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Peculiarities of Methane Clathrate Hydrate
Formation and Solid-State Deformation,
Including Possible Superheating of Water Ice

Laura A. Stern,” Stephen H. Kirby, William B. Durham

Slow, constant-volume heating of water ice plus methane gas mixtures forms methane
clathrate hydrate by a progressive reaction that occurs at the nascent ice/liquid water
interface. As this reaction proceeds, the rate of melting of metastable water ice may be
suppressed to allow short-lived superheating of ice to at least 276 kelvin. Plastic flow
properties measured on clathrate test specimens are significantly different from those
of water ice; under nonhydrostatic stress, methane clathrate undergoes extensive strain
hardening and a process of solid-state disproportionation or exsolution at conditions well
within its conventional hydrostatic stability field.

Gas hydrates, also called clathrate hy-
drates, are nonstoichiometric compounds
with structures consisting of a network of
H,O molecules hydrogen-bonded together
like ice and encaging molecules of small-
diameter gases. Common natural gas hy-
drates may have either of two crystal struc-
tures, and methane hydrate, CH,-5.75H,0
(ideally), is a structure I hydrate construct-
ed from 46 H,O molecules with eight cav-
ities available for CH, gas molecules. In
addition to its possible occurrence on the
icy moons of the outer solar system at Sat-
urn and beyond (1), methane clathrate oc-
curs on Earth in a variety of geologic set-
tings where CH, and H,O are in chemical
contact at low temperature (T) and elevat-
ed pressure (P), and possibly harbors the
largest untapped reservoir of natural gas on
Earth (2, 3). Although discovery of exten-
sive clathrate reservoirs in sediments under-
lying permafrost regions, deep-oceanic en-
vironments, and continental margins and
shelves has stimulated recent interest in
their formation and recoverability (4),
many basic physical properties of methane
clathrate are poorly known or unmeasured.
We have developed a method for fabricat-
ing pure aggregates of methane clathrate in
quantities suitable for materials testing and
have documented anomalous behavior in
the formation, stability, and rheology of this
compound at elevated P (5).

Our objective was to synthesize large-
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volume, low-porosity, cohesive polycrystal-
line clathrate aggregates with a uniform fine
grain size and random crystallographic grain
orientation. Our technique differed from
those of previous studies (6), most of which
involved dynamic conditions of rocking,
rotation, or continuous agitation of reaction
mixtures, resulting in loose or very porous
granular aggregates or strongly textured ma-
terial unsuitable for physical property mea-
surements. We produced our samples by the
reaction CH, (g) + 6H,O (s —» 1) —
CH,-6H,O (s), by the mixing and subse-
quent slow, regulated heating of sieved,
granular H,O ice and cold, pressurized CH,
gas in an approximately constant-volume

40 T CE LT T T T
35i Methane clathrate b
stable ]
E 8 hours ]
30F CHg6H0+CH,(g) | |
L 4
5 25 Vo ]
%- Stante? 1
= 20F e TEinish HO ()
< = Quench 1
5 % e +CH, (9) 1
o’ 15k to 77 s 6 G
.
g
St cp g H;0 (5)
o = +GH )
175 200 225 250 275 300 325

Temperature (K)

Fig. 1. Phase diagram for the CH,-H,O system.
Shaded region shows field of methane clathrate
stability. At low pressures or high temperatures,
clathrate dissociates to H,O plus CH, gas. The
metastable extension of the H,O melting curve is
delineated by the gray curve. Dotted lines trace
the sample fabrication reaction path.
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reaction vessel (7) (Figs. 1 and 2). The
initial CH, gas P inside the sample vessel
was chosen to fill the porosity between the
ice grains at a molar ratio of CH, to H,O
(seed ice) in the sample vessel in excess of
that required for complete reaction (8, 9).

