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Abstract

Modeling tools based on molecular mechanics and molecular dynamics were used for selecting shape-selective zeolite catalysts for th
synthesis of 2,6-dimethylnapthalene (2,6-DMN) through the alkylation of naphthalene (NAPH) or via isomerization of other DMN isomers.
A number ofmedium- (MFI and EUQO) andarge-pore zeolites {BEA, MOR, MAZ, FAU, LTL, OFF, and MTW) were considered and for
each of them the minimum energy pathways for the diffusion of naphthalene, 1- and 2-methylnapthalene (MNs), and 1,5-, 1,6-, 2,6-, and
2,7-dimethylnapthalene (DMNs) were computed. The results of the simulations indicated that the diffusion of MNs and DMNs isomers in
the medium-pore zeolites is impeded by high-energy barriers, leading to the conclusion that this kind of structure can be used neither in the
isomerization nor in the alkylation reaction. In contrdatge-pore zeolites are more promising though their behavior strongly depends on
the effective size of the pore openings. Among them, MTW was predicted to be the most promising candidate for the selective alkylation
of NAPH to 2,6-DMN. In fact, the simulations indicated high-energy diffusion barriers not only for molecules bearing;areCid in the
a-position but also for the undesired 2,7-DMN molecule. Catalytic tests, performed in the presence of 1,2,4-trimethylbenzene as a solvent
confirmed the prediction since MTW gave the highest 2,6-DMN yields with g2,B-DMN ratio in the range 2.0-2.6, well above the
thermodynamic value of 1 obtained with the other zeolites. The good catalytic performances of MTW were explained by the fact that,
unique among théarge-pore zeolites considered, this zeolite showed a better stabilization of the 1,1-diarylmethane intermediate molecules
leading to 2-MN, 2,6-DMN, and 2,7-DMN. Their formation can be considered more probable than for those deriving from the electrophilic
attack of the benzyl carbocation in theposition of the naphthalene ring.
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1. Introduction (2,6-DMN) is preferred to other dialkylnaphthalenes (i.e.,
2,6-diethyl- (2,6-DEN) or 2,6-diisopropylnaphthalene (2,6-
2,6-Dialkylnaphthalenes (2,6-DKN) are key intermedi- DIPN)) because no C atoms are lost in the oxidation step;
ates in the synthesis of polyethylene naphthalate (PEN)however, its high cost and low availability limit the large-
which, compared with other thermoplastic polyesters (e.g., scale production and commercialization of PEN.
polyethylene terephthalate, PET), has improved thermal, To date, 2,6-DMN is produced at large scale (30 Kton
mechanical, and gas barrier properties that render it suit-year) only by BP-Amoco. The employed process is quite
able to several applications. The most important synthesiscomplex, since it involves four subsequent reaction steps:
routes to PEN involve the oxidation of 2,6-DKN to the cor- the o-xyleng/butadiene condensation to dstolylpentene
responding dicarbOXyIiC acid (2,6-NDA), its esterification (5_OTP) in the presence of the Strong]y basic ||qu|d cata-
with methanol to dimethyl-2,6-naphthalenedicarboxylate yst Na/K, the cyclization of 5-OTP to 1,5-dimethyltetraline
(2,6-NDC), and the co-polymerization with ethyleneglycol (1,5-DMT), and its dehydrogenation to 1,5-dimethylnapha-
(Fig. 1). For economical reasons, 2,6-dimethylnaphthalene,qiene (1,5-DMN), which is finally isomerized to 2,6-
DMN [1]. Though complex, this process is economically
~* Corresponding author. more favorable with respect to other similar synthesis routes
E-mail address: rmillini@enitecnologie.eni.it (R. Millini). such as those proposed by the Mitsubishi Gas Chemical
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Fig. 1. Synthesis of PEN.

(MGC), based either on toluene, 1-butene, and CO [2] or is used as a single feedstock since the 26~-DMN ratio
m-xylene, propylene, and CO [3]. Another disadvantage of in the product is 2.3, well above the valuwe 1.0) predicted
such processes resides in the catalyst used B#E), which from thermodynamic data [12,16]. However, when a mix-
is seen with environmental concern. ture of the two MN isomers is fed, the 2/@,7-DMN ratio
Alternative processes for the synthesis of 2,6-DMN have drops down to 1.2-1.5 [18] and this is a strong limit since
also been proposed. Mitsui claimed a process based on thehe separation of these DMNSs is not easy. It cannot be per-
preparation of 3-methyl-4pttolyl)butane or butene by con-  formed by distillation because the difference between their
densation ofp-xylene with 1-butene or butadiene in the hoiling points is 0.3C, while by crystallization they form
presence of a supported N catalyst [4]. The successive  eytectic crystals with a 2,62,7-DMN ratio of 0.7. There-
dehydrocyclization on chromjalumina, rhenigalumina, or  fore, one main goal is to find an efficient process able to
chromig'rhenig/alumina catalysts gives 2,6-DMN in low  produce 2,6-DMN in high yields and with DMN isomers dis-
yields (25-30%) from the butane intermediate and in high tipution far from the equilibrium.
yields (70%) from the butene intermediate [4]. This Process  Recently, we faced this problem by examining the cat-
was recently improved by Optatech Corp., which proposed gyt performances of several zeolite catalysts in the methy-
new catalysts for both the condensation and the dEhydrOCy'lation of NAPH and MNs both in the presence and in the

