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HIGH ENERGY REACTIONS OF CARBON

Much of the universe's carbon chemistry takes placeat high energies.
'~ Since carbdn is a key element in living processes, its high energy
reactions are of broad interest as they may have been involved in the

emergence of 1ifa.
by Richard M. Lemmon and Wallace R. Erwin

of a11 thg elements, none is more importént to 1ifé than carbon.
Asidé.from'water, 1ivihg cells are almost entire]y;én assémblage of'carbpn»
'_compounds.-‘Fok generations chemists have studied:thégé compounds, and
~ have ca11ed'their studies "organic chemistry" becay;é;fhe chemistry of
| carbon is éo associated with that of life. Lifefé}ﬁﬁémical processes take
place at very modest temperatures, which is anothek‘kay of saying that
they take placé at very modest energies. Even in ]éﬁoratoky.studies of
carbon compouﬁds, the‘clemist rarely employs temperafyfes above 300° centi-
.grade. However, during the pést few years there hé§;déVe10péd considerab]é

| interest in carbon reactions at mdch higher energieggffor‘it is now

'  apparent‘that the carbon chemistry of our universeiiS;éimost entirely
'high-energy'chemistry. o
: The radiq'astronomers have shown that carbon Coﬁpounds, formed in'v
'high-energy'reactions, afe present in vast quantitigs jn ihterstellér
space. The "so]qf wind", the energetic atoms streémfh§ from the sun's
", corona, are'conétahtly bombarding the Earth with higﬁ-éﬁérgy carbon, and

we know that these atoms have p]ayed an important rdié,jn‘determining
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the properties'of the moon's surface [see "The Carbon'Chemistry of the
'Moon," by Geoffrey Eglinton, James R. Maxwell, and Co11n T. Pillinger;
lSCIENTIFIC AMERICAN October 1972] The recent Apo]]o missions have
gtven us a good estimate of the density of so]ar-w1norcarbon atoms that
strike the noon: approximately 100,000 per square:centimeter per second.
The corresponding number reaching the Earth would be much lower because
of the.shielding effect of the Earth‘s magnetic fieidﬁw'However, if even
,one-tenth the lunar density reached our atnosphere,?our planet uould
- receive overv30 tons of solar-wind carbon per year Mu1t1p11ed by the
age of the Earth (4.5 billion years), the total we1ght of so]ar-w1nd
carbon that has reached our planet is a very 1arge-amount,,and may be
roughly equivalent to the total carbon in all ]ivihQ-ceT]s on the contem-
porary Earth. In part, therefore, studies of carbon react1ons at high
energies are attempts to add to our understanding of the processes that
~may have been 1mportant for the emergence of life 1tse]f
whether or not high-energy carbon reactions were necessary for the
>emergence of life, it 1s_c1ear why our biology and,'very 1ikely, any
~ other that may.exist in the universe, is based on carbon; This element
is unique in jts ability to form an almost unlimiteosnu@ber of compounds.
‘This uniqueness results from its special position inhthe Periodfc Table
(see illustration .C;D.)._ It is the smallest atom offthose in Group v,
the group ofjelements'ha1fway}between the "e]ectroposttive“ elements
(those that give up electrons to form chemica] bonds).and the "electro-
negative" e]ements (those that take up electrons in;the process of bond
formation). Carbon has an equal tendency to gain or_]ose its four outer,

or bond-forming, electrons, and can form stable compounds by sharing these
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INlustration 1.

FIRST TWO ROWS of the Periodic Table. The Roman numerals designate groups of
elements with similar chemical properties. The Arabic numerals designate both
the atomic number of the element and the number of electrons circulating-

“about the atom's nucleus. Carbon is the smallest atom of those in the
“central” Group IV. (In order to emphasize carbon's central position, the
Group 0, or “noble gas", elements are placed at both sides of the table.)
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.‘te1ectrons'witn either of these major groups of elements Thus, 3t forms
_stab]e compounds with fluorine and chlorine (electronegat1ve) and with
1ithium and sod1um (electropositive). L' |
cAs the smallest atom of the Periodic Tab]e's:érodp IV, carbon is

B alsorfirstzamong those particular elements in thefctrengths of its bonds.
: In;genera1i’the closer the electron c]oud around one.atom can approach
the pos1t1ve1y charged nucleus of another, the stronger are the bonds that
are formed. Thus, the comb1nat1on of two propert1es--sma]1 size and
e]ectr1ca1'"ha1fway -ness"--have conferred un1que bond;form1ng abilities
on.carbon."'One result is that carbonvnot only formgAstrong,electron-

sharing bonds with many e1ements,'but'a]so with'itééif.' Carbon atoms can

- form chains thousands of atoms long; these chains can be joined at the ends -

-to form rings of almost any size. The chains and {ingg:can have carbon-atom :
branches on them, and carbon-atom 1inks between them;fwith scarce1y>any

