
L 1 

Negative bias 

Fig. 5. Current-voltage curves of several devices 
made from the same heterostructure wafer; Ip 
gives the value of the peak current, which is a 
measure of the "electrical size" of a device. 

current is limited by the single-electron charg- 
ing effects. This "Coulomb staircase" behav- 
io; is seen better in the magnetotunneling 
data because B suppresses the short period 
(-1 mV) modulation. Steps corresponding 
to from one to six or seven electrons dynam- 
ically stored in the well are visible in the data 
of Fig. 4B. 

The calculated values of I(') are I(')+ = 4 
pA and I(')- = 11 pA in the positive and 
negative polarity, respectively. The experi- 
mental values, obtained from the first steps 
of several devices (Figs. 2 and 5), are 21(')+ 
= 9 2 pA and 1(l)- = 9.5 2 1 PA; the 
agreement with the calculated values is very 
good because the transmission coefficients 
were obtained by fitting data of a large-area 
device. Moreover, in the negative bias T, > 
> Tc and we can estimate as simply the 
current due to one electron tunneling every 
T~ = h/TcEo: I(')- = e / ~ ~  = 14  PA, which 
is also in good agreement with experiment. 
From the voltage extent of the steps in the 
negative bias and from fitting ofcurrknt peaks 
in the positive bias (16) we obtain values of 
Uc = 20 K and 6E = 40 K that are consistent 
with the observed temperature dependencies 
(for example, Fig. 3). Also, the sharpness of 
the rising current steps [0.2 mV, correspond- 
ing to 0.05 meV; see inset in Fig. 2C] is in 
itself strong evidence for a manfbodi com- 
ponent (such as Uc) in the tunneling-inhib- 
iting potential, since it is not subject to vari- 
ous broadening mechanisms. 

There are three major differences between 
SET in metal double junctions and in subrni- 
crometer DBRTS. First and most obvious is 
that Coulomb blockade is masked in DBRTS 
by a large threshold bias V* - 2Eo/e needed 
to align the states in the well with the emitter 

Fermi energy. Second, the size quantization 
of the well states in DBRTS coexists with the 
SET charging so that the two effects may be 
difficult to separate in measured I-V curves. 
Third, there are no electrons in the well at 
biases V < V* (zero current), unlike the case 
of experiments in ( 1 4 ) .  This effect is impor- 
tant because the charging energy of addison 
of the second electron involves two-electron 
repulsion in the well (1 7) and is greater than 
Uc for the first electron (18). 
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Gas-Phase Rates of Alkane C-H Oxidative Addition 
to a Transient CpRh(C0) Complex 

The gas-phase irradiation of CpRh(CO), (Cp = I~~-C ,H, )  was examined in order to 
study the rates of reaction of the 16-electron intermediates presumed to be involved in 
the C-H oxidative addition of alkanes. "Nakedyy (unsolvated) CpRh(C0)  was detect- 
ed, and direct measurements of the rates of reaction of this very short-lived complex 
with alkane C-H bonds were made. Activation of C-H bonds occurs on almost every 
collision for alkanes of moderate size, and intermediates in which the alkanes are 
bound to the metal centers, without their C-H bonds being fully broken, are 
implicated as intermediates in the overall reaction. 

u N A ~ A T E D ~  CARBON-HYDRO- 

gen bonds, of the type present 
in alkanes, are among the 

strongest single bonds known. Because alkanes 
and alkyl chains make up a large percentage of 
natural materials, there is an incentive to devel- 
op methods for converting these unactivated 
C-H bonds into more reactive, and therefore 
usell, organic functional groups. 

Activation of C-H bonds occurs readily on 
metal surfaces. There are also several known 
biological systems (such as cytochrome P-450 
and methane monooxygenase) that contain 
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metal complexes at their active sites that are 
capable of selectively activating C-H bonds. 
Some of these reactions undoubtedly proceed 
by free radical mechanisms, but it has been 
thought for some time that others are initiat- 
ed by insertion of a metal center into the C-H 
linkage of the alkane R-H in a so-called 
"oxidative addition reaction." This leads to a 
hydrido(alky1)metal complex, R-M-H, as 
shown in Eq. 1. 

