
Three areas in the south are thickening at 
rates of up to 25 cm/year (centered near 68"N 
3 19"E. 67"N 3 14"E; and 63"N 3 13'E in Fig. 1). 
The hvo northernmost of these show reasonable 
agreement with results from satellite radar-al- 
timeter data (I), with thickening rates in the east 
increasing to more than 15 cini'year nearer the 
coast. 111 the south. thickening rates reach max- 
imum values of 25 cmiyear. All three thicken- 
ing zones are in regions of high snowfall (4); 
with accumulation rates strongly linked to 
storm intensity and subject to considerable in- 
teranllual variability. However, model studies 
(4) conclude that precipitation over this region 
should have decreased significantly between 
1985 and'1995, which would have resulted in 
thinning. In the northwest, where repeat radar- 
altimeter data (1) and comparison of snow ac- 
c~unulation with ice discharge (5) have shown 
previous thinnmg, we observe a slight thicken- 
ing. This could represent a change in condi- 
tions with time. 

In the peripheral regions, we observe 
large areas of thi~ming; with thinning rates 
increasing rapidly toward the ocean (Fig. 1). 
W-e observe thinning of up to 20 cmlyear over 
an area centered near 69ON 313"E and at far 
higher rates near the coast in the southwest 
and in the east. There is a reinarkably sharp 
transition from thickening in the west to thin- 
ning in the east allnost exactly along much of 
the ice-sheet ridge where it mns noi-th-south. 

Our results agree broadly with those from 
radar-altimeter data (1) for the east of the sum- 
mit iidge but include data from a far larger area. 
Most rapid thinning rates (more than 1 m, year) 
were obseived in the lower reaches of east coast 
outlet glaciers. Our results give an average 
thickening (without coi-recting for vertical 
ci-ustal motion), for elevations above 2000 m, of 
0.5 i 0.7 cm/year for 1993 to 1998, which is 
smaller than the t no st recently published aver- 
age thickelling value of 2.2 i 0.9 cmiyear 
bemeen 1978 and 1988 estimated from satellite 
radar-altimeter data for the same region (1). 
However. neither of the ei-ror estimates includes 
eisors associated with inteipolating between 
flight lines, and that for the radar-altimeter data 
includes only the random component of the 
ei-ror (I). Consequently. these higher elevation 
central regions could have been almost exactly 
in balance for the past 20 years, or they could be 
shifting from slight thickening to a balanced 
condition. 

The lower elevation coastal regions are be- 
having differently. Thickening and thinning 
rates for all surfaces below 2000 in show ex- 
tensive thinning in the east (Fig. 2), consisteilt 
with observations of warmer than noinlal tem- 
peratures for 1993 to 1998. However, we also 
obseived areas of thinning near the west coast 
(Fig. 1). where inany locations were cooler than 
normal ( 6 )  The elebat~on changes along the 
west and south sides of the Ice sheet (Fig 1) 
show good qualitative agreement ~ i i t h  esti- 

mates of marginal ice advance and retreat be- 
hveen 1950 and 1985 based on comparison of 
aeiial photographs (7). but not along the east 
coast, where the earlier. rather sparse data sug- 
gest glacier advance between 1950 and 1985. 

We observed the highest rates of thinning in 
the lower reaches of outlet glaciers along the 
east coast, where we might expect large chang- 
es caused by interailnual variability in melt 
rates (8). Over the 5-year period. total thinning 
of as much as 10 m was obseived in the lower 
reaches of all east coast outlet glaciers that were 
sui-veyed. at latitudes up to 69'N and at surface 
elevations up to 1500 m (Fig. 2). The observed 

1999, will establish baseline data sets, which 
will be extended with infoimation fro111 
NASA's ICESAT (9). This satellite laser al- 
timeter will be launched in 2001 to measure 
ice-surface elevations in Greenland and Ant- 
arctica at all latitudes up to 86'. 
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A Functional Model for 0-0 
Bond Formation by the 
0,-Evolving Complex in 

