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ABSTRACT

The ganma-radiation induced oxidation of tetra-

hydrofuran, lr4-dioxane'and Ir3-dioxol-ane by H^0^ in
22

neutral sol-utions has been i-nvestigated. Tetrahydrofuran

and 1 r4-dioxane are oxidized to Z-tetrahydrofuranol and

1r4-dioxan-2-ot and the H 0 is reduced in stoichiomet-
22

ricalì-y equivalent yields. For alÌ three ethers, the

yields are independent of the ether concentration, the

H 0'concentration and the dose rate. Substitution of 313,
22

4 r4-d -tetrahydrofuran for betrahydrofuran results in in-
l+

creaséd yields , while substitution of 2 12 ,3 ,3 ,5 ,5 ,6 r 6-d I
lr4-dioxane for lr4-dioxane does not affect the yields.

The results for tetrahydrofuran are explained by

a mechanism in which initiation occurs via H-atom abs-

traction from tetrahydrofuran to form either the 2-tetra-

hydrofuranyl rad.ical- or the 3-tetrahydrofuranyl- radical-.

The reaction of the 2-tetrahydrofuranyl radical with H 0
22

resuLts in chain propagation whil-e the 3-tetrahydrofuranyl

radicaL participates only in termination.

A mechanism that would account for the experimental

resul-ts for the oxidation of 1r4-dioxane could not be found.

A mechanism for the oxidation of Ìr3-dioxolane

could not be proposed because the products of the reaction

were not idenbified.
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l. INTRODUCTION

1 .1 Êæne--an¿ Eg,

fn recent years, a great deal of work has been d.one

on the free radical- induced oxidation of simple organic com-

pounds. Metal ion-H O couplesr âs well as thermaLr photo-
22

chemical and radiation chemical- methods have been used to

initiate free radicals. The 11st of organic compounds,

whose oxidation by a variety of oxidizing reagents has been

studied, is l-arge indeed. fn order to understand the mech-

anism of these free radical- oxidations, the need to study a

large number of substrates, by a variety of technioues, is

paramount.

A major investigation of the gamma-radiation

induced oxidation of methanol, ethanol and 2-propanol by H 0
22

in aqueous sol-utions was performed in this laboratory by

Ginns(f). ft is desirabLe to see if the mechanism proposed

for the oxidation of this alcohol- series can be applied to

other simiLar organic compound.s. A reLated group of com-

pounds are the ethers. No work on the ganma-radiation

indueed H 0 oxidation of elhers in aqueous solutions has been
22

previously reported.

The major difficulty in studying ethers in

aqueous systems is'that the acyclic forms are only slightly

i.-.-...-
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sol-uble in water. However, 1r4-dioxane, tetrahydrofuran and

1r3-dioxolane are very sol-ubl-e in water. lr{-Dioxane can

yield onLy a< -radical-s analagous to those from methanol-. An ',,',,',,,',"
:J : :'-_:. :: - ::-

o< -rad.ical- is a free radical i^rith the unpaired electron

associated with the carbon atom to which a functional group

is bond.ed. SimiLar to 2-propanol, betrahydrofuran can yield 
'-, 

:,:,,i,:r::
l'-.' :- .'.-

both an o( -radical- and a f -radical. A Ç -radical is a free . '
:: ::. -1,:: l,;.

radical with the unpaired electron associated with the carbon :.:,ì.:,.:':,::-,1.''

atom adjacenb to the carbon atom to which a functional- group

is bonded. Jr3-Df oxol-ane, al-though it can form no e - i

i

radicaL, can form two different types of ac -radical-s. These 
i

cycl-ic ethers were chosen for the investigation. 
l

Since the experiments entaifed the gamma-i-r- 
i

radiation of aqueous solutions, an explanation of some aspects 
i

of radiation chemistry is necessary to completely understand 1

the interpretation of the results. A brief discussion of
I' ,, "., r.r','- -,

radiation chemistry iS given in the foì-lowing sectiOn. i.'11r'1,r',¡'-1""

': :ì: :::

I.2 Radiation Chemistry- ¡-gç.EeC.S4d

A comprehensj_ve discussion of radiation chemistry

is not necessary because there are numerous published works

deaJ-ing with the manifold facets of radiation chemistry (Z-8)..

Vrlhen gamma-radiation passes through matter of low

atomic weoght, the energy is absorbed by the material pre-

i-: i :.:;r.:'
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dominately through a process call-ed Compton Scattering.

Compton Scattering is an elastic collísion between the

incident photon and an atomic electron resulting in the

ejection of a fast electron and a def'l-ected photon. This

process'is non-specific. The energy transferred to the

medj-um from the ejected electron is responsibl-e for the

majority of radiatÍon induced chemical reactions.

The prime absorber of energy 1n dil-ute aqueous

systems is the bul-k sol-vent. 'After absorption of the energy

by water, a series of chemical reactions takes place such
-9

that, fO s after the passage of the radialion, the following
+

specj-es are present: H, OH, e- , H^0^, H^, H^0 . The
aq 22 2 3

radiation chemistry of water ancí aqueous sol-utj-ons is ex-

plainable in terms of these species. Excelfent reviews of

the radiation chemistry of water and aqueous solutions have

been done by Buxton n) and Draganic and Draganic (8)'

The absorbed dose of any ioni.zing radiation is

the energy imparted to matter by ionizing particles per unit

mass of irradiated matter at the pJ-ace of interest (¿,). fn

this work the absorbed dose is expressed in units of electron-
-1

volts per liter (eV I ). The absorbed dose rate (D) is then
-1 -1

the absorbed dose per unit time and has the units eV 1 s .

Tields in radiation chemistry, denoted by G valuest

are expressed in terms of the amotrnt of energy absorbed. A
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G val-ue denotes the number of molecul-es changed for each

100 eV of energy absorbed. The symbol, G , refers to the
x

primary radiation yieJ-d of x, while the symbol G(x) refers

to the experimentalJ-y found yield of x after the chemical

reactioh is complete. The loss of materj-al- x that is des-

Èroyed on Írradiation is symbolized G(-x).

The product of a G val-ue and a dose rate
(C D or G(x)D) is the concentration of x formed per unit time.

x

I.3 Rel-ated Studies

Although a simil-ar system to the one studied has

not been reported, some related studies have been dcne.

Before the conclusion of this investigation, two closely

rel-ated studies brere reported by Waì-Iing, El--Taliawi and

Johnson (9) , and Gil-bert, Norman and SeaIy (tt ) .

ü/a11ing, E1-TaIiawi and Johnson (9), using

Fer,tonts reagent to generate radicals, studied the oxidetion

of Irl+-dioxane and THF by ,r}r. The results u¡ere explained

by mechanissls in which 1r4-dioxane yielded one radical species,
3+

easil-y oxiclized by H 0 and Fe , while THF yielded two
2?

radical species only one of which was oxidized,. For THF, the

initial radical concentration rati" þl/[e], was 6.2. These

resul-ts confirmed those of Shono, Kuni and Oda (10). They
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founo t'hat the Fenton oxioation of l-,1+-dioxene and rHF

yielded a< -hyoroxy ethers and hyciroxyì-ated dimers as pro-

ducts.

Gilbert, Norman and Sealy (1Ì) used e.s.r.

spectroêcopy Lc investigate the r'eaction of the hydroxyl

radical wÍth ethers and alcohol-s, and the oxidation of the

hyoroxy- anti alkcxy- con;ug;.'rtecl radicals with hydrogen

peroxide. The Ti(III)-ä O couple hras used to generate
22

radic¿rlS , a)r1il Lhe rate constants of' their react Lons with

hydrogen peroxide were estimated by the application of a

compeLitive kinetic metl,od. The reaction of the hydroxyl

radical- with f ,4-dioxane gave only t,he I,4-dioxarryl raciical-,

f , as prev.i o,-isiy repo.r'ted (I2-I5) , for which the rate constant

f'or the oxioation of I by H O , k , was calcul-ateC to be
5-r -1 2? (1)

l.0xl-0M s .

(1) f + H 0-)
22

Oxidat.L on of

I

mol-ecular products + 0H

THF gave two radicals, previousj-Y
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identified as II and

concentration ratÍo,

16), in an .initial- radical-

of 6 .0.

III (I2,

tul z [n]

rr rrI

fncreasing the Ti(I1I) concentration, at a

H O concentration, resulted in an increase in theconstant

radical
22

concentration ratio, [E] /[d .

