
cated by excess sodium generally corre- 
spond with periods of high storm activity 
as determined from NOAA meteorologi- 
cal records (17). Apparently, storm ac- 
tivity creates enough tropospheric turbu- 
lence to transport marine aerosols to the 
midtroposphere. Periods of high sea so- 
dium preceded occurrences of the dust in 
1980 and 1981; however, the sea sodium 
peaks are lower in 1982. This suggest 
that fewer strong storms occurred 
throughout the Pacific basin and Asia, 
resulting in less dust being transported to 
Hawaii in 1982. Also, changes in air 
mass trajectories may be responsible for 
the decrease in 1982. 

Asian dust appears to come in waves 
and the concentration peaks are fairly 
symmetrical, probably because of mete- 
orological conditions where the dust 
originated. Such processes would tend to 
transport dust in waves, which could 
have a duration of several days as ob- 
served in other, shorter term studies at 
MLO (5, 7). The actual peak concentra- 
tions of dust could thus be much higher 
than the weekly average concentrations 
of this study which appear in Fig. 1. 

Upslope samples collected during 1979 
and 1980 support the downslope filter 
results (14). During cleaner months, 
crustal concentrations in these samples 
are about three times higher than in 
downslope samples (14) and to some 
extent appear to represent local basaltic 
particles, as noted above. Yet when the 
dust occurs crustal material is often 
found in higher concentrations in down- 
slope samples. This suggests that the 
Asian dust is in higher concentration 
above the altitude of MLO, which sup- 
ports Shaw's observation (5) that the 
dust occurred in a layer above the alti- 
tude of MLO; thus, downslope wind 
would bring dust from closer to the cen- 
ter of this dust layer to MLO than would 
upslope winds. Prospero et al. (I) found 
similar results in that Saharan dust be- 
came well mixed throughout the tropo- 
sphere above the marine boundary layer, 
with some more stratified layers in exis- 
tence after transport over several thou- 
sand kilometers. A similar situation may 
occur in this case. 

In conclusion, the Asian dust events in 
the Pacific occur consistently in the 
spring, generally peaking in late April 
and early May. These events account for 
most of the crustal material, which 
amounts to about five times more yearly 
crustal mass then would be present if the 
events did not occur. This large influx 
may be a significant contribution to sedi- 
mentation rates in the Pacific, as sug- 
gested by others (4, 18). 

The dust events observed in this study 
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are consistent with results of other stud- 6. K. A. Rahn, R. D. Borys, G. E. Shaw, Nature 
(London) 268, 713 (1977). ies at MLO and in the Pacific. BOdhaine 7. M. Darzi and J. W. Winchester, J .  Geophys. 

et al. (3) observed maxima in b,, during Res. 87, 1251 (1982). 
8. W. C. Cunningham and W. H. Zoller, J .  Aero- 

the spring of each year from 1974 to sol. sci. 12, 367 (1981). 
1980. The 1979 and 1980 b,, data contain 9. ;ezhr$~;t;y(;;;9)W. T. Iwaoka, J. 

increases that corresvond to veaks in lo. B. A. Bodhaine and R. F. Pueschel. J .  Geoahvs. 

Fig. 1 and are obviously due to Asian 
dust. Part of the Sea-Air Exchange 
(SEAREX) program involves study of 
Asian dust events in the Pacific (18); 
results of 1981 sampling on Oahu show 
six peaks that are very similar in concen- 
tration and time of occurrence to our 
results. 
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Argonne Intense Pulsed Neutron Source Used to Solve the 
Molecular Structure of a Novel Organometallic Complex 

Abstract. The single-crystal structure of Mn(CO)s(C7H,I) is the first to be solved 
by direct methods based on time-offlight neutron dzjgraction data obtained at the 
Argonne Intense Pulsed Neutron Source. The molecule contains an unusual three- 
center, two-electron manganese-hydrogen-carbon interaction. 

The application of single-crystal neu- 
tron diffraction techniques to chemical 
problems that have a bearing on C-H 
bond activation is a relatively new and 
potentially fruitful area of research. Al- 
though the pioneering structural work (I) 
was done by x-ray diffraction because of 
the small size of the crystals, neutron 
diffraction is preferable since it provides 
accurate hydrogen atom positional and 
thermal parameters without the system- 
atic C-H bond shortening obtained with 
x-ray diffraction. Using neutron diffrac- 
tion, we have characterized a number of 
molecules with elongated C-H bonds 
due to "activation" of the bond by a 
nearby metal (2, 3). These studies pro- 
vide bonding models that can improve 
our understanding of chemical reactivity 
and catalytic processes (4). We now re- 
port the neutron diffraction structure of 
methylcyclohexenylmanganese tricar- 
bonyl, Mn(C0)3(C7HII); the key feature 
of this structure is the intramolecular 
interaction of the manganese atom with 
an aliphatic C-H bond. 