Photosystem II 
Julian Limburg,' John S. Vrettos.' Louise M. ~iable-Sands,' 

Arnold L. Rheingold,' Robert H. Crabtree,'" Gary W. Brudvigl* 

The formation of molecular oxygen from water in photosynthesis is catalyzed 
by photosystem II at an active site containing four manganese ions that are 
arranged in di-y-0x0 dimanganese units (where y is a bridging mode). The 
complex [H20(terpy)Mn(0)2Mn(terpy)OH~(N03)3 (terpy is 2,2':6',2"-terpyri- 
dine), which was synthesized and structurally characterized, contains a di-y-0x0 
manganese dimer and catalyzes the conversion of sodium hypochlorite to 
molecular oxygen. Oxygen-I8 isotope labeling showed that water is the source 
of the oxygen atoms in the molecular oxygen evolved, and so this system is a 
functional model for photosynthetic water oxidation. 

The 0,-evolving complex (OEC) in photo- Extended x-ray absorption fine structure 
system I1 (PSII) consists of a tetranuclear Mn studies have shown that the Mn tetramer is 
cluster associated with Ca2+, C1-, and a re- made up of di-k-0x0 dimeric Mn units (k is 
dox-active tyrosine that can effect the four- a bridging mode) (2). This assignment was 
electron oxidation of water to dioxygen (1). made by a comparison with structural model 
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complexes, of which there are a large number peimanganate (17). Furtl~ennore. no reac- [for instance. the bond distance d(Mi1-Mn) = 
2.7 A]. The most notable feature of the shucture 
is the presence of an exchangeable aqua-coor- 

(3). Although there are no di-F-0x0 Mn clus- 
ters that catalyze homogeneous 0, evolution, 

tions were seen in controls using oxone wit11 
redox-inactive Lewis ac~ds.  Even with these 

there are two related systems that can effect 
I~omogeneous water ox~dation (4, 5). and 

controls. the use of oxone as an oxidant left a 
substantial amount of ambiguity in the mec11- 

dination site on each of the Mn ions, which 
results from our use of the melidionally coor- 

both are thought to proceed through a termi- 
nal 0x0 ligand of a high-valence metal ion 
M=O (6). Correspondingly, a Mn=O species 
has been proposed as an inteimediate in pho- 

anism because (although it has a predilection 
for 0-atom transfer) it contains an 0-9 bond. 

dinating teipy ligand and which allows the 
coinplex to show the desired reactivity. The 

Because of this, we proposed that the reaction 
i~lvolved a high-valence 0x0 intermediate but 

dimanganese complexes are wrapped in sheaths 
of H-bonding water molecules, which interlock 

tosynthetic water oxidation (7). where the 
tenninal 0x0 ligand has been postulated to be 

could not exclude the hydrolysis of a bound 
oxone. We found an analogous reaction be- 

the 0x0 bridges and coordinated water mole- 
cules. The two independent complexes show 
slightly different patterns of H bonding. 

When the mixed-valence dimer 1 (12.5 
FM in water) was added to a solution of 0.07 
M NaClO (pH = 8.60), 0, evolved with an 
initial rate of 12 i 2 mol hour-' per mol of 1 
and four catalytic kuinovers in total (Fig. 2) 
(20). We have followed the O2 evolution in a 
He atmosphere using 180 labeling with an 
analysis of the products by mass spectrome- 
tiy (21). Because CO, (present as an adven- 
titious background gas) rapidly exchanges 
with H;'O, the ''0 content of the CO, was a 
good measure of the isotopic content of the 
water. The ratio 48C0,:"C02 was found to 
be the same as the ratio 3h02:3402 (1.49 +- 
0.05 versus 1.48 i 0.03, which is the average 
of two independent measurements), demon- 

formed by the abstraction of H atoms from a 
water inolecule bound to Mn by the nearby 
tyrosyl radical (7, 8).  Other mechanistic pro- 
posals for photosynthetic water oxidation 
have involved the reaction of bridging 0x0 
units in a reaction that is analogous to that 
observed in a Cu dimer (1, 9). To test the 
former hypothesis, we designed a di-y-0x0 
dimanganese complex with solvent coordina- 
tion sites that provide a position for the for- 
mation of a Mn=O inteimediate. This strategy 
yielded a functional model of the OEC of 
PSII. 

