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» and N were calculated from the standard gas-kinetic
expressions.

The loss found in this way must be multiplied by the prob-
ability of a tritium atom reaching thermal energies. This
probability is approximately equal to 1 — A¢/4s, values of
which can be found from Fig. 4.
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Kinetic Theory of Hot Atom Reactions: Application to the System H + CH,

Bv PEDER J. ESTRUP! AND RICHARD WOLFGANG
RECEIVED JULY 23, 1959

A model has been developed for the kinetics of hot atom reactions in the gas phase,

An expression is derived giving the

total probability that a hot atom will react before losing its excess energy, in terms of the average collisional energy loss and

the efficiency of reaction upon collision.

vides a measure of the relative energy at which various products are formed in reactions with a given substance.

The mode! predicts the relative effect of inert moderating compounds and pro-

The

theory is tested using experimental data on the action of moderators on the reactions of hot hydrogen with methane and is

found to provide a good representation of this system.

Introduction

Atoms having much higher kinetic energy than
provided by the thermal motion of their surround-
ings are usually termed “hot” atoms. If such
atoms take part in reactions before they have lost
their excess energy, the processes are called “hot”
reactions.

In recent years several systems have been found
in which hot atoms, produced by photochemical or
nuclear processes, could be unambiguously shown
to undergo hot reactions.?=® These hot reactions
were identified by one or more of several character-
istic features which serve to distinguish them from
thermal reactions:

(1) Since the energy required for the reaction is
almost exclusively supplied by the hot atom rather
than by the environment, the hot reactions are to a
first approximation temperature independent.

(2) The hot species rapidly loses its excess energy
to the surroundings. Thus, any reaction must
take place in one of the relatively few collisions that
it makes before it is thermalized. Hot reaction
vields are therefore independent of minor constit-
uents, in particular scavengers (such as I,) which
may be added to remove reactive thermal species.

(3) Hot reactions are sensitive to moderators
(e.g., helium) which, though chemically inert, will
efficiently remove energy from the hot species.

The detailed experimental investigation of the
effect of moderators on the hot reactions of hydro-
gen atoms with methane® has provided a stimulus
for attempting to develop a quantitative model of
hot atom kinetics. Evidently models involving an
equilibrium distr’bution of thermal energies, such
as that leading to the Arrhenius equation % =

(1) CERN, Geneva, Switzerland. Work performed in partial fulfil-
ment of the requirements for the Ph.D. degree at Yale University.

(2} H. A, Schwarz, R. R, Williams and W. H. Hamill, TBIS JOURNAL,
74, 6007 (1952).

(3) R. J. Carter, W. H. Hamill and R. R, Williams, ¢bid., 77, 6457
(1955).

(4) M. Amr El-Sayed, P. J. Estrup and R. Wolfgang, J. Phys, Chem.,

62, 1356 (1958).
(3) P.J. Estrup and R, Wolfgang, THIS JoURNAL, 82, 26061 (1960).

pZe2E/RT gnd its variants® will not be applicable to
hot species since, by definition, these are outside
such an equilibrium distribution. Furthermore,
hot species may in general be expected to react well
above the ‘‘activation energy’ AE, and it seems
quite likely that p, the “‘steric factor’” cannot be
considered constant when the available energy ex-
ceeds AE. Indeed the variation of p with energy is
a central problem in high-energy kinetics.

Using a rather simple model of hot atom reactions
this study attempts to describe their kinetics and
develops an equation which might be considered a
hot atom analog of conventional rate expressions for
thermal systems.

Model

Consider a system which is comprised of hot
atoms of initial energy E,, in a thermal environment
consisting of one or more components. The hot
atoms lose energy in successive collisions but may
react to enter combinations over a certain energy
range K, to Ei.  Above E, the collisions are too en-
ergetic to result in stable combinations, while K, is
the minimum energy required for reaction.

The reaction probability per collision between the
hot atom and a molecule of component j is denoted
by p;(E) where this quantity is finite in the interval
Ey> E> Eyand zeroelsewhere. (p;(E) corresponds
to the collision efficiency pe=2E/ET in normal kinetic
terminology. However, since for hot atoms E >
AE and e—2E/RT ~ 1, p;(E) becomes a high energy
equivalent to the ‘“steric factor,” $¢.) Then if
Ns is the total number of hot atoms available for
reaction and if f; is the relative probability of colli-
sion with compound 7, the number of hot combina-
tion products is

N ot — :Vs 2 .
o = N2 (CrpEmE aE (D

where #(E)dE is the number of collisions suffered
between E + dE and E.

