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CADMIUM PHOTOSENSITIZED REACTIONS. 

INTRODUCTION. 

Paralleling the developments in the study of atomic 

reactions by the discharge tube method (1-4), photochemistry 

has greatly contributed to the proper understanding of thermal 

reaction mechanism. Indeed, photocl1amical methods offer a 

powerful means of investigating the problems of the interaction 

of light and matter thus giving an insight into the behavior 

of individual atoms, radicals and molecules. However, thermal 

and photochemical processes are closely correlated, the secon­

dary steps in photochemical reactions being properly thermal 

reactions. Of course, they differ in their primary steps, the 

activation mechanism involving activation by collision in the 

case of thermal decomposition and light absorption in the other 

case. 

Photosensitiza,ipn. 

As only the light which is absorbed can cause 

a chemical reaction to occur, it is obvious that beyond a cer­

tain maximum wave-length where absorption is nil, no photolysis 

will take plac.e. This maximum wave-length, the photochemical 

threshold, coincides in many eases with the beginning of a conti-



nuum or a predissocia.tion region (corresponding to an adiabatic 

transition from an attractive state to a repulsive or weakly 

attractive state)(5). To provoke a reaction in molecules trans­

parent to light of a certain wave-length it is therefore necess­

ary to add a substance capable of absorbing light energy at this 

wave-length and conveying it to the reactant molecules without 

being itself permanently transformed. This process is known as 

photosensitization. It may find useful applications in the so­

lid and liquid phases but theoretically it is studied with more 

advantage in the gaseous phase. 

The present work deals with cadmium photosensitiza• 

tion in the gaseous phase, using the cadmium resonance radiation 

as source of excitation. Consequently, prior to any discussion 

on the absorption and transfer of light to the reactant molecules, 

it is important to discuss briefly the emission spectrum of cad-

mium. 

In this discussion, it is convenient to make a Gro-

trian diagram connecting the energy of various states with the 

quantum number of these states. Cadmium has two electrons in 

its outer shell and will therefore possess singlet and triplet 

systems. The combination principle along with the selection 

rules will give a number of permissible transitions the most im-

portant of which are shown in figure I. The two lines connect­

ing the ground state 6180 to the 51Pl and 63P1 states respeati-
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• 
Figure I 

Energy levels of cadmium • Cf. ( 13) . 



vely correspond to the two resonance lines of cadmium. In the 

present work only the 51S0 - 53p1 line (87 Kcal.) is consid­

ered. The transitions between the 53P
0 

and 53p2 metastable sta­

tes are forbidden. The atom therefore o.noe in a metastable sta-

te will stay in this state until it can give up its energy to 

a colliding body or acquire enough energy to jump to an upper 

level. 

It is to be noted that the energy difference between 

the 53:P 0 and 53p1 is small (only 0.0'7 volt) compared to that of 

mercury for the same transition (0.21 volt). The collision of 

an excited cadmium atom in the 53p
0 

with a molecule containing 

a relatively small amount of kinetic energy will therefore be 

suffiaient to raise it to the 53p1 level. The first zinc reso­

nance line is at 92 Kcal. as shown in brackets on the Grotrian 

diagram. 

Excitation of the Cadmium Atoms. 

According to the quantum theory, the absorption of 

light produces a change from a lower level to a higher one. It 

is obvious that the line spectrum of absorption of an atom will 

be much simpler than the emission spectrum because at the tempe­

ratures used in the study of photosensitized reactions the great 

majority of the atoms before excitation will be present in the 

normal state and will theref~re undergo only a few types of transi-
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tions to an ap?reciable extent. Indeed, information regarding 

such distribution of molecules among the various possible ener­

gy states is given by the following equation: 

where n1 and nN are the number of molecules in the ith and in 

the normal states respectively; p1 and pN the statistical 

weigths of these states; E1 - EN the difference of energy per 

mole fro~ the ith to the normal state. 

The process by which light energy is taken by the 

cadmium atom to convert it into an excited atom may be convenient­

ly schematised by the following equation: 

This process for cadmium was studied by Terenin (82) and Solleil­

let (84). In a mathematical treatment of the subject, Milne {6) 

has shown on the basis of Einstein's radiation theory that the 

rate of formation of excited atoms exposed to isotropic monochro­

matic radiation is a function of the lifetime of the excited 

atom and of the absorption of the vapor for the radiation in 

question. The efficiency of process (1) will depend largely 

therefore on the distribution of intensities of the exciting 

and absorption lines. 



Figure 11, gives the intensity of the resonance 

radiation plotted against the frequency. Since in the actual 

construction of a resonance source the discharge carrier gas 

is at a few millimetres pressure, the resonance line emitted 

has an appreciable breadth due specially to pressure broadening 

(as shown by A). On the contrary, when the vapor pressure is 

low in the absorption cell, a narrow absorption line is found 

(as shown by B). It is obvious in that case that the absorption 

will be incomplete. all the portion of the emission radiation 

represented by the area outside B being lost. However, in the 

presence of a foreign gas, the pressure broadening effect will 

become appreciable in the absorption cell. At a certain pres­

sure the breadth of the emission line and that of the absorption 

line will coincide and the a.b sorption will be c om:9let e (ideal 

case). At higher pressures, the absorption line will become 

still broader as shown in c. The area in common indicates the 

degree of absorption and therefore the rate at which excited 

atoms are formed. 

When no foreign gas is present, the inverse process 

of Cl) becomes very efficient: 

This transition from the 53p1 to the ground state gives rise to 

light quanta of a definite frequency, which is properly the re­

sonance radiation. 
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Figure II 

Exciting and Absorption Lines. 



Energy Transfer. 

In the presence of a foreign gas, the situation is 

more complicated. Depending on the lifetime and nature of the 

excited atom and the number of foreign molecules present, deact­

ivation will proceed through collisions of the second kind. There­

fore only a fraction of the activated atoms will undergo process 

(2} and the intensity of the resonance line will be proportionally 

decreased. This is the quenching phenomenon. Its efficiency 

determines the extent to which the excited atoms are releasing 

their energy to the foreign gas molecules and thus often bringing 

them into in a reactive state. 

Extensive studies of the quenching of mercury by 

foreign gases have been made by Wood {7), Stewart (8), Zemansky (9) 

and Bates (10). The following table gives the effective cross 

sections of hydrogen and a number of hydrocarbons: 

2 Gas Effective cross sections ~;x 1016 cm • 

Hydrogen 8~60 

Methane 0.085 

Ethane 0.594 

Propane- 2.32 

Butane 5.88 
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The quenching of optically excited cadmium atoms 

by foreign gases was first investigated qualitatively by Bates (11). 

Re found that hydrogen was very effective in quenching the cad­

mium resonance radiation and suggested that it took up the enar-.. , 

gy of excitation as vibrational energy {hydrogen has a vibrational 

level at about 88 Kcal.). 

P. Bender (12) radiated a mdxture of hydrogen and 

cadmium vapor at 260°0. with light from a hydrogen-cadmium dis­

charge tube. By means of a small Hilger spectrograph, he no­

ticed that the resonance line was nearly all extinguished at 

4 mm. of hydrogen. He explained the quenching by the formation 

of a normal cadmium hydride molecule and a hydrogen atom re­

sulting from the collision between the excited 5~1 cadmium 

atom and a hydrogen molecule, as shown in the following ener-

getically balanced equation: 

--~) CdH -+ H -+ 88 Kcal. 

taking the approximate value of 15.6 Kcal. calculated by Svensson 

(86) for the heat of formation of cadmium hydride. The energy 

discrepancy in that case would be only Oa013 volt. A further 

evidence to the formation of normal CdH was put forth by ob­

taining the CdH band system through excitation with light from 

a l;lydrogen-cadmium discharge lamp. Recently Olsen ha,s also 

investigated the optical excitation of cadmiUm deuteride OdD (12a). 



-a-

The addition of nitrogen and carbon monoxide pro-
0 

duced a notable increase in the intensity of the 3404 A line 

(2 to 1) starting at 0.01 mm. and reaching a maximum at 0.1 mm. 

and then persisting throughout the whole range of pressures 

observed. This was explained by an increase in the population 

of the atoms in the 53P metastable state. There appeared ho-
o 

waver to be no enhancement of the visible triplet ( 63S1 - 53p) •. 

Recently Lipson and Mitchell (13) investigated in 

a quantits.tive way the quenching of optically excited cadmium 

atoms by foreign gases. Unfortuna.tely, as seen in the table 

below, they studied only one hydrocarbon: methane. 

Gas Effective cross sections Quenching to 
~~ x 10l6 cm2 half value 

9 

Hydrogen 0.67 0.4 mm. 

Deuterium 0.19 

eo 0.14 

NH3 
0.041 

N2 0.021 

CH4 0.012 60 mm. 

On the basis of the Stern-Volmer formula and of 

the _Maxwellian distribution of velocities, they calculated 
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the following quantitative relation between the quenching Q and 

the effective cross section crq 

1/Q..p 

. 
• 

<Yl. -
q -------------------------------=----~-~ T 2666.6 [ 2KN/kT (1/Ml l/M2l) 

2 

where p is the pressure in mm. of mercury; T is the mean life 
3 2.5 x 1o-6 (99-100-101): and M2 are the ofCd(5P1 } sec. Ml 

molecular weights of the colliding particles; N the molecular 

concentration and k is the universal gas constant per molecule (13). 

As no data were obtainable on the quenching of cad-

mium resonance radiation by hydrocarbons other than methane, ab­

sorpt'ion of the resonance radiation by foreign gases in the pre­

sence of cadmium vapor had to be measured directly under the same 

conditionE BS t_hat of the :photosensitized react ions. The values 

obtained in these measurements are not to be considered as true 

quenching values as will be shown by a short consideration of 

figure II giving the relation between the broad exciting line 

and the various kinds of absorption lines as met with under the 

actual experimental conditions. The areas which are in common, 

as already mentioned, are indicative of the energy absorbed by 

the foreign ga.s. As the line becomes broader on addition of 

the foreign gas (pressure broadening) the absorption is inorea-

sed (case B) a.nd the real quenching is partly or completely 

offset. Furthermore, the present absorption measurements were 
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performed at a cadmium pressure of 0.018 mm. which is far from 

being the ideal condition but was required for the proper opera­

tion of the light source. Such a pressure may give rise to a 

considerable diffusion of the impri-soned ra.diat ion thus altering 

the quenching values. It may affect also the photosensitized 

reaction by the fact that most of the effective deactivation 

collisions would occur near the wells of the lamp, hence fa­

vouring the recombination of atomic hydrogen and that of radi­

cals on the walls. However, the &ctual absorption values thus 

obtained are quite sati0factory to calculate the quantQm yield 

and to give a comparison between the hydrocarbons studied as 

to what their relative efficiencies t:tre as des,ctivators of the 

excited cadmium atoms. 

A general principle of fundamental importance can 

be applied in the adequate interpretation of the interch&nge 

of the excitation energy during quenching. The efficiency 

of a deactivator is base6 primarily on its own value as acceptor 

of the energy coming into play, in other words the smaller the 

energy that must be converted into kinetic energy, the greater 

the probability of deactivation. Hence, the most probable 

transfer in a collision of the second kind is the one which 

involves the least energy conversion into kinetic energy (14). 

When a simple molecule is put into a reactive state by a colli­

sion of the second kind, it is possible to infer to a certain 

extent the strength of the ruptured bond on the theoretical 
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grounds that quenching will become an efficient process only 

when there is a high degree of resonance between the excited 

atom ~nd the deactivator. Photosensitization is therefore a 

tool by which a definite amount of energy c&n be furnished 

to the reactant molecules. 

This general method was first applied successfully 

to the investigation of mercury photosensitized reactions. In 

the case of organic decompositions, free radic&1s are usually 

produced in tpe process &nu it therefore gives results of 

special interest in connection with the rates of elementary 

react ions. 

A wide variety of reactions are possible by the 

transfer of the Hg(63p1 ) excitation energy (112 Kcal.) to 

simple hydrocarbon molecule but there are only three main 

possible primary steps: 

a) the rupture of a C~C bond, 

b) the rupture of a C-H bond, 

c) the dissociation into atoms of the hydrogen 

resulting from b). 

These processes require respectively about ?0-80 Kcal., 90-100 

Kcal., and 103 Kcal. 

The great efficiency of the mercury sensitized disso­

ci&.tion of hydrogen affords a simple method of studying qua.ntita.-
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tively the reactions of atomic hydrogen. Cario and FrHnk (17) 

were the promoters of this method which has been used extensive-

ly. 

A schematic illustration of the main possible steps 

of the mercury photosensitized reaction follows: 

{ 1) Hg(61 S0 ) -t" hv eA~ 2537 .R> -----> 3 Hg( 6 P
1

) 

( 2) Hg( 63P
1

) T H2 -----==, HgH -1- H 

(3} H -t X ~ Products 

(4) 2H + M ~ H2 -tM 

where M is a third body. 

Though necessitating a larger amount of conversion 

into kinetic energy, the occurence of reaction (2) is shown to 

occur by the presence of HgH during the reaction. Furthermore, 

the possibility of the reaction 

Hg( 63P1 ) -r H2 ~ H -t- H + Hg( 6
1

8
0

) 
I 

is questionable on the basis of the principle of microscopical 

reversibility, the inverse reaction actually involving a three 

body collision. 

Knowing the intensity of illumination and the rate 

of recombination of hydrogen btoms, the velocity constant of 

(3) can be cslculeted (18-19). It thus affords a very convenient 

method of studying the reactions of atomic hydrogen. 
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Considering the importance of the information 

which has been derived from mercury photosensitized experiments, 

it is of great interest to investigate other photosensitized 

reactions involving a smaller amount of energy. Quite a 

number of metals offer sufficiently high vapor pressures at 

moderate temperatures to give convenient sources of resonan-

ce radiation. Among these s.re speoiE.lly potassium, sodium, 

cadmium ·and zinc. 

Experiments were conducted by Jungers and Taylor (20} 

on sodiurr1 photosensitized reactions. They found that even though 

the sodium fluorescence wa.s completely extinguished no chemi-

cal reaction could be detected by exposing ethylene to the 

action of the excited sodium atoms (48 Kcal.). 

On the other hand, cadmium and zinc with the 
3P1 

levels at 87 Kcal. and 92 Kcal. above the normal state respec­

tively, offer a new field of possibilities with gre~t theore­

tical significance. 

Bates and Taylor (30) were the fi~st to investigate 

the cadmium photosensitized reactions of hydrogen-ethylene. 

Their source of cadmium resona.nce radis.tion was of the Cooper­

Hewitt type. After exposing for a long time z:;. mixture ·o£ 

ethylene and hydrogen to optically excited cadmium atoms, a.t 

260°0., they noticed a notable drop in pressure. Mainly on 

theoretical grounds they concluded that only polymerisation 
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occurred since the cadmium photosensitized formation of hydro­

gen atoms from hydrogen could not be the primary process, the 

dissociation of hydrogen being 103 Kesl. viz. about 16 Kcal. in 

excess of the energy available from the Cd(53P1). No other work 

on cadmium photosensitized reactions is reported. 

