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GmSRkL INTRODUCTION.

1 2
Two recent collections of papers ' * con¬

cerned in large measure with the reactions of mole¬

cular oxygen exemplify the awakened interest in this

subject. With the rapid expansion of research in

applied science of the war and post-war years the

many problems of the immense destructive power of

atmospheric oxygen are being widely investigated.

Oxygen destroys not only when fire sweeps through

warehouse or forest, but in countless more subtle

ways, unobtrusively and more slowly away from the

heat of the flame, but just as surely. The perish¬

ing of plastics and elastomers, natural and

synthetic, the tendering of textile fibres and the

weathering and fading of pigments and dyestuffs, all

processes ascribed in part at least to the action of

oxygen, describe the end of usefulness and the need

for replacement. In response to the economic

demands of users of such materials and possibly in

response to more altruistic urges latent in man,

technical laboratories seek for substances empiri¬

cally more resistant while schools of fundamental

chemistry tackle the problem at its root in the

mechanism of the primary acts between organic
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molecules and molecular oxygen.

The current definition of oxidation in

terms of electron and proton transfer processes has

made necessary a separate word descriptive of those

oxidation reactions involving molecular oxygen, the

term *autoxidation* having been chosen.

The autoxidation of organic molecules of

moderate complexity is most conveniently studied in

systems involving a liquid phase, and under suitable

conditions kinetic considerations, classically

applied to gas phase reactions, may be readily used

in interpreting the experimental observations.

Thermal autoxidation in liquid systems

generally proceeds by chain mechanisms initiated by

the formation, by removal of relatively labile

hydrogen atoms, of organic radicals readily attacked

by molecular oxygen. * The participation of a

catalytic radical forming species appears to be

necessary for the initiation of those chains in

saturated compounds, but under certain condition$,

involving unsaturated molecules, molecular oxygen

itself appears capable of accomplishing the primary
c

radical forming step, by attack upon a double bond.

Commercially the most important autoxida¬

tion processes take place in rigid media. The term
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♦rigid* is perhaps to be preferred to that of

♦solid* as the elastomers, plastics and fibres

concerned do not markedly display the quality of

erystallinity, a usual criterion of the truly solid

state* However, the macromolecules of fibres do

generally have a degree of orientation along the

axis of the fibre6* and crepe rubber, an elastomer

whose component molecules are normally orientated

in a completely random manner, gives a crystalloid
rj

X-ray diffraction pattern when fully stretched.'*

Dark autoxidation processes in such

systems are not unknown, but are generally very

slow and much less important than those which

proceed only on absorption of light* In the pure

state these macromolecular species are colourless,

absorbing light only in the non-actinic infra-red

and in ultra-violet spectral regions, which while

able to bring about chemical reaction, are not

present in sunlight. formally, however, there are

various ♦fillers' and colouring matters present

which absorb strongly in the visible or near ultra¬

violet, actinic spectral regions, present in sun¬

light.

Ine most extensively investigated field

of this nature is that of the 'tendering' of dyed



textile fibres. All of the normal textile fibres,

protein fibres, cellulosie fibres including the

various rayons, and the synthetic fibre nylon, are

susceptible to tendering. :Light energy absorbed

by the dyestuff brings about an autoxidative degra¬

dation of the textile substrate with loss of valu-
8

able physical properties such as tensile strength.

While tendering is often accompanied by fading of

the dyestuff the processes may be apparently inde¬

pendent, and true photosensitisation can occur,

marked degradation of the fibre taking place without

detectable change in the dyestuff.

•The experimental procedure adopted by many

workers has been to determine the "extent of degra¬

dation of the dyed fibre exposed under controlled

conditions, by measurement of the change in the

tensile strength or of the viscosity when dissolved
Q

in some suitable solvent. * Both of these methods

give a measure of the decrease in the average chain

length of the molecules of the fibre, and it is

apparent that considerable degradation will be

indicated when only a small fraction of the total

number of residues constituting the molecular chains

have been chemically modified.

The supplementary approach by identifi-
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cation and estimation of the solid and the gaseous

products of the important early stages of degrada¬

tion would require very delicate analytical tech¬

niques and has not been successfully attempted.
«

Hydrogen peroxide has been identified as a gaseous

reaction product, in the presence of water vapour,

and probably accounts for much, but not all of the

degradation observed under normal conditions.1^*
While the destruction of organic systems

by molecular oxygen on the largest possible scale

is instigated by light energy through the agency of

coloured compounds, there is another, and in this

instance creative activity of the latter combination

of which mention must be made. in green plants

radiant energy is utilised, on absorption by the

organic pigment chlorophyll, for the synthesis from

carbon dioxide and water, of high energy carbo¬

hydrate materials. 3?he subsequent reactions of

these constitute the whole chemical basis of life,

in which the macromolecular species we have con¬

sidered, the proteins and celluloses, play, in bulk

at least, no small part.

The nature of the energy transformations

involved in this green plant photosynthesis are such

as to make the problems of the subject some of the



most fascinating in chemistry. Light energy is

stored as chemical energy, the free energy of the

system being increased by the action of oxidation-

reduction systems against the normal potential

gradient. These processes are understood in prin¬

ciple, end model, in vitro, systems potentially

capable of similar energy transformations have

recently been investigated,**' but as yet a detailed

chemical picture is largely lacking, particularly in

respect of the mechanism of the primary photo¬

chemical acts, and the stabilisation of the result¬

ing high energy products.

For both photosensitised autoxidation and

the photosynthetic process much of the information

desired, particularly as to the nature of the primary

acts between the excited pigment molecule and the

other molecular species concerned, cannot be

obtained from a study of these systems as a whole.

There is, however, a mass of experimental observa¬

tion on what may be considered as isolated fragments

of these systems. The results of studies on

fluorescence and phosphorescence and their quench-
3 2

ing, on the magnetic properties of excited

dyestuffs,^* on the photo-conductivity of solid
14

pigments and pigment solutions, * to mention but a
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few of the current lines of research, may all be

utilised, with due caution, in the derivation of

the final picture of the processes involved. It is

in this light that the experimental work and the

discussion of this prasect thesis should be regarded.

The present work is mainly concerned with

the photo-oxidation of chlorophyll preparations in

the form of thin solid films deposited on thallous
' ' ' ' i

bromide crystals and various other supporting solids
'

or substrates. Direct observation was made of the

decrease in the oxygen pressure over these deposits

on illumination.

Theoretically, certain advantages result

from the relative immobility of the main organic

reactants and products, as the primary stages of the

reaction are less liable to be obscured by possible

secondary reactions. On the other hand experiment¬

al difficulties may arise from the low quantum

efficiencies to be expected from comparison with

those obtained in colour fading observations on
15

similar thin films of dyestuffs. For accurate

work an extremely sensitive and reliable experi¬

mental method is obviously essential, especially as

the use of extremely thin films, with consequent

low light absorption, is desirable if complications
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due to oxygen diffusion processes are to be

avoided.

She choice of chlorophyll and the

supporting solid thallous bromide as suitable

materials for the development of these methods

followed from the unpublished observation that

chlorophyll acts as ® weak deaensitiser of thallous

bromide gelatin photographic plates. In addition,

the instability of the pigment chlorophyll towards
16.

light and oxygen has been known for some time,

and its oxidation reactions in solution studied

from the point of view of their possible importance
17

in the green plant photosynthetic process. (*
Such studies provide a background sgain3t which

the results of the present work may be discussed.
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APPARATUS AMD GENERAL EXPERTCENTAL TBCHHIQUBS.

In the experiments of tne present work,

the pressure change la the gas phase ever fche solid,

system under investigation was recorded oy means of

a Bourdon glass sickle guage, used differentially.

Reaction vessels of soft glass and of silica glass

were used.

vapour lamp and a suitable optical train. A photo

cell was incorporated in the optical system when

measurement of the transmitted light intensity was

required. The apparatus finally adopted Is

sketched in Pig. 1.

Illumination was provided by a mercury

reservoirs -0*i ^

- : water jackets
P : jjhoto-ce.il
V : reaction vessel
L : water lens

S : Hg vajooor l3"1/3
T : tojo

LZI air leak
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The apparatus was constructed of soda

glass throughout. Taps, whenever possible, were

of the hollow-barrelled oblique-bore variety. All

taps and conical joints were lubricated with

Apiezon Grease L.

The Bourdon Gauge. The pressure-sensitive

sickle of hue gauge was mounted as indicated in

Fig. 1. The position of the tip of the gauge

pointer was read by means of a telescope with scale,

and the sensitivity of the gauge determined, as

outlined below, in terms of cam. of pressure change

per division of the telescope scale. in general

the gauge was used to record only the snail changes

in pressure occurring during reaction, the absolute

pressure of gas within the reaction vessel being

measured by means of the mercury manometer. As

the maximum pressure that might safely be exerted

over the gauge sickle was about 10 ram. care was

required in the introduction and removal of gases.

The Calibration of the Bourdon Gauge. To

ensure that no change in sensitivity with change in

operating pressure takes place the gauge was cali¬

brated for low (0 - 5 a<i. Hg) medium (c. 50 ram.)

and high (c. 300 mm.) absolute pressures within the

apparatus, by the following procedure. The
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appropriate absolute pressure of dry air was intro¬

duced into the apparatus. The reaction vessel and

gauge sickle were separated from the gauge envelope

and the manometer by closing tap T^(Fig. 1). Care¬
ful initial readings of the manometer and the gauge

were made. Using the filter pump vacuum line air

was withdrawn from the manometer side of tbe appar¬

atus through Tap Tyuntil the gauge reading had risen
to as high a value as was intended to be used during

experiment (only the central portion of the scale

was used in order to ensure a strictly linear rela¬

tionship between pressure and scale reading).

Tap T?was closed and this maximum gauge reading
noted.

Withdrawal of air from the reaction

vessel side of the apparatus through tap ^decreased
the pressure on that side of the gauge until the

minimum permissable gauge reading had been

obtained. This reading was also noted.

The process of withdrawing air from each

side of the apparatus alternately was continued, a

series of minimum and maximum gauge readings being
.

obtained, until the absolute pressure, as measured

by the manometer, had fallen by about 5 mm., when
final readings of the gauge and of the manometer
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were made.

The rise in absolute pressure, in mm. Hg,

was divided by the total traverse of the gauge

pointer in the direction of minimum to maximum, in

scale divisions, to give the gauge sensitivity in

terms of mm. per scale division.

The results for a typical gauge calibra¬

tion are reported below. Two temperatures of the

gauge thermostatting jacket, 20 and 25°C. were used.

Table 1.

Temperature of
Gauge.Jacket

°C.
Average Abso¬
lute Pressure

ram. Hg.

Gauge
Sensitivity
mm/ scale div.

25° 4.5 0.0237
53.3 0.0245
295.6 0.0241

20° 55.6 0.0239

Average Sensitivity 0.024.

It is to be noted that the sensitivity of

the gauge is independent of the absolute pressure

witbin the apparatus, and tae temperature of the

gauge jacket, in the range 20 - 25°G.
Reaction Vessels. In the preliminary experi¬

ments spherical soft glass vessels of about 70 ml.

capacity, attached to the apparatus by B 10 ground
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glass joints, were used, and cylindrical quartz

vessels, of the dimensions indicated in Fig* 2, in

the later sections of the work. The ultra-violet

light transmitting properties of the quartz vessels

were not utilised, and soft glass was used at

various positions in the optical system, as the

lamp envelope, the water-lens flask walls and the

window of the vessel thermostat jacket (Fig. 1.)

Fjtjuye 2*.
|< 70 cm —2 Son—^

For certain of the calculations of later

sections of the work an accurate measure of the tot¬

al gas space within the vessel, the gauge sickle and

the capillary lines connecting these, was required.

This was determined by noting the fall in pressure

occasioned by allowing oxygen in the vessel and

gauge sickle at a known pressure and at room

temperature to espand, first into the evacuated

connecting lines and then into a side-flask of

accurately known volume (see Fig. 1). The gauge

pointer was maintained in its rest position by
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simultaneously lowering the pressure in the gauge

jacket, this decrease in pressure being measured on

the mercury manometer.

Let V, Vc and Vs be the volumes of tne
vessel and gauge, the connection lines and the

calibrated side flask respectively. At 17°0 (room

temp.) the pressures for the various volumes in a

typical case were as follows:

p(v)* 99.7 mm., P(V + Vc) - 50.3 mm.,
P(V + Vc+ Vs) * 33.2 mm.

Volume Va = 44.7 ml.
then 997V - 503 (V + Vc), .*. Vc - V ^
also 997V - 332 (V + V0 + Vs)

- 332 (V + V ♦ 44.7)

and V » 43.7 ml.

Duplicate experiments gave satisfactory

concordant results (+0.1 ml.).

Theraostating. The gauge and reaction

vessel were kept at a constant temperature by water

jackets replenished from a constant head tank to

which water was pumped from a thermostat. The

water after passage through the jackets returned to

the thermostat by gravity. A 250 watt heating

element operated by a large chloroform^mercury
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control and Sunvie vacuum switch maintained the

temperature in the thermostat tank.

The flow from the header tank to the

jackets was controlled by screw-clips on the rubber

connecting tubes. The clips were adjusted prior

to the commencement of the gauge readings so that

about 250 ml. per minute passed through each jacket.

The flow conditions were not disturbed during any

run, and under these conditions and with a vessel

gas space of 80 ml. and 100 mm. pressure of gas the

variation in scale reading due to temperature fluc¬

tuation was limited to + 0.05i corresponding to a
-3

pressure change across the gauge of 1*5 x 10 mm.

Light Source and Optical System. The

light source was a voltage-stabilised 125 W 230 V

Osira mercury vapour lamp, having a 'pearl' soft

glass envelope. This was placed close to a 4 cm*

diameter aperture and shutter. Beyond the shutter

a round bottomed flask of suitable diameter filled

with water served as a heat-filter and condenser

lens. The approximately parallel beam ©merging

from the water lens passed through any further

filter solutions desired, and then through a window

in the vessel thermostat jacket to the reaction

vessel•



-16-

In the majority of the experiments the

light used wa3 passed only through the water lens

and the soft glass of the laiap envelope, the fla sic,

the thermostat jacket and the vessel. I'his light

is referred to in the work as •white' light. In

some experiments a 1 cm. thickness of 6% cuprammon-

ium sulphate was also interposed, the light in this

case being termed 'blue' light. As shown by a

spectrum photograph the *blue* light consisted

mainly of the mercury line 4358 A.U., with a little

of the near ultra-violet lines 3650-63 A.U. present.

