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INTRODUCTION

In his everyday laboratory practice, the chemist
almost consténtly employs certain forms of energy éuch as
heat, electricity, mechanical energy, and light to bring
about the combination of atoms or the disruption of mole-
cules. In recent years, the latter agency, through photo-
chemical studies, has gained considerable prominence.

Though much more attention has been focused
recently on the action of light in bringing about chemical
transformation, it should not be overlooked fhat even the
very earliest sclentists were not wholly unconscious of its
potentialities. As early as 350 B.C., Aristqtle noted the
influence of light on the formation of the green color of
plants, and the converse bleaching in darkness. Vitruvius,
100 B.C., remarked on the bleaching of pigments by light.
Writings of the alchemists are full of references to the
action of light, but couched in such vague and mystic terms
that it is uncertain whether the éonhotation is abstract or
concrete. However, really empirical study did not begin
until at the end of the 17th century.

Ray (1670), the botanist, distinguished the action
of light from that of alr on plant growth. The Prussian
Chancellor Bestubhy, the discoverer of "iron tincture", a
solution of ferric chloride in alcéhol, noﬁiced‘that the

color was dlscharged in sunlight but recovered to some



extent in darkness. Hence, he may be credited with the
discovery of the reversibility of photochemical reactions.

In 1727, Scheele described a large number of |
photochemical reactions, especially the blackening of silver
chloride in sunlight and the subsequent separation of
chlorine. He was the first to use the spectrum photochemi-
cally, remarking that "horn-silver' (fused silver chloride)
became black most readily in the violet rays. It is
interesting to note that he attempted to explain this fact
in terms of the then prevailing Phlogiston Theory, the
violet rays being characterized by a greater readiness to
part with phlogiston.

Light sensitiveness of a wvariety of salts of
metals, notably that of mercuric chloride and ammonium
oxalate, was observed by Planche, and that of manganese salts
by Brandenburg.

Berthollet in 1785 noted the decomposition of water
by chlorine in sunlight. This discovery led, about 1886, to
the construction of the first chemical photometer or actino-
meter by Sanssure.

Gay Lussac and Thenard (1809-1810) discovered the
influence of light on mixtures of chlorine and hydrogen and
chlorine and methane. They considered that light acted
similerly to heat, but Davy opposed this idea, citing the
great chemical activity of the violet and ultraviolet rays
where the heating effect is small. 1In 1812, Davy discovered
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the photochemical synthesis of phosgene gas from carbon mon-
oxide and chlorine.

From this time onwards, increasing numbers of
photochemical reactlions were recorded. Clievreul, in 1837,
published an important work on vegetable colours in which
thewinfluence of alr and moisture in assisting bleaching was
emphasized. An important period begins with the researchers
of N de Niepce and Daguerre (1814-1830), which, as is well
known, resulted in the first photographic process and gave
the needed impetus to this branch of photochemistry.

It is interesting to recall that in all of the
early photochemical observations and researches, the only
available source of radiation was sunlight. Even untll com-
paratively recent times, scientists have experimented with
various reactions using sunlight as the only source of
ultraviolet radiations. In all cases, however, the task has
been exceedingly slow and tedlous, some researches requiring
as many as two hundred days exposure.

In recent years, two promising developments have
pointed the way to further investigations. One of these is
the quartz-mercury lamp (1901), giving rise to a ready means
ofiproduction of ultraviolet rays for experimental purposes,
and the other 1is thé use of fluorescent bodies which are
capable of absorbing light of one wave length and giving it
out as light of a different wave length.

Before considering in a more detalled way the many



applications and effects of ultraviolet rays, it may be
helpful to review briefly the nature of the radlations
involved.

It is known that only a portion of all the rays
given off by the sun and capable of passing through our
atmosphere are chemically active, that 1s, the ultraviolet
réys.. These rays are of very short wave length. Every
light radiation embodies and may be decomposed into a cer-
tain number of periodic disturbances, each of which 1s the
simple element of every radiation. The usual manner of
describing undulatory disturbances, such as light, sound,
heat, etc., is by the wave length, which depends on the
number of vibrations made by the wave per second and the
velocity with which the wave travels.

For the purpose of transmitting as much of the
ultraviolet portion as possible; quartz lamps have replaced
those of glass, which absorbed a very large proportion of
the ultraviolet rays. Even the quartz does not transmit
ultraviolet rays of a wave length shorter than sbout 1850 A°.
The range of wave length of the rays given off and'trans-
mitted by the quartz mercury lemp is noted in the diagram
of Figure I; the rays having wave lengths between 3900 A°
and 1868 A° are the ultraviolet rays which are invisible to
the eye.

When light falls upon a substance, a portion of
the 1ncident radiation 1s reflected, a portion is absofbed,
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and a portion is transmitted. It has been shown that only
that portion of the incident radiation which is absorbed is
effective in producing chemical change. Grotthuss published
in 1817 a paper which contained a clear outline of this law.
As formulated by him, the law states that only light which
is absorbed can produce chemical change. Draper in 1839,
studying the hydrogen-chlorine reaction, rediscovered this
law and since then it has gone under the name of the |
Grotthuss-Draper law.

Now according to the electromagnetic theory of
light, the emission of light waves from a material source
1s due to the vibration of minute charged particles, called
radiators. These radiators, which may be either atoms or
electrons, give rise to electromagnetic waves of the same
period as their own, that is, to light waves of a definite
length. The advent of the Bohr theory of the atom and the
quantum theory of light have aided us materially in obtain-
ing a more distinct mental picture of the phenomena of
radiation and absorption of 1light. Thus, when the mercury
in the quartz mercury lamp 1s excited by means of a current
of electricity, in reality energy is being added to the
sysﬁem, the energy content or level of the mercury atom has
been increased. In consequence of this added energy, the
electrons of the mercury atoms are removed to more>remote
orbits. Then, as the electrons fall or return to orbits

nearer to the nucleus, they do so only by giving up some



of thelr energy, and this energy i1s transmitted or dissipated
in another form -~ that of light.

Now if this light striking an atom or molecule of
substance subjected to irradiation has the same frequency
as that of the atom or molecule, it 1is absorbed, and as a
consequence, the energy level of the atom or molecule is
raised. Any one of several things might happen as a result
of this Increased energy content:

(a) If the energy contentiié increased to a
sufficiently high magnitude, electrons might actually be
emitted from the atom. This phenomenon is known as the
"photoelectric effect".

(b) Many substances have the ability to absorb
vlight of one wave length and to lmmediately give it off
again either as light of the same or different wave length.
In other words, the removal of electrons to outer orbits and
the subsequent return to inner orbits, or, we may say, the
increase of the inter-atomic or inter-melecular energy
level and subsequent return to that of the lower and origi-
nal level, is not only a continuous process but almost
simultaneous. The production of such light in such
instances where transmlission ceases the instant that the
source of irradiation is removed, 1is spoken of as the
phenomenon of Fluorescence.

(c) A great many substances known as “"phosphors"

have the ability not only to transmit such radiation, but
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also to store the absorbed energy and give off light for
some time even after the source of irradiation has been
removed. In other words, the return of the electrons to
1hner orbits and the consequent transmission of the stored
“energy as light, occurs muéh more slowly than in the case
of the substances described in (b). This phenomenon is
sﬁoken of as '"phosphorescence".

(d) Still another type of result might occur as a
consequence of the increased inter-molecular energy. Either
chemical decomposition of the substance itself or inter-
action might take place; again in the:presence of a sultable
depolarizér, a chemical reaction between the latter and the
substance may come asbout. Thus, with an increase in the
energy content of the system comes an increase in its
chémical activity. It must be rememberéd, however, that
many photochemical reactions are masked or complicated by
secondary reactions.

When the absorbing system 1s polyatomic, the
‘energy absorbed 1s not necessarily wholly associated with
an electronic change, but may also be distributed between
vibrational and rotationsl degrees 6f freedom of the
absorbant. B 7

The Quahtum theory of photochemical processes,
therefore, accounts for the existence of photochemical
reactions by the presence in the system of an enérgy«rich

species and also of species with which such energy~rich



atoms or molecules may react. The nature of the chemical
change brought about by the agency of the light will depend
on the normal chemical reactivity of the system and on the
available energy. L1t is thus possible for all such chemi-
cal reactions as occur in the dark, to occur with one of the
constituents activated by light. 1t is, however, possible
that reactlions may occur in the light, which occur only to

a negligible extent in the dark, by reason of the larger
units of activating energy involved.

It is interesting to note that whereas chemlsts at
one time bellieved only the ultraviolét portion of the spec-
trum to be capable of instigating chemical change in

substances, they have gradually come to accept a broader
viewpoint. We have reason to bellieve that the extreme-
ultraviolet rays are perhaps even more effective in bringing
about chemical 6hange than the near ultraviolet. We know
that the infra-red portion of the spectrum is capable of
bringing about chemical change and also that it is possible
to ionize certeain elementary»gases, even unto the inert
members, by means of X-ray irradiation. Physicists have
'found_that under such lrradiation, some of these inert gases
apparently form polyatomic molecules. Thus, it seems quite
likely that if such a process is a supplying of the irra-
diated body with sufficient energy by light of frequency
corresﬁonding,to that of the substance in question, we

should perhaps be able to bring about certain chemical
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changes by means of electrical or even magnetic waves.

As mehtioned and used above, the application of
the Bohr concept of atomic structure and the quantum theory
seem to afford us the best explanation of the general mech-
anism of photochemical change; however, even this is not

entirely free of limitetions. Thus, H. S. Taylor(l)

states:
"The modern theory of absorption and emission of radiation
by quenta is at once both an amplification and limitation of
the fundamental law of photochemiS£ry formulated by
Grotthuss and later restated by Dreper......In so far as

the quantum theory of absorption sets a 1limit to the energy
available in a single absorption act, it also sets a 1limit
to the nature of chemical change that can result from such
absorption. Thus, for example, 1f the absorbing system be
composed of a single type of dlatomic molecules and the
light energy absorbed per quantum is less than the energy

of dissociation of such molecules, it follows that such

dissociation cannot occur as the result of absorption of

a single quantum."



HISTORICAL

A. General Historical

Photochemistry has become so vast that it must,
in reality, be treated as a separate branch of chemistry.
Like every other branch of science, it has grown from a few
of its early scattered and rather unscientific observations,
as briefly noted in the Introduction, to studies of hun-
dreds of photochemical reactions, the majority of which have

been, with very few exceptions, purely qualitative without

"any attempt at stoichiometrical studies. Then followed

attempts to obtain more fundamentzl information with regard
to the actual mechanism of the photochemical process
involved. In the opinion of Plotnikow(z), we are at present
in this 1étter stage of development, involving a study of
the fundamentals, from which it is hoped that basic

theories of the photochemical mechanism will be found, and
which will glve us a more satisfactbry and thorough under-
standing of photochemistry.

