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INTRODUCTION

The present report, comprising the doctoral thesis of one ot us (C.C.M.),
represents the results of a three-year study on two photodecompositiona

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

are

(a) the photolysis of gaseous ammonia by radiation of wavelength
2849 &, under flow conditions, ard

(b) the mercury-6(3P,)~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 reacticns, and evaluate the factors which determine
the conversion of ammonia into hydrazine., It is hoped that ths resulits of
our investigation will provide basic kinetic cata on the synthesis of hydra-
zine from amino radical recombination.

For a commentary on tha functional aspects of the photochemical synthesis

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

dated December 15, 1953.
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ABSTRACT

The mercury-photosensitized decomposition of flowing armmonia was
studied at 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
65C mm. pressure toward unity at very low pressures. The percentage
of tha decomnosed ammonila which was recovered as hydrazine increased
from nero at low amnonla linear flow rates to 95 per cent at high flow

rates. A%

e d ey o
bosA ‘ -

a2 flow vate The nydrazine-to-n

s

ergaes=a, 8% ihe réactlon pressure was increased, from zero to a
maximim vsius which was pressure independent at high a2mmonia pressures,
The hydrazine-to-nitrogen ratic increased and the quantum yield
decreased as the incident iight intensity was decreased. When ethylens
was added to the reaction, the hydrazine~to-nitrogen ratio was greatly
increased, the amount of hydrogen produced was decreased, and =thyl-
amine was qualitatively detected. The reaction was not changed vhen
platinum wire was introduced into the irradiated zone.

The products of the static mercury-photosensitizsd decomposition
of ammonia were hydrogen and nitrogen. The quantwm yield »f ammonia
decompeosition decreased when the exposure time was increased or when
hydrogen was added to the reaction. At very short exposure times and
high ammonia pressures the quantum yleld nad about the same value as
in the flow experiments at comparable pressures. When the exposure
time was kept constant, the cuantum yield was constant at ammonia pres-

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

vi
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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 1849 X 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 3L 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 560 mm. At lower
ammonia pressures the rate increased until at 10 mm. pressure i1t was
twlce as great as the rate at 100 mm., The reaction was not changed
when the surface-to-volume ratic in the zone immediately follow?ng the
irradiated zone was increased by a factor of ten.,

The products of the static photolysis of ammonia were hydrogen
and nitrcgen. At ammonia pressures from 10 to 264 mm. the rate of
ammonia decomposition was about one-half as great as the rate in the
flow experimenis at comparable pressures.

The following mechanism was proposed for the photodecomposition

of ammonia teo interpret the experimental results:

NH3 + hv18h9 — NH2 + H (1)
or NHy + Hg 6(°P)) —>KH, + H + Hg 6(1s)) (2)
NH, + H —;NH3* {3)
NHB* —> ilH, + H (L)
HHB* + NHy —> 2H, (5)
vii




NHy + NH, — N H) (6)
H + NoH) —> Hy + NoHy (7
H 4 NHy —>H, +NH, (8)

NH, — N, + H,y (%)
H + wall — 1/2 R, (10)
NH, + Hy, —> NH, + H (11)

The extinction coefficient of ammonia for 1849 X radiation was
fournd to be 1.21x103 iiters moles"1 cmsl at ammonia pressures from
0.L5 to 202 mm.

Hydrazine at 1L mm. pressure was photolytically decomposed in a
static system by 2537 ) radiation. The reaction obeyed the stoichio-

metrical equation

viii
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CHAPTER I

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
radicais may be initiated in a number of ways. One of the most success-
ful methods for the initiaticn of free radical reacticns in the gas
phese 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
radiaticn must be absorbed by the reactant material. Furthermore,
the energy of the absorbed photons must be great encugh 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 erergy 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 phetolytic method of initiation c¢f chemical reactions has

several advantages of which the following are perhaps the most important:
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1. Absorption of 1light 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,

1y light from the long wavelength region of the ultraviolet
spectrum is convenient for use in photochemical investigaticns. 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
Cario and Franck.h* These authors irradiated a mixture of hydrecgen
and mercury vapor with light containing the resonance frequencies of
mercury. Inis radiation was capable of being absorbed only by the
mercury atoms but evidence was obtained to shew that some of the
hydrogen was dissociated into hydrogen atoms. Since that time, this
phenomenon, known as photosersitizad decomposition, has been amply
elucidated. Mercury in its 6(180) ground state can absorb ornly two
frequencies of ultraviolet light. These frequencies, the so-called
resonance frequencies of mercury, correspond to wavelengths of 2537 2
and 1849 X. ‘he former wavelength excites mercury to a 6(3Pl) state,

the latter to a 6(1Pl) state. The excited mercury atoms normally

#
For 3ll numbered references, see the bibliography.
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return to the ground state by losing their exci
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(1P1) states is 112.2 kcal. per mole and i5L kcal. per mole respec-
tively, the transferred energy is often sufficient to cause bond
rupture in the energy accepter. The mercury is said to sensitize

the decomposition of the molecule which is not capable of ahsorbing
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(3P1) atoms is suffi-
cient to rupture the single bonds of mest molecules, Radiation of
2537 ) 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 lLiydrogen atoms, a hydrogen bond is usually
broken. There is some evidence that this specificity is due to the
traneient formation of a mercury hydride, but this hypothesis has not

been convincingly established.33
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The Photochemistry of Ammonia

The decomposition of ammcnia was one of the first reactions to be
studied in which the photochemical method was used. In 190L, Regener31
decomposed ammonia with ultraviclet 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
reaclicn so ihat, 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 tiie excellent reviews by
H. S. Taylcr,36 W. A. Noyes, Jr. and P. A. Leighton,26 and by
A. G. Parts.28

The detailed structure of the absorption spectrum of ammenie in

20 The absorp-

the wltraviolet region has been thoroughly examined.
tion threshold is at a wavelength of about 2400 2. Between this limit
and a low wavelengih limit of 1465 X, lies a series of diffuse double~
headed abscrption bands which have an intense maximum between 1850 K and
1900 X. The ammonia absorption coefficient is so large around 1850 K
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 linas of ammonia were interpreted by
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Benhoeffer and Farkas2 to be 2 result of predissociation. That icg,
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 shown in the following reactions:

NH3 + hv NHy + H E = 110 X 10 kcal. per mole (1)

Ny +hv  NH +H, E= 50210 kecal. 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 2 wavelength of 2LOC 2 has an snergy of
118 kcal. per mole, any photon capable of being absorbed by ammonia
has sufficient energy to cause the ammonia to dissoclate by either
reaction (1) or reaction (2).

Considerable evidence has been presented to show that the primary

26 found that

dissociation occurs according to rsaction (1). Noyes
liquid ammonia was not affected by radiation which decompcsed gaseous

ammonia. The reverse of reaction (1) in liquid ammonia wuld explain
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this observation. If reaction (2) was operative, hydrogen should have
been formed in liquid as w21l as in gaseous ammonia. When ammonia
containing oxygen was irradiated, the products included water, nitrite
ions, and nitrate ions; but no hydrogen. Irradiation of liquid
ammonia containing dissolved metals produced hydrogen and amido (NHE)
ions. All these products may be explained most readily on the basis
of reaction (1).

Geib and Har't.eckl3 observed that the rate of conversion of ortho-
hydrogen to para-hydrogen was increased in the presence of ammonia
vhich was being photochemically decomposed. The increase in rate was
attributed to hydrogen atoms produced by the decomposing asmmonia.

Taylor and Dne16u338 observed a rapid pressure decrease when
ethylene was added to ammonia which was undergoing photolysis. This
pressure decrease was not cbtained 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 hydrogan atoms and amino radicals from the photolysis of the
ammonia. Taylor and Bat0837 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.llJ By exposing ammonia
to very high intensities of radiatlion for a fraction of a second, they
found that the concentration of the primary decomposition products was
high enough to permit their absorption spectra to be measured. This

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

The rate of a photochemical reaction usually dspends on the
intensity of the absorbed radiation. This dependence is expressed by
the quantum yleld which is the ratio of the number of moies of observed
chemical reaction to the number of einsteins (moles of photons) of
radiation absorbed. H’arburgh2 fourid the average quantum yleld for
ammonia decomposition in the ammonia photolysis to be 0.25. The reac-
tion was studied at ammonia pressures from L5 to 900 . The photcly-
sis of ammonia was also studied by Kuhn17’18 using radiation of 2025 £
to 2140 & wavelength. The quantum yield was O.L45 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 tc the ammonia.

