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Abstract: We present an extensive study of the initial stages of the methanol to gasoline conversion in the
framework of the ab initio molecular dynamics approach. We investigate the effect of different zeolite
environments, methanol loading, and temperature and show that, for understanding the initial adsorption and
activation of the adsorbed species, all three factors need to be considered simultaneously. The results allow us
to develop a simple model for the activation of the methanol molecule, which elucidates the role of both the
zeolite framework and the methanol solvent. The zeolite framework plays an active role in methanol protonation.
The solvent significantly softens the-© bond of the methoxonium, rendering it very anharmonic. High
mobility of the methoxonium cation, promoted by some zeolite frameworks, prevents it from forming hydrogen
bonds with the active sites and the solvent leading to the activation of the methoxonium species. This picture
is shown to be consistent with the experimental infrared spectra.

1. Introduction (a) (ItH3 (b) TH3

One of the most significant industrial applications of zeolites .0 O\

. i~ , N , SN W

exploits the ability of the microporous aluminosilicate environ- K H ' 1
ment to catalyze the methanol to gasoline (MTG) proéédse \ B
industrial process proceeds_ at elevated temperatur_é@(( K) O 0N _ /O\AI /O\Si
and methanol pressures which correspond to a loadingbefé si Al si Si
methanol molecules per acidic hydroxyl groupyhich is Figure 1. Schematic illustration of the two possible adsorption

believed to be the active site. The catalyst used for this processcomplexes of methanol at a Brensted acid site: (a) physisorbed species
is typically ZSM-5. There is a large volume of experimental With weak bonds to the zeolite framework and (b) chemisorbed
evidence that the adsorbed methanol is first dehydrated to Mmethoxonium cation (Ck+OH,") involving the transfer of a zeolitic
dimethyl ether (DME) that subsequently reacts with methanol Protn.
to form hydrocarbons, either directly or via reconversion to
methanol. Furthermore, the experiments suggest a dramati
increase by almost 2 orders of magnitude in DME formation in
a narrow temperature range around 500However, the nature
of methanol adsorption in the zeolite, the mechanism o
dehydration, and formation of the-<€C bonds in the hydrocar-
bons are still far from understood.

Methanol is known from infrared spectroscopy @R9 be CH3—OH2Jr +2720 —Z0O—CH;+ H,0O Q)
initially adsorbed at acid sites in the zeolite framework.

Unfortunately, the IR data cannot be unambiguously interpreted which subsequently reacts with the other methanol molecule
as resulting either from a physisorbed methanol confglex

(Figure 1a) or from a chemisorbed comg€xFigure 1b), in
which case a methoxonium cation (€#DH,") is formed. For

the dehydration process two different mechanisms have been
¢ proposed. In the indirect pathwaythe methyl group is first
adsorbed on the acid site

TATP. CH;—OH+ ZO—CH; — CH;—0O—CH; + ZO—H (2)
*STU.
8 Imperial College. .
1NAIR. Here Z stands for the zeolite framework. We assume here that
”DgRESg_- b Laborat the methanol is chemisorbed at an acid site as the protonated
avendis aporatory. H 7 ili
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CH;—OH," + CH,—OH + 2O~ — encapsulating frameworR. We show that (1}(3) are the
n _ minimum ingredients required for understanding the catalytic
CH;—OH"—=CH; +ZO + H,0 (3) action of zeolites. Indeed, these calculations are the first to show
any activation of methanol in a zeolite catalyst. In the present
CHy;—OH"—CH,; + ZO™ — CH;—O—CH, + ZO-H (4) study we use ab initio (in the framework of the density
functional theory (DFT)) molecular dynamics (MD) simula-
both methanol molecules react with each other inside the zeolitetion.?? We believe that this technique is currently the only
environment, which acts merely as a solvent. Additionally there method that has sufficient accuracy and is capablgiratilta-
are competing pathways in which methanol reacts to form a neouslyincluding all the above factors. The efficiency of this
carbon-carbon bond, such as in producing ethanol. However, approach is demonstrated by performing the first ab initio MD
the activation energy for this process has been shown to be muctcalculations for the true catalyst, namely ZSM-5. The unit cell
higher than that for formation of dimethyl eth¥r. of ZSM-5 has 288 atoms which represents a tremendous
Recently theoretical studi¥s?® have started to shed light —computational challenge. Only a single-poifit £ 0 K) HF
on the initial stages of the MTG process. The first studies used calculation with a minimal basis set currently exists in the
very small clusters containing of the order of 10 atoms to model literature for this systerf® This is due to the computational
adsorption of a single methanol molecule at an acid site and cost associated with the loss of space group symmetry that
reached the conclusion that methanol was only physisdfoétl. results from inclusion of the aluminum defect and from the
Later calculations, which used embedding of these small clustersthermal motion of the atoms as well as due to the need to follow
into point charge fields to emulate the electrostatic potential of the system dynamics over a large number of atomic configura-
the zeolite cavity, showed that the lattice increases the tendencytions.