' restrictionvonvthe number of carbon atoms in the chafn§; rings, branches,
‘and links,"Add.to this the ease with which the caroons can jnclude other
~atom§‘into these numerous shapes and forms (such ac:the 1ife-important

- hydrogen, oxygen n1trogen, phosphorus, and sulfur atoms) and one can see

the v1rtua11y Timitless poss1b111t1es for carbon compounds Thus, living

" systems gained their marvelous complexity from the_enormous ‘number of carbon.f}'

'compounds avaj1ab1e for:their construction, and itfictdifficult for the
‘modern chemiétfto envisage life based on any e]ementibht carbon. As life
~ has eVojved;”ft has constantly experimented in the production of new carbon
compounds Aithough over a million carbon compoundot both natural and syn-
thetic, are known, b1111ons are poss1b1e, and our un1verse probably contains

b111ions
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For over a century chem1sts have been synthes1z1ng new carbon com-
‘pounds that, to our 11m1ted knowledge, do not exist in nature (at least
_not on our own p]anet). These efforts have had suchusyccess that we now
haVe available hundreds of thousands of new carbonfeoﬁpounds.v Many of
.these synthetfc compounds, although not without treebfesome side effects,
héve brought §reat comfort and convenience to humaegfne. Obvious examples:
are medicines,vplastics, and pesticides. o

Although a single, isolated carbon atom is verytreactive, a mass of
carbon atoms, euch as lamp black, is not particu]ar]y'yeactive because
they ere a]keady combined with each other. The prihetﬁa1 means that
| chemists use to induce chemical reactivity is to appjyiheat, and thus we
_have the mehta]fimage of the alchemist as a fe]]ow-iﬁ;e sooty cell applying
a fire to hie.fetort To this day, the chemist, in h1s far more comfortable
and sophlst1cated laboratory, usually promotes a react1on by the applica-
tion of heat. He does this because he knows that the higher the tempera-
| ture, the feeter.a'molecu1e will move, and the faste}}fts atoms will

_Vibrate. If the temperature is high enough, the meleEQJe will move fast
- enough so that; when it strikes another molecule, tﬂeiekcess kinetic
: energy will promote reaction between the two mo]ecuieé.v Or, the high
‘temperature may cause a'mplecule to vibrete SO fast-thet its atoms may
fly apart, giang the released, individual atoms the*chance'to enter into
.,new combinations (that is, new compounds) At room temperature, lamp
black is inert But if one heats it hot enough one Jostles the carbon
atoms apart;. 1n that state they readily combine w1th the oxygen in air
to become carbon dioxide, CO,.

Another form of energy that the chemist uses td_ptomote reactions
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lis light,'and:{t has been known for a long time tﬁatiéﬁnlight promotes
reactions éuéh as bTeaching or tanning, although 1itti¢ or no warming
may be involved. We now know that ]ight consistS'dfvpackets of energy -
("quanta") and that the absorption of this energy byia“mo]ecule may be
even more é?fective than heat in putting the mo]eéqjékih a more reactive,

energy-rich §tate. .The application of heat to a md]étd]e causes the

- weakest bonds to break first. In contrast, the absorption of Tight quanta '

- may cause the breakage of a molecule's stronger bohds because the light
; lmay have been ;électively absorbed by those bonds._ﬂj
In the‘last two decades chemists have been prbﬁbfihg reactions of
"~ carbon (and of other é}eménts) at energies much higﬁér than those |
v'achievable-by;heatror}1ight; that-is, at ehergies th$f5§re more closely
related to:cdémic-ray and soTar wind energies. Onefwayfthey have done
this is to-take advantage df the very high ve]ocity;:qr energy, in an
| atom that is created fn a.nuclear reaction. A typfcé].example in nature

]4C’

': is the proéessithat takes place when a radioactive»afomtof carbon,
~is born in the Earth's upper atmosphere. A result of fﬁisvparticﬁlar
nuclear reaction is that a small component of radioééﬁfve carbon is put
into all 1ivingvthings (whether fbr their overall béftéfment or detriment
'we are not sure). This radioactivity is the basis'for'the widely used
| '”radiocarboh.dating»method;‘vAfter a living entfty djéé*it no longer
~ absorbs this radiocactive carbon by the eating of fdad (6hima1s) or the
_:ébsorption of COZ.(plantS), and the radioactivity sid@iy;fades away . The-
residual radioactivity gives the time elapsed since}fhe[death of the |

organism.