(8) A. F. Trotman-Dickenson, '"Gas Kinetics,”” Academic Press,
Inc, New York, N. Y., 1955,
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To obtain an expression for #(E) three assump-
tions are made.

(1) The energy loss occurs by collisions in which
the collision partuers can be treated as elastic
spheres. As will be seen later, the applicability of
the model is not very sensitive to tlie exact validity
of this assumiption.

(2) The initial energy of the atom, F,, is suffi-
ciently high so that the atom has made a number of
collisions before reaching the upper limit of the re-
action zone E,, thus providing a statistically well-
defined distribution of energies for the hot atoms
in the region of interest. This assumption will be
justified for most hot atoms produced by nuclear re-
coil (e.g., the reaction He?(n,p)H? yields H® par-
ticles of energy 0.2 mev.) but will generally not be
valid in photocheinical systems. For the latter
the distribution function #(F) must be computed
somewhat differently from this treatment.

(3) The minimum energy required for reaction,
E,, is still large compared to thermal energies.

If the probability for reaction p(£) = ij (E)
7

were zero we could write”.8:
1

nE) = - —% (2
where a is the average logarithmic energy loss per
collision

o = Zfqu (3)

J
oy M)t VM4 o )
@ =1 2Mm In |3 = m| (4)

m is the mass of the hot atom and M;j that of the
molecule struck. Since p(E) is finite in the energy
range of interest, equation 2 must be multiplied by
the probability that the hot atom has escaped reac-
tion in the energy interval E; to £

E
n<E>=—;1E[1— X
’ Es ()

Differentiation with respect to £ and separation of
the variables gives

fioi(E) n(E) dE:] (5)

iPi E)
inE) ;fw 6E dE .
WE) « E E
Since equation 2 is valid for E = E,, integration of
equation 6 between £ and E, leads to

E,y
_ L — lel(E_) dE (7

Substituting this into equation 1

E» E,
E E

wE) =

Equation 8 is a rather general expression giving the
total probability that a hot atomn will undergo high
energy reaction in a mixture of j components. The
quantity Npet 'Ns may be termed the “Relative
Yield of Hot Products,” or the ‘“Total Probability of
Hot Reaction.”

(7) See, for example, S. Glasstone, '‘Principles of Nuclear Reactor

Engineering,”’ Van Nostrand, Inc.,, New York, N. Y, 1955, p. 147 fI.
(8) G. Placzek, Phys. Resv., 69, 423 (1946).
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System of Single Reactant: Yield of All Hot
Products.—It is now of interest to consider a
system in which lhot reactions can occur with only
oite of the components, 7.¢., where the values of
The
subscripts are then omitted and f and p are under-
stood to refer to the reactive compound. The rela-
tive vield of hot products now becomes

Fo Es
Moo _ (fPE) | (SHE)
_,"\78 = ok Q)&p{ fTE— dE | dE (9)
E

Eq

‘N\—*‘,"‘=1—exp [—LJJ {10)
ivg [#3

where
Es
7= f 3%-) dE
Ey

and f has been assumed to be independent of E.

System of Single Reactant: Yield of Individual
Hot Product.—It should be noted that equation 10
treats the sum of a// hot reactions which may occur
with the reactive comnponent. Nuot/Ns, I and p(F)
as given are applicable only to a situation in which
there is a single hot product or where the sum of all
hot products is considered. In such a case the data
may be interpreted using (10}, plottingIn (1 — Nuot
N ws. | a.

In general, however, there may be several hot
products (e.g., CH;T, HT and CH.T: from CH4 +
T). The sum of these products is expressed by
equation 10 but when they are considered individ-
ually the treatment must be modified somewhat.
Let pi be the partial probability for formation of

product 7, so that p(E) = Zpi(E)‘

7
the number of hot products N of a single species ¢
is then

Equation 1 for

Ey

[ 1048 n(E) az
E.

(Again only one reactive component j is considered.)
Substituting equation 7 (for one reactive compo-
nent) we have in analogy to (9)

L, E,
Ny _ (redB) {_ £ 6(B) }
N (L0E) dE |dE (11)
N, ,Ej: aE Ef ak

Note that while the pre-exponential contains p;, the
exponent, being the factor which determines the
number of hot atoms reaching energy E, involves p,
the probability for all hot combination reactions.

Equation 11 is more useful when expanded as a
series

Ni =N, (1a)

AL A S L O A
VoLl GK+ L Li—... (2)

where the constants in the expansion are given by
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Fig. 1.—Plot corresponding to equation 15 for the yield
of labeled methane, CH;T: intercept, 0.27; slope, —0.055;
moderators: helium, O; neon, O; argon, V; xenon, A.