CH, P increases almost linearly with T up
to 271.5 K with a slope governed primarily by
the equilibrium thermal expansion of free
CH, in the reservoir and sample reaction
vessel (Fig. 3A). Initial deviation from this
linear relation occurred just above the melting
T of H,O ice, 271.5 K at 27.3 MPa, marking
the onset of reaction (Fig. 3A, point A) (10).
As time proceeds, the rate of P increase slows
as the clathrate-forming reaction consumes
much of the vapor phase, producing a mea-
surable offset from the initially linear path.
The extent of reaction was determined by this
deflection of the P-T slope, and complete
reaction produced a P drop (AP ) of 1.8 + 0.1
MPa (11). The rate of reaction decreased after
reaching about 0.5 AP, and full reaction was
most readily achieved by continued heating
and self-pressurization of the system to 288 to
289K and 29.4 = 0.2 MPa (Fig. 3A, point E).

These peak conditions were attained over an

interval of 7 to 8 hours after the sample
initially crossed the 271.5 K isotherm (Fig.
3A, inset), placing the sample near clathrate
dissociation conditions and well above the
metastable extension of the H,O melting
curve (Fig. 1).

After complete reaction, samples were
cooled to 77 K while venting unreacted
CH,. The resulting samples were shown by
x-ray diffraction (XRD) measurements to
be pure methane clathrate with no more
than trace amounts of H,O ice (<3%) (Fig.
4). That virtually all the H,O reacted to
form clathrate was also consistent with the
calculated molar volume reduction of the
reaction (11) and with the lack of a mea-
surable P-T anomaly associated with freez-
ing of unreacted liquid H,O (Fig. 3A, cool-
ing path). Measurements of the mass uptake
of CH, in fully reacted samples were con-
sistent with complete reaction of the origi-
nal H,O to form clathrate of composition
near CH,-6.1H,0 (£0.1H,0), which is the
expected equilibrium stoichiometry for this
compound at 25 to 30 MPa CH,, P (11-13).
The resulting samples were translucent,
white, cohesive aggregates with uniformly

System vent

CH, source and 0

gas intensifier
—_—

Heise
P gauge

valve

v
Valves'—

Heat source

Sample isolation
Pressure
transducer
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Fig. 2. Apparatus for fabricating cylindrical test specimens of methane clathrate from CH, gas and
melting ice. The sample assembly is housed in a freezer at 250 K and consists of two vessels immersed
in an ethyl alcohol bath. One vessel stores cold, pressurized CH, gas at ~35 MPa and 250 K, and the
second contains the sample mold with pre-jacketed and pre-evacuated H,O “‘seed” ice. Valves allow
isolation of any component of the assembly, and a vacuum pump connected to the sample chamber
permits evacuation of the system. The sample chamber is warmed by a hot plate situated beneath the
alcohol bath and controlled with a variable autotransformer. Temperature is monitored by thermocou-
ples emplaced in the base of the sample mold and in the bath, and pressure is measured by the gauge
and transducer. Sample fabrication procedures promoting methane clathrate crystallization are de-
scribed in the text and in (7).
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fine, equant grains of 200 to 350 pm. All 15
samples produced under these conditions
displayed consistent and reproducible run
history curves, CH, uptake measurements,
XRD patterns, and physical appearances.
The fully reacted clathrate samples occupy
the same cylindrical volume as the starting
seed ice, and samples contain 28 to 30%
porosity after full reaction (11). This poros-
ity was easily eliminated by externally pres-
surizing sealed samples while venting the
pore space gas, as discussed below.

Curiously, fabrication histories of fully
reacted clathrate samples showed no P-T
discontinuities associated with bulk melting
of the H,O ice, even though full reaction to
form clathrate required many hours at tem-
peratures well above the H,O melting curve
(14). The positive slope of the P-T curve
within a few degrees above 271.5 K showed
that there was not immediate and complete
melting of the ice as it warmed above its
liquidus, and the slope of the curve is steep-
er than would be predicted if all the melt
reacted immediately with methane to form
clathrate.

