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INTRODUCTION 

The present report, comprising the doctoral thesis of one of us (C.C.M.), 

repi'esents the results of a three-year study on two photodecompositior.a 

•wherein hydrazine is an important product of the reaction. These reactions 

are 

(a) the photolysis of gaseous ammonia by radiation of wavelength 

18U? &, under flow conditions, and 

(b) the mercury-o^Pi) -photosensitized decomposition of ammonia 

under flow conditions using 2537 & radiation. 

The objective of these fundamental studies has been to elucidate the 

basic mechanism of the reactions, and evaluate the factors which determine 

the conversion of ammonia into hydrazine. It is hoped that the results of 

our investigation will provide basic kinetic data on the synthesis of hydra- 
•. 

zine from anri.no radical recombination. 

For a commentary on the functional aspects of the photochemical synthesis 
i 

of hydrazine from ammonia, reference should be made to our status report 

dated December 15, 1953• 
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ABSTRACT 

The mercury-photosensitized decomposition of flowing ammonia was 

studied a+ room temperature. The products of the decomposition were 

hydrazine, hydrogen, and nitrogen. The quantum yield for ammonia de- 

composition did not depend on the linear flow rate of the ammonia 

through the irradiated zone but increased in an exponential manner, as 

the ammonia reaction pressure was decreased, from a value of 0.09 at 

6£C mm. pressure toward unity at very low pressures. The percentage 

of the decomposed ammonia which was recovered as hydrazine increased 

xt-om  v'-ero at low anunonia linear flow rates to 95 per cent at high flow 

rates. At a particular flow rate the nvdrazine-to-nitrcgsn ratio 

inureaaetf, as the reaction pressure was increased, from zero to a 

maximum value which was pressure independent at high ammonia pressures. 

The hydrazine-to-nitrogen ratio increased and the quantum yield 

decreased as the incident light intensity was decreased. When ethylene 

was added to the reaction, the hydrazine-to-nitrogen ratio was greatly 

increased, the amount of hydrogen produced was decreased, and ethyl- 

amine was qualitatively detected. The reaction was not changed '»hen 

platinum wire was introduced into the irradiated zone. 

The products of the static mercury-photosensitized decomposition 

of ammonia were hydrogen and nitrogen. The quantum yield of ammonia 

decomposition decreased v,*ien the exposure tiius was increased or when 

hydrogen was added to the reaction. At very short exposure times and 

high ammonia pressures the quantum yield had about the same value as 

in the flow experiments at comparable pressures. When the exposure 

time was kept constant, the quantum yield was constant at ammonia pres- 

sures from 65C mm. to 150 mm.; at lower pressures the quantum yield 

vi 



decreased. At an ammonia pressure of 200 mm. the quantum yield did not 

depend on the intensity of the incident radiation. 

The photolysis of flowing ammonia by I8ii9 A radiation was also 

investigated at room temperature. The products of the reaction were 

hydrazine, hydrogen, and nitrogen. The percentage of the decomposed 

ammonia which was recovered as hydrazine did not depend on the ammonia 

pressure in the irradiated zone but it increased from 3U per cent to 

85> per cent as the ammonia linear flow rate through the irradiated 

zone was increased from 7 to 1700 cm. per second. The rate of the 

decomposition of ammonia did not depend on the ammonia flow rate and 

was almost constant at ammonia pressures from 100 to $60 mm. At lower 

ammonia pressures the rate increased until at 10 mm. pressure it was 

twice as great as the rate at 100 mm. The reaction was not changed 

when the surface-to-volume ratio in the zone immediately following the 

irradiated zone was increased by a factor of ten. 

The products of the static photolysis of ammonia were hydrogen 

and nitrogen» At ammonia pressures from 10 to 26U mm. the rate of 

ammonia decomposition was about one-half as great as the rate in the 

flow experiments at comparable pressures. 

The following mechanism was proposed for the photodecomposition 

of ammonia to interpret the experimental results: 

NH3 + hvl8U9 -* NH2 + H <« 

or NH. + Hg 6(\)  —» HHg + H + Hg 6(1S0) (2) 

NH2 + H —»NH3* (3) 

NH * —> m2 + H (U) 

NH,* + NH3 —» 2NH3 (£) 

vii 



NH2 • NH2 —> NgH^ (6) 

R + NgHj^ —> H2 + N2H3 (7) 

H • N2H3 —> H2 • N2H2 (8) 

N2H2 —» N2 • H2 (9) 

H + wall —» 1/2 H2 (10) 

NH2 + H2 —» NH3 • H (11) 

The extinction coefficient of ammonia for 18U9 Ä radiati on was 

•5 -1      1 
found to be 1.21x10' liters moles  cm.- at ammonia pressures from 

0.U5 to 202 mm. 

Hydrazine at lU mm. pressure was photolytically decomposed in a 

static system by 2537 A radiation. The reaction obeyed the stoichio- 

metrical equation 

2 NgHj^ - 2 NH, + N2 + H2 

viii 
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CHAPTER I 

TOTROnUCTION 

General 

For many years, a large part of chemical endeavor has been devoted 

to the characterization of the fundamental particles involved in 

elementary chemical reactions and to the elucidation of the mechanism 

of these primitive reactions. The importance of free radicals in such 

reactions has long been recognized. 

Chemical reactions which proceed by a mechanism involving free 

radicals may be initiated in a number of ways. One of the most success- 

ful methods for the initiation of free radical reactions in the gas 

phass is the irradiation of the reactant with light. This technique 

has resulted in the branch of chemical investigation known as photo- 

chemistry. 

Two conditions must be fulfilled for a useful photochemical gas 

phase reaction to occur. An appreciable fraction of the incident 

radiation must be absorbed by the reactant material. Furthermore, 

the energy of the absorbed photons must be great enough to raise the 

energy of the absorbing molecule to an excited level such that chemical 

reaction is highly probable. Fortunately, most molecules absorb light 

in some part of the ultraviolet region of the electromagnetic spectrum. 

These photons usually have sufficient energy to cause the rupture of 

one of the chemical bonds of the absorbing molecule. In many reactions, 

as a result of such a rupture, free radicals are produced. This process 

is referred to as photolysis. 

The photolytic method of initiation cf chemical reactions has 

several advantages of which the following are perhaps the mo?t important: 



1, Absorption of light of a given wavelength usually ruptures 

•         a specific bond of the absorbing molecule. This bond frequently is 

not the weakest bond in the molecule, as is the case in thermally- 

induced molecular dissociation. 

2. The primary act of photolysis is usually as efficient at or 

below room temperature as it is at elevated temperatures. Thus, the 

radicals formed are often thermally stable and do not complicate the 

reaction by decomposing into other particles. 

Only light from the long wavelength region of the ultraviolet 

spectrum is convenient for use in photochemical investigations. In 

the far ultraviolet, the optical techniques required to handle the 

radiation become very difficult. Many molecules, however, do not 

absorb radiation which has a convenient wavelength from the experi- 

mental viewpoint. This difficulty has been obviated in many cases by 

the use of a "sensitizing" agent, a technique which was introduced by 

Carlo and Franck.  These authors irradiated a mixture of hydrogen 

and mercury vapor with light containirg the resonance frequencies of 

mercury. This radiation was capable of being absorbed only by the 

mercury atoms but evidence was obtained to show that some of the 

hydrogen was dissociated into hydrogen atoms. Since that time, this 

phenomenon, known as photosensitized decomposition, has been amply 
I 

elucidated. Mercury in its 6(^SQ) ground state can absorb only two 

frequencies of ultraviolet light. These frequencies, the so-called 

resonance frequencies of mercury, correspond to wavelengths of 2537 A 

and 181*9 A. The former wavelength excites mercury to a 6(-*P-,) state, 

the latter to a 6(XP^) state. The excited mercury atoms normally 

* 
For all numbered references, see the bibliography. 
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return to the ground state by losing their excitation energy by 

£ fluorescence. If, however, they collide with another molecule, the 

excitation energy may be transferred to this molecule. Since the 

energy above the ground state of mercury atoms in the 6(-3P1) and 

6(r]_) 3tates is 112.2 kcal, per mole and IpU kcal, per mole respec- 

tively, the transferred energy is often sufficient to cause bond 

rupture in the energy acceptor. The mercury is said to sensitize 

the decomposition of the molecule which is not capable of absorbing 

the ultraviolet radiation directly, 

Many substances, particularly metal atoms, have been used as 

sensitizers but in most photosensitized decompositions the sensitizing 

agent has been mercury. Mercury is convenient to use since it has a 

relatively high vapor pressure and a large absorption coefficient for 

its own resonance radiation. Consequently, the resonance radiation is 

absorbed in a few centimeters path length by mercury vapor at room 

temperature. Moreover, the energy of mercury 6(3p^) atoms is suffi- 

cient to rupture the single bonds of most molecules. Radiation of 

2537 A wavelength is easily obtained with sufficient intensity for 

photochemical studies from low pressure mercury-rare gas discharge 

lamps. As in photolytic decompositions, mercury-photosensitized 

decompositions usually result in the rupture of a specific bond of the 

molecule which accepts the energy from the excited mercury atom. If 

the molecule contains hydrogen atoms, a hydrogen bond is usually 

broken. There is some evidence that this specificity is due to the 

transient formation of a mercury hydride, but this hypothesis has not 

been convincingly established.-*-' 
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The Photochemistry of Ammonia 

^- The decomposition of ammonia was one of the first reactions to be 

studied in which the photochemical method was used. In 190k, Regener^ 

decomposed ammonia with ultraviolet light and found the products of the 

reaction to be nitrogen and hydrogen. Since that time, the ammonia 

molecule has been the subject of many intensive photochemical investi- 

gations. Ammonia decomposition has been found to be a very complex 

reaction ao that, in spite of the large amount of work that has been 

done on it, only certain features of the reaction are well understood. 

The nature of most of the primitive reactions involved in the decompo- 

sition is still the subject of considerable controversy. Since the 

body of experimental data and conjecture which has accumulated in the 

chemical literature is so large, only the important features of the 

most thorough investigations will be summarized here. For more exten- 

sive information on previous photochemical studies of the decomposition 

of ammonia, the reader is referred to the excellent reviews by 

H. S. Taylor,  W. A. Noyes, Jr. and P. A. Leighton,  and by 

A. G. Parts.28 

The detailed structure of the absorption spectrum of ammonia in 

9 10 the ultraviolet region has been thoroughly examined. *   The absorp- 

tion threshold is at a wavelength of about 21*00 A. Between this limit 
o 

and a low wavelength limit of 1665 A, lies a series of diffuse double- 

o 
headed absorption bands which have an intense maximum between I83>0 A and 

1900 A. The ammonia absorption coefficient is so large around 185>0 A 

that the ammonia absorption appears to be continuous even at ammonia 

pressures of only a few centimeters of mercury. Other series of 

absorption bands exist at shorter wavelengths. 

( The diffuse absorption linos of ammonia were interpreted by 



o 
Bcnhoeffer and Farkas" to be a result of predissociation. That Is, 

when ammonia absorbs radiation from the near ultraviolet region of the 

spectrum, it is raised to an excited state and proceeds through a 

radiationless transition to an unstable state before it has time to 

lose its excitation energy by fluorescence or by collision. The only 

fate of the unstable state is dissociation. To prove that predissocia- 

tion occurred, the following experimental facts were adduced: 

1. The ammonia absorption bands remain diffuse even at high 

dispersion. 

2. There is no fluorescence from the irradiated ammonia even at 

very low pressures. 

3. The diffuse bands could not be obtained as emission lines 

when ammonia was excited by electron bombardment. 

Energetically, the primary dissociation of ammonia may occur in 

two ways. These modes are showi in the following reactions: 

NH3 + hv   NH2 + H   E • 110 - 10 kcal, per mole (l) 

NK3 • hv   NH + H2  E - 50 1 10 kcal, per mole (2) 

In these reactions,  E represents the energy required for the reaction 

to occur and hv represents an absorbed photon of radiation. Since an 

ultraviolet photon with a wavelength of 2U00 A has an energy of 

118 kcal, per mole, any photon capable of being absorbed by ammonia 

has sufficient energy to cause the ammonia to dissociate by either 

reaction (l) or reaction (?). 

Considerable evidence has been presented to show that the primary 

26 
dissociation occurs according to reaction (l). Noyes  found that 

liquid ammonia was not affected by radiation which decomposed gaseous 

ammonia. The reverse of reaction (l) in liquid ammonia would explain 
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this observation. If reaction (2) was operative, hydrogen should have 

• been formed in liquid as well as in gaseous ammonia. When ammonia 

containing oxygen was irradiated, the products included water, nitrite 

ions, and nitrate ionsj but no hydrogen. Irradiation of liquid 

ammonia containing dissolved metals produced hydrogen and amido (NHl) 

ions. All these products may be explained most readily on the basis 

of reaction (l). 

Geib and Harteck J  observed that the rate of conversion of ortho- 

hydrogen to para-hydrogen was increased in the presence of ammonia 

which was being photochemically decomposed. The increase in rate was 

attributed to hydrogen atoms produced by the decomposing ammonia.. 

Taylor and Bneleus-^ observed a rapid pressure decrease when 

ethylene was added to ammonia which was undergoing photolysis. This 

pressure decrease was not obtained when ethylene or a mixture of 

ethylene and hydrogen were irradiated, The rate of the reaction did 

not depend on the ethylene pressure but increased with the ammonia 

pressure until the absorption of the radiation was complete. These 

results were attributed to the polymerization of the ethylene initiated 

by hydrogen atoms and amino radicals from the photolysis of the 

ammonia. Taylor and Bates-'' found that yellow tungstic oxide turned 

blue when present during the photolysis of ammonia. They ascribed this 

color change to the reduction of the oxide by hydrogen atoms. 

Perhaps the most convincing evidence for reaction (1) is to be 

found in the recent work of Herzberg and Ramsay.   By exposing ammonia 

x 
to very high intensities of radiation for a fraction of a second, they 

found that the concentration uf the primary decomposition products was 
V 

high enough to permit their absorption spectra to be measured. This 

technique, called flash photolysis, showed that amino radicals (NH2) 
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existed in the decomposition products but there was no evidence for 

W imino radicals (NH). 

The rate of a photochemical reaction usually depends on the 

intensity of the absorbed radiation. This dependence is expressed by 

the quantum yield which is the ratio of the number of moles of observed 

chemical reaction to the number of einsteins (moles of photons) of 

radiation absorbed. Warburg^ found the average quantum yield for 

ammonia decoaposition in the ammonia photolysis to be 0.25. The reac- 

tion was studied at ammonia pressures from U5 to 900 mm.  The photoly- 

T 7 1 ft 0 
sis of ammonia was also studied by Kuhn '  using radiation of 2025 A 

i  ° to 21U0 A wavelength. The quantum yield was 0.U5 and did not depend 

on the temperature or pressure of the ammonia. The addition of nitrogen 

had no influence on the reaction but the quantum yield at high tempera- 

tures was decreased when hydrogen was added to the ammonia. 

The mercury-photosensitized decomposition of ammonia by mercury 

6( P,) atoms was reported in 1926 by Bates and Taylor.   A mixture of 
•*• 

.  o 
ammonia and mercury vapor was distilled past a lamp emitting 2537 A 

I 
wavelength radiation and was condensed in a trap immersed in liquid 

air.    Hydrogen and nitrogen were the only products which were detected 

but the hydrogen-to-nitrogen ratio was greater than three to one as 

required by the stoichiometric reaction 

2 NH3 -4S2OH2 (3) 

This equation had been obeyed in all the previous studies. Bates and 

Taylor suggested that the decomposition went through several elementary 

<*> 
* All gas pressures in this thesis will be reported in terms of 

L millimeters of mercury unless otherwise specified. 
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reactions, in some of which hydrazine was involved. If hydrazine was 

• a product of the reaction, the hydrogen-to-nitrogen ratio would be 

greater than three to one since the additional stoichicmetric reaction 

2 NH3 —> NgH^ + H2 (U) 

•59 
would be operative. The same investigators-" reported that the hydro- 

gen-to-nitrogen ratio was also greater than three to one in the 

photolysis of ammonia. Hydrazine was again proposed as a reaction 

product and the photolysis of pure hydrazine was examined. Ammonia 

was a major product in the initial stages of the hydrazine photolysis 

but as the reaction continued the ammonia produced in the reaction was 

photolytically decomposed. The decomposition of hydrazine was uni- 

molecular, and did not depend on the temperature or the pressure of 

nitrogen, hydrogen, or ammonia. The thermal decomposition of hydrazine 

did not begin until the temperature had been raised to 2$0 C. In the 

mercury-photosensitized decomposition of hydrazine, the reaction rate 

was proportional to the light intensity but again was not influenced 

by added nitrogen, hydrogen, or ammonia. The quantum yield was at 

least 13. The quantum yield of the hydrazine photolysis was measured 

by Wenner and Beckman.^4 It increased from 1.0 to 1.7 as the hydrazine 

pressure was increased from 2.0 to lli mm. Koenig and Brings  were able 

to show that hydrazine was a product of the phctolytic decomposition 

of ammonia but only trace quantities were obtained. 

The mercury-photosensitized decomposition of ammonia was also 

f\   7 
studied by Dickinson and Mitchell. *  At very low pressures of ammonia 

the decomposition was accompanied by a green and ultraviolet fluores- 

_ cence. The reaction rate increased with increasing ammonia pressure. 

The only reaction products were nitrogen and hydrogen. When argon or 



e nitrogen at 0.3 mm. pressure was added, the reaction was unchanged but 

the addition of even lower pressures of hydrogen caused the reaction 

rate to decrease greatly. 

The photolysis of ammonia in the presence of carbon monoxide was 

examined by ilneleus.   Formamide was a product of the reaction. The 

quantum yield, for ammonia decomposition was double that for the 

photolysis of pure ammonia, but only 5 per cent of the decomposed 

ammonia was recovered as nitrogen. 