Assuming If is preferentially oxidized

rate constant, k ., was calcul¿uted to be
4 -1 -1 (2)

10M s .

byH0,
22

Q) ff + H O ------l mol-ecul-ar producis + 0H
, 22

Two previously ictentiFied radicals, fV and V

(t6, L7), were observed for 1,3-dioxolane. The initial radical

the

4x

concentration rati"' [nJ, / lE] ' was l-.1-8 at a 
^rO, 

con-

centration of 3.5 x I0 M, and j-ncreased to 2.I' at a H 0
-2' 22

concentraticn of 5 x 10 M. i.''..:

i,. ,:.,lt,tt,l
i',,.t:.:'



iiìi,::ií:ti.:ii!i;ti:U::i.;;

offVata
for the re-

be 6x
l-ower limit.

7.

a

rV

Assuming the preferential oxidation

H 0 concentration, the rate constant
22
IV with H 0 , k. , was estimated to

2 2 ß)
. This va.l-ue shoul-d be regarded as a

V

very low

action of'
4-1-1

10M s

(3) IV + H 0 
-----l 

molecular products + 0H
22
The pref'erentiaL oxidation of fI by H 0 had

22
previously been used by Burchill and Jones (18) to explain

their results. Photo-irradiation of an aqueous sol-ution of

acetOne and 'IHF gave An e.S.r. spectrum corresponding tO twO

radicals identified as f and Vf.

(cil )
3

öou
2

VI

In the presence of H 0 , the spectrum of fII was
?2

al-so present. At a Low H 0 concentration, the spectrum of
22

Vf disappeared whil-e the concentraticn of ff increased, and

the spectrum of IIf appeared. As the H 0 concentration was
22

increased there was a gradual inversion of the coneentration
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of If and III. They also reporL-:C

of a cieareated aqueous solution of

of 29 r'or G(-H 0 ) suggesting the
22

reaction.

+ H 0_l 0H + OFi
?2

that the gamfira-irradiation

THFandH0 gaveavalue
22

occurence of a chain

An investigatiorr of the gamlna-radiation induced

oxÍciaticn of meLhanol, ethanol, and 2-propanol by H 0 in
22

aqueous solu¿ions riras repo¡teci by l3urchil-I and Ginns (19, 20) .

T'he oxidatic¡n of methanol- was explained by a simple mechanism.

(+) H O,,ur\rA-¡ e-, H, OH, H 0, H^0_, H_

2 aq 3 22 2

(s) e-
aq

(6) H + CH 0H-2.
3

H +.CH OH
22

VII

(?) 0ä+cH0H-)H0+VII
32

(Sl VII+HO-l HCFIO+Li O+OH
22

(9) Z VII-| termination products

Using the usuaL steady state assumption, the

equatlon for H 0 removal- is:

(tu ) G )l+k

2

(o
* [t" - 

* t, * tor' t] * 
ErtJe

aq
HO
22 aq

2k



o

This equati,cn predicts the rate of H 0 removal- to be
22

independent of the alcchol concentration, clependent on the

square root of the dose rate and first order in H 0 con-
22

centration, This was in good agreement with the experimental

results'.
Ethanol- and 2-propanol can yield two different

types of radical-s. Therefore, a more complex mechanism was

needed to expj-ain their oxidation.

(4) H 0
2

+
e- , H, 0H, H_0 , H^0^, H^
aq 3 22 2

? 3232
VI

(12) 0H+(CH)Cttou HO+Vr
32 2

(13) Vr + H 0 

-) 

(ctt ) co + 0H + H 0
22 32 2

(14) H + (CU ) CH0t{---------å H +.CH CH CHOH

32 2 23
VIIT

. (15) ou + (ctl ) cuoH 

- 

H-o + vrrr
32 2

. (r0) vrrr + (cH ) cuoH vr + (ctt ) cHoH
)2 32
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(f7) 2 VIII termination products

Using steady state assumptions r an expression for

the radiaticn chemical- yi.eld cafl 5r: derived.

(18) c(-Ho)=G
22

t

'*'ol-
k(c
I2r
D

þ-o'
The equatio

or eLhanoi

rate, and n

17

2 - propairol

on dose

1.4 Summary_

0n the basis of' Ginnsr work (1, l-9, 20) with

primary and secondary alcohols and the rel-ated stucties on

cyclic etlters, 1;ht+ eXpet:t,¡ìt,j.rrnS í'Cr^ :i'ie ìne:lr:.rr-li-sln of' garnm,:r-

ra,liat,ion i.:t,lnce,;t ,trO, oxidation of cyclic ethers is

summarized below.

Gamma-irradiation of lrl¡-dioxe,ne, in bhe presence

of H 0, shculcl give rise to onJ-y one radical species, an
22

\".'.-

+k \n ft
t2[ 16 I e-

-) 

þ,-kl
B)

t5

D2k

+G ) +(r
"'o 0H 

t
't

opanoll
I

n predicts a first order dependence on

rori(ìenli'aLj-on, a squâre rcot dependence

o dependence on H 0 concentration.
22

(t< + k
I2

G

t1HO
22

e
aq (t +k

14

+G

1tL5
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ø( -radical, which is oxldizable by H 0 to J-r/¡-clioxa.n-2-ol-.
22

The kinetics of the reactions should be characterized by:

a ) nO dependence on ether conceniraticn . ',,'.,l,'-:.,.,

b) first order in peroxide concentration.

c ) a square root dependence on dose rate.
d) no effect by deuterium substitution on Ir4-dioxane. ,¡ ,:,',,''

fn contrast, THF, irradiated in the presence of ,:tt: 
'

!t:; :.,i.

H O , should yield two radicals; an oc -radical that can be l.:'':".''l:r'

22
oxidized by H 0 to 2-tetrahydrofuran,rl and ¿.r p -radical

?2
+.ha: can bake parf, only in LermitLation. The dependence on

ether concentration as found f,or ethanol and 2-propanol is
:

r"'likely because a reaction such as (19)
:

I

(19) rrr + THF ) rt + THF 
i

I

wouLd not be as probable as one like (16). Jn reacti.on (19), 
i
l

the abstraction of a H-atom from the methylene group in the 
i,,.,,,,,.

ø( -position by the p -radical resul-ts Ín the formatÍon of i".,',t¡,',"

a methylene group in the P -position; while, in reaction (16) ',r.,''r"
- '. . :

the abstracti.orr of the single H-atom in the'o< -position by

the p -radical ¡rielcls a fe:nminal rnetl:yl group. There should

be no effect of H 0 concentration. However, deuterium i,::..-.:.:,.:,
2 2 ìl''i':1':r::r:

substitution at the Q -positions should result in an in-
creased rate of reaction while deuterium substitution at the

d -positions rihoul,i reLarcl bhe l.'e¿rcti.rrtt rate . ,
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1r3-Dioxolane with two radical-s'of the o( -type

possible, both oxidizable by H 0 , should follow a kinetic
22

scheme too complex for the scope of this investigation.

The resul-ts of the experiments did not conform

to al-l- these expectatiorls¡

l'.', !
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2. EXPERIMENTAL

2.I Radiolysi s Exp3,riments,

2 .I.I l4aterial s

Triply oistil_l-ed water was produced by distilling

laboratory cìistil-.ieci rvater from a potassium f""toang"nate

solution and then redistiJ-Iing the distillate from a potassium

dichromate sol-ution.

Hydrogen Peroxide (Fisher Certified 3O%) was used

as received.

1r4-Dioxane (Fisher Certified) was used as

received except when peroxideS were present. The peroxides

were removed by passing the ether through a col-umn of

activated al-umina. Peroxides !{ere detected and their re-

moval- was monitored by the triiodide method (28).

lr3-Dioxolane (Eastman Chemical-s) was used as

Tetrahydrofuran (Baker Analysed) was used as

received.

Tetrahydrofuran (Fisher Histological) was purified

by refluxing with, then distilling from lithium aluminum

hycÌride .

) 13, ¿lr4-d -Tetrahydrofuran (Merck, Sharpe and
l+

received.
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Dohme) was used as received.

2 r2, 3 13, 5 r5, 6 r6-a--l '4-Dioxane 
(Merck, Sharpe

I
and ijohme) was used as received.

Reagent grade chemicals rárere used for dosimetry

without further Purification.

2.L.2 Irradiation Facilities

60
A Co Gammacell- 22O was used for all- the

radiolysis experíments. The Gammacell, celI holder and

method of attenuation were described by Hickling (Zt).

The dose rates for January I97l+ are shown in Table

2.I .

TABLE 2.7

-1 -t

::..':-:'

100

30

l-0

2.r.3 Dos;Lns,S¡y-

The dose

Attenuation, I Dose Rate'-\b--t-
8.50 x

2.33 x

7.2L x

l0
l8

TO
T7

10

rate was measured with the Fricke
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-3
dosimeter, an air saturated solution of 10 M FeSO (l¡U ) SO .

t+ 42 l+

ótl O in 0.4M H S0 . Five mL of the soLution was passed into
221+

each sampJ-e bulb, then each bulb was irradiated for a

different length of time. Under irradiation the ferrous ion
3+

is oxidi zed" tro ferric ion. The concentration of Fe was

measured spectrophotometrically at 3O5 nm using a CarI Zeiss

Pl,lQ II spectrophotometer. The mol-ar extinction coefficient
3 -1 -1 3+

was assumed to be 2.2 x 10 M cm and G(Fe ) was taken as

15"6 ions/100 eV. The dose rates were measured at the

beginning and at the end of this research. Onr:e the dose rate

vùas estabLished, the value for a particular expeníment was
60'

determined fr.om a chart that tabulated the decay of 0o. The

chart was provided by A.E.C.L. with the Gammacel-I 22O.