The •white* light contained a proportion of green

light of wavelength 5460 A.U. No light of wave¬

length shorter than 3663 A.U. was transmitted by the

soft glass of the optical system.

The oxygen used was taken from, a cylinder,

passed over soda-lime, calcium chloride and phos¬

phorus pentoxide, and collected in reservoir bulbs

attached permanently to the apparatus. In some

experiments, such oxygen was further liquefied in a

side-bulb by means of liquid nitrogen, and distilled

with rejection of initial and final fractions.

Neglect of such fractionation did not affect the

results obtained.

Cylinder carbon dioxide was passed over
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Calcium chloride and phosphorus pantoxids before

collection in a reservoir bulb, then frozen out by

liquid air, in a subsidiary bulb; uncondensed gas

was removed by the pump and the last portion

rejected. The process was repeated twice.

Freshly distilled water was ♦boiled out*

under reduced pressure in a snail attached bulb

prior to use.

Hydrogen was prepared electrolytically

from baryta water, passed over hot copper, platin¬

ized asbestos, a white-hot tungsten filament, and

phosphorus pentoxid® before being colled to liquid

air temperature prior to collection.
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THE CHARACTERISATION AflD SEPARATION OF THE

CHLOROPHYLL PREPARATIONS.

Two separate connaarcial preparations of

chloropnyll paste were used in the experiments

reported in tne present work. Both were obtained

from McParlan & Go.Ltd., of Edinburgh, but were not

manufactured by that firm. We designate these

preparations as Chlorophyll sample 1* and

Chlorophyll Sample 2*.

Chlorophyll Sample 1. was to some extent

Copper substituted.* To quote correspondence

with the suppliers, "The chlorophyll we have

supplied is alcohol extracted from green vegetable

matter .... copper is added as a stabiliser and is

present to the extent of 4 to 6 parts per 1000.

The exact degree of substitution is not known but

it will be far from complete." This figure of

c.O$$ copper has been confirmed by colorimetric

analysis.

The dark green pants was completely

soluble in Chloroform, soluble in methyl and ethyl

alcohols, acetone and ether, leaving a slight solid

residue, and was almost insoluble in carbon tetra¬

chloride and petrol ether. The solutions in

alcohol, acetone cr ether were bright green in



colour, and showed no fluorescence in ultra violet

light. The Molisch phase test (dil. alcoholic SOH

added to an ether solution) was negative, no colour
18

change being detectable. *

Chlorophyll Sample 2. was specially

supplied free from copper. Dark green in the paste

form it showed very similar solubilities, the solid

residue left in the case of acetone solution being

approx. 1 % of the original. The colour in solu¬

tion was yellow-green, and the solutions exhibited

a brilliant red fluorescence in ultra violet light.

The Molisch phase test was positive.

Left in contact with an aqueous solution

of copper sulphate in the dark, an ether or acetone

solution of chlorophyll Sample 2. assumed a bright

green colour visually very similar to that of

Sample 1. solutions. Simultaneously fluorescence

disappeared and the phase test became negative, the

process as judged by these tests, being complete

after two or three days.

Chlorophyll Sample 2. would appear to he

a natural mixture of chlorophylls a and b with the

impurities, mainly carotene, attendant upon the

method of preparation. Alcoholysis, with replace¬

ment of the phytol side chain to give ethyl chloro-
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phyllide may have taken place to some extent during

preparation. The good Moliseh phase test indicates

the absence of allamerisation, an obscure oxidative

process which takes place in alcohol solution only

and appears to involve the position 10 of the
19.

chlorophyll molecule. J

The modification of the chlorophyll Sample

1. brought about by the partial copper substitution

is not known but appears to affect all of the mole¬

cules. Addition of quantities of a Sample 1.

acetone solution (non-fluorescent) to an acetone

solution of sample 2* diminishes the fluorescence of

the latter, as estimated visually, only to an extent

readily accounted for by internal filter effect.

The absence of fluorescence in Sample 1. solution

is not therefore due to quenching by a small pro¬

portion of copper substituted molecules but indicates

modification of all of the chlorophyll molecules.

The negative phase test given by Sample 1.

solutions cannot be taken as Indicating extensive

allomerisation, as the ♦copper substituted* Sample

2. derivative, prepared in ether or acetone soluticn,

wherein allomerisation is said not to take place,

also does not give a positive phase test.

While chlorophyll Sample 1. and the
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•copper substituted* Sample 2. derivative are simi¬

lar in colour, non-fluorescent properties and

response to the Mclisch phase test no claim can be

made to have proved them identical.

These chlorophyll preparations contain

large amounts of impurities, mainly carotene, and

the separation of these was undertaken by both

solvent partition and chromatographic methods.

The solvent partition separation proced¬

ure adopted was a modification of that outlined by

Mackinney.S^*
1.5 g. of the chlorophyll Sample 1. paste

was dissolved in a mixture of 100 ml-, methanol,

100 ml. acetone and 100 ml. petrol ether (30-70°),
by shaking in the cold for several hours. The

solution was filtered and the methanol and acetone

removed by scrubbing with water in the apparatus

sketched (Fig. 3). After repeating the scrubbing

process some 5 times, about 90$ of the chlorophyll

had been precipitated in the petrol ether layer.

Any xanthophyll impurities were removed in the

aqueous layer while carotene remained in solution

in the petrol ether.
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5"—10 cm

Figure 3.
1 ///re 5e^srof/^ funnels toith fv^s

olratJn o/<wn to about Imm diameter.

/fOOm | voter in each operation.
Taps to be left dry.

The petrol ether layer was eentrifuged

and decanted, any water in the bottom of the tubes

being run off after piercing the chlorophyll crust,

the residue being washed and centrifuged twice with

fresh petrol ether. The chlorophyll thus obtained

was taken up in acetone and stored in the refriger¬

ator.

Such solvent partition methods require

much manipulation and are not suitable for the

isolation as well as the elimination of impurities.

Chromatographic separation methods are better in

these respects, but the amounts of material which

may be readily processed are limited.

Adsorbents such as alumina, calcium
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carbonate and sodium sulphate cause decomposition
21

of the chlorophyll on the column. * Sucrose,

inulin and magnesium, citrate hexahydrate have been

reported as suitable adsorbents Id chlorophyll
22

chrciaatogrephy, " and solvent extracted bone meal
23

has been used in carotene separation.

Sucrose Chromatography. 90 mesh sucrose

was settled from a slurry in 60-80° petrol ether in
a half-inch diameter column to a height of 5 inches*

0.082 g. of chlorophyll Sample 2 in petrol ether

solution was introduced on to the column. The

column was developed with petrol ether until all

yellow pigment had bean ©luted. The green chloro¬

phyll fraction remained immobile at the top of the

column. Development was continued with a 9*1

mixture of pet-ether in benzene, when the green zone

separated, a pale green zone remaining at the top of

the column, end the rest moving slowly down. A

proportion of acetone was finally added to the

eluant ana the mobile green zone washed from the

column.

■The solutions containing the green and

the yellow fractions were evaporated to dryness in

weighed vessels at the oil pump at temperatures not

exceeding 18°CJ. Weighings were made to constant

weight.
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Chloropbyll Sample 2.

Original wt. of preparation 0.082 g.

Wt. of carotene fraction 0.0136 g.

Wt. $age of carotene 16.5$
Molar ratio carotene* chlorophyll 16.5 83.5 38*92

336 " 900

Molar $age of carotene 29.0$

The chlorophyll fraction thus prepared

retained its properties of fluorescence in solution

and positive phase test apparently unaltered.

Chromatography on Solvent-extracted
.Ml.iW.111^1 I— — WW.. -I- n I'T II ■> ■ H ■!> ini.il.llll <.I.» HI nan. If

Bone Meal. The 100 mesh bone meal was settled from

a slurry in 60-80° petrol-ether. About O.ig. of

the chlorophyll preparation in petrol-ether solu¬

tion web placed on the column, and the carotene

fraction eluted with petrol-ether.

The development of the chromatogram was

continued with petrol-ether containing a little

acetone and a little benzene (c. 5$ of each) when

the green zone, hitherto immobile at the top of the

column was washed down. while slight separation

into two zones was obtained with Sample 2. prepara-
■

tion no attempt was made to separate what were

presumably chlorophylls a and b.

A small quantity of both Samples 1 and 2

were retained as a green zone at the top of the
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column. This could be washed out with acetone.

Chlorophyll Sample 1. Chlorophyll Sample 2.

Wt. % carotene 24$. Wt.$age of carotene 17$

Wt. ^chlorophyll 76$. Wt.$age of chlorophyll 83$
The molar percentage of carotene in these

preparations (approx. 30$) is so high that they

must be regarded as chlorophyll-carotene mixtures

and not as chlorophyll preparations containing

carotene as an impurity. This is born© in mind

in the discussions of results obtained using

deposits of the unseparated materials.
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THE PHOTO OXIDATION OF CHLOROPHYLL SAMPLE I.

I. PRELIMINARY EXPERIMENTS.

Preliminary experiments indicated that

only in the presence of oxygen and light was there

any detectable pressure change in the gas phase in

contact with the illuminated chlorophyll film, the

decrease in pressure then observed being presumably

due to oxygen uptake.

In further preliminary studies particular

attention was paid to factors which might influence

the rate of this oxygen uptake. The effect of the

additional presence of gases such as carbon dioxide

and water vapour and solid phase factors such as the

thickness of the film, the nature of the underlying

solid support and the presence of other co-deposited

pigments were all experimentally considered.

Chlorophyll on Glass.

2.48 mg. of chlorophyll Sample I were

deposited from alcohol solution on the inside walls
of a spherical soft glass vessel of about 70 ml.

capacity. The solvent was removed by a gentle air

blast introduced into the vessel by a long small

diameter jet. Fairly even deposition was obtained

by manual rotation of the vessel during the deposi-
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tion, tha whole process being performed in very dim

artificial light.

The vessel was attached to the apparatus

and the film exposed to "white" light at 25°C under

the conditions noted in Table 2. Fig. 4 is the plot

of gauge reading against time for a typical "run",
or exposure.
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There was no pressure decrease in the

dark in any experiment. At "light on" the rate of

pressure decrease did not immediately reach its

maximum value, there being a pronounced induction

period, or more properly an acceleration period

which may be given a numerical value in minutes,

derived as indicated. For the short exposure times

of these experiments (30 - 60 mins.) the pressure

decreased linearly with time after the acceleration

period, and the rate, expressed here as scale
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divisions per ten minutes, could be obtained with

fair accuracy. On the cessation of illumination

the pressure continued to decrease for some minutes,

giving a "tail". The extent of this was evaluated

as a pressure decrease.

Table 2.

Bzpt . 002
pressure.

(mm.)

HJJO
(mm.)

Rate
scale
divs./

10 mins.

Induction
period
mins.

•Tail*
scale
divs.

i
la 50.0 ?.6

0.0
0.0

- -

2 0.18 5 0.1

£ — mm 0.27 20 0.0

4
4a

«m

m9
- 0.26

0.22
5

10
0.1
0.0

5 - 7.0 0.18 - -

6
6a
6b

49.0
49.0

3.8
3.6
3.8

0.23
0.24
0.24

6
10

ino*n«~t...ooo
7
7a
7b 100.6

6.0
6.0

0.20
0.25
0.20

10
1

10

0.15
0.2
0.05

8
8a 99.3

7.0
7.0

0.22
0.20

6
10

0.1
0.05

9 - - 0.20 20 0.2

Runs 1, la were performed in the absence of

oxygen.
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The oxygen pressure in all other runs was 100+0.5

mms. A change in the number in the first column

of Table 2. indicates that an evacuation of the

system on the Hyvac oil pump for a period of at

least one hour intervened between the exposures.

The oil pump, under test at the Mcleod Gauge, gave
-3

pressures of less than 10 mm. Hg. A change in

the letter suffix of the run indicates that during

the preceding dark interval the gas phase conditions

were altered only by the addition of gases.

The total illumination time of these runs

was about 20 hours, and the rates remained rela¬

tively constant over the whole of this period. The

rates were apparently unaffected by the presence of

002 or H20.
Induction periods and tails were present

in most cases but their occurrence and magnitude

were erratic and cannot be related to the conditions

tabulated.

Chiorophyll on various supporting solids•

One half of the inside surface of the

spherical reaction vessel was covered with a

reasonably uniform layer of the fine granular solid

by swirling with a little alcohol. The hemispheric

-al coating thus formed was dried by air blast and
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evacuation, and a quantity of chlorophyll Sample 1.

deposited on it. The sysueia was exposed to Qsira

lamp 'white1 light in tae presence of 100+0*5 mm.

of oxygen, the deposit being on the side of the

reaction vessel remote from the light source.

The rates obtained for the various support¬

ing solids under otherwise identical conditions, are

given in Table 3»

Table 3*

2.48 mg. chlorophyll; 0.3 g. supporting solid;

Temp. 25°C; oxygen pressure 100 mm*

Substance Rateiscale divs./lO mins,

Glass (of the vessel)
Powdered glass (Jena)
Alumina •

Talc

Zinc oxide

Ferric oxide

Thallous bromide

Thallous iodide

0.025
0.10

0.020

0.10

0.12

0.13
0.60

0.50

Illuminated by themselves in the presence

of 100 mm. of oxygen, none of these solids gave

detectable pressure changes.

The state of granulation of the thallous

bromide and the powdered glass were approximately
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equal as determined by microscopic examination.

Comparison of the rates on the glass of the vessel,

on powdered glass and on thallous bromide or iodide

makes it adequately certain that the thallous

halides exert a •catalytic* effect on the rate of

oxygen uptake by the chlorophyll, not applicable

by the increased surface area presented by the

crystals as compared with the smooth walls of the

vessel. No acceleration on thallous bromide was

obtained on illumination by red light, which is

not absorbed by thallous bromide but is absorbed

by chlorophyll.

Chlorophyll on Thallous Bromide. Depositions

of 2.48 mg. quantities of chlorophyll Sample 1.

were made on varying amounts of thallous bromide

crystals in the same spherical reaction vessel.

