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INTRODUCTION

More than forty years ago the principal constituent of
| cheropodium oil, ascaridole, was shown to be a naturally occurring
| stable, liquid peroxide (1). Ascaridole differed from other
knowvn peroxides prineipally in its structure which was found to
contain a peroxide bridge across a six membered ring in the
l:4=position. For many years this compound was regarded as an
0ddity without an amalogue in organic chemistry but the study of
sterols in more recent times has resulted in the discovery of many
other transanmilar peroxides both liquid and erystalline (2).
The occurrence of such cyclic peroxides is not restricted to
alicyclic chemistry, IEn 1926 was finally proven the existence
of a class of organic compounds of comparatiwve simpliecity,
' solutions of which were, on irradiatiom, capsble of combining
with molecular oxygen (3). The functional grouping was later
found to be a l:4-dienic system associated with a polycyclie
hydrocarbon (4). The product was a colourless transanmular
' peroxide or photo-oxide, which regenerated oxygen and almost
pure hydrocarbon on heating.
The readiness with which many of these peroxides are formed
' under the influence of light and air as well as the ease with
| which some of them can rearrange into more stable compounds ox
release oxygen, strongly suggests that they may play an important
' role in biological oxidation processes, As the investigations,
~mainly by Moureau and Dufraisse, progressed it became increasingly
evident that a more physicochemical study of such aromatic peraxidné
might prove of fundamental importance in a variety of fields.
The /
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The reversible combination of oxygen and haemoglobin in the

' respiratory system, for example, constitutes an empirical parallel
to the reversible photo-oxidation of polycyclic hydrocarbons (8).

| In photosynthesis the presence of a molecule capable of

' producing oxygen by unimolecular dissociation could result in a

I great saving of energy over other more involved multimolecular

| dismutations (8). 'In vitro' experiments on the photosensitisa-

tion of related photo-oxidative processes involving chlorophyll

| have, however, proved unsuccessful (7).

The fading of common dyestuffs in sumlight is a slow and
photochemically inefficient process which may invelve such
peroxidic intermediates (8)s In any case as the stage which
limits the efficiency is obscure investigatioms on similar

coloured materials, having the property of absorbing oxygen at a
| measurable rate might prove invalusble,

It was intended in this work to ufilise the reversible photo-
oxidative properties of the bright red hydrocarbon rubrene,
5:6:11:12=-tetraphenyl-naphthacene, and related materials to a
lesser degree, to study the general phenomenon of photobleaching
in the solid state and to study the properties of the products
thevefrom.

A study of the photo-oxidation of solutions of this type of
hydrocarbon has only illustrated the complexity of the mechanisms

| involved: the drawbacks in elucidation having been mainly due to

an ignorance of the role played by the solvent (9). The
oxidations proceed under the influence of matural or artificial

light /
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'1ight at a rate that depends on the nature of the solvent (10).

:The maximum quantum efficiencies of oxidation are unity but fall |
‘off with concentration of hydrocarbon and oxygen; (11); they are
 independent of the wavelength of the incident 1ight, over the

range 360-550mu for rubrene (12). The overall reaction mey be

expressed in the form of an equation:

Ph Pk Ph Ph
Oz : B N .
SOSOL 1S $¢ 0
Ph Ph Ph 4
1 i
;whem I signifies rubrene and II the photoxide. '
; Although the available experimental data does not justify a
'discussion of complete mechanisus, that a trensanmular peroxide
i is formed by a non-chain mechanism remains undisputed,
i The increase of potential energy occurring on the absorption
l of a light quantum results in the fomation of an excited molecule
' which rapidly loses its excess energy as fluorescence or by
internal or collisional degredation. It has been suggested that
' through one of the latter processes the first (forbidden) triplet
energy level may be attained (13). It is now easily foreseen
 how this long-lived metastable molecule may react with oxygens
| Very recently Porter and Windsor have confimed the existence
| of the first and second triplet levels in irradiated anthracene and
 yrubrene solutions, These conclusions were reached after the
sapplication of the technique of flash spectroscopy to such
systems (14)s The results from quantum efficiencies of oxidation
and of fluorescence and the quenching of the latter lead E.J. Bowen
| (185, 18) to the conclusion that rubrene molecules in the ground

state /
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state, after fluorescence but still with vibrational energy, were
capable of reaction with oxygen. This postulate explains why the
sum of the efficiencies of oxidation and fluorescence is greater
than unity at high concentrations.
Three different mechanisms for the photo-oxidation of rubrene
' in solution have been proposed and they agree only on the following
points: the reaction obeys the law of the photochemical equivalent;
i the reaction is purely photochemical having no temperature |
| coefficient; the intervention of two molecules of rubrene is a
inemaary step in the reaction (17, 18, 19).
| Like triphenylmethyl, rubrene can act as a sensitiser for
| initiating other oxidations (20) while its own reaction with
oxygen is easily inhibited by traces of aniline, nitrobenzene or
quinoline (21).
. In the case of anthracene the mechanism of the photochemical

reaction with oxygen is also cbscured by the interventiom of
solvent molecules although in this case the quantum efficiency is

' independent of oxygen concentration (22). The photoreactions of
anthracene in carbon tetrachloride have, however, provided
diagnostic evidence that the excited triplet state of anthracene

' has a diradical structure (23).

The photoreactions, in solution, of hydrocarbons of this

| series, containing an anthracens mucleus in the basic resonating
system, have been briefly summarised in oxder to familiarise the

" peader with the main practical and theoretical concepts which have

 emerged /



emerged above the camplications imvolveds The intention in this

 work, however, is o study emalogous phenomena in the solid state

' and as few vesults comcerning the sctual oxidation of crystalline

| hydrocarbons of this type have been reported, it is now purposed

' to describe the properties associated with crystalline nomeiondec

substances during irradiation.

| The absorption by a crystal of a quantum of radiation of

| frequency greater than that of the series limit will give rise %o
a free electron and a free positive hole (24). If a voltage is
applied to the crystal these should drift in opposite directions

- thus contributing to an electric current.

' Byck and Borek (25) first cbserved that anthracene between
two charged plates became conducting when illuminated. Bayliss
and Riviere (28) have more recently studied the photoconductivity

i of anthracene but their results have been severely criticised by

 Vertanyen (27). D.J. Carswell (28) has shown that the photo-
current varies with the wavelength of exciting light in the same

: mamey as the absorption coefficient and slso that the current is

i directly proportional to the light intensity. Purther investiga=

| tions on munercus hydrocarbons ineluding naphthacene have

established the above mentioned correllation between photocurrent

and light sbsorption at perticular exciting wavelengths (28).

! In the csse of nom-ioniec semiconduciors the conduction is

~attributed Yo the overlap of A=orbitals which fomm the fillod

| band (80). Eley (8L) and iiunite and Inckuchi - (52) have
investigated various polycyclie hydrocarbons including some
violanthrones /
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viclanthrones and reached the conclusicn that it is unlikely that |
the semiconductivity in these compounds is due to impurity centres.
Chynoweth (33) concludes from the behaviour of the photocurrent at
various applied fields and light intensities, in the case of |
anthracene crystals, that the conventional energy band diagram as

| used for inorganic substances can be applied to non-ionie organic
compounds,

As the process of photoconductivity allows electrons to be
transferred through crystals of non-ionic materials it is likely
that this mechanism be fundamental in the photochemical reactions

 of such solids. Indeed recent experimental evidence indicates
that the photoconductivity of anthracene and naphthacene is a

| surface phenomenon, being independent of crystel size up to 997

absorption of incident light (54, 35). There seems little doubt

; that the emergy migrates to the surface as 'excitons' (36).

Closely connected with semiconductivity, in principle, is the
phenomenon of photosensitisation., The condition that a light
absorber, e.g., a dye, should act as a sensitiser in the presence

i of a semiconductor is that its excited level should be above the

lowest level of the conductor (57). Then esch time that o dye
molecule absorbs a quantum of radiation it willbe highly probable

! that an electron be transferred from the absorber to the conduction

| band of the semiconductor. Such a mechenism has been proposed

| for the photosensitised oxidation of chlorophyll, at high oxygen

| pressures, deposited on thallous bromide crystals (38). 2

| Chlorophyll itself is known to be a photoconductor (38)s In this

| :
case the thellous bromide acts as the light absorber although the

|
|



overall reaction is simply the production of an excited chlorophyll
molecule, In the same mamner the spectral sensitivity of some
 photographic emulsions may be extended to longer wavelengths by
| the presence of one of the many available blue-green dyestuffs (40).
| From this standpoint itves intended to investigate the effect
of thallous bromide on the photo-oxidation of rubrens,

The above considerations lead to object of this research. A
study has been made of the reactions of rubrene and rubrene ‘

peroxide from the general standpoint of solid state kinetiecs.

:Prev:‘l.mm workers; €.g., G.M. Badger (44), M. Born and Schnberg
(45) and C. Dufraisse (45), have stated that solid rubrene, in the
absence of solvent, does not photo-oxidise, however, preliminary
experiments showed some oxidation under such conditions, It was
therefore intended to follow its course by sensitive differential

| pressure measurements on the oxygen over a thin film of material

| deposited on & suitsble substrate. This technique has been

 successfully employed in the study of the photo-oxidation of

i chlorophyll on powdered glass and on thallous bromide; the light

 absorption of oxygen on titenium dioxide (41); and the photos
reactions of various dyestuffs in the form of solid films (42).

A study has been made of the kinetics and energetics of the
decomposition of rubrene peroxide in the form of thin films as

; well as with ground crystals,.

|‘ From the sterting points of photo-oxidation and decompositiom |

it was intended to investigate the 'disscciation pressure' which

has been observed during the photo-oxidation of rubrene in benzene
solution (43) and to study generally the effective reversibility

| of the reaction.
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APPARATUS AND EXPERTMENTAL, METHODS

The majority of the experiments which will be described in
| this work involve the measurement of small pressure changes, The
| apparatus employed for this purpose is represented in Figure (1)«
The reaction vessel V is connected through capillary tubing
| %o the stekle sids of a Bourdon gruge. Small pressure changes
Iuﬁohoocumdduﬁngmmﬁommohomd through 2 telescope

| fitted with a calibrated eyepiece, focussed cn a length of thin
platinum wire fused to the end of the gnuge pointer. The

| absolute pressure in the apparatus was measured on the mercury

|

i The apparatus was constructed almost entirely of soda glass.

i All "Quickfit' joints and high vacuun taps were lubricated with

 Apiezon 'L' grease for nomsl low temperatures, At higher

| temperatures Apiezen 'T' high vacuum gresse was employed.

' An Edwards diffusion pump backed by 2 Speedives oil pump was
used to evacuate the system to a pressure of less tham 0,001mm,
mercury. The lower uncondensable gas pressures were measured on

- a licheod gauge attached to the apparatus. During evacuation the

! trap A wes survounded by liquid oxygen.

T rature trol

! The utilisation of a pressure guage of high sensitivity

| necessitates accurate temperature control. It is imperative in

such a system that not only the reaction vessel and gauge be at

| unavoidable should apply equally to both. These donditions were
" achieved / |

the same t;)mture but that such temperature ﬁubtuatioul as are |
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| achieved with a water-circulating divided flow arrangement,

Water from a large reservoir was pumped up to constant head
device from which it flowed down in two streams, one round the

- gouge jacket and the other round the reaction vessel. With this

system pressure changes duve to temperature fluctuations in the
thermostat tank were produced cn both sides of the geuge and thus
tended to cancel out.

The temperature of the thermostat bath was maintained by
means of a carbon filament lamp in conjunction with a chloroforme
mercuyy regulator and a Sunvic relay. This water was constently
stirreds The rates of flow of water through the well lagged

| lines to the gruge and reaction vessel could be controlled by a

screw clip at the constent head outlet. Under these conditions
the temperature was controlied to within 0.01°C.

While stwiying reactions at temperatures above 50°C, it was |
impracticeble to employ the above arrangement. Instead of this,
the gruge and reaction vessel were thermostated independently by
means of a water Jjacket and furnace respectively, The fumace
was cylindrical in shape consisting of two halves which fitted
together, with overlapping, round the reaction vessel. By
employing a hand rheostat the temperature could be controlled to
about 0.5%, As very low pressures were produced in the
mtiu; vessel in these experiments this degree of temperature

. om;tgo:_l. was sufficient. _

When studying the photoreactions of solutions it was

. necessary to control the temperature accurately even at low

gas /
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gas pressures due to fluctuations in the vapour pressure of the
liquids In such investigations a larger bath was placed round
the resction vessel, The water in this bath was constantly
stirred and its temperature controlled to within 0,01°C. of the
required value by means of a 15 Watt heater and Sunvic relay.

By using liquids whose rate of change of vapour pressure with
temperature is small over the working range the experimental error
was kept vexy low,

Calibration of the Gauge

The gauge was calibrated in millimetres of mercury per
telescope scale division, This was effected by repeatedly
reducing the pressure in the gauge, compensating of the gauge
Jacket, noting the total mumber of scale divisions traversed by
the gauge pointer and measuring the total pressure change
recorded by the mercury mancmeter, '

The epparatus was filled with dry eir through tep T; to a
known pressure as recorded on the manometer M, The gauge and its
Jacket were then isclated by closing tap T,, The resction '
vessel was then evacuated through !'5 and the compensating
evacuation effected through !3. After an appreciable evacuation
the resultant pressure on the manometer was recorded, When this
is divided by the total number of spale divisions of the

telescope calibrated eyepiece traversed by the gavge pointer the

result is the gauge sensitivity in mm,/scale division, As the !

scale could be read to the nearest 1/10 division the true
sensitivity is 1/10 of the above value, With one gauge the
following results were obtained:=-

Number /



11,

i mnber of scalc diviaiou Menometrie

1. 45344 21.8 0.00503
| Bs 627.4 51,0 0400494

3. 249.7 12.8 0,00513
| 4. 288.8 - 14,5 0,00500 |
! 5. 335.2 16.5 0.00492

| The above experiments were conducted at 100mm. dry aivr
pressure with the exception of 5. where the pressure was 50mm.
| During these calibrations the temperature was maintained at 25°%, ‘
‘ The aversge sensitivity is found to be 0,0050 mm./s.d. au‘baeot‘
‘ to a computed experimental exrror of 3.57. |
C.M Laurie (J0) found that the sensitivity was independent of
| the temperature although it varied slightly with the absclute ‘
pressure in the apparatus. Results from snalysis of reacted '
materials and vepour pressures of liquids have shown that with
‘ the gouges employed in this work the variation of sensitivity with
| absolute pressure is not appreciable and may be neglected. ‘
‘ The Reaction i
These vessels were constructed from either Pyrex or Soda ‘
| glass sccording to the experiment. They were spherical in shape
| and each fitted with a Quickfit A10 socket through which it could
be vacuum sealed to the apparatus.
———While working with liquids a very much smaller vessel with a

| flat bottom was employed. This enabled a magnetic stirving
| element to function more efficiently.
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In same experiments a side tube was aitached to the reaction
. vessel by means of Quickfit A7 Joints, In this way reactions
. could be studied in the presence of adsorbents. If two such
. adsorbents were required either during different stages of the

reaction or at the same time a two-way tap arrengement was

L ?01 MCE

|

| In oxder %o calculate the mumber of moles of gas reacting in

? the system it is necessary that the total volume of the reaction

| vessel gas space be known. In this determination a measured

| pressure of dry air is allowed to expand into & lmowa volume at
temperature, The original volume is calculated from the

| pressure difference and the known volume by utilising Boyle's Law.

Approximately 200mm. (pl) of dxy air, as recorded on the

:marcu:ymamterﬁ, were introduced into the apparatus the taps

Tg and T, being closed.

|
[ D
|
|
|
|

FIG. &

 The taps T, end T, were now closed and the remaining space
evacuated th:mu@!.,. Taps '.l'.’ anﬂrﬁwom then closed and by

openlng!leamfully, gas was allowed to expaend into the volume
contained /
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contained by T \T5TgTye During this operation the ghuge pointer
was balanced by pumping through T.. When equilibriun was
attained end the giige pointer again at its original position on
| the telescope scale the new pressure py on the manometer M was

recorded, Thetap'rsmmwopmaamthegmallouﬁto

|upani into thevolmvathe geuge being belanced in the same

manner as before. The resultant pressure Py Wos recorded.,

It Vl is the volume of the reaction vessel, capillary and

gouge up toTl uxi?s the volune bet'nen\fl anﬁ?s then @
(Vg + V5 + Vglpg = (V) + Voo, (1)

thus (71 + va) = ?a'py(pz - Ps) (2)

also (Vi + Vg) = v:l.pl/p3 (3)

itherotmlweombining(z) end (3) we have
[ vl = Pgopstvyplo(Pz - Ps)

Thus from a lkmowledge of the three pressures and the volume

(¢)

|V, the volume V, may be colculated. With one vessel the following

‘ results were cbtaineds

Experiment ds 2s
‘ Vgnls. 145.9 145.9
Py 10640 190.5
! Pyl 57.5 108.7
. Pglite 24..9 47,3

o Vymls. 60.51 60,88

| It can be observed that the sccuracy of this determination is

less than 0.57.

The Optical System /
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- The Optical System

| Two radiation sources were used: (1) in Osira mercury vapour

' lemp, the beem of wvhich, after passage through a water lens was

| rich in the Eg>0° and Hg?®®® 1ines. The input to this 250V/125W.
Ilmmmuiﬂwmmdammmmmnh

(2) An Osram 110V/250W. projector lamp which provided lower encrgy

L]

_1light but with higher intensity than (1).

In all experiments the light beam was tranamitted through at
least Smm. of Soda gloss, as well as lmm. of Pyrex glass when such |
vessels were emplcyed, and shout 20cm. of water, Under these
conditions very little light of wavelength less than 56504° was
expected %o veach the sample under irradiation.

Whilst irvadieting samples at high temperatures the light
beam was sble to pass through heat resistant 2mm. glacs windows
- attached to the previously ﬂeMed fwrnace.

Sto and i
1f Oxygen was iniroduced into the two lilres capaciiy sof't glass '
| bulbs in the following mauner,

few times and then pumped for 20 hours at 10~%um, Hg (MecLeod). |

The bulbs were evacuated for two hours flushed with oxygen a

 Cylinder oxygen was then introduced through © and after slowly |
diffusing through phosphoric oxide and the trap B, at liguid
oxygen temperature, was allowed t¢ enter the bulbs until the
attaiment of near almospheric pressure. The tap Ta wes then

pumped out for a Durther two hours. Tap T.,. was then closed.
Befove /

| closed, trap B warmed up to room temperature and the appayatus |
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Before using the purified oxygen for experiment the space

iw,rgommmumxaqunmm sound the
tyap B,

Orgenie vapours could be adnitted to the reaction vessel

M!GmEIMMIMWMM
degassed through %, with 7y closeds

Diphenylsphonylethenyl cerbinel wes prepared accopdiing to the
| mathod desoribed by Vittig and Waldi (§7). Bromostyvene (I) was
treated with phenyllitiiom in dry sther and under a small nitrogen
pressurg. 4be product (11) was condensed with bensephenone to
profuce the carbinol {111}, mepe ELeS Ce (mepe 82%C. quoted by the
above authors)s The carbinol was conwverted to the chloride (IV)
with thionyl chleride at -10°C. which in turn was sondensed to
yubrene (V) by beating %o 120%. 'in vecuo’ in the prosence of &
trase of quincline as catalyst (1L)e

CH:CH. Br @cn:cu.u Q‘-Ec‘c(""o- Phy
QE 1CH, = —_— g
n

1 [

RUBRENE. .




1 ligroin = no elution of rubrene. 151 =3

| 16,
i

| The crude product was washed with ether in the dark and dried
| % vacuo's Previous workers with rubrene have purified the crude

‘ nmaterial simply by repeated recrystallisations from benzenee
‘ligmin. As extremely pure samples are vequived for solid state |
Cdnvestigetions it was decided to study samples at various stages
| of purity and ultimately to evolve a method for the purification

‘ of rubrenc,

! Sample A

Obtained af'ter five extractions with acetons a product
melting at 529°C. (previous workers quote melting points of

|
| 520 - 532°C. for rubrens). |
| i
 Sample B |
! This consisted of sample A twice recrystallised from benzene- |
high beiling ligroin af'ter distilling off the benzene at room
| temperature. This sample melted over 0.1°C. at 530°%C. |
Semple C
| The crude product wes made into a slurry with acetone and |
 allowed to settle om the top of an alumina colwm., The cperations

|
‘demihdbelmwmmﬁedmtmthefollmmg order =

| 1, Washed with a large volume of acetone - no elution
of rubrene as rubrene is only sparingly soluble in
acetone,

2. Further weshings with large volume of high boiling

i 3« The top of the column was stirred up slightly after
! the addition of alittle benzene followed by elution

with benzene.

4. /
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4, Recrystallisation from benzene - ligroin as before
resulted in the production of rubrene melting at
335°C.

\ The above operations were carried out in the dark xoom.

Samle D
As in Sample C but with a newly prepared crude product.

Bubrene Pevoxide

i In the preparation of the peroxide a concentrated solution of
: rubrene in benzene was allowed to stand in sunlight until it was
completely colourless, Benzene was then allowed to evapourate
slowly until such time as crystals of the peroxide separated from
: the solution." These crystals were dried "in vacuo' while in

total darkness at room temperature.

Standard Solutions of the Peroxide,
Standaxd solutions of the veroxide were prepared by

dissolving a known weight of the rubrene sample in a suitable
solvent and exposing the solution to sunlight until such time as
the characteristic absorption bands of rubrene could not be

detected by the spectrophotometer, The peroxide solution was
' then made up to 2 standard volume.

2:3:637=di 0

| A semple of this newly synthesised naphthacenic hydrocarbon
! was kindly supplied by G.V. McHattie.

The following table provides the key to the Graphs 1 = 8.
 Graph /
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Concentration

Graph  Substance mg./Litre  Solvemt = Cells

1. rubrens (C) 52.2 benzene 10mm, glass
2. rubrens (D) 27.5 benzense 10mm. glass
3¢ rubrene (D) 16.5 dioxan 10ma. quarts
4 rubrene peroxide 109.0 benzene 2mm, querts
5. rubrene percxide 17.5 dioxen 10mme quartz
6. rubremne peroxide 21.2 oyclohexane 10mme. quarts
7. rubrene peroxide 10.45 m-xylene 2mm. quarts
8. dibenzfluoranthens 2344 benzene 10mm. glass

The spectra 1, 2 and 8 were examined on the Unicam (visible)
S.P, 600 instrument while the others were examined on the larger
Unicam ultra-viclet absoxrption spectrophotometer,

The wavelengths of maximum absorption and the absorption
coeff'icients obtained from the above results on the rubrene and
rubrene peroxide spectra are in complete agreement with the values
quoted by other workers (47, 48).

The absorption coefficients at the wavelengths of meximum
visible absorption were, for example, in the case of rubrene (D) in
benzene solution; 530 mu:4.07 (4.08); 495 mus4.06 (4.07); 465 mus
5,77 (3.79)s The corresponding velues computed from the results
of G.l, Badger and R.S. Pearce (47) are shown in parenthesis.

These authors found that the sbsorption coefficient as well as the
wevelengths of maximum absorption varied with the solvent, Indeed

the 'red shift' was formulated as a complex function of the
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wavelengths at which mexima, minima, and points of inflection were
detected are compared to the corresponding approximate values as
measured by the above authors,lin the table below, The values
correspond to rubrene in dioxan sclution and the wavelengths are
quoted as millimictons.

Portion of Curve  Wavelength  Literature Velue
Maximum 309 304
Inflection 327 523
Minimum 380 278
Inflection 397 395
Inflection 430 430
Haximum 465 454
Maximumn 494 493
Maximun 528 529

It may be observed from Graph 6 that the spectrum of rubrene
photo-oxide in cyclohexsne is appavently quite diffexent from that
in several other solvents. During this detemmination it was
observed that the velue of Log Io/I became 'negative' below 290m .
In other words more light was apparently absorbed by the sclvent
alone than by the sclution., Such an effect may have been brought
about by a process of fluoresecence quenching in the solution,
Reversing the soclutions in the spectrophotometer did not alter
| the J_;mﬁmvﬂm of Log Io/I, ocourring at a wave- |
length of 305 mu was 3,967 while the corresponding Log Io/I value of

rubrens /
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rubrene peroxide in benzene at 305 mu. was 3.967.

For the purpose of analysis of rubrene residues celibration
curves relating the concentration of rubrene in benzene solution
to the amount of light absorbed at a particular wavelength were
drawn up. These curves were drawn from the values obtained and
recorded in the table below.