To our knowledge, this is the first 

single-crystal structure to be indepen- 
dently solved on the basis of time-of- 
flight (TOF) neutron data from a pulsed 
neutron source. The data were obtained 
at the Argonne Intense Pulsed Neutron 
Source (IPNS) (5) with a new single- 
crystal instrument based on the TOF 
Laue technique (6). We believe these 
results represent a seminal achievement 
in the advancement of an important new 
structure determination method. 

The ability to obtain neutron diffrac- 
tion data is often limited by the low flux 
available from neutron sources. Further- 
more, with conventional instruments 
only a small percentage of the available 
neutrons are selected with a monochro- 
mator, and the remainder are wasted. 
Neutrons are produced at IPNS by a 
spallation process in which high-energy 
(500-MeV) protons are accelerated into a 
uranium target in small bursts at 30 times 
per second to generate very high peak 
neutron fluxes (5). Because of the pulsed 
nature of the source, nearly the entire 
spectrum of moderated neutrons is used 
by application of TOF techniques to de- 
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termine the de Broglie wavelength 
A = (h/rne)t, where h is Planck's con- 
stant, rn is the neutron mass, e is the 
source-to-detector path length, and t is 
the time of flight. 

The single-crystal instrument at  IPNS 
consists of a conventional crystal ori- 
enter with low-temperature (15 to 300 K) 
capabilities. The major component is a 
unique two-dimensional (30 by 30 cm 
active area), position-sensitive 6 ~ i - g l a s s  
scintillation neutron detector (3, which 
has a spatial (x,y) resolution of 3.5 mm 
and is placed 25 to 35 cm from the 
sample. Data are initially stored in the 
2.5-megabyte memory of a microcom- 
puter as  a three-dimensional (x,y,t) histo- 
gram containing possibly hundreds of 
Bragg reflections. Several (15 to 30) such 
histograms are needed to collect a com- 
plete data set. The user has the option of 
displaying the data as shown in Fig. 1, 
where the x-y grid of intensity data for a 
selected wavelength range is shown. 

A crystal of Mn(C0)3(C7HII) (8, 9), 
with dimensions of 4.0 by 1.5 by 1.0 
mm3, was used to collect 25 x,y,t histo- 
grams at 25 K ,  each of which contains 
- 100 Bragg reflections for a total of 
2642 peaks. A least-squares fit of the 
positions of 595 peaks gave unit cell 
parameters at  25 K of a = 6.431(5) A, 
b = 9.720(2) A, c = 16.890(9) A, and P 
(crystallographic angle between a and 
c) = 11 1.21(5)" (the number in parenthe- 
ses is the standard deviation of the least 
significant figure). The systematic ab- 
sences are unique for the monoclinic 
space group P2,ic. The observed struc- 
ture factor amplitudes, F , , ~ ,  were derived 
from integrated counts by application of 
corrections for the A dependencies of the 
incident neutron flux, the detector effi- 
ciency, absorption, and a h4/sin20 factor, 
where 0 is the Bragg angle. Many such 
factors are constant with monochromatic 
incident radiation, but with multiwave- 
length data they must be calculated or 
empirically measured as  a function of 
A. 

After an initial failure to phase the data 
with the previously determined room- 
temperature x-ray structure (9) because 
of an unpropitious choice of unit cell 
(lo),  the low-temperature structure was 
solved independently on the basis of the 
TOF data with the direct methods pro- 
gram MULTAN (11). In spite of the 
large proportion of negative scattering 
amplutides b (bM, = 0.39 x 10-l2 cm; 
bH = -0.374 X 10-l2 cm; Xb2~, ,~Zb2al l  
= 0.24) and the prediction that this might 
prevent a solution by direct methods (12), 
the structure solution proceeded smoothly 
in support of our earlier observations (13). 
At the present stage of refinement, with 

Fig. 1. A portion of a time-of-flight neutron 
Laue histogram from a crystal of 
Mn(C0)3(C7HII). The units for the x and y 
axes are channel numbers corresponding to 
horizontal and vertical positions on the detec- 
tor (30 by 30 cm area). The neutron counts for 
each x,y  channel have been summed over ten 
time channels corresppnding to a wavelength 
range of 1.94 to 2.18 A.  