The rates obtained on exposure of these systems to

•white* light in the presence of 100 mm. of oxygen

are tabulated (Table 4).

Table 4.

2.48mg. chlorophyll Sample Is *White* lights

25°Cs 100 mm. O2
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%t. of thallous brcmide(%). Batessoale divs./lOmins.

0.0 0.015
0.2 0.475
0.4 0.79
0.55 0.75
0.82 0.60

The rate of oxygen uptake is at a maximum

for a thallous bromide content of the system of

about 0.3 g. Tii© rise to this maximum with

increasing thallous bromide content may be attri¬

buted to the "catalytic" or sensitising effect of

the thallous bromide. The final decrease in rate

at still higher contents was visibly due to a

shading cf the rear layers of crystals,

Thallous bromide crystals are pale yellow-

in colour, absorbing light in the blue-violet and

near ultra-violet spectral regions. It is one of

a relatively large group of substances which dis¬

play photoconductivity and is dLosely related in

this respect to the halides of silver. In common

with the silver halides, thallous bromide forms a

latent image on exposure to light when the crystals

are suitably dispersed in a gelatin emulsion, which
25.

may be developed to give a visible image.
The use of dyestuffs as sensitising and

desensitising agents in photography demonstrates
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the intimate physical contact possible between
24

oi'ganio molecules and inorganic crystals.

Chlorophyll as a desensitising agent for

thallou3 bromide emulsions.

Various small amounts of alcoholic chloro¬

phyll Sample 1. solutions were evaporated on

thalious bromide emulsion plates, made by the
25.

procedure given. Exposure of tne treated plates

indicated a reduction of the fogging level of the

emulsion, tne chlorophyll acting weakly at low

levels of illumination, as a desensitising agent.

Variation of Rate with incident Light intensity

for Chlorophyll on Thallous Bromide.

Under phe conditions given in Table 4. a

neutral glass filter of transmission factor 0.25

was interposed in the light oeam incident upon the

system containing 0.4 gms. of thallous bromide.

The rate fell from 0.79 to 0.20 scale

divs. per 10 mins., this indicating direct propor¬

tionality between rate and incident light intensity#

Remarks on the Preliminary Experiments.

Thallous bromide has been shown to exert a consid¬

erable accelerating effect on the rate of oxygen

uptake by a given quantity of chlorophyll solid on

illumination.
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The existence of a conductivity level in

thallous bromide, as demonstrated by its photo¬

conductivity and power of latent image formation

under suitable conditions, may in some way be

responsible for the effect. The possibility of

the utilisation of the light absorbed by the crystal

itself cannot be discounted. Thallous bromide

differs from the silver halidea in its stability to

prolonged exposure to light, no visible blackening

of the crystal due to the formation of free metal

occurring in the absence of a bromine-atom acceptor

such as gelatin. There was no pressure change

over illuminated thallous bromide, an observation

indicating that no significant release of bromine

occurs on illumination.

Despite this uncertainty as to the exact

mod® of action of the supporting solid the advan¬

tages of the relatively high reaction rate were

such as to encourage more detailed investigation of

the photo-autoxidation of solid chlorophyll on

thallous bromide as a supporting solid, with a view

to comparison with the corresponding results on the

photo-oxidation of chlorophyll simply deposited on

the glass surface of the containing vessel.
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ii. 1'KB qUAjffUM smciEKUY £\h deposits oh glass.

The granular nature of the supporting

solid in the systems involving chlorophyll deposited

on tnailous bromide crystals does not allow ready

determination of the light absorption factor to be

made. quantum efficiency determinations were there

-fore made on chlorophyll Sample 1. deposits spread

uniformly on one inner plane face of a cylindrical

reaction vessel.

Apparatus. See Fig. 1. Blue light of

wavelength 435>8 A«U. from the Qsira mercury vapour

lamp was isolated by means of a cuprammonium sul-
26

phate filter. * A water-filled roundbottomed

flask of about 8 cm. diameter, placed between the

lamp and the filter, served as a condensing lens.

A circular aperture in the reaction vessel thermos¬

tat jacket limited the ares of the incident beam so

that all of the incident light fell on the rear

face of the reaction vessel. A barrier-type photo-

cell, in series with a standard mirror galvano¬

meter and scale was used to measure relative

transmitted light intensities.
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Deposi uxoa of chlorophyll pilaus. The

deposition of e uniform film of chlorophyll in the

vessel used was founa to present some difficulty

due tc slight distortion of the otherwise plane

inner surfaces of the cell faces at their Junctions

with the wall. #hile some success in correcting

this distortion was achieved by coating th6 surface

with a gelatin film, the determinations quoted were

made on chlorophyll films deposited directly on the

vessel wall as outlined belov/.

f~icjurvS.

dark, the vessel being placed on a photographic

levelling table and a measured volume of the

chlorophyll Sample 1. solution introduced by means

of the pipette as 3hown in Fig. 5» A gentle

current of air, dried over calcium chloride, was

passed through the vessel, being directed, as

indicated, against the upper face of the vessel in

order to avoid stirring of the solution, with

resultant uneven deposition. Despite these
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procautions there was still a tendency to uneven

deposition and before the film was completely dried

out the vessel was swirled to wet the whole face,

when the last traces of solvent could be removed to

leave a reuspnably uniform thin film.

An alternative method tried of removing

the solvent without disturbing the film was by

evacuation on a good water pump. Swirling of the

vessel had again to oe resorted to in the final

stages.

Measurement of Absorption .Factors. The

absorption factors of the chlorophyll films far the

blue light used were measured directly by means of

the photocell/galvanometer system. Galvanometer

scale readings were made as follows. The zero

position of the spot having been noted, the photo¬

cell shutter was withdrawn and readings taken after

1 minute and thereafter at 15 second intervals for

lj|- minutes. A further zero reading was taken and

the average deflection derived. Several such

readings were taken for each film exposed. The

vessel was then thoroughly cleaned, dried and

replaced oti the apparatus to give a deflection for

the vessel alone.

Ttate of Oxygen Uptake. The rates of
oxygen uptake by the films on exposure were
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obtained in the manner previously described.

Ab3o.lute Evaluation of the IncIdant Light

Iateoa.it,y. Using the reaction vessel as a uranyl
27

oxalate actincroeter cell the number of quanta

of wavelength 4-z<68 A.U. entering the ectinometer

solution was determined. A correction for the

interface reflections gave the quants incident on

the rear inner face of the vessel when filled with

oxygen i.e. incident on the chlorophyll film.

Actiaometry. The results and calculation

for determination 1. are given in detail. The

leading values for this and other determinations

are tabulated (Table 5)

Initial titre (unilluminated blank) 50.64ml. 0.1981R.
KMnO/,.

Final titre (after illumination) 50.16 ml. 0.1981H.
KMnO^

Oxalate decomposed « 0.48ml. 0.1981
KMn04

Galvanometer reading
(water in cell) G^ » 28.50 divisions

Galvanometer reading
(solution in ceil) G2 * 14-.72 divisions

A

Time of illumination « 2»7>> x 10 ' seconds

—•»«— •«•

where I = quanta per sec. entering solution.
Hence I * 5.7 x 1C^ quanta per second.
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In the course of this series of experiments it was

found necessary to alter the optical system, with

consequent slight alteration in the light flux*

Determinations 1. and 2. were made with the original

arrangement and 3» and 4. with the final arrangement.

Table 5.

Temp Oxalate Time of Absorption quantum
-era equiv. Ilium. Factor Bffici-
t^re ml. sees. (1-G2/q ) ency0. 0.1981N. (given)

quanta/
sec.

1

2

15

20

0.48

0.26

27300

15400

0.48

0.46

0.6

0.6

3.7 x 10

3.7 x 10

Average 3«7 x 10

15

15

15

mis. 0.2005N
3 25 0.75 39600 0.46

4 25 0.38 21600 0.46

0.6

0.6

Average

4.2 x 1015
4.0 x 1015
4.1 x 1015

Illumination of chlorophyll films. The

results based on experimental results given in

Figure 6, and the calculations for determination 2.
are given in detail. values for this and other

determinations are given in Table 6.
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26

(fOOje rtddmj:
sc&/e c/its.

25

Figure 6.

-0-08scale c/iVsper /0rwns.

H>0 I to ZOO 220 24.0 260 280 300

From Fig. 6.

Rate of oxygen uptake « 0-080 scale divs.per lOmins,

Gauge sensitivity x 1 scale div. « 0-024 mm.

Total gas space * 67.5 ml.

Temperature 20 °C
Rate of oxygen uptake

67-5 x 273 x 0-08x0-024 x 6.06x102^molecules/se"

22400 293 600 x 760
*

12
7-2x 10 molecules/sec.

Galvanometer readings

(vessel empty) G^ « 26.20 divisions
(vessel ♦ film)G2 » 15-85
(vessel + «ater)G^ ■ 28.50

Absorption factor for film (1 — * 0«39

Interface correction for reflection ®1/G^ = 0.96

quantum Kfieienoy . 7^S^gt^O.96

ft

n

- 5-2 x 10"3

i
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In the experiments tabulated, 02 pressure » 100+1 ami.

Temperature ® 20.0°0.
Gas space » 76.5ml.

Table 6.

Chloro Abs. Rate Rate Light Quantum
-phyll factor scale molecules intensity Effioi-
mg. (l-Gp/Gri) divs. per sec. quanta ency' J

per 10 per sec. x
mins. *

1 3.51 0.27 , 0.08 7.2xao12 3.7xl015 7.5x10-3

2 3.51 0.39 0.08 7.2xl012 3.7*1015 5.2x10-3

3 8.68 C.54 0.08 7.2xl012 4.1xl015 3.4x10-3

4 0.231 C.031* 0.03 7.2xl012 4.1xl015 2.2x10
-2

* Calculated using the absorption factor

(1 - G^G].) 0*39 obtained for 3*51 mg. chloro¬
phyll (2) and the relationship

log10 VC, > (log10 0.61) x

hence fil - ^2/G^) for 0.231 mg. of chlorophyll.
Discussion. In the range of absorption

factors 0.27 to 0.54, but under otherwise identical

conditions, the observed rate of oxygen uptake by

the chlorophyll deposits is constant within the
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rather wide limits of experimental error ( + 5$).

The limit of the resulting increase in
-3 -3

quantum efficiency from 0.34 x 10 to 7.5 x 10

with decreasing deposit thickness was investigated

by the determination of the quantum efficiency for
—4

a very much thinner deposit (containing 2.31 x 10 g

chlorophyll) the absorption coefficient for the

deposit being calculated from the amount of chloro-

phyll present. A quantum efficiency of 2.2 x 10

at an absorption factor of 0*031 was obtained.
3

The plot of Log (<£ x 10 ) against

Absorption Factor for these results is given in

Fig. 7.

Figure 7.

hS
s

/./7

rho/o-OKiaoTtofl /n

uniform

Clue hghr (A J/3o8Au-) of

thin films of cf/oroMvH Somp/r 1.

'15"X/F)
OS

(

W0L

.

> —
—

-
—

0

Absorption jt-dcfpr 0 6~ / 0

The curve obtained is readily extra-

pclable to zero absorption factor, the limiting
2

value of § being 2.6 x 10 « This value may be
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considered to be that for an infinitely thin film

still possessing the properties of the bulk sub¬

stance. The experimental deposit may be regarded

as an infinite number of such thin films in

contact•

Let be the quantum efficiency for the

thin film of thickness dx situated at a depth x

within "Ehe deposit. The observed quantum effici¬

ency for a deposit^ of thickness a may then be
expressed as j^o/x

0
If is constant for all values

of x, the observed quantum efficiency should not

vary with the deposit thickness, the integral

always having the value ^ .

This is not so and the observed quantum

efficiency decreases with increasing deposit thick-
■ A »

ness, the limiting value (for a given light inten¬

sity) when complete absorption of the incident
-3

light occurs, being approx. 2,0 x 10 •

Light absorbed at a depth within the

deposit is less efficiently utilised for autoxida-

tioa. There are two possibilities of changing

condition with increasing depth within the

deposit •

(1) Availability of oxygen within the film
diminishes with depth.
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(2) The uptake of oxygen is inhibited in

the deeper layers of the deposit.

The deposits were left in contact with

the oxygen (100 anas •) for a period of st least one

hour before illumination was commenced, a time

presumably sufficient for the concentration of oxy¬

gen within the deposit to have become constant, but

should this equilibrium concentration of oxygen be

sufficiently low a marked concentration gradient

would be set up and maintained on illumination.

The oxygen concentration gradient within the deposit

during illumination would then be determined by the

light incident on any particular layer of the

deposit, the rate of oxygen consumption in that

layer, and the net rate of diffusion of oxygen into

the layer, a function of the oxygen concentrations

in the layer and the two adjacent ones.

The second suggested explanation arises

from tne possibility that after the preliminary

treatment of the film by evacuation on the oil-pump

some solvent, or volatile impurity of the solvent

or chlorophyll preparation may remain in the

deposit, and will tend to be more concentrated

deeper within the deposit. For this to occur the
rate of diffusion of such an impurity through the
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deposit must be vex'y slow as in general the chloro¬

phyll was pumped cut for several hours and left

evacuated overnight before runs were commenced.

Low rates of oxygen uptake in deep seated

layers would then be due to a catalytic degradation

of the energy of the excited chlorophyll or to the

diversion of the energy to the oxidation of the

impurities, giving rise, because of their low mole¬

cular weight, to gaseous products such as carbon-

dioxide. The resulting gas exchange could then be

zero or even positive.

A third possible explanation involves

the transfer of energy from excited chlorophyll

molecules deep within the deposit to surface mole¬

cules before reaction can take place, the oxygen

concentration within the film being in effect zero.

The transfer process would not take place without

loss, with resulting decrease in quantum efficiency

for thicker films. This mechanism Is open to the

objection that zero rate would be reached \7hen only

the surface layer of the deposit had been oxidised,

unless supplemented by diffusion processes.