Instrument - Unicam SP 600
Cells - 10mm, glass
Solvent - Benzene

“Concentration ~Log 10/1

mge./1000mls 530mu, 495mu, 465mu,

4.1 0,970 0,929 0,478

32.9 0.720 0.688 0.568

20,55 0.461 0440 0. 234

16,44 0,378 0,569 0.194

8.22 0.190 0,185 0,097
4,11 0,091 0.0865 040435

The Preperation of the Films

The resctant 'film' normally consisted of a thin layer of the |
material to be examined, deposited on Yo a solid substrate. The
| substrates emploved were thallous bromide and Jenms glass, both in
a thoroughly dried and ground state,

a1 /



All films were prepared in the dark in the following manner -

| A standard weight of the substrate, approximately 0.1, 0.2 or

| Ou3gn., was cavefully placed into the reaction vessel, A

i measured quantity of the standard solution of the substance to be

| investigated was then pipetted into the vessel. During this

| operation the reaction vessel was kept tilted in order that only
one side of the vessel be wetted by the solution. The solvent
wes then carefully removed by evacuating the system, at about 35°C.,
with a water (filter) pump. When practically all the solvent

Ihadbeanmedthewaaolmnirledromﬂafwﬂmsinonhr
that the film might be spread evenly over one internal hemi-
spherical surface of the reaction vessel while pumping was conti-
mued. After one half hour of further evacuation at the water pump
the film containing reaction vessel was ready to be transferred to

| the apparatus.

| Analysis of the Film Residues: Solids

: After the completion of a reaction the vessel was removed
from the apparatus in darkmess and the high vacuum grease removed
from the Quickfit joint. The vessel was then filled with benzene
and thoroughly shaken., The contents were then filtered through a

cotton wool plug and the resulting sclution mede up to & standard

‘ volume with benzene. Spectrographic analysis of these solutions

| provided Log I‘/I values which were readily convertible to

| concentrations of rubrene by means of the concentration-absorption |

- coefficient calibration curves.

' The Detection of Gaseous Products /
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Condensable Vapours |
' At the termination of a reaction the taps T,, Tg, Ty, and T,,

im opened and !.'12 closed, The reaction vessel space was then
 evacuated through the trap C which was suwrrounded with liquid air.
The base of this trap, which was only about 2mm. in diemeter, was
attached to one junction of a thermocouple, the other junction |
being kept at 25°%. Thus, on removal of the liquid air container,
the temperature of the trap could be measured on a sensitive moving=
coil galvonometer comnected in the thermocouple circuit. After
' closing tap T,, the trap was sllowed to warm up slowly, the
temperature being measured on the galvonometer scale, At the
jsmue time the vapour pressure of the trap condensate was measured
by the geuge pointer deflection.
: A plot of 'vapour pressure' against temperature was charac-
' teristic for any one vapour,
i This could be detected by the indigo blue test of Feigl (42).
| After pumping the vapours through the liquid oxygen trep C the
trap was removed from the spparatus. While the contents of the
trap were still frozen one ml. of chloroform was added followed
|W one or two drops of an alkaline solution of o.nitrobenzaldehyde,
!m whole was then warmed in a water bath. The production of
| a blue colouration in the chloroform layer indicated the presence
of acetones The sensitivity limit of this test is 100ug.
Oxygen

T1luminated films of titanium dioxide react with oxygen at a

masurﬂble /



‘ measurable rate (50). Experiments have shown that the absorption

. of oxygen ocours at a finite rate down to pressures less than '

| ultimately measurable by the gruge, while heat reduces the effect

! of oxygen absorption. .
A thin film of titanium dioxide (sample na) (50) wes prepared |

' in a small flat vessel, Smm. in diameter, this vessel being in tm:

attached to the reaction vessel through a Quickfit A7 Joint set.
A dark cover was fitted round this side tube. When the time
‘arﬂvad.to estimate the oxygen this cover wes removed ami the

- titanium dioxide film irradiated with the beam from the @sira lamp

i focussed through a water lens. The resulting decrease in '
‘ pressure was measured by the g.uge pointer deflection. In scme ..
Iexpaﬂmtsatnpmplamd between the reaction vessel and the |
| titenium dioxide film to prevent contamination of the film during
the reaction, ‘
‘ As may different types of reaction have been studied in this
| work it has been decided to describe the appropriate experimental
Ij procedure at the commencement of each section. Any further |
i unique experimentsl details, such as epparatus modifications, will |
' also be described in their appropriate section. |




The reaction vessel containing the prepared film was attached
to the apparatus by means of a Quickfit joint this operation being |
effected in the dark, The whole system was then evacuated for a
standard length of time. Once the water-flow system had commenced
and the evacuation campleted oxygen was introduced into the

| apparatus through the tap T, (see fig, 1l.) to the required pressure

'pmsammbeaammdtommmtantthrw@mtamﬁm

as read on the manometer M. The taps !1. !'a and T,, were then
closed and the system allowed to reach themmal equilibrium in the
dark, |
In the study of reactions at low oxygen pressures the tap 'r4
was closed and the resultant pressure measured by the guuge pointer
When themmal equilibrium was maintained, observable by a
steadiness of the gruge pointer, the film was irradiated snd the
pressure changes occurring in the reaction vessel were recorded at
known time intervals. As the total change of pressure occurring

during a typical reaction was less than lmm. the absolute gas

for reasonably high initial pressures., The error introduced in
the utilisation of this assumption was never greater than 57
depending on the oxygen pressure and the total pressure change.

— Prom readings of pressure change at known time intervels the
rate of pressure decrease could be celculated and plotted against

| the pressure decrease resulting in what will be termed a 'rate

curve's

1¢ / |
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| If during & 'run' it was required to alter the absolute
pressure of oxygen in the reaction vessel the procedure described
below was adopted, The light source aperture was closed and the
tups!lanﬁtzopemd. The apparatus was then slowly evacuated
| through T, or oxygen allowed to enter through T, according to
whether the pressure required to be decreased or increased. The
!nsultant pressure could be measured on the manometer M. After
 closing the taps T, and T, the irradiation was contimed.

The Photo=oxidation of Rubrene on Thallous Bromide /
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The Photo-oxidation of Rubrene on Thallous Bromide
Preliminary Experiments

The following experiments were carried ocut to detemmine the
effect of light on thin films of rubrene on thallous bromide
! crystals in the presence of oxygen.
In the first experiment 14.lmg. of rubreme (A), deposited from
a standard solution of rubrene in acetone on to 0.3gm. of thallous
bromide, was evacuated for two hours at 10 ™ mm. Hg. (McLeod g-uge).
j!l'hef.’nlmm then irradiated in 100mm, oxygen with the Osira lamp
| system. The temperature of the resction was 25°C end the gruge
sensitivity was 0,0050mm. / Scale division.
II The gouge pointer remained steady in the dark on average
| although Flustusting arownd the sewe peint My mot moxe tham 0.8
| scele divisions, When the film was irradiated a decrease in
i pressure was observed and recorded. The rate of decrease in

' secale divisions / 40 mimites is plotted against the actual decrease
! of pressure in Graph I:d.

| Extrapolation of the curve in Graph I:d suggests the value of '
| 7.7 scale divisions for the total uptake of oxygen at zero rate.

! This would constitute only about 57 of the possible reaction

. assuming that unit molar combination of oxygen and all the rubrene

' cccurs,

| A series of experiments were then performed at a variety of

| oXygen pressures, weights of substrate, weights of rubrene and
depositing solvents, The percentage reaction cccurring was

‘ calcf:la_feq_ﬁ:m a knowledge of the extrapolated pressure decrease
and the constants of the apparatus, The table below summarises

| the results,

‘ I:1, /
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Ll 2 i3 i4e
14.1(A) 1.83(C) 1.94(C) 1.94(C)
0.3 0.2 0.2 0.2 |
acetone benzens benzene

Weight of rubrene, mg.
' Weight of substrate, gme.

Depositing solvent acetone |
Oxygen pressure mm.Hg. 100 100 50 50 |
‘ Time of illumination, mins. 235 600 360 600
 Percent reaction 4.6 0 12 0 |

i The yesults of experiments 1:l. = :4, indicate that rubrene |

| samples irradiated in oxygen, show ervatic oxygen uptakes and that
in any case apprecisble pressure decreases under the present

i experimental conditions are not found.

| These small uptakes may be due to many factors and the first

| one to be investigated was the effect of the substrate. In the

next section the non-absorbing substrate, powdered Jena glass, was

[

| Zhe Photo-oxidation of Rubrene on Jens Glass /



In the following experiments the conditions were standardised

as now described,

All films were deposited from acetone solution on to 0.2 gm. of

| Jena glass, The films were evacuated for 27hours at 10"Smn,

meroury (McLeod guge) and irrediated with the Osira lamp system
|
' in a constent pressure (100mm. oxygen) end constant temperature

(25%) systeme The guge sensitivity was 0,0050mm, / scale

|
 divisions

Degassing was effected 'in situ' by evacuating the vessel in

a constant temperature arrangement. This was done to ensure the
removel of as much as possible of the physically adsorbed solvent,
‘ I35, 3.37 mg. rubrene B
| $6s 1.84 mg. rubrene C :
| $7. 5.35 mg. rubrene A : degassed for ome hoar at 100%. |
! 18, 1.35 mg. rubrene B : degassed for cme hour at 130%.
Graph I:b shows the 'rate curves' for the runs 5 end 7 and

! although these are apparently linear the uptakes are so small that

the curves camot be taken as finsl evidence of a uni-molecular |
' reaction with OXygeTe
| The percentage reaction, having the same significence as in

‘thnpnviommotinn,thntmndmtheabweuporM‘hm |

' shown in the table below,
!
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Time of Illumination
No. Percent reaction (mimtes)

1:5. 11 220 |
16, 0 600
7. 9.2 160 |
28, 2 200 |

As the rates and total uptakes on thallous bromide and on
Jena glass are not significally differeny it seems fairly certain
| that thallous bromide does not photosensitise the photoeoxidatiom
under the present cxperimental coniitions.

Dosﬂsing' at higher temperatures does not seem tc produce
any marked effect. This, combined with the irreproducibility and
magnitude of the oxygen uptakes observed, suggests that the surface
' elone goverms any such veaction. In other words either only
molecules in the meighbourhood of erystal irregularities or a thin

external layer may photo-oxidise under these conditions, .
The next surface variable to be investigated was the deponiﬂ.nJ

solvent.
!

The Photoreactions of Films of Rubrene from Benzene Solution i
Deposited on Jema glass / |
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| Guuge Sensitivity
Reaction vessel volume

Oxygen pressure

Eveacuation

|
|
i!mrahtn
|
|

i Rubrene

: 0,0055my/sd.
t 55.7mls,

t 50 mm.

: 21.5%.

t 'Speedivac' oil pump =nd mercury

diffusion pump.

: Semple C.

as standard sclution of

194,0mg./100mls, redistilled benzene.
After each 'mm' the film was spectrographically enalysed for
lru‘ham The results of these anslyses will be referved tc as

| percenteges of the initial rubrene concentration., The extent of

' the reaction, as calculated from the analysis, was then compared

' %0 the value obtained from a Imowledge of the constonts of the

. appavatus and the ultimate total présaure change,

Runs 9. = 14, were performed under the above experimental

conditions and the results are ovtlined in the table below,

Graph

1:Cy contains the plots of change in pressure sgainst time for the

above experiments.

o,
It S

I:10.
1311,
Isl2,
I:13.
I:l4.

1.94
1.94
1.94
1.94
1.9
5.88

Substrate gm
0.1
0.3
0.3
0.3
0.3
0.5

19

58

The very good agreement between the spectrographic analysis

figures snd the extent of the reaction as calculated from the

pressure /
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pressure decrease in the gystem is in accoxd with the view that
the reaction occurring consists of the combination of one molecule

- of oxygen with one molecule of rubrene,
| In Graph I:C although the experimental points are shown as
| circles the curves are drawn from values of the pressure change
I(mp) caleulated from the general equation(l.)

| Ap = A.logm(B. t 4 1) cemmmmeana(1)

A end B are constants for any given film, As can be seen

 from the table below, A is virtually constant for the given set of
|
| experimental conditions while B can be identified with the total

uptake of oxygen.

Noo Le 2.
s 9 2,70 2.55
110 2.55 1.88
s11 2.05 1.33
112 3,00 18.6
115 Se 24 351.6
114 3405 242

Graph ZII:t’.:2 exemplifies the type of rate curve obtained with
such reacting films from which it may be concluded that the oxygen
absorption did not proceed according to a unimolecular law over
the range studied.

It must be emphesised that the logarithmic plot is not very
~ | sensitive to finer deviations, Almost sny process #hich tends to

 come to a at@still af'ter a while would approximately conform to
some sort of logarithmic lew, It appears that such a relationship
is not necessarily the result of a single uniform process; there

ave / .




32

Immlnmaﬂa&emmuwh’&mn“‘
| law is logerithmic but is actuslly composed of two or more |
| expomentisl temms (51, 52)s Under these circumstances the |
immw;mewwmﬂmmwu
| The mein trouble in elucidation of these results 1ies in the fact :
| that the wptekes have been so varieds If the reaction consists
| of a series of exponentials then under these conditions it becomes
idifﬂadthulatemmmtom a diffioulty which is
not lessened when the fom of the surface is changing from 'run' to
*run'e It was posaible, however, from the curves on Graph 1:Cy
to estimate the probeble values the 'totel oxypen uptake', Ap_ e
mmupm-ﬁp)wnmmwhm
| emownt of yubrene evailsble for reaction with oxygen at the time
| ¢ minutes, is compered to the initial rste, [1ate 4.mm
as scale divisions per 25 mimutes, in the table below. |
[m.g% sh (0= =B NB 4B |

o 830 |57 0Y 78|59 108 180 - |

L PROTRNT ¥ 570 S0 087 138 ‘
! 1 s 20 530 00 1402 1468 |
12 5410 %10 ‘SeB8| /0O 073 l.44 '

- e 0,80 | G-Uc | 880 %0: 10P 1440 ‘
| - |

8580' S | 8.3 5"'{'-’3’_ 0.88 1.32

strongly indicates that the reactiom is unimoleculsr in the zutm.‘
astarese If the rates are measured over the whole concentration

 pange /
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reange and plotted sgpimst the rubvene concentration, as meosuzed
by pressure chenge, ¢ curve of the type shown in Figure 3 is
obtained, When it is remembered that the surfece conditions may
vary from esperiment to experiment, the agreement here is reesonably
!M This curve indicates thet the resetion comsiste of two ‘
exponentisls, the overell law of photo-cxidation beingie

(M'oo -)\p) = heo RAeY, g oka.t (2)
vhere k& 1,52 and k, © 0,15 (twenty-Cive nins.)™ and (rp, ) =
| (A + Be)e : |

This equetion lends thecretical besis to the atiractive
hypotheais postuleting *vwo iypes of resctive materinl om the
| surfase, The Paster stags may be sttriluted to the attack of
oxygen on the relatively "unbound' molecules while the slower
reacticn, involving the oxidation of the crystalline msterisl, is
governed by the seomd tem inm equetion (2),

At this stage however, the logovithmie law must still bo
considered as a posgible explanation of the results, It coeoms
possible that correllation of the constents with those dorived for |
photo-oxidation at lower pressures of oxygen, would de of advantage,.

That rubrene, ocn irrsdioction of a thin £1ilm on Jema glass, does
veact with cevgen has been estsblished in this seotion, The
Uptakes wore irveproducible although the pressure-time curves all
seemed to follow the same lews The analysis indicated thet cne
| moleculs of rubvens disappoers vhen cne moleoule of cxygen is
 removed from the gas phase. These results also prove that the
rubrene sanple under consideration contelned mo appreciadle smount
of impurity which was oxidisable under the present experimental
conditions. / |

——



[P |
| A casplete Wit molaxr ratio of oxygen uplake to yubsrene
| concentwation could not be spprvached in ey of the experiments. |
in ran 13, , for example, 60° of the film reacted in 565 minutes ‘
although according 6 eguation i., this reaction will only preoceed
| %o coupletion inl7x10° days.

48 8o far Gescribed, the gas in the gas phase has been
regaried as oxygen only and the reaction o8 the siuple sbep:
! 2-00: e g
vhere R signifies rubrene and R0, the peroxide, The analyses and
caleulations from pressure decreases have indiceted that cnc
. molecule of rubrene is used wp vhen a nett loss of one molecule
!mizxthlsupbm. Such a stipulation does not exclude a
| reaction of the type:
| 2B + 2(0p) R(0,), + B
where B indicates solvent (bensens) emd R.B a rubrene-sclvent
complex from which the solvent my mot be removed by the nozwal
evacuation procodures Such a reastion would caly be in accord
- with experiment i the adsorption of benzene on the glass surxvace
:mmsligi'bh. The pressure change results do, however, rule
mmdm'm

B.l-tﬂn. —_— RO, + B

vhere there is no resultant pressure change,

_ When tho initisl, Past, stage of the reaction had comleted
in yun 9. the film wes evacuated for a further 3 hours in darimess |
(soe 'E* in Greph ItC)s Mo change 4n the general shape of the
pressure-time curve was cbserved when the film was re-irrediated
in / | |




| 4n 50mm. of oxypen. This result suggests that the resction is
not of the simple themal reversible type.

No simple relationship could be found which included all the

| experimental points in eny one of the above photo-oxidations,

‘Porthiammitumdmbletoumthatmmuof
‘ oxidation were ocourring simultaneocusly. At this stage in the
work it was considered of prime importance to investigate the

- effect that occluded or 'chemisorbed'solvent of deposition might
have on the photo-oxidation in relation to the total uptake of

- OXygen,

| ochof Yepours on the idation /



Experimental:~ Film = le04mg, rubrene ¢, deposited from
benzene solution on to O.lgm. Jena
glass,

Evacuation = 0il and mercury diffusion pumpSe
| The £ilm was evacuated overnight and irradiated in oxygen
| until the resction rate became negligibly slow, The illusmination
was then cessed and the oxygen pumped offs 10mm. of benzene
vapcur were then introcduced inte the reaction space and the
pressure made up to 60mme with oxygen. It was found that

arpreciable dark adsorption of benzene occurred so, 15 hours

standing at the reaction temperature was allowed for the system to
| attain equili'britm.

On further irrsdiation, first with the Osira and then Osram
light sources, no pressure decrease was detected after a period
of five hours,

Qarbon disulphide

An uncreactive £ilm, prepered as above, was left unier 50mn \
of carbon disulphide at 20%. for 24 hours, in complete darimess,
The film was then cvacuated for about 5 minutes when 50mm. of
cxygen were introduced into the gystem. After 2 hours standing
Iinthedark,bymiahtimethagaugepohrberhaﬂhomweady, ,

the film was re-ivradiated., No further reaction could be
datected,
Carbon disulphide was chosen because the photo-oxidation of

rubrene in this solvent proceeds at & rete nine times greater than
in any other solvent (10). | |
Under /




Under the present experimental conditions the orgeniec vapours

| investigated have no apparent effect on the photo-oxidation of
' rubrene in the form of a thin film on Jena glass.

It was suggested in the previous section that two simultaneous
reactions occur when films of rubrene, deposited in the described |
marmer, ave irradiated, The reproducibility of the curves in every
respect except total uptake of oxygen suggest that the final or slow
process was comon to all the reactions studied. The conjecture
is now formed that one of these reactions involves the rapid

attack of cxygen on relatively unbound or non-crystelline rubrene

-I while the cther constitutes the slow atteck on the ervstelline

| material by way of crystal irregularities or faults, The initial

step may be visualised as being connected with the method of
deposition and the solvent,

In an effort tc supress this initial stage it wos intended to
study the photo-oxidation of films of rubrene prepared 'in situ',
on Jena glass, fron rubrene peroxide, In this mammer it was hoped
to remove all traces of solvent and form a film containing only
one '‘reactive type' of rubreme, I%vasalso hoped that in this
way any diffusional process which may be occurring will be

accelerated.
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i t the fi
After preparing a solution (in acetone) of rubrene peroxide
in the standaxd manner a measured guentity was poured into &

| reaction vessel which slready contained 2 nown weight of Jens

glass. The solution was then slowly evsporated to dxyness under
reduced pressure and at 30%, In order to form & unifom £ilm,

es in the experiments with mbrene, the vessel was gently rotated
when only e few drops of acetone remained, i
The £ilm wes then subjected to simultanecus heating, at 130%C.,|

| and pumping with the oil pump over liquid oxypgen for a recorded

time in the darke The heating was elffected by immersing the i

jmselinthevapmrofboilingohlombmmcmtahmd ina

| darkemed flask, The flask was fitted with three mecks. The fmq

was for a reflux dondenser, the segond contained a thermometier and
. the third the reaction vessel, To.the third and largest neck of
-l the flask had been fitted a rubber bung through which the Joint of
vessel could protrude,
| The reaction vessel was then irausferred to the spperatus, in
dariknmess, and evacuated for a further three hours. Fhoto-ozidation
was then earried out in the usual neanner,

INunination -~ Osira lamp system

Oxygen pressure - 100mi.

Paperature - 25%, : LR

The *rate curves', vhich are drawm on Greph I:d4, wera found
te /



to be linear in the later stages of the reaction thus enabling a
value of the ultimate oxygen uptake to be estimated by extra~
polation to zero rate. This value is expressed in the table below
as a percentage of the total rubrene equivalent of the rubrense
peroxide on the films In the 'runs' where the molar upteke was
less than 157 the rate values were not computsble owing to ihe
small uptakes involved.

The weights of rubrene peroxide are expressed as rubrene
equivalerts (R.E.).

Wi, of peroxide Wt. of Jensa glass Time of @ Reactiomns

o Hes  mEa b £ o e
I:15.  1.35 B. Ce2 Ce5 15
16, L35 B ) 3 6
17,  1.35 B, 0405 1 8
118,  5.35 Ad 042 2 9
| 319,  1.35 B. 0.2 2 33
120, 1,35 B, 0e2 2 6
121, 1.35 B, 0.2 2.5 70
122, 5435 A. 0.2 3 24
| 133. No. 21. reheated- 4 99
124,  1.35 B, 0.2 7 15

No relation between the time of heating and oxygen upteke is
| apparent from the ebove experiments,

heated at 150°c. for a further 4 hours and then re~irrediated in
oxygens It was ~r.-'l:nsvez:-wen:'i that the film was very nearly colourless
at the end of the reacticn while to begin with, it was a very deep
red /
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red colour.

The extent of the oxygen vptake in experiments I:21. and :23,
‘ indicated that the process of intermittent heating might constitute

‘aaimplemthodofm.nging_aboutaohmge in the deposited rubrene

to 2 variety cepeble of reversible oxidation. It was with this
|

| idea in mind thet the following experiment was performed,

|

Experimental
Rubrene peroxide - 2,34mg. C (R.E.)
Jena glass - De2gme
Oxygen pressure - 50mme
Illumination - Osira lamp system.

The film was heated for 2.5 hours at 150°C. end then
irrediated in oxygen. The extrapolated uptake, obtained from the
rate curve on Graph Ize:l, was found to be equivalent to 207 of the
total vailable material. The oxidised film was then removed and
heated at 130°%C. for a further five hours. On returning the film
to the spparatus amd illuminating in oxygen photo-oxidation them

'procesded according to the rate curve on Graph Ise:2 to the extent
of 157% of the available material,

It is concluded from this experiment that a second heating may
not necessarily produce more 'oxidisable material' than is formed
:duﬂng the first heating. 1In this particular cese the amount
obtained was less, At the temination of the second photo-
oxidation the film was once again heated at 150°C., this time
during four hours, end the residue analysed spectrographically for
rubrene. The fraction of the peruxide which had decomposed was

only /




only 15% On the assumption that all the rubrene formed by the

[

 Pirst heating was photo-oxidised during the first illumination

| (this is likely es the film beceme almost colourless), it msy be |

concluded that the cycle of operations performed have reduced the
efficiency of the decomposition process.

It is interesting to nole that the rate curves on Graph I:e
are identical in &ll respects except for the ertrapolated pressure
decrease; see dotted lime A, Uniike runs I2land £ where the
forms of the ratic curves were markedly different, in this case the

surfaces in the respective experiments must have been neerly
' identical and possibly the same (fractional) section of the surface

| has contributed to the oxidation in each cese. '
The rate curves on Graph l:d, although they are collectively

irreproducible, do indicate tlat the oxidation proceeds with a .
certain degvee of exponential character, particularly in the later
! stages. |
It is apparent that by changing the surface conditions, as in |
the previous sections, the complete form of the rate curve or
'oxidation law' is also altered. |
Now that it has been definitely esisblished that rubrene will

i'photo—oxidiutosmntentinﬁm solid state even in the absence
of occluded solvent, it is intended to h:mattmtiontooxidatim'
at very low oxygen pressures. An attempt wﬂlbamhtotestth.

remai.bili‘!w of the reaction through the detection of a 'dissoeh-
tion pressure' vwhile the generalscheme to elucidate the mechanism

- of the photo~oxidation wfll be continued,




The pressurestermed 'low' implies oxygen pressures of the
order of one to iwenty scale divisions or about 0,05 to 0.10mm.
according to the gruge sensitivity.