A study of the literature on photochemistry shows
that the subject 1is in a verj chaotic and unsatisfactory
state. The ﬁany contradictions found are,without question,
a result of not only a diversity of experimental conditions,
especlally with regard ﬁo the source and the kind of |
irradiatibn,zbut also because‘these conditions have not

been carefully‘described-and defined. Consequently, it has
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been impossible, in most cases, for other investigators to
corroborate the published observations.

Considerable attention in recent years has been
given to the ozone and the hydrogen chloride reactions with
a view to a more fundamental study of photochemistry. Even
these, at one time supposedly simple reections, have proven
themselves te be much more eomplicaﬁed than ever before
concelved, and consequently many points of disagreement
have arisen.,

Almost equal attention has been devoted to a
study of reactions with a view to substantiating or dis-
proving Einstein's law of Photochemical Equivalence, but
to date the number of cases in which the law does not apply
éreatly outnumber those in which it does. However,_since
the law applies only to the primary processes involved, it
is possible that in most cases 1t is so hard to differen-
tiate between the primary and the secondary photochemlcal
processes that no definite conclusion can be deduced as to
the validity of the law.

In view of the great scope of photochemistry and
the hundreds of reactlions, both inorganic and organic,
which have been studied, it is quite obvious that this
paper must 1limit itself to a historical discussion of only
those reactions which are pertinent to the problem‘Which

we have investigated.
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Since the time of Berzelius,'it has been generally
recognized that many reactions which do not proceed under
the usual conditions may be made to progress in the presence
of certain substances, denominated catalysts. Likewise, 1t
began to be observed that light had a profound influence on
many chemical reactions, and, as mentioned previously, that
the radiations o short wave length, comprising the ultfa;
violet region, are particularly active in this respect.

Some of the reactions thus brought about may also be

affected with ordinary catalysts, while in other cases 1t

has not yet been found possible to carry on the reaction
without access of light. This does not, however, necessarily
imply that the action of light can be placed in the same
category as that of catalystse.

In drawing attention to the similarity of numerous
catalytic and photochemical reactlons, BancrOft(s) suggests
that in contact catalysis, the formation of definite or
indefinite chemlcal compounds with the solid catalysts 1is
not in itself the essential thing, but is merely the step
in the formation of the free radical which is the real
reacting substance. Ultraviolet radiation 1s considered
also to aid in the formation of free radicals. . The problem
on the photochemical sidé is to determine what radicals are
formed and what ultravioiet rays produce them. If, as
seems probable, each chemical bond corresponds to one or

more absorption lines, it should be possible theofetically
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to break or open any desired bond in any given substance
by the use of suitable monochromatic iight of sufficient
intensity under favorable conditions. In other WOrds,
there is a possibility of developing an absolutely new
technique in organic chemistry.

Various reactions which proceed ordinarily with
a:éaialyst have been studied in its absence by Bourgoin(4),
using instead, exposure to the radiation of a quartz .
mercury lamp. Thus, acetylene was oxidized to acetaldehyde
and acétic acid, benzol to phenol, toluol to benzoic acid,
and sulphur dioxide to sulphur trioxide. Methyl and ethyl
alcohols were also‘oxidized. Bourgoin fails to mention,
on the one hand, whether or not these reactions were purely
intra-molegular oxldation-reduction changes, or, on the
other hand, whether or not oxygen took part in the reaction.
It is quite 1likely that his eiperiments were conducted in
the presence of atmospheric oxygen.

A number of cases in which radiation (ultraviolet,
alpha-ray, X-ray) brings about the same reaction as treat-
ment with ozonized air are considered by Ferhau(s). Thus,
sucrose in neutral, acid, or alkaline’solutiéh is inverted
when subjected to ultraviolet rays. Egg albumin, when
exposed to the radiation from radium, is'coagulated and
ceric hydroxide sols are similarly coagulated. These
actions are alsb brought abbut when the substances concerned

are treated with ozone or hydrOgen peroxide.,
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Reactions which can be induced photochemically
and electrochemically have been compared by Smiths and
Aten(e). Either ultraviolet rays transmitted through quartz,
or the electrical discharge from an ozonizer, were used to
produce photochemical~electrochemical equilibria, leading
them to conclude that the action of light and of the elec-
trical discharge is the same, namely, a displacement of
the equilibrium in the endothermal direction.

Plotnikow(v) expressed the opinién that ev;ry
element or compound which has a free valence electron 1is
photochemically unsaturated, that the photoactivity is a
periodic function of their atomic numbers, and that every
photochemically unsaturated compound is photoactive. Light
tends to convert the unsaturated into the saturated, and
in the process,energy may be eigher absorbed or evolved.

A photochemically inactive system may be made active by the
addition of such substances as uranium, iron, and chlorine
which are rich in wvalence electrons and which, as some
maintain, act és catalyzers.,

(8)

A Nazarov regards photochemical effects, at

least in their initial stages, as photoelectric effects.
Berthelot and Gaudechon(g) show that photochemical

reactions can be divided into two classes, as 1s also the

case with thermochemical reactions, namely (a) exothermic

and irreversible, and (b) endothermic and reversible. In

both cases, the efficacy of the radiations used increases
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with their frequency, which consequently plays the part of
potential or of "photochemical temperature'. Endothermic
changes which are produced thermally only by very high
temperatures likewise are produced photochemically only by
the extreme ultraviolet rays. Light tends to transform
photochemically unsaturated compounds, i.e., those with
unbound or weakly bound valence electrons, into photo-
stable ones.

According to Byk, Fehling's solution is decomposed
by light'of wave lengths less than 400 j;/*corresponding
with an absorption band in the ultraviolet, whereas the red
and yellow waves of the wvisible absorption bands have no
action. The red light absorbed by Fehling's solution is
not active enough, unaided, to produce decomposition,
whereas 1in the presence of a suitable reducing agent, its
activity might be sufficiéntly reinforced for it to do so.
Thus, Leighton(lo) finds that in the presence of quinol
within narrow limits of concentration, Fehling's solution

is reduced by red light, but is stable in the dark.

B. Photolysis of Organic Compounds

The action of ultraviolet light on organic com-
pounds depends largely on the wave length. Generally
speaking, the shorter the wave length, the more fundamental
and deep-seated 1s the decomposition effected. Radiations
of long and moderate wave-length very often produce poly-
merization or rearrangement, while comp&unds of a simple

structure are formed from the splitting up of more complex



molecules as the short ultraviolet is approached. The final
stage is reached with the production of carbon dioxide,
methane, hydrogen, and water. These considerations are
made from the viewpoint of irradiation of pure compounds and
not in the presence of easily photochemically activated
molecules, such as iron or uranium salts.

Reactions facilitated by ultraviolet radiations
are not always decompositions. Oxidation and reduction,
and likewise various“synthetic fedbtions, are often promoted.
In general, light favors endothermic reactions(ll). The
decomposition of carbon dioxide into carbon mpnoxide and
oxygen caused at ordinary temperatures by ultraviolet rays,
is evidence of the powerful dissociating action of such
radiation. This effect is important in the photochemical
synthesis of carbohydrates.

" Hydrocarbons rayed with ultraviolet generally
polymerize; e.g., acetylene yields benzene and a resinous
substance. Aléohols, aldehydes, and ketones decompose into
carbon monoxide, hydrogen, and hydrocarbons under some con-
ditions. Ethers decompose 1like alcohols, but yleld less
hydrogén and more hydrocarbon. Acids may yleld carbon
dioxlide and a hydrocarbon, with some carbon monoxlide and
hydrogen, probably due to preliminary reduction to aldehyde,
but sudh drastic decomposition does not always take place.

Dibasic acids readily lose carbon dioxide, leaving

the monobasic acid. Keto acids react the same In ultra-



violet light as when heated. Esters yield both oxides of
carbon,>hydrogen, and a hydrocarbon, or they may react
simllarly to the acids from which they are derived. Sugars
react very much as with ferments. Bioses yield monoses;
trioses, a monose and a blose, which then ylelds two
monoses. Monoses break up into carbon monoxide, methane,
and hydrogen. - |

Some relation is to be expected between absorption
spectrum of a substance and its photochemical activity.
‘According to some authors, the chemical activity depends
solely on that part of the absorption spectrum coinciding
with the atomlic groups affected by photochemical action.
The rest of the light energy absorbed appears as heat.
‘This, of course, gives the possibility that photochemical
decomposition may differ with different wave lengths,
depending on the groups responsible for absorption.
Apparently rays of different wave length are absorbed by
different groups. (

Photochemical oxidation and reduction changes are
either equilibria affected by light, or complete decompbsi-
tions. Photochemical polymerization occurs in many cases.
Ketones and aldehydes are especially susceptible to photo-
chemical condensation. Many isomerizations promoted Ey
light are equilibria which can be changed by varying the
wave length. 1In general,'rays of long wave length change

the labile to the stable form. Ultraviolet rays have the
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opposite effect. Photochemical hydrolysis is also very
common. Thus, most esters are hydrolyzed by water under
the influence of the rays.

Hydrocarbons and their derivatives are very often
polymerized by exposure to ultraviolet radiation. Some of
those possessing the more complex configurations undergo
transformation into stereolsomers. Substituents frequently
influence the course of the reaction and are sometimes split
off, or take part in secondary reactions. When oxidizing or
reducing agents are present, these sometimes enter into the
reaction.

Berthelot and Gaudechon(lz), 1911, have investi-
gated the actlon of the ultraviolet rays on a number of
typical aromatic compounds. In no case was there observed
an evolution of gas or any evidence of decomposition. The
addition of uranium salts had no effect. A similar ebility
to resist decomposition was found in the case of other cyclic
compounds (pyrrole, furfural, pyridine) and a few alkaloids.
This behavior corresponds with the well known stabillity of
the aromatlic nucleus towards heat, light, and chemical
reagenﬁs. .In the case of hexahydrobenzene and piperidine,
where the double bonds have disappeared, decomposition took
place, the latter compound evolving hydrogen. When the
nucleus is attached to a straight chain, that portion of

the compound is attacked.
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Berthelot found benzene to reﬁain unaltered
when exposed to bright sunlight for several months in
sealsd tubes containing hydrogen or argon, although it
combined with oxygen, yielding resinous products, if placed
over mercury. A brown sediment, which is derived from
thiophene present in the hydrocarbon, forms at the junction
of the liquids.

The fact that the most easily 1solabile products
of the auto-oxidation in light of benzene homologues, are
carboxy-acids is attributgd by Suida(14)to the relative
instability of the intermediate products.

Methyl substituted benzenes undergo auto-oxidation
when irradiated, and the action is accelerated by the
presence of small quantities of nitrobenzene or of one of
the nitrotoluenes. The oxidatlion of xylene occurs more than
twice as rapidly as that of the toluenes, and para-xylene
oxidizes more rapidly than the ortho-isomer. The oxidation
of 4-nitr6—m~xylene under the influence of light resembles
that of para-nitrotoluene, but is feeblér.