Mn=O, where the oxidation state of Mn is 
+4 or +5, has been identified as the reactive 

tween a structurally characterized Mn dirner 
and sodium hypochlorite (an 0-atom transfer 
reagent that contains no 0-0 bond). and we 
also found the x-ray crystal structure of the 
catalyst precursor. To the best of our I<nowl- 
edge, this is the first clear example of an 0-0 
bond-forming reaction involving a di-y-0x0 
dimanganese complex that results in dioxy- 
gen evolution. Spectroscopic studies and "0 
isotope labeling are consistent with a mech- 
anism involving a Mn=O inteilnediate. and 
therefore; this system selves as a functional 
model for photosynthetic water oxidation. 

Figure 1 shows an Oak Ridge thermal 
ellipsoid plot (ORTEP) of the -%(III)--%(IV) 
complex [OH,(teipy)Mn(O),Mn(teipy)OH2] 
(hT03)3+6H20. refeired to as 1+6H20 (teipy is 
2,2':6',2"-terpyridine) (18, 19). The unit cell 
contains hvo independent but chemically siini- 

species in catalytic oxidations with Mn por- 
phyrins (10) and has been proposed as the 
active species in catalysis with Mn(sale11) 
{where salen is 1,3-bis[(2-hydroxybenzy1)- 
imino]ethane) (11). There have also been 
three sti-ucturally characterized. albeit unre- 
active, Mn(V)=O complexes (12). A water- 
oxidizing Ru dimer (13) operates through a 

strating quantitative incoiporation of solvent- 
derived 0 atoms into 0,. The measured ratios 
of the bis-''0 and 1 8 0  Q compounds corre- 
spond to an ''0 content of the water of 75%: 

lar asyrnnlehic unitit and therefore. only one is 
s11owi1 here. Although the complex is a mixed- 
valence dimer. the hvo Lln units are crystallo- 
graphically identical because the dinlers are on 

this agrees with the calculated content after 
dilution (21). A control experimeilt in the 

reactive intermediate with a Ru(V)=O group 
(14). There has beell only one report of a MII 

inversion centers. The di-poxo core has di- 
mensions that are typical of such complexes 

absence of catalyst showed that the intrinsic 
exchange rate of hypochlorite with water is 

complex that can carry out homogeneous cat- 
alytic water oxidatio11-a face-to-face Mn di- 

slow under the reaction conditions (21). 
Oxygen- 18 exchange has been proposed 

as evidence for the participation of Mn(V)=O 
species in oxidation chemistry involving wa- 

porphyrin. which has been proposed as form- 
ing a Mn=O inteimediate (5). 

We had studled the reaction between po- 
tassiuin peroxomonosulfate (K oxone) and 
Mn(I1) and Mn(II1) complexes containmg the 
planar t~identate ligands d~picolinate and ter- 

ter-soluble Mn porphyrin complexes with ex- 
changeable coordination sites (10, 22). Ex- 
change with a Mn(V)=O intermediate by the 
mechanism proposed by Bernadou and 
Meunier (22) was expected to be relatively 
rapid in our system. as there would be a water 

pyridine (15). Oxone was used because it had 
been successf~~lly employed with MII cata- 
lysts to oxidize organic compounds to give 
products that were consistent with Mn=O in- 

or hydroxide ligand coordinated to the teimi- 
nal 0x0-containing complex. This mechanism 

teimediates (16). Our strategy was to study 
the reactivity of such intermediates in the 

can account for the observed isotopic distri- 
bution of the 0, that was foilned from catal- 

absence of an organic substrate. We found 
that 0, was produced catalytically and that 

