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Free Carbon Atom Chemistry

The elusive carbon atom, simplest of organic species,
can now be studied with new techniques.

Colin MacKay and Richard Wolfgang

It is a fascinating paradox that, although
the chemistry of carbon compounds has
been most extensively explored, the chem-
istry of the free carbon atom itself has
remained virtually unknown until very
recently. Now however, an outline of the
properties of atomic carbon is beginning
to emerge.

The free carbon atom is the last in a
series of simple species with increasing
electron deficiency and increasing chemi-
cal reactivity; this series can be formally
derived from methane, CH,, by successive
removal of hydrogen atoms. In methane,
of course, the carbon atom has a full
valence shell of eight electrons, and the
molecule is therefore quite inert. Methyl
radical, -CHj;, has only seven electrons,
and its two characteristic reactions with
hydrocarbon molecules may be thought
of as arising from the necessity for its
carbon atom to complete an electron
octet. These two reactions are (i) ab-
straction of a hydrogen atom, such as

.CH; + CH;CH; — CH, + CH;CH,. (1)

and (ii) addition to the double bond of an
unsaturated compound, such as

«CHj; 4+ CH,=CH; — CH;CH,CH,- (2)

The next species in the series, methyl-
ene, CH_, lacks two hydrogen atoms and
is therefore “two-electron deficient.” It
can exist in two electronic spin states: as
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the singlet, :CH,, in which the two non-
bonding electrons are paired; and as the
triplet, -CH,, in which they are unpaired.
The properties of methylene have been
intensively investigated. Methylene is con-
siderably more reactive than the methyl
radical, and in reactions with hydrocar-
bons its valence shell is completed in two
unusual ways (I): (i) by insertion into the
C—H bond, such as

:CH, + CH;CH; — CH;CH,CH;  (3)

and (ii) by attack at the double bond of
olefins which may lead either to ring for-
mation or to a new olefin as a result of
isomerization of the initially formed ex-
cited cyclic, such as

:CH; + CH;CH~=CH; — CH;CH—CH,*

/
CH;;
v
CH,CH—CH, CH;CH,CH=CH,
CH.
@a) (4b)

After methyne, CH, which is little
known, the free carbon atom lacking four
electrons should be at the apex of such a
pyramid of increasing reactivity. Before
discussing what has been learned about
the free carbon atom, we will discuss the
reasons for the long delay in the investiga-
tion of this fundamentally important
species and point out the developments
that have finally made some progress
possible.

Because it is necessary to remove four
valence electrons, production of a free

SCIENCE

carbon atom from a carbon compound
requires extremely high energy; for this
reason carbon atoms have never appeared
as products of conventional chemical pro-
cedures. While it would be possible to
produce free carbon atoms in an environ-
ment of very high temperature, such as
that of a plasma arc, study of their chem-
istry under such conditions would be diffi-
cult.

However, free carbon atoms can be
made by nuclear reactions such as

Nt 42— Cl 4 p ©®)
C2 4y >Cll4p ©)

where 7 is a neutron; p, a proton; and ~,
a high-energy photon. Under properly
controlled conditions, relatively few free
carbon atoms are produced. If these are
either of the radioactive isotopes C or
C!1, their reactions may be traced by
radiochemical methods. This has indeed
been done, and atomic carbon is the first
chemical species whose chemical proper-
ties have been investigated almost entirely
by nuclear techniques (Ja).

After the discovery of radiocarbon (2),
many investigators exposed solid and
liquid nitrogenous compounds to reactor
neutrons. Such experiments were often
aimed at the direct labeling of complex
organic compounds with the long-lived
C4 (5760 years) that was generated. No
clear picture of the chemistry of the car-
bon atom itself emerged from this work,
although a number of interesting sug-
gestions concerning the mechanism of
reaction were advanced (3).

In view of the seeming complexity of
carbon-atom chemistry revealed by this
early work, the reactions of C!* with a
number of simple inorganic and organic
gases were studied. Nitrogen was mixed
with these gases, and C!* was generated
by irradiation with neutrons. These ex-
periments were largely unsuccessful. Ow-
ing to its long half-life C!* can be pro-
duced in sufficient quantities for detection
only by long and intense irradiation. Un-
der these conditions radiation so damaged
and modified the products of the primary
reaction of the carbon atoms that they
could be identified only with great diffi-
culty or not at all (4, 5).
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Once this problem was recognized, the
solution was clear. Another radioactive
isotope of carbon, C!., has a half-life of
only 20.5 minutes. As a result the number
of carbon atoms providing sufficient ra-
dioactivity for detection is a factor of 108
less for C! than for C!4, Only 107 atoms
of C11, providing 10° to 10¢ disintegrations
per minute, are required for many types of
experiments; this quantity can be pro-
duced by a short, mild irradiation under
conditions in which the products of C
atom reaction can survive.

A half-life of 20.5 minutes puts some
severe requirements on the method of
analysis, since not more than about five
half-lives—100 minutes—are available. In
this short time a complex mixture of about
1017 moles of C!!-labeled organic mole-

_cules must be separated into its compo-

nents, which must be assayed and identi-
fied. This is made possible by the speed
and versatility of radio-gas-chromatogra-
phy. The mixture, carried by a stream of
helium, is separated on a suitable column,
and emerging products are directly as-
sayed by passage through a very efficient
proportional counter (6).