The mercury-photosensitized decomposition of ammonia by mercury
6(391) atoms was reported in 1926 by Bates and Taylor.39 A mixture of
ammcnia and mercury vapor was distilled past a lamp emitting 2537 2
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
This equation had been oveyed in all the previous studies. Bates and

Taylor suggested that the decomposition went through several elementary

*A11 gas pressures in this thesis will be reported in terms of
millimeters of merewry 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 retio would be
grester than three to one since the additional stoichicmetric reaction

would be operative., The same investigator839 reported that the hydro=-
gen-to-nitrogen ratio was also greater than three to cne 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 wes
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 250°C. In the
mercury-photosensitized decomposition of hydrazine, the reaction rate
was proportioral to the light intensity bul 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.hh It increased from 1.0 to 1.7 as the hydrazine

16

pressure was increased from 2,0 to 14 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 2lso
studied by Pickinson and Mitche11.6’7 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 argen or
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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 Emeléﬁs.ll Formamide was a product of the reaction. The
quantum yielc 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

LS

by Wiig and Kistiakowsky in 1932. A value of 0.25 was obtained at
25°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, +H (%)
NHy ¢+ H+ M —> NHy + M (6)
NHy + Hy —>NHy + H (7

H + NHy —> NH, + H, (8)

NHy + NHp « M —> NoH) + M (9)
NH, ¢ NHy, —> N, ¢ 2 Hy (10)
NH ¢ B —> NHy + Hy (11)

NoH3 ¢ NoHy — 2 NH3 ¢ N, (12)

In these reactions, 1! represented any molecule capable of carrying off
part of tne radical recombination energy. Reactions (7) and (R) were

important only at high temperatures. The low quantum yield was
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accounted for by reactions (6), (11) and (12). WNitrogen, hydrogen, and
hydrazine appeared by way 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-
sis was firmly ectablished by Gedye and Rideal.12 In their experiments,
ammonia flowed past the full radiation of a mercury arc and was
condensed in a trap. Up to 50 per cent of the decomposed armmonia was
recovered as hydrazine. The hydrazine yleld was favored by lowering
the temperature of the reaction vessel and by rapid cooling of the
gaseous products of the decomposition. The mercury-photcsensitized
decomposition of ammonia under the same conditions produced only trace
amounts of hydrazine.

Dixon8 used a flow technique to study the reaction of hydroger
atoms with hydrazine and with ammonia. With hydrazine, the hydrogen
atoms reacted rapidly to produce ammonia, nitrogen, and hydrogen.
Armmonia appeared to be inert to attack by hydrogen atoms. This work
substantiated reaction (11) proposed by Wiig and Kistiakowsky.

In 1932, Melvillel” 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(3P1) atcms 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 yleld of ammonia decomposition, This work was
presented as evidence that the low guantum yield was due to the

reaction
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NH, + H ¢+ M —> NHy + M (6)

In a later investigation, Melville and Birsezo

measured the hydrogen
atom concentration in the photolysis of ammonia by measuring the rate
of conversion of ortho-hydrogen to para-hydrcgen. They considered
that the hypothesias 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 auvthors felt that the only secondary reactions of

importance were the following:

H+H - — HZ (13)
H + NH, —> N, (L)

In their opinion only a fraction of the excited ammonis molecules dis-
sociated into hydrogen atéms and amino radicals while the remainder
were deactivated without reaction.

The regeneration of ammonia in the secondary processes of the
ammonia éecomposition was shown by Tayler and Jungers.ho Deutero-
ammonias were formed when a mixture of ammonia and deuterium underwent
mercury=pnotosensitized 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 (1})
and that the reaction of Lydrogen atoms with ammonia was negligible
at room temperature.

In 1935, Wiigh6 reported a very careful study of the quantum yield

of the ammonia phctolysis. As the ammonia pressure was increased from
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about 10 mm. to about 100 mm., the quantum yield increassd from 0,10
to 0,3C. At higher pressures, the quantum yleld decreased until at
one atmosphere pressure the value was 0,18. Ogg, Leighton and
Bergstrom27 found the quantum yield to be 0O.lL from one to elght atmos-
pheres pressure. These authors found that the quantum yield did not
depend on the wavelength of the absorbed radiation but, as the ammonia
temperature was increased to hOOOC., the quantum yield increased to
0.5. When the ammonia contained 0.3 per cent hydrazine, an ammonia-
sensitized dacomposition of hydrazine occurred with a quantum yield
of 1.28., From 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 reactiom

Nth + 2 NH2 —_> 2 NH3 + N2 * H2 (15)

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

by Mnd.2% A kinetic snalysis based on the following reactions and

reaction coefficients agreed with the experimental results of Wilg and

Oge:
20(NHy + hv —> NH, + H) (1)

17(2 NHy + M —> N H) ) (9)

16(NoHy + H —> NHy + NHp) (11)

1(NgH), + 2 NHy —> 2 Ny + L Hy) (15)

2(H« H+M—>Hy M) (5)

The above mechanism predicted an increase in the gquantum yield with

increased light intensity. This effect was later shown to exist.25
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The reaction coefficients were obtained ty fitting the mechanism to
Wiig's data. Ogg showed that an equally satisfactory fit could bte
obtained if other coefficients were used and if reaction (15) was
substituted for reaction {16). Ogg preferred reaction (15) because
ammonia had been shown to be a product of the decomposition of
hydrazine.39

An interesting investigation of the photolysis of ammonia was
repcrted by Welge and Beckman '3 Radiation of 1990 K 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-h
to 8x10'h ma. 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-tc-nitrogen ratio
decreased to three to one. The quantum yieié fur 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 conditicns, fluorescence was observed and the quantum

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

important;
NHB + hv — NH, + H (1)
H+H+M——>H2+M (5)
NH2 + NH2 + M —> Nth + M (9)

It was suggested that the low quantum yield at the higher extents of

decomposition resulted from ammonis reicrming steps involved in the
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decomposition of mamonia. 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.

wiig? was unable to reproduce the work of Welge and Beckman.

He found no increase in the guantum yleld even when the pressure of
the products was only 1x10~2 mm. The quantum yleld 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
Shida32 to measure the rate of the ammonia photolysis. His quantum
Yield values were similar to those of Wilg except at low ammonia pres-
sures. Shida found the quantum yield continued to increase as the
armmonia pressure was decreased. Wiig had reported that the quantum
yield decreased when the ammonia pressure fell below 150 mm. In
Shida's experiments, the reaction appeared to be heterogeneous and
the quantum yleld increased when the wall area was enlarged or vhen
the size of the 1lluminated zone vas increased.

A recant investigation of the ammonia photolysis by Vanpééhl
showed a maximum in the quantum yield at 15C 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 ammenia.
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The ammonia photolysis was studied in this laboratory by Kahn.l5
The ammonia flowed rapidly past a lamp emitting radiation at a wave=-
length of 18L9 g and was condensed in a trap immersed in liouid 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 decompcsed was
recovered as hydrazine.

The major findings of all these investigations may be surmed up
in the fzllowing 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, hydrazine 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-photcsensitized decomposition of ammonia is
not well established.

3. The quantum yleld of ammonia decompositicn in the photolysis
of ammonia is 0.2 to 0.3 at 150 mm. ammonis pressure. There is con-
siderable evidence thalt the quantum yleld decreases slowly as the
ammonia pressure is increased. The behavior at low pressures depends
on the experimental conditions. JIn the mercury-photosensitized

decomposition the quanium yield is much lower than in the photolysis,
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k. In the ammonia photolysis, the decomposition rate is not
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 aiso to the reformation of ammcnia 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 reportad 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 inveatigation. An examination was also made

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

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 this work. However, both the photolysis and the
nercury-photosansitized decomposition of ammonia were also studied under
static conditions.

It was hoped that a study of thz reaction rate and the reaction
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products, using a wide varistion of the experimental parameters, would
permit a further elucidation of the naturs of the secondary processes

involved in the photodecomposition of ammonia.




S

TN bk

kbl SV

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 photolysis 2spparatus 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. Zquip-
ment for the measurement of the extinction coefficient of ammonia is
shown in Fig, 1,

Apparatus for Extinction Coefficient Measurements. Radiation of

1849 X 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 18L9 £. The extinction coefficient was required to
caiculate the minimum ammonia pressure necessary in the reaction vessel
for complete absorption of the incident 1849 £ radiation.

The apparatus for the absorption measurements, shown in Fig. 1,
incorporated a mercury-free, high-vacuum system to manipulate the
ammonia and an optical assembly designed to produce a beam of 1849 X
radiation and to measure fractinnal changes in the beam due to absorp=-
tion of the radiation by ammonia.