The quantum yield for the ammonia photolysis was reinvestigated 

by Wiig and Kistiakowsky in 1932. J    A value of 0.25 was obtained at 

2$  C. This value did not depend on the wavelength or the intensity of 

the radiation and was not changed when the ammonia pressure or the 

exposure time to the radiation was varied. At 500°C., the quantum 

yield rose to 0.5. In all cases the hydrogen-to-nitrogen ratio was 

three to one. The following primitive reactions were considered to 

be important secondary steps in the ammonia decomposition: 

H • H • N —> H + M (5) 

NH2 • H • M —> KH* • M (6) 

NH2 • H2 —>NH3 + H (7) 

H • NH- —> NH£ • H2 (8) 

NH2 + NH2 *  M —>N2Hj1 + M (9) 

NH2 • NH2 —> N2 + 2 K2 (10) 

N2H^* E —> N2H3 • H2 (11) 

N2H3 • N2H3 —}  2 NH^ • N2 (12) 

In these reactions, M represented any molecule capable of carrying off 

part of tne radical recombination energy. Reactions (7) and (B) were 

important only at high temperatures. The low quantum yield was 

V 
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accounted for by reactions (6), (li) and (12). Nitrogen, hydrogen, and 

hydrazine appeared byway of reactions (9), (10), and (12) but part of 

the hydrazine was consumed by reactions (11) and (12). 

The role of hydrazine as a reaction product in the ammonia photoly» 

12 
sis was firmly established by Gedye and Rideal.   In their experiments, 

ammonia flowed past the full radiation of a mercury arc and was 

condensed in a trap. Up to £0 per cent of the decomposed ammonia was 

recovered as hydrazine. The hydrazine yield was favored by lowering 

the temperature of the reaction vessel and by rapid cooling of the 

gaseous products of the decomposition. The mercury-photosensitized 

decomposition of ammonia under the same conditions produced only trace 

amounts of hydrazine. 

Dixon used a flow technique to study the reaction of hydrogen 

atoms with hydrazine and with ammonia. With hydrazine, the hydrogen 

atoms reacted rapidly to produce ammonia, nitrogen, and hydrogen. 

Ammonia appeared to be inert to attack by hydrogen atoms. This work 

substantiated reaction (11) proposed by Wiig and Kistiakowsky. 

In 1932, Melville 7  reported the results of an examination of 

the photolysis of ammonia in which the hydrogen atom concentration 

was increased above the normal value. A zinc spark was used to provide 

radiation for the photolysis of ammonia in a mixture of ammonia, 

hydrogen, and mercury vapor. Mercury 6(~P^) atoms were then produced 

in the reaction by irradiating it with a mercury arc. The excited 

mercury atoms were quenched by hydrogen which dissociated into hydrogen 

atoms. The increase in the hydrogen atom concentration caused a large 

decrease in the quantum yield of ammonia decomposition. This work was 

presented as evidence that the low quantum yield was due to the 

reaction 
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NH, • H * M —• NH3 + M (6) 

20 In a later Investigation, Melville and Birse  measured the hydrogen 

atom concentration in the photolysis of ammonia by measuring the rate 

of conversion of ortho-hydrogen to para-hydrogen. They considered 

that the hypothesis of Wiig and others, whereby amino radicals combined 

to form hydrazine which in turn was decomposed by hydrogen atoms, was 

untenable since sufficient hydrazine could not be formed to lower the 

hydrogen atom concentration to the value which they obtained in their 

experiments. These authors felt that the only secondary reactions of 

importance were the following: 

H • H —> H2 (13) 

NH2 • NH2 —> 2 H2 • N2 (10) 

H • NH2 —> NH3 (Hi) 
| 

In their opinion only a fraction of the excited ammonia molecules dis- 

sociated into hydrogen atoms and amino radicals whil^ the remainder 

were deactivated without reaction. 

The regeneration of ammonia in the secondary processes of the 

ammonia decomposition was shown by Taylor and Jungers.11  Deutero- 

ammonias were formed when a mixture of ammonia and deuterium underwent 

mercury-photosensitized decomposition. Since no exchange occurred 

except when the ammonia was decomposed, they concluded that the low 

quantum yield in the ammonia decomposition was due to reaction [Ik) 

and that the reaction of hydrogen atoms with ammonia was negligible 

at room temperature. 

In 193$, Wiig  reported a very careful study of the quantum yield 

of the ammonia photolysis. As the ammonia pressure was increased from 
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about 10 mm. to about 100 mm., the quantum yield increased from 0.10 

• to 0.30. At higher pressures, the quantum yield decreased until at 

one atmosphere pressure the value was 0.18.  Ogg, Leighton and 

Bergstrom ' found the quantum yield to be O.lU from one to eight atmos- 

pheres pressure. These authors found that the quantum yield did not 

depend on the wavelength ox the absorbed radiation but, as the ammonia 

temperature was increased to U00 C., the quantum yield increased to 

0.5. When the ammonia contained 0.3 per cent hydrazine, an ammonia- 

sensitized decomposition of hydrazine occurred with a quantum yield 

of 1.28. Prom these results and the knowledge that the decomposition 

of hydrazine produces ammonia, Ogg and his coworkers deduced that the 

low quantum yield in the ammonia reaction was due to an ammonia- 

reforming step in the decomposition of hydrazine. They proposed that 

nitrogen was formed by the reaction 

N2H^ • 2 NH2 —> 2 NH3 • N, • H2 (15) 

Except for a minor change in reaction (15), this mechanism was supported 

by Mund.   A kinetic analysis based on the following reactions and 

reaction coefficients agreed with the experimental results of Wiig and 

Ogg: 

20(NH3 + hv —+ NH2 + H) (l) 

17(2 NH2 + M —>N2HU) (9) 

lotNgH^ • H —> NH3 • NH2) (11) 

KN^ • 2 NH2 —> 2 N2 • it H2) (lb) 

2(H • H • M —> H2 • M) (5) 

The above mechanism predicted an increase in the quantum yield with 

jr - o^ 
increased light intensity.    This effect was later shown to exist. 
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f 
The reaction coefficients were obtained by fitting the mechanism to 

Wiig's data. Ogg showed that an equally satisfactory fit could be 

obtained if other coefficients were used and if reaction (if?) was 

substituted for reaction (16). Ogg preferred reaction (l£) because 

ammonia had been shown to be a product of the decomposition of 

•JO 
hydrazine. 

An interesting investigation of the photolysis of ammonia was 

reported by Weige and Beckman. -* Radiation of 1990 A wavelength was 

used, and the photolysis was studied at ammonia pressures from 2 to 

128 mm. The ammonia was exposed to the radiation for very short time 

intervals so that the pressure of the products was only from 3x10 

to 8x10  mrn. Hydrogen accounted for over 90 per cent of the gaseous 

product in the experiments with the shortest exposure times. When the 

extent of decomposition was greater, the hydrogen-to-nitrogen ratio 

decreased to three to one. The quantum yield for ammonia decomposition 

approached unity when the ammonia pressure was low and the extent of 

the decomposition was small. At higher ammonia pressures, the quantum 

yield was 0.8. Hydrazine was found adsorbed on the walls of the reac- 

tion vessel. In the mercury-photosensitized decomposition of ammonia 

under similar conditions, fluorescence was observed and the quantum 

yield was 0.12. The following reactions were considered to be the most 

important; 

NH3 • hv —> NH2 + H (1) 

H • H * M —> H2 • M (5) 

NH2 • NHg + M "-"»NgH. + M (9) 

t - It was suggested that the low quantum yield at the higher extents of 
'. 

decomposition resulted from ammonia reforming steps involved in the 
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decomposition of ammonia. Since the experiments were done at very- 

low ammonia pressures, reactions (5) and (9) were considered to occur 

mainly at the walls of the reaction vessel. 

Wilg  was unable to reproduce the work of Welge and Beckman. 

He found no increase in the quantum yield even when the pressure of 

the products was only lixlO"-' mm. The quantum yield did increase, 

however, when the cell diameter was decreased. The reaction appeared 

to be heterogeneous at ammonia pressures below 300 mm. 

The Budde effect (expansion due to irradiation) was used by 

Shida-' to measure the rate of the ammonia photolysis. His quantum 

yield values were similar to those of Wiig except at low ammonia pres- 

sures. Shida found the quantum yield continued to increase as the 

ammonia pressure was decreased. Wiig had reported that the quantum 

yield decreased when the ammonia pressure fell below 1$0 mm. In 

Shida's experiments, the reaction appeared to be heterogeneous and 

the quantum yield increased when the wall area was enlarged or when 

the size of the illuminated zone was increased. 

A recent investigation of the ammonia photolysis by Vanpee 

showed a maximum in the quantum yield at l£C mm. ammonia pressure, but 

the values obtained at higher pressures were only slightly smaller. 

When the ammonia pressure was less than 300 mm., the quantum yield 

decreased when the light intensity was decreased, especially if hydro- 

gen was present in the reaction. The reaction rate was not changed 

by the addition of nitrogen or argon but was considerably decreased by 

hydrogen. When an equimolar mixture of hydrogen and ammonia was 

irradiated, the quantum yield decreased as the temperature increased 

but the quantum yield increased with increasing temperature in the 

photolysis of pure ammonia. 

•• 

< 
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15 The ammonia photolysis was studied in this laboratory by Kahn. 

The ammonia flowed rapidly past a lamp emitting radiation at a wave- 

o 
length of 181»9 A and was condensed in a trap immersed in liquid nitro- 

gen. At the end of an experiment, the non-condensable gas was analysed 

and the condensed material was analysed for hydrazine. Under the most 

favorable conditions, 85 per cent of the ammonia decomposed was 

recovered as hydrazine. 

The major findings of all these investigations may be summed up 

in the following statements: 

1. Ammonia decomposes both by photolysis and by mercury-photo- 

sensitization into hydrogen atoms and amino radicals. 

2. The radicals produced in the dissociation of ammonia undergo 

secondary reactions which produ«' . only hydrogen and nitrogen whan the 

decomposition is examined under static conditions. In the ammonia 

photolysis, if the ammonia flows through the irradiated zone and is 

then condensed, hytii-azine also appears as a product, Hydrazine is, 

therefore, probably an intermediate in the static decomposition. 

Hydrazine is rapidly decomposed to ammonia, nitrogen and hydrogen In 

the presence of hydrogen atoms. The role of hydrazine in the secondary 

reactions of the mercury-photosensitized decomposition of ammonia is 

not well established. 

3. The quantum yield of ammonia decomposition in the photolysis 

of ammonia is 0.2 to 0.3 at 1^0 mm. ammonia pressure. There is con- 

siderable evidence that the quantum yield decreases slowly as the 

ammonia pressure is increased. The behavior at low pressures depends 

on the experimental conditions. In the mercury-photosensitized 

decomposition the quantum yield is much lower than in the photolysis. 
f 
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h.    In the ammonia photolysis, the decomposition rate is not 

W changed by the addition of argon or nitrogen. Hydrogen, however, In- 

hibits the rate. In the mercury-photosensitized decomposition, inhibi- 

tion of the rate of decomposition by hydrogen is well established. 

5. The quantum yield in the photolysis of ammonia does not depend 

on the wavelength of the radiation but increases when the intensity of 

the radiation is increased. 

6. Several investigators have pointed out that the ammonia decomp- 

osition becomes heterogeneous at low pressures. 

7. The low quantum yield in the photodecomposition of ammonia has 

been attributed to the recombination of hydrogen atoms with amino 

radicals and also to the reformation of ammonia by the decomposition of 

hydrazine produced in the reaction. The mechanism of ammonia reforma- 

tion and the mechanism by which nitrogen is formed is not well 

established. 

The research reported in this thesis was undertaken to establish 

the importance of hydrazine in the photodecomposition of ammonia. Since 

the role of hydrazine in the mercury-photosensitized decomposition 

seemed particularly to require detailed study, this photochemical tech- 

nique was emphasized in the investigation. An examination was also made 

of the photolysis of ammonia so that a comparison of the two modes of 

photochemical dissociation could be made^ 

Since hydrazine was previously observed as an important product 

only when the ammonia flowed through the radiation, a flow system was 

used in most of thi3 work. However, both the photolysis and the 

mercury-photosensitized decomposition of ammonia were also studied under 

static conditions. 

It was hoped that a study of the reaction rate and the reaction 
' 
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products, using a wide variation of the experimental parameters, would 

m 
w permit a further elucidation of the nature of ths secondary processes 

involved in the photodecomposition of ammonia. 



CHAPTER II 

EXPERIMENTAL METHODS 

Apparatus 

Separate systems, shown In Fig. 2 and in Fig. 3, were used for the 

photolysis and for the mercury-photosensitized decomposition of ammonia 

because the photolysi3 apparatus had to be free from mercury vapor. The 

apparatus used to analyse the hydrogen-nitrogen mixtures produced in 

all the experiments is also included in Fig. 2. An apparatus was con- 

structed for a brief examination of the photolysis of hydrazine. Equip- 

ment for the measurement of the extinction coefficient of ammonia is 

shown in Fig. 1. 

Apparatus for Extinction Coefficient Measurements. Radiation of 

181*9 A wavelength was used in the photolysis of ammonia. Since no 

accurate value was available for the ability of ammonia to absorb light 

of this wavelength, an apparatus was designed to measure the extinction 

coefficient at I8b9 A. The extinction coefficient was required to 

calculate the minimum ammonia pressure necessary in the reaction vessel 

o 
for complete absorption of the incident 18U9 A radiation. 

The apparatus for the absorption measurements, shown in Figr 1, 

incorporated a mercury-free, high-vacuum system to manipulate the 

o 
ammonia and an optical assembly designed to produce a beam of 18U9 A 

radiation and to measure fractional changes in the beam due to absorp- 

tion of the radiation by ammonia. 

The light 3ource, L, was a Hanovia Biosteritron, a low pressure 

mercury-rare gas discharge, with a quartz envelope. The power required 

to operate the lamp was supplied by the 3000 volt secondary of a Sola 

neon sign transformer which was coupled to a 110 volt a.c. power cutlet 

through a Sola constant voltage transformer. 

18 
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The apparatus was designed so that either of two quartz absorption 

f, cells could be attached to the vacuum system in position C of Fig. 1. 

The one was a  Hanovla cell with a path length of 0.020 1 0.003 em. in 

the light beamj the other was an Aminco precision cell (style F, class 

3) with a path length of 1.0002 t 0.0005 cm. A Westinghouse WL789 plat- 

inum cathode phototube (P in Fig. l) was used to measure the intensity 

of the radiation transmitted through the absorption cell. Since the 

„,  o        o 
lamp emitted radiation only at the wavelengths of 18U9 A and 2537 A in 

the ultraviolet region and since the platinum cathode was not sensitive 
o 

to wavelengths greater than 2100 A, the phototube responded only to 
o 

the l8u9 A radiation. A potential of 90 volts was maintained across 

the terminals of the phototube when it was in operation by three dry 

batteries. The current output from the phototube (about 1x10"*  amperes) 

was measured with a Beckman Ultrohmeter. Extensive shielding of the 

electrical circuits was required to obtain stable meter readings. 

The radiation from the lamp was collimated by three brass apertures 

Al» A£, and Ao. The collimated beam passed through the absorption cell 

and impinged on the platinum cathode of the phototube. The lamp-cell- 

phototube assembly was rigidly mounted in a brass box blackened on the 

inside with Kodacoatc To minimize the influence of stray light, the 

lamp compartment was separated from the absorption cell-phototube com- 

partment except for the aperture A^. Nitrogen was passed through the 

bras3 box, while measurements were made, to eliminate absorption of 

the l8li9 A radiation by oxygen in tha optical path. 

The absorption cell was attached to the Pyrex high-vacuum system 

by means of a quartz-to-Pyrex graded seal. High vacua were obtained in 

the manifold by means of an Eitel-McCullough HV-1 oil diffusion pump 

backed by a Welsh Duoseal two-stage mechanical pump. The vacuum syst^n 
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consisted of a gas inlet, two traps (T) for distilling ammonia and a 

gas reservoir (R). The ammonia pressure in the absorption cell was 

measured with an Alphatron Ionisation gauge (I) at low pressures and 

with a mercury manometer (M) at high pressures. The mercury in each 

limb of the manometer was covered with a 10 cm. layer of Octoil, a 

hydrocarbon oil which has a vapor pressure of less than 1x10" mm. at 

room temperature. Vacuum stopcocks (S), lubricated with Dow Corning 

Silicone high-vacuum grease, were used throughout the vacuum system. 

Apparatus for the Photolysis of Ammonia. The flow and static 

photolyses of ammonia were done in the apparatus shown in Pig. 2. 

Except for the quartz lamp^, the system was constructed of Pyrex glass. 

Vacuum stopcocks (S) were used to isolate various sections of the 

apparatus. The stopcocks were lubricated with Dow Corning Silicone 

vacuum grease or with Apiezon N stopcock lubricant. 

The apparatus was evacuated through S, by a two-stage mercury 

diffusion pump backed up with a Welsh Duoseal mechanical pump. The 

pumping system was able to reduce the pressure, measured by a McLeod 

gauge near S,, to less than 5x10  mm. Stopcock S^ separated the reac- 

tion system from the pumping system and the apparatus for analysing 

hydrogen-nitrogen mixtures. The latter systems contained mercury vapor 

and, therefore, the traps T-, and Tp were immersed in liquid nitrogen 

before S_ was opened to prevent mercury from diffusing into the reaction 

system. 

A tank of ammonia was connected to the reaction system by a short 

rubber tube, coated with Glyptal cement. The gas entered the reaction 

system through a Hoke flow meter (F) calibrated from U.O to 35 cu. ft. 

per hour for ammonia at one atmosphere pressure and at a temperature of 
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0°C. The mass flow rate of ammonia into the system, measured by this 

r meter, was controlled by a Hoks needle va^ve, N. The ammonia passed 

through the lamp zone (L) and the orifice (0) and was condensed in the 

flask, C. 

The lamp was a low pressure mercury-rare gas discharge and was used 

as an internal source of radiation. This type of lamp is the most con- 

venient source of ultraviolet light with photochemically useful intensi- 

ties at discrete wavelengths. Moreover, the lamp temperature did not 

( 

rise higher than 50°C. even when operated for lcng periods of time in a 

static pressure of ammonia. In a stream of flowing ammonia, the lamp 

temperature was only slightly above room temperature. The lamp consisted 

of a U-tube fabricated from 10 mm. I.D. Hanovia S.R. grade optical quartz 

with vails 1 mm. thick. The electrode arms were ring-sealed into the 

tubing where it was attached to a male quartz U5/50 standard taper joint. 

