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The effect of phase on the hot-hydrogen-atom abstraction reaction with isobutane at 77°K has been studied by
electron spin resonance spectroscopy in the photolysis and the radiolysis of solid isobutane containing hydrogen

iodide.

While only the isobutyl radical is formed by the UV-illumination of isobutane-hydrogen iodide systems in

the polycrystalline state, the tertiary butyl radical, accompanied with a small amount of isobutyl radicals, is pro-

duced from isobutane-methylcyclohexane-hydrogen iodide systems in the glassy state.

The hot hydrogen atom

produced by dissociative electron attachment to hydrogen iodide abstracts the tertiary hydrogen atom from iso-

butane at 77°K, independent of whether the matrix is polycrystalline or glassy.

It appears that the H-abstraction

reaction from isobutane by hot hydrogen atoms depends upon the energy of the hot hydrogen atoms.

The familiar atomic hydrogen-saturated hydro-
carbon abstraction reaction has been extensively in-
vestigated at thermal energies under equilibrium con-
ditions,V) at very high kinetic energies in recoil media,?
and at intermediate energies in photolytic systems.3)

In the photolytic technique, hydrogen atoms of
different known initial kinetic energies (7—92 kcal/
mol) may be selectively generated by the photodis-

1) A. F. Trotman-Dickenson, ‘“Gas Kinetics,” Butterworth
and Co., Ltd., London (1955); V. N. Kondratev, “Chemical
Kinetics of Gas Reactions,” Addison Wesley Co., Reading, Mass.
(1964); I. Amdur and G. G. Hammes, “Chemical Kinetics:
Principles and Selected Topics,” McGraw-Hill Book Co., Inc.,
New York, N. Y. (1966).

2) R. Wolfgang, Ann. Rev. Phys. Chem., 16, 15 (1965); E. K.
C. Lee and F. S. Rowland, J. Amer. Chem. Soc., 85, 897 (1963).

3) R.]J. Carter, W. H. Hamill, and R. R. Williams, Jr., ibid.,
77, 6457 (1955); R. M. Martin and J. E. Willard, J. Chem. Phys.,
40, 3007 (1964).

sociation of hydrogen iodide (HI) in the presence of a
reactant. For example, when activation is induced
by a 2537 A light, the kinetic energy of the hydrogen
atom produced is 20 kcal/mol if the iodine atom is
produced in the %P;/, excited state and 41 kcal/mol if
it is produced in the 2Py, ground state.¥) The hot
hydrogen atom produced by dissociative electron
attachment to HI may have an energy of ca. 5—6
kcal/mol.

Although hot atom reactions have been investigated
in detail in the gas phase, such reactions in condensed
phases® are much less well understood. One of the
complications in the hot atom reaction in condensed

4) S. Aditya and J. E. Willard, J. Amer. Chem. Soc., 88, 229
(1966).

5) J. R. Nash, R. R. Williamis, Jr., and W. H. Hamill, ibid.,
82, 5974 (1960); C. D. Bass and G. C. Pimentel, ibid., 83, 3754
(1961); R. E. Rebbert and P. Ausloos, J. Chem. Phys., 48, 306 (1968).
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phases is in the possible existence of the cage effect,
which is absent in the gas phase. The cage effect
explains the characteristically low quantum yield of
primary dissociation in a condensed medium.®) It
was found in previous studies that the fragmentation
of the excited molecule is an important process in the
radiolysis of saturated hydrocarbons in the solid state
at 77°K.” We reported in a previous paper that dif-
ferent radicals are formed in the radiolysis of solid
isobutane at 77°K, depending on whether it is in the
glassy or polycrystalline state.®) In a recent stuPy
with isobutane-2-d; we concluded that such a phase
effect cannot be attributed to the isomerization of
butyl radicals, such as ¢-C,H,22¢-C,Hy, but must be
attributed to the primary process of the C-H bond
rupture.®

In the present work, we shall examine, by ESR
measurements, the phase effect on the hydrogen atom
abstraction reaction in the photolysis and the radiolysis
of isobutane-HI systems at 77°K, and shall attempt
to compare these results with those of hot-hydrogen-
atom reaction in the radiolysis of pure isobutane at
77°K.

