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SUMMARY
Using Density Functional Calculations, we examined hydrogenolysis and isomerization of
neopentane on Pd(111) and Pt(111). In general, a lower activation energy is observed on
the Pt(111) surface, which is in agreement with the experimental activity for the two metals.
From the calculated reaction barriers, a?y?>-diadsorbed intermediate poses the lowest
barrier for both hydrogenolysis and isomerization reactions for Pd(111) which is 1.06 eV
and 1.63 eV respectively, indicating isomerization and hydrogenolysis occur through the
same intermediate and compete with each other. In contrast, on Pt(111) the a2-mono-
adsorbed intermediate has the lowest activation barrier for isomerization (1.27 eV) while
o?y-di-adsorbed intermediate has the lowest activation barrier for hydrogenolysis (1.17 eV)
indicating that isomerization and hydrogenolysis happen at different dehydrogenation
levels on Pt(111). From the calculated barriers, we can partially rationalize the product
selectivity for Pd and Pt catalysts. To conclude, neopentane isomerization and
hydrogenolysis can follow the same mechanism as dehydrogenation of ~4 H will greatly
reduce reaction barriers. However, unlike hydrogenolysis, isomerization through a?>-mono-

adsorbed intermediate may also play an important role on Pt(111) .
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1. INTRODUCTION

Fossil fuels will continue to be the most important source of energy for the foreseeable
future.” However, due to environmental concerns surrounding their use, stricter regulation
will be expected to be imposed on production, processing and use of hydrocarbon fuels.
Thus, highly-refined fuels which maximize efficient energy extraction during conversion
will increase in importance.! Hydrocarbon isomerization reactions are of high importance
as they allow for tuning of octane/cetane numbers which determine engine performance.
However, hydrocarbon isomerization is often accompanied by deleterious hydrogenolysis
reactions which result in a yield loss through the formation light gas products. Thus, it is
of great value to understand the mechanisms of hydrocarbon isomerization and
hydrogenolysis on metal catalysts.

Typical metal hydrocarbon isomerization catalysts used for fuel reforming utilize
late d-band transition metals such as Pt, Pd; commercial catalysts also employ selectivity
promoting metals such as Sn and Re. Metal catalysts supported on acidic supports, also
called bifunctional catalysts, are widely applied in industry. It is generally believed that
transition metal only facilitates dehydrogenaton and hydrogenation while the acid support
promotes formation of carbenium ion through which isomerization occurs. A detailed
review on alkane isomerization is presented by Ono.? In several early experimental studies,
345 Gault et al. showed a common cyclopentane intermediate is involved in both hexane
hydrogenolysis and isomerization. They also suggested hexane may also perform a
skeletal rearrangement (isomerization) to form 2,3-di-methylbutane through a a,y-
adsorbed intermediate on platinum films. A similar proposal for alkane isomerization was
made by Anderson and Avery® (and later by Ptak and Boudart”) in which the hydrocarbon
must be a,y-di-adsorbed with one sp2 carbon forming a double bond with a surface atom

(and one sp3 carbon forming a single bond with the surface) and then isomerization takes



place through a ring closure — ring opening mechanism on the surface such that the
gamma carbon attaches to the alpha carbon.

It is often impractical to study the relationship between isomerization,
hydrogenolysis and metal function in fuel reforming with real, complex feeds due to
experimental difficulties and the extensive reactions network that will result. Therefore,
surrogate or model compound studies are typically employed.®'* In addition to
hydogenolysis and isomerization of n-alkanes, ring opening of cycloalkanes such as
methylcyclohexane is of high interest due to its importance in hydrocarbon reforming. Most
recently, Lercher et al.'® conducted studies of methylcyclohexane over supported iridium
particles in order to determine the interplay between endocyclic and exocyclic C—C bond
cleavage pathways with different ensemble size requirements as exocyclic C-C cleavage
need a larger ensemble size. They later examined ring opening of cyclopentane on
alumina-supported Pt particles with different Cl contents, indicating particle size effects
stem from intrinsic rate constants (i.e. electronic effects) rather than coverage effects.'®
Neopentane conversion has also been frequently examined for hydrogenolysis and
isomerization because no olefins or carbenium ions which are common products of side
reactions can be formed and therefore analysis is simplified.”'7-2° In addition the support
is not involved in the observed chemistry due to removal of a carbeinium mechanism for
neopentane. Neopentane hydrogenolysis produces isobutane and methane initially.
However, further hydrogenolysis may produce propane and ethane as well as additional
methane. Isomerization produces isopentane initially, but a second isomerization step
may produce n-pentane. Of course, isomerization products may also undergo

hydrogenolysis (or vice versa). The full reaction network is presented in Figure 1.
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Figure 1: Neopentane reaction pathways

Neopentane hydrogenolysis/isomerization has been widely studied on Pd and
Pt.67.17-22 Qur recent study?® uses neopentane isomerization to study the effects of
geometric and electronic effects. For both Pt and Pd the isomerization selectivity
increased as the particle size increased. Furthermore, the smallest Pt and largest Pd
particles were found to have similar selectivity despite having significantly different
structures. In fact, the isomerization selectivity was found inversely correlate with strength
of adsorption of CO, indicating that the CO chemisorption energy could be used as a
simple descriptor of the isomerization selectivity. The fact that the CO chemisorption
energy could be correlated with the isomerization selectivity across particle sizes and type
of metal implies the mechanisms for both isomerization and hydrogenolysis are equivalent
at low-coordinate and high-coordinate sites.?° Also, the relative activity of hydrogenolysis
and isomerization is dependent solely on the electronic structure of the metal. Therefore
we have used DFT calculations to try to test this hypothesis and determine how the binding
strength (which can be related directly to the metal d-band center) controls selectivity.

