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is due to the difference in crystallite size only, then one could possibly
calculate “‘crystallite boundary® tension, energy and entropy of graph-
ite provided that certain essential information is also available, Fur-
ther data necessary would be the difference in surface area of the crys-
tallites in the two samples and the difference in the heats of combus-
tion.!4 If the surface area measurements on the CS grade graphite and
the average heats of combustion between Ceylon natural graphite
and the CS material reported by Bupp and associates!s are used, the
crystallite boundary entropy of graphite is roughly 4.8 ergs cm. ~2deg. !
g-atom.~l. The value of heat content for the crystallite surface is 1950
ergs cm. "2, while the crystallite boundary tension is 530 ergs cm.~2.
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A model catalyst was constructed for the catalytic decomposition of hydrogen peroxide.

The detailed mechanism of this

new type of catalase-like action was studied with respect to ligand specificity, metal ion specificity, inhibition and activation

by other ions and the isotope-effect.
were briefly discussed.

The elucidation of the detailed mechanisms of en-
zyme action is a problem of common interest to
physico- and bio-scientists. At the present time
the major difficulty of this problem seems to be due
to our lack of knowledge on the detailed structure of
enzyme molecules. While the complexity of the
detailed structures of these molecules shows little
promise of their complete elucidation in the near
future, this important problem of enzyme action
may meanwhile be approached from a new angle,
i.e., by constructing and studying small model
molecules with enzyme-like activity. This paper
presents some first results obtained in a research
project planned in this direction. The general
method of approach in this project may be sum-
marized as follows. Firstly, with the help of our
knowledge on the structure of the substrate mole-
cule, properties of the corresponding enzyme and
the nature of the chemical bond, small model mole-
cules with possible enzyme-like activity are de-
signed, synthesized and tested for their catalytic
activity. Secondly, detailed kinetic and structural
studies will be carried out on those synthetic mole-
cules with outstanding catalytic activity. Finally,
attempts will be made to improve the catalytic ac-
tivity of these model molecules by modifying their
structure and by incorporating them, if necessary,
into the structure of macromolecules. It is the
hope of the present writer that the results ob-
tained in this direction could accelerate our present
pace of progress toward the understanding of en-
zyme action.

The decomposition of hydrogen peroxide is cata-
lyzed by a large variety of substances.! But mole-
cule for molecule, none can compete with catalases
for catalytic efficiency. Even hematin and hemo-
globin are about 107 times less efficient as compared
to catalases according to Lemberg and Legge.?

(1) For reference to the literature see a comprehensive review by
J. H. Baxendale in’*Advances in Catalysis'’ (Edited by W, G, Franken-
burg, V. I. Komarewsky and E. K. Rideal), Vol, IV, Academic Press,
Inc.,, New York, N. V., 1952, p. 31,

(2) R. Lemberg and J. W. Legge, ‘‘Hematin Compounds and Bile
Pigments,’”’ Interscience Publishers, Inc, .New York, N. Y., 1949, p.
402.

Comparison of the model catalysts with natural catalases was made and the similarities

It was reported in a recent communication that a
very efficient model catalyst for the decomposition
of hydrogen peroxide can be made by combining
triethylenetetramine (TETA), H.NCH,CH,NH-
CH,CH,NHCH,CH,NH,, with ferric ion.® The
results of a more extensive study on the catalytic
action of this model catalyst, (TETA)Fe(OH),™,
and related compounds are given below.