In this paper, emphasis will be placed on our ex-
perimental findings rather than on their interpretation.

Experimental

The isobutane, methylcyclohexane(MCH), and 3-
methylpentane (3MP) were more than 99.9%pure. Gas-
chromatographic analysis did not show any detectable im-
purities. They were purified by distillation on a vacuum
line and were dried over a sodium mirror. Isobutane-
2-d;, synthesized by the Grignard reaction, was purified by
passing it through a column of freshly-activated alumina
and then through a column of fresh soda lime. The xenon
was used as received, the stated purity being 99.99.

The hydrogen iodide was prepared from Katayama Chemi-
cal reagent-grade aqueous HI by removing the iodine by
shaking it with red phosphorus and by then allowing the
frozen solution to warm twice in the presence of excess P,O;
on the vacuum line.

The samples, prepared on the vacuum line, were sealed
in 4.3-mm o.d. Suprasil tubes. They were illuminated
by ultraviolet light or y-rays at 77°K, and then ESR
measurements were made by means of a JES-3BX ESR
spectrometer.

y-Irradiation was provided by ¢°Co at a dose rate of 1.0 x
10¢ rads/hr, and UV-illuminaticn, by a filtered end-window
Toshiba medium-pressure mercury lamp. A Toshiba UV-
25 filter was used; it cut ofl UV-light of wavelengths
shorter than 2500 A.

6) I. Franck and E. Rabinowitch, Trans. Faraday Soc., 30, 120
(1934).

7) T. Wakayama, T. Miyazaki, K. Fueki, and Z. Kuri, This
Bulletin, 42, 1164 (1969); T. Wakayama, T. Kimura, T. Miyazaki,
K. Fueki, and Z. Kuri, ibid., 43, 1017 (1970).

8) a) T. Miyazaki, T. Wakayama, K. Fueki, and Z. Kuri,
ibid., 42, 2086 (1969); b) T. Wakayama, T. Miyazaki, K. Fueki,
and Z. Kuri, J. Phys. Chem., 74, 3584 (1970).

9) Y. Saitake, T. Wakayama, T. Kimura, T. Miyazaki, K.
T'ueki, and Z. Kuri, This Bulletin, 44, 301 (1971).
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Results and Discussion

Effects of Phase on Hydrogen-atom Abstraction in the
Photolysis of Solid Isobutane Containing HI. Figure
1A shows the ESR spectrum of 0.2 mol%, HI in iso-
butane at 77°K obtained after a 10-min illumination
with a medium-pressure mercury lamp. The pro-
longed photolysis of isobutane without HI produced

o
|

H
—
—
20 gauss

Fig. 1. (A) ESR spectrum of UV-illuminated :-C4H,,-
HI (0.2 mol%) at 77°K. UV-illumination time: 10 min.
(B) ESR spectrum of UV-illuminated :-C,H,;-MCH
(3.8 mol%)-HI (0.2 mol%) at 77°K. UV-illumination
time: 2.5 min.

(C) ESR spectrum of UV-illuminated :-C,HyD-2-d;-HI
(0.2 mol%) at 77°K. UV-illumination time: 10 min.
(D) ESR spectrum of UV-illuminated Xe-i-C,H,, (4.6
mol%)-HI (0.2 mol%) at 77°K. UV-illumination time:
10 min.
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no detectable radicals. A spectrum identical to Fig.
1A was obtained by the y-irradiation of the isobutane.
This indicates H-abstraction from the primary posi-
tion in isobutane at 77°K by the photochemically-
produced hot H atoms to form the isobutyl radical.