M + R-H -, R-M-H ( l )  
Several years ago we and others (1, 2) 

discovered a group of well-characterized hy- 
drocarbon-soluble organometallic complex- 
es capable of effecting the intermolecular 
oxidative addition or "C-H bond activa- 
tion" reaction illustrated in Eq. 1 with sim- 
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ple alkanes. These transformations lead to 
stable, isolable products in which an alkane 
C-H bond has been broken and new metal- 
hydrogen (M-H) and metal-carbon (M-C) 
bondshave been formed. The metal com- 
plexes used in this reaction have the general 
structure Cp(L)MH, and CpML,, where 
Cp is an abbreviation for the five-membered 
ring T-bound ligand T~'-C,H,, L represents 
a carbon monoxide or trialkylphosphine lig- 
and. and the metal M is Ir or Rh. Com~lexes 
containing the permethylated analoi r15- 

C,Me, (Cp*) exhibit the same type of 
chemistry. Irradiation of these molecules 
with uluaviolet light causes separation of 
H, or L from the metal center, and in the 
presence of alkanes (R-H) the intermediates 
formed in this photochemical reaction lead 
to complexes of structure Cp(L)M(H) (R) . 

I t  is often presumed that "naked" 16- 
electron CpML and Cp*ML intermediates 
are involved in these reactions. We report 
the detection of a transient unsolvated 
CpML species and direct measurements of 
the rates b f  reaction of this type of complex 
with alkane C-H bonds. The overall C-H 
activation process occurs at rates close to the 
gas-kinetic values-that is, on almost every 
collision-for alkanes of moderate size. The 
magnitudes of the rates of C-H oxidative 
addition for various alkanes shed light on 
the mechanism of C-H activation in both 
the gas phase and solution. 

In addition to evidence implicating short- 
lived coordinatively unsaturated C ~ M L  spe- 
cies in these reactions (3), it has become 
increasingly clear that "solvates" [referred to 
by various workers as "alkane complexes" 
(4 ) ,  ccu-complexes" (5), or "agostic complex- 
es" (6 ) ]  are also important as intermediates 
in these reactions. In noble gas solvents such 
as liquid Xe and liquid ~ r ,  recent time- 
resolved infrared flash kinetic studies 
showed that CpXRh(CO) could not be de- 
tected directly because it reacts very rapidly 
to form both noble gas and alkane complex- 
es. The reaction observed directly in this 
system (7) is the conversion of a spectro- 
scopically detectable (albeit short-lived) 
Cp*(CO)Rh(alkane) complex to the oxida- 

tive-addition product Cp* (CO)Rh(R) (H). 
At temperatures near - 100°C, this reaction 
proceeds with an activation energy of about 
4.5 kcal mol-' for RH = cyclohexane and 
RH = neopentane. 

To provide the presumed initially formed 
intermediate in the above experiments with 
a lifetime long enough for it to be detectable 
with our apparatus, we have switched to the 
gas phase. Because of its favorable volatility 
and satisfactory quantum yield for photo- 
chemical decomposition, we examined the 
irradiation of CpRh(CO), instead of the 
pentamethyl-substituted derivative used in 
the liquid Kr solution studies. The spec- 
trometer and flowing-gas cell used for these 
experiments, similar to those now in opera- 
tion in several laboratories (8), was a mod- 
ified version of that described (9) in a study 
of gas-phase substitution reactions of 
CpCo(CO),. The irradiations were carried 
out at 308 nrn on samples containing the 
rhodium dicarbonyl approximately at its va- 
por pressure (-400 mtorr at 20°C) mixed 
with a total of 12 to 30 torr of Ar buffer gas 
containing variable partial pressures of -al- 
kane. The energy per pulse used with the 
laser was -150 mJ cmP2. The measured 
rates of reaction with the smallest alkane 
used here (methane) were somewhat pres- 
sure-dependent at total pressures lower than 
10 torr. However, above this pressure the 
rate constants leveled off to values that we 
presume represent the high-pressure limit- 
ing velocities. We therefore believe that the 
rate constants measured above 10 torr of Ar 
bath gas for methane (and even lower total 
pressures for the more vibrationally complex 
higher alkanes) represent the rates of reac- 
tion of species that have undergone colli- 
sional deactivation to their ground vibra- 
tional levels (1 0). 

Upon photolysis of -400 mtorr 
CpRh(CO), (11) (compound 1 in Fig. 1) in 
Ar at room temperature, initial bleaching of 
the infrared absorptions at 2003 and 2060 
cm-' due to loss of 1 was seen, as was the 
appearance of a new band peaking at 1985 
cm-'. N o  other strong product bands were 
observed immediately after photolysis, al- 

Fig. 1. Photolysis of 
4 CpRh(CO),. 