14

The radioactive ' 'C is formed when neutrons, whi¢h are components
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of the coSmie rays that constantly strike the Eakth;'feact with atmospheric

14

nitrogen,"'When a neutron enters the nucleus of a nitrogen atom, 'N, the

resultidg transient complex is unstable. It ejec;s‘d;protdn, which is a

14¢ atom. A]simbjified representa-

tion of the‘prdcess is shown in the illustration ."777".. When the complex
14

:charged hydrogen atom, and a charged

c recoiTiffnfthe opposite direc-
' 14

- ejects the proton in one direction, the
tion--in accord with Newton's 3rd Law ("action and }eection"). The "°C
recoils With an energy of:45,000 electron volts, the ehergy that any
‘:singly-chérged}species (such as the proton, H+) woﬁld acquire if it moved
from an elecfrode at ground potential to an e]ectrbdeefhat had a 45,000-
volt negative charge. The energy of an ordinary (ﬁeeyeient") cérbon-carbon
bond is,aboutﬁZ-]/Z”éiectron volts. Consequently,;e QS,OOO-volt atom is
eapab1e’of'§feeking 45,000/2.5 = 18,000 carbon bondsbeefore all of its

‘ ve]ocity_is:]oet. ii |

| The enormous ehergy of the same recoi]ing-carbdn process hasrbeen used
o many times fh’tﬁe laboratory to study the reactionS[ofjenergetic carbon.
_Ih this case,“fhe high energy end of a reaction scaie;is being examined.

In simple heating, the molecule's bonds slowly achife:energy until some
__minimum, reection—promoting, energy is absorbed. In.the recoil case, the

' energetic atom is siowed down, or "cooled"”, to the boint where it can react
 with a mo]ecu]e‘without merely tearing it apart. Recoil reactions there-

~ fore have the ebssibi1ity of causing reaction of tﬁeféﬁfongest bonds of a

. struck molecule; no bend is immune. Consequently, fﬁese reactions give

us possilities of preparing compounds that coqu not'afise from the appli-
cation of heat dr,]ight. . |
The generel technique for recoil studies is simp]e;. If one wants

to know how recoiling carbon reacts with a given compound, one puts that
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Illustratlon 2.

THE FORMATION OF RADIOACTIVE CARBON, ]4C takes place in the Earth's upper

atmosphere, and in'the laboratory, by this nuclear reaction. A cosmic ray

(or nuclear reactor) neutron, n, enters the nucleus of an ordinary nitrogen

atom, 14N, which contains 7 neutrons and 7 protons, p. - - The resultant

~ transient intermediate nucleus, consisting of 8 neutrons and 7 protons, quickly

~ disintegrates by ejecting, at high velocities, a proton in one direction and a

- radioactive carbon atom, 14 4C, in the opposite direction. Ultimately (with an
averagﬁ ]1fet1me of ‘about 5700 years) the 14¢C d1s1ntegrates into an electron

and 1
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‘beam studies outlined below,

compound in a nUc]ear‘reactor, in an intimate mixture with any nitrogen-

containing compound. The-reactor-éupplied neutronsbréact'with,the nitro-
gen atoms,.and'the Eesu]tant ]4C recoils through tbé_hass of the compound
under study until it finally slows down to a sufffdiéﬁt]y low velocity or

energy where it can form new chemical bonds . Thatlghérgy, at most only a

. few tens of electron volts (eV), is Tow compared to its initial energy,

45,000 eV; however, it is very high in comparison with chemical bond
energies, and with the maximum energies that chemists can give to organic
compouhds by_the application of heat (less than O.ifevfper atom). Since

‘the recoiling carbon atoms are radioactive, the prdduth'into which they

are formed are also radioactive. This is he]pfu1'fovtﬁe chemist, both

for finding_the'new products, and also for finding the'eXactvposftion in

14

a new product molecule where the "'C has been localized. (In the carbon

18¢ is also used for these helpful “tracer"

qualities.) ‘Other carbon nuclear reactions have aTsdﬁbeen used as a
N :source of high energy carbon atoms. Studies of thé7reéctions of such high

energy atoms, carbon as well as other elements, form what is known as

"hot atom“'chem1stny

Another way of 1mparting high energies to atoms is to use some kind

~of an acce]erator, such as a cyclotron. The phy51c1st has used this

: technique for several decades to acce]erate nuc]ear part1c1es and ions

(charged atoms or molecules) to energies where nuc]ear react1ons can take

~ place. These energ1es are in the millions or b1111ons of electron vo]ts

More recently, chem1sts have been constructing accelerat1ng devices that
enable them to study the reactions of atoms at more modest energies where

chemical 1n;eract1onsv(new compound-forming processes),may take place
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 [see "ChemjcaifAcce1erators," by Richard WO]fgang;eSCLENTIFIC AMERICAN,
October ]968];' Such devices enable the experimenten'to choose the energy,-