for proton transfer to occdy. The role of the lattice in the In addition, we also assess the importance of the quantum
adsorption process was further underlined in very recent corrections to the behavior of the zeolitic proton. As shown
calculation$*2°2'which used periodic boundary conditions with  pelow, the PES for the proton transfer reaction has a double-
the full zeolite topology. These calculations indicated that the well form with a rather low energy barrier. In such a situation
type of zeolite framework may play a role in the nature of the quantum fluctuations may become important. For this purpose
initial adsorption and that both types of adsorption may occur. we augment our first-principles MD method with a path-integral
In addition, these studi€salso give a strong support to the (PI) description of the protor?4:25 We note in passing that
direct reaction of methanol (reaCtionS 3 and 4) as the preferredtreatment of the quantum dispersion effects in the harmonic
pathway. FO"OWing the tradition in this fleld, the focus was on approximation is not appropriate in the present case due to the
local properties, such as location of the reaction intermediatesf|atness of the PES and strongly anharmonic behavior.

and transition states. However, these studies have also raised a Our main results may be summarized as follows: (a) A single

num_ber of questions about the Fo'e_ of the proton transfe_r and methanol molecule may be both physisorbed and chemisorbed,
zeolite cataly_sts n .me‘ha”o' activation, ”a’T‘e'y’ (1) the micro- depending on the zeolite catalyst; (b) As soon as the methanol
porous zeolitic environment was found to increase the endo- loading is increased to two molecules per acid site we invariably

thermr|]0|ty of rgaﬁtloHs 3 a_nd 4 colmpl)atr_ed to the re?célon m|"[3|e observe chemisorbed methoxonium species; (c) Existence of
gas phase and (I1) all previous calculations suggested very i €the methoxonium species alone igsufficient to produce

icnh&ngzee'gl'i[{‘eeor?g;?;norv T?Ztci)())(r?r;?rrz gtﬁg;]njtirr'le: Sgc?j?gsr’%%rpt'onactivation of the adsorbed species and hence represents only a
€ proto € : ecessary butot sufficient condition for activation; (d)

The goal of the present paper is to resolve these issues an ethanol solvent significantly softens the methoxonium@

in parttiCL:Iz_ar :ﬁ expgor(i_tTeM?cc;tors which a(;ehknown tt(:) be bond and renders it very anharmonic; (e) At higher methanol
important in the industria process and have not been loading reducing the hydrogen bonding of the methoxonium

considered in previous studies. The factors we conspler aré a% ation to the other methanol molecules and to the zeolite channel
follows: (1) full zeolite topology and the effect of different

zeolite environments; (2) methanol loading; and (3) finite produces a further weakening of the methoxonium@bond

. ) leading to its activation. This process is associated with the
temperatu_re_effects and the concomitant dynamical effects. Themethoxonium mobility in the zeolite which is promoted by some
last factor Is important because itis now accepted that the ENer9Y ameworks; (f) Calculated vibration spectra support the above
tbharrlersl for the plr_ioton t:ﬁnsfert react.||(|)n alre of the olrdgr.of picture of activation of the methoxonium cation and suggest

ermal energies. Hence Iné system will Explore severa mInImaclustering of methanol molecules around the active site; (g)
on the potential energy surface (PES), which are likely be very '

) ), o Quantum dispersion effects for the zeolitic proton at room
anharmonic and sensitive to the low-frequency vibrations of the L .
temperature were not found to significantly alter the picture
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Figure 2. Perspective views of the bulk structures for (a) chabazite,
(b) ferrierite along the 8-ring channel, and (c) ZSM-5 along the straight
channel.

and the PIMD calculations we have performed. Our main
findings are summarized in Section 4.

2. Details of Calculations

We have performed an extensive ab initio MD simulation study in

order to explore the factors which influence the nature of the adsorbed

state of methanol in a zeolitic environment.

We have included three zeolite frameworks for study: chabazite,
ferrierite, and ZSM-5, shown in Figure 2. ChabaZit@igure 2a) has
a small 36-atom unit cell and a structure that consists of only 8-ring
channels. The commercial catalyst ZSKf-8-igure 2c) has two types

of 10-ring channels: straight and sinusoidal running at right angles to

(27) Dent, L. S.; Smith, J. VNature 1958 181, 1794.

“tictset al.

each other. We included also ferriefféFigure 2b) in the study, which
has a structure very similar to ZSM-5, as it has 10-ring channels along
one direction, similar to those in ZSM-5, but with a much smaller (54-
atom) unit cell. Ferrierite, however, also has another type of straight
channel, with an 8-ring aperture, perpendicular to the 10-ring channels.
Chabazite was included in order to draw comparisons with the previous
static calculation$®*3whereas ferrierite was used as the smallest close
mimic to the true catalyst ZSM-5. We assume in these calculations
that the Bronsted acid sites are independent and we consider the
presence of just a single acid site per unit cell. The location of the acid
site in the unit cell requires some attention with regard to placement
of the Al defect and the charge-neutrality compensating zeolitic proton.
In chabazite, all possible Al placements are equivalent, which is not
true in ferrierite and ZSM-5. As we cannot explore the PES for all the
possible placements of the Brgnsted site, in ferrierite (ZSM-5) we have
placed Al on T4 (T12) and the proton initially on O6 (024). This means
that the acid site is located at the intersection of the two channels. The
initial placement of the proton is not critical as this proton is mobile
on a fraction of the time-scale of our simulations. Given the high
flexibility of the zeolite framework, which in our calculation is allowed

to fully respond and relax, we believe that there is little difference
between the different tetrahedral sites and that the choice made here
has little effect on the results presented.