Fig. 1. An ORTEP diagram of 1, showing ellip- 
soids of 30% probability. Hydrogen atoms, ni- 
trate counterions, and waters of crystallization 
are omitted for clarity. Selected bond distances 
are as follows: d(~n2-MnZA), 2.723(3) A; 
d(Mn2-04), 1.812(6) A; d(Mn2A-04), 1.811(7) 
A; d(Mn2-04A), 1.81 l (7)  A; d(Mn2-03), 
2.013(6) A; d ( ~ n 2 - ~ 2 1 ) ,  2.100(8) A; d(Mn2- 
N22), 2.044(8) A; and d(Mn2-N23), 2.104(8) A. 
Selected bond angles are as follows: (04A- 
Mn2-04), 82.5(3)'; (Mn2-04-MnZA), 97.5(3)'; 
(04-Mn2-03), 176.5(3)'; (04-Mn2-N22), 
90.3(3)"; (04A-Mn2-N22), 172.8(3)"; (03-Mn2- 
NZZ), 93.1(3)"; (04-Mn2-NZl), 95.4(3)"; and 
(04-Mn2-N23), 95.6(3)". 

the initial stage of the reaction involved the 
formation of di -poxo dimanganese com- 
plexes. although we had been unable to iso- 
late them. The catalyst was ultimately deac- 
tivated because the Mn was converted to 

'Department of Chemistry, Yale University, Post Of- 
fice Box 208107, New Haven, CT 06520-8107, USA. 
2Crystallography Laboratory, Department of Chemis- 
try, University of Delaware, Newark, DE 19716, USA. 
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Fig. 2. 0, evolution versus time for a solution 
containing 0.05 kmol of 1 in 4 m l  of 0.07 M 
NaClO at pH = 8.6 ( [ I ]  = 12.5 FM). 
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ysls in our system. We envisage the first step 
as being the fonnation of a Mn=O, where the 
O atom oliginates from lGOC1 (Scheme la) 

Scheme Ic .  

Scheme l a .  

The ternlinal 0x0 ligand can then rapidly 
exchange with a '"-labeled hydroxide or 
aqua ligand on the other Mn ion of the dimer 
(Scheme lb) .  Finally, the "0-hydroxidei 

Scheme I b. 

aqua ligand that subsequently forms can then 
rapidly exchange with the solvent to produce 
a co~nplex where both Mn sites are "0 la- 
beled (Scheme lc), a requirement for quantl- 

tative label incorporation from water into 0,. 
The Mn=O can be thought of as either an 

electrophile (7) (and therefore open to attack 
by a OH- that may be either free or ligated to 
a second Mn dimer) or as a radical species 
(7) that could react with a water molecule 
from outside the complex. Either of these 
pathways a,ould result in O2 a,hose isotopic 
composition would match that of the solvent. 
Another possibility is the exchange of I8O 
into and out of the bridging 0x0 units. 

The catalytic reactions end with the com- 
plete conversion of the Mn to pelmanganate 
after -6 hours. The formation of permanga- 
nate can be followed by ultraviolet-visible 
(UV-vis) spectroscopy (Fig. 3) (23). Isos- 
bestic points at 497 and 583 nm, which show 

1 

0 1 8 , 8 1 1 1 , ,-- 
350 400 450 500 550 600 
I 

Wavelength (nm) 

direct collversion of the major species in 
solution to pernlanganate, appear when the 
reaction has reached steady state (time t > 1 
min). Permanganate presumably forms 
through a disproportionation of the reactive 
species, and this step would require the oxi- 
dation of 1 above the IV!IV state to be cou- 
pled to 0-atom transfer. 

