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The transition states of the hydrogen exchange and dehydrogenation reactions of methane on a zeolite acid
site are studied within the framework of the density functional theory and the atoms-in-molecules theory.
The transition state for the hydrogen exchange reaction is found to be characterized by a slightly ionic interaction
between a distorted GH structure and the negatively charged zeolite. No free carbocation is found. The
dehydrogenation reaction presents a transition state in which three different fragments can be well identified,
namely, an almost planar GH structure, a KW pseudomolecule, and the negatively charged zeolite. The
interaction between the fragments can be described as a closed-shell one, typical of rather ionic systems.

Introduction phenomena, unfortunately, are quite difficult to study experi-
mentally? Thus, their investigation from a theoretical point of

Zeolites are among the most employed acid catalysts in view becomes an appealing alternative to aid in our understand-
hydrocarbon transformation processes mainly due to their high. pp 9

activity, reactivity, and thermal stabiliy? Such processes are N9 (_)f the catalytlc.behawor of zeolites.
of importance in the petrochemical industry as well as in the ~ Different theoretical methods are broadly used to study the
production of chemical compounds. When methane is allowed Mechanisms of zeolite-catalyzed reactions such as those men-
to interact with a zeolite acid site (ZOH), for example, it can tioned above. Several authors using different methodologies
lead whether to a hydrogen exchange reaction 1 or to aagdree that no free methonium ions are formed as mterm_edlatt_es
dehydrogenation process (eq 2) in the hydrogen _e_xchange reaction of methane on ze_ohte acid
sites®~10 A transition state (TS) with a structure in which the
ZOH* + CH, — ZOH + H*CH, Q) carbon atom becomes pentacoordinated, as in a free methonium
ion, is formed instead. The GH cation is found to be bonded

The proposed reaction mechanisms for the above procesd the oxygen atoms in the zeolite through two hydrogen atoms.
Their findings also suggest that the bonding in the TS is

ZOH + CH,— ZOCH; + H, @) essentially covalent. It is interesting to note that van Santen
indicates that the TS for reactions on zeolites other than those
indicate the presence of carbocati@scarbonium ion inwhich ~ involving hydrogen exchange ones usually presents a quite ionic

the carbon atom is coordinated to five hydrogen atoms is charactef.
involved in the hydrogen exchange reaction 1, whereas a On the other hand, other theoretical studies indicate that the
carbenium ion, a carbon atom coordinated to three hydrogendehydrogenation reaction of methane on a zeolitic acid site

atoms, takes part in the dehydrogenation reaction 2. seems to involve a different transition state in which a carbenium
The structural and acid site properties of zeolites can be ion, CHs*, interacts with the basic site of the zeolitic system
determined experimentally with accuracy nowadaykheir and molecular hydrogen evolves as a reaction protiiéiNo

catalytic behavior, however, is mainly characterized by a discussion concerning the bonding nature in the TS for the

complex combination of reactions on the active sites on the one dehydrogenation reaction is given in these works.

side and the adsorption and diffusion of reactants in the Finally, other authors make a detailed comparison of the TS

microporous channel system on the other side. These last twofor both reactions using the density functional theory (DFT)

s . - and the HartreeFock method3~1> These works agree that a

TProer;i?]rt)ogdé?gsil:H L(J)rrl'iversity of Southern California, Donald P & carbonium ion IS. Covalently. bonde_d to the zeolite via two
hydrogen atoms in the TS in reactions of type 1 whereas a

Katherine B Loker Hydrocarbon Research Institute, University Park, Los | Rt :
Angeles, CA 90089. carbenium ion is only weakly bonded to the oxygen atoms in
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the zeolite through the carbon atom in the TS in dehydrogenation
reactions (eq 2).

It should be stressed that all those conclusions mentioned
above concerning the nature of the bond between the carboca-
tions and the zeolitic acid sites are achieved by considering only
Mulliken charges and/or bond lengths and bond energies. Thus,
as a further contribution to this very interesting subject, the
hydrogen exchange and dehydrogenation reactions of methane
on a zeolitic system are studied in this work within the density
functional theory frameworké The corresponding transition
states are obtained, and their structures are characterized using
the topology of the electronic charge density within the atoms-
in-molecules methdd'8in order to shed light into the nature
of the interaction of alkanes with zeolite acid sites.