To gain insight into the mechanism of hydrocarbon isomerization on metal
catalysts, DFT calculations have been utilized recently in several investigations of alkane

hydrogenolysis. Rosch and coworkers performed DFT studies®%23 of ring-opening



reaction of methylcyclopentane on Pt, Pd, Rh and Ir catalysts. Three possible products
are 2-methycyclopentane (2MP), 3-methycyclopentane (3MP), and n-hexane. 2MP and
3MP are produced through a a?p?-di-adsorbed intermediate in agreement the mechanism
proposed by Gault et al.® Due to the substituted methyl group, the o?y-di-adsorbed
intermediate is formed to produce n-hexane. Rosch et al. suggested a migration of
adsorption site occurs before C-C bond breaking due to internal ring stress. This migration
step significantly reduces the overall hydrogenolysis barrier. Calculated results show that
the barrier height for dehydrogenation steps follows the trend: Ir(111) < Rh(111) <Pt(111)
< Pd(111), whereas C-C rupture followed a slightly different trend: Rh < Ir < Pt <Pd.
Furthermore Rosch et al found that at step sites of Pt surfaces, Pt(211), n-hexane
formation is more favorable than branched hexanes due to formation of a low barrier
adsorbed intermediate.

In a combined experimental and computational study Iglesia et al.’®'" showed that
entropic considerations may dominate over reaction enthalpy when determining the
location and rate of C-C bond cleavage. Flaherty et al performed a detailed analysis of the
reaction kinetics which suggested that before hydrogenolysis may occur, linear alkanes
(C2-C10) must lose ~4 hydrogen atoms from its backbone. Later, the same group
employed DFT calculations to determine at which point C-C cleavage was favored over
C-H cleavage. For ethane hydrogenolysis over Ir(111), the key intermediate was found to
be HCCH (acetylene), in agreement with the previous kinetic study that suggested 4 Hs
must be removed before hydrogenolysis of n-alkanes . However, Iglesia et al did not
discuss selectivity to competing isomerization reactions (and of course in the case of
ethane, there is no competing reaction other than dehydrogenation). In their most recent
paper,?* they claimed C-C bond breaking with alkyl substitution demand further
dehydrogenation than those without alkyl substitution in ring-opening reactions on Ir.
Therefore we will herein attempt to extend the work of Rosch, and Iglesia and determine
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if branched alkanes (specifically the unique case of neopentane) behave differently than
cycloalkanes or linear alkanes in hydrogenolysis. Meanwhile, isomerization is included to
explore the reaction relationship. In this work we use DFT method to explore the
mechanisms of neopentane hydrogenolysis and isomerization on Pd(111) and Pt(111). A
full pathway analysis has been performed on both surfaces and related back to the

experimental results of Childers et al?.



2. METHODS
All calculations were performed using Vienna ab initio Simulation Package (VASP), 25
26 employing the projector augmented wave (PAW) 2728 pseudopotentials with a cutoff
energy of 500 eV. The electron-change correlation was treated within the spin polarized
general gradient approximation (GGA) and the Perdew-Becke-Ernzerhoff (PBE)

functional®®3'. The Brillouin zone was sampled using a 3x3x1 k-point mesh32. The DFT-
D233 method in VASP is used to account for the yDW interactions. For Pt, we use (36pt

=42.66 nm®mol' as determined by Balbuena et al .3+

The Pd and Pt models consist of four layers slabs with 18 A of vacuum space between
images; the cell size was 4x4. The bottom two layers are held fixed while the top two
layers are allowed to relax. Geometry optimizations were considered to be converged
when the force on each atom is less than 0.025 eV / A. The nudged elastic band (NEB)35:3¢
method was used to get the transition state of the reactions. The transition state is
identified as the maximum energy state along the minimum energy path. All transition
states were converged such that tangent forces are <0.05 eV/A. Each optimized transition
state structure is confirmed through a normal mode analysis to ensure that only a single
mode with an imaginary frequency exists. Vibrational calculations are performed by a
diagonalization of the Hessian matrix created from the numerical second derivative of the

energy with respect to the reaction coordinate.



3. RESULTS AND DISCUSSION
For elementary steps of neopentane conversion, we only examined dehydrogenation,
hydrogenolysis and isomerization. Rehydrogenation of adsorbed intermediates has not
been explicitly examined but is effectively included as hydrogenation events are simply
the reverse reactions of dehydrogenation steps and are not likely to be the rate-limiting
step. Also we have limited our analysis to a single hydrogenolysis or isomerization step
such that the only product for isomerization would be isopentane and the only products
for hydrogenolysis would be methane and isobutene (i.e. we did not calculate multiple
hydrogenolysis or isomerization steps).
3.1 Dehydrogenation
Neopentane only weakly adsorbs to metal surfaces with an adsorption energy of -
0.91 eV on Pt(111) and -1.17 eV on Pd(111) primarily due to van der Waals interactions.
For the first dehydrogenation step, in the initial state, neopentane sits above the metal
surface. A C-H bond may be broken on any of the CH3 groups to form a, *CH,C(CH3)3
group bonded to an atop metal site, leaving H adsorbed in its most favorable site, a 3-fold
hollow site. In transition state, C atom and H atom is both bonded to metal surface as the
C-H bond is broken. The reaction pathway for first dehydrogenation is shown in Figure 2.
Experimental studies®*® have shown the diffusion of H on Pd(111) and Pt(111) have very
low activation barrier. Therefore, we neglect the effect of H between each subsequent
dehydrogenation step and assume H atoms diffuse away from the hydrocarbon such that
they will not affect further dehydrogenation steps (or isomerization or hydrogenolysis). At
typical temperatures for neopentane conversion, hydrogen will rapidly recombine and
desorb from the surface as it is bound with an adsorption energy of less than 0.5 eV on

both Pt(-0.46eV)% and Pd (-0.39 eV,



Figure 3: Intermediate structures after through various stages of dehydrogenation