This conclusion was verified by control
experiments in which neon (Ne), a nonclath-
rate-forming gas, was used in place of CH,
under otherwise identical experimental con-
ditions (15). The results (Fig. 3B) confirmed
that rapid and complete melting and refreez-
ing of H,O ice at its melting point occurred in
our apparatus when ice was not in the pres-
ence of CH,, and that the associated P-T
melting anomalies are easily detectable. The
rapid P drop accompanying ice melting (Fig.
3B) was spread out over about 3.5 K as a result
of T gradients in the reaction vessel. The T
measured by the sample thermocouple lagged
the rising T in the surrounding alcohol bath
during the P drop (Fig. 3B, inset), a phenom-
enon that we attribute to the absorption of
heat by the endothermic melting of ice. In
comparison, the CH, runs displayed no such
thermal anomalies between sample and bath,
indicating that rapid, extensive melting did
not occur (16). A P-T discontinuity accom-
panied refreezing during the cooling phase of
the Ne runs, and no net P offset was recorded
after returning to the starting conditions (Fig.
3B). Visual inspection and XRD identifica-
tion of a quenched sample from a Ne experi-
ment showed that it consisted of a clear cyl-
inder of H,O ice in the bottom half of the
mold. The loosely fitting top disk sank to the
base of the mold, also indicating full melting
of the seed ice. In contrast, fully reacted meth-
ane clathrate samples have uniformly granular
textures and no displacement of top disks.
The Ne control experiments thus demon-
strate that all the indicators of equilibrium ice
melting expected in our apparatus were ob-
served when a nonclathrate-forming gas was
used in the place of CH,.



Three partial-reaction experiments were
then conducted on samples of CH, + ice,
in which the samples were quenched while
under pressure at different points along the
full reaction curve and subsequently
weighed and x-rayed to determine clathrate
content as a function of AP, (Fig. 3A,
squares B, C, and D). The sample quenched
at 0.6 AP, (C) contained 55 * 5% clath-
rate, and the sample quenched at 0.8 AP,
(D) contained 78 * 5% clathrate. The
third sample was taken to 0.4 AP, (B) and
then slowly cooled to 250 K before quench-
ing. That sample showed a measurable P-T
anomaly upon cooling, indicating that some
macroscopic melting had occurred. This re-
sult was confirmed by XRD and weight
measurements, which showed that the 0.4
AP, sample contained approximately 28 +
5% clathrate, rather that the predicted 40%
if no melt were present. These results sug-
gest that during the early stages of reaction
up to about 0.5 AP, the slow rate of seed ice
melting still “outpaces” clathrate forma-
tion. After this period, the rate of clathrate
formation essentially keeps pace with incip-
ient melting for the remainder of the 8
hours needed for complete reaction under
these conditions.

By calculating a hypothetical P-T path
for melting of the seed ice in the presence of
CH, gas (17), we show that complete melt-
ing of ice, with no clathrate formation,
would produce a measurable P reduction
equivalent to 0.26 AP, (Fig. 3A, gray dotted
curve). We then calculated the predicted P
deflection of each partial reaction run for
clathrate reaction assuming no melting of
unreacted ice, compared to that predicted
for complete melting of all residual, unre-
acted ice (Fig. 3A). The deviation of the
observed P-T path of the experiments from
either the ice-melting curve or the calcu-
lated deflections for complete melting of
unreacted ice shows that such melting did
not occur upon crossing the ice liquidus or
up to at least 276 K. Melting may not have
been completed until the clathrate reaction
was completed near 289 K.

