Research in Progress

Signs of Life

W;u:n Heine Lowenstam, professor of
palecccology, discovered the first evi-
dence of biclogically produced magnetits
("*The Case of the Iron Teeth,"" F&S.
June 1964}, many scientists found the idea
too far-fetched to accept. But in the nearly
20 vears since Lowenatam first noticed the
gouge mirks made by the weeth of chitons
(a group of the mollusks) on rocks in a
Bermuda tidepaal, the iron oxide mineral
magnetite has been discovered in numer-
ous other forms of life — from bacteria to
honeybees and dolphins. Recent research
has also shown that magnetite in the tis-
sues of homing pigeons acts as a compass
utilizing the earth’s magnetic field (Cal-
tech News, August 19800,

Lowenstam amd others have also found
many more organically produced minerals
besides magnetite, and more are being
discovered all the time. Although he
hasn't counted lately, Lowenstam says
there are, for example. many more phos-
phate and carbomate minerals than pre-
viously thought. as well as numerous ivon
and manganese oxide minerals, Further-
more, organisms that make minerals are
wir|r|y distributed lI'II't1I1LF_|'I'|'!1I| the five
kingdoms of life — bacteria, protozoa,
fungi, plants, and animals.

What is particularly striking about find-
ing many of these organically produced
minerals 15 that they shouldn't exist at all
where they are formed. They are either
not ever produced by inorganic processcs
in the hiosphere or are there only in a par-
ticular environment, Magnetite, for in-
stance, is found only in material extmaded
from the earth’s mantle and 5 not actually
precipitated in the biosphere except by
such biomineralization processcs as the
chiton’s teethmaking. The animal
apparently accomplishes this by an en-
yme-conversion process from hydmouos
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iron oxide (ferrihydrite), which is easily
produced inorganically in the biosphere.
If certain mineral compounds cannot be
casily formed inorganically, how can
animals manage it? The answer seems to
be that some organisms have “'ion
pumps,’” and they can concentrate and
localize elements that exist in low concen-
trations in the external emvironment. The
mineral compounds must be formed in an
internal chemical milicu isolated from the
outside environment. Some of these com-
pounds, when exposed to the external
world, dissolve in minutes. For example,
the strontium sulfate mineral celestite pro-
duced in the biosphere only by the plank-
tonic Acantharia, which create a beautiful
lattice structure of the mineral, has left no

Maturally ooouring fluorite (CaF.) crystals,
such as these precipitated from ore-bearing
fluids, are formed only at vary high tempara-
tures and have a characteristic cube shape

Meedle-shaped fiucrite cryztals (magnified 250 timag in this scanning slactron micragraph)
ara biologically iormed in the balaneing organs (statoliths) of the opossum shrimp atless than
Qom lempearature.




fossi] record because the surrounding un-
saturated seawater dissolves .

Because of the organic matrix inta
which these minerals. fit as they are
formed, they end up with crystal habits
distinet from their connterparts in the
physical world. They can then be distin-
guished from inorganically produced
minerals by their morphology and, as a
rule, also by their chemistry.

As a paleoccologist, Lowenstam is
chicfly interested n studying the history
of the evolution of life, and these biologi-
cally formed minerals often provide im-
poertant clues — benchmarks at which life
started to clbow its way into competition
with inorganic processes in the biosphere.
His recent paper, written with Lynn
Margulis, professor of biology at Boston
University and Sherman Fairchild Distin-
guoished Scholar at Caltech in 1977,

Catalyst Converter

Fe fuel cells that powered the Apallo
and Gemini spacecraft (at a cost of about
3100 per wall) were efficient, non-
polluting, and easily located near the site
of their use; they had no moving parts and
mesponded well (o large changes in de-
mand. Unfortunately, $100 per watt is
somewhat steep for the average consumer
of electric power. But improvements since
the 1960: and the rising cost of fuels
make fuel cells increasingly atractive as
alternafive power gensrating systems.

One of those improvements has been
the discovery of bettzr catalyste for the
electrode reactions that occur in fuel cells.
Professor of Chemistry Fred Anson and
his students have been testing some of the
complex molecules that have been
fashinned o act a5 catalysts. Although
these molecales may be complex, the fuel
cell itself is quite simple in concept. simi-
lar 1o & battery. It has positive and nega-
tive electrodes immersad in an electrolyte;
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challenges the commonly held view that
solidly mineralized structures suddenly
appeared at the end of the Precambrian
Era, 580 million years ago. The two
hypothesize that skeletal mineralization
was initisted earlier in the late Precam.-
brian in the form of ** pinpoint™ mineral-
ization of organic hard parts. The oldest
fully mineralized hard parts were cal-
careous throughout, indicating that this
process was somehow related to improve-
ments in calcinm modulation, ransport,
and sequestering, The appearance of pred-
ators produced selection pressure on prey
to develop more efficient nerve and mus-
cle sctiom, which required improvements
m caleium modulation and reserves. This
may have led to overshooting in caleium
supply, with the excess transported Lo or
near the body surface to initiate and later
perfect skeletal mineralization.