In general the series should converge rapidly, re-
quiring the use of only the first two or three terms.
It is evident by comparing (12) with a series expan-
sion of (10), that
I=>1
1

ZKi = 1/,]2
i

(13)
(14)

Equations 10 and 12 provide a statement of the
model in a form that can be compared with experi-
mental data on total and individual product yields
respectively. When only one product is formed,
equation 12 will of course reduce to equation 10.

At this point it is useful to examine the physical
significance of the terms in equation 12. The first
term, [;, is the integral of the inherent probability
that the hot atom will react at energy E to form
product 7. The sum of the succeeding terms Kj,
Li, etc., correct the first term by taking into account
the probability that the hot atom will already have
reacted above energy E to form any product. Thus
for a product formed primarily near the top of the
energy range for reaction, this sum will be small;
while for a product formed at relatively low energy
it will be comparatively large since this product is
highly dependent on the number of hot atoms which
manage to pass through the higher energy region
without combining. The magnitude of the ratio
Li/K; will thus be a measure of the relative mean
energy at which the products are formed.

Test of Model: The System H 4+ CH,

The model, as expressed in equation 12 may be
tested by investigating the variation in the relative
vield of hot products with f/a. By adding inert gas
moderators to the system the collision probability
with the reative component f and the average
logarithmic energy loss per collision @ may be var-
ied over wide limits.

The accompanying paper® gives data for such
experiments carried out on the system of methane
reacting with recoiling tritium produced by the
process He?(n,p)T. Inthissystem thermalreactions
which might also give the products of interest were
eliminated by the use of halogens as scavengers.
CH,T. HT and CH,T- were identified as hot prod-
ucts by the criteria listed in the introduction.
(Subsequent to its hot formation CH;T- reacts with
halogen and thus appears as CH,TX.) The effect
on the probability of forming these products of the
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Fig. 2.—Plot of the relative yield of CH;T as function of
the mole fraction of methane. The curves represent calcu-
lated values; moderators: helium, O; neon, [J; argon,

V; xenon. A.

addition of He, Ne, Ar and Xe moderators was
studied.

Since the amount of added scavenger in these sys-
tems was very small the assumption that (ff)scavenger
<< (fp)methane should be valid and equations 10 and
12 can therefore be used. The relative experi-
mental yields are given by 4;/4, where 4 is the ob-
served activity of product ¢ and 4 the total activity
stopped in the gas phase.  Only retaining the first
two terms in the expansion and substituting 4;/4,
for Ni/N; (12) can then be written

«di . o

FA4" I — - K;
A plot of a/f-Ai/As versus f/a should consequently
approximate to a straight line (at least for sinall
values of f) and give [; as intercept. Furthermore
all points should fall on the same line, regardless of
the moderator used.

f was calculated from the expression

(15)

§= XereST, ¢B4
2 X;Sr. ;
J

where X; denotes the mole fraction of component j
in the mixture and .St the cross-section for a T-f

collision. To find S these wvalues for the di-
ameters were used®: T, 1.1; CHy, 4.2; He, 2.2;
Ne, 2.6; Ar, 3.6; Xe, 49 A. o was computed

from equations 3 and 4.

Figure 1 shows the plot corresponding to equa-
tion 15 for the yield of CH3sT. As seen the points
do fall on a straight line regardless of the differences
in moderators. A least square analysis gives Icu,r
= 0.27 and Kcusr = 0.055. Lcrsr is negligible.
Using these values the probability of hot reaction to
form CH,T, Acuyr/A4s can now be plotted directly
against X, the mole fraction of methane (Fig. 2).
The coincidence of the experimental points with the
calculated curve is an alternative indication of the
validity of the model.

Figures 3 and 4 show the analogous plots for the
yield of labeled methyl halide, CH,TX.

It is noteworthy that the ratio [;/K; has the same
order of magnitude for CH;T and CH,;TX. This
may be taken to imply that similar energies are

(9) 8. Chapman and T. G. Cowling, '’The Mathematical Theory of
Non-Uniform Gases,’”” Cambridge, 1953, p. 229.
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Fig. 3.—Plot corresponding to equation 15 for the yield of
labeled methyl halide, CH;TX: intercept, 0.051; slope,

—0.012; moderators: helium, O; neon, O.
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Fig. 4.—Plot of the relative yield of CH;TX as function
of the mole fraction of methane. The curves represent
calculated values; moderators: helium, O; neon, O,

required for formation of these two products and
would indicate that in the reaction leading to
CH.T:, Hyrather than 2H is ejected.