C“thiﬁn rgactlion [SL' desirabl hesi for ob absence of solvent [20]. In the latter case, no significant dif-

tainirtlgerZSEISmE?I\/TliIair;vc:TI]voeretheeSrIrZZth?/I?tlir(])tn eélsngggisaloe rnc; “ferences from the literature data were observed, while a great
= : improvement in 2,6-DMN selectivity, 2,62,7-DMN ratio,

NAPH) or methylnaphthalenes (MNs) in the presence of . ) )

geolite )catalysts.yDiﬁgrent appro:glches) can be Iijsed incIud—and catalyst life was achieved when 1,2,4-trimethylbenzene

ing the direct alkylation with methanol (with or without (psegdocume_qe, TMB) was used as a sqlvent. The adopted

paraffinic or aromatic solvents) and the disproportionation reaction conditions allowed transmethylation and the zeolite

of MNs in the presence of various zeolite catalysts includ- catalystwas ZSM-12 [.21]'

ing ZSM-5 (MFI), ZSM-11 (MFI/MEL), ZSM-12 (MTW), The catalyst screening was preceded by a molecular mod-

mordenite (MOR), Y (FAU), FAU/EMT, Beta, MCM-22 eling study based on the use of molecular mechanics and
(MWW), and NU-87 (NES) [é—16]. ’ ' dynamics calculations, with the aim of providing informa-

From the industrial point of view, two processes have to tion abqut the most promising zeolit'e- structures potentially
be mentioned. In 1992, Teijin claimed a two-step process in Pl€ to increase the 2,6-DMN selectivity. In the past decade,
which NAPH is first reacted with an isomeric DMN mixture  the development of efficient modeling tools expressly dedi-
to produce MNs; at the same time, isomerization of DMNs cated to the study of heterogeneous catalysts improved the
occurs to increase the amount of 2,6-DMN. Subsequently, capabilities of understanding their structure—property rela-
MNs are methylated with methanol to give a 2,6-DMN en- tionships at a molecular level. For porous catalysts, great ad-
riched product [17]. The critical points of this process are the vantages derived from the application of methods based on
low yields and the consequent high costs due to the extensivemnolecular mechanics (MM) and dynamics (MD) that were
recycling involved. developed for evaluating the shape-selectivity properties of

More promising results were jointly claimed by Mobil zeolite structures in a given reaction. In particular, in a mi-
Technology Company and Kobe Steel [18], who developed a croporous solid the overall process can be regarded as the
process combining the Mobil's synthesis technology, based sum of three different main steps: (1) the adsorption and dif-
on the use of MCM-22 catalyst [19] with the Kobe's separa- fusion of reactant(s); (2) the reaction; and (3) the diffusion
tion technology. This process gives good results when 2-MN and desorption of product(s).
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The diffusion of the different species (reactant(s) and Table 1
product(s)) involved in the reaction can be efficiently sim- Calculated DMN isomers distribution at the thermodynamic equilibrium

ulated in large systems by using classical MM and MD 2400°C

approaches, providing useful indications about the reactantlsomer Ref. [12] Ref. [16]
and product shape-selectivity properties of different micro- 1,7-DMN 147 158
porous structures. Horsley et al. were the first to perform 2,7-DMN 117 127

a computer-assisted screening of zeolite catalysts and, cu-;’g:gm Eg igg
riously enough, the problem they faced is similar to that 1:6_DMN 140 128
under our investigation, i.e., the selection of a catalyst for 1 4-pmN 50 48
the selective isopropylation of NAPH to 2,6-DIPN [22]. This  1,5-DMN 6.0 59
method was further applied to the interpretation of the results 2,3-DMN 121 118
obtained from various catalytic tests: e.g., the skeletal iso- ivg‘gm g'z) g'g