The light source, L, was a Hanovia Blosteritron, 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 abscrption
cells could be attached to the vacuum system in position C of Fig. 1.
The one was @ Hanovia cell with a path length of 0.020 Y 0.003 cm. in
the 1light beam; the other was an Aminco precision cell (style F, class
3) with a path length of 1.0002 * 0.0005 cm. A Westinghouse WL78% plat-
inum cathode phctotube (P in Fig. 1) was used ‘o measure the intensity
of the radiation transmitted through the absorption cell., Since the
lamp emitted radiation only at the wavelengths of 1849 2 and 2537 X in
the ultraviolet region and since the platinum cathode was not sensitive
to wavelengths greater than 2100 X, the phototube responded only to
the 1849 2 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 13(10"10 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
Ay, Ap, and A3. 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 Kodacoat. To minimize the influence of stray light, the
lamp compartment was separated from the absorption cell-phototube com-
partment except for the aperture Az. Nitrogen was passed through the
brass box, while measurements were made, to eliminate absorption of
the 1849 £ 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~l oil diffusion pump

backed by a Welsh Duoseal two-stage mechanical pump. The vacuum systra
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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 ionization gauge (I) at low pressures and
with a mercury manometer (M) at high pressures. The mercury in each
1limb of the manometer was covered with a 10 cm. layer of Octoil, a
hydrocarbon oil which has a vapor pressure of less than 1x1078 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 Fig. 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 83 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 McLecd
gauge near 83, to less than 5:(10"6 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 Tl and T2 were immersed in liquid nitrogen
before 52 was opened to prevent mercury from diffusing into the reaction
system.

A tank of ammonia was connected to the reaction system bty a short
rubber tube, coated with Glyptal cement. The gas enterad the reaction
system through a Hoke flow meter (F) calibrated from 4.0 to 35 cu. ft.

per hour for ammonia at one atmosphere pressure and at a temperature of




- —

syuweamseey uotydiosqy o snjexeddy °{ 31y

mmg

il
I

q
S

oL

Qe Rl LS Py



22
0°C. The mass flow rate of ammonia into the system, measured by this
meter, was controlled by a Hoke needle vaive, 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-
tles 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 slichtly above room temperature. The lamp consisted
of a U-tube fabricated from 10 mm. I.D. Hanovia S.R. grade optical guartz
with walls 1 mm. thick. The electrode arms were ring-sealed into the
tubing where it was attached to a male quartz L5/50 standard taper joint.
This large male joint was fitted into the Pyrex reaction tube by means
of a female L5/50 Fyrex 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 4 mm. pressure of argon. Only thre two rescnance
lines, at 1849 2 and 2537 ) were emitted by the lamp in the ultraviolet.
Since ammonia is transparent at 2537 220 the discharge can be regarded
as a monochromatic scurce of 1849 X radiation with respect to ammonia.
The lamp was designed as an internal source since 1849 % radiation is
strongly abscrbed by oxygen and is absorbed to some extient 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 voliage 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 callbrated from zero to one hundred
milliamperes,

The orifice (0O) between the lamp and the condenser flask was
adjusted so that various ammonia pressures Were obtainable in the reac-
tion zone a%t a given mass flow rate of ammonia. The pressure 3in the
reaction zone was determined by an Alphatron ionization gauge and by
the oil-mercury manometer described in the section dealinz with the
apparatus for absorption nasurements. These pressure measuring devices
were connected to the system through stopcock 88'

Apparatus for the Mercury-photosensitized Decompusition 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 ammoniz inlet system through
the needle valve N, the flow meter F, and the stopcock Sl’ was similar
to that described in the previous section; as was the pumping equipment
used to evacuate the system through 83' In the flow experiments, the
linear flow rate of the ammonia through the reaction vessel (V) into

the condenser flask (C) wes controlled by the orifice, O,

o

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 15 cm.
long and 4.0 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, 14 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 X
wavelength was transmitted by the Vycor glass. The discharge was main-
tained and measured by the same arrangement of meters and transformers
which onerated 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 1::10'6 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

1 7
ShOHn in Figo 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 nn the right of
stopcock S7 in Fig. 2. This apparatus, constructed of Pyrex glass, con-

sisted of a Toepler pump (P), a calibrated volume (K), and a series of
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traps (T3, T),, and TS) usaed to convert hydrogen to water.

The lower flask of the Tospler nump was filled with mercury to a
level just below the three-~way stopcock S11 (511 and Sy 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 le opened the upper flask
either to the gas inlet at 57 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 310‘ During a large part of the investigation
of the mercury-photosensitized decomposition of ammonia; the manuval
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 fill1 it, was also attached to the volume K. ¥hen
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 TS contained copper cxide 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 TS was determined from a thermometer whose bulb was inside the fur-
nace. The traps, T3 and Th’ were used to freeze out the water vapor
produced by the oxidation of hydrogen over the hot copper oxide.
Materials

Ammonia. The ammonia used throughout the investigation was obtained
from the Matheson Co. and wis stated to be 99.5 per cent ammonia. It
was also claimed that the non-basic gas did not exceed 0.0l cc. per gm.
of liquid ammonia and was less than 0.2 c¢. per gm. of ammonia in the
overlying 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, contalned 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
gas 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
ccllected 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

S I
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on a Perkin-Elmer Model 21 infrared spectrometer. No absorption peaks
were observad except those to be expected for ammonia. Armonia used
directly from the tank and ammonia subjected to fractional distillation
decomposed at the same rate wiihin 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 scre of
the experiments was the research grade of the Philips Petroleum Co.

Hydrazine. Matheson anhydrous grade hydrazine 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 witli 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 8ystem, shown in Fig. 1, was evacuated until the pressure indi-

cated by the Alphatron gauge was less than 1x10'b mm. Ammonia was then
admitted to the system through Sb and was condensed in the trap T2 which
was immersed in liquid nitrogen. Stopcock Sh was closed and the system

was opened to the pumps tc remove any non-condensable gas., The ammonia
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w#as distilled from T, 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 SS was closed to retain ammonia in the reservoir R.
The remainder of the system was evacuated and stopcocks S1 and 82 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 1849 & radiation when the absorption cell was
evacuated. Stopcock SS 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 Sl’
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 deccmposition
of ammenia would not affect the amount of light transmitted through the

absorption .s1l.
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The Procedure for the 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 nitrcgen 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, O, was constricted to the size required to give the
desired linear flow rate of ammonia in the irradiated zone and the
traps, Tl and T2, were immersed in liquid nitrogen to prevent mercury
from diffusing into the reaction system. Stopcock 82 was opened and
the system was evacuated until the pressure indicated by the Alphatron
gauge was less than lxlO'h mm. The condenser flask was immersed in
iiquid nitrogen during the remainder of the run. Stopcock 82 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 w3 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 82. Ammonia was allowed to flow from the tank throush
the irradiated zone into the condenser flask. At the insiant 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 the reaction system
was regulated by the needle valve and was measurad by the flow meter.
The pressure of armonia in the irradiated zone was obtained from the

Alphatron gauge or the oil-~mercury menometer,

#®
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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 irto the ammonia stream. The stream was then
stopped by the closing of the needle valve and S,. 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
82, Sg» and S7. The traps, T; and T,, served to remove the last traces
of ammonia from the non-condensable gases, hydrogen and nitrogen. Stop-
cock %was closed and 89 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 tmt 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 nmiddle fraction was retained from each distillation. The reactiom

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

2
desired pressure of the distilled ammonia was admitted to the reaction

system. The lamp, which had been operated for five minutes sc that it
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produced a constant intensity of radiatiorn, was turned off while the
ammonia entered the system. The lamp and the electric timer were themn
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-Photosensitized 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 Sx10’6 mm. The condenser flask
was immersed in liquid nitrogen to a level which was maintained through-
out the ramainder of the run. The system was flushed with ammonia and
then was evacuated again. The stopcock Ss was opened during evacuation
vhen the orilice 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 temperaturz when the latter had ammonia flowing through it.
¥hen 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 86' Ammonia was admitted to the system through S1 and

S2 at a mass flow rate regulated by the needle valve and measured by

~E
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the fiow meter. As the ammorniia entered the system, an electric timer
was started. After the desired exposurse time, usually thirty minutes,
had elapsed, the lamp was turned off and one minute later the needle
valve and S1 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 36’ S7,
and the trap Tl. This trap was immersed in liquid nitrogen and served
to condense any ammonia which may have remained in the non-condensable
gas. Stopcocks 82, S¢, and S7 were closed after the non-condensable
gas was transferred and Sh was opened to let air into the condenser
flask. The flask was remcved 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 S1
and 32‘ 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
150°C. The temperature of the mercury was not constant, however, since -
it was cooled to some extent by the stream of armonia passing over it.

