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ABSTRACT

The photochemical reasctions of toluguinone with
cyclohexane, iso~propyl &and methyl @lcohols have been
studied using carbon tetrachloride as & solvent, The
reactions have been carried out at 365 mu and 25,0°C
in the atmogphere of nitrogen or under vacuum and the
gquantum efficiencies for the formation of hydroguinone
. have been determined, The measurements were made over
& wide range of reductant concentrations and light

intensities,.
N

The results have been interpretted in terms of
reaction mechanisms and the ratios of certain rate
constants have been determined, Pure samples of
cyclohexane and.iso-propyl alcohol gave quantum
efficiencies of about 0.5 and 1 respectively. In
solutions in carbon tetrachloride there‘is evidence
for reduction in quantum efficiency by the cage‘effect.

The excited state of toluguinone reacts about as

effectively with cyclohexane as it does with iso=-propyl

alcohol, It is slightly less reactive towards methyl
alcohol, The results of the present work are compared

with earlier observations on similar reactions,
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1. INTRODUCTION

A great deal of work has been done on the photo-
lysis éf quinones from both the qualitative and quantita=
tivé points.of view. The qualitative work was merely
aimed at the identification of the m&in reaction pro-
ducts. The quentitetive studles were concerned with the
determination of the Quantum efficiency'fbr the loss of
quinone using various quinones, and the effect of change
of Wavelength of irrédiatién on the quentum effibiency.
Some quantitative studies have been made of fhe kinetlcs
of phdtochemiéal reactions of benzoquinone with ethyl
~ and propyl alcohols (1),

In the present work similar studies of the reac-
tions of toluguinone &re described. The &im of
invsstigations of this type is to establish the
mechanism of the réaction and to determine rate cons-
tants for individual steps in the mechsnism, B

In the first chapter of this thesis the mechénism
of oxidation—reduction»reactions will be surveyed and it
will be shown thet photochemical resctions of‘this type
probably occur by free.radical mechanism$. Previous
guantitative work on photochemical reactions of gquinones

will be summerized.,



1.1, Mecharism of Oxidation-Reduction'Re&ctiogg

In this section & review of the mechténism of
oxidation-reduction reactions will be presented. At each
stage especial consideration will be given to evidence
for the occurrence of & mechanism in reactions of quinones,
Also, where experimental evidence hé&és not been found, the
circumstances in which @ mechanism might be applicable
to reactions of quinones will be discussed,

In this thesis the reactions of special concern

are of the type

Q + AH, > QHy 4 A

¢ Quinone,

Afl; Alcohol,

QHZ Hydrogquinone,

A Aldehyde or ketone depending oﬁ whether
the alcohol is primary or secondary,

There are numerous ways by which the oxidation
of compounds takes place, but consideration will be
given to the oxidatioﬁ of compounds containing hydrogen.

The reactions may be classified as s
1,1.1. Re&cctions involving unit change in oxidation

state,

Under these circumstéances the oxidation will be

brought about by either



(1) 1loss of hydrogen atom, H or

(3i) loss of electron, &

In the-systems of interest both the products are
free radicals and they will react further to produce
the final stable products. The final result here may
be a double change in oxidation stete produced in two
steps. | |
1.1.2. Readtioné involving & double change‘

in oxidation state, occurring in one step,

Here the oxidation may teake place by one of the

following procesSeé H

(i) loss of two hydrogen &toms, 2H in & single

process

(ii) 1loss of & hydride ion, H

(i1i) loss of two electrons, 2 €
1,1.3. ‘Reactions involving & double change
in:oxidation stute, odcurfing via ester forma-
tion.

These processes will be explained with exsmples.

1.1.1. Reactions involving unit change in oxidation
stete

Numerous examples of reactions of this type are
known, Thus Walling ( 2 ) found that photochemically

induced chlorination of methane includes the following



step
CH4+' Cl > CHS + HC1
In combustion the reaction, .
CHy + Oy ——p CHz + HO,
is followed by,
HO, + CH; ——> Hy0p + Cig
In inorganic chemistry there are oxidations taking

Place by electron transfer,
+t++ r+ +++ +rt
e

+ Fe ~———> Ce + Fe

Quinones often react through the semiquinone

C

route, which involves & unit change in oxidation steate,
It is howeverbsometimes difficult to determine whether
the step iﬁvolves hydrogen &atom or electron transfer.
Bridge end Porter (3,4) and Wells (5,6) showed that
the primary process in the reaction of certain excited
quinones with &lcohol is hydrogen atom abstraction

- and not electron abstraction. This conclusion heas
been discussed by Wells ( 6 ), and the detalled
treatment is given in section 1,3,

The course of reaction can be deplcted as :

The disproportionation of r&adicals,

. QH and AH may take place as ¢
. k
QH < QH 8 > QHB + 0



. k '
AH 4 AH 95 At 4 &
. a
The Radicel, 4iH may beAstrong enough reducing agent

to react with unexcited quinone
Q 4 48 1 44
The radical, @i may react with alcohol molecule &s:
QH'fAH FLZ____% QHZ-PAH
In the presence of oxygen the radlculs generuted by
photochemical reaction cean pick up oxygen, and the |
production of &acid has been‘explained by Bolland &nd

Cooper ( 7 ) on the basis of the following reaction

steps :
AH + 02 5 AHOz
Q,H‘i'og k 9 Q+H02

AHO, +- ArI02 5 2 ecid + Hzo2

In general 1t is re&sonable to assume that free
radicels are formed during the photochemical
reactions of gquinones with alcohols,

Stewart snd Linden ( 8 ) investigated the oxidetion
of fluorinated alcohols, . ArCHOHCFgz (CF3)2 CHOH, &nd
CFzCHZOH by permengsnate in neutral and basic
solutions and suggested & mechanism in which hydrogen
atom is abstracted from the slkoxide by perméanganeate:

0
- ]
A CHC + 0 ——————> Ap-C-CF; 4+ H,O
rCHOHCF3 ! 3 o
q



: ;
- l =
Ar-?-CFB 4 Mn 04 > Ar-?-vFS‘f- HMn Oy
H

| 0

Fast |l
Ar-C-CF,

vir Vi

Ma or Mnh

This hydrogen atom abstraction mechanism for permengé-
nate-alcohol reaction has been supported by Ceandlin

and Halpern ( 9),7who studied the permangenate oxida-
tion of formate ion complexed %o cobalt (III), and

the mechanism of resction was found to be a hydrogen

atom &abstraction, The reaotipn rate was similar to

the normal formate-permanganate reaction; Therefore, the

latter also occurs by hydrogen atom abstraction as shown

_below: | ,
OZCH 4+Mn Oy Slow > COZ' 4 H Mn 04
COy. +Ma Oy Fest _, COp + Ma O,

The similarities between -ordinary perm&ng&n&te-formaté
reaction and the permanganate alkoxide resaction,
suggest thet hydrogen atom abstraction 1s the correct
mechanism for the alcohol-permang%g% reaction,

1.1.2. Reactions involving & double chénge in
Oxidation, occurring in one step

A reaction involving either two hydrogen atoms

or two electrons for the formation of hydroquinone from



quinone in one step, has not been found.

Doering and Aschner (10) &and Sprinzek (11)
examined the base=-catalysed carbinol-carbonyl
equilibrium, @nd suggested & mechénism, in .which
hydride ion is transferred from &lkoxide ion to

carbonyl compound,

. ) +
R,CHOH _ Base y Ry CHO 4 H T
R R
5+ R0 =0 s )0 beefiee§anco
CI’IO"’- =t C - o = = o U———'—--C---
* i l ! ¥

Deno, Seines and Spangler (12) found that the carbinol-
carbonyl equilibrium was &also catalysed by strong acid,
and the mechanism presented was similer to the process
described already for base-catalysed equilibrium, in
which hydride ion is transferred from &lecohol to
protonated carnonyl instead of from alko_xide to
fcarbonyl compound. |

/ : + +

7/
Rg‘c =0 4+ H Acida ch_-_QH



+ +
OH oH oH OH
R/ !c|+" (‘: R R é H +(‘:" R
I P 7 I l
R R " R
0 _
i +
?-R + g
R

Woodward, Wendler and Brutschy (13) showed that when
Lewis~acid éatalysts such as aluminium alkoxides, were
used to interconvert alcohols and ketones (Meerwein-
Pondorff-Oppenauer equilibrium), & cyclic mechanism
we.s probably operative, These'réactibns are con-
sa?red hydride transfers; because the metal “atom will
polarize the carbonyl.group and will assist hydride

addition to carbon,

/S ST N4
\Af

) | \ /'
ﬁ o/) \0+ | 6 \0
{ / \/«7 \\‘ ,
R R | R l H l R R"/, H’/f \\‘R
L R R R R



Linstead and Co-workers (14, 15 ) suggested & hydride
ion abstraction mechanism for the formation of hydro-~
guinone from guinone, They studied the thermal hydrogen
transfer between 1l:4-~ dihydronaphthalene and various
quinones in phenétole solvent, The reaction proceeds
as -

- Quinone + l:4- dihydronaphthalene

> hydroguinone + naphthalene

Jackman and Thompson (16 ) studied the dehydrogenska-
tion of a series of substituted 1:2-dihydronaphthalenes

by tetrachloro- 1:2-~ benzoguinone, using 1:2- dlchlorobenzene

as solvent.._

Their observations were rationalized by & hetero-
lytic mechanism lnvolving & rate determining transfer
of & hydrogen atom with & pair of bonding electrons
from the hydrocarbon to the gquinone, followed by &
:apid proton transfer from'R.Hfto the hydroguinone

anion :
- | _ -+
Q+RHy _Slow o QaA+R,H Fast o qu, + R

1.1.5. Resctions involving a double change in
Oxidetion state, occurring via egter
" formation

The formation of an ester &as the iﬁtermediate
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in the oxidation of organic compounds, is appliqable
to reactions of the type ¢
Alcohol + chromate, bromate and persulphate,
In this reaction alcohol &acts as & base and forms an
ester with the acid species.

Westheimer and Co-workers (17,18) studied the
oxidation of iso-propyl. alcohbl by chromic acid and
the rate of reactidh was found to be function of

concentration of &lcohol, &cid chromate ion, &nd

hydrogen ion : : S
= kg [ RoC H’H] [H Cr 04] [H]-f-kbE{zCHO% Egmroz;, [t{]

Added manganous ion was found to reduce the rate of
reduction of chromium ( VI). The following méchanism
( was suggested in which chromeate ester decomposes by
proton loss to any available base and the chromium (I V)
ion is eliminated : |
RocHOE +H Cr 54 +I-’{. —_— R20H00r03H + HZO

+ +

o -, ) ) '
RZChOH + H C:rO4 2H > RZCHOCrosﬂa +.H20

/""N

-Cr Oy H R v
> | S R>C= 0 +0Cr

/Q :Hz‘o or : B



followed by

BV, oFT __Fast | 5 oY

Lr + >
7 ) o 111 R .
2Cr, 2Ry odod _Fast 5 207y 2R,Cz0 4+ 4
or by
t . 111 111

C%f + M%l Fast s Cr + Mn

ﬁIV Wlll ‘ qlll |

Cr 4+ Mn Fast > vr + Mn 02

This éster mechanism for glcohol-chromic &cid reaction
has been supported by Rooek and Co-workers ( 19).
Klahing ( 20 ) studied the photoinduced oxidation

of alcohols by acid chromate ion in aqueons solution.

. . ‘ 11
The date which included the effect of Mn, O%ll and

oxygen were accounted for by the fOIIOWing mechanism ¢

R l . R

1 1

- . -
>CHOH 4+ HOr0y ————=  }CHOCrOz 4+ H,0 (s)

~.

{u

11



12 .

R Rl
o s hy) S ¢ -0 4oV (b)
RZ RZ
| Iv k v 1
CrIV+_ Cr ¢ o Or = ort (c)
4 v Ky L1, VI |
cF cr 4 cHl | or (a)
o, o e 5 2 or ()
+ . e
or . M Co ke R 111
Cr ::> CHOH __T ;:> C=0 +CF (£)
Rz I—I+ R
P
| $ 2
From the quentum yield measurements k¢/(ke) and kekf/kd
= 3
were calculated., kb/(ke§ was small (6,10 ‘moles

li’cré5 sec:l) The values for kg kf/kd for the

various alcohols are given in table 1,1,

TABLE 1.1

#loohol ks Kp/kg 1itrs mo1s®
sec,”L -

Methyl ‘ 0,62

Ethyl | o 5,8

n-rropyl _ : 6.d

iso-Propyl 1,3

sec-Butyl . 1.9
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C11 1 ; '
Mn and Celll were found to diminish the guantum

yield for the reduction of CrVI to one third of its
upper limiting value by the catalysis of dispropor-
tionation of ur¥v Oxygen &lso diminished the\

quantum yield by oxidation of the chromium interme-

diates to ﬁrfI

Levitt and Levitt ( 21) investigated the persul-
phate oxidation of 2-propanol and 2-butanol, They
found theat the first order rate constent (k) was
retarded by the addition of organié'compounds, which
were themselves oxidized at a relatively slow rate by
pﬁréulphate under the samé conditions, The mechanism
appeared to involve &n equilibrium of the type :
RyCHOH 4 8,0, ———-—-——\ Bster __ ; R,0z0 42 H 80,
The results indicated that one alcohol could displace
enother from its ester. When 2-butanol was added to-
2-propanol solution, the value of k decréased from 0,84
to 0,29 hf%;'on the other hand, 2-propanol was not able
to displace 2-butamol since k increased only slightly |
from 0,22 to 0,26 hr?% when 2-propanol weas added to
2-butanol solution, The ester interchange coﬁld be:
represented &as :

/ ’
R OH+ R-ester ;E:::r—& ROH +R - ester'

The probdble strucbures for the ester could be :

RO-S0,- 0 = 0 - 563 (an alkyl peroxy disulphate) or
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RO -~ 0 - 855 (an alkyl peroxymonosulphate).

The labter might be formed by the displacement of

364 from 8268 by the alcohol molecule.

The reaction of quinoﬁe with &lcohol does not proceed
by this mechanism, because guinone is not sufficiently

acidic to form an ester.,

1.2. Photochemical Reactions of Quinones

In the previous éection evidence is presented
which shows that the photochemical reactions of quinones
proceed by hydrogen atom transfer. On this basis,. the
following reactions may be included in the mecheanism
of photochemical reactions of quinones, though in any

one system not &ll of them will be met.

A *
vt 8y - ” ? 5.
Qs ST . Q. internsl conversion
> T : ‘

* k

l:S P 1
s > @ ‘I F N
# k — a
Qp 1T 5 Q ! i

,



6
+
&
)
‘kﬂw
L
&
-I_
5
)
!
%
3

Q@ + AH 3 Q+AH

* Ko, 2 ———p 2
Qr + AHQ 3 3 C+AH2
A5 + & s axq

o X, ., Q"+ g K QO +Q
ip v @ WD S GG b 5

e K, e

QS + Al ’LL I Q‘T + Q

5 X

) G+E .
O + QHy 5T o Q+QH2f 2 —23 2
Q; + 8 k6s s Products e.g. QH+P "
Q- s %eT g Products ' ] Q@ +
o 1 K Q+ I
)

s 7 . a Qv+ 1 ¥7 o+ I

s k — I
QT + I ZfJ_i Q@ + I‘ |

k
QH+RH 8 3 Q+QH2
k

AH+AH 9 3 A + AH,

When_ﬁy::> 0.5

¥ k

Q + AH2 10 ; QH2 + A
Q + AH klla QH + A

QH + AH, Ko 5 QHy + AH mey be included.
where
Q; Excited quinone in singlet state.
Q? Excited quinone in triplet state. -

e
Q Oxcited quinone, state unidentified.

AH - Free radical from oxidation of alcohol

15

Products



e CHBOH from methyl alcohol.
g Solvent.
P Unidentified product.
I Unidentified inhibitor,
These symbols for species and rate constants have been
used throughout this thesis.

The emphasis on this survey will be on describing
work that has provided information concerning the
values of the rate constants in the above mechanism,

Teble 1,2 gives a brief summery of early quslite-

tive work on the photochemicel reactions of quinones,

16

TABLE 1.2
7 .
uinons Toliofee | Baden | Feference
+
Benzo- | Water | QHzﬁ-Complex Product Ciamigéan'
Silber (22)
a Water | QH2+-012 H8 05 Eiggi:y ?239
d Water QHEJ; QOH Poupe (2 3)
“ Me OH OH, + Formaldehyde Gibbs  (26)
" Me OH (25% QHs + Formaldehyde Poupe (2 5)
A Bt 0Of .QH24-Acetaldehyde+ Ciamician
Complex and Silber
\ Product (22)




Table 1.2 Contd.
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Quinone |Reducing Reaction Reference
; Agent Products
. i L dmlci?n 5
Benzo- iso~-PrOH QH2+ Acetone *+ Silber (22
‘ Complex Product
Thymo- Et0d QH2+ Acetaldehyde " a
Chlo- | Et0H QH, Klinger (27)
ranil
Anthre~-| =403 QH2+ Acetaldehyde Meyer and
Eckert (28)
i iso~PrO0H QHZ + Acetone i i
Phenan- Bt0H QHB + Acetaldehyde it it
thra- ' ‘
" iso-PrOH | QH, + Acetone i !

In the above table QHB
derivative,

complex side products are

is the relevant hydroquinone

usually ebsorb visible light.

sometimes formed.

In addition to the two major products,

These

The_early cuantitative work on the reactionsof

quinones with alcohols in the sbsence of oxygen is

summarized in table 1.3.

"More recent figures for

gquantum efficiency in 100% alcohol (Scrutton) and

strong alecohol solutions (4Atkinson and Di) are &lso

ineluded.
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TABLE 1.3
Quinone | Alcohol Solvent Waﬁelength g for g Reference
mad loss of
4 Quinone
Benzo- | - Water 365 009% Leighton
| For%es (29)

n - Tiater 1136 0‘16% i i

L EtOH(8.5M) | Water [253.7 - L36 0.5 " "

" EtOH(8.5M) " 5L6 0.23 i i

" EtOH(17M) - 253.7 - L36 0.5 " "

" EtOH(17M) - 516 0.23 d "
Temperatyre coefficient, £ K;o[(20°-30°C), approximately unity.
Benzo- |EtOH(5M)  Water - L36 1.0 Berthoud

Porﬁet (30)

" 150-PrOH(5M) | Water 1136 1.0 " "
Temperature coefficient, A X (15°-25°C), approximately unity
and no dark reaction:detecteég ' g
Benzo-~ BtOH CC1 LL36 On78* Atkinson

(5.27-0.185M) b & ~and Di (1)
0 n-ProH ccl 136 0.77" oo
(0.212M) b g
v 180-PrOH co1 136 0.78" U
(0.209N) L
Duro- iso~PrOH - 365 0.12 Scrutton (,31)
Benzo- " - 365 0.93° | . |
Tolu~ " - 365 0.97" "
Chloranil " - 365 0.49 n
Naphtho- " - 365 0.53 Y
Duro- tert-BuoH - 365 0.13" "
Benzo- " - 365 On83* i




Table 1.3 Contd.
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! IA_'Lcoh_ol Solvent Ha%elength g for Reference
Quinone [ loss of
mAL Guinone
Tolu- tert-BuOH - 365 0.8° ‘Serutton
| (31)
Chlo- " - 365 0.41" "
ranil
# Tnduction period in the beginning.
® Quantum efficiency for hydroguinone
formation, ’
% Thermal reaction, 10% loss of quinone'per
hour, allowed for,

Some correlations between oxidation-reduction potential
of quinone and threshold region, gquantum efficiency and
mole-cular weight have been proposed and the relevant
data aregiven in table 1.L. .

TABLE 1.4

After Leighton and Dresia (32)

Oxid-Red. | Approximate Mean@ in
Quinone | Alcohol| Potential | Threshold Const.Region %gizgglar

Region in md

Thymo- | Et OH 0.5875 100-4.35 0. 309 16L
Tolu~ B 0.64L5L L00-L35 0.0L03 122
Benzo- " 0.6990 L35-500 0.505 108
Monoch- R 0.7125 Circa 500 0. 354 1h2.5 .
loro-
Dichloror " 0,7220 Circa 500 0,256 177
Tetrach-| " - 577 0,095 2L6
loro-
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Results of Linstead end co-workers (14,15) for the
thermal hydrogen transfer between 1: 4- dihydronsphthea lene
and quinones in phenetole solution are given in table
1.5. There is indication of & linear relation between
the rates of reaction of quinones and their oxidation-
reduction potentisls .

TABLE 1.5

After Linstead and Co-workers ( 14,15 )

f o

Quinone | Oxid.Red,. lO4 klOl Molecular
' Potentisl | gm.mol. Weight
TosecTt
Benzo- 0,711 1.32 108
Tolu- 0.656 0,428 122
Thymo~ 0.589 0.087 164
114~ 0,493 0,032 158
Naphtho-~

Scrutton (31) did not rind . any correlation between
oxidation-reduction potential of quinone &nd the quantum
efficiency of reaction, molecular weight of the
guinone and the quantum efficiency.

The meximum quantum efficiency is determined

by the mechanism, If the re&otiée species 1s the singlet



(1) the maximum quantum efficiency of 1 will be

' obtained by the processes 28, 8 and 11,
(11)  the maximum quantum efficiency of 0.5 will

be the result of processes 23, 8 and 9,
(1ii) the maximum quantum efficiency can be more
thén 1 if the processes involved are 238, 11,
12, (8 or9. |
If on the other hand triplet state is reactive, the
maximum quantum efficiency will be given as |
g max, = kST x 1 or 0,5 or unlimited

Kls+kST
in the circumstances stated above,

In all the circumstances lower &alues of quantum
efficiency are obtained if quenching processes of the
type 385 or 3T are slternatives to reection,

There is no relationship between the molecular
weight and the rate of reactions of the type 13 or
33 or 3T, The vslues of quantum efficiency in the
above tables camnot be interpretted on any single
- assumption, They require much more detailed expla~-
nation than is provided by simply &attempting to
relate them to molecular weightb,

Therefore, the>work in this field should be

saimed at establishing which of the processes listed

21



on pages(14,5)are significant in any particulsar system,
and deriving the rate constants for these processes.
Studies of reaction rate at constant light in-
tensity msy lead to values of ratios of rate constants.
Determination of absolute rate constants for single
reactions requires rate measurements on systems not
in a steady state, This can be done by flash photoly=
sis. |
Three major approaches have been used in the
detailed study of the photochemical reactions of
guinones : |
(a) Measurement of rate in solution at & range of
concentration &and light inﬁensity {4tkinson and
Di (1) cn@ Serutton (51)] .
(b) Meassurements similar to (&) but in the presence
of & third substance that rescts efficlently
with the free radical intepmediateé, i.e., oxygen,
This method has been used by Wells (5,6) .
(¢c) Measurements by flash photolysis [Bridge snd
Porter (3,4 ) ].'
Atkinson and Di (1) made & thbrough investigation
of the photochemicsal oxidation of ethyl and propyl
alcohols by benzoquinbne in carbon tetrachloride

solution, at 25°C, and at both 365 misnd 436 mp.