isotropic thermal parameters and a sec- 
ondary extinction parameter, the discrep- 
ancy index R(F,) is 0.12. The good agree- 
ment between the positional parameters 
for nonhydrogen atoms derived from the 
x-ray and neutron data is convincing evi- 
dence of the reliability of the TOF tech- 
nique. The atomic thermal parameters 
have refined to very small or negative 
values, in part because of the low sample 
temperature but also because one or more 
of the A-dependent factors is probably not 
being evaluated accurately (14). 

The most important feature of the 
structure is the Mn-C(1)-H(1A) interac- 
tion characterized by a very long C(1)- 
H(1A) distance of 1.19(1) A, with Mn- 
H(1A) = 1.84(1) A and Mn-C(l) = 
2.34(1) A (Fig. 2). The average value for 

6010 
Fig. 2. The molecular structure of 
M~I(CO)~(C,H, I )  obtained with neutron time- 
of-flight diffraction data at 25 K. The dimen- 
sions of the ellipsoids were chosen for reasons 
of clarity. 

the other C-H distances is, as  expected, 
1.09(1) A. The H(1A) is located almost 
exactly in an octahedral site about the 
manganese atom, with H(1A)-Mn-C(8) 
= 87.4(3)', H(1A)-Mn-C(9) = 87.7(4)", 
and H(1A)-Mn-C(1O) = 174.0(2)" (see 
Fig. 2). If this interaction is ignored, the 
molecule formally contains 16 valence 
electrons. An 18-electron configuration 
is achieved only by delocalization of the 
two electrons in the C(1)-H(1A) bond to 
form a three-center, two-electron C(1)- 
H(1A)-Mn bond. This same type of in- 
teraction was structurally characterized 
in the iron-cyclooctenyl complex {Fe- 
[ P ( O C H ~ ) ~ I ~ ~ ~ J . ~ - C ~ H I ~ H ( B F ~ ) ,  with C-H 
= 1.164(3) A and Fe-H = 1.874(3) A (2). 
The remainder of the interatomic dis- 
tances in Mn(CO)3(C7HII) are quite nor- 
mal [average values: Mn-CO, 1.809(7) A, 
C-0, 1.154(9) A; Mn-C, 2.12(6) A; C- 
c(sp2), 1.41(1) A; and C-C(sp3), 1.534(3) 
A]. 

The structure represents the interme- 
diate (b) in the interconversion between 
a metal-ally1 complex (a) and a metal- 
dienehydride complex (c): 

Additional evidence in support of struc- 
ture b is derived from the short C(1)-C(2) 
distance of 1.507(4) A relative to C(4)- 
C(5) = 1.535(5) A, which indicates the 
partial multiple-bond character of the 
former. 

The elucidation of this mode of C-H 
bond activation lends insight into mecha- 
nisms for catalytic activation and func- 
tionalization of saturated hydrocarbons 
and has been used for stoichiometric 
electrophilic substitution reactions at the 
bridged carbon (8, 9). The reverse reac- 
tion, C-H bond formation, is equally 
important. We believe that structural in- 
formation of the sort presented here will 
lead to useful models for the mode of 
transfer of hydrogen from metal to li- 
gands, an important process in the metal- 
catalyzed reduction of CO. 
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Carbon Dioxide Exchange Between Air and Seawater: 
No Evidence for Rate Catalysis 

Abstract. It has been suggested that enzymatic catalysis plays a major role in 
regulating the mass transport of carbon dioxide from the atmosphere into the 
oceans. Evidence for this mechanism was not found in a series of gas exchange 
experiments in which the gas transfer rate coeficients for samples obtained from 
various natural seawaters, with and without the addition of carbonic anhydrase, 
were compared with those from artificial seawater. Wind-induced turbulence ap- 
pears to be the major factor controlling the ocean's response to anthropogenic 
increases in atmospheric carbon dioxide. 

