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ABSTRACT

The study of the mechanism of alcohol formation in
the y-radiolysis of liquid n-propyl ether provides inform-
ation as to the nature of solvated electron reactions in

ethers. In water, the solvated electrons can decompose by

reaction

(6 € solv — OH solv +H
Similarlv, in alcohols

(71 € solv RO solv +H

There has been no evidence that the solvated electrons in

ether can decompose in an analogous way.

(4] e solv'—_* RO solv *R

Reaction [4] would probably be followed by
- +
[5] RO solv + RZOH —+ ROH + RZO

with the formation of alcohol.
A mechanism that has been proposed for the formation of

alcohol in diethyl ether (2) is

131 R20H+ te gy ROH+R

To determine whether alcohol is formed by reaction
[3] or [5], various scavengers were added to n-propyl ether.
The additions of sulfur hexafluoride and n-propylamine de-

creased the propanol yield suggesting that e—solv and R20H+
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are the precursors of alcohol. The effects of both n-
propylamine and hydrogen chloride on the yield of alcochol

ruled out reactions [4] and [5] and supported the reaction

+ _ .
(3] R20H + e solv-——+ ROH + R

as the source of propanol. Reaction [3] occurs in the spurs.

The scavenging studies provided evidence for the part-
icipation of solvated electrons in a spur reaction during
radiolysis of n-propyl ether. Direct observation of solvated
electrons during pulse radiolysis confirmed its presence in
a radiolysis system. The pulse radiolysis technique allows
the observation of solvated electrons in the bulk medium by
means of its absorption spectrum and half-life in a given
reaction. Absorption spectra of solvated electrons from
600-1600 nm were obtained at temperatures 0°, -73° and
-133°C. At all three temperatures, the absorption maxima
lay above 1600 nm, being the limit of the detection equip-
ment. The absorption maximum shifted to lower wavelengths
with decreasing temperature as indicated by the change in
the shape of the spectrum. The decay of solvated electrons
in the bulk medium is believed to be a reaction with

impurity, S.

[13] e + 88—+ 8

solv

The activation energy for reaction [13] is 3 kcal/mole. The
same activation energy was obtained for the reaction of

solvated electrons with sulfur hexafluoride.
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I, INTRODUCTION

A. General Review

A survey of the liquid phase radiolysis of some ali-
phatic ethers with helium ions was made by Newton (l).
Alcohols were among the major products of radiolysis.
Product yields were reported as G values, the number of
molecules formed per 100 ev of energy absorbed., In the
case of di-n-propyl ether, Newton (1) found that the major

products were hydrogen (G = 2.74), "polymers" (G ~ 1.6),

carbonyl compounds (¢ = 1.36), alcohols, reported as

hydroxyl compounds (G 1.30), propylene (G = 0.49) and
propane (G = 0.43). From the yields of hydrocarbons, it
was found that the rupture of C-O bonds was more extensive
than that of C-C bonds. Ng (2) obtained from radiolysis
studies of diethyl ether the relative probabilities of
cleavage of the various bonds. They are c-0 (G = 1.6) >>
c-H (G = 0.34) > C-C (G = 0.28).

The formation of alcohol in ether was suggested to

result from a C-O0 bond cleavage involving a molecular

rearrangement with hydrogen atoms on the B-carbon atom (1).

[1] ROR -—* ROH + alkene

Scavenging studies (2) on diethyl ether gave further in-
formation on the reaction mechanism of alcohol formation.

Ng found that only about half of the ethanol yield was

)
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scavengeable by 1,3-pentadiene (2). He suggested reaction
[1] as the mechanism for the unscavengeable yield. Being a
conjugated di-olefin, 1,3-pentadiene could scavenge either
free radicals (3) or electrons (4). The mechanism pro-

posed for the scavengeable yield of alcohol is - {2)
[2] RO + RH — ROH + R
where RH is a free radical or molecule, or a neutralization

reaction

3] R.oH' + e — ROH + R
2 solv

An alternative reaction of solvated electrons which could

lead to alcohol formation is the decomposition reaction

[4] € sov T RTERO oy

followed by

- +
[5] RO, ,, * R,0H * ROH + R,0

Reaction [4] is analogous to the decomposition reaction of

solvated electrons which occurs in water

(6] e —* OH + H
and in alcohols

(7] e solv'—_+ solv
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The first order half-life for the decomposition reaction
in water is 0;8 milliseconds, while in alcohols it is of
the order of microseconds (5).

There has been no evidence that reaction [4] occurs
in ether as in water or alcohols. The study of the
mechanism of n-propanol formation during y-radiolysis of
liquid n-propyl ether will provide evidence as to whether
the solvated electron reaction [4] occurs in ether. The
mechanism of alcohol formation was investigated by means of
scavenging studies. The participation of solvated elect-
rons in reactions during radiolysis was studied by pulse
radiolysis experiment.

In the remainder of this Chapter, the nature of

solvated electrons is discussed.

B. Soivated Electrons

A solvated electron is an extra-molecular electron
localized in a cavity of the medium in which the dielectric
has relaxed around it (6). fhe solvated electron is in
thermal equilibrium with the medium. Solvated electrons
occur in many liquids such as water, ammonia, amines,
alcohols and ethers. They have jow mobilities which are
<1 sz/v sec. They are characterized by optical absorption,
paramagnetism and electrical conductivity. The absorption
pands are broad with maxima lying in the visible or near

infrared regions. These properties characterize the :
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solvated electrons in various media subjected to high
energy radiation.

The existence of solvated electrons in radiation
chemistry was not confirmed until the early sixties. It
continued to be mistaken for the hydrogen atom until it
was demonstrated that the major reducing species in irradi-
ated water has a unit negative charge (7) and was respons-
ible for the transient absorption spectrum in the pulse

radiolysis of aqueous solutions (8,9).

1. Production of Solvated Electrons

Solvated electrons are generated directly by radioly-
sis

18} M-4im e solv

In the flash photolysis of hydrogen saturated 0.001 N
sodium hydroxide solution, solvated electrons are formed

by the following mechanism (10):

{93 OH 4+ hy —r OH + e solv
[10] OH + H2 — Hzo + H

[11] H +OH — e .y

The reaction of an alkali metal generates solvated

electrons (11).

+ -
[12] Na + H20 —+ Na + e 1y



2. Evidence for Solvated Electrons

The determination of the charge of the major reducing
species in irradiated water and the discovery of a transient
absorption spectrum bearing the properties of a solvated
electron presented important evidence for the existence of
solvated -electrons.

The magnitude and sign of the charge on the reducing
species were determined using the Bronsted-Bjerrum theory
of ionic reactions (12). The theory states that the rate
constant (k) at ionic strength (v) will increase, decrease
or remain constant depending respectively, on whether the
charges of the reactants are of the same sign, opposite
signs or one is zero. This is given for aqueous solutions

by the equation

1] 1 X - 10202 )(z)_‘L
1 °919 k.- red’ ‘°s

1
0 1+ a(p)?

where ko ig the rate constant at zero ionic strength, 2,.4
and Zs are the charges on the reducing species and solute
respectively, and o is a parameter whose value is close to
unity and taken as such. If 2 is known, a determination
of the dependence of k on Ul permits an evaluation of the
magnitude and sign of Z..3° 1

Since absolute rate constants could not be determined
in 1962 for lack of suitable techniques, Czapski and Schwartz

(7) compared the effect of § on relative rate constants.
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They compared the rates of the reaction of the reducing

species with NOZ_, i ana 0, to the rate of the reaction

_with HZOZ as a function of ionic strength. The results

are shown in Figure 1 and Table I. In Figure 1, K repre-
sents the ratio k(red + s)/k(red + Hzoz) at ionic strength
p and K is that ratio when p = 0. The slopes of the
lines drawn show that 2 for the reducing species was -l.
The same conclusion was reached by Collinson et.al. (13).
It was concluded that the reducing species was e-solv'

The effect of ionic strength on the rate constant
ratios has also been studied in the y-radiolysis of
methanol (14). The results indicate that the reducing
species in methanol has a unit negative charge, i.e. that
it is the solvated electron.

