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INTRODUCTION

The rate of chemical reaction is generally considered to be

controlled by the frequency factor and the activation energy. The

rate increases with decreasing the activation energy or the

potential barrier for the reaction, if the other factor is

unchanged. A typical example is the rate of hydrogen-atom

abstraction from alkane molecules in liquid.1 The rate of

hydrogen-atom abstraction by hydrogen or deuterium atoms increases

in the order of the primary, secondary and tertiary carbon atoms,2

due to the decrease of the activation energy. However the rate of

the hydrogen-atom abstraction in cryogenic solids does not follow

this rule.3'4 Although the tertiary C-H bond is the weakest, no

tertiary alkyl radical is formed in the glassy matrices. However,

no reason has been given for the preferential formation of the

radicals. It is therefore worthwhile to carry out the detailed

study on the hydrogen-atom abstraction and to find out a

controlling factor of hydrogen-atom abstraction in cryogenic

organic solids.

The present paper summarizes our recent results on the

hydrogen-atom abstraction from protiated alkane molecule by

deuterium atoms in cryogenic deuterated organic solids, obtained

by the X-band ESR and electron spin-echo measurements of the

product alkyl radicals at cryogenic temperatures.

EXPERIMENTAL

Samples used for the experiments were perdeuterated alcohols or

alkanes containing 2 vol. % of protiated solute alkanes (RH).

Deuterium atoms were generated below 77 K either by y-radiolysis
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of the deuterated matrix molecules (MD) ,

MD + r —> M- + D,

or by photo-ionization of triphenylamine (TPA) followed by photo-

electron capture by deuterium chloride (DC1),

TPA + 2hv —» TPA*' + e~. e~ + DC1 —* D + Cl~.

Alkyl radicals generated by reaction

RH + D —» R- + DH

were detected by ESR or electron spin-echo spectroscopy, using

insertion-type ESR cryostats.

Fig.l shows an insertion-type cryostat invented by us for 4.2 K

ESR measurements.5 The cryostat consists of inner and outer Dewar

vessels. The inner vessel consists of liquid helium and liquid

nitrogen containers. The outer vessel has an opening not at the

top but at the bottom. These vessels are made with Vycor glass

except for the tip portions and have narrow unsilvered slits. The

tip potions are made with high-purity quartz glass. The vessels

are connected with each other at the upper part of the cryostat.

The cold nitrogen gas from the nitrogen container passes through

the thin gap between the inner and the outer vessels and goes out

through the bottom of the cryostat. The rate of the gas flow is

controlled by changing the diameter of a heat-conducting copper

wire which is partially immersed in the liquid nitrogen. For

preventing the bumping of the liquid nitrogen, a few peaces of

porcelain or zeolite pellets are attached at the immersed part of

the wire. Since the nitrogen gas is continuously cooled down by

the liquid nitrogen until enterring into the tip portion, the

temperature at the outer wall of the inner potion is kept constant

as long as the evaporation rate of the nitrogen is unchanged. The

temperature at the bottom of the inner vessel is approximately 100

K when a copper wire of 1.5 mm diam (a conventional wire for

electricity) is used. The capacity for helium is about 400 cm3 but

only 200 cm3 of liquid helium keeps a sample of 3 mm diam at 4.2 K

for 9 h when liquid nitrogen is added every lh. No ESR signal

noise is induced by the addition of liquid nitrogen.

The characteristic feature of this cryostat is the induction of
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no ESR noise by the boiling of liquid nitrogen. The inner vessel

of a conventional cryostat for liquid helium is usually immersed

in liquid nitrogen. Since the dielectric constants of liquid and

Fig. 1. Cross sections of the cryostat for ESR measurements at 4.2

K. Cross section B is perpendicular to cross section A.

(a) Polyethylene cap, (b) He inlet (c) He outlet, (d) rubber band,

(e) N2 inlet, (f) rubber stopper, (g) heat conductor. (h) outer

Dewar vessel, (i) inner Dewar vessel, (j) nitrogen container, (k)

He container, (1) funnel for preventing the presipitation of

solidified air in the tip portion, (m) Vicor glass, (n) high-

purity quartz glass, (o) unsilvered tip portion, (p) N2 outlet,

{q) stop cock, (r) to vacuum.
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gaseous helium at 4.2 K are almost the same, the boiling of the

liquid helium in a ESR cavity does not cause the ESR noise.