The electronic structure part of the simulations was performed within
the DFT framework in the plane-wave pseudopotential formul&fion.
The local density approximation for the exchange-correlation functional
has been shown to be inadequate for description of reactions which
involve proton transféf and we have used the PW9Torm of the
gradient corrected functional. We treat explicitly the valence electrons
and use pseudopotentials to represent the core electrons. For O and C
we employ optimized-gXilter tuned-pseudopotentiatd Conventional
Kerker-typé® pseudopotentials are used for Si and Al and a bare
Coulomb potential for H. The electronic states are expanded in a plane-
wave basis set at a single k-poitit-point) in the Brillouin zone. The
accuracy of the method was verified at an energy cut-off47 Ryd
both in the solid-state limit (reproduction of the lattice parametex of
quartz) and in the molecular limit (structure of the methanol molecule
to within ~0.01 A and proton affinity to within 4 kJ/moff. The present
calculations have been done at a slightly smaller cut-off ¢f0 Ryd,
but the effect on the results was found to be negligible.

All simulations (we defer the details of the PIMD simulations to
Appendix B) have been performed in the canoni®g\(T) ensemble.

We use a time step 6f0.6 fs in the discretization of the ionic dynamics
with all atoms allowed to move. We work within the Befrn
Oppenheimer (BO) approximation and at each MD step the energy is
converged back to the BO surface with a very high accuracy of 10
eV/atom using conjugate gradient methétEhis accuracy is required
because of the flatness of the BO surface. The methanol loading was
studied in the range of 1 to 4 per acid site. All simulations have been
performed at room temperature, with one simulatioif a 700 K to
emulate the effect of reaction conditions. Given the very high
computational cogt of the ab initio MD, dynamical simulations are
possible only on a picosecond time scale. The typical time scale used
in the present simulations was between 4 and 6 ps, except for the
simulation in ZSM-5, where only 1.3 ps was feasible. Our recent
transition state search for the formation of DME from two methanols
in chabazite found a total energy barrier of 0.7 ¥\Clearly, our MD

(28) van Konigsveld, H.; van Bekkum, H.; Jansen, JAGa Crystallogr.
1987 B43 127. Note that we use the orthorhombic structure that is more
appropriate at room temperature than the low-temperature monoclinic form.
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(32) Lee, M.-H. Thesis 1995, University of Cambridge, UK.

(33) Kerker, G. PJ. Phys.1980 C13 L189.

(34) The algorithm is closely related to the conjugate-gradient algorithms
described in: 8ch, I. et al. Phys. Re. 1989 B39, 4997; Gillan, M. JJ.
Phys. Condens. Matter989 1, 689.

. (35) We use parallel computing in the spirit described in: Clarke, L. J.;
Stich, I.; Payne, M. CComput. Phys. Commuf992 72, 14.

(36) SandreE.; Payne, M. C.; &ch, I.; Gale, J. D. InTransition State
Modeling for Catalysis ACS Symposium Series 721; Truhlar, D. G.,
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observation time is too short to observe chemical reactions which LS B AL
involve reaction barriers of this order of magnitude. Hence, all our 1.9 . . . ]
simulations remain in the reactant basin of the PES. However, as shown (a) Ferrierite 8'"“9 7
below, this MD observation time is sufficient to observe the proton 1.7 ]
transfer, perform a statistical sampling of the PES on the reactant side, E
and provide strong indications on the nature of the activation process. 1.5 3
3. Results and Discussion 1.3 3
Our results are based on analyzing up-tt0* configurations 1.1 3
for each simulation. To convey the information on the process 0.9 E
of methanol protonation and activation we show representative i .
configurations and distributions of the most important bonds, 1.9°F 1
namely the GO and the O-H bonds of the methanol/ - (b) Ferrierite 10-ring A
methoxonium molecule(s). Vibrational properties of those bonds 1.7¢ ]
are compared with results from IR spectroscopy. The results 2 E
are used to develop a simple model of methanol activation 1.5 = ]
elucidating the role of both the zeolite framework and the 2 1.3 = ]
methanol solvent. -~ = E
Single methanolcalculations have been performed for all 8 1.1 ]
three zeolite frameworks. We discuss these results first to show c .
that the nature of the initial methanol adsorption depends on 8 o9
the zeolite topology and that the presence or absence of proton 4 e
transfer is strongly correlated with the degree of spatial © 1.9 - (c) Chabazite E
constraint due to the zeolite framework. In Figure 3 we show I 7% 1
the bond-length distribution of the two hydrogen bonds for . = ]
methanol adsorbed in the 8- and 10-ring channels of ferrierite, T 1.5 == ]
the 8-ring of chabazite, and at the intersection of the two 10- o"’ —_ - CH -OH E
ring channels in ZSM-5. The corresponding methanelCC 1.3 = 3 b
bond-length distributions are shown in Figure 4, and the typical 1.1 4— CHsOH E
adsorption geometries are shown in Figure-6aOne can see ) ]
that the zeolitic proton is clearly transferred to the methanol 0.9 3
molecule in both channels in the ferrierite framework. In .
chabazite the proton resides predominantly on the zeolite 1.9¢ ]
framework and in the ZSM-5 the zeolitic proton does not attempt - (d) ZSM-5 ]
to make even short-lived fluctuations to create a chemical bond 1.7 =3 ]
with the methanol molecule. The other trend clearly emerging 1.5 — ]
from Figure 3 is the correlation between proton transfer and _— - CH,-OH 3
the extent of zeolitic confinement. There is a noticeable increase 1.3 0 ]
in the fraction of physisorbed methanol in otherwise very similar e 3
zeolite environments on going from the ferrierite 8-ring to the 1.1¢ 3
ferrierite 10-ring and a dramatic increase on going to ZSM-5. F
This is in line with the amount of free space available to the 0'9:,,,,,“ ]

methar_lol molecule. In addition, Fhe bond stre_ngth of the other Figure 3. Bond length distributions of the-©H distances for a single
proton in the methanol/methoxonium complex is correlated with ethanol adsorbed in (a) the 8-ring channel of ferrierite, (b) the 10-
the fluctuations of the zeolitic proton leading to protonation. ring channel of ferrierite, (c) chabazite, and (d) ZSM-5. The two
These fluctuations destabilize and soften the hydroxyl bond on distributions in each panel correspond to the two protons.

the methanol molecule, a trend clearly visible in Figure 3.