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

the ammenia stream to 2537 & radiation was varied, and in cther
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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, ethyiene from a tank was condensed in
a reservoir (not shown in Fig. 3) of 2.4 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 32 and
the irradiated zone at a very slow rate. The average rate of addition
of eihylene 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 ramained. 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 witih the spectrum of the unknown gas.

A few experiments were done in which the ammonia passed through
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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
also investigated in the apparatus shown in Fig. 3. In some of the
experiments the armmonia 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 cver mercury before it
was admitted to the reaction system. The resultas 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 sone was evacuated and isolated by closing 86.
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 milliamperes. 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 T1 was immersed in
1liquid nitrogen and the non-condensable gas was transferred through

86 and S7 into the apparatus for gas analysis. In the static mercury-
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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 ammonia was a mixture of hydro-
gen and nitrogen. The procedure for the quantitative analysis of the
hydrogen-nitrogen mixtures in the cpparatus illustrated in Fig. 2 is
descritsd below.

Before the gas analysis was started, the analytical system was
evacuated. Stopcocks Sh and 35 were closed and the hydrogen-nitrogen
mixture was admitted to the Toepler pump through 87. The Toepler pump
transferred the gas into the calibrated volume until the pressure in
the reaction system was reduced toc less than one per cent of its original
value. Stopcock S7 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 T3 and Th
were immersed in 1iquid nitrogen. The gas from the calibrated volume
was admitted to the hot copper oxide. Preliminary experiments, in which
hydrogen-nitrogen mixtures were expcsed 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 T3 or Ty . In the routine analyses when the hydrogen-nitrogen mixture

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




closed and Sb was opened. The gas from the traps T3, Tb’ and TS was
transferred into the calibrated volume by the Toepler pump until
saversl 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 caiibrated
volume. The amount of hydrogen produced in a run was assumed to be

the difference between the total non-condensable gas and the nitrogem.
After a few anzlyses 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 ’I‘S was kept at 300°C.

In the photolysis experiments and in some of the mercury-pnoto-
sensitized decompositions, the material which 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 arialysis 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 ammonia had boiled away, the residue in the flask and the content:s
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 cof
Penneman and Audrieth.?’ Titrations were made with solutions of hydra-

3 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
titrations did not exceed two per cent.

Since hydrazine is the only simple hydronitrogen compound known to
exist in the free state except ammonia,l 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 NHy =Ny + 3 Hy (3)
2 NH3 - Nth + Hz (h)

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 amownt of hydrazine
which was calculated from the hydrogen and nitrogen produced in the
same rum. The failure of the titration to account for all the hydra-
2ine 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

mercurcus 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 25 ml. solution of hydrazine of known concen-
tration was mixed with concentrated hydrochloric acid in a flask con-
taining a colloidal mercury film. The concentraticn of hydrazine in
the solution was similar to the concentrations in the experimental
runs. When the hydrazine had been shaken with hydrochlorie acid in the
presence of colloidal mercury for one minuts, the solution was titrated
in the usual manner. The hydrazine concentraticn was decreased by 25
per cent, A similar test on a hydrazine sclution 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 prssance 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 o tha ammonia
stream, part of the hydrogen produced was removed by reaction with

ethylene., The amount of hydrazine produced in these runs was obtzined
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by the titration procedure since the calcvlation 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 vsed for the mercury-photosensitized decomposition of ammonia.
These experiments were done to determine the intensity of 2537 % 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 S‘l’.eac:i.e3 have established the
quantum yield for hydrogen production in this reaction. At room temp-
erature and 140 mm. pressure, the only products of the decomposition
of n-propene were hydrogen and hexanes. The production of hydrogen was
directly proportional to the light intensily and to the exposure time.

¥hen 140 mm. pressure of n-propane was used, the quantum yield for

hydrogen production was 0.46. Bywater and Steacie used the rate of
decomposition of uranyl oxalate as an actinometer to obtain the light

3 intensity used to calculate this quantum yield.

The n-propane used ir our investigation was admitted to a series
of evacuated traps from a tank. The n-propine 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-propans was stored cver 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 was evacuated
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and isolated by closing S6' The n-propane from the reservoir was
admitted to the reaction system until the propane pressure in the
system was 140 mm. The gas was allowed one hour to equilibrate with
the mercury vepor in the system. Equillibraiion for a longer time did
not increase the rate of decomposition oi 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 condemser 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
whether it was decomposed by 2537 X radiation. A sample of Matheson
Co. anhydrous hydrazine was thoroughly degassed and the hydrazine vapor,
at 1 mn. 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 expocsed to ‘the radiation
from & low pressure mercury-rare gas discharge. The lamp envelope was

fashicned of Vycor 7910 glass so that the hydrazine was exposed only to
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ultraviolet radiation of 2537 2 wavelength., When the lamp was turned
off, a side-arm from the reaction tube was irmersed in a mixture of
dry ice and acetone for thirty minutes. The non-condensable ges 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
1liquid 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
L) RESULTS

The Extinction Coefficient of Ammonia at 18L9 X

The extinction coefficient, € , is defined by the equation

1, = 110" 8™
where I, and I, are the intensities of the 1849 X radiation incident
on and trensmitted through the ammonia contained in the quartz
absorption cell. The optical path length through the ammonia at a
concentration of ¢ moles per liter is d cm.

The measurements which were made on the absorption of 1849 X
radiation by ammonia are compiled in Table 1. In this table C0 end
Ct represent, respectively, the Ultrohmeter current for the evacuated
absorption cell and for the cell containing ammonia,

The quantity, (log I,/I4)/d, was calculated for each of the

(log C_/C,) values in Table 1 by assuming that the phototube current
t

was directly proportional to the intensity of the radiation falling
1 on it. In Fig. L, 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 srror, the points fall on a straight line, the
3

slope of whiLa gives a value for & of 1.21x10° liters moles lecm.~l.

A similar plot was made in Fig. L for the measurements obtained with
the Hanovia absorption cell which had a path length of 0.020 em. The
right hand ordinate figures and the upper abscissa figures of Fig. L

z represent the scale used to plot these results. The value cf €
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calculated from the slope of a line through the latter measurements
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.

By using the value, 1.21x10° liters moles™! em.™l for the extinc-
tion coefficient and the geometry of the reactor in Eq. I, the minimum
ammonia pressure for complete absorption of the 1849 % 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.z) 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 ccnstant. Fluctuation in the calculated
linear flow rate for one orifice size at various mass flow rates was
attribunted 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

orifice size and for which the linear flow rates had been calculated.
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, Table 1. Absorption Measurements on Ammonia at 18L9 £
d = 1,0002 em. d = 0.020 cm.
Ammonia Log C,/Cy Ammonia Log C,/Cy
pressura pressure
mmme. e
0.L45 0.025 33 0.050
0.97 .080 sl .076
1.12 065 68 093
2.52 .190 85 J1h
3.54 .240 108 .1L3
L.h7 .330 126 173
L.85 «300 152 199
6.35 b0 202 271
7.00 kO
8.95 660
10.4 650
12.3 .7h0
12.8 .92C
i 14.0 .830
; k.7 97
i
i 15.3 1.07
E 16.6 1.06
19 1.25
20 1.28
23 1.45
29 1.82
k3 | 2.00
34 2.22
37 2.34
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Similarly, in some experiments the ammonia pressure in the reaction zone
was calculated from “he 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 11,150 cm. per
second. The contact time for the gas in the irradiated zone, obtained
by dividing the lemngih of the irradiated zone (26 em.) Ly the linear
flow rate, varied from 3.69 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 NHy =Ny + 3 Hy (3)
2 NHy = NoH) + Hy (L)

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 sum of the
hydragine and nitrogen.

Sirice the tctal non-condensable gas minus the nitrogen gave the
quantity of hydrogen produced, the hydrazine produced could he calcu-

lated from the gas analysis only, because from reactions (3) and (L)
NoH), = (Np + Hy) - I, II

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 follewed

in each run but the value for the hydrazine, which was used in
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calculating the amount of ammonia decomposed and the percentage of the
‘ decomposed ammonia uhich 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 runs 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 ths
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 prassurs in the reactor is shown uy 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. 5, tha! 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 increassd. 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 reacticn pressures that there was incomplete

absorption of the 1849 £ radiation. Small amounts of non-condensable

o> *The percentage of the decomposed ammonia recovered as hydrazine 1is,
.73 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 mms. 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 investigaticn.