The Catalytic Mechanism,—It was pointed out
earlier? that steric considerations show that it is en-
ergetically improbable to have the four N atoms and
the Felll jon in (TETA)Fe(OH),™ located in one
plane, but that the structure with one primary am-
ine N atom above and the other below the plane de-
termined by the two secondary amine N atoms and
the Felll jon is stable. The detailed mechanism of
the catalytic action of (TETA)Fe(OH),* for the
decomposition of hydrogen peroxide is illustrated
in Fig. 1. The configuration of (TETA)Fe(OH),*
is depicted by structure I in Fig. 1. In the presence
of hydrogen peroxide the two attached OH~ ions in
compound I may be replaced by an OOH- ion,
yielding compound II. But since the O-O bond
length in OOH - is only about 1.3 A., compound II
is unstable and tends to stretch the O—O bond until
compound IIT is formed. Direct splitting of the O-O
bond in an isolated H:O, molecule requires about
35 keal. of activation energy per mole. But in the
above reaction mechanism the energy consumed in
splitting the O-O bond is partially compensated by
the energy gained through the formation of more
stable Fe—O bonds, because the O atom and the
OH ™ ion are now separate ligands and can orient
themselves for maximum overlapping with the two
vacant octahedral d?p? hybrid atomic orbitals of
the Felll, The binding between the O atom and
Fe!l in compound III is probably not a single co-
valent bond. It probably involves a considerable
amount of a one-electron bond (depicted by the
dotted line in Fig. 1) in addition to an ordinary
electron-pair bond. Compound III can then readily
react with a second OOH~ ion to yield O; and re-
generate compound I. This cyclic mechanism was

(8) J. H. Wang, Trais JoURNAL, T7, 822 (1955).
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subsequently substantiated by experimental meas-
urements on the rate of catalytic decomposition of
H,0, by (TETA)Fe(OH),™.
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Fig. 1.—The detailed mechanism of the catalytic action of
(TETA)Fe(OH),* for the decomposition of HyO,.

The rates of catalytic decomposition of HyO, were
measured both by direct titration and by manomet-
ric method. The titration procedure has already
been described in the previous communication.?
The procedure of manometric measurements is es-
sentially the same as that used by George.* The
turnover numbers of (TETA)Fe(OH),*, expressed
in moles of H,O; decomposed per min. per mole of
(TETA)Fe(OH),*, were computed from the meas-
ured initial rates of the catalytic decomposition of
H,0.. Values of the turnover number of (TETA)-
Fe(OH).* obtained by titration and by manomet-

ric methods showed very good agreement. The
results are summarized in Table I.
TABLE I
CataLyTIiC DECcOMPOSITION OF H:O; BY (TETA)Fe(OH),*
AT 25°

(Conen. of total TETA = 4.8 X 107% mole/l.; concn. of
total Felll = 6.3 X 1077 mole/l.)

Turnover Turnover
Initial no. of Initial no. of
concn, of (TETA)- concn. of (TETA)-
H:0: Fe(OH):* H:20: Fe(OH)»
(mole/1.) pH (min. 1) (mole/1.) pH {min. 1)
0.149 6.0 270 0.149 10.0 11000
.149 7.1 1300 .314 10.0 20000
.149 8.6 5900 .418 10.0 25000
.149 9.9 10300 .616 10.0 34000
.149 10.8 14400 .628 10.0 35000
.149 11.2 19000 .86 10.0 49000
071 10.0 5200 .94 10.0 52000

The results of earlier studies on the effect of
varying temperature and catalyst concentration
show that the activation energy for the catalytic
decomposition of HyO; by (TETA)Fe(OH),™ is
about 6.6 kcal., and that the decomposition rate is
directly proportional to the catalyst concentra-

(4) P. George, Biochem. J., 48, 287 (1948); ibid., 44, 197 (1949).
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tion. Values in Table I show that the decomposi-
tion rate also continues to increase with H,O, con-
centration up to 0.94 A/, although the observed in-
crease is slightly less than that predicted by a rate
law first order with respect to H,O; concentration.
This shows that the transition of compound II to
compound III as illustrated in Fig. 1 cannot be the
rate-determining step in the catalytic cycle, for in
that case a Michaelis-Menten type of saturation
curve would be observed. Since Compound III is
probably highly reactive, the rate-determining step
in the above cycle is likely to be the reaction of
compound I with OOH~ to form compound II.