The absolute oxygen pressure over the film was measured by

- the gouge pointer deflection.

Experimental
Guuge sensitivity - 0,0055 mm./scele division.

|
allowing oxygen to enter only one side of the guage and noting I
|

Substrate = 0.1 gm. Jena glass,

Depositing solvent - Benzene. |

Volume of vessel = 55.8 mls,

Temperature - 21.5%.

Bvacvation « 15 hours with oil and diffusion pumps.

Various £ilms of rubrene sample C. were illuminated in oxygen
m'ull the reaction course followed in the usual mammer, The oxygen |
uptakes were small and saturation nomn.lly occurred within sbout '
200 minutes depending on the initial pressure, After each low

pressure experiment the pressure wes raised to 50mm. of oxygen

and the film re-illuminated. The resulting pressuve decrease was

noted., In sll the csses investigated an apprecisble uptake

occurred at the higher pressure indicating that the films still
| consisted, at least in part, of 'oxidisable' rubrene.
At the temminstion of each experiment the film residues were

| analysed, spectrogvephically, for rubrenc, The amount of rubrens

| which reacted with oxygen during the irradiations was calcuiated 5
|

from the total pressuve decrease on the assumption R + 0, = RO, vias |

| the only reaction, and /
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and the constants of the apparvatus and this value compered to the
analysis ©igure,

| In oxder to investigate reactions at extremely low pressures,
of the order of 0,08mm., a sickle guage of sensitivity 0,0040 mm./
seds was employed. The experimental variables and the analysis

| results are reproduced in the table below. |

Oxygen Pressure Veight of Rubrene ¢ Reaction

No, e Be, e galee
1325, 04545 1.94 22 24
126, 0.825 ' 1.94 29 27
127, 0.825 5.88 52 38
| 128, 1.10 1.94 27.5 27
129, 0,186 4,11 51 29
250, 04080 4,11 20 -
31, 0y 556 1.88 77 78
132, 1,183 4,11 65 65

The spnbols vhich will be employed to signify the aopropriate
experimental verishbles are listed below: !
P < The initisl pressure cf oxygen in millimetres of mercury.

Ap, = The fotal pressure decresse which ocourved vhen a £ilm
was illuminated at the initisl pressure P until the rate
became Lmmessurably slow. This time was normally sbout
500 minutes.

R° = The initial rate of oxygen uptake, expressed in milli- |
metres per minute, calculated froum the gysge pcinter '
Mwﬁmduﬂgthoﬂntlﬁ.smmafthoml
The rate per 12,5 rinutes was chosen after trisl amd
ervor plots of the rate/mn mimutes, where n ranged froam
5 to 50 minutes, DBelow 12,5 the form of this curve was
not affected by the rate time increment. |
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The actual values of P, al’oanﬂncmglm in the succeeding

table along with the type of illuminating system employeds
Noe P mm, &:n. 5 mne/min.,  Light Source
1325,  0.545 0.138 0,066 Osram
$26.  0.825 0.176 0,080 Osxam
| 127,  0.825 04176 0.0545 Osira r|
126, 1,100 0.182 0.0875 Osirs
129, 0,196 0.08 05033 Osrem
130. 008 0.04 0,012 Osram |
150, 0,556 0,169 0.0393 Osira |
152, 1,185 0.23L 0,088 Osira
Greph I:f shows the plot of P against 2P and Greph I:g, that

of P against R . The most obvious conclusion from these results
was the apparent non-existence of a finite pressure below which
no photo~oxidation was occurving. All the drawn curves appeaved
| to include the origin, If a dissociation pressure of photo=
oxidation does exist it is certainly less tham 0.04 mm. at 21.5%.
with elther light source,

Graph ITtg indicates that the rate is a linear function of the
initial oxygen pressure which in tuvrn govens the total uptake,
The constant of proportionality in the former case depends on the
light intensity. The light intensity of the beam from the Osram
lamp wes approximetely 4.2 times that from the Osira as measured by |

en oside aoated photooell awrangement.

The spectral distribution of the light emitted from the |
Osren lamp is indiceted in the table belows

Wavelength 4° /




Havelength A7 ~  Relative intensity &

LOOO 10
5000 30
6000 60

| No light above a wavelength of sbout 5600A° is effective in

 bringing about photo-oxidation, thus, only 40% of the incident

| light could possible contribute to the photo-oxidative process in

| the absence of sensitisors, If it is assumed that all this light
is absorbed by the rubrene on the film and sll the incident light

 £rom the Osira lamp is also sbsorbed by the film, then the effective

| intensity ratio becomes 1.9:1 (Osram:Osira).

The slopes of the two curves in Graph I:g are in the ratio of
1.,4:1, indicating that the rate of photo-oxidation is probably a
linear function of the light intensity., The absolute values of

! the rate are difficult to assess owing to the dependence of this

| function on the available rubrens concentration. From the present
experimentel results, however, it is impossible to detemmine which |
i one of these variables is independent.

| It can be observed fram the table above that the ratio R /AR

| is approximately constant even for a tenfold variation mnlg, and as
inuclh,ilindnpcndmt of the initial pressure of oxygen,

Each film after reaction at low pressure was photo-oxidised
further at 50mm. and each film took up more oxygen: thus it cannot

be assumed at this point thataPo has any more significance than an
' uptake value after a standard time interval, If, for example, 0P

was also some function of a surface variable, such as the formation o

of mechanical imperfections, surface film formation or the

 revertion /
|



revertion to & slow diffusional process, then RJM% would not
depict a true rate constant.

! When the oxygen pressure is increased, after saturation at a
lower value a further uptake of oxygen occurred. This suggested
a type of equilibrium; if for example the oxygen concentration in

a solid soclution on the surface was the controlling factor in the

reaction such a state of affairs might result. The other theorxy
which may explain these results would involve a reaction of very

high order with respect to oxygen concentration.

Experiments were carried out in which the reaction course was
followed first at a low pressure then at a slightly higher
pressure and finally at 50mm., of oxygen. 1In all cases more _
oxygen reacted at the higher pressure after saturation at the lower
value. The rate at which oxygen was taken up by the film after
elevation of the pressure was lower than during the first illumina-
tion. This effect was probably due to the effective change in
concentration of the solid phese.

In an actusl experiment the pressure was raised to 0.,392mme fm

' an initial value of 0,196mm. after an uptake of 0,08mm, of cxygen |
' at this pressure, During the second illumination the pressure
| decrease observed was 0,04mm.. The value oraP‘, at 0.392mm, may
! be estimated from Graph I:f as 0.115mm.. The sum of thesP  values
at the two pressures was 0,12um., indicating that the 'proportion-
ality' between P and«P_ still exists if the past history of the
| £ilm is taken into account.

In/
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In the table below, which summerises the results of similar
experiments, (P )oeslc. symbolises the value of P at the higher
| pressure which was obtained from Graph I:f,

Lower Higher

P AP AP low + cale.
wm FH T el e
I:33. 0,08 0,04 0,804 0,100 0.14 0.19
t34. 0,196 0,08 0.392 0,04 0.12 0.115
235, 0.545 0,138 0,688 0,011 0.1490 0.16

The mathematical form of the individual curves at low pressures
could not be deduced owing to the low magnitudes of the pressure
decreases involved.

It is difficult to visualise the mechanism which will explain
all the experimental data without introducing the concept of a
diffusional process. The velues of P,a:l’° and Ro have, however,
provided a useful basis for a mechanism for the soclid state photo=-

' oxidation of rubrene under these conditions,

In one experiment the pressure was lowered af'ter reaction at
0,.825mm, « No further uptake of oxygen was cbserved over a pericd
 of 200 minutes; neither was an decrease of pressure observed.
| It was now intended to investigate more fully the effect of
| changing oxygen pressure on the oxidation at higher absolute oxygen
;prosmu:lnthormga 5 = 100mm.. It was also hoped to gain
' competent evidence which will settle whether or not either whéle or

part of the reaction rate is determined by a diffusional process,

' The Effect of Varying Oxygen Pressure on the Photo-oxidation of
' Rubrene /
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Effect of V 0 Pressure

Photo-oxidation of Rubrene

The observation, made at low pressures, that the amount of
reaction vhich occurs and hence the rate of axidation, depends
directly on the oxygen pressure, allowed many possible conclusions
and attracted divers propositions, It was now intended to dis-

| eover whether or not this effect contimued to operate at high

oxygen pressures,
Experimental

Films of rubrene on Jena glass were prepared in the usual
manner and after transference to the apparatus, were evacuated for

a standard time., A known pressure of oxygen was then allowed into
the reaction space. The pressure changes were recorded at known
‘ intervals until a substantial portion of a rate curve could be
!m The light beam was now interrupted and the oxygen pressure
‘ altered through the tap T, After the attaimment of thermal
! equilibrium the film was again irradiated. This operation could
| be carried out three or four times during one 'run'. It was
| particularly desired to study the initial rapid stage of the
reaction, so gauge pointer readings were recorded as often as was
Epmtimblo over the first twenty minutes of the experiment.
Gouge Sensitivity <«  0,055mm./s.d.
Vessel Volume - 55.8 mls.
I1lumination =  Osira lamp system.
A film of 4.1lng. rubrene, which was deposited on to 0.2gm.
of Jena glass from a benzene solution, was first illuminated at

1,18mm, (Pl) oxygen pressure., After 65 mimutes the pressure was
raised /
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raised to 9.5mm. (P,) and the £ilm re-irradiated for a further

55 minutes. The pressure was subseguently raised and the film
$1luminated at 50 mm. (P;) end at 100 mm. (Pg)e The rate curves
which were cbtained at the various pressures are drawn in Graph
Ithe The actual values of the rate, expressed as scale divisions
per 5 minutes (115), at particular stages of the reaction as
measured by the total pressure change (Ap), are given below:

|
Py Py Py Py

Ap 5 AP 5 Ap ﬁ AP 32
0.58 1,05 5.25 2,10 14,70 1.35 21,55 1.25
1,39 0,68 7.10 1.60 15.90 1,10 22.68 1,06

| 2,01 0,55 8,40 1,00 16,83 0.75 23,56 0.71
| 2,48 0,41 9.32 0,85 17,55 0,70 24,26 0,68
| 2.8 0,51 10,12 0,77 18.20 0.60 24,88 0,55

5.4 0,28 10,82 0,64 18,78 0,55 25,38 0,45
| 5,40 0425 11.47 0,66 19,32 0,53 25,82 0,43
| 5.61 0,19 12,10 0,60 1579 0.42 26.22 0,57
| 3.80 0,20 12,69 0,58 20,20 0,40 26,56 0.32
3.96 0.12 15.25 0,51 20,55 0,20 27.04 0,33
4,07 0410 15,74 0.50 20,82 0,26 27.17 0,55
4,17 0409 27.45 0,30

4425 0,07

It is concluded fyom Graph I:h that the rate curves are at
least partly ﬁ&u within the limits of the experimental error.
At '"F' the film was removed from the apparatus and analysed for
yubrene, The emount of rubrene that had reacted was 657 of the
total concentration while the value calculated from the total

 pressure /
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' pressure decrease and the constants of the apparatus was 65.57% on

the assumption of a unit molar uptake, It can therefore be con-
cluded that one mole of oxygen has combined with one mole of
 rubrene during the reaction.

As they stand the rate curves in Graph I:h are not easily
compared with one smother, If the reaction (corresponding to the
final portions of the rate curves) is truly unimolecular then the

rate will depend on the concentration of reactive material on the

surface and this factor has been varied from one pressure to
another., The plot of (.spoo - Ap) against the rate, where 0Py, is
the extraspolated uptake of oxygen at zero rate at a particular
pressure, should result in the oxygen pressure being the only
variable, Such a plot is shown on Graph I:i,

| Again the resction appears to be two stage and apparently

| neither of the rate constants are markedly pressure dependent,

The rate constant for the reaction at the lowest oxygen pressure

| seems to exceed that at 10 mm. This observation is puzzling but

may be due to only the faster stage occurring at the lower pressure,
This postulate would necessitate the rate being limited by the
surface concentration of oxygen,

One other method of clarifying the relation betieen the rate
; and the oxygen pressure is depicted on Figure 4., where the 'rate
per molecule of reactant', or RJap, is plotted against Ap. This
! method eliminates the assumption of an extrapolated uptake. It
can be observed from this curve that the reaction proceeds in en
| identical mammer regardless of the pressure, apart fra;. .'l_:he fact

that the respective rate curves are displaced along the pe-axis,
| The /
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The results have indicated therefore that an increase of pressure
over a film of rubrene effectively increases the amount of rubrens |
available for reaction with oxygen.

Similar 'runs' in vhich the absolute oxygen pressure over the
f£ilm was varied in different graded steps during the course of the
reaction were carried outs The rates, expressed as scale divisions
per 'n' minutes where 'n' depended on the reactivity of the film
under examination, are quoted at their respective pressure decrease
values in the following tables.

Experiment 1355, i
: |
Weight of rubrene 1.94 mg. ’
Vessel volume 55.8 mls.
P. 10.5mm, P, 19,5mm, 50 P, 100mm,
1 i i iiiscs bl Tsitroe

b AL TR AR TR A s ARBEY <

0688 14758 4435 0,71 7.12 0,78 10,06 0,32

2,17 0,85 5,11 0,75 7.85 0,53 11.5¢ 0,12 .
2486 0.56 5,75 0.5 8.36 0,49 12,16 0,09 |
2,54 0ydl 6440 0,39 8,88 0,45 12.50 0,07
2,70 0,50 6,56 0,30 9.32 0,54

9450 0422

9.70 0,18

2s84 0,10




Pﬂ (10mm, )

4.20
6410
7415
7490
8.40
8.81
920
9¢54

2,60
1.20
0.0
0.59
0.42
0.40
0.38
0.31

P .( 50mm, )

11.0

11,55
12,00
12,55
12,65
12,90

.

0.50
0,35
0.40
0.30
0.29
0.22

Lxperiment 1357,

Ih (10mm,

2

5.19
1.81

AP

2.60
5.80
755
8.54
De29
9.80
10.16

1.10

)

Weight of rubrene
Volume of wessel

P

P130.40 Mile

The small upteke combined with the

very low value of the rate only

allowed an estimation of the total

uptake and not a reproduction of

the pressure-time curve,

(28mm, )

0.88 12,73

0.62
0.41
0,29

1:38

 Weight of rubrene

Ce80
0.70
C,60
Cesd
Cedd
0.40
025
0420

Vessel volume

( 10mm. ) Fi'/

4,11 mg.
84,0 mls.

Py (100mm, )

The small uptake combined

with thermostatic fluctuations
only allowed an estimstion of
the total upteke and not a
reproduction of the pressure=
time cuxve, at 100 mm,

4011 mge
£5.,8 mls,
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b S 2 8 bl
1 8 e T Ar e T
ﬂ 0.58 1,13 4,40 0.60
1.52 0.78 4.90 0,39
2.12 0443 5e24 0,31
2452 0.35 5455 0.51
2.84 0.51 8415 0.28
| 3418 0425 6430 0.22
5032 0.18 6435 . 0.77
3449 0.16 6456 0.17
5464 0.15 0478 0.16
| 3475 0,09 6490 0.18
| 5.85 0,09
' 3491 0,06
‘ 3.97 0,05

The analysis results anl the extrapolated uptakes fxom the
above experiments are listed in the table below
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g iOxygan Prumrol Extrapolated
Graph 7 Reaction(cale. ) |Analysisf Uptake %
1.18 10,7
34 10 48
30 56
65 65.5 100 70
10 19,8
35 20 32,7
50 45,0
58 54 100 61.6
0.4 7
36 10 27
51 30 50 33
10 11
37 28 25,5
25 27 100 25
38 10 940
15,2 14.8 50 16.8

The variation of the extrapolated uptakes, expressed as

percentages of the total surface concentration, with the absolute

oxygen pressure is indicated in Graph I:j.

It has been observed

throughout this work that elthough a film may react to the extent

of say 60 = 70%, another, apparently prepared in exactly the same
manner with the same sample of rubrene and substrate, might react

to only 15% As a consequence of this inherent irreproducibility

no importance has been attached to actual weight of rubrene

deposited on to the film,

In other words the amount of oxidisable

material on the surface is purely determined by that speecific

surface.

T J




EE

| In 'runs® I1:57 and 358 where the films were relatively

 unoreactive the plot of the extrapolated uptake against oxygen

| pressure indicated that these factors might be related by the
equetions

| % Reaotion = 8,5/1 ¢ bP (3)

where a and b ave constants for a particular film. The rate
| courves for these reaciions were exactly linear over the complete
range.
The effect of increasing the oxygen pressure during a reactiom
has now been investigated but prior to theorising further on the
! results, it was decided to investigale the reverse effect, i.e.,
to study the variations in rate which might occur when the oxygen |

| pressure be reduced during the course of a reaction.

Experimentals
Gauge sensitivity 0.055 mme/ s.de
Vessel volume 558 mlse
Weight of rubrene 4,11 mg,
Substrate : Jena glass, 0.2gm.

‘A film was prepered and evacuated for 15 hours with the oil
| and diffusion pumps., The photo-oxidation was carried out in 50mm.
of oxygen until the rate of uptake of waxygen dropped to about 0.3
scale divisions per 10 minutes. At this stage the light was
 extinguished and the pressure reduced to 25mm. by evacuations
'I1lumination was then contimued until enough reaction had ccourred |
to ensble a portion of the rate curve at this pressure to be drawm.
The final stage, therefore, before the analysis, consisted of re=
' illuminating the 50mm. oxygen for a short time,
| The/ |






The actual results as plotted on Crsph Itk are given below,

| Op s.d  Rate/lOmins, Ap s.ds  Rate/iOmims,

2.5 4,50 8480 0.16

5ol 1.20 9.15 0412

6,06 0a72 9438 0407
| 671 0.58 9.58 0+05

7.24 0.49 Increased to 50 mm.

7,67 0.38 580 0.10

8403 0454

835 0.30

Reduced to 25 mm.

| Once the cxidatiou has spparently commenced to tend towards
| & definite limit and the sbsolute cxygen pressure is reduced and
the film instantly re-illuminated, the reaction still ocours at
a measurable rate.

The rote and the extrapolated limit thus falls off at lower
pressures as expected, although the exirapolated velue at 25 mm,
was not, under these conditions, markedly diiffervent {wom thatl at

50mm,

The V tion of Rate of Photo-oxidation of /



The experiments described in this section were conceived as a

result of the series of observations which have been made throughout
 this section, One of the main difficulties in the interpretation
‘ of the past results has been the inability to determins accurately
the true form of the rate curve., This difficulty has been due, in
' the main, to the difference in the order of the rate of uptake of
oxygen in the initial and final stages of the reaction., The
‘f‘ollolingmthodwu\mambigum and independent of the law or laws
governing the photo-oxidation,

Experimental : |
| Gauge sensitivity 0.00358 mm,/s.d. |
! Vessel volume 85.7 mls.
| Temperature 21.5°.

! Weight of rubrene 4,11 mg,
‘ Substrate 0.2 gme

The film was evacuated for 15 hours and illuminated in an
oxygen pressure of 50mm. of mercury. Readings of the gauge pointer
idd’lecthnwnmordadmmimteuntﬂapromtaonﬂn |
rate curve were obtained, The pressure was then reduced to 1O0mm.
| and further readings taken every minute, At this stage the |
|psrummagninraisedt050ua. and the original curve contimued.
' By now, the rate of pressure change was rmther slow butl in order
to counteract this effect the 'rate interval' was proporticnately
' incressed during subsequent illuminations, Various pressure
| reductions and increases were effected although after each change
| the pressure was brought back to 50mm. =nd the standard curve
continued, /
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58, |

' contimued, As little as possible of the reection was carried out

i at any pressure other than 50mme The plot of the rate, expressed
in sosle divisions per minute, against the total chsnge in pressure \
thet ocourred up to thet point is shown in Graph I:f. The actusl |
results obtained in ane experiment were as follows:

DLp., Rate _Op. Rate

| 0e50  0.99 7426 0,072 (&) Decreased pressure to 10mm.

1,54 0,71 7.86 0,048

1.70  0.58 8.286 0.032 (b) Inmcreased pressure to 50mme ‘
2.50 Ced5 8445 0,026
|
|

2,92 0,37 Le) {¢) Decreased pressure to 25mme
(a) 0e25 0,045
8.24 0,28 () (@) Increased pressure to 50mm.

5,48 0,20 9,92 0,035
| 8467 017 10405 0,015 (e) Increased pressure to 150mms

5.81 Oel2 10,16 0©.011
() 10.28 0,010 (f) Descreased pressure to 50mme

| 4405 0,30 10,36 0,009 |

4,52 0.25
4,57 0.24 ‘
4,79  0.20
4,99 0,20 |
15,17 0,16 | ‘
s o o T
‘ 5,45 0,13
| (e)
| 8450 0,045

(a)

A/
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i A detailed examination of the rate curve on Graph I:1 yielded
: values for the rates, al the various pressures, relative to the
vate at 50mm, on the same concentration co-ordinate. Similer
‘ experiments were carried out under the same conditions but et
different pressures. Graph Itm shows a plot of rclative rate

| against oaxygen pressure while the final results are tabulated

below:

Ne. Relotive rate Qxygen Pressure (mm.)
39 0.527 10

i 0,50 25

| 2425 150

: 40 C.266 10

i 1.57 100

41 0.1 5

The curve on Graph Itm is drawn from the equation:

(Relative) Rate of Reaction = 2.4 x 1072 Pr/1 ¢ 4.0 x 1078 —(4)
0g~4

i small the rate is proportional to the pressure. The theovetical !

vhere £, is the pressure (mme) of oxygen over the film. When R is

streight 1ine is driom in the disgrem. It can be seen that the
rate is virtually proporticnal to the pressure below 25mme

Typifying the unpredictability of the type of surface involved
' in this series of experiments was the following fortuitous results

Experipentel: e =
‘ Weight cf Rubrene 4.11 mge
1' Vessel volume 84 mls.

Vieight of substrate 0.2 e

Illumination Osira light system.

The /
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The film was first illuminated at 10mm. oxygen pressure for
one hour after which the pressure was raised to 40mm. The plot
of the rate, expressed as scale divisions per 10 minutes, ugainst
the pressure change is shown in Greph I:n and the actual results i
are tabulated below. After 100 minutes the pressure was reised 'Iao!
100mm, end the film illuminated for o further 75 minutes. At this
stage the £ilm was left in darknesz in 100ma. of oxygen and then
| re~illuminutel, No further pressure decreased was cbserved, The
£ilm was then enslysed for rubrene and 37,57 of the initisl amownt |

was found to have diseppecared, The extent of the reection as
| ealeulated from the pressure decreased was 367,

| P, (10ma. P, (40mn. P, (100mme

N 2 3
5450 1.18 7480 1.51 13.50 087
4,75 0092 9410 0,88 14,35 0,55
5470 0.78 9499 0.66 14.90  0.40
5450 0.69 10.65 0.55 15,30 0,28
7420 0.62 11,20 0450 15,60 0,20 |

11,70 0,50

12,15 0.38

12,55 0,37

12,89 0,32

15,20 0430

It is spparent from the rate ourves that the extrepclated
| uptakes at 100mm, and 40mm, are identicel; and the results at 10m.€.
where /




wheye extrapolation is uncertain, are not in opposition to this
conclusion. The plot of the relative rate of reaction at the
| three pressures, as extracted from this Graph by celculating the

vatios By /R0 Ry /R, (and B, /R ) along the ordinate A, is
shown in Graph I3o. This curve indicstes that the relative rate
in this case wes virtually proportionsal to the oxygen pressure
over the examined range. Another example of this type vas never
encountered during the course of the work,




Many experiments were carried out in which the illumination

| was interrupted nd the £ilm evacuated at 10 “mm, Hg. (McLeod) for
 verying times wp to 30 hours. It was hoped to detect thermal
reversibilitly by aoticing an increased rate of photo-oxidation when

the film was re-irrvadiated in oxygens No such increase was
apparent,
Similar experiments were attempted where during the course of
a photo-oxidation at 50mmn. oxygen the film was evacuated iﬂl. the
illumination was continued, In this way it was hoped to determine
vhothar or not the reaction was photochemically reversible by

observing sny change in rate which might occur when the film wes

| re-illuminsted im exygem, No change in rate could be detected.