While no determination of the quantum

efficiency of the bleaching of solid chlorophyll
has previously been made there exist several
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determinations of the quantum efficiency of photo-

bleaching of chlorophyll in organic solvents
—6

saturated with oxygen. Values of 10 for ethyl
28

chlorophyllIda in methanol, ' cf 4 x 10 for
pq _/t

chlorophyll in methanol and 5 x 10 for chloro-
30

phyll in 8cetone or benzene have all been

reported. These values are ell one or two orders

lower then those obtained in the present experi¬

ments, but it has been suggested that the primary

oxidised product still possesses appreciable light

absorption in the spectral range used for concen¬

tration measurements, and if this is so, it would
31

render these determinations non-significant. *

Further, in the present experiments, the pressure

of oxygen was 100 mm., and it will be shewn (see

later) that the rate decreases with decreasing

oxygen concentration, a smaller value in solution

being thus not unexpected.
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23IS HfCTO-OXIDATIOH CF CEI^CROIPHYLL S4MHLE 1,

111 • 7m Rtm OTTRYE FOR DEPOSITS ON TIiALLQUfr

BROMIDE CRYSTALS.

preliminary experiments on tiie photo-

oxidation of chlorophyll sample 1. deposits in

which the illumination periods had been of short

duration had indicated the necessity for the study

of more prolonged runs. TTsing the preparative

methods and the apparatus previously described

depositions of the chlorophyll Sample 1. on

thallous bromide crystals mere made, and the

systems exposed in the presence of oxygen. The

resulting fall in the oxygen pressure was observed

over a period of several hours.

Experimental, 0.5? g« of thallous bromide

crystals were deposited in a uniform layer on one ,

plane face of a cylindrical vessel of 85.5 ml*

volume (p. )« 2.46 mgjms, of the chlorophyll:

carotene mixture (Sample 1.) were deposited on the

crystals from ethyl alcohol solution by removal of

the solvent at the water pump. The deposit was

then pumped out for two hours on the Hyvac oil-

pump, left evacuated overnight, washed out with a

few mm. of oxygen and pumped out for a further two
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hours before the introduction of 100.0 mm. of

oxygen. The system was exposed to Osira lamp

•blue* light at 20°C, and gauge readings made at

five minute intervals for several hours.

Treatment of results. The data obtained was

treated as follows. Gauge readings were plotted

against time and a smooth curve drawn through the

experimental points. At convenient intervals on

this smoothed curve rates of change in gauge read¬

ing were obtained by direct measurement of the

gradient of the tangent to the curve. These rates

were expressed in *scale divisions per ten minutes1,

units which gave values of the order of unity for

the experimental conditions used. Change in gauge

reading being directly proportional to change in

pressure, a factor, constant for the experiment,

and involving the gauge sensitivity, the tempera¬

ture and the vessel volume, would have rendered

these rates in more absolute units. These conver¬

sions were made only where necessary for the dis¬

cussion of the results.

The rates so obtained could be plotted

either against time or against tne total pressure

decrease from the commencement of illumination.

From the former plot a curve was obtained in which

the rate tended to zero at infinite time. Ho
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inforraatioo could be obtained visually from this

curve.

The plot of rate against the total pressure

decrease from 'light-on* gave, however, a curve

tending to zero rate after a finite decrease in

pressure, and was otherwise more useful in the

discussion of the experimental results. Curves of

this latter type we hevfc termed 'rate curves'.

Figure 8.
The khoto-oy.!clotton oj- chlorophyll Samb/el.

on thzllovs bromide crystals.

• O OJf.

Fig. 8. shows plot of gauge reading

against time during the initial period of the

illumination of the system described above. The

method of making the gradient measurements is

indicated.
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Eig. 9. shows the 'rate curve' for the

whole observational period and the extrapolation

of this to zero rate.

The rata curve of Fig. 9* exhibits

features which may be separated conveniently as

(A);a short 'acceleration period', followed by

(B);a 'period of constant maximum rate', (C);a

'transition period' and (D);a 'period of linear

decrease' in rate, maintained to the limit of

observe tion.

Marked bleaching of the chlorophyll green

was noted after the illumination in oxygen and it

was assumed that decolourisation would have been
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complete when the rate of oxygen uptake became

zero.

It was further assumed that the uptake

of oxygen by the solid chlorophyll:carotene film

was the only reaction contributing to the pressure

decrease observed.

There was the possibility that the pressure

decrease observed was due to the absorption of some

gaseous impurity of the oxygen sample used, as

under the experimental conditions less than 1% of

the total amount of gas present was absorbed before

the reaction rate came to zero. Svidence presented

in a later section (p. 78 ) on the effect of admixed

gases indicated the non-participation in the reac¬

tion of those gaseous impurities most likely to be

present. Positive evidence that the absorbed gas

was oxygen is presented in the section of the work

devoted to the photo-oxidation at low oxygen

pressure (p.92 )•

That the observed pressure change was due

only to the absorption of oxygen and was not the

resultant of two or more processes giving pressure

changes in opposite senses was more difficult of

proof. The results of the work at low pressure

may again be adduced in favour of the first hypo¬

thesis, as to a first approximation all the oxygen
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initially present was taken up, the residual pres¬

sure of gas when aero rate was attained being non¬

significant in this respect.

Direct attempts to detect possible gaseous

products were made. formaldehyde has been reported

as a product of the photo-oxidation of chlorophyll,

while hydrogen peroxide is a possible reaction
b2.

product or intermediate.

A few ccs. of distilled water were frozen

in a trap cooled with liquid air. The gases of the

exposed system were drawn very slowly through the

trap. Air was then admitted, the trap detached

from the apparatus and stoppered while the ice and

any volatile products trapped melted. Tests for

formaldehyde on the resulting 'solution* by means

of a sensitive Schiff's reagent^* were negative on

this and several subsequent occasions. Attempts

to detect hydrogen peroxide by its action on a

starch-iodide solution, and also by its formation

of the yellow oxide of titanium, were equally

negative.

On these assumptions the photo-oxidation

of the preparation was complete when the observed

rate of pressure decrease had fallen to zero.

While tb±3 condition might not be experimentally

attainable, the linear nature of the final section
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cf the rate carve (Fig. 9)-D) enabled an accurate

extrapolation to zero rate to be performed. The

maximum oxygen uptake by tne preparation under the

experimental conditions could thus be determined.

The preliminary assumption that the pre¬

paration was 100$ pore chlorophyll permitted the

calculation of the approximate molar ratio of oxygen

to chlorophyll for tiis oxidised preparation.

Molecular weight of chlorophyll - 900

(chlorophyll a 893» chlorophyll b 90?)
•x

Wt. of chlorophyll taken » 2.46 x 10 g.

- i'ffi.*..10- » 2.76x30"6mole3900

Gauge sensitivity * 0.024 ram. per scale division

Temperature « 29304
Gas space *» 67.5 »1.

Sxtrapolatad oxygen uptake » 32.0 scale divisions

32.0 x 0.024 2'/3 — 67*3 — ~«■.

?g> 29? S5oo 110183
—6

* 2.C4 x lC moles

2 84
Molar ratio oxygen: chlorophyll » ~?br « 1.03

^•/o ———

Two confirmatory experiments using

chlorophyll Sample 1. were made. Deposition upon

the thai!cue bromide crystals was in all cases from

ethyl alcohol solution. The leading values for
all three experiments are tabulated below (Table 7)*
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Table 7.

1 2 3

Wt. of TlBr g. 0.52 0.52 0.30

Oxygen pressure i mm. 100.0 101.4 100.0

nature of illumination
(Osira lamp) blue blue white

Wt. of chlorophyll taken: mg. 2.48 2.48 3.20
A

Moles chlorophyll present x 10
(oalod. as 100$ pure) 2.?6 2.76 4.33

Extrapolated oxygen uptake:
scale divisions 52.0 34.5 35.0

Gauge sensitivity: mm. per
scale div. 0.024 0.024 0.031

Gas space: ml. 67.5 67.5 86.9

Temperature A0 293 293 295

Moles oxygen taken up 2.64 3.06 5.07

Molar ratio oxygen: chlorophyll 1.03 1.11 1.17

These results would indicate that the

photo-oxidatlve bleaching of one mole of chlorophyll

is accompanied by the uptake of approximately one

mole of oxygen*

The molar ratio figures tend to exceed

unity by an average of about 10$, a maximum value
of 1.17 being recorded. The presence of carotene
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in the preparation was thought to account for this

apparent excess, and this hypothesis was investi¬

gated in the experiments reported in the following

section.

The form of the rate curve of Pig. 9 may

he briefly considered at this point. Section B of

the curve, the period of constant maximum rate was

thought also to be due to the presence of carotene

in the preparation. This hypothesis receives

fuller treatment in the following section.

The total decrease in pressure recorded

during this experiment was about 1 mm., only some

1% of the total oxygen pressure present. The

oxygen pressure during the course of a run was

therefore regarded as constant. All the carotene

present being presumed to have been removed during

stages A, B and C, the linear nature of the

terminal section of the curve would indicate that

the rate of oxygen uptake was directly proportional

to the amount of chlorophyll remaining in the system.

The mathematical expression of this takes the same

form as that for a first order reaction,

i.e. B - k.[chl]
where B » rate of oxygen

uptake (o rate of disappearance of Ghl ) and [chl]»
chlorophyll content of the system.



-56-

The initial acceleration shown by the

rate curve is not unexpected, if the rate of

diffusion of oxygen in the film is a limiting

factor* At the instant of illumination, oxida¬

tion may take place at once at the chlorophyll

layer,nearest the sensitising thallous bromide,

but this will not show as a decrease in the gas

phase pressure until oxygen begins to flow from

the gas space through the film*
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THE PHQTO-GXIDA'TION OF CHLOROPHYLL SAMPLE 1*

IV. THE RATE CURVES CF ULE SEPARATED CHLOROPHYLL

AMD CAROTENE FRACTIONS.

Chlorophyll sample 1. has been shown by

chromatographic separation to be a mixture of

chlorophyll and carotene in the approximate mole¬

cular proportions of three to two (pp.^vtf). It
3it

has already been established"^ * that the yellow

plant pigment carotene undergoes autoxidation on

illumination in organic solvents and it may there¬

fore be expected to exhibit similar properties when

exposed to light and gaseous oxygen in the form of

a thin solid deposit. Accordingly, separate

deposits of the chlorophyll and carotene fractions,

obtained as described previously, were examined as

before, with a view to comparison with the results

for the initial Sample 1. mixture, recorded in the

previous section.

Carotene fraction. A deposit of 0.524 mg. of

carotene on 0.3 g. of thallous bromide was prepared

as usual, and illuminated in 'white* light at 20°C
in 100 mm. of oxygen. The vessel volume was

86.9 ml. and the gauge sensitivity 0.031 mm. per

scale division. The rate curve is given in

Figure. 10.
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This rate curve differs considerably

from that previously obtained for the mixture. No

induction or acceleration period is to be observed,

the rate decreasing rapidly from its initial high

value. From the point L, however, the rate curve

was again linear and extrapolation to the point P

afforded the data necessary for the calculation of

the carotene to oxygen molecular ratio. The oxygen

uptake was 6.6 scale divisions, giving an oxygen

to carotene ratio of almost exactly unity, namely,

0.98. In this calculation the molecular weight

of the carotene fraction was taken as that of

carotene itself, 536. Repetition of the experi¬

ment gave similar values, viz. 0-97, 1.03•

Figure jp.
Rofecyri/i -for f/ie carotene j-rodton of- CMofofty/J Samble2.

on fhb//ovs bromide crystals.
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Qhlorophyll fraction. The rate curve obtained

for the chlorophyll is given in figure 11, with

conditions otherwise as before.

0-5
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A pronounced acceleration period is now in

evidence. No constant rate period is obtained but

again a final linear section is obtained which all¬

ows satisfactory extrapolation. With 3»C8 Eg. of

chlorophyll and an extrapolated oxygen uptake OP

of 24.1 scale divisions, volume and gauge sensi¬

tivity as before, the calculated oxygen to chloro¬

phyll molar ratio is 1.02 (jmolecular weight of chlo¬

rophyll taken as 900), again indicating that under

such conditions one molecule of oxygen is consumed

per molecule of chlorophyll oxidised.
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On the assumption that these unit mole¬

cular ratios are preserved in the mixture represented

by chlorophyll sample 1, it is obvious that the pro¬

portions of carotene and chlorophyll in the mixture

can be calculated from a knowledge of the total

weight oxidised (W) and the total oxygen uptake (OP).

If wj is the weight in g. of chlorophyll and w2 is
the weight in g. of the carotene, then

«- w2 - w

and J51 * 2* « (op)M1 2

where M.and M.are the
•* 2t

respective molecular weights and OP is expressed in

gram molecules of oxygen. The experiments of

table 7 will admit such a calculation but the

results as shown by the estimated final ratios of

1.1), 1.10 and 1.17 are somewhat erratic and these

experiments were repeated with all precautions. A

typical example is given in figure 12. The total

weight of sample was 3.84 mg. With a vessel volume

of 86.9 ml. and a gauge sensitivity of 0.031 emu per

scale division, OP was 35*0 scale divisions.
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•en ojofQke: scd/c dt'i/s.

3y the above calculation, it is then founi

that the percentage of carotene in the original •

mixture was 28.2, a figure in reasonable agreement

with the 24 per cent given oy the chromatographic

techniques, when allowance is made for the possible
errors involved, especially in view of the fact

that the ohramatographic separation will not be

completely efficient by reason of residual adsorp¬

tion in the columns.

The constant rate portion of the rate

curve for the mixture suggested the possibility of

an oxidation of carotene photosensitised by the

chlorophyll, as opposed, for example, to simultan¬

eous oxidation of the two species. An attempt was



-62-

made to investigate this by using artificial

mixtures of greater carotene content. Deposits

of 2.62 mg. of chlorophyll and 2.93 mg. of caro¬

tene were examined separately and as s mixture,

fhe corresponding rate curves are given in

Figures 13« 14- and 15.

malzc/ivs-fxr fOmins

Figure. 13.
Chlorophyll fraction of Smjokl.

Oxygen
y.0 67> io

: seabe a/'vs.

Figure
Fixfort of chlorophyll and carotene

fractions o-f Sample 1.