‘down to a few‘e1ectron volts, with which an energetic atom will strike a

-~ target. The random destruct1on of the target molecu]es dur1ng the

‘slowing down (' 'cooling” ) of a recoiling atom, may thus be avoided. One

~such device isi#in use in our laboratory, and we sha]] descr1be our research

- wWith it as~anihlfustrat1on of the information that can ‘be obtained from
_energetic'earbon reactions. For the progress of th1s work we are indebted
_.to many former collaborators and to our current co-worker, Mr. Glenn A.
iher. _.. - ,:M e
© We form a beam of ]4C+ ions in the device pictdned and illustrated
<::>q’. . Either314c -containing carbon dioxide (]4C02) or methane (]4CH4)
is adm1tted 1nto the ion source. Here, between the anode and cathode, an
K "arc plasma", a cloud of charged molecu]es (1ons), is formed. The ions
are expe]led out of the area of their format1on by an e]ectr1c field of
5,000 volts. To control an ion beam, one uses electrostatlc "lenses"-
15meta1 plates of various forms onto which electric charges are placed.
These lenses shape magnify, and demagn1fy an ion beam in ways quite
'analogous to the effects of optical lenses on beams’ of “light. Thus,
extraction, focu51ng, refocusing, and dece]erat1on‘1enses are shown in
'the accompanying figune. | |

The beam that emerges from the ion source has}many;different kinds
of carbon- and oxygen-containing ions. :These.are sebarated-from one
| another as they trave]vthrough the magnetie-fie1d.: Heamier ions, such
‘as C02+, are bent less during passage through the ffeidjthan are lighter

ions such as 14C+.' By setting the strength of the magnetic field at the
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CBB 739-5725

THE CARBON-ION ACCELERATOR in use in the authors' laboratory at
the University of California, Berkeley. The ion source is in the left

center of the photograph; the deceleration lenses and target section are

at the right (see accompanying diagram).
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Illustration 4.

DETAILS OF AUTHORS' CARBON-ION ACCELERATOR. 14C jons, from '4C-containing

carbon dioxide or methane, are formed between the cathode a
lTower left. They are accelerated by an electric field, sep
ions by the magnet at the upper left, and pass through ion-
and measuring devices to the target section at the right.
carbons impinge on a solid target, formed at liquid nitroge
(-196° centigrade) by condensing vapors of the target molec
maintained at that temperature.

nd anode at the
arated from other
beam controlling
Here the energetic
n temperature

ules on a surface
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right value, only the 14C+ ions emerge from the magnet, and it is with
these ions that we have done most of our studies. The intensity of the
]4C+ is measured by the device labeled "Faraday cup", and is usually
about 1 microampere, or one-millionth of an ampere. (An ampere 1is
approximately the current that passes through a 100-watt electric light
bulb.) Although a microampere doesn't sound 1ike much of a current, it

12

is about 6 x 10° ", or 6 million million, ions per second. Then, the

beam passes through a series of decelerating lenses, doughnut-shaped
plates onto which suitable positive, that is, ]4C+ ion-decelerating,
voltages are applied. These lenses enable us to set the energy with
which the ions strike our target at anything from their initial 5,000 eV
down to about 2 eV.

To determine the electric potentials that we need to apply to the
lenses in order to achieve the best shape and position of the beam, we
use the measurement probes shown in the photograph . gzi}. and illus-
trated .(3;? . Each of these probes consists of a )~ shaped wire that
moves up and down so that one arm at a time intercepts the beam. When
such an interception is made, a current is induced in the probe and is
recorded. In the ideal case of a beam whose cross section is circular,
we get a tracing 1ike the full line at the bottom of the illustration.
Thus, if the probe is being moved upwards, at position 1 neither arm has
yet reached the beam and no current is measured. At position 2, as the
upper arm passes through the beam the current reaches a maximum--just as
it does at position 4 when the lower arm passes through. Positions 3 and

5 would also give zero current measurements. However, if the beam was

not circular in cross section, but was ellipsoidal as indicated by the
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BRANCHED WIRE PROBE that gives a cross-section profile of the
14C beam. The probe may be moved up and down, giving the relative
intensities as one or the other arm of the probe passes through the
beam (see accompanying illustration). The object behind the probe is

the Faraday cup, which the beam enters through the round opening.
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I1lustration 6,

CROSS-SECTION OF THE 14¢ BLAM is measured by the current induced inea)*‘
shaped wire probe that may be raised or lowered throigh the beam (flowing
perpendicular to the plane of the page). The ion current'measurements for a
circular cross-section beam are shown by the full line (below) for corres-
ponding positions of the probe. Ion current measurements for an ellipsoidal
‘cross-section beam (dotted line) are shown by the dotted line for the ion
current measurements. e
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; dashed lines, .the resulting current would be diffeféhitthhough.positions

2 and 3 a§ shown byrthe'cbrresponding dashed line Eéld@. In this way we
 know our beam'; profi]e and position, and we can opffhize these by suitable
‘alterations of the voltages on our lenses through Whiﬁh the beam passes.

| Our ion accelerator is operated under high vaEuum. Without such a
:vacuﬁm, the ]4C+ ions would strike, and be scattergd;by, gas molecules in
their path.  To keep the pressure in the aéce]eraféf.Téw, the molecules

of any material we are subjecting to the 14

C+ beahimﬁst be kept at a very
low temperature. One convenient way. to do this isifohéteadily “bleed in"
a vapor offthéﬁtarget material, and to freeze the.méteria] on a surface.