Kailan(ls) exposed toluene in the dark for about
tvo years to the action of the radiation from a preparation
containing 0.080 grams of radium in a glass envelope one
millimeter in thickness, and found that less than 0.25% of
the toluene had been changed. The products formed included
benzaldehyde, benzolic acid, and apparently formic acid.

The increase in the density of the toluene and the weight of



the residue left on evaporation indicate that the principal
product of the reaction consists of a yellow, wiscous mass,
composed presumably of hydrocarbongs and condensation pro-
dnets of benzaldehyde. Changes of a similar nature and
order of magnitude are produced in toluene when exposed for
twenty~-two hours to the radiation from a quartz mercury
lamp at a distance of eight to nine centimeters.
Ethylene'1%)is slowly polymerized by radiation
from a quartz mercury lamp of 110 volts, but the actlon is
incomplete even after 134 hours. With a 500 volt lamn,
however, polymerization is complete, both for ethylene and.
acetylene. Ethane and methane are not affected by ultra-
violet, put in the presence of oxygen, the former 1s"
eVentually completely oxidized to carbon dioxide‘and-water.
By the action of ultravioleﬁ rays on a mixture of
ethylene and oxygen, formic acid is produced(lv). Acety-

lene behaves similarly. In general, in the photochemical

. reactiOns with ethylenlc andlacet&lenic compoundé in the

‘presence of_oxygen, the double and triple 1inkages are
ruptured and - simple acids formed, while in the presence of
ammonig, cyclic compounds are formed. Ethylene, for
example; yvields first ammino—ethylenes and then ringl
,formation takes plaCe with prodnction of compounds of the
pyrrolidine and pyridine types, which may be regarded as

the mother substances of alkaloids.
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Investigations of Stobbe and Schmitt(ls)show that
alkyl iddides, either pure or in solution, do not become
colored when preserved in the dark for two and one-half
ﬁonths,,but in daylight, a coloration is produced in a few
hours in all cases. This coloration does not occur 1if
- oxygen 1s absent,

(19), by subjecting a 10% aqueous

Hehﬁi and Ranc
solution of glycerol for six hours to the actlion of ultra-
violet :adiation from a 500 volt quartz mercury lamp, have
éhown‘thét.the‘é1Ycerol molecule is decomposed with the
produbtibn of forﬁéldehyde and acids as well as other
ialdehydic substances. The decomposition is considerably
increased by the presence of hydrogen peroxide, the
activation being:brbportional to the quantity of peroxide
: addéd. | o : ;
| A detailed study of the photolysis of acetalde-
hyde has been made by éerthelot and Gaudechon(zo), who
- state that ultraviolet rays of long wave length do not -
convert the aldehyde into acetic acid in the absence of
oxygen. Under the influéncefbf“ﬁedium and extreme rays,
~oxidation takes place even in the sbsence of oxygen, a
portion of the aldehyde being converted into acetic acid.
The amount of acid produced is far greater when the :
aldehyde is in the form of wvapor than when it is liquid.
With reys of wave length 2500 A°, polymerization is rapid,
“both para_andxmeta aceﬁéldehyde.ﬁeing formed. The presence



of water checks polymerization and resinification, but
favor acidification, formic acid being produced in this
case and in amount almost equal to that of acetic acid.
Of three compounds studied, viz.: acetaldehyde, ethyl

alcohol, and acetic acid(Zl)

, only acetaldehyde is decom-
posed by sunlight. Wave lengths greater then 3000 A°
decompose acetaldehyde to carbon monoxide and methane.

The full direct 1light of a quartz mercury lamp decomposes
all three compounds, ethyl alcohol primarily into acetalde-

hyde and hydrogen(zz)

, but usually some carbon dioxide and
ethane are formed by further debomposition of acetaldehydef
The photolysis of acetic acid in the absence of air, |
produces a gas which contains 44% carbon dioxi&e, 17%
cafbon monoxide, and 39% of combustible gases(gs).

A. Fprank and E. Polliﬁzer(24)fdund that saturated
aldehydes of the fatty series decompose smoothly under the
action of ultraviolet light into.carbon monoxide and hydro-
carbon. Condensation products afe*alsd formed, but
‘definite compounds could not be isolated from the mixture
of condensationtand polymeriéaiion‘préducté. Eéﬂérs could
not be detected. Likewise, the amount of acid is not
increased if the action is carried out in the absence of
water and oxygen;‘ Unsaturated aldehydes and aromatic
aldehydes do not decompose with the formation of gascous

prdducts.



Grossman(zs)found that ethyl acetoacetate is de-
composed by ultraviolet rays, ylelding mainly ethyl acetate
and acetic acid. Likewise, acetyl-acetone gives acetilc
acid and acetone.

Boeseken and Coehn(zs)

studied the photochemical
reduction of ketones by anhydrous alcohol, both by direct
sunlight and rays from a quartz mercury lamp. Reduction

in sealed tubes gave only pinacols, while the alcohol was
oxidized to the corresponding aldehyde. The reaction
velocity is independent of the concentration of ketone and
proportional to the concentration of the alcohol. The rate
of pinacol formatlon depends greatly on the alcohol
employed, methyl and ethyl alcohol acting slower than other
primary and secondary alcohols. The rate also depends on
the ketone employed, benzophenone being reduced more
rapidly than other ketones.
(£7)

Organic compounds containing a carbonyl group
show exceptional senslitiveness toward light. Thus, solu-
tions of ketoses, protected from the air, were found to
decompose slowly in sunlight. The reaction consists in the
elimination of the carbonyl group and the conversion of the
ketose into an alcohél containing one carbon atom less in
the molecule. The reaction proceeds much more rapidly when

the quartz mercury lamp is used as the source of radiation

and is accompanied by subsidiary reactions.
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Dorée and Dyer(za)

exposed some specially scoured
and bleached cotton cloth to the rays of a quartz mercury
lamp continuously for a period of one week and then tested
the exposed cloth in wvarious ways. The conclusion is drawn
that ultravioletﬁfays under the conditions employed, convert
cellulose, with comﬁlete loss of tensile strength, into oxy-
cellulose.,

The action of ultraviolet light on many organic
acids or their salts leads to decomposition, but in the
cases in whilch there is unsaturation, the polymerization
and isomerization characteristic of multiple bonds often
results.

The influence of light upon various acids and
thelr salts 1s interpreted by Jaeger and Berger(zg)largely
by ionic eéuations, and from the results it is concluded
that each photochemical reaction is specific and very
dependent upon conditions obtaining at the moment, so that
it is scarcely ever possible to predict its course.

Kailan(so)

has found that when dilute (0.5 to

2.0 N) solutions of acetic, oxalic, malonic, succinic,
malic, and tartaric aclid are exposed in quartz cells to the
.action of a quartz mercury lamp, slight decomposition takes
place. The speed of decomposition of a dibasic acid 1is
increased by the introduction of an alcoholic hydroxyl
group into the molecule. The speed of decomposition

“increases with length of exposure, but does not increase in
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proportion to increasing concentration of the acid.

Marc Landau(sl)exposed lactic acid to the action
of ultreviolet light and found that in addition to the
liberation of gases, other changes occur involving the
?f;pfbduCtibn'of ethyl alcohol, pyruvic acid, and traces of an
unidentified substance which reduces ammoniacal silver
nitrate in the cold.

Baudisch(sz)found that when lactic acid, which had
been repeatedly purified from its zinc salt, is irradiated
with a quartz mercury lamp (250 volts and 3 to 5 amperes)
for about forty hours, the distillate after neutralization
with calcium carbonate gives decisive acid reactions. He
failed to find any traces of alcohol or methane. Solid
calcium lactate, on the other hand, gives, upon irradiation,
carbon monoxide, methane, ethane, and hydrogen(ss).

Euler and Ryd(54)found that lactic acid, in
presence of short wave length ultraviolet rays, undergoes
a decomposition analogous to a fermentation with evolution
of carbon dioxide. The rate of evolution of carbon dioxide
is not accelerated by the presence of either ferrous or
ferric .salts, but the latter are reduced.

Acetlc acid and aniline(ss), in equimolecular
proportions when exposed to ultraviolet light for 24 hours
give nearly 100% yield of acetanilide. Propionic and
benzoic aclds act similarly but give 1owef yields of

propion:ianilide and benzanilide.



Berthelot and Gaudechon(ss)

studied the photocheml-
cal decomposition of anhydrous oxalic acid and reported that
it was decomposed by ultraviolet light of wave length shorter
than 3000 A®. Analysis of the products showed 87% carbon
didkide, 9.5% carbon monoxide, and 3.5% hydrogen, togeiﬁéfi
with traces of formic acid. W. A. Noyes .and Kouperman(37)
found that the rate of the decomposition for short wave
lengths is much increased by the presence of water and
‘evidently depends on the amount of water present.

Volmar(ss)

» in working on the photolysis of dibasic
aclds, concludes that one carboxyl group of oxalic acid
yields carbon dioxide under ultraviolet radiation of about
0.3 micron wave length, gilving formic acid. This remaining
carboxyl group requires radiation as short as 0.21 micron

for its decomposition. In malonic, succinic, and glutaric
acids, both carboxyl groups decompose under approximately

the latter radiation, but not under the former. This is in

)
harmony with the energy calculations, based on the law of

photochemical equivalence previously proposed by Volmar(sg).
Thus, the farther the two carboxyl groups are separated by
connecting carbon atoms, the less 1s their reciprocal
influence; begiﬁning with succinic acid, the mutual
influence has practically disappeared.

Visible light of short wave length and ultraviolet

rays have long been employed to assist in reactions involving

halogenation.' With the exception of fluorine, the halogens,



or their compounds, afford many instances where modification
takes place under stimulus of such rasdiation. Chlorination
of toluene in light to make benzyl chloride, benzal chloride,
and benzo trichloride and by hydrolysis, benzyl alcohol,
benzaldehyde, and benzoic acid therefrom is a procedure of
long standing, one in fact which has received considerable
commercial use. The chlérination of natural gés (chiéflﬁ
methane), to obtain carbon tetrachloride and chloroform,

represents another development.

C. Photochemical Decomposition of Organic Compounds in
the Presence of Iron or Uranium Salts

As was mentiloned previously, a photochemically
inactive system may be made active by the addition of such
substances as chlorine, uranium salts, and iron salts
which are rich in valence eléctrons. Many'of the earlier
investigators believed that these substances acted as
catalysts, but it has been quite definitely shown since
then, that these so-called catalysts actually enter into
the reaction in;a stoichiometrical relation. It is true,
in the case of ferric salts and under conditions where the
reaction mixture is in contact with air, that the iron
salts do have a continuous reaction and act as oxygen |
carriers, but when the seme reactions are carried out in
the absence of oxygen, the extént of these reactions

depends upon the concentration of the ferric éalt present.
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In many instances where pure organic compounds
are decomposed by light, it has been found that uranium or
ferric salts may not only increase the velocity of the same
decomposition but might entirely change the character of
the decompositlion itself. A careful study of the nature of
photochemical decompositions of organic compounds in the
presence of uraniuﬁ or ferric salts, show that such reactions
are more aptly classified as "photochemical oxidations."

