
concerned the motion of sparse vortices. In 
the initial state, T > T. = 9.2 K and B = 0. 
After cooling the sample film below Tc, we 
auulied B = 80 G and observed the vortices 

& & 

enterlng the film from its edges. These sparse 
vortices flowed on average in the direction 
perpendicular to the sample edges; hence, 
they were driven by the gradient 111 the vortex 
denslty, although individual vortlces often 
hopped in scattered directions. The  effect of 
the gradlent in film thickness was appreciable 
only 111 the case of gentle vortex flows such as 
flux creep. The  vortex hoppings were not 
completely uldependent from each other be- 
cause a vortex hopping was often triggered by 
an approaching vortex. In the cases where a 
vortex was trapped in a defect (Fig. 5),  the 
ensuing ~7ort~ces would typically make detours 
to avoid the defect. Only rarely did collisions 
occur; sometimes an  oncoming vortex re- 
coiled after collision, and sometimes an on- 
coming vortex was trapped for a few seconds, 
followed by a release of a single vortex. These 
observations showed that the state of two 
vortices trapped in one defect s h o ~ ~ l d  be un- 
stable, as exnected. No  such correlations were 
found in the directloll orthogonal to the di- 
rection of motion. 

T h e  second experiment concerned the  
case in which vortices are closely packed to 
form lattice domains. W e  applied B = 180 
G to the  sample at T > Tc, cooled the 
salnnle to T = 4.5 K to  find the  lattice- 
d o ~ n a i n  formation, and then reduced B to 
85 G. After the lattice domains relaxed, the  
sample temperature was gradually raised to 
let the lattice domains move freelv; thev , ,  , 
then exhibited Inore colnplicated and seem- 
ingly irreproducible motion in some cases. 

A typical example is shown in Fig. 6. Just 
before the vortex flow began, the vortices 
formed lattice dolnalns at 6 K (Flg. 6A) .  
T h e  d o ~ n a i n  size depended o n  experimental 
conditions; it was typically a few microme- 
ters in diameter and contained 5 x 5 vor- 
tices. Each domain appeared to  be pinned 
by the  defects (Fig. 6 A ) .  T h e  vortices re- 
mained stationarv for a while, then sudden- 
ly began moving in "rivers" like a~7alanches 
near some domaln boundaries (Fig. 6B). 
W h e n  vortices flowed in rivers, they be- 
came disordered. Wi th  an  exposure time of 
1/30 s (Fig. 6B), those vortices that moved 
were blurred and co~l ld  only be seen as a 
river. T h e  appearance of the  river changed 
a little after 0.16 s (Fig. 6 C ) .  W h e n  the flow 
stopped, a new configuration of vortex lat- 
tlces emerged (Fig. 6D) ,  and domain 
boundaries were formed at different loca- 
tions, w,hich in turn triggered new ava- 
lanches. T h e  duration of the flow depended 
o n  conditions but was eenerallv <1 s. T h e  
veloclty of a vortex hoppulg was on the 
order of 1 u m  sp ' .  

T h e  rivers flowed along the domain 
boundaries that were located near the de- 

fects; the vortex river in Fig. 6B emerged 3 G. Blatter et al., Rev. Mod. Phys 66, 1125 (1994). 

along the domaill boulldary located near the 4. S. Field eta/ ,  P h ~ s .  Rev. Lett. 74, 1206 (1995). 
5. U. Yaroti et a/., Nature 376, 753 (1 995) upper middle defect in Fig. 6A. A t  higher 
6, K, Harada et ibid, 360, 51 j1992), 

temperatures, the rivers became wider until 7, A, Nectron Holography (Springer, Hel -  
the whole vortex lattice started to flow, delberg, 1993). 
keening its form unchanged. These observa- 8. A vldeo clip 1s avaable at Science's Beyond the - u 

tions lndicate that we visually monitored the Prlnted Page site on the World Wlde web; <http.// 
www.aaas.org/sc~ence/beyond.htm> 

transition from plastic to elastic flow. 9 We thank H Hlrose for assistance in rradiatnq an 
o n  beam to Nb samples and H. Erawa, C. N. y ing ,  
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Understanding the Catalytic Behavior of Zeolites: A 
~irst-principles Study of the Adsorption of Methanol 

Rajiv Shah," M. C. Payne, M.-H. Lee, Julian D. Gale 

Zeolites are microporous aluminosilicate materials used as industrial catalysts, and there 
is much interest in understanding their catalytic behavior. The adsorption of methanol in 
the catalytically active zeolite chabazite and in sodalite was examined by performing ab 
initio calculations within periodic boundary conditions. A direct correlation between ze- 
olite structure and chemical activation of the adsorbate was found. Methanol was pro- 
tonated without an activation energy by a Br~nsted acid site, provided the molecule was 
situated in the eight-ring window of chabazite, whereas the same molecule was only 
physisorbed in more open cage regions, such as those found in sodalite. 