There is another remarkable aspect of
this general technique. The carbon atoms
are produced at very high initial kinetic
energy (310° ev) which is lost in succes-
sive collisions. The atoms may react
while still having some of this energy
(~10 ev), or after reaching ordinary
“thermal”” energies (102 to 10-! ev). Such
hot and thermal reactions can be distin-
guished by the use of inert gas moderators.
If a system is diluted with neon, the car-
bon atom is less likely to collide with and
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Fig. 1. (a) Diagram and (b) photograph of apparatus for producing free C* atoms with
Yale Heavy Ion Accelerator.
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react with a reagent molecule while it is
still hot. Thus thermal reactions are
favored, and it is possible to determine the
effect of excess kinetic energy on reaction
mechanisms.

Our survey only outlines the chemistry
of free carbon atoms in some simple or-
ganic and inorganic systems. More de-
tailed and technical reviews provide a
complete guide to the literature (7, 8).

Production of Carbon-11 Atoms

Several nuclear reactions can produce
high-energy C!!' atoms with minimum
complications due to accompanying radia-
tion. There are two distinct classes of
methods (7, 8). In the more common type
the C!1 atom is generated by a nuclear
reaction occurring within the sample. The
C2 (, n)C* process is an example (Eq. 6).
A glass vessel filled with a carbon-con-
taining compound is exposed to an intense
high-energy y-ray beam such as that pro-
vided by the Yale University electron
accelerator, which produces a beam whose
peak energy, 40 to 50 million ev, is con-
siderably above the threshold energy
(~20 million ev) for converting C!? to C!!
(Eq. 6). Operation at this high peak
energy has a considerable advantage: side
reactions induced by low-energy v-radia-
tion are minimized.

In the second method, C! is generated
outside the sample and introduced into
the sample as a beam. In this method a
pulsed beam of 120 million ev C!? ions
provided by the Yale University heavy-
ion accelerator is focused on a target
(Fig. 1) consisting of gold and platinum
foils which strip a neutron from some of
the C'2 ions converting them into C1!, The
newly formed C! retains most of the
velocity of the incident C!2, but is scat-
tered away from the axis of the main
beam. A part of the scattered C!! can
enter the sample vessel (Fig. 1) and react
there. The main undeflected beam of C!2
ions does not reach the sample vessel but
is intercepted by a Faraday cup. Monitor-
ing the resulting current due to C!2 pro-
vides a measure of the amount of C1!
delivered to the sample (9).

Analytical Techniques

Since only from 10 to 108 molecules of
any given product are produced, none of
the standard techniques of product identi-
fication, such as mass spectrometry, infra-
red spectroscopy, and nuclear magnetic
resonance, are sensitive enough te be
useful. Fortunately radio-gas-chroma-
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Table 1. Acetylene yields from various hydro-
carbons expressed as percentages of total volatile
products.

Hydrocarbon Yield Ref.
Methane 30.0 14
Ethane 32.7 14
Ethylene 38.5 24
Ethylene oxide 40.0 30
Propane 29.5 14
Propylene 31.0 14
Cyclopropane 65.5 14
iso-Butane 32.6 30
n-Butane 24.1 33
2,2-Dimethylbutane 32.3 27
Cyclopentadiene 23.0 22
Cyclohexane 14.0 27
Benzene 5.6 27

tography provides a convenient means not
only for separation but also for identifica-
tion and assay even in this range; typical
data are shown in Fig. 2.

So powerful is this method that it has
recently become possible to separate
quickly deuterium-labeled molecules, such
as H,C=CUHD, from their fully pro-
tonated counterparts. This permits tracing
not only the C!, but using deuterium as a
second tracer to reveal the origin of the
hydrogen atoms in product molecules.
Study of the interaction of C! with par-
tially deuterated systems (such as CH;CD3)
can thus provide a severe test of many
proposed reaction mechanisms (10, 11).

Ability to separate and swiftly recover
a given product also permits the determi-
nation by chemical degradation of the
position of a C!* atom in a product mole-
cule. Such degradations must be accom-
plished in only 100 minutes, and so spe-
cial procedures are required. As an ex-
ample, the allene resulting from the
reaction of C atoms with ethylene has
been degraded by the procedure outlined
in Fig. 3 (12, 13).

Advantages of the Nuclear Technique

At present the nuclear technique is the
method of choice for the study of free-
carbon atom chemistry under controlled
conditions because of its several unique
advantages. First of these is that it is
self-tracing. We can determine not only
what kinds of molecules the C'' forms
but also the position in those molecules
in which it becomes located. Second,
the C atom is introduced as a very-high
energy species, and the effect of excess
kinetic energy on the modes of reaction
of the C atom may therefore be studied.

Third, the technique is extremely sensi-
tive. The very low concentration of C
atoms makes certain that they will react
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. with a chosen molecule rather than with
each other; thus the intervention of poly-
meric species such as C}' and Cy' is ruled
out. Moreover, even reactive products
resulting from C-atom attack on the cho-
sen molecules cannot react with each
other, and this further simplifies interpre-
tation of experiments.

Fourth, the atom can usually be gener-
ated in situ. This eliminates complications
which would arise if a separate source
molecule were required; such generation
also affords easy study of a range of ex-
perimental conditions, including solid and
liquid phases.