In order to correct for traces of Felll present in
the reaction system as impurity (from reagents and
glassware), a blank measurement with TETA and
H,0, but without added Felll were made for each
H,0; concentration and pH. These blank rates
were subtracted from the corresponding measured
rates before the computations for turnover numbers
were made. Values of the turnover number of
(TETA)Fe(OH),* in solutions with pH > 11 are
less reliable, because in these solutions the blank
rate becomes a substantial fraction of the measured
rate. Tlis is probably due to the increased rate of
dissolution of glass, which presumably contains
some ircm, in alkaline solutions. The high ef-
ficiency of the present model system suggests that it
could be used as basis of a new method for microa-
nalysis ¢f iron; e.g., 0.0000019% of iron in solution
can be veadily detected by the present reaction.

Ligand Specificity,—Ethylenediamine (EDA),
H,NCH;CH,NH; and diethylenetriamine (DETA),
H,NCH.CH,NHCH,CH,NH, also form chelate
compournds with Felll jon. The catalytic efficiency
of these chelates for the decomposition of hydrogen
peroxide are, however, much less than that of
(TETA)Fe(OH),*. The catalytic efficiencies of
these Felll-chelates decrease in the order TETA >
DETA > EDA. This is consistent with the con-
sideratic ns regarding the reaction mechanism illus-
trated in Fig. 1 as well as the relative stabilities of
these chelate ions.

Tt may also be noticed from Fig. 1 that the splitting
of the peroxide bond by (TETA)Fe(OH),™ is due
essentially to the availability of two adjacent octa-
hedral hybrid atomic orbitals of Fe!ll for combina-
tion with OOH=-. If tetraethylenepentamine
(TEPA), H,NCH,.CH,NHCH,CH,NHCH,CH,NH-
CH,CH.NHy, is used as the ligand instead of TETA,
the resulting chelate, (TEPA)Fe(OH) *+, will have
only one octahedral hybrid atomic orbital of Felll
left for combination with OOH~. In other words
the fifth N atom in (TEPA)Fe(OH)** acts as an
intramolecular inhibitor to prevent the splitting of
the peroxide bond through the cyclic mechanismn
illustrated in Fig. 1. This reasoning was subse-
quently confirmed by the experimental finding that
the catalytic efficiency of (TEPA)Fe(OH)*™ was
even much less than the corresponding ethylened:-
amine chelate. Compared to (TETA)Fe(OH),™,
(TEPA)Fe(OH)*+ is practically inactive. This
observation can be used as strong evidence in favor
of the splitting niechanism illustrated in Fig. 1.

Of course, the fact that the catalytic decomposi-
tion of H;0; by (TETA)Fe(OH),™ takes place es-
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sentially through the above mentioned splitting
mechanism does not exclude other catalytic de-
composition processes from taking place simultan-
eously. For example, it is well-known that fer-
rous and ferric ions can catalyze the decomposition
of H,O, through a free radical mechanism.! How-
ever the fact that (TEPA)Fe(OH)**, which may
catalyze through the free radical mechanism but
cannot catalyze through the above-mentioned split-
ting mechanism, is practically inert as compared to
(TETA)Fe(OH),* shows that the splitting mecha-
nism is very much more efficient than the free radical
mechanism, even though the latter might also take
place simultaneously.

Replacing the TETA in (TETA)Fe(OH),™ by
other negatively charged ligands of similar struc-
ture often results in a chelate of little catalytic ac-
tivity. These ligands include nitrilotriacetate ion,
N(CH,COO™);, ethylenediamine diacetate ion,
~O0OCCH,NHCH,CH,NHCH,COO~, ethylenedi-
aminetetracetate ion, (~OOCCH,),NCH,CH;N-
(CH.COO™),, etc. Presumably this decrease in the
catalytic activity is due to the increase in ionic char-
acter of the Felll-ligand bonds in these chelates.
It is planned to give a more detailed discussion on
this point in a later publication together with the
results of some magnetic susceptibility studies on
these systems.