AV]
AV
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The solutions were irradiated under nitrogen, using a
wide range of slcohol concentrations &nd light inten-
sities. The reduction of the quinone was usually
less than 5%, and no dark reaction was found. With
ethyl alcohol the major products of the reaction were
.hydroquinone and &acetaldehyde in equivalent amounts.
The maximum quantum efficiencies &t high concentra-
tions of ethyi alcohol, n-propyl &lcohol and iso-
‘propyl alcohol were 0.78, 0.77 &and 0.78 respectively,
" These figures are intermediate between those of
Berthoud and Porret &and of Leighton &nd Forbes,
because the solvent used was different, The gquantum
efficiencies Were determined for .the formetion of
hydroguinone rather than for the loss of quinone,.
In agreement with the previous workers, a side
product was detected, which was thought to be present
in small quantities. | |
In agreement with previous workers it was found
that &t high ethyl alcohol concentrations (5.27 to
0,185M) the quantum efficiencies were independent of
gquinone concentrations in the range 152 to 163‘M,
and the variation of light intensity from 168 to
0.07 x 16° einst. sec.’ It was also found that the

quentum efficiency was independent of ethyl &alcohol



concentration in the range 5.27 to 0,185M, When ethyl
slcohdlconcentration was below 15'1 M, the gquantum
efficiency decreased with the. decrease in alcohol
concentration, and in the range 10 1 4o 15° u
alcohol & marked dependence of quantum efficiency
on light intensity was found. Thése variations in

quantum efficiency at lower slcohol concentrations

were quantitatively sccounted for by the following

mechanism @

“ +h)) ——— Q.* ' (O)
Q¥ S RN Q | (1)
Vie - k Ia 7
SRR kz N QH , AH . (2)
WL 8 . 2 o+ (8)
aH . oaH Moo A 4 AH, (9)
i voay Sz o QHy 4 sH (12) -

This scheme gives the maximum value of quantum
efficiency as unity, whereas the observed value
fpr the three slcohols is about 0,78, It was,'
thought that only 78% of the excited quinone mole-
cules were capable of reacting with &lcohol though,
allowance for the side reactions might meke the
figures to be somewhat higher, |

By &pplying the stationary state treatment to

the above scheme, teaking the rate of reaction ( O )
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as oL [ I] ;

where

:]

is the concentration of

light absorption‘in einst, 1.

seo:% the following

expression for the gquantum eff101ency was deduced'

When [Aﬁa l1is

)] =0l X
When '[AHZ

3 is low,

—I-Mb—'fL——-g-

¢ = dLQﬂ""a“"— < - d.l..........._." x
[1] at 2 Z]
where X = k2 [ﬂgzl
Kg LAHZ] + kl
2
k
and Y = 12

2

[t]«x
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h

(x] [ Y (4,

high, the equation 1.1 reduces to

2k 1

[/

VA S Ay

v 3
Values for the ratio Sl and ¥°12 for the three

alcohols are shown in tsble 1.6,

k-

TABLE 1.6

Kg

Alcohol kl/kz mole 1

1108

2 =T
k 12/k8 l.molel

seé% X 105

. Bthyl
n-Propyl
iso~Propyl

0.58

0.52

0 .49

7.4
8.9
7.8

F)

LI N ] 1.2

.00105



The ratio k2/kl provides &
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comparison of the e&ase

of removal of hydrogen atoms by molecules from the

2
alcohols. The ratio k 12/k8 is a measure of the

reactivity of the semiquinone free radical towards

the alcohol, and thus the ratio provides & means of

comparing the ezse of removal of hydrogen atoms by

free radicals from alcohols.

compared in tables 1.7 &and l.9§

TABLE 1,7

Comparison of Relative Rates of Hydrogen

Transfer from Llcohols to Free Radicals

These ratios have been

| |
i T .
£lcohol | Trotman- Merz & | Farmer & | Atkinson
Dickenson { waters | McDowell § and Di
- {(33) ( 34) | 35 i (1) semi-
| Methyl (in; 504 ' Peracetyl ! gquinone
! 288 phase), (in"aque= (in gas ' (in cC1,)
ous soln) phase) ]
Methyl 0.30 0,35 0.06 .g
Tthyl 1,00 | 1,00 1.00 | 1,00
n-Pro- 0.98 1,50 1.07
byl ' |
iSO- 1.55 1.4:4: 2.52 1.05
Pro-
byl
L j




Teble 1.7 shows that there is no &agreement between
each set of results., However, the general trend is
‘that the reactivity increases along the series

Me 0H £ Bt OH _~ n-Pr OH { 1iso-Pr OH

If it is assumed that it is the « -hydrogen atom

that is removed by the free radicals, the e&ase of
removal of hydrogen &atom will be in the order

primary H <; secondary H < tertiary H,

Scrutton (31) reviewed the photochemical reactions
of five quinones, duroquinone,chléranil, benzo-
quinone, tolugquinone and naphthoquinone in pure
alcohols, alcohol solutions in carbon tetrachloride
and in other solvents, The resctions were generally
carried out at 365 mu &nd 25.0% in the atmosphere of
nitrogen. The reactions were followed either by
analysis of hydroguinone produced, or by observeation
of rate of loss of gquinone, The quinones were foynd
to fall into two categoriés, those with meaximum
quantum efficiencies less than 0.5 (duroquinone &nd
chloranil), and those with maximum quentum efficien-
cies in the range 0.8 to 1 (benzoquinone, toluguinone
and naphthoquinone)., In the reactions of duro-
quinéne.and chloramnil the photolysis was inhibited

by the hydroquinone formed, and the reaction mechanism
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presented was :

o + hy 5 9 (0)
Q"+ &H, ko , GH + AW (1)
@ o, _F5 o o o+ ad, (5)
GE+ QH _ 8 & + am, (8)
AH + AH %9 s A+ aH (9)

This scheme gives the maximuﬁ quantum efficiency of
0.5 before inhibition starts. Apart from inhibition
(quenching of excited quinone by hydroquinone) self-
quenching by quinonevwas found in the chloranil-ethyl
alcohol‘system

Q* + q __jié__g A Q + Q (4)
The maxiﬁum quantum efficiency was found to be close
to 0.5 with chloranil, but it wes only 0,12 with
duroquinone, This weas explained by assuming that
suroquinone rescted only in the triplet state, and

the initial reaction steps were :

thg k'l-s S Q (1I3)
Q* st - (sT)
S - > T
ar b ) (IT)
N

The ratios of rate constents ks/ky and k4/k2 for
100% alcohol aré given in table 1.8.



TABLE 1.8
) k- k
Quinone Alcohol 5/&2 4/k2
5
Duro- FHve):] 2.8 x 10
Duro-~ iso-Pr0H | 1.55 x 105
Chlorsnil | TtoH = | 1.1x10° 1.1x10%
Chlorenil | iso-PrOH | 1.6x10%

Naphthoguinone was not fully investigeated, and
s0 the mechanism’applicable to benzoguinone and
toluguinone was presented. The quantum efficiency
greater than 0,5 was explained by the reaction

[ k p A

In the'reactions of benzoquinone and tolﬁquinone with
iso-propyl alcohol, no side product was observed, &and
the maximﬁm quantumAefficiencies'were with benzoguinone
(0.93 ) and with toluguinone (0.97) . Reactions in
which & side product was formed gave lower quantum
efficiencies,

The fall in quantum efficiency at very low &lcohol
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concentration was explained by the loss of energy due

to internsl conversion

Q 1N a (1)
4

‘No inhibition by the hydrogquinone product
frezction Hwas observed with either penzoguinone or
toluguinone.

Duroguinone, benzoguinone, toluguinone &and
chloranil were found to react with tert-butyl
alcohoi. The gquantum efficiencies of these reac-
| tions were similar to the corresponding reactions
~of these quinones with other alcohols, Hence tert-
butyl alcohol was not found to be an inert solvent,
Cyclohexane and carbon tetrachloride &lso gave
photochemical reactions with quinones, end no
completely inert solvént was found.

1.3, Photolysis of Quinone Solutions containing
Oxygzen

Bolland and’Cooper (7) studied the autoxida=-
tion of ethyl alcohol photosensitized by anthraguinone-

2:6~ sulphonate and explained the production of acid

by the folloWing mechanism :

X | (0)

Q-+ hy Q

~,
e
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X k
Q +—AH2 2 :>, QH + AH ‘ (2)
k
AH + 0 13 ~, AH O (13)
2 —> 2
QH + 0, 14~ Q+HO (14
0. 4 AHO, k 5? cid yH,O (15)
AH 2-% AHO2 ' 1 > 2 acid ¥ 205
where AHO, represents the radical
H
| .
CHy — f 00
OH

and the scid formed is acebic scid.

Wells ( 5,6,36) studied the reactions of alcohols
with photo-excited sodium anthraquinone - 2 = sulphonate
in aqueoué solﬁtion, and determined the relative reac-
tivities of alcohols to hydrogen trensfer by measuring
the rate of oxygen uptake of the system under varying
conditions. The aims of his kinetic investigations
were :

(1) to find out the point of initial attack of the
photoexcited seﬁsitizer on the alcohol,

(ii) to distinguish whether the process of sttack
is transfer of & hydrogen atom or the transfer

of &n electron,



\
(1i1i) +to messure the reactivity of the reductant

to the excited sensitizer to'know the effect
of structure on the reactivity., In addition
to the chemical deactivation processes,

(0, (2), (L3) and (14) given in the
mechanism of Bolland &and Cooper 7 ),
he included the following sequence of reac-

tions, &s the possgible physical modes of

deactivation in his schems :

. K
Q'+ 4H 3~ @ + A (3)
2 >
e k
Q + HO 16~ Q + Hy0 (16)
2 g
o ‘ k . ’
Q + 9 4 N Q.+ Q (4)
o
" k (17)
* . 02 17 :> Q4 92 . 1
% k o/
Q 18 S, Q+hy (18)
Q" 5 > 3 4 Solvent 5> 450 (1)

' The physical desctivations can be described as
the desctivation by oollision with solvent molecules
(3) ana (16) involvingihumber'of molecules of waber
and alcohol, by'sensitiier molecules (4) &and by
dissolved oxygen; by fluorescence (18) end by & non~
‘redistive adiabatic route (1), involving thev

trensference of the excited state Q* to the ground



state Q, possibly via intermediate stage Qﬁ
In this kinetic scheme the rate constants kjz and
K4 Q§\ ko and also the rate constants for the reac-
—

tions of 4#HO, &and 40, are all :§;> Ko Thus, the rate

2

of oxygen uptake of the aqueous solution of sensitizer

and reductant could be given by

- g [AE)] .. alo] x [f.:g*"] [AHZ ]
at at SE AN

Detailed kinetic study showed that the processes
responsible for deactivation of the photo-excited
sensitizer were only (1) and (2) and the expression

obtained wag ¢

I . ka : [ A.L“IzJ

1

+
o
3

S N
- _20%] .
at

where I represents the rate of activation and is
proportional‘to the intensity of light., The ratio
kz/kl wes used as a measure of the reactivity of the
reductant to the photo;exgited sensitizer and the
reactivities of & wide range of reductants were
determined, In table 1.9 the relative resctivities
(kz/kl) of various alcohols per hydroxyl group have

been compared, From his work he arrived at the



following conclusions :

(i) In the primary &lcohols, resctivity incresases

| with the increase in chain length.

(ii) wWith the glycols, increasing methylation of the
carbon atoms in the L position to the hydrqul
groups is found to increase their reactivity.

(1iii) Reactivity increases in the monohydric slcohols
with increasing alkylation on the 4~ - carbon
atom until all the hydrogen atoms &re replaced,
when é great reduction in reactivity results,
i.e., reactivity increases along the series tert-
Bu 0f < Me 08 < Tt 08 < iso-Pr O,

(iv) Increasing the number of hydroxyl groups in
alcohols, decreases ‘the reaétivity, i,ce
reactivity decreases along the series n-Pr 0Hj>>
Propylene glycol T;> glycerols o
When the work was extended to ethers ( 36),

lincreasing alkylation was foﬁnd to reduce the

reactivity., This effect was attributed to the
increase in steric hindrance, With alcohols the
increase in inductive effect accompenying the
increasing alkylation causes the reactivity to
incresase, }The decreeasing reactivity with the

increase in hydroxylation in slcohols, is &lso due

34
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to the increasing steric hindrance.

Wells deduced that the photo-excited sodium
anthraguinone -2~ sulphonate attacks only the C-H
bond gL to the hydroxyl group, and as mentioned in the
section 1.,1,1 the reaction proceeds by & simple
hydrogen atom transfer,

[ 4

¢ LR CHOH _____ W, R, CoH

and not by slow electron transfer followed by & rapid

proton expulsion from the alcohol,

& " +
qQ +R,, CHOH Slow _y Q + R, Cif OH

+
OH + H

Cle

o+
R_. CH 0OH Fast “
2 7

Ro

This deduction has been éxplained in detail in the
followihg paragreaphs.

The increase in resctivity with'the‘increase in
alkylation on thed - carbon atom of the simple alcohols
is consistentrwith either of the above mechanisms,
because the increasing indﬁctive effect will facilitate
the removal of the electron or of the hydrogen atom,

However, tert-butyl &lcohol will have different
behaviour in relation to simple primary and secondary
élcohols depending on whether electron or hydrogen atom

trensference is rate-controlling., With &ll alcohols,
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once the electron or hydrogen atom has been removed
the semiquinone radical (or radical ion) is very

rapidly oxidized by oxygen,

‘U (Q7) ¥ 0, ———sQ + HO3 (+05 )

- So, fer &a rapid electron transfer or & rapid hydrogen
transfer, & high rate of oxygen uptake or a high
observed reactivity ratio will be obtained. In tert-
butyl alcohol, with electron transference, the large
inductive effect on the A - carbon atom would 1ead to
& high observed reactivity on the i; COZ groups,
whereas with hydrogen atom transference, the inductive
effect camnot influcnce the resctivity of the -=z= COH
group, due to the absence of & hydrogen atom on the

A = carbon atom, and & very low reactivity would be
expected, In fact & very low'reactivity has been
observed, which indicates that the reaction proceeds

by & simple hydrogen &atom transfer from the alcohol to

the quinone.



TABLE 1.9

Comparison of Rel&tiVe Rates of Hydrogen

Transfer from Alcohols to Molecules

37

Alcohol Wells (5,6,38) Bowen~ Immemure | Atkinson
Sod.Anthra- et al, (40) &
Quinone-2- ( 37, Eosine |[Di (1)
sulphonate 38, 29 | (in Benzo-
(in water) Dichro- water) uinone

mate ion in GClyg)
(in water)

Methyl 0,12 0.3 0,22

Bthyl 1.0 1.0 1.0 1,0

n-Propyl 1,53 1.5 I 0,73

- iso- 2.14 2,0 2,12 0.78

Propyl ‘ :

n-Butyl 2.07

tert- 0,01

Butyl

Ethylene

Clycol 0,289

1:2-

Propylensg 0.625

Glycol

2:3=

Butylene 1,49

Aycol

Glycerol 0.28
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Table 1.9 shows that the values of Wells, Bowen
and Imm&murs aré in fair sgreement and in general
the re&ctiviﬁy of hydrogen atqp increases in the order

primery H < secondary H <:T tertisry H
This trend is similsr to that observed in table 1.7
for the relative rate of hydrogen transfer from &lcohols
to the free radicels.

The. results of Atkinson and Di, in disagreement
to these workers, show that hydrogen could be removed
more easily from ethyl than from propyl alcohols, A
reasonable explanation for this difference may be the
possibility of & different value of ks in the two medisa,
squeous &nd non-aqueous, and the various possibilities
of solvation of the excited quinone, e.g., hydfogen
bo-nding. It is also possibie that'sfhiﬁm anthre-
quinone-2-sulphonate (Wells) may be a more selective
reactant than benzoquinone and its derivatives,
Scrutton (31 ) found th&at tert—but&l alcoholyreacted
with the various quinones to the same extent &s the
ofher aléohols, whereas Wells observed & very low
reactivity of tert-butyl &lcohol, |

Kellmann (ég) studled the photochemical reactions
of seridine with alcohols (100%) &t 365 mu and

determined the relative rates of hydrogen abstreaction



from the various &lcohols by acridine molecule$.
His figures for the relative reactivities do not refer .
to the ratio kz/kl of equation 1.4, They were |
obtained by the ratio

guentum efficiency for the loss of acridine
1)

Concentration of alcohol (moles 1%

The results are given in teble 1.10 |

TABLE 1.10

, [ 2 -
[ ] lo .
Alcohol 4] vE Relative Resac-
( 2] | tivity ( BtOH z1)

Methyl 0.145 0,585 0.51
 Ethyl 0.13 - 0.765 1.00

n- o , ,

Proppyl | 0,091 0.685 . 0,90

iso~- , | ‘

Propyl | 0.127 0,974 2.55

tert- :

Butyl 0,011 0,106

Wells ( 42 ) &lso determined the reactivities
of carbohydrates to photoexcited anthraguinone-2-

sulphonate and found thet methyl § -~ D = glucoside



40

(having an axial C-H bond &t position 1) wes more re-
active than the d- - anomer (an equatorisl G-H bond at
positiqn 1), which is contrari to Barton's paostulate
( 43 ), The reactivities of carbohydrates relative

to ethyl alcohol are given in table 1,11.

TABLE 1,11

Carbohydrate | ¥,
Xmvom
Methyl [> -D-zlucopyranoside » 0,99
Methyl A ~D~glucopyranoside 0.58
Methyl $.-D-mannopyranoside 0.78
P ~D-Mannose | . | 2.04
B -D-calactose | 2.20
J~ -D-Galactose ' 0,99
P -D-Glucose 1.57
s ~D=-Glucose 0,67
A ~D-Xylose | 0.82

[

Thc observation for the mcthyl glucdsides thgt.
the‘s- is more reuctivé anoncr appears to be £rue also
for the free sugars glucose and gelactose,

Table 1,11 shows thut(3-D- galadctose is the most
resctive of tho free sugars, It was presumed that it might

be due to & very reactive grouping. The study of the 'upper
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side! and the 'under side! of the‘moiecule revedled that the
'upper side' has & bilg clustor of hydroxyl groups, presumsably
responsible for the hindrance of approach of the larger
quinone to few C-H bonds lying on this side..The 'under

side! contains’a cluster of three axial‘hydrogen atoms (at
positions 1,3 and 5), and one equstorisl hydrogen atom (at

position 4), with a comparstively unhindered approsch.

Among the D-galactoses &and b-glﬁadéés;;:
reactivity | decfeaseS'in the order [ -D=~
galactose >>FLD—glucose':> J -D-galactose > L -D-glucose.
This decrease in reactivity can be correlated with
the total number of axisl and equa%orial'c-ﬂ bonds on

the uﬁinhibited under side as shown in Table 1,12,

TABLE 1.12

Disposition of C-H Bond &t Positions 1-5 of
Pyranose Rings of Carbohydrates.

\ | k
Carbohy- Under Side Upper Side _n,.z
drate  laxial | Bquato- | Axial | Equa- | Epyom

rial - torial
P -D-Calac- 3 1 1 : 2.20
tose
P -D-Mannose 3 1 1 2,04
B-D-Glucose 3 1 1 1,57
A =D-Calactosel 2 1 2 0.99
f~=D=Glucose 2 2 1 0.67
]




It can be seen from Table 1,11 that O-methylation
&t position 1 causes & reduction in reactivity. This
is in contradiction to the increased reactivity on
methylation at 4 carbon atom in alcohols, but it is
comparable with reduction in reactivity With methyla-
tion in ethers, which was attributed to the steric
hindrance of reactivehhydrogen atoms.

Hence, owing to the inhibition of cluster of
large hydroxyl groups on the upper side, hydrogen
atoms on the under side of the .pyranOSe ring are
attacked by the excited.quinone. As most of the
C-H bonds on the under side are axial; therefore an
axlel is attecked in pep/ference to the equatorial
C-H bond., On the other hand equatorial hydrogen
atoms in cyclohexénediols are more resctive than the
axlal hydrogen atoms persumably owing to the absence
of large number of hydrated hydroxyl groups. Another:
reason in favour of the preferential,attack ofrthe
axiel ‘C-H bonds on the under side could be that the

closer pecking of the axisl groups might involve

greater repulsion in sxilal than in equatorisl positions.

Thus in a resction involving'abstraction of hydrogen -

to form & free radical, such as : '

C- + Q@ — ’?‘ + &
OH OH

42



the repulsion energy of hydrogen will assist the resac-

tion, From the sbove discussion it was concludsd .
that steric inhibition is the main factor responsible

for the variation of reactivity in sugars.

1.4, Flash Photolysis of Quinones

Bridge and Porter ( 3,4 ) studied the flash
photolysis ofwide variety of quinones in various
solvents, uéing unfiltered light. By employing the
spectroscopic technique they could detect the existence
of following treansient species, although not &ll were

present in each case :

QH the semiquinone free radical,
Q_ the semiguinone radical ion,
% .

Q the triplet state.

_ The flash photolysis of duroguinone in viscdus
‘solvent like liquild paraffin, produced both the
triplet and the semiquinone free radicsl. With less
AViscous solvents, such as hexsne, 3-methyl pentane:
end cyclohexane, the triplet was no longer observed,
Presumably due to its short lifetime, The semi=-
quinone free radical was still present, although in
much smaller quéntities. Using carbon tetrachloride

as solvent, the earliest flashes d4id not give any



evidence of the presence of semiquinone free radical,
provided the carbon tetrachloride was free from
chloroform, Presence of 1% of chloroform in the
solvent produced large quantities of Fhe free radical,
Even in pure carbon tetrachloride, the free radical was
formed as a result of the repeated flashing, and this
was presumably due to hydrogen abstraction from the
duroquinone itself.

In ethyl alcohol as solvent, the results were more
complicated as they depended on Pﬂ}ﬂq.The free radical
was observed in all the solutions, but the radical ion
existed only in alkaline %hagzgn acid slcohol. The
conversion of free radicel to the radicel lon wes
actually observed in ethyl alcohol, and & rate
constant weas derived, It was established that the
primeary reaction of the excited state with the soivent

was hydrogen abséraction and not the electron abstrac-
tion.

Though the triplet state was observed when duro-
quinone was flashed in liquid paréffin, it was found
thet the major part of the reaction with the solvent
proceeded via the singlet and not the triplet state,

Flash photolysis of benzoquinone, toluguinone,

m- and ﬁrxyloquinone and tri-methylquinone in both

44
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ligquid paraffin and ethyl alcohol gave only semigquinone
free radicals, and the triplet wes not detected even
in liquid paraffin, When naphthoquinone weas flashed
in l1iquid paraffin, & weak triplet was observed.