0-5

'Rate.:
scale o/ws.per10mini-

0 /0 ZO 3 0 4.0

Oxygen optak t • scale divb

Figure. !5q.
, c/t/orofohy// rate u>rve

carotene «

combined • »

Oxygen ojahke.

scale
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The relative amount of carotene is here

much greater than in the original chlorophyll

Sajaple 1, and the fact that tue curve of figure

151 that of the artificial mixtuxMS, shows an

initial uptake rat© characteristic of the carotene

alone and not a prolonged constant rate section

as might he expected from a sensitised oxidation

is here in favour of simultaneous oxidations.

The rate curve for the mixture can then be

represented by a summation of the two separate

rate curves. Figure 15a is a qualitative

graphical representation of such a summation

which does not contradict such a hypothesis.

Further evidence is considered in a later

section.
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THB PHOTO-OH DATIGfi" OF CHLORCPTOL SAMPLE 1.

V. THE VARIATION GE RATE Off CXldSSR UPTAKE

WITH OXYGEN PRESSURE.

The continuous change in the rate of

oxygen uptake during the photo-oxidation of a

chlorophyll deposit made impossible the direct

comparison of the rates obtained at different

oxygen pressures, determinations necessarily made

consecutively* The comparison of the rates of

oxygen uptake by separate chlorophyll deposits

identically prepared and exposed under conditions

differing only in oxygen pressure was also pre¬

cluded by a failure to obtain reproducible results

from apparently identical preparations and exposures.

This lack of reproducability was due to the accumu¬

lated effects of small differences in the amounts

and distribution of the thallous bromide crystal

substrates and the extent of the •creep1 of the

chlorophyll on the vessel walls during deposition.

These differences were unavoidable with the methods

used.

The linear nature of the final section of

the rate curve, however, made possible the compari¬

son of the results obtained by varying the oxygen

pressure during a single run as this section of
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the rate curve for an initial pressure of, say,

100 roms. of oxygen could h© extrapolated to provide

a standard rate curve with which the rates obtain¬

ing at other pressures later in the run could be

compared (Figs. 16, 1?). These later sections of

the experimental rate curve were found also to be

linear and, extrapolated, came to zero rate at the

same total oxygen uptake as the initial curve.

This allowed the more convenient method of compari¬

son discussed below.

Figs. 16 and 17 record the results of two

runs in which the oxygen pressure was varied after

the establishment of the final linear descending

section of the rate curve in each case.

tn Vressore jor chlorofthll Samftk /
<3/7 bromide, trystd/s.

10 IS AO Af JO

Otygei oft fake
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Fig. 16. Chlorophyll Sample 1. (purified) on

thallous bromidei *white' light;

25°0 s oxygen pressure AB, 100.0 mm.; BG, 150.Cm®.*

CDi 50.0. mm. D8, 100*0 mm.

Fig. 17* Chlorophyll Sample 1. (purified) on

thallous "bromide; ♦white* light;

25°C ; oxygen pressure AB, 4C0.Q mm.; BC» 100.Omm.

The condition of the system giving

a rate of oxygen uptake of 1.0 scale divisions per

10 minutes st an oxygen pressure of 100 mm. was

chosen as the standard at which rate comparisons

were made, the rate curves for other pressures

being suitably produced to give the rate at the

standard condition. The values of B the rata at

the standard condition, and the corresponding

oxygen pressures derived from Figs. 16, 17, ara

tabulated (Table 9).

Table 8.

Oxygen pressure S
ana. Scale divs./lO mina.

50 0.7

100 1.0

150 1.3

400 1.8

These values are plotted in Fig. 18.
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Onyyen /oressore : mm //j .

The curve of Fig. 13. is considered to

represent the variation in the rate of oxygen up¬

take with oxygen pressure for the photo-oxidation

of a system of constant chlorophyll content. The

rate rises with Increasing oxygen pressure, at

first rapidly, and then more slowly, a maximum

rate being reached at an infinitely high pressure

of oxygen.

Empirically the rate oxygen pressure curve

fits an expression of the type

S « a C°2] , where j^Og] represents oxygen
(1 + b [^2] ^

pressure and a and b are constants.
At low oxygen pressures bjc^]^ 1 and in

the limit R » a[o2] At the other extreme

b[o^)>l when R » a/b and is independent of the
pressure.
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ai and b may be evaluated for the standard

condition of the system. Taking R in the arbitrary

units of scale divisions per 10 minutes and jo?]
in mm., the values (fable 8) for 1 at 100 and

400 mm. of oxygen give the equationsi

B100 " 1,0 * 100 a/ *l + 100 b)
end * 1.3 « 400 a/ (1 + 400 b)

whence a » 1.69 x Xq" and b » 6.88 x 10~^*
The curve* of Fig. 18 is drawn using these

values, and agrees closely with the other experi¬

mental points.

For convenience R has been plotted in the

•rate curves* and in Fig. 18 as a positive quantity,

whereas tna reaction is a disappearance cf oxygen.
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THB FHOTO-QXIDATIOH OF CHLOROPHYLL SAMPLE 1.

VI' THE REVERSIBILITY OF THE OXIDATION.

Mention has already been made of the

difficulty of obtaining reproducible rate results

with different preparations, but, in addition,

preliminary experiments with one preparation had

shown altered rates when a period of darkness

intervened or when the system had been evacuated

between illuminations, subsequent conditions being

otherwise the same. In particular, the total

"oxygen uptake" in such an interrupted illumination

rose to values considerably greater than those

expected on the basis of the unit molar ratio.

The possibility of a reversibility of the oxida¬

tion was therefore investigated.

Chlorophyll fraction. Fig. 19• shows the

rate curves for a deposit of the chlorophyll

fraction of Sample 1, prepared by chromatographic

separation on bone meal. The conditions of

illumination are indicated in the figure.
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Ilxe initial illumination was continued

until the linear section had heen established, from

which extrapolation to the point P gave the expec¬

ted oxygen to chlorophyll molecular ratio of unity.

At the point A the light was cut off and the system

thoroughly evacuated for half an hour (pressure
-3

less than 10 mm. Hg) and left to stand overnight

(15 hrs.). Oxygen was then introduced to a

pressure of 100 mm. as before, and illumination

recommenced. A rate curve similar to the first

was obtained, but the rates were all higher than

expected. A linear decrease in rate was again

established and extrapolated to the point Q: the

lines AP and BQ are parallel.
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At B evacuation was again given overnight

and the experiment repeated with 403 mm. of oxygen

present. At the point 0 the pressure was reduced

to 100 mm. without interrupting the illumination,

this allowing the extrapolation DR to he made.

It will be observed that DR is again parallel to

AP and BQ. In addition GR and DR intersect the

horizontal axis in the same point, indicating again

that the oxygen uptake as obtained by such methods

is independent of the pressure.

Such results suggest that the oxidation

has been reversed by the evacuations. The fact

that the extrapolated rate curves at 100 mm. of

oxygen are parallel indicates that no other compli¬

cating circumstances arise. The reversibility is

in neither case complete, the rates in the earlier

stages of the initial exposure never being

reattained.

Carotene Fraction. Pig. 20 shows the

application of a similar evacuation technique to

the carotene fraction of Sample 1.
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The initial extrapolated oxygen uptake

as represented by OP again corresponds to unit

molecular ratio. The evacuation gives s subse¬

quent increase in rate. The linear sections of

the curves are again parallel. The reversibility

is much smaller than in the case of the chlorophyll

fraction and evidently carotene is more readily

converted into a stable photo-oxide than is

chlorophyll.

Chlorophyll Sample 1. The original chloro¬

phyll Sample 1, (4.95 mgm.) containing both carotene

and chlorophyll fractions, was then examined in a

similar way. Results are shown in Fig. 21.
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It will be observed that the rate at A

returns after evacuation to the original maximum

value although the constant rate portion is, in

terms of oxygen uptake, much shorter than before.

Evacuation at B and at 0 does not restore the

original rate, in agreement with the conclusion

that such oxidation is not completely reversible;

the final product is a stable non-reversible

oxygenated compound.

The slopes of the linear portions MB, NO,

etc., of curves II to VI are all the same, but

differ from that of curve I. This may be inter¬

preted on the basis of the different reversi¬

bilities of carotene and chlorophyll in the sense

that curves II to VI refer to chlorophyll alone,

practically all the carotene having been irrever-
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sibly oxidised in the course of curve I. Since

the slopes are different, all the carotene cannot

have been oxidised in a reaction sensitised by

chlorophyll in the constant rate portion of curve

Ij at least part of the carotene must be oxidised

simultaneously with the chlorophyll in the

section LA*

If LA be projected to cut the rate axis

at the point P and a line bo drawn through p

parallel to MB to cut the oxygen uptake axis at Q,

the quantity^ corresponds to unit oxygen mole¬
cular consumption with respect to the amount of

chlorophyll in the sample. This in fact affords

an easy way of determining the chlorophyll content

of such a sample. No knowledge of the sample'is

required, nor indeed of the sensitivity of the

measuring system: the ratio OQ/QS no matter what

the units employed, is the molecular ratio of the

chlorophyll to the carotene contents.

The above results of Pig. 21 were obtained

by the use of a sample of chlorophyll deposited on

thallous bromide from a solution in ethyl alcohol.

Similar results were obtained when an acetone

solution was employed, although the constant rate

portion of curves I and II were shorter than

before.
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The Bffect of Carbon Di03d.de, water Vapour

and Hydrogen on the Oxidation.

Fig. 21 also shows that carbon dioxide,

water vapour and hydrogen have no appreciable

effect on the rate of oxidation or on the molar

ratio of oxygen in the final product. The last

three points on curve I and the last four of

curve I? were obtained with 100 mm. of oxygen,

plus 50 mm. of carbon dioxide added rapidly

without discontinuing the illumination. The last

two points of curve V were obtained with 100 mm.

oxygen and 50 mm. hydrogen, while curve VI was

obtained with 100 mm. oxygen plus 4.3 mm. water

vapour.

The Reversibility of the Photo-Oxidation of

Chlorophyll Sample It The JSffect of the Dark

Pressure of oxygen.

The experiments of the preceding sections

on the photo-oxidation of chlorophyll Sample 1.

deposits on thallous bromide showed that an

interruption of the photo-oxidation by a dark

period in vacuo brought about an apparent restor¬
ation of the partially oxidised system, as judged
both from the increase in rate of oxygen uptake

and from the increase in the extrapolated total
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oxygen uptake over the dark interval. These

results have been interpreted as a reversibility

of the photo-oxidation in vaouo. The following

series of experiments was designed to ascertain

the extent of this dark reversibility under various

conditions•

lour separate depositions of chloro¬

phyll (Sample 1; Sucrose chromatogram purified)

on thallous bromide crystals were made and the

deposits treated as detailed below. The results

are recorded in the appropriate figures.

Fig. 22; 2.96 mg. chlorophyll were

deposited from acetone solution on 0.46 g.

thallous bromide. Illumination of the system

(Oriaa lamp ♦white' light: 100 + 1 ai. C2t 25°G)
was interrupted by dark intervals at »-

A; 18 hrs. in contact with 350 mm. O2
B; 18 hrs. in vacuo (at Hyvao for 15 mins.)

Fig. 23: 2.96 jag. chlorophyll: 0.41 g.

thallous bromide; dark intervals st»-

A; 13 hrs. in vacuo.

B; 18 hrs. in contact with 200 mm. 02
0; 18 hrs. in vacuo.

Fig. 24: 2.96 mg. chlorophyll: 0.45 g.

thallous bromide; dark intervals at:-
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A; 18 hrs. in contact with 50 mm. 02
Bj 66 hra. in contact with 100 mm. 02

Fig. 25s 2.96 mg. chlorophylls 0.65 g* thalloua

bromide 300 mm. 02: dark intervals at *•
Aj 18 hrs. in contact with 300 mma. 02
B; 18 hrs. in vacuo*

The molar ratios of oxygen to chlorophyll in

these runs are given in Table 9.

fable 9.

Temp. 25°0 1 Gas space 67.5 ml.j Guage
0.024 mm. per scale div.

sens.

It. chloro¬
phyll.

Extrap. o2
uptake
(divisions).

Molar ratio
02/Chl. Fig.

2.96 mgm. 34.0 0.90 22

2.96 35.5 0.94 23

2.96 35*5 0.94 24

2.96 35.0 0.92 25

The general form of the rate curves for

this chlorophyll purified by sucrose chromatography

agrees well with that obtained for chlorophyll

purified by solvent partition methods (p. 59 )*

The molar ratios for the initial runs in
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asch experiment (Table 9) are also in agreement

with those obtained fat' other purified chlorophyll

preparations. The values tend to b® less than

the value of unity expeoted by some 7$» a result

explained by the use of a cylindrical vessel in

these experiments when a certain amount of 'creep'

of the chlorophyll up the walls of the vessel

during deposition was unavoidable. The chloro¬

phyll so deposited would not be in contact with

the thallous bromide crystals and would therefore

not be subject to rapid oxidation. Some oxidation

may also have occurred during the purification

operations.

The molar ratio obtained for a run at

300.0 a». of oxygen (Fig. 25) confirms the con¬

stancy of this ratio over a wide range of oxygen

pressures.

The effect of the dark pressure of oxygen.

In the above series of experiments deposits of

chlorophyll, partially oxidised, were subjected to

dark intervals under the following conditions of

oxygen pressure.
-3

in vacuo (10 mm.) : 50 mm. : 100 mm. t

200 mm. : 300 mm.

At the two highest pressures there was



-79-

no change apparent in the system over the dark

interval (Fig, 23.B, Fig. 25.1). At 50 and

100 ana. duhing the darx interval slight reversion
t

is detectable (Fig. 24a, B) while in vacuo rever¬

sion is obtained amounting in some cases to almost

complete restoration of the initial conditions

(Fig. 22B, Fig. 23A, 0. Fig. 25B).

Quantitative treatment of the results

required definition both of the condition of the

deposit prior to the dark treatment and of the

extent of the reversion during the dark treatment.

Since the molecular oxygen to chlorophyll ratio

was unity, the percentage oxidation on the inter¬

ruption of illumination,

!»«• Observed oxygen uptake
Total (sxtrap) oxygen uptake

was used as a measure of the former, while

tiie reversion was taken as the ratio

Increase in total (extrap.) oxygen uptake

Observed oxygen uptake (previous)

Dark .Reversibility in yaouo.

The reversion, aa defined above, obtained

for a dark interval in vacuo was taken as a measure

of the maximum possible reversibility of the photo-

oxidation from the condition of the system
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immediately previous to the dark interval-

Table 10. gives these values for a number of

dark intervals in vacuo.