Early in the 17th century, the Prussian Chancellor,
Bestuchy, noticed that in his "iron tincture", a solution
of ferric chloride in alcohol, that the color was discharged
in sunlight but recovered to some extent in darkness. This
is without doubt the first observation recorded concerning
the photochemical action of ferric salts on organic com-
pounds.

J. M. Eder(4o)in 1880 and‘Vries(41)in 1885,
studied the action of ordinary light on agueous solutions
of ferric chloride and oxalic acid, tartaric,and citric
acids respectively. In each case, it was found that the
ferric salt was reduced to the ferrous salt and carbon
dibxide was liberated. Since the experiments were carried
out in the open air, it was concluded that the ferric salt
acted catalytically as a carrier of oxygen.

A. Benrath(42)

placed various organic substances
in sealed tubes along with ferric chloride and exposed

them to sunlight. The experimenﬁs were only qualitativé



in nature, but were an attempt to show the oxidizing action
of the ferric salt under the influence of light. On the
basis of qualitative tests, he postulates the following

products for each of the substances irradiated:

I..  CHzOH .~ + FeCly; —> CHzC1l, HCHO, HC1l, FeClp
II. HCHO + FeCl; —> HCOOH, HC1, FeCly
III. HCOOH + FeCly —> COg, HC1l, FeClg

IV. GCgHgOH (abs.) + FeCly ——> CHzGHO, CpHgCl, HCl, FeClg

V. CoH50CoHg + FeClzy —— CHgCHO, HC1, C4H901 or 02H501,Fe012
VII. CHzCOOH + FeClg —> A-rose-red-powder

The action of ultraviolet light on ferric sul-

phate, nitrate, and chloride was noted by Ross(43)

who used
an arc between aluminum electrodes as a source of ultra-
violet light. The actlion on ferric salts is ﬁuch increased
by the presence of some organic compound, as cane sugar,
which of itself will not reduce these salts but does so

under the influence of radiation. The amount of ferric
| sélt reduced is approximately proportional to the time of
exposure.

Varying the temperature of any ferric salt solu-

tion waé found to have only a very slight effect on the
rate of reduction. It has been shown that methyl alcoholic

ferric chloride is reduced in sunlight, ferrous chloride,

hydrogen chloride, and formaldehyde being the primary
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products while methyl chloride and formaldehyde compounds
are obtained by secondary reactions.

When Benrath(44)exposed aqueous sojutions of
alpha or beta hydroxy acids to ultraviolet light in the
presence of ferrous salts, ketonlc acids are first formed
and these are then decomposed into carbon dioxide and
aldehydes or ketones. It is quite probable, however, that
Benrath conducted his experiments in the open, in conse-
quence of which the ferrous salt was oxidized to the
ferric salt and the latter was the photochemical oxidizing
agént.

Euler and Ryd %)

» working with lactic acid in
the presence of short ultraviolet rays, found that this
compound undergoes decomposition analogous to a fermenta-
tlon with evolution of carbon dioxide. They state that the
rate of the carbon dioxide evolution is not accelerated by
the presence of either ferric or ferrous salts, but the
former are reduced.

| The formation of reducing substances and carbon
dioxide when tértaric acld is exposed to ultraviolet

radiation was noted by Euler and Ryd(és)

« In this case,
ferric but not ferrous salts increase the rate of gas
evolution and the ferric salt is itself reduced at the
same time.

(47)

Neuberg compared the chemical changes produced

by ultraviolet light from a quartz mercury lamp and sunlight.



He states that catalysts, especially iron salts, bring about
marked changes in various substances exposed to sunlight.
Dextrose, sucrose, lactic acid, and benzoic acid were
examined. Uranium salts were also used as catalysts.

In 1914, Winther and Howe(48)made a study of the
photochemical decomposition of iron oxalate, succinate,
tartrate, citrate, and acetate with ultraviolet rays. The
reaction velocity is approximately constant throughout the
whole change. The quantum sensitiveness is greater than
unity showing a catalytic light reaction.

Bolin'49)

in 1914 conducted a series of experiments
on sodium lactate, exposing a solution of the compound and
uranium sulphate in the one case and ferric sulphate in the
other to the effect of ultraviolet 1light. His experiménts
were conducted in the absence of air in all cases. The
acetaldghyde which was liberated in the reaction was
absorbed in tenth normal sodium bisulphite solution; the
excess bisulphite was titrated with lodine solution. The
bound'bisulphite was then liberated by sodium carbonate,
and the freed bisulphite wassgain titrated with the standard
lodine solution. From these results, the amount of acetal-
dehyde liberated from the initial reaction was calculated.
Readings were taken at hourly intervals,-and the amount of
aldehyde liberated was plotted against time.

Since the dﬁfveS'obtaiped from the uranium

sulphate and ferric sulphate were practically identical,



Bolin concludes that these two compounds act in the same
manner. Both the ferric and the uranium salts were reduced.
The same experiment conducted at wvarious temperatures
showed that wveriations in temperature have for all purposes
a negligible effect. He offered the following equation for
the reaction of sodium 1acta£e and ferric sulphate on
irradiation with ultraviolet light:

CHzCHOHCOO' + 2 F¢'' + H' ——> CHzCHO + COg + 2 ‘Fe” + 2H!

Volmar{59)1n 1923 found that hydroxy acids snd
thelr salts undergo photolysis. A one per cent solutlion of
tartaric acid, after three hours exposure, gave 3.5 cc., of
gas having the composition: 002, 66%; CO, 10%; Ho, 21%
and hydrocarbons, 3%. The solution contained aldehydes and
small quantities of a reducing substance of the nature of a
sugar. The homologues of tartaric acid behave in a similar
manner and the decomposition, he states, 1s accelerated by
the presence of eataiyste such as uranyl‘acetate.

In 1927, H. S. Fry and E. G. Gerwe(51)conducted a
series of experiments on citric acid in solution with ferric
sulphate. In general, the procedure was to expose a
solution of the acid and ferric sulphate to the effect of
| ultravmolet light, absorbing the liberated carbon dioxide
in Ascarite. The acid was present in 1arge excess in all
instances and the ferric sulphate solution was of known

concentration. Thevresults of the_experlment showed,that
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the weight of the carbon dioxide liberated was in direct
proportion to the amount of ferric sulphate reduced. From
the stoichiometrical ratio, Feg(so4)3 ¢ 3C05, they proposed

the following equation for the reaction:
(CHgCOOH)2 ¢ C(OH)COOH + Fe2(804)3 E—

CH3COCH3 + 2F8304 + H2504 + 5002.
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OBJECT OF THIS RESEARCH

In 1928-29 and previous to undertaking the
present investigation, the author(sz)attempted to make a
guantitative study of the photochemical oxidation of lactic
acid in aqueousvsolution containing ferric sulphate. How-
ever, in view of the varied decomposition of lactic acid
into simpler carbon compounds and the possibility of subse-
qﬁent photolysis of these, as previously noted, it seemed
advisable to make a study of the photochemical oxidation of
simpler carbon compounds in order to gain thereby a more
complete understanding of the decomposition'of the more
complex carbon compounds under identical experimental
conditions.

It may be agalin mentioned that, though some of
this work has been investigated by others, the literature
is markedly lacking in satisfactory quantitative data.

- Because of this, the varied and inadequately defined
experimental conditions, and also the many disagreements
between different authors, it seemed advisable to investi-
gate this problem under standardized conditions throughout
and under a strictly quantitative procedure. Consequently,
it was declded to initiate a study of the_photochemicél
oxidation with ferric sulphate of adueous solutions of
first, formic acid, then formaldehyde, and finally thé
.corresponding methyl alcohol. These carbon compounds are

the simplest represeniatives of an acid, an aldehyde, and



an alcohol, respectively. It is evident that study of the
reaction with methyl alcohol would be more complex than that
with formaldehyde, and the latter would be more involved
than that of formic acid. This is the reason for beginning
this proposed extended study with the reaction of formic -
acid.

Before going on to the discussion of the experi-
mental procedure, it is well to review briefly the more
important photochemical work on formic acid as recorded in
the literature.

Berthelot and Gaudechon'®3), as a result of their
work, concluded that fonmig acld décomposes when subjected

to the influence of ultraviolet radiation, in two ways, as’

represented in the following equations:

UVL  2500-3000 A°
(A) HCOOH 500 A Hg0 + 0O

extrem ltr 1
(B) HCOOH ¢ ultraviolet m, + cos

(54)

Allmand and Reeves extended the work of
Bértﬁelot;énd Gaﬁdeghon, but upon irradiating aqueous
solutions of forﬁicvaéid,‘they obtainéd both reactions (A)
ahdA(B) in filtered light as well as in whole light, which
is in direct contradiction to the conclusions of Berthelot
and Gaudechon. Instead, they found, on analysis of the

gaseous products, that the relative extent of thése reactions

depended largely upon the COhcenﬁration of the formic acid
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solution, and not on the wave length of the absorbed radia-
tion. Thus, the solution of higher concentration (2.4
normal) yielded preponderately COo, much HCHO, its conden-
sation and reduction products, and only small amounts of
CO and Hg. While in a 0.113 normal solution, the yield of
CO and Ho relative to COgo was markedly increased but no
HCHO was formed. In the case of this latter solution, they
find that reaction (B) occurs about éix times more frequently
than does (A). From this they conclude that in the case of
the 2.4 normal solution, the respective frequencies of
reactions (A) and (B) remain the same, but the photolysis
of the formic acid in higher concentration is accompanied
by secondary reactions. Thus, the deficlency of CO and Hz;
present to the extent of only 0.5% of the CO5, and the
presence of HCHO among the decomposition products of the
mbre concentrated formic acid solution, indicate the
following secondary reactions: (Hé and CO' indicate
activated molecules)
“' ' H, + HCOOH ——> HCHO + HOH

CO' + HCOOH — COp + HCHO.
The~proofuof this is further attested by the defliciency of
HCHO and corresponding:ihcréase‘in the amount of Hp and CO
in the case of the more dilute solutlon.

in’thé‘moré dilute solution, these activated
- hydrogen aﬁd carbon monoxide'ﬁolecules lose theif energy. by

.collision with water before meeting formic acid molecules,
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and therefore, no secondary reactions occur. In the case of
the more concentrated solution, Allmand and Reeves do not
believe that the Hé and CO' molecules could mutuaslly destroy
one another in view of the fact of the necessity of assuming
equal probabilities for the two primary reactlions, and these
molecules could hardly collide before deactivation in pre-
ference to the collision with formic acld molecules.