There is much to be said for working
with a material that has a 20.5-minute
half-life. One important experimental re-
sult of this work has been to show that,
if a graduate student really tries, he can
accomplish almost anything in four to
five half-lives of C!, about 100 minutes.

Conversion of Carbon-11 Ions to
Energetic Atoms

Nuclear reactions cannot produce C!
atoms directly. In the more common type
of nuclear reaction, represented by the C!2
(v, ®C1 process, a particle is emitted from
a C*? nucleus. The recoil from this emis-
ston provides the C!* with a kinetic energy
of the order of 1 million ev. Two impor-
tant questions then arise. (i) At these ener-
gies the C!! is certainly a positive ion.
What is the probability that it will reach
the energy range (<100 ev) where it can
react and combine as an atom rather than
as an ion? (ii) When the C!! first enters

this “chemical’” energy range it has a
kinetic energy about 1000 times that of a
thermal reactant, that is, it is a ‘“hot”
atom. What influence does this kinetic
energy have on the types of chemical re-
actions which the C atom can undergo?

The general subject of the equilibrium
charge state of particles being slowed from
100,000 to a few thousand electron volts
has been investigated extensively. Results
of this work are summarized adequately
in a simple mathematical relation, the
“resonance rule.” This rule has been ap-
plied to recoil C!1 (8, 13) and predicts that
below 100 ev the carbon will be neutral
and in a “low-lying” electronic state. The
ground-state species C(3P), with two un-
paired electrons (“triplet’”), should be
most common, but C(*D) and C('S), with
no unpairéd electrons (“singlet’”), may
also be present. Since, in chemical reac-
tions involving light atoms only, spin is
usually conserved (that is, triplets react to
give triplet products and singlets give
singlet products), the triplet and singlet
atoms should have somewhat different
properties. This must be kept in mind in
postulating reaction mechanisms.

The influence of large amounts of ki-
netic energy on C atom reactions, the
“hot atom™ chemistry of carbon, will be
taken up later. We shall partly anticipate
this discussion by saying that, in general,
C atoms at thermal energies react to
form the same primary intermediates as
do hot C atoms. Since hot and thermal
reactions are so similar, the following
remarks are based largely on “unmod-
erated” systems in which both “hot” and
““thermal” reactions can occur.

)
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Fig. 2. Radio-gas chromatograph of products resulting from reaction of C™ atoms

with ethylene.
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Reactions of C Atoms with Hydrocarbons

In stable carbon-containing molecules
the C atom shares in eight electrons. Since
the free carbon atom is a four-electron
species it is, in a sense, extremely electron
deficient; as a result it will tend to enter
rapidly into forms of chemical combina-
tion in which it shares more than four
electrons. With hydrocarbons three such
types of reaction have been observed.

(i) Insertion into the C—H bond, as

.Ct1 4 CH;—CHy—H —
CHy—CH,—CU—H  (7)

(ii) Attack at the =-bond of unsaturates, as
.C"" + H,C=CH, —»  H;C——CH,

AN (®)
. (.;11

(iii) A reaction whose net result is ab-
straction of an H atom, as

.1 4+ CH,y —CH, —

CH3—CH,- -+ '(.3“H (€))

tification of the major products formed in
C atom reactions with saturated hydro-
carbons (Eq. 7) provided the basis for the
original proposal that the C atom could
insert efficiently into the C—H bond (5,
14). For example, with ethane such a re-
action leads to an excited carbene,

CH;—CHy—C"H (Fig. 4). From the reso-
nance rule one can predict that the major
reacting species is a triplet atom [C(3P)].

In accord with the spin-conservation prin-
ciple then, triplet carbenes with two un-
paired electrons should be formed. De-
composition of such an excited triplet
carbene provides a means of reaching a
more stable configuration while con-
serving spin. For a singlet carbene, formed
by insertion of a singlet [C(*D)] atom, de-
composition should also be an important
process because of the high excitation
energy derived from the bonding of the
carbon atom plus any kinetic energy it has
brought to the reaction. The most com-
monly observed mode of decomposition
is to acetylene (Fig. 4 and Table 1). In-
deed, the original postulate of C-atom in-
sertion into the C—H bond received its
strongest support from the observation of
a particularly high yield of acetylene from
cyclopropane (/4). The adduct formed by
insertion into the C-—H bond of cyclo-
propane has open to it a particularly
favorable mode of decomposition, that to
acetylene and ethylene.

H
/
Cll
NIV -
H H
Ry
N
H H

HC=C!''H + H,C~=CH, (10)

(The 108 molecules of ethylene formed in
this process are unlabeled, and therefore
cannot be detected.)

By means of the double-labeling tech-
nique described it has recently been pos-
sible to provide more direct evidence for
the proposed mechanism of acetylene pro-

Table 2. Products of carbon atom reactions with hydrocarbons. The yields are given as percentages

of total activities.