They presented their observations in terms of

the following scheme of reactions *

' ¥
Q. + h)/' __,_____,_}, Q.S
Qiﬁ Kap N iim
* k
Q T Q
. A
Q.s"r’AHg 28 ;Q.H 4 AH
Qp +4H; 2T, aE + M
2RH k8 Q + *HB
k ? - +
QH k19 s Q + g‘
2¢ _~§¥l_;7 ) R 4+ 9
4 H 2L ) QH R
X ~ & -+ H
e

where @ is duroguinone &nd AH, the solvent (ethanol/
water, ethanol and liquid paraffin)Ethanol /water was referred
to the mixture containing equal parts by volume of
water and alcohol, and ethanol containing only 4% by
volume of water was referred to as ethanol.
Rate constants for the individual steps and the

equilibrium constent were obtained, and the values
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are shown in table 1,13,

TABLE 1.13
| ! |
| !
¢ Rate i Solvent Value
Constant '
,
ko, E all > 5z 10° secT
ki@ o liqgid paréffin f\. 0.9 x lOi sec?{l
ethanol/water > 4 x 107 sec.
kps | all > 4 x 10% sec.™
ko | liquid paraffin & kKT |
kg ethanol/water - 7.9x10% €410 1. .
mole-l sec:l
| CQ?zBXlOBl.molél sec Tt
| liquid paraffin |=  4.6x10% €05 1. |
E nol3t sec T §
it 5x10° 1.m018Y secTt ;
Ky g ethanol | = 7.4x10° sectt 1
ethanol/water :; 4x10% secTt E
Kog ethanol/water = 4,6x10% &f35) 1, molst ;
sectt g
aZ 4,6x10° 1, _mol'él sec?1§
Ko7 ethanol ;; 3x10° 01 mo1at secTt |
ethenol/water ;:;7.4x109 1.mo15% sec:l
K .ethanol /water = 1.27107% mote 171
ethanol 107 mole 173




Bridge (44) determined the quantum efficiency for the
formation of intermediate species, using filtered light.
With higher light intensity than used previously,.beTIG
observed the triplet state with duroquinone in ethyl
&lcohol, The guantum efficiencies for the formation:
of triplet and radic&l ion &t different wavelengths

are given in table 1l.1l4,

TABLE 1,14

Duroquinone in Ethyl Alcohol

Wavelength g x 10'4 é g x 10"4 €
mpy Triplet Radical-ion
350 0.07 0.11
260 - 0,01 0.016

The semiquinone radical-ion hes € = 10% and for the
triplet state & 1ies between lO5 and 105. Using these
values for the extinction Coefficient, the absolute
quantum efficiency can be calculated, The quantum
efficiency is found to decrease with decreasing

wavelength, and this trend is also observed with
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anthraquinone, 2-methylanthraquinone, and 2:6-di SOz-
anthraguinone in ethfl alcohol. This effect was
explained on the grounds that the photochemically
resctive transition is the wesk, long wavelength
11___%>11§transition, at approximately,

400 mp for the anthraquindnes and 450 mu for
duroquinone, rather than the stronger TT __ TT*
transition which lies at lower wavelength, In &an
D5 TT"39 transition, & non=bonding electron of
the carbonyl oxygen atom is raised to an antibonding
TV molecular orbital resulting in an unpaired electron
being left on the oxygen atom. The molecular state
may then be either singlet or triplet. This oxygen
probeably interacts with the solvent via & hydrogen
bond, and hence the n —_— T'i'}“g transition is in a
unigue position to initiate an attack by the quinone
on the solvent.r In faet, it is difficult to see how
the other trensitions not involving n~electrons could
possibly lead direct to the same reaction without
~internal conversion,

l.S.Association of Alcohol Molecules in Carbon
Tetrachloride

The photochemical reactions of toluguinone with
alcohols were carried out in carbon tetrachloride,

therefore it was desireble to know the extent of



association of alcohol molecules in carbon tetr&chloride%
so that the concentration of monomer could be determined,
The infrared spectra of compounds containing OH groups
often show a sharp absorption band close to 2,75 u,most
apparent in dilute solution, and & much wider band at
about & 4 for the pure compound or strong solutions,

The narrow band is due to vibration of the free OH group
and the broad band is charscteristic of the vibration of
OH groups that are associuted by hydrogen bonds,

Recently NMR technique has established the genersal
phenomenon of shift in the OH frequency with change of
concentration due fo the disturbance of hydrogen bond-
ing equilibrium. The quantitative work on the associa-
tion of &lcohol molecules in carbon tetrachloride is

summarized in table 1.15.
. TABLE 1,15

Alcohol Conc ,Range Technique
- Employed | Model K Reference
{ Moles 1.
Phenol 0,0145~0,176 Infrared ! Dimer 246 Fox %ndégartin
Ethyl below 0,0171 Infrared | No asso-~ Irrers,Gaspart
ciation and Sack ( 46 )
Phenol above 0.1 NMR Dimer 1317 {Huggins,Pimentel
and Shoolery (47
Ethyl 0.03 - 17 NMR Cyeclic Becker,Liddel and
| Dimer 5 %2 |Shoolery ( 48
Phenol above 0,01 NMR Trimer 4,78 ?aund?rs & Hyne
. 49
tert- ebove 0,01 NMR Trimer 5,6 W i
Butyl ‘ .
Methyl above 0,01 NMR Tetramer| 28,4 i " ;
Ethyl reinterpre- Trimer 5.19 i 1 §
tation of & :
dete after Tetramer| 44.9 i it |
- Becker et l. i
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Alcohol| Conc. -1 Technique
Range Moles 1, Employed Model X Reference
0.00511 - 1 Infrared | Trimer} 10.0 | Coburn &
& Grunwald
Tetra-| 50.0 ( 50
mer
below 0.1 ¥ NMR Dimer 7 Connor &
Reid (51)
0,00625 - 0.2 Infrared | Cyclic| C,73 | Blanks &
Dimer Prausnitz
( 52 )
i

Smith, de Maine and de Msine ( 53) measured the
infrared sbsorption spectra of various alcohols dissolved
in carbon tetrachloride,

The equation,

N(ROH) K _~ (ROH)N
T

W&sS solﬁed for X and N by & computer method, The con-

centration ranges stﬁdied for the véarious alcohols are

given in table 1,16, together with the values of K &nd N,
TABLE 1.16

Alcohol Concentration Range K N
Moles 1731
Methyl 0.0393 - 1,88 . 0,905 2 .38
n=Propyl 0,0213 =~ 1.018 1.142 2 .42
iso-Propyl 0,0208 - 1,00 1,030 2,40
n-Amyl 0.0148 - 0,71 1,005 2 .41
Phenyl Ethy@d |0.0134 - 0.6434 | 1,000 2 .28
{
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2., EXPERTMENTAL

2. 1., Introduction,

The present work is a kinetic study of the photochemical
reactions of P~toluquinone with organic reducing agents using
carbon tetrachloride as a solvent. Cyclohexane, which was
considered as an alternative solvent, was found to react with
toluquinone with & quantum efficiency of 0,5,

The main product in all the reactions studied weas
toluhydroquinone, In genersal, the'raxe of reaction was
determined by measuring the yield of toluhydroquinone.

The solutions were irradiated at 365 mu and 25 +0°C in
an atmosphere of nitrogen or in vacuum, In studying the
reactions of toluquinone with methyi alcohol particular
.diffioulties were experienced in obtaining reproducible
results, The trouble was traoeé\to evaporation of the
reductant during the passage of 'oxygen free'nitrogen thfough
the solution, The problem was solved by pumping out the
solution oﬁ a vacuum line befoéfeirradiation. For the

measurement of light intensit%‘potassium ferrioxalate

achtinometer was used.

Bearing in mind the sabove requirements, the apparatus
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and experimental technique were developed, and are described
in the following sections.
2.2, Materials

2.2.1. P-Toluguinone (Light's) black tar product was purified

o
by soxhlet extrection with petroleum ether (b,p,30~4C C),
The toluquinone was filtered off, and sublimed twice &t

atmospheric pressure m.P.6BOC, 1it, (54) m.p.69°g} . (Founa

c,87.48; H, 4.94%, calculated for C,3,0,:0,68.87; i,4.95%),
P-Toluguinone (dopkin and Williams), which was
comparatively less impure than the Light's product, was
purified by recrystallising from petroleum ethef (b.p.
30-40°C), and subjecting the resulting crystels to two
successive sublimatlons &t atmospheric pressure m.p.GBOC
E.it. (54) m.p..69°CJ. (Found C,68,32:H,4,98%., Calculated
for Cyi,0,: c,68.87;4,4,95%), The smount of toluhydro-
quinone in the tolugquinone sample was determined as follows:
4 solution of toluguinone (E.Oxlazmole I.) in pure
cyclohexane weas prepared, The solution (1.0 and 2.0 ml) was
mixed with 10.0 ml of reagent solution A (section 2.5.2) in
two bleack conical flasks, stirred for helf an hour with
megnetic stirrers and kept for one hour in the dsrk. The
opticel densities of aqueow leayers from both the flasks
were me&sured &t 510 myuin 1 encells with the reagent
solution A as blank, From the optical densities the
concentration of toluhydroquinone was found tq be O.86x15
mole i. in the 2.0x15 mole i% toluquinone solution. This

corresponds to 0,043% of toluhydroquinone in the tolugquinone.
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2.2.2. Toluhydroquinone (Light's) was purified by

recrystallisation three times from benzene and the

resulting crystals were dried under vecuum m.p.l24-
- 0‘”.

125% [11%, (55) m.p. 124-5 ¢/ ,
L IR

2.2.3, Alcohols

iso-Propyl alcohol (Hopkin and.Williams AnalaR) was
dried wifh lime and .distilled in fhe atmosphere of dry
toxygen free'nitrogen, A sample of iso—Prbpyl glcohol
was slso dried with Molecular Sieve (Potassium alumino-
silicate) before distillation under nitrogen. The purity
of alcohol was found to be of the same order in both the
cases. This was indicated by the identical figures for
the quantum efficiency &t the same alcohol concentration.

Methyl alcohoi (Hopkin and Willisms AnalaR) was
dried by Molecular gieve &and then distilled ﬁnder dry
loxygen free nitrogen.

2.2.4, Carbon Tetrachloride (Hopkin and Williams

AnalaR to be used with iso-propyl alcohol was dried

by lime before distillation under ﬁitrogen. For the

preparation of methyl alcohol solutions, carbon tetrachloride

was dried with Molecular Sieve énd distilled under nitrogen.
All distillations wefe cafried out with an all glaSS’

plain fractionation column, 500 mm, FC 7/43, and was
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filled with Raschigg rings FC 8/06.. Tae septa EX 13/23
was used as & support for the packing., The column was
provided with sluice type head FC 15/32, and was attached
to the distillation adapter FC 15/2 by means of & clip J.C.
2/12. The column slso carried a reflux condenser C5/12
at the top. The bulb of the thermometer was kept just
below the level of the side arm. =~ The solvent (600 ml)
was distilled, the first 200 ml fraction being rejected,
and the next 200 ml having constant boiling point was
collected, The purity of each solvent was checked by
gas chromatography. Working solutions were prepsred by
volumetric dilution,

2.2.5, Other Chemicals

Cyclohexane (B.D,H,) for spectroscopy, ferric
chloride (AnalaR), ferrous ammonium sulphate (AnalsR),
potassium oxalate (AnalaR), sodium acetate (AnalsR),
concentrated sulphuric &acid (AnslaR) and O-phenanthroline
were used without further purification.

2.2,6., Nitrogen |

The 'oxygen free'! nitrogen was freed from the traces
of oxygen by pessing it through three wash bottles
containing Fieser's solution, One of these wash bottles
had a sinfered disk at the end of the incoming glass

tubing. The Fieser's solution was prepared by
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dissolving 16g of sodium hydrosulphite, 15g of sodium
hydroxide and 0,8g of sodium anthraquinone-2-sulphonate
in 100 ml of water., Impurities, i.e., hydrogen sulphide,
were removed by passing the gas through sodium hydroxide
solution (5%) and lead acetate solution (5%) conteined
in wash bottles. Finally the gas was passed through a
wash bottle coutaining distilled water, The wash
bottle cdntaining sodium hydroxide solution also had a
sintered disc &t the end of incoming glass tubing.

The gas was then dried by silica gel. Beyond
this point the line was divided into two parts by mesans
of a twoéway tap. On one side the gas could be used to
remove &ir from the analysis &and reaction vessels, while
on the other it was saturated with the solvent by passing
it through one bubbler (kept in the thermostat), or two
bubblers (one of them being outside the thermostat)
containing either the same pure solvent or the mixed
solvents taeken in the same proportion as were used in

the experiment.

2.3, Apparatus for Irradiation of Solutions

2.3.1l. The Optical Bench

The light source is a 250 watt high pressure
mercury lamp M (ME/D Mazda box-type), run on 230 Volts
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A,C. mains of 220 volts D.C. mains, circults being
shown in fig.2.1. Most of the work was carried out
on A,C, mains., The lamp gave fairly constant 1ight
intensity, about half an hour after it was switched
on,

The 1light from the centre of the arc passed
through a cylindrical metal tube (length about 10 cm
and diametef'S cm), attached to the metal shield S.

The beam weas then focussed on & circular hole H
(dismeter 2mm) in & metal plate, with the help of quartz
lens Ly (foecal length 8cm.), This arrangement gave &
point source of light with appreciably constant light
intensity. Another quartz lens L2 was placed at its
focal distance (8cm) from the point source to obtain &
perellel besm of 1ight.

The monochromatic beam was obtained by passing the
light through the filter F, and was allowed to fall on
& glass plate R placed at an angle of 45° to the optical
axis. A part of the beam was reflected to the
photocell Pz, while most of the light passed}the
thermostat bé&th containing the reaction vessel, on to
the photocell P,. This arrangement allowed the beam
to be checked continuously throughout each run,

irrespective of the cheanges in the imtensity of light,
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absorbed by the solution in the reaction vessel.

The photocells used were Cintel Q,V,A, 39
photocells, each connected in series with & dry cell
6perating at 60 volts, a galvanometer (Tinsley type
4500A) &nd a 100K “Wresistance, Tae sensitivity of each
galvanometer was varied with the helpvof universal shunt,
cqnneoted in the galvanometer circuit.

2.3.2., The Thermostat Bath,

For efficient temperature control, & thermostat tank
made of copper, painted on the inside with non-rusting
paint, was used. It was fitted with two borosilicate glass
windows (thickness lrm) , and the reaction vessel could
be placed in the 1light bean, The tank was filled with
distilled water, which was circulated with the help of
an efficient stirrer, The heating of water was
accomplished by &n immersion heater consisting of &
spiral of niohromevwire in & glass U=tube, The tem-
perature of the bath was controlled to * O.lod by &
mercury-toluene regulator in circuit with & "Sunvic™
hot wire switch. A suiteble arraﬁgement‘was made to
cover the optical bench (excluding the light source)
with & black curtain to prevent the stray . 1ight

coming in.
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2.3,5. Light Filters

The 365 qﬁ mercury 1ine was isolated by & combination
of two filters:(a) A Chance OXI filter (b) Two giasses,
Tﬁg transmission curve‘fo;-the combin&ation of these fil-’
ters is given in fig. 2,2, The combination btransmits
about 61% &t 365 mp, &nd less than 0,2% &t 310 mp and
405 mu, |

A series of aluminised borosilicate glass filters
' wefé used &s neutral filters in order %to vaiy the inten-
sity of light in stages.

2.3.4. The Reaction Vessels

Two reaction vessels (1 and 2) were used. The
reaction vessel 1 was employed in conjunétion with” the removal
of air from the solution with nitrogen, The reaction vessel 2
was used in conjunction with the degassing of the solution

on & vacuum system.

(2) Reaction Vessel 1

) The construction of the reaction vessel was
based oﬁ that used by Atkinson and Did).Arrangement was
made to transfer the contenﬁs of the reaction vessel to
the anslysis vessel (flask Fy, shown in fig.g,3 ) by
using the nitrogen pressure, The blank sample required

in allowance for any thermdl resaction was prepared by
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passing the nitfogen after leaving the reaction vessel
through the same volume of the reactsnts, in flask Fp.
The flask F, was placed alongéide the reaction vessel

in the thermostat, but not in the path of'light.

The reaction vessel, shown in fig. 2.3, was a
cylinder (length 4 cm &nd dicmeter 3.5 cm) with two
flanged ends, where borosilicate glass windows were
sealed with the help of an adhesive prepared from
Araldite D and Hardener 951 of Aero Research Limited,
The vessel was provided with two side tubes, carrying
standard B1lO joints. A retractable gas bubbling tube
was Tixed to one of the‘joints and & stopcock to the
other. This arrangement provided & means of passing

nitrogen saturated with solvent through the solution,

and then retracting the gas bubbling tube without admitt-

‘ing air to the reaction vessel, A capillary tube

(bore 1 mm) from the bottom of the reaction vessel, was
led into the &analysis vessel; The flasks Fl and F2
were painted black to protect the solution from stray
light.

(b) Reaction Vessel 2

The apparatus, shown in fig.2.4, was designed
for degassing the solution on & vacuum system in a

separate vessel and then transferring the solution to

~
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the reaction vessel., Arrangement was made that the
solution did not come in contact with grease to avoid
any‘possible contaminetion, |

The reaction vessel was & cylinder of the same
dimensions &as mentioned in the ‘description of reaction
vessel 1, Seéling of the borosilicate glass windows
to the two flanged ends was a&lso done with the help of
+an adhesive described before. The vessel was provided
with two side tubes. One side tube had & standard B10
cone, which was closed, and the other carried a Bl4
socket, A cylinder capable of accomodating about 60 ml
of carbon tetrachloride was joined to the reaction vessel
via & glass piece &s shown in the fig. 2.4, The glass
piece was attached to the cup 12/2BS through the stop-
cock 3. The cylinder and g;ass piece were provided
with hooks. The stopcock &nd standsrd joints wére

greased with Apiezon N grease,

2.3,9, Degassing and Irradiation of Solution

(a) Procedure when nitrogen was used

Air weas removed from the analysis vessel,
the capillary tube C and the reaction vessel by passing
nitrogen for 20 minutes, using the inlet 1 with

stopcock 8y closed and stopcock S5 open. The solution to be



irredisted (40 ml) was pipetted into the reaction

vessel &and the nitrogen stream was changed over to that
saturated with solven;zwgztpassed through the solution
for 45 minutes by mesns of bubbling tube and inlet 2.
After leaving the reaction vessel, nitrogen was led .
through flask Fp containing 40 ml of the solution. The
passage of gas through the solution was ascertained by
connecting the flask Fy to & wash bottle containing
water, The rate of passeage of nitrogen was adjusted

by the rate of gas bubbles, The gas bubbling tube was .
then retracted, The passage of nitrogen was stopped,
and the solution was irradiated for the required time.
After irradistion the solution Was transferred to the
analysis vessel by closing the stopcock So, opening the
stopcock S, and using the nitrogen pressure from inlet 2.
The analysis vessel and flask ¥y were removed from the
apparatus, stoppered and shaken beforevthe solution was
anelysed. The analysis procedure has been described

in section 2,4.

(b)  Procedure when Vacuum System was used.

The reaction mixture (40 ml) was pipetted
into the cylinder, and was held to the glass piece by
meeans of two springs, The various parts of the

apparatus were joined together as shown in the fig.2,4,

65
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The unit was clamped in & stand just bélow the side arm
of the glass piece, The attachment to the vacuum line
was given via the éup 12/2BS, Apiezon N grease was used
at this joint and & clip JC 2/12 was employed to keep the
unit atteched. The solﬁtion W&S protected from light by
wrapping the cylinder with &luminium foil. The solution
W&as froéen by gradually dipping the cylinder in liquid
nitrogen contained in the Dewar flask, The level of
liquid nitrogen weas kept just below the Bl4 joint, Then
the length of glass tubing between stopcock S and cup
12/2BS was evacuated for three minutes, Thais was followed
by opening of the‘a&fpcock S to degas the remaining unit.
At this stege onlysrotary oll pump wes on. When the
stopcock S had been kept opened for 5 minutes, the

mercury diffusion pump weas also switched on, The
degassing process was continued for lQ minutes when

the stopcock S weas closed. The Dewar flask was removed
and the mixture was melted. The melting was &ccomp~-
lished by leaving the mixture &t room temperature. The
solution was agein frozen and the degassing operation was
repeated for 10 minutes with both the pumps on. The
degassing process was &lso repeated for the third time.
But it was found that the same solution gave almost
identical figures for the quantum efficiency, whether

the degassing process was repeated twice or thrice. So



the degassing process was repeated only twice in the
majority of the measureménts. After the completion of
degassing the unit was detached from the vacuum line,
and the mixture wsas melted. When the solution attained
the room temperature, it was transferred to the reaction
vessel by inverting the unit. The reaction vessel was
fixed in the stend to place it in the light beam, The
solution was irradiated for a measured time. The stand
along with the whole &@pparatus was taken out of the
thermosteat. The vacuum was released by opening the
stopcock S. The solution was transferred to a round
bottomed (100 ml) flask, painted black, through the
standsard BLO cone after removing the grease, The flask
was stoppered and shaken before the analysis of solution
was performed. Section 2.4 deals with the an&alysis of

the solution.

It was found that the ﬁoluquinone solution in carbon
_ -1
tetrachloride containing methyl slcohol (0.988 #ole 1.)

does not undergo significant thermal reaction during this

procedure,So in the measurements at alcohol concentrations,
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—l ) . .
0.988 molc 1, and bcolow the solution placed in the cupboard

at room temperature, was used @s blank., At high
concentrations of alcohol it was necessary to degas the

blank in order to allow for the thcrmal reaction,
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2.4, Anslysis of Hydroguinone

The oxidation of hydroquinone by ferric ions has
been studied by Baxendale and Hardy (56,57), They

found that the reaction proceeds as follows @~

+rt k ++ +
Fe + Qi — 1N Fe + @H +H
kg
et k ++ +
Fe + Q4 __ 2y TFe + Q +H
= kg‘

It is clear from above that if the F&' ions formed in
the reaction are removed efficiently, the hydroguinone
may be quantitetively oxidized by &Y ions,
Kolthoff, Lee and Leussing (58 ) established a
gquantitative estimation of Fg%- ions in agueous
solution by converting the Fgﬁ' ions to the stable
coloured complex 'ferroin' with O-phenanthroline, &nd
measuring the colour intensity &t the sbsorption peak
(510 gp). Tt was shown that not less than 99% of the
Fg+ ions form the complex, if the ratio of the
concentration of O-phenanthroline to ﬁhe concentration
of hydrogen ions is greater ﬁpan 0,035,
f

Taking the @bove references into consideration,

()
Atkinson and Dikdeveloped & method of analysis of

benzohydroquinone solution in carbon tetrachloride,



The hydroquinone was first extracted into water, and the
agueoug solution weas then treated with excess Fettt
ions and O-phenanthroline to form 'ferroin'.

This method of extraction, when applied to the
toluhydroquinone solution in carbon tetrachloride, did

not give reproducible results, presumably due to the

thermal reaction in water. A high yield of hydroquinone

formation weas noticed. In order to avoid the change
of hydroquinone in carbon tetrachloride, it was thought
advisable to do the analysis immediately after irradis-
tion. A solution containing excess ferric chloride in
acetate buffer and O-phenanthroline was used to extract
the hydroquinéne from the carbon tetrachloride layer.
The hydroquinone reduced the Fe+++ ions to Fe++ ions,
which were converted to 'ferroin! by O~phenanthroline.
The concentration of buffer in the ferric chloride
solution was chosen to give the correct pH for the
formation of 'ferroin' without carbon tetrachloride
producing precipitation. The analysis in the atmos-
phere of nitrogen was féund to give the seme results as
the snalysis in &ir. Therefore, & sample from the
irradiated solution was pipetted in &ir into the
enalysis solution in & separate flask. A gimilar

procedure was adopted for the blank,When there were two
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liquid layers the reacted sample and the blank were
stirred simultaneously for helf an hour with the help
of maegnetic stirrers, When the mixture of sample &nd
reagent was homOgeneous no magnetic stirring was used.
After stirring the solutions were kept for an hour in
the dark before the measurement of the optical density.
The above periods of stirring and standing were found
to be suitsble for the %uantitative estimation of
toluhydroquinone, The optical density of the agueous
layer from the irradiated sample was combared with the
blank at 510 mu in 1 cm cells using & Unicam 500
spectrophotometer,

2.5. Reagent solution for determination of

Toluhydrogquinone

2.5.,1, Stock Solutions

The stock solutions of ferric chloride and O-

70

phenanthroline were prepared in water, The ferric chloride

solution was mede by mixing 2,0 Nsulphuric acid (100 ml)

with 2.0 Nsodium acetate solution 150 ml) and dissolving

in this hydrated ferric chloride to make the solution
-3 .

5 x10 M . in ferric chloride, The %gHof the

resulting solution was adjusted to 3.1 to 3.2 with

2.0 N sulphuric &cid.
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2.5.2. Preparation of Reagent solution

The reagent solution A was a mixture of -
() Tferric chloride solution in acetate buffer
(5x10°M , ZhH5.1-3.,2)

(b} O-Phensnthroline solution (0.1% ia water),

(c) distilled water. |

The percentages by volume of (a), (b), and (c)
in the reagent solution were :

(a) 105  (b) 50%  (c) 40%

Thus 10.0 ml of reagent solution A consisted of
ferric chloride solution (1.0 ml), O-phenanthroline
solution (5.0 ml), and distilled water (4,0 mi).

The normel procedure was to treat 10.0 ml of
reagent solution A with 1.0 or 2.0 ml of the solution
to be anelysed. When the concentration of toluhydro-
quinone was high lower aliquot portions were taken.
Care was taken to keep the optical density of the final
~solution within the limits of 0,1 &and 1,0, The amount
of the solution for analysis per 10.0 ml of the reagent
solution was normelly limited to 2.0 ml to avoid the
introduction of an excessive proportion of &alcohol into
the reagent. When the solution to bé analysed consisted
lergely of carbon tetrachloride erratic results were
obtaiﬁ?ﬁf more than 1.0 ml of the solution weas taken with

10,0 m1l of the reagent. The modified re&gent solution,rezgent
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solution B, which was used in these circumstances, will
be described in section 2,.6.2.

