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resulting in the erroneous conclusion that the liquid was
nonvolatile. .

Our results also bring into question whether the spreading is
mainly from flow or diffusive processes as previously
assumed”® 0. We have found that if an initially clean wafer is
placed several millimetres away from a TEHOS-coated wafer in
the same Petri dish, the clean wafer will develop a 5-A-thick film
over a few weeks, by readsorbing TEHOS that has evaporated
from the coated wafer. This result indicates the importance of
evaporation and readsorption to the spreading of TEHOS,
recently also shown to be the dominant spreading mechanism
for droplets of moderately volatile liquids®>. An unresolved

uestion is whether molecular layering can occur in other types
of liquid films solely by flow, as originally suggested®. By
experimenting with liquids. whose volatility relative to their
ability to flow is much lower than ‘tat of TEHOS, it should be
possibie fo distinguish between evaporation and flow mechan-
isms in the molecular layering. |
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Understanding the acid
behaviour of zeolites
from theory and experiment

.1, Kramer, R. A, van Santen, C. A. Emels

&A. K. Nowak

Aoninklijke/Shell-Laboratorium, Amsterdam, (Shell Research B. V.),
20 Box 3003, 1003 AA Amsterdam, The Netherlands

ZEOLITES are microporous aluminosilicates which, in their
protonated form, act as solid catalysts!, and are widely used in
the ¢il and petrochemical industries for processes such as
cracking, isomerization and alkylation if hydrocarbons?. The
proposed mechanisms3-5 of these processes mostly involve proton
transfer and formation of carbenium or carbonium ions as
reactive intermediates, but the detailed function of the zeolite and
in particular the relation hetween acidity and catalytic activity is
not well understood. Here we report experimental and theore-
ical studies of denterium~hydrogen exchange between deute-
rated methane and protonated zeolites — a prototypical hetero-
genegus catalytic reaction between a hydrocarben and an acid
teolite. We monitored this slow exchange reaction in two
fifferent zeolites using infrared spectroscopy, and used ab initio
{uantum chemistry calculations to determine both the reaction
mechanism and the acidity-activity relationship. Combining our
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theoretical results with recent estimates®!! of the acidity
differences within zeolites enables us to reproduce the exper-
imentally observed reaction rates and thus to obtain a detailed
microscopic picture of this heterogeneous catalytic process.

The isotope exchange reaction was monitored by measuring
the evolution of the infrared absorption spectrum of a zeolite
disk in a closed container in contact with an excess of
deuteromethane. Two zeolite samples were used, one with the
faujasite (FAU) structure (Si:Al ratio = 10), the other having
the ZSM-5 (or MFI) structure (Si:Al ratio = 13). Over time, we
observed the disappearance of the absorption bands cor-
responding to the OH stretch vibration of acid Al-O(H)-Si and
terminal SiOH (silanol) groups, with the simultaneous appea-
rance of the corresponding OD and SiOD bands. A control
experiment with the pure-silica form of MFI, which contains no
acid OH groups, showed that silanol groups are not active in the
exchange process. The simultaneous replacement of silanol and
acid hydrogen by deuterium in the acid zeolites should be
attributed to the intra—zeolite exchange of hydrogen, possibly
assisted by trace amounts of water, which is rapid compared with
the D/H exchange between the zeolite and deuteromethanes’.
The rate of conversion of acid OH groups was measured at
temperatures between 620 and 750 K for a methane gas pressure
of 13 torr. The lower temperature limit was dictated by the low
reaction rate and the upper limit by the onset of methane
pyrolysis. The experimental exchange rates (Fig. 1) show a clear
difference in activity between FAU and MFI.

We will now turn to first-principles calculation of the results.
We apply quantum chemistry to a molecular system in which the
zeolite is represented by a molecular cluster. The exchange
process is influenced in real zeolites by the variation of proton
affinity between crystallographically different oxygen sites. For
FAU and MFI, these differences have been quantified®!. We
will show that proton affinity differences alter that rate of
exchange enough to account for the observed activity difference
between zeolites FAU and MFI.

The molecular system used in the ab initio quantum chemical
study consisted of methane and a tri-tetrahedral
SiH,~OH-AIl(OH),~0-SiH; cluster representing the acid zeo-
lite. The peripheral bonds of the cluster, which are in reality
connected to the zeolite framework, were saturated with
hydrogen atorms. Because of the flexibility of the zeolite lattice,
such a cluster is a good model system for the extended
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FIG. 1 D/H exchange rate of deuterated methane with the H-forms
of zeolites FAU and MFi. Experimental values are given by the full
symbois {FAU A, MFI ¥). The full line is the prediction from
transition-state theory for the exchange reaction with a zeolite
cluster, which has an effective reaction barrier of 122 kJ mol—1.
Proton affinity differences reduce the exchange rate in real
zeolites. The theoretical predictions for zeolites FAU and MFI are
indicated by dashed lines.
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zeolite!>!3, Both the adsorption minimum of methane and the
transition state for D/H exchange were found using standard
conjugate-gradient geometry-optimization methods!4. The
energy difference between the adsorption minimum and transi-
tion state for self-consistent-field (SCF) calculations® is 180 kJ
mol~! when using a 3-21G basis and 230 kJ mol~! with a larger
6-31G** basis. Additional single-double configuration interac-
tion calculations including Pople size-consistency corrections!
allowed for the estimation of electron correlation effects which
are neglected at the SCF level. Electron correlation reduces the
barrier by 40 to 60 kJ mol™!, leading to an estimate of 150 & 20kJ
mol~! for the barrier. Figure 2 shows the calculated transition
state and the reaction coordinate.