-2001 I 
1925 1975 2025 2075 

Frequency (cm-l) 

Fig. 2. Transient absorption spectra illustrating 
the reaction of 2 with 0.3 torr c-C,H,, in 28 torr 
Ar. Solid line, 0.2 ps after photolysis; dashed line, 
0.4 ps after photolysis; dotted-dashed line, 0.6 ~s 
after photolysis. 

though weaker bands at 1963 and 2035 
cm-' were noted. On  the basis of work in 
matrices (12) and in'liquid Kr (7, 13, 14), 
it is reasonable that the 1985 cm-' band 
arises from the unsolvated monocarbonyl 
CpRh(C0) (compound 2 in Fig. 1). In the 
absence of alkane, the amplitude of the band 
due to 2 decays with a half-life of about 1 
ps, and a shoulder grows at -1990 cm-'; 
this shoulder, along with a band at -1858 
cm-', is due to the production of the dinu- 
clear adduct 5. In the presence of H,, CO, or 
alkanes (such as in Fig. 2), the 1985 cm-' 
band decays more rapidly (for example, at 
300 mtorr, cyclohexane decay occurs with 
half-life tl12 = -250 ns), which leads to the 
production of absorptions due either to sub- 
stitution products (in the case of CO) or to 
oxidative addition products (H, and alkanes). 
Figure 3 illustrates typical transient digitizer 
traces for the decay of CpRh(C0) in argon- 
neopentane at 1985 cm-' and the concorni- 
tant rise of absorption at 2037 cm-' due to 
Cp(CO)Rh(neopentyl) (H). The alkyl hy- 
dride products appear to be stable over the 
time scale convenient for measurement in our 
system (tl12 > 1 ms). This result is consistent 
with the observations of Perutz and co-work- 
ers (13), who observed the rate constant for 
decay of CpRh(CO)(Cy)(H) in CO-free cy- 
clohexane solution to be -50 s-' (Cy = 
cyclohexyl) ( 15). 

The data in Table 1 summarize the rate 
constants measured for the reaction of 
CpRh(C0) with CO, H,, and alkanes, 
along with isotopically substituted mole- 
cules D, and CD,. Use of the hard-sphere 
collision rates calculated for the various re- 
active gases examined in this study allows us 
to estimate the efficiencies for reaction of 
CpRhCO (Table 1). The most dramatic 
aspect of these data is that all of the rates are 
within an order of magnitude of the calculat- 
ed gas-kinetic values. Therefore, reactions oc- 
cur (even in the case of H-H and C-H 
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Fig. 3. Transient absorption traces taken at 1985 
and 2037 cm-' that follow the decay of 
CpRh(C0) and the formation of Cp(C0)Rh- 
[CH2C(CHj),](H), respectively, from the reac- 
tion of CpRh(C0) with neopentane. Pressure of 
gases: 12.6 torr Ar and -0.08 torr neopentane. 
The shock wave transients were removed from 
these traces. 

oxidative addition) on nearly every collision. 
The gradually increasing rates (and calculated 
reaction efficiencies) for the alkanes are rem- 
iniscent of results reported in a recent study 
by Rayner and co-workers (16), who found 
that gas-phase equilibrium constants for the 
reaction of alkanes with W(CO), (where 
C-H oxidative addition does not occur, so 
interaction of the W center and the hydrocar- 
bon stops at the alkane-complex stage) also 
increased with increasing alkane size (17). 

We propose the reaction coordinate dia- 
gram in Fig. 4 to account for both the rapid 
rates of reaction measured here and the 
-4.5 kcal mol-' barrier observed for the 
conversion of cyclohexane and neopentane 
complexes to alkyl hydrides, measured in 
liquid Kr (7). As one follows the reaction 

\ ,  

path from left to right, the system passes 
from the separated reactants to a pair of 
potential wells. The first well represents the 
energy of the a-type alkane complex postu- 
lated earlier (7), and the second is the alkyl 
hydride Rh(II1) C-H oxidative addition 
product. The > 15 kcal mol-' exothermicity 
of the reaction is a rough estimate based on 
the minimum lifetime of the product Cp- 

Table 1. Rate constants for reactions of 
CpRh(C0). 

k (101° 
Reactant c$s- 1 Per Efficiencyt 

molecule) * 

*All rate constants were calculated by averaging at least 
20 runs; errors are the SD of these independent 
measurements. tFraction of gas-kinetic value. 

(CO)Rh(R) (H)  . In this view of the reaction 
mechanism, the 4.6 kcal mol-' barrier mea- 
sured in our liquid Kr experiments is that 
associated with movement from the first 
well to the second. On the basis of the work 
of Rayner and others (16, 17), we chose 
- 10 kcal mol-' as a conservative estimate of 
the enthalpy of alkane-metal binding in the 
cyclohexane and neopentane complexes il- 
lustrated as CpRh(C0)-.(R-H) in Fig. 4. 