Table 10•

Dark Interval in vacuo: fig. 22B 23A 23C 25 B

Observed Oxygen uptake (dlvs.) 25.6 13.3 25.3* 28.2

Total (axtrap.) oxygen uptake
(before) 34.0 35.5 35.5 35.0

Total (extrap.) oxygen uptake
(after) 41.0 47.5 42.5 42.5

Increase in total oxygen uptake 7.0 12.0 7.0 7.5

% oxidation 75.5 37.5 71.5 80.5

% reversion 27.5 %.0 27.5 26.5

* Where reversion had taken place in s dark

interval in vacuo earlier in the run the 'observed

oxygen uptake' quoted makes allowance for the

oxygen 'lost'.

The values for $age oxidation snd reversion

are plotted in fig. 26.
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The number of results plotted in Fig.26

is small and the possible error in each result high,

but it would nevertheless appear that up to about

20$ oxidation of the deposit, the maximum possible

reversibility approaches 100$, while at oxidations

exceeding this value the possible reversibility

decreases, a dark interval in vacuo at near 100$

finally producing little reversal.

There are thus two oxidised products, one

reversible and the other irreversible. The possi¬

bility of near-complete reversibility during the

early stages of the photo-oxidation would perhaps

indicate that the irreversible product is a further

stage in the oxidation process, and is not formed

by a separate reaction. The process whereby the
reversible product changes to the irreversible
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product may be either thermal or photochemical, as

the possibility exists that the primary reversible

oxidation product is still coloured, and capable

of absorbing the incident radiation.

The results of a single experiment, in

which appreciable increase in the rate of oxygen

uptake was observed over a dark interval of 5 days

at 100 mm. of oxygen followed by evacuation at the

oil-pump for several hours, while indicating the

photochemical mechanism, are not considered suffi¬

ciently conclusive to decide this point, and further

work along these lines is required.

The dark reversibility at various oxygenmmwmwumiiii iiim mi iniiinmihii mrnammmmmmmmmmmrnmim^mimmm m n 11kJKwwhwmwi'ihiihi iim»om.mnMmtmmmmmmmmmmmmmmmmmmJrnimmmmmmmm

pressures. Table 11. gives the reversions

obtained at various pressures of oxygen for the

several dark intervals indicated.

Table 11.

Dark Interval (Fig.) 24. A 24.B 23B 25A

Observed oxygen uptake (divs.) 15.7 24.0 -

Total (extrap.) oxygen uptake
(before) 35.5 35.5 -

Total (extrap.) oxygen uptake
(after) 37.0 36.0 -

Increase in total oxygen uptake 1-5 o.? - mm»

Oxygen pressure of the dark
interval (mm.) 50 100 200 300

#age oxidation 44.0 68.0 -

$age reversion 9.5 2.0 Hone None
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Fig. 27 is the plot of $age reversion

against oxygen pressure of the dark interval, the

value of the reversion for a dark interval in

vacuo being assumed to be 100$.
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The plot of Fig. 27 takes no account

of the state of oxidation of the system from which

the reversion was obtained, but the curve indicates

that only at low oxygen pressures is marked reversal

of the photo-oxidation obtained. A further inves¬

tigation of the reversibility in the region of

0-50 mm. at a strictly controlled degree of

oxidation of the system would be valuable.
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THE PHOTO-OXIDATION OF CHLOROPHYLL SAMPLE 2,

VII THE RATE CURVES AT HIGH OXYGEN PRESSURES

FOR DEPOSITS ON THALLGUS BROMIDE CRYSTALS»

Chlorophyll Sample 1, the subject of the

experiments reported above, contained copper, added,

by the suppliers of the preparation, as a stabil¬

iser (see p. 18 ). it was considered advisable to

repeat much of the work, using a chlorophyll free

from copper contaminant. Such a preparation,

chlorophyll Sample 2, was obtained from the same

source, specifically free from added copper. The

differences in the properties of the two prepara¬

tions have already been reported (p. /9 ).

A deposit of the chlorophyll component

obtained by sucrose chromatography (p. 23) from

Sample 2 was exposed to 'white' light at an oxygen

pressure of 100 mm. For comparison two deposits

of the untreated Sample 2 were similarly exposed.

The depositions were made from acetone solution.

Other experimental conditions are given in Table 12.
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Table 12»

Temp* 25 C a Gas space 67*5 ml. 1

Gauge sens. 1 div. « 0.024 mm.

a 1- Chlorophyll fraction of sample 2.

b, cj- sample 2, unseparated.

Wt. Of
deposit

Wt. of
TIBr

Oxygen uptake t
scale divisions

Molar ratio
0 /Chlorophyll

a 2.08mg. 0.16g. 49.0 1.85

b 2.16mg. O.llg. 49.0 1.78

c 2.16mg. 0.30g. 49.0 1.78

Hate curves are plotted in figure 28.

The rate curves of Fig. 28 differ mark¬

edly from those for deposits of chlorophyll

Sample 1.

The maximum rates obtained are greater

by a factor of about three than maximum rates

observed for Sample 1. deposits under similar

conditions.

The form of the rate curve also differs

and now follows the following general description.

On the commencement of illumination the rate*

initially low, rises to a maximum and then decreases,
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the descending portion of the curve becoming linear

and apparently readily extrapolated to the uptake

axis. This linear decrease is continued to a

point where there is a fairly abrupt break in the

curve. The curve becomes linear again but with a

slope much less steep. This final linear section

was followed experimentally to very low rates but no

further change in slope was observed.

Using the final extrapolated oxygen up¬

take obtained for the chlorophyll component (Fig.

28a), the molar ratio, on the usual assumption of

molecular weight as 900, of oxygen to chlorophyll

is 1.85. As it is highly improbable that the

experimental error in this value is greater than

1056, it appears that the final oxidised product In

this case contains nearly two molecules of oxygen

per molecule of chlorophyll originally present.

The molar ratios for the chlorophyll-

carotene mixtures of Fig. 28b and c are both 1.78.

The relatively small change in the molar ratio

occasioned by the presence of a molar percentage

of 26 (see p.>25 ) of carotene in the deposit may

be due to the chance that while the molecular weight

of carotene (556) is approximately half that of

chlorophyll (900), the carotene oxidises with the

uptake of oxygen corresponding to a molar ratio of
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unity, as compared with the chlorophyll (Sample 2)
molar ratio of two. Hence the oxygen uptake by a

given weight of deposit is not greatly affected by

the relative proportions of chlorophyll and carotene

present.

The presence of carotene would appear

however to have a considerable affect on the posi¬

tion of the break in the descending portion of the

rate curve. 'dood separation was obtained in the

preparation of the pure chlorophyll component of

Sample 2 so that the rate curve of Pig. 28a is

considered to represent oerotene-free conditions.

The presence of carotene would therefore appear to

modify the rate curve but not to play any essential

part in determining its form.

It is an attractive hypothesis to link

the two linear sections of the curve with the entry

of the two molecules of oxygen present in the final

oxidised product. These oxygen molecules may

react with the excited chlorophyll molecule either

independently or consecutively, in the latter case

the entry of the second oxygen molecule being

dependent on the previous entry of the first.

The hypothesis of independent entry

requires, to give a uniform final product, the

reaction steps.
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hV I
Chi + 02 —^ 0hl.02 kx (1)
— hV — I
Chi + 02 —>■ Chl.02 k2(<k1) (2)

I hv
Chl.02 + 02 Chi.202 (k^~ k£) (3)
— H hV
chl.02 + 02 ->■ Chi.202 k4 (small) ...... (4)

i a
Where Chl.02 «ad Chl.02 are the monoperoxldic

forms having the higher and the lower rate of forma¬

tion respectively, and Chl.2o2 is the diperoxidic
end product.

It is unlikely that the monoperoxidic

forms will possess the same reactivities towards

oxygen as did the original chlorophyll molecule.

The species Chl.0P being formed more readily, might
be expected to entail less modification of the

original molecule. we have therefore taken
I

k^ — k2 • 3?he form Chl.02 might be colourless
(non-absorbing) and therefore unreacbive, being

then very small, unless uhe internal rearrangement
— I — I
Chl02 -** * *5 were possible.

The alternative reaction mechanism

involving stepwise entry of the oxygen as the main

reaction path, may be formulated
— hV — I
Chi. ■+• C2 —/*■ Chi »02 ...... k-^

I hv .

Chl.02 *■ 02 —Chi .202 k,j
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Beaction (2) may well proceed as a side

reaction to a small extent, and if further reaction
— I

of the form Chl.02 were impossible, this side
reaction mignt account for part of the observed

deficiency in the oxygen uptake requirements for a

molar ratio of two in the final product.

Both mechanisms appear capable of yield¬

ing rate curves of the type obtained experimentally,

providing suitable assumptions about the relative

magnitudes of the rate constants are made. With

%>% cil« iirs1i section would be determined
mainly by the exponential decrease in Chi, modified

slightly by the simultaneous uptake due to reactions

(2) and (3)• The second linear section would
— 1

appear when the exponential decrease in Chl.02
became the main rate-determining factor.

It is to be noted that the rate curves

of Fig. 28 do not exhibit the constant rate section

which were a characteristic of chlorophyll Sample 1

deposits containing carotene.

These experiments having shown that there

are possibly two positions at which oxygen can enter

the chlorophyll (Sample 2) molecule under the

prevailing conditions, the fact that the copper

containing Sample 1. chlorophyll shows only one

might be interpreted in two ways.
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Id the copper containing sample the

first position might already have been completely

oxidised. This would require a very selective

oxidation of the first position with negligible

attack at the second for the observed oxygen uptake

ratio to be so precisely unity for the second posi¬

tion oxidation.

Alternatively the modification of the

chlorophyll molecule brought about by 'copper sub¬

stitution' may effectively block one of the two

positions! this modification also leading to non-

fluorescence and failure to give the Molisch phase

test (see p. /*? ).

The establishment of the correct alter¬

native requires further study of the differences

between chlorophyll sample 1. and chlorophyll

Sample 2. and the conversion of the latter into

the former under controlled conditions, particu¬

larly in respect of oxygen present in the conver¬

sion solvent.

A dark interval in vacuo brings about

considerable reversal of oxygen uptake, the rate

curve following the interruption exhibiting the

same characteristic break in the descending portion

of the curve. It is not possible to determine
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whetnsi* the oxidation at both positions is rever¬

sible from the available data and further investi¬

gation of this point is required.

It is further possible that the funda¬

mental assumption above is incorrect, namely that

two molecules of oxygen are taken up by each chloro¬

phyll molecule. Cnlorophyli preparations of this

kind may contain pheophytin, in which the magnesium

atom is replaced by two hydrogen atoms. It is

known that such positions are also generally oxidis-

able, in which case the oxygen molecular ratio

might be three. fhe experimental value of 1.85

would then depend on the relative amounts of chloro¬

phyll and pheophytin, and the closeness of the

value to two would be f ortuitous. A possible line

of invest!on of this would be the accurate deter¬

mination of the adsorption spectrum over certain

wavelengths.
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ThS PHOTO-OXIDATION OF CHLOROPHYLL SAMPLE 2.

VIII THE REACTION RATS AT LOW OXYGEN PRESSURES

EOR DEPOSITS ON THALLOUS BROMIDE CRYSTALS.

Both chlorophyll preparations having

shown that their oxidation is partly reversible by

simple pressure reduction, it was considered poss¬

ible that a critical oxygen pressure might exist

below which no photo-oxidation would occur, the

forward rate of formation of the oxygenated product

being then counterbalanced by the reverse dissocia¬

tion into reactant and oxygen. preliminary experi

-rnent showed that such a limit must lie at very low

pressures, of the order of 0*1 mm. of oxygens

results are her© quoted for the pressure region

below 0.5 mm. Under such conditions both the

chlorophyll content and the oxygen pressure become

simultaneously variable factors, in contrast to the

oxidations at 100 mm. oxygen, when the fractional

change in oxygen pressure is so small as to render

the oxygen pressure sensibly constant, and without

appreciable effect on the rate of oxidation (p.55).
In this low pressure region the rates

obtained with copper-containing chlorophyll

Sample 1. were so low as to render observation
difficult and inaccurate. With chlorophyll
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Sample 2, however, accurate measurement was

possible and the following results refer to this

preparation.

Sxperimental. 2.0 mg. of chlorophyll

Sample 2. were deposited on thallous bromide

crystals from acetone solution in the cylindrical

vessel. Into the evacuated system was introduced

oxygen sufficient to give a rise in scale reading

of 16.0 divisions, equivalent to a pressure of

0.39mm. Hg. The system was exposed to 'white1

light at 20°G.
At this low pressure the vibration of

the gauge pointer was marked, making observation

difficult. Accordingly, after an oxygen uptake

corresponding to 4.0 scale divisions illumination

was interrupted to allow the introduction of 50 mm.

of carbon dioxide, a gas shown to be inert in this

reaction (p. 75 ). illumination was recommended

and observations continued to very low oxygen

uptake rates. Fig. 29. is the plot of pressure

against time for this and following runs.

(A) indicates the point at which the carbon

dioxide was introduced.
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(B) and (C) indicate further inter¬

ruptions of illumination during which the system

was pumped out and a fresh small amount of oxygen

and 50 mm, of inert gas introduced} (B) 13«1 scsle

diva. (« 0.32mm, Hg) (C) 24-,8 scale divs. (« Q.6Qmm»

Hg).

In the initial run (Curve (A) of fig, 29)

the partial pressure of oxygen fell to a value of

0,9 mm. approximately. This value was reached

after an exposure time of about 450 mine., and was

maintained constant during a further 250 mins. of

illumination. The fall in pressure in the follow¬

ing run was not continued to such low values, hut
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eurve (B) is obviously asymtotic to a similar

limiting oxygen pressure, although in this case an

exposure time of about 15 hours would have been

required to reach this pressure.

Only a representative selection of the

experimental observations are plotted in Fig. 29,

and the rate curves of Fig. 50. were obtained from

the complete plots.

o-b
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0

In contrast to the rate curves for

exposures at high oxygen pressures the rate curves

of Fig. 30 are never linear, an effect arising from

the simultaneous variation of both the chlorophyll

and oxygen Contents* of the system. Despite this,

h'qure dO.