The emergence of pulse radiolysis techniques made
possible the observation of transient absorptions in an
jrradiated liquid and led to the establishment of the
identiy of the major reducing species. In water (8,9) an
absorption band was obtained with a maximum at 7200 i.
This was assigned to the solvated electron. The evidence

for the assignment of this absorption band to e is:

solv 1

(a) Electron scavengers such as H+, 02, HZOZ' N20 and co,

accelerated the ‘decay of e~ and at sufficiently

solv



FIGURE 1

Effect of ionic strength on relative rate

constants for reactions of e~ with various

s0lv
solutes (7). Upper curve, N02_ relative to H202;

middle curve, O2 relative to H202; lower curve,

1" relative to H)0,. The ionic strength was
varied with LiClO4, 0; KClO4,D; NaClO4, A; and
MgSO4, X. The closed circles represent no

added salt other than the reactants.
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TABLE I

Determination of Charge on e solv

Solute Zs Slope*
.S Reference (Zs‘zred)
NO,” H,0, -1 +1
O2 H202 0 0
gt H,0, 1 -1

*

From Figure 1
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high concentrations, suppressed or even eliminated

the absorption (8).

The absorption spectrum of the ammoniated electron

was similarly affected by electron scavengers (8).

Other studies on this absorption band gave futher evidence

that it is due to solvated electron.

{c)

(d)

3.

Kinetic ion-strength effects have shown that the band

was due to @ species having a unit negative charge

(15).

Rate constants calculated from the decay of this

absorption in the presence of scavengers gave rate
constant ratios which agree with those obtained by
competitive studies with the same scavengers in

steady radiolysis (16).

Subsequently, solvated electron spectra have been

obtained in other compounds such as alcohols (17), amines

(18,19) and ethers (19,20,21).

Reactions of Solvated Electrons

reactions range from 16 M1 gec™d

The pulse radiolysis technique made possible the

determination of absolute rate constants for a variety of

reactions of solvated electrons. The rates of these

in water, to lO11 M-l
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sec_l in other cases, many of which are diffusion controlled.
In all direct kinetic measurements, the solvated electron is
generated in concentrations of 1078 - 107 M while the re-
actants are present in much greater concentration. Under
these conditions, pseudo-first-order decay of the solvated
electron is observed. The rate constants for such reactions
are obtained from the observed half-life of the solvated
electron.

Reactions of solvated electrons are electron attach-
nment in nature. They involve the transfer of the electron
from its site in the solvent into a vacancy in the accepting
solute. The reactivity of organic solutes toward solvated
electrons differs considerably. The availability of a
vacant orbital governs the reactivity of a solute. The

following is. a grouping of compounds and their reactivy to-

wards solvated electron in water.

(a) Organic compounds composed of H, C, O and N atoms only

and containing no m-bonds are nonreactive (22a).

(b) The reactivity of alkenes is a function of the group

adjacent to the double bond. Reactivity of a non-

activated C=C double bond is low (k ~ 108 w1 l

sec 7).

The presence of electron withdrawing groups and con-

jugating C=C double bond greatly enhances the react~
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(d)

(e)

11,

ivity of the C=C bond, increasing the rate constants

to~10° - 1020 M7l sec™d (221).

Aldehydes, ketones and carboxylic acids have high

reactivity. The reactivity of the carbonyl group C=0
is decreased by electron withdrawing groups. This is
attributed to the decrease in the C=0 bond léngth. As
the C=0 bond shortens, the electron density in the =
orbital increases, resulting in a decreased tendency

of the bond to accomodate another electron (22c¢).

Alkyl halides are particularly reactive toward sol-
vated electrons with reactivities in the order F <<
Cl < Br < I (23). The probability of the electron
being attached to a halogen atom increases with the
number of orbitals in the atom. The electron-with-
drawing capacity of the alkyl groups, expressed in
terms of the Taft o* function, affects the reactivity

of the halide.

The reactivities of aromatic compounds range over four
orders of magnitude, from k = 4 x 106 for phenol to
k=3 x 1080 M7 sec™? for nitrobenzene. The react-
ivity is correlated with the substituents on the ben-
zene ring by means of the Hammett o function. Elect-
ron withdrawing substituents greatly enhance the

reactivity of the benzene ring., The reactions of



e TR ST AT 18RI g e s

12.
solvated electrons with aromatic compounds involve an
interaction of the electron with the m-orbitals of
the ring. kxceptions are the bromo and iodo aromatic
derivatives where the electron may interact through

the ring or through the halogen atom (22d).

4, :Structure of Solvated Electrons

A solvated electron can be qualitatively described as
an extra electron trapped in a pre~formed cavity of a
liquid. The trapping of the extra electron in a cavity re-
sults when its total energy (kinetic and potential energy
arising from coulombic repulsion) is less than the potential
energy barrier caused by coulombic attraction between the
electron and the positive dipoles of a partially relaxed
dielectric. The trapped electron transforms into the sol-
vated state vhen complete dielectric relaxation occurs (24a) .
The electron-in-a-cavity model is supported by some
experimental evidence and theoretical investigations. In
water and in alcohols the energy of the absorption maximum
E A vas found to decrease with increasing temperature
(2??26) and to increase with increasing pressure (27,28).
The displacement of the absorption maximum to higher energies
with increasing pressure has been ascribed to the compres-
sion of the cavity. The displacement toward lower energies

with increasing temperature is due to thermal expansion of

the cavity (29).
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Theoretical models have been devised to predict the
energy of the absorption maximum based on the approximation
of the liquid as a continuous dielectric medium with the
electron trapped in a cavity of the liquid. A theoretical
treatment that has met considerable success in predicting
some properties of solvated electron in liquid ammonia is
Jortner's self consistent field (SCF) approximation (30,31).
The energy of the absorption maximum, Ekmax' is interpreted
as the energy of transition from a ground to an excited
state. The energy of the electron arises from the contri-
butions of orientational and electronic polarization energies.
With the use of hydrogenic wave functions for a 1s ground
state and a 2p excited state, a value for the energy of
1s + 2p transition of 0.8l eV was obtained when a cavity
radius of 3.2 3 was assumed. This compares well with the

experimental value of E, = 0.80 eV (32)..

A similar treatmeﬁtm;:s applied to the solvated
electron in water (31). A reasonable agreement was obtained
between the ls + 2p transition energy of 1.8 eV and the
experimental value of EA = 1.72 eV (33) when a cavity

o - "max
radius of 1.5 A was assumed.
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II ~ y-RADIOLYSIS OF n-PROPYL ETHER

The mechanism of alcohol formation in the y-radiolysis
of n-propyl ether can be elucidated by means of scavenging
studies. Scavenging is a term applied to the action of an
added solute (scavenger) which reacts preferentially with
one of the reactants of the radiolysis reaction. The
reaction by which alcohol is formed was investigated with
the following scavengers: sulfur hexafluoride, an electron
scavenger; n-propylamine, a positive-ion scavengeri acid,
an electron scavenger; and propylene, a free radical
scavenger. The effects of these scavengers on the radioly-

sis yield of propanol provide evidence as to the identities

of the precursors of propanol.

A. Experimental

Part I. Materials

1. n-Propyl ether: n-propyl ether was obtained from

Eastman Organic Chemicals and from Aldrich Chemical Company
(Gold Label quality). The ether was purified as follows:
The peroxide content of the ether was qualitatively
determined with a glacial acetic acid-potassium iodide
solution. High peroxide concentration around 10—3 M was
indicated by a dark brown coloration. It was removed by
passing the ether through a 14" x 3/4" neutral Woelm

Alumina column to prevent peroxide explosion during distil-

)
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lation. Most of the propionaldehyde was removed by adding
1;5 g of 2,4—dinitrophenylhydrazine and 2 ml of concentrated
sulfuric acid to 700 ml of ether and refluxing the solution
for 20 hours. Most of the propanol and other impurities
were removed by fractional distillation through a 24"
Vigreaux column packed with glass beads. The purity of

the distillate was checked by gas chromatography. About
300 ml of the prime distillate was passed through two

14" x 3/4" neutral Woelm Alumina columns to remove traces
of remaining impurities. No propionaldehyde, propanol or
1,1-dipropoxypropane impurity were detected on gas chrom-
atographic analysis of the purified ether at a sensitivity
of 1 x 10_4 M. The purified ether was degassed and stored

under vacuum over a sodium mirror.