The apparent suppression of the rate of
macroscopic ice melting during methane
clathrate synthesis raises several questions:
Why is complete clathrate reaction
achieved only after many hours at temper-
atures well above the H,O ice melting
point, and why is there no evidence for
extensive melting of unreacted seed ice dur-
ing this time? These questions can be par-
tially answered by considering kinetic pa-
rameters such as the induction period, dur-
ing which hydrate formation is negligible
and at the end of which the reaction pro-
ceeds at appreciable rates. The induction
period needed for methane clathrate forma-
tion may be related to the intermediate

diameter of the CH, molecule with respect
to that needed to stabilize either the clath-
rate structure [ or II cavity size, and the
consequent retarded formation of critical
nuclei for hydrate growth (2). A second
factor influencing reaction kinetics is the
chemical communication of CH, with fresh
H,O ice surfaces. For hydrate formation
from either solid or liquid H,O, the forma-
tion rate greatly diminishes once a surface
layer of hydrate has formed. Vigorous shak-
ing or stirring is needed to renew CH,
access to the water or ice surfaces to aid the
formation process (18).

Hydrate growth rates under static condi-
tions were measured by Hwang et al. (9), in
which methane clathrate was grown on
disks of melting ice at constant tempera-
tures. Two stages of hydrate formation were
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observed: an initial “nucleation” period
during which the formation rate increased
with time, followed by a “growth” period
during which the formation rate decayed
with time until no more ice remained on
the disks. They showed that growth rates
were determined by the rate of supply of the
hydrate-forming species to the growth sur-
face, as well as the rate of removal of the
exothermic heat of formation from the sur-
face (19). The onset of ice melting along
exposed surfaces promoted clathrate forma-
tion by providing both a “template” for the
formation of hydrates and a heat sink for
absorbing the heat of formation during
clathrate growth. Our observations general-
ly agree with these interpretations of
Hwang et al. (9). We further conclude from
sample textures and run records that the

Fig. 3. (A) Pressure-temperature
(P-T) history of sample fabrication
conditions promoting the clathrate-
forming reaction CH, (g) + H,O
(ice) — CH,6H,0. Reaction ini-
tiates just above the H,O solidus
but slows substantially after ~50%,
perhaps as a result of ‘“‘armoring”
effect (see text). Full reaction is
achieved by steadily increasing T
and is accompanied by a 1.8-MPa
pressure reduction (AP,). Persis-
tence of metastable (superheated)
ice is inferred by the lack of a P-T
discontinuity in the reaction path
upon crossing the ice melting curve
at A. In comparison, the predicted
P-T path for full melting of all seed
ice with no clathrate formation is
shown by the gray dotted curve.
Partial-reaction experiments (open
squares) that were quenched after
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AP—0(A), 0.4 (B), 0.6 (C), 0.8 (D),
and 1.0 (E}—contained 0, 28, 55,
78, and 100% (*5%) methane
clathrate, respectively. Triangles
and inverted triangles show the cal-
culated positions associated with
no melting and full melting, respec-
tively, of all unreacted ice in each
partially reacted sample. That the
observed curve does not pass
through these positions indicates
that whereas some melt accumu-
lates during reaction, complete
melting of all unreacted ice is not
occurring. (Inset) Temperature-
time (7T-t) profile shows that 7 to 8
hours are required for full reaction
from Ato E at these P-T conditions. L
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onstrates that full melting and refreezing of H,O ice occurs near its solidus when in the presence of
nonhydrate-forming gas. (Inset) Detail of T-t history of Ne (g) + H,O ice in the region of ice melting, -
showing the lag of the sample T (open circles) compared with the bath T (gray trace) associated with the
absorption of heat by the endothermic melting of ice (75). No such effect is displayed by the thermal
history of the methane clathrate run, also shown (clathrate sample T is black trace, bath T is adjacent

gray line).
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superficial layer of hydrate enveloping each
seed ice grain not only rate-limits reaction
in the grain interiors, but may also effec-
tively “armor” the grain from nucleating
melt and consequently suppress the rate of
melting of ice grains. Once such a rind of
hydrate has encased an ice grain, the most
likely process of continued clathrate forma-
tion involves solid-state diffusion of CH,
gas to the ice core (20).