Method and Calculation Details Figure 1. Transition state geometry for the hydrogen exchange reaction

The transition states for the hydrogen exchange and dehy_of methane on a T3 cluster. See Tables 1 and 2 for labels.

drogenation reactions of methane on a zeolitic system are
investigated within the framework of the density functidfial v o . .
g y bond critical point, is generally found between two neighboring

and the atoms-in-molecules theorié4? R )
The present study is carried out using Becke'’s three-parameternUCIe" indicating the existence of a bond between them.
Several properties which can be evaluated at the bond CP

density functiondP and the Lee, Yang, and Parr functional to . ) .
describe gradient-corrected correlation eff@teading to the constitute very powerful tools to classify a given structure and

well-known B3LYP method. The basis set used is 6-31G*+ 0 analyze the interactions between two fragméht8The two

All the calculations are accomplished using the Gaussian 94 negative eigenvalues Of. the Hessian matia_@(a(nd/lz) measure
packagelt the degree of contraction qgf(r) perpendicular to the bond

The zecite aci site s repesente by anear T3 luster (7 2715 108 S8 P whle e postve Soenael
= Si, Al) in which the mid tetrahedron contains the Al atom. 9 P

The OH groups attached to the silicon atoms in the terminal the CP toward each of the neighboring nuclei. When the negative

tetrahedrons are replaced by hydrogen atoms to avoid dangling?r Etigv?l]uiigog'?g;e’c}pihﬂeg?nlgacdri]r?rgfolsallﬁc?rl:éf:;?oenn'
bonds associated with the finiteness of the cluster model. characteristic of govalent or polarized bognds and being char-
The geometries of methane, dihydrogen,s€HCH;™, and P 9

o . A acterized by largep(r) values,V2o(r) < 0, |A1)//As > 1, and
f’:lhrz Igni!lrjrit:cri Z;et?up;rrgliﬁ?rigv gh?rlljtte Cc;gzterglclsbfTrheilsleh?r/;tgms Glp(r) = 1, G being the kinetic energy density of the system.

. y prese . If the positive eigenvalue is dominant, on the other hand, the
frequencies after the corresponding vibrational analysis. The TS | ic density is locall d h S
for the hydrogen exchange and dehydrogenation reactions ofS ectronic density Is locally concentrated at each atomic site.

The interaction is now referred to as a closed-shell one, and it

methane on the T3 system are optimized using the eigenvector. I ; -
following methoc?? and they are characterized as first-order is characteristic of highly ionic bonds, hydrogen bonds, and van

saddle points by the presence of one and only one imaginaryder Waals interactions. It is characterized by relatively gy

TS .7 values,V2o(r) > 0, |41//A3 < 1, and Gp(r) > 1. Finally, the
) 0 Se0mel 0 e eliptcy. e define 2z 1, ncales he eiation of
are performed at the above-mentioned level of theory the electronic charge density from the axial symmetry, providing

. ) i ) . a quantitative measure of thecharacter of the bond.

The topological analysis and the evaluation of local properties
are accomplished by means of the PROAIM progfarfihe
densities used in the topological analysis are obtained through
single point calculations on the above geometries and transition The optimized geometry of the TS calculated for the hydrogen
states using the B3LYP level of theory and the 6-8#1G** exchange reaction of methane on a zeolite acid site at the
basis set provided by the G94 package. B3LYP/6-31G** level of theory is shown in Figure 1. The most

