation step. Also the barrier is 135THB. The only product that can desorb is cyclohexane, since
similar, at 87 kJ/mol. No evidence of a+Pt interaction can  nejther CHE nor CHD is formed along the predominant path.
be found in the reactantzhexyl. As discussed in the previous Ty categories of activation energies are found: low barriers
section, the last hydrogenation step is exothermic by 9 kd/mol gt~ 75 kJ/mol for the first three hydrogenation steps, and higher
and itis the only exothermic step along the catalytic hydrogena- harriers of~88 kd/mol for steps four and six. The highest barrier
tion path. The corresponding dehydrogenation barrier of CHA at 104 kJ/mol is calculated for the fifth hydrogenation step. The
is 96 kJ/mol, or 69 kJ/mol if gas-phase CHA is taken as a higher value for this barrier is likely the result of a--+Pt
reference. These values are consistent with results from othefinteraction in the reactant for this step, which increases its barrier
theoretical studies of alkane dehydrogenation/alkyl hydrogena- by ~15 kJ/mol. Because of their lower barriers, steps 1, 2, 3,
tion over Pt(111). For methyl hydrogenation, a barrier of 71 gnd 4 may be assumed quasi-equilibrated. Step 5 has a
kJ/mol was calculated on Pt(11¥)For the reverse dehydro-  considerably higher barrier and may be the rate-limiting step.
genation reaction, a barrier of 64 kJ/mol was reported. For ethyl Thjs of course will depend on the values of the preexponential
hydrogenation on Pd(111) a barrier of 71 kJ/mol has been factors also, as well as of the relative surface coverages.
calculatec?* For the corresponding ethane dehydrogenation, a However, from the similarity in the reaction mechanisms and
barrier of 76 kJ/mol was found. transition state structures for the different hydrogenation steps
There is ample experimental evidence that alkane activation along the dominant reaction path, rather similar values might
is a difficult step. Because saturated alkanes are quite stablebe expected for the former. Hence, the reaction rate coefficients
the scission of one of the-€H bonds is often the rate-limiting  are expected to be governed by the activation energies. The
step for alkane dehydrogenatighExperimental studies of CHA  reverse reaction of the sixth step has a fairly high activation
dehydrogenation on a Pt(111) surface on the other hand, reportbarrier and may not be quasi-equilibrated. However, the
lower values for the activation barrier of CHA dehydrogenation. relatively facile and irreversible CHA desorption may make the
Various author®-2230-32 report values in the range 40-60 kJ/ reverse dehydrogenation reaction kinetically unimportant.
mol. The low value might be related to defects which can speed From the energy profile in Figure 7 it can be seen that the
up the dehydrogenation reaction considerably. This is consistenthighest point along the dominant reaction path is the transition
with the structure sensitivity reported for CHA dehydrogenation state of the fifth hydrogenation step, but the transition state of
reactions by some autho¥s34 This structure sensitivity might  the sixth hydrogenation step is only 2 kJ/mol lower. These steps
seem odd at first sight, since dehydrogenation is the reversemay be the rate-determining steps for benzene hydrogenation.
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The thermodynamic sink of the energy profile is clearly the  (10) Saeys, M.; Reyniers, M.-F.; Neurock, M.; Marin, G. B.Phys.
adsorbed benzene and hydrogen (Figure 7). They are likely toChelr’l‘- BSZOOZ 1,8'5 ;489: MLAE- Newrock. M. Marin. G. Surf. Sci
be the most-abundant reaction intermediates (MARI). 2082 2-,1;‘?{2’_ s reymiers, Ao Teurock, M. Marin, . Surt. St

The analysis in the previous paragraphs has been based on (12) Saeys, M.; Reyniers, M.-F.; Neurock, M.; Marin, G. B.Phys.
the energy profile. Clearly, a more definite assessment of the Chem. B2003 107, 3844.

) I _ . (13) Saeys, M. Ph.D. Thesis, Ghent University, 2002.
presence of a rate-determining step and a most-abundant reaction (14) Campbell, J. M.: Seimanides, S. G.; Campbell, . Phys. Chem.

intermediate requires the calculation of reaction entropies and198q 93, 815; Xu, C.; Tsai, Y.-L.; Koel, B. EJ. Phys. Chemi994 98,
preexponential factors, next to the enthalpies and activation 585. _
energies presented here. Moreover, to take into account the effect 83 m?ih Sc K'S’;g{oa- SA_J-SZE{; S“Sh”‘lfgéhtﬂ? égg§71-07 2095
of surface concentrations, a full microkinetic analysis should  (17) Held, G.J. Phys.. Condens. l\/iategoba g 10 :
also be performed. However, the analysis presented in this paper (18) Koel, B. E.; Blank, D. A.; Carter, E. Al. Mol. Catal. A: Chem.
does give very strong indications of the presence of a dominant195(9f9)13>% 3% Koel. B. E.Surf. 5611994 304 249

H H u, C.; Koel, b. E.5Url. SCI. 3 .
react!on_path, a_rate-determlmng_step, and a_most-abundf_mt (20) Bussell, M. E.: Henn, F. G.. Campbell, C.J Phys. Cherm992
reaction intermediate for the catalytic hydrogenation of aromatic gg 5978,
molecules. These powerful concepts can be used as a guideline (21) Rodriguez, J. A.; Campbell, C. T. Phys. Chem1989 93, 826.

to the kineticist for the construction of a kinetic model for the _ (22) Pansoy-Hijelvik, M. E.; Schnabel, P.; Hemminger, JJCPhys.
Chem. B200Q 104, 6554.

catalytic hydrogenation of aromatics. (23) Henn, F. C.; Diaz, A. L.; Bussell, M. E.; Hugenschmidt, M. B.;
Domagala, M. E.; Campbell, C. T. Phys. Chem1992 96, 5965.
4. Conclusions (24) Pettiette-Hall, C. L.; Land, D. P.; Mclver, R. T.; Hemminger, J. C.