It is well recognized that uptake and 
regeneration of C02  in the oceans pro- 
vide a major control on the chemistry of 
seawater, and the ultimate fate of excess 
atmospheric C02 lies largely in the 
oceans (I). Fickian transport of C02  
across the air-sea interface can be accel- 
erated by chemical reaction of aqueous 
C02  with components of the bicarbonate 
alkalinity system (2). At pH 5 8 the re- 
action C 0 2  + H20 + H2CO3 -+ HCO; 
+ H+ (reaction 1) is important, whereas 
when the pH rises above 8 the reaction 
COz + OH- -+ HCO; (reaction 2) in- 
creasingly contributes to the removal of 
C02  from solution until it dominates 
reaction 1 at pH > 10 (3). Because a rise 
in pH leads to both a decrease in the 
partial pressure of aqueous C02 and the 
direct conversion of C 0 2  to HCO; by 
way of reaction 2, any possible chemical 
enhancement of C02 transport into sea- 
water is strongly dependent on pH. In 
addition, the relative importance of 
chemical enhancement of C02  transport 
processes has been shown repeatedly to 
be an inverse function of wind-induced 
turbulence across the liquid surface (4). 

At the pH of seawater, which typically is 
about 8.0 to 8.2, and with the turbulence 
usually present at the ocean surface, 
C02  chemical reactivity is believed to 
play a minor role in the exchange of C02 
between the atmosphere and the oceans 
(5). However, because reaction 1 is rela- 
tively slow (3), chemical enhancement 
could be important even at the pH of 
seawater, were catalysis of this reaction 
possible (6). 

Berger and Libby (3, on the basis of 
experiments performed over a decade 
ago with samples froni southern Califor- 
nia coastal waters, concluded that car- 
bonic anhydrase (CA), which is pro- 
duced and excreted by numerous marine 
vertebrates and invertebrates, might be 
present in some oceanic areas in suffi- 
cient quantities to play an important role 
in regulating the exchange of atmospher- 
ic C02  with the oceans. We reexamined 
this hypothesis in a series of gas transfer 
experiments under rigid laboratory con- 
ditions. To determine whether C 0 2  ex- 
change with natural seawater was en- 
hanced enzymatically, we compared, un- 
der a fixed mixing regime and in the 

presence or absence of commercially 
prepared bovine CA or ethoxyzolamide 
(an inhibitor of carbonic anhydrase ac- 
tivity), the pH-dependent gas transfer 
coefficients for various marine waters 
with those for an artificial seawater that 
was known not to have any catalytic 
properties (8). 

Our gas-liquid exchange system con- 
sisted of (i) a circulating, closed-loop gas 
environment coupled through a nondis- 
persing infrared spectrophotometer for 
contiduous C02  analysis and (ii) an aque- 
ous phase which was both temperature- 
controlled and mixed with a magnetic 
stirring bar to provide moderate turbu- 
lent diffusion. Once a steady-state atmo- 
spheric C02  concentration was estab- 
lished ( 9 ) ,  the gas phase was opened to 
the aqueous phase and the rate of C02  
transport between the two phases was 
measured over a period of 30 to 45 
minutes to calculate a gas transfer rate 
coefficient (10). The starting atmospheric 
C02 concentration in all experiments 
was held at 1800 ppm to ensure that 
absorption of C02  into the liquid phase 
occurred under all our experimental con- 
ditions (11) and that the reservoir of COz 
in the gas phase remained relatively un- 
changed during an experiment. 

We first established the optimum liq- 
uid mixing regime in our gas exchange 
system to ensure that if catalysis of C02  
transport took place, it could readily be 
observed. The gas transfer rate coeffi- 
cient K (min-I) at pH 8.10 was hardly 
affected by mixing speeds up to 500 
revimin, but then increased dramatically 
with further increases in mixing up to 700 
revlmin, the maximum speed possible 
before the magnetic bar became unstable 
(Fig. 1). Addition of 0.5 to 20 mg of 
bovine CA per liter had no effect on K at 
either end of this range of mixing speeds, 
but at 500 revlmin we found a 60 percent 
increase in K with addition of CA at 0.5 
mgiliter and a twofold increase with ad- 
dition of the enzyme at ? 2 mglliter. 
Hence, all subsequent experiments were 
performed with a constant mixing speed 
of 500 revlmin. 

These results confirm the general con- 
clusion that chemical reactivity between 
C02  and HCO; has no impact on the 
overall mass transfer of C02 into solu- 
tion when turbulence is high (5). Clearly, 
at 700 revimin the surface film through 
which diffusion of C02  occurred was so 
thin, about 100 pm (12), that physical 
diffusion rather than chemical enhance- 
ment was the rate-limiting step, whereas 
at 500 revlmin the surface film thickness 
had increased to about 450 pm and 
chemical enhancement became impor- 
tant in the overall transport process. 
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