This large male joint was fitted into the Pyrex reaction tube by means 

of a female U5/50 Pyrex standard taper joint. The other end of the 

quartz tubing into which the lamp was sealed was joined to the Pyrex 

inlet tubing by a quartz-to-Pyrex graded seal. The lamp contained a 

drop of mercury and k  mm. pressure of argon. Only the two resonance 
o        o 

lines, at I8u9 A and 2537 A were emitted by the lamp in the ultraviolet. 

Since ammonia is transparent at 2537 A '  the discharge can be regarded 
o 

as a monochromatic source of 18U9 A radiation with respect to ammonia. 

The lamp was designed as an internal source since 18U9 A radiation is 

strongly absorbed by oxygen and is absorbed to some extent by quartz. 

To utilize the full intensity of the discharge, the quartz envelope of 

the lamp was made very thin and the lamp was immersed directly into the 

ammonia stream. Such an arrangement is not as flexible as an external 

source nor can the radiation be collimated. The density pattern of the 
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radiation about the lamp was too complicated to express by a simple 

mathematical expression. 

The lamp discharge was maintained by the 5000 volt secondary of a 

General Electric luminous tube transformer. The voltage input to the 

primary of this transformer was stabilized by a Sola constant voltage 

transformer which operated off a 110 volt a.c. power outlet. The lamp 

intensity could be regulated by varying the primary voltage with a 

Variac transformer. The lamp current was measured by an ammeter, in 

series with the lamp, which was calibrated from zero to one hundred 

milliamperes. 

The orifice (0) between the lamp and the condenser flask was 

adjusted so that various ammonia pressures were obtainable in the reac- 

tion zone at a given mass flow rate of ammonia. The pressure in the 

reaction zone was determined by an Alphatron ionization gauge and by 

the oil-mercury manometer described in the section dealing with the 

apparatus for absorption iwjasurements. These pressure measuring devices 

were connected to the system through stopcock S„. 

Apparatus for the Mercury-photosensitized Decomposition of Ammonia. 

The flow and static mercury-photosensitized decomposition of ammonia was 

performed in the apparatus shown in Fig. 3. This system, constructed 

mainly of Pyrex glass, was similar in most respects to the apparatus 

used for the photolysis experiments. The ammonia inlet system through 
• 

the needle valve N, the flow meter F, and the stopcock S., was similar 

to that described in the previous section; as was the pumping equipment 

used to evacuate the system through S.,. In the flow experiments, the 

linear flow rate of the ammonia through the reaction vessel (V) into 

the condenser flask (C) was controlled by the orifice., 0. 

The ammonia from the inlet passed through a reservoir, R, containing 

:  ; - 
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mercury. This reservoir was wrapped with resistance wire and was then 

wrapped with asbestos paper. In some experiments, the mercury reservoir 

was heated by causing an a.c. current to flow in the resistance wire. 

The temperature of the mercury was measured by a thermometer placed in 

a well which dipped into the mercury. 

The ammonia was irradiated in a quartz tube, V, which was l£ cm. 

long and U.O cm. in diameter. This tube was connected to the Pyrex 

apparatus by quartz-to-Pyrex graded seals. 

The lamp (X) used for the mercury-photosensitized decomposition of 

ammonia was a low pressure mercury-rare gas discharge. The discharge 

was contained in an envelope of Vycor 7910 glass, lU mm. in diameter, 

which was shaped into a helix, 10 cm. long, of six coils. The helix 

fitted around the quartz tube, V, with about 1 cm. clearance. Of the 

ultraviolet radiation produced by the discharge, only that of 2537 A 

wavelength was transmitted by the Vycor glass. The discharge was main- 

tained and measured by the same arrangement of meters and transformers 

which operated the lamp used for the photolysis of ammonia. 

The pressure of ammonia in the irradiated tube was measured by the 

mercury manometer, M, or by a Martin Glass Co. McLeod gauge, L, cali- 

brated for pressures from 1x10  to 2.0 mm. of mercury. 

The reaction system was connected to the apparatus for analysing 

hydrogen-nitrogen mixtures through the trap T. and the stopcock S as 

shown in Fig. 3. 

Apparatus for the Analysis of Hydrogen-Nitrogen Gas Mixtures. The 

hydrogen and nitrogen produced in the experiments of this investigation 

were quantitatively determined in the apparatus shown on ehe right of 

stopcock S_ in Pig. 2. This apparatus, constructed of Pyrex glass, con- 

sisted of a Toepler pump (P), a calibrated volume (K), and a series of 

)fiiiMHim"»i'UH<ii"i» ••• •- 
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traps (T^, Ti, and TV) ussd to convert hydrogen to water. 

The lower flask of the Toepler pump was filled with mercury to a 

level just below the three-way stopcock S,, (S-Q and S^Q were not vacuum 

stopcocks). This stopcock permitted air to be admitted to or pumped out 

of the space above the mercury. The air was pumped out by a Cenco 

mechanical pump. The three-way stopcock S... opened the upper flask 

either to the gas inlet at S or to the gas exit which was part of the 

volume K. After the upper flask and the volume K had been evacuated, 

gas could be transferred from the gas inlet to the gas outlet by raising 

and lowering the mercury level in the upper flask together with the 

proper manipulation of 3,Q. During a large part of the investigation 

of the mercury-photosensitized decomposition of ammonia, the manual 

Toepler pump was replaced by a pair of automatic Toepler pumps. These 

pumps had common gas inlet and gas outlet systems and the air-vacuum 

arrangement required to raise and lower the mercury level was common, to 

each of them so that they worked in unison with one set of electrical 

controls. The design and operation of one of the pumps is described in 

the Appendix. 

The capacity of the calibrated volume (K) was variable since it 

incorporated a gas burette (B). A mercury manometer (M) was used to 

measure the gas pressure in the calibrated volume. A standard flask, 

whose exact volume had been established by weighing the amount of mer- 

cury required to fill it, was also attached to the volume K. When 

necessary, the volume K was evacuated and its capacity was calculated 

from the pressure in it when it was opened to the standard flask which 

contained a known amount of gas. The calibration of the volume K was 

reproducible to within 0.1 ml. The capacity of K was about 100 ml. but 

, 
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it could be increased to about 200 ml. by lowering the mercury level in 

the gas burette. 

The trap ?K contained copper oxide deposited on glass wool and was 

surrounded by a furnace made of resistance wire and asbestos paper. The 

furnace temperature was controlled by varying an alternating voltage 

across the resistance wire with a Variac transformer. The temperature 

of T^ was determined from a thermometer whose bulb was inside the fur- 

nace. The traps, T, and Ti , were used to freeze out the water vapor 

produced by the oxidatxon of hydrogen ovnr the hot, copper oxide. 

Materials 

Ammonia. The ammonia used throughout the investigation was obtained 

from the Matheson Co. and w<.$  stated to be 99.5 per cent ammonia. It 

was also claimed that the non-basic gas did not exceed 0.01 cc. per gm. 

of liquid ammonia and was less than 0.2 cc. per gm. of ammonia in the 

ovbrlying gas. The moisture content of the ammonia was rated to be less 

than fifty parts per million by weight and the oil content was said to 

be less than three parts per million by weight. Actually the ammonia 

tanks, when received, contained a considerable quantity of gas which 

was not condensable at the temperature of liquid nitrogen. The ammonia 

was allowed to escape rapidly into a fume hood until the non-condensable 

eas was all swept out. A number of flow runs were done in which the 

ammonia was not exposed to ultraviolet radiation. The amount of gas 

collected which was not condensable at the temperature of "\iquid nitro- 

gen was negligible compared to the amount of hydrogen and nitrogen 

produced when the flowing ammonia was irradiated. No material which 

could invalidate the titration analysis for hydrazine in the regular 

runs was found in the ammonia condensed from the blank runs. An infra- 

red absorption spectrum was obtained from a sample of the tank ammonia 

.Hji,_«-,_.„.-._. *-..-_- r .,.:.. 
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on a Perkin-Elmer Model 21 infrared spectrometer. No absorption peaks 

were observed except those to be expected for aTimonia» Ammonia used 

directly from the tank and ammonia subjected to fractional distillation 

decomposed at the same rate within experimental error in the static 

mercury-photosensitized decomposition of ammonia. 

Hydrogen. The hydrogen used in the investigation was obtained from 

the Air Reduction Sales Co. and was stated to contain 0.09 mole per cent 

of nitrogen and less than 0.02 mole per cent of other gases. 

Ethylene. The ethylene which was added to the ammonia in some of 

the experiments was the research grade of the Philips Petroleum Co. 

Hydrazine. Matheson anhydrous grade hydrazlne was used in experi- 

ments which required hydrazine. Analysis of this material by titration 

indicated that it was only about 95 per cent hydrazine. The other 5 per 

cent was probably water. 

n-Propane. Actinometric measurements were made with n-propane. 

The research grade of the Philips Petroleum Co. and the chemically pure 

grade of the Matheson Co. gave similar results. 

Mercury. The mercury used in any of the apparatus during the 

investigation was the triply distilled grade obtained from Universal 

Scientific Industries. 

Procedures 

The Procedure for Extinction Coefficient Measurements. The high- 

vacuum system, shown in Fig. 1, was evacuated until the pressure indi- 

cated by the Alphatron gauge was less than 1x10"^ mm. Ammonia was then 

admitted to the system through Si and was condensed in the trap T2 which 

was immersed in liquid nitrogen. Stopcock Si was closed and the system 

was opened to the pumps to remove any non-condensable gas. The ammonia 

^agBBtfummmmummmmmmmmemv ..,.,••• 
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was distilled from T2 to T,, and vice versa, a number of times; a 

middle fraction was collected at liquid nitrogen temperature from each 

distillation. The ammonia was then allowed to expand to a pressure of 

one atmosphere and S^ was closed to retain ammonia in the reservoir R. 

The remainder of the system was evacuated and stopcocks S.. and S~ were 

closed. 

Before making absorption measurements, the lamp was operated for 

twenty minutes, with nitrogen passing through the brass box, to insure 

a constant intensity of radiation. The phototube and the Ultrohmeter 

were also turned on during this period. 

When the apparatus had attained a stable state of operation, the 

phototube current was recorded. This current represented the intensity 

of the transmitted 18U9 A radiation when the absorption call was 

evacuated. Stopcock S^ was opened until the desired ammonia pressure 

was obtained in the absorption cell. The current on the Ultrohmeter 

was recorded. After some of the ammonia was pumped out through S,, 

another current reading was recorded. In this way, the current through 

the phototube was measured at several ammonia pressures. The ammonia 

was then completely pumped out of the absorption cell and the phototube 

current was again recorded. If the initial and final current readings 

for the evacuated cell did not agree within one per cent due to drift 

in the instruments, the recorded data was not used. The same procedure 

was followed over another pressure range with a new sample of ammonia 

from the gas reservoir. The total exposure time to radiation for each 

sample of ammonia did not exceed two minutes so that the decomposition 

of ammonia would not affect the amount of light transmitted through the 

absorption »«tH« 
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The Procedure for ttie Photolysis of Ammonia. The photolysis in a 

flowing stream of ammonia was investigated to determine the dependence 

of the rates of formation of hydrazine, hydrogen, and nitrogen on the 

ammonia pressure and on the linear flow rate of the ammonia through 

the irradiated zone. The procedure used for a typical experiment is 

described below. 

The orifice, 0, was constricted to the size required to give the 

desired linear flow rate of ammonia in the irradiated zone and the 

traps, T, and T«, were immersed in liquid nitrogen to prevent mercury 

from diffusing into the reaction system. Stopcock Sg was opened and 

the system was evacuated until the pressure indicated by the Alphatron 

gauge was less than lxl0~y mm. The condenser flask was immersed in 

liquid nitrogen during the remainder of the run. Stopcock S~  was 

closed and the system was flushed out with ammonia from the tank so 

that the walls of the reaction vessel were saturated with ammonia. 

The system VES evacuated again and the lamp was turned on to allow it 

to warm up to a constant intensity. The Variac transformer, which con- 

trolled the voltage supplied to the lamp, was adjusted so that the 

current through the lamp was ninety milliamperes, When the lamp had 

been operating for five minutes, the reaction system was isolated by 

the closing of S0. Ammonia was allowed to flow from the tank through 

the irradiated zone into the condenser flask. At the instant that the 

needle valve, N, was opened to permit ammonia to enter the system, an 

electric timer calibrated in minutes and hundredths of minutes was 

turned on. The mass flow rate of ammonia through tho reaction system 

was regulated by the needle valve and was measured by the flow meter. 

The pressure of ammonia in the irradiated zone was obtained from the 

Alphatron gauge or the oil-mercury manometer. 

««*&**.-(**«« •. .JwA^Eab&*#s%<äMI<W»<^ 
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When the desired exposure time, usually thirty minutes, had 

elapsed, the lamp was turned off. The tubing between the lamp and the 

condenser flask was heated gently for a few minutes to drive any 

adsorbed hydrazine ir.to ohe ammonia stream. The stream was then 

stopped by the closing of the needle valve and Sn . One hour was per- 

mitted to elapse so that all the ammonia would condense in the flask 

immersed in liquid nitrogen. The products of the reaction which were 

not condensed were then pumped into the gas analysis apparatus through 

S«, Sg, and Sy. The traps, T, and T2, served to remove the last traces 

of ammonia from the non-condensable gases, hydrogen and nitrogen. Stop- 

cock iwas closed and S was opened to let air into the reaction system. 

The condenser flask was removed from the system and the condensate was 

analysed for hydrazine. When the reaction system was fitted with a 

clean condenser flask and was evacuated again, it was ready for the 

next run. 

The experiments were grouped into series in which the orifice size 

remained constant but the mass flow rate ard hence the pressure of 

ammonia in the irradiated zone was varied. When a series of runs had 

been completed, the orifice size was changed and another group of runs 

was made in which the ammonia pressure was varied. In two runs, the 

zone between the lamp and the orifice was filled with Pyrex rods. 

The static photolysis of ammonia was also investigated in the 

apparatus shown in Fig. 2. A sample of ammonia from the tank was sub- 

jected to two trap-to-trap distillations in an auxiliary apparatus. 

A middle fraction was retained from each distillation. The reaction 

system was evacuated and isolated by S in the usual manner. The 
2 

desirad pressure of the distilled ammonia was admitted to the reaction 

system. The lamp, which had been operated for five minutes so that it 

J 
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produced a constant intensity of radiation, was turned off while the 

ammonia entered the system, The lamp and the electric timer were then 

turned on. When the lamp was turned off at the end of the run, the 

condenser flask was immersed in liquid nitrogen for one hour. The reac- 

tion products were analysed using the procedure already described for 

the products of the flow photolysis of ammonia. 

The Procedure for the Mercury-Photosensitiaed Decomposition of 

Ammonia. The rates of formation of the products of the mercury- 

photosensitized decomposition of a stream of ammonia were measured in 

a series of experiments in which the pressure and the linear flow rate 

of ammonia in the irradiated zone were varied in a systematic manner. 

The procedure for a typical mercury-photosensitized experiment was 

similar to the procedure already described for a typical photolytic 

experiment. The diameter of the orifice was constricted to the desired 

size and the reaction system was evacuated until the pressure regis- 

tered by the McLeod gauge was less than 5x10  mm. The condenser flask 

was immersed in liquid nitrogen to a level which was maintained through- 

out the remainder of the run. The system was flushed with ammonia and 

then was evacuated again. The stopcock S was opened during evacuation 

when the orifice was so small that the non-condensable gas was difficult 

to pump out of the condenser flask. The lamp was turned on and the lamp 

current was adjusted to ninety milliamperes. The heat radiated from 

the lamp raised the temperature of the reaction tube only a few degrees 

above room temperature when the latter had ammonia flowing through it. 

When the lamp had operated for five minutes so that it produced 

a constant intensity of radiation, the reaction system was isolated by 

the closing of S,. Ammonia was admitted to the system through S and 

Sg at a mass flow rate regulated by the needle valve and measured by 

•-. . ;. '.• . "..J ..'     .: . ' . . • 
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the flow meter. As the ammonia entered the system, an electric timer 

was started. After the desired exposure time, usually thirty minutes, 

had elapsed, the lamp was turned off and one minute later the needle 

valve and S were closed. After fifteen minutes when most of the 

ammonia had been condensed in the condenser flask, the non-condensable 

gas was transferred into the apparatus for gas analysis through S,, S?, 

and the trap T.. . This trap was immersed in liquid nitrogen and served 

to condense any ammonia which may have remained in the non-condensable 

gas. Stopcocks Sp, Sg, and S- were closed after the non-condensable 

gas was transferred and Si was opened to let air into the condenser 

flask. The flask was removed from the system and in some of the runs 

the condensate was analysed for hydrazine. When the system was fitted 

with a clean flask and was evacuated again, it was ready for another 

run. Air was not permitted into the section of the system between S.. 

and S«. If air was admitted to this zone, the mercury saturator was 

less efficient in the next run probably because a thin film of mercury 

oxides was formed on the surface of the mercury which decreased the 

rate of evaporation of mercury into the ammonia stream. 

As in the photolysis of ammonia, series of experiments were made 

in which the orifice size was constant but the ammonia pressure was 

varied. When a series of experiments was completed, the orifice size 

was changed and again the reaction was studied at various ammonia 

pressures. 

In a number of experiments the mercury saturator was heated to 

1$0 C. The temperature of the mercury was not constant, however, since 

it was cooled to some extent by the stream of aranonia passing over it. 

A series of experiments was done in which the time of exposure of 

the ammonia stream to 2537 A radiation was varied, and in other 
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experiments the lamp intensity was varied. The reaction zone was 

packed with fifty feet of platinum wire, 0.0038 inches in diameter, 

in another group of runs. 