After the first dehydrogenation event, there are two schemes for further
dehydrogenation: H removal from the same C atom (a-elimination) or H removal on an
adjacent C atom (B-elimination). Previous theoretical studies*'4? reported that B-
elimination is favored for n-alkane over a-elimination on Pd(111) and Pt(111). Neopentane
has unique structure where the central C is bonded with four geometrically identical methyl
groups. Thus, B-elimination is not possible. Instead, further dehydrogenation occurs on
another methyl group spaced apart by the central C atom, y-elimination. Due to the
similarity of B-elimination and y-elimination, we assume y-elimination will also be favored
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over a-elimination. However, here we consider both a- and y-elimination in order to
examine hydrogenolysis and isomerization after dehydrogenation. For a-elimination, we
examine cases for the removal of up to 3 H from the same C atom (i.e. complete
dehydrogenation of the a-carbon). For y-elimination, we calculated the energetics of steps
for the removal of up to 5 H atoms from two different C atoms. Note we didn’t consider y-
elimination after 2 or 3 a-elimination steps because the y-C atom is far from the metal
surface and barrier is expected to be high. All obtained intermediates are shown in Figure
3. We also did not consider cases where more than 2 C’s are attached to the metal surface.
Isomerization and hydrogenolysis are calculated for each of these intermediates. One
structure worth noting is o?y?-tetra-adsorbed intermediates. Both Rosch and Iglesia
identify it as the optimal one for methycyclopentane and ethane hydrogenolysis
respectively. Each C atom bonded with metal surface via two C-X (X=Pt, Pd) bond in a
parallel fashion forming a diamond shape between the surface and the XC-C-CX skeleton
of neopentane. It is interesting to note that the two metal atoms in the surface bonded to
the molecule are pulled out of the surface plane a little bit (0.30 A for Pd and 0.15 A for
Pt). This reflects a very strong bonding between C and metal atom. This phenomenon is

not observed in any intermediates with less than 4 H removed.



Table 1: Reaction data for neopentane dehydrogenation steps

# Pd(111) Pt(111)

Reaction Steps AE/eV | EJ/eV | AE /eV | Ed/eV
1 | CsHi2— H*+ *CH2C(CH3)3 -0.05% | 1.16% | -0.25 | 0.92
2 | CsH11*—>H*+*CHC(CHa)s 0.01 1.41 | 0.17 0.8

3 | CsH1"—>H*+*CH,C(CH3),CHz* | 0.16® | 0.98% | -0.11 | 0.63

4 | CsH1o*—H*+*CC(CHa)3 -091 (046 |-0.99 |044

5 | *CsH1o*—H*+*CHC(CH3)2CH2* -0.01 1.14 | 0.11 0.95

6 | *CsHo*—>H*+*CHC(CH3).CH* 0.2 1.41 10.2 0.76

7 | *CsHg*—H*+*CC(CH3).CH* 0 0.92 |0.32 1.21

Calculated results for dehydrogenation are summarized in Table 1.
Dehydrogenation generally has rather low activation barriers for Pd(111) (ranging from
0.46 — 1.41 eV) and Pt(111) (ranging from 0.44 — 1.21) (Table1). For the a- H elimination
series (Reaction steps 1, 2, 4), the reaction barrier decreases as the dehydrogenation
level increases for Pt(111) while no trend is observed for Pd(111). In comparison,
dehydrogenation through y-elimination (Reaction steps 1, 3, 5, 6, 7) shows no apparent
trends with the degree of dehydrogenation. The highest intrinsic barrier appears at the
removal of the 4th H on Pd(111) and 5th H on Pt(111). Comparing a- and y-elimination at
the same dehydrogenation level (reaction steps 2 and 3), y-elimination is more favorable
by 0.43 eV (2" H removal) on Pd and 0.17 eV (2"¢ H removal) on Pt, which is consistent
with our hypothesis. However, data show elimination of the 3™ H through a-elimination is

more favorable than through y-elimination for both catalysts. It should be noted that
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reaction step 4 is highly exothermic (-0.91 and -0.99 eV) and it is drastically different from
all other hydrogenation steps which are only slightly exothermic or slightly endothermic.
This indicates that dehydrogenation of the 3rd H will be highly preferred once two H atoms
are already removed from the same C atom. Flaherty’s work on ethane suggests up further
dehydrogenating *HCCH* is highly unfavorable (Eact = 1.90 eV) and the barrier is higher
than hydrogenolysis by 0.73 eV. Reaction step 7 does show an increase in activation
barrier for Pt, indicating that dehydrogenation may stop at the a?y? intermediate. In the
case of Pd, the barrier rises for the removal of the 4" C (reaction step 6). Nevertheless,
we never observe this drastic difference between dehydrogenation and hydrogenolysis at
this level. In fact, they are comparable (with maximum barrier difference with in 0.3 eV).
So, dehydrogenation on branched alkanes behaves differently than straight chain alkanes
and the dehydrogenation barrier never increases dramatically as in the case for CzH>
intermediates dehydrogenating to CCH.""

Comparing activation barriers between Pd(11) and Pt(111), Pt(111) generally has
lower reaction barriers, indicating higher activity of Pt for dehydrogenation. This is
consistent with Rosch’s study® on ring opening of methylcyclopentane. The exception to
this pattern appears to be removal of the 5" H, which is unfavorable on Pt.

Norskov et al.** show that generally the activation barrier scales with the reaction
energy for heterogeneous catalyst triggered surface reactions for systems with similar
transition state geometries (e.g. hydrocarbon dehydrogenation events). This general rule
is called Bragnsted—Evans—Polanyi relation. Due to difference in transition state, we will
expect approximate linear fit between reaction energy and activation barrier. Figure 4
shows both Pd(111) and Pt(111) can be fit to a linear relationship while Pt line has a lower

slope. In conclusion, Pt(111) has a higher activity in dehydrogenation than Pd(111).
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Figure 4: Dehydrogenation reaction enthalpy and activation energy relationship

3.2 Hydrogenolysis

Hydrogenolysis has been considered after every dehydrogenation step and results
are summarized in Table 2. All final state structures and transition state structures are
presented in Appendix A. In addition, a sample calculation of direct cleaving neopentane
without dehydrogenation was tried and a barrier larger than 3.0 eV was obtained which is

insurmountable in practical reaction.*3
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Table 2: Reaction data for neopentane hydrogenolysis steps