. In cne experinent a film was allowed to react in oxygen until
!ihoratebeom imneasursbly slow. The film was then evacuated
at 10 mme Hge for 60 hours whilst being constantly illuminated,
IOn introducing 50mm, of cxygen no further reaction was detected.
!ho resulting snalysis of the film residue provided a valne for
fhcpnmtmtionv&ﬁdmm in agreement with the value
calculated from the original pressure change,

It was by no means impossible that, under the conditions of

 the experiments described in this section, the peroxide product

itself might be attacked by cxygen or might resrrange in the

|
| presence of oxygen, In ovder to cliear up this point a film of

the pure peroxide was irradiated in 50mm. of oxygen. No resultant

' pressure /
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pressure change was obsexved over a period of 150 minutes, No !

change of colour was detected in the £ilm residue. [
Before completing this work on the photo-oxidation of rubrene |
en atbempt was made to oxidise a sample of pure crystelline rubrene,

deposited in the form of a film, not from a solution but as a slurv!
in a very smell amowunt of solvent,
Experimentals

Weight of Rubrene 11,92 mg,

Weight of Jena glass Oul gm.

Gauge Sensitivity 06004 mm,/s.de ._
| Vessel Volume 51.0 mls, :
i Oxygen Pressure 49,0 mm,
| Temperature 21.5%.
|

The film was prepared by adding 2 mls, of distilled benzens ‘
to the vessel oonteining an intimato mixiuve of yubrene crystals ‘
end Jena glass and rotating the whole genily while pumping off |
the benzene st 40%. The vessel was then transferred to the
apparatus in darkness and alter cvacuating ihe syslem for 15 hours

at 1041!:. was illuminated with the Osira lamp set up.

The value of the pressure decrease at various times is

| given in the following tsble as Ap scale divisions:

| .'.rm/
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| e éi:_.',_)_ Lp.  (dins) 2p,
' A 0 1 1.7 2 2.5
‘ 2.5 2.9 5 8.7 75 4e0
. 10.5 4.8 14 5.4 20 640
| o ¥ 30 6.9 36 7.6
| 40 7.8 45 79 = 8.3
| 55 8.5 62.5 847 87 8.8
! 71e5 8.9 78.5 9.5 85 Se7
i on 0.8 102 10.1 140 111 |
‘ 183 1.8 200 11.8 214 11.9
. 260 12.7 320 13.0 400 . 13.9 (4)
4322 14.1 465 14.8 565 15.7 |
‘ 605 16,0 650 16,9 700 17.1 |
‘ 765 17,7 1770 22,0 2040 22,1
| 2160 22,8

At (A) the £ilm was left in derkness and in 50mm. of oxygen
overnight and then reilluminated.

The plot of reciprocal rate against time is shown in Grsph Ip
| from which it may be conoluded that the experimental velues of time
| and pressure changs are related by an equation of the type shown

in Equation (1). The total pressure decrease corresponded to a
| 13% utilisation of the available rubrenc.
| It was not possible to it a double exponential to these
| .nsults but the log plots of functions involving the estimated
! velue of the final wptake Ap  @id not exclude a multistage process.

' The rate of the initial stage was, however, too fast compated with |

the final stage to enable the constants to be calculated accurately,

| o/ |
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Throughout this section the importance of the solvent and
the mode of deposition of the rubreme {ilm have been emphasised.
Rubrene crystals, dried and ground, when placed in an cxygen
atmosphere in the reaction vessel produced no pressure decrease
on illumination, On adding a little sclvent to wet the crystals
intimately mixed with Jema gless and subseguently drying the

erystals 'in vacuo' and in the dark resulted in the formaticn of
a photo-oxidiseble film, Solvent is thus nscessary to bring
about the photo-cxidation,

The exact role of the sovlvent is not clear but experiments
on films degassed at 150°C. have indicated that solvent is
probably not invelved in the oxidation stage. In the presence of

Jena glass the wubrene film may be deposited in such a manmer, l.e.,
as a solid solution or part crystal with many surface imgﬂ.aritienlt,

as to render it oxidisable.

Slow Gaseous diffusion as a Rate Controlling Factor /
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Slow Gesecns diffusion as a Rate Contyoiling Factor

A series of experiments were carried out in which the film
was lef't in an oxygen atwosphere for long periods of time before
being illurinated, Thie operation did not result in sny marked
change in the form of the pressure-time curve., Some films were
Ysoaked' ir oxygen after cr during the reagtion and no appavent
change in the fom of the rate curve was cbserved on re-illumination.
It would thevefore follow that a slow gas diffusion process was '

not & rate determining factor in the reaction, The possibility |
exists, however, that diffusional chemmels may only be produced
on irradiation of the film in which case these experiments could

not be expected to detect any change.
Similax cxperiments to the ones described above but employing

air were pexrformed. Agnin no dark reaction was detected.

|
[
|
|
i




Absorption specira and melting point determinaiions have
indicated that apart from samples A and B, which were not chromato=
graphed, the rubrene samples employed were not demonsiratively

impure, Hepeated analyses of the film residues served to prove
| that the samples under question contained mo spprecisble impurity

‘ which was oxidiseble under the experimenital condilions. Owing

| %o the reletive solubilities of the peroxide and the hydrocarbon |
in the crystallising solvent it is doubtful whether the process of |
recrystallisation removed peroxide impurity from the rubrene (53). ‘
Experiments indicated, however, that no pressure decrease occurs
when a film of the peroxide is illuminated in oxygen. Thus small
quantities of the peroxide, i.e., 1 = 27, as impurity in the
rubrene samples would not afffect the final result of the photo=-
oxidation. ;

| The magnitudes of the total oxygen uptakes by rubrene on

| thallous b:lmide crystals nsver approached the velues obteined .
using a Jena glass substrate, This was the case regardless of the

nature of the depositing solvent. It would appear that thellous
bromide in this form did not photo-sensitise the oxidation of

rubm either at low or at high oxygen pressures, It is possible
thnt the organic depositing solvents had some effeat on the
mttlﬁna properties of the thallous bromide or altanmﬁwiy— T At
 that the thallous bromide crystals affected the precipitatiom of |

! 'photo~oxidisable' rubrene, On the other hand there is no aviﬂsmo|

%o show that the relative energics of the excited and conductance
handl /
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 bands of the adsorxbate end substrate should pemmit electron
transfer in this case,

Vhen Jena glass was the substrate the initial experiments, in
which acetone wos used as the depositing scolvent, the oxygen up=-

takes were small, With benzene as sclvent, however, the uptakes
were larger although irreproducibles It is not thought that this
fact has any more significance than that the mere polar acetone
}mlecmlewill be much more strongly bound than benzene to the
surface of the glass and to rubrene. The acetone will thus cone
taminate the surface to a greater extent or simply tend to deposit
| the rubrene in a wanrey which renders il less accessible to the ,
OXygerte

The magnitudes of' the oxygen uptekes have been very erratis,
varying from 10 ~ 657 of the total aveilable rubrene on the
surface, suggesting that the fomm of the surface was quite
irreproducible aml thet mecharical imperfecticns might have played

|
a big pert in detemining the rate end amount of oxygen upteken, |

The experimental cbservetions thet the pressure change over a
| film of rubrene varies with time according tc the equation:

0P = Aulog,, (Bt « 1) 18(1)

- % = Constart e™* 0P . I:(2)
‘wh explained on the basis of film formation on the surface,

Such a law hes been found to govern the cxidation of = few metals |
and the theories that have been evolved are based on the concept ‘
of pores, cracks and blisters of the oxlide on the metel surface
(54, @). The sppropriate relationship may be arrived at by
assuning that blisters, which are impermeable to oxygen molecules,

are /

|
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ave formed on the surface and that the free surfece area available
for the trepping of oxygen molecules is greatly reduced as a
- eonsequence of the imability of lons to diffuse across the intermal

blister space. In such a process the rate of film thickening is ‘
| necessarily determined by the rate of diffusion of ions through
| the oxide layer and is further limited by the area of metal-oxide
contact, ‘
I% is difficult to visualise how a similer mechanism be |
appliceble to the oxidation of non-ionic organie crystals, as, in ;
this case it is unlikely that the 'normel®' molecules in the cxystal
lattice would be subjeet to this type of mobility. It is move |
likely in the case of rubrene films on Jena glass that the oxidation

of the surfece layers produces a thin film of peroxide which is

impermeable to oxygen and which protects the lower layers from I
; oxidation. In this way the rate of formetion of the surface film |
o will be the canpeting step and thus cause sudden saturation of the
| pressure~time curves,
1f the aly rate detenmining stage in the oxidation is &

solld dif'fusional process then the rate of the reaction will be
- independent of the surface oxygen concentration vhen the number
| of oxygen molecules on the surface is large compated to the number
| o asubioe adiile ok any time, It would be expected that this ‘
condition would be in operation down to quive low pressures, say .
1 =5 mm. = T

The experimental rcosults indicate that the rate of the re-

| action is proportional to the surface concentration of oxygen,
where this factor is given by the equation:
0y /

(9] aps.,
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534

L

¢
where P is the oxvgen pressure over the film and a and b are

constents, This is in sccordance with the Lamgmuir 'isothewm'. |
In cve or two other experiments, however, the rate of reaction, E
the rate of uptake of oxygen, appeared to be independent of the

oxycen pressure over the film, a fact that would indicate that all

£ilm preperations did not oxidise in the same memmer or follow the

same lew, Jwing to the uncertain mammer of film preparation it |
is not unlikely that mechanical imperfections may have cnly been
formed in iscleted crses. The only altermative oxidation lew |
whieh will it the experimental results is that involving 2 multi-
exporential process, 1.2., two or more unimolecular resctions
occurring simultaneously ot different specific rates. Such is the
case, of couvrse, at high oxygen pressures vhen the oxygen pressure
does not chenge apprecizbly during a reaction.

If the rate of the reaction is proportiomal tc the econcentra=-
tion of adsorbed orygen then the migration of oxygen to reactive

positions mmwst be a controlling facter., The other fector which
detemines the rate at cxy time is the concentration of available
reactive yubrens on the surface at any time, which is governmed by
the light intensity.

Although the reaction consists of a series of simultaneous
stages, if they are all unimolecular, the actual pmoe-us of photo=

separate rate constants being attributed to various distinet
surface properties, These properties are raniomly determined by

|
| oxidation may be treated ss a pseudo-unimolecular reation; the |
|

the /
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the method of deposition.
' Thus it is possible to write:
Rote = *1'["2] ko D.I:(2)

vhere kb = k.. rsmaisDe Tt (5)
| where § 1s the amownt of light sbsorbed. By enslogy with previous
| work in solution (21) this factor will be teken as being PiTPOT=
tional to the first power of the nibrene concentration; i.e.,
| Kped = IGe [rubrens] D.I1(4)

| The combinotion of the ebove equations end substitution from

| equation (1) D.It: yields:
Rete = auliekhe[R] Py /1 4+ be By wewme D.I3(5)

The snalysis figures indicate that the factor [R]; the rubrene
| eonceatration, may be considered as equivelenmt to (A Py = AP ) at |
| any time, where APoo and Ap have the significance described in the ‘
| texte It may therefore be concluded thut:

| z ..%;E.. =Ae (0P , =AP) s Py / 1+ De P j==D.1:(6)

where the constant A is surface dependent and has two or moxe

|
discrete values for any one film. '
The surface sensitivity of the reaction provides a useful

|

basis for the elucidation of the mechanism of the pheto-oxidation

as the proposed scheme will have to explain this fact above any

The absorption of liglit by a crystal of the rubrene type will

' yvesult in the fomation of sn clectron and a positive hole which
in the absence of tropping iwpurities will drift to the surface as

' an 'exciton', This energy may be utilised by the surface molecules

:h/
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in a variely of ways,
The primary stage is effectively the absorption of light to

| produce sn sxcited {singlet) molecule B® on the surface:

7 (a)

This molecule may lose its excess energy as light (singlete

R + haev

singlet fluorescence, b.) or by intemal degradation (e).
B*— R+ hev (b)

. g - (e)
On the other hend this molecule may lose part of its excess energy |

resulting in the attaimment of the triplet state of the molecule.
This process may be visualised as occurring in various ways; the
first is shown in equation (d) where collision between excited and

| unexeited molecules results in the optimum ccnversions |

R+ R— R ¢ Relight or heat seeee—e (d)
where B* depicts the long-lived triplet stete of mibrene. At this
stage the molecule must undergo redicsl changes in spatial confle
guration eand ss such a canversion may be sirongly opposed by
neighbouring molecules immediate deactivation (e) will be prchable:

. R [ |

The next stage is postulated to inwolve the reversible
combination of this longelived diradical with oxygen 4o form an
unstable peroxide m; (£):

1
R iﬂe

Wt
It is oonaeoteg that the unstable peroxide way still contain
. the spatisal configuration of diradical and thus may decompose veadily
into oxygen and rubrene, the reaction (g), requiring a very low |

activation /



activation energy. Finally, irreversible stabilisation may occur
as indicated by equation (h):

ROZ— RO, + energy (n)

If the stage (h) is very rapid, at no time should a very large
cancentration of no; be allowed to build wp. PFurther, the |
dissociation pressure of oxygev will be determined by theegquilibrium
constant of the resction (h), if the solid vhases are not in wnit

| aotivity states. i

An examination of this mechanism under steady state conditions
results in the following equation for the rate of decrease of

| OXygen pressure:

d 0,  Gead Rl (o] - [02}9

e ek | i O] - ok o

|
where [0,] is the ges pressure of oxygen amd [0,]  the dissociatiom
pressure of oxygen. The constants have the following values:=

I a = k /kb + 'ke
| b = kf'ke
e = ki"kg/kc(kg - kh)

Although it would not be possible to detect the reversible
oxidation stage by pressure measurement, over th; non=pure
crystalline deposit, a study of the photoconductivity of anthracene

- has provided useful svidence in favour of such a scheme,

The photoconductivity in the surfeace layers of anthracsne
crystals hes been found to increase considerably over its vacuum
level when it is weasured in ths presence of eir or oxygen (53).

The increased photocurrent is attributed to the photo-oxidation '

~ of the surface, both light and air being necessary to produce the
| effect /
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effect. The resulis could only be explained by postulating &

two stage process for the formation of the surface oxide. The
intermediate step involved a highly unstable peroxide while the
product was believed to be the transanmlar peroxide. These
authors (55) consider that this stable peroxide may slowly !
dissociate into oaxygen and .tha parent hydrocarbon, which seems, te

| the writer, to be an invalid assumpiion cuite contrery to the resulis

|
It also seems remavkable thal the destruction of the conjugated ‘

. of Dufraisse on the decomposition of anthracene photo-oxide ($8)e

double bond system in anthracene should result in an increase in
the mobility of the cuivent carriers,
Several workers have reported that axygen quenches the
fluorescence of anthracene and o‘l':harhyﬂ:omm but that the
. fluorescence returns vwhen the oxygen is pumped out of the system or
repleced by nitrogen., As this effect is not caused by dark oxygen
absorption it is believed that en unstable pevoxide is Pommed (57,58)
As Tax as the effects of variations of oxygen pressure ond |
| probably sbsorbed light intensity, experimentally measured as |
pressure change, ave concerned the dedue_ed formula is in accord
with experiment; on the assumption that the reaction is uni-
molecular, The fashor a.R/1 + aR, however, presents a problems ‘
In order that this cencel out of the kinetic equation the ratio ;
kd/!:b + k must be large in comparison with unity, The majority
| of the molecules which sbsorb light must then eventuslly arrive in | '
the ¥riplet encrpy state; they may subsequently reect with axyegen
or degrade to normel rubrene, In other vords the efficlengy of
fluorescence, in the oxidissble wmaterial, must be very low, the

flvorescence /
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fluorescence being 'quenched' by frequent collisions of excited
with unexcited molecules or with oxygen.

It is now considered opportune to mention the result of some
visual observations on reacted and unreacted films, After reaction
with oxygen, vwhen only mxgi’mgotiw rubrene remained, the films were
yellow in colour until aoivmt was added to the film residue when
the red colour of unreacted rubrene was again evident. Before
reaction the films sppeared red in varying degrees. The 'redness'
of the surface enabled an approximate value of the oxygen uptake
to be estimated; a very red film reacted to a greater extent than
a slightly red film, Very of'ten films were prepared which only
reacted to sbout 57 and such films appeared yellow., As the colour
of the fluorescence of rubrene is yellow it seems reasonable to
conclude from the above observations that highly fluorescent
rubrene wes not capable of reaction with oxygen under the experi-
mental conditions, It is suggested that the yellow parts of the
film constituted the pure crystalline material while the red areas
consisted of rubrene deposited by the solvent in & mammer which
rendered it reactive, The rubrene in the latter state was
probably in solid solution.

The fluorescence of many adsorbed dyestuffs is quenched by
oxygen at low pressure (59). Such a process may be occurring in
this case although it is unlikely that it will affect the actual
photo-cxidation rate. Fo genersl simple relatiea botween B
quenching efficiency of oxygen end rate of photo-oxidation exists
and the quenching process probably only involves the formation of
unstable intermediates which are able to convert the electronic
energy by internal conversion into thermal energy (60).

It/
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It is now the intention to represent the photo-oxidation of
rubrene in a pictorial manner in order to lend some significance to
the postulated intermediates, Rubrene (A) absorbs a light quantum
to produce the molecule (B) which is capable of fluorescence.

This molecule will have a lifetime of about 10™° seconds snd will
be slightly distorted. i

% ; @
— e e— — — —_— i Al pr — —
/ \ (my

L&) N2
Within its lifetime (B) will collide with a neighbouring mole-
cule resulting in the formation of the diradical with a corres-
ponding loss in energy. This energy loss is accompanied by a
configurational chenge and the molecule (C) results., (C) may
degrade to rubrens or combine with oaxygen to form the unstable
peroxide (D) which is pictorially represented below,

|

i ~Ph.

The unstable (D) rapidly reverts into the stable oxide (E),
this process involving a further change in the spatial arrangement
'of the atoms. This change is permanent and the peroxide (E) is
pmﬁuhly stabilised by the surface,

(B)
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This mechanism emphasises one of the main features of poly-
nuclear hydrocarbon oxidation; i.e., the necessity for a strongly
mesomeric structure which can still exist, af'ter bond rupture, by
virtue of its resonance energy (61).

How does the mechanism, as just described, fit in with the
results at low oxygen pressures? No pressure below vhich oxida-
tion would not occur was detected, The high instability of the
percxide intemediate combined with its ease of stabilisation in
the direction of configuration rather than decomposition and the
very slight difference in structure between the diradical and the
excited peroxide would suggest that the activation energies of the
forward and reverse stages (kg and kh) be markedly different, in
which case the standard free energy of formation of oxygen from
the pemid.e will be large., Assuning this is about 10Kg.cals./
mole at 25°c., for example, then the corresponding equilibrium
pressure of oxygen would bes

[0,], = 760,6720y00/ReT _ 5 4 ¥ 10™° . Hg.

Such a dissociation pressure would not be detectable with the
apparatus employed.

On the other hand if the rubrene is in solid solution the
rate expression would become complicated with temms involving the
molar fractions of the solid phases,

Again on the basis of a solid sclution the variations of total
uptake of oxygen with absclute oxygen pressure might be explained,
. At the lowest pressure oxygen dissolves in the sclution until the
attainment of solution equilibrium, in the dark. The film is themn
illuninated and the oxidation proceeds until chemical equilibrium

is /
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is reached; the position of the chemical equilibrium is governed
by the concentration of oxygen in the solution which is in turn
determined by the gas pressure. On increasing the pressure the
oxygen concentration and hence the position of equilibrium is
altered thus more reaction occurs, The position of the photo=-
chemical equilibrium will depend on other factors including the
light intensity, vhich is in accord with experiment, The fact
that 1ittle variation in rate, spart from that casued by the 'change'
in concentration of reactive material, brought about by changes in
oxygen pressure, was cbserved when the pressure was less than 1 nm,
suggests that the rate of dissolution of oxygen in the solid
solution might here have been a determining stage. At higher
pressures, when the solution is saturated with oxygen, no such
effect jshcn.llﬁ be detectable,

A reduction of the oxygen pressure after a period of oxidation
at a particular pressure did not cause any pressure increase on
irraediation at the rew pressure, This fact supports the contention
of a two stage process involving a stable and an unstable peroxide
being responsible for the apparent absence of reversibility.

The mechanism of the photo-oxidation of rubrene will be
discussed further at the end of Section IV following a knowledge
of the eneggetics of the decomposition of the peroxide.
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EXPERIMENTAL SECTTON IT.
The Thermeal Decomposition of Thin Films of
Rubrene Peroxide on Jena Glass,
'I£ ml

Experimental Procedurs

The films were prepared by evaporating a measured quantity of
a standard solution of the peroxide on to a known weight of Jena
glass. The amount of glass was chosen in order that the conditions
would be comparable with photo formation experiments, The vessel,
containing the film on one intermal hemispherical surface, was then
transferred to the apparatus and pumped for a standard time (15 hm)
at 10~%m, Hg. (McLeod gauge) at nomsl temperature, The furnace
was arranged round the reaction vessel as described on page
The initial setting of the furnace rheostat determined the ultimate
temperature ef the reaction vessel.

After closing the gauge taps the furnace was switched on and
the position of the gauge pointer on the scale recorded after known
time intervels, A description of a typical experiment is given

below,
Reaction vessel wolume =- 47,0 mls,
Gauge sensitivity = 0,16 mm./s.d,
Weight of Jena glass = 0.1 gme

Weight of rubrene peroxide (R.E.) = 3.8 mge

Ultimate temperature - 13%0%.
The mamner in which the pressure increased with time is
' depicted in Graph II (a). At T the temperature reached 130°%C.
At 'H' the furnace was turned of f and the vessel allowed %o cool
down to room temperature, The ultimate ges pressure in the vessel
after the attaimment of room temperature, is shown as a dotted linse
in /
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in the graph and denoted as Pype The gas pressure at 'H' will be
denoted by By, If P, scale divisions of gas are cooled from 130°Ce
to 20%. in o constant volume system the resultant pressure P should
be given by (i):

P =P 295/403 = 35 Seds === (1)

The value of P, was 20,7 divisions at 20°C. There was thus

a discrepancy between P and P, of 12.3 divisions at 20%.

The contraction on cocling was greater than expected on a
purely temperature effect as calculated for a permanent gas and
part of the gas phase products must have been adsorbed on the film
and substrate on cooling.

The table belcw has been drawn up in order to summavise the
results of o series of experiments performed in the same manneyr as '
the one described above. ‘Condensable vapour' implies the material
which readsorbed on the surface on cooling and the 'extrapolated up-
take', obtained from the rate curves shown on Graph II (b), is
quoted as the value before correction for these adsorbed vapours,
The molar ratiocs, expressed as moles of gas produced per mole of
percxide in the film, were calculated from the constants of the
apparatus end the corrected extrapolated pressure limit,

No,, g3, 113 113 Il4
Substrate Fille 0.2 Oel 0.15 0.2
Acetone vol, mls, 20 1.2 20 10
Scale Divisions - =% NI

Total gas evolution 52,0 23,4
Cond, gases (P -Pr) 17.2 1:5 gf.g ig.g
Molar ratio 2,05 0.95 0.990 0.98

The /
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The volumes of acetone quoted in the table correspond to the
number of mls, of standard peroxide solution used to deposit the
film, In 'run' II:2 a sample of powdered rubrene peroxide was
employed thus rendering a large quantity of binding solvent
urmmecessary. -

The gases which readsorbed, on cooling, were approximately
proportional to the weight of substrate used, Graph IT (¢) illuse
irates this relationship. It then seems probable that these gases
originated from the adsorbed layer on the substrate.

As far as can be ascertained at this stage, considerable goses
may have been evolved by the peroxide and subsequently adsorbed on
the Jena glass in amount proportional to the weight of substrate.
However, as & unit molar amount of gas is left in the system on
cooling, af'ter practically all the experiments, the suggestion that
the condensable gases originated fram the Jena glass surface
appears sounde

These results besides fllustrating the unimolecular mature of
the decomposition taking place, indicate that the system, rubrene
peroxide deposited from sn acetone solution on to a Jena glass
substrate, produces, sbove 110%., a gas and/or vapours in amount
molarly equivalent to the initial concentration of rubreme peroxide.

The molar ratio of 2,05 (see run IT:l) was cbtained from an
experiment conducted in an exactly similar manner to the other mms
of this section. The film residue was not analysed for rubrens
- and the result could never be checked by duplication, B

The rate curves were guibe similer in slope (k) = 8.5 x 107
mm.‘l) while indicating a small temperature coefficient,

The /
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Geuge Sonsitivity = 0s16 mme/seds

Vessel Volume - 47,0 mls,

Ultimate Terperature - 115%.