Working in a parallel field, Steacie and Habeeb (21) 

have recently developed an intense source of zinc resonance 

radiation and extensive work on zinc photosensitized reactions 

is intended. 

The present investigetion deals mainly wfth the 

cadmium photosensitized reactions of hydrocarbons which should 

be of interest by comparison with the corresponding action of 

optically excited mercury on the same gases. A short review 

of the previous work on photochemical and photosensitized 

reactions of the simple aliphatic hydrocarbons is therefore 

given: 

Methane. 

Methane has a continuous absorption region below 

1800 i. Leighton and Steiner (103) have investigated the 

photolysis of methane using a hydrogen discharge tube as light 

source. They reported a quantum efficiency in the order of 

unity. Groth (104) using a Harteck ~anon lamp found hydrogen 

and acetylene as the main decomposition products. The primary 
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reaction would be 

CH4 -t- hv () "' 1469 and 1296 .f) --7 c~ + R 

Recent investigations(54) on the mercury photo-

sensitized decomposition of methane have shown a very small 

quantum yield at a temperature of 195°0., increa.sing rapidly 

to 0.26 at 350°0. 

Ethane. 

Direct photochemical decomposition of ethane 
0 

at a wave-length of about 1860 A showed formation of hydrogen 

and unsaturates (22). 

While investigating the mercury photosensitized 

reaction of a hydrogen-ethylene mixture, Taylor and Hill (23) 

noticed anomalous pressure cha.nges after the hydrogen-ethylene 

reaction was over. They suggested that a secondary reaction 

was taking place, the ethane formed by the hydrogenation of 

ethylene being attacked both by hydrogen s,toms ~nd optically 

excited mercury atoms. This led the path to a systematic 

investigation of the mercury photosensitized decomposition 

of ethane. 

Kemula, Mrazek and Tolloczko (24) in their study 

of the ethane decomposition circulated the reaction.mi:xture 

through a trap at -80°0. to remove the products of higher 



molecular weight as fast as formed to reduce secondary processes. 

They observed that the decrease in pressure was followed by an 

increase in the amount of the liquid condensate formed. The 

gaseous products were found to be chiefly hydrogen and methane. 

The ratio of hydrogen to methane was increased with a higher 

trapping temperature. The liquid products consisted of bu-

tane, hexane and octane. To explain the formation of methane 

they suggested a mechanism involving a C-H bond rupture and the 

subsequent att~ck of ethane by the atomic hydrogen thus for­

med to give methane and methyl radicals. 

The following scheme was suggested: 

C
2
H

6 
+- Hg(63p1 ) ~ C2H6~ + Hg(61S

0
) 

C2H6 * ~ C2H5 -+ H 

2 C2H5 + M-7C4H10 + M 

2 H + M ----7 H2 -+ M 

02116 + H ~ C2H5 -t- H2 

c 2H6 T H , CH3 + CH4 

Octane formation was interpreted on the bases of butane de-

composition: 

C4lil0 C4H9 + H 

2 c4H
9 

+ M ----7 C8H18 + M 

where M is a third body. 

Stea.cie and Phillips ( 26) made a more complete inves-
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tigation of the mercury photodecomposition of ethane. They 

observed the reaction both in a circulatory system (78) and 

a continuous flow system {26). 

In the circulatory system, it was found by improved 

trapping methods that it is possible to remove entirely butane 

from the system as soon as formed, thus preventing the forma­

tion of seconda.ry products. Under these circumstances the 

products of the reaction consisted of methane, propane and bu­

tane. The hydrogen formed was reported as the product of the 

decomposition of propane and butane. The suggested mechenism 

follows: 

C2H6 + Hg( o3:P1 > ----7 2 CH3 -t Hg(61S
0

) 

0~ --r C2H6 7 c~ -\- C2H5 

2 CH3 ~ C2H6 

2 C2H5 ~ C4H10 

CH3 -t- C2H6 ---7 C3H8 

Another investigation of the mercury photose·nsi­

tized decomposition of ethane has been made recently by Steacie 

and Phillips (26), a continuous flow system being used. They 

found. a considerable production of hydrogen and concluded that 

the primary step in the reaction was a C-H bond rupture. The 

experiments were conducted at temperatures of 66°0., 90°C. and 

450°0. The rate of formation of hydrogen increased with tem­

perature. The following mechanism was suggested: 
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02H6 -+ Hg( 63pl) 7 c2B:5 + H -t Hg( 61S
0

) 

H2 -+ Hg(63p
1

) ~ 2 H -+ Hg(61S
0

) 

H + C2H6 => CH4 -+- CH3 
H + C2H6 7 C2H5 + H2 

2 CH3 7 02H6 

c~ -t- C2H5 ~ 03R8 

2 02H5 7 C4H10 

2 H 7 H2 

All this mechanism is based on the assumed large 

efficiency of the intermediary step producing methane and me­

thyl radicals: 

(a) 

It accounts satisfactorily for the various products found in 

the actual experiments provided that it is assumed that the 

disproportionation reaction (a) is about four times faster 

than reaction 

) 

As ehown in a recent pa.per of Stes.cie and Parlee ( 89) this 

assumption is not compatible with the Rice-Herzfeld (27) me­

chanism for the thermal decomposition of ethane. 

According to the Rice-Herzfeld mechanism the main 

steps in the decomposition of ethane are as follow: 
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Activation Energy. 

( 1} C2H6 --7 2 CH3 80 Kcal. 

( 2) CH3 + C2H6 ---7 CH -t- C2H5 20 n 
4 

( 3) C2H5 ---7 C2H4 H 49 " 
( 4) H + 02H6 ---7 H2 + C2H5 17 " 
( 5) 2 H ----7 H2 Triple collision 

( 6) H -t- C2H6 , ) C2H4 + H2 Small 

or c2H6 " 
( 7) H + CH3 ---7 CH4 

fl 

( 8) CH
3 

-t- C2H5 ----7 C3H8 8 Kcal. 

(9) 2 c
2
H

6 
--7 C4H10 8 " 

The activation energies given for the different 

steps s.re based partially on experimental data and partie.lly 

assigned by Rice end Herzfeld to make the scheme agree with 

experiment. Neglecting the activation energies of (5), (7), 

(8) and (9) the overall activation energy would be: 

'73 Kcal. 

in agreement with the measurements of Marek and McCluer (29). 

The overall rate of the scheme may be expressed by the rela-

tion: 

d -dt 

i.e. the reaction is of the first order. This was confirmed 

experimentally. Assuming as a reasonable approxim~tion the 

value 10
14 

e-E/RT as rate constant of the first order reactions 
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ani 109 e-E/RT as rate constant of bimolecular reactions, 

Rice and Herzfeld evaluated the rate constant for the sepa­

rate steps and for the overall decomposition and found for this 

last value: 

15.1 

Considerable doubt as to the validity of this mecha­

nism resulted from the work of Patat and Sa.ehsse (25). Using 

the ortho-para hydrogen conversion to measure the hydrogen 

atom concentration they found that it should be several powers 

of 10 lower than that calculated from the free radical chain 

theory (16). 

The new value of E4 (6.3 Kcal.) found by Steacie 

and Phillips C 54) removed the disagreement between Pata,t and 

Sachssa's results and the Rice and Herzfeld scheme as regard 

to the hydrogen atom concentration, but it altered the V&lue 

of the activation energy of the overall reaction. 

Actually all the Rice (28) mechanisms are based on 

the high efficiency of reactions of the type 

R + HX~RH-t- X 

and on the low efficiency of the chain breaking disproportiona­

tion reactions of the type 

R + C~(CH2 )nCH3 --7 RCH3 -t- CH3 (CH2)n 
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Hence, the assumption that the intermediary disproportionation 

reaction 

occurs to an appreciable extent in the mercury photosensitized 

decomposition of ethane would be entirely in disagreement with 

the fundamental idea of the Rice and Herzfeld scheme. Recently 

Taylor has suggested the possibility of the reaction 

(a) 

as the main intermediary step in this deoomposition. Becent 

experiments by Steacie and Parlee (89) on the reaction of hy­

drogen atoms with propane by the Wood-Bonhoeffer method offered 

strong evidence that reaction (a) occurred readily at room 

temperature. 

Propane and Butane. 

Very little work has been done on the photochemical 

reactions of the higher alkanas. 

Recently Kemula and Dyduszynski (105) found hydrogen 

and unsaturated compounds as the result of the photolysis of pro­

pane and butane at a wave-length of 1850 R. 

Comparing the mercury photosensitized reactions 

of ethane, propane and butane, Taylor and Hill (23) observed 

that the rate of reaction with atomic hydrogen increased with 

the complexity of the molecule. Steacie and Phillips (78) made 

a preliminary investigation on the mercury photosensitized decom­

position of butane and found that hydrogen was formed. 
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CADMIUM PHOTOSENSITIZED REACTIONS. 

EXPERIMENTAL. 

A satisfactory study of photosensitized re­

actions is based on a few experimental conditions, chiefly 

on the quality of the source of resonance radiation, on the 

transfer of this radia.tion energy to the reactants, on the 

purity of the materials under investigation, and finally on 

the method of analysis of the products. 

Sour~~--2.f .. Resonance Radiation. 

The sourae of resonance radiation must be intense 

enough so that the time required for a measurable amount of 

reaction will not be too long. The source of resonance radia­

tion must also be free from any other radiation which could 

be directly or indirectly absorbed by the gases giving rise 

to a photochemical reaction which would alter the rate of the 

reaction under investigation to a certain extent. It is ess­

ential that the exciting light be unreversed. The effect of1 

the motions and interactions of the atoms is to produce a 

spectral line whose intensity will be distributed over a ran­

ge of wave-lengths giving the width proper of the line. The 

portion in the middle, called the centre of the line, should 

be more intense than the edges in case of unreversed light. 

Finally. the source of resonance radiation must be steady to 

give reproducible results. 
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Transfer of Light Energy. 

In photosensitized reactions, this transfer of 

energy is made through the medium of a metal vapor which is rai­

sed to an upper excited state by the impinging quantum. The 

conditions must therefore be such that the m~imum number of 

qu~nta is utilized. This is brought about by a proper geome­

trical design of the reaction cell and, also by a suitable 

vapor pressure of the admixed metal. 

Purity of Materials. 

Materials under investigation must be as pure 

as pos~ible and great care must be taken in mixing known 

quantities of gases, to avoid errors due especially to back 

diffusion. Thus mixtures of definite known values may be 

obtained. 

Method of Analysis. 

The method of analysis must be sensitive and 

precise so as to estimate even small amount of the products 

formed during the reaction. Photosensitized reactions may 

be studied in the solid, the liquid and the gaseous phase. 

Though they may find many actual useful applications in the 

solid and liquid phases, they can be investigated more tho­

roughly and more advantageously in the gaseous phase. In this 

work only the reactions in the gaseous state are considered. 
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Consequently the method of analysis must be adapted specially 

to gas mixtures. 

Source of Cadmium Resonance Radiation. 

Although the properties of cadmium makes it very pro­

missing in photochemistry, very little work has been done in 

this field (30). This is mainly due to the lack of a convenient 

source of reasonably high intensity in the cadmium resonance 
0 

line at 3261 A. This is not the least surprising, considering 

how the development of mercury photosensitization technique 

was considerably delayed through the lack of a suitable mer-

cury lamp. Very convenient mercury arcs however were developed 

in th~ last ten years by the use of a stationary foreign gas. 

In such lamps, the ions, electrons and metastable 

atoms present in the inert gas during the discharge will trans­

fer by collisions the greater part of their energy to the ad­

mixed metallic vapor. The quantum condition restricts the 

amount of energy which the metal atom may accept to raise it 

to an excited state where it can reemit this energy as light 

as it reverts to its normal state. The proaess is so effective 

that the spectral lines emitted belong almost exclusively to 

the metallic vapor. This fact is remarkable especially if 

we consider the low concentration of metallic vapor present in 

a discharge tube compared to that of the inert gas. It can 

be explain'~dvantageously b' the following example. In a neon 
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~ischarge tube (neon pressure of lOmm.) containing cadmium 

at 250°C., the ratio of pressures indicates that there are 

$bout 2000 neon atoms for every cadmium atom. The excita­

tion energy of neon is 16.6 volts, that of cadmium (53P1 ) 

is 3.78 volts. Hence on applying the voltage to such a lamp, 

an electron emitted from the cathode will lose energy at 

first by impacts with the neon atoms untill it gets down to 

an energy lower than 16.6 volts whence it cannot excite 

directly the neon. Then it still has plenty of energy to 

excite the rare cadmium atoms,and cadmium light soon over­

shadows the neon's light. The inert gas will thus have two 

functions. It will furnish a path for the start of the dis­

charge when the voltage is first applied, and, in SDme cases 

it will raise the temperature of the discharge tube to a 

value sufficient for the good performance of the source. 

A number of lamps have been used in the past 

for the production of cadmium resonance radiation, neon or 

any other inert gases being used as carrier (31-38, 40-46, 48) 

of the discharge. Most of these however, are either weak 

or unsteady, or else, as in the case of the arcs with a 

circulating foreign gas are expensive, complicated and re­

quire too much attention to be convenient for photochemical 

purposes where long exposures are necessary. 

In lamps using metals of high boiling point, great 



-26-

difficulty is experienced in having a suitable pressure of the 

metallic vapor. Kunze {34) and Houtermans (33) solved this dif­

ficulty by placing the material whose vapor was to be mixed with 

the fo~eign gas in a side tube separately heated. This gave 

rise to condensation on the walls of the discharge tube thus 

extinguishing a part of the light. This could be partly avoided 

by running the arc at a high current with a consequent broad­

ening of the lines. 

By applying to the metal vapor an alternating 

potential from an osoilla.tor at a frequency of the order of 

108 cycles per second corresponding to 3-10 metres an elea­

trodeless discharge has been obtained by Fairbrother and 

Tuok (38). At such a frequency, a discharge can be main­

tained in a gas at a very low pressure with the advantage 

that the only necessary electrode may be outside the tube 

containing the vapor. The only disadvantage of these elec­

trodeless metal vapor lamps is the complicated set up and 

rather low intensity. They give a resonance line practica­

lly free from self-absorption. 

The chief cause of self-absorption is a thick 

layer of the metallic vapor in the path of the light. The 

problem is thus to reduce to a minimum the condensation on 

the walls of the lamp. This was achieved by Cario~Lochte­

Holtgreven (31) by the use of a circulating foreign gas which 
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would carry the electrical discharge and at the same time 

sweep away the excess of metal preventing it from conden­

sing on the exit window. However, such lamps have the dis-

advantages of being quite complicated and having a relati­

vely small exit window (51). 

To obviate these disadvantages, it was thought 

that the nearly ideal conditions of the Cario~Lochte-Holtgre­

ven lamp could be duplicated in a lamp where the metal Tapor, 

instead of the inert gas, would have a constant flow from 

one electrode to the other. As it will be seen later, this 

was achieved by an extremely simple device. 