Metal Ion Specificity.—A rather extensive study
was carried out on the catalase-like activity of
chelates formed by TETA and various metal ions.
The metal ions selected for this study include
Mg, AIL Call, Cril, Mn!I, Felll, Colll, Njl,
Cull, Znll, SriI, Agl CqH, Ball, TI and Pbll, Of
these only the TETA chelates of Fe!l and Mn!!
showed remarkable catalytic activity for the de-
composition of HyO,. The catalytic activities of
the TETA chelates of all the other metal ions listed
above are negligible as compared to (TETA)Fe-
(OH); ™ or (TETA)Mn(OH)*. In dilute H;O, solu-
tions the catalytic efficiency of (TETA)Fe(OH),*
is many times greater than that of (TETA)Mn-
(OH)*. This shows that the present model catalyst
has the highest degree of metal ion specificity,
since Felll and Mn!! are isoelectronic. Obviously
neither the size nor the charge of the metal ion can
be the cause of this specificity, since many of the
above ions have size and charge similar to Felll or
Mnl!l It seems likely that this specificity is due
to some special requirement on the detailed elec-
tronic structure of the metal ion. In the present
mode] catalyst the distribution of electrons around
the metal nucleus must be such as to make com-
pounds like I, IT and III in Fig. 1 have appropri-
ate amounts of stability. While highly unstable
reaction intermediate (or activated complex) means
high activation energy for the mechanism, ex-
tremely stable reaction intermediate will prevent
rapid regeneration of the original catalyst.

Results of measurements on the catalytic decom-
position of HxO; by (TETA)Mn!I(OH)* at 25° are
summarized in Table II.

Values in Table II show that at low H:O, con-
centrations (TETA)Mn(OH)* is a much less ef-
ficient catalyst as compared to (TETA)Fe(OH),™.
This is not surprising, since a glance at the values of
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TaBLE 11
CartaLyTIC DECOMPOSITION OF H.0; BY (TETA)Mn(OH)*
AT 25°

(Conen. of total TETA = 4.8 X 107% mole/l.; concn. of
total Mn!l = 6.3 X 1077 mole/l.)

Turnover Turnover
Initial no. of Initial no. of
concn. of (TETA)- conen. of (TETA)-
H,0: Mn(OH) * H>0; Mn(OH) *+
(mole/1.) PH (min. 1) (mole/1.) rH (min, ~1)
0.149 9. 1900 0.149 11.4 1300
.149 10.4 4800 .149 10.0 2900
. 149 10.7 6300 .314 10.0 7400
.149 10.8 6700 .628 10.0 25400
.149 11.1 5100 942 10.0 48000

the successive ionization potentials of Fe and Mn
shows that the FellI-O bonds in compounds II and
III ought to be more stable than the corresponding
Mn-OI bhonds. However, there is considerable
uncertainty in this interpretation, because the cata-
lytic decomposition of H,O, by (TETA)Mn(OH)+
has several complications. For example, a plot of
the measured turnover numbers of (TETA)Mn-
(OH)* at pH 10.0 in Table II »s. H,O; concentra-
tion shows that at [H:0:] > 0.2 M the increase in
turnover number with [H;O.] is much faster than
that predicted by a rate law first order with respect
to [Hz0:]. This is suggestive of the increased im-
portance of another reaction mechanism at high
H,0, concentrations. Also, values in Table IT show
that the turnover number of (TETA)Mn(OH)* at
[H:0.] = 0.149 M first increases with pH, reaches
its maximum value at pH 10.8, and then decreases
rapidly with increasing pH. This observed de-
crease in turnover number at high pH may be due
to the simultaneous oxidation of Mn!f to MnQO, by
H,0; in alkaline solutions. Because of the greater
affinity of H* for TETA, the catalyst (TETA)Mn-
(OH) " is unstable in dilute solutions at pH < 9.
Consequently all measurements on (TETA)Mn-
(OH) * were carried out on solutions with pH > 9.5.

Comparison of the Model Catalyst with Cata-
lases.—The present model catalyst and natural
catalases have several striking similarities. Al-
though the actual mechanism of catalase action
may differ considerably from that of the present
model catalyst, detailed studies on the latter may
be helpful to investigations on catalase action itself.
Both (TETA)Fe(OH).* and catalase contain Felll
iron,and both are inhibited bycyanideions. Fluoride
ion inhibits natural catalase but activates the model
catalyst. The catalytic activity of FeFg——— and
F- itself is negligible. The activation of (TETA)-
Fe(OH),* by F~ probably is due to the formation
of (TETA)FeF,* which can react with OOH™ to
form compound IT at much fasterrate than (TETA)-
Fe(OH),™ itself.