2, sulfur Hexafluoride: Sulfur hexafluoride from

Matheson of Canada Ltd. was purified by trap-to-trap
sublimation in a vacuum apparatus and stored in a Pyrex

reservoir.

3., Hydrogen Chloride: Anhydrous hydrogen chloride from

Matheson of Canada Ltd. was purified by passing over
copper foil to remove chlorine followed by trap-to-trap
sublimation under vacuum. It was stored in a Pyrex reser-

voir.

4, Propylene: Propylene from Matheson of Canada Ltd.
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was purified by trap-to-trap distillation under vacuum and

stored in a Pyrex reservoir.

5. n-Propylamine: n-Propylamine from Eastman Organic
Chemicals was purified by fractional distillation. A
distillate portion was further purified by repeated freeze-
pump-thaw cycles under vacuum., It was stored in & PyreX
reservoir fitted with a Hoke valve (stainless steel needle

and teflon seat).

6. Sulfuric Acid: Reagent grade acid from Cc.I.L. was used

as received.

7. 1l-Propanol: Certified grade from Fisher Scientific

Company was used as received.

8. Propionaldehyde: Obtained from Eastman Organic Chemi-

cals and used as received.

9, 1,1-Dipropoxypropane: 1,1-Dipropoxypropane was pre-

pared using approximately 10 g anhydrous copper sulfate
in 500 ml solution of 25% propionaldehyde in l-propanol.
The solution was shaken, then allowed to stand overnight.
Copper sulfate was removed by centrifuge and excess alco-
hol removed by rotary evaporation. The crude product was
purified by fractional distillation under vacuum (about
30 microns pressure) with the pot at room temperature and

the receiver cooled to -80°C (dry ice temperature). The
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fraction used for a standard was 96% pure.
Anhydrous copper sulfate was prepared by heating cop-

per sulfate hydrate to 180° - 200°C under vacuum until

colorless.

Part II procedures and Techniques

1. Sample preparation (Fig. 27, 2B)

 Three types of Pyrex éample cells were used: Cell A
which was used for a sample with gas additive whose absorp-
tion coefficient (o) had been determined; Cell B when a

liquid additive was added externally; and Cell C when a

large VOlume(liquid)/VOlume(gaS) ratio was needed. The

volumes of the cells were approximately 6 ml, 6 ml and 2
ml respectively. The cells were cleaned with concentrated
sulfuric acid-potassium permanganate solution, rinsed with
water and then rinsed with dilute nitric acid-hydrogen
peroxide solution. The cells were rinsed repeatedly with
triply distilled water and dried overnight in an oven at
150°C. The cells were evaucated overnight before filling
them.

Samples were prepared by vacuum distilling the ether
from the reservoir into the measuring tube cooled to 0°C
with an ice-water bath. Volumes of 1.8 and 2 ml were used.
The measured volume of ether was distilled into the trap
at liquid nitrogen temperature (-196°C) , degassed and dis-

tilled into the sample cell. Additives such as gulfur hexa-
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fluoride, hydrogen chloride, propylene and n-propylamine
were measured in the vapor phase (volume, pressure and
temperature) and were condensed into the frozen samples.
The cell was sealed off with the sample frozen at -196°C.
For the sulfuric acid solutions, a known volume of acid
was delivered quickly into the cell from a syringe with a
stainless steel needle. The acid was frozen with liquid
nitrogen then degassed by successive pump-thaw-freeze~
pump cycles. Degassed ether of known volume was distilled

into the cell and the cell sealed off.

2. Sample Irradiation

The irradiation source was a Gammacell-220 (Atomic
Energy of Canada Ltd.) containing 6000 Curies of 60Co. All
samples were irradiated at one position in the sample holder
at 23 + 2°C. Dosimetry was carried out with a Fricke
dosimeter. The fricke solution was 1 mM in Fe(NH4)2(SO4)2,
1 mM in NaCl and 0.8 N in H2504. Dosimetry calculations

were based on the values G(Fe+3) = 15.5, s(Fe+3) at 304

-1

mu = 2225 1 mole"1 cm ~ at 25°C and a temperature coefficient

of e(Fe+3) of 0.7%/°C (34). The dose rate was approximately

9

3 x 10%? ev gn”! hr™! in ether and was continuously cor-

0

rected for the radioactive decay of the 6 Co (t;5 = 5,27 yr).

3. Product Analysis

The products measured in the analyses of irradiated
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propyl ether were propanol, propionaldehyde, 1,l-dipropoxy-
propane, l-propyl chloride and 2-propyl chloride. The
analyses were done with a gas chromatograph consisting of
an Aerograph Autoprep 705 with flame ionization detector
and a Minneapolis-Honeywell Reg. Co. recorder. Calibrating
standards of propanol, propionaldehyde and 1-propyl chloride
were used daily. A response ratio of propanol to 1,1l-di-
propoxypropane was used to calculate the concentration of
the latter in the irradiated sample. The percent 2-propyl
chloride formed with respect to l-propyl chloride was used
to calculate the 2-propyl chloride concentration in the
sample.

A 2 ul sample was injected into a column, using a
10 ﬂl syringe fitted with a Chaney adapter (constant volume
adapter). Four different columns were used depending on
the nature of the additive and the product analyzed. A
6' x 1/8" stainless steel column packed with 10% 1,2,3-
tris (2-cyanoethoxy)propane (TCEP) on chromosorb W.A.W.
was used for propanol and 1,l-dipropoxypropane measurements
in all irradiated samples except those with added n-propyl-
amine and hydrogen chloride in high concentrations. Samples
containing sulfuric acid were injected through a 1" x 1/4"
pre-column packed with potassium hydroxide pellets to
remove the acid before analysis. A 2' x 1/8" glass column
packed with Porapak Q was used for samples with n-propyl-

amine additive. Alcohol standards and some irradiated

~J
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samples were made 0.1 ™ in amine prior to injection. A
4' x 1/8" stainless steel column packed with Porapak T
was used for propanol, l-propyl chloride and 2-propyl
chloride measurements in samples with added hydrogen chlor-
ide in high concentrations. Samples analyzéd for propion-
aldehyde were run on & 6' x 1/8" stainless steel column
packed with 10% Carbowax 1540 on Porapak P.

Column temperatures were kept at 65 - 100°C for the
TCEP column, 85°C for Carbowax 1540, 120°C for Porapak Q
and 135°C for Porapak T. Injector temperature was 130°C

and the detector temperature was 220°C.

4, Determination of Sulfur Hexafluoride Solubility

The Ostwald absorption coefficient (a) of sulfur
hexafluoride in propyl ether was measured at -76°, 0° and
25°C using the system shown in Figure 3. a= cliquid/cgas

and C are the concentrations of sulfur

where c1iquid gas

hexafluoride in the liquid and gas phases at a given tem-
perature.

A 10 ml volume of degassed ether was introduced
into the bulb from the ether line (Figure 23). A
neasured amount of sulfur hexafluoride (volume, pressure
and temperature) was condensed into the ether bulb with
liquid nitrogen. The solution was stirred with a magnetic
stirrer while warming up to the required temperature. For

o determination at 25°C, the solution was allowed to warm
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up to room temperature; at 0°C, the solution was warmed to
above zero and then cooled with an ice-water bath; and at
~76°C, the solution was warmed to near zero and then cooled
with an acetone-dry ice bath. The ether volume and a known
volume above the liquid were cooled to the required tem-
perature. When equilibrium was reached, the pressure and
volume of the gas above the liquid were measured to deter-
mine the concentration of undissolved gas. Three runs were
made at each temperature over a four-fold range in pressure
of sulfur hexafluoride. The volume occupied by the gas
above the liquid ether was about 1.5 times the volume of
the liquid in all the runs. The values are shown in Table

II.