Mlcroporous  lnaterlals are powerf~ll indus- 
trial catalysts, combining acidity with shape 
selectivity for reactants, products, and their 
intervening transition states ( I  ). Amongst 
the wealth of chemical reactions catalyzed 
by these materials, one of the most impor- 
tant is the conversion of methanol, initially 
to d ~ ~ n e t h y l  ether and subsecl~~ently to gas- 
oline (2) .  Many experimental studies have 
characterized intermediate species of thls 
reaction in situ ( 3 ) ,  b ~ l t  we can still only 
speculate about the true mechanism. Meth- 
anol is known from infrared spectroscopy 
(4)  to be initially adsorbed a t  acid sites in 
the  zeolite framework, but the  interpreta- 
tion of s ~ l c h  data in terms of either phy- 
sisorbed methanol or chelnisorbed meth- 
oxonium species (Fig. 1 )  is still a matter for 
debate (5). 

There has been r n ~ ~ c h  interest in the use 
of quan t~ lm mechanical methods to deter- 
mine the  energetics of proton transfer from 
the  zeolite framework to methanol, because 
thls is believed to be the  first step in the  
activation of the adsorbate. Most of these 
studies have used cluster methods, in which 
a small fragment of the  zeollte is extracted 

pl~ysisorbed and that the  me t l loxon i~~m ion 
1s unstable, representing a transltlon state 
for the exchange of hydrogen between two 
oxygens ( 6 ,  7). However, most of these 
calculations represent only the local bond- 
ing interaction and neglect the long-range 
electrostatic potential, which co~l ld  have a 
considerable effect given the  partially ionic 
nature of aluminosilicates. Furthermore, 
such cluster models are often not  specific to 
any one zeolite structure, and therefore the 
res~llts cannot explain the  different catalyt- 
ic activities observed wlth varying frame- 
work topologies. 

Recent advances in lnasslvely parallel 
computing, coupled with improved algo- 
rithms (S), have greatly increased the  scope 
of first-principles quantum lnechanical cal- 
culations for periodic systems, allowing in- 
vestigatlon of the mechanism of zeolite ca- 
talysis. W e  have used such techniques to 
address the question of lnethanol adsorp- 

1-  and dangling bonds are saturated with hy- 
drogen. By using a variety of ab ~ n i t i o  tech- si'O\ .41 / O + S  S i / l \d l /b+ % 

niques, it has been shown that methanol 1s / '; '\ 

R shah, M c payne, M,.H, L ~ ~ ,  cavendlsh ~~b~~~~~~~ Fig. 1. Schematc lustraton of the two possble 
(TCM), Madingley Road, Cambridge CB3 OHE, UK adsorption complexes of methanol at an acid site 
J. D. Gale, Depariment of Chemistiy, Imperial College, (A) physsorbed with no proton transfer and (B) 
South Kensington SW7 2AY, UK. chemisorbed with proton transferred to form a 
'To whom corresuondence should be addressed. methoxonium cation. 
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tion, in order to avoid the uncertainty as- 
sociated with the choice of cluster model 
and to allow us to examine differences in 
behavior associated with particular zeolite 
structures. We have used density functional 
theory (9) with a generalized gradient ap- 
proximation (1 0) for the exchange-correla- 
tion energy and a plane-wave basis set to 
remesent the wave functions (1 1 ). Struc- . . 
tures were fully optimized at constant cell 
volume (1 2). The valence electrons were 
treated explicitly, with the nuclei and core 
electrons represented by pseudopotentials 
(1 3). The accuracv of the method was ver- . , 

ified through the reproduction of the lattice 
parameter of ct quartz, as well as the bond 
lengths and proton affinity of methanol in 
the gas phase [calculated value, -774 kJ 
mol-'; experimental value, -778 kJ mol-' 
(14)l. 