merization of 1-butene to isobutene [23,24], the alkylation
of benzene with propylene to cumene [25], the hydrocon-
version ofn-heptane [26], and the study of the alkylbenzene (C) 1,4-DMN; 1,3-DMN; 2,3-DMN
diffusion in large-pore zeolites [27]. (D) 1,2-DMN
The reaction mechanism modeling (step 2) actually re-
quires the use of computationally demanding quantum me- and the isomerization was considered to occur within each
chanical (QM) methods, which for that reason are usually group [13]. That means that the shift of a —Cétoup from
applied to small clusters, not representative of the overall the a-position to theg-position in the same ring is easy,
structure. Therefore, QM methods can hardly be applied to while from the 8-position to thes-position or from a ring
study the reaction mechanism on different zeolite structures,to another is rather difficult [13]. Therefore, only isomers
even if the recently developed embedded-type approacheselonging to group A are considered of interest. If this re-
are described as very promising tools [28]. However, when action is to be performed in a microporous catalyst, pores
the reaction mechanism is known, indirect information can large enough to allow the adsorption and diffusion of the
be obtained by evaluating the interactions of molecules, rep-most hindered 1,5-DMN isomer should characterize the se-
resentative of the transition states or of the intermediates,lected zeolite. In this case, the reaction does not proceed
with different microporous frameworks. For example, Ray- under steric control while on the other hand the acidic prop-
baud et al. compared the computed adsorption enthalpieserties of the catalyst should be most effective.
of five cyclopropane molecules, representative of the corre-
sponding protonated intermediates involved in the hydroi- 2.2. 2,6-DMN from the alkylation of NAPH and MN in the
somerization ofn-heptane, in the ZSM-22 (TON), EU-1  presence of TMB
(EUO), and Beta zeolites [26]. In this way, the authors con-
cluded that only ZSM-22 imposes steric control of the reac-  As far as the alkylation reaction of NAPH and MN is
tion pathway [26]. concerned, the goal is to identify zeolite catalysts, which
In this paper we report the results of the computational can favor the formation of 2,6-DMN with high selectivity
study aimed at screening potential zeolite catalysts for the while limiting the formation of the other isomers. There-
synthesis of 2,6-DMN. The predictions of the modeling fore, a suitable zeolite catalyst should allow the diffusion
study are compared to the results of the catalytic tests re-of the reagents and of the 2,6-DMN but not that of the
ported in [20]. other isomers with a —C#group in thea-position. Con-
sequently these undesired products should undergo isomer-
ization to less hindered species, before elution. Another im-

2. Definition of the problem portant point concerns the 2,7-DMN isomer, which can be
easily formed but cannot undergo easy isomerization to the
2.1. Isomerization of DMNs desired product (see above). The formation of this isomer

should be avoided because of its difficult separation from
A mixture of DMNs may contain 10 different isomers, 2,6-DMN (see Introduction). A similar problem was faced
which are difficult to separate. From the thermodynamic by Horsley et al. when they studied the alkylation reaction
point of view, the g-position is preferred with respect to of NAPH with isopropanol to 2,6-DIPN [22]. In the present
the a-, as demonstrated by the isomers distribution at the case, the problem is much more intriguing because of the
thermodynamic equilibrium computed at 40D (Table 1) significantly lower steric hindrance of the methyl group with
[12,16]. It was demonstrated that the DMN isomers can be respect to the isopropyl one. From the thermodynamic point

divided into the following groups: of view, the 2,6- and 2,7-DMN isomers are equally favored;
hence, the formation of the undesired product should be lim-
(A) 1,5-DMN; 1,6-DMN; 2,6-DMN ited by accurately exploiting thehape-selectivity property

(B) 1,8-DMN; 1,7-DMN; 2,7-DNM of zeolite catalysts.
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Fig. 3. Procedure for the determination of the minimum energy pathway
(MEP). A and B are the two dummy atoms defining the initial pathway;
j:j P is the pivot atom constrained to lie in a plane perpendicular to the initial
pathway;Ax is the motion step (0.2 A long in this work).
Fig. 2. Proposed mechanism of methylation of 2-MN with TMB.
work atoms (computed with the classical Lennard-Jones 9-6

When the reaction is performed in the presence of TMB Potential energy function), while the zeolite model is kept
as a solvent, the formation of the products occurs via trans-fixed. Once minimized, the molecule is moved to the next
methylation between TMB and NAPH or MNs [20]; the Position and further minimized and the whole process is it-
bimolecular reaction mechanism involves the electrophilic erated until the end of the path is reached. The result of the
attack of a benzyl carbocation to the aromatic ring, with the calculation is the minimum energy profile along the diffu-
formation of a 1,1-diarylmethane intermediate [29] (Fig. 2). Sion pathway from which the energy barriers for diffusion
Therefore, another interesting point to exploit is the zeolite can be estimated.
inhibition of the formation of intermediates deriving from  The zeolite models were built with the Solids_Builder
the attack of the benzyl cation to theposition of the naph- ~ module of MSI Catalysis software package (release 7.0) [30].
thalene ring. Accordingly, an accurate evaluation is required The model dimensions were chosen to allowghest mole-

of the location and energetics of the model molecules de-cule to move along a path 25-40 A long (with a num-
rived from the possible intermediates. ber of framework atoms in the range 900-1700). Energy

minimization was performed with Discover [31] using the
cvif_9l1czeoforce field [32], which is based on the consistent

3. Methodology valence force fielddvff) [33], extended with parameters for
treating zeolite systems. The energy minimization scheme