The important work of Chance’ showed that
catalase first reacts with one molecule of hydrogen
peroxide to form an enzyme-substrate complex,
this complex subsequently reacts with a second
molecule of H;O, to yield oxygen gas and regener-
ate the enzyme. The present model compound cat-
alyzes by a similar mechanism as illustrated in Fig.
1. Moreover, Chance showed that the first cata-

(5) For references to the literature, see ‘‘A Symposium on the
Mechanism of Enzyme Action,” Edited by W. D, McElroy and B.
Glass, The Johns Hopkins Press, Baltimore, Md., 1954, p. 398.
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lase~H>0; complex also reacts with excess of H,0,
to form a second enzyme-substrate complex which
is relatively stable and has little tendency to de-
compose directly into O,, H,O and the free enzyme.
Although there is no experimental evidence to show
the existence of such a second enzyme-substrate
complex in our model system, it is interesting to no-
tice that compound I in Fig. 1 is potentially capable
of combining with two OOH~ ions to form (TETA)-
Fe(OOH),*. The structure of this latter com-
pound, which is formally obtained from compound I
by replacing its two OH~ groups by two OOH—
ions, shows that it should be relatively stable and
has little tendency to split the peroxide bond by the
above proposed mechanism. Furthermore, Keilin
and Hartree® showed that in the presence of other
reducing substrates, catalase causes coupled oxida-
tions and thus exhibits peroxidase-like activity. It
may be noticed from Fig. 1 that the structure of
compound III indicates it may oxidize molecules
other than H;0,, and thus may also possess peroxi-
dase-like activity. Qualitative experiments show
that both formate ion and methanol inhibit the lib-
eration of O, from H;0, by (TETA)Fe(OH).™.
The observed inhibitory action of methanol may be
due to its competition with H,O, for compound III.
But more experimental work in this direction is
necessary before definite conclusions can be drawn.

Regarding the relative catalytic efficiencies, the
present model catalyst is still much inferior as com-
pared to natural catalases. Thus by plotting the
turnover numbers in Table I vs. [H,O;], the second-
order rate constant k, (defined by the relationship
~d[H0.]/dt = k[(TETA)Fe(OH),*][H:0;]) in
dilute H,O, solutions at pH 10.0 may be estimated
to be about 1.2 X 102 sec.~! mole~!. The value of
ke, for (TETA)FeF,* is about twice this value.
The corresponding value for catalases is about 5 X
109 sec.~! per mole of enzyme or 1.3 X 10% sec.™!
per mole of hematin iron.” Thus the present model
catalysts are inferior to catalases in efficiency by a
factor of about 103. On the other hand these model
catalysts are superior to hemoglobin in efficiency
by a factor of about 10% They are, therefore, re-
markable catalysts indeed as far as small molecules
go. Attempts are now being made to improve the
catalytic efficiency of these model catalysts by in-
corporating these and related compounds into the
structure of macromolecules, and it is hoped to re-
port the result of these studies in a later publication.

The question may be raised as to whether catalases
may catalyze the decomposition of H:O: by a simi-
lar mechanism but in a more efficient way. For ex-
ample one may speculate that the initial stage of
reaction between catalase and H;0O. involves the
oxidation and rupture of the hematin ring of cata-
lase at one of its four corner =CH— groups by
H:0,;. The resulting compound may then be lo-
cally refolded to give a configuration similar to that
of compound I. In such a new hypothetical con-
figuration the Felll is codrdinated with three of the
four N atoms of the biliverdin (the ruptured hema-
tin), the hybrid atomic orbital of Felll directed to-
ward the protein part of the enzyme molecule is

(6) D. Keilin and E. F. Hartree, Proc. Roy. Soc. (Londun), B119,

141 (1936).
(7) See p. 403 of reference 5,
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still used to form a cotrdination link with an elec-
tron donor group on the apo-enzyme. The two re-
maining adjacent octahedral hybrid atomic orbitals
of Fel'l can now combine and split OOH ~ as illus-
trated in Fig. 1. Although the observed initial burst
of oxygen evolution* and the ease with which cata-
lase is destroyed during its reaction with H,O, ap-
pear to be in favor to such a hypothetical mecha-
nism, there is no direct evidence to support this kind
of speculation.