The first stage of the reaction is the for- ., 
mation of a collision complex between 
CpRhCO and the alkane. In the experimen- 
taily demonstrated high-pressure limit, this 
complex undergoes vibrational deactivation 
at approximately the gas-kinetic collision 
rate (about 9 x lo7 s-' at 10 torr Ar), and 
little redissociation of the initially formed, 
vibrationally excited alkane complex to 
CpRhCO and free alkane occurs. In the 
liquid (7), where the collisional and there- 
fore vibrational stabilization time scale is 
some five orders of magnitude faster than 
those in the gas-phase experiments at the 
pressures reported here (18), the complex is 
stabilized much more rapidly than the C-H 
activation product Cp(CO)Rh(R) (H)  is 
formed unimolecularly. This would happen 
in the gas phase if the transition state be- 
tween complex and product was sufficiently 
tight that thermal activation would over- 
come the barrier to form the product. How- 
ever, because the initial energy of the reac- 
tants is well in excess of the barrier to 
products, if the transition state is loose the 
product may be formed directly and be the 
primary initial result of vibrational stabiliza- 
Lon. 1i either case, at pressures sufficient to 
cause vibrational deactivation of the initial 
rhodium-alkane complex, formation of the 
complex is the rate-determining step of the 
reaction. If there is little or no barrier to this 
initial reaction step (which seems reason- 
able), the overall process may occur at or 
near the gas-kinetic rate, as we observe. 

Because alkane complex formation is an 
exothermic reaction with a very low barrier, 
the forward rate k, should have an extremely 
early or "loose" transition state. It is not 
surprising, therefore, that these rates do not 
correlate with energies associated with com- 
plete cleavage of the C-H bond, such as 
bond dissociation energy or acidity, and it is 
also reasonable that very small isotope ef- 
fects should be observed. The modest in- 
crease in rates of association with increasing 
molecular size may be due to an increasing 
long-range attractive interaction between 
the reactants, or the increase may be a 
consequence of the fact that our hard-sphere 
collision frequency calculations are inevita- . . 

bly somewhat approximate. In any case, the 
magnitude of the binding energy between 
CpRhCO and molecules such as cyclohex- 

CpRh(C0) + R-H 

Fig. 4. Proposed reaction coordinate diagram for 
the gas-phase reaction of CpRh(C0) with allcane 
R-H to give oxidative addition product Cp- 
(CO)Rh(R) (H) . Estimated energy differences are 
based on both solution and gas-phase determina- 
tions (see text). 

ane and neopentane (at least 5, and probably 
more nearly 10 kcal mol-') is larger than 
can be accounted 'for by van der Wads 
forces. The effect therefore requires some 
type of bonding interaction between the 
metal center and the alkane, probably 
through the C-H bonds in the manner of 
the now well-established strong interaction 
between metal centers and H, in so-called 
"dihydrogen complexes" (19). Resolution of 
these questions awaits future theoretical 
studies and dynamics experiments as well as 
attempts to prepare and isolate alkane com- 
plexes and study them directly. 
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Oxygen Supersaturation in Ice-Covered Antarctic 
Lakes: Biological Versus Physical Contributions 

Freezing in ice-covered lakes causes dissolved gases to become supersaturated while at 
the same time removing gases trapped in the ablating ice cover. Analysis of N,, O,, and 
Ar in bubbles from Lake Hoare ice shows that, while 0, is -2.4 times supersaturated 
in the water below the ice, only 11% of the 0, input to this lake is due to biological 
activity: 89% of the 0, is derived from meltwater inflow. Trapped bubbles in a 
subliming ice cover provide a natural ccfluxmeter" for gas exchange: in Lake Hoare as 
much as 70% of the total gas loss may occur by advection through the ice cover, including 
-75% of the N,, -59% of the O,, and -57% of the Ar losses. The remaining gas 
fractions are removed by respiration at the lower boundary (0,) and by molecular 
exchange with the atmosphere in the peripheral summer moat around the ice. 