Cadmium and zinc have appreciable vapor pressures 

at sufficiently low temperatures as can be seen from the 

following table. For comparison a few data are also given 

for mercury. 

Temperature Zinc 
At. No. 30 

Cadmium 
At. No. 48 

25°0. 
219.1 
2tJO. 

240 
250 
260 

278 
280 
296.3 

320.9 
487.7 
767 

0.001 

1.0 

Pressure in mm. 

0.001 
0.0018 

0.003 
0.005 
o.ooa 
0.0178 
0.019 
0.027 

M.P. 

760 

Mercury 
At. No. 80 

0.0018 
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Romanov (4') and Fabrikant and Kanel (49) found 

that the characteristics of the cadmium and zinc lamps were 

similar to mercury arcs but unfortunately they gave no data 

to show the pressure at which the lamps operated and the 

efficienoies obtained. The characteristics of the mercury­

rare gas discharge tubes were well studied by H. w. Melville(60) 

using uranyl acetate (52) and monoohloracetic acid for abso­

lute calibration. He found an optimum operating condition 

at a pressure of neon of 5 w~. and a current of 0.186 A. at 

186 volts for his lamp. The efficiency in the production 
0 

of the 2537 A resonance line was as high as 12~. 

Technical details in the construction of a strong 

~nd constant source of cadmium resonance radiation cannot be 

emphasized too much, for it has been due to such mere details 

that previous workers have not investigated cs.dmium photosen­

~itized reactions. The main difficulty arises from the fact 

that cadmium wets the glass of the discharge tube, especially 

near the leads, and breakage generally results on cooling of 

the lamp. ( 40-43). 

In the present work two different types of lamps 

were used: the first entirely separated from the reaction 

vessel, the second forming a complete unit with the reaction 

vessel. 
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Se~arate Source of Resonance Radiation. 

This lamp was built for preliminary investiga­

tions of the possibility of obtaining a suitable source 

and also for a few preliminary investigations on the ethane 

decomposition and the ethylene hydrogenEtion. Its shape and 

size are given in figure III. The use of oxide coated fila-

ment electrodes as in the Piranni (44) or as in the Router-

mans (33) lamps was considered unnecessary because the whole 

lamp was designed to be maintained at a temperature of 260°0. 

The electrodes were hollow iron cylinders welded to nickel 

wire and to tungsten for the lead through Pyrex. A Corex D 

tube 7mm. in diameter was sealed to the Pyrex of the electro­

des. The transmis&ion of Corex D. no. 970 for 3 mm. thickness is 

9o% in the region of 3200 X. Its transmission around 2300 2 
is practically zero, and the lower resonance line is thus 

completely filtered out. 

The cadmium was purified and well outgassed by 

distilling in vacuo, and was placed in the small lateral 

tube. The breakage caused by the cadmium solidifying or 

clinging to the walls of the vessel was avoided by using 

only small quantities of the metal. The lamp was filled 

to a pressure of 10 mm. wit~ a mixture of neon and helium. 

The bombarding of the electrodes, filling etc. were done 

by the usual technique by the Claude Neon Eastern Ltd. 

The input of the lamp was about 400 volts at 80 M.A. The 
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Figure III. 

Source of i esonance Radi a t i on ( Source A). 
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total output of ultra-violet was measured with a thermopile 

after passing through a nickel and cobalt sulpha.te solution. 

With aorrections for the fraction of A== 3261 ~ absorbed by 

the f~lter, the total output was roughly estimated at 7 x 

10-7 einstein sec-1. 

Characteristics of this La:mp 

In general, the steadiness was not very satis-

factory. After long runs the lamp would start to flicker. 

This was due, as further research proved, to the high pressu­

re of the neon gas and to t~e slow distillation of the csa­

mium towards the ends of the lemp. 

Lamp and Reaction Cell a.s one Unit. 

With the first lamp just described, a cylindrical 

reaction cell was usea. It was placed by the side of the 

lamp. Due to hee-vy losses by reflection less than- 1/50 th 

of the light might have been absorbed in the ordinary condi­

tions. It was shown experimentally by Melville and Farkas (53) 

that the amount of useful radietion in such a. case is not 

proportional to the e.ngle subtended from the lemp by the 

cylindrical cell because of the large reflection losses from 

tangential e.nd near tangent ib.l surfaces exposed to the light 

beam. By placing a cylindrical reaction cell close to a 
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resonance lamp emitting 1019 quanta per second, they could 

16 
utilize only 5 x 10 quanta per second, e.g. approximately 

1/200 th of the output. However, in the preliminary invest­

igations, the small cylindrical furnace enclosing the lamp 

and reaction cell was covered with highly polished aluminum 

foil, the reflectivity of which is 90jo at that wsve-length. 

Thus a fairly large part of the radiation from the lamp was 

absorbed by the reacting gases. 

To still further increase the radis.ting surface 

and to minimise the loss due to reflection, a new lamp was 

built according to the genere.l technique used in neon sign 

manufacture. The design was similar to that used by Steacie 

and Phillips (54) for their work on mercury photosensitized 

reactions. A sketch giving details of construction is shown 

in figure IV. The emitting part of the lamp consisted of a 

spiral of 7 mm. internal diameter Corex D tubing. As was 

said previously, no further filtering was required, Corex 

D for the thickness employed having a transmission of about 

95~'o at 3261 2. and of virtually zero at 2300 X. The ends 

of the Corex spiral were sealed directly to Pyrex tubing of 

the same diameter. The ale ctrode cha,mbers, also of Pyrex, 

were 15 mm. in diameter and 7 ems. long. They were inolosing 

standard neon sign coated electrodes 8 mm. in diameter and 

3 ems long. These electrodes were welded through nickel 

to tungsten wires which were sealed through the glass. A 

small side tube contained vacuum distilled cadmium. 
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The Pyrex reaction vessel was sealed on as shown 

in figure IV. The cell had a diameter of 9 centimeters and 

a length of 19 centimeters. It contained a sealed-in Corex 

window 26 mm. in diameter to permit spectroscopic examina­

tion of the discharge and also to check the constancy of the 

output by means of a Weston photoelectric cell provided with 

a Red Purple Corex filter No 986 transmitting only the re-
o 0 0 

sonance line and the weak 3404 A, 3466 A, 3613 A lines. 

Attention will be given in a further paragraph to the dis­

tribution of intensities of these lines and the relative 

response of the cell. 

The whole unit including the electrodes was placed 

in a furnace (about 20 ems in diameter) which was thermosta-

tically controlled. A thick quartz window was provided on 

the side of the furnace. 

In the first lamp of this type used, the neon 

pressure at room temperature was 15 mm. This gave a fa.irly 

good intensity but~trouble soon developed in the form of 

flickering and unsteadiness of the output. The lamp was 

therefore refilled with neon at a pressure of 3 mm. The 

electrodes were replaced by larger "uncoated" nickel electrodes. 

This gave a much steadier operation, bu still variations as 

large a.s 10% were not iced after the lamp had been running 

for about six hours. 

As measurements of the a.bsorpt ion of the re so-

nance line were to be made, a method of obtainiQg a very 
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Source of cadmium resonance r ad i a tion, re ~ction cell 

and circulatory system. 
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constant source was sought. 

As seen in a previous paragraph, the ideal type of 

lamp is that of Cario and Lochte-Holtgreven (31) modified by 

Ladenburg and Zehden (38). In this lamp, only a part is 

heated to a high temperature, the stationary gas at a pressure 

of about 3 mm. being circuiated by means of a small auxiliary 

circulating pump, thus preventing any c·ondensat ion of the 

metal on the exit window. It is impossible however to use 

such a lamp satisfactorily in the study of photosensitized 

reactions owing to the complicated set-up and to the small 

exit window. It was thought that this could be obviated by 

using a circulation of the metal vapor instead of that of 

the foreign gas. A very simple device was employed for 

this purpose. 

Electrode chambers 25 mm. in die,meter and 7 ems. 

long were used; a spiral of a.nnealed copper tube 1/16 th. inch 

inside bore was fitted on each electrode chamber. A steady 

stream of air could be circulated independently in each of 

these spirals. By adjusting this stream, a suitable differ­

ence of ten:q>erature was ma.intained between one electrode and 

the other, thus creating a steady flow of the distilling cad­

mium vapor. Before each run, the air was circulated through 

the spiral which had previously been kept hot. In that ms.nner 

there was always a fresh supply of solid cadmium present in 

the hotter electrode assuring a sufficient flow of the dist­

illing metal vapor. 
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This set-up was a great improvement. The lamp 

took less time to come to a constant output and once attai­

ned it was very steady. Measurements with a photocell proved 

it to be constant within 2% for a period of about 15 hours. 

Temperature of the D_ischarge Tube during Operation. 

Great care was taken to check the exact tempe­

rature of the lamp spiral (figure IV) under exactly the same 

conditions as those met with during the experi~ents on the 

photosensitized reactions. ~he lamp was placed in the fur­

nace at 278°0. and was left running for one hour at 110 M.A. 

and 460 volts. By mea.ns of a long thin gla.ss tube, a small 

thermocouple was introduced into the cell and applied direct­

ly to different parts of the discharge spiral tube. A maximum 

temperature of 294.5°0. was recorded in the mid.dle portion, 
0 

falling rapidly to 288 C. at the first spiral turn. This small 

increase of temperature (about 16°C.) is not at all surprising 

when we consider the high wattage input of the lamp, but it 

is not large enough to oause any apprecia.ble pyrolysis of 

the gases under investigation. 

The temperature of the furnace was chosen as 

280°0. because in the preliminary investigations the lamp 

had a very good efficiency at that temperature. However, 

using the set-up just described to obtain s, flow of ca.dmium 

metal in the discharge tube a good efficiency was noticed 

at much lower temperatures. 
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Calibration of the Light Sources. 

The intensity of the cadmium resonance radiation 

was measured in both lamps (figures III and IV). 

There are two general ways of measuring the in­

tensity of a light source: by means of a thermopile, and 

by means of the photochemical action on a wall investiga­

ted standard (55). 

I:- Measurement by means of a Thermopile. 

The intensity of the lamp shown in figure III 

was determined by means of a Moll large surface thermopile 

connected to a sensitive Leeds and Northup galvanometer. 

Knowing the total energy falling on a definite surface placed 

at a known distance from the source, and knowing also the 

energy of one photon of the resonance line, it was &n easy 

matter to calculate the total emission from the source in 

quanta per second. A filter of one part pure nickel sulphate 

and o#e part pure cobalt sulphate crystals dissolved in five 

parts of distilled water was interposed in a quartz cell, bet­

ween the l&mp ~nd thermopile. Such a filter is opaque to 

the vi~ible spectrum but transpe.rent to the ultraviolet 
1,; 

below 3300 i. Since there was some doubt about the transmiss-

ion of the filter at 3261 X (only 20-30~ is transmitted (56), 

lhis method was not very reliable and could give only the 

order of intensity of the source. This was found to be about 
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7 x 10-7 einstein per second. For preliminary qualitative 

work this value was quite sufficient (Light source A). 

II Measurements by means of a Standara .Photochemical 

Reaction. 

This absolute method of calibration is independent 

of geometrical optics of the actual system. It is based 

on the known value of the qu&ntum efficiency of acetone 

at 300°C. (57). Acetone has been subjected to a.n exten-

sive study in the gaseous phase. It possesEes a broad 

discrete region of absorption extending from 2200 to 3300 X 
0 

with a maximum near 2800 A. This absorption was studied 

quantitatively by C.~. Porter and c. Iddings (60) uslng 

a spectrographic method. However direct measurement_s with 

a photoelectric cell and suitable filters showed this absorp­

tion to be,at a temperature of 278°0., a little larger for 

a wave-lenth of 3261 i than that obtained from the data 
0 

of c.w. Porter and c. Iddings at 85 C. 

It is to be noticed here that absorption only of 

the resonance line has to be considerec. The first strong 

line nextto the 3261 Z is the 3404 R line which is not at 

all absorbed by acetone. 

The qus-ntum yield of the ordinary photochemical 

reaction of acetone has been well studied a.t this tempe­

rature for quite a number of wave-lengths. It increases 

from about 0.3 ~t 60°0. to unity at a temperature of 
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0 0 0 
about 160 C., s.nd from 160 c. to 400 c. no further increase in 

quantum efficiency is observed (60,66,66). At the temperature 

of the lamp and cell (27800.), it was therefore quite reasona­

ble to take the quantum efficiency as unity (66a). 

In a general way the decomposition of acetone can 

be indicated by the following equations: 

and 

but at temperatures higher than 60°C. the yield of diacetyl 

becomes zero (66) and we have: 

Hence the total reaction can be summarized 

~erimental evidence shows this to be correct (64,67). 

However, at higher temperatures s.ppreciable amounts of methane 

are formed as shown by Leermakers (66), Patat (68), and Taylor 

and Rosenblum (81). 

In the calibration of the lamp, the rate of de-

composition of acetone was therefore inferred from the rate 

of formation of eo. 

The carbon monoxide formed during the reaction 

was pumped out with a Toepler pumpm the acetone being trapped 
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first by liquid air and then by acetone and dry ice to 

set free the 00 possibly absorbed by the solid acetone 

at -180°0. It was then ana!ysed by absor»tion in a 

solutiQn of ammoniacal cuprous chloride. 

As an illustrative example, data of two runs are 

giTen in Table I. For both these experiments, the 

circulation rate was 1800 cc. per minute, the temperature 

of the cell 2?8°C., and the time of illumination one hour. 

Table I. 

Run Initial Final Total CO Rate Lamp Voltage 
No. current Pressure Pressure :formed Mole/sec. 

in M.A. of Acet. 

1 105 465 92 mm 101 mm 7.4ac 9.3 X 10-a 

2 110 460 92 mm 101 mm 7.6cc 9.5 :X 10-a 

For convenience in calculating the absorption, the lamp 

may be taken to be a point source in the oenter of the reaction 

vessel which may be regarded as a sphere of radius R of equal 

volume to that of the cylindrical cell whose·· diameter is 2r 

and length is 1 

R==~ = 6.9cm. 
A small correction has to be made for the change of 

absorption during the decomposition of acetone. From the 



pressure increase, assuming a decomposition 

the average pressure of acetone is found to be 85mm. Whenoe 

the S.Terage absorption during the. whole ru.n can be calculated 

from the equation 

labs =- Io £ cd 

where C is the concentration in moles per liter; d, the 

thickness in am: and e the absorption coefficient. 

Taking the value of 3.1% as the total absorption, the 

intensity of this lamp was found to be 3.1 x 10-6 einstein 

per seoond(for light source C). Of course, this value is 

for the source after it had warmed up and attained a constant 

output. 

Accuracy of this Method. 

This method of calibration partly rules out the 

inaccuracy due to the geometry of the reaction vessel, but 

there enter into the calculation other variables such as the 

quantum yield, and especially the absorption coefficient of 

the standard gas employed, the values of which are not too 

well known in the, case of acetone. In fact, s moe acetone has 

an absorption range from 3300 i to 2200 R with a maximum at 

2800 £., the absorption is rather small at 3261 R. and therefore 

hard to measure with precision. 