5. Determination of the Density of n-Propyl Ether

The density of propyl ether at -73° and -133°C was
needed to determine the molarity of a solution at these
temperatures. To obtain these values, a temperature-volume
relation was determined for the ether at temperatures 0°,
-42°, -87° and -112.5°C using an ice-water bath, liquid
nitrogen-chlorobenzene slush, nitrogen-ethylacetate slush
and nitrogen-ethanol slush baths, respectively. The cali-
brated measuring tube in Figure 2A was used in the measure-
ments. The volume-temperature data is shown in Table III.
A linear relation was obtained between temperature and

volume. The volume at -133°C was obtained by extrapolating
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TABLE II

Ostwald Absorption Coefficient (o) of

Sulfur Hexafluoride in n-Propyl Ether

Temgerature

&
25°C 1.70
0°C 2.15
=76°C <, 40

TABLE III

Volume-Temperature Data on n-Propyl Ether

Temperature Volume (cc)
0°C 3.00
-42°C 2.86
-87°C 2,72

-112.5°C 2.64
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the line. Given the density of ether D = 0.766 g/cc at

0°C (35), the densities at ~73° and -133°C are 0.826 and
0.891 g/cc, respectively.
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B Results

Part 1 n-Propyl Ether

Radiolysis of n-propyl éther in three different cells
_gave product yields of G = 2.50 for propanol, G = 0.30
for propionaldehyde and G = 0.01 for 1,l-dipropoxypropane.
The propanol yield was independent of the time the irradi-

ated samples stood before analysis.

Part II Ether-Sulfur Hexafluoride Solutions

1., The yield of propanol as a function of sulfur
hexafluoride concentration and approximate time which the
irradiated sample stood before analysis is presented in
Figure 4 and Table IV. The G(l-C3H7OH) vs [SF ] data
which appeared to have a bad scattering of points, was
found to have a time-dependence when the points were
grouped into time ranges which the irradiated samples
stood before analysis. The trend shows that the alcohol
yield tends to decrease with time and with increasing
concentration of sulfur hexafluoride.

2, The above trend of decreasing alcohol yield
with time was further investigated in a time study.

Samples which were made 9 x 107>

M (+ 2%) in sulfur
hexafluoride were irradiated and allowed to stand for a
definite time before analysis. The results, presented

in Figure 5 and Table V, show the alcohol yield to
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* TABLE IV

n-Propancl Yield as a Function of Sulfur Hexafluoride Con-

centration and Time Irradiat

ed Sample Stood Before Analysis

[SFGI Molar

e —————

1.9
6.5
7.7

3.8
5.5
6.5
1.0
2.9
4.0
5.8
1.2
1.6
2.0
3.1

6.0

3.9
4.7
1.1
1.6
1.8

4.1

X

X

1073

1073

1073
1074

1074

1074

1073

1073

1073

1073

1072

1072

1072

107t

107t
1073

1073

1072

1072

1071

1071

G(l—C3H7OH)

Approximate Time Aftexr
Irradiation

e t—————— it e

1.55
0.96
1.05

1.86
1.83
1,79
1.49
0.82

0.91

0.32
0.46
0.47
0.21
0.09

0.11

5 mins
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n-Propanol Yield as a Function of Time Sample (9 x 10°

TABLE V

3

30.

M SFG)

Time (Hours)

e ———————

0

12

20

30

Stood After Irradiation

1.02

0.90

0.75

0.67

0.65

0.52

0.39

0.19

G(l—C3H7OH)
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decrease with time., One of the minor products of radioly-
sis of pure n-propyl ether was shown to be 1,1-dipropoxy-
propane by mass spectrometry. The concentration of this

product was found to increase with time after irradiation.

3. The effect of concentration of sulfur hexafluoride
was investigated, all samples being analysed immediately
after irradiation. The concentrations of sulfur hexafluor-
ide were calculated using the experimentally obtained
o= 1.70. The volume of the cell was measured at the con-
clusion of the analysis. The difference between the volume
of the cell and the volume of the liquid ether was the
volume occupied by the undissolved gas.

1,1-Dipropoxypropane was formed by an acid catalysed
reaction of propionaldehyde with propanol. The acid was
presumably hydrogen fluoride since the dipropoxypropane
yield was enhanced by the presence of sulfur hexafluoride.

Hence, the total propanol yield was expressed as

G(l-C3H7OH) = G(l—C3H7OH) + 2G[l,l-C3H6-(OC3H
measured

705}

The results are presented in Figure 6 and Table VI. The
propanol and dipropoxypropane yields decrease with increas-
ing concentration of sulfur hexafluoride. The total pro-
panol yield decreased from 2.52 to 0.72 over the concent-

ration range 0-1 M,
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part III  Ether-Hydrogen Chloride Solutions

The variation of product yields with hydrogen chlor-
ide concentration is presented in Figure 7 and Table VII.
Throughout the concentration range studied, hydrogen chlor-
ide had no effect on the radiolysis yield of propanol. At

1 M, the acid decomposition of

concentrations above 1 x 107
ether to propanol and 1 and 2-propyl chloride was appreci-
able. The G values of propyl chlorides was subtracted
from the measured G value of propanol to give the actual

radiolysis yield.

Part IV Ether-Sulfuric Acid Solutions

The study of the effect of sulfuric acid on propanol
yield in irradiated ether was limited to two samples only.
Tt was not necessary to continue the study after it was
found that sulfuric acid decomposes the propyl ether to
propanol and propyl hydrogen sulfate. Propanol was identi-
fied by its mass spectrum and by gas chromatography and
the propyl hydrogen sulfate by its physical characteristics.
Propyl hydrogen sulfate was obtained by adding abouc 5 ul
water to 1 cc of 1 M sulfuric acid in ether. Propyl hydro-
gen sulfate separated from the ether on standing. The
liquid was colorless, acidic, denser than ether and very
viscose. Unlike di-propyl sulfate, it was very soluble

in water, less soluble in ether and decomposed on heating.



36.

Part V ' Ether-n-Propylamine Solutions

The variation of propanol yield with n-propylamine
is shown in Figure 8 and Table VIII. The amine decreased
the propanol yield starting at around lO-lM. The higher
yields of propanol in this series arose from a lesser
tailing and sharper resolution of products on Porapak Q

column,

Part VI  Ether-Propylene Solutions

The results of propylene scavenging study are
shown in Figure 9 and Table IX. No effect on alcohol
yield was observed to 1 M concentration of propylene. A
study at lower concentrations was deemed unnecessary for

lack of effect at higher concentrations.
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Product Yields as a Function of Hydrogen Chloride

[HC1] Molar

0

4.5 x 1073

9.1 x 1073

1.8 x 10”

6.1 x 10~

8.3 x 10~

8.7 x 10~
1.0

2
1
1
1

Concentration

G(l-C3H7OH) G(l—C3H7Cl + 2—C3H7Cl)
2.52
2.54
2.41
2.43
2.87 0.43
2.48 1.07
2.86 1l.08
3.10 1.02
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n-Propanol Yield as a Function of n-Propylamine

TABLE VIII

Concentration

[l—C3H7NH2] Molar

1.1
9.4
2.4
5.1
1.0
1.0
4.8
9.3

107
10~

10

10

10

10

10

10

-1

G(l-C3H7OH)

2.64
2.70
2.69
2.65
2,51
2.40
2.34
2.0

1.68

39.
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n-Propanol Yield as a Function of Propylene

TABLE IX

[C3H6] Molar

0
9.3 x 1073

5.4 x 1072

1.1 x 107%

2.3 x 1071

5.0 x 1077

1.0

Concentration

G(l-C3H7OH)

2.52
2.58
2.52
2.42
2.41
2.49
2.49

41.
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TIT PULSE RADIOLYSIS OF n-PROPYL ETHER

Evidence for the presence of solvated electrons in
the radiolysis of liquid n-propyl ether has been obtained
through scavenging studies. A direct observation of these
reactive species would provide a confirmation for its
existence in the radiolysis of n-propyl ether. The pulse
radiolysis technique allows the direct observation of
solvated electron through its absorption spectrum and its
half-life in a given reaction. In the pulse radiolysis
experiments described below, the absorption spectrum of
solvated electron, its half-life with respect to its reaction
in ether and with sulfur hexafluoride were determined at

various temperatures.