System
o "
Product o Ci]_ﬁ‘ o _ CoH.f -
Gas, 1 atm, Liquid, Gas, 1 atm, Liquid,
25°C —166°C 25°C ~130°C

Carbon monoxide 0.8 +0.1 0.5

Methane 214001 3.74001 } 1.2:£0.2 0.50.1
Ethanc 1.140.1 0.940.1 <0.2 <0.1
Ethylene 23.74+0.2 15.7 0.1 1.140.3 1.740.5
Acetylene 31.241.8 17.4 0.5 38.54+3.0 17.54£2.0
Propane 12.6 0.6 11.540.3 <0.1 <0.7
Propylenc 4.7340.6 13.340.1 2.940.5 4.0+£0.5
Cyclopropane 3.240.5 2.240.5
Allene 2.040.1 16.5 4 2.0 1.5 +1.5
Methylacetylene 4.540.5 404£1.0
Butene-1 <0.5 2.040.8
1,3-Butadiene <0.5 2.44£0.8
1,2-Butadiene <0.5 1.440.3
Ethylacetylene 0.84+0.4 1.6 0.4
Vinylacetylene 10.0+1.0 2.54+0.4
Pentene-1 1.040.3 10.0 £ 2.0
1,2-Pentadienc 3.341.2 4.430.5
1,4-Pentadiene <0.5 3.34+0.4
Pentyne-1 6.64-1.0 6.541.5
Vinylcyclopropane <0.5 1.440.2
Spiropentane <0.5 <0.5

* Data from (I6). Data from (17, 24).
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duction. Studies of deuterium-labeled
acetylene, formed both in a mixture of
C.Dy and C,H; and in CD;CHj;, have
shown that the acetylene is formed largely
as C;D, and C,H, as required by the
proposed insertion mechanism (/1) (Fig.
4). Similar results are found with a mix-
ture of C.D, and C,H, and with CD,CH.,.

The carbene formed by the insertion of
a C atom into the C—H bond of ethane,
CH;—CH,—C!"H (Fig. 4), has the same
stoichiometric composition as propylene,
and so it is not surprising that propylene
is one of the products formed from ethane
(Table 2). The relatively low yield of this
product is due to the fact that the initially
formed CH;—CH,—CYH is highly ex-
cited and therefore prone to decomposi-
tion. Evidence that even propylene forma-
tion entails decomposition rather than a
direct unimolecular rearrangement comes
from double-tracer experiments. In a
mixture of CyDs and C,H,, propylene is
produced as C1C,H;D and C1*C,D;H, as
well as in the forms C!'C,D; and CHC,Hj;
this indicates that the carbene, CH;—
CH,—C*'H, rearranges to propylene by a
mechanism whose net result is the elimi-
nation of a hydrogen atom at the No. 2
carbon and an addition of a different H
atom at the No. 1 carbon (10).

That propylene is largely formed from
ethane by insertion into the C—H rather
than into the C—C bond has been verified
by degradation. In the gas phase more
than 95 percent of the propylene is
labeled at the No. 1 carbon, giving
CH,—CH==C1H,, the species resulting
from C—H insertion (75).

Further important evidence bearing on
the validity of the C—H insertion mecha-
nism comes from studies of reactions of
the C atom with liquid ethane (16). De-
composition of the excited carbene,
CH;—CH,—C"'H, to acetylene competes
with stabilization as propylene.

CH=C"H + CH; + H
CH;—CH,—CUH 7

THN\TH
CH;—CH=C!H,
an

Therefore in liquid ethane, where molecu-
lar collisions can remove the energy re-
quired for decomposition of the CH;—
CH,—CYH adduct to acetylene more
quickly, a higher yield of propylene is
found (Table 2) (/6). Such removal of
energy from a C atom adduct after its
formation, for which the term “de-excita-
tion” is used, must be distinguished care-
fully from the removal of energy from a
C atom before reaction, for which the
term “moderation” is used.

A further possible decomposition mode
of the carbene formed by C-atom inser-
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tion into ethane is to the vinyl radical,
CH.CUH, If this then abstracts an H
atom, labeled ethylene results. Table 2
shows that CHyC''H; is a major product
in the reaction with ethane, and double
labeling experiments show that this is a
possible mechanism for its formation (10).

Similarly most of the experimental evi-
dence on the reactions of C atoms with
saturated hydrocarbons can be interpreted
consistently only in terms of the C—H-
bond insertion mechanism.

Insertion into the C==C =-bond: Other
differences between unsaturated and satu-
rated compounds. The reactions of C
atoms with unsaturated hydrocarbons dif-
fer from those with saturated hydrocar-
bons in several important respects. First
of all, unsaturated hydrocarbons seem to
be somewhat more reactive. Second, yields
of products corresponding to the compo-
sition of the original C atom plus the
original molecule are markedly higher in
unsaturates than in saturates. For exam-
ple, in the gas phase the yield of propylene
(CsH;) from ethane (C.Hy) is 4.7 percent,
whereas the summed yields of allene, CH -
CCH,, and methyl acetylene, CH;CCH,
from ethylene is 21 percent (Table 2). As
an explanation of these differences, C-
atom attack at the double bond was
postulated (5, /7) (Fig. 5). Such an attack
(Eq. 8) by a singlet C atom would lead to
a singlet cyclopropylidene which can col-
lapse rapidly to allene (18). (Allene will
also be formed by C-insertion into C-H.)
Similar bridged intermediates are postu-
lated in the reactions of the electronically
analogous species :CH, (/), CH—CHs—
O—CO—N: (J19), :NH (20), and in
oxygen atom chemistry (27).