Kate curves of iht hhct~o-ox(clatio<0 Of- chlorophyll
dt~ !ou) oxygen frressyres.

10 Xo

Ox^en ujoiske: scale cjirs.
30 /fO
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extrapolated total oxygen uptake values for each

run can be obtained with fair accuracy. For the

runs commencing at (A), (B) and (0) respectively

these values are 12.4, 21.7 and o.4G scale divisions.

In each case the value falls short of consumption

of all the oxygen present by several scale divisions

( (x - a), (y - b), (z - c) i Fig. 30).

Under otherwise identical conditions but

at an oxygen pressure of 100 mm., 2.0 mgm. of

chlorophyll Sample 2. is capable of taking up oxygen

corresponding to 44 scale divisions. Ignoring the

possibility of reversal during the evacuations at

(B) and (0), a procedure perhaps justified by the

low rates to which oxidation was taken previous to

the evacuations, it is possible to give a value for

the chlorophyll content of the system at any stage

in the experiment, in terms of the amount of oxygen

that the deposit was still capable of taking up.

We can therefore determine, from the rate

curves of Fig. 30, the oxygen pressure and the
■

chlorophyll content, both in terms of seal© divi¬

sions, at any stage in the experiment.

This has been done for several points on

each rate curve and the results tabulated

(Table 13).



Chlorophyllcontent15(scaledivs.) Oxygenpressure1t- (scaledivs.) Rate(scalendivs./lQmins.) Rate/Chlorophyll Content(xlO^)

Table13»
171921 17.819.821.8 0.250.500.40 15.515.819.1
242652545658 5-57.54.08.08.010.0 0.080.180.050.200.590.58 5.536.920.945.8810.815.5
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On the assumption that the rate of

oxygen uptake is proportional to the chlorophyll

content as defined above, we may attempt to elim¬

inate one of the variables by dividing the rate at

any point in the run by the corresponding chloro¬

phyll content*

It has however been shown for chloro¬

phyll Sample 2. deposits at high oxygen pressures

that the relationship between the rate and the

oxygen uptake capacity during a run is apparently

complicated by the formation of oxygen absorbing

intermediates (p. 87 ). The presence of carotene

is an added complication.

Pig* 31* is the plot of the rate of oxygen
1 I

uptake per upit oxygen uptake capacity (Rate/Chioro-
\

phyll content of Table 13) against oxygen pressure,

at various stages during the oxidation.

Figure 3/.
Vdr/dt/or no r$k uifk wjgtn pressure jor a deposit

/5

10

**/cu.
(V5) s

of 0mt chlorophyll conttnt.

A' 10 /fT XO

Ofiyjen jore&ore:{sco/e c//i/s. ( / sca/e Ms/. - 0-OXfy mm flj)
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Three groups of points are obtained, each

derived from a different run. It is obvious that

the rate of oxygen uptake at low pressures is not

directly proportional to the oxygen uptake capacity,

as the required coincidence of the three curves is

not obtained. The effect is analogous to the

observation at high pressures that the slope of the

descending portion of the rate curve becomes less

steep in the final stages (p. 86 ).

As has already been noted the extra¬

polated value of the oxygen uptake for each run

falls short of the total oxygen available by

several scale divisions. This residual pressure

of oxygen may be obtained from any of the plots of

Figs. 29,50, and 31, and is about 3*7 scale divi¬

sions (3*7 x 0.024 » 0.088mm. ). Oxygen uptake

apparently ceases at this pressure.

In view of the reversibility during dark

intervals at reduced pressure noted in earlier

experiments (p.90 ) this limit must represent the

dissociation pressure of the peroxidic products

of the reaction. In view of the complex nature

of the absorbing solid phase} chlorophyll, chloro¬

phyll monoperoxide and carotene being simultaneously

present; further experimental work is required
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before the nature of the equilibrium established

may be more fully discussed.

The ultimate formation of an irrever¬

sible peroxidic end-product would lead one to

expect continued absorption of oxygen to pressures

below the true dissociation pressure. However

the very transient existence of a molecule of the

reversible peroxide to be expected at pressures

sensibly below the dissociation pressure would

render the rate of transformation into the irrever¬

sible form very slow indeed, and the amount of

absacoed oxygen •stabilised' at pressures below

the dissociation pressure in this way would be very

small.
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PRELIMIMRX EXPERIMENTS IN COLOUR FADING.

Several identically prepared deposits of

chlorophyll Sample 2. on thallous bromide crystals

were exposed in air to Osira lamp 'white' light for

varying times. The partially bleached systems were

extracted with acetone and the residual 'chlorophyll

equivalents' estimated in the red and violet spectral

regions by means of a Spekker photometer.

acp.rlm.ntal

0.100 g* portions of thallous bromide

crystals were weighed out into 100 ml. Pyrex conical

flasks, chosen for the flatness of their bases.

The crystals were separated by vigorous shaking with

a few ml. of acetone. This decanted off, the walls

of the flask were washed down with a further few

drops of acetone, and this used to spread the crys¬

tals in a uniform layer on the bottom of the flask.

The acetone was them pumped off at the filter pump
■

leaving a fairly uniform circular layer on the

bottom of the flask.

Into each of the flasks thus prepared was

introduced 1.70 mgm. chlorophyll/carotene mixture

Sample 2. (2 ml. 0.850 @a./l.acetone solution).

The acetone solvent was allowed to evaporate off at

room temperature in the dark. Final removal of
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solvent was made by pumping out for 20 minutes on

the oil pump, light being excluded.

ELgs23nt?ition of the crystals appeared

uniform, and only very slight traces of chlorophyll

were noted on the rounded portions of the bases of

the flask outside the crystal boundary.

The exposure apparatus illustrated in

Fig. 32 consisted of a 230V/400W Osira lamp mounted

vertically. Soft glass tubes formed s 2 em. air

gap and a 2 cm. water filter concentric about the
|

lamp. During illumination the flasks were mounted

radially about the lamp in clips on a housing. The

housing was blackened inside. The water in the

filter was changed continuously, being introduced

tangentially at the bottom of the filter and sucked

off by means of a water pump at the top of the filter.

The filter combination soft glass/water
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eliminated ultra violet lighc of wavelength less

than the 3650 A.U. line, and much of the infra red

radiation. In operation, with a room temp, of

illumination was meinteined at about 35°C.
The prepared flasks were exposed for the

times noted in Table 14, being removed and stored

in the dark when their illumination was discontinued.

The partially bleached deposits were then extracted

with 5 mis. of acetone for 2. minutes and the result¬

ing solution compared with a standard solution of

2 mis- of the original chlorophyll solution in

aoetone, diluted to 5 mis., in a Spekker photometer,

using the colour filters Spectrum Violet 601 and

Spectrum Red 60S. The instrument was calibrated

over the necessary range using various dilutions of

the chlorophyll solution.
Table 14.

Time of Ilium- Chlorophyll equi- mis. standard
1nation mins. valentt Violet. solution. Red.

15°C, the temperature of the crystals during

Blank
Blank

2
5

10
15
3o
60
60
85

1.94
2.00
1.46
1.12
0.96
1.02
0.87
0.54
0.54
0.47

1.95
2.00
1.70
1.31
1.12
1.00
0.77
0.45
0.45
0.36
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Pig« 33 is the plot of chlorophyll equi¬

valent ((Table /-f ) against time.

The following points may be noted from
%

the corves of iig. 33:-

(a) the initial more rapid fading of ♦chlorophyll'

as measured by 'blue absorption.

(b) The sygaoidal form of the 'blue' curve leading

to a crossover of tne red and blue 'chlorophyll

equivalent' curves.

(c) the persistence of blue absorption in the

later stages.

In explanation of (a) we may postulate a

first product in ^hich botn red and blue maxima are

suppressed, the blue maximum more strongly. The

blue maximum may even be completely suppressed in

this initial product, but there must be some red
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sbsorption or the two curves would coincide.

The for© of the blue curve and the cross¬

over noted in (b) sec© to demand the appearance of

a blue absorbing secondary product. The red

absorption of this product must be less than its

blue absorption (relative to chlorophyll as a

standard) and may be aero. This substance would

not appear to be the end product of the reaction

since as the curves do not tend to diverge further,

as would be expected if this substance accumulated.

Both curves tend to zero and the final product may

be colourless.

In the light of the deductions already

made concerning the mechanism of the oxygen uptake

by this chlorophyll preparation, it is attractive

to equate these three stages with the reaction steps

postulated.
— hv —

Chi + Go —»■ Chi.02 (-red absorbing: blue
maximum suppressed)

hV
ChLOa+ Op —Chl.20o (blue absorbing; red

maximum suppressed)

Chl.202 —> irreversible di-peroxide (colourless)
The presence of both chlorophylls a and b

and carotene in the system makes necessary further

work on these lines on the separated components

before the discussion may be pressed. in support
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odC the present findings and conclusions, analogous

changes in the absorption spectrum have been

reported for the aut-oxidative fading of illuminated
3 5m

solution© of chlorophyll.
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THB HiDTG-OXIDATION OF CHLOROPHYLL ON GLASS.

The majority of the experiments of the

preceding sections were carried out with pigment

deposits on thallous bromide crystals, a system

giving conveniently measurable oxygen uptake rates.

No changes in pressure were observed with thaiious

bromide in the absence of pigment for otherwise

comparable conditions, and it therefore appeared

that thaiious bromide merely acted as an otherwise

inert photosensitiser. It was, however, thought

desirable to attempt to confirm the main feabures

of the oxidation with deposits on glass itself as

the simplest system free from any complications.

The preliminary experiments had shown that deposits

on the p3.sne end face of the reaction vessel gave,

on illumination at the highest conveniently obtain¬

able intensity, very low oxygen uptake rates. In

an attempt to obtain higher rates, it was decided

to use chlorophyll spread on small glass beads in

one of the cylindrical vessels.

Small glass beads of approximately 2 ~

3 mm. diameter, sufficient in number to fill the

chosen reaction vessel, were cleaned with chromic

acid, rinsed with distilled water, washed and dried

with acetone. Approximately two-thirds of these
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beads ware then transferred to a second vessel, and,

in dim artificial lighc, 2.31 ml. of an acetone

solution or chlorophyll Cample 1. were dried on them

s"s the w»t«r-pump, the vessel being rotated to ensure

as far as possible even distribution. The walls of

the vessel were tnen "rinsed" with the remaining

beads in two portions, by the addition of a small

volume of acetone and drying as before. 411 the

beads v.rere then mixed and transferred to the

reaction vessel. This was attached to the main

apparatus, pumped out for one hour, left evacuated

for 15 hours, pumped out for 2 hours, and then

exposed to full •white' light at 100.2 mm. of

oxygen.

Fjjure «3f.
Chlorophyll phoio-pxiolation an

Rdh
sco/e p/iirs.
fits' /Oniirfr.

0-0 I
d /0 XO

Oxygen uptake -• scale c/tys.
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'£he maximum rates of oxygen uptake are

still low, but in comparison with experiments in

the aosance of the beads, they show an increase by

a factor of approximately three, after allowance has

been made for the decrease in volume of the system.

All the carves show marked ♦induction*

periods, this being especially marked in the later

stages of the illumination, e.g. in (d), (e) and (f)

of Fig. 34. the initial rate on resuming illumination

is almost zero. The maximum rates obtained in (b),

(e), (d), (e) and (f) show a general decrease, but

the factors governing the extent of the decrease

between adjacent runs are obscure.

In contrast to the thallous bromide systems

a dark period under vacuum does not appear to cause

obvious reversion, while contact with 100 a®, of

oxygen in the dark, which for thallous bromide

systems gave practically no change in rate, has here

caused a marked reduction.

If we project the linear portion of curve

(b) to cut the oxygen uptake axis, the calculated

oxygen to chlorophyll ratio (taking the molecular

weight as 900 and neglecting the carotene fraction)

is approximately 1.9, this to be compared with the
value of 1.2 obtained with thallous bx*omide under
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almilar assumptions. The value 1.2 would

correspond to an oxygen uptake of some 55 seals

divisional the rate curves of Fig. 34. do seem

to be approaching in a general sense this

figure.



-111-

D1S0USSI0H.

While it is unfortunate that the main

features of the oxidation on thallous bromide

crystals have not been exactly duplicated on glass,

and, therefore a common mechanism of oxidation can

not rigidly be taken to occur, a general mechanism

can be put forward to cover the main trends of the

observations. To simplify the argument the term

chlorophyll is used generally for these general

preparations and mixtures and only when necessary

is the nature of the actual preparation indicated.

Reaction is initiated by the absorption

of a quantum of the incident radiation by a ground

state chlorophyll molecule, an excited chlorophyll

molecule of higher electronic state being formed.

We denote these molecular species Chi and Chi*

respectively and formulate the initial step as

follows j-

Chi + hy> —Chi*

The observed quantum efficiency is low

and much of the absorbed light energy is degraded

without causing chemical reaction. A high propor¬

tion of the excited molecules must therefore revert

to the ground state by some process of internal
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degradation, and only a few enter the relatively

long-lived 'reactive* state, which acill possesses

an energy higher than the ground state. To this

long-lived reactive species, for the existence of

which much evidence has been presented in the

literature,^6* we give the symbol t-Chl.

Chi* Chi

Chi* —t-Chl.

This reactive species too may revert to

the ground state but has, asnnoted, a relatively

long half-life, enabling it to react rapidly and

reversibly with molecular oxygen to give a chloro¬

phyll peroxide t-Chl »C2
t-Chl -> Chi

t-Chl + 02^ t-Chl.C2
Irreversible oxidation takes place by the

slow transformation of the reversible peroxide into

an irreversible peroxide Chl.Q2 °y a process which
may be photochemical.

hV ?
t-Chl .G2 —Chl02

The species t-Chl£>2 and Chl.Q2 strictly
represent only the chlorophyll Sample 1. derivatives.

The reversible autoxidation stage

t—Chi + 02 < ~ t—Chi *02

(solid) (gas) (solid)

requires separate consideration.
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Efere e gas in contact with two chemically

distinct solid species forms a two component system

of one gaseous and two solid phases. She familiar

ease of the dissociation of calcium carbonate is of

identical type.