A Experimental

part I. The Pulse Radiolysis Experiment

The apparatus used in electron absorption signal
neasurement is presented in Figure 10. The solvated electrons,
generated by irradiation of a medium with a pulsed elect-
ron beam, absorb light. The transient absorption is
recorded as a function of time with a photodetector set
at an appropriate wavelength.

To protect a sample from photolysis and heating,
the light beam was interrupted by a shutter. The shutter

was operated by a push button in the control room. When
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the shutter was opened, the light from a constant intensity
Xenon lamp was passed through the sample cell by a system
of aluminum mirrors. The light was then passed through a
monochromator and a selected wavelength directed to the
photodiode. With the shutter opened, triggering signals
were sent to the accelerator to trigger a beam pulse and

to the photodiode to measure the initial light intensity.
The photodiode signal was amplified and read on the digital
voltmeter. The initial light intensity was measured 50 -
100 usec before the beam pulse hit the sample.

When the beam hit the sample, the build-up in solvated
electron concentration and its décay was measured by the
photodiode as a transient decrease in light signal. The
absorption signal was introduced. into an oscilloscope and
the trace corresponding to the transient absorption was
photographed with a Polaroid camera. In the simplest
arrangement, the absorption signal would arrive at the
oscilloscope about 35 usec earlier than the signal that
triggered the scope to scan (see Figure 10). 1In order
to give time for the scope to begin its sweep prior to the
arrival of the absorption signal the latter was passed

through a delay circuit within the scope.

Part II Compenents of the Pulse Radiolysis Apparatus

(1) van de Graaff Accelerator

The van de Graaff is an electrostatic accelerator
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that can deliver either a DC beam or a pulsed beam. The
electron pulse current has a range of 10 - 100 mA. The
time duration of the pulses can be 3 nsec, 10 nsec, 30
nsec, 100 nsec, 1 usec or variable milliseconds. The
energy range of the beam is 0.7 - 2.0 MeV and the energy

stability is 0.2%.

(2) Lamp

A 450 watt High Pressure Xenon Arc Lamp was used.

(3) Cell-Temperature System

A styrofoam box that held the cell was cooled by
evaporating liquid nitrogen and blowing the cold gas
through the box. The temperature of the box and that of
the sample cell was autbmatically controlled by the API
Instrument 2-Mode Controller. The automatic temperature
controller powered a 1000 watt Nichrome heater which
boiled the nitrogen. The cold vapor was channeled from
a 50 liter Dewar to the cell box in a styrofoam insulated

copper pipe. The temperature was constant within + 1°C.

(4) " cell

The cell consisted of a rectangular optical cell of
high purity silica (Spectrosil) measuring 1 x 1 x 4.5 cm
and a Pyrex side arm bulb with a volume of about 8 cc.
The surface of the cell window facing the beam was

thinned by grinding. The sample was condensed into the
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Pyrex bulb and transferred to the optical cell after it
was sealed off. The temperature of the cell was monitored
by a copper-constantan thermocouple attached to a cell

window,

(5) Monochromator

The monochromators used were Bausch and Lomb Visible
grating and Infrared grating monochromators which covered
the region 350-800 nanometers and 7.00-1600 nanometers,

respectively.

(6) Filters
The types of filters used were:
(a) Corning Filter #3-74 - a clear glass filter with
cut-off below 400 nm to clear the 400~800 nm
region of higher order diffractions from the

region below 400 nm.

(b) Corning Filter #3-66 ~ an orange glass filter
with cut-off below 560 nm to clear the region
560~-1120 nm of higher order diffraction from

the region below 560 nm.

(c) Corning Filter #7-56 - a violet glass filter
with cut-off below 800 nm to clear the 800-1600
nm region of higher order diffractions from the

region below 800 nm.
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(7) Calibrating Laser

The light used to calibrate the grating monochromators
was a He-Ne laser, University Laboratories Model 240, A =
o
6328 R. The first order A = 6328 A and the second order

A = 12656 ﬁ were used to calibrate the visible and infrared

grating respectively.

(8) Photodetectors

A silicone photodiode EG & G Model SGD444 was used as
a visible detector and a germanium optical detector ENL

Type 653 as an infrared detector.

The absorption spectra were followed with a visible-
light detector from 400-1000 nm and with an infrared
detector from 700-1000 nm. The visible-light detector
response fell off at 1000 nm while that of the infrared
detector fell 6ff at 1700 nm. As compared to the visible-
1ight detector, the infrared detector had a slower response
time and therefore gave smaller absorption peak heights.
At temperatures 0° and -133°C, the % absorption/ncoul SEM
from the region 700-1000 nm registered by the infrared
detector was 0.581 times that registered by the visible
detector. To get a continuous absorption spectrum from
400-1600 nm at 0° and -133°C, the % absorption/ncoul SEM
obtained with the visible-light detector was normalized
by a factor of 0.581. At -73°C, the % absorption/ncoul

SEM registercd by both detectors was the same over the
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700-1000 nm region so the normalization factor was unity.

(9) Absorption Amplifier

The amplifier used was a non-commercial amplifier
which separated the absorption signal from the initial
light signal and had an amplification ratio of 5.7/1. The
rise time and fall time were equal and were less than

35 nsec.

(10) Oscilloscope

Two types of oscilloscopes were used, depending on
the lifetime of the transient absorption. A Tektronix
549 Storage Scope was used to display absorption signals
with t,/2 > 1 usec and a Tektronix 7704 High Speed Scope

for signals with t% < 1 usec.

(12) Canera

A Tektronix Model C12 Polaroid camera was used to
photograph scope traces. The polaroid films used were
Type 47 speed 3000 ASA with the storage scope and Type

410 speed 10,000 ASA with the high speed scope.

(12) Digital Voltmeter

A Hewlett-Packard Digital Voltmeter Model 3440-A
was used to display the initial light intensity measure-

ment,

(13) seu

The dose absorbed per pulse by the sample was monitored
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as a relative dose by the Secondary Emission Monitor
(SEM). TFigure 12 illustrates the 3-foil SEM used with

the van de Graaff accelerator. The secondary electrons

generated by impact of the electron beam on the aluminum

foils are collected by a central electrode. The current
arising from the secondary electrons is called the SEM
current. The SEM monitors the beam current. When cali-
brated against the beam current, the SEM current is found
to be about 5% of the beam current. When calibrated by

a dosimeter placed at an irradiation field point, it
becomes a dose monitor. The dose at the irradiation

point is about 5 x 1016

eV/ml of water per nanocoulomb
registered by the SEM.

In the experiments performed, the absolute dose
information was not required and, since only a normalizing
factor was needed, the SEM current per 1 usec pulse
duration (SEM nanocoulomb) was used as a relative dose

to norwaiize the % absorption per pulse at a given wave-

length in the determination of the absorption spectrum.
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B. Results

part I Absorption Spectra of Solvated Electrons

The absorption spectra of solvated electrons in n-
propyl ether at temperatures 0°,--73° and -133°C are
shown in Figure 13. At -133°C, the ether was in the
supercooled state. At all three temperatures, the absorp-
tion maxima lay above 1600 nm. The change in the shape
of the spectrum with temperature (Figure 13) indicates a
shift of the absorption maximun to shorter wavelengths at
lower temperatures. Superimposed on the absorption
spectrum of ether at -133°C (Figure 13) is the partial
absorption spectrum of ether which had been made
1.1 x 1074 M in sulfur hexafluoride. Although the
spectrum shows no change in shape as compared to the
spectrum in pure ether, the half-life of the solvated

electrons was decreased by sulfur hexafluoride.

part IT Order of Reaction, Half-life and Rate Constant

The order of reaction, half-life and rate constant
of the reaction of solvated electrons at various tempera-
tures in n-propyl ether and in solutions of sulfur hexa~-
fluoride are presented in Table X. Representative
absorption signals from which the half-life and order of
reaction were determined are given in Figures 14a-14C.