In ferrierite we have used the primitive unit cell which has a example, the physisorbed molecule in chabazite is hydrogen
very short unit cell parameter in one direction. This increases bonded (Figure 5b) so as to straddle the acid site, whereas the
the fictitious image-type interaction between the methoxonium chemisorbed methoxonium species in the 8-ring channel of
cations. Simple analysis shows that the direction of the dipole ferrierite was initially able to break the weaker H-bonds bind-
formed when methanol is adsorbed in the 8-ring is such that ing it to the zeolite framework and rotated away from the acid
this interaction hinders the protonation, while favoring it in the site to find a new geometry (Figure 5a) stable for over 4 ps.
10-ring. Hence, the differences between the results shown inDuring the rotation stage, where there is a significant reduction
Figure 3a,b are actually underestimated due to the fictitious in the extent of hydrogen bonding, we observed no fluctuations
image interaction. We have verified this effect by performing at all which return the proton back onto the framework. They
an additional simulation in the 8-ring channel using a system started occurring later in the new adsorption geometry charac-
where the unit cell was doubled in the short unit cell dimension. terized by new H-bonds (Figure 5a). In the 10-ring channel of
Results for proton distributions shown in Figure 6 indicate that ferrierite the proton is less tightly transferred and the molecule
the amount of fluctuations corresponding to physisorbed speciesretains one of the H-bonds to the acid site but rotates partially
have been slightly reduced in the doubled unit cell which fully away from the acid site. This indicates that even for species
corroborates the above argument. Otherwise the trajectories arevhich are predominantly protonated the strength of the chem-
rather similar. ical bond of the proton to the methanol molecule depends on

The differences we observe in the nature of the adsorbedthe interaction of the protonated complex with the zeolite
species are reflected also in the adsorption geometries. Forchannel.
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1.7¢ ] Figure 5. Selected geometries sampled from the MD trajectories:
L p single methanol adsorption in (a) the 8-ring channel of ferrierite, (b)
1.5 = ] chabazite, and (c) ZSM-5; two methanol complexes adsorbed in (d)
1.3 1 the 8-ring channel of ferrierite and (e) chabazite; and (f) reaction

conditions approximated by a four-methanol complex in an 8-ring
1.1°¢ ] channel of ferrierite. The aluminum defect is shown in pink, and dashed
F B lines indicate the hydrogen bonds.

0.9 1
Lo o L . the expectation that this additional hydrogen bond would

Figure 4. The same as Figure 3 but for the methanel@ bond. significantly weaken the €0 bond of the adsorbed methanol
and induce activation of the methanol molecule is not born out
The absence of the zeolitic environment with its associated in the C-0O bond length distributions shown in Figure 4. One
spatial constraints in the simple cluster models of the size does observe an increase in the anharmonicity of this bond, but
customarily used in the past explains the physisorbed methanolthe mean value of the bond length remains the same irrespective
species invariably found in those studi€dncidentally, our of whether the methanol is protonated or not. The other
results for chabazite are also at variance with the results of theconclusion one can draw is that in this initial stage of the MTG
previous static optimization which also used the full zeolite process the environment of the commercial catalyst ZSM-5 does
topology and found methanol in chabazite to be proton&ted. not seem to introduce any new feature that would explain the
As shown in Appendix A, the zeolitic proton executes a motion process of activation of the methanol molecule. Hence, the
in a double-well potential with the physisorption well being activation process is either an extremely rare event that cannot
slightly lower in energy. The static optimization missed the be observed on the picosecond time scale or is caused by other
physisorption minimum and located only the local minimum factors, not explored so far in our study. The most significant
corresponding to chemisorption. The present result is in agree-factors where our calculations deviate from the reaction condi-
ment with the conclusion reached in ref 21 based on ab initio tions are high methanol loadings and temperatures under reaction
MD simulation. Similarly, the static structural optimization we conditions. To explore these factors we have performed ad-
performed for methanol in the 8-ring of ferrierite yielded an ditional simulations.
initially physisorbed species. At 300 K, however, proton transfer ~ Two methanols per acid site loading was studied in both
occurred in~0.5 ps and the methoxonium cation was the stable the 8-ring channel of ferrierite and chabazite. The methanol
species at this temperature. This demonstrates the need ofmolecules have been initially assumed to form a hydrogen-
statistical (in the spirit of MD or Monte Carlo) importance bonded cluster (Figure 7) with one methanol hydrogen bonded
sampling of the underlying PES in complex systems such asto both zeolite framework and the second methanol molecule
these. and the proton on the acid site. Existence of such adsorption
These results show that even a single methanol molecule maycomplexes has been conjectured from IR studids. can be
be protonated in the microporous zeolite environment. However, seen in Figure 8, in both structures the proton is lost from the