However, since the dielectric constants are much different between

liquid and gaseous nitrogen, boiling of the liquid nitrogen causes

abrupt change of the microwave resonance frequency of the cavity

and disturbs ESR measurements. The simplest way of eliminating

the boiling noise is to use a cryostat without outer vessel in the

cavity. However this causes direct exposure of the helium vessel

to the ambient temperature through vacuum, and thereby increases

the rate of liquid helium consumption by a factor of 20. On the

other hand, the keeping time of the liquid helium is unchanged

even if the tip portion of our cryostat is immersed in liquid

nitrogen. Therefore the structure shown in Fig. 1 is quite

effective both for reducing the evaporation rate of liquid helium

and eliminating the boiling noise.

Although the cryostat in Fig. 1 has excellent ability of keeping

liquid nitrogen for long time without giving ESR noise, it can be

used only for 4.2 K measurements. Commercially-available variable-

temperature cryostats generally uses cold He gas as a refrigerant

below 77 K. The cold He gas is supplied from a liquid He container

through a transfer tube. One drawback of these cryostats is the

fast consumption of liquid He. For reducing the running cost, it

is therefore necessary to have a He recovery system composed of a

He gas reservoir and a He gas compressor. However the recovery

system is also expensive. The best way is therefore not to

introduce a He recovery system but to invent a cryostat with slow

consumption of liquid He.

Fig. 2 shows two types of variable-temperature cryostats6 which

were intended to minimize the loss of liquid He. Although cold He

gas is used as a refrigerant, it is supplied not through a

transfer tube but directly from the liquid He reservoir. For type-

A cryostat, the He gas passes through the bottom tip by plugging

the He gas outlet at the upper part of the He container, and then

released from the outer wall of the He Dewar. Although this

cryostat could keep 25 K for 1 h with 850 cm3 of liquid He, the

rate of He consumption was not so low as expected. The heat from

the top of the He container is used completely for boiling the

liquid He, once the He gas outlet of the He container is plugged.
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Fig1. 2. Cross sections of two types of variable temperature

cryostat.

The characteristic feature of type-B cryostat is that the

leakage of liquid He from the He container to the bottom tip is

used instead of the pressurized gas flow from the upper part of

the container. The evaporated He removes the heat penetrated from

the upper part of the cryostat, so that the evaporation rate is

less than 1/20 of type-A cryostat. However, because of periodic

penetration of liquid He, the stability of the temperature is not

so good as type-A cryostat.
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RESULTS AND DISCUSSION

Table 1 summarizes our resent results7 on the selectivity of

hydrogen abstraction at 77 K from 2 vol. % protiated solute

alkanes (RH) in deuterated matrices by deuterium atoms. The

hydrogen abstraction proceeds through quantum-mechanical tunneling

of alkane C-H hydrogen, since the deuterium atoms selectively

abstract the hydrogen atoms of solute molecules. Although the

tertiary C-H hydrogen is preferentially abstracted from branched

alkanes in liquid, only the penultimate secondary hydrogen is

abstracted in amorphous solids.

The selectivity is much peculiar for n-alkanes. In crystalline

n-alkanes deuterium atoms are known to migrate through channels

composed of the arrays of head and tail methyl groups of alkane

molecules,8 so that the probability that the C-H hydrogen

encounters a deuterium atom is much lower for the internal

secondary hydrogen than the penultimate one. However a

considerable amount of the internal hydrogens were abstracted. On

the other hand, although n-alkane molecules in amorphous solids

have random structures and the encounterring probability is about

the same for the penultimate and the internal hydrogen atoms,

highly selective abstraction of the penultimate secondary C-H

hydrogen took place only in amorphous solids.

These peculiar features have been explained consistently by

introducing the phenomenalistic concept of pin-down effect7 which

implies that alkyl arms bonded to a C-H carbon atom of an alkane

molecule and piled into an amorphous solid "pin down" the C-C-C

bond to prevent the deformation of the bond from the original

alkane sp3 state to the final radical spz+p state. The

intramolecular location of the carbon atom to be hydrogen-

abstracted is determined by the pin-down effect and the activation

energy for the hydrogen abstraction.

In amorphous solids, the pin-down effect increases with

increasing number and length of alkyl chains bonded to a carbon

atom, so that the tertiary carbon atom with three alkyl chains is

difficult to be hydrogen-abstracted even the activation energy is

the lowest. Although the pin-down effect is the smallest for the

primary C-H carbon atoms, the primary carbon atom is not hydrogen-

abstracted due to the highest activation energy. The pin-down
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Table 1. Selectivity of hydrogen abstraction at 77K in solids.