The plots of reaction order for the decay of solvated
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-133°CL

7 absorption / nanocoulomb SEM
)
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FIGURE 13.
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Absorption spectra of solvated electrons.
0, -133°C n-propyl ether; ¢, -133°C,

1.1 x 10-4 M sulfur hexafluoride; A, -73°C,
n-propyl ether; 0 , 0°C, n-propyl ether.



56.

0cc

n-Propyl Ether

A = 859 nm

time base = 0.5 psec/cm
-5

1.9 x10 " M SF6

A = 901 nm

time base = 0.5 psec/cm

2.7 x 107° M SF

A = 901 nm

6 ::;
N
time base = 0.5 psec/cm ;‘g "‘

w..“ B ass ﬁ%ﬁ

-73°C
n-Propyl Ether

= 906 nm
time base = 1 usec/cm

5.1 x 1070 1 SF,
= 917 nm
time base = 1 usec/cm

1.1 x 107 u sE,

= 904 nm
time base = 0.5 psec/cm

-124°¢

n-Propyl Ether
= 900 nm
time base = 20 usec/cm

-133°C

3.7 x 1074 M sE,
A = 824 nm
time base = 1 usec/cm

-133°C

5.3 x 107 M SF
A = 870 nm
time base = 1 usec/cm

FIGURE 14 Representative Absorption Signals
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electrons are shown in Figures 15A-135C. The order of
reaction was determined by plotting the log (mm) vs time
and %ﬁ vs time, where (mm) represents the signal height
in millimeters on the oscilloscope screen which is
directly proportional to the concentration of solvated
electrons. In certain cases (see for example Figure 15C),
the order of the reaction is greater than one at short
times and is unity at longer times. The order of
reaction in these cases is denoted 2nd»lst. The half-life
(t%) for a lst order reaction was read directly from the
photographed trace while for a 2nd+lst order reaction,

the t;2 was determined from the tail portion of the trace
which showed lst order decay. The rate constant k2 for
the reaction of solvated electrons with sulfur hexafluoride

was calculated using the equation:

0.693 - 0.693
tk(observed) t%(pure ether)

[ii] + kZ[SFG]

The rate constant kl for the decay of solvated electrons

in "pure" ether was calculated from the equation:

_0.693
[iii] kl = =

The decay of solvated electrons in "pure" ether is believed

to be the bimolecular reaction
. k
[13] - s -
€ solv + 8 — S
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where S is an impurity and ks is the rate constant. The

reaction was treated as pseudo-first order, thus the rate

constant k1 is equal to ks[S].

At 0°C, the reaction of solvated electrons in ether
was first order. At lower temperature, the reaction
shifted towards higher order. A similar behavior was
observed with the reaction of solvatedelectrons with sul-
fur hexafluoride. At 0° and -73°C, the reaction was
first order and at -133°C, the order of the reaction was

somewhat greater than first at short times.

1iI Activation Energy (Ea)

The Arrhenius plot of the rate constant (Table X)

for the reaction of solvatedelectrons with sulfur hexa-

fluoride and in ether is shown in Figure 16. The slope
-5

of a line is equal to —2 , where R = 2 cal/deg.mole. The
2'3R

activation energy for the reactions e—solv +5 +5 and

e solv + SF6 -+ SF6 were found to be similar and equal to

3+1 kcal/mole.
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0 4 Ea (e, +SFe) = 3 Kcal/mole|_ -
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FIGURE 16. Arrhenius plot for rate constants of
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IV D".SCUSSION

During the radiolysis of ether in the liquid phase,
alcohol is among the major products formed. This was
observed during the He+2 radiolysis of some aliphatic
ethers (1). The mechanism of product formation during
Yy radiolysis of diethyl ether in the liquid phase was in-
vestigated by Ng (2). It was found that only about half
the ethanol yield was scavenééable by 1,3~-pentadiene.
Being a conjugated di-olefin, 1,3-pentadiene could scavenge
either free radicals (3) or electrons (4). Thus, the
mechanism proposed fof the scavengeable yield of alcohol

was either the free radical reaction
[2} RO + RH— ROH + R

or a neutralization reaction

3] R0 + "

2 solv " ROH + R

An alternative reaction of solvated electrons which could

lead to alcohol formation is the decomposition reaction

[4] ® soiv " RO oy TR

followed by

(5] R20H+ + RO™_ ; —+ ROH + ROR

Reaction [4] is similar to the decomposition reaction of
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solvated electrons which occurs in water

+ H

[61 e solv-+ OH solv
and in alcohols
(71 e solv-* RO solv +H

The first order half-life for the decomposition reaction in
water is 0.8 milliseconds, while in alcohols it is of the
order of microseconds (5).

The study of the mechanism of alcohol formation in
ether will provide evidence as to whether the decomposition
reaction of solvated electrons which had been established

in water and in alcohols, occurs in ether.

A, Mechanism

The mechanism of propanol formation in the y radioly-
sis of di-n-propyl ether is elucidated by scavenging studies.
The addition of sulfur hexafluoride, an electron scavenger,
to the ether decreased the yield of propanol. It is seen
from Figure 6 that nearly three-quarters of the alcohol
yield is scavengeable by sulfur hexafluoride. This indicates
that for about 1.8 G units of alcohol, solvated electrons
are one of the precursors.

Figure 7 shows the effect of hydrogen chloride on
the propanol yield. The acid was added with the purpose

of obtaining information as to whether reaction [3] or [5]
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is the source of the scavengeable alcohol yield. The addi-
tion of the acid was expected to increase the concentration
of the protonated ether ion R20H+. If the alcohol was
formed by reaction [3] the alcohol yield would remain the
same. The higher concentration of R20H+ would only de-
crease the lifetime of solvated electrons in reaction [3].
Tf alcohol was formed by reaction [5] and not by [3], the
yield would go down with increasing concentration of the
acid since the protonated ether ion would scavenge the
solvated electron precursor of RO~ by a reaction which did

not produce alcohol. Such a scavenging reaction would be!

+ -
[14] R20H + e solv_* R20 + H

The addition of the acid was found to have no effect on
the yield of propanol, lending support to reaction [3] as
the source of scavengeable alcohol.

When n-proﬁylamine, a positive ion scavenger, was
added to the ether, the propanol yield decreased (Figure
8). From this it is deduced that a positive ion is a pre-
cursor of alcohol. The identity of the positive ion is
proposed to be the protonated ether, (C3H7)20H+. The amine
scavenging study provided further evidence as to whether
reaction [3'] or [5] is the source of scavengeable propanol.
If RO™ had been the precursor of alcohol, the alcohol

yield would not have been affected by the addition of n-
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propylamine. The reactions would be

+ +
[15]  C4HNH, + (CH,) jOH" + CHNH," + (C4H,) ,0

followed by

+ -
[16] C3H7NH3 + C3H7O —t C3H7OH + C3H7NH2

The reactions suggested by the écavenging effect of the
amine are [15] followed by [17].

+ -
[17] C3H7NH3 + e solv — C3H7NH2 + H

The hydrogen chloride and n-propylamine scavenging

studies support the reaction

on" + e —+ C.H.OH + C,H

(31 (cjHy), solv 3i7 3iy

as the source of scavengeable propanol. As reaction [5]
is ruled out by both studies, so is reaction [4].

Based on the experimental data, a probable mechanism
for the formation of scavengeable propanol has been postu-
lated. No experimental evidence was obtained for the
mechanism of the unscavengeable yield. However, probable

mechanisms proposed for the unscavengeable yield are:

[18] C,H-0C

3t 3H7—mr-> C3H7O + C,H

377
followed by disproportionation reaction

[19] o C3H7O + C3H7 —t C3H7OH + C3H6
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or H-atom abstraction

{20] C3H70 + C6Hl40 — C3H7OH + C6Hl30

Another possible mechanism is the decomposition of the excited

positive ion

+* +
), O —+ C.H.OH + C,H

[21] (C3Ha)y 3ty 3ty

Disproportionation reaction [19] would take place in
a cage formed by the surrounding ether molecules. This

12

reaction would occur in <10 ~“ sec if the radicals have

collision efficiencies near unity since collision frequencies
in liquid cages are ~1013 sec_l {24b). Scavenging of the
radicals in the cage would not occur.