Figure 5 shows the plot for HT. Obviously
the experimental data could only be fitted with dif-
ficulty—even with employment of extreme values of
I, K;, L; ete., which would clearly be inconsistent
with equations 10, 13 and 14. As discussed in the
accompanying paper, this effect probably is caused
by the spurious formation of HT in a thermal side
reaction which becomes relatively important in
highly moderated systems. Figure 5 is thus at
least useful in demonstrating that this model can-
not be “adjusted” to provide a fit for thermal reac-
tions.

Although Jut thus cannot be determined directly,
an upper limit can be calculated using the data for
the total observed activity in combination with
equations 10 and 13. This gives Jut < 0.14 and
the corresponding value for Kyt (equation 14) is
0.035.

Reaction Probabilities.—From the values of
I; an estimate can be made of the average reaction
probabilities, using the expression (derived from
the definition of I; in (12))

_ Ii
t(E) = h Eo/ B

(16)
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Fig. 5.—Plot corresponding to equation 15 for the yield of
labeled hydrogen, HT.

—? must be chosen. In
Ey

the choice of E; there is some pertinent information
regarding the formation of labeled methane. Thus
no formation of CH;D was reported in the work on
the reactions of 1-2 ev. deuterium atoms with
methane,® Similarly, a theoretical treatment (as-
suming inversion) gave an activation energy of 1.6
ev. for this process.’® We may therefore expect an
E, of comparable magnitude. It is more difficult to
estimate f,. Obviously, at very high energies an
inelastic collision between a tritium atom and a
methane molecule will merely result in breaking one
or more C—H bonds with no possibility for formation
of labeled products. Simple considerations of the
collision dynamics may therefore be of some help,
and in the case of CH,T production they indicate a
value of 10-20 ev. for the energy at which pi(E) be-
comes negligible. Although it1s unlikely that pi(E)
becomes exactly zero at this or any other energy, we
may use it as an effective value of E; for the purpose

of estimating pi(E). Fortunately pi(E) varies very
slowly with Es/E, for Es/E; > ~10, and the value
chosen is therefore not critical. Table I gives the
values for pi(E) with E,/E; = 10 for all three reac-
tions. The corresponding order of magnitude for

the average energy of the hot reactions is ~5 ev.

An appropriate value for

TABLE 1
Product Ii Ii/Ki ?i(E) Pipermal
CH,T 0.27 5 0.12
CH,T 051 4 .02 L
HT <. 14 ~5 < .06 0.025

The model as applied here thus cannot give pi(E)
as a continuous function of the energy. It does
however provide average values for reaction proba-
bilities at high energies. Information can thus be
obtained about reactions which are not observed at
ordinary temperatures; and where data are avail-
able for the thermal reactions a comparison may
give an indication of the energy dependence of the
reaction probabilities.

(10) E. Gorin, W, Kauzmann, J. Walter and H. Eyring, J. Chem,
Phys., 7, 633 (1939).

(11) R. Klein, J. R, McNesby, M. D. Scheer and L. J. Schoen, ibid.,
30, 58 (1959).
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Summary

(1) A kinetic model for hot atomn reactions has been de-
veloped.

(2) An expression derived from this model successfully
describes and predicts the action of noble gas moderators on
the reaction of hot H atoms with methane.

(8) The model provides a measure of the relative energy
at which various products in a given hot reaction system are
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formed. For T + CH, it suggests that CH;T and CH,T-
are formed at about the same average energv.

(4) The treatment cannot yield explicit values for the
reaction probability p(E). However an estimate of the

average p(E) over the whole liot reaction region can be made.

Acknowledgment.—This work was performed
under the auspices of the United States Atomic
Energy Commission.
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The Kinetics of an Acid Catalyzed Aromatic Cyclodehydration Reaction in Acetic
Acid—Water Mixtures

By L. X. BrIiCE AND R. D. KATSTRA
RECEIVED AucusT 20, 1959

The rate of cyclization oi o-benzyvlbenzophenone to 9-phenylanthracene catalyzed by HBr in acetic acid—water mixtures
has been measured at 99.8° at two HBr concentrations as a function of the acetic acid—water solvent composition between

56.3 and 99.6 mole 9, acetic acid.

The results indicate that (1) the rate of reaction at constant HBr concentration de-

creases rapidly as the mole fraction of water in the solvent increases and (2) the rate of reaction at constant solvent coinposi-
tion increases more rapidly than the first power of the HBr concentration.