GaQ + GaGQj
(solid) (gas) (solid)

By the phase rule both systems are uni-

varisnt. In the calcium carbonate system equili¬

brium at a given temperature is attained at a

certain definite pressure of carbon dioxide; the

dissociation or equilibrium pressure at that temper¬

ature. The equilibrium pressure is determined

solely by the free energy changes involved in the

reaction of equivalent quantities of the species

concerned and is independent of the relative or

absolute amounts of the solid phases and of the

volume of the gaseous phase. At a constant tem¬

perature a decrease in the carbon dioxide pressure

imposed on the system will cause dissociation of

the carbonate until the equilibrium pressure appro¬

priate to the temperature is re-established. If

the amount of carbonate present in the system is

insufficient to re-establish the equilibrium

pressure then the carbonate solid phase will dis¬

appear from the system. Similarly an imposed
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increase in the carbon dioxide pressure will bring

about the formation of carbonate at the expense of

the calcium oxide until either the equilibrium

pressure is re-attained or the calcium oxide phase

has disappeared* When conditions are such that

only one solid phase is present the system becomes

bivariant and the carbon dioxide pressure and the

temperature may be chosen independently.

The transference of these arguments to

the analogous chlorophyll peroxide system makes

possible the following explanations of a number of

the experimental observations.

The higher pressures of oxygen used are

well in excess of any possible dissociation pressure

of the reversible peroxide, this solid phase being

stable under the prevailing conditions. when the

reactive chlorophyll phase is introduced into the

system by light action it will therefore react with

molecular oxygen at a rate proportional to some

function of the oxygen pressure in excess of the

dissociation pressure and of the number of mole¬

cules of the reactive chlorophyll species which

temporarily exist. This will be the experimentally

measured rate of reaction.

In the dark on the cessation of illumina¬

tion at an oxygen pressure higher than the
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dlssociation pressure of the reversible peroxide,

"Che prevailing oxygen pressure will prevent appre¬

ciable dissociation of the peroxide. The amount of

the reactive chlorophyll species which will exist

under these conditions will be exceedingly Bmall,

On the resumption of illumination the system will

therefore be found to be sensibly unchanged, a

result in agreement with experiment.

A dark interval during which the oxygen

pressure is lowered to a value less than the

dissociation pressure will lead to the complete

dissociation of the reversible peroxide, and the

reactive chlorophyll so formed will revert, irrever¬

sibly in the absence of light, to the ground state.

On the re-introduction of oxygen at a higher pressure

the ground state chlorophyll will be unable to react

and no dark uptake of oxygen will be observed.

Subsequent illumination will reveal the autoxidytion

to have been reversed to some extent during the

dark interval in vacuo.

The experimental work at low oxygen

pressures gives more direct evidence for the

existence of a dissociation pressure for the rever¬

sible peroxide. The rate of oxygen uptake falls

to aero at an oxygen pressure of about 0.1 mm. and

it must be presumed that below this pressure the
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reversible peroxide is unstable however much, of the

reactive chlorophyll be formed by light action.

A kinetic expression for the observed

rate of oxygen uptake may then be derived from the

proposed reaction mechanism.

ohi + hV Chi*

Chi* Chi

Chi* t-Chl

t-Chl Chi

t-Chl + 02 —^ t-Chl .0^

t—QliLC)^ t—Chi + Co

t-ChlD^ Chi .02
Far steady state conditions

(1) •. * * *^abs

(2) - *" *2

(3) .. ..

(4) .. •. k^

(5) .. • • kej

(6) .. k6

(7) - • « kn

- i. -i±[ai']-kK[oj*j = o,c/t dbs

cu/tencc [Chi*J = Istjs /( + k3) #

„ ksmi]Loij-kim.oj-k7miA] = o

whence [l-Oil,0%] - ks[t-CMJio:J^(k6 +k?)
d_MJ = k3[ai*j.tfjSij - + ^ [fs].Qj
dt

=
- M&a-itmo a
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whence Ql"Ch|J = • T,- —

(k^kstoj-&kjCoJ)
N<wuhen CqJ = loJ^oil;hrim

kZtuioj .

In the general cdse.

_ i£2sl = ks[fcf,i][oj - k6[i^j.ozJ
clt

=■ ksZta/JLQzJ^
= ks£f-aij(coj-lozj )

^ + k,£oj-7^-^43k^kt,
(he 4 k7)

( 1 + W7 )(k2 + k3 ) hbs ~ [°zl^ 3
^Cltfy + LW

u>hic-h fndy be reduced to the -form

JlOil _ <3- (iPzJ ~EPz]&i)
dt / + ib£^J

uhere



I
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o/1— ' + M°?J
^ **W»

. i* ">r«o , —

ipjM
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may be neglected, this expression is of the same

form as that derived, empirically for the relation

of rate to oxygen pressure and light intensity,

although in the latter case only incident light

intensity was experimentally investigated.

proportion of the excited molecules which will

enter the reacrive state.

picture to coincide with the proposed energetic

and kinetic schemes cannot be undertaken without

further investigation of the chemical nature of the

reversible and irreversible peroxides formed, but

a little speculation is perhaps justifiable.

ihe derivation of a detailed chemical

He = CU,
i 1
A H

CHvO) or CH0(b)
i 5 I
C

I.

COO. (Phytol residue)
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The chlorophyll molecule (I) Is e pecu¬

liarly delicate caeaieal structure possessing more

than cue grouping susceptible to oxidation# In the

absence of any certain knowledge of the exact mode

of entry of the oxygen molecule into the chlorophyll

structure it is only possible to suggest similarities

between this process and others about which more

precise information is available. the most striking

of reversible autoxidations is the reversible oxygen
i

uptake by the blood pigment haemoglobin. fh©

structural similarities between chlorophyll and the

functional group of haemoglobin (II) make this

comparison particularly interesting.

CH=cH^ CH3

"KVS/Vc-H,
C- N N-C

l \ / v
t X r (u )
C N N=C

¥V^rV'c"3
£Hz-CHz-COOH IHz-CHz-COOH

fhe point of attacument of the oxygen In

oxyhaemoglooin is tne ferrous atom. The formation

of the oxygen-iron linkage doss not involve any

change in the valency state of the iron. It is
not obvious how the magnesium atom of even photo-

activated chlorophyll could behave in like manner.
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+ Or

(m)
\y

Another class of reversible peroxides are

those derived by the photo-auboxidation of hydro¬

carbons of the rabrene series These

molecules form a peroxide on illumination at high

oxygen pressure, the reverse reaction taking place

in the dark only at low pressures or high tempera¬

tures. It may be suggested that an energetic scheme

very similar to that derived for chlorophyll would be

applicable to these hydrocarbons. Rubrene photo-

autoxidation has been studied mainly from the

structural aspect and the structural formula for the

peroxide is well established (IV). The oxygen

molecule is doubly linked to the hydrocarbon system.

The reaction may be considered as one

between two biradial structures.
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The biradial nature of excited rubrene

has nob been established as yet by the classical

methods of paramagnetic susceptibility determina-
38

ticn * but little doubt exists as to the validity

of the hypothesis. We have already noted in the

introduction, the role played by radical species in

autoxidative processes. -These mono-radical forms

were generally derived oy the removal of a hydrogen

atom, a process requiring much energy. Biradioal

structures may, however, be formed with a moderate

requirement of energy and much recent work has been

directed towards the demonstration of the biradical

nature of the excited states of complex coloured
Ifi

molecules.v *

The observation of phosphorescence by

suitably dispersed organic pigments has bean

explained by the existence of a metastable high
39.

energy state of the molecule. ^ This metastable

state has been identified with a triplet energy
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4o
level of the molecule. * Transition between such

a triplet state and the normal singlet states of the

molecule by absorption or emission of light energy,

is forbidden and the triplet state is accordingly

relatively long-lived. Triplet states arise from

the decoupling of the spins of two electrons so that

they are unable to share a normal bonding orbital.

In the simplest cases these electrons may become

localised upon convenient atoms of the molecule,

forming what may be considered to be a diradical

species. This has been already postulated above

in the case of rubrene, but resonance stabilisation

between many canonical forms probably occurs. As

the spins of these electrons are parallel and do not

cancel out the molecule will display paramagnetic

properties similar to those possessed by monoradical

forms possessing a single odd or uncoupled electron.

Such a triplet state has already been

suggested for photo-excited chlorophyll and closely

related compounds in explanation of the phosphor¬

escence and reversible bleaching which has been
41

observed. * There is, however, no evidence for

the localisation of the uncoupled electrons at

particular points in the structure.

Chlorophyll in organic solvents exhibits
42

photo conductivity. * This, and the photosensi-
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tisLng properties of chlorophyll in Ag3r photography

suggest the possioility of the loss of an electron

by the excited molecule. Such a process may be

reconciled with the triplet state view expressed

above if the non-localisation of the uncoupled

electrons be such that one or other of them may

leave the molecule to enter either an adjacent

molecule in solution, or, in the case of the

photosensitisation, the conductivity level of the

supporting solid.

The catalytic effect of the thallous

bromide may therefore be due to an extension of the

lifetime of the metastable state by increasing what

may be considered to be the resonance stabilisation

of the pigment-substrate complex diradical.

Thallous bromide resembles silver bromide

in forming a latent image provided a bromine atom

acceptor such as gelatin is present. Chlorophyll

and carotene may act in such a capacity by virtue

of their unsaturated nature. If a thallium latent

image were here formed, it would however, be

expected to react with water vapour and carbon

dioxide in the presence of oxygen, and such reaction

would be accompanied by a decrease in pressure:

ATI * 2H20 + 02 * 4T10H
4T1 ♦ 2C02 + 02 - 2T12C03
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As already noted, (p. 75 ) no effect of water vapour

and carbon dioxide was observed, either on the

magnitude of the rate of pressure decrease or on

the final gas uptake.

The position (10) of the chlorophyll

molecule is particularly reactive and is a possible

point of attack of oxygen. The process of

allomerisation ha3 been postulated, but not proved,

to involve this position. The nature of the

groupings around this position render the hydrogen

atom extremely labile and enolisation readily
43.

occurs.

The following processes might conceivably

explain the reversible photo-oxidation reported here.

Remainder
o-f "the

chlorophyll molecule "R 1R*

°* C? °nv m hv ov r*~j
C—C-C. ^ C—C=c ^ C—C—CN

CHjO H N° CHp OH CHj!) 0H
•R- K- U

r—' ^

°* J j! n °* 1 11 1 'c—c—c + 0c—c—c. —> c—c—c.

CHj!) 0H CH30 0* 0H CH30 Q,H X°
As shown enolisation is assumed to take

place before the absorption of light, but could

probably equally well occur after the absorption act*
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The Intermediate 3inglet excited state is not

depicted in the scheme above* The diradical formed

has one of its uncoupled electrons localised upon

the position (10) carbon atom while the other is

located somewhere in the rest of the molecule or even

outside the molecule. The final irreversible

product is formed on the return of the labile hydro¬

gen atom from its enolised position and redistribu¬

tion of the bonding in the molecule. This final

product would prooably be very stable by reason of

the bonding of the hydrogen of the hydroperoxide

with the adjacent carbonyl groupings.

For solid phase sensitised photoautoxida¬

tions the participation of the hydroperoxide radical

HO2 b®3 been postulated. A very general mechanism
for this process has been given. The present

hv *
HD HD

HD* + 0a ^ HDOa
HDOa === D.02H I
DQH spfe D- + H02* I

work may lend support to such mechanisms by demon¬

strating the existence of high energy peroxides

retaining the power of spontaneously severing the
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earbon oxygen link formed. Hydroperoxide radical

formation has not been detected in the present

instance, the introduction of a pressure of hydrogen

gas causing no change in the observed rate of

pressure decrease as might be expected from the

known reactions of this radical species.^®*
An application of the results of the

present work to the problem of photosynthesis mu3t

be highly speculative. One of the problems of

photosynthesis is the mechanism of the release of

oxygen, which must be accomplished with minimal loss
45.

of energy. Any process involving the decomposi¬

tion of hydrogen peroxide or normal organic peroxides

must necessarily result in the decrease in the free

energy of the system, but here we may have a system

which accomplishes oxygen release while retaining the

energy. Admittedly the conditions required to

obtain reversal are violent, speaking from a bio¬

logical point of view, but allowance of unknown

extent must be made for the effect of the detachment

of the chlorophyll molecule from the protein to which

it is attached in the plant cell. Were natural

conditions such as to raise the dissociation pressure

to a figure more nearly that of atmospheric oxygen

or to that in oxygenated liquid water the mechanism

presented would be of great value, but would entail
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an additional function of the chlorophyll molecule

in photosynthesis, making it not only the centre of

water oxidation and carbon dioxide reduction but

also the point of oxygen release.

The present work cannot claim to have

exhausted the problems even of rhe limited field

chosen, and the insults obtained only indicate the

many further lines of enquiry that must be pursued

before full knowledge of the system i3 realised and

before the velocity coefficients of the kinetic

expressions derived can be determined. The

experimental methods used appear to be applicable to
a wide range of both fundamental and applied problems

and may be aspectad to yield much new knowledge of

the photo-chemistry of pigments in the solid state.
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SOHMAB Y*

Examination has bean made of the ohoto-

oxidation, in visible light, of chlorophyll prepar¬

ations, deposited on various solids, by means of the

direct measurement of oxygen pressure decrease.

Rates of oxidation were very low on glass,

zinc oxide, aluminium oxide, ferric oxide, and on

talc, but were some five to ten times more rapid on

thallous bromide and thallous iodide. The maximum

quantum efficiency on giLess in light of wave length

4-358 A.U* was of the order lo"*2, increasing slightly

with decreasing film thickness.

Chromatographic and solvent partition

separation methods applied to two chlorophyll

preparations enabled two main fractions to be examin¬

ed, a yellow carotene fraction and the green chloro¬

phyll fraction. Cn thallous bromide, the oxygen

to carotene and the oxygen to chlorophyll molar

ratios in oxidation were unity. The chlorophyll

fraction of a second sample showed an apparent oxygen

to chlorophyll molar ratio of approximately two.

Oxidations were partly reversible by simple pressure

reduction. For one chlorophyll preparation, a limit

of oxygen pressure of approximately 0.1mm. was

established, below which no oxidation occurred.
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A possible mechanism has been discussed

in relation to the experimental results and to the

general nature of such preparations.

#
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