Pd(111) Pt(111)
# | Reaction Steps

AE /eV | Ea/eV | AE eV | Ea/eV

8 | CsHi1*>CH2*+CsHo* | 0.63* | 1.984 | 0.01 2.55

9 CsHio*—=CH*+C4Hg* 0.54 1.5 -0.44 1.86

10 | *CsH10*—*CH2*+C4Hs™ | 0.28 1.82 | 0.61 1.86

11 | CsHe*—C*+CsHyo* 1.24 2.49 1.1 2.56

12 | *CsHe*—CH2*+C4H7* | 0.68 1.41 0.61 1.67

13 | *CsHe*—>CH*+C4Hs* -0.3 1.24 | 0.23 1.17

14 | *CsHg*—>CH*+*C4H7* | 0.08 1.06 |-0.04 |1.21

Hydrogenolysis steps after a-elimination (reaction steps 8, 9, 11), generally have
rather high reaction barriers (1.5-2.5 eV for Pd, 1.9 — 2.6 eV). No easily discernable trend
correlating the activation barriers with the degree of dehydrogenation is observed. As
previous section suggests dehydrogenating 3 Hs on the same C is highly favorable after
a2-mono-adsorbed intermediate, hydrogenolysis at this level (reaction step 11) is, very
difficult. It is highly endothermic (1.24 eV for Pd and 1.11 eV for Pt) and has highest
reaction barrier for hydrogenolysis (2.49 eV for Pd and 2.56 eV for Pt). This high barrier
may results from a formation of C atom direction bonded to metal surface via three C—
metal bonds, similar to formation of a metal carbide which is not favorable for late d-band
transition metals.*

For hydrogenolysis after y-elimination (reaction steps 8, 10, 12, 13, 14) where the

molecule is bound to the surface via a second C, there is an approximate trend that as
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dehydrogenation level increases, reaction barrier decreases. The lowest reaction barrier
is observed after ~4 H are removed (4 for Pd (Figure 5), 3 for Pt). The barrier difference
between reaction from mono-adsorbed and di-adsorbed intermediate is 0.44 eV for Pd
and 0.65 eV for Pt. Since the dehydrogenation barrier is relatively low (<1.41 eV for Pd,
<0.95 eV for Pt), dehydrogenation of at least 3 H atoms will proceed before hydrogenolysis
on Pd(111) and Pt(111). This finding is consistent with Rosch’s work?® on
methylcyclopentane and Flaherty’s work with ethane.!'" As neopentane adsorbs on the
metal surface, the original C-H bond is replaced with a C-X (X= Pt, Pd) bond which
weakens corresponding C-C bond. For straight chain alkanes and cycloalkanes,
dehydrogenation on both C atoms weakens the C-C bond they are sharing. However, in
the case of the neopentane, the single adsorbed intermediate involves only one C from
the C-C bond that is being cleaved in hydrogenolysis. Since the central C is not bound the
surface, the C-C bond in adsorbed neopentane intermediate is stronger than a similar
species from an adsorbed intermediate from dehydrogenate of n-alkanes. In contrast, for
a di-adsorbed intermediate, although the central C is still not bound to the surface, now
the presence of a second metal surface bond weakens both C-C bonds. Our results shows
despite the lack of B coordination to the surface, neopentane still needs to bind to the
metal surface through two different C atoms before hydrogenolysis can occur.

As was discussed in the dehydrogenation section, a?y?- -adsorbed intermediates
have a strong bonding between C atoms and catalyst surface. Note that the length of the
target C-C bond to be broken is 1.53 A (as compared to 1.55 A between a methyl group
C and the central C in neopentane). Although in the a?y? intermediate, 2 hydrogens have
been removed from each C atom, the C-C bond doesn’t contract much and retains the
character of a single bond. This can partly account for the low activation barrier for
hydrogenolysis. In Rosch’s work, they suggest a migration step before the most favorable
hydrogenolysis step for methycyclopentane ring-opening reaction. However, this site
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migration step is unlikely to occur for neopentane as the C-C bond doesn’t compress much
(only 0.02) and the second point of attachment is at the y position as opposed to the 3
position. For example, the C-C bond distance in C2Hy4 is 1.34 A and the C-C bond distance

in CoHz2 is 1.20 A. Attempts to locate an alternate adsorption site were unsuccessful.

Figure 5: Initial state, transition state, final state for reaction step 14

As we can see from Table 2, hydrogenolysis of di-adsorbed intermediates requires
a lower barrier that of mono-adsorbed intermediates. Meanwhile, the lowest barrier
different between the a and y pathways is 0.44 eV for Pd and 0.65 eV for Pt. We can safely
conclude hydrogenolysis through y pathway is the primary mechanism for neopentane
hydrogenolysis. As mentioned above, this result is consistent with Rosch’s work on
cycloalkanes and Iglesia’s work on straight chain alkanes. In addition to the weakening of
the C-C bond the presence of multiple C-M bonds, the lower barrier can also be explained
by a more stable final structure (and therefore by analogy a more favorable transition state
structure). As the calculations suggest, hydrogenolysis involves steps including elongation
of the C-C bond, and formation of a new C-X (X=Pt, Pd) bonds which results a C1 group
and a C4 group. For the C4 group, y-elimination intermediate generates a more stable
structure as it has more than one bond to the catalyst surface. Similarly, the transition
state for a di-adsorbed intermediate hydrogenolysis event is stabilized by C-M bonding

for C4 group comparing to transition state for mono-bound intermediate which has no
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bonding at all (i.e. only the C1 group is continuously bound to the surface throughout the

reaction).