Catalytic Actvation of Methanol

LI B B R LA S M SN S B S S B R R R

(a) Ferrierite-primitive cell

- - -t
-t (7] (3] ~ (1]
TINTY R romoT"T

NN WU NN NS NS R U

PR [ YN ST ST HOU EN T ST S S N SR T S
—— T

—d

(b) Ferrierite-double cell -

O(m) - H distance (A)
oy o

=Y
W o N © ©

TR TTT T T

-t

M TS NIl I

1.1

1

0.9

s P I T S S R

Figure 6. Comparison of results obtained for a single methanol
molecule adsorbed in the 8-ring of ferrierite with (a) the primitive unit

J. Am. Chem. Soc., Vol. 121, No. 14, 193207

LA I B e B L L s S e e

(a)

-

-
w o N ©

Ferrierite ]

l-r||.|

—h

- -
-t
FTSES NOVAPITEN AN UTAVATEN ATRTAE

wnl
L

o

—h
W N ©

TR SN SR | : |
4

PR SN W T W S AT S S S W T S W O |
LA A B S I M A B t t t

b

- (b)  Chabazite

C(m) - O(m) distance (A)

=Y

'l S B

1.1

(ol

0.9 -

PR TN OO D S S A S S S R R R R

Figure 9. Bond length distributions of the-©0 distances in the two-
methanol complexes adsorbed in (a) the 8-ring of ferrierite and (b)

cell and (b) a cell whose dimension was doubled along the short unit chabazite. The two distributions in each panel correspond to the

cell axis.
H,C
Hac\ |.:-'>°/H
—
<|’+
H
0N O\
Si Al Si

Figure 7. Schematic illustration of the protonated H-bonded cluster
of two methanol molecules.

T

- (a)

LA B R It R A B A R M B N O

Ferrierite .

-t
w o N w®

CH,-OH,*

-

—

P ———

......... | TR S S T W S N S WA S SRR A

LI S B B B S B B B B B B B

(b) Chabazite ]

O(m) -H dlsiance (A)
N b o

CH,-OH,*

i

L

lllllllll

Figure 8. Bond length distributions of the O-H distances for the

methoxonium ion (black) and the methanol molecule (white). The
arrows indicate the €0 bond length in the free methanol molecule.

bond manifested by the increase in the anharmonicity of the
methoxonium C-O bond shown in Figure 9. However, we find
striking differences between the behavior of the two-methanol
complexes in chabazite and ferrierite. While in chabazite the
protonated methanol chain remains stable (Figure 5e), in
ferrierite the chain is broken (Figure 5d) and the two methanol
molecules are relatively free to rotate with respect to each other
as well as to detach themselves from the acid site. This be-
havior, studied in more detail in Appendix A, has profound
consequences for the process of methanol activation. As can
be seen in Figure 9, in chabazite the-G bond on the
methoxonium cation merely undergoes a further increase in
anharmonicity with the mean value of the bond length un-
changed, while in ferrierite there is a significant shift in the
mean value of the €0 bond length (to an average value of
~1.6 A vs 1.45 A for the free molecule and showing an
elongation of ~15% for about 1.6 ps of the simulation)
accompanied by a strongly anharmonic behavior. The activation
occurred only for the methoxonium cation and not for the
methanol species, hence protonation isezessarycondition

for theactivation process. The fact that we observe no activation
of the methoxonium cation in chabazite indicates that protona-
tion is nota sufficientcondition. The activation is a consequence
of the dynamical behavior of the methanol molecules, which is
somewhat reminiscent of the differences in the molecular
mobility in the single methanol case. The additional mobility
in ferrierite leads to breaking of two H-bonds bonding the
methoxonium cation to the methanol cluster and to the
framework (Figure 10). The disintegration of the cluster leads
to a charge redistribution within the methoxonium cation

methoxonium cation in the two-methanol complexes adsorbed in (a) Strengthening the ©H bonds and consequently weakening the
the 8-ring of ferrierite and (b) chabazite. The two distributions in each C—O bond. Hence, the breakup of the methanol cluster is the

panel correspond to the two protons in the methoxonium ion.

additional factorneeded for activation.
Reaction conditionshave been simulated by loading four

framework to methanol and the methoxonium cation remains methanol molecules into the 8-ring channel and associated

stable over the entire MD time scal€This is clearly visible

(37) A similar effect was observed for methanol in sodalite: Nusterer,

in Figures 5, parts d and e. The methanol solvent causes a very . gjichi, P. E.; Schwarz, KChem. Phys. Letfl996 253 448. Schwarz,

significant softening of the PES along the methoxoniumCC

K.; Nusterer, E.; Marg|, PInt. J. Quantum Chenil997, 61, 369.
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are not protonated by the proton migration (see text). The arrow
indicates the €0 bond length in the free methanol molecule.
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by the H-O"—H atoms of the methoxonium ion in the two-methanol time (psec)
complexes adsorbed in (a) chabazite and (b) ferrierite. The Al defect Figure 13. Temporal evolution of the square displacement of the
is shown in pink. The color scale for the charge densities increases .anter-of-mass displacement of the methoxonium ion.
from blue (very low), to green, yellow, and red (very high).
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At this temperature the mobility of all the adsorbed species
is greatly enhanced. The methoxonium cation is solvated by
the other molecules and screened from the acid site. Under these
conditions the methoxonium species rotates away from the acid
site. To give an impression of the large distances the molecules
can travel inside the zeolite framework we show in Figure 13
the temporal evolution of the squared displacement of the center-
of-mass of the methoxonium cation