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
1x10™3 * 0.1x10™2 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. S or 7). At lower pressures, the relative quantum yield
increased until at 10 mm. pressure the value was about double that at
100 rm. Below 10 mm., the rate of ammonia decomposition decreased
because the absorption of the 1849 K 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.'l.
Two exﬁeriments were done in which this zone was packed with Pyrex
rods, thereby increasing the surface-to-volume ratio to 8.65 em. L.
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 changed when the surface~to~volume ratio was increased
in the 2zcne 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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oppertunity for hetervgeneous reaction,

Results from Static Experiments. The summary of the analyses of

the non-condensable preducts of a serles of static experiments on the
photolysis of ammonia is tabulated in Table L. The analyses of the
condensable residues of these runs indicate that hydrazine is not a

final product of the static reactions,

Table 4. Results from the Static Photolysis of Ammonia

Ammonia Total gas Per cent Ammonia
pressure per hour nitrogen decomposed
in total gas per hour
rmm. moles x 10h moles x 101l
10 16.14 2540 8.07
2k 15.12 25.0 7.56
38 11.41 25.0 5o Ti
57 10.60 2L.8 5.30
76 11.80 e 5.90
150 10.52 —— 5.26
264 11.70 -—-- 5.70

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

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 experiments.
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The Photolysis of Hydrazine

When hydrazine at 1l mm. pressure was exposed to 2537 £ radiation
for ninety minutes, 2.16x10'h moles of nitrogen, 2.19x10'h moles of
hydrogen, and L.26x10™Y moles of ammonia were produced and hence

L

4.,29x10" " moles of hydrazir.e were decomposed., The products were in

exact agreement with the stoichiometric reaction

2N H) =2 NHy + Hy + N, (17)

An experiment was also done in which the usual procedure was followed
except that the hydrazine was not exposed to 2537 X radiation. The fact .
that no producte were detected in this experiment showed that all the
hydrazine decomposition in the irradiated experiments was due to
photolysis.

The intensity of 2537 % radiation which was incident on the
hydrazine was estimated to be about lxlO’h einsteins per minute. This
estimate was based on intensity measurements which were made on a
similar lamp. The hydrazine decomposed at a rate of leo"6 moles per
minute. If the quantum yield of the hydrazine decomposition was about
two, as found by Wenner and Beckman,"‘)'l the 2537 £ radiation was
absorbed at a rate of 2.Sx10‘6 einsteins per minute. From the cell
geometry, the percentage of the 2537 £ radiation that was absorbed and
the pressure of the hydrazine, the extinction coefficient of hydrazine

at 2537 & was calculated, by Eq. I, to be 15 liters moles™t em.~1

Actinometry with n-Propane

The quantum yleld, Q. is defined by the equation

Q = MI 111

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
quantum yield for hydrogen formation in the mercury-photosensitized
decomposition of n-propane is known to be 0.46 when the experiment is
performed at room temperature with 1LO mm. pressure of n-propame.3
Thus, when the rate of hydrogen formation of this reaction had been
measured in the apparatus shown in Fig. 3, the intensity of 2537 &
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

Lamp current Calculated
lamp intensity

milliamperes einsteins/min. x 104

98 1.23

90 1013

90 1.18

80 1.0L

80 1.06

60 0.968

60 0.928

Lo 0.765

40 0.795

30 0.672

20 0.L58

20 0.410

20 G.393
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In most of the invastigation of the mercury-photosensitized decomposi-
tion of ammonia, the lamp current was ninety milliamperes, and therefore
in the calculation of the quantum yield of ammonlia decomposition for
these experiments the light intensity was assumed, from Table 5, to be
1.15x10-h einsteins per minute. The accuracy of the calibrations 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 Experimenic, The experimenta) 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 irradisted 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 Lotal 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. III by using the lamp intensity which was determined in
the actinometric experiments with n-propane. All the quantum yields

which were reported in this investigation were corrected for incomplete
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quenching of the mercury 6(3P1) atoms as described below.

In the absence of a foreign pgas, mercury atoms excited to a
6(3P1) state by 2537 £ radiation lose their excess energy by fluores-
cence. Wnhen a fcreign gas is added, some of the 6(3P1) atoms transfer
their energy to the foreign gas molecules. The extent of the quench-
ing of the resonance radiation from the 6(391) atoms depends on the
pressurs 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(3P1) atoms is equivalent to a decrease
in the incident radiation intensity as far as ammonia decomposition is
concerned and in the calculation of the gquantum 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.21 The relaticnship derived by Stern end Volmer is

1

1+ Tz

Iv

where K is the ratio of the intensity of resonance radiation from an
irradiated cell containi.ig 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 Zk
designates the number of times per second that an excited mercury atom
gives up its energy by ccllision to one cubic centimeter of foreign

gas molecules, The number of quenching collisions, %

o was calculated

from the kinetic theory equation23

2 L \1/2
Z, =2 no. (mafr(l/ul + 1/h2,) v
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The number of ammonia molecules per cubic centimeter, n, was calculated
to be 3.l9x1016 times the ammonia pressure in millimeters and the
quenching cross-secticn of ammonia molecules for mercury 6(3P1) atcms,
orﬁ, was assumed to be L.20x1071% em.2 & 1In Eq. V, ¥, and M, repre-
sent the molecular weights of mercury and ammonia; R and T represent
the gas constant and the absolute temperature, respectively. When Zk

2

was evaluated and a value of 1.1x\07! sec.?? was used for T, Eq. IV

reduced to

1

1+ 0.295P VI

where P represents the ammonia pressure in millimeters of mercury.

The fraction of the incident 2537 X radiation which was trans-
ferred to the ammonia by the mercury 6(3P1) atoms was given by (1-X).
Therefore each of the quantum ylelds, which were calculated assuming
that all the incident radiation was transferred io the ammonia, was
corrected by dividing by (1-K). The expression (.-) was caleculated
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 precsures. At a pressure of 10 mm.
only 75 per cent of the 2537 ) radiation was transferred to the ammonia,
as compared to the transfer of 95 per cent of the radiation at 65 mm.

Mitchell and Zemansky21 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
r.ot the moct accurate equation that can be used to calculate the extent
of the quenching of the mercury 6(3P1) 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 wers available in this investigation. While the
accuracy of the Stern-Velmer equation is somewhat questionable, the
quantua vields 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 15 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 increase 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 flcw 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 reprc-
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 experinents
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reported there. The quantum yileld appeared tc 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 irradiateda 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
vwhich 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 smocth curve within
the experimental error, except for experiments at very high linear flow
rates where the quantum ylelds 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 2537 2
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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 yielde 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 {rom cxperimentes 2t lower linear fiow 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 X 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 X 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 slcwly to a value of 0.30 X 0,05 at 30 mm. At still
lower pressures, the value of the quantum yield increased rapidly
towards one; but in this pressure reglon the absolute values of the
quantum ylelds were uncertain because of the large quenching correction
from the Stern-Volmer aquation.

llepresentative data from the values of the per cent hydrazine in

the experiments reported in Tables 7 and 8 are plotted in Figs. 9 and

S - . DR Ay ©
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10. The data plotted in Fig, 9 were restricted to the experiments in
which the linear flow rate was 124 cm. per second or less but ir which
the ammonia pressure varied from zero to about 700 rm. The per cent
hydrazine valuss 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 cver the whole range which was studied, The
linear flow rates associated with the points in Figs. § 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 lowsr
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 exveriments on the mercury-photosensitized

decomposition of ammonia in which the 1ight intensity was varied are
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tabulated in Table 9. In all these experiments the ammonlia pressurs
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 ylelds determined from these experiments are
plotted as a function of the light intensity in Figs. 11 and 12,
respectively. The per cent hydrazine increased linearly as the light
intensity waa decreased, ard 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 gero. Ths 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 iisted in Table 10. The results
for analogous runs in which the ammonia was at rcom temperature are
also given in this table. This part of the investigation was limited
to two runs, since the apparatus was not sulted for controlling the
temperature of the ammonia stream in a systematic manner. The irrad-
iated zcne could not be heated without changing the lamp intensity.
Hence when the hot ammonia stream vhich was saturated with mercury
vapor entered the cool irradiated zone, marcury condensed on the quarts
tubing and probabiy decreased the intensity of 2537 X radiation which
was incident on the stream of reactants. In genersl, however, the
quantum yield appeared to be higher when the ammonia was heated. If

the inclident 1light intensity was decreased in the manner described
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Table 10. The Effect of Heating the Ammonia Stream

Reaction Ammonia Linear Per cent Quantum

conditions pressure flow rate hydrazine yleld
mm. em./sec.,

Ammoniz at 135 39 Sh.3 0.147

room temp. 135 39 5043 .153

Ammonia

heated 135 39 L$.3 211

Armmonia at

room temp. L%0 Sl 2.5 079

Armonia

heated 500 Sk 18.0 .128

heated were even higher than the values reported in Table 10. The per
cent hydrazine in the experiment at a linear f{low 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 5.4 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 Fig, 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 ars also given., The average mass flow rate of ethylene
through the system was calculated from the pressure decrease in the
ethylene reservoir daring a run. By assuming that the linear flow

rate of the ethylene was the same as the ammonia linear flow ravce,
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an approximate value was calculated for the ewlhylene pressure in each
experiment., In the calculation of the quantum ylelds for the experi-
ments which contained ethylene the usual correction for incorglete
quencning was made using the Stern~Volmer relationship and a further
correction was made for the competitive quenching of the ethylene.