The main commercial catalyst for meth- 
anol conversion, ZSM-5, has a unit cell that 
is too large for accurate calculations to be " 
performed with current computational re- 
sources. Instead, we have considered the 
chabazite structure (15), also known to be 
an active catalyst for the formation of di- 
methyl ether (16) but with a smaller unit 
cell of 12 tetrahedral sites and 24 frame- 
work oxygen atoms per unit cell. The peri- 
odicity imposed in the calculation results in 
a minimum loading of one methanol mole- - 
cule per unit cell, gjving an intermolecular 
separation of 9.2 A. The interaction be- 
tween molecules in neighboring unit cells 
was found in our calculations to be weak. 

Experimentally, chabazite contains alu- 
minum in about a third of all tetrahedral 
sites. However, we have chosen to consider 
a system with a Si/Al ratio of 11, that is, 
one aluminum atom Der unit cell. to sim- 
plify the problem, because the number of 
possible conformations increases rapidly as 
the concentration of aluminum increases. 

As a first step we determined the relative 
stabilitv of the Brsnsted acid sites formed bv 
substitution of aluminum for silicon on a 
tetrahedral site, with protonation of an ad- 
jacent oxygen to maintain charge neutrality. 
There is one uniaue tetrahedral site in the 
asymmetric unit and therefore only four 
possible configurations, depending on 
which oxygen is protonated. All four acid 
sites were found to be stable local minima 
lying within an energy range of 15 kJ 
molp'. This is substantially greater than 
thermal energies under ambient condi- 
tions, suggesting that most of the protons 
will be located at the most stable oxygen, 
0 3 ,  assuming the hydrogen positions are 
determined thermodynamically rather 
than kineticallv. At the temneratures used 
for performing zeolite catalysis, however, 
more sites mav be accessible. 

Previous cluster calculations (6) have 
demonstrated that physisorbed methanol 

Table 1. Comparison between the geometry of methanol adsorbed in chabazite and free methanol or 
methoxonium. O(m), oxygen in the methanol molecule; O(f), oxygen in the zeolite framework. The bonds 
of the OH, group are about 10% longer than for the unadsorbed methoxonium and methanol. This is 
probably due to very strong hydrogen bonding, which is shown by the comparatively short distances 
between the hydrogens and the framework oxygens. Estimated accuracy +0.01 A (distances) and 20.5" 
(angles). 

Parameter Adsorbed 
complex 

Free 
methoxonium 

Free 
methanol 

Average C H  1.09 1.09 
distance (A) 

w ( m )  1.45 1.52 
distance (A) 

O(m)-H 1.04, 1.06 0.98, 0.98 
distance (A) 

O(9-H 1.54, 1.38 - 

distance (A) 
H-O(m)-H 95.5" 108.8" 

angle 
o(f)-H-O(m) 153.1°, 153.2" - 

angle 

forms a strong hydrogen bond with the 
acidic hydrogen of the framework; a second, 
weaker hydrogen bond is formed between 
the hydrogen of the methanol O H  group 
and another oxygen bonded to aluminum. 
This scheme results in the formation of a 
six-membered ring structure (Fig. 1). Be- 
cause there are six edges to the tetrahedral 
unit, each with two possible sites for proton 
binding, there are potentially 12 possible 
physisorbed geometries for methanol. How- 
ever, many of these can be excluded be- 
cause of steric hindrance. Here we consider 
the binding of methanol between 0 3  and 

Fig. 2. The equilibrium geometry found for meth- 
anol adsorbed in chabazite. Gray atoms, Si; pur- 
ple, Al; red, 0; green, C; and blue, H. Dashed lines 
show hydrogen bonding. The molecule lies in the 
eight-ring window. The proton has been trans- 
ferred to the methanol forming an OH, group, and 
the hydrogen atoms of this group are coordinated 
with framework oxygens adjacent to the Al site. 
Strong hydrogen bonding stabilizes the proto- 
nated complex. Two of the methyl hydrogens are 
between 2.8 and 3.1 A from two or more frame- 
work oxygens on the far side of the window; the 
third is 3.8 A from a framework oxygen. 

0 2 ,  with the molecule situated in the eight- 
ring channel of the structure. 