As the HI concentration in an isobutane matrix
is increased, the yield of the isobutyl radical increases;
it reaches a maximum at ca. 0.1 mol%, HI concen-
tration, and then decreases (Fig. 2). This result may

Peak height (i-C,H,)

/

0‘ n s N " 1 1 L 3 2 1 2
0 0.5 1.0

Concentration of HI (mol%)

Fig. 2. Effect of HI concentration on the amounts of iso-
butyl radicals produced in UV-illuminated i-C,H,;, at
77°K. UV-illumination time: 10 min.

®—©: :-CH,

be explained in terms of the competitive reactions

between HI and isobutane for hot H atoms. A pos-
sible kinetic scheme is as follows:
Dlyps
HI — Hy, + 1 (1
k2
1-C,H,p + Hypoy — -C,Hy + H, (2)
k3
i-CyHyo + Hpoy — -Gy + H 3)
ky
HI + Hpoe — Hy + 1 4)
where I, is the rate of light absorption by HI, @ is

the quantum yield of the photodissociation of HI,
and £ is the rate constant. From these equations we
can derive the following kinetic equation:

Qlabsr

k. k,(HI)

w5 (1) ®
where (R-), (RH), and (HI) are the concentrations of
isobutyl radicals, isobutane, and HI respectively.
7 is the time of light illumination. (R-) is measured by
ESR, and I,,, is calculated as a function of (HI),
using a value of 7519 for the molar extinction coeffi-
cient of HI and taking the geometrical factor of the
sample into account. Since @ is constant, it can be
expected from Eq. (5) that the relative value of
O1,..v/(R+) also increases linearly with an increase in
(HI)/(RH). Figure 3 shows the relative value of
01, .;vr/(R+) wvs. the value of (HI)/(RH). It can be

abs

10) R. M. Martin and J. E. Willard, J. Chem. Phys., 40, 2999
(1964).
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seem from Fig. 3 that several of the points tested fall
on a straight line. This supports our interpretation
presented above.

\)
T

pN

Relative value of @I1st/(R-)

0 L 1 1 [} 1 I I 1 I 1 L

0 0.005 0.010
(HD/(RH)
Fig. 3. Relation between @I;,s7/(R+) and (HI)/(RH).

Pure isobutane is polycrystalline at 77°K, while
isobutane containing 3.8 mol9%, MOCH is glassy at
77°K. A quite different ESR spectrum was obtained
by the 2.5-min photolysis of an isobutane-MCH
mixture containing 0.2 mol9% HI in the glassy state
(Fig. 1B). This spectrum is identical with that of
tertiary butyl radicals produced in p-irradiated iso-
butane-3.8 mol9%, MCH in the glassy state at 77°K.
This result indicates that the hot H atoms produced
by the photolysis of isobutane-3.8 mol%, MCH
abstract the tertiary H atoms of isobutane to form
tertiary butyl radicals.

The effect of the MCH concentration in an isobu-
tane-0.2 mol9%, HI solution on the formation of radicals
is shown in Fig. 4. Here, the remarkable point is
the rapid increase in the yield of the tertiary butyl
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Fig. 4. Effect of MCH concentration on the amounts of
butyl radicals produced in UV-illuminated :-C,H,,-HI
(0.2 mol%) at 77°K. UV-illumination time: 2.5 min.
O—0: i-C/H,

O—: +-CH,
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radical, reaching a maximum at ca. 4 mol% MCH
concentration. The vyield of the isobutyl radical,
however, does not change as much as that of the
tertiary butyl radical. This result may be interpreted
in terms of the following effects. As the concentration
of MCH is increased, the matrix becomes glassy, so
that the tertiary butyl radical is primarily produced
by the hot-H-atom abstraction, while the isobutyl
radical is secondarily produced by the photo-induced

isomerization, ¢-C,H, 2 1-C,;Hy. The yields of both
isobutyl and tertiary butyl radicals decrease in the
range of MCH concentration above ca. 4 mol9,, where
the matrix becomes so soft that the radicals are trapped
less efficiently in the matrix.11)