“maintained at liquid nitrogen femperature (-]96?C;); 'This-procedure has

" the added advahtage of presenting a constant]y fresh 5upp1y of‘target

molecules to fhe incoming'MC+ ions. A new produét,:&ﬁce formed, is not

likely to reaét with additional carbon ijons; it is_édi;kly “buried" under
the incomihg vapor that is steadily being'transforhéd into a solid at the

-196°C. surface. T

The steady impingiry of our positiVé]yfcharged‘14C+ jons on the
target surface could lead to é build-up of a positiye;charge,vahd thus

:_to the repe]]fng of additional incoming carbon ion??ifWé.avoid this
undesffabie $ituation by placing a small, hot tungsfeﬁffilament, which

~carries an e]éétrical current, near dur target area;j.fhe filament pro-

:Vides electrons (that is, negative charges) at a rate §ufficient to

balance the T4C+ positiVe charges and keep the surface é]ectrica]]y

'_ neutral.

144

We learn what has happened to our energetic fC*}jbns by determining

 what kinds of radioactive (that is, ]4C-containing) prbducts are formed.
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To do this 'we separate and identify our productsdby:the simple and
powerful technique of gas chromatography [see "Gas Chromatography," by
Roy,A. Kei]er,_SCIENTIFIC AMERICAN, October 1961] combined with a radio—
'activity detector The essentials of our system are shown in the i1lus-
tration . . Ci:> Our radioactive products are introduced, usually as a
solution 1n benzene, into the G.C. (for ' gas chromatography") column
shown at the 1eft This is a metal tube of about i/4;1nch in diameter
and several feet in length. It is filled with an‘inert solid that is
‘coated with an”oi]y liquid. The column is heated to7some temperature
- that experience:has shown to give the best separations; Samples are
d carried through‘the column by a stream of helium gas’and, depending |
upon their affinity for, or solubility in, the oily Tiquid, individual
compounds moye'through‘the column at varying rates;;;As individual com-
poundS’emerge from the column, their presence is recorded by a T.C.
("thermal cohductivity") detector. This device records the difference
in heat loss between a filament bathed in pure helium, .and another fila-
‘ment which is exposed to the helium stream emergingjfrom the column.
Helium is a'better conductor of heat than is any gaSeods organicvcompound;
vconseqUentTy,_the presence.of any quantity,'or_mass;hoi‘such compound

in the helium stream reddces the rate of heat iossftrom'the fi]ament.
_The hotter fi]ament is a poorer conductor of electriCity, and this
‘greater reSistance is converted to an electrical 51gna1 that is dis-
played as the black line on the advancing paper strip of the recorder
shown at the'top,of‘the illustration. The helium stream may then be led
into the radioactivity counting tube, shown at the}ieit; Any radio-
activity is also recorded, by a separate pen;'as thebredsiine shown in

the illustration.
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From chemical knowledge or intuition we may be]ieve that a certain
compound will be formed when carbon ions strike a;pénticular target. To
determine if’this is so, we need but add a known.Sahp1e of the suspected

]4C 1on 1rrad1at10n The

compound to the target at the conclusion of a
vadded samp]e would not be radioactive but would give'e-mass (T.C.) detec-
tion;.andIWOuld appear as a peak'in the black line - However, 1f the same
compound had been formed in the target during the 1rrad1at1on, it would
]4C and wou]d be radioactive. Not enough-maSS-of the product
would have been formed for it to give a peak in the mass detection (black

Tine) but it would give a peak in the red line. Consequently, if we get

" a co1nc1dence of a red peak with the black peak of a known added compound,

we have prov1s1ona1]y identified the radioactive product--that is, shown

it to be identical with the added compound. This procedure_becomes very
‘reliable if the coincidence of red and black peakinSffepeated on other

~ columns that are packed with other kinds of oily 1iquids.

Fina]]y; by means of the switching valve we mayvdinect the gas stream

‘from the 6.C. column into a cold trap--a glass tube co structed as shown,
. and immersed in liquid nitrogen or dry ice. ‘The con freezes and traps

the organic compounds, but allows the helium to f]owjoh?out as a gas.

The frozen compounds may then be recovered and squected to chemical

tests and/or further gas chromatography. The chemfcaletests may be

* ‘directed not on]y to the questlon of the 1dent1ty of the product but

]40 that caused the

product s format1on

A typical gas chromatographic trac1ng, from a 14C 1rrad1at1on of

benzene (see below), is shown in the illustration .f§E§>. The peaks on
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GAS CHROMATOGRAPHIC DETECTION of pfcducts from 14c* frradiated benzene. .The red Tine records the

emergence from the chromatogram of radioactive, '4C-containing products. The black line is a record
of the emergence of benzene and of added "carrier" compounds. CoiTc1dence of the radioactive (red)
peaks with the mass (black) peaks establishes the identity of the 4Cfcontaining products. One
major radioactive product (marked X), and many minor ocnes, are as vet unidentifed. The cyclo-
octatetratriene peak (black peak) is accompanied by little, if anv, radioactivity (no corres-
ponding red peakg;,consequent]y we know that this particular compound is not formed to any
detectable extent when benzene is irradiated with encraetic carbons.