The reaction coordinate represents the transfer of the proton
of the zeolite to the methane molecule and the symmetrical
return of one of the deuterium atoms to the zeolite. Thus, the
exchange process uses two of the oxygen atoms of the zeolite:
one as an acid, the other as a base. In the transition state the
exchanging atoms are halfway between the oxygen and carbon
atoms, at distances of 1.201 and 1.391 A, respectively. These
short distances indicate that, in the transition state, the
hydrocarbon fragment is covalently bonded to the zeolite
lattice.

Once the barrier height and the results of the vibrational
analysis of initial state and transition state are known, the
exchange rate can be theoretically predicted using Eyring’s
transition state theory!. This approach has been successfully
applied for simple gas-phase reactions'’’®, As measurements
were made under constant pressure, the reference value for the
(free) energy is that of the gas phase. Hence the effective,
experimental barrier, on which the exchange rate depends
exponentially, is equal to the barrier as calculated from the
cluster calculations, corrected by the adsorption energy of
methane in the zeolite at zero temperature, which is ~ —28 kJ
mol~! for both FAU and MFI'%2!, The pre-exponential factor
depends on the entropy change between the initial state and the
transition state, determined by the respective vibrational
frequencies. Quantum corrections?? turned out to be of minor
importance. The resulting prediction is shown in Fig. 1,
represented by a solid line.

So far we have treated the exchange process as if the zeolite
were a molecular catalyst. In doing so, we have neglected the
variation of acidity within the zeolite lattice. Recent theoretical
studies®!! using classical force-field methods, have estimated
these differences in zeolites FAU and MFI to be as large as 60 kJ

FIG. 2 Calculated transition-state geometry for the isotope
exchange process between methane and an acid zeolite cluster. Al}
small circles represent hydrogen or deuterium atoms. The arrows
indicate the main components of the displacement vectors along
the reaction coordinate.
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mol~l, The exchange rate obviously changes substantially if
proton affinity differences affect the exchange barrier.

We established the relation between acidity and catalytic
activity for the D/H exchange reaction through a series of
quantum-chemical cluster calculations in which the peripheral
SiH bonds of the cluster were fixed at varying distances. As g
result, the strength of the SiO bond, and thereby the strength of
the acid OH bond, could be strengthened or weakened at will,
On changing the SiH distances of one of the peripheral SiH,
groups between 1.3 and 1.7 A, the proton affinity of the
associated oxygen atom varied by ~ 60 kJ mol™!, thereby
mimicking the acidity variation in real zeolites.

Two series of calculations were done. First, the SiH distances
in the two SiH; groups were varied jointly. Thus, the proton
binding strength (acidity) of both oxygen atoms involved in the
exchange process remained equal. The barrier height was
unaffected, which is explained by the covaient character of the
transition state in which the OH bond strength of the initial state
is shared between two partial OH bonds (Fig. 2). Second, we
simulated the effect of acidity differences by lowering the proton
affinity of the proton-accepting oxygen site only. In this case,
again because of the covalent bond-sharing character of the
transition state, the barrier was increased, proportional to the
difference in proton affinity between donor and acceptor site
(with constant of proportionality 0.7). In summary, the covalent
character of the exchange process enforces a non classical
relationship between acidity and activity, where activity is
determined by acidity differences between the proton donating
and accepting oxygen sites.

As the reaction rate is the product of occupation by protons of
a given oxygen site and the probability of exchange from that
site, itis always adversely affected by proton affinity differences.
Therefore the exchange rate found for the molecular catalyst,
where proton affinities are equal, is predicted to be the upper
limit for the exchange rate in any aluminosilicate material.

Having established the relation between proton affinity
differences and the rate of D/H exchange, we may use the
proton affinity data for FAU and MFI from ref. 11 to calculate
the reduction of the exchange rate in these zeolites. For both
zeolites all T-sites which are the sites that can be occupied by
aluminium, were considered. For each of these there are six
possible exchange paths between any of the four oxygen atoms
surrounding the central aluminium. Some paths are sterically
inaccessible: in zeolite FAU, for instance, there is a unique
crystallographic T-site?? surrounded by four difference oxygen
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FIG. 3 Site-dependent exchange rates in zeolites FAU and MFI at
700 K and 13 torr methane pressure. These zeolites have a lower
exchange rate than the molecular catalyst, because a higher
effective barrier is induced by proton affinity differences between
the oxygen sites. The dashed line indicates the average exchange
rate for MFl. The numbering of T-sites in zeolite MFI is taken from
ref. 23; FAU has one unique T-site.
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~ sites, one of which does not take part in the exchange process

" because a proton on this site protrudes into the sodalite cage,
which is inaccessible to methane. For the remaining three

- accessible pathways, the proton affinity differences are 35 kJ

- mol™! or higher. In combination with the appropriate Boltz-

- mann factors for the proton occupancy of oxygen sites, this leads

i: to a reduction of the exchange rate by a factor of 80 at 700 K

i compared with the molecular catalyst.