intersection regions of ferrierite and by increasing the temper-
ature in the simulation to 700 K. Results of the simulations are
shown in Figures 11, 12, and 5f. We find that the zeolitic proton
is completely transferred to the methanol molecule (Figure 11).
The tail in this distribution extending to larger methanol
hydrogen distances now has a completely different origin than
in the case of single methanol adsorption in Figure 3. Toward
the end of the simulation proton transfer to a nearby molecule
started to occur. Hence, unlike in Figure 3 where these ~ - »
fluctuations in the ©-H distance were due to a proton moving Reon(t) = (Reon(t=0) — Reon(1) (5)

back to the zeolite framework, the present events represent _

protons moving between the methanol molecules. Furthermore,where Reon(t) is the position vector of the center-of-mass of
we again observe activation of the methoxonium species asthe methoxonium cation. The fluctuations result in methoxonium
evidenced by the significantly stretched-O bond distribution displacements as large as 1.5 A and the drift we observe toward
in Figure 12 with an average value exceeding.6 A, and the end of the simulation means that the molecule has traveled
instantaneous bond length fluctuations stretch the length of the~1 A. Under these conditions the methoxonium ion does not
bond close to 1.8 A. The temporal evolution of the methoxonium create hydrogen bonds to the other methanol molecules and only
bonds is shown in Appendix A. occasionally hydrogen bonds to the zeolite framework. Hence,
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as in the case of the two-methanol complex in ferrierite, the R R AL AL SN BN
effect of protonation imot counteractedy additional hydrogen 20+ (a) total -
bonds leading to the effect of activation. C ]

Vibrational spectra provide the most stringent scrutiny of 15[ .
our results as they can be compared with the measured IR r 1
spectre The difference in the measured vibrational spectra with 1.0 ]
and without the adsorbed methanol shows at low methanol . ]
pressures bands at (3545, 2900, 2440) tassigned to ©H 0.5 k1 | ilii | ]

stretches and (2993, 2958, 2856) dmassigned to €H
stretches and a band at 1687 @mThese results have been

interpreted as evidence for the presence of the methoxonium g'g A I I L R
species where the antisymmetric and symmetridHvibrations o (b) C-H 1
account for the bands at 2900 and 2440 gmespectively, and = r
the O-H bending for the 1687 cni feature? At higher 15+ ]
methanol pressures, the bands at (2900, 2440) and 168% cm a
disappear and a new broad band centered around 3325 cm s 1:0F .
and a feature at 1580 crhappear. The intensity of the highest ~ r
frequency band at 3545 crh decreases with increasing Nosl 1
methanol pressure. The disappearance of the antisymmetric and 8 -
symmetric stretching vibrations of the-@ groups of the 0.0 Ftitmtmmmmere | S ]
methoxonium ion was attributed to the weak interactions of the 200 (c) O-H b
methoxonium cation with the methanol solvént. r ]
Information on the vibration of the methanol is contained in s
the MD trajectories and can be simply obtained by Fourier 1.8 : g
transforming the velocity autocorrelation function 1.0 r 1
Z(t) O @(t)-o0) (6) i ]
0.5 5
with 7(0), 7(t) being the ionic velocities at initial time and time .
t andll.[the canonical ensemble averagé) can be computed 0.0 L T TN
for any selected atom or group of atoms. We note that this 1500 2000 2500 3000 3500 4000
treatment does not rely on the harmonic approximation whose o (em)

validity is questionable in a regime characterized by strong Figure 14. Spectral function for single methanol adsorbed in the 8-ring
anharmonicity (cf. Appendix A). We show now that results of channel of ferrierite (normalized t§Z(w) dw = 1): (a) total spectra;
our simulations are in qualitative agreement with the experi- (b) C—H modes; and (c) ©H modes. The vertical bars correspond to
mental IR spectra. the experimental positions of the IR bar’_?dsolid line O-H stretches,
As an example for the single methanol vibrational spectra dash-dotted line €H stretches, dotted line-©H bending.

we show in Figure 14 the results for a single methanol molecule
adsorbed in the 8-ring channel of ferrierite along with the
positions of the experimental IR bands. As can be seen, the
computed spectra are in poor agreement with experiment. Theret

is a noticeable feature in the-@ vibrations at around 1600 methoxonium cation can produce the-B modes experimen-
cm ! that agrees relatively well with the experimental frequency tally observed at (3545, 2900, 2400) chand 1687 cm. The
8; ini (s)_r: r:;?g;;;%{gognerhz ;thic?g:]zs éfcﬂézwéiliggagﬁ?nges symmetric/antisymmetric ©H stretches are missing from the

y y . e nly single methanol spectra, which we believe is due to the absence
featureless backglround of dlverse V|brat|ons. extendlqg from of protonation (chabazite, ZSM-5) or due to too strong interac-
nggggsscgotﬁ?é J hgtrgigﬁ(rasdlivﬁéﬁe?rinic;g ];?iuﬂdiénotgre tion of the methoxonium species with the zeolite framework
P ; ) D ; 9 . (ferrierite) which causes the downward shift of these frequencies
calculation. We find similar results also in the other single and the diffuse nature of the spectrum (as well as the absence
methanol calculations. The vibrational density-of-states for the of activation of the methanol molecule). As discussed above
case (.)f t_he _two-methanol Co_mp.'?x ad_sorbed in the 8-ring of these framework interactions are greatly reduced in the case of
f‘?”'e”te in Figure 15 shows S|gn|f|cant Improvements over thg the two-methanol complex adsorbed in ferrierite, which causes
z'fn?hlg r:ftgﬁrr;oéggslz mﬁq:{ﬁ'09/2;2gsrggiqrfggest:gtégi;eg'Orihe overall improvement of the agreement with experiment. This