Starting with the proton coordinated to 
either 0 2  or 0 3 ,  we found the same opti- 
mized geometry, that of a chemisorbed me- 
thoxonium ion (Fig. 2). There seems to be 
little or no barrier to proton transfer from 
the framework to methanol, given that we 
could not find a local minimum correspond- 
ing to a physisorbed complex. Haase and 
Sauer (7) have estimated from cluster cal- 
culations that the methoxonium ion is 12 
kJ mol-' less stable than the physisorbed 
complex. In our periodic calculations, the 
electrostatic potential within the eight-ring 
appears to be sufficiently large to overcome 
this energy cost and allow charge separation 
to occur during the formation of an ion-pair 
structure. 

Fig. 3. The equilibrium geometry found for meth- 
anol adsorbed in sodalite. Atom colors and 
dashed lines are as in Fig. 2. The proton remains 
bound to the zeolite framework, and the methanol 
lies in the cage region of the framework. The 
methanol hydrogen bridges across to the oxygen 
on the other side of the six-ring rather than simply 
across the aluminum. One methyl hydrogen is 3.0 
A from a framework oxygen; the others are >3.5 A 
from any of the framework oxygens. 
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The  geometry of the adsorbed colnplex 
was comaared to that of the free saecies (Ta- 
ble 1).  The  methoxo~lium cation forms two 
strong hydrogen bonds, wiih nonbonded 0 -H 
distances as short as 1.35 A. This value agrees 
with the trend observed in cluster calcula- 
tions, in which the hydrogen bond length 
decreases as the size the model increases; 
values as low as 1.41 A have been observed for 
large systems. This finding is consistent with 
the behavior observed in H j O z f ,  in which 
the proton allnost symmetrically bridges be- 
tween two wzter molecules with distances of 
close to 1.2 A (17). The particularly strong 
hydrogen bonding also explains the large hy- 
droxyl stretching frequency shifts observed in 
the infrared spectrum (4) .  Our calculated heat 
of adsorption for methanol, 82 kJ molpl ,  is 
within the large range of experilne~ltal esti- 
mates (63 to 120 kJ molpl)  measured for 
various zeolites (7, 18).  

For comparison, we also exalni~led the ad- 
sorption of methanol at an  acid site in a 
highly siliceous form of the sodalite structure, 
again with a Si/Al ratio of 11. Although so- 
dalite has the same number of atoms Der  n nit 
cell as chabazite, the structure is very differ- 
ent, lnade up of p cages linked to give a small 
channel aperture, consisting of six-rings rath- 
er than the eight-rings found in chabazite. 
This structure does not have pores into which 
lnethanol could penetrate, and the acidlc 
form is experimentally not known, but the 
sodalite cage is a unit found in several Inore 
cornalex structures such as zeolite A. 

Steric hindrance prevents ~l le thanol  
from lying in the  six-ring windows, and thus 
the  molecule is situated in the Inore open 
cage region of the structure. W e  fou~ld that 

u - 
lnethanol was physisorbed instead of chemi- 
sorbed, with the proton remaining bound to 
the  zeolite framework (Fig. 3 ) .  Despite the 
different structures of the  adsorption com- 
plexes in  the  two structures, the binding 
energy of lnethanol in sodalite was sinlilar 
to that in chabazite (73 kJ molp l ) .  

W e  conclude that there is a delicate bal- 
ance between the ahvsisorbed and chemi- 

L ,  

sorbed states of lnethanol in aluminosilicates. 
The  nature of the adsorption colnplex is cru- 
cially dependent on the structure of the zeo- 
lite being considered. Contrary to previous 
c l~~s te r  calculations (6,  7), calculations taking 
into account the full periodicity of the zeolite 
structure sho\\1 instances in which arotoll 
transfer from the zeolite to methanol takes 
place. In  regions containing medium-sized 
pores, it appears that lnethanol is preferential- 
ly adsorbed and is activated through protona- 
tion. In the case of chabazite this process 
occurs in the eight-ring window, and we can 
infer from the catalvtic activitv of ZSM-5 that 
the same is prohabiy true for i0-ri11gs. When  
methanol is situated in the more open cage 
regions of zeolites, it appears to be unproto- 
mated and potelltially less chemically active. 