It is interesting to note that Raméperger and.
(55), upon irradiating gaseous HCOOH with the full
light of a quartz mercury lamp, obtalned the ratio
(CO + Ho0) : (COg + Ho) :: 64 : 365 while Taylor and

Bates(se)

s using monochromatic light (2536 A°) found a
different ratio of 76 : 24. Until we obtain a more complete
insight into the mechanism of molecular absorption of

energy and the molecular kinetics involved, we can only
speculate concerning the cause of these varying relative
ratios. ‘

Hatt(sv)irradiated uranyl formate and found the
'ﬁranyl'ion to be reduced to uranous ion and this 1é£ter
shows a.retardihg effect on the rate of decomposition, which
he -attributes to thé~absorption of active”lighi by it. He
found that the initial rate of reaction is proportioﬁal to
the light intensity, which was varied in the ratio of
1 : 280, and estimaﬁés the quantum yileld.to be about 0.4.
The decompOSition was fdund‘to be very sensitive to the

- addition of salts and acids, alil¢f which cause a decrease

- of the reaction rate. '
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. EXPERIMENTAL

A. Apparatus

A Victor water-cooled Uviarc quartz mercury
lamp, ménufactured by the Victor X-Ray Corporation of
Chicago, Illinois, was used as the source of ultraviolet
radiation. Quartz test tubes contained the reaction
mixtures, while a drying train removed the moisture from
the liberated gas and ascarite towers were used to absorb
the carbon dioxide.

The spectra of the lamp extends from 1850 A°
to 14,000 A° and the radiation of wave length less than
14,000 A° is largely concentrated in a close pair of
vellow green lines.

In meking a series of determinations, it is of
the utmost Importance to maintain exactly similar condi-
tions and to irradiate each time the same volume and
area of solution. To do this, it is absolutely necessary
that opportunity be given for equal volumes of reaction
mixture to. absorb the same amount of radiation per unit of
ﬁime. Consequently, the surface of both the reaction
tubes and the window of the lamp must be free from all
dirt and grease, since these cut out much of the radiation
aﬁd in addition, exactly the same relative positions of
the lamp and the reaction tubes must be maintained in all

determinations. To make certain of this latter precaution,
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'the\epparatus as shown intFigure II was epecially designed.

- " The reaction tubes are thereby held in a rigid position

- so that the central point of the quartz mercury tube is
on a level with the perpendicular center of the body of
~the 1iquid in each tube irradiated. The tubes are;also~e
khela in such a position that a line drawn from the eyact
center of the quartz mercury tube passes exactly between
the duplicate reaction tubes. There is a micro-screw
adjustment on the apparatus which makes it possible to
vary the distance of the lamp from the tubes, while at the
same time maintaining the line of center. The scale
attachment measures directly the distance in centimeters

between the quartz mercury tube and the nearest wall of

the reaction tube. This distance in all of the experiments

was maintained at 15 centimeters.

The quartz reaction tubes were 2.75 cm. in
diameter and 15 cm. in length, having a capacity of about
60 cc. The drying train consisted of a small calcium
chloride tube filled with glass wool, followed by two
U tubes containing calcium chloride which had previously
been saturated with carbon dioxide.

The absorption apparatus consisted of an
Ascarite toﬁer, similar to the Stesson-Norton glass-
stoppered carbon dioxide absorption unit, filled with
Ascarite. The reaction tube, drying train, and absorption

unit were set up in duplicate.



43~

B. Preliminary Experiments

In order that a quantitative procedure could be
outlined, a number of preliminafy experiments were
planned and‘conducted as follows.

- First of'éll,‘a study was made on thé action of
the unfiltered light from a,quartz mercury lamp on a
solution of ferric sulphate acidified with sulphuric acid.
It was found that there was suffidient reduction to give
a strong test for ferrous ions. This is in direct confir-
mation of the work of Ross(43). A quantitative study of
extent of the reduction showed that even after six hours
of irradietion of duplicate samples of 40 cc. of 0.0467
molar ferric sulphate solution, there was only 0.6%
reduction. Further irradiation did not increase this
value. It was found, however, that when a solution of
ferrous sulphate, acidified with sulphuric acid, was
irradiated for the same length of time in the absence of
air, there was slight but sufficient oxidation to give a
good'positive‘test for ferric ions. It was impossible to
obtain any appreciable oxidation, even though irradiation
was continued considerably beyond six hours. This indicates
that this 1s not a true equilibrium reaction between ferric
sulphate and ferrous sulphate when exposed in the absence
ofrair to unfiltered ultraviolet light. Consequently, it

was condluded that since full radiation was used, there
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is undoubtedly a particﬁlar wave length or range which is
specific for each reaction. |

Next, a "dark‘reagtion" was carried out, letting
duplicate samples, consisting of 5 cc. of 0.1835 M ferric
sulpha£e, 10 cc. of 4 Molar formic acid, and 25 cc. of
carboh dioxide - free water, to stand for 47 hours in the
dark. Analysis showed that there was no reduction of the
iron salt, no decomposition of formic écid, and no libera-
tion of carbon dioxlide. The reaction under the influence
of light 1s, therefore, truly photochemical as defined by
Benrath(ss).

A solution of a "blank", containing formic
acid only, and a solution of the "sample", containing
ferric sulphate with formic acid, were then irradiated
for a périod of 26 hours. The "blank" was composed of
10 cc. of 4 M HCOOH and 30 cc. of 002 free water, while
the "sample" contained 5 cc. of 0.1835 M ferric sulphate,
10 cc. 4 M HCOOH, and 25 cc. of water. Qualitative tests
made on the reaction mixtures after irradiation showed
thét formaldéhyde was present in the "blank" but not in
the "sample". The presence of formaldehyde was demonstrated

(59)“test as follows: To 5 cc. of the

by Von Fillinger's
solution to be analyzed is added 5 cc. of the reagent

(0.3% Witt's peptone solution containing 10 drops of 5%
FeCl; in 100 cc.) The solution is then underlayed with

5 cc. of concentrated sulphuric acid. The development



of a red to violet colored ring, depending on the amount
of formaldehyde present constitutes a positive test.

The carbon dioxide formed by the decomposition
in the "blank" exceeded the quantity from the the sample.
Because of this latter fact and alsb the formation of |
formaldehyde in the "blank', it was concluded that the
nature of the decomposition of formic acid in the;presence
of ferric sulphate must be different from that in its
absence. The decomposition of formic acid in the presence
of ferric sulphate may be more aptly defined as a photo-~
chemical oxidation of the formic acid by ferric sulphate,
especially since the latter is completely reduced as has
been shown in the quantitative investigation to be
described latere.

C. Experimental Method

H. S. Fry and E. G. Gerwe(SI), in studying the
decomposition of citric acid in the presence of ferric
sulphate, apparently assumed that the extent of the decom-
position of citric acid in the '"sample" in each experiment
was represented by the difference between the amountvof
carbon dioxide liberated from the "sample" and that
liberated from the blank. However, as shown in the
preliminary experiments of the present study, this was
not the case with formic acid. Hence it is quite evident

that the photolysis of formic acid and in the bresence of
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ferric sulphate must be treated and studied as two separate
processes.

Kehlbaum's formic acid, specific gravity 1.22,
vielded a fraction distilling between 101-103°C. This
distillate was used to prepare the ‘approximately 4 M.
solution of formic acid used in this study. A ferric
éulphate solution, made approximately 0.2 M and acidified
with sulphuric acid, was used as the stock iron solution.
This was standardized against permanganate solution after
previous reduction using Kahlbaum's finely divided
magnesium. All water for dilution purposes was freshly
boiled to insure complete absence of carbon dioxide.

Reaction mixtures for the "blank" were made up
immediately preceding irradiation, using 10 cc. of the
stock formic acid solution and 30 cc. of carbon dioxide-
free water. That for the "sample" consisted of the same
quantity of formic acid, a definite known quantity of
standard ferric sulphate solution, and sufficient water
to make the volume up to 40 cubic centimeters.

Before beginning irradiation, the entire train,
including the reacﬁion units, was swept out with nitrogen
to insure a carbon dioxide free train before connecting
the ascarite towers. The nitrqgen was previously washed
by passing it through concentrated sulphuric acid and

then ascarite. The nitrogen has a two-fold purpose:
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first, to keep the reaction mixture thoroughly agltated
and thus aid in obtaining uniform absorption of light;
and second, to sweep out the carbon dloxide liberated by
the reaction.

Irradiation in the case of the "samples" was.
continued until the ferric sulphate had been completely
reduced. The potential across the lamp was maintained '
in all experiments at 50 volts with an amperage of 3.8.
After discontinuing irradiation, the entire train was
swept out until the ascarite towers reached constant
welght. Thus, the carbon dioxide evolved from the
reaction was the difference between the weights of the
ascarite tower before and after irradiation. Since a
known quantity of ferric sulphate was always added to
the reaction mixtures of the."samples" and since irradia-
tion was stopped upon complete reduction to the ferrous
state, the exact quantity of ferric sulphate entering
into the reaction was known without further analysis.
The quantity of formic acid decomposed was determined
by difference, using the Mercuric Chloride Method(6o)
with some modifications as shown below.

Determination of Formic Acid by a Modified Mercuric
Chloride Method

In the solutions to be analyzed in addition to

the formic acid, small amounts of forméldehyde were
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present in the blank, while the sample contained the excess
formic acid, ferrous sulphate, and also sulphuric acid.

- The method as described in the literature was not standar-
dized with a view to the determination of formic acid in
solutions containing these impurities. Hence, it was
necessary té modify the method méntionaiabove to allow

for the removal of the ferrous sulphate, and in addition
to test the applicébility of the modified method for the
determination of formic acid in the presence of small
amounts of formaldehyde and sulphuric acid. The standard
test solutions were made up as nearly as possible identical
in composition to the aliquot portions of the solutions

to be analyzed.