Using Eq. V and values of h8x10'16 and h920x10-16 exS for the quenching

cross-sections of ethylene and ammonia,21’30

the quenching efficliency
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(7P;) atoms is given by

I Isv(P

o/ (Py + 9.5P.)) ViI

where I, is the effective incident intensity calculated from the
Stern-Volmer equation, Pa and P, 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 ficw 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 yleld was partly due to the incomplete recovery
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of hydrazine since the hydrazine w=s determined by the titration
analysis,

In experiments with large ammonia pressures where the ethylene did
very little quenching cof 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(3P1) 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,Bh

The quantitative analysis of the products of the experiments, in
which ethylene was added to the ammonia stream, by examination c¢f their
infrared spectra was not very satisfactory. The samples always contained
ammonia which absorbed infrared radiation in the same regions of the
infrared spucirum 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 em, "t

’
from 1800 to 1550 em.”}, from 1390 to 1485 cm.”l, and from 850 to 1050
cm."1 These areas of infrared absorption were found to be characteris-
tic of polyvinyl structures.5 The infrared spectra of the products of
other experiments in which the ethylene pressure was lower showed
absorption in the wave number regions from 2807 to 3000 cm.-l, from

1350 to 1500 cm.'l, and from 700 to 850 cm.™ which was distinct from

the absorption of the awonia in the same sample and was very similar

to the absorption spectra of a sample of methylamine. These absorption

AN S vy TP e B eIt
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peaks were therefore attiributed 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 amcunts of hydrazine anc 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 ylelds were
larger than the reported values because of the contribution from ethyl-
amine which was not quantitatively analysed.

A series of twantiy-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

wire was caleulated to be 7.17 in2

The per cent hydrazine values and
quantum ylelds 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 experimentis which did not contain platinum wire. In
general the reaction was wichanged 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 platinum wire was cleanad 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 &t
various pressures and exposure times are compiled in Table 13. The
larp 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 25 % 2 per cent of the total ncn-condensable gas.
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Thus, the static dacomposition obeyed the stoichiometric reaction

2 NHy =N, + 3H, (3)

Moreover, no hydrazine was detected when the condensable residues from
the experiments were titrated with potassium iodate. The amount of
ammonia decomposed in an experiment was assumed from reacticn (3) to be
one-half of the non-condensable gas 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 1l and 15)
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 ylelds for the flow experiments
containing ethylene were corrected for the quenching of ethylene. By
using quenching cross-sections of 8.607:10"16 cm® and h.20x10-16 cmg
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 hydreogen pressure. Thus, by the same reasoning
used in deriving Eq. VII, the incident light intensity used to calcu-

late the gquantum yield of ammonia decomposition is given by

I=I (P

gv(Pa/ (P ¥5.75P,)) VIII

where Isv is the incident intensity corrected for incomplete quenching
and P, and P}, represent the ammonia pressure and two-thirds of the
final hydrogen pressure in millimeters, respectively. The light inten-

sit; transferred tc ammonia and hydrogen by excited mercury atoms is

i “tes e ey s
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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 150 mm. but
decreased as the pressure was decreased below 150 mm. A¢ a given
ammonia pressure, the quantium yield increased as the exposure time was
decreased until, in an experiment of thirty seconds' duration at 505
mm. ammonia pressure, the quantum yield (0.10L) 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 1k,
The amount of armoniaz decomposed in a run was calculated from the
amount of nitrogen produced by assuming the stoichiometry of reaction
(3). The quantum yield for ammoria 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 L5 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 amownt of reaction per unit of time. The ratio of hydrogen

quenching to ammonia quenching was almost constant in these experi-

wa el

ments,
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CHAPTER IV

DISCUSSION

Any interpretation of the mechanism of the photodecomposition of
ammonla as performed in this research must take cognizance of the
experimental results summarized below:

1. The products of the photolysis of flowing ammonia were nit;o-
gen, hydrogen, and hydrazine. The percentage of the hydrzzine 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™> % O.lxlo-3
moles per hour at ammonia pressures between 100.and 560 mm. At lower
pressures the rate of ammonia decomposition increased until a2t 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 0.5x10™3 *
O.lxlO"3 moles per hour at ammonia pressures from 4O to 270 mm. The
rate increased at lower ammonia pressures until the value at 10 mm.
was 0.91:10"3 moles per hour,

3. The products of the mercury-photosensitized decompositicn of
flowing ammonia wsre nitregen, hydrogen, and hydrazine. Neither the
ratio of these products nor the rate of the reaction depended on ths
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 650 mm. 1o a value of 0.20 at 100 mm, At lower ammonia

pressures, the quantum yield increased more rapidly until at a pressure
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of about one nm. the value of the quantum yield approached unity. The
percentage of the decomposed ammonia which was recovered as hydrazine
increased when the ammcnia 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-
crezsed, 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 flcw 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.

L. 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 wsas
about the sam= as the quantum yield in the flow experiments at the same
pressures. The quantum yisld decreased rapidly when the exposure time

was increased. At high ammonia pressures the quantum yield was almost
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constant but it increased rapidly when the ammonia pressure was
decreased below 150 mm. The quantum yield also decreased when hydrogen
was added to the ammonia. At an ammonia pressure of 200 mm., the
quantum yield did nct depend on the intensity of the incident radiation.

The similariiy of most of the featurea of the photolysis of ammonia
tc the features of the mercury-photosensitized decomposition of ammonia
indicates that the primary dissociation of ammonia into ridicals 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 1849 X radiation or by collision with mercury 6(3P1)
atoms.

Several investigator332,h2,h6

found that the quantum yicld was
about 0.25 for the static photolysis of ammonia at about 150 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 1nvestigation81h’26’37 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-photosemnsitized 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 yleld for the primary dissociation of ammonia must therefore have
been unity. Ammonia regeneration must have cccurred, 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:

#

NH, + hvyg o —> N (18)

or NHy + Hg 6(3P,) —> NH;" + Hg 6(15y) (19)
NH," + NH3 —> 2NHy (20)

NHB* — NH, + H (21)

In these equaticns, NH o represents an ammonia molecule containing

3
enough energy to permit it to dissociate, If the excited ammonia 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 emergy being trane-
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.
However, a careful investigation by Bonhoeffer,2 which is reviewed in
the Introduction, indicated that if an excited molecule was formed, its
lifetime was so shert that its only fate was toc dissociate. Moreover,
if the excited molecule mechanisﬁ was operative, the quantum yielad
should decrease asymptotically to zero at high pressures. In our inves-
tigation the quantum yleld 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 yleld of unity,

A primary quentum yleld of unity requires that ammonia should be
one of tha reaction products, since in most of the experiments the
overall quantum yleld for ammonia decomposition was mich less than unity.
The experimental analyses showed that nitrogen and hydrazine were the
other nitrogen-bearing products. Other :'anes*t,i.ga*t,ors:w’20’21"27’lls have
supeested that ammonia was reformed in the reaction elther 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 rave 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 which 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 decompositio;u of hydrazine, and
the decomposition of one mole of hydrazine produced one mole of nitrcgen.

These statements are discussed at greater length later in this
chapter.