Atoms-in-Molecules Theory: An Overview.The theory of relevant geometric parameters of £KCHs", T3, and the TS
atoms in molecules (AIMY-18provides a simple, rigorous, and  for that reaction are shown in Table 1. It can be seen that
elegant definition of atoms and bonds. This theory is based onalthough the TS resembles the interaction between a free
the critical points (CP) of the molecular electronic charge carbocation and a negatively charged T3 cluster, thél€bond
density, p(r). These are points where the electronic density lengths are considerably larger in the TS than in the freg'CH
gradient, Vp(r), vanishes and are characterized by the three The H*~C—H* bond angle, furthermore, increases its value
eigenvalues}; (i = 1, 2, 3), of the Hessian matrix @{r). The by about 10 in the TS with respect to the free carbocation. No
CP’s are labeled as,(s) according to their rank, (number of appreciable changes are observed, on the other hand, for the
nonzero eigenvalues), and signatugéexcess of positive over  C—H bonds and HC—H angles when free methane, free £H
negative eigenvalues). and TS are compared. The ©H* bond length in T3 becomes

Four types of CP’s are of interest in molecules: {3), (3, greatly enlarged when the TS is formed. Moreover, a new-O**
—1), (3, +1), and (3,+3). A (3, —3) point corresponds to a  H* bond evolves, reaching the same value as that of the O*
maximum in p(r), characterized byw?p(r) < 0 and occurs H* bond in the TS.
generally at the nuclear positions. A (33) point indicates The total topology of the TS is consistent with the Poiheare
electronic charge depletion, and it is characterize@#y(r) > Hopf relationship, which states that the number of nuclei minus
0. It is also known as box critical point. (3;1) points, or ring the number of bond CP plus the number of ring CP minus the

critical points, are saddle points. Finally, a (31) point, or

Results and Discussion
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TABLE 1: Selected Bond Lenghts ¢, in A) and Bond Angles atoms giving place to a three-center two-electron bond well

(a, in deg) of Optimized Geometries of T3, CH, CHs", and characterized by the topology &p(r) (see Figure 3).

TS for the Hydrogen Exchange Reaction of Methane on T3 .

(1), CHs*, and TS for the Dehydrogenation Reaction of Figure 4 clearly shows that as a consequence of the H*

Methane on T3 (2) Calculated at the B3LYP/6-31G** Level C—H* angle opening in the TS, the electronic charge density

of Theory is much less concentrated between the three atoms, as it should
parameter T3 ChH CHs" TS(1) CH' TS(2) be expected. This fact seems to reinforce the argument that no

r(C—H) 1092 1083 1095 1094 1008 (reecarbocationis presentin the TS for the process under study.

r(C—H¥) 1177  1.337 1.680 On the other hand, it is also evident from Figure 4 that both

r§g—8*)) 22-%1;3 O*—H* and O**—H* bonds in TS correspond to closed-shell

r — (O)** ) . . . . . . .

a(H—C—H) 109.5 108.45 109.9 1200 118.0 ’ ' :

a(H*—C—H¥) 47.96  56.2 63.3 It is also interesting to stress the very different roles played
by the O* and O** atoms in the TS formation. The O* atom
acts as a Brgnsted acid releasing a hydrogen atom which tends
number of box CP must be equal t8#121 — 21+ 1+ 0 = to bond the C atom in methane. The O** atom, on the other
1, in the present case). hand, plays the role of a Lewis base stabilizing one of the H

Table 2 shows the properties of the electronic charge densityz"‘tor_nS of methane through a closed-shell interaction. )
in some selected bond CP of the studied species. Thel C Figure 5 shows the calculated TS for the reaction of
bonds in methane, free GH and the TS have very similar ~ dehydrogenation of methane on a zeolite acid site. Table 1
topological properties which are, furthermore, typical of covalent Provides the most relevant geometric parameters of CHg™,
bonds, that is, relatively high values ofr), negative and  the T3 cluster, and TS for the reaction under study. It can be
considerably high values &f 2p(r), a value of|14]/45 greater seen in the figure that the carbon-containing fragment in TS

a0O*—H* and O**—H* bond lengths have the same value.

than the unity, and relatively low values of &&). The G-H* presents €H bond distances very similar to that found in free
bonds in the TS, on the other hand, show a rather lower value CHs" and a H-C—H bond angle very close to that correspond-
of p(r) and a much less negative valueWl(r) than in CH*. ing to the planar geometry. The H* atom originally belonging