Figure 5 shows the dependence of the vyields of
butyl radicals on the UV-illumination time. As
the illumination time is increased, the yield of the
isobutyl radical increases almost linearly, while that
of the tertiary butyl radical initially increases and
then reaches a plateau after a 40-min illumination.
This result indicates that the tertiary butyl radical
is produced by the hot-H-atom abstraction reaction
with isobutane, while the isobutyl radical arises from a
secondary process, i.c., the photoisomerization of the
tertiary butyl radical to the isobutyl radical upon
prolonged UV-illumination,® in an isobutane-3.8
mol9%, MCH solution containing 0.2 mol% HI at

77°K.
®
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Fig. 5. Effect of UV-illumination time on the amounts of
butyl radicals produced in UV-illuminated i-CH,,-HI
(0.2mol%) and i-C,H;,-MCH (3.8 mol%,)-HI (0.2 mol%)
at 77°K.
®—@: -C,H, in an i-C,H,, matrix.

O—0: i-C4H,y in an i-CH,;,-MCH (3.8 mol%) matrix.
1—[1: t+-CyH, in an i-CH,;,-MCH (3.8 mol%) matrix.

Table I shows the butyl radicals produced by the
hot-H-atom abstraction from isobutane in various
UV-illuminated systems containing HI. Since the
isobutyl-2-d; radical is produced in the photolysis of

11) T. Wakayama, T. Miyazaki, K. Fueki, and Z. Kuri, This
Bulletin, 43, 3761 (1970).

12) P. B. Ayscough and H. E. Evans, J. Phys. Chem., 68, 3066
(1964).
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isobutane-2-d,-HI (Fig. 1C), reactions (6) and (7)
can be ruled out and reaction (8) occurs predominantly
to form the isobutyl-2-d; radical:

i-C,H,D-2-d, + Hy,, - ¢-C,H, + HD (6)
t-CH, — i-C,H, (7
t-C,H,D-2-d; + Hy,, — i-C,H,D-2-d, + H, (8)

In order to investigate the phase effect on the hot-
H-atom abstraction reaction with isobutane, we have
examined both the thermal isomerization and the decay
of radicals. Ayscough and Evans!? and Iwasaki and
Toriyama®) reported that isobutyl radicals produced
in y-irradiated alkyl halides, on standing at 77°K,
isomerize thermally to tertiary butyl radicals. When
the isobutyl radical was produced from dissociative
electron attachment to i-C,HyCl in the y-irradiated
i-C4H,4-3.8 mol% MCH-1 mol%, :i-C,H,Cl system,
the ¢-C,Hy—¢-C,H, isomerization could be observed
when it stood in the dark at 77°K for 15 hr.89) When
an isobutane-3.8 mol%, MCH solution containing
0.2 mol% HI is UV-illuminated for 30 min, the
isobutyl radical is produced in addition to the tertiary
butyl radical. When this sample was stored in the
dark at 77°K for about 30 hr, the isomerization of
the isobutyl radical could not be observed at all, but
both isobutyl and tertiary butyl radicals decayed.
The isobutyl radical produced by the photolysis of
isobutane containing HI neither isomerizes to the
tertiary butyl radical nor decays at all at 77°K (Fig.
6). The same phenomena were observed in 7-ir-
radiated glassy isobutane-3.8 mol% MCH and in
polycrystalline isobutane at 77°K.8)

i
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Fig. 6. Effect of storage time on the amounts of butyl
radicals produced in UV-illuminated -C,H,,-HI (0.2
mol%) and -CiH,;,-MCH (3.8 mol%)-HI (0.2 mol%) at
77°K. UV-illumination time: 30 min.
®—©®: -C,H, in an i-CH,, matrix.

O—0Q: i-C,Hy in an :-CH,,-MCH (3.8 mol%) matrix.
O—0: +C4Hy in an i-C,H,;,-MCH (3.8 mol%,) matrix.