I1lustration 8,

—Oz-
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the black line are the detector's response to known:carrier compounds as
they emergedhfrom the 6.C. column. The chemical names of these carriers
have been added to the correspond1ng peaks . When a rad1oact1ve (red)
peak emerges from the column at precisely the same}tlme as a known added
'compound,ﬂtheiidentity of the radioactivity-containinglproduct 15 estab-
lished. As_can be’seen; ne added cycTo-octatetraene, thinking it might
be a product..'However, it appears that little orinoneIOf this compound
is formed 1in our irradiations. We have many mlnor rad1oact1ve products |
that are not yet identified; the most prom1nent of these is 1abe1ed "X".

14

Most of our C beam research has concerned thevorgan1c chemist's

favorite molecule,’benzene. This relatively simp]eghydrocarbon, C6H6’ ,

is the parent molecule from which a huge number of both natural and syn-

thetic compounds are formed. It has great theoretical and practical

interest to’organic chemists [see "The Nature of Aromatic Molecules," by

'Ronald Bres]ow SCIENTIFIC AMERICAN, August 1972]. What would an energetic

carbon do when 1t struck this very important mo]ecule7:

14

The first th1ng we d1scovered was that an acce]erated C-ion reacted

]4C 1abe1ed benzene The result was unexpected R

]4C had - to remove one carbon atom from the benzene,

14 C-

because, somehow, the
while it itself had to remain behind and be 1ncorporated into a new,
containing benzene product One might 1mag1ne the process as taking p]ace

somewhat as shown in the 111ustrat1on .(::> . The benzene mo]ecu1e is

‘known to consist of a ring of six carbon atoms, to each of which is

attached a hydrogen atom (omitted in the i]]ustration) The carbons are
attached to each other by what might be called “1 1/2 bonds"-—a s1tuat1on

respons1b1e for benzene s great theoret1ca1 1nterest, and one well described
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I1lustration 9.

ONE POSSIBLE MECHANISM for the replacement of a carbon atom of the benzene
molecule by an energetic 14c atom. The benzene molecule is a regular hexagon

of six-carbon atoms (to each of which is attached one hydrogen atom--not shown

‘here). If the incoming 14C struck one of the benzene's carbons "squarely" it
might replace it in a kind of "billiard ball" collision.  Experimental and
theoretical evidence argues against this simple mechanism.
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in the Breslow article. 'The replacement of an ordinahy atom of carbon

(]2C) in the benzene ring by the incoming ]4C iS'the kind of situation that ’
might ex1st 1f the carbon atoms were hard, 1mpenetrab1e spheres, someth1ng
like very t1ny billard ba]ls If they were, the-rncomlng ]4C might hit a

‘zc "square1yk, giving up all 1ts forward momentum and energy to the struck

]ZC. ]4C behind to

The 1atter would thus be knocked away, 1eav1ng the
become part of a new r1ng of six carbon atoms--that is, a new, ]4C-containing, :
benzene md]eéu]e, ‘But, in our experiments,'about one in thirty of the

]4C:atoms got incorporated into a new benzene_molecu1e.‘ The proba-‘

incpming
bility of such'perfeet (center-to-center), complete-mdmentum—transfer hits

was far below one in thirty. Furthermore, from what we know about the col-

lisions oflatpms, they do not, in general, behave 11ke 11tt1e billiard

zbalis. The tomplex forces of both repu1s1on and attract1on that take

effect as'atoms“approach'each'other make them behave~in a much more "mushy"

st1cky" way, more iike putty balls of varying degrees of hardness. If

~ one throws a p1ece of putty at a ring of six putty bal]s stuck to each other,*

it's extremely unlikely that the thrown putty ba]] w111 replace one of the
six and form a ‘new s1x-membered ring.

Both stat1st1cs and atomic theory told us that 6u? incoming carbons
couldn't simply replace one of atbenzene mo]eeu]e's;earbons by a billiard

14

ball collision. So did our own data, which showed,that the yield of 'C-

:containing benzene was independent of the energy with-Which the carbon

~struck the benzene. We found that about 3% of theffntdming'ions were

incorporated into new benzene mdletu]es, regardlessp0f~whether the carbons

struck at a,high.(S,OOO eV) or low (2 eV) energy, or any value in between.