-~ MFI has a more complex crystal structure with 12 different
T-sites?®. For each of these, we repeated the calculation outlined
above. Between different T-sites, the exchange rate varied by
two orders of magnitude (Fig. 3). The large activity differences
corroborate empirical evidence that the acid sites are heteroge-

- neous?®. Assuming a random distribution of aluminium over all
T-sites, the overall exchange rate in MFI is the average of these

* exchange rates, which at 700 K is a factor of 20 lower than that of
the molecular catalyst and thus a factor 4 larger than in FAU.
These reduction factors vary with temperature; the predicted
reaction-rate dependencies are shown by dashed lines in Fig. 1.

The theoretical predictions of the relative rates for the two
zeolites and their temperature dependence agree well with
experiment. It should be mentioned that there is a 20 kJ mol~1
uncertainty in the absolute value of the barrier as predicted by
quantum chemistry. But this uncertainty affects the predictions
for all zeolites to the same extent, so the prediction of a factor of
four difference in reactivity between zeolites FAU and MFI is
not affected.

Our results show that heterogeneous catalysts can be
understood at the atomic level, and that quantitative agreement
between theory and experiment can be achieved. For the
exchange reaction studied here, we have predicted the reaction
path and established the relationship between acidity and
catalytic activity. When combined with theoretical estimates for
the proton affinity of the various oxygen sites within the zeolite,
this gives an ab initio prediction of heterogeneous catalytic
activity. Applying the argument in reverse, it gives a first, albeit
indirect, experimental measure of the acidity differences in
zeolites, which must be ~ 60 kJ mol~ to explain satisfactorily
the reactivity differences between FAU and MFL. a
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Milankovitch theory viewed from
Devils Hole
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VARIATIONS in the oxygen isotope content (5'%0) of late Quatern-
ary deep-sea sediments mainly reflect changes in continental ice
mass’, and hence provide important information about the
timing of past ice ages. Because these sediments cannot yet be
dated directly beyond the range of radiocarbon dating (40-50
kyr), ages for the 80 record have been generated?? by
matching the phase of the changes in 5'®0 to that of variations in
the Earth’s precession and obliquity. Adopting this timescale
yields a close correspondence between the time-varying ampli-
tudes of these orbital variations and those of a wide range of
climate proxies, lending support to the Milankovitch theory that
the Earth’s glacial-interglacial cycles are driven by orbital
variations. Recently Winograd ef al.® reported a record of 30
variations in a fresh-water carbonate sequence from Devils Hole,
Nevada, dated by U-Th disequilibriums$. They concluded that the
timing of several of the features in the record, which reflects
changes in the temperature of precipitation over Nevada as well
as changes in the isotopic composition of the moisture source’7,
showed significant deviations from that predicted by Milanko-
vitch theory. Here we demonstrate that applying the Devils Hole
chronology to ocean cores requires physically implausible
changes in sedimentation rate. Moreover, spectral analysis of the
Devils Hole record shows clear evidence of orbital influence. We
therefore conclude that transfer of the Devils Hole chronology to
the marine record is inappropriate, and that the evidence in
favour of Milankovitch theory remains strong.

The Devils Hole 80 record was obtained from a 36-cm core
(DH-11) drilled in a layer of calcite lining a water-filled cavernin-
southern Nevada. Ground water here originates as snow and
rain in the surrounding mountains’. The time resolution of the
8'%0 record is comparable to that in deep-sea records and
contains 21 precise radiometric dates® from the 2°Th methods.
The general resemblance of the Devils Hole 880 record to that
of the ocean is striking (Fig. 1). Indeed, the coherency is so
high that it is tempting to overlook how different the physics
underlying each record must be and jump to the conclusion that
they are in fact synchronous. The SPECMAP marine 820
stack is an average of many open-ocean records in which
values become heavier during glacial intervals, mainly because
of storage of fresh water as ice. In contrast, the 880 data
in DH-11 reflect the isotopic distillation of atmos-
pheric moisture, a process linked to local precipitation tempera-
ture’. Values in this record therefore become lighter during
glacial intervals. But to interpret these data properly as an air
temperature signal, one must.make assumptions not only about
the isotopic composition of the oceanic moisture source (which
changes over a glacial cycle), but also about air-parcel trajecto-
ries at the relevant seasons’. Winograd etal.5 address some, but
not all, of these complex issues. .

A convenient way of comparing the DH-11 and SPECMAP
chronologies is to examine a mapping function® that adjusts the
ages in one curve to give the best match with %0 variations in
the other (Fig. 2). Overall, the similarity between these
physically very different records is remarkable (r=0.85). But we
focus here on two glacial intervals, stages 6 and 10, in which the
DH-11 ages are significantly older.
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