Experiments were also made in which ethylene was bled into the 

ammonia stream before it entered the irradiated zone. Before an exper- 

iment of this kind was started, ethylene from a tank was condensed in 

a reservoir (not shown in Fig. 3) of 2.U liters volume immersed in 

liquid nitrogen. The reservoir was then opened to the pumping system 

to remove any non-condensable gas. The ethylene was allowed to expand 

so that the pressure in the reservoir, indicated by the mercury mano- 

meter, was about seven hundred millimeters. A scratched stopcock 

allowed the ethylene to be added to the ammonia stream between S^ and 

the irradiated zone at a very slow rate. The average rate of addition 

of ethylene to the stream was calculated from the decrease in pressure 

in the reservoir during a run. In some of the runs in which ethylene 

was added, the ammonia stream was irradiated for two or three hours to 

collect a larger amount of products than was obtained in the usual 

thirty-minute experiments. At the end of these runs, the condenser 

flask was removed and the ammonia was allowed to evaporate until only 

a few milliliters remained. The flask was then refitted to the reac- 

tion system, immersed in liquid nitrogen and evacuated. The remaining 

condensate was allowed to expand into the reaction system and a sample 

was collected in an infrared absorption cell. The infrared spectrum of 

the sample was measured from six hundred to four thousand wave numbers 

on a Model 21 Perkin-Elmer infrared spectrometer. The spectra of tank 

ammonia, hydrazine, and methylamine were also measured so that they 

could be compared with the spectrum of the unknown gas. 

A few experiments were done in which the ammonia passed through 
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also investigated in the apparatus shown in Fig. 3. In some of the 

experiments the ammonia was taken directly from the tank; in other 

experiments the tank ammonia was subjected to several trap-to-trap 

distillations and was stored in a reservoir over mercury before it 

was admitted to the re««t.ir>n system* The results obtained from the 

decomposition of the distilled ammonia were the same as those obtained 

from the untreated ammonia. The procedure for a typical static run is 

described below. 

The reaction »one was evacuated and isolated by closing S,. 

Ammonia was admitted to the system from the tank or the reservoir (not 

shown in Fig. 3). When the ammonia was admitted from the tank, it was 

allowed at least one hour to equilibrate with the mercury vapor from a 

pool of mercury in the bottom of the condenser flask. If the ammonia 

was admitted from the reservoir where it was stored over mercury, it 

was equilibrated for a shorter time. While the ammonia was equili- 

brating with the mercury vapor, the lamp was turned on so that it would 

emit a constant intensity of radiation when the run was started. The 

input voltage to the lamp was adjusted so that the lamp current was 

ninety adlliamperes. The reaction system was shielded from the lamp 

radiation until the run began. As the shield was removed, an electric 

timer was started to measure the exposure time of the run. After the 

lamp was turned off, the condenser flask was immersed in liquid nitro- 

gen. When fifteen minutes had elapsed, the trap T. was immersed in 

liquid nitrogen and the non-condensable gas was transferred through 

S. and S into the apparatus for gas analysis. In the static mercury- 

a Pyrex spiral between the mercury saturator and the reaction vessel. 

The spiral was maintained at 360 C. with an electric furnace. 

The static mercury-photosensitized decomposition of ammonia was 

i 
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photosensitized experiments, a wide range of ammonia pressures was 

investigated. The effect of varying the exposure time was studied and 

in several runs hydrogen was added to the ammonia from a hydrogen 

reservoir attached to the system. 

The Procedure for ths Analysis of the Products of the Photodecompo- 

sition of Ammonia. The non-condensable gas which was produced in each 

experiment on the photodecomposition of anmonia was a mixture of hydro- 

gen and nitrogen. The procedure for the quantitative analysis of the 

hydrogen -nitrogen mixtures in the apparatus illustrated in Fig. 2 is 

described below. 

Before the gas analysis was started, the analytical system was 

evacuated. Stopcocks S, and S*  were closed and the hydrogen-nitrogen 

mixture was admitted to the Toepler pump through S . The Toepler pump 

transferred the gas into the calibrated volume until the pressure in 

the reaction system was reduced to less than one per cent of its original 

value. Stopcock S-, was then closed and the quantity of gas in the 

calibrated volume was determined from the pressure on the mercury mano- 

meter. In this calculation, the temperature of the gas was assumed to 

be the same as the temperature indicated by a thermometer placed near 

the calibrated volume. The temperature of the furnace around the trap 

which contained copper oxide was raised to 300°C. and traps T- and Tj 

were immersed in liquid nitrogen. The ga3 from the calibrated volume 

was admitted to the hot copper oxide. Preliminary experiments, In which 

hydrogen-nitrogen mixtures were exposed to the hot copper oxide for 

different time intervals, proved that all the hydrogen in these mixtures 

was converted to water in less than one hour. The water was condensed 

in T- or T, . In the routine analyses when the hydrogen-nitrogen mixture 

had been in contact with the hot copper oxide for one hour, S^ was 

* 
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closed and Si was opened. The gas from the traps T^, T^, and T^ was 

transferred into the calibrated volume by the Toepler pump until 

several cycles of the pump did not increase the pressure of the trans- 

ferred gas. The amount of this gas, which was assumed to be nitrogen, 

was calculated from its pressure and temperature in the calibrated 

volume. The amount of hydrogen produced in a run was assumed to be 

the difference between the total non-condensable gas and the nitrogen. 

After a few analyses were made, the copper oxide which had been reduced 

by hydrogen was reoxidized by allowing air into the analytical system 

for several hours while the trap Tj, was kept at 300°C. 

In the photolysis experiments and in some of the mercury-photo- 

sensitized decompositions, the material thich was condensed in the 

flask immersed in liquid nitrogen was analysed for hydrazine. When 

the flask was removed from the reaction system at the end of a run, the 

ammonia was allowed to boil away until only a few milliliters of liquid 

remained. Preliminary analyses showed that as much as ten per cent of 

the hydrazine produced in a run was swept out of the flask with the 

evaporating ammonia. Therefore, in the routine analysis that was 

developed, the evaporating ammonia was bubbled through a trap contain- 

ing about forty milliliters of distilled water. The hydrazine in the 

ammonia vapor remained in solution in the water. When almost all of 

the anmonia had boiled away, the residue in the flask and the contents 

of the water trap were combined and acidified with concentrated hydro- 

chloric acid. This solution was diluted to a known volume and aliquots 

were titrated with 0.1 N potassium iodate according to the method of 

29 
Penneman and Audrieth. Titrations were made with solutions of hydra- 

zine of known purity in which the hydrazine concentrations were similar 

to the concentrations of hydrazine obtained in the analyses of the 
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routine experiments. These tests showed that the error in the hydrazine 

titration8 did not exceed two per cent. 

Since hydrazine is the only simple hydronitrogen compound known to 

exist in the free state except ammonia, it was assumed throughout this 

investigation that the only products of the photodecomposition of 

ammonia were nitrogen, hydrogen, and hydrazine. 

Since the photodecomposition of ammonia was assumed to obey the 

stoichiometric reaction equations 

2 NH3 - N2 • 3 H2 (3) 

2 NH3 - NgHj^ + H2 (I4) 

the amount of hydrazine produced in a run could also be calculated from 

the amounts of hydrogen and nitrogen which were produced. This calcu- 

lation for the hydrazine was more accurate than the determination of the 

hydrazine directly by titration although both methods gave similar 

results in the photolysis experiments. 

When the condensate of the mercury-photosensitized experiments was 

analysed for hydrazine by the titration described above, the amount of 

hydrazine was up to fifty per cent less than the amount of hydrazine 

which was calculated from the hydrogen and nitrogen produced in the 

same run. The failure of the titration to account for all the hydra- 

zine was probably due to the decomposition of part of the hydrazine 

in the condenser flask after it was removed from the reaction system. 
- 

As the ammonia was evaporated from the condenser flask, the mercury 

which had been condensed along with the ammonia during the run formed 

a colloidal film on the surface of the flask. When concentrated hydro- 

chloric acid was added to the residue in the flask, mercuric and 

mercurous chlorides may have been formed. These chlorides are known 
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to oxidize hydrazine rapidly to hydrogen and nitrogen. 

To test the hypothesis that the missing hydrazine was decomposed 

by mercury chlorides, a 2.5 ml. solution of hydrazine of known concen- 

tration was mixed with concentrated hydrochloric acid in a flask con- 

taining a colloidal mercury film. The concentration of hydrazine in 

the solution was similar to the concentrations in the experimental 

runs. When the hydrazine had been shaken with hydrochloric acid in the 

presence of colloidal mercury for one minute, the solution was titrated 

in the usual manner. The hydrazine concentration was decreased by 25 

per cent. A similar test on a hydrazine solution with hydrochloric 

acid and a pool of mercury showed no change in the hydrazine concen- 

tration. Another technique was used in several mercury-photosensitized 

flow experiments, to show that the mercury was responsible for the 

incomplete recovery of the hydrazine which was produced. When the con- 

denser flask was removed from the reaction system, it was immersed in 

dry ice. When the condensed material in the flask had liquefied, it 

was decanted into a clean flask containing no mercury. The analysis 

for hydrazine was then performed in the usual manner. When the hydra- 

zine solution was decanted from the colloidal mercury, the titration 

indicated that about 85 per cent of the hydrazine produced (calculated 

from the hydrogen and nitrogen produced) was recovered. Since the 

hydrazine could not be recovered quantitatively in the presence of 

colloidal mercury, the amount of the hydrazine produced in the mercury- 

photosensitized experiments was calculated from the amounts of hydrogen 

and nitrogen obtained. % 

In the experiments in which ethylene was added to the ammonia 

stream, part of the hydrogen produced was removed by reaction with 

ethylene. The amount of hydrazine produced in these runs was obtained 

• 
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by the tltration procedure since the calculation from the hydrogen- 

nitrogen analysis was no longer valid. The reported amount of hydra- 

zine formed in these runs was, therefore, at least 15 per cent too 

small. 

The Procedure for the Actinometric Measurements. The static 

mercury-photosensitized decomposition of n-propane was studied in the 

apparatus used for the mercury-photosensitized decomposition of ammonia. 

These experiments were dons to determine the intensity of 2537 A radia- 

tion which was incident on the mercury in the irradiated zone. This 

incident Intensity was used to calculate the quantum yields in experi- 

ments in which ammonia was decomposed. 

The mercury-photosensitized decomposition of n-propane was chosen 

as the actinometer since Bywater and Steacie-* have established the 

quantum yield for hydrogen production in this reaction. At room temp- 

erature and lUO mm. pressure, the only products of the decomposition 

of n-propane were hydrogen and hexanes. The production of hydrogen was 

directly proportional to the light intensity and to the exposure time» 

'When lUO mm. pressure of n-propane was used, the quantum yield for 

hydrogen production was 0.U6. Bywater and Steacie used the rate of 

decomposition of uranyl oxalate as an actinometer to obtain the light 

intensity used to calculate this quantum yield. 

The n-propane used in our investigation was admitted to a series 

of evacuated traps from a tank. The n-propuie was condensed with 

liquid nitrogen and was subjected to three trap-to-trap distillations. 

A middle fraction was saved from each distillation. The distilled 

n-propano was storesd over mercury in an evacuated reservoir which was 

attached tn the reaction system. Several milliliters of mercury were 

placed in flask C shown in Fig. 3 and the reaction system wa3 evacuated 

* 
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and isolated by closing S,.    The n-propane from the reservoir was 

admitted to the reaction system until the propane pressure in the 

system was 1U0 mm. The gas was allowed one hour to equilibrate with 

the mercury vapor in the system. Equillibration for a longer time did 

not increase the rate of decomposition ox the n-propane. While the 

equilibration was proceeding the lamp was turned on so that a stable 

intensity of radiation would be emitted when the run was started. The 

lamp current was adjusted to the desired value. The reaction system 

was shielded from the lamp during the equilibration period. When the 

lamp shield was removed, an electric timer was started to measure the 

exposure time of the run. After the desired time interval, usually 

five minutes, the lamp was turned off and the condenser flask was 

immersed in liquid nitrogen for one hour. At the end of this time, 

the hydrogen was transferred to the apparatus for gas analysis and 

measured. The exposure time in these experiments was always less than 

five minutes, so that the concentration of the reaction products was 

never great enough to influence the rate of formation of hydrogen. The 

rate of hydrogen formation was determined for several values of the 

lamp current. 

The Procedure and Apparatus fo~ the Static Photolysis of Hydrazine. 

The static photolysis of hydrazine was investigated to determine 

o 
whether it was decomposed by 2537 A radiation. A sample of Matheson 

Co. anhydrous hydrazine was thoroughly degassed and the hydrazine vapor, 

at lli mm. pressure, was admitted to an evacuated quartz tube attached 

to a mercury-free vacuum system. The tube was closed off from the 

liquid hydrazine and the hydrazine vapor was exposed to «he radiation 

from a low pressure mercury-rare gas discharge. The lamp envelope was 

fashioned of Vycor 7910 glass so that the hydrazine was exposed only to 
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ultraviolet radiation of 2537 A wavelength. When the lamp was turned 

off, a side-arm from the reaction tube was immersed in a mixture of 

dry ice and acetone for thirty minutes. The non-condensable gas was 

transferred to the apparatus for gas analysis by a Toepler pump and 

was measured. The gas was then passed through a trap immersed in 

liquid nitrogen to remove ammonia. The residual non-condensable gas 

was analysed for hydrogen and nitrogen by the procedure used in the 

photodecomposition of ammonia. 
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CHAPTER III 

RESULTS 

The Extinction Coefficient of Ammonia at 18U9 a 

The extinction coefficient, £ , is defined by the equation 

where I„ and I. are the intensities of the 18U9 A radiation incident o     t 

on and transmitted through the ammonia contained in the quartz 

absorption cell. The optical path length through the ammonia at a 

concentration of c moles per liter is d cm. 

The measurements -which were made on the absorption of 18U° A 

radiation by ammonia are compiled in Table 1. In this table C and 

C. represent, respectively, the Ultrohmeter current for the evacuated 

absorption cell and for the cell containing ammonia. 

The quantity, (log I^I^/d, was calculated for each of the 

(log CQ/C^) values in Table 1 by assuming that the phototube current 

was directly proportional to the intensity of the radiation falling 

on it. In Fig. U, the results of the absorption measurements for the 

1.00002 cm. cell are shown as a plot of (log I^I^/d versus c, the 

concentration of the ammonia. The left hand ordinate figures and the 

lower abscissa figures represent the results for this absorption cell. 

Within the experimental error, the points fall on a straight line, the 

slope of whiv,h gives a value for 15 of 1.21x10 liters moles'^cm.  . 

A similar plot was made in Fig. k  for the measurements obtained with 

the Hanovia absorption cell which had a path length of 0.020 cm. The 

right hand ordinate figures and the upper abscissa figures of Fig. ti 

X represent the scale used to plot these results. The value of £ 
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calculated from the slope üf a line through the latter measurements 

W agrees within the experimental error with the value reported for the 

1,000 cm. cell. Beer's Law is therefore obeyed by ammonia over the 

pressure range from 1 to 200 mm. 

3 -1   -1 By using the value, 1.21x10 liters moles  cm.  for the extinc- 

tion coefficient and the geometry of the reactor in Bq. I, the minimum 

ammonia pressure for complete absorption of the I8a9 A radiation in 

the reaction tube of Fig. 2 was estimated to be 8 to 10 mm. 

The Photolysis of Ammonia 

Results from the Flow Experiments. The mass flow rate of ammonia 

was converted to volume flow at the temperature and pressure of the 

reaction zone. The volume flow divided by the area of the cross-section 

of the irradiated zone (16.6 cm. ) gave the linear flow rate of the 

ammonia. 

Throughout the range of mass flow rates and ammonia pressures used, 

the linear flow rate depended essentially on the resistance to flow of 

the tubing between the lamp and the ammonia condenser. Thus, the 

linear flow rate was varied by changing the diameter of the orifice in 

the tubing. With a given orifice size, the pressure rise in the reac- 

tion zone when the mass flow was increased was just that required to 

keep the linear flow rate constant. Fluctuation in the calculated 

linear flow rate for one orifice size at various mass flow rates was 

attributed to error in the measurements of the mass flow rates and the 

ammonia pressures. In several experiments, the mass flow rates were 

too small to be measured on the flow meter. The linear flow rates for 

these runs were assumed to be the same as for other runs with the same 

J£ orifice size and for which the linear flow rates had been calculated. 

s 
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t Table 1. Absorption Measurements on Ammonia at 18U9 A 

d - 1 .0002 cm. d - 0 ,020 cm. 

Ammonia Log Cyc^. Ammonia Log Co/Ct 
pressure pressure 

mm. mm. 

0.U5 0.025 33 0.050 
0.97 .080 5U .076 
1.12 .065 68 .093 
2.52 .190 85 .IlU 
3.5U .2U0 108 .1U3 

U.U7 .330 126 .173 
U.85 .300 152 .199 
6.35 .hho 202 .271 
7.00 .kko 
8.95 .660 

IO.U .650 
12.3 .7U0 
12.8 .920 
1U.0 .830 
1U.7 .97 

15.3 1.07 
16.6 1.06 
19 1.25 
20 1.28 
07 1.U5 

26 1.67 
29 1.82 
31 2.00 
3U 2.22 
37 2.3U 
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Similarly, in some experiments the ammonia pressure in the reaction zone 

was calculated from the mass flow rate and from a linear flow rate 

established at another pressure for the same orifice size. 

The linear flow rates were varied from 7.05 to 11,1^0 cm. per 

second. The contact time for the gas in the irradiated zone, obtained 

by dividing the length of the irradiated zone (26 cm.) by the linear 

flow rate, varied from 3.6° to 2.33x10"^ seconds. 

In the analysis of the products, the amounts of the total non- 

condensable gas, the nitrogen, and the hydrazine produced per unit 

time were measured. Two quantities of interest were calculated from 

these data using the stoichiometric reactions 

2 NH3 - N2 • 3 H2 (3) 

2 NH3 - NgHj^ • H2 (U) 

1. The apparent amount of ammonia decomposed was given by twice 

the sum of the hydrazine and the nitrogen produced. 

2. The fraction of the ammonia decomposed which was recovered as 

hydrazine was given by the ratio of the hydrazine to the sun of the 

hydrazine and nitrogen. 

Since the total non-condensable gas minus the nitrogen gave the 

quantity of hydrogen produced, the hydrazine produced could be calcu- 

lated from the gas analysis only, because from reactions (3) and (U) 

N2HU " (N2 * H2> " ^2 1J 

The values for the amount of hydrazine produced which were calculated 

from Eq. II were more accurate than the values obtained when the 

hydrazine was recovered and titrated. Both procedures were followed 

in each run but the value for the hydrazine, which was used in 

. a     - 
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calculating the amount of ammonia decomposed and the percentage of the 

decomposed ammonia yhich was recovered as hydrazine, was the value 

calculated from the gas analysis by Eq. II. 