Uelght of peroxide - 2.54 nge (ReE.) |

The £ilm was heated for about 200 mimtes when the total ges
evolution was 34,2 scale divisions. 7The temperature wos then
lowered to 20°%. and the new steady pressure measured ani found
to be 8,0 seale divisions. The temporature of the veassel wns

. then raised to 115%. again =mad the pressure changoes resorded at

known times, After 300 mimmtes, when the total gas pressure was
wnummmmmmtozo%. mltbeequn&-!
brium pressuve at this temperature measured (10,4 divisions). m'

rate ourves for the first (A) and the second (B) heating pevicds |

|
~ are shown on Graph 113 mmmm&apmm@

could be estimated,

Although et fivst sight, it would seem that the extent of the
decamposition was not the same in both parts of this experiment, |
after correction for yeadsorbed vepours it was fownd that 15.2
divisions (4) anl 15.6 (B) of *non-adsorbing’ gos wewo produced
under these conditions, The average value corrvesponds o 2 molay |
ratio of 1,09 of vapour to rubrene pervxides | II

This experiment constitutes further evidence that the Jema
glass surface is essccloted with quantities of edsorbed wvepour which
may be desorbed or re-adsorbed by the surface by appropriste
temperature changes,

The Loalysis of the Vapours Produced during the Decouposition /



In the following experiments sample C. rubrens was deposited
from an acetone solution on 0.1 gm. Jena glass, unless otherwise

stated, ani the weights of peroxide quoted are as rubrene equiva=-
lemts, All films were pumped overnight at 10" mm, Hg. (McLeod

gauge).
Gauge sensitivity - 0,084 mm./s.de
Vessel volume = 5248 mls,
Ultimate temperature - 128%,

In this 'run' (II:6) a three way tap connected the reaction
Ivuultotmmallsidetubu. One contained soda lime and the
other was packed with phosphoric oxide, In this manner either one
or both of the adsorbents could be exposed to the reaction system.
The films and adsorbents were evacuated overnight af'ter which the
side tubes were isclated from the system, the gauge taps closed
end the heating of the film commenced, Vhen the reaction was
nearing completion, as judged by the rate of pressure increase, the
system was exposed to soda lime, An instantaneocus pressure
decrease occurred which corresponded to 91% of the tetal vapours
present, The residual gases were pumped off and the film allowed
to reach room temperature when it was pumped for a further 10 hours,
On raising the temperature to 128°%. sgain, the system still being
exposed to soda lime, only a very small pressure increase was
cbserved over a period of 5 hours.
. The moler decomposition of the film obtained by spectrographic |
analysis was 167, a value which agreed with that cslculated from
the /
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the constants of the spparatus and the residual gas pressure,

The next experiment (II:7) differed from the previous one in
only the nature of the adsorbent. In this case phosphoric oxide
was employeds. The film was heated for 220 mimates alfter which the

. vapours were exposed to the adsorbent by copening the thiee way tap.
After 5 mimutes 95% of the product vapours were adsorbed on the
vhosphoric oride as detected by the reduction in pressure. The
film was hested for a further three hours with the adsorbent in the
system and the pressure in the vessel did not increase appreciably, |

The results from the two experiments described above :ln&ioahdi
that the main pasecus product of the decomposition was not oxygen |
end the next series of investigations were designed in an attempt

| to define the nature of these products.

Spot Anelysis of the Vepour Products of the Decomposition/



Experiment 1138 = 2,34 mg. of the peroxide (R.E.) were

deposited on the plane glass surface of the reaction vessel by
slovly pumping off the acetone with a water pup. The film was
evacuated overnight at room temperature and then heated for 400
minutes at 150°C, The vapours were then pumped through the trap
C, ard the trap condensate tested for acetone (as described on
pege 72). Result - negative, no bluwe colouration of indigo being
observed,

Experiment I1:9 - This consisted of a repeat of I1:8. In
this case however, the spot test was positive for acetone, the blu.l
indigo ecolour being clearly observed in the chlcroform layer., This
£iln wes heated for 460 mimites at 130%. The rate curve for the
| decomposition was of the same type as shown in Graph II:D and
indicated that the reaction conformed to a wmimolecular law under
the present experimental conditions. The total extrapclated
| pressure of vepowr produced corresponded to 0,73 moles of gas per
one mole of percxide on the film. No rubrene was deteoted on the

film residue after this time.

Experiment II:10 = 2,54 mge of the peroxide (R.E.) were
deposited from acetone solution on 0,1 gn. Jena glass and after
the usual evacuation the film was heated at 120°C, for 575 mimutess
The reaction vapours when pumped through the liquid oxygen trap
produced a condensate which gave a positive reaction for acetons
- with o-nitrobenzaldehyde. — LN
it/
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It has now been qualitatively determined that acetone, the
solvent used in preparing the film, is produced during the decompo-
sition, The next step waes the quantitative anmalysis of the reaction
vapours using the technique of microdistillation as described on

page O,
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Stendardisation

Small gquantities of either carbon dioxide, water or acetone
were placed in the trap C and frozen with liquid oxygen. The
apparatus was then evacuated and the trap allowed to wamm up slowly
to room temperature. The gauge pointer reading p was plotted
against the galvonometer deflection f (T) resulting in a standard
curve for each vapour. As ths values of f (T) were purely relative
end were only reproducible over two successive experiments, SW

'runs' were perfomed diveectly af'ter each actual experiment, after
thoroughly degassing the trap.

In this experiment 0.1 gme. of Jena glass was made into a £ilm
by employing 10 mls. of acetone as the binding solvent this being
evaporated of'f at the water pump. The film was evacuated over-
night and heated at 120°C. for 350 minutes after which the product
vapours were condensed in the trap C. The distillation curve
obtained, on warming the trap, is shown in Greph IIje. A comparie |
son with the standard acetone curve indicates the presence of this ‘
vepoure No other vapour was detected, Taking into account in
the calculation, the volume of the distillation apparatus, the
total amount of distillate was accounted for as acetone.
Experiment 11512,

2456 mg. of the peroxide (A.E.) was made into a film on the
' plane glass surface of the reaction vessel (volume = _55.8 mls. ).
The film was evacuated for 15 hours end heated for 115 mimutes at
125°C. The progress of the experiment msy be followed by
inspection of the pressure-time curve in CGraph II:g. After this
time /
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time (T) the pressure in the regetion vessel system was 20.8 scale

divisions, On cooling the vessel to room temperature the pressure

dvopped to 15,8 divisions (the dotted line A) and om expanding the

cooléed vepours into the trap the resulting pressure on the gauge

- was 5,9 dfvisions (the dotted line B)., After freezing out for 3

| hours the pressure dropped to zero (C) and on warming the twap a

vapour pressure=temperatvre curve of the form shown in CGreph I1sf
wgs obtaincd. The smount of vepour recovered from the trap was
5.9 divisions., This was identified as acetone by a comparison
with the standard curve. The dotted line 'E' indicates the

- theoretical pressure increase corresponding to a uwmit molar ratio
- of vapour (vessel volume = 54,5 mls.) to which this ourve and the

- rate curve in Creph IIzg, may be extrapolated.

| eonstant 12 x 10

The results have indicated that the main reactions occurring

and also fron the peroxide-solvent camplex (first order velocity
“Smins,™l; Exp, II:12). The specific rate of
removal of solvent from the substrate was thus only slightly less

than that for the decomposition of the peroxide complex although

| definite molar quantities of acetone were produced in the latter

case.

There now seems little doubt thal the rubrene percxide was

asscciated vith one molecule of acetone of crystsllisation which
was not removeble by prolonged evacuation at room temperature,
The /

- were the release of acetone molecules fram the surlace of the Jema |
|
glass (first order velosity constant 7.5 x 10 mins.™ ; Ewp.IIfll) |
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The experiments with soda lime and phosphoric oxide have
indicated that only traces of a permenent gas were evolved under
. these conditions, vhile in the experiments involving distillation
all the produced gases weve invariably recovered as condensable n—l
pours,
On exposing 25 scale divisions of acetorne vapour to phonphorie-l-
oxide containsd in a side tube the pressure dropped instantly to
| 0.3 divisions and subsequently became less than o,1 divisions.
. This direet expsrimental observation that phosphorie oxide readily
‘ and completely adsorbs acetone vapour under the prescribed condi-
| tions provided the starting point for the next series of experiments,
the study of the kinetics of the decomposition of rubrene peroxide

'in vacuo', in the presence of phosphoric oxide.
P

The Decomposition of Rubrene Peraxide in the Presence of Adsorbents /
|
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In order to have some idea of the magnitude amd rate of the

release of the gases which are not adsorbed on the phosphoric oxide,
the preliminary experiments IT:13 and 314 were carried out,
Experiment I1:13

4,68 mg. of rubrene peroxide (R.E,) was deposited from acetons
solution on 0.2 gm. Jena glass and the resulting £ilm evacuated for
5 hours with the oil and diffusion pumps. The residual pressure
was less than 10 Ymm. of mercury (McLeod gauge),

Gauge sensitivity « 0,16 mm,/s.d.
Vessel volume - 5040 mls.

The reaction vessel was fitted with a small side amm to vhich
was attached, by means of a Quickfit A7 Jjoint, a small tube con=
taining about 0.5 gme. of phosphoric oxide. The variation of
pressure in the reaction vessel with time is illustrated in
Graph IT:h,

At "A' the temperature reached 120°C. where it was kept
constant until 'B', AL 'B' the temperature was raised %o 130°C.,
this operation taking only a few minutes, for a further 5 hours.
After a total of © hours, 'C', the vessel was cocled to room
temperature when the pressure dropped to 0,755 of the velue at
130%, (the ratio of 293/403 is 0,729). The cooled film was them
slowly heated to 150%. this temperatwre being attained at "E'.
Betwoen *B' and 'P' the temperature was raised from 150° - 160%C.
The reaction had virtually cessed at 'F' when 8 scale divisions ef &
permanent ges inﬂwpreaexmofP205hadbwncmlwd. This gas

evolution /
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 evolution corrvesponded to a decomposition of 28.6%, calculated from
the original concentration of the peroxide assuming a umit molecular
ratic. |

In order that the pressure chenges at slightly lower tempera=
tures might be followed 2 similar experiment to the above was
carvied out using & much more sensitive gauge.
Experinent I1:14 - |

2434 mge of rubrene peroxide (R.B,) was depcsited from acetons
sclution on 0.1 gn., Jena plass and the resulting £1lm evacuated f‘or@
S hours, A side tube contalning about 0.5 gme of phosphoric
oxide was attached to the reaction vessel. \

Cauge sensitivity = 0,031 mn./s.d.
Vessel volume - 83,5 mls.

The vaviation with time of the pressure developed in the
reaction gystem is illusirated in Graph II:i.

The temperature wes slowly raised to 84°C, and it was observed
. by pressure measuresent, that no appreciable dscomposition ocourm&!
below 60%., After 200 minutes the vessel was cooled and evacuz ted
fer 1 hour (Pl) when, after re-isclation of the system, the |
temperature was again raised to 84°C. until 'A' whem it was elevated
to 100%. At B, the vessel vas cooled and evacuated for 3 hours
and the £ilm then reheated to 100%C. The pressure chenges mow
| oecgurring were very slow so the tempersiure was raised first to ;
' 109% (B) and finally to 150°% (C) where it remoined constant m:ti.ll
—— %A e veaaei—ml cooled and the vepours were pumped off
(Ps) wtil the pressure in the vessel was appavently zero (limited

by /
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by the gauge sensitivity). The temperature was again reised to
130% (B) vwhen further increases of pressure became regligible.

Although the resulte of the above experiments moy not have much
quantitative basis, owing to the duration of the "runs®, they have
indicated that oxygen (it will be assumed for the present - see
later; pe = that oxygen is the vesjdusl gas) is not produced in
aemoumts even spproaching a 1007 decomposition of the peroxide undex
these conditions. A 100% decomposition at 150°C. would produce a
gas pressure of 56.2 seale divisicns in this system. Apprecisble
gas pressure increases were detectable only sbove 100%. After
pumping, the pressure apparently incressed to the same wvalue as
before the evacuation at the sane temperature, This Im only
true, however, at the lower temperatures investigated.

It was now hoped to investigate any equilibrium pressure effect
which may he a oontrolling factors The method of tackling this
problem will consist of heating films at constant temperature and |
estimeting the totel aumount of gas evolved at particular

temperatures,

The Decamposition of Rubrene Percxide at 120%, /
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The {ilms were prepared in the usual menner on 0,1 gne of
Jena glass, and evacuated overnight before being reacted. The
rheostat was set in a position which enabled the furnace temperature
to veach 120°C. in about 30 minutes, Approximately 0,5 gme of
phosphoric oxide was contained in the side tube, a fresh sample
being employed for each experiment,
Gauge sensitivity - 0,051 mme/s.ds
Weight of permxide - 2,34 mg,
Vessel volume = 655 mlse
The results of experiment IX:15 were as follows:=

Sedl 0.62 Ga74 0eS1
599 0.54 7,05 0430
4450 047 7454 0.27
496 0.48 769 0.25
5.39 0439 7485 0.27
5.75 0.34 8.11 0.24
6410 0¢335 6485 0.25
Gedd 0e352 8,59 0.22

8,81 0.22

Extrapoleted pressvre increase  112.2 divisions 0e 58 mme
The rate curve for this experiment is shown in Graph IIzj and
indicetes the wnimolecular nature of the decamosition im the later
 stages, '
Gauge sensitivity - 0,048 mm./s.d.
Weight of peroxide - 2,34 mge
Temperature /
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Temperature - 120%.
Vessel volume - 55,3 mls,

This reaction proceeded similarly to II:15 and the rate curve
is also shown in Graph II:Jb. The extrapolated pressure increase
was in this case, 7.9 divisions which corresponded to 0.38 mms

Although different reactionwessel wlumes were employed in
the above 'runs' the same pressure of gas was produced, A degree
of saturation was observed at higher pressures in 'run' II:16, the
rate falling off to zero rather rapidly. The main part of the |
rate curve was linear and the extrapolatior considered valid. The
cause of this was possibly due to one of a variety of surface
effects and was only a rate detemining factor towards the end of
the reactions Thease effects will be discussed in a later section,

The Decomposition of Rubrene Peroxide at 130%, /
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Cauge sensitivity = 0,048 mnm./s.de
Weight of peroxide = 2454 mge

Esperiments 11317 = 10,
These experiments were carried out in the standard marmer,

' The rate curves are drawn in Greph IItk and the actual results
| obtained from one experiment are shown below,

 Experinent 117

| Eresewro (s,d,) Rate/ZOuins. Eressure (5.0) Kate/20nins.

0425 050 8482 0445
0,79 0.58 7427 0.47 |
1.40 0464 7467 0436 :
2.10 0476 8404 0.57
2.99 1.02 8439 0454

130°¢ attained - 5,91 0,82 8a71 0430
4,68 0,67 9,01 0.29
5427 0.57 9427 0425
5483 0u54 9.52 0.28
Ge 35 0e50 Oe75 0.21

A1 experiments cerried out at 1%0%C. provided the same velue
| for the extrapclated pressure, viz., Ce59 mue £ 0,01 mme

A further experiment (11:20) was designed toc determine the
‘ effect of the initial peroxide concentration on the total gas
evolution at consiant tempersture. 4.68 mge. of the pexcxide was
deposited on O.1 gm. of Jens glass and the resulting film reacted
in the usual way. An extrapolation of the rate curve from this

reaction provided the value of 0,99 mm, for the uliimaie pressure

| at zero rate.

The /



€l

T

ol b 8 L 9 S ¥ <

(ps) =¥nssayd s¥o LNINUW¥3d

11 Havuo

%3lvy

0

+0

9-0

80

0

%l

+

9

&l

07

(44

b

93

gz

og



96,

The reproducibility of the results at this stage suggests that
the measured pressures at zerc rate are 'dissociation pressures' of
gas, Further evidence for this is the fact that the ultimate
pressure is independent of the initial peroxide concentration,

e De jtion of t 145°
Experiment IT:21,

Gauge sensitivity - 0,048 mm,/s.d.
Weight of peroxide - 2,354 mg.
Weight of Jena glass = 0,1 gme
This film was reacted in the usual manner and thératemuﬂ
II:1l, drawn fzom the experimental results quoted below,

Pressure (s.d.) Rate/20 mins, Pressure (s.d.) Rate/20 mins,

8.87 2.73 15.26 0.52
11.21 1.95 15,71 0.38
12,79 1.22 16,05 0.30
13.86 0.92 16,30 0.20
14,66 0.69
Extrapolated gas evolution 17.0 divisions 0.82 mm,

The following table summarises the final results of this series
of experiments, ‘

P extrap.) % 1/7%. Log,, P(extrap,)
0.39 120 2,548 1.5011
0450 130 2,485 1.771
0.52 145 2,395 1.914

Energy considerations involved in the Decomposition /



On the assumption that the evolution of oxygen was a stage in
the reversible reaction whose equilibrium constant is given by the
oxygen pressure at zero rete, it was possible to calculate a value
for the heat of dissociation of the peroxide. The appropriate

 plot of Log,, (extrapolated~pressure increase) against the reci-

l procal temperature for experiments II1:1l5 « 20 is shown in Graph
ILamy . The slope of the best straight line was ~2.20 x 103 which
| 48 equivalent to a heat of dissocistion of + 10 Kge.cols/mole.

A similar plot of the extrspolated pressure values i'rom one

| "run', i.e., IX:l5, is indicated on Graph 11:::12 while the computed
| velues are given in the table below

1/7%  Gxtrapolated Prossure (mn.)

| Logyg P gy
2.548 0440 0.602
24485 0.64 0.806

| 2. 364 1.3¢ 1.127

The value of =2,86 x 105 for the slope of this somewhat more
| satisfactory straight line correspénis to & heat of dissocistion of
# 12.9 kg.cals/mole.

From the slopes of the rete curves in this series of experi=

ments it was possible to estimate average values of the rete

constents for the decomposition at the various temperatures; these

velues are indicated in the table below, while the results axe

plotted in Graph IT:in.

T
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/1% k x 102mins, T Logy ok x 10%)

2.548 1.4 0,155 !
2,485 4.1 0,615

2,395 2545 1,408

The slope of this straight line corresponds to an energy valus
of + 40 Kg.cels,/mole which may be identificble with the apparent |
activation energy of a stege in the decomposition of rubrene
| peraxide.

The decomposition of rubrene peroxide appeared tc tale place

in a reversible manner, analogous to the decomposition of calcium

| earbonate, the equilibrium constant being given by the 'diasoaiat!.at

|
pressure’ of gas., The results to date indigate that there are

three types of reaction occurring on the surface although it is
not certain whether or not they are independent.

1. Gless = Solvent -—28%.  Glass ¢ Sclvemt
(s) o (s) (8)
2. Peroxide = Solvent —v;"—f—“u%;- Peroxide + Solvent
(s) (s) (=)
P |
3¢ Peroxide or complex —-20'-5—-—*- Permanent gas + Residuve.
Vaoim

The third reaction cnly occured to the extent of sbout 287 at

| 130%. It is probable that the third reaction 1s reversible as ¢

| pressure of gas produced was indepenient of the ianitial soclid phase
|
\ concentration. It mey be of importance to note that very little

decamposition occurved when the solvent pressure was sllowed %0

build up over the £ilm, The 'equilibrium pressure’ mey also be
.

! d.uo_to .a I_Je;lfm_iéﬁe&rﬂw rate of cmission of gcetc;m_ :mﬂ_ the

' rate /




‘ rate of adsorption on the F§0.. This mechenism, however, is

' acetone by phosphoric oxide provided the gas phase in the equili-
- brium,

deemed unlikely unless gaseous products from the oxidation of

Analysis of the film residuves for rubrene were not always

| garried out in this series of 'runs'; hovever, when a film was

- spectrographically enslysed the per cent decomposition agreed on
| every cccasion vith the value obteined from the constents of the
apparatus and the total pressure changee.

/
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The corditions in the present 'runs® were as in the previous
experiments excepting that 0,2 ga. of Jena glass wes employed as
substrete. The temperature of the disscciation was 130°C;

Gauge sensitivity = 0,048 mme/s.de
Weight of Peroxide = 4.68 mg. (R.E.)

The rate curves for these experimenis are shown in Graph TT:p
where it may be observed that the 'nommal' dissoclation pressure
was well exceeded, The exirapolated pressures were 27,0 ard 51.6

scele divisions as opposed to 12,2 divisions when the f£ilm was

prepered on 0.1 gme of Jana glass.

An experiment wes now carried out in which 2,34 mg. of peroxide
was deposited on 0.2 gn. of glass. Extrapolation of the rate |
curve provided a value of only 6,2 divisions for the equilibrium
Pressures |

It was now apparent that the veaction was markedly surface
dependent. The series of experiments 1T:15 « 21 were carried out
over o short period of time and in a highly standordised monner and
for this reason, comblned with tha rveproducibility of the results
of these ‘runs', it will be assumed, in Puture arguments, that the

temperature elone governs tre ultimate prassnre of gas produced by

a film under such standardised eonditions.

A duplication of the lest experiment in fact resuited in the |
t the lineax
: je2 g re, after &Itr‘apolalion of
rpoppel' dissooiation DIEBSUrE,

rate /
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rate curve. The irreproducibility of the above results II:22 and
125, could not be explained although the rapid rate of pressure
increase in such 'runs' may signify that the solvent, from the
increased amount of substrate, was not completely removed from
' the system because of a surface layer or other obstruction on the
adsorbent. The same effect would be cbserved if the P205 became
| exhausted by the increased amount of acetone. This suggestion |
was validated by a chance experiment involving the decomposition of
| 4468 mges of the peroxide on 0.1 gm. of glass,
Experiment I1:24.
Gauge sensitivity - 0,048 mm./s.d.
Weight of peroxide = 4,68 mg.
Weight of substrate - 0.1 gm.
The rate curve for this 'run' is drawn in Graph II:p. 'Runs'
| IT:20 and :22 are drawn on the same Graph for purposes of oompariacu;
In the "momal' reaction, I1:20, the decomposition is unimolecular
from the maximum rate (the approximate point of the film attaining
1150%.) until the dissociation pressure E, is reached at zero rate.
In II:24 however, the 'normal' course was interrupted at A.l and the
' rate of pressure increase fell off more slowly while gradually
i approaching the equilibrium value E2, The same process may be
visualised as having ococurred in run II:22 where the extrapolated
| pressure increase is denoted by E.‘i' The similarity of these
| curves suppbrts the contention that the rate of adsorption of
| acetone on the phosphoric oxide had suddenly become a rete deter-
' mining factor at A‘.l and 12,

- <
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Film formation on the surface of the adsorbent is one of the
various possible explanations for this saturation effect. It is
also apparent from this graph that the relative rate of approach
to equilibrium in "run' I1:22, where 0.2 gm. of Jena glass was

| employed, was very much greater than the rates using the smaller
amounts of substrate,

The thermal decomposition of rubrene peroxide (2.54 mg.)
deposited from acetone solution on the plane glass surface of the
‘ reaction vessel was eff'ected in the presence of phosphoriec oxide,
' The decomposition proceeded very slowly, as recorded by pressure
| change; 9 hours at 190°%. only bringing about 137% decomposition.

' This constituted about one half of the previocus equilibrium
l pressures at much lower temperatures, Analysis of this film
' residue provided a figure of 12,5% for the amount decomposed.

The Effect of Acetone Vapour on the Themmal Decomposition/
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| Experiment I1I:25.
| Gauge sensitivity - 0,084 mm./s.d.

Weight of peroxide - 4,68 mg. (R.E.)
Weight of substrate - 0.1 gm.

! The vessel was connected via a side arm through a three way
tap to two adsorbent tubes. One contained phosphoric oxide and
the other soda lime. The pressure wes allowed to approach the
equilibrium value, in the presence of phosphoric oxide, until it

- was apparent that the rate curve would extrapolate to the "nommal!

i dissociation pressure for this temperature., At this stage (at 'A'

‘ on the pressure-time curve drawn in Graph II:q) the phosphorie

i oxide was excluded from the system thus permitting the ao}.mt

i pressure to build up in the reaction vessel., When the acetone

; pressure had slowly increased over a period of 11 hours the vapour

was again exposed to the phosphoric oxide (at 'B'). After 2 hours

. the pressure had dropped to 'C' at which stage the soda lime tube

was opéned to the reaction system. A further pressure decrease

' oceurred under these conditions, The final gas pressure in the
vessel is indicated by the point 'D' after a 57 correction for

| volume change. The horizontal line at 0,59 mm, indicates the true

| dissociation pressure at 130°%C. The dotted line signifies the

| theoretical pressure-time curve for this film in the presence of

i phosphoric oxide,

| The /
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The composition of the peroxide has proceeded nomally while
the pressure of solvent was building up in the vessel., At 'B!
857 of the vapours were adsorbed on the phosphoric axide and the
remaining 157 was probably carbon dioxide produced through the
themeal degradation of rubrene peraxide, This would indicate
that about 37 of the peroxide degraded on heating for 20 hours.
It can now be concluded that solvent vapour has little, if any,
effect on the thexmal decomposition of the peroxide under the
: present experimental conditions,

The Analysis of the Permanent Gaseous Residue /



The gasecus residue, which was not adsorbed on soda lime or
phosphoric axide, was brought intc contact with illuminated
titenium dioxide contained in a side tube attached to the reaction
vessel. Owing to the high photochemical specificity of the

' reaction of titanium dioxide with oxygen any pressure decrease
observed during the irradiation of a film of this material can be
attributed to oxygen.
Experiment 11326
: Gauge sensitivity = 0,084 mn,/s.d.
. Weight of Peroxide - 2,34 mg. (R.E.)
| Weight of substrate - 0.1 gm.
Temperature of film - 145°C,

In this experiment the film of titanium dioxide was open to
| the reaction space throughout the 'run'. The film was protected
| from condensable vapours by a cotton wool pellet, impregnated with

phosphoric oxide, which was placed at the entrance to the side
tube, Another side tube, containing about 0.5 gm. phosphorie
oxide, was open to the system throughout the reaction.