Insertion at the double bond should
lead to ring enlargement with cyclic com-
pounds; this has been tested through the
reaction with cyclopentadiene, CsHs. A
15-percent yield of benzene, CsHy, is ob-
served (22). The contrast between this
result and the failure to find C; cyclic
hydrocarbons in the reaction with cyclo-
butane which bhas no double bonds is
striking (5). Thus not only is the C=C-
insertion mechanism supported, but also
the conclusion that C—C insertion is
relatively unimportant is reinforced.

The postulated mechanisms for allene
production have been put to two crit-
ical tests. (i) They require that allene
arise chiefly from reaction of a single
carbon atom with a single ethylene mole-
cule. Thus, allene produced from an equal
mixture of C,D4 and C,H, should be, for
the most part, in the forms C;D, and
C;H,; and indeed these species do account
for 90 percent of the allene yield (Z0).
(ii) If the C=C insertion predominates
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there should be a corresponding yield of
allene labeled at the No. 2 carbon. Label-
ing at the No. 1 carbon is expected as a
result of C—H-bond insertion. The
scheme for fast allene degradation (Fig. 3)
showed that 64 percent of the allene
formed from ethylene gas was labeled at
carbon No. 2, H,CC"CH,. The contrast
with the almost exclusive end labeling
found in propylene formed from ethane
is striking, and it is consistent with the
thesis that the double bond is a more reac-
tive site for C-atom attack than is the
C—H bond (224).

Whereas allene is a characteristic prod-

uct of C-atom reaction with ethylene,
Table 2 shows that there are also large
yields of various unsaturated C; com-
pounds, most of which seem to arise from
the same initial C'-—C,H, adducts that
also yield acetylene (Fig. 6). If these ad-
ducts do not have the internal excitation
energy or the necessary time to decom-
pose to acetylene, they undergo other
reactions involving addition of another
ethylene molecule to give a C; product.
Fragmentation to acetylene is a high-
energy process, and should be favored in
“hot” reactions. Moderation by neon
should therefore reduce the acetylene

IRRADIATION of

Cp Hgy
TIME
SCALE
C,Hs REAGENT
+C" LABELED
20 TRACE PRODUCTS
MIN, i
SEPARATION
BY V.P.C.
1
CH,= c''= CH,
1" = »~
a5 C'H,=C = CH,
MIN, I
H*H,0
CATALYST

ALIQUOT (c''+c!4)
14 ADD AS REMOVE
C HS*S“CHs—*——TI—m—E—R— FOR YIELD
as ¥ DETERMINATION
MIN,
ADD Na O
55 SEPARATE
5 'PRODUCTS
PURIFY
€0 PURIFY
MIN. CHI, I
CH,~C-OH
]
o
0 CHI3(#1C); CHy=C~OH (#1+2C); CH;~ C~CH, (#142+3C)
MIN. Q (o]
210
i COUNT ¢!
14
RS COUNT c™

Fig. 3. Degradation of C'"-allene (CH.=C=CH,) to determine intramolecular dis-

tribution of C" atoms. After

conversion of C'"-allene to C'-acetone a measured

quantity of C" labeled acetone is added so that chemical yields in subsequent steps
may be easily determined. A measured portion of this C*-C" mixture is removed
and counted before proceeding. The number 1 carbon of allene shows up in iodo-
form; the number 1 and 2 carbons in acetic acid, and the unconverted acetone
contains the number 1, 2, and 3 carbon atoms.
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«C'+H,C-CD

,H,C-CD,-C'D~CD=C"D+CH;+* D-
*D,C-CH;C"H—~CH=C"H+CD; + H-

Fig. 4. Mechanism of acetylene formation in reaction of free C™ atoms with typical

hydrocarbon (CH.CDs).

:C"+H,C=CH,— H,C-~ 5:H2—- H,C=C"=CH,

\

Fig. 5. Mechanism of allene formation by attack of C* on the =<bond of ethylene.

yield as has been observed (Fig. 7). With
hot atoms in condensed phase where
energy is more efficiently removed from
the primary C;H, adduct, acetylene yields
should be lower than in the gas phase.
Thus both moderation and reaction in the
condensed phase independently reduce
the acetylene yield. It might then be ex-
pected that with moderated atoms in con-
densed phase the acetylene yield should be
further reduced in importance, the amount
of such reduction depending on the effi-
ciency with which energy is removed from
the C—C;H, adduct. This expectation has
recently been confirmed in experiments
with solid xenon-ethylene mixtures (23).

These results are also consistent with
the prediction that both singlet and triplet
carbon atoms can take part in such reac-
tions. We may properly ask why, if the
initial C'—C,H, adduct does not have the
energy to decompose to acetylene, it does
not rearrange to a stable singlet molecule

such as allene. One answer js that the
required transition of a triplet C;H, to a
singlet CsH, is of a type usually considered
to be “forbidden.” However, such adducts
may undergo other reactions such as a
typical free-radical addition to ethylene,
which can eventually lead to various Cs
products. The fact that the allene yield
shows a pattern of behavior different
from that for the C; compounds both on
moderation (Fig. 7) and on phase change
(Table 2) indicates that it ‘may arise from
a different precursor. As we have seen, it
is formed by a simple, rapid reaction with
a single ethylene molecule. Such a reac-
tion to give singlet allene is “permitted”
ounly if the carbon atom is in the singlet
state. Figures 6 and 8 summarize the cur~
rent hypotheses concerning the reaction
of singlet and triplet carbon atoms with
ethylene.