For over 1 hour, we followed the total 
number of oxidizing equivalents in a solution 
containing 0.07 M NaClO and 75 FM 1. 
About 10 times more hypochlorite was con- 
sumed than could be accounted for by 0, 
evolution, suggesting that a substantial 
amount of ligand oxidation had occurred. The 
data were obtained by taking 2 0 - 4  aliquots 
of the reactive solution, quenching them in 20 
ml of 0.1 M KI, and then using the visible 
absorbance at 360 nm to quantify the amount 
of I; that was formed (24). Permanganate 
formation requires that the free ligand be 
released into solution, and so, oxidation of 
this ligand (either hypochlorite or Mn based) 

4 lm o I V \ O H ,  
H 2 0 k ~ 1 n w v ~ f l l . N  

v d-; 

Fig. 3 (top left). Time course of UV-vis absorbance changes during the 
reaction between 100 pM 1 and 0.25 M NaClO (pH = 8.6), from t = 0 to 
17 min. Spectra are shown with A t  = 1 min, and there are isosbestic 
points at 497 and 583 nm that appear after the first minute. Fig. 4 
(bottom left). Comparison of the UV-vis spectra. (A) 50 FM 1 in water, 
(B) 50 p M  IV/IV dimer in water [see (25)], (C) 50 pM 1 in 0.07 M NaOCl 
(pH = 8.6), and (D) the difference spectrum between (C) and (B) showing 
the visible absorbance of C at 480 nm. Fig. 5 (above). A simplified 
proposal for the reaction mechanism of the formation of 0, from the 
reaction of 1 with NaCIO. A Mn(V)=O dimer is produced by the oxidation 
of the IVJIV dimer, and then, the 0-0 bond-forming step could involve a 
nucleophilic attack of OH-on the 0x0 group. Permanganate would form by 
the disproportionation of the V/V dimer. 

300 400 500 660 700 
Wavelength (nm) 
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may be partially responsible for the loss of 
oxidizing equivalents. 

Figure 4 shows a comparison of the UV-
vis spectra of 1, the IV/IV dimer (25), and the 
catalytic solution at t = 0. These spectra 
indicate that the catalytic solution contains a 
small amount of IV/IV dimer (26), but the 
solution also contains another species that has 
a relatively strong absorbance in the visible 
region at —480 nm. The visible absorbance 
band associated with this species probably 
arises from a ligand-to-metal charge-transfer 
transition (26). There are various possible 
sources for this band, such as a Mn=0-con-
taining complex. 

Electron paramagnetic resonance (EPR) 
spectra of frozen aliquots of a 50 |ULM solution 
of 1 in hypochlorite over the first hour of the 
reaction show no signals (the samples were 
frozen at 5-min intervals), indicating that the 
major species is either diamagnetic or has 
integer spin (27). An EPR spectrum of com­
plex 1, which has a 16-line spectrum that is 
characteristic of mixed-valence dimers (28), 
is readily obtainable under comparable con­
ditions. This result provides support for the 
major species in solution as being a IV/IV or 
a V/V dimer, as'these would be expected to 
show no signals from EPR. 

Figure 5 shows a simplified mechanism 
for 0 2 formation from the reaction of 1 with 
sodium hypochlorite. The EPR and optical 
studies indicate that 1 initially reacts rapidly 
to form the IV/IV dimer with no EPR signals 
and that this is the major species involved in 
catalysis. The IV/IV dimer can then react 
with sodium hypochlorite to form a 
Mn(V)=0 intermediate, and this is the spe­
cies that is featured in the 0 - 0 bond-forming 
step. The proposed mechanism for 0 - 0 bond 
formation involves an attack of OH - on the 
Mn=0 to form a peroxy intermediate that 
then rapidly reacts with two further oxidizing 
equivalents and releases 02 . Permanganate 
would form in a competing reaction by dis-
proportionation of the Mn(V/V) intermediate 
to give Mn(VII) and Mn(III). 
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