Moreover, thejd1)/A5 ratio is slightly less than one in the TS. to the methane molecule is located in the TS very far from the
These values, however, are still within the range of typical fragment to be considered still bonded to the carbon atom. The
covalent interactions. This conclusion is reinforced by the fact same behavior is observed in the zeolitic fragment in which
that Gj(r) is lower than 1 and very similar in both free g¢H the O*—H* bond distance increases its value from 0.96 A to
and the TS. It is important to note the high ellipticity of the almost 1.70 A. Moreover, the H*H* bond distance is slightly
C—H* bond in CHs*, thus reflecting a structural instability ~ larger than the equilibrium HH bond length of 0.74 A,
probably related to the three-center two-electron bond in this calculated at the B3LYP/6-31G** level of theory. It can also
species. On the contrary, the ellipticity is considerably lower be seen in the figure that the carbon atom is bonded to the O*
in the TS, indicating that the above instability is clearly reduced and O** atoms of the T3 cluster in a nonsymmetric way, being
by the interaction of methane with the zeolite. This fact suggests closer to the oxygen atom that bears no hydrogen atom in the
that the zeolite system (represented here by a T3 cluster) is notisolated T3 cluster. The TS for the process under study would
a simple counterion in the overall process, but it plays an be then characterized as formed by three weakly interacting
important role leading to a net stabilization of a carbocationlike fragments, namely, a Gff carbocation, a kpromolecule, and
structure in the TS of the hydrogen exchange reaction of a negatively charged T3 cluster.
methane on zeolite. Once again, the total topology of the TS is consistent with
The O*—H* bond in the T3 cluster exhibits the typical the Poincare-Hopf relationship.
characteristics of a covalent bond, that is, relatively high positive  Table 3 shows the properties of the electronic charge density
values ofp(r), negative and considerably high valuesvgp(r), in some selected bond CP of GHCHz*, T3, and the TS.
a |11//2s ratio greater than 1, and a low value of o). Reinforcing the arguments derived from the geometric param-
Interestingly, both the O*H* and O**—H*bonds in TS show  eters, it can be seen that-® bonds in methane, the carbenium
a positive curvature of(r), a Gjp(r) quotient still lower than 1 jon, and the TS present very similar topological properties, all
but much higher than the value found in T3, and &/ ratio of these being characteristic of covalent bonds. Thé4€bond
considerably lower than 1, indicating that the electronic density jn the TS, on the contrary, has a very low, although still greater
tends to concentrate on the atomic basins. Even though thethan zero, value of(r), a positive value of2p(r), and aj|/
electronic charge density has a rather small but positive value j, ratio lower than the unity. Furthermore, thep@) ratio
at the bond CP, these results seem to suggest a rather ionigonsiderably enhances its value with respect to thél®onds.
interaction between a carbocationlike structure and a negativelyThese facts suggests that the-l8* bond can be described as
charged T3 cluster. This finding is clearly in constrast with the 3 ¢josed-shell type interaction.
[ﬁ;‘;ﬁi&gﬂg’ﬁ%d by other authors and mentioned in  the The carbon atom of methane interacts With_ the two bridge
) ’ ] ) oxygen atoms of the T3 cluster when the TS is formed. Both
Figures 2-4 show the Laplacian of the electronic charge ihe c—0O* and C—0O** bonds present rather low and positive
density for CH, CHs", and TS, respectively. The molecular yaiues ofo(r), |14]//s ratios noticeably lower than 1, and positive
graphs are also indicated. values ofV2p(r), magnitudes higher in the last case. Further-
As can be seen in Figure 2, the-8l bonds in methane are  more, these bonds also show &) ratio very close to unity.
clearly covalent, showing a considerable concentration of These features allow us to consider the @ interactions as
electronic charge in the internuclear region. weak, closed-shell ones. It should be also noted that both bonds
The relatively small H-C—H* bond angle in CH" yields exhibit noticeably high values ef a fact that can be interpreted
to an electronic charge density concentration involving the three as a trend to undergo structural changes.
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TABLE 2: Topological Properties (in au) of the Electronic Charge Density in Selected Bond CP of Clj CHs*, T3, and TS for
the Hydrogen Exchange Reaction of Methane on T3