All but two of the products formed
from ethylene can be accounted for simply

LOSS OF CH2
HC=CH
LOSS OF CHZ,H o+ C2 H4
C2 RADICALS "~——-———>H2C=CH—CECH
TRIPLET
C,H, | C. H.* * CoH, }n_C3H?—CECH
3 g 33 o tH C,Hg~CH=C=CH,
ADDUCTS
+C, H
R ~ (C, PRODUCTS)
+H 4 CH, r1~C3l-i?—CH*—‘(3H2
CS H5O +H }

CH,=CH-CH,~HC=CH,

Fig. 6. Further reaction of triplet adducts formed by insertion of C(P) into C-H
or C=C bonds of ethylene. Fragmentation reactions (top two pathways) are favored
with hot atoms and in the gas phase. Addition reactions (bottom two pathways) are
favored with thermalized atoms and in the condensed phase. Parentheses indicate

minor pathways for associated products.
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by the two basic mechanisms already dis-
cussed (I3, 24). The exceptions are
propylene and cyclopropane. We now
turn to examination of the source of
these and related products found in
reactions with saturated hydrocarbons.
Hydrogen-atom abstraction by the C
atom. One of the earliest suggestions con-
cerning mechanisms involved in C atom
chemistry was based on the assumption
that the C atom successively abstracted
hydrogen (Eq. 9), with the resultant for-
mation of the CH, CH,, and CHj, radicals,
and the CH, molecule (3). Yields of CH,

~ from hydrocarbons are usually quite low

(7, 8); CH; has been identified by its reac-
tion with molecular iodine to form CH,l,
and this product accounts for only a small
percentage of the reacting species (25).
Of the other two species, there is con-
siderable evidence regarding the role of
CH,, but little is known of CH.

Evidence that CH; plays an important
role in these systems comes from early
studies with C'*, Not only were the prod-
ucts characteristic of CH, insertion into
the C—H bonds of liquid alkanes such as
C¢Hy, from CsH,; identified, but also they
were found to be in the characteristic
statistical ratio (3). Later work with C1t
in liquid propane supported this finding
(16).

Work in the gas phase also supports
CH; as a product of carbon atom reaction
in hydrocarbons (5, 16). With ethylene,
for instance, cyclopropane and propylene
are produced. As mentioned, these prod-
ucts cannot be formed by direct insertion
of a C atom; indeed the ratio of their
yields is the same as that found in studies
of the reactions of CH, with ethylene
(17, 24). Similarly the propane formed
from reaction with ethane (Table 2) prob-
ably arises from insertion of a CH, inter-
mediate into an ethane molecule.

Although some studies of the reactions
of CH have been made (26), its properties
are still largely unknown and its yield is
therefore difficult to assess. In principle
it could react to form many of the ob-
served products, but the evidence indi-
cates that most of these are formed by
direct C atom insertion reactions (3, 7, 17,
24, 27). However, CH (methyne) has been
suggested specifically as an alternate
source of the ethylene found as a product
in alkane systems (28).

:CH'H 4 R—CH; — R—CHs—ClUH, —

R+ + CH:~=C"H, (12)

Thus carbon atoms can abstract hydro-
gen atoms, but the actual mechanism by
which they do so is not known. An H
atom could be transferred directly during
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a collision of the carbon atom with a
hydrocarbon molecule. Alternatively, the
initial mechanism could be insertion of the
C atom into a C—H or C==C bond, fol-
lowed by decomposition of the adduct to
give CH or CH.,.

Inorganic Oxides and Nitrogen

The “end-on” atiack mechanism. As we
have seen, reaction with the =-bonds of
organic compounds appears to proceed by
a “sideways” attack of the carbon atom
as the first step, followed by its insertion
into the double bond. With simple =-
bonded inorganic molecules the possibility
of a new mode of attack must be con-
sidered. In contrast with unsaturated
organic molecules the inorganic molecules
have electron pairs which are not already
used in binding and which are often local-
ized on terminal atoms. A simple repre-
sentation of this situation is provided by

.

the Lewis structure for CQO,, :0=C=0:.
Such molecules can provide electrons in
two places, at the =-bond or at the ter-
minal atom. One mode of attack is similar
to the aforementioned ‘“‘sideways” attack
on the »-bond of ethylene (Eq. 8), and the
other can be described as “‘end-on’” attack.

As a first approximation, if only dona-
tion of a terminal electron pair to the C
atom by the O atom of an oxide is con-
sidered, “end-on” attack seems the less
likely because it entails an unfavorable
transfer of electron density from an ele-
ment of higher electronegativity, oxygen,
to one of lower electronegativity, carbon.
This viewpoint is oversimplified, as more
detailed examination of the particular
atomic and molecular orbitals involved
reveals. As an example, consider the reac-
tion of a C(*P) atom with the O, molecule
to form a C—0—O adduct. Figure 9
shows conventional diagrams of the p
atomic orbitals of carbon, and of the anti-
bonding molecular orbitals of oxygen.
The unoccupied 2p. orbital of carbon is
in a very favorable position to interact
with the «(2s)* orbital of oxygen, which
holds a pair of electrons. In such an inter-
action there is a partial transfer of elec-
trons in the unfavorable direction from
oxygen to carbon. However, this can be
compensated for by a transfer of electron
density in the reverse direction, from car-
bon to oxygen, through interaction of the
singly occupied 2p, and 2p. orbitals of the
carbon atom with the singly occupied =,*
and =,* orbitals of oxygen. Such a “syn-
ergic effect”” has been invoked to explain
the stability of the carbonyl compounds
of the transition metals (29). In the exam-
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Fig. 7. Effect of neon acting as moderator on products formed by reaction of C
with ethylene (yields based on total amount of C" available).