In an attempt to get further information on the
detailed mechanisms of catalase-like action, isotope-
effect studies were made on the catalytic decompo-
sition of H,0; by various catalysts. The procedure
involves mixing ~3% H,0, solution with equal
volume of catalyst solution in an evacuated vessel
and subsequent mass-spectrometric analysis of the
isotopic composition of the oxygen gas produced.
All the oxygen samples were collected after com-
plete decomposition of H.O, at room temperature
(20 = 5°). The atom per cent. of O in the original
H,0, was determined by complete oxidation of the
H>0; by acid ceric sulfate solution and then analyz-
ing the isotopic composition of the oxygen produced.
Identical result was obtained when acid permanga-
nate was used instead of ceric sulfate as the oxidizer.
In most cases the oxygen gas obtained through
complete catalytic decomposition of H,O, was en-
riched in O as compared to the original H,O.,.
The results are summarized in Table III, but the
experimental details will not be given since most of
the procedure consists of standard mass-spectromet-
ric techniques.

TasBLE III

ISOTOPE-EFFECT STUDIES ON THE CATALYTIC DECOMPOSITION
OF HYDROGEN PEROXIDE

Total no. of
mass

spectroscopic Enrichment

Catalyst analyses factor

Fe(OH);, freshly ppt., colloidal 6 1.028 £ 0.0026
Fe(OH);, by Dole, et al. 1.024
Fe(OH)s, ppt., boiled and aged

for 5 hr. 7 1.022 = 0.005
(TETA)Fe(OH),* 12 1.011 = 0.003
Catalase (crystalline) 11 1,004 = 0.004
Catalase, by Dole, et al. 1.001
Methemoglobin (crystalline) 8 1.023 £ 0.005

The term ‘‘enrichment factor” in Table IIT is de-
fined as the ratio of the atom per cent. of O in the
oxygen gas produced to that in the original H.O,.
Two of the earlier values obtained by Dole and co-
workers? are included in Table III for comparison
and are shown to be consistent with the present re-
sults. The observed catalytic decomposition of
H:0; by Fe(OH); has already been interpreted by
Dole and co-workers through the free radical
mechanism.!® The observed high enrichment fac-
tor for methemoglobin indicates that the latter
probably catalyzes through a similar mechanism.
The low enrichment factor for (TETA)Fe(OH),™
shows that the free radical mechanism is of minor
importance in (TETA)Fe(OH),™ catalysis. The
exact interpretation of these observations appears
to be rather complex, and will probably await more