J. Am. Chem. S0d.99], 113 2755.

Ab initio DFT calculations were performed to analyze the (25) Manner, W. L.; Girolami, G. S.; Nuzzo, R. G. Sequential Dehy-

reaction path for benzene hydrogenation to cyclohexane. Thedrogenation of Unsaturated Cyclic C5 and C6 Hydrocarbons on Pt(111).
Its can be articulated into three main conclusions Phys. Chem. B1998 102 10295. ;

resu _ _ o (26) Henn, F. C.; Diaz, A. L.; Bussell, M. E.; Hugenschmidt, M. B.;

(i) A dominant reaction path was found, along which Domagala, M. E.; Campbell, C. T. Phys. Chem1992 96, 5965.
activation energies for every step are lower than for alternative 16(27) McCrea, K. R.; Somorijai, G. Al. Mol. Catal. A: Chem200Q
reaction pat_hs. Along the do.'.“'"a”t reaction path, hydmge.n (28) Su, X.; Kung, K.; Lahtinen, J.; Shen, R. Y.; Somorjai, G Gatal.
atoms add in the meta position of each other. Hence, this | ett 1995 54, 9.
dominant reaction path does not pass via cyclohexadiene nor (29) Demuth, J. E.; Ibach, H.; Lehwald, Bhys. Re. Lett. 1978 40,

cyclohexene. The only product along the dominant reaction path 10‘(‘;(-)) Holmes.Parker. b Pettietie-Hall C. L+ Li Y. 7 Mclver R.T.
that can desorb is cyclohexane. Hemminger, J. CJ. Phys. Cheml992 96, 1888. e

(i) The calculated activation energies for the first three steps  (31) Land, D. P.; Erley, W.; Ibach, F8urf. Sci.1993 289, 237.
are~75 kJ/mol, while those for the fourth and sixth hydrogen (32) Pettiette-Hall, C. L.; Land, D. P.; Mclver, R. T.; Hemminger, J. C.

i ; f ; J. Am. Chem. S0d.991, 113 2755.
additions have barriers 88 kJ/mol. The highest barrier, 104 (33) Perry. . A Hemminger. J. 0. Am. Chem. S0200Q 112, 8079.

kJ/mol, was found for the fifth hydrogenation step. This is at (34) Herz, R. K.; Gillespie, W. D.; Petersen, E. E.: Somorjai, GJA.
least 16 kJ/mol higher than for the other steps. At 400 K, a Catal. 1981 67, 371.

typical temperature for aromatic hydrogenation, such a differ- ggg gogUtit- f: ZO'agyi' \(’l‘:"hT fans. Fafgd% 9860?332‘:3 73?? étlﬁ‘_‘_l-( 5
. . . . _ f obert, ~.; Gaube, em. eng. SC " ; ruijk, J.;
ence in activation energies corresponds to a 100-fold dlfferenceMoene’ R.; Vanderkamp, T.; Scholten, J. JABpl. Catal. A: Gen1995

in reaction rate coefficient and the fifth hydrogen addition may 89, 77; Struijk, J.; Dangremond, M.; Lucasderegt, W. J. M.; Scholten, J. J.
berate-determiningBenzene and hydrogen adsorption and first F. (Apl;I- Catal. A.: Gen1992 83,h263. e ch

iti ; i i ; 37) Somorjai, G. A.; Rupprechter, G.Phys. Chem. 8999 103 1623.
four hydrogen addlt.lons are likely quasi eqwhbrated, while (38) Freund, H.-J.; Bamer, M.; Libuda, J.; Risse, T.; Rupprechter, G.;
cyclohexane desorption and, consequently, the sixth hydrogenaspaikhutdinov, SJ. Catal. 2003 216, 223.
tion step can be considered irreversible. (39) Neurock, M.; Pallassana, V.; van Santen, RJAAm. Chem. Soc.

(iii) Adsorbed benzene and hydrogen are found to be 2002012HZ 1150-h it MLB- Diaz. AL Camobell. C. I.phve. Ch
significantly more stable than the other reaction intermediates. 1952 %6 gg‘;z‘f‘c midt, M. 5., Diaz, A. L, Lampbet, & £.Fhys. Lhem.

They are likely to be thenost-abundant reaction intermediates (41) Peck, J. W.; Koel, B. EJ. Am. Chem. S0d.996 118 2708.
The results from the ab initio reaction path analysis refine  (42) Su, X.; Shen, Y. R.; Somorjai, G. &hem. Phys. Letl997, 280,

; ; 302.
our knowledge on the hydrogenation mechanism on a molecular (43) Boudart, M. AIChE J. 1972 18, 465; Boudart, M.: Djga-

level and provide valuable information for the construction of - yariadassou, GKinetics of Heterogeneous Catalytic ReactioREnceton
a kinetic model for the catalytic hydrogenation of aromatic University Press: Princeton 1984; @jg-Mariadassou, G.; Boudart, M.
mo|ecu|es_ Catal. 2003 216, 89.
(44) Koch, W.; Holthausen, M. CA Chemist's Guide to Density
Functional Theory2nd Ed.: Wiley-VCH: Weinheim, 2001.
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