ple considered, it leads to formation of a
chemical bond analogous to the C--O
bond in carbon monoxide, one of the
strongest of chemical bonds. In view of
these considerations, it would not be sur-
prising if “end-on” attack were the pri-
mary mode of reaction of the C atoms
with simple inorganic molecules.

The very simplicity of the inorganic
molecules studied makes it difficult to de-
termine experimentally the relative im-
portance of “‘sideways” and ‘“end-on”
attack. However, two results indicate
dominance of the “end-on” attack. (i) The
mechanism of “end-on” attack requires
that CO be the only product of the reac-
tion of C with O, under all experimental
conditions. In contrast, by analogy to the
ethylene reaction, ‘“sideways™ attack at
the =-bond could lead to CO, if the high

STABILIZATION

excitation energy of the C—O, adduct
were removed quickly, as indeed it might
be in the liquid phase.

C 4+ 0=0 — O—0* - 0=C=0%* —
NS

C
O0=C=0 (13)
Thus the finding that CO is essentially the
sole product of the reaction of C atoms
with liquid O; is significant. (ii) “End-on”
attack on the O atom in ethylene oxide
should lead to a high yield of CO.
H2C~ CHg + C— Hzc CHZ —>
/
© 7
C
CO + H,C==CH, (14

In fact CO does account for 55 percent of
the volatile yield (30). There is also a

SINGLET
C, H,
ADDUCTS

DECOMPOSITION

H,C=C=CH,
" fH,C-C=CH

(HCczcH)
‘} RADICALS
+C, H,
{C, and C, PRODUCTS)

Fig. 8. Further reaction of singlet adducts formed by insertion of C(*D) into C-H

or C=C bonds of ethylene.
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40-percent yield of acetylene from the
C—H bond insertion (Table 1).

The results of other experiments also
are consistent with “end-on” attack (9).
Thus all inorganic oxides studied have
terminal O atoms, and CO is always a
major product. Furthermore, with Ny,
NO, and N,O, all of which have terminal
N atoms, the CN radical is formed in
good yield as follows:

' N, » CUN + N (15)

The efficient production of such sec-
ondary species illustrates another possi-
bility inherent in the nuclear technique of
atom production. It makes possible an
investigation of their properties—often
poorly understood—under conditions
where both primary and secondary
radical-radical reactions are minimized.

Significance of these results for the na-
tural radiocarbon cycle. The not unex-
pected finding that C'* atoms react with
O, to form C"O and with N, to form
CUN draws attention to a previously un-
considered but significant question. Natu-
ral C'* formed by nuclear reaction in the
upper atmosphere should react with O
and N, to form the same two products.
These products must then be converted
into CM0,, the form in which C' is
thought to enter the biosphere and the
radiocarbon dating cycle. We shall now
consider the pathways by which this hap-
pens and the time scale for these reactions.

The oxidation of CN to C!O or C*O,
seems to be rapid (31). This is consistent
with the finding that at atmospheric pres-
sure interaction of C! with air yields
88 percent of C!O and 12 percent of
C1'Q, (31). Therefore C*O would seem to
be the first persistent chemical form in
which a major fraction of the C'* result-
ing from nuclear reaction in the upper
atmosphere is combined. Since there is no
known pathway for the rapid chemical
conversion of C10O to CMO; or to some
other form in which it might enter the
biosphere, the mean residence time of
C"0O in the atmosphere may be long.
Measurements of the specific activity of
natural carbon monoxide (the ratio
C10Q: C20) might reveal this. Although
such measurements have been made they
are not definitive (32). Therefore this part
of the natural radiocarbon cycle is still
quite unclear.

Effect of Kinetic Energy on
Carbon Atom Reactions

Carbon atoms formed by nuclear trans-
formation are “hot,” that is they have
kinetic energy far in excess of that of
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Fig. 9. Orbitals taking part in reaction of
C atoms with O..

atoms at thermal equilibrium with their
environment. Indeed, at present the prin-
cipal technique for studying the reactions
of “hot” atoms involves producing them
by a nuclear reaction. As initially formed,
these atoms are usually too energetic to
enter into chemical combination. After a
large number of collisions, energies coni-
parable to those of chemical bonds (2 to
10 ev) will be reached. Combination may
then occur. If it does not, further collisions
will reduce the energy of the atoms until
they are in the thermal-energy range. Any
reaction at this stage is termed “thermal”
rather than “hot.” In a system consisting
only of nucleogenic C atoms and a re-
agent, both hot and thermal reactions
occur. The best way of distinguishing
these reactions is to dilute the system
with a noble-gas moderator. For example,
dilution with neon reduces the number of
high energy collisions with the reagent
and therefore the fraction of atoms re-
acting while hot. When the moderator is
present in large excess, almost all the
carbon atoms are reduced to and react in
the thermal-energy range.