The carbon-carbon bond in benzene has an energy value ("strength") of 3.2 eV,

and two”carbonécarbon bonds must be broken to accomp]ash the replacement of

-
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-one of thebbenzene's carbon'atoms by the incoming 14C;_ Therefore, the

2 eV irradiations could not give us labeled benzene-by the billiard-ball
mechanism. In add1t10n, the other major products we found and the dis-
tribution of ]4C atoms in these products (see 111ustrat1on Ff? .) sug-
gested that the’]abe]ed benzene came from an intermediate that contained
7 carbon atoms (the 6 of the benzene target, plus- the ‘incoming energetic
carbon). Such an 1ntermed1ate could be a "br1dged“ compound for example,
- the one sh0wn'at the left of ‘the i]]ustration . <E> . The excess energy
'contained in the electrons of the acce]erated'carbon‘atom could be used -
to break theibonds between the carbon numbered 6 and' those numbered 1 and
5. If carbon-6 was thus "broken out", we'd be ]eft“utth a 6-carbon ring

]4C-containing benzene.product molecule.

14

(CSHS) that cou]d become a new,

On the other hand, if only the bond between C-1 and the
14

C, or that

“_between C-5 and the " 'C, was broken, we'd ach1eve_the carbon configuration

of a new, Iabe]edttoluene'mo1ecu]e. (The additioneT,vneeded, hydrogen

~ atoms could be "grabbed" from nearby benzene mo]ecuiesﬂ)
Anotherbf,our.prodUCts,the'eightecarbonvphenyiacetylene (see illus-

tration . .Fn .) suggests that our labeled benzene mtght‘have been formed -

- from the 8-cakbon intermediate shown on the right of'the illustration

~ . In onder for such an intermediate to be fohmed,vthe incoming,

]4C would have to break off one’carbon:atom.from a benzene

“high-energy
;molecu]e, thus forming a two-carbon fragment that cou]digo on and form
a two-carbon bridge across another benzene mo]ecu]e}e’ﬁe were able to

ru1e out the 8-carbon 1ntermed1ate 1dea in the fo]low1ng way: Instead

14

of 1rrad1at1ng benzene with our "C beam, we 1rrad1ated toluene. This

mo]ecule, w1th a CH3 group attached, for example, at carbon 6, could

~break out a‘C-_CH3 from either the one- and two-carbon brldged intermediate
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I1lustration 10 .

MAJOR PRODUCTS5OF THE IRRADIATIONS OF BENZENE with enérgetic (5,000 eV) 14¢*
ions. The percentage f1gures show the frequency with which the 14C appeared
in- certain p051t1ons of th. product molecules. For example, for every 100

molecules of toluene ‘formed, 85 had 14C in the carbon- of the HEH (methy1)

- group. The other 15 had the 14C in one
ring. For cyc]oheptatr1ene 55 had a

of the positions of the six-carbon

14¢ in one of the -upper three carbons,

45 had the 14C in one of the 10wer‘ four carbons
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Illﬁstration 11,

- POSSIBLE INTERMEDIATES on the route to 14C- conta1n1ng benzene, and to other
T4C-1abeled products (hydrogen atoms attached to the carbons have been
omitted, and individual ca.>on atoms have been»designatéd.by a number).

The experimental evidence indicates that a 7-carbon intermediate, such as

the one on the left, is involved on the route to the 14C-containing benzene,

and that an 8-carbon intermediate (right) is not.
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to give the labeled benzene product. Indeed, we foqndﬁlabeled benzene,
~in additibn toi]abeled toluene, as a product of tﬁéiifradiation of toluene. -
~Next, we irfédiatéd a dimethyl benzene, a cbmpound}wifh CH3 groups attached -
to carbons 5 and 6 of the illustration. A two—carbon.bridged intermediate
should be able to "span" carbons 5 énd 6 and give'hs 1abe]ed benzéne |
product; a one-carbon bridged intermediate would ﬁ°t1b¢ able to do this.
The resu]t_was'that no labeled benzene product was-fqrmed, a]though-we‘did
find 1a5e1édAtoluene. These resul ts point to the‘onéécarbbn bridgéd,
7-carbon infermediate shown at the left of the i]Tdéﬁfation. This inter-
mediate is:probably formed whenever a solar-wind oficdsmic-ray carbon
- -atom encounters, at an appropriate energy, ggz arohatic’molecule. It is
an interme&iqte unsuspected before studiés'wefe uﬁdéhtéken With energetic
carbon. B  . |

Otherfhajdr products:that high-energy carbon'gi?éé bn reactioh with
benzene are'“}.s'h.own in the illustration . . 'Theﬁfiré‘t one, toluene (at
the upper 1eft), may come from the same 7-carbon, bridged intermediate
which, we beTieve,'also'1ead$ to Tabe]ed benzene. iIhé next, the 7-carbon
 rfng chloheptétfiene, appears to come from an'inséfijOn of the energetic
carbon between two carbons of the benzene ring. Thé;hhenylacetylene, as
we menfioned_above, appears to result from a processgbf the incoming
carbon's.strfppjng off one carbon atom and éontinuiﬁg dn as a two-carboh