2.I. t+ ÞggplS__Pre.pg-f@-

All glassware þras cleaned by rinsing with

chemicals in the foll-owing sequence:' waterr permanganic acid,

nitric acid containing a few drops of H 0 , distill-ed water
22

(seven times), tripl-y distilled water (three times). The

cl-ean irradiation bulbs hlere allowed to drip dry overnight.

The stock sol-ution was prepared by adding the

appropriate volume of ether to a 100 ml volumetric flask,

hal-f-filling the flask with triply distilled water, then
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adding the ,rO.- and bringing the sol-ution up to volume with

triply distilled water. To prepare irradiation sampl-es, 5 ml

aliquots of the stock sol-ution were transferred to clean dry

25 mI pyrex bul-bs. The sampÌe bulbs were attached with tap

assembl-ies to a vacuum line for degassing. The procedure

has been previously ouf,l-ined (2I). The samples were degassed

by ttrree freeze-purnp thaw cycles, irradiated, then immediately

analysedforH0o
22

2.2 Analysis Techniques

2.2.I Materials

I{ethanoL (fÍsher Certified) was purified by

refluxing with 2rz-dinitrophenylhydrazine in an acidie medium

fol-l-owed by distillation through a ttVigreauxll col-umn. The

carbonyl-free rnethanol remained good f or one to tl^to months.

2 r 4-DinitrophenyJ-hydrazine (gnH Chernicals ) was

twice recrystel-lized from the pure methanol. ft was re-

crystallized as needed.

Potassium hyclroxide sol-ution was prepared by

clissolving ]C g KOH (Fisher Certified) in 20 ml triply dis-

tilled water, then bringing the volume up to l-CO m} with pure

methanol-.

2,4-Dinitrophenylhych-azine (zr4-nurH) solution was
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prepared by suspending 2 g of 2'4-DNPH in l-00 mI pure methanol,

then adding with stirring 4 ml- concentrated H S0 . The
2l+

soLution was filtered before üsêo The solution was prepared

as needed.

1r4-Dioxene (at¿rictr Chemicals) was used as

received.

Reagent grade chemicals v,rere used as received for

the anaLysis of hydrogen peroxide.

2.2.2
ê!dlbei-r-e., nhe¡ylbydra¿-ale.E

Ir4-Dioxan-2-ol- and 2-tetrahydrofuranol were both

synthesised by üwo methods.

1.À-Dioxan-2-ol Method f:

Acid hydration of 1r4-dioxene yields 1r4-dioxan-

2-oI (ZZ). A sol-ution of 10 ml of I'4-dioxene and 25 mI

O.2N HCI- was refl-uxed with constant stirring until the sol-

ution became homogeneous (approximately one hour).

The sol-ution was cooledr neutralized with IOd/" K}H,

and reduced in volume until- the salt began to precipitate.

After extractíon with chloroform, drying over magnesiun sulfate,

and evaporation of the sol-vent, the residue was distilled

under 12 mm pressür€o
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o
The product, in 6Ofo yi.el-d., was coLl-ected at 9O-9i C

ooo(Lir. go-9o.5 Ç/Ll ¡rur (10), 9r-92 c/tz nrn (zz), 99 c/û mm

(25) ). The distillate was clear anci when cooled formed
oo

needl-e-like crystals, n.p. 3O-3I C (Lit. )O c (fC), 35-
oo

36 c (22) , 39 c QS) ).
The nmr spectrum of the product with undeuterated

chl-oroform as the sol-vent, was in good agreement with one

reported by Gierer and Petersson Q3) .

1r4-Dioxan-Z-ol" Method II;

50 mÌ of I,4-dioxane vüere put into a 1OOO ml 
,

i

graduateder]-ennmeyerfJ-ask.Thef1askwasthenhaIf-fi]-].ed

with triply distilled water and ? ml of 3O/' H 0- was added 
;22 
i

before the solution v\Ias brought up to volume with water. 
i

A two-holed rubber stopper, which had a piece of 
i

i

glass tubíng in one hoLe and a sintered glass gas outlet 
l

connected to an argon cylinder in the other hoLe, was put into i"."'''

;ttttt 
t 

t "
place in the ftask. The solution was degassed by bubblíng 

¡,:,.,,,:,

argon through it for thirty minutes. The two pieces of glass 
::

tubing were the.n sealed and the solution was irradiated for
seventy-five minutes. :: ;.,:

After irradiation, the excess water was distilled : 'r':':':":¡':::

off undèr red,uced pressure until- approximately 50 mI of

solution were left in the flask. After extraction with
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chloroform, drying over magnesium sul-fate and evaporation

of the solvent, the residue was distilfeC under 12 mm
'1. , . - i

pre S Suf e . : 1: 

":: 
:': 1r:"' l

The clear distillate, in 3)/" yield, on the basis
o

of H 0 added, vuas coll,ected at gl+-g5 C. An nmr spectrum , 
'

2 2 - i..,r:r.:.:..:r..Fig. 2.L, of the product in undeuterated chloroform was 
1,;:,'.,,-,':¡;:,¡,,.

identical to the one obtained for the compound prepared by : : ':

iti,",',t,1, ',t,',,
Method I. ;: :: :'::::: :

2.À-Dinitrophenvlhvdrazone of 1 4-Dioxan-2-ol-

1n4-Dioxan-2-ol is a cycJ-ic hemi-acetal that exists 
i

when in solution j-n equitibrium with the open chain hydroxy 
i

i . :.

aldehyde form. In an acidic medium 2r4-dinitrophenylhydra- 
i

zine reacts with the aldehyde group to form a hydrazone. This 
l

i

shifts the equilibrium in favor of the hydroxy aldehyde form i ,

resulting in the conversion of all the hemi-acetal to a 2r4- 
;,.::.:.,::1-, :', :.:., : . ,-1 , :.,

l;I: . .dinitrophenylhydrazone ì: :: .

Enough 2'4-DNPH sotution was added to the 114- -r':1',;i',,,;,'

dioxan-2-ol to have both the reêctants present in equal mol-ar

guantities. The mixture was refl-uxed for thirty minutes.

Upon cooling, the precipitate formed was filtered off and :;::.,: :.: :

the fil,trate diluted with water. The first precipitate did 
::''".'"

o
not mel_t up to 2OO 0. The second precipitate melted at

o
L2O-I28 C, After successive filtrations, a precipitatç that
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¡,:'¡:-,t..,

Figure 2.I ""' 
"

i-: : :: .: - :.:

: :.:...... -.:: ..

The n.rßor. spectrum recorded for 1r4-dioxan-2-ol-

prepared by radiolysis of aqueous O.6 M 1r4-

dioxane containing O.C2 M H 0 . UncleuterateC
22

chl-oroform is the sol-vent.

''. .; ::::
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melted at ]L3O-L33oa "." obtained. The orange-yellow crystals

were purified by three recrystallizations, which did not

change the melting point.

Thin-layer chromatography of the recrystall-ized

product showed three spots. The final purified 2rlo-

dinitrophenylhydrazone of 1r4-dioxan-2-ol was obtained by

thick layer chromatography. An acetone solution of the

crystals was spotted on a plate of siLica gel and developed

with a 85/' Aenzene-I5/o ether ft/V ) solvent mixture. The

large band nearest the origin was eluted with THF. The
o

yellow crystals had a melting point of I33-I35 C (Lit. 136-
o

r37 C (22, 2hr 25) ).

2-Tetra hvd rofuranol .Ug!.MLL:

Fenton oxidation of THF was used to prepare 2-

tetrahydrofuranol (10). A mole of THF was placed. in a three-

necked fl-ask. Two cylinders, one containing 0.4M FeSO
l+

solution, the other containíng 0.4M H^O^, were placed in the
¿¿

two appropriate necks and a thermometer htas placed in the

third neck. The reaction flask was then placed in an ice

bath sittíng on a magnetic stirrer. The FeSO and H O were

added at equal rates with constant stirring, *ntr" 
"î"' o

temperature of the sol-ution was maintained between 2O-3O C.

ülhen the addition was complete, the sol-ution was stirred for

' ':
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an additional fifteen minutes.