3.1. Determination of the energy barriersto molecular included an initial crudesteepest descents step, followed

diffusion by a conjugated gradients optimization, and was consid-

ered converged when the maximum derivative was less than
The procedure, first proposed by Horsley et al. [22], is 0.01 kcalmottA-1,

based on the determination of the minimum energy pathway
(MEP) of aguest molecule in a givemost framework as ex- ~ 3.2. Location and energetics of intermediates
emplified in Fig. 3. With this procedure, a zeolite model is
first built and the initial pathway is assumed to be a straight  In the literature, two different approaches are described
line connecting to dummy atoms A and B (with null poten- for determining the location and energetics of organic mole-
tial) located at the center of the pore openings at the oppositecules in porous solids. The first one is the docking proce-
ends of the zeolite model (Fig. 3). Chosen a pivot atom P, the dure proposed by Freeman et al. [34], which starts with a
simulation is performed by applying successive translations high-temperature (e.g., 1500 K) molecular dynamics (MD)
Ax (in these cases 0.2 A long) along the defined path while simulation of the isolated molecule. A certain number of
a strong harmonic potential constrains the atom P to lie on conformations are randomly extracted from the MD trajec-
a plane perpendicular to the-A B direction and located tory and stored in an archive file for the subsequent Monte
at a fixed distance from the two dummy atoms. After each Carlo docking in the zeolite porous structure. After collec-
translation, the energy of the molecule is minimized with re- tion of the desired number of crudely docked structures, their
spect to its internal degrees of freedom (i.e., bond lengths, energy optimization is performed.
bond angles, torsion angles, out-of-plane deformation, etc.) The second approach involves the calculation of the ad-
as well as to the nonbonded interactions with the frame- sorption enthalpy through the application of a Monte Carlo
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technique [26]. In this case, both the zeolite framework and the crystallographically independent T-sites. Under the prac-
the organic molecule are kept fixed during the calculation. tical point of view, this situation is impossible to reproduce
In the case of bulky and flexible molecules (as the 1,1- in models with a tractable number of atoms. Therefore, the
diarylmethane intermediates) both these approaches genersimulations were performed on purely siliceous structures.
ally fail because few of the possible conformations fit the This approximation is acceptable if one takes into account
porous structure. For this reason, we preferred to use a dif-that the presence of the acid protons does not modify signif-
ferent procedure based on the quenched dynamics (QD) prodicantly the accessible space within the pores and, therefore,
tocol [35], which was successfully applied for locating even does not influence the definition of the MEP.
complex organic molecules trapped within the pores during
zeolite synthesis [36]. 3.3.2. Neglect of electrostatic interactions
The QD protocol is a combination of constrained high- The simulations were performed after eliminating the
temperature molecular dynamics (MD) and energy mini- electrostatic contribution to the potential energy. Though
mization (EM) techniques. After building the zeolite model formally not correct, this approximation is acceptable since
(a supercell withP1 symmetry is used and periodic bound- we are in the presence of low-polarity molecules, which ex-
ary conditions are applied), the intermediate molecule was perience the largely uniform electrostatic field of the purely
manually docked in the pores with a random orientation with siliceous structures [38].
respect to the framework. Its energy and orientation were op-
timized before starting the high-temperature MD simulation. 3.3.3. Fixed framework
To assure thorough exploration of the conformational space, This is probably the most critical approximation because
to overpass all energy barriers between different conform- all phenomena related to the thermal vibration and to the re-
ers, and to allow molecular translations within the pores, laxation of the structural modifications induced by guest
the MD simulations were performed at 2000 K for 50 ps, molecules are neglected. The first one is a dynamic phenom-
with a 1-fs step (in the canonical NVT ensemble, with a con- enon, which depends on the temperature and induces a fluc-
stant number of particles, volume, and temperature). Everytuation of the pore openingpdre-breathing motion [39]) of
500 fs, the MD simulation was interrupted and the resulting some one-tenth of A around the equilibrium value. This may
conformation was energy-minimized and archived for later influence the diffusion of the molecules. In reality, the ther-
elaboration. In case the molecule movements were limited mal vibrations occur on a time scale similar to that of the
to the neighborhood of its starting position, it was necessary molecular vibrations¥ 1012 s), while the diffusion of rel-
to repeat the simulation with a different initial orientation of atively large molecules (such as NAPH, NM, and DMN) is
the molecule with respect to the framework. some order of magnitude slower. Therefore, during their dif-
For each intermediate/zeolite system, the minimum en- fusion, these molecules experience a fixed framework, with
ergy conformation was selected, further optimized, and con- the crystallographically determined geometry, and the ap-
sidered converged when the maximum derivative was lessproximation can be considered acceptable. More critical is
than 0.001 kcal moit A—1. All simulations were performed  the second phenomenon, due to the fact thagtiest mole-
with the modules contained in the MSI CeRusoftware cule induces a relaxation into the framework to reduce the

package (release 4.2MS) [37]. repulsive contribution to the nonbonding energy. However,
The minimized energy was referred to that of the isolated the limited flexibility of the zeolite framework restricts the
intermediate and zeolite systems magnitude of this effect and the fixed framework approxi-
mation provides reasonably accurate values for the energy
E = Eintermediatgzeolite— Eintermediate— Ezeolite barriers. Therefore, this approximation is formally not cor-
rect but necessary for reducing the required computational
3.3. Approximations time, while maintaining the meaning of the results.