Alkane

2-methylpentane

3-methylpentane

2-methylhexane

3-methylhexane

n-hexane

n-octane

Deuterated

Matrix

methanol(A)c

methanol(A)

2-propanol(A)

2-propanol(A)

methanol(A)

n-hexane(C)d

2-propanol(A)

n-octane(C)

Location of hydrogen abstraction

R-CH3
a

0

0

0

0

0

0

0

0

R-CH2-Me
b

-100%

-100%

-100%

-100%

-100%

-80%

-100%

-80%

R-CH2-R

trace

0

trace

0

trace

-20%

trace

-20%

R3
SCH

0

0

0

0

/

/

/

/

a) R=alkyl group other than methyl group, b) Me=methyl group,

c) (A)=amorphous, d) (C)=crystal. The relative reactivity of

hydrogen abstraction in liquid alkane at room temperature is about

1:5:5:40 for R-CH3, R-CH2-Me, R-CH2-R and R3sCH.
25

effect for the penultimate carbon atom is the lowest within

secondary carbon atoms, so that the penultimate secondary radicals

are selectively generated in amorphous solids. The experimental

fact that the paramagnetic relaxation of the alkyl radicals

generated in amorphous solid increases with increasing length of

alkyl chains bonded to the radical carbon supports the validity of

the above assumption, since the relaxation is induced by the

motion of the chains.

In crystalline n-alkanes, all the carbon atoms in a molecule are

in the molecular plane. The in-plane accordion motion of a flat

carbon skeleton is easy to take place without exerting much strain

to the surrounding. The accordion motion causes the simultaneous

bending of all the C-C-C bonds in a molecule, so that both the

penultimate and the internal secondary carbon atoms are hydrogen-

abstracted .

Because of low viscosity of liquid, the pin-down effect is not

important for the reaction in liquid.

The concept of the pin-down effect is very powerful for
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predicting the intramolecular location of hydrogen abstraction.

However, it is phenomenalistic and needs a theoretical foundation.

The simplest possible explanation is that the deformation of the

C-C-C bond is necessary for attaining minimum potential barrier

for the hydrogen abstraction. However this is not plausible. As

pointed out by Polanyi et al., the configration of carbon atoms at

the transition state of hydrogen abstraction is the same as the

initial alkane state. The molecular-orbital calculation of the

potential surface for the hydrogen abstraction also showed that

the potential surface is scarcely changed by the continuous

optimization of the bond angle during the reaction. We therefore

need to find another factor cntrolling the chemical reaction in

solid.

We believe that the dissipation of the heat of hydrogen

abstraction to vibration motions around the hydrogen-abstracted

carbon atom affects the rate of hydrogen abstraction in solid.

Since the total energy of the reaction system is conserved before

and after the reaction, the heat of hydrogen abstraction (ua. 3500

cm"1) must be transferred as translational, vibrational and

rotational energies of product molecules. In gasous and probably

in liquid states, most of the heat can be transferred efficientry

as translational energy of the product DH molecule. The

translational motion of the product molecules is highly restricted

in solid, so that the transfer of the heat of reaction to the

vibrational energy becomes a rate-determinant process in the

reaction.

The chemical reacton causes sudden change of the location of

nuclei in a reactant molecule from the initial equilium (ground)

state to the final non-equilibrium (excited) state. The heat of

reaction is therby transferred to the vibrational energy of the

product molecules. The rate of heat transfer is expressed quantum-

mechanically as a Frank-Condon factor or the overlapping of

vibrationalwave functions between the initial reactant state and

the final vlbrationally-excited product state.

The hydrogen abstraction causes change of the a orbitals about

the carbon atom from sp9-like to sp2-like. For the C-C-C bond, it

is the change of the equilibrium bond angle form 115° to 120° for

secondary carbon, and 1.10° to 115° for tertiary carbon. The rate
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of heat transfer decreases with decreasing difference of the

equilibrium angles. The difference can be decreased by increasing

the steric hindrance to the bending motion, because the steric

hindrance push the equilibrium angle of the product radical closer

to the initial state. The rate of heat transfer therefore

decreases with increasing number and length of alkyl chains bonded

to a hydrogen-abstracted carbon atom. The pin down effect thus

plays an significant role in the hydrogen abstraction from alkane

molecules in solid.

The validity of the above explanation can be confirmed more

regolously by examining the effect of the rigidity and the

tmperature of organic matrices on the selectivity of the hydrogen

abstraction.

EXPERIMENTAL
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