Other recently published research puts
foirth Lowenstam's theory that organically
produced magnetite contributes signifi-
cantly to the ocean floor sediments that
have retained the magnetic pattern of the
earth’s reversing polarity,

But the applications of his work in
biomineralization are not limited to the
ancient history of our planet. Lowenstam
also suggests that the presence of certain
mincrals might give a hint of the existence
of some sort of life on other plancts, In-
stead of just looking for life as we know
it, scientists should perhaps instead look
for minerals that ““shouldn't be there.™”
Further analysis, if it is possible, might
show the presence of characteristic crystal
shapes of biologically formed minerals,
proving that some kind of biological
process 1s at work in these seemingly
“hostile" environments, [
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at the cathode (positive pole) it consumes
oxvgen from the air, and at the anode
{negative pole) it consumes hydrogen pro-
duced from hydrogen-rich fuels such as
hydrocarbons, The electrochemical wrans-
lormativns voeuming al boih elecirodes
cause oygen and hydrogen o combine 1o
form water, and electrons flow spon-
tancowsly from the hydrogen to the oxy-
gen electrode through an external circuit
to deliver electricity. i

Problems occur in this necat amangement
ot the oxygen electrode, where the chem-
15iry 15 somewhat complicated. The bond
must be hroken berween the two oxveen
atoms in gaseous oxygen, and four new
bonds between oxygen and hydrogen must
be formed. Unfortunately, instead of pro-
ceeding to water, the reaction often stops
at the point where hydrogen peroxide i i i T
{Hy0;) has been formed, which avoids 08 o7 0.6 05 04 59{;;
breaking the oxygen-oxygen bond; but Egiex vs- NHE {wolts)
this is a wasteful reaction pathway that __“‘-————_.______I
yiclds only half as many electrons. Hetter RING CURRENT
catalysts are needed to induce the reaction
to go along the more cnergy-rich path
waler.

Catalysts, such as the finely divided
platinum used in the Apolle fuel cells and
in a 4.8 megawatt pilot plant being built

DISK_CURRENT

CURRENT

Disk and ring cumrent versus the patential of the graphite disk coated with catalyst — the
double porphyrin molecules containing wo cobal ions and strapped together face toface by
four bridge atoms. The flat curve of the ring current indicatas that little Ha0. is being lormed
{and regxidized to produce current) and the main product is the desired end, water, which

in Mew Yok, e eapensive, A high initial
cost of a catalvst might be wolerated,
however, if it retained its activity while
present on the serface of the electrode —
where all the action is. But platinum does
cventually become less active,

Devising ways to attach catalvsts to the
surface of the clectrode was one of the
first problems attacked by Anson’s group
at Caltech, They found that aromatic
maolecules (containing benzene rings) bind
strongly to graphite electrodes. As a proup
of chemists in J. P, Colllman’s lacratory
at Stanford synthesized possible catalyst
molecules, Anson’s group tested them to
determine how well they clung to the
gruphite electrode and whether they
directed the oxygen reduction reaction to-
ward the production of water rather than
hvdrogen peroxide,

To break the bond in the oxvgen mole-
cule. the researchers hoped to stahilize the
oxide ions being formed by letting them
interact with positive metal ions. The
Stanford group prepared & series of metal-
loporphyrins — flat, ring-shaped, aromat-
ic molecules with a hole in the middle
where metal ions, specifically cobalt,
could be placed. Two of these flar mole-
cules were strapped together **face to
face"" with chemical bridges.
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gives no response at the ring

Having aromatic character, these par-
phyrins stick to the graphite electrodes
very nicely, To determine how efficient
they are as catalysts, Anson’s group used
an instrument with a graphite disk elec-
trode (coated with the catalyst) and a con-
centric ring clcctrode, both mounted on a
eylindrical rod. The two electrodes are
insulated from each other so that electro-
chemistry can be carmied oul separately at
each electrode, Rotation of the rod about
its axis causes the electrolyie w fow up
and then radially across the disk and ring.
Since the voltage at the ring and disk can
be independently controlied, the product
of oxygen reduction at the disk can be
mamitored at the ring. Water pives no re-
sponse at the ring. while hydragen perx-
ide 15 reoxidized so that an anodic current
15 detectad.

The single, unbrideed porphyrin miole-
cule, when tested, yielded only hydrogen
peroxide; the face-to-face molecule con-
nected by six bridge atoms and containing
two cobalt ions was an improvement but
still produced a substantial amount of per-
oxide. But the same double porphyrin

connected by only four bridge atoms pro-
duced vETY little H:ﬂz. most of the reac-
tion proceeding directly to the desired
product, water,

Anson and his colleagues speculate that
the four-bridge porphyrin catalyst works
as it does because the two cobalt ions
react rapidly with both of the oxygen
aioms in the oxygen molecule as it moves
ingide the cavity separating the bridged
porphyrin melecules. This happens only if
the separation of the coball ions 1s precise-
Iy comrect. There 15 evidence that the ac-
tive form of the catalyst is that in which
the oxidation state of each cobalt ion is
+ 2. A perfect catalyst would allow each
fuel cell to vield about 1.2 volis: Anson's
best walue is about 0.7 velt, while the
target voltage for the platinum catalyzed
fuel cell s 0.6 voli.

Many more experiments are necessary
to improve the catalyzed reaction. but the
recent progress coming from Anson's
laboratory and his associates at Stanford is
gquite encouraging. It suggests that fuel
cells may be able to supply a larger por-
tion of our power needs in the future, [
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