Since ammenia was not reformed by the decomposition of part of the
hydrazine produced in the reaction, it was concluded that all of the

smmonia reformation was a result of the following reactions:

NHy + H —) NHy" (22)
Nn3* —> NH, + H (21)
NH3* + NHy —> 2NH, (20)

The symbol, NHB*, again represents an ammonia molecule which contains

the energy required for dissociation, Earlier in this chapter it was
stated that an excited ammonia molecule formed by eithsr reaction (18)

or reaction (19) had no detectabie existance. If the emergy required

to btreak the first nitrogen-to-hydrogen bond of ammonia is 10Ok kecal. per
mole as was reported recen'lzl;pr,35 the excited ammonia molecules from reac-
tions (18) and (19) contein, respectively, 50 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
and it is therefore conceivatle 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 thsrmal

degrads:. on which proceeded in g~versl siages, nne of =o' .7 is
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represented by reaction (20). Therefore, at high pressures the ammonia
reformation mechanism was very efficient and the quantum yield was low.
The quantum yleld did not dscrease 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 thermasl degradation. Thus ammonia reformation
bacame less 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 yleld 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 becoms pressure independent at a reaction pressure of about 100 mm.
Hewever, only three experiments were done in which the ammonia pressure
was greater thar 150 mm. More extensive experimentation at high ammonia
pressures might show a slight decrease in the guantum yield with increas-
ing emmonia pressure as was the case in the mercury-photosensitized
experiients. The pressure dependance of the quantum yleld for ammonia
decomposition in the static photolysis of ammonia was similar to the
dependence observed for the phoiclysis of flowing ammonia except that

it was reduced by a constant facter at sll reaction pressures. The

1
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reduction of the static quantum yield was attributed to the reaction

The hydrazine which was obtained as a product of the photodecompo-
sition of flowing ammonia was undoubtedly formed by the recombination
of amino radicals. When two amino radicals combined, the hydrazine
molecule formed contained sufficient energy to cause it to dissociate
again but apparently the excited hydrazine molecula was able tc distrib-
ute its excess energy in its vibrational and rotational degrees of
freedom so that it had a relatively long lifetime. The 1lifetime was
long enough to permit almost all of the energy-rich hydragine molecules
to lose their excess energy by thermal degradation even at very low
reaction pressures since hydragine 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 nitrogem produced
in the photodecomposition of ammonia arcse from the decomposition of
hydrazine formed in the reaction. The decomposition of hydrazine in the
smmonia reaction may have been initiated either photochemically or by the
attack of hydrogen atoms and amino radicals on hydrazine. The hydrazine-
to-nitrcgen ratio increased in the armonia decomposition experiments when
the linear flow rate of the armmonia through the irradiated zone was
increased. When the linear flow rate was increased, the concentration
of the radicals and of hydrasine in the ammonis stream was decreased
tut the average tims that a hydrazine molecule spent in the irradiated
zone was &81so decreased. Thus, either of the suggested mechanisms for
the initiation of hydrazine decomposition would have explained the
experimental observaticns. 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,

Hydrazine photolysis by 1849 lol radistion in the flow photolysis of
ammonia was examinad firat. The rate of ammonia decomposition at 100 mm.
pressure in the static photolytic experiments (1.5x10~7 moles per second)
was aasumed to represant a quantum yleld of 0.25. The 18L9 lol radiation
intensity incident on the flowing zas was therefcre 6.0x10'7 einsteins
per second, The maximum partial pressures of hydrazine which were
possible in the ammonia stream at various linear flow rates were then

calculated., The primary reaction was assumed to he

with a quantum yield of cne and it was also assumed that all the amino
radicals recombined to form hydrasine., The maximum rate of production
of hydragine was, therefore, 3,0x10"7 moles per second. From the vclume
flow rate of the ammonis, the volume in which the above quantity of
hydrazine was wniformly distributed was calculated, and hence the partial
pressure of hydrasine in the flow siream wes obtained, The hydragine
partial pressure varied from 4.8x10"2 mm, at a linear flow rate of 7 em,
per second to 2.5x10"° mm, at a flow rate of 10,000 cm. per second.

If the ammonia and hydrazine in the irradiated =cne wers compsting

o
for the 1849 A radiation, ths absorption equation, Eq. I, is given by
I, =I 107 €101d) - €202 §b 4

vhore the subscripts 1 and 2 refer to ammonia and to hydrazine, respec-
tively. The fraction of the 1849 3 radiation which was available to
the hydrazine was approximately the ratio of 0202 to Clcl. For the
experiment with the highest partial pressure of hydrazine in the flow
stream, this fraction wae sx107L,
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Thus, 3x10™1 einsteins per second of 18L9 2 radiation were aveil-
é able to the hydrazine and, if the quantum yield for hydre:iine
decomposition is unity, iess than 0,01 psr 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
as much radiation at 2537 X as at 1849 X. Moreover, ammonia does not
absorb 2537 X radiation. The possibility of the photolysis of the
hydrazine, produced in the flow photolysis of ammonia, by 2537 R radia-
tion was therefore examined. By assuming that the incident intensity
of 2537 3 radiation was 6Jv:10"6 einsteins per second and by using the
extinction coefficient determined in the experiments on the static
photolysie of hydrazine (15 liters moles™! cmTl) and the calculated
partial pressure of hydrazins in the experiment with the lowest linear
flow rate, i{ was caicuiatea inat less than one per cent of the hydra-
zine could have been decomposed by 2537 ) 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 nitrogem was considered to arise only from the decomposition of
hydrazine. From this calculated vaiue 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
Tatle~ 7 and 8 by assuming that the hydrazine was wniformly distributed

through tiie armmonia, If, moreover, the assumption was made that the
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quenching cross-section of hydrazine for mercury 6(3P1) atoms was about
the same as the ammonia cross~section for the excited mercury atcms, tne
ratio of the quenching by the hydrazine to the quenching by ammonia was
approximately the ratio of the partial pressures of these substances,
Ar. experiment from Table 7 was then examined in which the linear flow
rate was 5.8 cm. per second and the ammonia pressure was 50 mm. In this
experiment the ammonia pressure was low and the hydrazine partial pres-
sure had a higher value (3.0x1072 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 0.0% per cent of the mercury
6(3P1) atoms. Thus, the intensity of 2537 £ radiation which was trans-
ferred tc hydrazine was given by the incident intensity (1.15x10'h
einsteins per minute) times 6x10'h, & value of 6.93(10"8 einsteins per
minute. The rate of production of hydrazine in this experiment was
calculated to be 9.3Jt10"6 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 6.9):10-8 moles per minute or less than
one per cent of the hydrazine which was produced. Actuslly, 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 prec’uded 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 glmost all of the hydrazine produced in the flow experiments at
low linear flow ratas was subsequently destroyed by reaction with radicals,
in the static phctodecomposition of ammonia the steady state concentra-
tion of hydrazine must hcve been as low as the calculated values in the
flow experiments, Therefore, photochemical descomposition of hydrazine
could not have been important ir the static photodecompcsition 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,
the 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-
tigstions 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 armonia was ruch 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 cither of the follow-
ing reactions:

H # N,H —> NH; + NH, (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 armonia. It was concluded, therefore,
that all hydrazine 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 hydraszyl

radicals, the hydrazyl radicals probably disappeared by the reactions
NJH, — N, + H, (2L)

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 hydrazine rhotelysis the reaction prcceeded by the

ST AR B NN TR TSI I CARTAG ST AT TN R 47 27 ST Y TR AR P ISR @R L AR e SRR, B e )



107
following mechaniam:
NZHh + hv2537 —> H + N2H3 (25)
H + N2Hh — H2 + NZH3 (11

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 211 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:
NHB + hv18h9 — NH, + H (1)
or NH3 + Hg 6(°P;) —> N, + H + Hg €(35) (26)
NH, + H — NHB* (22)
3t

NH, — NH, + H (1)
Nn3* + NHy —> 2NH, (20)
NH, + NH, —> NH) (27)
H + NH —> Hy + NH, (131)
H + NoHy — H, + N H, (23)
NH, — N, + H, (2L)

‘.
¢ H ¢ wall —> 1/2H2 (28)
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This mechanism was derived by using scme of the experimental obser-
vations of the investigation to eliminate other possible mechanisms.

The remainder of tnis 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 flew rate at a constant reaction
pressure was examined in terms of the reactior. mechanism. At a partic-
ular linear {low 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 each 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 ammcnia 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 ratic, attributed to the
decomposition of hydrazine initiated by hydrogen atoms, as the linear
flow rate was 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
ths ammonia stream was estimated for each linear flow rate by the pro-
cedure which was described above in the discussion of the probabiliity

of photochemical decomposition of hydrazine in the ammonia stream.
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Table 16, The Dependence of Hydrazine Decomposition on the
Cencantration of Hydrazine in the Anmonia Stream

Linear Fer cent Estimated
flow rate hydrazine hydrazine conc.
cm./sec. decomposed moles/liter x 10°

Calculations from the mercury-photosensitized investigation
L0%0 s==

0.2
1630 Lt 0 3 8
1000 — 1.5

500 5 3.2

280 12 5.6

2Lo 21 7.2
125 28 14
51 LS 22
h6 L8 25
39 56 29
20 70 53
5.8 160 160

Calculations from the photolytic investigation

1730 1l 0.48
756 20 1.1
286 29 2.9
105 L3 7.9

76 45 11
21 53 Lo
7.0 66 118
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The percentage of the hydrazine which was 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.
14. 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 reacticn was undoubtedly complicated by the fact thatu
the reaction was not distributed homogenaously throughcut the irradicted
tube. The extent of reaction in a unit volume of reactant gzas depended
on the fracticn of the incident sadiation which was absorbed therein and
therefors 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, vwhen 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 armonia 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.
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Surface reactions may have been the cause of the contradictory results
vhich have been obtained by different investigators.