The H-atom abstraction reaction [20] is a relatively
slow reaction as indicated by the rate constants of the

reaction of CHJ0 with some molecules (36). For example,

the reaction

[22] CH3O + CH3002CH3“—-* CH3OH + OH2C02CH3

4 -1 -1 — .
M sec ~. There nas

has a rate constant k182°c =3 x 10
been no quantitative kinetic data on the addition of

alkoxy radicals to olefins, from which rate constants could
be calculated. Thus, it is not possible to evaluate whether

the nonscavenging effect of propylene on the propanol yield

(Figure 9) is due to the inability of propylene to compete
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with reaction [20] or that reaction [20] does not take place
at all,
The decomposition reaction [21] may be a possible
source of unscavengeable propanol. The protonated ether
ion has to be in an excited state and within a few vibration
-12

times, ~10 sec, decomposition occurs. Thus, scavenging

of this excited positive ion would not occur.

B. Kinetics

During irradiation of di-n-propyl ether with Y-rays
or high energy electrons, excited molecules, positive ions
and low energy (~102 eV) secondary electrons are generated.
These ions and excited molecules are initiaiiy:éi$£ributed
in small elements of volume crudely approximated as spheres
with diameters of the order of 10 i and which are strung
out along the paths of high energy electrons. This group-
ing of reactive species, which are close enough together
and have a significant probability of reacting with each
other, is called a spur. The excited molecules and ions
might decompose or react to form free radicals so a spur
can contain séveral types of reactive species. A spur
can range in size from a large spur containing several
radical pairs and ion pairs to a small spur with a single
pair of radicals or ions. The spur under investigation
in this work contains positive ion-electron pairs. This

was verified by the sulfur hexafluoride and n-propylamine
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scavenging studies.
A high energy electron interacts with an ether mole-
cule for about 1078 - 10716 gec exciting the molecule

(24c). 1Ionization of the excited molecule

[23] H.,0C.H RN [C4H,0CH e’

7 377 7773 7

occurs in <10—15 sec. Within such time a spur is formed.

Entities in a spur will be represented by enclosing them
in square brackets as in equation [23] and those following.
The spur expands as the low energy electron moves away
from the positive ion. The positive ion undergoes ion-

molecule reaction and becomes a protonated ether ion

+
[24] [C3H7OC3H7 +C H7OC H,]— [(C3H7)2OH +

C.H

3 70CHCH2CH3]

-12 sec (37). The low energy electron travels

in abovt 10
through the liquid losing its excess energy by exciting
or ionizing molecules of the liquid. The low energy
electron usually travels less than 100 i (38) from the
positive ion before being thermalized. The thermalized
electron becomes localized in a cavity of the liquid.
The localized electron transforms into the solvated state
as dlelectrlc relaxation occurs around the site of the

12

localized electron. This takes place in about 10~ ec

(39). The positive ion becomes solvated as well. The
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coulombic attraction between the electron and the positive
ion draws them back together. The ions undergo geminate

11 -8

neutralization in the spurs from ~10 " - 10 = sec (40a).

[25] [(CqH,) 08" + & ]—+[(c3H7)20H*] (g.n.)

solv
Ions which escape geminate neutralization diffuse into
the bulk medium and become free ions.

ot + e~

+ - .
(261 [(CH,) 0" + el 1= (Cyf (£.1.)

7)2 solv
Figure 17 shows the calculated spectra of lifetimes of
solvated electrons undergoing neutralization in three
solvents. The spectrum for n-propyl ether would be similar
to that for cyclohexane since their densities and dielectric
constants are similar. A small fraction of the solvated
electrons escape geminate neutralization in the spurs and
become free ions. This fraction is 0.05 in propyl ether
(37,41) and is the fraction of ions left at "10-8 sec.
Thus, the duration of the spur is placed at ~10-8 sec.

The free ions in the bulk medium continue to exist
for a longer period of time. In a pure solvent, the
positive ions and solvated electrons undergo random
neutralization. In the propyl ether used, an impurity,
presumably propionaldehyde in concentration <10-4 M may

be present. This would scavenge the solvated electrons

and prevent the random neutralization of electrons with
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positive ions. Evidence for the scavenging of free ion

solvated electrons is presented in the homogeneous kinetics

[13] S+ e solv‘_*

section.
The reaction of solvated electrons in the bulk medium
is described by homogeneous kinetics while that in the spurs

requires the use of nonhomogeneous kinetics.

part I. . . Homogeneous Kinetics of e—solv (free ion) Reactions

Reactions which have been investigated by the pulse
radiolysis technique occur in the bulk medium and are
described by homogeneous kinetics. In the pulse radiolysis
of propyl ether, the physical arrangement of the system was

7

such that only the events with a duration of ~10~ ' sec or
longer could be followed. By such time, at room tem-
perature, the electrons generated by a pulse have been sol-
vated and the electrons that escaped neutralization
reaction in the spurs have diffused into the bulk medium.
The spur only exists for 1078 sec.

The rate constant for the first order decay of
solvated electrons in propyl ether was calculated from

the equation:

[iii} kl = -
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The rate constants k ) are shown in Table X. At 0°C

e solv
the observed first order decay is believed to be the re-
action of electrons with an impurify, presumably propionalde-
hyde,

[13] e + 8= §”

solv

where S represents a scavenger. This is indicated by the
observation made during pulse radiolysis experiment where
1:;é remained the same after the sample had received a con-
siderable dose. Propionaldehyde is produced during radioly-
sis (1). ZIf the decay of electrons had been other than
reaction [13], the t;5 would have decreased as the concent-
ration of propionaldehyde product built up.

At -73°C and ~124°C, the decay of solvated electrons
proceeded from a higher order to first (noted as 2nd+lst,
Table X). The first order tail of the decay is reaction
[13] occurring iﬁ the bulk medium., The initial higher
order could be a neutralization reaction in the tail end
of the spur reactions. This suggests that at -73° and
-124°C, the time duration of a spur has increased. In pro-
pyl ether, the dielectric constant € = 4.65 (42) and vis-
cosity n = 2.7 cp at -73°C (calculated from En and data
ref. 35) have increased from € = 3.4 (41) and n = 0.398 cp
(35) at 25°C. The coulombic energy between the positive
ion and solvated electron is lower at -73°C than at 20° due

to higher dielectric constant. The mobilities of the ions
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is less due to the increased viscosity. Thus the effect
of decreasing the temperature would be to increase the
neutralization times and the spectrum of the lifetimes of
solvated electrons (Figure 17) in propyl ether would be
shifted towards longer times. The spur would persist for
~10"7 sec at -73°C and 510”7 sec at -124°C. Events with
a duration of 10-7 sec could be observed by the pulse
radiolysis system.

The rate constant for the reaction of solvated elect-
rons with sulfur hexafluoride was calculated from the

— SF,

[27] e sov T 5% 6

equation derived from competition kinetics

[iil 0.693 _ 0.693
E;?——_'___—— = E;—_——__— + kz[SF6]
observed) (ether)

Rate constants kZ(SF6 e at three temperatures are

solv)
shown in Table X. Reaction [27] has an activation enexrgy

E = 3 + 1 kcal/mole and is similar to the activation
energy of viscosity En = 2.1 kcal/mole. En was calculated
from viscosity data in ref. (35). Extrapolation of the
curve in Figure 16 to 25°C gives a rate constant

k=8%x 100 wt sec™! which is in the region of a dif-
fusion controlled rate.

The average lifetime at 25°C of solvated electrons
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Figure 17. Calculated spectra of lifetimes of sol-
vated electrons after instantaneous pulses of X rays
in water, ethanol and cyclohexane at 20°C. Pulse

16

dose <10 eV/cm3. The dashed curves were arbitrarily

drawn. The decline of the ethanol curve in ~10_6
sec is due to reaction [7]. Figure 17 was reproduced

from ref. (40a).
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in reaction [27] as calculated from the equation

1

o

k25°[SF6]

n

[iv] ta

10-3M. The duration of a spur is

is ~1078 sec at [SF]
*'10—8 sec. Thus, the scavenging curve of sulfur hexa-
fluoride (Figure 6) represents scavenging of solvated

electrons in the spurs.