system bond p(r) V2p(r) A A2 Az [A1)/A3 € Glp(r)
CH,4 C—H 0.2716 —0.8959 —0.6931 —0.6931 0.4903 1.4136 0.0000 0.1594
CHs*" C—-H 0.2894 —1.1000 —0.8217 —0.7973 0.5190 1.5832 0.0305 0.0950
C—H* 0.2249 —0.5458 —0.4987 —0.1637 0.1166 4.2770 2.0471 0.2686
T3 O*—H*b 0.3540 —2.4864 —1.7823 —1.7572 1.0532 1.6923 0.0143 0.1839
TS C—H 0.2667 —0.8551 —0.6823 —0.6635 0.4907 1.3905 0.0283 0.1706
C—H* 0.1504 —0.2377 —0.3457 —0.2764 0.3844 0.8993 0.2508 0.2633
O*—H*c 0.1287 0.0225 —0.3439 —0.3389 0.7052 0.4877 0.0148 0.6193

2See Method and Calculation details for an explanation of the symb®tss is the only G-H bond in the isolated T3.The O*~H* and
O** —H* bonds share the same topological properties.

Figure 2. Laplacian of the electronic charge density of LHhe plane

containing a H-C—H group is shown. Solid lines represent regions of ~Figure 4. Laplacian of the electronic charge density of the TS for the
electronic charge concentration and, broken lines denote regions ofhydrogen exchange reaction of methane on a T3 cluster. The plane
electronic charge depletion. Bond CP and ring CP are indicated with containing C, H*, O*, and O** atoms is shown. Solid lines represent
circles and triangles, respectively. The molecular graph is also indicated.regions of electronic charge concentration, and broken lines denote
The contours of the Laplacian of the electronic charge density increaseregions of electronic charge depletion. Bond CP and ring CP are
and decrease from a zero contour in stepsdfx 10", £4 x 10", and indicated with circles and triangles, respectively. The molecular graph
+8 x 10", with n beginning at—3 and increasing by unity. The same is also indicated.

set of contours is used in all the figures of the present work.

Figure 5. Transition state geometry for the dehydrogenation reaction
of methane on a T3 cluster. See Tables 1 and 2 for labels.

Figure 3. Laplacian of the electronic charge density of £HThe
plane containing the H*C—H* group is shown. Solid lines represent  that the electronic charge density is preferably concentrated on
regions of electronic charge concentration, and broken lines denotethe atomic basins.
regions of electronic charge depletion. Bond CP and ring CP are  pinq|ly the H*H* bond can be characterized as a covalent
!ndlcate_d Wlth circles and triangles, respectively. The molecular graph interaction according to the topological properties shown in
is also indicated. . .
Table 3. Furthermore, these magnitudes are not very different
from the corresponding values forldvaluated at the B3LYP/
The O*—H* bond shows the characteristic properties of 6-31G** level of theory, too.
covalent interactions in the T3 cluster, namely, an appreciable Figures 6 and 7 show the Laplacian of the electronic charge
and positive value gf(r), a large and negative value Gfp(r), density for CH* and the TS, respectively.
a Gjp(r) ratio much less than 1, and &|/4; ratio considerably As can be seen in Figure 6, the-El bonds in CH* ion are
higher than the unity. The G*H* bond in the TS, on the other  clearly covalent, with a considerable concentration of electronic
hand, presents noticeable changes in those properties, indicatingharge density in the internuclear region.
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TABLE 3: Topological Properties (in au) of the Electronic Charge Density in Selected Bond CP of Clj CH3™, T3, and TS for
the Dehydrogenation Reaction of Methane on T3