A summary of the results of the flow photolysis of ammonia is 

compiled in Table 2. The runB were grouped according to the orifice 

size (i.e., with the same linear flow rate). Within the groups, the 

mass flow rate and hence the reaction pressure was varied over the 

range permitted by the apparatus. In Fig. 5, the percentage of the 

decomposed ammonia which was recovered as hydrazine* is plotted as 

a function of the ammonia pressure In the reactor. The legend 

accompanying Fig. 5 designates the linear flow rate of each point in 

the figure. The dependence of the rate of decomposition of ammonia 

on the ammonia pressure in the reactor is shown by the upper curve in 

Fig. 6. In this figure also, the linear flow rate associated with 

each point is designated by the legend. 

Unfortunately the apparatus did not permit the investigation of 

the same ammonia pressure range at each linear flow rate. It is 

evident, however, from Fig. $,  that the per cent hydrazine was essen- 

tially independent of the reaction pressure at a given linear flow 

rate but increased as the linear flow rate was increased. The linear 

flow rates in the last two experiments reported in Table 2 were much 

higher than in the other experiments but the per cent hydrazine did 

not increase. To achieve these high linear flow rates, the runs were 

performed at such low reaction pressures that there was incomplete 

absorption of the 18!*9 Ä radiation. Small amounts of non-condensable 

4t 
^ The percentage of the decomposed ammonia recovered as hydrazine is, 
^ hereinafter, referred to as the per cent hydrazine. 
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gas were therefore obtained and the error in the analysis was larger 

than in the other runs. Thus, it was not clear whether the per cent 

hydrazine would increase to 100 per cent at very high linear flow rates 

or whether it had a real limit at about 85 per cent. Since the reac- 

tion pressure was very low, heterogeneous reaction probably played a 

much greater role in the last two experiments than it did in the rest 

of the investigation. 

In Fig. 6, the points are all on a smooth curve showing that the 

rate of ammonia decomposition, which was a measure of the relative 

quantum yield of ammonia decomposition in the reaction, did not depend 

on the linear flow rate. The rate had a constant value of about 

IxlO"-3 1 0.1x10  moles per hour from 100 to 560 mm. pressure of 

ammonia in the reaction zone (the run at 560 mm. pressure is not shown 

in Figs. 5 or 7). At lower pressures, the relative quantum yield 

increased until at 10 mm. pressure the value was about double that at 

100 mm. Below 10 mm., the rate of ammonia decomposition decreased 

because the absorption of the 181J9 A radiation was not complete. 

In the experiments reported in Table 3, the surface-to-volume 

ratio in the zone between the lamp and the orifice was 0.95 cm.  . 

Two experiments were done in which this zone was packed with Pyrex 

rods, thereby increasing the surface-to-volume ratio to 8.65 cm.  . 

The results for these runs are listed in Table 3 together with compar- 

able data for the unpacked system. The examination of the results 

\ 
showed that neither the rate of ammonia decomposition nor the per cent 

hydrazine was cnanged when the surface-to-volume ratio was increased 

in the zone following the lamp. One must conclude therefore either 

-». that the reaction was completed before the flowing gas reached the 

packed zone or that the reaction was not influenced by the increased 
<** 
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opportunity for heterogeneous reaction. 

Results from Static Experiments, The summary of the analyses of 

the ncr>-condensable products of a series of static experiments on the 

photolysis of ammonia is tabulated in Table U. The analyses of the 

condensable residues of these runs indicate that hydrazine is not a 

final product of the static reactions. 

Table U. Results from the Static Photolysis of Ammonia 

Ammonia 
pressure 

mm. 

Total gas 
per hour 

moles x 10^ 

Per cent 
nitrogen 

in total gas 

Ammonia 
decomposed 
per hour 
moles x 10^ 

10 16.11* 25.0 8.07 
2U 15.12 25.0 7.56 
38 11.Ul 25.0 5.71 
57 10.60 2iu8 5.30 
76 11.80   5.90 

150 10.52 —__ 5.26 
26U 11.70 ____ 5.70 

r 

The fact that the nitrogen was almost exactly 25 per cent of the 

total non-condensable product showed that the decomposition obeyed the 

stoichiometric reaction 

2 NH^ - N2 + 3 H2 (3) 

and also showed that the gas analysis was very reliable. 

The rate of ammonia decomposition was plotted as a function of 

the ammonia pressure in Fig. 6. The curve obtained was approximately 

parallel to the curve which was plotted from the flow experiments. 

However, at comparable pressures the static rate was only about one- 

half the rate of ammonia decomposition in the flow eicperiments. 

# 
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The Photolysis of Hydrazine 

When hydrazine at lU mm. pressure was exposed to 2537 A radiation 

for ninety minutes, 2.16x10"^ moles of nitrogen, 2.19x10"^ moles of 

hydrogen, and Iu26xl0~u moles of ammonia were produced and hence 

h»29x10" moles of hydrazine were decomposed. The products were in 

exact agreement with the stoichiometric reaction 

2 N2H,4 - 2 NH3 • H2 + Ng (17) 

An experiment was also done in which the usual procedure was followed 

except that the hydrazine was not exposed to 2537 A radiation. The fact 

that no products were detected in this experiment showed that all the 

hydrazine decomposition in the irradiated experiments was due to 

photolysis. 

The intensity of 2537 A radiation which was incident on the 

hydrazine was estimated to be about 1x10"^ einsteins per minute. This 

estimate was based on intensity measurements which were made on a 

similar lamp. The hydrazine decomposed at a rate of 5x10  moles per 

minute. If the quantum yield of the hydrazine decomposition was about 

two, as found by Wenner and Beckman, ^ the 2537 A radiation was 

absorbed at a rate of 2.5x10  einsteins per minute. From the cell 

geometry, the percentage of the 2537 A radiation that was absorbed and 

the pressure of the hydrazine, the extinction coefficient of hydrazine 

at 2537 A was calculated, by Eq. I, to be 15 liters moles  cm.-1 

Actinometry with n-Propane 

The quantum yield, Qs  is defined by tha equation 

Q - M/I III 

C 
where M is the number of moles of chemical reaction per minute and 
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I is the intensity of absorbed light in einsteins per minute. The 

ft 
^ quantum yield for hydrogen formation in the mercury-photosensitized 

decomposition of n=propane is known to be 0.U6 when the experiment is 

performed at room temperature with lltO mm. pressure of n-propane. 

Thus, when the rate of hydrogen formation of this reaction had been 

measured in the apparatus shown in Fig. 3, the intensity of 2537 Ä 

radiation which was incident on the gas in the system was calculated 

from Eq. III. The lamp intensity was calculated in this way for a 

number of values of the lamp current and the results are listed in 

Table 5. 

Table 5« The Lamp Intensity at Various Lamp Currents 

I   L 

Lamp current 

milliamperes 

Calculated 
lamp intensity 

einsteins/min. x Kr* 

98 1.23 

90 
90 

1.13 
1.18 

80 
80 

1.0b 
1.06 

60 
60 

0.968 
0.928 

ko 
ho 

0.765 
0.795 

30 0.672 

20 
20 
20 

O.U58 
o.iao 
0.393 

g 
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In most of the invastigation of the mercury-photosensitized decomposi- 
m 
^ tion of ammonia, the lamp current was ninety milliamperes, and therefore 

in the calculation of the quantum yield of ammonia decomposition for 

these experiments the light intensity was assumed, from Table 5>, to be 

I.l5xl0~ü einsteins per minute. The accuracy of the calibration*' of 

the lamp intensity was substantiated by the fact that the same results 

were obtained with n-propane from two different sources. 

The Mercury-Photosensitized Decomposition of Ammonia 

Results from Flow Experiments. The experimental observations 

from the investigation of the mercury-photosensitized decomposition of 

ammonia were treated in the same manner as has been described for the 

observations from the photolytic experiments. The linear flow rate of 

the ammonia through the irradiated zone was calculated from the mass 

flow rate and the ammonia pressure in this zone. The amounts of hydrogen 

and hydrazine produced in a run were calculated from the measured amounts 

of iotal non-condensable gas and nitrogen. The analysis for hydrazine 

by titration with potassium iodate was not performed in the mercury- 

photosensitized experiments because of the difficulty, described in 

Chapter II, which was encountered in recovering the hydrazine from the 

condensate of the reaction. The amount of ammonia decomposed and the 

percentage of the decomposed ammonia which was recovered as hydrazine 

(per cent hydrazine) was calculated for each experiment, as in the 

photolytic experiments, from the amounts of hydrogen and nitrogen which 

were produced. The quantum yield for ammonia decomposition was calcu- 

lated from Eq. Ill by using the lamp intensity which was determined in 

the actinometric experiments with n-propane. All the quantum yields 

KJ1 which were reported in this investigation were corrected for incomplete 
f 
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quenching of the mercury 6(^?^)  atoms as described below. 

In the absence of a foreign gas, mercury atoms excited to a 

6(^P,) state by 2537 A radiation lose their excess energy by fluores- 

cence. When a foreign gas is added, some of the 6(3p.) atoms transfer 

their energy to the foreign gas r.olecule3. The extent of the quench- 

ing of the resonance radiation from the 6(3p ) atoms depends on the 

pressure of the foreign gas. Thus at low ammonia pressures, the 

excited mercury atoms do not transfer all their energy to ammonia. 

Incomplete quenching of the 6(^p ) atoms is equivalent to a decrease 

in the incident radiation intensity as far as ammonia decomposition is 

concerned and in the calculation of the quantum yield of ammonia 

decomposition this pseudo-decrease in the radiation intensity must be 

considered. 

The Stern-Volmer equation was used to correct the quantum yields 

for the effect of the incomplete quenching of the excited mercury atoms 

by ammonia."• The relationship derived by Stern and Volmer is 

K - — IV 
l + TZk 

where K is the ratio of the intensity of resonance radiation from an 

irradiated cell containing mercury and a foreign gas to the intensity 

from the same cell from which the foreign gas has been removed. The 

lifetime of the excited mercury atoms is represented by T and Z. 

designates the number of times per second that an excited mercury atom 

gives up its energy by collision to one cubic centimeter of foreign 

gas molecules. The number of quenching collisions, Z  , was calculated 

from the kinetic theory equation '^ 

9 l/2 
Zk - 2 n<r£ (21hRT(l/M1 + l/fcg)) V 
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The number of ammonia molecules per cubic centimeter, n, was calcu?.ated 

to be 3.19x10  times the ammonia pressure in millimeters and the 

quenching cross-section of ammonia molecules for mercury 6(^P^) atoms, 

rt-2 was assumed to be U.20x10   cm.-    In Eq. V, M. and M0 repre- 
k x 

sent the molecular weights of mercury and ammonia; R and T represent 

the gas constant and the absolute temperature, respectively. When Z, 

-7    22 
was evaluated and a value of 1.1x10  sec.  was used for T, Eq. IV 

reduced to 

K - -i  * „^ n VI 
1 + 0.295 P 

where P represents the ammonia pressure in millimeters of mercury. 

o 
The fraction of the incident 2537 A radiation which was trans- 

ferred to the ammonia by the mercury 6(3p^) atoms was given by (l-K). 

Therefore each of the quantum yields, which were calculated assuming 

that all the incident radiation was transferred to the ammonia, wa3 

corrected by dividing by (l-K). The expression (J.-K) was calculated 

for each experiment by substituting the ammonia pressure in the 

irradiated zone into Eq. VI to obtain K. The quenching correction was 

important, of course, only at low pressures. At a pressure of 10 ram. 

only 75 per cent of the 2537 A radiation was transferred to the ammonia, 

as compared to the transfer of 95 per cent of the radiation at 65 mm. 

Mitchell and Zemanskjn have pointed out a number of experimental 

conditions wherein the assumptions made in the derivation of the Stern- 

Volmer relationship become invalid. Therefore, this relationship is 

not the meet accurate equation that can be used to calculate the extent 

of the quenching of the mercury 6(3? )  atoms in a mercury-photosensitized 

reaction. However, the more accurate theoretical treatments require 

a more detailed control and knowledge of the absorption and collision 
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processes than vert  available in this investigation. While the 

accuracy of the Stem-Vclmer equation is somewhat questionable, the 

quantum yields were certainly more accurate after they had been 

corrected by means of this equation« 

A series of experiments was done wherein the exposure time, the 

total time during which ammonia flowed through the irradiated zone, 

varied from 1S> minutes to 60 minutes. In each run the ammonia pressure 

was 29 mm. and the linear flow rate of ammonia through the irradiated 

zone was 270 cm. per second. The results obtained from this investi- 

gation are listed in Table 6. 

Since neither the quantum yield nor the per cent hydrazine 

depended on the exposure time, the incrsase of the non-condensable 

products with time did not interfere with the reaction. Hydrogen was 

found to inhibit the static mercury-photosensitized decomposition of 

ammonia, however, and it was therefore concluded that in the flow runs 

the non-condensable products were swept into the large condenser flask 

by the ammonia stream and that they were not able to diffuse back into 

the reaction zone against the ammonia stream to any appreciable extent. 

Since all the controlled reaction parameters were held constant 

in the runs reported in Table 6 except the exposure time which did not 

affect the reaction, the data obtained during the experiments were used 

to estimate the ability of the experimental procedures to give repro- 

ducible results. The average deviation from the average per cent 

hydrazine value was found to be 1.8 and the average deviation from the 

average quantum yield was 0.012. The fluctuation in room temperature 

during the investigation was probably the most important uncontrolled 

reaction parameter since the reaction system was not thermostated. 

The room temperature was recorded in Table 6 for each of the experiments 
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reported there. The quantum yield appeared to increase and the per 

cent hydrazine to decrease as the room temperature increased, 

A large part of the investigation of the mercury-photosensitized 

decomposition of flowing: ammonia was devoted to a study of the effect 

on the reaction of a systematic variation of the ammonia pressure and 

linear flow rate in the irradiated zone. The results from this part of 

the investigation are compiled in Table 7« In all these runs the lamp 

current was ninety milliamperes and the exposure time was thirty 

minutes. The mercury saturator was at room temperature. In Table 7 

the experiments which had the same orifice size (i.e., the same linear 

flow rate) are grouped together and within each group the experiments 

are listed in the order of increasing ammonia pressure. 

The quantum yields for a representative number of the experiments 

reported in Table 7 are plotted as a function of the ammonia pressure 

in Fig. 7 and Fig. 8. The experiments in which the ammonia pressure 

varied from 100 to 700 mm. are plotted in Fig. 7, whereas the experi- 

ments with ammonia pressures from zero to 165 mm. are plotted in Fig. 

8. Because of the limitations of the apparatus the pressure range 

which was investigated became narrower as the linear flow rate was 

increased. The legends accompanying Figs. 7 and 8 designate the lin= 

ear flow rate associated with each plotted point. 

The points plotted in Figs. 7 and 8 fall on a smooth curve within 

the experimental error, except for experiments at very high linear flow 

rates where the quantum yields at the highest pressures are much too 

low. Since more mercury was required to saturate the ammonia stream 

as the linear flow rate was increased, in the experiments in which the 

quantum yields appeared to be too low the mercury in the ammonia stream 

may not have been sufficient to absorb all the incident 2^37 A 
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radiation. A number of experiments were done at high and at low linear 

flow rates in which the rate of evaporation of mercury into the ammonia 

stream was increased by heating the mercury reservoir. The results 

from these runs are listed in Table 8 and the quantum yields are 

plotted with encircled symbols in Figs. 7 and 8. As expected, the 

quantum yields from experiments at high flow rates, in which the mer- 

cury saturator was heated, fell on the same curve in Fig. 8 as the 

results from experiments at lower linear flow rates which were plotted 

from Table 7. The quantum yields for the experiments at lower linear 

flow rates, wherein the mercury saturator was heated, were about the 

same as those obtained from similar experiments in which the mercury 

saturator was not heated. Therefore, except at high linear flow rates 

the ammonia stream contained enough mercury from the unheated mercury 

saturator to completely absorb the 2537 A radiation. 

The results plotted in Figs. 7 and 8 indicate that, if sufficient 

mercury was present in the ammonia stream to absorb all the incident 

2537 A radiation, the quantum yield for ammonia decomposition did not 

depend on the linear flow rate of ammonia through the irradiated zone. 

The quantum yield did depend, however, on the ammonia pressure in the 

irradiated zone. From 700 to 300 mm. ammonia pressure, the quantum 

yield was 0.10 * 0.05. As the pressure was decreased, the quantum 

yield increased slowly to a value of 0.30 * 0.0J> at 30 mm. At still 

lower pressures, the value of the quantum yield increased rapidly 

towards one; but in this pressure region the absolute values of the 

quantum yields were uncertain because of the large quenching correction 

from the Stero-Volmer equation. 

Representative data from the values of the per cent hydrazine in 

the experiments reported in Tables 7 and 8 are plotted in Figs. 9 and 

- gcaj      . _,.    $Wä»*+-Mr. .." '*•: '•«- .•--.-*• He**#aami*  ••*--• 
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10. The data plotted in Fig. 9 were restricted to the experiments In 

which the linear flow rate was 12u cm. per second or less but in which 

the ammonia pressure varied from zero to about 700 mm. The per cent 

hydrazine values for experiments in which the ammonia pressure was from 

zero to 150 mm. are plotted in Fig. 10; in these experiments the 

linear flow rates varied ever the whole range which was studied. The 

linear flow rates associated with the points in Figs. 9 and 10 are 

designated by the legends which accompany these figures. Since the 

per cent hydrazine obtained in an experiment did not change if the 

mercury vapor pressure was increased by heating the mercury saturator, 

data from Table 8 were given no special designation when they were 

plotted in Figs. 9 and 10. 