Referring to Greph Il:r, the reaction was allowed to proceed
normally until 'A', the pressure being plotted against time., At
'A' the dark cover was removed from around the titanium dioxide

' tube end the oxide film irradiated with a strong beam from the

'Osira lemp, The pressure decreased rapidly to 'B' when the cover

Im replaced, At 'C' the film was re-illuminated and at 'D' the

' light intensity was slightly increased, The results show that

st least 95% of the residual gases were absorbed by the titanium
dioxide while the film was being irradiated but not in darkness,
The residual gas was therefore oxygen.

. In/
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In experiment IT:27 the conditions were as asbove and it can be
 observed from Graph IT:q thet during illumination ('A') of the oxide
film there ocourred a rapid decrease in pressure. For comparison
with the above 'runs' the pressure-time curve for experiment II1:21

is also drawn on Graph II:r,

The equilibrium pressures in 'runs' :26 and :27 were not in
accordance with II:21 which wes carried out at the same temperature.
Indeed the repeat experiment provided a value for the 'dissociation'

i pressure at 145°%. which was even lower than the normal value at
130°%. Both of the reactions in question seemed subject to sulden
| saturation after about 5% hours of heating. This effect may be
| connected with the rate of heating the film of peroxide, It is
probeble that the reaction will cease after the expulsion of all
the solvent vepour fram the surface. Such a theory would explain
| why no further decomposition occurs when an equilibrium pressure of
| gas is pumped off and the film reheated to the same temperature,
| This point will be enlarged upon during future discussion,
eriment IIs:
The conditions were as above but the ultimate temperature of
- the decomposition was 120%. _Th:l.a 'run' proved to be an example
| of the type during which a much larger gas evolution occurred thm
expected for this temperature, on the basis of previous results.
Such an effect has previously been attributed to inefficient adsor-

' ption of the acetone on the phosphoric oxide because of film

formation of scme other diffusional process, The results are
' shown, in the form of & pressure-time curve, in Graph II:s,
| The /
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The titenium dioxide film was contained in a small side tube
separated from the reaction vessel by means of a 2mm, vecuum tap.
. After the system had been evacueated for 15 hours this tep was
closed, and the resction commenced in the presence of phosphorie
| oxide, At 'A' the tep was opened although the dark cover was not
removed from around the titenium dioxide film, Apprecisble dark
absorption then occurred, When the dark reaction had ceased, the
oxide film was illuminated (B') and a pressure decrease of 0,58 mm.
recorded. This agreed well with previous values of the equilibrium
pressure at this temperature, The observed dark absorption on th.‘
titanium dioxide provided direct evidence in favour of the theory |
put forward by way of explanation of the anomalous 'dissociation' |
pressures previously observed.

After the completion of the reaction the film residue was

analysed spectrographically for rubrene and the per cent decomposi-

tion estimated as 40% The value obteined by caloulation from the
' total pressure (permenent) incresse and the constants of the
apperatus was 35.5% (volume of the system 60 mls.) on the assump- |
| tion of a unit molar ratio. |

This discrepancy can probably be accounted for by a very slow
evolution of oxygen while the illuminated titanium dioxide film was
- in the system.
| It is now certain that the equilibrium pressures, if they
are such, consist of pressures of oxygen in the presence of

phosphoric oxide.

Divers Observations in the Decomposition of Rubrense Peraxide /



In the initial experiments of this section, unimolecular

decompositions extrapolable to pressure values corresponding to
unit molar evolutions of condensable gas, were obtained in the
absence of any adsorbents. The gauge sensitivity in such
experiments was 0,16 mm,/s.d. and the total extrapolated gas
| evolutions were of the order of 15 scale divisions for a film
consisting of 2.34 mg. (R.E.) of the peroxide at 130°C. More
recent data has indicated that a permanent ges is slowly produced,
| in the presence of phosphoric oxide, until the pressure reaches
0,59 mm, at this temperature. This pressure constitutes about
25% of the total extrapolated evolutions when no adsorbents were
| in the system. It would therefore appear that the decomposition
; to rubrene ani oxygen had been retarded in some way during these
' experiments,
In a check experiment 1,35 mg. of the peruoxide on 0,1 gm. of

| glass, was heated at 130% *in vacuo' for 350 minutes during which

:t:l.m the acetone vapour pressure was allowed to build up in the

! vessel, Although the film residue spcered red in parts, spectro-

' graphic analysis indicated that less than 17 decomposition to
rubrene had occurred, It is probable that the acetone vapour had
an adverse effect on the process of 'nucleation'. This process
must be overcome before mormal dissociation can occur, Visual

 evidence in Pavour of this suggestion was geined from en examination

of the film residue: the residues were never completely red but
consisted of isolated red 'stars' which were probably growth muclei.

| After /



After heating in the presence of adsorbents, however, the films
were completely red.

Throughout this section every effort has been made to obtain
a £ilm which will decompose twice in the same mamner - the wvapours

' have often been pumped off anil the film rcheated, In no case

investigated has the pressure produced on reheating even approeched
the equilibrium (first heating) velue,

The initial stages of the decomposition have not been sccurately
assessed by virtue of the time lag involved in heating the film wp
to the required temperature. The following experiment was
designed to overcome this varisble. It was also hoped to remove

' most of the loosely bound solvent from the suxface of the gless

before effecting the decomposition in this experiment.

| Experimental

Gauge sensitivity - 0.084 mm./s.d.

Weight of peraxide - 4.68 mg.

Weight of substrate - 0.1 gm.

The reaction vessel was fitted with a side exm containing

0.5 gm. of phosphoric oxide., The film was evacuated for 20 hours
after which 50 mm, of dry air was intrcduced into the apparatus
while the film temperature was reised to 100°%C. After 10 minutes
hard evacuation at this temperature the apparatus was filled with

| 50 mm. of dry air and the film temperature raised to 130°C. When

the temperature was steady the system was pumped as rapidly as

| possible to a pressure of uncondenssble pi: Of 10 mm. Hg.(Mecleod)

| and the gauge tsps closed. The uncertainty time was about 3

minmutes, The resulting pressure increases were recorded after
known /



known time intervals while the results for the rate, expressed

as scale divisions/20 mimutes, at various gas pressures, expressed
as scale divisions, are given below.

Total Rate s.d./ Total Rate s.d./
LDressure 20 mins, Eressure 20 mins,

1.73 0455 4.17 0.24
2,22 0443 4,39 0.21
2,68 0440 4,60 0.21
3.02 0437 4.81 0.21
5.56 0.32 5,01 0.19
3,66 0.28 5,19 0.16
5.92 0.25 5454 0.1¢

5.48 C.14

As can be observed from the rate curve in Graph II:%, the
extrapolated pressure increase was about 6,9 scale divisions, i.e., |
0,58 mm,, which is in excellent sgreement with previous values of
the equilibrium at this temperature.

At the cessation of the reaction the oxygen pumped off, and
the film heated at 130°C. for 56 hours. The resultant pressure

increase was only 1.1 divisions,

The Effect of Light on the Decomposition of Rubrene Peroxide /



opsl  Qo¥ ocel ool ool 000l 00b Q02 0oL ©09 00S oOUF 005 ©O% 00/ o
(SNIW)  FWIL

S50

N T Hawy9 O—
(ps) dnssaud |9l

(SNIN) 2WIL .
oo o051 ogWt  00%E! OQW Qo 990l 00k 908 0oL Q09 Qa? oot 00t 00T Qal

: 11 Hwu g (Ps)
.1
s IYN FynssTYd | 0T




].-I:! -

Eff _ ight @ ition of Rubrene Percxide

It was pointed out by C. Dufraisse et al, that rubrene
peroxide in benzene solution, when irradiated with light of
unspecified energy in the absence of oxygen, shows the fluorescence
of rubrene, This would indicate a reversible photochemical
reaction involving rubrene, oxygen and rubrene peroxide. The
| following experiments were carried out in an effort to detect amn '

|
‘ analagous reaction in the solid state.

Experinent 11:28
| Gauge sensitivity = 0,050 mm./s.d.
Vessel volume = 60.5 mlse
Temperature - 25%.
Veight of peroxide - 1.35 mg. (8)
A film was deposited on the plesmne glass surface of the

~n, Hg. (McLeod

| resctionwessel and evacuated for 2% hours at 10
- gauge) at roam temperature, The gouge tops wers closed end the

! vessel kept in complete darkness for 10 hours at 25%. during

|
' which time no pressure change occurred in the reaction vessel.

The £ilm was then illuminated with the beam from the Osira lamp
' system. The course of the reection may be followed by inspection |
of Graph Ilsul where the symbols A, B and E have the following
significance:-
A = Light off
B = Light on |

B - Evacuated for 2 hours and left overnight in the dark !’
at 25 ™

| When the reaction had ceased the vessel was removed from the

' apparatus and the film visually examined. Although no red
- particles /



particles were observed, it was noticed that the film was slightly
yellow, particularly under ultra violet light. This may have
| been the fluorescence emission from the very small amount of
: rubrene formed.
| The results indicate that a definite photochemical reaction
' has taken place, The pressure increase, however, may have been
| the result of light activated desorption of solvent vapour; |
decomposition of the peroxide-solvent complex to produce solvent
vapour; or the breakdown of the peroxide to give oxygen and
rubrene,

A repeat experiment, using l.1 mge. of the peroxide deposited
' in the furm of a Film on 0.2 gme Jemz2 glass, provided the results

 shown on Graph IItu,. In this case the reaction was allowed to

| proceed tc completion, withou! interruption, as far as could be
estimated by pressure measurement., The total pressure increase
in this experiment was only 0,045 mm. (17 hours) while the previous

| trun' hed yielded o value of about 0,05 mm, after the same time.
Although, however, the approach to equilibrium after evacuation was

immhdmr,mﬂy0.0ﬁ&m.boingmlvedmeoomimteaof

| 11lumination.

| An experiment was carried out in which 2.34 mg. of the peroxide

' on 0.1 gne of Jema glass was illuminated while being decomposed at

150%. in the absence of any adsorbents. The results indicated
that a unit molar ratio of acetomm I_J;odxwed fromthe pem:ldﬁ-
solvent complex; after correcting for the sclvent desoxbed {rom

‘ the glass. Less than 57 dissociation of oxygen ceccurrved. I% can

‘ be concluded that light of wavelength longer than 5650 A° hed no

appreciable /
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- eppreciable effect on the decomposition of rubrene peroxide at

' 130%,

This is not swrprising in relation to the effect of light
‘ at room temperature as the photochemical reaction will have a very

| small apparent activation emnergy vhich may even be negative if the

' excited state involved is degraded by heat; e.g., the triplet
state with a dirsdical structure,

| Discussion of the Results from Section II /
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Discussion of the Results from Section II

As has been previously described the solutions of rubrens
peroxide were prepared by exposing rubrene solutions of known
concentration to sunlight until no trace of rubrene could be detected
in the absorption spectrum of the produet. Absorption spactra
and experiments on the photo-oxidation of rubrens films prepared
*in situ' from the peroxide have indicated that such peroxide |
solutions contsined the rubrens equivalent of the original solution.

Rubrene peroxide, associnted with a molecule of crystallisation
is deposited on a powdered glass surface and the starting material

may be written as RO

2:3 where R signifies the rxubrens, 02 the

| asscciated oxygen and S the solvent of crystallisation. It is

postulated that this material mey be degraded bty heat either into

. a themmally stable derivative, (nog) st., and solvent vapour, S5_,

or into the dissociable peroxide Roal and solvent vapour. These
processes will occur at the specific rates k‘l. and kg respectively.
Thnompomﬂm;mydisaociatei into axygen and rubrene or may
reasrange to the stable product at  specific rate k3 this product
mwwmtbeﬂzsmu(;wg), |

al Se

The complete reaction scheme is shown below,

/(ma) st * Sy
/“1

RO, 18 kg
2 \kg
= \Rozi - tg, e 02
k4
S, |

) |
in the above scheme ma:S, RO;, R, and (aoz)“ are solid |
aseous phase.
components while Oy and 8 are in the g



Rubrene peroxide as deposited from acetone solution as a thin
I £ilm on Jena glass produces, when heated, an equi-molar quantity of
‘ a vapour, This vapour has been shown o be acetone and it may be
' concluded that ribrene is essociated with one molecule of acetone
. of erystallisation.
In the preserce of phosphoric oxide, which adsorbs acetone, a |
- permanent gas is evolved in amount depending orly on the temperature
| when the other vnrditions ave ideal. This gas has been shown to |
be oxygen, derived from the rubrene peroxide, and corresponding
- amounts of rubrene are formeds The pressure values obtained from
| the extrapolated rate curves indicated an equilibrium system, if ‘
only by their reproducibility. Doubling the surface concentration
of peroxide did not alter the position of equilibrium, as measured
| by oxygen pressure increase, although equilibrium was not re-
attained at a measursble rate if the pressure was reduced, If, |
 however, the temperature was raised during the reaction the extent |
of the decomposition was increased. |
The fraction of the original percxide which is transformed |
intothndimciabloi‘milgimlwkz/kl+ka. Thus the amount
of oxygen formed from the dissocieble peroxide, expressed as a |
 fraction of the moler concentration of the original peroxide, will
be given by (1)
} Moles oxygen/lioles ROy1S = (ky/ly + ko)(ky/kg + i) =mmmmm (1)
- where ky, Ky ebe., are the specific rates of the noted stages in

| the reaction.
Formula /



Formula (1) leads in general to the expression:

s )
for the fraction of the starting material which will decampose inbo-
rubrene and oxygen. Theoaacsthsnu'isingm(a)ks < kg3

(b) ky O ky3 amd (o) ks~ kg3 the latter stipulation constitu-
ting a mean value of the extreme conditions, When govermed by

such limits the above expression will assume the following velues:-

(a) (%_)

(v) Zexo

() iy (2)

If the mean velne (2) is accepted as the best approximation

two further cases will result, Case (1): when the fraction of
solid 302-38 vwhich decomposes into rubrene and oxygen is less than
that required for a true dissociation pressure to be set wp; i.e.

when =

Pe > 2 (k:zo "2)
where Pe is the true dissociation pressure of oxygen expressed as
a molar fraction of the amount of RO,:5. Case (2): when the
dissoeiation pressure expressed as a gsimilar fraction is less than

the fraction of nogas vhich may decompose into rubrene and oxygenj

- jie€e, When =

Po ¢ o)
2 (kl + i'z)
If the temperature, weight of peroxide and the constants of the
appaeratus satisfy the first case, then the true dissociation pressure

may /
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may not be measured. Instead an oxygen pressure value equivalent
to x 100 demositionotmasswﬂlbeobm& When il

2 klankn) %

Case (2) arises the produced cxygen pressure will constitute an

equilibriun amount as there will elways be RO, available for
dissociation.

Vhen the percxide complex was decomposed in the absence of any
adsorbeats either un a plume or on a Jena glass surface, little or

no oxygen was formed although equimolar proportions of solvent were

evolved, The rate constants for these reactions were sll approxi-
mately 10 x 10 mins,”” and may be identified with kj. If (k)
is very wmch greater than (ka) then the measured rate of oxygen
production will actuslly be detesmined by k, vhich is 5.5 x 107
mins 7 at 150%. It was cbserved that the variation of k, with
temperature was not vexy great over the examined range.

Thm’ |
2k + k) ~ - = 0.421
kﬂ/ k.l. k 2 (10 + 59) o
and the maximum oxygen evolution that may be expected on the basis

of this mechanism will therefore be equivalent to a 42,1
decomposition of the peroxide, et 180°C. This value is not

extrensly temperature sensitive, only rising to 487 at 145°%.,
however thevariation of the specific rate k5 with temperature is

not lnowne.
The decomposition of the peroxide at 145°C, resulted in the

i
|
|
!

production ol 0.84 mm, of oxygen from 2,54 mg. of starting mtorin.l,‘
the pressure-time curve being subject to a sudden saturation '

effect. The amount of decomposition can be calculated as 41.57%

|

which would suggest that the true equilibrium pressure has not been
attained /



attained in this reaction. In other words the reaction is
governed by Case (1). The pressure equilibrium set up in *runm'
II:13, where a fairly large and more reasonable value of 1,34 mm.
was obtained, at 150°C., anl from an initis) 4.68 mg. of the peroxide,
corresponded to a 204 decomposition of the peroxide, It is pro-
bable then that this is the true dissociation pressure of oxygen
at this temperature; the reaction conforming to Case (2).

The value of 0.59 mm. at 130°%C vhich was obtained independently
of the initisl peroxide concentration was equivalent to only 29.57% |
or 14,7% decomposition according to whether the concentration was
2434 mg. or 4.68 mg./film, Again, on the basis of the proposed
mechanism, this was probably the actual dissociation pressure of
the reaction,

Such a mechanism as has been postulated would necessitate an
induetion period due to the building up of the amount of reactive
peroxide but if the rate of decomposition of this dissociable
peroxide is vexy large compared to its rate of fommation the period

of induction becomes infinitely small, This acceleration period

is not directly comnected with the period of mucleation which may 1
also be a rate deteming facteor at the commencement of the naotion.
If the solvent pressure was allowed to build up from the

comnencement of ihe resction little or no decamposition of the |
peroxide to oxygen a.rﬂ rubrene could be detected. Solvent w, !
however, did not inhibit the resction once the evolution of oxygen ‘
hed commernced., It would therefore appesr that large amounts of |
solvent vapour, obtained from the glass and the peroxide complex,

retarded the initiation step or period of mecleation, That is to
| say only the stages with rates k;, k; snd k; took place uvnder these

conditions /
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oonditions; after removal of the sclvent vepour towards the end of
the resction, as measured by pressure increase, it is likely that
complete comversion to the thermelly stable product hed been
effected and no further pressure increases would be cbservable in
the presence of adsorbents.

It is still possidle that the solvent vapour might irhidit the
mmkzmmmmnltmnoa;swmmmumﬁ
in the sbsence of adsorbents, Ouch a mechandism would require that
the stage G:mszJ—»mg-;%mﬂapmﬂath
npmwmmzzs% W e85,

According to the empirical results of this section the solvent
mﬁmpmmbmmwwpmmwd
vapour in the ome case and oxygen and ivbrene in the other. Evie-
dence ig aveilable, howsver, {(see Seetion IIIs p. 157 ) witich
indicates strongly that these steps cocur sinultenecusly and at the
seme specific rote, in the ide:l cese, end are prubably assccliateds
This is wosllent inilcetion in favour of the theory thet the
percxide is in effect stebilised by o surface effect while the
solveni remuins loosely bovads

The value of 10 Eg.csls,/mole for the heat of disscciation
mmmwwmnﬁmmmtulmtw
the prosent veaction schewe, be modified, The slope of the dotted
point at 145%. having been discexisd for the ressons desoribed
above, The new value of 13.5 Kgecals./mole agrees well with the
mmrmtbounpoormumm&nphns-,ﬂn&m
1&9!3.0&18./:010.

Enderlin /
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Enderlin (62, 63) calculating from the heats of combustion and
formation hes arrived at a value of AH = 25,2 Kg.cals./mole for
the formation of rubrene peroxide from rubrene and oxygen., This
value is considered to be high for a reversible reaction. The

|
decanposition of diphenylanthracene is alsc endothermic and the heat

of this dissceiation has been estimated as  +15 Kg.cals./mole, I
mavked contrast is the dissociation of 1i4-dimethoxy-0:l0~diphenylan-
thracene (64) which is an exothermic resction, AH = =15 Kg.cals./
mole, this compound being easily dissocisble at room temperature. |
Audubert and Racz (65) have studied the decomposition of %his

compound and have shown that the oxygen is molecular when evolved,

It is thus apparent that the results obtained in this work are

favourasbly comparable with the resuits of other workers on similay [

compounds.

An apparent activation energy of 40 Kg.cals./mole was measured
and attributed (p. ©©) to the dissociation of rubrene peroxide into
rubrene end oxygen. Further examination of the reacticn scheme, |
however, invalidates this assumption, If the rate determining
stage in the decomposition is the formation of the reactive peroxide,
which is a basic assumption in the proposed mechanism, then the
measured activation energy must apply to this stages From the
present results it may only be said that the peroxide dissociates
with an activation energy less than 40 Kg.cals,/mole.

The veriation of the individual rate constents in the proposed
scheme was not asccurately assesssble but it is likely that stage (5)
has a small activation energy. 1In a nomal experiment the film
was heated in the presence of phosphoric oxide until the rate curve

beceme /
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became extrepolable to the equilibrium pressure. If at this
point the film was evacuated rapidly and the system re-isoclated
without changing the temperature of the film a further small
pressure increase would be detecteds If on the other hand the
temperature was lowered and the film evacuated at room temperature
no further pressure was observeble on reheating the film over a
long veriod, Thus it is probable that the rate constent k is
still appreciable at iower temperatures, By virtue of this stage
it is most improbable that any one film, under these comditions,
would ever attain equilibrium during & second heating.

No positive conclusion may be reached from the available
experimental data regarding the nature of the themmally stable
peroxide complex. As similar results were obtained with the film
deposited on the plane glass surface of the reaction vessel it is
unlikely that the Jena glass substrate played any part in the
reaction, On treatment with raducing- agenis or with dilute acids,
rubrens peroxide may rearvange to a variety of stable oxides or
hydroxides, It is possible that the experimental conditions were
such that would facilitate cme of these rearrangements. The
reaction (5), vhich is e solid transformetion, may involve a similar
chemicel stoge to the reaction (1), Such rearranged oxides arve
known to be steble up to their melting points (68).

The scheme, as given, explains the effect of solvent vapour

on the decomposition of the peroxide into rubrens and oxygen.  The |
explanotion thai the vapour effects the mucleation process must, J|
however, include a further stipulation; wviz., that the mucleation
step in the breakdown of the peroxide to rubrens and oxygen occurs
on the surface of the material which is in contract with the vapour

phm.
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A less probable scheme which would certainly explain the
solvent effect is given below,

RO,:S, —— RO,S + S~ - (a)
RO, 18 ——= RO, + S, (b)
RO ——— T3 % (e)

2
In this cese it must be assumed that the peroxide molecule is
initielly associated with two molecules of acetone in the crystalline
states IT the edsorptive efficiency of the phosphoric oxide, was
not high enough to remove acetone vapour %o a residual pressure 16'7
than the solvent dissociation pressure of wveaction (b) then no
decomposition tv rubrene and oxygen would occur, Under nomal
circunstances when the adsorbent is efficient, a Aissccistion
pressure of oxygen would be set up; on the other hand in the
absence of any adscrbents, only the stage (a) will take place.
There is, however, no evidence vhich suggests that the percxide
erystallises with two molecules of acetone of crystallisation.
A compavison of the genersl conclusions from this section
with the vesults of other workers vill be presented at the end

of Section IV,
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The spparatus employed in these investigations is diagramma-
tically illustrated in Figure 5,

The pressure of gas in the volume V could be mpasured, from
a vacuun stendard, on the Bourdon sickle gauge, G, by the usual

telescope arrangement focussed on the gauge pointer., The pressure
in the gauge could be balanced, if necessary, by introducing dry
air through T, and T, into the gauge jJacket, The geuge sensitivity
was 0,05 mme/s.de

The cylindrical furnace, F, was easily fitled coaxially round
the tube C. A potential divider arrangement coupled to the 230

volt mains end the furnace allowed the temperature to be controlled
J

to within 1°C. of the required value over a period of a few hours.
The temperature was measuved with a thermoneter.