2.6, Calibration of Hydrocuinone Analysis

First of all = figure for the extinction coefficient
of 'ferroin!' was required. So a calibration graph relating
optical densities to ferrous iron concentrations was
ﬁrepared. The test solution used for the measurement
of optical density consisted of 5.0 ml of 0,1 Nsulphuric
acid containing the required amount of ferroﬁs iron
together with 1.0 ml of O~phenanthroline solution
(0.1% in water), 2.5 ml of scetate buffer (ZhH4.5) and
1,5 ml of distilled water, the total volume of test
solution being 10.0 ml, Blank seample was & similar
golution to which no ferro;s iron had been added, The
buffer solution was prepared byvmixing 1.0 Nsulphuric
Acid (180 ml) with 1.0 Nsodium acetate solution (300 ml)
and diluting with distilled water to 500 ml. The final
P%Hof the solution was adjusted to 4.5 with 1,0N
sulphuric &cid, Half an hour was allowed between
mixing and taking the optical denéity. "The figures
for the opticsl densities determined at 510 mu were
plofted against ferrq;sriron concentrations, aqd a

- gtraight line was obtained as shown in fig 2,5, The
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figures for the optical densities are given in table

2.1. The value for the extinetion coefficient of

'ferroin! was found to be 11080 by using the relation:

I
log —2 = €0 1
I

Hatchard and Parker (59) obtained & wvalue of 11050

for the extinction coefficient., The value of 11080 was

used in this work.

TABLE 2.1

Anelysis of Ferrous Solution (0.594x10-5mole lfl)in

0.1 N Sulphuric Acid

v , ' 15

Conc, of Ferrous Optical Density log —
in Test Solution of 'Ferroin' i.e,, | & = L
-1 © I, ¢l

Mole 1, x10 108‘-E—
1,49 0.170 11440
2.97 ‘ 0,330 11100
4346 0.492 11040
5,94 0.660 11100
7 «43 0.822 11060
8.92 0,985 11050
10,40 o 1.150 11060 )
. : C{\\'}

Average & = 11080

€ Extinction coefficient of !ferroint.



c Concentration of ferroﬁé in test solution

tl Thickness of solution (1 cm)

Knowing the value of extinction coefficient, the &bove
relation could be used t0 calculate optical densities

for solutions prepared from known amounts of toluhydro-
gquinone., In doing this it was assumed that the reaction
of the reagent with toluhydroguinone is :-~

' b , ++ +4
QH24' 2 Fo ————> Qi; + 2 Fe

S

Q+2 H

Thus the concentration of toluhydroquinone is half the
. w
concentration of ferrops iron.,

2.6,1, Calibration Results in 100% Alcohol

The method of analysis was first calibrated using
solutions of toluhydroquinone in iso=~-propyl &lcohol, 2ml
portidnsof each solution were pipetted immediately into
one of & series of 50 ml c®nicel flasks, each containing
10.0 ml of reagent solution A, The flasks were painted
black in such & manner that & gap was left on one side.

Fig. 2.6 is the calibration graph obtained for
toluhydrogquinone in iso=-propyl &lcohol, The optical
densities of the solutions were plotted against the

concentrations of toluhydroquinone, and a straight line
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wés obtained, The optical densities of the solutions
were teken after one hour standing in the dark, Thé
blank against which the optical densities were com-
pared, consisted of 2,0 ml of iso-propyl &alcohol in
10.0 ml of reagent solution A, The figures for the
optical densities are given in table 2,2, together
with the optical densitiés, using & value of 1108C for
the extinction coefficient. The volume of the final
solubion resulting from mixing 2.0 ml of iso-propyl

alcohol with 10,0 ml of distilled water weas determined.

TABLE 2.2,

-4 -1, .
Analysis of Toluhydroguinone (9.515x10 mole 1.) in
iso-Propyl Alcohol

QHBConc.in' Opt.Density| Opt.Density QHZ%
Tinal -1 Experimen- Calculated |{ Théore-
Solution Mole 1. tal | tical
x 10° |
0,793 0,178 0,176 101
1.59 0,353 0.352 100
2.38 0.528 0.527 100
3.17 0.696 0.703 99
3.96 0.870 0.879 99

This proves that the analysis of toluhydroquinone

in iso~propyl alcohol is reproducible,



The method of analysis was checked in the presence
of tolugquinone &and the analysis was agaln found to give
a quantitative estimation of toluhydroquinone. A blank
containing the same concentration of toluquinone was used.

The @analysis results &are given in table 2.5.

TABLE 2.3

~5 ';l
Analysis of Toluhydroqulnone (12 3 x 10 mole 1.) and

Toluquinone (2.0 x 10 mole 1. ) in 1so~Propyl &lcohol

PO

Vol.Re- Vol. Re- Opt.Den- Opt.Den- QH.%
action agent Soln, | sity Ex- sity Cal- Théore-
Ligquid A in ml perimental } culated tical
in ml
1.0 10.0 0.248 0.248 100
2.0 10,0 0,457 C.457 100

2.6,2, Calibration Results for Solutions of Toluhy-
droguinone in Carbon Tetrachloride

Some loss of toluhydroquinone in carbon tetrachloride.

solution was found after standing for several hours in
air, This was presumed to be caused by aerisl oxidation.
Solutions of toluhydroguinone were therefore used without
delay. |

A series of solutions containing both toluhydro-

quinone and toluquinone in carbon tetrachloride were

78



79

prepared. Anslyses were performed in which 1.0 or 2.0 ml
of the solution was added to 10,0 ml of reagent solution A
in conical fléasks, The 'solutions were stirred for h&lfl
an hour with the help of magnetlc stlrrers, and then kept
1niz§rk for one hour, to &allow the two liquid layers to
separate. The aqueoﬁé layer was removed by means of &
pipette and the optical density was compared against &
blank, The blank was prepared in & similar wvey, using
& solution containing the same concentration of tolu-
guinone &nd alcohol in carbon tetrachloride but in the
absence of toluhydroduinone. Anelysis results are shown
in table 2.4,

| TABLE 2.4

Analzs% of Toluhydroguinone 1n in presence of Toluoulnone (2.0x152
mole ;+) in Carbon Tetrachloride CONt&ining iso=Propyl

Alcohol
Hours Reactlon Liguid ‘ Opt.D.|Opt, QHB
After COE iso- Vol .Reac~-| Vol, Expe~ | D, Theo~
prepara-~ Mofe % Profl _j |tion Li- Reagent| rimen-~| Cal- |reti-
tion Mole 1, |quid in Soln, A | tal cula- lcal
ml in ml ted
0.5 3,58 0.0262 1.0 .10.0 . 079, 0,079 100
1.0 3.58 0,0262 2,0 10,0 0.155{ 0,158 98
2.5 3,08 0.0262 1.0 10.0 0.076f 0,079 96
3.0 3,58 0,0262 2.0 10.0 0,149 0.158 94
3.5 3,58 0.0262 3.0 1C.0 0,211 0,237 89
5,0 5.58 0.0262 1.0 10.0 0,079} 0,079 100
5,0 3.58 00,0262 2.0 1C.0 0.126f 0,158} 80
0.0 7.17 0.0524 2,0 10,0 0.305| 0.,316f .97
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Table 2.4 indicates that the anelysis was unre-
liable when more than 1,0 ml of the reaction liquid was
used with l0.0 ml of reagent solution. Further evidence
of this unre-liability was obtained from @nslyses after
the photochemical runs.

During experiments in which methyl &lcohol in
carbon tetrachloride was used as reactant, it was found
that there was no variation between the analyses on
1,0 ml and 2,0 ml1 of solution. Following this & new
- formule for the reagent solution was evolved.

Reagent solution B weas made up &s follows -
Reagent solution B was similar to reagent solution A
with the only difference that 1.0 ml of methyl alcohol
was added to the reagent sdlution A before pipetting the
reaction liquid into it., The results obtalined in the
analysis of standard solutions, using reagent solution
B, &re given in table 2.5, In connection with these
measureménts the volumes of the &gueons le&yer resulting
from mixing 1,0 ml of methyl &lcohol &and 1.0 or 2,0 ml
of the reaction 1iguid with 10,0 ml of distilled water
were determined, This provided the volume appropriate
to the calculation of the expected opticel density, for

the various samples of toluhydroguinone.



TABLE 2.

5

Anslysis of Toluhydrogquinone in presence of

_ -1
Toluguinone (2,0 x lO2 mole 1, ) in Carbon Tetraschloride

81

containing iso=-Propyl Alcchol,

Reaction Liquid| Vol. vol. |Opt.D. | Opt.D. QH, %
RHs Conc.j Iso- Reac- Rezgent| Experi- Calcu~- Theoreticsal
Mole Prod tion ‘Soln, Bjmental lated
1. xlg Mole Liquid in ml
;7 in ml '
32.3 0.236 2.0 10,95 | 1,39 1.42 08
25.1 0.1853 . 2,0 10.95 1.12 1.11 101
17.9 0.131| 2,0 | 10.95 | 0,781 0,790 99
10.8 0,0786 2.0 10,95 0,471 0,474 99
9.27 0,131 1.0 10.95 0,188 0.188 100
2,27 0.131 2.0 10,95 0,376 0.576 100
7.17 0.0524 1.0 10.95 0.158 0,158 100
7.17 0.,0524 2.0 | 10,95 | 0,307 0.316 97
5.58 0.0262 2.0 10,95 0,156 0.158 99
1.79 0.0131 2.0 10,95 0,078 0,079 99
" The results given in table 2.5 show &n error that is
in gener&al not more than 2% -

Analysis with reagent solution B was also checked in
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the presence of formaldehyde and no inteiference with
the estimetion of toluhydroquinoﬁe was found.
During the course of photochemical measurements,

observatlons were made on the possible effect of air_

- on the toluhydroquinone or ferroﬁs ion during the
énalysis procedure, Parallel analyses were performed

- with and without displacement of alr from the conical
flasks by nitrogen. The results in table 2.6, show that
no advanteage was gained by displacing the air,.

TABLE 2.6

Analysis‘of Toluhydroguinone in presence of Toluguinone

-9
(2,0x10"° mole 171) in Carbon Tetrachloride containine
"Alcohol

Vol. Vol. Opt.D Opt,D,

Reaction Liquid Reac- |Re= Experi- | Experi-
QH Iso- [MeOH [tion [|agent [mental | mental
Co?ic. -1{ ProH |Mole Liquid {Soln, | in in Nitro-
Mole 1,%| Mole 1-1 in ml JA in | Ailr gen
x10° 17l * ml
5.7¢4 | 0,013 1.0 {10,0 | 0,127 0.121
6?84 O.QHQ. 1,0 }10.,0 0.146 0.142
4,69 |o.am| 1.0 [10,0 ] 0.104 | 0.100
14,2 12.4 | 1.0[10.0 | 0,314 0.308
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2.7, Calculations of the Yield of Toluhydroquinone

Let the volume of test solution
i.e., the sgueous layer including

any alcohol added or extracted

Volume of irradiated solution used

in the preparation of the test solution

]
|

oy

(V; = 1.0 or 2.0)

Optical density of test solution in 1 cm
cell ;

I

Quantity of ferrous iron in the test

solution

(€ =extinction coefficient of !'ferroin')

——

Equivalent cquantity of toluhydroquinone
in V? ml of irradiated solution

| | .
Therefore, the quantity of toluhydroquinone

in 40 ml of irrasdiated solution

2.8. Actinonmetry

DxV
moles

€ x10°

DxV

1 moles

2 €x10°

DxV x40
1 moles

2 € }:_].05}(\1’2

"R moles, .

The intensity of light weas measured by usiﬁg



the potassium ferrioxalate actﬂgmeter of Hatchard and
Parker ( 59). The actinometer is based on the decom-
position of potassium ferrioxaiate by irradiation.with
light, &and determination of the ferroﬁé‘ ions produced
byvthe spectrophotometric method, described in section
2.6. |

40 ml of potassium ferrioxalate solution

®mole i%) were pipetted into the reaction vessel,

(6 x 107
and alr removed with nitrogen for 45 minutes, The
solution was then irradiated, and transferred to the
anslysis vessel (flask Fy, fig.2.3 ). The flask Fy
was removed from the apparatus and the solution (1 to 3
ml) weas pipetted into & series of 10 ml graduated

flasks for the estimation of ferro;s ions &as described
in section 2.6. The optical densities of the test
solutions were compared against the corresponding
blanks, The blanks were prepared by the simllar
procedure from 40 ml oquﬁge potassium ferrioxalate
solution in flask FZ’ which was placed in the thermo-
stat alongside the reaction vessel with nitrqgen pass-~
ing through it &s mentioned in section 2.3,4, The
intensity of 1light entering the rcaction vessel wsas

calculated. ‘The quantum‘efficiency used was 1,21

for 368 mpL.



The photocell response was calibrated in terms
of the intensity of light entering the reaction vessel,

The calibration was repeated from time to time.

2.9, Calculations of the Intensity of Light
Absorbed by the &lution

Reaction Vessel.
L9 I I2

B -
o

Light beam _ ,U
Window Window
Symbols to be used,
Photocell deflection for no cell in beam, Do
Photocell deflection for solvent in cell, Dn
Photocell deflection for solution in cell, Dq
Fraction of 1light lost &t each window, oL

Light intensity of beam reaching front
Window, .IOEinstein per sec.

Intensity behind front window, I, = i it

Intensity behind solution, Iz " v 1]
Intensity of 1ight absorbed, Ia ! " i
Releations

Io = }’5 Do, &nd for solution, Iz ;PDn

where P is determined by &ctinometry.
I = I, (1-%)

Iz I (1 -‘ut-)

n

85
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For solvent in Cell, I, = Ij
. : 2
" IS = IO (l-OL)
Dividing by [5 ,

| .
Dp=DDy (1 -4)% ang (1 -4) = <D >
o

This equation is used to calculate (1 -~d),

Measurement with the @ctinometer for the asctinometer

solution gives 1.

I, = I, -1,
& I
= I (1-L) - S
0 1=
=12, ( 1 -4) - P)Dﬂ (B)
I’ P TI=LT

Equation (B) is used to determine 55 .
For 0,006 M potassium ferrioxslate at 365 mp, with &
cell length over 1 cm,
. Dp = O
When{s is known the above equation (B) may be

used to celculate I, from D, and Dy
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3. RESULTS

3.1, Photochemical Reactions of Tolﬁquinone
with various Reducing Agents

Solutions of toluguinone in pure solvents (carboﬁ
tetrachloride, cyclohex&ne or 1iso-propyl alcohol) or in
mixed solvents (carbon tetrachloride mixed with cyélohexaﬁe,
iso-propyl &lcohol or methyl slcohol) were irradisted in
the absence of &ir at 2506 end with 1light of wavelength
365 mﬁa. ‘The concentration of toluguinone in most of the
experiments wes such thet light absorption was not
complete and hence the absorption took place throughout
the length of the resction vessel. The duration of
illumination was‘usually sufficient to produce the nécessary
emount of toluhydroquinone for accurate analysis, The
consumption of.toluquinone was usually less than a%, |

The quentum efficiency (¢) for the formation éf

toluhydroguinone was given by :-

where
R Number of moles of toluhydroguinone formed
in 4C ml of irradiated solution.
t Time of irradiation in seconds.
- I Intensity of light in einsteins per second,

absorbed by the solution in the resction

vessel.
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The methods of célculating the yield_of toluhydroquinone
and the intensity of light absorbed by the solution have
been given in sections 2.7 and 2.9.

In order to remove air from the toluquinone solutions
before irradiation, either nitrogen ges (which had been
bubbled through one or two solvent bubblers in the
nitrogen flow line) or & vecuum line was employed, The
removal of &air with nitrogen worked satisfactorily in
studying the reactions of toluquinone with cyclohexane
or iso-propyl aicohol. This procedure gave irrepro-
ducible results with methyl &lcohol due to its loss
duringvthe passage of nitrogen. Outgassing on a wvacuum
line led to oonsistentAresults.

In the photochemical oxperiments the irradiated
solution Was analyséd for toluhydroguinone using the
procedure described in section 2.5.2. The optical
density df the aqueous layer was measured against &
blank produced by applying the same procedﬁre to &
portion of unirradiated solution. This unirradiated
solution was the same toluquinone solution as was
irradisted. For example, when the removal of &ir was
éone with nitrogen, the blank sample was prepared by

passing the nitrogen stream leaving the reaction vessel



' through 40 ml of the toluguinone solution in & black
flask, kept slongside the resction vessel in the
thermostat, but outside the light beam,

In solutions of methyl alcohol not exceeding
0.988 mole i% ~and of iso-propyl alcohol not
exceeding 1.31 mole I%, there was no significant
thermal reaction, Under these circumsteances the
optical density of & blank prepared by‘removing air
with nitrogen was the same as that of one prepared by
outgassing oﬁ a vacuum system or by merely standing in
air in the dark, To save time the blank to be used when
the solution wes degsssed on & vacuum line was normally
prepared from & sample of solution that had been kept
in the dark, without degassing.

When the concentration of methyl alcohol exceeded
-the_above 1imit, in the analysis of the liquid after
reaction in vacuum, the optical density was measured
against water, A similar experiment was then performed
in which & similéar solution was given the same itreatment,
except that it was’kept in the dark. The difference
between the two opticeal densitles geve the optilcal
density resulting from photochemical reaction. It was
difficult in the procedure to give the solutions

extctly the same thermel treatment. Thus when the

89



thermal reaction was fast,results obtained by outgassing

on the vacuyum system could not have & high accuracy.

3.2+ Carbon Tetrachloride

Solutions of toluguinone in carbon tetrachloride
were irradiated in nitrogen, using one solvent bubbler
in the nitrogen flow line (section 2.2.6), Although
there is no hydrogen in cerbon tetrachloride, & reducing
substance was formed, possibly by the reaotion of &n
impurity in carbon tetrachloride, with toluquinone. For
convenience this reducing substanée is treated in calcu-
lations &nd in discussion in the present section as if
it is toluhydroquinone.

3.2l e Variation of Toluhydroguinone yield
with Time

The resultsare shown in table 3.1.

TABLE 3.1

-2 -1, |
Toluguinone (2,0x10 mole 1.) in Carbon tetrachloride,

365 mA, 25.0°C

Time of -1 }
Irrad, I Einst.Sec, IT HEinst, QHB Produ%ed p
Seconds '
xlog , x106 Nbles x10

2000 2,08 416 1 4,95 1o.119
7 4000 2.18 8,72 6 .68 0,077
. 6000 24l 12,9 ‘ 9,31 0,072

8000 2«28 17.8 ] 10,1 0.057
10000 2,09 20.9 ] 10.8 0,052
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Toluhydroguinone produced is plotted against the light
absorbed in fig. 3.1, A cUrve is obtained showing that the
gquantum efficiency of tolﬁhydroquinoné formation decreases
as the reaction proceeds.

There'are two explanations for the decrease in gquantum
efficiency during & run that must be considered. The first
is that the reaction is between toluguinone and an impurity
which is steadily consumed., The second possibility is that
the product of the reaction, possibly toluhydroquinone,
retards the reaction. These possibilities are examined
in sections 3,2.3 &nd 3.2.3.

3.2,2, ZEffect of (i) Toluguinone concentration &nd

(ii) added Toluhydroquinone on
Quantum Efficiency

Solutions of toluquinone either of varisable coﬁcentra—
tions or with added toluhydroguinone were irradiated in
nitrogen uéing one solvent bubbler‘in the nitrogen flow
line (section 2.2.6). The results are given in table

5.2.



-2 -1
TOLUQUINONE (2-:0XI0 Mole 1.) in CCly

6
I T Einst., x IO

25
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TABLE 3.2

Toluguinone and Toluhydroquinone in Carbon Tetrachloride,

365 mu, 25.0°2

:Toluquinone Tolthdro- Time of I Einst. SH
-1 2 quinone -1 Irrad. , -1 £roduced }

Mole 1.x10 -1 5 Seconds | Sec. Moles 1 o]

} Mole 1,%10 g 7 ‘

x10 x10
0.5 - 7200 0,880 3,83 0.054
] ‘ -

1.0 : - 7200 © 1,45 : 5.63 0.054
2.0 . 2.39 3600 | 1.62 1.95 0,033
2.0 1.61 5400 1.88 2.74 { 0.027
2.0 - 5400 0.322 1.23 { 0,071 |
2.0 | - 5400 0.307 1.26 } o.076 |

Table 3,2 indicates that

(1) there is no variation of quantum efficiency with
change in toluguinone concentration, and

(ii) the guantum efficiency has been significantly
reduced by the addition of 2x107° mole 1r toluhydro-
quinone. .
The anglysis describedAin section 2,2.,1 shows that &

) -1
typical sample of toluguinone contained 0,.86x10 mole 1,
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(0,043%) of toluhydroquinone., This corresponds to
toluhydroquinone (5.44x157 moles) present in the reaction
vessel &t the start of experiment,

In normal runs in the presence of recctants such as
alcohols the final concentration of toluhydroguinone was
usually about five times the concentration added in the
above experiments. In these circumstancés the contribu-
tion to the gquantum efficiency by reaction with carbon

tetrachloride is sm&ll.

‘B.245, Removal of Impurity from Carbon Tetrachloride

In order to find out whether the quantum efficiency
of reaction of toluquinone with carbon tetrachloride was
due to the presence of an impurity in carbon tetrachloride
or to the resction of toluguinone with carbon tebtrachloride
itself, the following experiment was performed.

A ‘tolugquinone solutibn (Z.Oxlo-z mole i%) in carbon
tetrachloride (Honkin and Willisms AnalsR) was irradisted
at 365 mp and 25,0°¢ for 6000 seconds. The irradiated
solution was then distilled with an &ll glass fractionation
column deécribed in section 2.,2.4, under nitrogen. The
solution (100 ml) was distilled, the first fraction of
20 ml wes rejected and the next 60 ml were collected, A

2

= -1 ’ -
toluguinone solution (2.0x10” mole 1.) was prepared in

this'sample of cearbon tetrachloride and irradiated in
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nitrogen, using one solvent bubbler in the nitrogen flow

9 einst.sec%, for 2000

line (section 2.2.8) at 2.164x10
seconds, Toluhydroqﬁinone (1.7153{167 moles in 40 ml of
solution) was formed with & quantum efficiency of 0,04,
This figure for the quantum efficiency is lower than the
value (0.119) obtained from the corresponding run in table
3,1, when the solution Q&s ealso irradiated for 2000 seconds.
This provides evidence that the reaction observed is &t
least partly a reaction with an impurity in the carbon
tetrachloride, which is destroyed‘in the photochemical
reaction,
In the preparation of cerbon tetrachloride for use in
subsequent photochemicel experiments it was not purified
by this procedure due to the following reasons. |
‘(i)‘ As mentloned in section 3.2.2, in normel runs in
the presence of reactants such as alcehols, the final
concentration of toluhydrogquinone formed in the
reaction was such that the reaction between toluquincne
énd carbon tetrachloride would be of no significance.
(i1) It was not convenient to purify carbon tetrachloride

by this procedure.

3,3, Cyclohexane

3.3.,1. Thermsl Reaction

- ‘ -1
Toluguinone solution (2,0x10 mole 1,) in cyclohexene
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was prepared, Immediately after preparation 1.0 and
2,0 ml of the solution were mixed with 10.0 ml of reagent
solution A (section 2.5.2) in two conicel flasks. The
mixtures were stirred by magnetic stirrers for half an
hoﬁr, and &llowed to stand for one hour in the dark. The
optical densities of agueous layers from both the samples
were measured sgainst water &t 510 m in one cm cells,
The figures for the optical densities were 0.325 (for 1 ml
semple) &nd 0.330 (for 2 ml). The main bulk of the
toluquinone solution was kept in & dark cupboard in &ir
at 2000 for three hours. It was analysed using the
procedure described &bove., The opticeal densities of the
aqueous layers from both the samples measured against
water, were found to be exactly the same as the
corresponding figures above, This shows that there is
no thermel reaction of toluquiﬁone with cyclohexane.
5.5.2 Effect of Toluguinone Concentration and

Intensity of Light on ... Quantum
Bfficiency

Solutions of toluquinone in cyclohexane were
irradiated in nitrogen using one solvent bubbler in the
nitrogen flow line (section 2,2.6). The results are

shown in table 3,.3.
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TABLE 3.3

0
Toluguinone in Cyclohexane, 565 mp, 25,0 °C

Toluquinone | Time of I Einst, QHBProduced
-1 _ .2 Irrad. - -1 o 7 4
Mole 1,x10 Seconds 8 Sec.x10 Moles x 10
2.00 5460 2,09 57.4 0.503
2,11 3600 2.11 37 .2 0.491
1,73 5400 0,131 3.30 0,469
1.68 } 3600 1.97 34,7 - 0,488

The gquantum efficiency may be taken as 0,49+0,015,
This figure is considerably larger then that for carbon
tetrachloride. Obviously cyclohexeane cannot be used as
& solvent in 'studying the photochemical reactions of
toluquinone With other substances,

Table 3.3 does not give evidence of any variation of
quantum efficiency with either tolugquinone concentration
or light intensity absorbed in the range studied.