- The method in brief 1is as follows: To the
s}andard solutions made up as shown in Table I and pladedl
in a 250 cc. Erlenmeyer flask is added 10 cc. of water and
5 cc. of 1 N NaOH, which is In slight excess. The ferrous
hydroxide formed 1s almost instantaneously oxidized in
air to the ferric hydroxide. This latter is filtered on a
small filter paper and'the residue wash&ithorougﬁly. The
filtrate 1is then exactly neutralized wiﬁh O¢l N HoSO04
after which the usual Hercuric Chloride Method is followed.
Thus, 10 cc. of 30%’sodium acetate are next added and then
25 cc. of 107 mercuric chloride. After heatling the

solutions for two hours in a boiling water bath and subse~
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quent cooiing, the precipitatedmercurous chloride is

filtered into a.weighed'goéch grucible, washed thoroughly
first with water, then 95% alcohol, and finally with
ether. .The mercurous chloride is then dried further by
heating at 110° in an oven, and weighed. From this
weight, is calculated the equivalent quantity of formic
acid. ”

The results, using solutions of known composi-

tion, are listed in Table I.
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The results thus show that the method is
adaptable to the determination of formic acid in the
presencé of small quantities of sulphuric acid, ferrous
or ferric sulphate, and énall gquantities of forﬁaldehyde
such as might be found in the reaction mixtures to be
‘analyzed. It may be mentioned that solutions contalning
more than 0.1 éram of formaldehyde per aliquot samplé or
‘greater than 0.10% in the final diluted sample'will cause
erroneous results, since the reduction of mercuric
chloride solutions in solutions containing more than

0.10% of formaldehyde is appreciables

D. Photolysis of Formic Acld

As mentipnéd previously, preliminary experiments
indicated that the'ﬁechanism<of~the decomposition of
formic acid by ultraviolet light in the absenbe of ferric
sulphate is entirely different from that in the presence
of this salt. This conclusion is based upon the following
experimental.facts:

(1) Formaldehyde is one of the decomposition products in
the absence of ferric sulphate bui not in its presence.

(2) For the same duration of irradiation, more formic acid
i1s decomposed in the absence of the ferric salt than
in its presence. | :- |

(3) For the same duration of irradiation, leés carbon
dioxide is evolved in the absence of the forric salt

than in its presence.
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(4) When formic acid alone is irradiated, the molar ratio
of carbon dioxide evolved to formic acid decomposed,
as has been found in this study, is 1.00 : 1.84; while
when irradiated in the presence of the ferric salt,
the ratlio is 1.00 : 0.97.

Hence, it was obviously necessary to make separate
studies of the decomposition in the absence of the ferric
salt and in its presence. |

- In connection with this work, it is advisable to
again draw attention to the research of Allmand and

(54)

Reeves , whose contributions to the field of Photochemis-
try are not only 1mpoftant but also of a very exact nature.
Moreover, as a consequence of their study of the photolysis
of forﬁic aclid in aqueous solutions, Allmand énd:Reeves
‘postulate four reactions, in which the first two are
called primary and the second two secondary.
Primary Reactlons:

(ay) HCOOH —> 2 H' + Co,

~(by) HCOOH —> HOH + CO'.

Secondary Reactions: = - -

(ag) HCOOH + 2 H' —> HCHO + HOH

(by) HCOOH + CO' —> HCHO + co,

It will be remembered that since practically_no
hydrogen or carbon monoxide was liberated in the case of

more concéntrated solutions of formic acid (2.40 molar),



and since formaldehyde was formed as one of the decomposi-
tion products, these workers postulated the above four
reactions. On the other hand, since, in the case of the
more dilute formic’acid solution (0.113 molar), practically
no formaldehyde was formed, and since hydrogen and carbon
monoxide were liberated, Allmand and Reeves concluded that
the secondary reactions occur only in the more concentrated
solutions. TIurther, on the basis of quantitative determina-
tions, they concluded that the speed of reaction (al) is

six times greater than that of reaction (b;).

For the purpose of obtalning a comperison between
the photochemical decomposition of formic acid in the '
absence and in the presence of ferric sulphate, as well as
to chetk the work of Allmand and Reeves, duplicate samples
of 0,93 molar formic écid were irradiated for 32 hours.

Qualitative tests showed that in no case was
carbon monoxlide liberated. The test applied was that

which has been suggested by Levy and Pecoul(el).

The
libverated gases are passed through a tube containing
iodine pentoxide (temperature 100Y C.). Any carbon
monoxidewpresent reduces the iodine rentoxide with libera-
tion of free iodine which is swept into a tube of chloro-
~form. The development of a pink to rose’color~ié a
poéitive test for carbon monoxide. This £est is reputed

‘to detect carbon monoxide in air at a concentration of one



part in ten thousand. The absence then of carbon monoxide
is in complete agreement with the results obtained by
Allmand and Reeves when they irradiated the 2.40 molar
formic acid.

The quantlity of formic acid decomposed in each
"éase was determined by differenéé.according to the follow-
ing propedure and by means of the method previously
describgd.\ The soiutibn in each reaction tube- after
irradiation was diluted to 200 cc. and aliquot portions of
io cc. each were analyzed for the formic acid cqntent.
Exactly the same quantity of stock formic acid‘solutioh as
that subjected to irradiatlion was likewlse diluted to
200 cc. and 10 cc. aliquot portions taken for analysise.
Analysis of both solutlions was made simuitaﬁeously and the
difference in formic abid'COntent 6f the two solutions
gave the measure of the formic acid decomposed by irradia-
tion. The method gave excellent check results and the
particular procedure employed undoubtedly glves exceptionally
'accﬁratervalues.

The resulﬁs of this éxpefiment,may be more easily
understood by a study'of thé data listed in the tables
shown below. Table II is a summary of the results of
experiment AI & iI’ including all conditions, etc., While
Table III 1s a record of the formic acid analysis for the
same experiment. Experiment By 5 17 was recorded in
exactly the same manner. The complete summéry of this
 experiment on the photolysis of formic acid, including all

'calculations is embodied in Table Iv.



TABLE II
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Record of Experiment A, Run in Duplicate

A

20°C. temp. of reaction
mixtures

I IT

10 cc. Stock formic acid
Composition approx. 1 Molar Duplicate

30 cc. COg-free water :
Time 10/8/1931 9:15 P.M. - 10/9/1931 5:15 P.M.
- 32 hours

50 volts across lamp Ny bubbled thru
Conditions 3.7 amperes reaction mixture

continuously

Wgt. of ascarite
tower after

66.6817 grams

64.5726 grams

Wgt. of ascarite
tower before

66.6331 grams

64.5267 grams

Gms. CO
absorbe

0.0486 grams

0.0489 grams

HCOOH before
irradiation

1.7066 grams

1.7066 gramse

HCOOH after
irradiation

1.6152 grams

1.6184 grams

HCOOH decomposed

0.0914 grams

0.0882 grams
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Discussion of Results

The theoretical wvalues shown in Table II were
calculated on the basis of the equations postulated by
Allmand and Reeves and also assuming their ratio of 6 : 1
for the relative speeds of reactions (al) and (bl)' The
theoretical quantity of formic acid decomposed (column #5)
was calculated from the amount of carbon dloxide experi-
mentally determined. Deviations are listed to the right
in columns #2, #6, and #7. |

The validity of the method of calculation and
of the assumptionvof‘the equations postulated by Allmand
and Reeves 1s based upon the following facts:

(a) The formic acid decomposes with evolution of carbon

dloxide.

(b) Formaldehyde is one of the products of the decomposi-
tion and can only be so formed according to reaction
(ag) or (ag) and (byg).

(c) Reaction (b;) is concluded to take place on acceptance

of the work of Berthelot and Gaudechon(53) and
especially of Allmand and Reeves'°%) .,

(d) 'Since no carbon monoxide was liberated, as shown by
the extremely delicate test previously described,
reaction (by) must go to completion. .

Column #8 of Table IV répresents the stoichiome~
trical ratio of the milli-moles of carbon dioiide evolved

by the decomposition to the milli-moles of formic acid
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decomposed. The average value of this ratio is shown to be
1.00 : 1l.84, while the corresponding theoretical wvalue, as
determined from the equations or from column #2 and #5, is
1.00 : 2,00. The experimental results are thus about 92
per cent of the theoretlcal. The divergence of 8% from the
theoretical value might be traced to two probable sources,
elther to the experimental error almost unévoidably
connected in the methods of analysis involving such small
quantitles of materials determined, or to the deactivation
and subsequent escape of a part of the hydrogen in the
molecular state. According to the work of Allmand and
'Reeves, this latter is quite likely to occur in solutions
of formic acid, the concentration of which is appreciably
less than two molar.

It might be well to call to attention the fact
that the experimental results agree equally as well if we
assume the decomposition of formiec acid to be represented
by equations (a;) and (ag), the sum total of which can be

represented by the equation shown below.

(a;) 'HCOOH — 2H' + Co,
(a5) HCOOH + 2H' —> HCHO + HOH
(a;)+(ap) 2HCOOH —> HCHO + HOH + CO,

A Thus, the stoichlometrical ratio of 1:.00 to 1.84
may equally well establish the above equation, but this
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conception Wés rejected on the basis of Allmand and Reeves'
identification of carbon monoxide as one of the decomposition
products when fairly diluté solutions of formic acid are
irradiated.

Whereas the above workers haved established equa-
tions (al), (bl), (ag), and (bg) as a result of analysis
of the gaseous products liberated, this work confirms this
theory of the photochemical decomposition of formic acid in
aqueous solution, as a result of the determination of the -
carbon dioxide liberated and the formic acid decomposed.

Additional facts of value for comparing the
reactions involved in the photolysis of formic acid and
those involved in its photochemical oxidation by ferric
sulphate, have been obtained by a study of the "Change-
Time" curves representing the respective decompositions.
This comparison will be discussed later.

The "Chanéé-Time" curve for formic acid alone
was obtained in the manner described below.
| | >:Separate solutions of the same molarity were
irradiated in duplicate for different periods of time,
and the quantities of carbon dioxide liberated were
plotted in milli-moles as ordinate against time of
irradiation in hours as abscissa.

The results of this experiment are summarized

in Table V and Figure IV.



FIGURE IT

Mill-tloles af Carbon Dioxide Evolved.

.DuraHo:n of Irradiétion in Hours.
L e . e 30

.Chang,é-»—‘i'ime Curve.
For the Photolysis of Formic Aeid.
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Thus, the curve obtained when the values of time
are plotted as absicissae against milli-moles of formic
acid decomposed as ordinates, is a straight line functionm.
If we represent the milli-moles of formic acid decomposed
by (C), and the time of irrasdiation by (t), then (C) is
proportional to (t). From this, then, we can write the
equation for the straight line passing through the origin
as C = kt, where the constant (k) represents the slope.
The last column of Table V contalns values for k for each
particular solution. The fact that k is shown to be a
constant, is additional evidence that the quantity of
formic acid is directly proportional to the time of
irradiation. This will be discuésed further along with
the "Change-Time" curves for the photochemical oxidation
of formic acid.

E. Photochemical Oxidation of Formic Acid by Ferric
Sulphate

"In this experimenf, designed to study the
photochemical oxidation of formic acid by ferric sulphate
‘solutions in dﬁpliéate consisting of 10 cc. of approximately
1‘ﬁolar formic acid, 5 cc. of 0.1835 molar ferric sulphate,
and 25 cc. of carbon dioxide-free water were irradiated with
the full light from the quartz mercury lamp. Thus, the
vbluﬁe‘of the solutions in each tube irradiated was in all

cases 40 cc. The dlstance between the lamp and the reaction
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tubes was constant at 15 cm., the temperature maintained
as nearly as possible at 28°-33° C., the voltage across
the lamp at 50 volts, and the intensity of the current at
346 = 3.8 amperes. Irradiation was continued in all cases
' until camplete reduction of the ferric salt, while the
carbon dioxide liberated and the quantity of formic acid
decomposed were determined according to the method
described in detail in Part C, page 45 of this thesis, .
The results of five duplicate determinations are summarized
in Table VI below. Table VII contains the results of
three duplicate observations in which the concentration
of ferric sulphate is just half of that used in experiment
E(q) recorded in Table VI. Calculations embodied in
Tables VI and VII are based upon the two reactions repre-~
sented by equations (a) and (b), which will be discussed
shortly.