All simulations were performed through the application 3.4. Guest molecules
of some approximations necessary for reducing the other-
wise prohibitive computational efforts, incompatible with Fig. 4 shows the molecules selected for the MEP cal-
the aim of the work, i.e., tha priori selection of potential  culations. They include NAPH, the two methylnaphthalene

zeolite catalysts for the synthesis of 2,6-DMN. isomers (1- and 2-MN), and four of the ten DMN isomers,
representative of all possible steric situations present.
3.3.1. Purely siliceous framework structures The quenched dynamics protocol was applied to the in-

The alkylation and isomerization reactions are acid- termediate molecules shown in Fig. 5.
catalyzed, requiring the presence of Brgnsted acid sites
generated by the framework aluminum atoms. With few 3.5. Zeolite structures
exceptions, all the structures considered are high-silica zeo-
lites, containing only a few Al atoms per unit cell. In a first The zeolites used in the simulations were selected by con-
approximation, they are homogeneously distributed over all sidering the following criteria:
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Fig. 4. Molecules used in the simulations of MEPs.
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Fig. 5. 1,1-Diarylmethane intermediate molecules.
— pore dimensions sufficiently large to allow good diffu-
sivity of the desired product;

— easy synthesis procedures or availability;
— possibility to modify their composition and morphology.

On the basis of the first criterion, tlsmall-pore zeolites

303

where the snapshots for the diffusion of NAPH in MFI and
MOR are reported, respectively, together with the corre-
sponding energy plots (MEPS). These results can be inter-
preted as follows. Upon diffusing along the 10-MR linear
channels of MFI and the 12-MR channels of MOR, the
NAPH molecule potential energy depends on the local struc-
ture of the zeolite framework. The energy barriersH,

a rough estimation of the activation energy of the diffusion
process) encountered by the molecule during its diffusion
are derived from the energy plots (Figs. 6 and 7). From the
comparison between the MEP values and the correspond-
ing snapshots, the barrier-determining environments are eas-
ily identifiable. The simulation results are summarized in
Table 2.

4.1.1. Medium-pore zeolites

According to the observed E values, the diffusion of
all molecules in MFI and EUO is predicted to be rather dif-
ficult or even, in the case of the isomers with at least as-CH
group in thex-position (1-MN, 1,5-DMN, and 1,6-DMN),
impossible (Table 2 and Fig. 8). TheE values for NAPH
in MFI and EUO are almost identical (Table 2) while the en-
ergy barriers for the diffusion of the two desired products
(2-MN and 2,6-DMN) are significantly lower in the case of
EUO (Table 2). Another interesting observation deals with
the AE values for the 2,7-DMN isomer which, in both ze-
olites, are predicted to be larger than those for 2,6-DMN
(Table 2). Therefore, it is possible to hypothesize that MFI
and EUO displayproduct shape-selectivity properties with
respect to the 2,7-DMN isomer.

The obtained results indicateedium-pore zeolites as po-
tential catalysts for the alkylation reaction of NAPH with
methanol, while they exclude the use of these materials
for the isomerization of 1-MN and of DMN isomers with
methyl groups ina-positions. Actually, very high energy
barriers hamper both adsorption and diffusion of these mole-

were obviously excluded since even NAPH (the less hin- cules. Between the two examinededium-pore zeolites,
dered molecule) is not able to diffuse in the 8-membered EUO seems preferable because of the lowér values that

ring channels.

In the medium-pore zeolite class, the structural models
of MFI [40] and EUO [41] were selected, while MOR [42],
*BEA [43], FAU [44], MAZ [45], LTL [46], OFF [47], and
MTW [48] were chosen among tharge-pore structures.

characterize the MEPs of 2-MN and 2,6-DMN.

4.1.2. Large-pore zeolites
Examination of the data reported in Table 2 and in Fig. 9
indicates that the diffusivity of the molecules in the investi-

Within all these frameworks, the MEPs for all molecules gated porous systems decreases in the order

listed in Fig. 4 were determined. Moreover, the location and

energetics of the intermediate molecules shown in Fig. 5 NAPH~ 2-MN ~ 2,6-DMN > 2,7-DMN > 1-MN

were determined only for some of the selected structures

(i.e., those effectively used in the catalytic tests).

4. Resultsand discussion

4.1. Determination of MEPs

~1,6-DMN > 1,5-DMN.

This agrees with their relative steric hindrance.