If we assume no change in the extiition coefficient with 

temperature, the data tabulated in the quantitative study of 



Porter and Iddings (60) give for a pressure of 85 mm 

of acetone at 278°0. a percentage absorption of 2.4% using 

the relation given by Beer's law: 

However, this assumption is not entirely true. The 

extinction coefficient may be dependent on the temperature due 

to the broadening of the line. A direct measurement with a 

photocell and filter showed the absorption to be eoual to 

3.1% under the same conditions. Due to the fact that the 

lamp was of spiral shape and was assumed to be a point source, 

this value is approximate and should rather be considered as 

a minimum. It would be a very useful and interesting subject 

for future work to check the variation of the extinction 

coefficient of acetone with temperature. It is therefore 

essential to point out here that due to uncertainties in 

the absorption of acetone at A = 3261 i and to the lack of 

data on this absorption at high temperatures, this method of 

calibration is open to criticism, and is only approximate. 

Characteristics of the Light Source. 

It was found that very little change in the design 

of the elotrodes, ~ressure of neon, purity of cadmium, etc. 

could cause large variations in the total output. A lamp 

was developed to furnish as much as 5.2 x 10-6 Einstein per 



second when operated at 110 I£.A. and 460 volts from a Jefferson 

sign transformer, (the value 3.l;o was taken for the absorption). 

This source, referred to as source B in this work, was used in 

most of the investigations on photosensitization. However, the 

less ef-f'ieient source, referred to as source C, having Etn output 

of 3.1 x 10-6 einstein per second was used in all the measurements 

a) of the variations of the total output with the input wattage, 

b) of the relative intensities of the resonance line and other lines, 

c) of the absorption of light by acetone, d) of the absorption of 

light by a mixture of cadmium vapor and different hydroca.rbons. 

Variation of Efficiency with the Input. 

The efficiency is ba.sed here not on the actual total 

output of the la.mp but on the total output which is utilizable. 

A part of the reson&nce radiction is absorbed through the Pyrex 

glass and therefore is not considered in the calculation of the 

efficiency. Actinometric measurements were used to check a few 

values in the data given in table II. The rest of these values 

were obtained by comparison of the light emission employing a 

sensitive photocell and en appropris.te filter. Tb.e Red Purple 

Corex filter used transmitted only the 3261 X, 3404 K, 3466 A0 

0 
and 3613 A lines. All the other lines were cut out. A prelim-

inary photospectroscopio examination revealed that these second­

ary lines, relatively weak, varied in a way similar to the 

resonance line. Thus, it was quite valid to take the value of 

the light coming through the filter as proportional to the total 

output of A :3261 .X. 
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Table II. 

Characteristics of Light Source c. 

Current Voltage Input Output in Output Effioienoy 
in M.A. Einstein in Watt 

per second 

112 458 52 watts 3.1 X 10-6 1.15 2.2% 

110 460 51 3.0 

105 465 49 

100 4'76 47 2.9 

95 482 2.8 

90 490 44 2.7 1.0 2.2% 

85 495 2.6 

80 500 40 2.5 

76 515 2.4 

70 520 36 2.4 

65 530 2.2 

60 540 32 2.1 0.75 2.3% 

55 560 2.0 

50 5'75 28 1.80 o.6'1 2.4% 



As indicated in table II, it was found that in the region 

studied the output was fairly well proportional to the 

input, the efficiency varying from 2.2% to 2.4%. 

The highest efficiency attained was with source B 

(3.8%). This is quite a large value and is comparable to 

the highest efficiency obtained in mercury discharge tubes; 

for these Melville (50) has recorded an efficiency of 12% 

and Phillips so% (69). 

Inert Gas Pressure. 

Pressures of 15, 10 and 3 mm. at room temperature 

were tried in the cadmium discharge tube. Considering the 

fact that the lamp was run at a temperature of 280°0, 16mm 

and lOmm. gave unreliable sources. After a long run the 

light would start to flicker. A 3mm. pressure was considered 

the optimum pressure securing a more steady and more powerful 

source. 

Distribution of Radiation. 

Great care was taken in the determination of the rel­

ative intensities of tha radiation of different wave-lengths 

emitted by the cadmium resonance source, since all the follow­

ing work on absorption depends on the exact value of these 

intensities. ActuallY, in the study of absorption, it served 

a double purpose: 
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1;- As the absorption of light by gas admixed with 

cadmium vapour is concerned primarily with the resonance rad• 

iation, the other lines in the spectrum not being altered (ex­

cept the weaker 3404 R) (20), these other lines were used as a 

permanent scale for matching the relative intensity of the 

fading resonance radiation. 

2:- The photocell response varies with the wave­

length and it was essential to know the exact relative 

values of the lines which did not vary in intensity and 

that of the extinguished resonance line for a correct meas­

urement of the absorption by means of the photocell. 

Therefore, it is important for the proper comprehen­

sion of the following work on absorption to give a detailed des­

cription of the study on the relative line intensities in the 

spectrum emitted by the cadmium lamp. 

Light source C was used for this work, cadmium 

vapour being circulated in the reaction cell as described in 

a later paragraph. The different spectra were photographed 

with a small Hilger quartz spectrograph. 

In this study an accurate method of photographic 

photometry was first adopted (70). For a certain wave-length, 

it may be assruned tba.t there is a definite relation between 

light intensity and blackening of the emulsion on the photo­

graphic plate when all other factors are kept c anstant. To 

compare the spectral lines of the same wave-length, it is there­

fore necessary to have a calibration curve. It has been fhown 
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by Webb ( '71) that an intermittent exposure is equiva.lect 

photographically to a continuous exposure when the rate of 

flash is so great that eaoh grain of the emulsion receives 

on the average not more than one quantum per flash. The 

critical frequency is 10 flashes per second for ordinary pur­

poses: it increases for small quanta. ~his leads to a conven­

ient method for varying intensity to produce a calibration 

curve. A rotating disl. with variable sectors was therefore 

used. The disk was rotated at 3600 R.P.M. by a small syn-

chroneous motor giving rise to 120 flashes per second. 

However, as it was found that these measurements 

did not differ with the order of accuracy needed, from those 

obtEined by simply following the Reciprocity law, most of 

the work was done with this latter method. 

The Reciprocity law is based on the approximate 

statement that the product S of a photochemical reaction is 

dependent solely on the total energy employed, that is to the 

prod uot of the factors time t: and intensity I. 

S = It 

S is measured by the density of the blackening of the plate 

D which is equal to the logarithm of the opacity. 

The wave-lengths involved in the measurement 

( 3261-3404-3466-3613j ) are so near each other in the spe.o-

trum that there is no difference of sensitivity in the plate 

as shown by the spectral sensitivity curves of the plates used 

(East man Process Plate ) ( 74). Hence the Hurt er and Driffie ld 
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cur-ves ( 75) will ·be approximately the same for each of 

these wave-lengths. The background fog on the plate 

was reduced to a minimum by using a suitable caustic 

hydroqu~none developer. (76). 

A calibration plate is shown in figure V with 

the different exposure times. The opacities of the lines 

were measured by means of a microphotometer. 

Calibration Plate. 

0 
Temperature of lamp: 278 C. Temperature of sa.turator: 288°0. 

Cadmium va.por pressure: 0.018 nun. 

0 
4800 A 

Figure V 

3261 ~ Number 

1 

2 

3 

4 

5 

6 

7 

Time of exposure. 

2 seconds 

4 tf 

8 " 
16 11 

32 " 
64 " 

420 ft 
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The relative intensities of the lines passing through 

the Corex D exit window were found to be under the experimental 

conditions: 

Line wave-length Relative intensil[. 

3261 i 255 

3404 10 

3466 48 

3613 53 

46'78 36 

4800 35 

Mention must be made also of the calibration sp9ctrum 

of the light passing through a Red Purple Corex A No. 986, Corning 

Glass filter. The outstanding characteristics of this filter 
0 

are the large transmission in the region of 3100 A combined 

with absorption of most of the visible light of wave-length 

longer than 4250 X. It has a second transmission range in the 

nesr infra-red, but absorbs the strong 6438.46 2 line of the 

cadmium. The filter used was 5 mm. thick and was molded, one 

surface of the unpolished glass being very wavy. It transmitted 

about 8~fo of the 3261 ~ line. As this filter was used in con­

junction with a photocell having a spectral sensitivity varying 

with the wave-length, it was necessary for accurate work to know 

the distribution of radiation transmitted. This was accomplished 

in a way similar to that used in the determination of the relative 

intensities of the lines in the spectrum. 
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0 
To show how well the 4678 and 4800 A lines have been absorbed, 

a spectrogram is given in figur VI. Experimental conditions are 

the same as for figure V. 

Number Exposure times. 

1 5 seconds 

2 10 t1 

3 15 " 
4 20 " 
5 40 If 

6 50 '" 
'1 60 " 
8 100 If 

-s 120 " 

Figure VI 

As measured by means of a microphotometer, the relative 

intensities of the lines transmitted are: 

Lines Relati v·e intensity. 

3261 X 240 

3404 10 

3466 48 

3613 48 
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The photocell characteristics give the following 

responses for the wave-lengths considered. 

Wave-length 

0 
3261 A 

3404 

3466 

3613 

Response of the cell. 
(approximately) 

13% 

16 

18 

23 

Thus the response of the photocell to the total 

resonance radiation emitted through the filter is 60j'q, and 40% 

for other wave-lengths transmitted. These data were taken 

as a basis for the calculation of the absorption curves given 

in a further paragraph. 

Saturating Systems. 

The hydrocarbons investigated are transparent 

to the cadmium resonance radiation 3261 %: the energy transfer 

occurs by direct absorption of the cadmium resonance radiation 

by the cadmium va.por giving an excited ca.dmium atom which in its 

turn conveys its energy to the reactant g&s molecule through a 

collision of the second kind as shown in the following equations: 
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( 1) 

Od "* -t- X -------77 Od + x* c 2) 

A sufficient quantity of cadmium vapor must therefore 

always be present in the reaction cell (a). The process {1) 

was studied by Terenin (82) and Soleillet (84): they found that 

only the resonance radiations are excited in ca.dmium and zinc 

by the resonance radiations of the same metal. Terenin obts.ined 

a good intensity of the resonance lines at a vapor pressure 

corresponding to a temperature of 150°0. However, to insure 

a better efficiency of the process (1) a temperature of about 

280°0. was used. 

Static System. 

In the static system used for preliminary inves­

tigations, cadmium filings were simply added into the cylindrica.l 

Corex reaction vessel. The disadvantage of this system~is that 

cadmium is in large excess in the reaction cell itself and is 

apt to distill to the walls of the cell thereby reducing its 

effective transparency. 

~-~-----------------------------------------------------------

(a) The ideal conditions for the study of photosensitized 
reactions would be a very low vapor pressure of the absorbing 
gas and a weak source possessing a narrow excit~ng line. 
Unfort~nately, due to other ~actors, these cond1tions are not 
possible in practice. (See f1g. II). 



Circulatory System. 

The circulatory system provides in the res.ction cell 

a continuous flow of the reacting gases a.dmixed with the metal 

vapor. It thus insures a constant concentration of the cadmium 

vapor and by interposing traps in the path of the gases it per­

mits the elimination of secondary processes by removing hydro­

carbons of higher boiling point from the reaction cell as fast 

as formed. 

The circulatory system employed consisted of a 

pump made out of a brass tube 36 mm. in diameter and 32 cm. 

in effective length. It acted as a cylinder in which slid a 

close-fitting steel piston lubricated with di-butyl phthalate. 

This piston was driven by an outside moving solenoid. By the 

proper combination of four mercury valves in the system, it 

was possible to circulate the gas in one direction only into 

the reaction cell shown in figure IV. The total displacement 

of the pump was about 300 cc., so that all the gas could be 

circulated once about every 8 cycles. 

Just before entering the reaction cell the gases 

were passed into two large saturators providing a surface of 
2 more than 70 cm of metal. These saturators were heated in 

a separate furnace which was thermostatically controlled at 

10°c. higher than the main furnace containing the reaction 

cell. This insured a good flow of the vapor. 
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To prevent the Pyrex glass of the saturators from 

breaking on cooling, an alloy of 50% cadmium-tin fusing at 

~out 200°0. was used (30). The saturators and reaction cell were 

kept many months at the same temperature thus always maintaining 

a proper equilibrium of cadmium vapor. It was noticed that a 

small amount of cadmium distilled into the outside cold tubas 

near the furnaces forming a small porous plug, which however 

did not interfere with the circulation. This condensation 

served as a regulator for the vapor pressure inside the reaction 

cell preventing it from accumulating on the lamp and exit 

window. A careful check of the total emission by means of 

a photocell showed that it stayed constant, proving thereby 

the constancy of the source and of the transmission. 

To have consistent results in the elimination of 

secondary products at different trapping temperatures, the 

method already used by Phillips (69) was employed. The trap 

was immersed in mercury contained inside a double-walled Pyrex 

glass vessel. A small electric heater was placed between the 

double wall. When the whole system was plunged in liquid air. 

the proper temperature could thus be maintained constant for 

long periods of time by adjusting the flow of current with a 

variable resistance. The temperature of the trap was measured 

with a copper-constantan thermocouple placed inside a very thin 

tube adjacent to the trap. It was calibrated by the B.P. of 

ethylene at atmospheric pressure, by the sublimation point of 
0 

carbon dioxide and from -50°0. to 0 C. by means of a standard 

thermometer. 
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The main portion of the apparatus comprising the 

pump, valves, traps, ·saturators and reaction cell was cali­

brated with nitrogen. The total volume of the system was 

found to be 2480 cc. at room temperature, and to hold 1740 oc. 

of gas at N.T.P. when the saturators were at 288°0. and the 

cell at 2'78°0. 

This set-up was connected to a manifo+d leading 

to the high vacuum system, manometers, McLeod gauge, gas 

reservoirs, Toepler pump, gas holder, etc. 

Materials. 

Hydrogen 

Hydrogen was purified by passage over platinized 

0 
asbestos at 600 c. and then through a trap at liquid air temperature. 

Ethane. 

Ethane was obtained in cylinders from the Ohio 

Chemical and Manufacturing Company. Analysis showed it to con­

tain from 1 to 2 per cent ethylene, less than 0.3 per cent of 

hydrogen plus methane, and less than 0.3 per cent of higher 

hydrocarbons. It was further purified in the following way: 

It was passed over copper oxide at 300°0., than through satur­

ated bromine water, through a bottle illuminated with a power-

ful lamp and finally thropgh a 40~ solution of potassium hydro~ide. 

After the water had been removed by a trap at -80°0., the gas 
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was furlhar submitted to a. fractional distillation. It was then 

condensed by means of liquid air into small high pressure cylinders 

fitted with needle valves. The resulting gas contained no impur­

ities which could be detected with the analytical method used. 

Propane and n-Butane. 