The mechanism which was proposed was most easily interpreted if
the assumpticn 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 wias
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. FPFurther
evide:.ce 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 beer independent of the linear flow rate
since the concentration of hydrogen atoms and 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 wmlls
of the reaction vessel were very inefficient in removing hydrogen atoms,
protably because the walls were saturated with ammonia. The hydrazine-
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 hydrazine-to-nitrogen ratio did not
depend on pressure and in the mercury-photosensitized flow experiments

the hydrazine-to-nitrogen ratio decreased at low pressures,
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The remarkable increase in the hydrazine-toe-nitrogen ratio which
was obserrad when ethylene was added to the mercury-photosensitized
decomposition of flowing ammonia was undoubtedly due to the reduction
of the hydroger. atom concentration by the rapid reaciion of hydrogen
atoms with ethylene. The hydrogen production from the experiments which
contained ethyvlene was much lower than the amounts which were to be
expected from the amrunts 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 hydrazine-to-nitrogen ratio to increase
at low ammonia pressures where the ratio weas 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 streanm.
This theory was substantiated by the fact that the hydrazine-to-nitrogen
ratio did not decrease at iow 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
ammonia stream and hence the importance of hydrogen quenching aliso
increased as the linear flovw rate was decreased. Heterogeneous reac-
tiens also may have had an important role in the reduction of the

hydrazine-to-nitrogen ratio at low ammcania pressures.
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14 was observed that tlie hydrazine-to-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 1light intensity was decreased just as it was when the linear
fiow 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 armonia decomposition when
the lamp current was increased cannot be interpreted in terms of the
mechanism which has been proposed. Unfortumately, these experiments
were done at an ammonia pressure of 29 mm. and at this pressure hetero-
geneous reactions may have been important. No change of the quantum
yield with 1light 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 hyrirogen was added
to the reaction or when the concantration of the hydrogen produced in
the rcaction 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 decompcsed in
the photolytic expsrimonts, the reaction rate inhibition was attributed
to molecular hydrogen. Hydrogen was considered to react in the follow-

ing manner:
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NH, + H, —> NH3 + H (n

However, the increase of the hydrogen atom concentration must have also
dscreased the overall rate of decomposition of ammonia in the static
mercury-photosensitized expearimants bscause when the ratio of hydrogen~
to-ammonia quenching became important 2% low ammonia pressures, the
quantum yield for ammonia decomposition decreased instead of lncreasing
as it did at low pressures in the other modes of photochemical decomposi-
tion of ammonia. The 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 subsirate,
ammonia, did not react with the radicals produced in the photodecomposi-
tion of ammonia. If an amino radical abstracted a hydrogen atom from an
ammonia molecule, another amino radical would have been formad and the
species would not have been changed. If a hydrogen atom abstracted a
hydrogen atom from ammonia to form molecular hydiogen and an amino rad-
ical, the quantum yleld would have increased when hydrogen was added to
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 150 rm, 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 explaneiion for many of the observations at low ammonia
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pressures. The possible need for the addition of heterogeneous reaction
steps to the mechanlism 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
amino radicals, the reaction mechanism could be tested. In such an
experimant, the quantum yield for ammonia decomposition should be
unity and hydrazine shouid be the only nitrogen-bearing procduct of the

reaction.
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SUMMARY

The mercury-photosensitized decomposition of flowing ammonia was
studied at room tempsrature. The products of the decomposition wera
hydragzine, nitrogen and hydrogen. The quantum yieid 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 dacreased from a value of
0.09 at 550 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 quintum yleld for ammonla decomposi-
tion decreased as the incident light intensity was decreased. When
ethylene was added to the reaction, the hydrazine-to-nitrogen ratic
was greatly increased and ths amount of hydrogen produced was dacreased.
Evidence was obtained to show that ethylamine was also produced when
the reaction contained ethylene. The reacticn 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 jield of ammonia
decomposition decreased if the exposure time for an experiment was
increased. At very short exposure timen and high ammonia pressures,

the quantum yleld had about the same value a8 in the flow experiments

117



\

g

Fint s £}

bk L U T BT b s et

SR ST T T A AtS R T B Y T

i

118

at comparable pressures. When the exposure time was kept ccnstant, the
guantum yield was constant at ammonia pressures from 650 to 150 mm.;

at lower pressures the quantum jield decreased. The rate of decomposi-
tion of ammonia was greatly decreased when hyvdrogen was added to the
reaction. At an ammonia pressure cf 200 mm., the rate did not depemd
on tha intensity of the ineident radiation.

The photolysis of flowing ammonia with 1843 ? 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 3L 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 decompo-
sition of ammonia did not depend on the ammonia flow rate ind was
almost constant at ammonia pressures from 100 to 560 mm. At lower
ammonia pressures the rata increased until at 10 mm

3
ing i a mm, pre o't 4

twice as great as the rate at 100 mm. The reaction was not changed
vhen the surface-io-velume 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 1849 £
radiation were hydrogen and nitrogen. The rate of ammonia decomposi-
tion was studied at ammonia pressures from 10 to 264 rm. The rate was
about one-half as great as the rate in the flow experiments at
comparable pressures,

4 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 dissociation of

ammonia into amino radicals and hydrogen atoms was unity and that ihe

e = s gy G




TR

& O

. mm.mmammmmmmm LGRS, Wy L T R P R R

ey

119

overall aquantum yleld for ammonia decomposition was decreased, as the
ammonia pressure increased, by ammonia reformation from: ths recomhina-
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 1849 £ radiation was
found to be 1,211103 liters moles~tem.~l at ammonia pressures from
0.45 to 202 mm.

Hydrazine was photolytically decomposed at 14 mm. pressure in a
static system by 2537 ' radietion. The products were two molss of
ammonia, one mole of hydrogen, and one mole of nitrogen per mole of

hydrazine decompcsed.
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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. 15 and the electrical circuit which operated
the pump is 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 inlei and
the gas outlet were sealed to a high vacuum apparatus. The flask Fl
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. Suppcse that the flasks F, and F3 had been evacuated and that a
low pressure of gas, which was to be pumped into F3, had been admitted
to F2 through the gas inlet. The flask Fh vas evacuated through the
connection to the vacuum pump and air could not enter Fh through the
neadla=valve N because the air inlet was blocked by the putty-tinne2
iron bar R. The thyratron tubes, V1 and V2, conducted current except
when the grid circuits were closed (i.e., when contact was made between
1 and 2 for V1 or betwssn 1 and 3 for V2). Since Fh was evacuated, the
mercury covered the tungsten lead at position 2 and contact was made
betweer 1 and 2 through the mercury in the purmp. Thus V2 conducted
current but ¥, did not. Since solenocid 82 was actlvated but S1 was
not, the iron bar B was pulled into 32 and the switch Xl was closed,
After Xl wacs closed, current flowed through the solencid S3 and thrcugh
the relay A, The activation of S, caused the iron bar R to be raised

3
and air flowed into Fh 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 12 to be opened so that the vacuum pump which was connected to
Fh was shut off., As the pressure increased in Fh’ mercury from F1
flowed into F2 pushing the gzas, which was trapped in F2 as soon as

the gas inlet was sealed by mercury, through the capillary tube into
F3. As soon as the mercury level in Fh fell below contact 2, ths
thyratron Vl conducted once more but the position of the iron bar B
was not changed since both S1 and S2 were activated. When the mercury
from Fl flowed through the capillary tube into F3’ 1% closed the con-
tact between the tungsten leads at 1 and 3 and the reverse cycle
started. Thyratron V2 ceased to conduct and 82 was not activated so
that B was pulled into the solenold Sl’ Now the switch Xl was open ard
83 and A were not activated. The irpn rod R dropped down and closed
the air inlet to Fh and the relay A allowed Xz to close so that the
vacuum pump Started to evacuate Fh' is Fh was evacuated, the mercury
in F2 flowed into Fl’ but the mercury in the capillary tube remained
there ard prevented the gas in F1 from flcwing into F2' When no
wercnry remained in F2’ gas flowed into F2 from the gas inlet. When
the mercury contact bstwean 1 and 3 was troken both solencids S1 and
52 were activated but the position of B did not change until the mer-
cury covered contact 2, Tne cycle was then repeated except that the
gas in F2 was pushed through the mercury in the capillary tube into F3.
The pump continued to transfer gas from the gas inlet to the gas outlet
as described unless the pressure in F3 became so high that the mercury

from F, could rot push the gas in F, into F3.
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