NAPH, 2-MN, 2,6-DMN, and 2,7-DMN are predicted
to diffuse substantially unhindered in all simulated struc-
tures (A Emax ~ 28 kJmot™, Table 2), with the exception
of the latter in MTW, which displays the highest energy
barriers A\ Emax~ 1026 kJ mol-1, Table 2). All other mole-

The typical results obtained from the application of the cules, i.e., those containing at least a methyl group in the
forced diffusion procedure are exemplified in Figs. 6 and 7, a-position, behave differently, depending on the size and
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Fig. 6. MEP for NAPH in the straight 10MR channel of MFI. A and B define the starting and end points of the trajectory; the lowest and highest energy
conformation of the NAPH molecule are indicated by L and H, respectively.
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Fig. 7. MEP for NAPH in the straight 12MR channel of MOR. A and B define the starting and end points of the trajectory; the lowest and highest energy
conformation of the NAPH molecule are indicated by L and H, respectively.

shape of the pores (Table 2). In fact, the energy barriers surprising when considering that it was possible to deter-
increase as the pore dimensions decrease: the simulationmine the energy barriers for the diffusion of the same DMN
predicted that these molecules easily diffuse only in MOR, isomers in MFI and EUO, whose linear channels are char-
*BEA, FAU, MAZ, and LTL (the zeolites with the largest acterized by free dimensions slightly smaller than those of
pore size). On the other hand, in OFF and MTW too large en- MTW (Table 2). However, MFI and EUO porous systems are
ergy barriers exist for considering free displacements along characterized by the presence of large voids (intersections
the pores. In the case of MTW, the evaluation of the MEPs between the two 10MR channel systems and large side pock-
for 1,5-DMN and 1,6-DMN failed since these molecules re- ets, respectively), which allow the calculation of the MEPs
mained fixed to their starting positions, even after imposing for the two DMN isomers, even if with very high energy bar-

a high pushing potential of 400 kJ mdl This behavior is riers. In contrast, the lack of large voids and the relatively
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Table 2

Energy barriers for the diffusion of all molecules in the selected zeolites (data in K})nol

Zeolite Pore size (@ NAPH 1-MN 2-MN 1,5-DMN 1,6-DMN 2,6-DMN 2,7-DMN
Medium-pore zeolites

MFI [010] 105.3 x 5.6 1142 4504 2177 7476 4562 2021 2760

EUO [100]104.1 x 5.7 1138 2959 1821 2826 2579 1068 1590

Large-pore zeolites

MOR [001]126.5 x 7.0 71 122 59 121 108 45 51

MAZ [001] 127.4 86 167 84 221 178 71 75

*BEA [001]126.4x 7.6 138 193 193 347 301 81 143

FAU (111 127.4 87 343 183 34.3 389 213 233

LTL [001] 127.1 277 611 218 364 394 146 287

OFF [001]12 6.7 276 887 258 726 546 247 188

MTW [010]125.5 x 5.9 117 558 113 No diff. No diff. 10.9 1026

@ Free dimensions of the channels in which the MEPs were simulated.
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Fig. 8. Energy barriers computed for all molecules in nieeiium-pore ze- Fig. 9. Energy barriers computed for all molecules in liivge-pore zeo-
olites. lites.

small free dimensions of the pores hamper the diffusion of microporous catalyst. In almost all the examined zeolites,
1,5-and 1,6-DMN in MTW. the AE values computed for these isomers are very sim-
From these results, it is possible to conclude that MOR, ilar and the observed differences are not sufficiently high
*BEA, MAZ, and FAU can potentially be used for the iso- to predict relevant selectivity toward the two products. The
merization reaction. In fact, the low-energy barriers for 1- only case where significant differences have been observed
MN, 1,5-DMN, and 1,6-DMN make the adsorption and is MTW. In fact, 2,6-DMN is predicted to diffuse substan-
the diffusion of these molecules possible, while the forma- tially unhindered in the puckered 12-MR channels, while
tion of the desired products (2-MN and 2,6-DMN) is fa- the 2,7-DMN is not AE = 10.9 and 102.6 kI moF, re-
vored by their higher thermodynamic stability. Because of spectively, Table 2).
their expected low selectivity, the same zeolites seem to be
less favorable for the alkylation of NAPH and 2-MN with  4.2. Catalytic tests: comparison with modeling results
methanol. As far as the other zeolite structures are con-
cerned, the simulations indicate that they are more suitable Table 2 shows the results of the catalytic tests performed
for the alkylation reaction, where a relatively high selec- on selectednedium- and large-pore zeolites in the pres-
tivity toward the g-methyl isomers is expected. As a mat- ence of pseudocumene (1,2,4-trimethylbenzene, TMB) as a

ter of fact, the adsorption and diffusion of themethyl- solvent [20].Medium-pore zeolites (MFI and EUQ) exhib-
substituted naphthalenes is predicted to be difficult if not ited lower activity with respect ttarge-pore structures [20].
impossible (Table 2). MFI is more active and selective than EUO, even if it forms

Another important point concerns the undesired 2,7-DMN ethylnaphthalenes (ENs) as by-products (Table 3). It must
isomer. From the thermodynamic point of view, 2,6-DMN be pointed out that all considered molecules can be easily
and 2,7-DMN share the same stability; therefore, the only hosted both in the MFI intersections of two 10MR channel
way to limit the formation of the undesired isomer is to ex- systems and in the EUO large lateral pockets. However, even
ploit the product shape-selectivity properties of a suitable if allowed to form, their diffusion is predicted to be quite
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Table 3
Catalysts screening tests (623 K, 4 MPa, WHSV 0.86, ifMB:NAPH:MeOH= 10:1:3) [20]
MFI EUO MOR MAZ Beta FAU MTW