The curves which were obtained from the data plotted in Figs. 9 

and 10 show that the per cent hydrazine in the nitrogen-containing 

products of the ammonia decomposition Increased from zero at the lowest 

linear flow rate (5 cm. per second) to about 95 per cent at very high 

flow rates. At any particular linear flow rate, the per cent hydra- 

zine also depended on the ammonia pressure. At all linear flow rates, 

the per cent hydrazine fell to zero at low pressures. At low flow 

rates the conversion to hydrazine increased slowly with pressure and 

became pressure independent between 50 and 100 mm. As the linear flow 

rates became greater the per cent hydrazine increased more rapidly 

with pressure and appeared to become pressure independent at lower 

pressures. At very high flow rates, the pressure ranges which were 

studied did not extend to the pressures at which the per cent hydrazine 

became pressure independent. 

The results from the experiments on the mercury-photosensitized 

decomposition of ammonia in which the light intensity was varied are 

., ..  .— . ••. 

..«A. 'ttlnr* »r I .'*'i*  ' >      .  • *.*>*!./*;'.'H .:  • 



77 

tabulated in Table 9. In all these experiments the ammonia pressure 

was 29 mm. and the linear flow rate was 270 cm. per second. The light 

intensities at various lamp currents were determined in the actino- 

metric experiments with n-propane. The values of the per cent hydra- 

zine and the quantum yields determined from these experiments are 

plotted as a function of the light intensity In Pigs. 11 and 12, 

reopectively. The per cent hydrazine Increased linearly as the light 

intensity was decreased, and an extrapolation of a straight line 

through the points plotted in Fig. 11 indicates that the conversion to 

hydrazine approached one hundred per cent as the light intensity 

approached zero. The data plotted in Fig. 12 show that the quantum 

yield for ammonia decomposition increased as the light intensity was 

increased. 

The ammonia pressure, linear flow rate, per cent hydrazine, and 

quantum yield for experiments in which the ammonia was heated before 

it passed into the irradiated zone are listed in Table 10. The results 

for analogous runs in which the ammonia was at room temperature are 

also given in this table« This part of the investigation was limited 

to two runs, since the apparatus was not suited for controlling the 

temperature of the ammonia stream in a systematic manner. The irrad- 

iated zone could not be heated without changing the lamp intensity. 

Hence when the hot ammonia stream Khich was saturated with mercury 

vapor entered the cool irradiated zone, mercury condensed on the quartz 

tubing and probably decreased the intensity of 2537 A radiation which 

was incident on the stream of reactants. In general, however, the 

quantum yield appeared to be higher when the ammonia was heated. If 

the incident light intensity was decreased in the manner described 

above, the quantum yields for the experiments in which the ammonia was 

...IV•I»I«»*".''' •• • • -'•->•* •• • •—'- •     • • • •» I 
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Table 10«. The Effect of Heating the Ammonia Stream 

Reaction     Ammonia    Linear     Per cent  Quantum 
conditions    pressure   flow rate   hydrazine   yield 

mm.     em./sec. 

Ammonia at 
room temp• 

135 
135 

39 
39 

5U.3 
50.3 

0.11,7 
.153 

Ammonia 
heated 135 39 U9.3 .211 

Ammonia at 
room temp» 1*90 5.U 2.5 .079 

Ammonia 
heated 500 5.1» 18.0 .128 

heated were even higher than the values reported in Table 10. The per 

cent hydrazine in the experiment at a linear flow rate of 39 cm. per 

second was not changed when the ammonia was heated. The change in the 

conversion to hydrazine which was observed at a flow rate of 5.U cm. 

per second, with the ammonia heated, was considered to be within the 

experimental error which was quite large at very low linear flow rates 

(as can be seen in the fluctuation of the results plotted in Pig. 10 

for the experiments with a linear flow rate of 28 cm. per second). 

The per cent hydrazine values and the quantum yields for the 

experiments in which ethylene was added to the ammonia stream are 

listed in Table 11. Comparable data from experiments not containing 

ethylene are also given. The average mass flow rate of ethylene 

through tho system was calculated from the pressure decrease in the 

ethylene reservoir during a run. By assuming that the linear flow 

rate of the ethylene was the same as the ammonia linear flow raoe, 

u    •-   '-•* » 
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an approximate value was calculated for the ethylene pressure in each 

experiment. In the calculation of the quantum yields for the experi- 

ments which contained ethylene the usual correction for incomplete 

quenching was made using the Stem-Volmer relationship and a further 

correction was made for the competitive quenching of the ethylene. 

Using Eq. V and values of USxIO"- and h*20rl0~  cir? for the quenching 

21 30 cross-sections of ethylene and ammonia, '  the quenching efficiency 

of ethylene was found to be 9.5 times as great as that of ammonia. To 

correct the incident light intensity for incomplete quenching, the 

Stern-Volmer relationship was applied to the pressure of ammonia plus 

9.5 times the pressure of ethylene. The incident light that was avail- 

able to ammonia through collision with 6(3?-})  atoms is given by 

1 " W^a + ?.5Pe)> 
VI1 

where Isv is -the effective incident intensity calculated from the 

Stern-Volmer equation, P and P9 are the pressures of ammonia and 

ethylene in millimeters. The per cent hydrazine values in Table 11 

were calculated in the usual way from the amounts of hydrazine and 

nitrogen produced in the experiments. Since the hydrazine was deter- 

mined by titration, the per cent hydrazine values probably should have 

been somewhat greater than those reported in Table 11. 

At high pressures and low linear flow rates, the per cent hydra- 

zine was greatly increased as the partial pressure of e thylene was 

increased in the ammonia stream. Also, at high flow rates and low 

pressures, the per cent hydrazine was increased in proportion to the 

partial pressure of ethylene. The quantum yield of ammonia decomposi- 

tion was decreased in the experiments which contained ethylene. This 

decrease in the quantum yield was partly due to the incomplete recovery 

• • • 
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of hydrazine since the hydrazine was determined by the titration 

analysis. 

In experiments with large ammonia pressures where the ethylene did 

very little quenching cf the excited mercury atoms, the amount of 

hydrogen produced was much less than that to be expected from the 

amounts of hydrazine and nitrogen which were obtained. The hydrogen, 

therefore, must have been removed by reaction with ethylene. At low 

ammonia pressures in experiments in which ethylene quenched a consider- 

able fraction of the mercury 6(-*P,) atoms, much more hydrogen was 

obtained than was to be expected from the amounts of the hydrazine and 

nitrogen products. This excess hydrogen was probably a product of the 

mercury-photosensitized decomposition of ethylene. 

The quantitative analysis of the products of the experiments, in 

which ethylene was added to the ammonia stream, by examination of their 

infrared spectra was not very satisfactory. The samples always contained 

ammonia which absorbed infrared radiation in the same regions of the 

infrared spt-ctrum that were examined for absorption by products such as 

hydrazine or amines. However, the infrared spectra of the products 

from experiments which had relatively high ethylene pressures contained 

absorption peaks in the wave number regions from 2900 to 3150 cm. , 

from 1800 to 1?£0 cm."1, from 1390 to ll;8$ cm.**1, and from 8f?0 to lOfJO 

cm."   These areas of infrared absorption were found to be characteris- 

tic of polyvinyl structures.  The infrared spectra of the products of 

other experiments in which the ethylene prcsssure was lowei- showed 

absorption in the wave number regions from 2800 to 3000 cm. , from 

1350 to 1500 cm," , and from 700 to 8">0 cm.~ which was distinct from 

•one absorption of the aimnonia in the same sample and was very similar 

to the absorption spectra of a sample of methylamine. These absorption 

. » 
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peaks were therefore attributed to ethylamine. No evidence for hydra- 

zine was obtained from the infrared spectra but this was not surprising 

since the ammonia and hydrazine spectra are very similar. 

The quantum yields which are reported in Table 11 were calculated 

from the amounts of hydrazine anc1 nitrogen produced in the reactions. 

If ethylamine is a product of the mercury-photosensitized decomposition 

of ammonia in the presence of ethylene, the true quantum yields were 

larger than the reported values because of the contribution from ethyl- 

amine which was not quantitatively analysed. 

A series of twenty-three experiments were performed at various 

ammonia pressures and linear flow rates in which the irradiated zone 

was packed with fifty feet of platinum wire. The surface area of this 

2 
wire was calculated to be 7.17 in. The per cent hydrazine values and 

quantum yields were averaged for experiments with the same pressure 

and linear flow rate and the results were listed in Table 12 with com" 

parable data from experiments which did not contain platinum wire. In 

general the reaction was unchanged by the addition of the platinum wire 

although a small increase was noted in the per cent hydrazine at a flow 

rate of 270 cm. per second and at low ammonia pressures. In some of 

the experiments, the plat3num wire was cleaned before the run was 

started by heating it until it glowed, but this procedure did not 

change the results of the experiments. 

Results from Static Experiments. The results of the static exper- 

iments on the mercury-photosensitized decomposition of ammonia at 

various pressures and exposure times are compiled in Table 13. The 

laircp current was ninety milliamperes in these experiments. The amount 

of the nitrogen product was measured in most of the experiments and 

was found to be 2$ — 2  per cent of the total non-condensable gas. 

i -. ;. 
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Thu3,  the static decomposition obeyed the stoichiometric reaction 

2 NH3 - N2 + 3H2 (3) 

Moreover, no hydrazine was detected wh«n the condensable residues from 

the experiments were titrated with potassium iodate. The amount of 

ammonia decomposed in an experiment was assumed from reaction (3) to be 

one-half of the non-condensable gaa produced. The hydrogen pressure in 

the reaction zone at the end of an experiment was calculated from the 

amount of hydrogen produced (three-quarters of the non-condensable gas) 

and the volume of the reaction system. 

The quantum yields reported in Table 13 (also in Tables lk  and 1$) 

were corrected for incomplete quenching by the Stern-Volmer equation and 

for the competitive quenching of the hydrogen produced in the experiments 

by the same method by which the quantum yields for the flow experiments 

containing ethylene were corrected for the quenching of ethylene. By 

using quenching cross-sections of 8.60xlO~  cm? and li.20xl0~  cm. 

for hydrogen and ammonia in Eq. V, the quenching efficiency of hydro- 

gen was found to be 5.75 times greater than that of ammonia. The 

average hydrogen pressure in an experiment was assumed to be two- 

thirds of the final hydrogen pressure. Thus, by the same reasoning 

used in deriving Eq. VII, the incident light intensity used to calcu- 

late the quantum yield of ammonia decomposition is given by 

1" W(V*-75Ph» mi 

where I      is the incident intensity corrected for incomplete quenching 

and P& and Pjj represent the ammonia pressure and two-thirds of the 

final hydrogen pressure in millimeters, respectively.    The light inten- 

sity transferred tc ammonia and hydrogen by excited mercury atoms is 

. 
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given for each experiment in Table 13« 

The quantum yields reported in Table 13 are plotted as a function 

of ammonia pressure in  Fig. 13. Curves which were drawn through the 

points for experiments which had the same exposure time indicate that 

the quantum yield was pressure independent above about l£0 mm. but 

decreased as the pressure was decreased below 150 mm. At a given 

ammonia pressure, the quantum yield increased as the exposure time was 

decreased until, in an experiment of thirty seconds' duration at £0$ 

mm. ammonia pressure, the quantum yield (O.IOU) was as great as that 

obtained in the flow experiments at the same pressure. 

Since it was suspected that the rate of ammonia decomposition was 

inhibited when the exposure time was increased by the build-up of the 

hydrogen concentration, a series of experiments were performed in 

which hydrogen was added to the ammonia before the reaction was 

started. The results from these experiments are listed in Table lU. 

The amount of ammonia decomposed in a run was calculated from the 

amount of nitrogen produced by assuming the stoichiometry of reaction 

(3). The quantum yield for ammonia decomposition was observed to 

decrease as the hydrogen concentration in the reaction was increased. 

Finally, a series of experiments were performed in which the lamp 

intensity was varied. In these experiments the ammonia pressure was 

about 200 mm. and the exposure time was U5 minutes. The results of 

these experiments are listed in Table 15. It was observed that the 

quantum yield was not dependent on the light intensity and hence on 

the amount of reaction per unit of time. The ratio of hydrogen 

quenching to ammonia quenching was almost constant in these experi- 

ments. 

• 
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CHAPTER IV 

DISCUSSION 

Any interpretation of the mechanism of the photodecomposition of 

ammonia as performed in this research must take cognizance of the 

experimental results summarized below: 

1. The products of the photolysis of flowing ammonia were nitro- 

gen, hydrogen, and nydrazine. The percentage of the hydrazine in the 

nitrogen-bearing products was independent of the reaction pressure but 

increased as the linear flow rate of ammonia through the irradiated 

zone was increased. The rate of decomposition of ammonia did not depend 

on the ammonia linear flow rate and had a value of 1.0x10 ! 0.1x10 

moles per hour at ammonia pressures between 100 and 560 mm. At "lower 

pressures the rate of ammonia decomposition increased until at 10 mm. 

the value of the rate was 2.0x10"^ moles per hour. 

2. The products of the static photolysis of ammonia were hydrogen 

and nitrogen. The rate of decomposition of ammonia was 0.3>xl0~-* * 

0.1x10"^ moles per hour at ammonia pressures from kO  to 270 mm. The 

rate increased at lower ammonia pressures until the value at 10 mm. 

was 0.9xl0"3 moles per hour. 

3. The products of the mercury-photosensitized deeowposliic:n of 

flowing ammonia vsre nitrogen, hydrogen, and hydrazine. Neither the 

ratio of these products nor the rate of the reaction depended on the 

exposure time. The quantum yield of ammonia decomposition did not 

depend on the linear flow rate of ammonia through the irradiated zone. 

It increased slowly, as the ammonia pressure was decreased, from a 

value of 0.09 at 6£0 mm. vo a value of 0.20 at 100 mm* At lower ammonia 

pressures, the quantum yi e"l d increased morp rapidly until at a pressure 

9U 
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of about one mm. the value of the quantum yield approached unity. The 

w percentage of the decomposed ammonia which was recovered as hydrazine 

increased when the ammonia linear flow rate was increased. At any 

particular linear flow rate, the per cent hydrazine approached zero as 

the ammonia pressure approached zero. As the ammonia pressure was in- 

creased, the per cent hydrazine increased and then became independent of 

the pressure. At low linear flow rates the per cent hydrazine became 

independent of the pressure at about 100 mm. but as the linear flew rate 

was increased the per cent hydrazine increased more rapidly with ammonia 

pressure and became constant at lower ammonia pressures. The per cent 

hydrazine increased linearly toward one hundred per cent and the quantum 

yield decreased exponentially as the light intensity was decreased. The 

addition of ethylene to the reaction caused a large increase in the 

hydrazine-to-nitrogen ratio both at high flow rates and low ammonia pres- 

sures and at low flow rates and high ammonia pressures. Part of the 

hydrogen from the decomposed ammonia disappeared by reaction with the 

ethylene, and infrared analyses of the ammonia decomposition products 

indicated that ethylamine was formed. The addition of 7.17 in. of 

platinum surface to the irradiated zone had no effect on the ammonia 

decomposition. The quantum yield for ammonia decomposition appeared to 

increase slightly when the ammonia was heated before it passed into the 

irradiated zone. 

U. The products of the static mercury-photosensitized decomposition 

of ammonia were nitrogen and hydrogen. When the exposure time was very 

short, the quantum yield for ammonia decomposition at high pressures was 

about the same as the quantum yield in the flow experiments at the same 

pressures. The quantum yield decreased rapidly when the exposure time 
( 

was increased. At high ammonia pressures the quantum yield was almost 

i 
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constant but it increased rapidly when the ammonia pressure was 

decreased below 100 mm. The quantum yield also decreased when hydrogen 

was added to the ammonia. At an ammonia pressure of 200 mm., the 

quantum yield did net depend on the intensity of the incident radiation. 

The similarity of most of the features of the photolysis of ammonia 

to the features of the mercury-photosensitized decomposition of ammonia 

indicates that the primary dissociation of ammonia into radicals and the 

secondary reactions of these radicals are the same in both modes of 

reaction. In the discussion to follow, therefore, the general term 

"ammonia decomposition" is used to designate decomposition of ammonia 

initiated either by 18U9 A radiation or by collision with mercury ÖC^P^) 

atoms. 

Several investigators ' '  found that the quantum yield was 

about 0.25 for the static photolysis of ammonia at about 1S>0 mm. ammonia 

pressure. If this value was assumed for the static photolytic experi- 

ments of this investigation, the quantum yield for the flow photolytic 

experiments approached one at low ammonia pressures. 

Ample evidence from other investigations n*     *JI  was presented in 

the Introduction to show that the primary dissociation of ammonia pro- 

duced amino radicals and hydrogen atoms. This mode for the primary 

dissociation was in no way contradicted by the results of this investi- 

gation. In the mercury-photosensitized decomposition of flowing ammonia 

and probably also in the photolysis of flowing ammonia, the quantum yield 

for ammonia decomposition approached one at low ammonia pressures. The 

quantum yield for the primary dissociation of ammonia must therefore have 

been unity. Ammonia regeneration must have occurred, therefore, in the 

secondary reactions to account for the low quantum yield at high ammonia 

pressures. 
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The pressure dependence of the quantum yield might also have been 

interpreted by an "excited molecule" mechanism. The primary process 

would then have been described by the following elementary reactions; 

NH3 * hvl8U9 -* NH3 
(18) 

j • Hg 6(\) —> NH3* • Hg 6(
1SQ) (19) 

NH3* • NH3 —> 2NH3 (20) 

NH,* —» NH2 • H (21) 

In these equations, NH_ represents an ammonia molecule containing 

enough energy to permit it to dissociate. If the excited arjnonia mole- 

cule could not lose its excess energy by fluorescing, it might have 

transferred the excess energy to another ammonia molecule by collision 

as represented in reaction (21), a fraction of the energy being trans- 

ferred at each collision (thermal degradation). If the excited molecule 

failed to lose its excess energy in a specific time interval (the aver« 

age lifetime), it would have dissociated in accordance with reaction 

(21). Since reaction (21) would be favored at low pressures while 

reaction (20) would be favored at high pressures, the quantum yield 

would have decreased from unity as the ammonia pressure was increased. 