We speculate that the lnediuln-sized 8 M. C Payne, M. P. Teter D. C Alan, T. A. Aras J D. 
Joannopoulos, Rev. Mod Phys. 64, 1045 (1 992). pores are the most active site for methanol p, Hohenberu and W, Phvs Rev, 136, B864 . . 

reaction, because these are where methanol 11964): W. ~ o h n  and L. J. Sham. ibid. 140. A1 133 
appears to be protonated. T h e  presellce of (I 965). 

both lnethanol alld lnethoxonillln species in 10. The Perdew-Wang functlona was used [J. P. Perdew, 
n Electronic Structure ofSolids '91, P Zelsche and H. 

regions with different s t ruct~~ral  characteris- Eschrg Eds (Akademie Verlag. Berlin, 1991). 
tics may explai~l the difficulty in una~l~higu-  11. A pane wave cutoff of 650 eV was used, and B r -  

ously assigning experimental infrared spec- ouln zone sampling was performed only at the r 
pont We estlmate the error due to these approxl- 

tra. W e  have dernollstrated the potential of matons to be about 2 kJ mol-'. 
periodic ah initio calculations to treat mo- 12. Ab initio norm-consew~ng pseudopotentials were 

lecular adsorption in aluminosilicates, which used. Those for carbon and oxygen were klnetlc 
energy-optlmzed by Qc f te r tunng [M. H, Leeetal., 

can now be extended to aid the elucidation n preparaton. 
of the reaction pathways of lnethanol within 13. op tm~za ton  was performed wlth no symmetry con- 

such heterogeneous catalysts. strants u n t  forces were <0.03 eV/A The estmat- 

hTote a~lded in proof: Our  results for the 
ed error In energy of relaxed structure was 1 2  kJ 
mol-' . 

case of adsorption of methanol in sodalite 14. D H. Aue and M. T. Bowers, in Gas Phase Ion 
are collsistellt with recently published cal- Chemistry M. T. Bowers Ed. (Academic Press New 

culations of infrared spectra (19).  York, 1979) vol. 2 p. 18. 
15. L. S. Dent and J. V. Smlth. Nature 181 1794 (19581. 
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Reversible Cleavage and Formation of the 
Dioxygen 0-0 Bond Within a Dicopper Complex 
Jason A. Halfen, Samiran Mahapatra, Elizabeth C. Wilkinson, 

Susan Kaderli, Victor G. Young Jr., Lawrence Que Jr., 
Andreas D. Zuberbuhler, William B. Tolman* 

A key step in dioxygen evolution during photosynthesis is the oxidative generation of the 
0-0 bond from water by a manganese cluster consisting of M,(p-0), units (where M is 
manganese). The reverse reaction, reductive cleavage of the dioxygen 0-0 bond, is 
performed at a variety of dicopper and di-iron active sites in enzymes that catalyze 
important organic oxidations. Both processes can be envisioned to involve the intercon- 
version of dimetal-dioxygen adducts, M,(O,), and isomers having M,(p,-0), cores. The 
viability of this notion has been demonstrated by the identification of an equilibrium 
between synthetic complexes having [Cu,(p,-q?q2-0,)12+ and [C~,(p,-0),]~- cores 
through kinetic, spectroscopic, and crystallographic studies. 

D i o x y g e n  0-0 bo~ld-forming and b o ~ l d -  
cleaving reactions occur at tra~lsitioll metal 
centers in a number of enzymes. For exam- 
ple, 0-0 bond cleavage occurs at mononu- 

J. A. Halfen S Mahapatra, E. C. W~lknson V G. Young 
Jr. L. Que Jr. W B. Tolman, Depari~nent of Chemlst~] 
Unversity of Minnesota, Minneapol~s, MN 55455 USA. 
S. Kader  and A D. Zuberbuhler lnstltute of no r -  
ganc Chemistry, Unversty of Basel, CH-4056 Basel 
Switzerland 
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clear heme (cytochrome P-450) (1 )  and 
nonhelne di-iron (methane monooxygen- 
ase) (2-4) centers that hydroxylate alkanes 
to produce key metabolites. Similar reac- 
tions are needed for the oxidation of ty- 
rosine by a dicopper active site to form 
L-dopa (tyrosinase) (5) and by a nonhelne 
di-iron center to generate the  catalytically 
esse~ltial radical of rihonucleotide reductase 
(3, 4 ,  6). T h e  reverse reaction, the  oxida- 
tive coupling of water m o l e c ~ ~ l e s  to form O2 