An ESR spectrum was obtained for the radicals
produced in the radiolysis of a Xe-3.8 mol9, isobutane
mixture at 77°K; these radicals are identified as tertia-
ry butyl radicals, presumably produced by energy
transfer from Xe to isobutane. These tertiary butyl
radicals isomerize to isobutyl radicals upon UV-

13) M. Iwasaki and K. Toriyama, /. Chem. Phys., 46, 2852 (1967).
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TABLE 1. BUTYL RADICALS PRODUCED IN THE PHOTOLYSIS

oF HI IN VARIOUS MATRICES AT 77°K®

System Phase Radical
1-C,Hy, Crystal -G H,
1-C,H,D-2-d, Crystal  ¢-C,HgD-2-d,
i-C,H,-MCH (3.8 mol%,) Glass t-C,H,
i-C,H,D-2-d,-3MP (7.4 mol%) Glass t-C,H,
Xe-i-C,H,, (4.6 mol9%,) t-CH,

a) Concentration of HI: 0.2 mol%; UV-illumination time:
10 min

TaABLE 2. EFFECT OF MATRIX ON BUTYL RADICAL

FORMATION IN THE RADIOLYSIS AT 77°K®#

System Phase Radical
-C,H,, Crystal -G H,
i-CH,D-2-d; Crystal  ¢-C,HD-2-d,
i-C,H,,-MCH (3.8 mol%,) Glass t-CH,
i-C,HyD-2-d;-MCH. (5.7 mol%,) Glass t-C, H,
Xe-i-CH,;o (3.8 mol%) t-C,H,
X-i-CHyD-2-d; (4.6 mol%,) t-CH,

a) y-Irradiation dose: 2.22x10°% rad

illlumination. When this sample was stored in the
dark at 77°K for ca. 30 hr, both the isobutyl and the
tertiary butyl radicals decayed. These results indicate
that the physical state of a Xe-3.8 mol9, isobutane
mixture at 77°K is rather more similar to the glassy
state of an isobutane-MCH mixture than to the po-
lycrystalline state of pure isobutane. This is also
consistent with the fact that the primary radicals
produced from isobutane in the photolysis and radio-
lysis are isobutyl radicals in the polycrystalline matrix
and tertiary butyl radicals in the glassy matrix at
77°K (Tables 1 and 2). Accordingly, the thermal iso-
merzation from the isobutyl to the tertiary butyl
radical seems to be a phenomenon characteristic
of the isobutyl radical produced from alkyl halides.
The decay of butyl radicals seems to be related to
the physical state of the matrix.

Figure 1D shows the ESR spectrum of radicals
produced by the photolysis of 0.2 mol9, in Xe-4.6
molY%, isobutane at 77°K.

Kagiya et al. reported an empirical method of evalu-
ating the activation energies for radical substitution
reactions in the gas phase.¥ Using their method,
we have calculated the activation energies for such
thermal radical substitution reactions as:

Hinermar + ©-GyHyo — H, + 1-CH, (or i-C,H,) 9)
and
Hinorma1 + 1-CHyD-2-d, — HD (or H,) +
t-C,H, (or i-CHD-2-d,) (10)
The calculated activation energies are shown in Table
3. If we assume that the activation energies for the

thermal radical substitution reactions are independent
of the temperature, we can say, on the basis of the

14) T. Kagiya, Y. Sumida, T. Inoue, and F. S. Dyachkovskii,
This Bulletin, 42, 1812 (1969).
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TABLE 3. THE CALCULATED ACGTIVATION ENERGIES OF
H ATOM ABSTRACTION REACTIONS WITH ISOBUTANES
IN THE GAS PHASE