fragmeht to react with yetvanother benzene_mo]ecu]é;‘:This is shown by
.the fact that when we reduce the energy of our 14Cﬂdéwn_toward5;2 eV the
yié]d of phenylacetylene decreases sharply. At thé‘]qwer energies the
14C does not haVe_enough velocity to stfip a carboﬁ d£bm from a benzene

bmolecu1e. Theréfore, fewer twofcarbonvfragments afeffdkmed, The biphenyl
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?‘product (ipﬁéf;1eft in the illustration) doubt]es$;fé§ﬁ1ts from avreaction
between the newly labeled, energy-rich C6H5 ring éﬁd $;nearby benzene to
form the resultant twelve-carbon compound, biphenyT;V:Similar1y, a newly
formed sevenéﬁérbon species could react with a neérby“benzene to form
one of the thirteen-carbon products, diphenylmethane or phenylcyclohepta-
triene. -»‘ _ , : |

The figurés in 'the: i]llustration . -. a]sotihc];)de radioac-tivity—
distributi¢n‘va1ues—-that is, the relative'numbers;of é given product:

molecule that have their 14

C in a given position.“(Thése values were
obtained by'Chemical degradation procedures, in wﬂith parts of a mole-
cule are broken out by systematic chemical procedures; the émount of
vradioactivity in each of these parts may then be measpred.) The greater

~ the energy the 4

C brings to an intermediate 7—cah56h §pecies; the
Agreater theichances of shifting hydrogen atoms abodt_iﬁ'that Species |

and the greater the chance of breaking different cérﬁdn-carbon bonds; the
result is more rearrangement of ]4C into different'pdgitions of the final-
_ product_mo]écu]es.' The radioactivity—distribution pé“¢entages shown were
obtained as a result of irradiating benzene at S,OOO_QV'energy; and we
’were engaged for some time in determining how thesé va}pes changed as we

14

continued to Tower thevenergy with which the accelerated " "C struck the

benzene. What we found was that radioactivity4disﬁfibdtions in product
 molecules did not change as we varied the incoming ]4C's energy from

5000 eV all the way down to 6 eV. The reason appears to be that,

_regardless of the energy with which the 1 C‘strikes the benzene, the

ultimate bohd-fbrmihg-reaction takes place at a kinetic energy of about .

5 eV or Tower. A higher veiocity 14

C loses energyfby fragmenting benzene
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molecules. From measurements on the yields of Qdﬁiaﬁs products we could
also see‘that:below 100 eV the incoming carbons had a diminished oppor-
tuni ty tQ combine with hydrogen atoms before combfnihg with benzene.

At 5 eV there is a sudden increase in the ahOUnt‘of radioactivity
appearing in the benzene (6-carbon) rings of someféffbur products. In
the case Qf’fo]dene, this amount jumped from 15% (See'i]]ustration Q::>.)
to about 40%;, The explanation for this effect apbeérs to be that at 5 eV
and lower ehe?gies_we are observing only "first COljiéion“ reactions,‘

14

that is, our "C has had no previous co]]iSions with benzene molecules

Wer
before forming an intermediate of the type shown .<i:é The 5 eV kinetic

]4C seems to be the maximumfénefgy that the 7-carbon

energy'brotht by the
intermediate can tolerate without breaking into frégménts. However, that
energy doés céu§e much rearranging of the radioacffyfty in the product
molecules. At lower energies, such as 2 eV, we ale have "first collision"
reactions,vat the rearranging is sharply reduced'(tbluene, formed at 2 eV, .
has on]y'6% éf its radioactivity in its ring). Ianégt, all the products
that we have checked havé shown maximum reatrangeﬁént' at 5 eV, and mini-
mum rearrangements at 2 eV. These observations reVeéT hechanisms that.
could have been uncovered only by high-energy sfudféél They give us a
glimpse of'thé quite unusual chemical procesées that may take place when
the évai]ab]e energies are high enough.

Although the major products of our benzéng\irhadfétiqns are estab-
lished, the red tracing of the illustration .CEL% ,fghows us many minor
products whose jdentitiés we do not know. We can Béfnear]y certain that

some of these minor products are of structures not known to contemporary

carbon chemistry--and it is conceivable that the mechanisms leading to
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some of these structures may have been 1mportant for the emergence of
life. For examp]e a high energy process may have been necessary for
the first appearance of a particular, 1nd1spen51b1e—for-]1fe molecule

on the prebiological Earth. Once made, that moieque may have been
able to replﬁcate itself by autocatalysis, the process by which the
presence of a part1cu]ar molecule greatly speeds: up the productlon of
1ike mo]ecu]es Our continued efforts w111 be toward estab11sh1ng the
1dent1t1t1es of our high energy products and mechan1sms, both for benzene
and for'other key organic targets. We are conf]dent that such research

will te]l us much about the. carbon chemlstry that goes on around us in

our energy r1ch universe.



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
" States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
. any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
Information, apparatus, product or process disclosed, or represents
" that its use would not infringe privately owned rights.




g

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720