Figure 7: Initial state, transition state, final state for reaction step 13

Hydrogenolysis of the a?y-di-adsorbed intermediate has two directions, breaking
C-CH: bond (reaction step 12, Figure 6) or breaking C-CH bond (reaction step 13, Figure
7). On both Pt and Pd, hydrogenolysis will preferred through cleavage of the C-CH bond
than C-CH; with a barrier difference of 0.17 eV and 0.50 eV respectively. It appears that
further dehydrogenation of the C-C bond is preferred until C is the final product. Despite
their similar final structures, reaction step 13 has a more stable final structure than reaction
step 12 as we can see from the reaction enthalpy. It can be deduced from the transition
structures of reaction 12 and 13 that stabilizing the C1 group maybe is more important
than stabilizing the C4 group.
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To verify a Brgnsted—Evans—Polanyi relation for hydrogenolysis, the calculated

barriers and reaction energies are plotted in Figure 8. Data for Pd and most of the data for

Pt can be fit to an approximate linear relationship between reaction energy and reaction

barrier. There are two obvious outliners which are hydrogenolysis step 8 and

hydrogenolysis step 9. Both of these outliners are pathways through an a intermediate.

Their activation barriers are in the expected range but their reaction enthalpies are

reduced by a margin. The current origin of the deviation in reaction enthalpies is unknown

and further investigation is required. Overall, the reaction barrier for Pd and Pt are quite

close for hydrogenolysis. Pd(111) is slightly more active than Pt(111) in hydrogenolysis.

Hydrogenolysis
Activatianl
Barri \"/
arrlerz(g He
) - _ " =0.91x + 1.27 (Pd)
./ P e Pd
y =0.36x+ 1.73 (Pt) 154 -~ &4
Ao N .
— — - Linear (Pd)
0.5 - Linear (Pt)
-1 -0.5 0 0.5 1 1.5

Reaction Energy (eV)

Figure 8: Hydrogenolysis reaction enthalpy and activation energy relationship

3.3 Isomerization
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Table 3: Reaction data for neopentane isomerization steps

# Pd(111) Pt(111)

Reaction Steps AE eV | Ea/eV | AE /eV | Ea /eV

15 | CsH41*—>*CH3C(CH3)CH2CH3 | 0.47 1.97 |-0.09 |1.78

16 | CsH10"—CH3C*(CH3)CH*CHs | -0.3 1.73 |-049 |1.27

1744 | *CsH1o*—*CH2C(CH3)CH2CH3 | -0.6243 | 1.8143 | 0.08 1.77

18 | CsHy*—CH3C*C*(CH3)CH;s 0.57 2.5 1.34 2.29

19 | *CsHy*—*CHC(CH3)CH2CHs | 0.03 24 0.07 2.28

20 | *CsHe*—*CH2C(CH3)CHCHs | -0.57 | 1.76 |-0.5 1.4

21 | *CsHg*—>*CHC(CH3)CHCH -0.5 1.63 |-042 |1.37

The reaction enthalpies and activation energies for isomerization are summarized in Table
3. All final state structures and transition state structures for isomerization are presented
in Appendix B. For isomerization after a-elimination (reaction step 15, 16 and 18), no
apparent trend exists between the dehydrogenation level and the reaction barrier. Though
reaction steps 15 and 18 still have relatively high reaction barriers as compared to their
hydrogenolysis counterparts, reaction step 16 through an a>-mono-adsorbed intermediate
(Figure 9) exhibits a surprising low reaction barrier of 1.73 eV on Pd and 1.27 eV on Pt.
The lowest barrier on Pd still happens for the a?y2-di-adsorbed intermediate (Figure 10)
with 1.63 eV. One explanation that accounts for this low barrier is that the final state is
very stable compared to the other mono-adsorbed intermediates. As in the case for
hydrogenolysis, reaction step 18 still has the highest isomerization barrier and is highly
endothermic for both Pt and Pd, suggesting an aversion to isomerize after 3 H atoms are

removed from the same C.
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Figure 10: Initial state, transition state, final state for reaction step 21

For isomerization of di-adsorbed intermediates (reaction step 15, 17, 19, 20, 21),
there is a clear trend that as dehydrogenation level increases, reaction barrier decreases
with one exception, exception step 19 which can be excluded as it is only one
isomerization direction after o?y-intermediate. It should be pointed out that the
hydrogenolysis reaction series through di-adsorbed intermediates has a similar
relationship. It can be concluded that dehydrogenation through y-elimination up until 4 H
atoms will benefit both hydrogenolysis and isomerization. It appears that, isomerization
and hydrogenolysis have similar pathways through which they both possess a rather low
barrier. This substantiates our conclusion in Childers et al.?® that a single common
intermediate is controlling the reactivity. Childers et al. suggested that the energy of the

intermediate must scale with CO adsorption energy such that CO adsorption can be used
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as a single descriptor to describe isomerization selectivity. This can only be true if the

reaction site and reaction intermediate is a single configuration.

Figure12: Initial state, transition state, final state for reaction step 20

Similarly, isomerization can also take two pathways after a?y-di-adsorbed intermediate is
formed: A methyl group can break from the central carbon and isomerize to form a bond
to *CH (reaction step 19, Figure 11) or to *CH; (reaction step 20, Figure 12). In the
discussion of previous section, we conclude that for the a?y-di-adsorbed intermediate,
hydrogenolysis tends to break the C-CH bond instead of C-CH, bond. In a similar way as
for hydrogenolysis, isomerization tends to occur at *CH rather than at *CH, with a barrier
difference of 0.64 eV for Pd and 0.88 eV for Pt. Both hydrogenolysis and isomerization
prefer to occur via the more dehydrogenated carbon than the less dehydrogenated carbon.
To explain this preference, transition state structures are compared as shown in Figure 11
and Figure 12. The difference in the transition state structures between steps 19 and 20