The propa.ne was also obtaine·d in cylinders from the 

Ohio Chemical and Manufacturing Compa.ny. These gases were 

stated to be at least 99% pure. They were however submitted to 

a fractional distillation before using. 

Ethylene. 

Ethylene was purified only by fractional distillation. 

Acetone. 

Acetone was reagent grade. obtained from the 

Eastman Kodak Co. It was submitted to distillation before using. 

Cadmium 

Cadmium was of C.P. grade, and was purified by 

distillation. 

Method of Analysis. 

Analysis of the products was done by the combined use 

of a fractionating column and of specific absorbents. The heavier 
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fractions were determined by direct weighing and boiling points. 

A semi-micro fractionating column of the Podbielniak 

type was used (77) for low temperature distillation. It proved 

to be vary satisfactory in the separation of the different hy­

drocarbons. The main point in the construction of the still 

was to lessen as much as possible the "dead space". Heavy ca­

pillary tubes and stopcocks were used and the spatial distribution 

of the different reservoirs was also arranged to minimize the 

dead space thus increasing the accuracy. (See figure VII). 

The gases were collected by condensing into a small 

10 cc. bulb at the bottom of the still. The rate of reflux was 

then controlled by varying the quantity of liquid air blown into 

the head of the column or along the fractionating column itself, 

and also by varying the rate of warming of the small bulb pre­

viously mentioned. The temperature of reflu.xing was measured at 

the top by means of a very fine thermocouple placed about 1~· inch 

below the cooling head. 

The distillation of the gas was controlled by an 

adjustable capillary leak. To have the true boiling points, the 

pressure in the still were kept at atmospheric during the entire 

distillation. This pressure was indicated by an auxiliary mano­

meter connected to the still. 

Each fraction of gas was measured in a reservoir 

of known volume. The fractions could then be submitted to 

combustion to estimate their carbon content. 
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\ 
DRY 0.1.. 

Corn bu \t1o h 

Apj"r o tus 

Figure VII 

Still e..nd combustion apparatus. 
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Combustion of the Sample. 

A very careful study of the combustion in an 

ordinary combustion pipette proved that it was incomplete, 

errors .as large as 20/o being recorded specially for higher hydro­

carbons. A new combustion apparatus, shown in figure VII 

was built. The combustion bulb contained a large electrical-

ly heated platinum spiral in the canter and a smaller one placed 

just near the exit of the gas. By a contraction in the tube, 

it was arranged so that after combustion in the usual way the gas 

on being pumped out of the pipette had to pass over this small 

filament and thus underwent a more complete combustion. A double 

spir2l trap T offering a very large surface permitted a higher 

pumping speed. 

The sample to be analysed was measured in the trap 

and expanded in the pipette. Oxygen was then run in and the 

combustion carried out • The combustion products were then 

slowly pumped off through the trap T immersed in liquid air 

to retain carbon dioxide and water. The trap was then warmed 

to room temperature,, and the pressure recorded minus the vapor 

pressure of water at that temperature gave the amount of car­

bon dioxide formed, after allowing for corrections due to 

changes in the total volume of the trap and manometer with 

varying pressure. 

With a sufficient quantity of gas, the accuracy 

was within 11o. In general the cuts were very sharp, indicating 

a very efficient separation of the different gases. However, 

it was noticed that ethylene (B.P. -103.aoc.) when present in 
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small quantities would pass readily with ethane, the separation 

between these two gases being quite difficult. In the runs 

following this finding, the fraction containing the ethane was 

tested for ethylene by means of a. Burrell absorbing apparatus, 

using fuming sulphuric acid as absorbent. 

Energy Transfer. 

A full knowledge of the degree of energy transfer to 

the reacting gases is necessary for a correct and intelligent 

interpretation of the results of a photochemical reaction. In 

the photochemical and photosensitized reactions this energy 

transfer will be given by the a.bsorption of light. It may occur 

by direct absorption by the molecule of the reacting gas as in 

the ordinary photochemical reaction. This is the case of acetone 

decomposition, the c:o bond being responsible for the absorption. 

The energy transfer to the ree,cting gases may also be the result 

of a collision with an excited atom fcollision of the second kind). 

This process occurs in two steps which can be schematized as 

follows in the case of cadmium: 

Cd(51 So) + hv cA=32611) 

Cd( 53pl) or Cd( 53p 
0

) + X ) 

( 1) 

(2) 

The efficiency of the absorption of light by step (1) 

is very great. If no foreign gas is present the energy will be 

reemitted as light by the inverse re~ction: 



-58-

-~) hv -t 

If a foreign gas is present, step (2) occurs to a certain extent. 

Aside from the number of molecules present, the efficiency of this 

step will depend mainly on the life of the excited atom, and, 

also on the ability of the molecule to deactivate. The most 

efficient deactivators are those possessing a set of vibrations, 

or a dissociation energy which can take nearly all the energy 

thus fnvolving a minimum transfer of the excitetion energy into 

kinetic energy. In other words, if a foreign gas molecule has 

two states differing in energy by the same or nearly the same 

amount as two electronic states of the activated metal atom, it 

will have a large quenching effect. 

As seen in the Introduction, very little work ha~ 

been done on the quenching of excited cadmium atoms by gases. 

Bender (12) found that at 4 mm. the resonance radiation is 

nearly extinguished by hydrogen. Lipson and Mitchell (13) 

estimated the half value of quenching at 0.4 mm. for hydrogen and 

at 60 mm. for methane. No other work is reported on the heavier 

hydrocarbons. 

It was therefore expedient to investigate the light 

absorption under the exact experimental conditions of the different 

photosensitized reactions. 

Measurements were made first by means of a photocell 

and filter calibrated as previously described, and then checked 

by means of spectroscopic photometry. Each measurement was 
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made e.s fast as possible to prevent any decomposition. In this 

method, for sake of simplicity, it was assumed that the 3404 ~ 

line stayed constant throughout. This was shown not to be 

strictly true by Bender (12), but the assumption introduces 

a maximum error of the order of only a few per cent. 

Acetone Absorption of the Cadmium Resonance Radiation. 

Acetone shows a broad discrete band of absorption ran­

ging from 2200 to 3300 ~ with a maximum at 2800 f. The following 

measurements were made to find to what extent acetone alone 

absorbs the 3261 .R radiation Et a temperature of 278°0. 

As the correct value of the intensity of the cadmium 

resonance radiation source depends on the value of the absorption 

of the/~261 X by acetone in the actinometric calibration, a 

careful measurement of this absorption was made. The reaction 

vessel and lamp were cleaned with fuming nitric acid and chromic 

acid to ensure the absence of any trace of cedmium inside the 

cell. The calibrated photocell and filter were used to invest­

igate the effect. The dat& given in the following table were 

taken at b cell temp erbture of 278°0. 

Pressure of acetone in mm. 

10-3 

3 

10 

40 

90 

130 

0 
Per cent of 3261 A absorbed. 

0 

2.1 }o 

3. 6 j~ 

5. 8 /0 
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The distance from the lamp, taken as a point Eource, to the 

exit window was estimated at 7.5 cm. 

Discussion of these results. 

Porter and Iddings (60) investigated this absorption 

thoroughly at a presfure of 75-85 cm. and a temperature of 85° to 

100°0. Under these conditions the extinction coefficient was 

found to be about 0.52 for a wave-length of 3261 R. Applying 

Beer's lsw this would represent en absorption of 2.4 % et a 

pressure of 85 mm. and a temperature of 278°0., assuming the 

extinction coefficient to be independent of temperature,~and 

the distance from the source to the exit window to be 7.5 cm. 

However, in the present case the absorption of the resonance 

line by s.cetone was found to be 3.1/" under the ssme conditions 

which would mean &n increase in the extinction coefficient 

with temperature. The accuracy of thie determination lies 

on the assumption that the source mLy be regarded &s a point 

in the center of the cell, which is only approximate and hence 

the present results are in agreement with those of Porter and 

Iddings to within the experimental error. 

Absorption of the Cadmium Resonance Radiation by Fore~gn Gases 

in the Presence of Cadmium Vapor. 

The following dat& are given for the circul&ting gases 

(1800 eo. per minute), the saturetors being at 288°0. end the 

reaction cell at 278°C. corresponding to a c~d~ium VE-por pressure 
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of 0.018 mm. The distance between the source considered as 

a point end the exit window was 7.5 cm. 

The spectrograms for the ebsorption of each gas 

are also given with their respective data.. The 3466 R line for 

the same time of exposure had the same density throughout and 

were therefore tBken as a ste"ndard of comparison. As was seen 

previously, the relative intensities of the 3466 and of the 

3261 j lines have been found to be in the ratio of about 1::5. 

Therefore, when the resonance line has the same density as the 

3466 R line, the absorption is 80)~. To show that the 3466 2. 
line is not varying appreciably in intensity by the addition 

of a gas to the cell, microphotometer readings of the opacity 

of this line are given in ~ few cases. 

Absorption by Ethane. 

a) Photocell measurement. 

Pressure of ethane 

0.5 mm. 

1.0 

1.5 

2.0 

3.0 

6.0 

12 

18 

30 

100 mm. 

Percent~ge absorption. 

14% 

32 

44 

60 

85 

91 

93 

95 

95 
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b) Spectroscopic Photometry. 

Time of exposu·re: 40 seconds. 
' 0 

3261 A 

Figure VIII. 

Number 

1 

2 

3 

4 

5 

6 

7 

8 

:Pressure of ethane. 

0 mm. 

1.0 

2.0 

4 

8 

12 

16 

40 mm. 

The microphotometer gave about 80% absorption at 4mm. of 

ethane. 

Absorption by Hydrogen. 

a) Photocell measurement. 

Pressure of Hldrogen 

0.5 mm. 

1.0 

2.0 

4.0 

8 

16 

21 

42 

Percentage absorption. 

48% 

61 

71 

78 

85 

-89 

97 

97 
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b) Spectroscopic Photometry. (30 seconds exposure). 
0 

3261 A 

Number Pressure of Hydrogen. 

1 o.o mm. 

2 0.25 

3 0.5 

4~ 1.0 

5 2.0 

6 4.0 

7 8.0 

8 25.0 

9 0 mm. 

Figure IX. 

The microphotometer ga.ve about so% absorption at 4.0 mm. of 

hydrogen. 

Absorption by Propane. 

a) Photocell measurement. 

Pressure of propane. 

0. 5 w.m. 

1.0 

1.5 

2.0 

5.0 

12 .• 0 

Percentage abSOI]tion. 

56% 

'70 

80 

87 

89 

91 
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Pressure of propane. 

25 mm. 

46 

90 

160 mm. 

b) Spectroscopic Photometrr. 

Time of exposure: 30 seconds. 
0 

3261 A 

Percentage absorption. 

97 

99 

99 

Number Pressure of propane. 

1 0 mm. 

2 1.0 

3 3.0 

4 8.0 

5 16 

6. 32 

7 64 

8 128 

9 0 mm. 

Figure X. 

Microphotometer reading: about so% absorption at 2.5 mm. of 

propane. 
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Absorption by Butane. 

a) Photocell measurement. 

Pressure of butane. Percentage absorption. 

0.3 mm. 

1.0 

1.5 

4.0 

9 

20 

30 

50 

100 mm. 

b) Spectroscopic Photometrt. 

I 
i 

i 
t '.'"' 

\\ 

\\ 
\\ 

\\ 
\\ 

\\ 
\\ 

\\ 
\\ 

\\ 

Time of exposure: 30 seconds. 
0 

3261 A 
Number 

\ \ \ 1 

\ \ \ 2 

\ \ \ 3 

\ \ \ 4 

\ \ \ 5 
\ \' \ 

6 
\ \ \ 

\ \' \ 
7 

\ \ \ 8 

\ \' \ 9 

10 
Figure XI. 

72 

76 

88 

92 

92 

94 

97 

Pressure of butane. 

0 mm. 

1.0 

2.0 

4 

8 

16 

32 

64 

82 

0 mm. 

The microphotometer gave so% absorption at about 3 mm. of butane. 
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Absorption by Ethylene. 

Photocell measurement. 

Pressure of ethylene. 

1.0 mm. 

2.0 

3.0 

4.0 

8.0 

18 

28 

42 

68 mm. 

Absorption by acetone. 

a) Photocell measurement. 

Pressure of acetone. 

1 mm. 

2 

3 

4 

8 

40 

92 mm. 

Percentage absorption. 

85% 

93 

98 

99 

99 

99 

99 

98 

93 

Percentage absorption. 

32% 

48 

56 

59 

61 

'72 

56 



b) Spectroscopic Photometry • 

. Time of exposure: 30 secondss 

0 
3261 A 3466 i 

3613 l Number Pressure o~ acetone. 

1 0 mm. 

2 3 

3 6 

4 12 

5 24 

6 40 

7 60 

8 90 

9 0 mm. 

Figure .XII. 

Microphotometer reading: about so% absorption at 12 mm. of 

acetone. 

Data showing the constanc~ of the 3466 E and 36.13 X lines. 

(Figure XII) • 

3466 .R, 0 
Number Opacity of of 3613 A 

1 7.7 7.9 

2 7.7 7.9 

3 7.'7 7.9 

4 '7.'7 7.9 
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Discussion of the Results on Absorption. 

In general, the absorption of the cadmium 

resonance line by a foreign gas in the presence of cadmium atoms 

is much more effective than for mercury, its half value being 

obtained for a pressure of about 0.5 mm. of hydrogen, 0.2 mm. 

of butane, 0.4 mm. of propane, 1.6 mm. of ethane, and 2.0 mm. 

of acetone. This is not surprising considering the fact that 

the excited cadmium atom (53p
1

) has a mean life about 20 times 

longer ths..n mercury excited atoms ( 63J? 1 ) ( 99-101). 

Cadmium( 53p 1 ): 

Mercury ( 63p1): 

2.5 x lo-6 second. 

1.0~ x 10-7 second. 

The chance of a collision between the excited cadmium atom 

with a foreign gas thus becomes equal to that of the mercury 

for a much smaller pressure. l!,urthermore, there is a consider­

able chance that a Cd(53p1 ) atom on falling to the (53P
0

) 

metastable state will be reverted back to the {5~1 ) state at 

the next collision on account of the high kinetic energy of 

the gas molecule at a temperature of 280°0. and the small 

energy difference between these two st~tes in the case of 

cadmium. 

It should be noticed also that the data do seem 

to indice.te a more efficient quenching by ethene, propane 

and b:u:tane rela.tive to hydrogen than in the case of meroury. 

This would mean that the process for example 
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is highly efficient and comp2.rsble in magnitude to the process: 

7 CdH -t H 

Acetone absorption of the resonance line in 

presence of excited cadmium atoms is not very efficient. 

It was observed that this a.bsorpt ion decreased very quickly 

with exposure indicating the probable formation of an 

intermediary product which would clean up the cadmium 

atoms. 

It should be emphasized tha.t the above data are 

by no means equivalent to true quenching efficiencies. They 

do not obey Stern and Volmer la.w (16) at least in the higher 

pressures region, since, under the actual experimental condi­

tions, the ideal resonance lamp is far from being attained.. 