L AKE HOARE IS ONE OF A NUMBER 

of ice-covered polar lakes in the Dry 
Valley Region of southern Victoria 

Land, Antarctica (1) that exist by the grace 
of two special and regional features: (i) the 
Transantarctic Mountain Range that blocks 
the flow of ice from the polar plateau and at 
the same time effectively eliminates precipi- 
tation, and (ii) the very low mean air tem- 
perature (- -20°C) that provides perma- 
nent ice covers 3 to 6 m thick, sheltering 
'Cvarm-water" (-0°C) lakes over a region of 
some 5000 krn2. These lakes lie on the land 
like a series of Szilardian chemostats, fed by 
glacial meltwaters of varying nutrient con- 
tents and hosting rich benthic and plankton- 
ic microflora, all thriving on the unique 

substandard ecologies of low-light, near- 
freezing, highly oxygenated waters while 
shielded by ice from the Antarctic rigors. 
The uniqueness of these ecological charac- 
teristics and of the mechanisms of atmo- 
spheric gas exchange and high supersatura- 
tion of the water make these Antarctic lakes 
interesting for studies of both terrestrial and 
possible early Martian habitats (2, 3). 

Lake Hoare (2) is an elongate (4.1 by 1.0 
krn), shallow (maximum and mean depths: 
34 and 14.2 m) lake at the eastern end of 
Taylor Valley, fed during austral summer by 
melt streams from Suess Glacier and Lake 
Chad. The perennial ice cover, -5 m thick 
at the time of our work, melts along the 
marges during summers to provide a moat 
-3 m wide that receives the inflowing wa- 

H. Craig, Isotope Laboratory, Scripps Institution of ter: water is su'lima- 
Oceanography, University of California at San Diego, La tion and ablation of the ice cover and evap- 
Jolla, CA 92093. 
R. A. Wharton, Jr., Desert Research Institute, University the moat area is -2% 
of Nevada System, Reno, NV 89506. total lake area). The lake water is highly 
C. P. McKay, Space Science Division, National Aeronau- 
tics and Space Administration Ames Research Center, supersaturated in 02 and N2, and Wharton 
Moffett Field, CA 94035. et al. (2, 3) originally proposed that freezing 

of the lake water produces the N, supersat- 
uration but that biological production is the 
major source for supersaturation of 0,. In 
this report we show how measurements of 
N, and Ar can be used to evaluate the 
physical and biological effects responsible 
for supersaturation of 0, and the removal 
rates of gases from lakes by ice convection. 
This approach is an extension of methods 
used to evaluate 0, supersaturation effects 
in the North Pacific gyres (4). 

The concentration of dissolved 0, (Fig. 
1) is very high in the well-mixed layer below 
the ice-water interface, averaging 2.4 times 
saturation relative to atmospheric solubility: 
below this layer 0, decreases rapidly to zero 
in the bottom water (2). 0, is supplied to 
the lake by inflowing summer meltwater and 
by photosynthesis below the ice and is re- 
moved by (i) ablation and sublimation of ice 
containing trapped air bubbles, (ii) respira- 
tion, and (iii) molecular exchange in the 
summer moat around the ice cover. Between 
these sources and sinks two processes are 
interposed: enrichment of the dissolved 0, 
concentration by the formation of ice at the 
lake surface, and downward transport of 0, 
by diffusion to a respiration sink (algal mats) 
on the bottom. The 0, sources have been 
estimated only indirectly: Wharton et al. (2) 
used the sedimentation rate of carbon in a 
nearby lake and an estimate of the 0, sup- 
plied by stream input to calculate that 69% 
of the net input of 0, is due to biological 
production. These authors (3) also used the 
N, and 0, saturation ratios to calculate the 
proportions of biological to physical 0, pro- 
duction: that method gave the fraction of 
biological input as 68% (5 ) .  We show, how- 
ever, that those estimates are an order of 
magnitude too high because of the use of N,, 
rather than At-, as a surrogate inert gas for 0,. 

We analyzed the gases in bubbles trapped 
in the ice cover. Our measurements were 
made on vertically oriented elongate bubbles 
near the upper surface of a block of ice col- 
lected during the 1987-1988 field season. 
Bubbles from three pieces were analyzed by gas 
chromatography (GC) (4) for N,, O,, and Ar 
after crushing and extraction of gases in vacu- 
um (6). The results are set out in Table 1. 

The most striking observation is that the 
gases do not resemble air: they are depleted 
in N, and enriched in 0, and Ar, so that the 
composition is much more similar to that of 
dissolved gases in water. The bubble com- 
positions are reasonably uniform, and all 
values lie between air and solubility compo- 
sitions. The N,/Ar ratios are intermediate 
between that of air (83.6) and that of satu- 
rated water at 0°C (37.0), as expected for 
partitioning of gases between bubbles and 
water when gas exsolution is occurring as a 
result of removal of water by freezing. The 
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