The slope of the P-T path during clath-
rate synthesis experiments does not change
abruptly upon crossing the ice melting
curve (Fig. 3A), and there is a period of
several tens of minutes during which little
clathrate formation or ice melting appears.
These results suggest that melting of the ice
grains may be inhibited before the growth
of a substantial hydrate layer (21). It can be
argued that melting should not occur be-
cause the only equilibrium phases are meth-
ane gas and clathrate (Fig. 1), but over the
8-hour duration of reaction, it is reasonable
to assume that equilibrium conditions did
not prevail within hydrate-encased grains
because of insufficient access of CH, to
grain interiors. We would expect, therefore,
to see exidence of bulk melting as the grain
interiors melt before complete reaction. Be-
cause we see little or no evidence for either
melting or clathrate formation early in the
experiment above the ice melting point, we
conclude that the armoring effect serves
mainly to perpetuate the inhibition of ice
melting and its metastable persistence (22).

Although the superheating of ice under
clathrate-forming conditions seems implau-
sible, we are unable to find a satisfactory
alternative explanation for our observations
(23). One possibility is that early-forming
clathrate encased and sealed the ice grains
and prevented pressure reductions associat-
ed with ice melting inside them from com-

Table 1. Mechanical test conditions and results. P, confining pressure with N, or He gas medium; &, total strain; o, yield strength; and o,

Methane clathrate
sample, as molded

Intensity

Methane clathrate)
post-deformation
(run 368) i

Fig. 4. X-ray powder diffraction
(XRD) patterns for methane clath-
rate as grown (top) and after me-
chanical testing (bottom). Methane
clathrate deformed under nonhy-
drostatic stress undergoes a partial
solid-state disproportionation, as
evidenced by H,0 ice peaks (dot-
ted lines) found in post-deformation
XRD patterns.

30 35 40
20 (degrees)

15 20

municating with the CH, gas occupying the
porosity and, in turn, with our gas pressure
measurement system. This explanation
seems unlikely because the departure of the
P-T path from that expected for ice melting
is prominent at temperatures just above the
onset of reaction (Fig. 3A) and would re-
quire that strong clathrate pressure seals
form around the ice grains during initial
reaction, when the clathrate layer would be
thin and presumably weak. Moreover, the
hydrate shell would need to have nearly
zero thermal conductance because no ther-
mal lag associated with the absorption of
heat by endothermic melting was observed
during heating above 271.5 K (Fig. 3B,
inset). We have not, however, verified the
existence of such superheated ice by mea-
suring or experimenting with its physical
property characteristics.

The strengths of seven methane clath-
rate specimens were subsequently measured
in constant—strain rate compression tests in
a triaxial gas deformation apparatus, with Ny
or He gas as the confining medium (24, 25).
The thin, soft jackets of indium in which
the samples were grown served to exclude
the pressure medium and were later used for

examination of deformation microstructures
replicated from the outer sample surface.
Before deformation, clathrate samples
were hydrostatically pressurized and com-
pacted in the apparatus at 170 K (26). One
sample (366, Table 1) was quenched after
compaction and examined in its unde-
formed state. Volumetric measurements
showed that essentially all porosity was
eliminated and that a cylindrical sample
shape was maintained with only minor dis-
tortion. XRD analysis revealed the presence
of a small amount of H,O ice in the sample,
estimated at 7 = 2 volume %. This ice is
likely produced by solid-state disproportion-
ation of clathrate, because increasing P
changes clathrate stoichiometry from
CH,6.1H,0 to CH,*5.8H,0 (12). Such a
pressure-induced unmixing process would
precipitate the approximate volume frac-
tion of ice detected in the x-ray patterns.
Strength measurements were then per-
formed at conditions ranging from 140 to
200 K, 50 to 100 MPa, and €= 3.5 X 1074
t0 3.5 X 107¢s~! (Table 1 and Fig. 5). Test
results revealed that methane clathrate has
a measurably different steady-state strength
than H,O ice, and that the strength of