The high concentration of cadmium atoms in the reaction cell 

would give rise to imprisonment of radis.tion i.e. reabsorption 

of the emitted resonance radiation on its way out through the 

gas to the exit window giving rise to secondary radiation. 

Even at the lower pressures the Lorentz broadening would 

alter the results making the Stern and Volmer law inapplica.ble 

due to the change of width and position of the absorption line 

relative to the exciting line. 

These absorption values however furnish good 

information on the actus.l energy transfer taking place during 

the cadmium photosensitized reaction. They also give a 

knowledge of the order of magnitude of the quenching of the 
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different components. in a mixture of gases such as exists 

after the products of reaction have begun to accumulate. 

On the basis of the principle that the deactiva­

tion of an excited atom depends on the presence, in the quen­

ching foreign molecule, of a certain degree of resonance with 

the excited atom, it is clear that there exists a relation 

between the bond that is ruptured in the primary reaction 

and the energy supplied by the excited ato~following a 

collision of the second kind. What is the precise nature of 

the bond or bonds giving rise to such a degree of resonance 

in the quenching molecules can be decided by a full knowledge 

of the primary steps of their photosensitized decomposition. 
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CADMIUM :PECTOSEn SIT IZED REACTIONS. 

General Procedure. 

Static System. 

For preliminary investigation of eadmium 

photosensitized reactions a static system was employed. 

The experimental arrangement was very simple. The reaction 

vessel was of Corex (diameter 26 mm.) and had s. capacity 

of 45 cc. It contained cadmium previously outgassed and 

distilled in vacuo. The lamp was placed at about 5 mm. 

from the reaction vessel. Both were enclosed in an electric 

furnace which could be easily removed for cooling down the 

whole reaction vessel in liquid air. The pressure of the 

reacting gases could be read on a manometer. The photosensitized 

reactions were stud.ied at a temperature of 260°0. and at a 

pressure of about 680 mm. No direct analysis of the products 

was made , because the p~rpose of this investigation was 

only to meke sure that the ca.dmiu.m photosensitized reactions 

of hydrocarbons had an appreciable speed. This was determined 

by the total condensable gas in liquid air ·before and after 

the exposure. Actually, the small size of the reaction 

vessel made it possible to immerse it completely in liquid 

air. The light source A was used. 
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Circulatory System. 

After the preliminary work with the static system, 

a. more complete survey of the react ions wa.s made with the 

circulatory system. For all these experiments the temperature 

of the cell was maintained in the region of 280°0. and that 

of the cadmium saturators at about 285°0. so as to give 

comparable results. 

By a careful study of the absorption, the circulating 

speed was found to be suitable at 6 cycles of the pump per 

minute which means a circulation rate of 1800 cc. per minute. 

In all runs using light source B, the gases were 

first measured in a part of the circulatory system (pump and 

opened valves; Cf. fig. IV). This measured amount was expanded 

into the reaction cell and saturators when the lamp had come 

to a constant output. The pressure was immediately read and 

taken as the initial pressure. The circulation was then started 

and the gas illuminated for a definite period of time. In these 

experiments, the trap was left at room temperature, and no 

attempt was made to remove the products of the reaction during 

a run. 

In runs made with light source C at low 

trapping temperatures, the amount of gas was measured as 

previously. In the oa.sa of hydrogen-ethane mixtures, a 

definite amount of hydrogen was introduced first. Ethane 

contained in a small a'lUtiliary tr.ap cooled in liquid air 
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was then admitted. In this manner, after necessary corrections 

for the small volume of the auxiliary trap, the amount of hydrogen 

and of ethane in the mixture was known accurately. After 

reading the pressure at room temperature, the trap in the 

circulatory system was cooled to a given temperature while 

the circulation was going on. The pressure read when equilibrium 

was attained was taken as the partial pressure of ethane. 

In this last procedure a slight error was introduced 

in the calculation of the quantum input, since the illumination 

was started only after the introduction of the reacting gases. 

There is actually a lag of time before the source gets to its 

maximum output, once the current turned on. This was measured 

separately and was found to be approximately as given in the 

following table for light source C. 

Time Output. 

0 minute 0 

2 ?Ofo 

3 95 
4 100 

A correction based on these data was therefore made. 

After illumination, the trap was brought to 

room temperature and the pressure measured. The gaseous 

products (with boiling point below room temperature) were 

then transferred by means of a Toepler pump to a gas holder 

and finally to the Podbielnia.k column previously descrfbed. 



The first fraction containing all the hydrogen and a. little 

methane was analysed in the combustion pipette, and also, 

the last fraction containing butane and propane. The ethylene 

content was determined in the fraction containing the ethane. 

Higher hydrocarbons which could readily distil! at 

temperature of about 75°0. were distilled in a small trap 

cooled in liquid air. This trap was provided with a ground 

joint and stopcock, and its contents could be weighed directly. 

The vapor pressure of these higher hydrocarbons was also 

measured. 

RESULTS A1ID INTERPRETATION. 

Ethane Decomposition. 

In the static system the decomposition of an 

ethane-hydrogen mixture 12::11 at an initial pressure of 

653 mm. and a temperature of 260°0. was as follows: 

Pressure 

89 mm 

653 

646 

633 

110 mm. 

Time of exposure 

o minute 

0 

135 

355 

Temperature of cell 

Liquid air 

Liquid air. 
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For a mixture of one part ethane to one part hydrogen, it was: 

Pre·ssure Time of exnosure Temnerature of cell 

97 mm. Liquid air 

686 0 minute 

673 285 

Liquid air. 

The drop of pressure on illumination indicates form­

ation of heavier hydrocarbons. The difference between the 

portion condensable in liquid air before and after the action 

of excited cadmium atoms is a proof of the formation of products 

of lower boiling point than ethane. (Hydrogen and methane). 

Ethane Decomposition in the Circulatory S~stem. 

Satisfactory results with the static system led 

to a more general survey of the ethane photosensitized reaction 

by means of a circulatory system. Ethane alone was first in­

vestigated. In the first series of runs no trapping of the 

heavier products was tried. The results are given in Table Ill. 

In this series of experiments light source B was used (5.2 x 10-6 

einstein per second). The rate of circulation as in all of the 

other runs was 1800 cc. per minute. The experimental conditions 

for all the following runs are the same except for the exposure 

time which varied from 30 minutes to 360 minutes. The purpose 

of this procedure was to find what was the main reaction ocouling 

at the first moment of the illumination. 
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Table III. 

The Cadmium Photosensitized Decomposition of Ethane. 

{No trapping of the secondary products). 

Total volume of system: 

Reaction cell temperature: 

Saturator temperature: 

2480 cc. 

278°C. 

288°0. 

Cadmium vapor pressure in cell: 0.018 mm. 

Circulation rate: 

Resonance radiation: 

Lamp currant: 

Temperature of trap: 

1800 cc. per minute. 

5.2 x 10-6 einstein per sec. 

110 M.A. 

Room temperature. 
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Table III. 

Run No. Time in Initial Fins_l Decomposition Quantum 
minute pressure pressure rBte, moles 6 Yield 

per sec x 10 

1 30 203 mm. 204 1.6 0.31 

2 30 203 204 1.5 0.3 

3 30 203 203 1.4 0.29 

4 60 203 203 1.4 0.29 

5 120 203 205 1.2 0.23 

6 180 203 204 1.0 0.19 

7 180 203 204 1.1 0.2 

8 300 203 204 0.9 0.18 

9 360 203 203 0.8 0.15 

( 10 420 203 o.o 
( 
( Blank run - lamp off. 
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Table III. 

Run No. Gaseous Products, mole per cent. Higher Products. 

1 51.9 9.1 39.0 

2 49.0 9.0 42.0 Small with low 

times of 
3 64.1 11.'7 24.2 

exposure, increa~ 

4 59.0 20.0 21.0 sing with expo-

sure time. 
6 42.5 35.0 16.5 6.0 

Mainly hexane. ,. 
38.0 48.5 7.7 5.8 0 

7 65.0 32.8 2.2 

8 28.1 66.3 5.6 

9 19.2 65.'7 4.9 10.2 

10 o.o o.o o.o o.o 
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As will be discussed in detail later, the possible 

primary reactions of ethane with excited cadmium atoms are: 

( 1) 02:ao + Cd( 53p1 or 53p
0

) --4 Cd( 51 S
0

) + 2 CH
3 

( 2) C2H6 -+ Cd " " ) Cd( 51 S0 ) -+- H -\ C2H
5 

or CdH + C2H5 

( 3) 0~6 + Cd " n > Cd(51 S
0

) +CH2 +CH4 

(1) and (3) would give rise to methane, (2) to hydrogen 

formation. The actual problem is to know if the hydrogen 

formed in the reactions is not merely the result of the 

decomposition of secondary products formed. The solution 

is founu by plotting the ratio of hydrogen to hydrogen plus 

methane H2/H2+CH4 against time. By the reasonable 

extrapolation of the curve as shown in Figure XIII, it gives 

for zero time (first instant of reaction} lOO% hydrogen. 

As it will also be aiscussed later, this proves that hydrogen 

atom formation is the only initial step of the cadmium pho­

tosensitized ethane decomposition. 

It should be remarked that the conditions of 

study of the cadmium photosensitized ethane decomposition 

are very favorable on account of a relatively lower efficiency 

of the reaction investigated by Bender (19) 
3 

Cd.( 5 Pl) -t H2 -~ CdH + H 

as compared to that of mercury. In fact, absorption data 

do seem to indicate a mere efficient quenching by ethane, 
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propane and butane relative to hydrogen than in the case of 

mercury {Cf. page 68). 

In this first series of runs a slight error is 

introduce~ due to the fact that &s mentioned in the method 

of analysis a small quantity of ethylene can pass unnoticed 

in the distillation of ethane. Later on, t~e content of 

ethylene was checked for a three hours run and found to be 

very small { 17o). 

It was also noticed that after a certain period of 

illumination the total content of hydrogen remained about the 

same. Its rate of production is therefore greatly diminished 

in the later stages of the reaction. To investigate the point 

further, hydrogen-ethane mixtures were also illuminated under 

the same conditions. (See Table IV). The main features of 

these results are the large production of methane, and the 

fact that hydrogen is still formed, although in much smaller 

amounts than before, and not consumed as in the analogous 

decomposition with mercury excited atoms (78). No ethylene 

is present and the propane formed is much less. In that 

case, it seems probable that reactions of hydrogen atoms 

are the main processes since hydrogen appears to be more 

efficient than ethane in quenching the resonance radiation. 

The quantum yield of ethane decomposition in the 

runs of Tables III and IV is found to vary with the exoosure 
..... 

time. This is not at s.ll surprising considering the fact 

that there is a competition between ethane and the higher 
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hydrocarbons formed to absorb the incident energy. It should 

be remembered that at about 1 mm. pressure propane and butane 

absorb m~re than 70~ of the incident energy. Therefore, 

after a certain period of illumination the reaction becomes 

that of the butane and propane decomposition. With the idea of 

reducing this complication, a series of runs were made at a 

low trap:)ing temperature ( -125°0). 

The vapor pressures of butane and propane are 

quite low at this temperature (about 3 mm. for propane and 0.15 rrm 

for butane). ~t a pressure of 3 n®. propane when alone absorbs 

nearly 907o of the incident energy. Since the trapping involves 

a reduction in the partial pressure of ethane, it increases 

the chance of reaction of whatever propane and butane remain 

in the gas phase. Owing also to experimental difficulties in 

the circulation of the reactant gases, no lower trapping 

temperature was considered convenient. 

Vapor pressure of Propane and Butane. 

Tem12erature Propane Butane. 

0 -110 c. 13 mm. 0.7 mm. 

0 5 0.3 -120 c. mm. mm. 

0 -130 c. 2 mm. 0.07 mm. 

Most of the trap~ing was done at -125°0. Taking 

in account the great solubility of butane in liquid ethane, 

the removal of but&ne was a little more efficient than can 

be inferred from the table just given~ However, the experiments 

were considered to be of interest because most of the butene 

was trapped at -125°c. 
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I: , Ethene de cor.1poEit i on : no trapping. Source B. Cf. teble lii. 

II : • Ethan e deco rr.po • 1t1on: - 125°C trap. 
Source C. Cf. table V. 

10 

5 Hov rt 

F i gure XIII. 



Curve I:-

Run No. 

1 

2 

3 

4 

5 

6 

8 

9 

Curve II:-

Run No. 

1 

2 

3 

4 
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Ethane Decomposition (no trapping of secondary products 

See Table Ill). 

Time Ratio H.2/ H 2 -i- CH4 

30 min. 84. 9i~ 

30 84.2 

30 85.1 

60 ?4.8 

120 55.0 

180 44.1 

300 29.9 

360 23.2 

Ethane Decomposition (trapping of second.ary products) 

( See Table IV). 

:.l:ime 

60 min. 78 /0 

90 71 

240 60 

360 57. 57o 
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Table IV. 

The Decomno2ition of Et:t&ne-J:iydrog,en IJixtures. 

Oper&ting conditions. 

Volume of system:- 2480 cc. 

~emper&ture of reaction cell:- 2?8°0. 

Saturator :- 288°0. 

Cadmium vapor -c're s~ure:- 0-018 mm. 

Circul&tion r~te per minute:- 1800 cc. 

R R di t . 5. 9 X 10-6 . t . esonance a b 1on:- ~ e1ns ·e1n per sec 

Temperature of Trap:- Room temperature. 

Initial ethsne pressure:- 100 mm. 

Initi&l hydrogen pressure:- 100 mm. 

Final Pressure:- 200 2 mm. 
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Table IV. 

The DecompoBition of Etha.ne-Hydrogen·Mixtures. 

Run l~o. 

1 

2 

3 

Time in 
minute 

60 

120 

240 

Decomposition 
Rate, mg1es per sec. 

X 10 

o.s 

0.7 

0.7 

Quantum 
Efficiency 

0.16 

0.14 

0.14 

The Products of the JJecompositton of Ethane-Hydrogen Mixtures. 

Run No. Gaseous Products, mole per cent Liquid products. 

H2 CH4 C3H8 C4Hl0 C2H4 
---

1 13.2 73.0 13.8 Quantity in-

c:ree.ses with 
2 9.3 70.0 17.2 3.5 

time of exposure. 

3 '7.2 75.2 6.9 10.'7 
Mainly hexane. 
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Table V. 

The Decomposition of Ethane at Low Trapping Temperatures. 

Operating conditions. 

Temperature of the reaction cell:-

Temperature of the satur&tor:-

Cadmium vapor pressure:-

Volume of system:-

Circulation rate per minute:-

Resonance radiation:-

Run No. Time in Total vol. 
minute of ethane. 

1 60 588 

2 90 320 

3 240 324 

4 360 46~ 

0.018 mm. 

2480 cc. 

1800 cc. 

3.1 x 10-6 einstein per sec. 

Initial Binal 
pressure pressure 

265 l~lirl • 253 mm. 

141 139 

141 137 

202 192 

Trap Temperat. 

-124°0. 

-115°0. 

-125°c. 