Introduction

The acid catalyzed cyclodehydration of certain
aroinatic aldehydes and ketones is an important
method of synthesis for many polynuclear hydro-
carbons.! A widely used medium for carrying out
these cyclodehydration reactions, as well as a
number of other acid catalyzed organic reactions?
requiring strongly acidic media, is a mixture of
hydrobromic acid, acetic acid and water, usually
prepared by mixing appropriate quantities of 489,
aqueous hydrobromic acid and glacial acetic acid.
Hvdrobromic acid is used since it is one of the
strongest of the mineral acids. Acetic acid serves
as a solvent for the organic compounds involved
and also markedly enhances the strength of hydro-
bromic acid.

A number of studies have been made of the rates
of various reactions in acetic acid—water mixtures
catalyzed by mineral acids.® However, a limited
amount of kinetic data is available for aromatic
cyclodehydration reactions carried out in this
medium.* .

The present investigation is a kinetic study of
the role of water in the acid catalyzed cyclodehy-
dration of o-benzylbenzophenone to 9-phenyl-
anthracene in hydrobromic acid-acetic acid—water
mixtures.

This reaction was chosen for study because it
proceeds at a convenient rate at 100° and is rela-
tively free from interfering side reactions.

(1) For recent work, see: (a) C. K. Bradsher and H. Berger, THIs
JorrNavL, 80, 930 (1958); (b) F. A, Vingiello and A. Borkovec, tbid.,
78. 1240 (1956).

(2) (a) D. M. Birosel, ibid., 52, 1944 (1930); (b) R. P, Ghaswalla
and F. G. Donnan, J. Chem. Soc., 1341 (1936); (c¢) C. K. Bradsher,
TH1s JoURNAL, 61, 3131 (1939); (d) W. S. Johnson and W. E, Heinz,
ibid., T1, 2913 (1049).

(3) See ref, 2a,b,d. For a recent 1eview, see (a) F. A, Long and
M. A. Paul, Chem. Revs., B, 935 (1957). See also: (b) V. K. Krieble,
F. C. Duennebier and E. Colton, THis JoUurnarL, 65, 1479 (1943);
(c) K. B. Wiberg and T. Mill, ¢bid., 80, 3022 (1958); (d) D. S. Noyce
and I.. R. Snyder, ¢bid., 80, 4033 (1958); (e) D. Bethell and V. Gold,
J. Chem. Soc., 1905 (1958).

(4) (a) C. K. Biadsher and F. A. Vingiello, TH1rs JOURNAL, 71, 1434
(1949); (b) R. P. Moffett, Ph.D. Dissertation, Duke University, 1950.

CH,
=
T0 w0
—HB
C=0 HAc H,0 ’,
Experimental

Materials.——o-Benzylbenzophenone was prepared from
reagent grade o-chlorobenzaldehyde and bromcbenzene by
the method employed by Bergmann.® The product was
recrystallized from ethanol and melted at 55° (corrected).
Baker reagent grade acetic acid was redistilled at 112-123°.
Baker reagent grade 489, hydrobromic acid was redistilled
at 114-116° and standardized against sodium carbonate
and was found to have a concentration of 8.71 Af (47.89).
Baker and Adamson reagent grade acetic anhydride was re-
distilled at 114-116°.

Kinetic Measurements.S—Reaction mixtures containing
known amounts of o-benzylbenzophenone, hydrobromic
acid, acetic acid and water were prepared by mixing appro-
priate quantities of these reagents with acetic anhydride.’
The reaction mixtures then were placed in 10 ml. sealed tubes
which were heated to 99.8 4= 0.1° in an oil-bath. The tubes
were removed and analyzed spectrophotometrically after
various time intervals for the hydrocarbon product at its
four major absorption peaks using a Beckman DU spectro-
photometer. Molar absorbancy indexes were determined
by preparing 9-phenylanthracene? solutions of known con-
centrations up to 1.25 X 1073 ¥, diluting these solutions to
five times thelr original volumes with 959, ethanol and meas-
uring the absorbances of the diluted solutions at the four
wave length maxima. Table I gives the results of these
measurements.®

(5) E. J. Bergmann, J. Org. Chem., 4.1 (1939).

(8) A procedure similar to that described here was devised by
Moffett (1ef. 4b).

(7) The water content of the glacial acetic acid was determined by
Karl Fischer titiation and was found to be 2.4 = 0.1 mg. of water
per ml, of acetic acid. The purity of the acetic anhydride, determined
by diluting with water and titrating with sodium hydroxide, was
99.49%,.

(8) We are indebted to Mr. Melvin Schlechter for supplying several
grams of 9-phenylanthracene for these measurements.

(9) The absorbance, Ay, and the molar absorbancy index, g, are
defined by the equations Ay = log ? = g4 bc where fo and [ are the
intensities of the incident and transmitted light, b is the cell length
(1 cm.) and ¢ is the molar concentration of the ahsorbing species.