steady-state

ss’

strength.
Run P & . [
no. Step T (K) (Mlga) (s £ (Mlga) (Ml%sa ) Comments
281 1 160 59 35x 1074 0.125 - >85 Strain hardening
2 160 50 3.5 % 107° 0.150 - 60 Strain hardening
3 160 50 3.5 x 1074 0.160 100 - Brittle failure; ~25% ice post-deformation*
282 1 140 50 35X 1076 - 71 - Failure, multiple events
2 140 50 35x 107 0.160 94 - Failure, multiple events; 25% ice
366 1 168 100 - - - - Pressurization and compaction onlyt; 5 to 10%
H,0O ice after compaction
367 1 185 100 3.5 X% 107° 0.138 - 71 Strain hardening at 105 step only
2 185 100 3.5 x 1074 0.215 96 90 ~30% H,0 ice post-deformation
368 1 168 100 3.5 x107% 0.185 - 102 Strain hardening; 25% ice
369 1 168 100 35%x10°° 0.16 - 100 Identical run as 368 with gas collection; system
‘ emplaced; no evolved CH, gas? .
370 1 200 100 3.5 X 10°° 0.120 - 62 Strain hardening at 10~5; no evolved gas¥;
-2 200 100 3.5 %1074 0.230 85 80 ~30% ice post-deformation

*All samples were analyzed pre- and post-deformation by powder XRD.
$Runs 369 and 370 had a gas collection system attached throughout testing to detect evolved CH, gas.

testing.
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tSamples 367, 368, 369, and 370 all underwent identical pressurization and compaction as 366 before



clathrate appears to be less T-sensitive than
ice (Fig. 5A). Moreover, the characteristics
of transient deformation were markedly dif-
ferent (Fig. 5B). Whereas H,O ice typically
exhibits a strength maximum before leveling
off to steady flow stress, usually within the
first 5 to 10% of strain, methane clathrate
exhibits monotonic strain hardening drawn
out over the first 15% or more of strain.
Comparison of pre- and postdeformation
XRD analyses shows that the samples under-
went further structural changes while deform-
ing within the clathrate stability field. XRD
peak intensities of the deformed samples sug-
gest that 25 = 10 volume % ice precipitated
during deformation, compared with <3% ice
in the x-ray patterns of as-grown clathrate
(Fig. 4) and 7% ice in the pressurized-only
sample. It is possible, however, that heteroge-
neous ice precipitation or deformation-en-
hanced textural and grain size changes in the
precipitated ice increased the apparent ice
peak intensities (27). No peaks were observed
in postdeformation x-ray patterns to indicate
growth of any other phase besides ice and
structure | methane clathrate. After first de-
tecting this apparent solid-state dispropor-
tionation of the clathrate, we attached a gas
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Fig. 5. (A) Variation of strength with temperature
for methane clathrate, showing measurably differ-
ent strength than H,O ice I. H,O ice flow law
relations are from (25). Clathrate data points with
arrows indicate faulting behavior. (B). Stress-
strain curves of deformed methane clathrate (run
368) showing systematic strain hardening, com-
pared with the sharp yielding, strain softening, and
steady-state flow of ‘‘standard” polycrystalline
H,O ice.
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collection system to the vent line for two of
the runs to observe and collect possible CH,-
gas evolving during deformation. The only gas
that vented, however, was that squeezed from
the pores during initial pressurization before
deformation. No gas evolved from the system
during any portion of deformation testing or
subsequent unloading. Although collapse of
the clathrate structure could occur if as-mold-
ed material were strongly nonstoichiometric
and hence contained significant gas molecule
vacancies, this is unlikely because we mea-
sured full uptake of CH, gas into the as-
molded material. We therefore conclude that
at the deformation conditions of this study,
methane clathrate apparently undergoes a
form of stress-enhanced exsolution or precip-
itation within its nominal P-T field of ther-
modynamic stability.