-125°c. 
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Table V. 

The Decomposition of E$h&ne at Low Trapping Temperatures. 

Run No. Partial ]'rac tion Decomposition Quantum 
pressure of ethane rate, moles 

6 
Yield 

of ethane decomposed. per sec. X 10 -- -~--~-

1 68 mm. 0.23 1.4 0.45 

2 150 0.6· 1.2 0.39 

62 0.93 0.94 0.31 

4 62 0.96 0.89 0.22 

Run No. Gaseous products, moles per cent. Liquid products, ex-

H2 CH4 C3H8 04Hl0 C2H4 
pressed as weight per 
cent of total products. 

--
1 42.4 12.0 40.0 2.6 1.0 51~ 

2 45.8 18.7 .35.5 

3 40.9 2'7.7 23.8 7.0 0.7 13 

4 45.5 33.5 11.6 8.9 0.5 20 
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Table VI. 

Cadmium Photosensitized Reaction of Hydrogen-Ethane Mixtures 

at Low Trapping Temperature. 

Operating conditions. 

Volume of system 2480 cc. 

Temperature of reaction cell:- 2'78°0. 

Temperature of saturator:- 288°0. 

Cadmium vapor pressure:- O.Ol8mm 

Resonance radiation:- 3.1 x 10-6 einstein per sec. 

Run l~o. Time in Total Initial pressures Final Trap 
minute volume 

H2 C2H6 
pressure Temp era ture 

1 60 465 cc. 101 mm. 101 rnm. 198 -125°0. 

2 120 461 100 100 205 " 

3 180 461 100 100 201 " 
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Table VI. 

The ~ecomposition of Ethane-Hydrogen Mixtures 

at Low Trapping Tempers.tures. 

Run No. Fraction of Decomposit~on r&te Quantum 
ethane decomposed mo1es.p.ar sec. Yield 

1 0.52 0.42 

2 0.'78 0.34 

3 0.95 0.9 0.29 

Run No. Gaseous Products, mole per cent Liquid Products ex­
pressed as weight per 
cent of total products. C3lis 

1 5.8 60.6 25.4 8.2 6 

2 26.1 40.8 8.9 24.2 10 

3 23.2 50.0 10.0 16.8 11 
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Table VII. 

The Cadmium Photosensitized Decomposition of Propane. 

Operating conditions; 

Volume of system 

Trap temperature 

Resonance radic.tion 

Reaction time 

Initial pressure 

Final pressure 

Fraction of propane decomposed 

Quantum efficiency 

Other conditions a2 in ~able Ill. 

Gaseous products, mole per cent. 

H2 6.4 

CH4 
6'7.4 

c2Ht. 0.6 

04H10 25.6 

2480 uc. 

3.1 x 10-6 einstein/sec. 

120 min. 

15'7 mm. 

158 mm. 

0.40 

0.28 

Liguid Products:- 28.1 per cent by weight of the total products. 

Composed mainly of C6H14• Vapor pressure of 

mixture at saturation at 25°0. 1'78 mm. 



Table VIII. 

The Cadmium Photosensitized Decomposition of Butane. 

Jperating conditions: 

Volume of system 

Trap temperature 

Resonance radi~tion 

Reaction time 

Initial pressure 

Final pressure 

Fraction of butane decomposed 

Quantum efficiency 

Other condition as in Table III. 

Gaseous products, mole per cent. 

H2 0.6 

CH4 24.2 

C2H6 28.8 

C3H8 46.4 

2480 cc. 

25°c. 

3.1 x 10-6 einsteins per 
sec. 

115 minuteiJ. 

202 mm. 

202 mm. 

0.30 

0.29 

Liquid products:- 58.2 per cent by weight of the total products. 

Vapor pressure of liquid products:- 210rom. 

at 26°0. 
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Table V gives the results of a series of runs on ethane 

alone &t a low trapping temperature. As estimated from the 

data of the absorption experiments, it appears that the 

inhibition of secondary processes was only partia.lly successful. 

However, since the absorption of incident energy by propane 

and butane is reduced by the partial elimination of these 

products, the quantum efficiency of the ethene reaction is 

higher than in the case of no trapping. 

Higher hydrocarbons having a vapor pressure close 

to that of hexane are present. Due to experimental diffi­

culties, only approximate estimates can be given of the 

percentage of heavier products. A rough check of the higher 

hydrocarbons contents could be also inferred from the 

amount of gas(at room temperature and at atmospheric pressure) 

left after the run, assuming hexane as the only liquid 

product. Ethylene is found in small amount. 

Curve II, Figure XIII shows the ratio of H
2

/ H2~H4 
plotted against time. The extrapolation is in good accord 

with the first series of experiments indics.ting that hydrogen 

is the main product at short exposure times. It should be 

remarked here that the light source 0 was usen in the series 

of runs represented by curve II, while a stronger light 

source was used in the one represented by Curve I. This 

fact explains the difference in the shape and position of 

these two curves. 
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The results on the decomposition of ethane in the 

presence of hydrogen with a. trapping temperature of -125°0. 

are given in Table VI. The quantum yield is approximately 0.4. 

Hydrogen is still produced and not consumed. Ethylene is 

not present in detectable amount. 

As seen. still lower trapping temperatures for the pur­

pose of lowering the vapor pressure of propane were not fes.sible 

with the present experirr~ental conditions. Since the quenching 

of propane is still very large at the partial pressure corresp­

onding to a. trapping tempere-ture of -125°0., it was considered 

essential to stud.y briefly the decomposition of propane under 

the influence of excited cadmium atoms. The results are 

given in table VII, and are of considerable importance. 

Only a small quantity of hydrogen was found. No ethane is 

formed in the reaction and ethylene is present in small 

amount. A heavy product of a little higher vapor pressure 

than the one found in previous runs on ethane is formed. It 

would correspond to a mixture of butane and hexane. The 

quantum yield is a.bout 0.3 • 

Butsne was also investigated as shown in table 

VIII. Only a trace of hydrogen is formed, the other products 

consisting mainly of propane, eths .. ne and methane, and a large 

proportion of higher hydrocarbons. The quantum yield is about 

the same as for propane. 

It is of interest to note that in the second series 

of experiments on the ethane decomposition at a low trapping 

temperature (Tables V andVI), ethylene was present in the 
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products when ethane alone was exposed to the action of excited 

cadmium atoms while no ethylene could be detected when a mixture 

of eth~na and hydrogen was illuminated. This naturally 

suggested hydrogenation of ethylene. Such a reaction had been 

studied previously in the static system and should be mentioned 

here. 

This preliminary investigation was done with a view 

of finding the effect of hydrogen concentr&tion on the rate 

of hydrogenation of ethylene under the action of excited 

cadmium ~toms. The experimental arrangement, as already 

described, consisted of a Corex reaction vessel (capacity 45 cc.) 

containing pure cadmium and connected to a manometer. The 

light source A was placed at 5 mm. from the reaction cell. 

Both were enclosed in a movable electric oven, the inside 

of which was covered with polished aluminum foil reflecting 

as much as 9o% ( 79) of the A~ 3261 .R incident light and 

thus increasing the total absorption by the reacting gases. 

Before radiating, the entire vessel was coQled down 

in liquid air, and the pressure read, and then again after 

the run another reading was made under the same conditions. 

A blank run was first made. No change of pressure 

was obtained after heating for 17 hours a mixture of hydrogen­

ethylene and cadmium vapor at 26~0. showing thereby that no 

appreciable thermal or catalytic reaction took place at that 

temperature. 



Different mixtures of hydrogen-ethylene in various pro­

portions were exposed to the action of excited cadmium atoms. 

Curves given in figure XI1: .. and data in Table X show the 

rate of decrease of the pressure with the time of illumination. 

In curves I, II, III, the rate decreases rapidly toward the 

end showing formation of products absorbing a part of the inci­

dent energy. With mixtures of high ethylene contents the 

rate of reaction is nearly proportional to the partial pressure 

of hydrogen. 

The hydrogen taken up in the course of the reaction 

for a mixture of one part of hydrogen to one part of ethylene 

is nearly half the total initial amount present. This was 

shown by the total condensable gases in liquid air before 

and after the reaction. 

The reaction of hydrogen and ethylene was also 

investigated in the circulatory system. The quantum yield 

is 0.33 • This value is probably much lower than it should 

be, the reaction being much faster &t the beginning, according 

to the pressure change. The main factor decreasing the 

quantum efficiency would be the formation of heavy hydro­

carbons absorbing the larger part of the incident energy. 

The run, the data of which are given in Table IX, was 

continued until· ... no appreciable change in the pressure was 

noticed. This however meant that 0.9 of the ethylene ha.d 

disappeared and secondary products had been formed in large 
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quantity. The presence of methane in the products is not 

indicative that it is produced by the direct hydrogenation 

of ethylene. In fact, Jungers and Taylor failed to find any 

methane in the mercury photosensitized hydrogenation of 

ethylene {80). Methane could arise from the secondary 

decomposition of butane. The large formation of propane 

and ethane could be accounted for in the same manner. 

No conclusion on the extent of the secondary reactions 

can therefore be made until more data a.re obtained.. A system­

atic investigation of the reaction is intended in the near 

fu:ture using the circulatory system and low tra.pping 

temperatures. 

The average of two typical runs on the photosensitized 

study of acetone are given in Table XI. As already mentione4, 

a strange phenomenon happens wheri acetone is admitted in the 

cell with cadmium excited atoms, the absorption first is large 

enough, but it decreases graduallY at a very fast rate. This 

could possibly be explained by the formation of an intermediary 

compound which would clean up the cadmium atoms. The quantum 

yield of the photosensitized reaction was found to be approxi­

mately 0.4 on the basis that 707b of the incident resonance 

radiation is absorbed. In Table XI is also given a complete 

analysis of the gaseous products. A large quantity of methane 

is formed along with ethane, ca.rbon monoxide and hydrogen. 

The high relative contents of methane and hydrogen in the 

products, as compared to the ordinary photochemical decomposi­

tion at the same temperature, could be accounted for satis-
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faotorily by a subsequent decomposition of the ethane 

formed in the primary reactions. This secondary decomposition 

would be favoured by the larger quenching efficiency of ethane. 
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Table IX. 

Cadmium Photosensitizeu Hydrogenation of Ethylene. 

Operating conditions. 

No trapping of secondary products. 

Cell temperature: Cadmium vapor pressure: 0.0~ 

Time of exposure: 12J minutes 

Pressure of hydrogen: 101 mm. ) 
) 

Pressure of CzH4: 101 mm. ) 
Total initial pressure 

202 mm. 

Total volume of mixture: 405 cc. 

Circulation rate: 1800 eo. per min. 

Final pressure: 102mm. 

Fraction of ethylene decomposed: 0.89 

Fraction of hydrogen reacting: 0.75 

Decomposition rate of ethylene, moles per sec. 

Quantum yield of ethylene reaction: 0.33 

Gaseous Products. 

CH4 32. DjO 

C2H6 33.8 

C3H8 15.0 

C4H10 18.7 

-6 
1.2 X 10 

Liquid products present; a part of it is a brown polymer of 

high B .:P. 

~-
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s 
E 

Time i n minut es . 

~' igure XIV. 

Hydrogenation of Ethylene. 
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Cadmium l?hotosensi tized Reaction of Hydro~en-Ethy1ene r~:ixtures. 

(Deta of Fi-gure XI V) 

Curve I: Hydrogen-ethylene 1::1 

Pressure 

98 mm. 

682 

639 

603 

540 

41'7 

416 

415 

52 mm. 

Time 

0 

0 

15 

30 

60 

225 

245 

255 

min. 

Temperature 

Liquid air 

Liquid air. 

Curve II: H2 - CzH4 1::3 

Pressure Time Temperature. 

6'7 mm. 0 Liquid air. 

6'79 0 

634 15 min. 260°0. 

595 30 

485" 85 

432 115 

402 135 

361 180 

342 240 

324 270 

322 280 

29 mm. Liquid air. 

Curve III: H2 - C2H4 1: : '7 Curve IV: H2 - C2H4 1:::155 

Pressure Time Temperature Pressure Time Temperature 

24 mm. Liquid air 1 mm. Liquid air --
680 0 260°0. 683 .-.-.m 0 260°C. 

606 60 min. 666 45 min. 

5'71 ·95 662 65 

546 120 650 105 

454 840 643 120 

428 2'70 567 565 

418 295 1 mm. Liquid air. 

15mm. Liquid air. 
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Cadmium Photosensitized Decomposition of Acetone. 

Operating conditions. 

Reaction cell temperature: 

Cadmium vapor presEure: 0.018 mm. 

Circulation rate per min. 1800 cc. per min. 

Resonance radiation: 5.2 x 10-6 einsteins per sec. 

Initia.l pressure 92 mm. 

Final pres~ure: (average) 156 mm. 

Time of exposure: 60 min. 

l!,raction of .Acetone decompos,~d: ( avers.ge) 0.49 

eo formed during the decomposition: (average) 112.0 cc. 

Decomposition rate: moles per sec x 106: 1.4 

Average quantum yield on the ba.sis of 70/o absorption of 

incident energy: 0.4 

Gaseous Froducts. 

H2 4. a,~ 

CH4 40.0 

C2H6 12.4 

Unsaturate: O.Uo 

0 0 : 4 f', • 5/~ 

Heavy hydrocarbons: present. 
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Discussion. 

A close consideration of the different possible reactions 

oocuring during the cadmium photosensitized decomposition 

of ethane in view of discarding the less probable ones will 

be the modus operandi in this discussion to a.pproa.ch the most 

probable mechanism. 

The primary step in this reaction is the acceptance 

of the photon energy by the cadmium a.tom rising it from one 

electronic state to a higher one. Under the usual experi­

mental conditions, most of the cadmium atoms are at the 

normal state before their elevation to a higher state 

by the impinging quantB.. Thus only the resonance radia­

tion, according to the transition rules, will be efficient 

in this process. The only resonance line considered in 

this work is the ~-= 3261 f ( 87 Kcal.), the other one 

(){~2288 ~) being entirely filtered: 

The efficiency of this reaction is beyond doubt (82, 

84). Following this step are the possible primary reactions: 

Primarl Reactions. 

( 1) C2H6 -+ Cd( 53pl) ~ C2H5 + Cd ( 53p 
0

) 

( 2) tf ;- " ) Cd ( 1s0 ) ~ 2 CH3 
( 3) " -\" fJ ~ " 1'" CH.-

h. -t CH4 
( 4) " -t " > If ;- C2H5 + H 



( 4a) 

( 5) 

( 6) 

( 7) 

( 8) 

( 9) 

( 10~-

{ 11) 

{ 12) 

( 13) 

( 14) 

( 15) 

( 16) 

( 17) 

( 18) 

( 19) 

( 20) 

( 21) 

( 22) 

( 25) 
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C2H6 + Cd( 53p1 ) ) CdH -+ C2H5 

Cd( 53p 1 ) ;- H2 ;, CdH -r H 

" i- ff 
lf 

J H2 -r Cd 

" + 11 '> H -t- H + ca( 1s
0

). 