3.3.5 Effect of Cyclohexane Concentration on
Juentum Efficiency

Solutions of tolugquinone in carbon tetrachloride
conteining cyélohexane were irradiated in nitrogen, using

two solvent bubblers in the nitrogen flow line (section 2.2.6).
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A solution of toluguinone in carbon tetrachloride
-1
conteaining cyclohexane (0.093 mole 1.) was also

irradiated in vacuum. The results are given in table

3.4,

TABLE 3.4

-1
Toluguinone (2.0x10% mole 1.) in Cerbon Tetrachloride
containing Cyclohexane, 365 My, 25,0°C

Cyclohexane Log@i—lzj Tim? of , I Einst. |QHy
Mole i o8 ggg;gés Secj%log | Froduced g
i.e. f%i Moles ¥10'
9.3 0.969 5460 | 2.09 57.4 - 0.505"
4,65 0.668 3600 1.50 23,1 0.428
0.93 1.969 3600 1.67 20,7 0.343
0,465 1,668 | 3600 1.81 | 22,1 0.339
0.279 |  1.446 5600 1.57 | 20.1 0,357
0,093 2.969 7200 1.62 34.6 0,296
0.093 2.969 3600 1.80 19.3 | 0.208%
0.0558] 2,747 7200 1.75 34,2 | o.em
0.0093!  5.969 7200 1.72 21.8 0,177
0.0 | For yields of Qﬂ& = 10,0, the' # is
probably less then 0.05
(section 3.2)

# Pure cyclohexane.
# Solution was irradiated in vacuum,
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The quantum efficiencies h&ave been plotted against

the logarithms of cyclohexane concentrations in fig., 3.2.

Table 3.4 shows that

(1)

(11)

(1ii)

there is agreement betweeh an experiment performed
after removal of air with nitrogen and one performed
efter degassing on a vacuumvsystem,

the quantum efficiency is constant for cyclohexané
concentrations in the range 0.279 to 0.93 mole i.
With cyclohexane concentration below 0.279 mole i.,
the quantum efficiency decreases with decrease in
cydlohexane concentration, &nd

there is & fall in quantum efficiency when the
concentration of cyclohexane is reduced from pure
cyclohexane (9.3 mole i%) to 0,93 mole i% in
carbon tetrachloride. This may be attributed to
the cage effect, which is more effective in carbon
tetrachloride (M,Wt.153.84) than in cyclohex&ne
(M,Wt.84,16). The cage effect may lead to the
recombination of free radicals within the solvent

cage, The mechanism can be described as follows -

¢+t ny 5 @

Q* + AH _“II?A“"” (QH . 4H) (24)
: -2A ~2A
(QH . 4H) —Rhy @ o+ um, (-24)

(Q.aH) 2B 5 Qi+ A" (2B)
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In the absence of & cage effect k.oa is zero and the

reaction can be written as @

x

k
Q +AH2_2__>QH+AH (2)

Reaction (2B) will be followed by reactions of free

radicsls as indicated in the mech&nism given in section
4.2, The results indicate that k-BA may be very low
in cyclohexane but significant in carbon tetrachloride,

A greph of reciprocazls of the cyclohexene concen-
tration (range 27.9x10° to 0.95x10° mole 1) against the
quantum efficiency, has been plotted in fig 3.3 and &
straight line is obtained. The results that are plotted

in fig., 3.3 are given in table 3.5.

TABLE 3,5

cyclohexane I Einst,. p 1
Mole Trx10° 1 sec tx10° 2
i.e. [H;) x10° [ 4t5,)
27.9 3.58 1,57 0.357 2.80
9.3 10,8 1.62. 0,296 3438
9.5 10,8 1.80 0.298 3,36
5.58 17.9 1.75 0.27L 3,69
0.93 108,0 1.72 0.177 5.65
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Taking the constent value of 0,35 in the range of
=1
cyclohexane concentration 0.279 to 0,9Bmole 1. as ¢2
and the quantum efficiency for reaction with carbon

tetrachloride as ¢

0

(i,e. 0.05), & graph of g - %o
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against cyclohexsne concentration is plotted in Tig. 3.4

using the results shown in table 3.6, The plot 1s

linear,
TABLE 3.6

Cyclohexane I Einst. g - %

- _ [ =
Mole '0®  |sestero® py- 0
i.e, LAHZ‘J x10%

0.3 1.62 0.,296 4,56

0.3 1.80° 0.298 4,77

5.58 1.75 0.271 2.80

0,93 1,72 0,177 0.734
3.4, lso=-Propyl Alcohol

3.4.1, Thermal Reaction

o - -1
A solution of toluguinone (2.0x10° mole 1.) in iso-

propyl alcohol weas found to form toluhydroquinone'in the
dark., The reaction was found both with a sample left in

air et room temperature (20°C), and with & sample which
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had nitrogen passing through it at 25.000.

Toluquinone'(Z.OXlo_g mole i%j in iso-propyl
alcohol was kept in the dark, in &ir, at room temperature
(20°¢), &nd analysed for toluhydroguinone initially and at
different time intervals. In the measurement of optical
density the blank sample consisted of iso-propyl &lcohol
and reagent solution A (section 2.5.2) teken in the same
relevant proportions., The results are given in table 3.7,
The rate of toluhydroguinone formation was found to be

9 =1

1.85x10" ° mole i% sec,

TABLE 3.7 |

. ‘ -1 .
Tolucuinone (2.0x10° mole 1,) in iso-Propyl
Alcohol, Thermal Reaction in Air &t 20°C in
the Dark

Hours After Ho Produced
Preparation 7
Moles x 10
(in 40 m1 of
solution)
43,0 95,9
94,0 277.0
) J

3.4.,2. Effect of Toluguinone Concentration and
Intensity of Light on Guantum Efficiency

Solutions of toluguinone in iso—propyl alcohol were

irradiated in nitrogen using one solvent bubbler in the
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nitrogen flow line (section 2.2.6). The results are shown
in table 5.8.

TABLE 3.8

Toluguinone in iso-Propyl Alcohol, 365 m, 25,0°¢C

A

Toluquinone | Time of Irrad, { I Hmnst, QHE _

. -1 seconds 5 -leog Produced ]

Mole 1. ec. - Moles x10
0.5 3600 0,733 28.9 1.10
0.5 3600 0.668 23,1 0.961
1.0 3600 0.967 32,2 0,925
2.0 1800 | 1.9 36.5 1.03
2.0 3600 8.69 | 310.0 0.991

Table 3.8 indicates that the quantum efficiency is
indépendent of toluquinone concentration and intensity of
light in the range studied.

It is clear from table 3.8 that the yield of toluhy-
droquinone produced photochemically is about ten tiﬁes
(first four experiments) snd fifty times (last experiment)
than that could be obtained thermsally if‘calculated on thé
basis of the rate of thermsl reaction (section 3,4,1).

Hence there 1s no serious interference by the thermal
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reaction even if the method of preparation of blank does
not properly sllow for the thermsl reaction during irradia-
tion. Within the experimental error the guantum efficiency
mey be taken as 1,00 + 0,05,

3.4.5. Effect of added Toluhydroqulnone on
Quantum Efficiency

Solutions of toluguinone with added toluhydroquinone
in iso-propyl alcohol were irradisted in nitrogen using one
solvent bubbler in the nitrogen flow line (section 2.2.6)
and table 3.9 illustrates the results.

TABLE 5.9

- -1 uw
Toluguinone (Z.Oxlozvmole 1.) with added Tol¥hydro-
quinone (QH,) in iso-Propyl Alcohol, 365 my, 25,0°¢C

Tnitial Time of I Ejnst. |QH,
amount of Irrad. Sec s froduced g
! Q. in Re- Seconds x10 Moles
‘ acfion vessel X 107
{ Moles X107
19.0 1800 9.28 157.0 0,938
38,0 1800 8.53 147,0 0,955

It is clear from tebles 3,8 and 3,9 that the product,
- toluhydroquinone does not retard the photochemical reaction

between toluquinone and iso=-propyl alcohol.



B.4.,4, Variation of Toluhydroquinone Yield with
Time ) .

Solutions of toluguinone in cearbon tetrachloride
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containing iso-propyl &lcohol were irradiasted in nitrogen

using one or two solvent bubblers in the nitrogen flow

line (section 2.2.8).

vacuum,

_ -1,
Toluguinone (2.Ox102 mole 1. ) in Oarbon Tetra-

- The results are shown in table 3.10.

:chloride containing iso-Propyl Alcohol, 365 mu,

Solutions were salso irradiated in

25,0

iso- Time of | I ZEinst, IT . Einst. QH2

Propyl Irrad, -1 B s

Al cohol Seconds | S°C- o° x 10 Produced 4

-1 x 1 Moles
Mole 1,
X 107

1,31 3600 2,05 7.38 20,0 . 0,406%
1.31 3600 2,00 v 7.80 30,7 0.,426%
1,31 7200 1.61 11.6 46,9 0,405
0,131 3600 2.17 7.81 38.4 0,492%
0.131 2400 1.78 4,27 22 .6 0.529
0.131 1800 1.70 3,06 15.4 0.503
0.0131 1800 6.70 12.1 3845 0,319
0,0131 1800 5.82 5,79 17,7 0.506#
0.0131 3600 2.52 9,09 26.1 0.287
00,0131 3600 2 .63 9,45 26,9 0,285%
0.0131 12600 0.309 3.90 11.6 0.299%
0.0131{ 5400 1.39 7.53 24,2 0.322
00,0131 5400 1.36 7.32 24,2 0,331
0.0131 5400 1.18 6 .35 21.5 0.338
0.0131 3600 ; 1.13 4,08 13,0 0.318

% Solutions were irradisted in vacuum.

# Two solvent bubblers in the nitrogen flow line were used.
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At iso-propyl -alcohol concentration, 0.0131 mole 1.
the toluhydroguinone produced has been plotted against the
light absorbed in fig. 3.5, A straight line is obtained |
indicating both, & linear variation of tolwhydroguinone
yield with time, and that the'Quéntum efficiency is
independent of light intensity in the range studied.

Table 3,10 shows that at iso=-propyl elcohol concen-
trations, l1.31, 0,131 &and G.0lL31 mole l?l,the results
obtained &after removal of OXygen with nitrogen and éfter
degassing on & vacuum line are in agreement.

344,55, Effect of iso=Propyl Alcohol Concentration ang
Intensity of Light on .. Quantum Efficiency

Solutions of toluquinone‘in carbon tetrachloride
containing iso-propyl alcohol were irradiated in nitrogen
using one or'twe solvent bubblers in the nitrogen flow
line (section 2.2.6). In further experiments the vacuum
method for degassing of solution was used. The results

are given in tables 3.1l1 and 3,12,
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TABLE 3,11

- -1
Toluguinone (2.0x102 mole 1, ) in Carbon Tetrach-
loride containing iso-Propyl Alcohol, 365 mm, 20.0 C

|
| Bxperi~i Iso~Propyl| Time of |I Einst. QH,
{ ment Alcohol Irred, -1 9 5rBduced Jul
; : -1 Seconds Sec ,.x10 Moles "
Mole 1. ] x 10
1 15.1 see section 3.4.2. ~ 11,00%0,05
2 6 .55 2400 | 1.40 20,1 0.598
B 6,55 2400 1.32 19,7 0.622
4 1,31 1800 7.56 683 10,5024
5 1,31 5600 2.05 30,0 0,406%
6 1.31. 3600 2,00 30,7 0,426%
7 1.31 7200 1.61 46,9 0,405
8 P 1.3 9000 0.205 15.5 0.840%
9 0.655 5400 1.55 42,5 0.508z
10 0,655 12600 0.223 19,5 . 0.694x%
11 | oam | 3600 2.17 38.4 0.492%
12 0,131 2400 1.78 22.6 0.529
13 0,131 1800 1.70 15.4 0,503
14 0,131 10800 0,188 13.8 0.680x
15 0,09L7 1800 7,17 6644 - 0.515#
16 0,0917 3600 | 2,5 z4.8 0,450%
17 0,0655 | 3600 1.86 25.9 0.387x |
18 0.0393 | 1800 6.98 | 58,4 0.465 |
19 0.,0393 3600 2.16 | 23,6 0.303x%
20 0,0393 | 3600 2.07 | 22 .6 0,303x
21 | ~ 0.013L | from I‘ig.‘ 3,5 ; 0,300
. {




. ~2 -1
Toluoguinone (2.0x10 mole 1. )

TABLE 3.12

in Carbon Tetrachloride

containing iso=-Propyl Alcohol, 365 mu, 25.0°C

112

WHOW

| Experi- iio-Propyl Time of { I Einst, H p
. ment cohol Irrad, -1
- Seconds Sec.XlO9 ﬁgfduced
Mole 1, : es
| % x 107
x 10 i
22 6,55 1800 7.59 I 25,4 0.186x !
23 6 .55 1300 7 .30 I 28,0 0.213# !
.24 6.55 1800 6.91 24.0 0.193#
25 6,55 7200 2,07 20.1 0.135x%
26 .55 7200 1.93 15,8 0.,l1l4x
27 6 .55/ 1800 4,71 19.5 0.230#
28 3.93 1800 6.94 24.0 0.192
29 3,93 1800 6,73 22.5 0,186#
30 3.9% 7200 1,77 12,9 0.101lx%
31 3.9% 7200 1.72 14.8 0,120x%
32 2 .62 1800 6 .86 20,0 0.162
33 1.70 1800 6.64 16.8 0,141
34 1.70 1800 6.15 15.5 0.140
35 1,31 1800 6,81 16.4 P 0,134
26 1.18 1800 6.22 12.1 | 0.108
0.0 For yields of QH,—>' 10.0, the g is
probably less than ' ! 0.05
(sectio% 3.2) }
, |
In tables 3,11 and 3,12

Two solvent bubblers in the nitrogen flow line
were used.
Solutions were irradiated in vacuum,

-1
Toluquinone concentration ( 1.0x10 2 mole 1. ),
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The results given in Tsbles 3,11 and 3.12 lead to the

following conclusions.

(a)

(b)

Comparison of results obtained after different methods

of removel of oxygen.,

(1) 1.31 mole 1% alcohol
The figure for the quantum éfficiency in experiment
5 (0.406),‘degassed on & vecuum line, is in
agreement with the figure for guantum efficiency
(0,405) in experiment 7, deoxygensted by passing
nitrogen, |

(11) 0,131 mole 17T alcohol
Comparable quantum efficiencies are those for
experiment 11, vacuum method, 0.492, and experiment
13, nitrogen method, 0,503,

(111) 0.0151 mole 1.  alcohol
In section 3.4,4 it was shown that the two methods
for removal of oxygen led to similer gquantum
efficiencies at this concentration,

(1v) 6.55 x 10° mole 171 alcohol
Comparable quantum efficiendies are those for
experiment 22, vacuum method, 0.186 &nd
experiment 24, nitrogen method, 0,193,

Variation of quantum efficiency with light intensity.

=9
The range of light intensity covered was 0,2x10 to



=9 -
8.7x10 einst, sec, .

(1)

(ii)

(iii)

(iv)

(v)
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Pure slcohol, 13,1 mole 1.

It is clear from table 3,8 that the quantum
efficiency is independent of light intensity in
the range o,7x169 to 8,7X169 einst, sec:l

6,55 mole l:l &lcohol

The effect of variation of light intensity on the
quentum efficiency was not studied.

1.31 mole l:l &lcohol

The quentum efficiency is & function of light

-9 -9
intensity, in the range 0.2x10 to 7.6x10 einst.

sec. Results 8 &nd 5,6,7, indicate that the

(/
- quantum efficiency decreases with an increase in

ligﬁt intensity from 0.2x169 to 2x159 einst.
sec:l However in the reange 2x159 to 7.6x169
einst. sec: the quantum efficiency incre&ses
significantly with increase in light intensity,
The results are plotted in fig 3.6,

0,655 mole 1.~ alcohol

The light intensity range covered was from
(JH,BXlO"9 to l¢6X169 einst, sec:l The results,
9 and 10, show & decrease in the quantum
efficiency with the increase in light intensity.
0.151 mole 1.  &leohol

=9
In the light intensity range 0.2x10 %o
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(vi)

(vii)

(viii)

(ix)
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2x10'9 einst, sec:l it is found that the

guantum efficiency decrecses with inereasing
light intensity. The results have bsen plotted
in fig 3.6.

0.0817 mole 1. alcohol

Two experiments, 15 and 16, show that the
quantum efficiency increases when the light
intensity is increased from 2x10-9 to 7x10-9
einst. sec:l The results are plotted in

fig, 3.6.

0.0595 mole 1.~ alcohol

The results 18, 19 and 20, indicate th&ﬁ the
quantum efficiency increases with the increase
of light intensity from axlO_9 to ’7}:10"'9 einst.
sec ! |

0.0151 mole 1.~ alecohol

The results given in table 3,10 cover the whole
renge of light intensity (0.3x10™ %to 7x10”°
einst. sec:l). The variation of the gquantum
efficiency with light intensity appears to be
small, &and with_in the possible range of
experimental error, The results have been

plotted in fig. 3.6.
6.55x10-5 mole l?l aélcohol

In table 3.12, runs 22 to 26, show that in the
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light intensity renge 2x10 " to 7.6x10 °
éinst. seojl, there is increase of the quantum
efficiency with the increase of light intensity.
Run 27 &ppears to show that the quantum
efficiency increases when the toluguinone
concentration is reduced from leO_Z to
1x10 - mole 1.+

(x) E’).Qi’leo_3 mole 171 &alcohol
Experiments 30 and 31, when compared with 28
and 29, show that in the light intensity range
l.7x10f9 to 7x107° einst. sec.! the quantum
efficiency increases with increasing light
intensity.

(xi) Alcohol concentrationsbelow 5’.953:10-3

mole l?
The effect of varying light intensity on the
gquentum efficiency was not studied.

(xii) Summsry
In pure alcohol (13,1 mole 171) the quantum
efficiency does not vary with light intensity.
At 1.31 mole 1.1 alcohol and below (see fig.
3.6) two regions of light intensity can be

o to 2x10~° einst.

distinguished., ZFrom 0.2x10°
seo.:l the quentum efficiency falls with

increasing light intensity, when the alcohol



(c)
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concentration is within the range 0.131 to

-9 -9 .
1 mrom 2x10 ° to 7x10 ° einst.

1.31 mole 1,
secf% there is & marked increase in the quantum
efficiency with light intensity at &ll alcohol
concentrations from 1,31 mole l:l down to
5.95}:10"5 mole l:% with the exception that at
0,0131 mole ljl no increage wes noticed. It
appears to be established that there is little
veriation of quantum efficiency with higher
light intensity at 0,013l mole l?l alcohol,

but the point at low intensity must be regarded

with suspicion. It seems surprising that it

is not higher than the figure at medium
‘ intensit&. Further observations in these
conditions are obviously required.
Variation of quantum efficiency with alcohol
concentration.

Tables 3,11 and 3,12 show that the guantum
efficiency is & function of light intensity.
Therefore, tfo study the effect of &lcohol concentra-
tion on the quantum efficiency,bmeasurements at .
constant light intensity were required, The majority

of measurements in table 3.11 and 3,12 correspond

0 two light inbensities, 1.8 £0,4x10™° and
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7.0%0.5x10"° cinst. sest, at different alcohol
concentrations.

‘ -9
The results &t light intensity, 1.8%0,4x10 ~ einst.

secTl are given in teble 3,13,
TABLE 3,13
is0~PrOH Mole 1.1 | I Einst, Sec:l
9 /)
i.e, Ehz] x 10
2
13.1 see section 3,4,2 | 1,00%0.05
6.55 1,40 0.598
1.51 2.00 0.426
0.655 1.55 0.508
0.131 2.17 0.492
0,0917 2.15 0,450
0,0655 1.86 0.387
0.0%93 2,07 0.303
0.0131 2452 0.287#
0.655% - 2,07 0.135
0.393x% 1.77 0.101
0.0 For yields of QH_, > lO.OxlO‘7moles,
the @ is probably less than 0.05
(sectipn 3.2) .

# soe table 3.10

X [%Hé] X lO2



A graph of the quantum efficiency against alcohol
concentration has been plotted in figs. 3.7(a) and (b)),
which show that the quantum efficiency increases with
the increase in alcohol concentratiOn from 0.595x10~ to
0.131 mole l:l The quantum efficiency appears to-be
constant in the concentration range 0.131 to 0,655
mole l:l Above 0,655 mole l:l alcohol, there is &
significant dip in the quantum efficiency &at 1,31
mole 1.F Beyond 1.31 mole 1. alcohol the quantum
efficiency increases and in 100% alcohol the quantum
efficiency is 1.00%0,05,

The occurrence of & dip in the curve is peculiar,
Therefore, consideration was given to posslble sources
of error thét might be responsible for this peculisarity.
(i) Impure samples of toluguinone and iso-propyl

&lcohol.

The seamples of toluguinone and i;o-prOPyl
elcohol were the same as were used in the

majority of experiments, Hence the toluguinone

and iso-propyl alcohol cannot be held responsible

for this peculiarity.
(1i) Incomplete removal of air from the solution.

The presence of this dip has been conflrmed

120
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by three experiments 5,6 &and 7. In experiments 5
and 6 the solutions were degassed‘on & vacuum line,
In experiment 7 &air from the solution was removed

with nitrogen. So the incomplete removal of &air

from the solution cannot be the reason for the

peculiarity.
(1ii) Error in preparation of ‘the solution.
In each of the three experiments fresh solution
of tolugquinone was used., There was & long time
interval between experiments, There is no possibility
that the same error could have been made in all the
three experiments, |
(iv) Error in measurement of light intensity.
Table 3.14 glves the calibration figures of light
intensity at different time intervals and the
gquantum efficiencies at alcohol cbncentrations
6.55, 1.51, 0.655 and 0,131 mole 1.t
T.I“LBLE 5.14
Teable Experiment Date Intensity iso~
Calibration Propyl
Figure (einst. | Alcohol
sec,”t per -]
scale Mole 1,
division)x10
B411 12 3147462 1.46 0.131 0,529
S.11 13 7.8.62 1.44 0.131 0,503
3.1l 2 30.8.62 1.46 6.55 0.598




Table 3,14 Contd,
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Table | Experi-{ Date Intensity iso-
ment Calibration Propyl &
Figure (einst, |[Alcohol
secT! per scale |Mole 1:1
divigsion)
X lO12
3.11 3 51.8.62 1.46 6 .55 0.622
Slll ! 7 I 6.9.62 1.47 1,31 0,405
‘ i
The following experiments were performed using the new
housings for the Photocells,which had bigger holes for
the entry of the light beam
3,11 6 22.5.64 0.847 1.31 0.426
3,11 5 25.,5,.,64 0.847 1,31 0,406
3411 11 13.,5,64 0.84%7 0,131 0,492
341l o 16 ,7.,64 0.856 0,655 { 0,508
14

Experiments 12 &and 13 &t 0,131 mole l:l alcohol were

performed in 1962 using nitrogen method for the removal

of air from the solutions.