system bond p(r) V2p(r) A A2 Az [A1)/A3 € Glp(r)
CH, C—H 0.2716 —0.8959 —0.6931 —0.6931 0.4903 1.4136 0.0000 0.1594
CHg* C—-H 0.2909 —1.1277 —0.9089 —0.8600 0.6412 1.4175 0.0568 0.0546
T3 O*-H* 0.3540 —2.4864 —1.7823 —1.7572 1.0532 1.6923 0.0143 0.1839
TS C-H 0.2909 —1.0587 —0.8476 —0.8204 0.6093 1.3911 0.0332 0.0918
C—H* 0.0667 0.0856 —0.0778 —0.0723 0.2357 0.3301 0.0761 0.5397
C—-O** 0.0477 0.1515 —0.0527 —0.0314 0.2357 0.2236 0.6782 0.8155
Cc-O* 0.0219 0.0968 —0.0147 —0.0088 0.1204 0.1221 0.6699 0.9680
H* —H*b 0.1999 —0.6838 —0.6028 —0.5868 0.5059 1.1915 0.0272 0.0505
O*—H* 0.0513 0.1178 —0.0850 —0.0824 0.2853 0.2979 0.0323 0.7134

2 See Method and Calculation details for an explanation of the symhbpland V2o equal 0.2618 ane-1.0614 au, respectively, for isolated H
calculated at the B3LYP/6-31G** level of theory.

located in regions charaterized by an electronic charge density
depletion. These findings suggest that the TS for the dehydro-
genation reaction of methane on a zeolite can be well described
as a weak interaction with dominant ionic character.

In the present process, the dehydrogenation reaction of
methane on a zeolitic system, the O* atom acts again as a
Brgnsted acid releasing a hydrogen atom which begins to form
dihydrogen. On the other hand, the O** atom contributes to
the stabilization of the carbon-containing fragment through a
weak, closed-shell type electrostatic interaction.

Conclusions

A topological study of the transition states arising in the
hydrogen exchange and deydrogenation reactions of methane
on a zeolite acid site represented by a T3 cluster is accomplished
Figure 6. Laplacian of the electronic charge density of £HThe in this work within the framework of the density functional
molecular plane is shown. Solid lines represent regions of electronic theory.

charge concentration, and broken lines denote regions of electronic ; ; ; ;
charge depletion. Bond CP and ring CP are indicatgd with circles and . Itis found. t.hat no free methonium cation, SHis present.ed
triangles, respectively. The molecular graph is also indicated. in the transition stgte for the hydrogen exchange reaction. A
similar structure with larger €H bond lengths and HC—H
angle evolves instead being further stabilized by two zeolitic
oxygen atoms. The interaction between the carbocationlike
structure and the negatively charged T3 cluster can be described
as a rather ionic interaction instead of a purely covalent one, in
which the zeolite plays an important role diminishing some
structural instabilities found in the free GHion.

The transition state in the dehydrogenation reaction of
methane on a zeolite acid site can be properly characterized as
a weak, closed-shell interaction between three different frag-
ments, namely, a C§t carbocation, a bipseudomolecule, and
a negatively charged T3 cluster. The cationic fragment shows
geometric parameters and topological properties very similar
to those found in free CH#t. Although it exhibits a bond length
larger than the equilibrium HH bond distance, the Hragment
is clearly characterized by a covalent interaction.

Figure 7. Laplacian of the electronic charge density of the TS forthe ~ The oxygen atom bearing the hydrogen atom in the isolated
dehydrogenation reaction of methane on a T3 cluster. The plane T3 cluster acts as a Bragnsted acid in the two processes under
containing the C, O*, O**, and H* atoms is shown. Solid lines represent stydy. The other oxygen atom belonging to the T3 cluster, on
regions of electronl_c charge concentration, and broken I_|nes denotethe contrary, plays the role of a Lewis base stabilizing a
regions of electronic charge depletion. Bond CP and ring CP are hvd t f the i - th | le in th
indicated with circles and triangles, respectively. The molecular graph ydrogen atom o € Incoming methane molecule in the
is also indicated. hydrogen exchange reaction and directly interacting with the

carbon atom of methane in the dehydrogenation process.
Several interesting features can be appreciated in Figure 7.
An electronic charge density concentration evolves along both ~ Acknowledgment. The authors acknowledge the Supercom-
the C-H and H*~H* bonds. Moreover, the carbon-containing puter Center of the Secretary for the Technology, Science, and
fragment shows an electronic charge density distribution very Productive Innovation, Argentine, for computational time.
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