The solution was then filtered to rerþve the

brown residue and the filtrate extracted with ether. After

drying the extract over MgSO and evaporating off the solvent,

the remaining liquid was AisfiffeA over a itVigreauxtt col-umn

under 12 mm pressLlr€. The liquid distÍlled off over a range
o

of temperature. The fraction collected between 60-75 CI was

a nalysed by nmr spectroscopy. The n¡nr spectrum, Fig. 2.2,

was consistent with the structure of 2-tetrahydrofuranol.

The temperature range was the same as that found

by PauI and Tchelitcheff Q6) and Pau1, FJ-uchaire and

Coll-ardeau(27), however, Shono, Kuni and Oda (10) deterni-ned
o

the boiling point to be 7O-7O.5 C/tt mm and Meerwin et al (ZS)

found it to be 69-7O0 ch 4 mm, The yield was I/o.

? -T ct.r ah wrì rn f lr re n o'l Method ff:

The same procedure was used as in Mèthod ff above

for 1r4-dioxan-2-ol

gain, the boiling point was variable, with the
o

fraction between 60-75 C col-Lected at 12 mm pressure. The

nmr spectrum, Fig. 2.3, agreed with the spectrum obtained for
the product from Method I, Fig. 2.2.
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Figure 2.2

The n¡m.r. spectrum recorded for 2-tetrahydro-
furanol- prepared by Fenton oxidation of tetra-
hydrofuran. UndeuteraÈed chloroform is the sol-
vent.

i.:
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Figure 2.3

The n.ûr.r. spectrum recorded for 2-tetra-
hydrcfuranol- prepared by radiolysis of aqueous

0.6 M tetrahydrofuran containing 0.02 M H 0 .

Undeuterated chloroform is the solvent 
2
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!' à-Dinit,r'oplggy¿þvdrazone of z-Tet"ah@urarìo1

rn an acidic sor-ution, the reaction of 2-tetra-
hydrofuranol- with 2,4-dinitrophenyJ-hydrazone is anal_agous

to the reaction of l-r4-dioxan-2-ol- wit,h 2r4-dinitrophenyl-
hydrazone.

The 2r4-DNpFi of 2-tetrahydrofuranol from lvlethod r
was prepared as described for lr4-dioxan-2-o1. only enough
product coul-d be isol-ated to characterize the cornpound by
rrr.p., which was Lll-ll5 0 (Lit. tlo-113 c (ro) , ttgoc (26) ,o
r2o c (27) ). The melting point of the 2,r+-DNpH of z-telra-
hydrofuranol, from Method ff, was ll/-Ifg C.

2.2.3

The morar extinction coefficient for the zrlr-
dinitrophenylhydrazone of r-,4-dioxan-2-ol- was determined by
two methods but onJ-y one method was used for the 2r4_dinitro_
phenylhydrazone of 2-tetrahydrofuranol.

2,.ù.=.D.NPä-oIJ*: iare5ae Merhod r:

The pure 2,4-DNpH of 1,4-dioxan-2-ol_ was dissolved
in an appropriate voLume of pure methanol_. An aliquot of this
sol-ution was placed in a vol-umetric flask and diluted to

.:.t..ì.::: ti



26.

vol-ume with IO% KOH solution (Zg). The solution turned
black. After allowlng it to cr-ear, the absorption spectrum

was recorded on a Pye unicam sp 800 spectrophotometer, FÍg.
2.1+. The wavelength chosen for anarysis was 530 nm and the
absorbance hras determined on a carl- Zeiss pMQ rr spectro-
photometer. The mol-ar extinction coefficient was found to

4 -1 -1bel-.1 x10M cm .

3,4-DNPH of 1,4-Dioxan-2-ol Method ff:

The lr4-dioxan-2-ol was diluted to volume in pure

methanol. An aliquot of this solution was refl-uxed wiLh an

appropriate vol-ume of Zr4-DNPH and a few drops of HCl for
thirty minutes. The solution was al]owed to cool and an

aliquot was diluted Èo volume with ro/" KoH sol-ution. The

absorption spectrum hras recorded on a Cary 14- spectrophotometer,
Fig. 2,5. After alJ-owing the solution to c1ear, the ab-

sorbance was read at 530 nm on a carL Zeiss pMQ rr spectro-
photometer. The molar extÍnction coefficient vüas measured

l+ -1 -1to be 1.0 x lO'M cm .

fl*-nNPFI of 2-Terrahydrgfuælg!

The molar extincti-on coefficient for the 2r4-DNPH

of z-tetrahydrofuranol was determíned as in Method Tr above :

3 -1 -1
and found to be 4.0 x 10 M cm .
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1: ::::,::

Figure 2.4

The absorption spectrum recorded for the Zrh-
dinitrophenylhydrazone of 1r4-dioxan-2-ol in an

alkaLine methanol_ sol_ution.

Mol-ar Extinction Coefficient = l-.1 * 1o4lt-1"*-t
at 53O nn

r- -,_ :. 1 ì:
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Figure 2,5

:r:::'r'.-.:
The absorption spectrum recorded for the ZrL-
dinitrophenylhydrazone of J- r4-dioxan-2-ol as

prepared by Method ff.
l

Mo1arExtinctionCoefficient=1.0x1o4ryt-'.*-'

, . : 1.j.":jj.".r' ;:::
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During the spectrophotometric .determi-nation of the
2r4-dinitrophenylhydrazones of both 1r4-dioxan-z-or and z-
tetrahydrofuranor, the color of the solutions faded over a
period of time; moreover, if the absorbance i_s read before
the solution has completely cleared large changes in the
absorbance occur rapidly. An example of the absorbance

loss with respect to time for the 2r4-DNpH of 2-tetra-
hydrofuranol is shown in Table Z.Z.

TABLE 2.2

Absor with ,.¿'-J.NEH

Time (mÍn )

0

5

10

18

27

-Absorbance

0.288

o.268

o.253

o.231+

o.2I5

6.9

12.2

r8.7

25.3

The time interval between the addÍtion of the KOH

solution and the determination of the absorbance would have

to be identical for each determination in order to achieve

the optimurn analytical accuracJ¡. Although this was not done,

reproducibl-e results hrere obtained by placing the solution
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in the spectrophotometer as soon as it had cleared and then

taking the first reading that only changed by 0.0C4 absor-

bance units in one minute as the absorbance of the solution.

2.2.1+ Anall¡tical- Techniques

.-,: t '

Hydrogen peroxide was measured by the triiodide 
,.1,:,,i,,..

method (28) . An al-iquot of the irradiated sample was added 
:.,;¡:_.::

to 5 mt of potassium hydrogen phthalate buffer (L2.5 s/5oo nl 
i:::':::r:

H 0). Then, 5 ml of iodide reagent (r.25 g NaoH; 4r.5 g Kr;
2

O,I25 g (lrl¡t ) ivto 0 .LH O/5O0 ml_) was added and rhe sol_ution
h6 72t+ 2 

,Wasmadeuptovo].umewithtripl-ydisti]-]edwater.Thespecies
iformed, f" , can be measured spectrophotometrically at 35O ,t-

nflr. The mol-ar absorption coefficient was reþorted to be
l+ -1 -1 '

2.5 x l-O M cn (28). 
f

1r/+-Dioxan-2-o1 and 2-tetrahydrofuranol were both l

measured spectrophotometrically as their 2r4-dinitrophenyl- ,,,,,,,,,,.

hydrazones (Zg). An al-iouot of the irradiated sample was ,,,.

refruxed with 2'4-DNPH sol-ution and a few drops of acid for "t".'"'

thirt,y minutes. After coolingr âtr aliquot of the refl-uxed

sol-ution was placed in a 25 ml vol-urnetric fl-ask and made up

to vol-ume with KOH soi-ution. The solution became very dark, ,.'.,,'

but cLeared quickly to a red color. The anion of the Zrln-

DNPH was the species nreasured spectrophotometrically at 53o

nm on a carl Zeiss pMQ II spectrophotometer, (29).
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3. RESULTS AND DTSCUSSTON - TETRAHYDROFURAN

3 .I '-.esul +-s

The gamma-radiation induced oxidation of tetra-
hydrofuran in deaerated aqueous sol-utions by hydrogen per-

oxide was investigated over a range of H 0 and THF

concentrations. The effects of dose ratï 3n¿ ¿euterium

substitution on the reacti-on were al_so studied . .

The samples were degassed to prevent inhibition
of the chain reaction by the presence of oxygen.

THF,/H O-
2?

The ,rO, removal_ yielCs at a constant THF con-

centration, O.62OM, are il-l-ustrated in a dose-yield pIot,
Fig.3.l. The figure is a composite graph made up of resurts
from runs with three different starting concentrations of
Hl;O . The removal yields are independent of the H O22 -2 22-2
concentration over the range 1,17 x 10 M to 3.56 x I0 M.