The figures for the quantum

efficiency are in agreement with the one obtained in

experiment 11 at the same alcohol concentration,

ment 11 wasg performed after about two years and the

solution was degassed on &

vacuum line,

Experi~

The figure for the guantum efficiency in experiment

7 &t 1.31 mole 1.+

alcohol 1is .in agreement with those

obtained in experiments 5 and 6 at the same concentration,

Experiment 7 weas performed in 1962 when air from the
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solution was removed with nitrogen. ZIxperiments 5 and 6
were carried out after a gap of about two years using a
vacuum line for degassing of the solution.

Above agreement between the experimentel results at
0,131 &and 1,31 mole l:l alcohol rules out the following
poessible sources of érror :

(a) Error in preparation of solution, &nd
(b) incomplete removal of air from solution.

Experiments 2 and 3 at 6.55 mole l:l were performed
in 1962 using the nitrogen method for removsal of air from
the solutions, Experiment 9 at 0,655 mole 1:1 &lcohol was

~

carried out in 1964 when the solution was degassed on &
vacuum line.

Table 3,14 shows that there is no error in the light
calibration figures used in the experiments &t alcohol

concentrations 6,55, 1,31, 0.655 and 0,131 mole l:l

For the light intensity, 1.9%0.2x10™° einst. secTi
the reciprocal of quantum efficiency is plotted (fig,3.8)
against the reciprocal of &alcohol concentration in the

© range 0;131 to 0,0393 mole l:l A straight line is
obtained, ZIExtrapolation to high alcohol oonéentration
glves & quantum efficiency of 0.7L4 (f2)., The results
below 0,0393 mole 170 alcohol do not fall on this line.

Table 3,15 lists the results that are plotted in rig,.3.8.
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TABLE 3,15

iso-PrOH

I Einst,
Meole l 1 -1

Sec, 1
i.e. E;{] E?@g o 7

x 10
0.131 7463 217 24,03
0,0917 10,9 2.5 0.450 2 422
0.0655 15.3 1.86 0,387 2.58
0,0393 85.5 2,07 0.303 3.30

A graph of against [AHz].is Plotted in

Tig. 3.9 using thezresults shown in table 3,16,

points lie on a straight line with the exception of one

The

et 0,0151 mole 1.- alcohol.
TABLE 3.186

iso-FPrOH I Einst. %

. -1 -1 2 =
I\./IOle ;l.. Sec., 9 5=
i.e. tAHZ] Tx 10 |
0.131 1,70 0,503 2.15
0.0917 2.15 0,450 1,52
0.0655 1.86 0.387 1,03
0, 0393 2,07 0.303 0.616
0,0131 2,52 0.287 0.555
0.655#% 2,07 0,135 0,147
0,393# 1.77 0.101 0,083

x ¢ = 0.05

¢ fug w1

O
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- Dhe results st light intensity, 7,0%0,5x107° eiffit.
secTl sre given in table 3.17., A graph of the quantum
efficiency against alcohol concentration has been plotted
in f;gs. 3,10 (a) and (b). It is clear from the above
figs., that the quantum efficiencj increases with increas-

-’ -2
ing alcohol concentration from 0,118x10 2 to 9.17x10

mote 175 Tn the range 9.17x10 o0 1.31 mole 1.~ &lcohol the quan-
tum efficiengreppears to be constant, There is no dip in

the greph &t 1,51 mole 1.¢ alcohol in contrast to
behaviour &t light intensity, l.8i0.4x10-9 einst. sec'.-1
(fig. 3.7). Above 1.31 mole 1. alcohol the queantum

efficiency in 100% alcohol is 1.00£0,05,

TABLE 3,17

igo-Pr0H I Einst,

Mole 1—1 Secfl g
X 102 9 N

) : x 10

1.8.[AHéI

X102
13.1% section 3.4.2 1.,0040.05
1.31% , 7,56 0.502
9.17 7.17 0.515
2,93 6.98 - 0,465
1,31 6.70 0,319
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Table 3,17 Contd.

iso~-PrOH Mole l:l I Einst, Sec:l )
xlOz i.e, [ﬁHZ] X 109
X lO2
0.655 | 7.59 0,186
0.655 7 .30 0,213
0.855 6.91 0.193
0.5953 6,94 0.,1¢2
0,393 6,73 0.186
0.262 6.86 0,162
0.170 6.64 0,141
0.170 6.15 0.140
0,118 6,22 0,108
» -7
0.0 For yields of QH, > 10,0x10
moles, the @ is Probably
less than ° ' ‘ 0,05
(8ection 3,2)

= [%1{2] X lOo

A graph of the reciprocal of quantum efficiency
against the reciprocal of slcohol concentration for the
above light intensity is plotted (fig, 3.11). A curve

is obtained, Extrapolation to high alcohol concentration
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glves a quantum efficiency of 0,6 (fs).

Table 3,18 shows

the results that are plotted in fig. 3,11,

TABLE 3,18
|
iso-PrOH I Rinst.
- -1
Mole 1.1x10° 1 Sec., g 1
: AH 5 7
i.e.[AHz'! a02| 8] x 10°
9,17 10,9 7.17 0.515 1.94
3.93 25.5 6 .98 0.465 2.15
1,31 76 .3 6,70 0.319 3,13
0.655 153.0 7 .30 0.213 4,70
0.655 153,0 6.91 0,193 5.18
0.393 255 .0 6.94 0.192 5.21
0.393 255,0 6.73 0.186 5,38
0,262 382 .0 8 .86 0,162 6.17
0.170 587,0 B .64 0,141 7,09
0.170 587.0 6.15 0.140 7.14
0.151 763 .0 6.81 0.134 7,46
0.118 848.0 6.22 0,108 9.26
A greph of - against ﬂm%% is plotted in

2
fig, 3.12 using the results given in table 3.19, Within

the experimental error the points lie on a straight line,.
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TABLE 3,19
iso-PrOH ) -1 =
-1 I Einst, Sec. g g - o
Mole 1, 9
2 x 10 ¢2"‘ g
x10
o .
L.e. [AH,] %10
L=
9,17 7417 0.515 5.47
3.93 6.98 0,465 3,07
1.31 6,70 0,319 0,957
0.655 7,30 0,213 0,421
0.655 6,91 0,193 0.351
0.393 6.94 0.192 0.348
. 0,393 6,73 0,186 0,329
0.262 6,86 0.162 0.256
0,170 6.064 0.141 0,198
0,170 6,15 0,140 0,196
0.131 6,81 0.134 0,180
0.118 6,22 0,108 0.118
i .
z @, = 0,05

The rosults &b light intensity, /f0.8x10°° einst.

sec, one given in table 3,20,

A graph of the gquantum

efficiency against &lcohol concentration is plotted in

fig. 3.13.
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It shows that the quantum efficiency increases
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with increase in alcohol concentration from 0,013l to
0,131 mole l:l The quantum efficiency &appears to be
constent at & value of &bout 0.7 in the &alcohol concen-
tration reange 0,131 to 0.655 mole ljl Beyond 0.655

mole 1:1 alcohol the quantum effieiency increeases to

0.840 &t 1,31 mole 171 alconol . . The quantum efficiency

in 100% iso~propyl alcohol is 1.00+0.05,

TABLE 3,20
|, -1 -1
1sofPrOH;Mole 1. I Einst., Sec, p
i,e, [AH ) x 107 gl
L 2J
13.1 see section 3,4.2 1.00+0.05
1.31 0.205 0.840
0.655 0.223 0,694
0.131 0.188 0.680
0,0131 » - 0.309 0.299
0.0 For yields of QH, > 10.0x10~7 moles,
the @ is probabl®¥ less than 0.05
(section 3,2) ‘
{
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3¢5, Methyl Alcohol

3.5.1l. Thermal Reaction

During the study of reactions of %toluquinone with
methyl alcohol, testswere made to find out whether there
was any bthermal reaction, In this regsrd experiments were
performed under the following conditions, |
(1) Reaction in pure methyl alcohol in the atmosphere

| of nitrogen.

A run was carried out in which 40 ml of toluquinone
solution (2.0x1072 mole 171) in pure methyl alcohol were
left in the reaction vessel atlBS.OOC for one hour, in the
dark, with nitrogen passing through’it using one solvent
bubbler in the nitrogen flow line. Then 1.0 ml of the
solution was mixed with 10,0 ml ofvreagent solution A
(section 2,5.2) in & black conicsl flasK., After one hour
the optical density of the solution was measured against
water &t 510 mu in one cm cells, It was found that the
solution had the optical density > 2.This indicates a fast
thermel resction of tolucuinone with pure méthyl alcohol.
Because of the fast thermal reactlon, photochemical measure-
ments in pﬁre methyl alcohol, usinérﬁatrogon method for
removal of air were not cearried out.,

(i1) Reaction in puré methyl alcohol under vacuum,

-2 -
~ A toluguinone solution (2.0x10 = mole l.l) in pure



methyl alcohol was prepared, The solution (40 ml) was
degassed on & vacuum line using the apparatus shown in
fig., 2.4. The procedure for degassing hsas beeﬁ
described in section 2.3.5. After the degassing the
frozen stuff in the cylinder (fig. 2.4) was melted so
that the sblution‘could be irradiated after transferring
it to the reaction vessel, As the melting of frozen
stuff commenced, the cylinder (fig. 2.4) cracked. This
may be due to the expansion when the frbzen stuff starts
melting. The experiment was repeéted with & fresh
solution of toluguinone (2.0x10™% mole 17 in pure
methyl &lcohol, The frozen stuff was melted slowly and
carefully. In spite of care the cylinder (fig. 2.4)
cracked as the melting started. Because of this
difficulty & photochemical measurement in pure methyl
alcohol'using the vacuum method of degassing could not

be carried out,

(i1i) Resction in solution of methyl alcohol in
carbon tetrachloride.'

Table 3.21 gives the amount of toluhydroquinone
formed as & result of the thermsl re&ction in sélutions
of toluquinone in carbon tetrachloride containing methyl
alcohol, The amount of toluhydroquinone in the tolu-
quinone (anelysis described in section 2.2.1) has &lso
been shown in table 3.21. In these circumstances the

blank was 10,0 ml of reagent solution 4 (section 2.5.2)

to which no toluguinone had been added.
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TABLE 3.21

Toluguinone (2.0x10"®mole 171) in Carbon Tetrachloride
containing Methyl Alcohol

Hours ATter Methyl Alcohol | Toluhydroquine
Preparation Mole 171 Mole 171x105

2,0 12.4 2.44 in air at 20°C

in the dark

2.0 12.4 4.,15#

200 2.47 2.12 "

2.0 2.47 3 394

2.0 0.988 0.72 g

2,0 | 0.988 0.99#

-1
5 mole 1.

Amount of toluhydﬁoquinone in toluquipone¢$0.90x10"

# Solutions were degassed on & vacuum line and kept
in the thermostat &t 25,00C for half &@n hour,

Table 3.21 indicates that (i) there is no significant
thermal reaction at alcohol concentration, 0,988 mole l?% and

(11) some toluhydroquinone is produced in the solution of

toluquinone in carbon tetrachloride containing 2.47 mole l:l

end 12.4 mole 17lmethyl alcohol, whether the solution is kept
in air at room temperature (20°C) in the dark or it is degassed
on & vacuum line, Table 3,21 also shows that more of the

toluhydroquinone is formed in the sample of solution which is
degassed on & vacuum line.

Tn the photochemicel measurements &t 0,988 mole 1.talcohol
and below the blank solution was prepared from & sample of the
solution that had been kept in the dark, without degeassing,
When the concentration of alcohol in the solution was 2,47
mole 171 or sbove, irradiated solution was analysed and the
optical density was measured against water, Then a solution
containing the same concentration of tolugquinone &and methyl
alcohol in carbon tetrachloride was prepared and treated
similarly, except that it weas kept in the dark. The difference
between the two optical densitiecs was taken as optical density
resulting from photochemical reaction,
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3.3.28, Effect of Methyl Alcohol Concentration on
Luantum Efficiency _

Solutions of toluguinone in carbpn tetrachloride
containing methyllalooh01 were irradisted in nitrogen using
one solvent bubblér in the nitrogen flow line (section
' 2.2.6). The results are shown in table 3.22,

TABLE 3,22

Toluguinone (f%.Ox:LO"2 mole 171) in Carbon Tetrachloride
containing Methyl Alcohol, 365 my, 25,0%C

Me thyl Time of | I Einst. QH,

Alcohol Irragd, Sec. L Produced i}

Mole 171} Seconds. 9 Moles
| x10 x 107
12.4 . 1800 5.63 74,4 1.14
12.4 1800 3,25 68,6 1.17
2.47 2700 3.27 84,5 0,957
2,47 1800 2.90 59,0 1.13
1.24 | 1800 3.05 56 .8 1.03
0.741 | 1800 2.81 49.8 0.984
0.741 : 1800 2.74 48,7 0,947
0.494 1 2700 1.98 | 48.0 0.900
0.494 | 2700 1.78 47,3 0.982
0.247 | 3600 2.60 28,0 0.299
0.247 j 3600 2,74 61.6 0,624
0.148 | 3600 1.9 T 31.1 0,440
0.124 | 3600 2.10 26 .5 0,352
0.0988 | 5400 3,32 34,4 0.192
0.0988 | 5400 3,29  38.5 0.216
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It is clear from teble 3.22 that the results &re
satisfactory in the concentration range 12.4 to 0,494
mole 171 elcohol, Below 0,494 mole 171 alcohol the
results are irreproducible, Therefore, specisal attention
was given to purification of the reactants. Frequent
recélibration of light intensity was mede. The solu-
tions, used to purify 'oxygen free! nitrogen, were
renewed very often.

After the purification of resctants the solutions
vof toluquinone in carbon tetrachloride containing methyl
&lcohol were irradisted in nitrogen using one solvent
_bubbler in the nitrogen flow line (section 2.2.6). The
results are given in table 3.23.

TABLE 3,23

°

Toluguinone (2.0x107% mole l:l) in Carbon Tetrachloride

containing Methyl Alcohol, 365 mu, 25,00C

Methyl Time of - I Einst, QH
Alcohol Irrad, -1 Prgduced
-1} Seconds Sec. g
Mole 1% x 109 Moles
, x 107

1.24 1800 2.57 46 ,4 1.00
0.741 . 1800 ‘ 2.55 40,3 0,953
0.494 1800 2.18 377 0.963
0.494 1800 2.18 36,7 0,835
0,345 1800 1.99 34,7 {1 0,969
0.346 5400 2,04 69,5 0.630
0,346 5400 2.21 35 .2 0.295
0.247 3600 2.18 20.9 0.267
0.247 | 5400 2.15 52.3 - 0.541
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Teble 3.23 also shows that the results at high
- concentrations from L84 to 0.494mole 171 &alcohol are
consistent. Below 0.494 mole 171 alcohol the results are
erratic, |

The reason for inconsistent results was found as
follows :

A solution of methyl elcohol, 0.346 mole 1.0 in
carbon tetrachloride was prepared, The infrared
spectrum of & portion of this solution w&as recorded.

The infrared spectrum of another portion of the solution
was recorded after.passing nitrogen, using one solvent
bubbler in the nitrogen flow line (section 2.2.6),
through the solution for 45 minutes and then over the
surface of solution for‘l% hours, When these spectra
were compared, it was found that practically the whole
of the methyl &lcohol was lost from the portion that had
been treated with nitrogen, -

| | It will be seen later that the results in tables
3.22 and 3.23 below 0,494 mole 1.- slcohol sre not only
irreproducible but also the figures for the quantum
efficiency are considerably lower than those obtained
after degassing the solutions on & vacuum system (see

section 3.5.,3).
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3,5.3 Effect of Methyl Alcohol Concantration and Intensity
of Light on Quantum Efficiency

Solutions of tolﬁéuinone in carbon tetrachloride
containing methyl &alcohol were irrédiated in vacuum. The
results are shown in tablesd3.24, 3.25 &nd 5.26;

| TABLE 3.24

Toluguinone (2.0x10”2 mole 171) in carbon Tetrachloride
containing Methyl Alcohol, 365 mu, 25,00C

Experi- |Methyl Time of I Einst, Qs
ment Alcohol Irrad. Sec"l Produced i
Mole 171 | Seconds xlOé Moles
x107
1 12 .4 1800 1.82 44,4 1.12
2 2 .47 900 3.16 36,0 1.11
3 2 .47 1800 1.67 35,1 0.943
4 2 .47 1800 1.62 32 .6 0.857
5 2447 7200 0.377 37.2 1.09
6 0.988 1800 2 .86 54,7 1.07
7 0.988 9000 0,334 38,4 1.28
8 0.818 1800 3,09 55.5 0.995
9 0.618 9000 " 0,349 32 .3 1.03
10 0.494 1800 2.65 48,0 0.967
11 0.494 1800 2,50 41,8 0.928
12 0.494 1800 1.83 39,7 1.20
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The results given in tables 3.24, .25 snd 3.26
lead to the following conclusioné.
(a) TVariation of qusntum efficiency with light intensity,
The range of light intensity covered was from

° einst. seoTl

0.01x1072 to 3x10”
(i) 12.4 mole 17! alcohol

The effect of varying light intensity on the quantum
efficiency was not stgdied. The value of quantum efficiency
1

: . -9 ., -1 .
at light intensity, 1.8x10 éinst. sec.” 1ls above one

(1.12),
(11) 2.47 mole 171 alcohol

The light intensity was varied from 0.4x1077 to
3x107Y einst, secTl The results 2,3, 4 and 5 are not
reproducible. The inconsistency may be due to the thermal
reaction ( section 3.5.1 ). It has been mentioned in
section 3.1 +that although the blank solution was also
degassed on & vacuum line to &allow for the thermal reaction
yet itgés very difficult to give the solutions exactly the
same thérmal treatment., Therefore, consideration will
be given to data at alcohol concentration 0,988 mole 17t
and below. There was no significant thermal reaction in
solutions of methyl slcohol not exceeding 0,988 mole l:l
(section 3.5.1 ),
(1ii) 0,988 mole 17! &lcohol



Experiments 6 and 7 show that the gquantum efficiency

decreases when light intensity is increased from o.5x10‘9

to 2.9x10°° einst., secTt

plotted against ‘%g in fig. 3.14,

(iii) 0.618 mole 171 alcohol
In the light intensity range 0.3x10"

~ -
einst, sec,

The quantum efficiency is

2]

decreases with increasing light intensity-

(v) 0.494 mole 1.+

alcohol

to 3x10°

9

it 1s found that the quantum efficiency

Experiments 10 and 11, when compared with 12 show

that the quantum efficiency decreases with increase in

light intensity from 1.8x10~9 to 2.7x10"2 einst, sec, t

TABLE 35,85
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Toluguinone (2,0x1072 mole.l:l) in Carbon Tetrachloride

et

containing Methyl Alcohol, 365 mmn, 35,0°C

Experi- | Methyl Time of {I Einst. S
ment Alcohol Irrad, Sec=l Producead @

Mole 1,~1 | Seconds xlog. Moles

| x107

13 0.365 1800 3.2 55.3 0.946
14 0.395 10800 0,374 41 .6 1.03
15 0,346 1800 2.44 41 .8 0,953
16 0,346 1800 1.77 54,8 1.10
17 0,321 1800 1.59 27 .4 0,954
18 0.296 1800 T 1.49 24,6 0,916
19 0.296 1800 1.42 24.8 0,969
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Table 2.89 Contd,
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Experi~| Methyl Time of T Einst. | Qg
ment Alcohol | Irrad, -1 Produced g
1 ~1 | Seconds Sec, Moles
Mole 1, ) 109 7
. x . %0
20 0.272 1800 2425 33 .9 0.846
21 0.272 38600 0.676 23.0 0.946
22 0,272 7200 0.342 24,6 1.00
Qr 0.272 14400 0,077 l14.4 1.29
24 0.272 - 10800 0,044 7.13 1.50
25 0.222 2700 1.68 41 .2 0,908
26 0,198 2600 1.48 44,5 0.835
27 0.173 1800 2.52 35.3 0.779
28 0,173 10800 0.231 22,8 0.914
29 0,148 3600 | 1,77 44,4 0.696
30 0.124 1800 2 402 3349 0,745
31 0,124 3600 1.72 44,3 0.714
- 32 0.124 10800 0.185 17.9 0.894
33 0.124 21600 0,045 10.7 - 1.11
34 0.124 21600 0,025 6 .86 1.27
(vi) 0.395 mole 1.% alcohol

Experiments 13 and 14 indicate that the quantum efficiency

decreases with increase in light intensity from 0.,4x10

S

to 3x1072 einst. secT® The quantum efficiency 1is plotted

against ~%% in
(vii) 0.346 mole 1.
T@e results, 15
2.4x107° and 1.8x10"

fig, 3.14,

alcohol

and 16 obtained &t light intensity
l .

S

einst. sec.

respectively suggest

that the quantum efficiency decreases when the light



(viii)

(ix)

(x)

(xi)

148
intensity is increased.
0.321 snd 0.296 mole 171 alcohol
The variation of quantum efficiency with light
intensity was not studied. |
0.272 mole 1.0 alcohol
In experiments 20 to 24 the rénge of light
intensity covered was from 0.04x10™2 to
2x10"° einst. sectl The results show that the
quantum efficiency decreases with increasing
light intensity. A graph of quantum efficiency
against -l% is plotted in fig. 3.14 and & straight
1line is ogtained.
0.222 snd 0,198 mole 171 slcohol
The change in quantum efficiency through change in
light intensity was not studied.
0.175 mole 1% alcohol
The results 27 and 28 show that there is decrease
in the quantum foiciency with incresse in light

9

intensity from 0.2x10™° to 2.5x10"° einst. secTl
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TABLE 3,26

Toluguinone (2.0x10”° mole l:l) in Carben Tetrachloride

- o}
containing Methyl Alcohol, 365 my, 25,0 C

Experi-| Methyl Time of I Einst, QH
ment Alcohol Irrad. ~ -1 :
Mole 1.-1| Seconds DEC. ﬁggggced i
2 X lO9 /
x 10 x 10
25 9.88 3600 1.71 30,3 0.639
56 9.88 3600 1.70 38,7 0.633
37 7,41 | 3600 1,75 33,5 0.538
38 7.41 5400 1.37 4% .8 0.590
39 7. 41 10800 0.192 13.8 0.666
40 7.41 18000 0.070 10.8 0.859
a1 7,41 18000 0,039 6.41 0,913
42 6.92 2700 2 .43 35.1 0.534
4% 5,93 5400 1.58 37,53 0.437
44 4.94 3670 2.42 34.5 0.396
45 4,94 3600 2.26 56,3 0.445
46 4.94 86400 0,0125 5,42 - 0.502
47 3,95 3600 2.09 26,4 0.351
48 - 2,47 7200 57 32,3 0.285
49 1.24 7200 2,13 24,6 0.161
50 1.24 7200 2.10 22.3 0.147
51 0,618 5400 3,27 19,7 0.112
52 0.618 | 21600 0.356 8.57 0.112
;
}
5% 0.247 | 7200 1.61 12.8 0.111
54 0.0 | For yields of QH, > 10,0, the f is
| Dprobably less thﬁnIO.OS {section %,2)
i | |
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(xii)

(xiii)

(xiv>

(xvi)

: 150
0.124 mole 171 alcohol
Results 30 to 34 indicate that the quantum efficiency
decrecses with an increase in light intensity from
0.0{5:{10"9 to 2.5x10—9 einst. secTt The quantum
efficiency 1s plotted against —%% in fig. 3,14 and
& straight line is obtalned.
9.88x107% mole 171 alcohol
The effect of variation of light intensity on the
quantum efficiency was not studied,

-1

7.41x10°2 mole 1™+ =alcohol

In experiments 37 to 41 the light intensity range

9 1

covered wes from 0.04x10 0 to 1.7x10°° einst. sec’
The results indicate that the quantum efficiency
decreases with increeasing light intensity., The
quantum efficiency is plotted against QLE in

fig, 3.14, Within the experimental erfogzthe‘
points lie on &a straight line. |

6.92x10 % &nd 5,95x102 mole 171 alcohol

The effect of varying light intensity on the quantum
effioiency weas not studied.

4,94x10™% mole 171 alcohol

- Experiments 44 &and 45, when compared with experiment

46 show thet the quantum efficiency has been decreased
‘ -9
by the increa&se in light intensity from 0,01x10 %o

to 2.4x10-9 einst, secT!