The peroxide container (see fig. 5b) was fabricated from
Pyrex glass and so shaped that it could slip over the amall holder
at the base of the reaction chamber. Figure 5¢c shows the vessel
in position, In this way it was ensured that the position of the
container, relative to the furnace end the thermometer, Th, was

reproducible,
The winch, VW, enabled the bucket container to be raised and |
lowered in the reaction chamber on the end of a thin untempered
platinom wire. The winch was made from a set of Quickfit joints
Tubricated with Apiezon 'L' high vacuum giease,
The /
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The chamber 'C' and the spiral trap 'A' were so arranged that
their combined volumes were small compared with the volume of the
cold side of the trap 'A', This was aided by making the volume
"' very large (150 mls.).

The bulb *V' was meintained at 20°C. throughout a reaction.

Thevolmed‘thoapammlosodhythetaps'i‘aandi' was determined

3
in the usual manner, After opening tap Ts the volume enclosed by

!1'2 el ‘1‘4 was similayrly delemmined, Approximately 5 mls, of the
venction chamber volume was enclosed by the furnace. The resulis
obtained were as follows:=

Voluse enclosed by B, and Ty (Vz) « 170 mls.
Volume enclosed by Tz and T 4 - 206 mlse
Volume enclosed by ¥, end T, (by difference) -« 56 mls.

Praction of this volume at furnace temperature (\1’5) « 5 mls,e

Frection of 1,7, volume at Toom temperature (Vz) © - 51 mls,

At the commencement of an experiment the trap 'A' was surrounded

with liquid oxygen. If amaationoomin?atoprodxmam
dmahlovapmrazﬁapenmtgaam@pmtalye@imlu
pmportionathempmﬁminvswinaqulﬂmtin\fr The gas
in?,humr,wiﬂbewm(onmomﬁmthatthisisﬂn
permanent gas) while only halfl the gas in Vg will be *permanont’s
Ifthegupmawmismmndinvlmﬂfomwbe P mm, the

total mumiber of moles of nxygen present in the system is them given

bys= R

% -g%- .L“-J-Eg-%-'ﬂ) e 1.01 x 107°.P moles.

where 71 and V, ave expressed in litres.

2/
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If the rate of diffusion of vapour to the trap is slow the
partial pressure of mgminvawill decrease as the vapour pressure
builds up. The magnitudes of the volumuvl ani?a have been so
arranged that the limiting exvor in this calculation (i.c. vhen no
vapour diffuses to the trap) due to vepour diffusion was less than
8%s It has been assumed in all experimenis that the rate of move-
mntoﬁ'mygenfranvatovlmmummdto the rate of the
decomposition coccuxring in Vs. The volume Ys hes been excluded
fraa the caleulation its effect being considered negligible.

During the expevimentis the gauge jecket wes continually
evaguated thus rendering thermostating urmecessary.

ical

7.1 mg. of the rubrene percxide (for preparation see pe 17 )
were weighed out in the reaction container emd immediately transe
ferred to the winch systems (he bucket was suspended sbout
inches above the furmace entrance, The fwmace was then switched
on and sllowed to veach 81°C. ‘The spperatus was evacuabed through
taps 'i'g and 1'4_, TS being open, for 15 hours, The evacuation was
effected with the ¢il and diffusion pumps and the residusl
pressure, messured by the licleod gauge, was less than 1045211.}1&
During this evacuation the trap 'B' was surrowsded with liquid
OXYFetls

When the evaguation wes completed the 'hpsi‘a ana'a!‘m
closed and the tvap 'A' surrounded with liguid uxygen, The gauge
pointer reading was now noted. The Joint comprising the winch
exle was slightly warmed, to faciiitate turming, snd the bucket
conteining the percxide guickly lowered into its position as shown
on the diesgrams The furmace temperature was now noted ani found

to be 81°%. having remained steady for 15 hours.
Readines /
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Readings of the gauge pointer were Mat appropriate
time intervels until the cessation of the reaction. The actual
results obtained are given below while the values are plotted on
Graph III:a. 'P' is the recorded pressure in scale divisions ad
time '¢' while B/mg. is the pressure per unit weight of initial
rubvene pevoxide, obtained by dividing 'P' by 7Zele

i (minsy) P seds Dluge S (minse) Eseds Eluge

0 0.0 0,0 56 deB 0,502
5 0el 0,014 40 4.9 0,601
5 0l 0.014 45 5¢2 0,753
8 0s2 0,028 50 6.0 0847

10 0.2 0,028 55 6e5 04016

12 0s5 040704 €0 7.0 0,987

15 1,0 0.4 66 7.7  1.08

17 L2 0,169 76 85  1a17

20 2,0 0,282 o8 10,0 1.4l

22.5 22 0,510 160 12,0  1.69

25 2.8 0,436 255 18,0  1.88

27.5 S0l 0.436 160 12,3 174

525 369 04549 285 150  1.85

The bicket was now reised to a cool part of the tube and the
gystem evacvated through the tap Ta for onge hour, After closing
this tap the liquid oxygen was removed fyomarvound the trap 'A%,
| When the trap hed warmed up sufficiently 12,0 divisions of conden=
sable vapovr evaporated into the gauge. The crystalline mass in
the bucket was then removed i'vrom the apparatus, made up tc a kmowm
volume in benzene ani spoctyographically sualysed for rubrene,

The /
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amount decomposed, calculated from the oxygen evolution, was
6459 x 10" Omoles anl from the sclvent (benzene) 6.58 x 10 moles.
This experiment (III:1) hes been described in detail and the

results that follow have been obtained from experiments performed
inmotlythasmmﬁthth;mappmm Only the
varisbles of temperature and initial concentration of rubrene
peroxide were sltered from experiment to experiment.
Experinent 11132

Weight of container peroxide - 1,56510 gm.

Weight of container alone - 1,54424 gme

Weight of Peraxide «18,86 mge
Temperature - 91%. |
Tige (mins,) P Seds B/uge Zime (mins,) P s.do B/ug,
0 0o 0 18 15,0 0.756
1 e 90 19 16,0 0.849
2 e 0 20 17,0 00902
3 0,08 040027 22 19,0 1.0
4 0.1 040054 23 20,0 1.08
5 0.8 0,0043 25 22,1 1,19
6 15 04080 26 22,8 1.2l
7 2,2 0117 27,5 25,1 1.2
8 3.2 0,170 29 24.0 1,27 |
9 4.2 0,228 30 24,6 1,50
10 Be5 0e281 22 25,6 1.58
11.5 7.1 0s376 5% 26,0 1.38
12.5 8.8 0,466 3¢ 26,5 1,40
15 040  0e477 35 27,0 1.48
14 10,2 0.541 36 27.5 1.48
15 11,8 0.651 57 98,0 1.48
16 15,0 0,690 40 29,7 1.67 |
17 14,0 0s744 48 511  1.68

Gondensable /




Condensable vapours retrieved - 38.1 scele divisions
Rubrene equivelent of the residue - 11,5 mg.
Experiment II1:3,
Weight cof container Peroxide - 1.56110 gue |
Feight of container alone = 1.54418 gu,
Veight of Peroxide - 16.82 ng,

Temperature - 100°0.

0 4] 0 14 18,2 1l.12
1 0 0 15 20,0 1.19
2.5 0 0 17 21.0 1.25
8 8.9 0,53 19 21,9 1.30
9 Oed 0,56 28 22,0 1430
10 12,0 0,72 25 22,1 1.31
11 14.4 0.85 32 22,1 1.31
12 16.4 0,98 55 22.1 1l.31
13 17.9 1a06 60 22.1 1.31
Rubrene equivalent of the residue = 6.7 uge

Experiment I11:6,

Weight of cortainer peruxide - 1.55100 S
Weight of ocmntainer alone - 1.54417 e
Veight of Pexoxide - €.86 mg.

Temperal e - 100%.

0 0 0 10 7.7 1.12
1 (" 0 10,5 8,0 2417
2 (4] 0 1L 8.8 1a27
5 0 0 12 0.5 le38
& 0.1 0,018 13 10,0 1e46
5 1,1 .16 145 10,9 158
6 2,2 0o 324 16 11,1 1e62
Be8 5,0 0,439 17.5 11,5 1.68
7 3.8 0,555 19 11.0 174

7eB /
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Zime (mins,) P s.d. B/mg, Time (mins,) P s.d, B/mg.

7.5 4.5 0.659 21.5 12.0 1,75
8 Sel Qe743 24 12,0 1.75
8.5 5.7 0.835 52 12,1 1,76
] Geb 0949 38 12,1 1.76

Rubrene equivalent of the residue = 3.5 mge

Experiment TTT:5,

Weight of container Peroxide -~ 1.53040 gm.
Weight of container slone - 1,49800 gne
Weight of pevoxide - 52.4 mg.

Temperature - 104°c.

Time (mins,) P Seds PB/mge ZTime (mins,) P s.d, Pluge
0 0 0 13 56,8 1,75
1 0 0 14 58,0 1,79
pA Ol 0.,0031 15 507 leS4
3 2.5 0,077 18 60.7 1.87
4 7.2 0.225 . 17 6l.4 1.89
5 14,0 Cedd 18.5 62,2 1,92
8 25,0 0,710 20 83.0 1.94
7 30,8  0.955 22 85.8 1.97
8 38,5 1,19 24 64,0 1.98
9 4440 Le 9 26 6de2 LlePB
1C 48,2 1,42 28 84.7 2,00
11 52,0 1.61 30 64,8 2.00
12 54,4 1l.71 55 65,0 2,03

g0 85.0 2.02

Condensable vapour retrieved = 61.5 divisions,
Rubrens eqiveleat of residue - 2044 mge
Experiment 1:1:8
————Weight of container Peroxide - 1,55664 em.
Weight of container elcne - 1454417 gne
Weight of peroxide - 12,47 ng,
Temperature - 107°c,

Time /
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Zime (mins,) P s.d, P/mg, ZTime (mins.) P s.d, B/ngs

0 0 0 5.5 19.7 1.56
| 1 0 0 6.5 21,9 1.75
' 2 0 0 7.0 22.2 1,78
3 S.1 0,28 5 22.8 1,82
3.5 6.7 0.54 9,5 23.0 1,84

4 9.9 0,79 11 23,0 1,84 |

4.5 16,9 1l.11 13 . 23.0 1,84 |

5 16,9 1.35 15 23.0 1,84 |

Condensable vapour retrieved - 24,0 divisions.

Rubrene equivalent of the residue - 6.6 mg,
Experiment TIT1:7

Weight of the container Peroxide - 1,55360 gm.
Weight of the container alone = 1.54420 gm.
Weight of Peroxide = 9,40 mg.

Temperature - 1m%. |
Time (mins,) P s,d. P/mge ITime (mins,) P s.de E/mes |
0 0 0 845 15,2 1.60 |

0 0 0 7.0 16,2 1.73 |

3 0 0 745 16,7 1.79 :

4 1.2 0,15 8,5 17.0 1.81 i
4,5 4,1 0e445 10 17.1 1.84 |
5.0 7.7 0.84 13 17,1 1.84 l
5.5 11,1 1.8 16 16,9 1.80 [
6.0 . 13,9 1,49 23 16.5 1.76 .
Condensable vapours retrieved - 21,8 divisions ;

Rubrene equivelent of the residue - 6,0 mg.
Experiment II1:8

Weight of the container Peroxide = 1,56320 gm.|
|

Weight of the container alone = 1.54417 gm.
Weight of Peroxide - 19,12 mg |
Temperature - 118%.

Time /



Zine (mins,) P s.d, E/mg, Zime (mins,) P s.d. P/mg
0 0 0 6.5 33.0 1.72
1 0 0 7.0 33.2 1,78
S 1.0 0,052 8.0 33,5 1.78
3¢5 12,0 0.83 9 33.8 177
4.0 18.0  0.94 10 33,9 1.77
4,5 27,0 1l.41 11 33.9 1.77
5.0 30.5 1.60 12 33,9 1.77
5.5 32,0 1.675 18 33.4 1.75
640 52,8 1.7 25 33.1 1.72

Rubrene equivalent of the residus - 9.8 mg.

The Stoichiometry of the Decomposition /




Stoi of the

Rubrene peroxide crystallises with solvent of crystallisation

; in amount depending on the solvent, In this case benzene was the

i solvent and on the assumption that the one mole of benzene is

| combined with one mole of peroxide the molecular weight of the
complex is 642 gm, The numbers of moles of oxygen, benuzens and
rubrene that were recovered from one mole of peroxide complex in

i a series of reactions are shown in the table below, The yields

|

| are expressed as percentages of the initial molar concentration of

peroxide, assuming its molecular weight toc be 642, Included in

this table are the results of Experiments III1:9 - 13 in which it

was not possible to estimate the form of the pressure-time curve

although the routine analyses were carried out,

Number  QOxygen®  Benzened  Rubrene &

III: 1 60 60 57
2 73 64 73

5 48 - 48

4 64 - 58

5 70 ' 69 70

6 67 69 64

E 7 69 84 77
8 65 - 62

9 72 70 78

10 77 - 80

11 69 65 75

12 70 63 75

13 64 74 69




|
i
| complex nomally decomposes to about 70% thus producing equimolayr

The constancy of these figures indicates that the peroxide

be represented by the stoichiometric relationship:-
Rubrene peroxidetbenzene Rubrene + Oxygen + Benzens

or 04"E2802 H ceus e Oésﬂm + ()2 + GBH.

reaction,

The Dependence of Maximum Rate on Peroxide Concentration /

The analysis results suggest that the splitting off of solvent
and the evolution of oxygen have occurred at the same specific rate

]
|

proportions of oxygen, benzene and rubrens, The reaction may then

arﬂmthmpmbabl:mmdﬂ&ﬂwmohnimlatmoth:




The maximum rates of oxygen evolution in 'runs' :35 and 314 were
computed to be 29,1 and 13,6 scale divisions per minute respectively

vhile the initial peroxide concentrationswere 16,83 and 6,86 mg.
It can be seen that the ratio of rate to weight of peroxide is
constant within the limits of experimental error, This meximum
rate of produstion of oxygen occurred and was measured along the
same P/mg. abscissa,
Thus:
Maximum Rate = constant, [pm]

a [o,]
_ = ke [mzsm] initial
An examination of the typical curve drawn én Graph III:a
manifests the existence of three distinct stages in the reaction;

| viz, , the 'induction' or acceleraticn pericd, the inflective portion

involving the meximum rate and finslly the decay process. In order
to aid the process of derivation the maximum rate portion will be

the first to be discussed.

The Energetics of the Meximm Rate Process /
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| The table below lists the computations from "runs' III: 1 - 8
'in the form of the maximum rates expressed as scale divisions per

imﬂligrm per minute and their dependence on temperature.

Ne. IX W%/t MeximmBate logeximm Rate

| III:l 354  2.828 0.25 1,598
12 363 2,754 0.71 1.851
:3 575 2,681 1.73 0.238
4 378 2,681 1,98 0,297
:5 377 2,653 2.80 0,477
| 16 380 2,651 8.5 0.740
; 27 384 2,604 8.2 0.914
| :8 391 2,557 10.0 1,00

| The plot of maximum rate against the reciprocal temperature
' is shown in Graph IiIstb, The distribution of the points indicates
|k i M bhiin mis ol W & Xt sikatiisiie S0 |
the examined Semperature range, The slope of the best straight
line is -~6,41 x 105. This corresponds to an activation energy,

DE,, of 293 = Kgecals,/mole for the decomposition. The accuracy
of this determination was approximately =1,5Kg. cals./mole.
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Zhe Decay Process

It was possible to estimate, in most experiments, the final
. amount of peroxide that would have decomposed had the reaction
been allowed to proceed to completion: this velue was termed QP“
scole divisions. A typleal plot of log, (AP = nP/APoo) against
time is shown in Greph III:c while the actual results, calculated

on the basis of a value of 15,0 scale divisions for hpoo' are given

|
| in the table below, These figures were computed from the results
i of 'run' III:1.

Time Time
| (nnf:) Loslo(APoe = AB/AP,).10 (mins,) m@(wg - ﬁP/APog-)-

0 0 36 0,835
3 0,006 40 0,792
5 0,996 45 0.778
10 0,991 50 0.724
12 0.982 55 0.699
! 15 04966 60 0,665
i 17 04959 66 0.613
2 0.929 70 0.580
29,5 0.919 76 0.556
25 0.898 o8 Q. 362
275 0,881 160 1.887
5245 0.845 180 1.752

When the acceleration ceases to be rate determining: i.e., at |
| 'A' on Graph IIIsc, the curve becomes linesr, The 'first order'
| rate constant in this case vas 7,75 x 10 mins, ™. A series of
' plots of this type illustrated further that the decay process was
| unimolecular, The following tsble has been drawn up relating the
 various unimolecular rate constants (k) to the absolute temperatures
I No. /
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Moo  20%%  kxl0mnT  log (i x30%unY)

III:1 2.828 0.775 1.889

:2 2,754 3.85 0,588
34 2,681 0.8 0,991

27 2,604 43,5 1.639

18 2,557 5640 1,748

| The slope of the best straight line in the Graph III:d, where
| 1og, ,(ke10%mins,™!) is plotted sgainst reciprocal temperature, was

7,25 x 10° vhich corresponds to an activation energy (bl‘) of
33,2 Kgecals,/mole for the unimolecular decay process. All the
'runs' were not included in this table because it was often

impossible to estimate the true amount of oxygen evolved at the !
completion of the reaction, |
The two methods of determining the activation energy for the
| decomposition have produced approximately the seme result within the
linits of experimental error, This result lends support for the
contention that the maximun rate and the decay process actually
| depict chemically idenmtical stages in the reaction,

The * tion' Pe /
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The 'Indwtion! Period

Such an acceleratory process may be due to two factors: vis.
the finite time, tﬁ. taken to heat the fumace temperature and/or
the time, tn' corresponding to a chemical process of nucleation, |
In order to separate these two processes it was necessary to obtain
a value for t,, this being effected in the mammer now described.

An examination of the curves of loglo(&P o0 ™ &P/b?ﬂo) against
time, exemplified by Grapn IITse, suggested that the interpolated
time value, to' wuld provide a figure for the sum of the two
possible acceleration stages (tﬁ and t respectively) in a particu-
lar experiment, The values to at various temperatures are shown

' in the table below,

: No. to mins, I'Q.K
III:1 15,0 354

:2 8.6 363

4 5.8 373

: 17 4.6 383

‘ :8 Se4 391
Graph III:d shows the plot of log,.(t = x) against reciprocal

temperature, where 'x' has the values 0, 0,5, 1.0, and 2,0 mimutes.
| That the curve tended towards a straight line, including all the
!po:l.nta within the limits of experimental error, at x = 2 was taken
: as evidence that the value of t“ was approximately two minutes and
 that the mwleation period, t,, was (t, - 2), The slope of this
| 1ine is +4.1 x 10° this being equivalent to an emergy value of
+18,8 Kgecals,/mole, It is realised that this two minute time
value will deperd on the temperature, however, it is thought
unlikely that this effect will be appreciable over the present

! temperature /



The energy values that have been calculated in this section

' will be interlinked in the discussion that follows Section IV in

| an effort to aid the effective elucidation of the scheme of the
reversible photo-oxidation of rubrene,

EXPERIMENTAL SECTION IV /




It was hoped in this section %o obtain verification of the
. unit moler eombinations of oxygen and rubrene in solution,
Previous sexperiments involving solutions of the peroxide, prepared
i in the standaxd manner, have not resulted, as a rule, in a 100%
| evolution of oxygen on decomposition; indeed the wvalues have been
as low as 12%, By employing the usual constent volume system and
accurate pressure gauge it was hoped to be ahle to measure unambi=-
 guously the previcusly reported (43) dissociation pressure of
oxygen below which no oxidation will cceur,
The initial experiments consisted of an attempt to measure
the amount cf oxygen taken up by a benzene solution of rubrene
under irradiation, These, however, proved unsuccessful in every

| way owing to the @ifficulty of thexmostating the liquid in the
.m%imvauel. Eﬂnmnacmpmutimwuul,cmmmngpm@
bmmopnntothogmgljmht,mplaoedﬂmg-lﬁsthew
voatl 15 1he Damseted Jath 14 was found that the vapous PressES |
of bensene changed too rapidly with temperature to ensble signifi- |
cance to be attached to pressure measure measurements on t he system.

Cymene (p-isopropylbenzene) was tried as a solvent because of
its very low and slow changing vepour pressure., It was found that
' the gauge pointer remeined steady on the scale while a gas free
solution of cymene was maintained at 25°C. On the introduction of
pure oxygen (measured value, 30 scale divisions) no pressure
decrease was observed in the dark but on illuminating the liquid,
oxygen /



1hls

- exygen wes absorbed at an apprecisble rate.
' Although this blank experiment showed thet the apparatus was
i adaptable to solution work it was apparent that p-cymene was useless

as a solvent in which to study photo-oxidations as it was itself |

photo-oxidisable, even at low oxygen pressures.
The next sclvent cmployed was me=xylene with which no 'blank'

| oxygen uptake was observed over a period of a few hours, |
! The liquid was thermosteted by immersing the reaction vessel |
innﬁrhthmintﬁmdatﬂ&oe:0.05°bymofa151mﬂhuhri
 and & meroury toluene regulator in conjunction with a Sunvie relsy,
Imﬂanoffidentatimr. Attached to the stirrer was a small l
horseshoe magnet, the top of which lay sbout 2mm. below the base of
the reaction vessel, Amﬂmaglmmﬂopemmmdinh‘
reaction vessel thus enabling the liquid to be stirred while under
imﬂmtion. The remeinder of the apparatus employed was as !

previocusly described although & special type of wessel, small and
with a flat bottom, was used, The thermostat tank was fitted with

glass windows through vhich a beam fram the Osira lamp system could
' pass during pericd of illumination. |
| The solvent was purified hy distillation (semple Fopkins and
Williams) over celcium chloride the distillate being kept as free
from air as possible. A solution comteining 1.966 x 10 moles |
 of rubrene per litre of mexylene was prepered and stored inthe
idu-k. S mls, of this solution were measured into the reaction i
vessel was transferred to the apparatus and cooled in liquid m‘

! vessel and after the addition of the magnetic stirring element the

The reaction spece was then evacuated, the gauge taps closed and
the vessel allowed to warm wp, At equilibrium the vessel was

- again /
|
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agein cooled in liquid oxygen and the apparatus evacuated, This
process waes repeated until the vapour pressure-temperature curve
for the sclution was virtually identical with curve drawn from the
values in Intemational Critical Tables for m-xylene. This
degassing process was carried out in the dark, At this stage
oxygen was allowed to enter the vessel to a known pressure os :
measured by the gauge pointer deflection amd after thermsl stabili'lvl,
| was reached the solution was illuminated, |
Gauge sensitivity - 0,038 mm./s.de |
Tenperature - 2¢%., |
Gas volume of the vessel =« 23,4 mls.

Oxygen pressure = 21.9 s.d, after dark
equilibrium,.

The rate of oxygen sbsorption at various axygen pressures
throughout the reaction are shown in Graph IVia while the actual
results are given below,

O:mfmum Rate Oxygen
) {sed,/10nins.) PEressure Rate

20,95 2.1 10,70 0.8
18,90 1.9 .85 0.9
17,25 1.5 8.95 0.9
15,80 1.4 8,15 0.7 |
14,55 1.1 7.50 0.6 |
15,50 1.0 6.85 0.7
12,50 1.0 6425 0.5 %
11,55 0.9 5,75 0.5 |

Extrapolation of the curve in Graph IVia indicates the rate
only becomes zevo when the oxygen pressure is zero, within the

limits of experimental error, This would suggest that the equili=- |
brium pressure of oxygen, if such exists, is immeasurably small, i.e,

= ra
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143,

‘ less than 0,038 mm.

' At this stage in the reaction the light was extinguished and
‘WmnmumiMaudtowm. This implied that the

' total gas pressure in the apparatus was about 38,5 mme. and that

' pressure changes due to temperature fluctuations were still easily |
| controllable, The solution wes left in the dark and in contact
with oxygen overnight and then illuminated. The pressure decreases
were recorded at known times and plotted on Graph IVib. This

curve tended towards a saturation value at a total oxygen uptake of
116 scale divisions, The overall axygen absorption was therefore
15,7 4+ 116 = 151.7 scale divisions. The molecular ratio of

 oxygen to rubrene could then be calculated as shown below. '

M% A181.7 x 0,058 x 275M = 1,07
Moles rubrene pre 760:39?:22.4:5:1.966:10 |
|

The extra 7% may have been due to the change in vepour pressure

of the solution which will result when the solute is changed from |

| |
| rubrene to rubrene peroxide or to a slight uptake of oxygen by the ‘
m-Xylene or to the different solubilities of oxygen in the initial

| and final solutions.

| It hes now been established that irradiation of a solution of |

| rubrene in m-xylens results in an absorption of oxygen, in smount |

| equivalent, mole for mole, to the rubrene in the solution,

| The initial rates of oxidation, s.d./min., in the two parts of

 this experiment were 0,382 and 1,78 respectively at 0.8 mn, and

| 30 mm, initial oxygen pressure. The ratio was thus 4,661l which
when multiplied by the ratio of the respective rubrene concentra=
tions (in temms of availability); i.e., %—g, the result is a rate

‘ ratio of 37.3:1. The pressures were in the ratio of 37,6:l |

‘ indicating that the vate of pressure decrease is proportional to

the oxygen pressure over this range. ‘



14y,

The results have indicated that there is no measurable promnﬂ
equilibrium set up when the rubrene is oxidised in mexylene, It
was not possible to check this with benzene as solvent as has been
previocusly mentioned but a series of experiments were arranged in
attempt 1o measure the extent of the reverse reaction; i.e., the |
decomposition of the peroxide in light.