SiO, /Al 03 ratio 30 30 20 8 24 6 100
t.0.s. (h) 7 10 15 32 28 95 24 95 95.5
NAPH conv. (%) 19.5 12.8 20.8 23.1 53.7 26.1 477 21.7 50.8
Selectivity
MNs 57.1 86.3 79.2 82.7 61.3 775 65.6 84.1 64.6
DMNs 18.5 10.2 11.9 15.2 27.0 9.9 24.7 14.8 325
2,6-DMN 4.0 2.0 2.4 1.1 4.4 25 3.6 1.4 9.0
¥2,6-DMN2 6.2 41 5.8 3.8 10.1 4.8 7.8 3.9 18.6
PMNS 4.3 3.5 4.6 2.0 11.7 12.6 9.7 11 2.9
ENS® 20.0 0 0 0 0 0 0 0 0
2,6-DMN/DMNs 21.5 19.1 20.0 7.0 16.2 25.6 14.7 9.7 27.5
¥2,6-DMN/DMNs 33.6 40.3 49.3 24.7 375 48.9 315 26.5 57.2
2,6-/2,7-DMN 0.5 11 15 1.2 1.2 1.3 1.1 11 2.0

2 %2,6-DMN = sum of 2,6/1,6-/1,5-DMN as they belong to the same isomerization group [13].

b PMNs= naphthalenes bearing three or more methyl groups.

¢ ENs= ethylnaphthalenes.

e : : . 200
difficult on the basis of the height of the energy barriers char- = T
acterizing their MEPs (Table 2). Nonetheless, A values E l
predicted for EUO are significantly smaller than those com- = 180 I
puted for MFI and that result contrasts somewhat with the g . .‘ ' ﬂll - T
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and the formation of relatively high amounts of PMNs even
contrasts with the simulation results.

More interesting results were obtained with tlaege-
pore zeolites. In particular, among the tested structures,
only Beta, FAU, and MTW exhibited useful activities, while
MOR and MAZ were less active (Table 3) [20]. To com-
pare Beta, FAU, and MTW in greater detail, additional data
(at similar NAPH conversion) are reported in Table 3 for
the first two catalysts. In all cases MTW displayed the
best performances, with high selectivity to 2,6-DMN and to
>2,6-DMN (9.0 and 18.6, respectively, Table 3). Most in-
teresting is the experimental 2/@,7-DMN ratio of 2.0 ob-
served in the case of MTW, well above the thermodynamic
value. This is in fair agreement with the large difference be-
tween the calculated E values of the two isomers (10.9
and 102.6 kImol! for 2,6- and 2,7-DMN, respectively,
Table 2). Itis interesting to note that the 2,8;7-DMN ratio

Fig. 10. Search for the low-energy site for the adsorption of 2,6-DMNINT

can be increased to 2.5-2.6 when MNs are used as feed [20]in MTW.

These two isomers are predicted to diffuse practically unhin-
dered in all othefarge-pore zeolite structures and, in those

cases, the experimental ratio was found in the range 1.1-ulation of the 2,6-DMNINT molecule in MTW are shown

1.5 (Table 3). Another interesting feature derived from the
simulations with the MTW structure is the difficult (if not
impossible) diffusion of the DMN isomers bearing a methyl
group in thex-position (Table 2).

4.3. Location and energetics of intermediate molecules

The QD protocol we adopted proved to be suitable for

in Fig. 10. One hundred different conformations were ex-
tracted from the MD trajectory and energy minimized. They
were considered enough for the exploration of the linear
12-membered ring channel of MTW. As shown in the total
energy plot, several minima were found together with other
less stable conformations.
The same situation was found for all therge-pore ze-

olites as well as for EUO while in the case of MFI two or

determining the location and energetics of the intermediate more different QD runs were necessary for finding the low-

molecules. As an example, the results obtained in the sim-

est energy location of the molecules.
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Table 4

Valence, van der Waals, and total energy values of intermediate molecules in the different zeolites (dataTl%)(J mol

Zeolite 1-MNINT 2-MNINT 2,6-DMNINT 2,7-DMNINT 1,6-DMNINT 1,5-DMNINT

Medium-pore zeolites

MFI Valence 702 343 347 335 702 1496
vdW —1517 —2031 —2228 —2230 —-1750 —1796
Total —-815 —-1688 -1881 -1895 —1048 -30.0

EUO Valence Fie] 17.0 163 218 221 300
vdw —2696 —2592 —266.9 —2932 —2709 —2351
Total —264.7 —2422 —2506 —-2714 —2698 —2051

Large-pore zolites

*BEA Valence A 57 57 16 94 9.8
vdw —2407 —2442 —2592 —2584 —-2505 —2468
Total —2313 —2385 —2535 —2568 —2411 —-237.0

MOR Valence 0 27 5.6 4.7 51 6.5
vdW —2333 —267.4 —2843 —2842 —-2504 —2451
Total —2283 —264.7 —2787 —2795 —2453 —2386