Secondary Reactions. (Third body neglected). 

A:- .b.ctivated 1vj.olecu1a with :i~olecu1e. 
11 

H2 ;- C2H6 ~ H -t- H2 -t CJ. Hs 

B: Atom or Radical with Ethane. 

C2H6 + H ~ 02H5 -t H 2 
n -t " 7 CH3 -+ CH4 

" + CH3 ~ C2H5 -+ CH4 

" 
.,.. 

" ). 
C3Hs --t H 

" -r CH2 > C2H5 -r CH3 or C2H4 -r CH4 

" + C2H5 > CH3 
,... C3H8 

'' + " ) C4Hl0 i" H 

C: Radical and Atom Recombination. 

H+H ~ H 2 

H+ CH3 --7 CH4 

H+ o2H5 ~ 2 CH3 

H + " ----7 02H6 

CH3 + n -~ C3H8 

2 CH3 ) C2H6 

2C2H5 ~ 04H10 

2 C2H5 
____, 0214 -t C2H6 
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D: Other Secondary Reactions • 

( 23) H
2 

-t- CH
3 

----7 CH
4 

+ H 

( 24) C2H5+ H2 ~ C2H6 + 1i 

( 26) CH4 + H ----7> CH
3 

+ H2 

In the primary reaction, process (1} will be reversible 

due to the fact tnat a Cd(3p1 ) atom after releasing some 

energy and falling to a (3p
0

) metastable state can be 

reverted back at the next collision, the energy of the 

g&_s molecule at 280°0. being of the same magnitude 

as the small energy difference between these two states 

in cadmium. 

fhe results from the photosensitized ethane 

decomposition both &t high and low trapping temperetures 

indiccte the formation of hydrogen in the first instant 

of the reaction. In fact the extrapolation of the curve 

showing the relation -oetween time of exposure and the 

shows that hydrogen only is formed 

at the first moment of exposure. (Figure XIV). 

If reaction {2) was going in the primary step, 

the l&rge amount of hydrogen found could never be explained, 

neither the quick disappearance of the methyl radicEl formed 

so E-S to give the correct ratio of H2/H2 ;-CH4 since this 

disap~earance without form&tion of methane would be due 

to the relatively slow reactions (12) and(21). Process (3) 
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could not likely be expleined. ~either, methane being formed. 

The only possible step left which would offer an easy expla­

nation of the results is reaction (4) or the more probable 

reaction (4a), giving rise ultimately to hydrogen stoms. 

A part of these hydrogen atoms would recombine on the walls (16) 

in the form&.tion of hydro.sen molecules. nydrogen molecules could 

also result from the dehydrogenating reac.tion(9) wl:ich would 

occur E.t ~:;n a_:_JpreciE b le rete b.- t 280°0. , the act i v~ t ion ensrgy 

of this reaction being 6.~ Kcal. according to Steacie and 

Phillips (85) ~nd 11.4 Kcal. according to Trenner, Mori~awa 

and Taylor ( 83) • ~~eact ion ( 26) would 2lso be appreciable 

at 280° c. 

The disap9earance of hydrogen moleculec; would be 

accounted for by reaction (5) which was well investi~ated 

by Bender (13) and proved to oe consistent with the energe­

tically balanced equation on the rough 8.ssurr!p tion of Svensson ( 86) 

of 0.67 volt for the value of the dissocistion of normal CdH. 

Reaction (7) is energetically im:;ossible due to the large 

energy dissociution of hydrogen compv.red to that of the 

excited cadmium atom. ll.urthermore, the principle of microsco­

pical reversibility would make it very slightly pos2ible. 

For similer reE.sonSreaction (8) must be rejected as improbable. 

Reactions {10), (17), (18), (19), (26) would hinder 

the formation of hydrogen by using up some atomic hydrogen. 

To what extent are these reactions occuring? Reaction (10) 

would be infinitely slow on the basis of the principle of 

least motion stE-ting that in a primary resction between E. 
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radical and a molecule there shell be the lefl.st change in 

atomic position and least change in electronic configuration (88). 

The small prob£bility of reaction (10) has also been shown 

experimentally by Steacie end Par lee ( 89). 'l1he sa.ma conclusion 

ie also postulc-.ted in this work to explt::in propane photosensi­

tized decomposition to account for the a·bsence of ethane in 

the products. 

The activation energy of (1'7) is small. It would 

not consume much hydrog·en though because it is oepenc~ent on 

the speed of formr;.,t ion of methyl rE.dica.l~ in the secondary steps. 

Reaction ( 18) would be highly probtible ( 90). J:he hydrogen 

&tom recombin&tion with an ethyl ra<iic&l (19) would reverse 

the primary procesb and reduce the quantum yield. Since 

however, these radicals are at s low concentration, the reaction 

h~s a sufficiently low speed. 

Considerin~ the high activation energy of reaction (26) 

-< 

its rate must be Jl.n&.p<)reciEble ( 91). Rice ( 92) assigns a value 

of 1? !Ccel. to reaction ( 11) thus mH.king it unlikely. The 

reactions involving the form&.tion of an hydrogen Etom have 

generally a large activa-tion energy. On that basis rea_ctions 

(12), (23), {24) can be ruled out. 

Since reaction (3) was shown not to proceed, 

reaction (13) is not occuring. Reaction (14) is probably 

not very efficient on the basis of the principle of least 

motion. 
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The ethyl and methyl radicals would disappear by the 

different processes (20), (21), {22). The combination of 

two radicEils a~ in ( 21) and ( 22) has been shown to h&.ppen 

at a low rate requiring more than 10 collisions in the case 

of a methyl radical (93,94,95). Norrish and Appleyard (96) 

have investigated the addition reaction of methyl and ethyl 

radicals. They fauna. that it preponderates over a.ny other 

type of reaction at room temper&ture. Even at the temperature 

of the decomposition, the disproportionation reaction 

2 C2H5 --,c2H4 -t- C2H6 

would be expected to be small. 

·.rhe different ree.ctions most likely to 

occur in the cadmium photosensitized decomposition of ethane 

may be swrJw:;.rizeO..( s) It appears certain that the pri:;:&ry 

step involves a 0-h bond split, as in the case of the 

mercury photosensitizefi reaction. Since the formation 

of cadmium hydride has been shown to occur in the presence of 

hydrogen, it is obviously possible for it to be formed in 

reaction (4) or (4a). If the reaction occurs by {4) the 

energy available to split the C-H bond iE the excitation 

energy of the cadmium atom, 87 Koal., plus a certain e.mount 

of kinetic energy. Estimates of the C-H bond strength 

vary gratly ranging from 92 to 108 Kcal. The values are 

uncertain~ however, and reaction (4) may therefore be 

possible. Since the heat of formation of CdR from the atoms 

is 15.3 Kcal., reaction (4a) would be possible provided 

that the strength of the C~H bond iE not much over 102 Kcal., 

-----~----------- ---------------~-----~------~~-------~----
(a) From s.. paper by Steacie a.nd Potvin, to ·be published soon. 
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and (4a) therefore appears to be the most likely primary step. 

However, in view of the uncert&inty in the bond strength, no 

definite conclusion can be arrived at at present. 

Since little methane is formed in the early stages 

of the reaction, it appears certain thbt methane formation 

is not the result of the passible primary step (2). The 

main possibilities for methane formation are therefore steps 

(10) and (18). Taylor {15) has discus~ed the relative proba­

bilities of reactions (10) and (18), and has concluded that 

reaction (18) probably is of much more importance than (10) 

as a source of methyl radicals. Recent work of Stea.cie and 

Parlee (89) furnishes strong confirmation of this, and it 

may therefore be concluded that methane formation occurs by 

(18) followed by (1?) and (23). Esti~ates of the activation 

energy of the reaction (23) vary~ but it should be of some 

importance at 280°C. It ie possible that some methane forma­

tion also occurs by (11). This reaction is slow at room 

temperature, but appreciable at 160°C. (106) and may therefore 

be important at 280°0. 

The higher hydrocarbons presumabl1 result from 

the recombination of radicals by reactions (20) and (22). 

The yield of propane is very high in the early stages of the 

reaction. This differs from the results obtained in mercury 

photosensitization experiments, where much methane is 

obtained at e-.11 stages and relB.tively small amounts of propane. 

This is probBbly due to the following circumstances. There 

are three main fates of a methyl radical, viz. combination 

with a hydrogen atom to form methane, with an ethyl radical 
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to form propane, or with another methyl radical to regenerate 

ethane. The thircl possibility will merely dec:..·ease the 

quantum ~ield, and will not affect the prod.ucts of the reaction. 

At the higher temperatures involved in the present work, 

reactions (18) and (24) will keep the concentration of 

hydrogen atoms down to e. much lower value. As a result (20) 

will be much more important than (17), and the production of 

propane will thus be much greater than in the case of mercury 

photosensitization experiments at room temperature. In the 

presence of hydrogen the concentration of hydrogen atoms 

increases on account of the occurrence of {5), and hence 

the metha.ne procl"uction is hi.o:r~er ana_ that of propane is lower. 

The decrease in the relative amount of hydrogen 

as corr.;;&red with methEne in exneriments of lon2 durstion is ~ ~ ~ 

probt:bly partly due to rea.ction (18). It should be noted, 

however, that at no stage of the reaction is hydrogen ac­

tually consumed. Its rate of formation merely decrea.ses 

relative to that of methane, and hence its percentage in the 

products diminishes. This is undoubtedly due to secondary 

reactions of propane and butane, since as shown by Tables VII 

and. VIII, these deco:.;positions result in a large formation o£ 

metha.ne and virtually no hydrogen. In support of this may 

be cited the fact that in experimente at low trapping temperatures, 

where the secondary reactions are cut down, the percentage 

of hydrogen in the products does not diminish appreciably as 

the run progresses. In these runs the methane increases at 

the expense of the propane and butane, and liquid products are 
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formed. It may be noted that the quantum efficiency of the 

ethane decomposition is higher in experiments a.t low trapping 

temperatures, since less of the incident energy is being 

consumed by secondary processes. 

The large production of hydrogen here is also to 

be contrasted with the results of mercury photosensitization 

experiments at room temperature, where the stEtt ionary hydro­

gen concentration ia a circulating system at low trapping 

temperatures is very low, and that of methane is high (89). 

This may be due to relative inefficiency of (5). 

The Reaction in the Presence of Hydrogen. 

In the presence of hydrogen there is a very large 

production of methane, and hydrogen is still produced, although 

in much smaller amount than before. In the presence of 

hydrogen another primary reaction comes into play (5}. 

In view of the very efficient quenching of ce.dmium resonance 

radiation by hydrogen, it is apparent that in a 1::1 hydrogen­

ethane mixture the hydrogen is absorbing most of the energy, 

either by (5) or possibly by (ti). Reaction (5) must then 

be followed by secondary reactions of hydrogen atoms, such 

as (9). The large yield of methene is evidently due to the 

increased occurrence of (18) on account of the greatly 

increased hydrogen atom concentration. 
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!lle Decomposition of Propane and Butane. 

The m&.. in reactions of propE.ne are presumably of the 

same type as ethe,ne, viz. 

C3H8 t- Cd{ 3pJ-) ~ C3H7 +- H + cac 1s ) ( 27) 
0 

or )' C3H7 + CdH 

H T C3H7 ~ C2H5 + CH3 ( 28) 

C3H7 ) C2H4 + CH 3 
( 29) 

2 C3H7 7 C6Hl4 (30) 

The occurrence of reaction (28) appears to be well 

established by the work of Steacie ~nd Parlee (89) on the reaction 

of hydrogen atoms, 1;-;roduced by the disch&rge-tube method, 

with propane. The propyl ra.dical is known to be unstable 

at high temperatures, and ethylene formation undoubtedly 

results from (16). However, preliminary experiments on the 

ce.dmium photosensitized hydrogenation. of ethylene show that 

this ree .. ct ion occurs very rap~dly, enc5 hence little etr~ylene 

survives in the products. 

These results &re to be contrasted with recent 

experiments of Steaoie and. Dewar ( 9.8) on the mercury photo 

sensitized decomposition of propane. Their results indica.te 

that the reaction is almost exclusively 

( 32) 
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However, their work was done at room temperature, where the 

propyl radicel is stable, whereas here the instability of 

the propyl radical makes a profound ch~nge in the products 

of the reaction. 

The reactions of -butane appear to be simila.r to 

those of propane. 
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Knowledge. 

I:- An intense source of ca.dmium resons.nce radiation 

has been developed. By the use of a continuous flow of 

distilling cadmium metal in the discharge tube a steady 

output is obtained. In addition, self-absorption is mini-

mised. 

II:- A new method of absolute calibration for sources 

emitting between 2800 1 and 3300 R at temperatures from 

160°C. to 300°0. has been applied. The use of acetone as 

actinometric standard is discussed. 

III:- The characteristics of the cadmium resonance 

radiation source has been studied. The efficiency for 

~=3261 X is found to be around 3~. This value increases 

slightly with decreasing input. 

IV:- Absorption measurements of the resonance line 

in presence of cadmium vapor were made with Hydrogen, :Ethane, 

Propane, Butane and Acetone. It was found that propane and 

butane absor~ more than 50}~ at pressures of o. 5 and o. 3 mm. 

respectively. 

V:- Cadmium photosensitized reactions of different 

hydrocarbons were studied in a static system and in a 

circula.tory syst~m with and without trapping of the heavier 

products. ( ~:: 3261 i). 
From these experiments, the following results were 

obtained: 
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a) In ethylene-hydrogen mixtures, polymerization of 

ethylene occurs, and in addition there is consiaerable 

hydrogenation. The rata of· hydrogenetion is nearly pro-

portional to the partial pressure of the hydrogen. 

Methane, ethane, propane and butane are formed. 

b)An investigation of the cadmium photosensitized decom­

position of ethane has been made. The products of the re-

actions are hydrogen, meth&.ne, propane, butane and higher 

hydrocarbons. It is concluded from the results that the 

primary process is a C-H bond split, by reaction 

Cd(53.P
1

) -tC 2H6 -tCdH +c2H5 

The secondary steps of importance are the following: 

ca.H > Cd ... H 

H + C2H5 :> 2 CH3 

CH3 -t H ') CH4 

CH3 + H2 ~ CH+ H 
4 

CH3 + C2H5 ----'> C3H8 

2 C2H5 7 C4H10 

From these results, it is concluded that the strength 

of the C-H bond is not much over 102 Kcal. 

The quantum yield of the ethane decomposition is about 

0.4 • 

c) Propane decomposition has also been studied. 

Ethane, butane and a small amount of hydrogen are 

found as gaseous products. The quantum yield is 0.3 
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By analogy with ethane the following scheme of decomposi­

tion is suggested; 

H-+ C3H7 

C3H7 

2 C3H7 

C2H5 1" CH3 

c2H4 + CH
3 

C6Hl4 

etc. 

d) Butane decomposition showed a considerable amount 

of heavier hydrocarbons in the products. Methane, atb7~ene 

and propane were also present. The quantum yield is about 0.3 
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