Type of D;» E»
Isobutane the bond (kcal/mol)  (kcal/mol)
Isobutane t-C-H 85 6.8
Isobutane i-C-H 89 7.7
Isobutane-2-d; t-C-D 85.9 6.6
Isobutane-2-d,; i-C-H 89 7.7

a) The bond dissociation energy of the initial bond. The
C-D bond strength is taken to be 0.9 kcal/mol greater
than that of C-H: S. W. Benson, ¢ Foundations of
Chemical Kinetics,” McGraw-Hill Book Co., Inc., New
York, N. Y. (1960), p. 666.

b) The activation energy.

activation energies estimated above, that the tertiary
hydrogen atom of isobutane should be abstracted
much more easily than the primary one at 77°K.
However, this is inconsistent with observations on the
polycrystalline samples, indicating that the hot hydro-
gen atom must be involved in the abstraction reaction
in these systems.

A
B
Cc
L
—
90 gauss

Fig. 7. (A) ESR spectrum of y-irradiated :-C,H,,-HI (1.0
mol%) at 77°K.
(B) ESR spectrum of y-irradiated i-C,HyD-2-d;, at 77°K.
(C) ESR spectrum of p-irradiated i-CH,D-2-d,-HI (1.0
mol%) at 77°K. Irradiation dose: 2.22x 105 rad.
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Effects of Phase on Hydrogen-atom Abstraction in the
Radiolysis  of Solid Isobutane Containing HI. y-
Irradiated pure isobutane at 77°K displays a five-
line ESR spectrum with a hyperfine coupling constant
of a,,=20.7 G, which can be attributed to the isobutyl
radical'® (Table 2). A quite different ESR spectrum,
however, is obtained for radicals produced in the
radiolysis of isobutane containing 1.0 mol%, HI.
This spectrum consists of two components which may
be assigned to the tertiary butyl radical (a ten-line
spectrum with a,,=22.3 G)1® and the isobutyl radical
(Fig. 7A) respectively.

Figure 8 shows the dependence of the peak heights

Peak height (i-C,H,, ¢-C,H,)

A

5X10° 10°

0 1
0 10°

y-Irradiation dose (rad)

Fig. 8. Effect of dose on the amounts of butyl radicals
produced in p-irradiated :-C,H,,-HI (2.0 mol9%,) at 77°K.
O—0: i-G,H,

O—: +CH,

of trapped radicals on the dose in y-irradiated iso-
butane containing 2.0 mol%, HI at 77°K. The peak
intensity of isobutyl radicals is linear in doses over
the entire range studied, while that of tertiary butyl
radicals is linear in doses up to 1.5Xx10% rad, but
deviates from the straight line with doses beyond it.
This result can be interpreted in terms of the following
reactions:

i-CHyy — W i-CH,o%, i-CHyt + e~

i-CH,* — i-CH, + H

HI + e~ — Hpoe + I-

Hpoy + i-GHyp — H, + ¢-CH,
The isobutyl radical is produced by the decomposition
of the excited isobutane molecule (reaction (12)),”
while the tertiary butyl radical is produced in the
H-abstraction by the hot H atom which is formed

(11)
(12)
(13)
(14)

15) J. Lin and F. Williams, J. Phys. Chem., 72, 3707 (1968).
16) P. B. Ayscough and C. Thomson, Trans. Faraday Soc., 58,
1477 (1962).
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in the dissociative electron attachment (reaction
(13)) and has an energy of ca. 5—6 kcal/mol.

As the HI concentration in an isobutane matrix
is increased, the yield of the isobutyl radical produced
in the radiolysis decreases initially and reaches a
plateau value at ca. a 1.0mol% HI concentration,
while that of the tertiary butyl radical increases rapidly

initially and then gradually (Fig. 9). Figure 10
Q
§2 - o) 8
———
g g
=
g1f
=
<
ﬂqj il i
g 1 2 3

Concentration of HI (mol%)

Fig. 9. Effect of HI concentration on the amounts of butyl
radicals produced in y-irradiated i-C,H,;, at 77°K.
Irradiation dose: 8.9x10% rad.
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:/T:; a
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Fig. 10. Effect of HI concentration on the amounts of
butyl radicals produced in y-irradiated :-C,H,,-MCH
(3.8 mol%) at 77°K. Irradiation dose: 8.9 x 10* rad.