is that the lower activation barrier structure (20) is bonded through 2 C atom instead of 1
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C atoms. The barrier is likely lower because the C4 fragment is more stable by maintain
bonding to the metal surface with both C atoms throughout the transition state. Although
hydrogenolysis and isomerization compete at same intermediate at each dehydrogenation
step, their mechanisms are quite different. The isomerization generally involves elongation
of the C-C bond and lengthening of the C-M bond followed by reformation of a C-C bond.
In isomerization both the central carbon and the moving methyl group are not directly
bonded to metal atom while for hydrogenolysis only the central C is not bonded to the
surface. For hydrogenolysis, the bond that needs to be weakened is the C-C bond
between the central C atom and the C atom which binds to metal surface while for
isomerization the bond to be weakened is between the central C atom and a methyl group
C that is completely unbonded to the surface. A smaller difference (only 0.1 eV) between
isomerization for the a2-intermediate and a?y?-intermediate is observed on both Pd and Pt
as compared to hydrogenolysis (larger than 0.4 eV). This may suggest a different
requirement of dehydrogenation for isomerization and hydrogenolysis despite the fact
both reactions have lower barriers as the extent of dehydrogenation increases for di-
adsorbed intermediates. The different requirement for dehydrogenation can also account
for the fact that the lowest barrier intermediate for isomerization on Pt is the a>-mono-
adsorbed intermediate instead of an a?y?-di-adsorbed intermediate. Hydrogenolysis of
mono-adsorbed intermediates is extremely unlikely, but for isomerization, both the mono-
adsorbed and di-adsorbed intermediates may be of comparable importance. This results
from a better stabilization of the transition state for the a-elimination pathway.

Both Pd(111) and Pt(111) can be fit to an approximately linear relationship between the
activation barrier and the reaction enthalpy for isomerization as shown in Figure 13. The

Figure shows that Pt(111) is expected to be more active in isomerization than Pd(111).
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Figure 7: Isomerization reaction energy and activation energy relationship

3.3 Relationship between hydrogenolysis and isomerization

Combining the results from dehydrogenation, hydrogenolysis and isomerization,
we can account for the higher selectivity for isomerization on Pt. While Pt and Pd have
similar reaction barriers for hydrogenolysis, Pt has relatively lower reaction barriers for
both dehydrogenation and isomerization.

To explore the relationship between hydrogenolysis and isomerization, we define
dehydrogenation level as H atoms number removed from neopentane without regard to
the H elimination scheme. The reaction barrier is plotted as a function of the extent of
dehydrogenation in Figure 14. Both Rosch® and Iglesia’! suggest 4 H are removed before
hydrogenolysis happens. In Figure 11, we can see clearly see trend that generally for di-
adsorbed intermediates (for both hydrogenolysis and isomerization, on both Pt and Pd),
the reaction barrier decreases with increase of dehydrogenation level. Reactions involving
di-adsorbed intermediates reactions also will play a more important role than their
corresponding mono-adsorbed intermediates as the barriers for reactions involving the di-
adsorbed species are consistently lower. The only exception occurs for the isomerization
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of mono-adsorbed series on Pt which have comparable reaction barriers to reactions
involving di-adsorbed species. Comparing Pt and Pd, the reactions of di-adsorbed species
have comparable barriers with differences of less than 0.2 eV for hydrogenolysis. Although
the barriers generally decrease with increase of the degree of dehydrogenation, the
isomerization barrier on Pt decreases with a small slope and dehydrogenation of 4 Hs, still
does not significantly lower the barrier. For intermediates with a loss of 4 Hs, whether for
Pt or Pd, isomerization has a higher barrier than hydrogenolysis. However, the barrier

difference is much smaller for Pt (around 0.2 eV) than Pd (around 0.7 eV).
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Figure 8: Relationship between dehydrogenation level and activation energy

Neopentane undergoes both hydrogenolysis and isomerization pathways. Both Pt
and Pd exhibit a clear particle size effect which increasing particle size leads to higher
isomerization selectivity with Pt having a significant higher selectivity than Pd at an

equivalent particle size. Both Childers et al.?® and Foger et al.’ have suggested that
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isomerization will dominate neopentane conversion on Pt(111). However, we find that the
lowest hydrogenolysis barrier is actually still lower than the isomerization barrier
regardless of the degree of dehydrogenation. It is not clear if we have not located the
proper mechanism for isomerization (i.e. a pathway with a lower barrier exists) or if DFT
is not capable of properly assessing the energetics of this reaction or if the error stems
from some other reason. We conducted a simple kinetic calculation for this simple step at
275 °C; this difference will result in an isomerization selectivity of 3.9%.

From energy profile of the reaction pahtways on Pt(111) in Figure 15,
dehydrogenation is favored over hydrogenolysis and isomerization over the whole range
of dehydrogenation steps examined. In fact for the a?y2-di-adsorbed intermediate, all three
reactions have comparable barriers (dehydrogenation barrier is equivalent to the
hydrogenolysis barrier, the isomerization barrier slightly higher than the other two). In
contrast, for Pd(111), the potential energy surface shown in Figure 1, Appendix C,
indicates that dehydrogenation is favored over hydrogenolysis and isomerization by a
large amount until 3 H atoms are removed. For the o2y-di-adsorbed intermediate,
hydrogenolysis is preferred over further dehydrogenation by a small amount. In fact for
the o?y-di-adsorbed intermediate, all three reactions have comparable barriers
(isomerization is only slightly higher.) Further dehydrogenating the 5" H atom results in a

larger energy difference between dehydrogenation and hydrogenolysis/isomerization.
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Figure 9: Energy profile for neopentane reaction on Pt(111)
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4. CONCLUSION

We have studied the conversion of neopentane using DFT calculations. Activation
barriers and reaction energies for neopentane dehydrogenation, hydrogenolysis and
isomerization have been calculated on Pd(111) and Pt(111). Transition structures of each
step are also obtained.

Our results shows that generally the activation barriers for these processes on
Pt(111) are lower than Pd(111). Also, our calculation corroborate that neopentane tends
to undergo hydrogenolysis and isomerization after 3 or 4 H were removed from two C
atoms in most cases. Hydrogenolysis and isomerization of these di-adsorbed
intermediates benefit from a more stable transition state and final structure. This is in good
agreement with previous DFT studies examining n-alkanes and methylcyclopentane.
Meanwhile it suggests that hydrogenolysis and isomerization may be mediated by a same
intermediate and explains why a single descriptor such as the CO adsorption energy can
used to correlate neopentane isomerization selectivity. While hydrogenolysis will
dominantly occur through di-adsorbed intermediates, isomerization may possess two
important pathways through both mono-adsorbed and di-adsorbed intermediates. On
basis of the calculated barriers, we can rationalize the higher selectivity of isomerization
on Ptto Pd, thatis, Pt has a lower isomerization activation energy similar but a comparable
hydrogenolysis activation energy.