TABLE VI

Photochemical Oxidation of Formic Acid by Ferric Sulphate
(a) F62(804)3 + HCOOH —— 2FeS0, + HgSO04 + COp

Expt. E(a)

1 2 3 4 5 6 7
Milli- Hrs. Temp. Milli-moles HCOOH Decomposed
moles of of

Expt. Feg(S04)z; Irradia- Reaction Exptl. ITheory
tion Tubes per (a) per (b)
c. == Zo #5 - #6
I, 0.92 32 28° 1.26 ~,05 0.92 0.34
I " " " 1.27 =-.04 " 0.35
II, " " " 1.29 =-,02 " 0.37
1T, " " " 1.20 -.02 " 0.37
I, " " 32° 1.33 +.02 " 0.41
ITIo " " " 1.33 +,02 " 0.41
v, " " " 1,33  +.02 " 0.41
g " " " 1.33 +.02 " 0.41
Vi " " 33° 1.36 +.05 " 0.44
v o oowmo o " 1.26 -.05 " 0.34
Aver. " " - 1.31 I,03 " 0.39

e — =}
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Photochemical Oxidation of Formic Acid by Ferric Sulphate

(a) Feg(S04)z + HCOOH —> 2FeS0, + HgS0, + GO,

(b) HCOOH —> Hg + COg
Expt. E(,)
8 9 10 11 12 13
Milli-moles COo Liberated COo Molecular
% of Ratio
I h e or v Exptl. - Theory COp : HCOOH
per (a) per (b) Totall (#11 - #10)
== 76 == #8 + 49 ~ x 100 Exptl.
0.92 0.34 1.26 1.19 =-,08 94.5 ~2.6 1.00: 0.95
0.92 0.35 1.27 1.23 -.04 96.9 =0.2 1.00: 0.97
" 0.37 1.29 1.19 -.08 92.3 -4.8 1,00 :0.92
" 0.37 1.29 1.23 =-.04 95.4 -1.7 1.00:0.95
" 0.41 1.33 1.33 +.06 100.0 +2.9 1.00 :1.00
" 0.41 1,33 1.35 +.08 101.5 +4.4 1.00:1.02
" 0.41 1.33 1.32 +.05 99.3 42,2 1.00 :0.99
" 0.41 1.33  1.32  +.05 99.5 +2.2 1.003: 0.99
" 0.44 1.36  1.26 =.01 92,7 ~4.4 1.00:0.93
" 0.34 1.26 1.25 -.02 99.2 42,1 1.00 :0.99
L 0.39 1.31  1.27 t.05 97.1 -%2.75 i:oo :6?5;

e ———
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TABLE VII

Photochemical Oxidation.of Formic Acid with
Half-concentration (.46 Milli-moles) of Ferric Sulphate

(a) Feg(S04)z + HCOOH —> 2FeS0, + HpSO, + COp
(b) HCOOH — Hg + COg -

Expt. E(b)

1 2 3 4 5 6 7
Milli- Hrs. Temp. Milli-moles HCOOH Decomposed
moles of of Expt T h
Expt. Fep(S04), Irradia- Reaction Exptl. eory
tion Tubes per (a) per (Db)
C. == #2 #5 - #6
xl 0046 9.5 320 0061 “001 0.4:6 0015
Is " " 32° 0.58 ~-,04 0.46 0.12
II4 " " 28°  0.64 +.,02 " 0.18
1Ig " " 28° 0.61 -.01 " 0.15
111, L " 28°  0.64 +.,02 " 0.18
I1I, " " 28°  0.65 +.03 " 0.19
Aver.  0.46 9.5 - o0.62 =

.02 0.46 0.16

ﬂ
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TABLE VII

Photochemical Oxidatlon of Formic Acld with
Half-concentration (.46 Milli-moles) of Ferric Sulphate

(a) Feg(SO4)3 + HCOOH —— 2FeSO, + H,S0, + COg

4 2774
(b) HCOOH —— Hgp + COg
Expt. E(b)
8 9 10 11 12 13
Milli-moles COo Liberated COo Molecular
% of Ratio
I h e or §y Exptl. Theory COo :HCOOH
per (a2) per (b) Total (#11 + #10)
== == g7 A8+#9 x 100 Exptl.
0.46 0.15 0.61 0.60 +.00 98.4 +l1.3 1.,00: 0.98
" 0.12 0.58 0.57 -.03 98.3 +1.2 1,00: 0.98
" 0.18 0.64 0.62 +.02 96.9 -0.2 1.00 : 0.97
" 0.15 0.61 0.60 +,00 98.4 +1.3 1.00 : 0,98
n 0018 0064 0.62 +002 96.9 ""0.2 1.00 . 0.97
" 0.19 0.65 0.61 +,01 93.8 ~3.3 1.00 : 0.94

0.46  0.16 0.62 0.60 .01 97.1 *i1.2  1.00:0.97
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The quantitles of ferric sulphate listed in
column #2 of Tables VI and VII represent the quantities of
the ferric salt used in each reaction mixture. Then,
since irradiation was continued until this salt was com-
pletely reduced, the theoretical émount of formic acid
decomposed per equation (2), (column #6), will be‘equiva-
lent to the quantity of ferric salt used. The values
listed in column #7 are obtained by subtracting from the
figures in #5 those of column #6, and. represent: the
gquantity of formic acld decomposed per equation (b).

The molecular ratio of the carbon dioxide evolved to the
formic acid decomposed, according to equations (a) and
(b), are 1.00 : 1,00; hence, if all quantities are
represented in milli-moles, then the wvalues in columns
#8 and #9 will be exactly equal to those in #6 and #7.
The theoretical per cent of carbon dioxide (column #12)
is obtained from columns #10 and #1ll. The experimentally
determined molecular ratios of column #13 are obtained

from columns #5 and #1l1l.

Discussion of Results

Part D of thlis paper contained some discussion
and presented some experimental evidence which showed
that the photolysis of formic acid is entirely different
from the photochemical oxidation of formic acid by ferric
sulphate. In this, it was shown that formaldehyde was



present as one of the products of decomposition in the
former but not in the 1aﬁter; a greater quantity of formlec
acid 1s decomposed but less carbon dioxide is evolved in
the former decomposition than in the latter. 1In experi-
ment E, additional evidence is presented which more
completely esfablishes this difference and which also
esteblishes the equations postuléted to explain the
reactions involved in the photochemical oxidation of
formic acid by ferric sulphate.

In addition ﬁo the reactions postulated for the
mechanism of this decomposition and which have been experi-
mentally confirmed, on the basis of theoretical speculations
it is possible to suggest two other mechanisms. For
convenience, the latter two will be designated II and III, an
analysis of which should be made to ascertain their worthi-
ness and to avoid the criticism of omitting considerations
of other possible mechanisms,

It is theoretically possible that, in the photo-
chemical oxidation of formic acid, this compound might )
decompose according to the reactions postulated by Allmand
and Reeves and confirmed by the authors of this paper.

On the basis of this mechanism, it may be reasoned that
the ferric sulphate is subsequently reduced by the formal-
dehyde formed by secondary reactions (ag) and (bg),

according'to the following equations:



(aq)
(by)
(ag)
(bo)
(c)

HCOOH ——> 2H' +
HCOOH —— CO' +
HCOOH + 2H' —o
HCOOH + CO' —
Fez(so4)3 + HCHO +

002
HOH
HCHO + HOH
HCHO + 002

Hs0 -———>-2Feso4 + HoS804 + HCOOH

This theory is, however, proven to be erroneous

on the basis of the following facts:

(1) At no stage of the experiment was it possible to detect

(2)

(3)

any formaldehyde, or carbon monoxide.

The amount of formic acid decomposed (experiment E(a))

would require the reduction of 1l.31 milli-moles of

ferric sulphate, whereas only 0.92 milli-moles were

actually used.

The "Change-Time" curves, which will be discussed

later, show conclusively that the actual decomposition

cannot be analogous to the decomposition by photolysis.

According to theory III, it 1s possible to

represent the decomposition according to the following set

of equations:

(aq)
(bq)
(c)
(a)

HCOOH —— 2H' +
HCOOH —> CO' +

002
HOH

!

Fe2(804)3 + CO' + HoO — 2FeSO4 + HpS0, + COo

- That this theory is not compatible with the

experimental results is shown by the facts briefly stated

below:



(1)

(2)

(3)
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It is reasonable to suppose that some molecular
hydrogen or carbon monoxide would become activated by
radiations from a quartz mercury lamp. However, even

though, in previously con&ucted_experiments, as much

‘as five liters of each of these gases were passed

through separate samples of ferric sulphate solutions
in the présence of ultraviolet light and during a
period of ten hours, there was no reduction of the
ferric salt beyond that due to the action of the
light alone.

In further refutation of this theory, only 0.92 milli-
moles of ferric sulphate was used (experiment E(a))’
whereas 1.31 milli-moles would be required on the
basis of the quantity of formic acid decomposed.

This theory is, moreover, rejected on the evidence
presented by the study of the "Change-Time" curves.

Hence, on the basis of experimental evidence,

the above theories II and III are invalidated, while

theory I is shown to satisfactorily explain the mechanism

of the photochemical oxidation of formic acid. This will

be discussed further at this time. In other words,

according to theory I, the mechanism of the decomposition

is répresented by the following reactions:

(a)
(v)

Fep(804)3 + HCOOH — 2FeS0, + HpSO0, + COg
HCOOH —> Hg + COg



‘"7' ;;of this theory. -

The following experimental facts, which are
summarized in Tables VI and VII, substantiate this theory:
(1) The quantity of carbon dioxide evolved is 97.1 per
cent of the theoretical amount calculated on the
basis of this theory.

(2) This theory is compatible with the experimentally
determined molecular ratio of carbon dioxide evolved
to formic acid decomposed. Column #13 of Tables VI
and VII show this ratio to be:
CO, : HCOOH :: 1.00 : 0.97
(3) Reactions (a) and (b) must be concurrent reactions.
In addition to the evidence recorded in the above
tables, experiments, previously described, have
shown that it 1is unlikely that hydrogen could be the
active reducing agent for the iron salt. Hence, the
possibility of reaction (b) being primary with sub-
sequent reduction of ferric sulphate by hydrogen, is
rejected. DMoreover, in connection with this point,
this theory is substantiated by the "Change-Time"
cufves._

(4) nFurther, the.oxidation-reduction'reactioﬁ represented'
by equation;(a) is more reasonable from ﬁhe viewpeint

of the chemical properties of these compounds.