2 
However, a careful investigation by Bonhoeffer, which is reviewed in 

the Introduction, indicated that if an excited molecule was formed, its 

lifetime was so short that its only fate was to dissociate. Moreover, 

if the excited molecule mechanism was operative, the quantum yield 

should decrease asymptotically to zero at high pressures. In our inves- 

tigation the quantum yield became almost pressure independent at high 

pressures but it still had a value greater than zero* One must conclude 
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therefore that the primary process did not involve an excited ammonia 

^ molecule and that the initial reaction of the decomposition was a direct 

dissociation of ammonia into hydrogen atoms and amino radicals with a 

quantum yield of unity, 

A primary quantum yield of unity requires that ammonia should be 

one of the reaction products, since in most of the experiments the 

overall quantum yield for ammonia decomposition was much less than unity. 

The experimental analyses showed that nitrogen and hydrazine were the 

19 20 2it 27 U5 other nitrogen-bearing products. Other investigators * »»>•»-' have 

suggested that ammonia was reformed in the reaction either by the 

decomposition of part of the hydrazine which was produced or by the 

recombination of hydrogen atoms and amino radicals. Considerable 

evidence has been advanced in favor of both mechanisms. In the flow 

experiments of this investigation the amount of ammonia reformed, as 

measured by the decrease from unity of the overall quantum yield for 

ammonia decomposition, did not depend on the linear flow rate of the 

ammonia. On the other hand, the per cent hydrazine in the nitrogen- 

hydrazine product varied from 95 per cent at high linear flow rates to 

zero at low linear flow rates. That is, the hydrazine-to-nitrogen ratio 

varied greatly when the linear flow rate was changed but the sum of 

these two products remained constant at a particular ammonia pressure. 

The constancy of the rai&e of reformation of ammonia (which follows from 

a constant rate of formation of the other nitrogen-bearing products and 

the assumed primary quantum yield of unity) in the experiments in which 

the hydrazine-to-nitrogen ratio varied so widely indicated that: 

1. The ammonia which was reformed in the secondary processes of 

the ammonia decomposition did not arise from the decomposition of part 
( • 

of the hydrazine wM.ch was produced in the reaction. 
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2. The nitrogen which was observed to be a product of the ammonia 

decomposition resulted solely from the decomposition of hydrazine, and 

the decomposition of one mole of hydrazine produced one mole of nitrogen. 

These statements are discussed at greater length later In this 

chapter. 

Since ammonia was not reformed by the decomposition of part of the 

hydrazine produced In the reaction, it was concluded that all of the 

ammonia reformation was a result of the following reactionst 

NH2 + H —) KH3* (22) 

NH3* —> NH2 + H (21) 

NH3* • Nfi*3 —> 2NH3 (20) 

XL 

The symbol, NH, , again represents an ammonia molecule which contains 

the energy required for dissociation. Earlier in -Ulis chapter it was 

stated that an excited ammonia molecule formed by either reaction (18) 

or reaction (19) had no detectable existence. If the energy required 

to break the first nitrogen-to-*ydrogen bond of ammonia is lOU kcal, per 

mole as was reported recently,35 the excited ammonia molecules from reac- 

tions (18) and (I?) contain, respectively, S>0 kcal, per mole and 8 kcal. 

per mole more energy than they require to be able to dissociate into 

amino radicals and hydrogen atoms again. Excited ammonia molecules 

formed by reaction (22) contain only the energy required for dissociation 

aid it is therefore conceivable that they would have a much longer life- 

time than excited ammonia molecules formed by reactions (18) or (19). 

At high pressures almost all of the excited ammonia molecules produced 

by reaction (22) «sre able to lose their excess energy by thermal 

degrade \ on which proceeded in several stages, nr.t  of --!.." is 
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represented by raaction (20). .Therefore, at high pressures the ammonia 

reformation mechanism was very efficient and the quantum yield was low. 

The quantum yield did not decrease to zero, however, since some of the 

amino radicals recombined to form hydrazine. As the reaction pressure 

decreased, reaction (21) became operative since some of the excited 

ammonia molecules dissociated before they had an opportunity to lose 

their excess energy by thermal degradation. Thus ammonia reformation 

became lass efficient as the reaction pressure was decreased. At 

very low reaction pressures, reaction (20) became negligible compared 

to reaction (21); and since there was very little ammonia reformed, the 

quantum yield approached unity. 

The quantum yield dependence on pressure required by the above 

mechanism for ammonia reformation was obeyed by the quantum yields calcu- 

lated from the experiments on the mercury-photosensitized decomposition 

of flowing ammonia. A similar pressure dependence for the quantum 

yields of the static mercury-photosensitized experiments was probably 

masked by hydrogen quenching effects which are discussed later In this 

chapter. The quantum yield for the photolysis of flowing ammonia 

decreased from unity as the ammonia pressure was Increased and seemed 

to become pressure independent at a reaction pressure of about 100 mm. 

However, only three experiments were done in which the ammonia pressure 

was greater than 1*>0 mm. More extensive experimentation at high ammonia 

pressures might show a slight decrease in the quantum yield with Increas- 

ing ammonia pressure as was the case in the mercury-photosensitized 

experiments. The pressure dependence of the quantum yield for ammonia 

decomposition in the static photolysis of ammonia was similar to the 

dependence observed for the photolysis of flowing ammonia except that 

it was reduced by a constant factor at all reaction pressures. The 
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reduction of the static quantum yield was attributed to the reaction 

NH2 + H2 —± NH3 + H (7) 

The hydrazine which was obtained as a product of the photodecompo- 

sitian of flowing ammonia was undoubtedly formed by the recombination 

of amino radicals. When two areino radicals combined, the hydrazine 

molecule formed contained sufficient energy to cause it to dissociate 

again but apparently the excited hydrazine molecule was able to distrib- 

ute its excess energy in its vibrational and rotational degrees of 

freedom so that it had a relatively long lifetime. The lifetime was 

long enough to permit almost all of the energy-rich hydrazine molecules 

to lose their excess energy by thermal degradation even at very low 

reaction pressures since hydrazine was the only major nitrogen-bearing 

product of several of the flow photodecomposition experiments at 1 or 

2 mm. pressure of ammonia» It is stated above that the nitrogen produced 

in the photodecomposition of ammonia arose from the decomposition of 

hydrazine fonased in the reaction. The decomposition of hydrazine in the 

ammonia reaction may have been Initiated either photochemically or by the 

attack of hydrogen atoms and amino radicals cs hydrazine. The hydrazine» 

to~«itrcgen ratio increased in the ammonia decomposition experiments when 

the linear flow rate of the ammonia through the irradiated zone was 

Increased. When the linear flow rate was increased, the concentration 

of the radicals and of hydrazine in the ammonia stream was decreased 4 

but the average time that a hydrazine aoleeule spent in the irradiated 

zone was also decreased. Thus, either of the suggested mechanisms for 

the initiation of hydrazine decomposition would have explained the 
* 

experimental observations. The possibility of photodecomposition of the 

hydrazine in the irradiated zone was carefully examined by procedures 

-.. <** .. - • 
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which are described in the following discussion. 
o 

Hydraslne photolysis by 18U9 A radiation in the flow photolysis of 

ammonia was examined first. The rate of ammonia decomposition at 100 mm. 

pressure in the static photolytic experiments (1.5x10"' moles per second) 
o 

was assumed to represent a quantum yield of 0*25» The 18U9 A radiation 

intensity Incident on the flowing gas was therefore 6.0x10"' einsteins 

per second. The maximum partial pressures of hydraslne which were 

possible in the ammonia stream at various linear flow rates were then 

calculated. The primary reaction was assumed to be 

NH3 • hvl8U? —» NM2 • H (1) 

with a quantum yield of one and it was also assumed that all the amino 

radicals recombined to form hydraslne. The maximum rate of production 

of hydraslne was, therefore, 3.0x10"' moles per second. From tho volume 

flow rate of the ammonia, the volume in which the above quantity of 

hydraslne was uniformly distributed was calculated, and hence the partial 

pressure of hydraslne in the flow stream was obtained. The hydraslne 

partial pressure varied from li.SxlO  mm. at a linear flow rate of 7 cm. 

per second to 2.£xlO"5 mm. at a flow rate of 10,000 cm. per second. 

If the ammonia and hydraslne In the irradiated «one wer« competing 
o 

for the 18U9 A radiation, the absorption equation, Eq. I, is given by 

I4 -I 10" ^l0!^ -*2C2d2 xx 

where the subscripts 1 and 2 refer to ammonia and to hydraslne, respec- 
, o 

tively. The fraction of the 18U9 A radiation which was available to 

the hydraslne was approximately the ratio of Co°2 to ^lcl* For the 

experiment with the highest partial pressure of hydrasine in the flow 

stream, this fraction was 5x10"^« 

•••«*»»«w«i»---«.^^*w^<^o*««««*i*iM««*wBaB»* WjSXf*1' 
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Thus, 3x10   einsteins per second of 18U9 A radiation were avail- 

able to the hydrasine and, if the quantum yield for hydrei:ir»e 

decomposition is unity, less than 0.01 per cent of the hydrazine was 

photochemically decomposed. 

The mercury-rare gas discharge lamp used as the source of ultra- 

violet radiation for the photolysis of ammonia emitted about ten times 

o o 
as much radiation at 2537 A as at 18U9 A. Moreover, ammonia does not 

o 
absorb 2537 A radiation. The possibility of the photolysis of the 

.  o 
hydrazine, produced in the flow photolysis of ammonia, by 2537 A radia- 

tion was therefore examined. 3y assuming that the incident intensity 

of 2537 A radiation was 6x10  einsteins per second and by using the 

extinction coefficient determined in the experiments on the static 

photolysis of hydrazine (15 liters moles  cmT1) and the calculated 

partial pressure of hydrazins in the experiment with the lowest linear 

flow rate, it was calculated that less than one per cent of the hydra- 

.  o 
sine could have been decomposed by 2537 A radiation. 

The possibility of mercury-photosensitized decomposition of 

hydrazine in the experiments on the mercury-photosensitized decomposi- 

tion of flowing ammonia was also examined. The total amount of 

hydrazine produced in an experiment was considered to be the sum of 

the amounts of hydrazine and nitrogen obtained from the experiment 

since nitror^n was considered to arise only from the decomposition of 

hydrazine. From this calculated value for the total number of moles of 

hydrazine produced in an experiment and from the total volume of ammonia 

passing through the reaction system, the concentration of hydrazine in 

the ammonia «stream was calculated for each experiment reported in 

Tat">•••• ? and 8 by assuming that the hydrazine was uniformly distributed 

through the aiononia. If, moreover, the assumption was made that the 

_^^       j ..,-,. J I..I u . . i um IIIIWIWI mi nr iwmniii i •  i T IIITT r-    I  •    • *<• -m*m «M^J*»...«.». . ..       , • , 
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quenching cross-section of hydrazine for mercury ^(-T-^) atoms was about 

the same as the ammonia cross-section for the excited mercury atoms, the 

ratio of the quenching by the hydrazine to the quenching by ammonia was 

approximately the ratio of the partial pressures of these substances,, 

An experiment from Table 7 was then examined in which the lineer flow 

rate was 5.8 cm. per second and the ammonia pressure was $0 mm. In thi3 

experiment the ammonia pressure was low and the hydrazine partial pres- 

sure had a higher value (3.0xl0"z mm.) than in any of the other experi- 

ments. From the ratio of the hydrazine pressure to the ammonia pressure 

it was deduced that the hydrazine quenched 0.06 per cent of the mercury 

6(3p%) atoms. Thus, the intensity of 2537 * radiation which was trans- 

ferred to hydrazine was given by the incident intensity (1.15x10"" 

einsteins per minute) times 6xl0~u, a value of 6.9x10  einsteins per 

minute.   The rate of production of hydrazine in this experiment was 

calculated to be 9.3x10  moles per minute. If the quantum yield for 

the mercury-photosensitized decomposition of hydrazine is unity, the 

maximum amount of hydrazine which could have been photochemically 

decomposed in the experiment was 6.9x10  moles per minute or less than 

one per cent of the hydrazine which was produced. Actually, in this 

experiment only nitrogen was obtained so that all of the hydrazine 

which was formed must have been subsequently decomposed. Similar calcu- 

lations were made for many of the other experiments which are reported 

in Table 7 and in all cases the mercury-photosensitized decomposition 

of hydrazine accounted for less than one per cent of the hydrazine which 

was produced« 

Since the above calculations precluded the hypothesis that hydra- 

zine formed in the photodecomposition of flowing ammonia was destroyed 

photochemically, the hydrazine decomposition must have been due to the 

•  — •-• 
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reactions of hydrogen atoms and amino radicals with hydrazine. Moreover, 

since almost all of the hydrazine produced in the flow experiments at 

low linear flow rates was subsequently destroyed by reaction with radicals, 

in the static photodecomposition of ammonia the steady state concentre-' 

tion of hydrazine must hcve been as low as the calculated values in the 

flow experiments. Therefore, photochemical decomposition of hydrazine 

could not have been important in the static photodecomposition of ammonia. 

According to the mechanism proposed for the primary dissociation of 

ammonia, a hydrogen atom was produced for each amino radical that was 

produced. It was assumed that homogeneous hydrogen atom recombination 

required a three-body collision and that the number of such collisions 

was negligible at the pressures used in this investigation. Therefore, 

Hie hydrogen atoms were considered to have only the following modes of 

reaction: 

1. The hydrogen atoms recombined with amino radicals to reform 

ammonia. 

2. The hydrogen atoms reacted with hydrazine to form new chemical 

species. 

3. Some of the hydrogen atoms diffused to the walls of the reac- 

tion vessel and recombined to form hydrogen. 

The reaction of hydrogen atoms with hydrazine in the flow inves- 

tigations was only important in the experiments in which the low values 

of the hydrazine to nitrogen ratio indicated that much of the hydrazine 

which was formed was subsequently destroyed. 

The amino radicals produced in the initial dissociation of ammonia 

had modes of reaction similar to those described for the hydrogen atoms 

and, moreover, could recombine in the gas phase to form hydrazine. 

Thus, the amino radical steady state concentration in the photodecompo- 

! 
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sition of ammonia was much smaller than the steady state concentration 

of hydrogen atoms. The rate of reaction of hydrazine with amino 

radicals was therefore negligible compared to the rate of reaction of 

hydrazine with hydrogen atoms. 

Hydrogen atoms could react with hydrazine by oither of the follow- 

ing reactions: 

H + NgH^ —> H2 + N2H5 (11) 

H • N2H^ —> NH3 • NH2 (16) 

Arguments have already been introduced in this discussion to show that 

ammonia was not formed from the decomposition of hydrazine in the photo- 

chemical decomposition of flowing ammonia. It was concluded, therefore, 

that all hydrasine decomposition in the ammonia decomposition experi- 

ments proceeded by reaction (11). Since the concentration of hydrogen 

atoms was much greater than the concentrations of the amino or hydrasyl 

radicals, the hydrazyl radicals probably disappeared by the reactions 

H • N2H3 —>  H2 • N2*... (23) 

N2H2 —> N2 + H2 (2U) 

The above mechanism for the decomposition of hydrazine predicted that 

one mole of nitrogen would be produced for each mole of hydrazine that 

was destroyed. 

In the photolysis of hydrazine, ammonia was found to be a major 

product of the decomposition. This observation appeared, at first 

glance, to contradict the mechanism suggested above for the decomposi- 

tion of hydrazine in the ammonia decomposition. It seemed likely, 

however, that in the hydrazin«* photolysis the reaction proceeded by the 

•   mi   iii i   BBiJWMiriTT  in   inji  >n *.,*-«.vC#.-at .*•#. 
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following mechanism: 

N2HU • hv253? —> H + N2K3 (25) 

H • NgH^ —» H2 + N2H3 (11) 

2N2K3 —> 2NH3 + N2 (12) 

Thus ammonia was produced in the photolysis of hydrazine because the 

hydrogen atom concentration was reduced by reaction (11) so that reaction 

(23) was negligible compared to reaction (12). 

In view of all the foregoing discussion, it was decided that most of 

the observations made during the investigation of the photodecomposition 

of ammonia could be interpreted in terms of the following primitive 

reactions: 

NH3 + hvl8U9 —> NH2 • H (1) 

or NH3 + Hg 6(\)  -^ NK2 * H • Hg 6(^5 (26) 

NH2 *  H —> NH3* (22) 

NH3* —^ NH2 • H (21) 

NH3* • NH3 —> 2NH3 (20) 

NH2 • NH2 —> N^ (27) 

H • N2HU —>  H2 + N^ (11) 

H + NgHj —> H2 + N^ (23) 

NgHg —> N2 • H2 (2U) 

H • wall —> l/2H2 (28) 

• 
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This mechanism was derived by using seme of the experimental obser- 

vations of the investigation to eliminate other possible mechanisms. 

The remainder of this chapter is devoted to the discussion of the ability 

of the above mechanism to interpret the other observations that were made 

during the investigation. 

The effect of varying the linear flow rate at a constant reaction 

pressure was examined in terms of the reaction mechanism. At a partic- 

ular linear flow rate a certain volume of gas passed through the 

irradiated zone each second and the incident radiation produced a certain 

concentration of radicals and hence of reaction products in the ammonia 

stream. If the linear flow rate was increased, a larger volume of 

ammonia passed through the irradiated zone ea^h second but the radiation 

produced the same amount of reaction as at the lower linear flow rate. 

•Since the same amount of radicals and reaction products were distributed 

through a larger volume of ammonia when the linear flow rate was increased^ 

the concentrations of the radicals and reaction products were decreased. 

An increase in the linear flow rate also caused the reaction products to 

be removed more rapidly from the irradiated zone but this effect was 

important only when the product concentrations were so large that photo- 

chemical decomposition of the reaction products occurred. 

The decrease in the hydrazine-to-nitrogen ratio, attributed to the 

decomposition of hydrazine initiated by hydrogen atoms, as the linear 

flow rate wai> decreased, was due to the increase in the concentration 

of hydrazine in the ammonia stream. To illustrate this point, the data 

reported in Table 16 were calculated. The hydrazine concentration in 

the ammonia stream was estimated for each linear flow rate by the pro- 

cedure which was described above in the discussion of the probability 

of photochemical decomposition of hydrazine in the ammonia stream. 

••^•yj,ifsa.-y\ , flTi "— 'Hill II MWHMMH" * '"   !•'   '      '   ~ '   '"   "  '  '*••'---• 
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Table 16. The Dependence of Hydrazine Decomposition on the 
Concentration of Hydrazine in the Ammonia Stream 

Linear 
flow rate 
cm./sec. 