At -133°C, a 2nd~lst order reaction was observed in
sulfur hexafluoride solutions. The first order tail is
due to the competition between reactions [13] and [27] in
the bulk medium while the initial higher order reaction

may be a spur neutralization reaction.

part IT  Application of a Nonhomogeneous Kinetics Model

The description of a reaction that occurs in a
spur requires the use of nonhomogeneous kinetics. It has

been shown that the competing reactions

(3] [(CqH,) R g C4fi,]
and '

[28] (e g1y * STl [SF ]
occur in spurs. The competition between reaction [3] and
[28] was calculated using a statistical nonhomogeneous
kinetics model described in the Appendix. In these calcu-

lations, the scavenging efficiency parameter g and (Ge_)o,
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the total electron yield under consideration, were treated
as adjustable parameters in order to obtain a calculated
curve that best fit the experimental curve (see Figure 6).
The best fit curve was obtained with B_ = 7 x 10t V/cm2
and (Ge_)o = 1.9. The B parameter gives a measure of the
ease of scavenging of electrons or positive ions in a given
scavenging system. In comparing the scavenging curves of
sulfur hexafluoride and n-propylamine (Figures 6 and 8),
it is seen that the electrons are two orders of magnitude
more readily scavengeable than the protoﬁated ether ions.
Assuming that both scavengers have the same encounter

12 V/cm2 is obtained for the

efficiencies, B+ =7 x 10
scavenging of protonated ether ion by n-propylamine. Since
B depends on the sum of E% of the positive ion or elect-
ron and its scavenger, tge two orders of magnitude dif-

ference between B, and B_ means that (see Appendix)

6 é}n b+D+ bamineDamine
= 100 +
A% A A2 22
- SFG + amine

Since the positive ion is probably a little bigger than the
b,D
amine molecule, +2+ is probably just a little smaller

+ ben D
b, . D__. b D_ SF, SF
than _E&E%;jﬂ&ﬁi . Assuming 5 >> 6_ 6 , it

2
A amine A A SF

6
appears that
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b b

Since — and = would be of the same order of
2 2
A A

+
magnitude and the diffusion coefficients are proportional

to the mobilities, the mobility of the solvated electrons
is about two orders éf magnitude greater than that of the
positive ions in propyl ether.

Greater electron mobilities than that of positive
ions have been observed and measured in hydrocarbons (43-45).
Propyl ether is similar to a hydrocarbon with respect to
dielectric constant and viscosity. In methylcyclopentane
(43), the electron mobility was observed to be about an
order of magnitude greater than that of the positive ion.
In some hycrocarbons, as shown in Table XI the measured
electron mobilities are about two-three orders of magni-

tude greater than positive ion mobilities.

C. Solvated Electron Optical Absorption Spectrum

A transient optical absorption in the IR region was
observed during pulse radiolysié of propyl ether. The
absorption was assigned to solvated electrons, as the
addition of electron scavenger, sulfur hexafluoride,
decreased the half-life of the absorbing species.

Solvated electrons in propyl ether absorb light in
the IR region with a maximum lying above 1600 nm (Figure
13). 1In diethyl ether, the absorption maximum (Amax) was

observed at 2100 nm at 25°C (19). The trend in the position
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TABLE XI
Electron and Positive Ion Mobilities at ~23°C
Compound (44) (45) (46) (47)
Y- 1 e
(cmZV-lsec_l) (cmzv-lsec-l) n (centipoise)
n-Pentane 0.16 0.82 x 107> 1.84 0.23
n-Hexane 0.09 0.64 x 1073 1.89 0.31

cyclohexane 0.35 0.21 x 107> 2.02 0.97
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of Miax suggests that it is a function of the class of
compound as well as of the dielectric properties of the
liquid (19). For polar compounds such as alcohols and
water, the Amax are in the region from 580-820 nm; the
amines and ammonia from 1350-19500 nm; and for weakly polar
ethers, ~2100 nm. .

Decreasing the temperature was observed to shift the
absorption spectrum of propyl ether towards lower wave-
lengths. This temperature shift has also been observed in
water (25) and in alcohols (48). Lowering the temperature
narrows the spectrum slightly and shifts the energy at
the absorption maximum towards higher energies. The dis-

placement towards higher energies has been ascribed to

thermal shrinkage of the cavity (29).
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V CONCLUSION

Based on scavenging studies, the mechanism pro-
posed for the formation of propanol in the y-radiolysis

of liquid n-propyl ether is
+ -
[3] [(C3H7)20H + e solv]-—*[C3H7OH + C3H7]

The participation of solvated electrons in reactions dur-
ing radiolysis of n-propyl ether was confirmed by its
absorption spectrum. Absorption spectra of solvated
electrons in the bulk medium were obtaiﬁed at three
temperatures. Reactions [13] and [27] were found to have

similar activation energy E = 3 kcal/mole.

[13] e solv + § = §

+ SF, — SF_~

[27] e sowv * SFg 6
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APPENDIX

A Nonhomogeneous Kinetics Model (40b)

Propanol is formed by the spur reaction
+ -
[3] [(C ) 00" + e sotv) ™ (CH,08 + C4H,]
In the presence of sulfur hexafluoride, the reaction

[28] [8F¢ + e corv) ™ [SFG_]

completes with reaction [3]. The competition between
(3] and [28] is descriped in a nonhomogeneous kinetic
model of charge scavenging. If one assumes that each
electron yields a nolecule of propanol, the decrease in
propanol yield caused by sulfur hexafluoride scavenging
of solvated electrons during the radiolysis of propyl

ether can be calculated using the equation:

~r/y
INy)o_(l-e )

AG(propanol) = ZN(Y)

* (Ge')o

where
N(y) is the relative number of positive ion-
thermalized electron pairs that have an

initial separation distance Y.

¢_ is the probability that scavenging

reaction [28] occurs before reaction [3]
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-r/y
(1-e ) is the fraction of electrons that

remain in the spur
(Ge_)0 is the total yield of electrons
being considered and which are found

in the spurs and in the bulk medium.

In the propyl ether used, the free ion yield of electrons
is scavenged by an impurity and does not contribute to

the propanol yield. The fraction of electrons that become
free ions is given by the Boltzman factor

.

Fraction (fi) = eIy

where r is the distance between positive ion and electron
at which the coulombic energy of attraction equals kT.

The value of r is given by the equation
r= Ez/ekT

where
E is the charge on an electron
¢ is the static dielectric constant of
propyl ether
k is Boltzman's constant

T is the Absolute temperature

The value of ¢_,the probability that electrons are scavenged

in the spurs is calculated from the equation
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B v
4= 1-(1-£_-NJ)"~

where (l-f_Ns)B-v is the probability that electrons will

not be scavenged and

f is the encounter efficiency of
the scavenging reaction (assumed
to be unity in this worki.

N_ is the mole fraction of sulfur

hexafluoride.

The parameter B_ is given by the following equation:

[b_D_ \ bst]
N
. Aol Xy
B (u_ + u)

where
D and D are diffusion coefficients of

electron and sulfur hexafluoride
molecule
b_ and b are the number of new molecules
each encounters per diffusion jump
A and A are the average jump distances
u_and u are the mobilities of the electron

and positive ion

The parameter v is given as

3.3
6ely -r_")
VE——

.32 x 107 'a
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where
r is the center-to-center distance of the

positive ion and electron at the instant
the final electron jump occurs in the

absence of sulfur hexafluoride

d is a constant taken as unity.

3

In determining the value of v, y~ is considered to be much

greater than ro3 so that r, may be neglected.

In calculating the decrease of propanol yield at a
given mole fraction of sulfur hexafluoride, the B para-
meter is treated as an adjustable parameter along with
(Ge)o in order to obtain a calculated decrease that best
fits the epxerimental decrease. The values of the para-
meters used are:

14

7 x 10 V/cm2

B

(Ge_)O 1.9

The fraction of free ions, e—r/y, is 0.05.