P Y . 4 X . ' seems to suggest that single methanol complexes are not favored

the frequency of the ©H be_ndlng mode was slightly increased, and that methanol may tend tduster even at low loadings.
and the frequency of the high-frequency & mode d_ecreased. These data also suggest a different interpretation of the 3545
We note that most of these features are absent in the spectr%m_l O—H mode. This band has been interpratess resulting
calculated for the two-methanol complex adsorbed in chabazitefrom —Si—O—CH.3 and—Si—OH groups produced by dissocia-
(Figure 16), as is the slight downward shift in the frequency of tive chemisorption of methanol. We observe the presence of a

. ~ 1

the C O stretch arounq 1000 cn® (not shown). The high-frequency G-H mode when the two-methanol complex
experimental spectra at high methanol pressures (taken at room

temperature) can be compared with the spectra for our four-  (38) Pelmenshikov, A. G.; Morosi, G.; Gamba, A.Phys. Chenl 992

; o o o 96,2241,
methanol complex in ferrierite, shown in Figure 17. Again, (39) Tuckerman, M. E. et all. Chem. Phys1992 97, 2635,

qualitative agreement is very good. The symmetric/antisym- (40) Tuckerman, M. E. et all. Chem. PhysL996 104, 5579.
metric O—H stretches have vanished as well as the high-  (41) Sich, I. et al.J. Chem. Phys1997 107, 9482.

frequency O-H mode and there is a slight downward shift of
the O—H bending mode.

These results can be understood as follows. We first observe
hat, in agreement with the experimental assignments, only the
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Figure 15. The same as Figure 14 but for a two-methanol complex Figure 16. The same as Figure 15 but for a two-methanol complex
adsorbed in the 8-ring channel of ferrierite: solid line methoxonium gadsorbed in chabazite.
cation, dashed line methanol.
is adsorbed in ferrierite and its absence when adsorbed in©f the methoxonium ion prevents it from forming hydrogen
chabazite. This difference can be traced back to slight differencesPonds with the acid site and the other methanol molecules.
in the O—H distances in the protonated species in the two casesHence, only theombinationof the above effects can produce
(cf. Figure 8). In ferrierite, one of the two protons has a slightly the m.ethoxonlgm ion in the actlvat.ed state. Thls.S|mpIe model
shorter average bond length than the other, and hence produce8XPlains the failure to observe activation for a single methox-
a somewhat higher frequency. This happens especially when®nium ion in a vacuum and in the _zeollte (at_)sencg of the
the other proton executes a slight fluctuation away from the Mmethanol solvent), and even at higher loadings in some
methoxonium ion which is not the case in chabazite where both frameworks (low methoxonium mobility), and the presence of
protons appear to have equal and slightly larger average bong@ctivation ynder reagﬂon conditions (methanol solvent and high
lengths. This behavior in combination with-& stretches which ~ Methoxonium mobility).
are too high leads us to conclude that the protonated hydrogen-4 Conclusions
bonded cluster of two methanol molecules formed in chabazite ™
is not consistent with experimental data. The behavior at high  We have presented a very extensive first-principles MD study
loading can, in agreement with the experimental assignments,of the initial adsorption and activation of the methanol molecules
be qualitatively accounted for as resulting from a multitude of in the catalytic environment of microporous aluminosilicates.
very weak interactions which result in the disappearance of the The central result of the paper is the first observation of an
symmetric/antisymmetric as well as the high-frequencytD activated methanol species in zeolite catalyst in a theoretical
stretches. Of course, the very complex nature on the interactionstudy. A simple model for the activation process is developed.
of the species among themselves and with the zeolite channelWe find that protonation of the methanol molecule and creation
makes quantitative comparisons with experiment rather difficult. of the methoxonium species is only a necessary but not sufficient

The model based on our results is as follows. The role of condition. The methoxonium cation is only activated in methanol
the zeolite framework is to provide the constraint that assists solvent and in the case it can be shielded from forming new
the proton transfer from the active site to the methanol molecule. hydrogen bonds with the other adsorbed methanol molecules
This produces an increase of the anharmonicity of the meth- and the active site. The conditions under which this combination
oxonium C-O bond. Solvation of the methoxonium in the of factors occurs has been thoroughly studied. The protonation
methanol solvent leads to a further very significant increase of may occur even for a single methanol molecule adsorbed,
the anharmonicity and softening of the methoxonium depending on the zeolite framework. The results indicate that
bond. Certain zeolite frameworks play an active role in the in this early stage of the MTG process the commercial catalyst
solvation process by promoting methoxonium mobility inside ZSM-5 does not introduce any new features explaining the
the zeolite channel. The activation occurs only if the mobility activation process. We observed creation of the methoxonium
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o (cm ") In Section 3 we presented the properties of the methanol