O—0: i-CH,
O—: ¢+CH,

shows the dependence of the yields of trapped radicals
on the concentration of HI in a y-irradiated isobutane-
3.8 mol% MOCH matrix at 77°K. The yield of the
tertiary butyl radical increases with the concentration
of HI up to ca. 0.5 mol%, and reaches a plateau value,
while that of the isobutyl radical is constant over
the entire range of HI concentrations studied. These
results may be interpreted in terms of the energy
dependence of the hot-H-atom reaction and on the
basis of the electron yield in y-irradiated hydrocarkons
in the solid state; the hot H atom produced from
HI by the dissociative electron attachment (reaction
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(13)) abstracts an H atom from the tertiary position
more easily than from the primary position in isobutane
at 77°K, since the hot H atom thus produced has an
energy of ca. 5—6 kcal/mol, which is much lower
than that produced by the photolysis of HI. Such
an argument holds for both polycrystalline isobutane
and glassy isobutane-MCH matrices (Table 4). The

TABLE 4. BUTYL RADICALS PRODUCED IN THE RADIOLYSIS
ofF HI IN VARIOUS MATRICES AT 77°K2#

System Phase Radical
) z:CI,i-Im - 7 E]rystal t-C,H,
i-C,H,D-2-d, Crystal t-C,H,
i-C,H,-MCH (3.8 mol%,) Glass t-C,H,

a) Concentration of HI: 1.0mol%; y-irradiation dose: 2.22
% 10% rad

yield of the tertiary butyl radical produced by
reaction (14) increases with HI concentration up
to ca. 1.0mol9%,, above which it remains constant,
because the yield of electrons which escape from re-
combination with the parent positive ions in the
radiolysis of condensed systems is limited and its maxi-
mum value in solid hydrocarbon matrices is G(e~)=
2.1 The yield of the isobutyl radical is rather in-
sensitive to the concentration of HI, since the isobutyl
radical is produced by the decomposition of the excited
isobutane molecule.

Figure 7B shows the ESR spectrum of radicals pro-
duced in the radiolysis of pure isobutane-2-d; at 77°K,
which can be attributed to the isobutyl-2-d; radical.?)
In y-irradiated 1 mol9%, HI in isobutane-2-d;, the
tertiary butyl radical is produced in addition to the
isobutyl-2-d; radical (Fig. 7C). The tertiary butyl
radical may arise from D-atom abstraction from
isobutane-2-d; by the hot H atom produced from HI.

Cause of Phase Effect on H-atom-abstraction Reaction
by Hot H Atoms. When a diatomic molecule
such as HI dissociated by absorbing light with more
energy than the dissociation energy of the bond, the
atoms produced will be hot. The main advantage
of utilizing photochemically-produced hot atoms is
that their initial kinetic energy is well known. In the
2537 A photolysis of HI, hot H atoms have 20 kcal/
mol or 41 kcal/mol, depending on whether the iodine
atom is produced in the excited state or in the ground
state. Since the first excited-state energy of the H
atom is about 237 kcal/mol, the energy given to the
H atom produced photochemically is the kinetic
energy.

The phase effect can be discussed from the following
two points of view: (i) whether the phase change
affects such primary processes as the fragmentation
of the excited HI molecule in the photolysis of solid
isobutane containing HI at 77°K, and (ii) whether
the phase change affects such secondary processes

17) M. Shirom and J. E. Willard, J. Phys. Chem., 72, 1702 (1968);
T. Kimura, K. Fueki, and Z. Kuri, This Bulletin, 43, 3090 (1970);
T. Kimura, M. Fukaya, M. Hada, T. Wakayama, K. Fueki, and
Z. Kuri, ibid., 43, 3400 (1970); T. Shida, J. Phys. Chem., 74, 3055
(1970).
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as the hot-hydrogen-atom abstraction reaction with
isobutane. In a diatomic molecule such as HI, the
H-I bond rupture of the excited HI molecule (HI*)
may occur repulsively in the period of one vibration
(less than 10-'3sec). Therefore, the phase effect has
no important influence upon the primary process of
the HI* fragmentation.