Though our work shed light on mechanism of alkane hydrogenolysis and
isomerization, more work remains to be done. Isomerization and hydrogenolysis
mechanisms involving intermediates with more extensive degrees of dehydrogenation
(more than 5) were not addressed in this work. In addition, the surface coverage effect of
the reactants is not considered in this work. However, high H surface coverage or high
neopentane coverage may affect the reaction mechanism as reaction barriers are
expected to be coverage dependent. Furthermore, in order to examine particle size effect
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on alkane hydrogenolysis and isomerization, other catalyst surface, like (211), should also
be examined. It should also be mentioned that other isomerization mechanisms could also
be viable pathways. Foger et. al'” proposed a tri-adsorbed intermediates which well
explains the particle size effect observed on catalysts surface since this intermediate can
only form on a more low coordinate surface. Isomerization by a ring-closure ring-opening

(discussed in the introduction section) mechanism may need additional investigation .18

27



REFERENCES

. Akhmedov, V. M.; Al - Khowaiter, S. H. Recent advances and future aspects in the

selective isomerization of high n - Alkanes. Catalysis Reviews 2007, 49, 33-139.

Ono, Y. A survey of the mechanism in catalytic isomerization of alkanes. Catalysis
Today 2003, 81, 3-16.

Maire, G.; Plouidy, G.; Prudhomme, J.; Gault, F. The mechanisms of hydrogenolysis
and isomerization of hydrocarbons on metals: |. Hydrogenolysis of cyclic hydrocarbons.
Journal of Catalysis 1965, 4, 556-569.

Barron, Y.; Maire, G.; Muller, J. M.; Gault, F. G. The mechanisms of hydrogenolysis
and isomerization of hydrocarbons on metals: Il. Mechanisms of isomerization of
hexanes on platinum catalysts. Journal of Catalysis 1966, 5, 428-445.

Barron, Y.; Cornet, D.; Maire, G.; Gault, F. G. The mechanism of isomerization of
hexanes on platinum catalysts. Journal of Catalysis 1963, 2, 152-155.

. Anderson, J. R.; Avery, N. R. The isomerization of aliphatic hydrocarbons over
evaporated films of platinum and palladium. Journal of Catalysis 1966, 5, 446-463.
Boudart, M.; Ptak, L. D. Reactions of neopentane on transition metals. Journal of
Catalysis 1970, 16, 90-96.

Zhao, Z.; Moskaleva, L. V.; Rdsch, N. Ring-Opening Reactions of Methylcyclopentane
over Metal Catalysts, M = Pt, Rh, Ir, and Pd: A Mechanistic Study from First-Principles
Calculations. ACS Catal. 2013, 3, 196-205.

Zhao, Z.; Moskaleva, L. V.; Résch, N. Formation of n-hexane from methylcyclopentane
via a metallacyclobutane intermediate at step sites of Pt surfaces: Mechanism from

first-principles calculations. Journal of Catalysis 2013, 299, 146-149.

28



10.

11.

12.

13.

14.

15.

16.

17.

Flaherty, D. W.; Iglesia, E. Transition-State Enthalpy and Entropy Effects on Reactivity
and Selectivity in Hydrogenolysis of n-Alkanes. J. Am. Chem. Soc. 2013, 135, 18586-
18599.

Flaherty, D. W.; Hibbitts, D. D.; Gurbuz, E. I.; Iglesia, E. Theoretical and kinetic
assessment of the mechanism of ethane hydrogenolysis on metal surfaces saturated
with chemisorbed hydrogen. Journal of Catalysis 2014, 311, 350-356.

Diaz, G.; Garin, F.; Maire, G.; Alerasool, S.; Gonzalez, R. D. Hydrogenolysis of
methylcyclopentane and isomerization of 2-methylpentane over well characterized
silica-supported platinum-ruthenium catalysts. Applied Catalysis A: General 1995, 124,
33-46.

Musolino, M.; Cutrupi, C.; Donato, A.; Pietropaolo, D.; Pietropaolo, R. cis-2-Butene-1,
4-diol as probe for studying isomerization versus hydrogenation and hydrogenolysis
reactions. Applied Catalysis A: General 2003, 243, 333-346.

Rodriguez-Reinoso, F.; Rodriguez-Ramos, |.; Moreno-Castilla, C.; Guerrero-Ruiz, A.;
Lopez-Gonzalez, J. d. D. Platinum catalysts supported on activated carbons: Il.
Isomerization and hydrogenolysis of n-butane. Journal of Catalysis 1987, 107, 1-7.
Shi, H.; Gutiérrez, O. Y.; Haller, G. L.; Mei, D.; Rousseau, R.; Lercher, J. A. Structure
sensitivity of hydrogenolytic cleavage of endocyclic and exocyclic C—C bonds in
methylcyclohexane over supported iridium particles. Journal of Catalysis 2013, 297,
70-78.

Shi, H.; Gutiérrez, O. Y.; Yang, H.; Browning, N. D.; Haller, G. L.; Lercher, J. A.
Catalytic consequences of particle size and chloride promotion in the ring-opening of
cyclopentane on Pt/AI203. ACS Catalysis 2013, 3, 328-338.

Juszczyk, W.; Karpinski, Z. Characterization of supported palladium catalysts: Il.

PdSiO2. Journal of Catalysis 1989, 117, 519-532.

29



18.

19.

20.

21.

22.

23.

24.

25.

Juszczyk, W.; Karpinski, Z.; Ratajczykowa, I.; Stanasiuk, Z.; Zielinski, J.; Sheu, L.;
Sachtler, W. Characterization of supported palladium catalysts: Ill. PdAI203. Journal
of Catalysis 1989, 120, 68-77.