Figure 17. The same as Figure 15 but for a four-methanol complex P0nds inintegral form. Here we analyze their 9V9|Uti0n in time.
adsorbed in ferrierite. As an example we show in Figure 18a the evolution of thedC

and the two G-H bonds of the protons closest to the oxygen
species in all cases studied at methanol loadings of two for the single methanol adsorbed in chabazite. The motion of
molecules or higher per acid site. The prevention of forming one of the two protons (red) is characteristic of a motion in a
new hydrogen bonds of the methoxonium species dependsdouble well potential, with the physisorption well lower in
critically on the mobility of the protonated species in the zeolite energy than the chemisorption well. The energy barrier for this
channel which can be enhanced by certain zeolitic environmentsprocess must be of the order of5kJ/mol as the proton
or simply by raising the temperature to that used in the MTG surmounts the barrier several times on the simulation time scale.
process. We note that this latter factor was absent in most of Bond fluctuations under reaction conditions are shown in
the theoretical studies performed to date which relied on the Figure 18b by the evolution of the methoxonium bonds for the
local static optimization and hence were always permitting the case of a four-methanol complex adsorbed in the 8-ring of
formation of the hydrogen bonds counteracting the effect of ferrierite at 700 K. We see two kinds of proton fluctuations
protonation. This explains the failure to observe the activation away from the methanol molecule. One (blue) corresponds to
process in the previous studies. On the other hand, we foundan accidental fluctuation of the methoxonium ion back to the
that the quantum dispersion effects appear to have a muchproximity of the acid site leading to a proton returning to the
weaker effect on the results which are essentially correct within zeolite framework. It is interesting to notice that such a process
the classical approximation for the protons. Our findings are in is accompanied by an immediate reduction of the methan@ C
qualitative agreement with the measured IR spectra. The stronglybond. The proton fluctuations occurring later (red) are fluctua-
activated methoxonium complexes we have observed will be tions corresponding to proton moving between different metha-
very susceptible to a nucleophilic attack by another methanol nol molecules. The high degree of anharmonicity of the system
molecule and would follow reactions 3 and 4 on a longer time under reaction conditions is evident from the huge amplitudes
scale. Calculations with constrained reaction coordinate dynam-of the bond vibrations which in the case of the proton reach
ics* are now under way. ~50% of the equilibrium bond length.

Finally, we show in Figure 19 the nature of the fluctuations
which lead to activation of the methoxonium ion in the two-
methanol complex adsorbed in the 8-ring of ferrierite. One can
identify two dynamical events which trigger the activation
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(42) Carter, E. A. et alChem. Phys. Lettl989 156, 472. linking the methoxonium ion to the methanol cluster and started
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bl
T those of interest here. The efficiency of the algorithm is
?' increased by using the staging transforma#®Due to the stiff
= harmonic springs connecting the replicas the system is non-
< Y ) I A ergodic. Ergodicity in our MD calculation was restored by
o 3 4 applying chains of NoseHoover thermostat8 of length 4
time ?psec) separately to each nuclear degree of freedom. Details of the

Figure 19. Time evolution of (a) the €0 bond length on the ~ P/MD method and its present implementation are described
methoxonium cation, (b) mutual angle between the methanol molecules, €lsewheré?#1 Other parameters of the calculations were taken
and (c) the distance between the aluminum defect and the oxygen atomas given in Section 2.
on the me_thoxonium iqn in the case of two methanol melecules adsorbed \\/e have chosen to investigate the proton transfer occurring
in the 8-ring of ferrierite. between two different methanol molecules in the case of the
. . . . four-methanol complex adsorbed in the 8-ring channel of
the activation. This process was further reinforced by breaking ¢4 ierite (cf. Section 3). To separate the effect of thermal and
also the o_ther hyd.rogen bond bof‘d"‘g the meth(_)xonium ion to quantum fluctuations we have performed two calculations
g_]e acid St')te (cf. Flghure 10) as eV|dhenced Ey the_ increase O; tEestarting from identical initial conditions: (a) a PIMD calculation
a:itrainr?:m i[xvfﬁg tzeiliq[)éy?rearr]nzcvgri r;te;rgﬁﬂglulm4|%r; ?rr: trfeeand (b) calculation with a classical description of the protons.
simulation shown in Figure 19c. This combination 6f processes The calculat_|o_n's have_ peen_ done at room temperature. In both
U - cases after initial equilibration, we have followed the system
produces_ the s_trongly activated methox_onlum _compl_ex We ¢ 1500 MD steps. As an example, we show in Figure 20
observe in the time interval (1.4 3.0) ps in the simulation. the distributions of the ©H distance on the methoxonium ion.
As expected, the distributions for protons described quantum
. . mechanically are broader than those for classical protons. In
As shown above, proton transfer reactions proceed on a highly haicyar, the proton attempting to make the transfer to the other
anharmonic double-w_ell PES. To investigate the effect of ethanol is less tightly bonded than its classical counterpart.
quantum fluctuat|o_ns in the proton-transfer reaction we _have However, this result indicates that at room and higher temper-
gsed PIMD techn|qu.e§:25 We have mappgd the cgnonlcal atures the proton transfers are predominantly thermally activated
integral onto 8 cyclically connected replicas defining the and the quantum fluctuations represent only a much smaller

Imaginary time axis. This means thall protons are treated correction. Hence, we conclude that tblassical description
qguantum mechanically. The nuclear exchange was neglected, . .
of the protons is essentiallyorrect

hence we treat all the protons as Boltzmannons. This description
is sufficiently accurate at relatively high temperatures such as JA983470Q

Appendix B: Quantum Fluctuations