MAZ Valence 21 01 0.2 0.8 28 19
vdw —2249 —2407 —2576 —2543 —2374 —2412
Total —2227 —2406 —-2574 —2535 —2346 —2393

FAU Valence 12 11 12 12 25 0.5
vdW —1858 —1817 —-1922 —-1922 —1949 —1934
Total —184.6 —1806 —-1910 —-1910 —-1924 —1929

MTW Valence 473 210 207 198 469 471
vdW —2415 —2776 —2981 —297.7 —2618 —2356
Total —-194.1 —256.6 2774 —2779 —2149 —2085

The overall results are listed in Table 4. For each interme- cules. This fact led us to the conclusion that the formation
diate/zeolite system, the valence (i.e., the sum of the bondof 2-MN, 2,6-DMN, and 2,7-DMN is favored by transition
lengths, bond angle, torsion angle, out-of-plane deforma- state shape selectivity. However, because of the high-energy
tion, and cross-term energy contributions), nonbonded (i.e., barriers hampering their diffusion (Fig. 8), these molecules
the van der Waals energy only since electrostatic interac- may undergo further reactions before being eluted, with
tions were neglected), and total energy (i.e., the sum of thethe formation of ENs (Table 3) or polyalkylated molecules,
valence and nonbonded energy contributions) are reportedwhich lead to the fast deactivation of the catalyst.

The inspection of the two components of the total energy  With the exception of 1,5-DMNINT, no significant differ-

of the systems is useful for better understanding the differ- ences exist among the total energy values of the intermediate
ent situations experienced by the intermediate molecules inmolecules in EUO. That means that this zeolite is not charac-
the different porous structures. The valence energy is a meaterized by transition state shape-selective properties. Again,
sure of the strain imposed to the molecule by the framework, the relatively highA E values which characterize the MEPs
while the van der Waals energy gives an indication of the of the products may be responsible for the fast deactivation
steric compatibility of the molecule itself while docked in of the catalyst (Fig. 8).

the porous structure. In the case of théarge-pore zeolites, with the exception

The valence energy significantly varies from one struc- of MTW, the valence energy of all intermediate molecules
ture to another: as expected, the restricted MFI porousis very low, close to that of the isolated molecules (Table 4).
structure imposes a significant strain on all intermediate Some difference is however observed for the van der Waals
molecules, which becomes particularly high for 1-MNINT, energy. In particular, in the case of FAU (the zeolite with the
1,6-DMNINT, and 1,5-DMNINT (Table 4). The same is largest pore volume) the total energy is practically the same
not true in the case of EUO, the othmedium-pore zeolite for all molecules (Table 4), in agreement with the presence
considered, because of the presence of the large side pockef large supercages in which the intermediate molecules can
ets, which assure enough space for hosting the intermediatée freely located. Therefore, FAU should be considered as
molecules with relatively limited strain. The strain energy completely nonselective. The same considerations are valid
of the molecules is compensated by favorable nonbondedfor MAZ and *BEA but not for MOR, for which small
interactions with the zeolite framework, which finally lead but clear preferences toward 2-MNINT, 2,6-DMNINT, and
to an overall stabilization of the system, more pronounced 2,7-DMNINT are predicted (Table 4).
for EUO than for MFI (Table 4). Upon considering the to- In the case of MTW, in contrast, we observe that 1-
tal energy of the systems, it appears clear that in MFI the MNINT, 1,6-DMNINT, and 1,5-DMNINT are significantly
formation of 1-MNINT, 1,6-DMNINT, and 1,5-DMNINT more strained and their interaction with the framework less
is less favored with respect to the other intermediate mole- favorable with respect to the other intermediate molecules
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(Table 4). In the puckered 12-membered ring channels of 2,6-DMN, with a 2,6/2,7-DMN ratio in the range 2.0-2.6.
MTW, 2-MNINT, 2,6-DMNINT, and 2,7-DMNINT are bet-  These results confirm that the modeling tools may provide
ter stabilized than the other molecules. This leads to the con-useful information for choosing suitable zeolite catalyst for
clusion that, among the examinksige-pore zeolites, MTW the selective synthesis of 2,6-DMN.
is the only one which displays useful transition state shape  Since the reaction was performed in the presence of TMB
selectivity. The last observation concerns 2,6- and 2,7-DMN: as a solvent, the good catalytic performances of MTW can
according to the data reported in Table 4, the correspondingbe justified by taking into account also the formation prob-
intermediate molecules display the same energy and theirability of 1,1-diarylmethane intermediate molecules. They
formation is predicted to have the same probability. The high derive from the electrophilic attack of a benzyl carboca-
2,6-/2,7-DMN ratio observed in the product can be justified tion to the naphthalene or methylnaphthalene ring. Unique
with the large difference in thA E values, and hence inthe  among the examinethrge-pore zeolites, MTW showed a
diffusion behavior, of the two molecules (Fig. 9). larger stabilization of the molecules involved in the forma-
tion of 2-MN, 2,6-DMN, and 2,7-DMN. Such products can
be considered more likely to form than those bearing at least
5. Conclusions a—CH; group in thex-position.
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