Over the time scales of our experiments,
the CH,-H,O system exhibits several pecu-
liar features, including the metastability of
ice + CH, mixtures both below and above
the H,O liquidus line and the prominent
solid-state precipitation of ice from de-
formed polycrystalline methane clathrate
within the nominal stability field of the
clathrate. Although the time scales of
clathrate growth and ice precipitation prob-
ably differ from those of other clathrate
environments, the peculiarities we observed
may have relevance to the growth and sta-
bility of methane clathrate in terrestrial
permafrost and marine sediments and in the
outer solar system. We describe here a sim-
ple method for growing dense, polycrystal-
line methane clathrate suitable for material
testing, a development that should aid sub-
sequent investigations of its growth and
physical properties.
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A Trinuclear Intermediate in the
Copper-Mediated Reduction of O,;:
Four Electrons from Three Coppers

Adam P. Cole, David E. Root, Pulakesh Mukherijee,
Edward I. Solomon, T. D. P. Stack*

The reaction of metal complexes with dioxygen (O,) generally proceeds in 1:1, 2:1, or
4:1 (metal:O,) stoichiometry. A discrete, structurally characterized 3:1 product is pre-
sented. This mixed-valence trinuclear copper cluster, which contains copper in the highly
oxidized trivalent oxidation state, exhibits O, bond scission and intriguing structural,
spectroscopic, and redox properties. The relevance of this synthetic complex to the
reduction of O, at the trinuclear active sites of multicopper oxidases is discussed.

The copper-mediated activation of O,
plays a vital role in biological and synthetic
oxidative catalysis (1—4). Recent investiga-
tions of O, reduction with Cu(I) complexes
have shown that Cu is remarkably versatile
regarding both the degree of reduction and
the coordination mode of the reduced O,
species. Reductions to superoxide (2, 5),
peroxide (2, 3, 6, 7), and water (2) involv-
ing one, two, and four electrons (e™), re-
spectively, have been documented, in
which each Cu(I) supplies one electron.
The variety of Cu sites found in natural
enzymes that bind or activate O, reflects
this versatility. The Cu enzymes responsible
for the 4e™ reduction of O, to H,0O—lac-
case, ceruloplasmin, and ascorbate oxi-
dase—each contain a trinuclear Cu active
site (8—12) with an additional mononuclear
“blue” Cu site 12 A distant (9). The known
binuclear Cu proteins hemocyanin and ty-
rosinase (3, 6) bind O, through 2e™ reduc-
tion to O,>7, but the fully reduced
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trinuclear site is the minimal structural sub-
unit required for biological O, bond cleav--
age and reduction to H,O (8, 13).

A self-assembly approach to the synthesis
of a bi- or trinuclear Cu-O, cluster from
monomeric Cu(I) complexes and O, as-
sumes facile assembly and thermodynamic
stability of the resulting product under the
reaction conditions. Accordingly, the use of
simple ligands is an appropriate strategy. A
number of monomeric 1:1 Cu(I):N-peralkyl-
ated-diamine complexes were examined by
manometry for 3:1 Cu:O, reactivity. Struc-
tural and spectroscopic studies of the oxida-
tion of one such Cu(I) complex (1) demon-
strate the formation of a trinuclear interme-
diate (2) in the Cu(I)-mediated reduction of
O, whose 3:1 stoichiometry is unprecedent-
ed not only in the case of Cu but among all
discrete metal-O, reactions (Scheme 1,
Me = methyl). Its structural, spectroscopic,
and redox properties indicate that, in the
process of O, bond cleavage, the three Cu(I)
sites in 2 are oxidized by a total of four
electrons, forming a mixed-valence cluster
with bridging oxide ligands that stabilize one
of the Cu sites in its normally inaccessible