(8) M. Dole, R. DeForest, G. Muchow and C. Compte, J. Chem,
Phys., 30, 961 (1952).
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experimental results in this direction. There are
several possible ways in which catalase can decom-
pose H,O, without causing a detectable O-enrich-
ment in the oxygen produced. First, the oxygen
may be produced through an action of the enzyme
on H,O, without breaking the peroxide bond, e.g.,
by dehydrogenation process. This, however, seems
most unlikely, because the peroxide bond is the
weakest link in the H,O, molecule. Since catalase is
the most efficient of all enzymes, it is very unlikely
that such an enzyme would skip the weak peroxide
bond and try to break the much stronger O-H
bonds. Secondly, one may suggest that the reac-
tion is diffusion-controlled, so that no isotope effect
is not detected. But this suggestion contradicts
experimental evidence, Chance estimated the ac-
tivation energy for the catalytic decomposition of
H,0. by catalase to be 1400 cal./mole or less,?
whereas for a diffusion-controlled reaction in aque-
ous solution at room temperatures the activation
energy should be close to 4.6 kcal./mole. The
third possibility is that the splitting of the peroxide
bond by catalase is preceded by a slower and hence
rate-determining step in which the substrate com-
bines with the enzyme; 1.e., once the substrate suc-
ceeded in combining with catalase, the peroxide
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bond is immediately split irrespective of whether it
is O¥-01 hond or O*¥-0O% bond. The transition of
compound I to compound III in Fig. 1 has some re-
semblance to this possibility. Finally, the perox-
ide bond may not be completely broken until fairly
stable bonds have been formed between the two O
atoms and catalase. The energy consumed in break-
ing the stronger O%-0O® bond is mostly compen-
sated by the energy gained in forming the stronger
Felll-0O18 honds, etc.; and if the splitting of the
peroxide bond and the formation of the new en-
zyme-substrate bonds are not isolated events but
occur in a more or less continuous transition, this
would minimize the activation energy as well as the
isotope effect. The mechanisms of most catalytic
processes, including the one illustrated in Fig. 1,
probably have some feature of this continuous tran-
sition from old to new bonds. In general, the ef-
ficiency of the catalyst depends largely on the na-
ture of this kind of transition.
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The photolysis and pyrolysis of mixtures of acetone-ds and ethane, and of acetone and ethane-ds have been studied with

particular emphasis on abstraction of H and D and by CD; and CHj, respectively (reaction 1 and 2),
Changing light intensity and introducing additional surface has no measurable
Small amounts of ethylene-ds, HD and D,, but no H; within the accuracy of the

found are E; = 11.5 kecal. and E; = 14.8 kcal.
effect on the relative rates of (1) and (3).

mass spectrometer are found in the products of the photolysis and pyrolysis of the ethane-dg-acetone mixture.

The activation energies

HD, H; but

no D, were found in the acetone-dg—ethane reaction, A fifty-fold increase in surface had no measurable effect upon the HD/

D, ratio.
with temperature.

Similarly, argon does not appear to affect the ratio measurably. Both the HD/H, and HD/D, ratios increased
The most reasonable interpretation of the hydrogen analyses appears to be that a H (or D) atom is

formed by decomposition of the ethyl radical and the H (or D) atom subsequently either abstracts H or D from acetone or

ethane, or recombines with a similar atom.

Introduction

The measurement of activation energies of meta-
thetical reactions of the type CH; 4+ HR — CH, +
R has been greatly facilitated in recent years by a
technique first introduced by Steacie! which in-
volves the use of the CDj; radical. The rate of for-
mation of CD;H is compared with the rate of forma-
tion of CDy in the reaction of CD; with acetone-dg
from which the CDj radicals are generated. This
comparison is made over a temperature range and
the pre-exponential factors and activation energies
are obtained relative to those for the reaction of
CD; with acetone-ds. To obtain a meaningful meas-
urement, the amount of CD;H arising from the in-
completely deuterated acetone must represent a
very small proportion of the CDsH produced by
the abstraction of hydrogen from the compound
under investigation. This requirement demands a

(1) A.F. Trotman-Dickenson, J. R. Birchard and E. W. R. Steacie,
J. Chem. Phys., 19, 163 (1951).

very highly deuterated acetone-ds. The acetone-ds
used by Trotman-Dickenson, Birchard and Steacie!
in their work on abstractions by CD; of hydrogen
from hydrocarbons contained some 309, acetone-
ds. This results in large percentages of the total
CD;sH arising from the partially deuterated ace-
tone. We calculate about 809 in the case of C,Hs.
Recently the reaction between CD; and CH,? was
studied in thisLaboratory. Since methane hasonly
one kind of hydrogen, the significance of these ex-
periments is clear.
In the present investigation the reactions

CDs + CHs —> CD;H + CoH; (1
CH; + C,Ds; —> CH;D + C.Ds; (2)

were studied since they can be interpreted unambig-
uously by the observation of the CD;H/CDy and
CH./CH;D ratios, respectively. Previous works?

(2) J. R. McNesby and A. S. Gordon, TrIS JOURNAL, T6, 4196

(1954).
(3) J. R. McNesby and A. 8. Gordon, ibid., T6, 1416 (1954).