(xvii)

(xviii)

(xix)

(xx)
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2 2.47%10°2 and 1.24x10 > mole 1.0 alcohol

3,95x10°
The variation of guantum efficiency with light
intensity was not studied,

0.618x10™% mole 1.~ alcohol

Experiments 51 and 52 show th&at the quantum efficiency
is independent of light intehsity’in the range

o.4x10'9 to 5x10*9 einst. sectt

0.247x1072 mole 171 alconol

The effect of varying light intensity on the
quantum efficiency was not studied,

Summary |

There is thermal reaction above 2,47 mole l:l
alcohol, It is difficult to drew any conclusion
from the results regarding the effect of light
intensity on the quantum efficiency. From 0,988
mole 171 to 0,247x1072 mole 171 alcohol the. effect
of light intensity on the guentum efficiency has
been studied at different alcohol concentrations,
The results show thet above 0.618x10 ° mole 1T+
alcohol the qusntum efficiency is a function of
light intensity., The trend is similar at &all
alcohol concentrations that the quantum efficiency
decreases with increase in light intensity. The
gquantum efficiency is independent of light intensity

at 0.618xL0"° mole 17+ alcohol.



Teble 3,27 lists the_resulté that are plotted in

fig, 3.14,

of the quentum efficiency &t infinite light intensity

It is epparent from Fig. 3.14 that the value

increases with increase in &lcohol concentration.

TABLE 3,27
MeOH I Einst.
- 1 a4
Mole 171 Sec. 3 I’gx 10
- 9

i.e. (AHEJ x 10
0.988 2 .86 1.07 1.87
0.988 0.354 1.28 5.47
0,395 342D 0.946 1.75
0,395 0,374 1,03 5,17
0.272 2.20 0,846 2 el2
0.272 0.676 0.946 3,85
0.272 0,342 1,00 5.41
0.272 0.077 1.29 11 .4
0,272 0.044 1.50 15,1
0.124 2402 0,745 1.99
0,124 1.72 0,714 2,41
0,124 0.185 0.894 7.35
0.124 0,045 1.11 14,9
0.124 0.025 1.27 20,0
74lx 1.73 0.538 . 2.40
7.A41=E 1 .37 0.590 -2.,70
7.,41= 0.192 0,666 ?.22
7.41K 0,070 0.859 12.0
T 0,039 0.913 16.0

152



153

(b) Variation of quentum efficicncy with elcohol concentra=-
tion.

Tables 3.24, 5.25‘and 3.26 show that the quantum
efficiency is dependent on light intensity. Therefore, to
study the effect of alcohol concentration on the quantum
efficiency the results &t different alcohoi concentrations
but at approximately constant light intonsity (1,8£0,3x107°
einst, sec7l) were considered. The results aie given in
table 3,28, The quantum efficiency is plotted against
glcohol concentration in fig. 3.,15.

TABLE 5,.28

MeOH Mole 171lx10° I Einst. Sect i
- Y )
i.e. [Aﬁa)xlo x 10
%2 .1 1.59 0,954
29,6 1.49 0.916
22.2 1.68 0,908
19.8 1.48 0.835
14.8 1,77 0.696
1204: li?z 00714:
9.88 ‘ 1,70 0.633
7.41 1.73 0.538
5.93 1.58 0.437
2 A7 1.57 0.285
1.24 2,10 0,147
0.247 1.61 0.111

It is clear from fig. 9.15 that the-gquantum efficisency increases

with increase in alcohol concentration from O.247x10-2 to



Varjation of ;{ with [MeOH]

- =1
I=1-803x logEinst.Scc.

FIG.3:15

(&)

[EaN

25



155

32.1x10 % mole 17% This trend of increasing quantum
efficiency with increase in aldohol concentration also
occurs from 52.1x10~ to 0,988 mole 1.- Above 0.988
mole l:lalcohol the thermal reaétion‘is responsible
for the irreproducibility of the results, as mentioned
already in section 3,1,

Teking flo =1 and @, = 0.05 & graph of g -2
against %kHé] 1s plotted in fig. 3.16 using the 2"
results shown in table 3,29, A straight line in the

concentration range 0.247X10'2 to 24.94110'a mole l:l
alcohol is obtained,
TABLE 3,29
MeOH Mole 1% T Einst., SecTt g p -2,
o ’ -
x 10° i.e. x 10 Po- £
2
@Hg‘xlo
4,94 2426 0,445 : 0.71L2
3,95 2,09 0,351 0.464
2.47 1.57 0.285 0.329
1.24 2.10 0,147 0.114
0.24% 1,61 0.111 0,069

' 3.5,4,Effect of Toluguinone Concentration on
Quantum Efficiency

Solutions with different concentrations of toluguinone

in cearbon tetrachloride containing methyl alcohol were
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irradiated in vacuum, The results are shown in table 3.30,

TABLE 3,30

Toluguinone in Carbon Tetrachloride contalnlng
Methyl Alcohol, 365 mu, 25.0°C

Toluquinone{ Methyl |Time of |I Einst, SHy
-1 Alcohol jlIrrad. sec™l Produced g
Mole.. 1, Mole 1:1 Seconds xlOé Moles
x 107 x10
2.0 0.247 3600 |1.72 54,0 0.874
6.0 0.247 1800 3.16 50,0 0,879
0.67 0.124 1800 1.60 23.6 0,818
6.0 0,124 1800 2.98 40,7 0,758

Table 3,30 indicates that the quantum efficiency is

independent of toluguinone concentration.
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4, DISCUSSION

4,1, Maximum Quentum Efficiency and Mechanism

Toluquinone is reduced to toluhydroquinone in the
photochemical reaction with iso-propyl alcohol
/Serutton (31)7. In the systems described here, there
was no evidence of formetion of side products from the
toluguinone. Atkinson and Di (1) detected the presence of
& side product in the photochemiceal reactions of benzogquinone
with ethyl and propyl alcohols. This side product wés
thought to be present in smell quantities, No side product
was observed by Scrutton (31) in the reaction of toluguinone
with iso—propyl alcohol, It will be assumed that tolu~-
guinone is reduced to toluhydroguinone only, The product
from methyl alcohol wés formel dehyde. The product from
iso-propyl alcohol was not analysed but it was assumed to
be the same-as in the corresponding reaction with benonui-
none i.e. ascetone /Ciamician end Silber (22)7.

Evidence has been presented in section 1.1 that the
photochemical reacﬁions of guinones with alcohols proceed
by & hydrogen atom transfer to the excited quinone., The
reactive excited state may be either the triplet or the
singlet state, First the relationship between meximum

quentum efficiency &nd mechanism will be discussed for
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reactions initiated by the singlet state only.
(1) - A meximum quantum efficiency of 0.5 will be given

by the following sequence of reactions

Q + h\) a
L AHZ E ‘),H + AH (2)

QH + GH NEE G, (8)
AH + AH k9 5 &+ b, or (a), (9)

In this sequence free radicals are lost by biluolecular
a
reactions between like rgdicals,
(i1) 4 meximum quesntum efficiency of 1 will be obtained by

the seguence :

Q + h ~ O
— 7 3
7
WO+ @ s g e o+ oa, (8)
Q + &H 1 > G+ A (11)

Here the alcoholic radical, AH is reactive towards Q and
‘reaction (9) is omitted, The product, A,must now be an
sldehyde or a ketone depending on whether the alcohol is
primary or secondary,

(i1i) If remctions (2), (8), (9) and -  (11) &ll teke



Place i,e.,

Q + h >
£ 4 AH kz

% 2 " >
QH + QH 8 >
AHE +  AH kg -

7
Q + AR kil/ N

>

+ AH (2)
+ QHZ (8)
+ Aﬂa (9)
+ A (11)

“the maximum guantum efficiency will be between 0,5 &and 1.

An incresse in light intensity will move the quentum

efficiency towards 0.5.

(iv) The quentum efficiency can be more then 1 if the

processes involved are

+ h)) ' E

B
fv

or

i

8@ € B Buw ©
=
fv

+

+

AH (2)
H, (8)
Al (9)
A (11)
AH (12)

Reactions (11) and (12) provide the cycle of & chain
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reaction. The chain length will be large and the quantum

efficiency will be more than 1 if resctions (8) and (9)

become relatively unimportant;

The chain length will

decrease with increase in light Intensity.



(v) A maximum quantum efficiency of 1'canelso be obtained

by “the combination of processes :

Q +_ h \} > Qg

G o+ s, 2, @ + & ()

AH + AH kg « A + AH (9)
7 _ 2

GH O+ AH, Kio. ( Qd. + AH (12)
7 2

l6l

Here the semiquinone, QH,is reactive towards alcohol When

the alcohol concentratlon is reduced, the quantum efflclency

will decrease from the maximum valwe due to increasing

influence from

H o+ oH kg < Q + H (8)

In the above discussion the reactive species has been
assumed to be the singlet state., On the other hand if
the reactive species is the triplet state, the maximum

quantunm efficiency will be given by

k 5
— ST
ﬁmax. = I XN =MEXN
_ kls ST
where,
n = 0,5 or 0,5-1 or 1 or unlimited as for the various

mechanisms given above, -

kST and-kls &re the rate constants for the reactions *
k : '
dg ST Qﬁ (sT)

x K
QS S

Q (18)

NN
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where,

Q Excited quinone in singlet state.

W M

Excited quinone in triplet state.

i

S
Whichever of the excited states ig reactive, lower
values of quantum efficiency are obtained if quenching

processes of the following types are involved:

oF + Aﬂz ke 3 Qo+ MH, (3)

F + 2 Ky NEEEE (4)

QF + QH, _*5 y @+ GH (5)
) V4 2

in the present work the concent?ations of guinone were

not sufficiently high for reaction (4), For the present ,
reaction (5) will be left out of consideration, though

it influences the photochemical reactions of duroguinone
and chloranil /Scrutton (31)/,

At low aslcohol concentrations, the competition

between
- k } ) . '
Q 1L 5 Q Iinternal conversion (1)

, X k )

and QFAH, __ 2 S\ QH+AH o (2)

will lead to & fall in gquantum efficiency. The efficiency

of formation of semiguinone free radicals will be given
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by,

by * k[ A ]

It will bem times for reaction of the triplet state (for

m see page [161).

Even when the slcohol concentration is high there
can be some loss of quantum efficiency because of the cage
effect. The cage effect of solvent can be expressed by the

following equaptions :

oF + am, _2A o (3Hem) © (2a)
- :
(QH *4H) =24 5 R + AH, (-24)
~ (QHAH) 2B 5 oE + 4H (2B)
k refers to the recombination of free radicals in the

=24
solvent cage., The efficlency of formation of free radicals

will be given by,
k

g, = 2B | (4B)
Kpp * kaga :
sz may depend on the molecular welght of the solvent

molecule, being lower for heavy solvent mdlecule.
From equations (44) and (4B) the overall efficiency
of formation of semiquinone free radiéals will be : \
ﬁrc = ¢r¢c

It will bemm times for reaction of triplet state.
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A = 5 + 1
oo TR 7o

The vearious different mechanisms, (i) to (v),

pages 159t0 18 show how different relationships between

¢r¢ and the resultant ﬁQHz can arise, If ﬁQH2=bonstant x
' 1

B

‘against 1l will be a straight line at low &lcohol

: ¢r0 (constant being 0,5 or 1), then a graph of

concentraﬁ?%ns and the quantum efficiency will be indepen-~
dent of light intensity.

On the other hand mechenisms of type (iii) and (iv)
give & relation, '

¢Q32 =,j{(1, AHg, Q) x £,

and each such system must be considered individually.

_Carbon tetrachloride, solvent,gives a photochemical
reaction with toluguinone &nd the product of reaction has
been sssumed to be toluhydroguinone (section 3.2). So

the reasction will be written @
k

Q (+8) 6 ) W,

There is no accurate'Way suitable Tor allowing for the
reaction with carbon tetrachloride in the presence of
alcohol. The contribution of reaction (6) decreases

during & run because of inhibition of the reaction by

toluhydrogquinone. This possibly runs through the
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mechanism :

Q*(+8) , QH + ox

QH+QH - X Q + QHB

x +QH, 3 S + QH
In the following sections reaction {(6) will be included
in the mechaniém. Its contribution will be judged from
extrapolation of results taken in the presence of alcéhol.
In general this leads to & guantum efficiency of about 0,05
for the reaction in pure céarbon tetrachloride, & value
corresponding to appreciabié inhibition of the reaction by

toluhydrogquinone.
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4,2. Reaction of Toluguinone with Cyclohexens

The photolysis of toluquinone in cyclohexane yields
toluhydrOQuinone.

The msximum quantum efficiency in 100% cyclohexane
(9.3 mole 17%) is 0.49£0.015, which is independent of
toluguinone concentfation &nd light intensity.

The fall in gquantum efficiency from 0,4940.015 to
0.35 when the concentration of cyclohexane is reduced
from 100% to 10% with carbon tetrachloride, has been
attributed to the cage effect (section 3,3). It cannot
' Dbe caused. by variation in k), the rate constant for
internal conversion because already at 0.279‘mole l:l
(3%) cyclohexsne concentration the guantum efficiency
has reached & steady value, corresponding to efficlent
reaction of the excitéd state with cyclohexane.

The fsll in quantum effipiency at very low
cyclohexane concentrations is that expected in & system

in which internal conversion,

F K g | (1)
; > ,

is competing with reaction,
oF + AE K, QH+AH (2)

For the concentration range 2’7.93:10'-8 to 0.9’53:10-Z



187
mole l:l cyclohexane, valuesof _1 have been plotted

against _1 __ &nd & straight line is obtained (Fig.3.3),

There is also & resction of toluguinone with carbon
tetrachloride, apparently giving hydroguinone;

As the maximum quantum efficiency is about 0.5 and
there is evidence for loss of efficiency by ‘the cage
effect in carbon tetrachloride the probable rezction
mechenism is (i) of section 4.1 with the addition of
allowance for the cage effect, and of reactions (1) and
(6) at low cyclohexeane cOncentratidn end for the resction
of toluguinone with carbon tetrachloride respectively. _JJ
is included to cover the possibility that two different
excited singlet states are formed, one of which does not
react, For cydlqhexaneab is one but it will be retained
below to make the treatment generally applicable, The
reactant is almost certainly the singlet state because it
is unlikely that the triplet state could be formed with
100% efficiency. . Because of the cage effect (see page 163,
ko = kEAlﬂé where QE changes for major veariations in the

solvent composition, The mechanism is

Q@+ ay) 5 98 Rate = o (I}
Qg ' e Q ‘internal conversion (1)
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Qg + M, Kop ﬂc N GH + AH | , ;} (2)
QF + aH, “oa(1-g,) Q + 4H,

Q*S‘ (+3) k_s s r (6)
QH + Qi ___gg_) W, 3 -_g_gzﬂ__zksmi (8)
AH + AH 9 . A%AHp ; _ ggml = I, [2] (9)

-1
[iT is the light absorbed in einst, 1. sec.l
Assuming & statwcnary concentration of AF

-

Ll = (0« 7P ¢ o @)

oF = &A1 : © (4.2.1)
Iy tg e, (AR

-

L]
*®

At & stationary concentration of QH radicals,

d };EHI =0= kg, By (7] Lamg] - kg VJH}Z

or {UH}B - kb =] \:Aﬂzl (4.2.2)
' | X

From resction steps (6) and (8)

a {&Hg]_ ke, [27] ky |o 2 (4.2.3)

Substltutlng the values of &,] EQH}Z in

equation (4,2,3) -

alamy] _ x, oL[Ij - ;kBA’Zé’L[I} [40ig]

at oy #grhy, [Hg) 20k +kgte,  [AH] )
(kg + ky, B [ar] ) L[]
2 (i) #k gty EAHzl )
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g =_4 8 /[I] - (exg + kpp B [AHZ‘)) L (4.2.4)

ar 2l + kg + kpy [Ap] )
| " |
k! - 6 =
Nhen[ 2]‘ 0,8 = - ? (4.2.,5)
: 17 %
When lAH\ is high, fh= % & 7, (4.2.6)

From equation (4.2.4),

(o #ig) @+ ky, (M) # = kgdo + Ky B, L fam)
°r¢+$§t‘f%; (48, ¢=Ellf%§"+%¢“(’kiﬁ [1a1, ]

oF —;% éc&-ﬁ N k] 1:2126 [AHB}

or _;B_:_éo__ - Eiﬁkﬁ _ Jemg] \ (4.2.7)

Where ¢2 is constant only if f, is constant.

In pure cycldhexane, ;252 = 0,49%0,015 = % a{/ﬁc.
Thusd/=1 and ¢f =0.98+0,03 for pure cyclohexane.
In 0,279 to 0,93 mole 17t cycloherne in carbon
tetrachlorlde, @ is constent at 0.35 and
therefore # = §, = 0,35. Withol= 1,

¢c - _0'7'

Taking ¢2=O.55 end $,=0,05, & graph of g - 9
. - 2~
against [Aﬂa] for 0 to 0.93 mole 17% cyclohexane has
been plotted in fig., 3.4. A straight line is obtained
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whose slope, kZA = 50,8 1, mole:l

Ky e
It is important now to consider whether or not the
values of ¢c given sbove are reasonable. In pure
cyclohexeane g = 0,49+0,015, Teakitig the lowest permitted

velue, 0,47 for fy, #, = 0,94, This can be written eas:

k

2B
bo = K 55 = 0,94
sz . s
.
from which, . ke = 15.8.
K24

kBB is dependent on the molecular weight of .the solvent
molecule, being lower for heavy solvent molecule. The
molecular weight of carbon tetrachloride is 1.83 times
that of cyclohexane, Therefore, it may be assumed that
the value of kyp in -carbon tetrachloride solution will

be about half the value in pure cyclohexane,

When _ 2B is halved, ¢é will be given as @
kvg :
-2A .
B, = _7.9 = 0.88
- ° 7 O+L
s By = 0.44 (=1,

Fxperimentsl results show that &t 0.279 mole 17T

cyclohexane in carbon tetrachloride ;ZIC = 0,7, This
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corresponds to & value for kZB of 2.35., A change in

t k k- A
the radio, 2B _ from 15.8 T8 2.33 for & change from

bure cyclohex;%é to solution in carbon tetrachloride is

not reasonable, As shown above & change from 15,8 to 7.9

would be reasonsable, though even then the 15.8 is derived

by using the lowest permissible value for ¢2 in cyclohexane,
Thus it is desirable to consider an alternative

mechenism in which the maximum guantum efficiency is‘l and

the value of about 0.5 in pure cyclohexane arises becsause

the cage effect is already reducing # in that solvent. The

alternative mechanism is (ii) of sectidnb4.l with the

addition of allowance for the cage effect, internal con- ’

version freaction (1)7,and reaction (6), the resction with solvent,

Q+hy) 5 OF Rete = ol [I]

Qg Ky N Q internal‘conversion : (1)
Q§+AH2 ._k_zg__}’_’g} W+ A } (2)
QF + 4H, sz(1—¢0)> Q + aH,

of +s) Yo o am, | (6)
OH + OH Kg S QHUEg; - d[d%ﬁ] = kg [Qﬁjz (8)

o +am M1 oames (11)

By applying the stationary state treatment,
|
- (k6+k2A. ¢C [_AHZ.J )ak (4:.2‘ 8 )
kytgthy, [ AHy ] |




when [AH ) = 0, ¢ ="___E§f§~_ =g = 0,05
24 qu.k o}
: 6

when \LAH2} is high, @y = ¢CJ\

In pure cyclohexane, ﬁz = 0,4940.01L5 = ¢c¥~

Wwithol = 1, #, = 0,49¢0.015, |

From 0,272 to 0,93 mole lfl cyclohexane, P is constant
at 0.35 and therefore § = §, = 0,35, Withe = 1,§,=0.35.

From equatioﬁ (4,2.8 ) and substituting for ¢O and ¢2

we get,
g - ﬁo k
= 2N [AH ]
- k. +k 2.
¢g g 1 l6
Agein from fig. 3.4, __E§é-_ = 50.8 1. mole?

o+ ke
Ag the value of k6 is small, the ratio

k;A : is close to tho ratio Dbetween
A

R

the rate constant for reaction of the excited state and

[AN)

i .k

that for internal conversion. The significanee of the
Tigures obtained will be discussed later.

The vealuesof ¢c derived from this second mechanism
must now be éxamined to See if they are reasonable,

In pure cyclohexane,

g = 0,49 ,

o 2B = 0.98

-2A
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At 0,279 mole 1:1 cyclohexane in carbon tetrachloride,

9!0 = 0,35
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This will correspond to & value of 0,54 for sz .

k—2A

lReduction of thelratio from 0.96 in pure cyclohekane
to 0,54 in carbon tetrachloride solution is reasonable,
Hence the more likely mechanism for the reaction of
toluquinone with cyclohexane is the second one given
above, The key step in this mechanism is,

k
Q + AH 11 N QH + A (11)

in which radicals, AH are lost by reaction with quinone,

Inclusion of reaction step (11) in the scheme is not -
unusual, Pitts, Jr. and co-workers (60) propose this type
of reaction in the mechanism for photolysis of benzophenone
in iso-propyl alcohol. As &a result of reaction between the
alcoholic free fadical and the benzophenone the quantum
efficiency for formation of acetone is close to one,
Bolland and Cooper (7) include & reaction of this type in
the mechanism prop?sed for the aﬁtoxid&tion of ethyl

elcohol photosensiﬁized by anthraquinone - 2:6=- disulphonate,
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4.5. Reaction of Toluguinone with iso-Provyl
Alcohol

The meximum quantum efficiency in 100% iso-propyl
alcohol is about 1, &and it does not appear to be dependent
on toluguinone concentration or light intensity. The
product, toluhydroquinone does not retard the photolysis
of toluguinone in pure iso-propyl alcohol.

There is no retardation of the reaction by toluhydro-
quinone &t 1.31, 0.131 and 0.0131 mole 1. iso-propyl
alcohol in carbon tetrachloride.,

In the solutions of iso=-propyl slcohol in carbon |
tetrachloride, the effect of light intensity on the quantum
efficiency is very complicated.

The experimental resuliscorrespond to the‘following

three light intensilties :

-9 -
(1) medium, 1.84£0.4x10 = einst. secTt
(ii) low, [ 0.2 x 1079 einst. sec:l

(11i)  high, 7.040.5x10™° einst. sec,
Fig, 3;7 is & graph of quantum efficiency
against alcqhol concentration at medium light intensity.
This shows that the gquantum efficiency increases with
increase in &lcohol concentration to & figﬁre of 0,5 at
0.131 mole 1:; aleohol., A most unexpected feature is
that beyond 0,151 mole 17" &lcohol there is & minimum

&t 1,31 mole 1.-l &lcohol in this graph.
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Fig. 3.8 shows that in the range 0.0393 to 0.131
mole l:l a&lcohol the reciproceal of guantum efficiency
varies linesarly with the reciprocal of alcohol concentra=-
tion, The straight line extrapolates to the quantum
efficiency, 0.714, which may be regarded as the gquantum
efficiency that would be observed at about 1.3l mole lj
alcohol &and above if it were not for two additional
features in the behaviour of the reaction. One feature
is the minimum mentioned &bove, The other is the increase
in quantum efficiency to about 1 in going from 50% to
100% alcohol.

When the results at medium light intensity are
compa:ed with those at low light intensity,ﬁg/O.Bxloqg
einst, sec:l it can be seen (fig, 3.6 &nd taﬁle 3.11)
that oxcept at 0,0151 mole 1.~ alcohol the quantum
efficiency increases with decrease in light intensity.
The results at low light intensity indicate that the
quantum efficiency levels off at a figure of about 0.7 (fig 3.13)
in the range bf alcohol concentration, 0,131 to 0,655
mole 170 This is the seme ssymptote as for % 2x107°
einst. sec:l intensity but it is reached at & lower
alcohol concentration.