The THF used. to obtain the above results was found

to be contaminated with peroxide so the experiments Ì{ere re-
peated for the initial- ccncentrations of l_.86 and 3,56 x

-2
.1O M H 0 . The resul-ts are shown in Fig . 3.2. The H 022 zz
removal yields remain independent of the H 0 concentration,

?2 -2but, the plot begins to curve at l-.00 x 10 * rr}.-

i.::.'1:::t:-r:-
i':. i.i-.:j ;:
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F'igure I .1

Gamma-radiation induced reduction of H 0 in
deaerated aqueous O.620 M tetrahyA"ofuÍ"3.

18 -1 -l_
Dose Rate = IO.24 x l-0 eV l- s

fnitial H 0 Concentration =22
o ,o.036 M

A ,0.020 M

o ,0.012 M

tr'or each symbol, the initial point on the graph

represents zero dose,

'._i;:,':r
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Figure 3.2

Gamma-radiation induced reduction of H 0
22

deaerated aqueous O.620 M tetrahydrofuran

prepared with purified tetrahydrofuran.

-l -1
Dose Rate : 9.28 x 10 eV I s

Xnitial- H 0 Concentration :
2?

o ,0.036 M

a ,0.019 M

For each symbol, the initial point on the

represents zero dose.

l8

1n

sol-ut i on

graph
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A typical dose-yieJ_C. plot is shown in Fig. 3.j.
the initial- linear':lt,y of the curve allows the accurate

cal-cu]-ation of G-values, in this case, G(-H O ) = 29.9. The
22

stoichiometric equival-ence between the FI 0 removal- yield and
22

the proCuct formation yieJ-d was determined only at one value

of dose because of the tediousness of the analytical pro-
2L -1

cedur'e. At I8.5 x l-O eV Ì , G(-H 0 ) :32.6 J 0.1 and22
G(2-tetra.hydrofuranol- ) : 3t+.5 1 O.ó. No attempt was made to
iOentify the termination products.

Over the concentrati.on range O.Izt+ M to 0.868 M

THF, the Fi 0 remcval- yieJ-ds are independent of ùhe THF
22

concentration. This is ilÌustrated in Tabl-e 3.I. The

initial H O concentration is 0.016 lvl and the dose rate is
22 l8 -1-1

9.18x l-0 eVl s .

-- l.t _.: :_

rFiF f.ul G (-H 0 I22
28.O

27.5

23.8

30 .0

o,r2

o.)7

o.62

0,87

-:":l. . :.
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tr'igure 3.3

A typical dose-yield pJ-ot for gamma-inadiated

aqueous tetrahydrofuran containÍng H 0 .
22

18 -1 -1ftrr] = o. rzt+ M

Dose Rate : 9.1-8

¡'.::|::-:
r':.::::::

i...'..

xl-0 eVl s
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Changing the dose rate had no effect on'the H 0
22

removal yields ês is displayed in Tabl-e 3.2. The initial
concentrations of lt o and rliF were 0.016 ivi H o and 0.620 11

22 22
THF.

TABLF r.2

Variation of H_0_ Removal Yiel-ds with Dose Rate
22

in Ganma-frradiated Aqueous ScIutíons of THI'

-1 -1
frose Rpr,e (eV I s ) G (-HA.I

22
I7

7 .78 x 10 32.7
1g

2.57 x 10 35.6
18

9.28 x l-0 33.5

ar?- Lrl,-d -Tetrahydlof,gran/H 0 _ù, 22
The effect of deuterj-um substitution, ât the 3

and the 4 positions in THF, on the H 0 removal yields was
22

studied. The opposite experiment, with deuterium subs-

titution only at t,he 2 and the 5 positions in THF, was not

attempted because 2 12 r5 ,5-d -THF was not avail-abl-e.
4

Although true competition experiments hrere not

attempted, the dose-yield pJ-ots for the oxidation of THF were

compared to those for 3 13rt+r4-d -THF. As seen in Fig. 3.1+,
4

deuterium substitution at the 3 and the h positions increased
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, .ì 
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.

Figure 3.4
i: .:: :

.. . .1..1."

.,:,.1,..,,:

Gamma-radiation induced reductÍon of H 0 by
22

tetrahydrofuranand3,3,4'4-d-tetrahydrofuran
in aqueous soluti on . 

l+

O , ft,t,4,4-du-tetralä0""t:i"lrJ = o.rzL M

Dose Rate : 9.08 x 10 eV I s

a , [tetrahvdrofuran_l 1ã 
o.t:Í 

lt,
I-rose Rate = 9.18 x 10 eV l- s
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G(-H 0 ) from 29.9 to 59.2. The dose-yieJ-d pì-or for J),22
4rh-d -THl'- remained independent of the H O concentration,

l+ 22
I'ig. 3 .5 , and of the dose rate , TabÌe 3 .3 . lihe initial
concentrations of H 0 and 3 ,3 r4r4-d -tetrahydrofuran in the

22 t+

so.l-utions used for the dose rate study were O.O32 M H 0 and

O.I2 M 313r4r4-d -tetrahydrofuran. 
2 2

4

TABLE ?.?

Veriation of the H O . Remova] Yields with Dose Rate
22

i n Gpmrna-Jrrpdi ated Aqrreorrs Solr't.i ons of
årLÀrls.{^ -Tetra hl¡drof uran

1+

-1 -1
Dose Rate (eV I s )

22
)o.5
l+L,.O

G(-H o L
I7

7.7O x Ì0
18

9.08 x 10

3.2 Discussion

The major features of the results are that the

hydrogen peroxide removal- yields are stoichiometrically
equÍvalent to the 2-tetrahydrofuranol formation yields; in-
dependent of the hydrogen peroxide concentration, the tetra-
hydrofuran concenLration and the dose rate. Furthermore, the

substitution of 3 ,3 r¿rrl+-d. -tetrahydrofuran for tetrahydro-
l+

furan resul-ts'in a marked increase in the rete of the reaction.

tj .?i.:'- ì. ..:!:
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Figure 3,5

Gamma-radiation induced reduction of H 0 in
22

deuterated aqueous O.I21+ M 3 13 rl+rl+-d -tetra-
l+

hydrofuran.

l-1
ê

f r [rrorJ :2.8?*ro2 M

A , lH o I = r.63 * 10 
2 

M
'22' 

rB
Dose Rate : 9.C8 x l0 eV I

i :: -: :: -::
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The hyd.rated eLectron rapidly reacts

'';:- .:.: :

40.

For these

radiation i-nteracts

dilute aqueous solutions, the gamma-

specifically with the bulk solvent.

(l) H o
2

,HroHrH0aq3 ,H0rH22 2

with the solute, H 0 o

22
(5) e- +H0 OH+

aq 22
Since k ))k k

0H+THF" 0H+H0, H

OH

.!k
+ THF ,-

lH o I << [rn¡1, at]- of the2nzrnd oH radicats-2 2t -
THF. The H-atom abstraction from THF by 0H

probably not specific to the eC -position.

and
H+HO,

22
will react with

and H radicals is

Evidence for the abstraction of H from both the

a(-and thep-positions on THF by 0H radicals is found in ê.s.r.
studies (tt, 12, 16, 18) and i-n Fenton oxidation studies (9).

UnforùunateJ-y, there is no evidence that H atoms abstract H

from both positions on THF. However, it has been established

that H-atom absÈraction from secondary alcohols occurs sig-
nificantly at the f -positÍon (19 rZO) . If H atoms are abl-e to
abstract H from a terminal methyl group, it is not un-

reasonable to expect that they can also do so from a methy-

l-ene group. Therefore, reaction Q3) is included in the re-
action scheme,

0H+THF___àrI+H0
2

(zo )



41.

(2I) oH + THF-) rII + H o
2

(zz) H+THþ'--) rr+H
2

(23) H + THF# III + H
2

0n1y the q, -radical- is pnoposed to react with

H 0. fn êos.r. studies of THF oxidation by H 0 (fB), the
22 22

spectrum of the p -radical- was found to be enhanced by an

increase in the H 0 concentration. Thj-s phenomenon was
22

interpreted as resulting from the preferential oxidation of

the o( -radical- by H 0 . The propagating step is then given
22

by reaction (Ztr) .

Qlr) II+HO Z-tetrahydrofuranol+OH
22

The reactions terminates via a bimol-ecular re-
action of the p -radical-s, equation (25) .

(Zf) 2 III----â termination products

This is somewhat simpJ-istic and without an analysis of the

terminatÍon products somewhat specul-ative, however, the

nature of the results indicate it is a reasonable assumption.

The two other possible termination reactions are given by

equations Q6) and (27).

(26) 2 II ) termination products



L2.