Per cent 
hydrazine 
decomposed 

Estimated 
hydrazine cone. 

moles/liter x  108 

Calculations from the mercury-photosensitized investigation 

h090 
1630 
1000 
500 
280 
2U0 

5 
12 
21 

0.2 
0.8 

1.5 
3.2 
5.6 
7.2 

3 25 
51 

39 
23 
5. 8 

28 
U5 
US 
50 
70 

100 

Hi 
22 
25 
29 
53 

160 

Calculations from the photolytic investigation 

1730 

286 
105 
76 
21 
7.0 

15 
20 
29 
h3 
US 
53 
66 

0„U8 
1.1 
2.9 
7.9 

11 
UO 

118 

S 
. 
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The percentage of the hydrazine which vas decomposed was estimated for 

each flow rate at an ammonia pressure of 100 mm- and is plotted as a 

function of the hydrazine concentration in the ammonia stream, in Fig. 

lb. The plot obtained from the photolytic experiments is quite similar 

to the plot from the mercury-photosensitized experiments. The fraction 

of the hydrazine which was decomposed also depended on variations in 

the hydrogen atom concentration. Moreover, the effect of the various 

parameters of the reaction wars undoubtedly complicated by the fact that 

the reaction was not distributed homogeneously throughout üie irradiated 

tube. The extent of reaction in a unit volume of reactant gas depended 

on the fraction of the incident radiation which was absorbed therein and 

therefore the extent of reaction was greatest where the incident radia- 

tion entered the reaction system. There existed also a gradient in the 

product concentration which increased from zero at the entrance of the 

irradiated zone to some maximum value at the exit of the irradiated zone. 

The importance of heterogeneous reaction on the walls of the reac- 

tion apparatus was difficult to assess in this investigation. An 

increase in the surface-to-volume ratio in the zone immediately follow- 

ing the irradiated zone in the flow photolytic experiments had no effect 

on the reaction. Moreover, when a large surface of platinum wire was 

added to the irradiated zone in the mercury-photosensitized experiments, 

the reaction was unchanged although platinum has been shown to be very 

effective in assisting the recombination of hydrogen atoms. The plat- 

inum surface, however, may have been poisoned by ammonia or by mercury 

in the anmonia stream. Surface reactions may have been important at 

low reaction pressures, but such reactions were not required to explain 

any of the experimental observations except to account for the recombi- 

nation of hydrogen atoms which were not able to react in the gas phase. 

• • .«»-.TJ--irr« • '««»*.•.•';«•.• »-.«»»».K«»*««! •*.-*•• ••> «HI ,• • .K-Jtifti;m. 
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Surface reactions may have been the cause of the contradictory results 

which have been obtained by different investigators. 

The mechanism which was proposed was most easily interpreted if 

the assumption was made that all of the amino radicals reacted in the 

gas phase by reactions (22) and (27) before they were able to diffuse 

to the wall. The number of radicals which were able to diffuse to the 

walls should have increased when the radical concentration was decreased 

by an increase in the linear flow rate or when the reaction pressure wis 

decreased. If amino radicals diffused to the walls, ammonia and nitrogen 

would probably have been formed as well as hydrazine. Thus one would 

expect that at a given pressure the quantum yield would change as the 

linear flow rate was varied. Such an effect was not observed. Further 

evidence that the amino radicals all reacted in the gas phase was pro- 

vided by the fact that even at very low reaction pressures the quantum 

yield was high and hydrazine was the major nitrogen-bearing product. 

If amino radicals reacted only by reactions (22) and (27), the ratio 

of these two reactions must have been independent of the linear flow rate 

since the concentration of hydrogen atoms arid amino radicals had the 

same dependence on linear flow rate. Therefore, the quantum yield did 

not depend on the linear flow rate. 

Several of the experimental observations indicated that the *alls 

of the reaction vessel were vary inefficient in removing hydrogen atoms, 

probably because the walls were saturated with ammonia. The hydraf.ine- 

to-nitrogen ratio should have increased at low pressures if hydrogen 

atoms were readily removed at the walls. It was observed in the photo- 

lytic flow experiments that the hydrasine-to-nitrogen ratio did not 

depend on pressure and in the mercury-photosensitized flow experiments 

the hydrazine-to-nitrogen ratio decreased at low pressures. 

3"* 

.• 
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The remarkable increase in the hydrazine-to-nitrogen ratio which 

was observed "when ethylene was added to the mercury-photosensitized 

decomposition of flowing ammonia was undoubtedly due to the reduction 

of the hydrogen atom concentration by the rapid reaction of hydrogen 
I 

atoms with ethylene. The hydrogen production from the experiments which 

contained ethylene was much lower than the amounts which were to be 

expected from the amounts of hydrazine and nitrogen produced. The 

effect of ethylene on the quantum yield of the mercury-photosensitized 

decomposition of ammonia was not established since ethylamine was 

qualitatively identified but could not be quantitatively determined. 

Ethylene also caused the hydr*zine-to-nitrogen ratio to increase 

at low ammonia pressures where the ratio w?.s decreasing rapidly as the 

reaction pressure was decreased. It was concluded, therefore, that the 

decrease in the hydrazine-to-nitrogen ratio at low pressures and a par- 

ticular linear flow rate in the mercury-photosensitized experiments 

resulted from an increase in the hydrogen atom concentration arising 

from photochemical decomposition of hydrogen in the reaction stream. 

This theory was substantiated by the fact that the hydrazine-to-^nitrogen 

ratio did not decrease at low pressures in the flow photolysis of ammonia 

where hydrogen could not have been photochemically decomposed. Moreover, 

the pressure at which the hydrazine-to- nitrogen ratio started to 

decrease in the mercury-photosensitized experiments was increased when 

the linear flow rate was increased. The hydrogen concentration in the 

f 
ammonia stream and hence the importance of hydrogen quenching also 

increased as the linear flov rate was decreased? Heterogeneous reac- 

tions also may have had an important role in the reduction of the 

hydrazine-to-nitrogen ratio at low ammcnia pressures. 

. *•'.•**pmrwm>-•• - »..'»«*•  . - .- 
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It was observed that the hydrazine-tc-nitrogen ratio increased as 

• th incident light intensity was decreased. This effect is explained 

by the fact that the amount of reaction per unit volume was decreased 

when the light intensity was decreased just as it was when the linear 

flow rate was increased. Therefore, the per cent hydrazine approached 

one hundred per cent as the light intensity was decreased toward zero. 

The increase in the quantum yield of ammonia decomposition when 

the lamp current was increased cannot be interpreted in terms of the 

mechanism which has been proposed. Unfortunately., these experiments 

were done at an ammonia pressure of 2° mm. and at this pressure hetero- 

geneous reactions may have been important. No change of the quantum 

yield with light intensity was observed at 200 mm. pressure in the 

static mercury-photosensitized decomposition of ammonia. 

The increase in the quantum yield which was observed when the 

ammonia was heated may have been due to a decrease of the lifetime of 

the excited ammonia molecule which was formed by reaction (22), 

Hydrogen was shown to inhibit the rate of the static mercury- 
% 

photosensitized decomposition of ammonia either when hydrogen was added 

to the reaction or when the concentration of the hydrogen produced in 

the reaction was allowed to build up by increasing the exposure time. 

This inhibition can be attributed either to an increase in the number of 

hydrogen atoms due to the quenching of excited mercury atoms by hydrogen 

or to some reaction of molecular hydrogen itself. Since the rate in the 

static photolysis of ammonia was also lower than the rate in the flow 

photolysis and since hydrogen could not be photochemically decomposed in 

the photolytic experiments, the reaction rate inhibition was attributed 

to molecular hydrogen. Hydrogen was considered to react in the follow- 

J 
mg manner: 

1 

HSj*«S3=S=<~»»»i-^MUHMMiaitmimaBm- •   ' •     "'-   '••- 
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NH2 + H2 —> NH3 + K (7) 

However, the increase of the hydrogen atom concentration must have also 

decreased the overall rate of decomposition of ammonia in the static 

mercury-photosensitized experiments because when the ratio of hydrogen- 

to-ammonia quenching became important at low ammonia pressures, the 

quantum yield for ammonia decomposition decreased instead of increasing 

as it did at low pressures in the other modes of photochemical decomposi- 

tion of ammonia. Tie hydrogen atoms produced by the quenching of 

hydrogen probably reduced the quantum yield by means of reaction (22). 

In all this discussion, it was implicitly assumed that the substrate, 

ammonia, did not react with the radicals produced in the photodecomposl- 
• 

tion of ammonia. If an amino radical abstracted a hydrogen atom from an 

ammonia molecule, another amino radical would have been formed and the 

species would not have been changed. If a hydrogen atom abstracted a 

hydrogen atom from ammonia to form molecular hydrogen and an amino rad- 

|f ical, the quantum yield would have increased when hydrogen was added to 

I 
the static mercury-photosensitized decomposition of ammonia. Actually, 

the quantum yield became very small. The general pressure independence 

of the ammonia decomposition at ammonia pressures above 1?0 F-TI. further 

substantiated the assumption that ammonia was not involved in the 

secondary processes of the ammonia decomposition. 

The mechanism for the photodecomposition of ammonia which is pro- 

posed in this chapter does not purport to be the complete mechanism for 

the reaction under any experimental conditions. It was advanced 

• because it offers the most simple and the most logical interpretation 

of the experimental observations at high ammonia pressures and gives 

a reasonable explanation for many of the observations at low ammonia 

r<% 
»-•Tjjjs^afaaiiiiiw.ii m m* 'i« — m >»-»•«"" hj-iJAa^^^rWrtW«'*      ^»' IN   * •Mf**»r*WWrl*"+. -< >--»;*-*». .       .   .       . 



116 

a 

t 

pressures. The possible need for the addition of heterogeneous reaction 

steps to the mechanism at low ammonia pressures is emphasized throughout 

the discussion. If a substance could be found which would remove 

hydrogen atoms from the reaction, zone but which would not affect the 

araino radicals, the reaction mechanism could be tested. In such an 

experiment, the quantum yield for ammonia decomposition 3hould be 

unity and hydrazine should be the only nitrogen-bearing product of the 

reaction. 

v. 
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CHAFTER V 

SUMMARY 

: 

The mercury-photosensitized decomposition of flowing ammonia was 

studied at room temperature« The products of the decomposition were 

hydrazine, nitrogen and hydrogen. The quantum yield for ammonia 

decomposition did not depend on the linear flow rate of ammonia through 

the irradiated zone. The quantum yield increased in an exponential 

manner as the ammonia reaction pressure was decreased from a value of 

0.09 at 650 mm. pressure to values of almost unity at pressures of a 

few millimeters. The percentage of the decomposed ammonia which was 

recovered as hydrazine increased from zero at low ammonia linear flow 

rates to 95 per cent at high flow rates. At a particular flow rate 

the percentage of hydrazine in the nitrogen-bearing product increased 

as the reaction pressure was increased to a maximum value which was 

pressure independent at high ammonia pressures. The hydrazine-to- 

nitrogen ratio increased and the quantum yield for ammonia decomposi- 

tion decreased as the incident light intensity was decreased. When 

ethylene was added to the reaction, the hydrazine-to-nitrcgen ratio 

was greatly increased and the amount of hydrogen produced was decreased. 

Evidence was obtained to show that ethylamine was also produced when 

the reaction contained ethyle-ie. The reaction was not changed when 

platinum wire was introduced into the irradiated zone. 

The products of the static mercury-photosensitized decomposition 

of ammonia were hydrogen and nitrogen. The quantum yield of ammonia 

decomposition decreased if the exposure time for an experiment was 

increased. At very short exposure time" and high ammonia pressures, 

r*- the quantum yield had about the same value as in the flow experiments 
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at comparable pressures. Wien the exposure tiae was kept constant, the 

quantum yield was constant at ammonia pressures from 650 to 150 mm.; 

at lower pressures the quantum yield decreased. The rate of decomposi- 

tion of ammonia was greatly decreased when hydrogen was added to the 

reaction. At an ammonia pressure of 200 mm., the rate did not depend 

on the intensity of the incident radiation. 

The photolysis of flowing ammonia with lBh9 A radiation was also 

investigated at room temperature. The products of the reaction were 

hydrazine, hydrogen, and nitrogen. The percentage of the decomposed 

ammonia which was recovered as hydrazine did not depend on the ammonia 

pressure in the irradiated zone but it increased from 3li per cent to 

85 per cent as the atimonia linear flow rate through the irradiated 

zone was increased from 7 to 1700 cm. per second. The rate of decompo- 

sition of ammonia did not depend on the ammonia flow rate ^nd was 

almost constant at ammonia pressures from 100 to 560 mm. At lower 

ammonia pressures the rats increased until at 10 mm. pressure it was 

twice as great as the rate at 100 mm. The reaction was not changed 

when "he Burface-to-vcluxss ratio in the zone immediately following the 

irradiated zone was increased by a factor of ten. 

The products of the static photolysis of ammonia with 18U9 A 

radiation were hydrogen and nitrogen. The rate of ammonia decomposi- 

tion was studied at ammonia pressures from 10 to 26U ran. The rate was 

about one-half as great as the rate in the flow experiments at 

comparable pressures. 

A mechanism was proposed for the photodecomposition of ammonia 

and was used to interpret the experimental results of the investigation. 

It was concluded that the quantum yield for the primary diösociation of 

ammonia into amino radicals and hydrogen atoms was unity and that the 



119 

overall quantum yield for ammonia decomposition ws decreased, as the 

•^ß ammonia pressure increased, by ammonia reformation fro« the recomMna- 

tion of hydrogen atoms and amino radicals. Evidence was cited to show 

that the nitrogen produced in the ammonia decomposition cams from the 

reaction of hydrogen atoms with hydrazine which was produced in the 

reaction. 

The extinction coefficient of ammonia for 18U9 S.  radiation was 

found to be l»21xlOJ liters moles'^cnu"1 at ammonia pressures from 

0.U5 to 202 ram. 

Hydrazine was photolytically decomposed at lli ram. pressure in a 

static system by 2537 * radiation. The products were two moles of 

ammonia, one mole of hydrogen, and one mole of nitrogen per mole of 

hydrazine decomposed.- 

a 

1 I 
2 

• 



<i 

I 

r- 

APPENDIX 

An automatic Toepler pump was constructed to transfer gases in the 

apparatus used for the photodecomposition of ammonia. The design of 

the pump is  shown in. Fig. 1$  and the electrical circuit which operated 

the pump i3 illustrated in Fig. 16. 

The Toepler pump was constructed of Pyrex glass and had tungsten 

wire leads sealed into it at positions 1, 2, and 3. The gas in let and 

the gas outlet were sealed to a high vacuum apparatus. The flask Fn 

was filled with mercury until contact 2 was just covered. Contacts 1, 

2, and 3 were connected to the appropriate positions in the grid 

circuits of the thyratron tubes as shown in Fig. 16. 

The Toepler pump was operated according to the following proce- 

dure. Suppose that the flasks F« and F^ had been evacuated and that a 

low pressure of gas, which was to be pumped into F,, had been admitted 

to F„ through the gas inlet. The flask F, was evacuated through the 

connection to the vacuum pump and air could not enter F, through the 

needls-valve N because the air inlet was blocked by the putty-tipped 

iron bar R. The thyratron tubes, V, and Vp, conducted current except 

when the grid circuits were closed (i.e., when contact was made between 

1 and 2 for V, or between 1 and 3 for Vp). Since F} was evacuated, the 

mercury covered the tungsten lead at position 2 and contact was made 

between 1 and 2 through the mercury in the pump. Thus Y„ conducted 

current but V-, did not. Since solenoid S_ was activated but S.. was 

not, the iron bar B was pulled into S„ and the switch Xn was closed. 

After X was closed, current flowed through the solenoid S- and through 

the relay A. The activation of S. caused the iron bar R to be raised 

and air flowed into F, at a rate which was controlled by the needle- 

~,. 
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valve N. At the same time the activation of the relay A caused the 

switch X« to be opened so that the vacuum pump which was connected to 

Fr was shut off. As the pressure increased in Ft, mercury from F-^ 

flowed into Fp pushing the gas, which was trapped in F« as soon as 

the gas inlet was sealed by mercury, through the capillary tube into 

Fo. As soon as the mercury level in Ft fell below contact 2, the 

thyratron V, conducted once more but the position of the iron bar B 

was not changed since both S, and S-. were activated. When the mercury 

from F, flowed through the capillary tube into F-, it closed the con- 

tact between the tungsten leads at 1 and 3 and the reverse cycle 

started. Thyratron V, ceased to conduct and S_ was not activated so 

that B was pulled into the solenoid S... Now the switch X. was open and 

S, and A were not activated. The iron rod R dropped down and closed 

the air inlet to F, and the relay A allowed X„ to close so that the 

vacuum pump started to evacuate F. . As Fi was evacuated, the mercury 

in F? flowed into F.. but the mercury in the capillary tube remained 

there and prevented the gas in F. from flcwing into Fg. When no 

mercury remained in Fp, gas flowed intD F„ from the gas inlet. When 

the mercury contact between 1 and 3 was broken both solenoids S, and 

Sp were activated but the position of B did not change until the mer- 

cury covered contact 2. The cycle was then repeated except that the 

gas in F9 was pushed through the mercury in the capillary tube into F . 

The pump continued to transfer gas from the gas inlet to the gas outlet 

as described unless the pressure in F_ became so high that the mercury 

from F, could r.ot push the gas in F2 into F,. 
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Volts A.C. 

AA/V 

Volts 
A.C. 

*j#-Jd- 
A/W 

T~L, 

p 
ii5 __/yyy__J     *2 

Volte 
A.C.' 

T - 115 Volt Primary,  5 Vilt Saeondary 
V • Thyratron 5559 
Rx - 100,000 Ohms 
R2 * 500,000 Ohsus 
R3 - 100 Ohms 
Rj4 - 60 Ohms 
cl - 1 Microfarad 

P - Vacuum Pump Motor 

S « Solenoid 
I « Switch 
A - Relay 
3 - Iron Bar 

Fig* 16.    Electrical Circuit for ths Automatic Tocpler Puap 
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