The results at high light intensity, 7,040.5x10

einst, seci- have been plotted in fig., 3.10.
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This‘shows that the quantum efficiency rises asymptoticeally
with increase in alcohol concentration to & figure of sbove
0.5 at 0,0917 mole l:l Although the asymptote for this
range of concentration is not above 0.6 (see fig.3.11),
there is & further rise to a quantum.efficiency of about 1
in undiluted iso-propyl alcohol,

An unexpected feature of results at high light
intensity is that the quantum efficiencies are slightly
.higher than those at medium light intensities. Thus the
trend observed from 0.2X10~9 to 2}:10.-9 einst. sec::L is
not continued up to 7x10" 7 einst.‘seo:l No explanation
for this change in trend has been found,

As mentioned above the extrapolated ﬁalues of
quantum efficiency in dilute solution rise asymptotically
to values of 1ess than 6ne. This may be attributed to
the loss of gqusntum efficiency'by the cage effect, In
undiluted iso=-propyl alcohol the quantum efficiency is
close to one, indicating that the cage effect then has
little importeance, o

The mechenism may be similar to that given on pages]ﬁ?éleB
with the addition of reaction,\

K \
8

H + AH, 12 QHy + AH (12)
which allows the quantum efficiency to rise above 0.5

and introduces & variation of quantum efficiency Wi’ph

light intensity.
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It will be seen that this mechanism does not explain
- many features of the results but it provides & basis for
discussion., It is the mechanism found by Atkinson and
Di (1) to fit the results on the photochemical reactions

of benzoquinone with alcohols, The mechanism is -

X e
o+ hv - S Rate —oL[I]
QF 1 «~ Q internal conversion (1)
/
Qg + AH, o0 % 5, O+ AH o)
Q:+ AH, Ko (1¢)> Q + AH,
AE k ’
Qg (+s) 6 > Yy (6)
QH¥QH g N tmz,-a[gg! i, () (8)
K alag).  _ 2
AH+AH 9 N AﬁAHB ; 5 ko[AH]~ (9)
QH+AH,, K5 \, QHy + AH (12)

By applying the stationary state treatment we obtain,

-8,

Tﬁ =X k. +k6 ] %E‘ W [IJ fz

ATAHZ o 7 _
G 4o 0

(4,3,1)

where,

¢O B Ke L. =0.05, the quantum efficiency for reaction
~ ky+k
176 with carbon tetrachloride.
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¢2 = ¢CoL y The value of quantum efficiency at high
values of _Lfﬁgl___ .

(1]

According to equation (4,3 .1 ) a graph of @ - &g

against [Asz at very low light intensity should be a
straight line, There will be deviations in this relation
with the increase in light intensity, because the signifi-
caﬁce of second term in the equation will increase with |
increase in light intensity.

Taking fg = 0.714 (from fig. 3.8) and § = 0.05,the

g

results at medium light intensity, 1.9+0.2x10 ° einst,

sec it are plotted in the form g - %o against[:Aﬁz]

go- 0
in fig., 3.9, The points lie on & straight line with

the exception of one at 0,0131 mole 17t alcohol,
. k -
the ratio, _ 24 = 16,7 1. mole;l Points above 0.131
L kl+k6
mole 1.  &lcohol have been excluded because they obviously

fall low (see above). The point plotted for 00,0131

mole l:l alcohol is &t & light intensity of 2.5x10-9

1 and this may be partly responsible for it

einst, sec,
not lying on the line. However it must be accepted that

results at low alcohol concentrations may deviate from

the line,

At low light intensity, 0.3x10™°% einst. secTd



there is one measurement at 0,0131 mole lfl alcohol
which gives a quantum efficiency sufficiently below
the asymptote for it to be used in calculating Eaﬁk .
This ratio was calculated according to the relatio%,

k

2A - - '
-6 - [aH,]
taking ¢8 = 0,714, ¢o = 0,05 and @ at 0,0131 mole l:l
alcohol, 0.299 (see table 3,10), The value of Kop

Ko
. -1
is 46 1, mole.

However it has been mentioned above that this
measurement must be regarded with suspicion, It is
possible that # is low, in which case the value of the
retio will be sbove 46 1, mole,

The results st high light intensity, 7.0+0.5x107°
einst. sec. ]l plotted in fig, 3.12, taking fp=0.6 snd
#,=0.05, give 24 _ 78.6 1. molel' The plot

kit kg |
1s linear within experimental error &nd 1s appliceable
to &lcohol concentrations below 0.131 mole 1.

It is possible to make & rough assessment of the

value of %1 12 by fitting equation 4.3,1 to points

at the two k8 lower light intensities &and at 0,131

mole 17° éleohol. With Ko _ 46,0 1. molerr
kl+k K
g, = 0.74 and §, = 0.05, the vilue obtained for 12
l -
-5 ) '_' 2 k2
8

is 76.,0x10C l mole ~ sec,.
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(ii)

(i1i)

(iv)
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The mechanism does not explain the low value of
gquantum efficiency &t medium light intensity at 1,31
mole l:l alcohol.

It does not provide an explanation for the slight
increase in the gquantum effifiency in going from
medium to higher 1light intensities.

In strong élcohol solutions it would glve an
asymptotic value of quantum efficiency independent
of light intensity. The results at medium and

low intensities lead to the asymptote of about 0.7,
The asymptote &at high intensity is lower at 0,6,
Above the'asymptote the quantum‘efficiency should
vary with £, (psage 163) but be independent of light
intensity. In 100% iso-propyl alcohol @, is one and
the quantum efficiency is independent of light
intensity. Because of the fast thermal reaction it
was not possible to carry out accurate measurements
ét very high concentrations of alcohol, |

The best test of the mechanism would be to fit the

results quantitatively to the equation showing the

variation of quantum efficiency with light intensity

/Atkinson end Di (1)7/. When looked at over the whole

renge of light intensity equation 4,3,1 does not hold

properly though quslitatively the results in certain

ranges follow the same pattern.
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(v) According to the mechsnism the graph of % - gg
| | 2"

against [;AHZJ should be a streaight line &t low light

intensity. It is interesting to note that the

results &t high 1light intensity also give the same
relationship, though the slope changes with light
intensity as predicted.

To understand the behaviouf of the system further
work is required, When it was found that the photochemicsl
reactions of toluquinone with methyl &@lcohol obey a simple
theory it was considered worthwhile to divert attention
towards the study of that system,

In the discussion of this system the association of
methyl &lcohol molecules in carbon tetrachloride will be
considered, It is worthwhile to meéntion here  that for
0.136 mole ljl iso~-propyl alcohol in carbon tetrachloride
the concentration of monomer is 0,120 mole l:l The
results that have been used above in trying to fit a
mechanism are taken at concentrations below 0,136 mole l:

alcohol.
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4,4, Reaction of Toluguinone with Methyl Alcohol

The maximum quantum‘efficiency is above 1, which
indicates that the reaction takes place by & chain
process,

The fall in quantum efficiency at very low alcohol
concentrations in the range 1,24x107% to 0,247x1072
mole l:l can be explained by the usual assumption thatb

the internal conversion,

A R (1)
is competing with reaction,
AE k
QF + AHg 2 QH+AH (2)
A quantum efficiency above 0,5 can be explained by
introduction of either of the following two reactions :
Q + AH k’g ; QH + A (9)
W + AH kg QH, + AH (12)
2 —18.5 U |

(see mechenisms (ii) and (v) of section 4,1)

When the quantum efficiency is above 1, both the
above reactions must be inclqded in the scheme. It will
be shown that the results can be fitted withoubt the

assumption of &ny loss of quentum efficiency through the
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cage effect, Therefore the reasction mechenism is (iv)
of section 4.1 including the reactions(l), internal

conversion and (6), for reaction with solvent.

Q + hy X Rate = [T |
Qg ! S Q internsl conversion (1)
% k . |
Qg T AHE 2 > QH + AH (2)
4

X L 2

QH + oH SN Q+Qﬂ2,_gat%lﬂ=k8[QH] (8)
X

Q + AH 11 > QH + A (11)

QH + AH, 0 \, QH_+ AH | (12)

_ 7 2

Assuming & stationary concentration of Q¥

A1) = x LR+ k(%] (am,) + kg [Qﬂ
s [@®] = A L1] | (4.4,1)
Ky Feg iy | 2]

At a stationsary concentrétion of QH radicals,
alom]_ , ’
438= 0 = 1 [0 [ap] + 1y [a][an) - xg[]® - 1y p[0] [45,]

(4,4.2)

At a stationary concentration of AH radicals, 4 [AH]=Oi
o at
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s any] + g, Corlamg] - xyy [ @)(a) (6.8.5)

From equations (4.4.2) and (4 4,3),
kg [aa]® = 2 K [QKJ[AHZ] |
or [O,ﬂ} IZKZ Kl [Asz} (4,4,4)

From reaction steps (), (8) snd (12),

: ‘—QHZJ = kg [Q ] +3 ksEQsz * K, [QH][AHZ] (4‘4;5)

Substituting the values of [Q%] and [QH] in equation (4,.,4.5),

1 98p] _ kgl L1] o[ 4] oL [T] {ékz[AHZ];(,[I]

2
as kl+k6 VK, i) Ky kg vz [ Ay) 1zl oy g 1 ke ™y [AHZZ})}

(4,4.6)

!
. %,
alaz;) kg ol .k [AH] L 2k, [am,) o
?""—*—“dt / = k) *ke +k [ A, klik6+k2£m2] +k12[AH3]E§[%j(E§+k5+k'g [A'Hg

o)

=ék§;k§£ﬁi%)&+ kia [AHZ]“ 2? EABZ]OL D e =2x (4,4.7)
Rt R e | R (]
Equation (4.4,7) expresses @ as a function of alcohol
concentration and intensity of light.
According to equation (4,4,7) at constant alcohol
concentration, a plot of 4 against k 1l should

T T
&I] I’
‘glve & straight line, whose intercept _ - (k6+k2[AH ] )dz(é 4 8)
kq Hg k| Ap]
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1 o
2
and slope = [AHBJI 2ko [AH.%] A (4,4,9)
Ky +Eg 7K, LAHBJ
[I]% is the light absorbed per litre and I,the light

absorbed in the reaction vessel, in units, einst. sec.

. .
When Em2}= 0, @ = T%'KLE_ = g, (4.4.10)

In equation (4.4.7),when [AHZ] is low or when the light

intensity approaches infinity, the second term will vanish

and
+k. |
{heg e L] ) (4.4.,11)
kl+k6+k2[AH2]
or - ‘ |
i %o . [AHB] | (4,4.12)
According to equation (4,.,4.12) & greaph of Q - &0
against [AH ] has & slope, kZ .  To examine thls
+k
-2
function the experimental results in the range 4.94x10
to0 0.247x10™2 mole 1.1 alcohol were used, The guantum
efficiency is not significantly dependent on light intensity
at 4.94x10-2 mole l:l alcohol while it is independent of

light intensity at 0.247%10"% mole 1% alcohol. g, was

taken as 0.05, A straight line was obtained when A was

taken &s one (see fig, 3.16). This provides some
Justification for neglecting the cage effect in the
ot k
mechenism given above., From the slope, the ragio Zk =13.0 1.
o+

- kl
mole.
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Above 4.94x107% mole 17F alecohol the values of quantum
efficiency were calculated at different &alecohol concen-
trations by using the equation (4.4.11) with

k -1 J,
—2_ =13,0 L.mole = andd= 1. These
k, +k

6 .

values of quantum efficiency correspond to figures at

g, = 0.05,

infinite light intensity. These calculated values (see
table 4,1, ¢[§H2] ) were plotted on the ordinate of
graphs of @ against i (fig: 4.1, shown as A)., It was
1°
found that all these figures were higher than those obtained

TABLE 4,1

Calculated values of guantum efflelency at
Anfinite light intensity

g < - lkgtks [m?] )
iy ¥ ¥y [AH |
k6 ) ’
— = F =0.,06 Ao = 1
Kk, O
k | =1 .
2. =13,0 1, mole- (from fig. 3.16)
K, +K
6 .
Methyl Alcohol ??Hj]‘Methyl Alcohol %M]
Mole 170 i.e. fAH,] 2l |Mole 17 ive.fp
0.988 0.931 0.281 1 0,796
0,395 0.845 0,203 0,739
0,272 0,791 0.172 0,707
0,124 0.636 0,108 0.605
0.0741 0,516 0,071 0.506
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FIG:4-|

Lines  Calculated

Points Experimental

.[MCOH] ’
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0] 0395
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c -2
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by extrapolation of the experimental results at the
corresponding alcohol concentrations. This led to the
postulation that the rate of reaction is affected by
association of alcohol molecules in carbon tetrachloride.
For the equilibrium,

N (MeOH) N (MeOH)
N

N .

various values of X and N have been suggested by various
workers on the basis of studies over various ranges of
alcohol concentration in carbon tetrachloride. A

summary of quantitative work on the asgociation of slcohol
molecules in carbon tetréachloride is given in tebles 1,15
and 1,16, For the present purpose the results of

Saunders and Hyne (46) were the most satisfactory ones

to use, From the relevant total alcohol concentration

the concentration of monomer,[ﬂ&] was calculated using
their values of N = 4,'K = 28,4, Fig, 3.16 and the constants
derived from it wére not affected by the assumption that
only monomer was reactive. Values of quantum efficiency
corresponding to infinite light intensity were calculated
at different alcohol concentrations above 4, 94x107%

mole l:l using [_M ] instead of {jAﬂz] in equatlon
(4.4,11). These values are given in table 4,1 &s [M] and
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are plotted on the ordinate of graphs of ﬁ against __ 1

| %
(fig, 4.1, shown &s B), It can be seen from fig. 4.l
that these values fit fairly well to the experimental
results, |

Using the cslculated value of quantum efficiency,
Py ar ()= 0.108 mote 170 ([am,] = 0.124) s

intercept in the graph of ¢ against ‘%I a straight line
]

fitting to the experimental results at this alcohol
concentration was drawn (fig. 4,1), [;note I is the light
absorbed in the reaction vessel, [I] is the light
absorbed per litre, in units, einst. sec?l_] . From the
slope of the line and maklng use of equation (4,4.9), the

1 1

ratio _E;Q_ = 14.4x107 12 mole ° secT?, when 2 =13,0 1,
2 ky kg

-1 8 -5 _% ~% -k

mole  and L, =1. This value of 14,4x10 ~ 1% mole * sec,?

for the ratio _Eig_ was used to calculate the slopes &t
K=

8
other alcohol concentrations so that the positions of

theoretical lines in fig. 4.1 could be determined &t

various alcohol concentrations,While drawing the theoretical
lines at various alcohol concentrations the calculated
values of quantum efficiency, ¢[MJ at infinite intensity
(table 4,1) were used as intercepts. From fig, 4.1 it

is clear that the theoretical lines fit fairly well to

the experimental results.



Calculated values of quantum efficlency &t various
alcohol concentrations and at light intensity, 1.8x10°°
einst. sec:l are given in table 4.2. These values are
plotted against the alcohol concentrations, [BE] in
fig. 4.2, The experimental figures for the quantum
efficiency have also been plotted on this graph, The

- calculated curve fits recsonably to the experimental

résults.
, ?ABLE 4.2 .
AP e P P
1kgtep L] k2 e e[l [1)E
_ k, ~1 -5 _% -3
L =1, EI%EB = 13,0 1, mole, ™, _Ei%__ = 14,40x10 ° 17 mole “sec
8

Assumption: monomer-tetramer model;and‘iAHé]replaced by (}M]

[I] = 4;5x10-8 einst.sec:l l:l

(T = 1.8x10"° einstesec, )

Methyl Alcohol i
-1 M p
Mole 1, i.e.[AH2] ’
0.0124 : 0.0124 0.186
0.0247 0,0247 0,293
0.0395 0,0392 0.393
0,0494 0.0488 0,448
0.0393 0.058 0.485
0.0692 0.067 0,536

0.0741 0.071 0.553
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Table 4,2 contd.

Methyl Alcohol

Mole 171 1.e. (] ’ g

(3
0.0988 0.091 c.629
0.124 0,108 0.684
0.148 0.123 0,727
0.173 0.135 0,759
0,198 0,146 0,786
0.282 0,156 - 0.809
0.247 0.164 0,827
0.272 0.172 0,844
0.296 0.179 0.858
0.321 0.186 0.872

Therefore, the proposed mechanism gives & reason-
able fit to the experiméntal results. Special features
of the mechanism are the reactions of both the free
radicels, |

Q + AH M

QH 4 Al ko

QH + A (11)

QH, + AH (12)

NN

This mechenism is not & new one, Walker (61), during
studies on the oxidation of ethyl alcohol by phenanthrene-
quinone, found & chain mechanism involving reactions of

type (11) and (12).

4,5, Ratios of Rate Constants

The ratios of rate constants for the photochemical

reactions of toluquinone with cyclohexane, iso-propyl and

192
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methyl alcohols are given in table 4.3, As kg is small,

the ratio kZA or kz is close to the ratio between
ky kg k) +kg ‘
the rate constant for reaction of the excited state and

- k .
that for internal conversion i.e. 2 « The ratio, kz
is & mesasure of the resctivity of the excited quinone

molecule towards the reducing agent., Therefore, the
values of this ratio for the various reducing agents

will lead to the compearison of the ease of removal of

hydrogen atoms by the excited

TABLE 4,5

Ratios of Rate Constants

Wells (5,6,36)

Present work Atkinson and Di (1)
Toluquinone Benzogquinone Sod, anthrsa-
(in C c1y) (in ¢ c1,) guinone =2~
Reductant sulphonate (in
. water)
2 IE%Z 17 K2, (M2 43
kl ' k k ~%
-1 8 _1 1 k8 ko -
mole.” | maie® - -1 E_J” mole .
1 mole, mole®, 1
secT? -3
5 sec,
x10 %1 09
MeOH 13,0 14,4 0,054
EtOH : ) 2631 .0 860,0 0,445
n-PrOH 1923.0 922.0 . 0.682
iso-PrOH depen- 2041.0 883.0 0,952
"dent
on
light
intensity
(1)16,7x !
(ii)(46.0)# (76.,0)
(i1} 78.6#
Cyclo-
hexane 50.8 ’
z I = 1.,940,2x10°° einst,secTl
£ I = 0,3x10~° einst, sec,” 1
£ I = 7,0£0.5x107Y einst, sec?
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quinone molecule from the reducing agents. The ratio _E;g

5
is & measure of the reactivity of the semiquinone radical
towérds the reducing agent, and thus the values will provide
a means of comparing the ease of removal of hydrogen atoms
by free radical attack on reducing agents., These ratios
have been compared in table 4.3.

Values of the ratios, kBA for the reaction of
kl+k6
tolugquinone with iso-propyl slcohol depend on light intensity
and the most authentic valueswill be those obtained from
the results &t very low light intensity. As mentioned

earlier, only one measurement &t low light intensity has

. k -
been used to calculate the ratio 2A i.e., ha « This
kl+k6 kl

measurement has been considered doubtful and so th€ ratio
derived from it will not be dependé%le. However, the
ratios at different_light intensities are put in table 4,3
for comparison, |

The conclusions from table 4.3 are :

(i) The value of ratio K5 £or the reactions of iso-
propyl alcohol with varioﬁ% quinones decreases in the
order

benzoquinone;> toluquinonej} sodium anthraquinone =2=
sulphonate, The decrease in the value of the ratio is

caused either by & decrease in the value of k2 or &an
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Increase in kl. It seems mést likely that the differences
should be &lloceated %o k, rather then k. On this
assumption the reactivities of the excited states of these
quinone molecules towards iso-propyl &@lcohol decrease in
the order given above Table 4.3 @also shows that in

reaction with methyl alcohol the excited state of tolu-

guinone is more reactive than that of sodium anthreguinone-2-~

sulphonate,
k . "
(ii) The value of ratio 'l; for the reaction of tolu-
k_B-
8 R

guinone with iso-propyl alcohol is lower than the value

for the reaction of benzoquinone with iso-~propyl alcohol,
k

The value of ratio lg depends on the vealue °f_k12'
kg _ ,
where k is the rate constant for the reaction of semi-

12 ,
quinone free radicel with the reductant molecule and kg

is the rate constant for disproportionation reaction of

semiquinone free radicals, Thus the values of ratio _E;%
i
given in table 4.3 indicate that the benzosemiquinone
free redical is more reactive than the tolusemigquinone
free radical towards iso-propyl alcohol. |
Bridge and Porter (3,4) obtained a value of 8x10°1 ,
mole™ secTl for kq, the rate constent for the dispro-

portionation reaction of the semiduroguinone free readicsals,

produced on flash photolysis of duroquinone in aqueous
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ethyl alcohol solution. If it is assumed that Bridge and
Porterls value of kg for duroquinone is similar to that of
toluquinone, the value of klz for toluquinone is calculated
to be 4.07 1. mole secTt

(1iii) The reactivity of excited state of toluquinone

towards cyclohexane is similar to its reasctivity towards

iso~-propyl alcohol,

4.6, Fubture Work

The present work deals with only the reactions of
toluquinone with cyclohexane, iso-propyl &and methyl
alcohols &t 385 mu. For the future work the following
suggestions may be considered.

(i) The reaction mechanism suggested for the reactions

of toluquinone with cyclohexane gives & possible meximum
quantum efficiency of 1, The actual quantum efficiency

of about 0,5 in pure cyclohexane has been assumed to be low
due to the cage effect,which operates in pure cyclohexane

- as well as in solutions of cyclohextne in carbon
tetrachloride. It would be worthwhile to investigate this
system using inert solvents of lower molecular weights,
Serutton (31), during his studies on the reactions of
quindnes looked for other solvents. He found that tert-

butyl slcohol was reactive with various gquinones, though



it was expected to be inert (section 1,3), Similarly
benzene and toluene were also found to give photochemical
reactions with chloranil, So far no solvent has been
found that is both &s unreactive as carbon tetrachloride
and capable of dissolving quinones and cyclohexane,
(ii) Further measurements on the reactions of tolugquinone
with iso-propyl alcohol might clarify some features of
the results which have not been explained by the
mechanisms discussed above for this system.
(iii) The chain mechenism proposed for the reactions
of toluquinone with methyl alcohol fits the experimental
results in a reasonable fashion, On the other hand
iso-propyl alecohol gives a quantum efficiency of about
1 with toluquinone, Therefore, it will be interesting
to study the reactions of methyl alcohol with other
quinones in order to zorrelate the results.
(iv.) Vaelusble information may be obtained by studying
these reactions at other wavelengths.
(v} Reactions of tolugquinone with other alcohbls may
provide interesting results, |

Wells (5,6,36) found that in alcohols the reactivity
incresses with incressing slkylation on thed- cerbon
atom until &ll hydrogen atoms &are replaced, when & great

reduction in reactivity occurs. This led him to deduce

197



198

that the excited sodium anthreguinone -2~ sulphonate
attacks specifically the ;- carbon atom, This deduction
does not &appear to be applicable to the remctions of
benzoqﬁinone and its derivatives. atkinson and Di (1)
showed that ethyl alcohol is more reactive than propyl
elcohols towards exclted benzoguinone. Serutton (31)
found that tert-butyl alcohol reacted with various
quinones with quantum efficiencies similar to the
corresponding reactions with other alcohols. He &also
found that cyclohexane, benzene and toluene react with
chloranil. The present work &lso shows thet cyclohexane
gives & considerable reaction with toluquinone. In view
of the above, it is concluded that benzoguinone &nd its
deriveatives are not specifically reactive tow&rds.the

4, - carbon atom of &lcohols whereas sodium anthraquinone -2-
sulphonate mey be & specific reactant, This means that
sodium enthraquinone -2- sulphonate is less reactive and
can abstr&ct‘only the 4~ hydrogen atom in &lcohol molecule,
It appears that it is unable to abstract the hydrogen atom
of GH5 group in tert-butyl alcohol beceause the reaction
shows & very low reactivity. On the other hand & high
reaétivity of benzoguinone and its derivatives towards
tert-butyl alcchol (Scrutton) incdicates that they are

more energetic thean sodium anthraquinone =-2- sulphoneate
&nd c&n &abstraect the hydrogen &atom of CHz group, They can
&lso &bstract the hydrogen atoms from cyclohexane, benzene

and toluene molecules,
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