(Zl) II + III---4 termination products

Bimolecul-ar termination of oc -radicals is highly

unlikely at any H 0 concentration, but cross-termination
22

woul-d increase at lower H 0 concenLrations. At lotter H 0
22 22

concentrations, the cross-termination reaction, êg. Q7),

would be in competition with the propagating reactionr €e. Qlu),

resulting in some dependence of the reaction rate on the H 0
22

concentration. The curvature of the dose-yieId plot,, FiA.

3.2, at l-ower H 0 concentrations is evidence that such a
22

termination is becoming more importent at these H 0 con-
22

centrations. Furthermore, the inclusion of a cross-term-

inatlon reaction in the mechanism woul-d lead to some dose rate

dependence, but Lhe effecb woul-d not be significant enough to

be observed. A calcul-ation of the reÌative contributions of

each of these three termination reactions to the mechanism

wil-l be given in a Later paragraph.

A radical- conversion reaction, €g. (f9),

(19) rrr + THF-------+ rr + THF

simil-ar to reaction (16) for Z-propanoL or ethanol, is not

likely. On energeti-c grounds, the probability of the l-tetra-
hydrofuranyl radical abstracting a H-atom from the 2-position

of THF is much less than that of the I- (z-propanolyl )

radical- abstracting H from the 2-position on 2-propanol or the



2-ethanolyl radical- absÈracting H from the l-position on

ethanoL.

The results, showing no dependence of the re-

action on THF concentration, do not indicate a radical con-

version'reaction is occurring. Also, a ring opening reac-

tionr eg. (28), is not needed to explain the results.

(28 )

l+3.

chain pro-

H 0 con-
22

rate effect.
0 coneentra-

2

A ring openingr êg. (28), wouÌd compete with

pagation, êQ. (Zlo), giving some dependence on

centrati-on; moreover, it would lead to a dose

Neither of these is seen at medium to high H
2

tions.
The results may be accounted for by the mechanism

summarized below.,

(4)

ß) e- +H0+0H
aq 22

(zo) 0H + fHF----å rr + H 0
2

H2o \AA,-l "]o' H'
+

OHrH0,
3

+0H

H0rH
22 2



l+l+ .

(2I) OFI + THF 
--# 

III + H O

2

(zz) H + THF-) If + H

2

(2)) Hi + TIIF--4 IrI + H
2

(2¿r) rr + H 0---{ 2-tetrahydrofuranol + oH
22

(?5) 2 III---..---I termination products

Applying the usual- steady stête approxi-mation to

the above reaction scheme, the radiation chemical yield

expression may be derived.

kkk
22 20 23 \H

k +k k k + k
22 23 21 22 23

This mechanism predicts a chain reaction with no

dependence of the yields on the H 0 concentration, the THF
22

concen¿ration, and the dose rate.
Assuming a val.ue of 28.0 for G(-it O ) at zero

22
THF concentration, the value of k /l<. may be estimated

20 2I

(29) G(-H0)=G -G2? e H0
aq 22

* nro('e- * *, * *or) *
aq

2I



using the accepted vafues for the primary radical- yields in
irradiated water and the l_iterature value for k (30).

22+23
The val-ues for k and k have not been reported for THF.22 23
The val-ues for k and k were calcul-at,ed by assuming the

ratio k /x ,o3'rr, "oÍio o" approximarety equal ro rhe22 23
ratio k /X for ethanol-.

11 14

+ G = 3.lg
e-

aq

k : g.f4 (30)
22

k
23

l+5 .

7-r
2.9 x 10 M s

G

The value of k /U is
20 2\

the values of the rate
Taliawi and Johnson (9)

Assuming k to be
20+2L

calcul-ation of k and
20

k =0.24x10
20

= 0.68
HO
22

= 2.72 (lr ) k
OH 22+23 =

: o.55 3z)
H

-1

calculated to be 5.6. This agrees with
constant ratios found by hlalling, El-
and by Gilbert, Norman and Sea1y (1I).

9-r-1
I.6 x 10 M s (3O) allows the

k.
21
9-l-1
MS

9-r
= I.36 x l-0 M s

2l
-1



The

rario, [e ] Z[*],

(30) lçl t ["] =

steady state val-ue

can be cal-culated

for the concentration

using eq. (30 ) .

l+6.

+k
I

Dk )2
t

9-L-l:k :2k -k :?x 10M S262Tr-z
concentration of 1.8 x l-0 M and

18 -1 -l
l0 eVl s

k(t2rlt-- I
20 (.

z,-l' zo zf
(c

Assuming 2k
25

3.9 aL a H 0
22

8.5 x

, [e] / ["c] i"
a dose rate of

Using this val-ue "t [O] /lt(.1, the percent relarive
contribution of reactions (26), (27), and (ZS) to the ter-
mination of the chain reaction is calculated to be l+,32,
and 64f'. As the H 0 concentration decreases, reaction Ql)

22
becomes more important as a termination pathway, leading to

some dependence of the yields on the H 0 concentration.
22

Such an occurance wou]d manifest itself as a curvature in the

dose-yield plot at a constant TFIF concentration. fn Fig.

3.I, the pJ-ot does not significantly curve, however, this was

found to be due to some peroxide impurity in the THF. The

two higher concentrations of H 0 were run with purified THF
22-2

and the curve is seen at 1.00 x 10 M H 0 , Fig.3.2.
22

When 3 13 14,4-d -THF' is substituted for THF
t+'

reactj-ons (Zt) and (Zl) shoul-d show a normal nrimary kinetic
isotope effecù if they are H atom transfer reactions.
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Equation Q9) predicts an increase in G(-H O ) with a
22

decrease in the rate constant ratio for H atom abstraction
from ttre p -position by the OH radical. This was found 

,.,:;..,

experimentally as k /U increased from 5.6 for THF to g.5
20 2I

f or 3 ,3 ,l+, 4 -d -THF , Fig . 3 .l+. Similarly, if 2 ,2 ,5 ,5-d -THFLL
were substituted f or THF, a normal primary kinetic isotope 

,;,,,rr, 
¡,,

effect shoul-d be shown by reactj-ons (ZO) and QZ). This ;':ri;::.':

shouLd resul-t in a decrease of G(-H O )if eg. Qg) is valid. :.,::,:,'
2 2 ': t-:

Assuming secondary isotope effects are insig-
nificant, the rate constant ratio, k /X , is cal-

21 (H) er (t)-
cul-ated to be r.7. This value is comparabl-e with the value

found for 2-propanol, L.4 ,j 3, 34), and for ethanol, L.Z ß3).
The proposed mechanism for the ganma-radiation

induced oxidation of rHF by H 0 in dilute aqueous sol-utions 
i22 
,

accounts for all- the experimental- resul-ts. rt appears se]f- 
,

consistent and in agreement with previously reported research. 
,

ft was anticipated that the kinetics of the oxidation of 1r4- lr,;nt,
t:.'r : .::

dioxane would be different since only one radical derived l¡,,:,1,,

from lr4-dioxane by H-atom abstraction was exnected. 
:r:::::l

l: .:i i:

l -..i:r'.ir':... . -:.1
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t+. RESITT,TS ANn |ìISCUSSION - 1r@,3-DIOXOLANE

4.1- Results

The gamma-radiation induced oxidation of 1r4-

dioxane. and 1r3-dioxol-ane, in deaerated aqueous solutions,

by hydrogen peroxide was investigated over a range of

hydrogen peroxide concentraùions, ether concentrations, and

dose rates. For lr4-dioxane, the effect of deuterium subs-

titution was also studied. The results of these experiments

are presented and discussed in the following sections.

À,&Ji-eraleLH,^o -22
The hydrogen peroxide removal- yields in the pre-

sence of a constant concentration of lr4-dioxene (0.590 M)

are shown in a dose-yield plot, Fig,4.f. The graph is a

composite figure constructed by combining the dose-yield

resul-ts for three different initial concentrations of hyd-

rogen peroxide. The hydrogen peroxide removal yields for
a constant ether concentration are independent of- peroxide

-2 -3
concentration over the range 3 x i-0 M to 5 x 10 M H,0 .

The curved pl-ots in Fig. Lr.2 demonstrate that the 
"*o3"i"A

first-order kinetics vr¡ere not observed

All dose-yield plots for peroxide removal are

Linear over the haLf-life of the reaction allowing accurate



l+9.

Dose Rate : Ì0.58 x l0 eV l- s

þro r] :

.',t,-.'1,,,ì,',',t. :i.t

Figure 4. ]- ,':':'::,:,:.::':';-:

.'.,t ,,.,.,' ..,..a:

Garuna-radiation induceC reduction of ll O in
22

deaerated aqueous O.59O M fr4-dioxane.

18 -1 -r

O ,o 'o32 M

o ,0.01_8 M

a ,0.009 M

For each symboÌ, the lnitial- point on the graph

represents zero dose.



l+9a.