One plausible explanation is given by the cage effect
on the radiolysis of organic solids, which was reviewed
by Willard.'® Since the C-C bond of the stable ter-
tiary butyl radical is formed by sp2-hybrid orbitals,
three methyl groups construct a planar structure.
Therefore, the structural rearrangement of the C-C
bonds would be necessary for the formation of the stable
tertiary butyl radical from the isobutane molecule,
which such a rearrangement would be unnecessary for
the formation of the isobutyl radical. In the radio-
lysis of isobutane in the polycrystalline state, the for-
mation of the tertiary butyl radical, accompanied by
the structural rearrangement of the C-C bonds, may
be suppressed in the rigid crystal, and only the primary
C-H bond, which is stronger than the tertiary CG-H
bond, may be ruptured. The effect of the matrix
rigidity was observed both in the abstraction of H atom
from isobutane by hot H atoms produced from the
photolysis of HI and in the decomposition of the excited
isobutane molecule produced by the radiolysis of iso-
butane (Tables 1 and 2). In the radiolysis of the
polycrystalline isobutane-HI or isobutane-2-d,-HI,
however, it was found that the hot H atom, which is
produced by dissociative attachment to HI, abstracts
the tertiary H atom from isobutane or isobutane-2-
d, (Table 4). Thus, only the cage effect does not ex-
plain satisfactorily this H-abstraction reaction in solid
hydrocarbons at 77°K. The energy dependence of
the hot-H-atom abstraction reaction must be invoked
to interpret this observation.

Another effect of the hot-atom reaction is the moder-
ator effect, which was discussed by Hamill,'® in the
photolysis of HI. On this model, hot H atoms are
formed with 20 or 41 kcal/mol of translational energy,
which they can lose in the subsequent moderating
collisions with an inert gas. Typically, these are rare
gases such as He and Ne, but such substances as A,
Kr, Xe, and H, may act as moderators. We may
interpret the present results for a moderator matrix, Xe
(Tables 1 and 2), as follows. The hot H atoms (H**)
in a Xe matrix may lose translational energy by col-
lisions with the moderator, Xe, and then they may
abstract the tertiary H atoms of isobutane to form ter-
tiary butyl radicals (reactions (15), (16), and (17)).
This interpretation is consistent with the findings on
the radiolysis of isobutane-HI, where hot H atoms
have only 5—6 kcal/mol and preferentially abstract
the tertiary H atoms. In summary, the H-abstrac-
tion reaction by hot H atoms depends upon the energy
of the hot H atoms:

18) J. E. Willard, “Fundamental Processes in Radiation Chem-
istry,” P. Ausloos, Ed., Interscience, New York, N. Y. (1968),
p- 599.

19) H. A. Schwarz, R. R. Williams, Jr., and W. H. Hamill, J.
Amer. Chem. Soc., 74, 6007 (1952).
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hy
HI — H** 4 1 (15)
H* + M > H* + M (16)
H* 4+ {-C,H,, — H, + t-C,H, (17)

In reactions (15)—(17) H** and H* represent hot atoms
with higher and lower kinetic energies respectively, and
M represents a moderator such as Xe. It should be
stressed that, although the efficiency of Xe as a moder-
ator is probably lower than that of hydrocarbons, the
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contribution of H-abstraction by very hot atoms is
more greatly reduced in a Xe matrix than in a hydro-
carbon matrix, in which H-abstraction by hot atoms
inevitably competes with hot-atom moderation.
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