Five mls, of a standard solution of mbrene peroxide in bmm
contained in a small soft-glass tube, was connected to the high [
vacuun system, After freezing the solution with liquid oxygen the
tube was evacuated, The peroxide solution at this stage in the
experiment did absorb visible light, as detected by the Unicam
SP600 spectrophotometer. The solution was then allowed to warm
up to 15%. and isothermally degassed for 10 minutes over a liquid
oxygen trap, This process was repeated several times to remove,
as far as possible, all oxygen from the solution, At this stage
the tube was sealed off and the liquid illuminated with a powerful
ultra-violet lamp. This illumination was continued for 48 hours
af'ter which the tube was lef't in daylight for 4 weeks, Again the
solution was irradiated with the ultra-violet lamp for 48 hours,

By this time the liquid had changed from being completely
colourless to a very pale yellow. This yellow colour appeared to
be a2 fluorescence as it was more easily observed at right sngles
to an incident light beam.

Once the existence of the yellow colour had been confimed,
the seal on the tube was broken while the liquid was obscured from
lights The solution was then trunsferred to a lom. glass absorp-
tion cell and the absorption spectrum examined over the range 550 -
600 mu on the Unicam SPGCO instrument,

The /
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The vesults are shown on Graph IVic(A) while the main
absorption bands of rubrene are drawn, for reference, as vertical
lines at the appropriate wavelengths.

The analysis results are given in the table below,

Wavelength Log I o/: Wevelength Log 10/1

- . S
560 0,018 480 0.081
540 0035 470 0.086
535 0.045 465 0.091
530 0,049 460 0,096
525 06055 450 0.104
520 0,059 4440 0.121
515 0,057 430 0.141
510 0,061 420 0,167
505 0,066 410 0.209
500 0.070 400 0.275
495 0,075 380 04408
290 0,078 365 0.392

An examination of the absorption curve on Graph IVic indicated
that the absorption was practically continmuous throughout the
visible range, There was however, evidernce of small peaks in the
neighbourhood of the wavelengths of the visible absorption bands
of rubrene., As rubrene, in such small concemtration, would not
absorb appreciably ebove 560 mu or below 430mu (see curve 2) it was
considered reasonsble to assume that the other materisl in the
solution was absorbing continuously between 560 and 430 mu, accore
ding to the dotted line B in Graph IVic, The absorption spectrum
of the univradiated solution of rubrene peroxide in benzene (see
curve 4) showed little absorption above 400 mu although increasing
to / '
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to a maximum between 400 mu and 300 mu.

The difference between (A) and (B) is plotted against the |
wavelength of absoxption in Greph IVid., As can be observed the
result is a fair duplication of the absorption spectrum of rubrene.
The concentration of the original solution was 1,028 gm./litre of
the peroxide in rubrere equivalents. The concentration of rubrene
in the product was estimated as 1 mg./1itre., 1.ee, 5,10  ng./Suls.,
from the standaxd calibration curve. The per cent decamposition |
that occurred was therefore ebout 0.,0004%

On the assumption that the above percentage decomposition
represented an ecuilibrium condition then the egquilibrium pressure
for the decomposition would be approximately 5.5.10 mm. (the
volume of the vessel was epproximately 50 mls.) of oxygen, at room |
temperature,

Similar experiments were performed in which the irradiation
was effected with the Osira lamp for verying times up to 72 hours
but no rubrene was detected in the resuiting sclution. The broad
absorption across the visible range of the spectrun was, however,
present in all cases,

In an attempt to photo-oxidise solutions of rubrene in benzene
sealed into tubes under varying oxygen pressures, Dufraisse found
that mo &idation would occur below ; certain oxygen pressure. The
pressure was detemined and found to lie belween 2 and 8 mm, Hg. of
oxygen at 18°C. The experiments on the photo-cxidation of rubrens
in mexylene have not indicated any such limitation. Dufraisse
also cbserved the yellow colouration during the vacuum illumination
and although this was attributed to the fluoreseence of rubrene no
analyses were carried cut,

The / |
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| The results for the decormpesition amd oxidation experiments
in this section are in accord in as much as the apparent dissocia~
tion pressure estimated in the former would mot be detectable in |
the latter. In general, therefore, the results of this section do
not indicate that a dissociation pressure of the magnitude suggested
by previous workers governs the reastion equilibriume.
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Although little effect was observed when a thin film of the
peroxide was irvediated 'in vacuo' at room temperature, an experi-
ment hes not been conducted, as yet, in which carefully omtau.iud
peroxide has been illuminated in vacuum with ultra-viclet light.

Such was the intention here.
8.25 mg, of the crvetals (orystallised from benzene solution)

were placed in a thin Pyrex reaction vessel and the powder spread

evenly over the surfaoce by adding a drop of benzene. The crystals
were then ovacuated in derlmess for 15 hours at 10™ fmm. Hge (MeLeod

gauge).

JAllurinetion was commenced at this stage with a high pressure
meycury vepour lamp and silica focussing device and contimeed for
48 hours, From a consideration of the dimensions of the apparatus
it was not likely that the temperature of the vessel exceeded 50°c.,‘
during the experiment, Over the first 24 hours, illumination
approximately 0.7 scale divisions - (Cauge sensitivity - 0.004 mm,/
Sede; vessel volume = 55,0 mls,) of permenent gas were evolved,
The permanent ras pressure was measured continuocusly during this
part of the experiment by surrounding part of the reaction vessel
system with liguid air, thus freezing ocut 'in situ' any condensable

Vapours Ovarﬂmseomﬁ.partofthaupeumﬂnttbmpnssmuJ

the gange could not be estimsted. After 24 hours the crystals had

changed fron completely colourless to a red-browvn and af'fer 48 hours

no further chenge was evident,
The residue was dissolved in A.R. benzene and made up to 10 mls,

in a stendard flesk., This solution was spectrographically analysed
from 360 me to 560 mu using the Unicem SP600 instrument enmd the
resulting shsorntion speetyum is indicated in Fig,6(4A).

it/
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It was spparent from this spectrum and from the colour of the
solution that the main absorbing material present vas not rubrene,
The fact that the curve does exhibit maxima in the region of the
three rubrene maxima at 465, 495 and 530 mu., however, strongly
indicated that the resultant curve was due to rubrene and another
material which absorbs strongly around 460 - 470 mu, and weakly

The 0.6 divisions of gas evolved, assumed %o be oxygen, would
correspond to 5 x 10™%mg, of rbrene in this system. Reading frem
the celibration curve (see p. 20 ) this amount mio mls. benzens
would result in a log I‘/I value of 0,068 at 530 mu. and 0,034 at
465 mu,

A complete sbsorption spectrum of ruvbrerns was calculated from
uboutdouhleﬂmuhogloﬂvalun and substracted from the original
curve (A) resulting in the dotted curve (B). The doubled values
were employed as it was at this limit that all traces of rubrene
(detected by 'bumps' in the absorption curve at the wavelengths of
the mbrene mexima) dissppeared from the curve (B).

The absoxption curve (B} is probably a good approximation to
the spectrum of the mein prodvuet of the light activated doou@odﬂ.A
of rubrene percride in the crystalline state, This unknown com=
pound erhibits & meximum at 450 mu, It must be pointed ocut that
rubrene peroxide which is in very high conceutration in this
solution does not absorb light of wavelength higher than 400 mus

Unfortunately it was not possible to identify or examine further
this second product, Lut this experiment has provided evidence which

indicates that there are probebly two distinet modes of decomposi=
tion of the pedoxide. As far es could be ascertained, the unveri-
fied stage did not involve the production of an uncondensable gas.
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Note on the Attempted Photo-oxidation of

2393637 = Dibensiluoranthene

A benzene solution containing 234.0 mg. of dibenzfluoranthene
per litre was made up in the dark room. The absorption spectrum
of this solution was examined in the visible range (Graph 8). A
portion of' the solution was allowed to stand in sunlight ir contact
with air for about 8 hours by vhich time the red colour had disap=
| peared and spectrographic examination indicated that the solution
no longer abscrbed in _the visible range., The absorption spectrum I
of the colourless product, believeﬁ by enslogy with similar com- |
pounds to be the photo-oxide (I), is given in Graph 9, This
spectrum wes the result of an examination of the solution, in 2 mm,
silica cells, with the Unicam U.V. spectrophotometer,

vessel and the solid content deposited in the ususl marmer on to
0.3 gme of thallous bromide, The resulting f£ilm was kept in darke
ness and efier being attached to the apparatus was evacusted for 15
hours et 10 %mm. Hg. (Mcleod gauge). The temperature of the
vessel was then regulated to 25°C. and efter the introduction of
50 mm, of oxygen the film was irradiasted with the Csira lamp system.
Né pressure decrease was detected over a period of 8 hours, A :
similar experiment was carried c;rl: employing 0.2 gm. cf Jena glass
as the substrate, again no pressure change cccurred after a long
pericd of irvadiation.

Thus although 2:3:1637 - dibenzfluoranthene was readily photo=
oxidised in solution there sppears to be no evidence of such an
oxidation occwrring in the solid state under such experimental

conditions. In this respect dibenszfluoranthene differs from
rubrene.




Although the main features of this work indicate that the
reaction between rubrene and oxygen is reversible, no evidence of
a dissociation pressure of oxygen of the order of & mm., at room
temperature, as indicated by previous work done on solutions (43)
has been sppavent, L similar oxygen pressure limit below which
the dissociation of peroxide may occur but above which the evolution
of oxygen ceases, was detected during a study of the mxidation of
dibeterocoerdianthone in pyridine (88). No previous workers have
attempted to measure the equilibrium conditions of the photo-
oxidation of photodissociation of such polyacenes in the crystalline

state, As the sclvent plays an important rcle in solution reactions
it is probable that solvent molecules are fundamental in dete
the oxygen pressure limit, It is interesting o point cut that
in pyridine such a presure limit is of'ten cbserved although in
other solvents this is not the case (17).

The analogy between the addition of oxygen to polycyclic hydro=
carbons containing the anthraceme micleus and the corresponding
addition of dienophilic reagents such as maleic anhydride is very
close although several important differences have been cbserved.
The presence of meso-phenyl group, for example, retards the
addition of moleic anhydride yet promotes the addition of oxypen
(62). The most marked difference, however, lies in the fact that
although the activation enexrgy for the dienophilic addition may be
supplied by heat the addition of axygen requires light, Ample
evidence is available which shows that rubreme does not react with
oxygen in the derk, even over a period of 7 years (70). No
catalyst has been found which will promote the dark oxidetion of
rubrene, anthracene or meso-dmmwlanthmm (71)s The
decomposition /




decamposition of the peroxide on the other hand may be effected
either thermally or photochemicallye

Linesar polynuclear hydrocarbons in genersl exhibit similar
absorption spectra, As the mmber of benzene rings increases the
molecules absorb light of decreasing encrgy; i.c. the spectra are
shifted towards the red end of the spectrum, Examiuation of the
spectra of such materials indicates that there are two wain regions
of sbsorption (72)e The first (A) type sbsorption is detected in
the ultra viclet region, reaching a maximum at about 2065 mu., in
the cose of naphthacene and 290 mu., in the case of ribrens, The
second (B) type sbsorption is in the near ultra viclet tending
towards the visible as the series epproaches naphthacene and higher
homologues. It has been the case with all polyscenss so faxr
studied, that sunlight has been en sfflcient source of lilumination
to bring sbout the photo-oxidation. In the case of mbrene mono=
chromatic light of wavelength arcund 500 mu., proved an efficient
illumination source {(12). As such light contains no wavelength of
energy high enough to excite the molecule through the A-type band
system it follows that photochemicel resctions of this type must
involve B-type absorption. This process is visualised s constitu-
ting the passage of molecules {rum the ground to the lowest singlet
excited state.

In the case of rubrene the most probable B-type sbsorpliion
| cooups at 405 mus; 495 mus, snd 530 mu,, the sbsorption falling to
about zerc around 560 mu. The excitation energy involved in sush
processes will be spproximately 62.5, 57,0 and 53.4 Kge Cals,/mole
respectively for the most probeble transitions end 50.5 Kgecelss/

mole for the minimum smount of energy that will bring about this
transition /




tremsition. This latter value may be identified with the light
activation energy (El) of the first stage in the photo-oxidations

Once in the excited state the molecule may revert to the
ground state although not necessarily to the same vibrational lewvel,
In the case of rubyens the flucrescence emission has an approximate
light emewrgy of 40 Kg.cals,/mole, the molecule in the ground state
after flunrescence thus having less thsn 10 Kg.cals./mole vibe
rational ensrgy in excess of the ground state erorgy. Bowen (ﬂ)
believes that molecules in this state may now combine with oxygen.

Recent studies (73, 74) of the electronic levels of polyacene
hydrocarbons have indicated that assigmments of transitions in this
series agree with the thecretical assigmments for the singlet states,
For the triplet stetes, however, the same agreement has nob been
eppavent (75). The value of 10.250 ™t
triplet absorptiocn in naphthacene has boen deterained (78) and this

for the lowest singled

value agrees with theoxry. The energy of such a singlet Griplet
transition is sbout 29 Kg,eals,/mole, .

Jones (77) has carried out calculetions involving the engles
made by phenyl substituent planes to anthracene nuclei. The
results indicate thet the two ring systems cammot be plamer. This
implies that very meny meso-substituted anthracenes and other sub-
stituted polyoyolice carmot show the degree of conjugation betwsen
the substituent and the ring system which might be expected from a
consideration of the source substituents in bensene or in otior
molecules where such sterie inhibition of resonence does not occur,
That the abuve theory is applicable to rubrene is indicated by the
similarity of the absorption spectra of rubrene and nsphthecene,

Thus / |




Thus it is possible to predict a probeble value for the energy
of the singlet-triplet transition in rubrene by analogy with the
value for nephthecene axd a comparison of the absorption specira of
rubrene end naphthacene, Such an approximetion is made with the
knowledge that the lower triplet excitation energy decreases as the
polyacene series iucreases ami eventually this triplet ievel
approeches the ground (singlet) state (78). If the spectral
positions of the singlet-singlet absorption bands in rubrene and
nephthacene, relative o the weaker singlet-triplet a‘beorpﬁm
remain similsr thea the lowest triplet level of rubrene will inwelve
en exciztion mergy of sbout 24 Kg.ealss/mole (E,). :

A combination of the computed values of El and 33 with the
mean measured thermal activation energy for the decomposition of
rubrene prroxide (AE,) and the estimated heat of the reaction (o)
results in the following energy dlapgram for the reversible combina=
tion of rubrene and oxygen.

*

R

@y s

E, xx

RO,
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¥
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24

R + Oz

The fact thattwo molecules of rubrene must collide before
optimm activation and hence photo-oridation will oceur will not
interfere with this erergy cycle. In this schame R indicates
rubrene in the ground state, R® indicates rubrene in the singlet

et bl J
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excited state, R the triplet state, R0,® an unstable intemediate
which may stebilise to the peracide RO, snd RO,™ an unstable
intermediate resched by themmsl activetion of the rubrene peroxide.
As the diradical, R, is rdatively steble, having en apperent
lifetime of 2 seconds in benvene solution (14), it has been consie
dered as ccowpying e position of minimun polential ensrgy. The

energy velues E, and E& are not accurately assesssble although ine

5]
spection of the disgram indiceles that limits for these values may
be computeds Eg, for exsmple, must be less than (ll - Ez); ie€ey
less than 26,5 Kg.cals./mole, while E
which is 63,7 Kgecals,/mole.

The first deduvetion which may be made from this energy scheme

must be less than(E

l+bH)

4

involves the resction,
RO, —— K40, + ¥, '

The velue of By is given by (aEg = o) which is 17.4 Xge.cals./
mole. As the heat of dissociation of an oxygen molecule inte two
oxygen atoms is about 1280 Kg.cals,/mcle it is evident that in this
case the oxygen must have been molecular when evolved, A similar
calculation has been nade (§6) in the decomposition of 134 ~ dimekhe
oxy-9110-diphenylanthracene. The value for E, in this case was
computed from the reaction rate at only two temperatuses (78) and
found to be %4 Kg. celse/mole. It is intevesting to note, at this
stege, thut this activation energy is very close %o the valuye
| determined In this works — - i iy

The photo=oxidation of anthracene and naphthacens proceeds
smoothly in carbon disulphide, although the photo-oxides do nob
regenerete oxygen on heating {79, 56). Indeed the decamposition

of these oxides ocours explosively at ebout 120°¢, An approximate
value /




value of the heat of such a decomposition may be estimated from a
knowledge of the resonance enevgies invelved, In polyacenes the
7 =glectrons associated with each double bond may be visualised a8
moving freely throughout the whole molecnle, Such saturaticn, as
is involved in the fomation of a photo-oxide, must thus result in
the localisation of two Reclectrons and a corresponding alteration
in the resonance energy of the mclecule as a whole,

The photowoxidation of naphthacene may be written as followss

Contributing tc the nett energy change will be on the one hand
a loss of the rescnance energy of naphthacene (Rno) and of the
energy iovolved in the transformation o-o-»-o-.o-(xo_o); on the
other hand the rescnsnce energies of naphthalene (Rn) and benzene
(R,) combined with the energy of two carbon-oxygen (D _ ) bonds
will be gained. The rett energy gein will thus be given by -

By # By, # W = Bowo = B

If the values of these factors are taken as R, 75 Kgecelse/
mole; R, 39 Keecals,/mole; D, 70 Kgecals./moles L 61 Kge
cals,/mole (80} emi R, 156.2 Kg.oals,/mole (81) then the total
energy gain will be 56,8 Kg.cels./moles The dissociation of such
photo-oxides would thus be excthermic to the extent of 56.8 Kg.cals.(
mole which is vesy high and would account for the explosive viclence

of the decomposition.
When substituted in the meso-pssitiom, naphthacenic photo=

oxides disscciste readily into the parent hydrocarbon and oxygens
This may be explained by the function of the phenyl substituents,

in /
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in the case of ribrens, in contributing to the resonance energy
of the molecule. |

Litile doubt remains as to the struecture of this type of
photo-oxide. Their absorption spectra are entirely different {yum
those of the paremt hydrocarbons and in the case of rubrene photo=
oxide the spectrum resembles closeiy that of diphenylnaphthalene
(82)s Caleulations have also indiecated (83) that the substituted
pheryl groups become plenay with the basic nucleus sfter oxidsations

With rveference to the evergy diagrem sbove and in pariicular
to the stage EQ involving the productiecn of the triplet state
melecule from the light saturated materiel, in the fomation of the
rubrene diredicel a wet energy absorption of (B = E)); iees
2645 Kgecals./mole must cccuvs In the cese of naphthacene this
value will not be markedly diffevent and the erergy irwolved in the
localisation of the two N =electrons will be given approxinately by
the velue of R = (Rb + Rn) which is 22,2 Kg.cels./mele,

Such a calculation is very spproximate but is in agreement
with present ideas con the structure of the diradical.

Cne aspect of the photo-oxidetion which has not been treated
specifically in this work is the emission of light during the
decomposition of the peroxide, Mourcem, Dufraisse and Buller (84)
observed this effect with rubrene percride and a similar light
emission was observed duxing the decomposition of li4d-dimethoxy=
é;lb-gip;;rw_lagm;;x_o by Dufraisse and Velluz (85}« The observed
light encrpy wes estimated as about 40 Kg.cels./mole,

There is no process apparent in the energy diagram which could
account for such an emission of light dthough it is possible that

absorbed thermal energy may be recovered as light ensrgy from either
of /




| of 1light which will bxing about this dissociation, in vaowm, should

eccompanying oxidation may cecurs —In the case of yubrens this

of the proposed unstable peraxide intermediates,

On the other hand the reverse photoeaxidation, which was
effected by irrediating rubrene pesoxide both in the liquid and
crystalline stetes may be visualised as having a light activation
ensrey E‘l. Aceoxding o the limits on 34 the maximum vavelength
lie between 750 mu and 440 mu. An examination of the absorption
spectrun of rubrene photo-oxide irciicates that light sbsorption
becomes appreciable at about 400 mu, This is in reascnable
agreanermt with the raximun light activation eusrgy as prediated by
the theory, Such en explenation, however, assumes that the wve
photochemical reaction proceeds according o the seme mechanism as
the photo-oxidation,

Rubrene in 2 solid state has been pholo-oxidised but 2:3:1637 =
divenz{luoranithene, which was Just as rcedily photo-owidised in
solution, could not be oxidised either cn thallous bromide or Jema
gless.

Base of photo~oxidation of erystals of such hydrocarbons may
be velated to the shape of ithe molecule, It has been supgested
that the oxygen uptekes chserved in this work were due to the
oxidation of surface layers in the neighbourhocd of crystal irregue
lagpities, 1t is likely that a looser pecking than is found in the
bulk of the crystal is necessary before the configurational changes

chanpe may be able to teke plaece by virtue of the phenyl groups
being out of the plane of the naphthacene nucleus before axidation
thus permitting the molecule to change ite configuvation relatively
epsily efter the absorption of the energy of an "exciton'. Similar
arguments /




- arguments in the case of dibenzfluoranthene would suggest that it
would be much more difficult to bring about the change in this case
because of the close packing of molecules; there being a higher
energy barrier to overcome in oxrder to alter the crystal structure

' of the hydrocarbon,

An important extension of this theory has recently come to light
' following the synthesis of tetra-p-tolylnaphthacene (tetramethyl
rubrene) (86). This mélecule will occupy an even greater volume
than rubrene and according to this theory should be readily photo-
oxidissble in the solid state., It was observed (86) that tetra= |
methyl rubrene erystals were decolourised in sunlight and the
product was found to be the photo-oxide. This report (86) consti-
tutes the first example of the direct photo-oxidation of a naphtha=-
cenic hydrocarbon in the crystalline state, and a manometric study |
of films of teramethyl yubrene in an spparatus of the type used in
the present work might prove of great value,

This work canmot claim to have elucidated complete mechanisms
for the photo-oxidation although studies on the decomposition of
thin films and crystals have provided useful energy values which
ensbled & possible complete energy scheme for the reversible
combination of rubrene and axygen to be proposed. The conclusions
have, however, opened up possible lines of epproach to the general
problem of the photo-oxidation of solid hydrocarbons.



The effects of light on materials exposed to oxygen arve varied
 and the mechanisms of the ensuing rveacticns are obsoure. The
object of this work wes to comtribute to the elucidation of the
mechanism of photobleaching in the solid state by utilising the
:mmmmmtmwors:ssn:w
 thacene (rubrens).

Exemination has been made of the photo-oxidation in visible
1ight of thin £ilms of rubrene on thallous bramide and on Jema glass
by means of the direct measurement of oxygen pressure decrease. |
mmmmmwmm.mfmo-marmi
 available material on the sssumption thet a unit molar cambinatiom
of yubrenc and oxygen had occurreds No pressure below which oxida=
tion would not ccour was detected and experiments on the photo- '
oxidation of rubrene in mexylene extended this conclusion beyond
the sclid state, The rate of oxidation on glass wes proportionsl
to the surface concemtration of oxygen, although the variation of
the rate with solid phase concentration was complex,

A-Wmnaﬁo&mmﬁmotﬁinﬂmanam'
mmm.-tmmmmmmmumoahq

- that the oxygen pressure developed in the presence of solvent :
vapour adsorbents was solely determined by the temperature of the
film. A mechanism wes proposed which explained the mein features
of the deccmposition and & mean value of AH = 13,2 Xgecals,/mole

The energy of activation of the decomposition of the peroxide
was caloulated fyom the resulis of a series of experiments on the
decamposition of ground crystals at various temperatures. The

' meen energy value was AE-71,5 Kgecals,/mole,

in /



An examimation was made of the light activated decomposition
d‘hmﬁ#'hm',bﬁhhﬂaﬁmuﬂhﬂuwﬂd%!
In each case the results indicated that rubreme was regenerated
- along with an unidentified material,

f A possible wechenism of the photo-cxidation and an energy
 scheme linking the photo- and themel processes has bsen discussed
in velation to the gemersl mature of the preparations.
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