3.0

&lg ?*t
>(

æ,\/
r s¡-to
S rñ

r:L__l lrv

1)l ,lll_l ll\l-*
ro 2t 30 40 s0 60 70

DOSE (eV!-l) X !O-21
Ì' ." tì l
i'i._:. -'';

o

€

ø



50.

t'igure l+.2

First order plots for H 0 reduction in gamma-
22

irradiated solutions of Lr4-dioxane.

18 -1 -1

o ,0.032 M

t ,o.ol-8 M

a ,0.009 M

Dose Rate : l-0.58 x l-0 eV I s

þ,+-oio*"t{ : o. 5go M

Frorl =
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calcuLation of G(-U O ) values. A typical dose-yield nlot
22

for hydrogen peroxlde removal- is shown in Fig. 4.3. The

curvature of the graph towards the end of the reaction was

characteristic of aIl- the dose-yieId pIots. The s.toichiometry

of the reaction was determj-ned only at a single value of the

absorbed dose because of the tediousness of the analysis.
2I -1

At 18.8 x 10 eV I , the hydrogen peroxide removal- yield,
G(-H 0 ) : 3o.g ! o.z, was equiva]-ent to the lr4-dioxan-2-o1

2 2 --',
formation y1eld, G(1,4-dioxan-2-oL) : 30.0 J0.9.

The hydrogen peroxide removal yields are inde-

pendent of the ether concentration. This is illustrated in
Table 4.1, The initiaÌ H 0 concentration is O.0l-8 M H 0

22 18 -l--1 22
and the dose rate is IO.58 x l0 eV I s .

TABLE 4.1

ryez
1. lr-Dioxane Concentration
-,

À, '' -Di oxane 0Ð

0. L2

o.35

o.59

0.83

The effect of dose rate

G(-H o L22

39.1+

¿+1.5

39.6

L2.l+

on peroxide removal



52.

i 1.:.'1:-i.:.".1

:::--.--::-::it.tr..Figure l+.3 ': ''

i:::: ;: .r..;;

A typical dose-yield plot for gamma-irradiated

aqueous 1r4-dioxane containing H^0-.
22

Lt,t-otoxanËl : 0.590 M18 -r -1
Dose Rate = l-0.58 x l-0 eV l- s
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yielcis is dispJ-ayed in Table 4.2, where the initial con-

centrations of H O ancl lr4-dioxane are 0.018 M H O and
?2 22

O,59O M lr4-dioxane. The hydrogen peroxide removal- yields

are independent of the dose rate.

Variation of H 922

TABLE 4.2

Removal Yields with Dose Rete in

Gamma-frradiaùed Solutions of I ,/¡:.Di¡¡¡¡e

Dose Rare ("v t-1u-1 ) c(-H o )

ln3.O

lrJ-.3

39.6

17
7.78 x l-0

18
?.51+ x 10

18
9.28 x l-0

53.

ir?',rrr

L2 r2,L2,116,6-d 
r+.t

/r-Dioxane /U O

22
When the reaction wås tried h/ith 2 12 13 ,3 ,5 15,

6r6-d -1r4-dioxane, the hydrogen peroxide removal yields
I

remained independent of the hydrogen peroxide concen-

tration, Fig. tn.tn, and of t,he ciose rate, Table l+.3. The

initial- concentrations of H 0 and 2 12 13 13 ,5 15 16 ró-d -22 I
J-r4-dioxane in the solutions and for the ciose rate studies

gre o.o32 rr rro.- and 0.118 M 212131315r5t6r6-dr-l-,4-dioxene.



. Ir l.: '- it

5l+.

I'igure 4.1+

Gamma-radiation induced reduction of H O in
22

deaerated aqueous 0 . 59O Iq 2 ,2 ,3 ,3 ,5 ,5 ,6 r 6-d

f,4-dioxane. 
I

18 -1 -1
Dose Rate = 9.08 x 10 eV L s

lruol =L22J
o ,o.o32 M

a ,0.016 M
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Variation of the H 0
22

TABLE I,.3

-

Removal- Yiel-ds urith Dose Rate in
q@

z, L Z, L L, L l, 6- d,g-f, @,ipxe¡e.

-1 -t
Dose Rate (eV l- s )

I7
7.7O x 10

G(-H O

2-2

36.5

9.08 x 10 29.O

The effect of the ether concentration on the

reaction rate was not checked.

As depicted in Fig. 4.5, the deuterium subs-

titution did not affect the rate of the reaction.

1.3-Diøcol-ane /H O

- 

-¿-¿-

The only major observable different between the

oxidation of 1r3-dioxol-ane and the oxidation of either THF

or ]r4-dioxane was the much larger G(-H 0 ) values for the
22

former solute.

The stoichiometry of the reaction was not deter-

mined because a method of synthesizing either 1r3-dioxol-an-

Z-oL or Lr3-dioxolan-4-ol, the two probable major products,

couLd not be found. The difficulty of the product analysis

would be aggravated if these two products underwent ring

L

18
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Figure l+.5

Gamma-radiation induced reduction of H 0 by
22

1r4-dioxane and 2 1213 13 r5r516r6-d -]r4-dioxane
I

in aqueous sol-ution.

| , þ,t-olo*rn"] : oiåt, t-. 
_1

Dose Rate = 9.28 x 10 eV I s

A , þ 12 13 ,3 ,5 ,5 ,6 r6-d f-lr4-dio*ane] 
= 0.118 M

18 -1 -1
Dose Rate = 9.08 x 10 eV I s

l.'..
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opening in
proposed by

(31)

aqueous solutions, €g.

Meerwein et al- (25).

-+

(---__

(31) and ê9. 3z) , as

HO(CH ) OCHO
22

ßz)

HOCHCHO+HCO
22

The H 0 removar- yierds weï:e measured as a func-22
tion of the dose, ancì a typical- dose-yield plot at a rr3-
dioxolane concentration of 0.7r5 M and a H o concentration_2 22of l-.62 x ro lvl is depicted in Fig. rt.6. The values of
G(-H o )were cal-cul-ated using the initial- slopes of the22
curves. For the dose-yieì_d plot in Fig. 4.6, G(_H O ) was

determined to be 82.0., 2 2

The dose-yield ptots for the H o removal- yierds,
22at a constant 1r3-dioxol_ane concentration of O.7I5 M, are

illustrated in !'ig. l+.7. The curve uJas constructed, as for
the THF and the 1r4-dioxane experiments, from close-yield prots
for three different initiaÌ H o concentrations. The H o22 zzremcval yields are indepenrCent of the H O concentration ã.r".22

itji)
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Figure l+.6

t,,,..ta,,,;

A typical dose-yield pl-ot for gamnra-irradiated

aqueous f ,3-dioxol-ane contain j_ng H 0 .
22

[f ,i -aioxolanel : O.?!5, ]vlJ 1B -1 -l_
Dose Rate : l-0.1+7 x I0 eV I s
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Figure l+.7

Gamma-radiation induced reduction of H 0 1n
22deaerated aqueous O.TI5 M lr3-dioxolane.

t8 -t -1

o 'o.o3l- 
M

a ,o.oL6 M

o ,o.oo8 M

For each symbol, the initial point on the graph

represents zero dose.

Dose Rate = IO.3i x l_O eV 1 s

[t.or] :

:::.:.r,.....
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therangeO.TT xl0 Mto3.OL xIO MHO. Atconcen-
-2 ?2trations l-ower than 0.80 x l_0 M H 0 , the sl_ope of the

22
curve indicates that the H.0 concentration becomes an j_n- ,,;..:,::.:

creasingJ-y imporbant ,"""o3.' 
:::''::'::

Table 4.4 shows that the H 0 removal_ yieJ_ds are
22

independent of the .lr3-dioxol-ane concentration over the ,:,,,,,,,,
.."',: _::-:_.

range O.it+3 M to L.OOl M Ir3-dioxolane. The initial H 0 i::'-'::'::

concentration is 0.016 M H 0 and the dose rate is rc.3s2* i..,....,i,,.18 -l_ -l 2 2 :::::::::

10 eV1 s .

TABLE 4.4

Variation of H 0 .þmoval Yjel_dS ¡¡th-2-2-
l- .3 -Di oxol-ane Concentration

f ,3 -Di oxot-ane (t{) G ( -H 0 )

-2- 
2-

73.O

7 4.5

77.9

73.O

The resul-ts of ühe dose rate studies are ill_us-
trated in Table 1r.5, where the initial_ concentrations of
H^0^ and lr3-Oioxolane are 0.016 M H 0 and O.7I5 I\L Ir3-ZZ Zz
dioxolane. Althou,qh the ,rO.- yields are not cÌearly

-2

0.f4

o.43

0.7f

I .00



irrdependent of the dose rate, the reÌationship is not a

simple or€ ¡

Variation of H 0

TA RT.E I,. 5

Remova] Yields with Dose Rate in
22

Gamr:a-frracliated Aoueous Solutions of I - 3-Dioxolane

-l -l
Do."e R"." ,"U t " , G(-H 9. l_22

17
7.7O x l-C r3o.2

93.2

8]-.6

61.