Foger, K.; Anderson, J. R. Reactions of neopentane and neohexane on platinum/Y-
zeolite and platinum/silica catalysts. Journal of Catalysis 1978, 54, 318-335.
Childers, D.; Saha, A.; Schweitzer, N.; Rioux, R. M.; Miller, J. T.; Meyer, R. J.
Correlating Heat of Adsorption of CO to Reaction Selectivity: Geometric Effects vs
Electronic Effects in Neopentane Isomerization over Pt and Pd Catalysts. ACS
Catalysis 2013, 3, 2487-2496.

Balakrishnan, K.; Schwank, J. Neopentane reactions over bimetallic PtSn/Al203 and
PtAu/SiO2 catalysts. Journal of Catalysis 1991, 132, 451-464.

Botman, M. J. P.; de Vreugd, K.; Zandbergen, H. W.; de Block, R.; Ponec, V. The
effect of alloying Pt with Re on the intermediates in hydrocarbon reactions: Reactions
of 2,2-dimethylbutane. Journal of Catalysis 1989, 116, 467-479.

Zhao, Z.; Moskaleva, L. V.; Rosch, N. Tuning the selectivity for ring-opening reactions
of methylcyclopentane over Pt catalysts: A mechanistic study from first-principles
calculations. Journal of Catalysis 2012, 285, 124-133.

Flaherty, D. W.; Uzun, A.; Iglesia, E. Catalytic Ring Opening of Cycloalkanes on Ir
Clusters: Alkyl Substitution Effects on the Structure and Stability of C-C Bond
Cleavage Transition States. The Journal of Physical Chemistry C 2015.

Kresse, G.; Hafner, J. Ab initio molecular-dynamics simulation of the liquid-metal—
amorphous-semiconductor transition in germanium. Physical Review B 1994, 49,

14251.

30



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Kresse, G.; Furthmiiller, J. Efficiency of ab-initio total energy calculations for metals
and semiconductors using a plane-wave basis set. Computational Materials Science
1996, 6, 15-50

Blochl, P. E. Projector augmented-wave method. Physical Review B 1994, 50, 17953.
Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-
wave method. Physical Review B 1999, 59, 1758.

Hammer, B.; Hansen, L. B.; Ngrskov, J. K. Improved adsorption energetics within
density-functional theory using revised Perdew-Burke-Ernzerhof functionals. Physical
Review B 1999, 59, 7413.

Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made
simple. Phys. Rev. Lett. 1996, 77, 3865.

Zhang, Y.; Yang, W. Comment on "Generalized Gradient Approximation Made
Simple". Phys. Rev. Lett. 1998, 80, 890-890.

Monkhorst, H. J.; Pack, J. D. Special points for Brillouin-zone integrations. Physical
Review B 1976, 13, 5188.

Grimme, S. Semiempirical GGA-type density functional constructed with a long-range
dispersion correction. Journal of Computational Chemistry 2006, 27, 1787-1799.
Ramos-Sanchez, G.; Balbuena, P. Interactions of platinum clusters with a graphite
substrate. Physical Chemistry Chemical Physics 2013, 15, 11950-11959.
Henkelman, G.; Jonsson, H. Improved tangent estimate in the nudged elastic band
method for finding minimum energy paths and saddle points. J. Chem. Phys. 2000,
113, 9978-9985.

Jonsson, H.; Mills, G.; Jacobsen, K. W. Nudged elastic band method for finding

minimum energy paths of transitions. 1998.

31



37.

38.

39.

40.

41.

42.

43.

44,

45.

Graham, A. P.; Menzel, A.; Toennies, J. P. Quasielastic helium atom scattering
measurements of microscopic diffusional dynamics of H and D on the Pt (111) surface.
J. Chem. Phys. 1999, 111, 1676-1685.

Mitsui, T.; Rose, M.; Fomin, E.; Ogletree, D.; Salmeron, M. Hydrogen adsorption and
diffusion on Pd (111). Surf. Sci. 2003, 540, 5-11.

Lawvik, O.; Olsen, R. Adsorption energies and ordered structures of hydrogen on Pd
(111) from density-functional periodic calculations. Physical Review B 1998, 58, 10890.
Hamada, |.; Morikawa, Y. Density-functional analysis of hydrogen on Pt (111): Electric
field, solvent, and coverage effects. The Journal of Physical Chemistry C 2008, 112,
10889-10898.

Zhao, Z.; Moskaleva, L. V.; Aleksandrov, H. A.; Basaran, D.; Résch, N. Ethylidyne
Formation from Ethylene over Pt (111): A Mechanistic Study from First-Principle
Calculations. The Journal of Physical Chemistry C 2010, 114, 12190-12201.
Moskaleva, L. V.; Aleksandrov, H. A.; Basaran, D.; Zhao, Z.; Rdsch, N. Ethylidyne
Formation from Ethylene over Pd (111): Alternative Routes from a Density Functional
Study. The Journal of Physical Chemistry C 2009, 113, 15373-15379.

Previous unpublished calculation by Sarah Wiersema

Bligaard, T.; Ngrskov, J. K.; Dahl, S.; Matthiesen, J.; Christensen, C. H.; Sehested, J.
The Brgnsted—Evans—Polanyi relation and the volcano curve in heterogeneous
catalysis. Journal of Catalysis 2004, 224, 206-217.

Lengauer, W. Transition metal carbides, nitrides, and carbonitrides. Handbook of

ceramic hard materials 2000, 202-252.

32



Appendixes

Appendix A

Rection Step 8 Rection Step 9 Rection Step 11 Rection Step 10
» » »
»»
s ® » o
. - .O.

.’. '. '. - ,.

-
. r ®
/

Rection Step 12 . Rection Step 13
o0 S
e ST

»

sy?

Figure 1: Final state structures for all hydrogenolysis reactions

Rection Step 8 Rection Step 9 Rection Step 11 Rection Step 10

» a0t

®
n
> {
» . ) »
.- 0. '—-. a

°

Rection Step 13 Rection Step 14
LA ol
g .

h_,-. ® .“‘.
:. v _ )

Figure 2: Transition state structures for all hydrogenolysis reactions
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Figure 1: Energy profile for neopentane reaction on Pd(111)
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