As a simple example, consider the re-
action

C(GP) + Ny — CN(*Z) + N('S)

This reaction is endothermic, by 50 kilo-
calories, and therefore can occur only with
hot atoms. Thus it is not surprising that,
as the N, reagent is diluted with neon, the
yield of cyanide tends to disappear. Since
the thermalized carbon atoms cannot re-
act with N, to form cyanide they are
found as CO, presumably due to reactions
involving oxygen impurities.

However, the reaction of carbon atoms
with nitrogen is atypical. The more com-
mon situation is illustrated in Fig. 7,
which shows the effect of neon modera-
tion on the yields of the products of the
reaction of carbon atoms with ethylene.
The yield of vinylacetylene, CHy=CH—

C=CH, tends to vanish at high modera-
tion, as expected for a product resulting
exclusively from hot reaction. In contrast,
although the yield of acetylene also de-
creases sharply, it is still significant at the
highest moderations studied. Thus it ap-
pears to be a preferred product of a hot
reaction, but can also result from reaction
of a thermal carbon atom in the gas phase.
The reasons for this and for the comple-
mentary rise in Cs products with modera-
tion have already been considered in
connection with the discussion of mecha-
nisms.

A situation similar to that described for
ethylene also exists for ethane in that
most products can be formed in both
thermal and hot reactions. Thus in the
gas phase the reaction properties of hot
and thermal carbon atoms are qualita-
tively similar, though there can be con-
siderable quantitative differences. This
situation results from two related factors:
(i) many reactions of thermal carbon
atoms are highly exothermic; (ii) the
intrinsic reactivity of the thermal carbon
atom appears to be so high that its
threshold or activation energy for many
processes is close to zero.

Atomic carbon thus differs sharply
from the only other species whose hot and
thermal reactions have been investigated
extensively, atomic hydrogen in the form
of tritium produced by the He’(n, p)T
nuclear reaction. The characteristic reac-
tions of hot hydrogen with hydrocarbons
are: H-atom substitution, CH, + T —
CH,T - H; substitution of other atoms
and groups, CH;X 4+ T — CH;T + X;
H atom abstraction, CH, + T — CH; +
HT (8). Of these only the abstraction
reaction also occurs with thermal atoms.
The reasons for these differences between
C and H atoms are clear. Hydrogen, lack-
ing only one electron to complete its
valence shell, has less intrinsic chemical
potential and reactivity than carbon,
which lacks four. Hence addition of
kinetic energy to the hydrogen atom re-
sults in entirely new modes of reaction.

The effects of moderation on the proba-
bility of reaction of hot hydrogen have
been treated successfully by a simple
kinetic theory of hot reactions (8). How-
ever, application of this formalism to hot
C atom reactions is difficult. In the case of
hot H atoms, the only important effect
of the moderator is the removal of trans-
lational energy from the atom, but with
atomic carbon other effects must be con-
sidered. Atomic carbon, unlike atomic hy-
drogen, is an insertion reagent, and so
usually reacts in two steps. The first is the
formation of a highly excited adduct, and
the second involves possible decomposi-
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tion of this adduct. Thus the efficiency
with which the moderator can remove
excitation energy from this adduct influ-
ences the modes of its decomposition, and
therefore the products that result. A third
possible effect of the moderator is the
alteration of the ratio of singlet to triplet
atoms available for reaction. Since the
relative importance of these three effects
is unknown, quantitative treatment of the
C-atom moderator experiments is diffi-
cult. Nevertheless such experiments are
useful in revealing the important generali-
zation that the primary intermediates
formed in the reactions of thermal and
hot carbon atoms are similar, and in pro-
viding tests for the individual mechanisms
postulated.

Conclusion

The studies of the chemistry of free car-
bon atoms described here represent only
a start toward understanding the proper-
ties of this intriguing species. Although
many important aspects of its chemistry,
such as the influence of its electronic-spin
state, are still poorly understood, some
generalizations may be made.

Atomic carbon lacks four of the elec-
trons making up the normal valence shell
and may be regarded as the most electron-
deficient of the simple neutral species yet
studied. Its intrinsic chemical potential is
therefore so high that it is best produced
by nuclear reaction. As a result of this
high intrinsic chemical potential, not even
addition of further energy in the form of
translational motion seems to change its
properties in any marked way.

The products formed by carbon-atom
reactions with hydrocarbons, though nu-
merous, can be explained for the most
part in terms of three simple fundamental
mechanisms; insertion into C—H bonds,
insertion into C==C bonds, and abstrac-
tion of hydrogen atoms. These properties
of the free carbon atom can be understood
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as an extrapolation of the properties of
species deficient in two electrons, such as
sCH.: (methylene), :N—R (nitrenes), O
(atomic oxygen), and others. The carbon
atom differs from these species in being
more reactive, and in showing less dis-
crimination for attack at bonds as differ-
ent as C—H and C==C. It has in common
with them the property of not readily
reacting at C—C bonds.

Inorganic =-bonded molecules present
two potential reaction sites at which elec-
trons can be easily shared with the C
atom: the =-bond and the terminal bond.
Here, attack at the terminal atoms seems
to predominate, with the resulting transi-
tion state in some ways resembling the
compounds formed by the transition
metals with CO and other =-bonded
molecules.
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