2.75 x 10

10.1-3 x lC

18

l_8

L..2 Discussion

-

l.À-Dioxane
-rLi--.

Some of the results for the oxicÌation of dioxane 
i,::.:.:r!;,:
.. -1.; .::.:

vJere unexpected and guite puzzling. As predicted, the 
l,:,1,,,:,.

- 1,.:.:-.:.ì '::'H^O^ removal yields were stoichiometricaÌ1y equivalent to the .,.,;,,',,;,i

22
lrl+-dicxan-Z-o1 formation-yields, independent of the THF

concentration and unaffected by deuterium substitutlon. The

fact that the H-0 removal yields were inclependent of both 1,,',,,,1.,,
I :ì.::.:::.22

the H 0 concentration ancl the dose rate hras unexpected. A. 22
mechanism to account for all- the resul-ts vlas not found.

.

Because l r{-dioxane can give rise to only one type

i :_. a i -':,
i . ::. 1:.-: -
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of radical, it was expected that its oxidation by H 0
22

wouLd follow a mechanism similar to that proposed for
methanolr êg. (¿*) - (9). Equation (t0) predicts a first
order dependence on H 0 and a square root dependence on dose

22
rate. .Thj.s mechanism does not aecount for the experimental

resul-ts founcl for 1r4-dioxene.

The possibility of a ríng openingr ê9. {]3),
which would yield a produit that coul-d take part only j-n term-

ination, êg. ßÐ, was considered.

ö
Ix

ß3)

lt:::-::1:

-----:++--

ßlr) 2 IX 

-) 

termination products

Although this would account for the lack of a

dose rate effect because tllere would be no competition '

,i

between reaction (8) and reàction (9), it introduces a com-

petition between reaction 'j l) and reaction (8), which would

result in a first orcler dependence on H 0 . ft was not
22

necessary to invoke ring opening to explain the THF result,

and it woufd be reasonable to assume that if 1¡À-dioxane under-

went ring opening the same would apply to THtr'. Any form of ' '



63.

ring opening was therefore discounted for 1r4-dioxene and the

results are l-eft unexplai-ned.

All ê.s.r. studies of the oxidation of lr4-dioxane ,,' :,

show only one radical- is formed, the 1r4-dioxanyl radical, and

that this radical cen undergo oxidation by ,rOr. The resul-ts

show f ,4-dioxan-2-ol was formed in stoichiometric equivalents 
,1,,:,..,;,,,

to the H 0 removal so that reaction j¡5) is probably the ,t''""';'"

2 2 .r:::
propagating reaction . .,:,,i,,,;,,

ß5) I + H 0 

-------+ 

1r4-dioxan-2-ol + 0H
22

trJo explanation for thre Lack of a H 0 concentration and a dose
22

rate dependence can be given.

A meaningfuJ- mechanism for the galnma-radiation

induced oxidation of 1r3-dioxolane by hydrogen peroxide can-

not be proposed because the reaction products were not iden-

tified. Any mechanism proposed would have to account for the

Ìack of dependence of the yields on peroxide concentration,

1r3-dioxolane concentration and dose rate.
The following mechanism, similar to the one for the

oxidation of THt' is a possibility..
+(4) ,ro \AAr) t"o, H, oH, t,o , ,ro,, ,,
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(S) e- +H0r---+0H+OH
aq 22

ß6) 0H + 1,3-dioxol-ane 

----+ 

IV + H 0
2

ß7) H + 1r3-dioxolane rV+H'
2

(38) 0H+lr3-dioxol-ane V+H0
2

ß9) H + lr3-dioxolane-Ð V + H
2

(¿rO) IV + H O--f mol-ecul-ar products + OH
22

(tf ) 2 V-Ð termination products

Such a mechanism does explain the experimental

results, however, the assumption that the 4-(1r3-dioxoì-any1)

radicaL does not undergo oxidation by H_0^ is not éxper-
22

imentaJ-ly justified.
Gilbert, Norman and Sealy (11 ) found the ratio

k /l< - to be O.l+7 îor 1,3-dioxol-ane at an initial H 0
3t+ 36 -2 22

concentrationof 5 x10 MH0. ThÍswoul-dmeanG(-HO )
22 22

shouLd be about 5 if the above mechanism, êg. (4)r.(5), 30-
41), were vaLid. Experimentally, G(-H^O ) was found to be

22
about 70, which woul-d yieì-d, using eq. (29), a k /l<. ratio

3t+ 36
of l-3.

tt
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5. OONCTUSION

Some of the results of this investigation do not

fulfil-l the initial- expectations. A mechanísm couLd be pro-

posed {or the oxidation of only one of the ethers. The two-

radical mechanism proposed for THF appears to be val-id but

coul-d not be confirmed with the results for lr4-dioxane. No

further experiment to clarify the results for fr¿+-dioxane

coulci be conceived. Further work is necessary to char-

acterize the rnechanism of the gamma-radiation induced

oxidation of 1r4-dioxane and 1,3-dioxolane by hydrogen per-

oxide in dilute aqueous sol-utions.
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8.

OH+CHOH HO+VII
32

VTI+HO HCHO+HO+OH
22 2

2 VII 

-) 

termination products

to.-o[no]=(c GL2 2¿ e- H o---T- aq 22

l-l-. H + (CH ) CHgH-) FI

32
12. OH + (CU ) CHOH 

--f32
t3. vI + H 0---- (cH )

22 32

)u+i<[Jc +G +G )ilå8l e- H 0H I

Lr
9

+ (cu ) coH
2 32
HO+IV

2

CO+OH+HO
2

66.

f.

2.

?

l+.

I + H 0 

-) 

molecul_ar products +' ))

If +H0 mol-ecularproducts
2?

fV + H 0 

-) 

molecular products
22 

+

APPENDTX A

LIST OF' BSUATIONS

0H, H 0 ,
3

+ OH-

+.0H 0H
2

OH

+0H

+0H

tro \AAr-) "lo' Fr'

e- +H0.-:-)0H
aq 22

H + CH OH-f H

32

H0, H
22 2

5.

6.

9.

F,.J
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APPENDIX A

LTST OF EQUATIONS

L4. H + (Ctt ) cuou --+ tr
)2 2

L5. oH + (cg ) cttou--+ H

32
16. VrrI + (cu ) cHOH

3z
L7. 2 VIII termination

l-8.G(-H0)= G G r
22 e' H0

aq 22

f9. fff + THF I fI + THF

20, 0H + THF.---) ff + H 0
2)

2I. 0H + THF------+ Iff + H 0
2

22.H+THF-*Ir+r,

23, H + THF---)III + H.2
I

.i
'..,I

k G +G \ + 1+k k lc +G +G \å

f.(""0 ott # to{ e- tt oH{

13 L3 t---rT-/

fz-p"op""o! .
'!

+.CH CH CHOH
23

O + VTTI

VI+(cu)CHSH
32

products
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2l+. II

25. ?

26. ?

27. rr

28.

29. G(-H O

?2

APPEND]X A

I,IST OF EQUATIONS

+ H 0 # Z-tetrahydrofuranol + 0H'))

III -----+ termination products

II 
---ë 

terminat ion products

+ III -----+ termination products

o
ì-^/-\r

â
aq

G +k (c
HO 20\e-
22 Ï- aq

2l

* o, * *or)*

k
t)

tl"1

{

[o]

k
?o

k
2T

1+

-1r--lk +k t
22 Ð)

30. k H0
(c Dk)

i¿r

k
23

k(
2t\

nro 
t
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L]ST OF EQUATTONS

69.

rJ.:::,':1.:':'::

3I.

d'o\,/o

fï ) termination products

+ H 0 

-l 

1,4-dioxan-2-otr + 0H
22

36. 0H + 113-dioxoLane
2

HOCH CHO
2

OCHO

+HCO
2

32.

33.

3l+. 2

35. r
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70,

2n

38.

H+

0H+

39. H +

40. IV +

APPENIJIX A

LTST O}' EQUATIONS

l,3-dioxolane IV + H
2

1,3-dioxol-ane-t V + H 0
¿

fr3-dioxo.l-ane4V+H
2

Fi 0 --# mol-ecul-ar products
22

+0H

4L. 2V 

-> 

termination products
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APPENDIX B

IIST OF RADTCAIS

J=

Tl-

fff =

fV=

[:

I'

l:: i.:
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APPENDTX B

L]ST OF RADTCALS

vr:(c¡t)ðon
32

Vf f :.Cti 0H
/̂.

VIII :.CH CFI CHOH
23

fX = CH Cri OCH CHO
22 2

i:rl. r:;: :
l:.
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