In the follow1ng Part E(c) of this section, a
'“study of the "Ghange-Tlme curves 1is presented which

affords additional experimental evidence 1n substantiation
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E(c)._Change-Time Curves

Cond;tions with respect to temperature of the
reaction-tubes, distance between the quartz mercury lamp
and tbe tubes, potentlal across the lamp, and intensity
“of_éﬁfrent were maintainéd as nearly as possible identical
with those of all previous experiments. The reaction
mixtgfes in each sample irradiated contained respectively
thé quantity of ferric sulphate designated in Table VIII,
columns #3 and #4, 10 cc. of approximately 4 molaf formic
acid solution, and sufficient carbon dioxide-free water to
bring the volume in each case up to 40 cc. As in previous
experiments, described in Section E, irradiation was
continued until all of the ferric sulphate had been
reduced. The absence of ferric ions was demonstrated by
the 1inability of the solution to give a positive test
with potassium sulphocyanate.

Curve (1) of Figuré V was obtained by plotting
the milligrams of carbon dioxide evolved as ordinate
against the time of irradiation in hours as abscissa.
Curve (2) is obtained by plotting in a like manner the
milli-moles of ferric sulphate reduéed against time in
hours. The data from which the curves in Figures V and
VI are plotted are recorded in Table VIII.

Curves (1) and (2) of Figure V are parabolic

in nature, having the same origin. The fact that curve (1)
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TABLE VIII

Change~Time Curves for the Photochemical
Oxidation of Formic Acid by Ferric Sulphate

1 2 3 4 S 6 7 8
1/2
Temp. Ferric sulphate COo Time (Time)
of reduced Evolved of 1/2
Expt. Reaction Milli- Milli- Irradt'n. T = x
Tubes Gms. moles Gms. grams Hrs.
—— . ]
1 28°Cc. 0.0352 0.09 0.0053 0.12 1.0 1.00
2 " 0.0705 0.18 0,0103 0.23 2.5 - 1.55
3 " 0.1057 0.26 0.0138 0.31 4.0 2.00
4 " 0.1410 0.35 0.0221 0.50 6.0 2.45
s} " 0.1833 0.46 0.0271 0.62 9.5 3.08
6 " 0.2467 0.62 0.0364 0.83 16.0 4.00
7 " 0.3172 0.79 0.0456. 1.04 25.0 5.00
8 " 0.3665 0.92 0.0558 1.27 32.0 5.66
9 "o 0.4229 1.06 0.0593 1.35 39,0 6.25
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is a part of a broadef»parabola ﬂhan is curve (2), though
similar in character, méy be expected sihce the molecular
ratio of carbén dioxide evolvedkto ferric sulphate reduced
is 1.3 : 1.00. If‘a like cur&e vere plotted for the formic
‘acid decomposed, it would be identical to #(1), since the
‘moleculer ratio of carbon dioxide evolwved to the formic
_acid decomposed is 1.00 : 1.00. A more important feature,
however, is brought out by the distinct contrast between
curves (1) and (2) and curve (3), previously noted in

Part D. The latter is a straight line which passes through
the origin, while, as just mentioned, the former are
parabolic curves. This extreme difference in the character

of the two types of curves seems to be conclusive evidence

of the difference in the kind of decomposition of formic

acid by photolysis and by photochemical oxidation.

Curves (1) and (2) are shown to be parabolic
by the fact that, when the data upon which they are based

are plotted according to the equation y = x1/2

s a straight
1ihe for each parabola is obtained. Then, by squaring
the straight line eqﬁation (y = mx + b) for each curve in
Figure VI, the equations are oBtained for the parabolas
of Figure V. The values for m are taken from the straight
lines of Figure VI.

Another feature is brought out‘by a study of

Figure VI. Curves one and two, it is seen, are straight
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lines which do not pass through the origin. Since this is
true, therefore the parabolas of Figure V likewise do not
pass through the origin, but instead have thelr vertex at
¥y = =0.1. This can have but one meaning - that a certain

period of irradiation is required at the beginning during

which time no chemical reaction occurs. Such a period is

known as an "Induction Period." The method employed in the
study of the induction period, observed in this work, will
be described before entering a discussion of the possible
nature and cause of such a perilod of illumination preceding
actual chemical reaction.

Reaction-mixtures of the same total volume
containing the same quantity of formic acid but different
amounts of ferric sulphate were subjected to irradiation.
In all experiments, the current across the lamp was
brought to a constant voltage (50 volts) and a constant
intensity (3.6 - 3.8 amperes) before irradiation was
begun. At definite five-minute intervals, small samples
of the reaction mixtures were removed to test‘the presence
of_ferrous lons. . The start of the photochemical reaction
wéé;indicated by a positlve test for ferrous ions. The .
reagent (10% solution of'pptassium ferri-cyanide) employed .
for'this test has a sensitivity of one part in one hundred
 thousand: The reaction mixtures irradlated and the results

dbtained are summarized in Table IX.
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TABLE IX

Induction Period-Test for Ferrous Ions

2.5 cc. 0.1762 M 5 cc. Feg(S04)z 10 cc.Feo(S04) 5

, Feo(S04)3 soln. soln. soln.
Time of 10 cc. 1.0M HCOOH 10 cc. HCOOH 10 cc. HCOOH
Irradiation 27.5 cc. Water 25 cc. Viater 20 cc. Water

0 minutes negétive negatilve negative
(5] " 1" 1 1]
10 " positive " n
15 n " positive very faint
20 " positive " "
25 n positive

This experiment indicates that there is an
induction period. Moreover, the time required when 5 cc.
of 0.1762 molar ferric sulphate 1s irradiated, was found
to be approximately 15 minutes. This agrees very well with
the value read from the curves in Figure VI.

In discussing this phenomenon, it is appropriate
at this time to give a brief historical sketch of induction
periods observed by other workers in the field of photo-

(62) studied the photochemical -

chemistry. Bunsen and Roscoe
induction period of the hydrogen-chlorine reaction and
concluded that it was dependent not only on the mode of

preparation of the gases, but also on their former history,
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being, for instance, greatly shortened by a previous

illumination. This induction period has been thoroughly

studied likewise by Burgess and Chapman(63)

(64)

and Chapman
and MacMahon These authors proved that the induction
period is caused by impurities in the gases used, as well
as by impurities on the walls of the containing vessel

and 1n the absorbing lliquid. 'The action of different
impurities was found by these authors to be specific, for
instance, oxidizing agents like nitric acia'and ﬁydrogen
peroxlide did not show it, but ammonia, nitrogen trichloride,
chlorine dioxide, and some other substances,Aamong which
the organic compounds may especialiy be noted, increased
the duratlion of the induction period enormously. All

these substances ére probably destroyedyor eliminated from
the gas phase on lllumination, the full rate of hydrogen
chloride formation being attained only after this purifi-
cation has taken place.

(65)‘came'to a different

Baly and Barker
conclusion concerning the nature of the induction period
and suggested that it-is an inherent property of the
hydrogen~chlorine reaction.

Chapman and Gee(se) showed that oxygen causes
an induction period in the chlorine-carbon monoxide
reaction. Other impurities such as nitric oxide, ozone,
and nitrogen chloride were active in this respect.

(67)

Likewise, Benrath and Hertel observed an induction



period in their study of the chlorination of saturated
aliphatic compounds,

In connection with the induction period observed
in the study of fhe‘photochemical oxidation of formic acid
by ferric sulphate, it is interesting to note that while
such a perlod exists for this reaction, there is none
whatever for the photolysis of formic acid. This may
readily be seen by a study of the curves in Figures V and
VI. On the basis of the conclusion reached by the authors
described above, it is conceivable that the induction
period observed by'the authors of this thesls may be
caused by impurities present in the reaction mixtures
involving ferric sulphate. MNinute impurities in the
ferric salt could explain the -existence of an induction
period for the photochemical oxidation of formic acid and
not its photolysis. However, may it again be stated that
extreme precautions were taken to eliminate impurities in
so far as possible. ' |

From another wviewpoint and accepting thevBohr_
theory of atomic structure, iﬁ may be reasoned that such
an induction period may bé requifed,‘in the photochemical
oxidation of formic acid to built up the energy Qf’tﬁe;‘
system to thé point where chemical reaction will occur.
This subject offers en interesting problem for future
research; which the suthors of this paper believe to be

necessary before definite conclusions can be reached.
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Summary and Conclusions

(1)

(2)

(3)

A modification of its mercuric chloride method for
determining formic aqid in the presence of small
amounts of formaldehydb and in solutions contalning
ferrous or ferric sulphate has been developed.
The four equations,

(ay;) HCOOH —— 2H' + COp

(by) HCOOH —— CO' + HOH

(ag) HCOOH + 2H' —— HCHO + HOH

(by) 'HCOOH + GO' ——> HCHO + COg
postulated by Allmand end Reeves to explain ihe .

mechanlism of the photolysis of formic acid in

aqueous Solution, based upon analysis of the gases

evolved, have been confirmed in andﬂhef’way - namely,
by determining the quantity of carbon dioxide |
liberated and the amount of formic acid decomposed.
"The experimentally determined ﬁolecular ratio
of carbon dioxide evolved to formic acid decomposed
l.OQ : 1.84, whereas the theoretical value is 1,00 :
2.00. Thé,quantity of carbon diéxide evolved was
foun@ tq_pe 97.1 per cent of theory, calculated on
the‘assumption of the theory df Allmand and Reeves,

‘The photochemical oxidation of formic acid by
_fefric sulphate, in conformity with the two following ff’

»equatiohs?
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(a) Feg(S04)z + HCOOH — 2FeS04 + HoSO4 + COg
(b) HCOOH —— Hg + COo
.13 shown to be aﬁ entirely different type of decompo-
sition than that by its photolysis. The experimentally
determined molecular ratio of carbon dloxide evolved
to the formic acid decomposed is 1,00 : 0.97, and
agrees very well with the theoretical ratio of 1.00 :
1.00.

(4) The‘ccncurrent equations, postulated to represent the
mechahism of the photochemical oxidation of formic
écid by ferric sulphate, have been substantiated.

(5) A study of the change-time curves, which graphically
represent the decompositions of formic acid by
photolysis and by photochemical oxidation with ferric
sulphate, show conclusively that the two types of
'deéomposition are widely different.

Equations for thé change~time curves are derived.

(8) AChangeétime curves, representihg thé.photOChemical
oxidation of formic acid with ferric sulphate, do not

pass through thébqrigin. The increment on the x-axis, .

 formed as a consequence, indicates that there is a
period of irradiation preceding the start of the

decomposition during which no chemical reaction takes

place. The results, concerning this induction
period, indicated by'the graphs,'have been checked by

chemical measurements.
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(7) It is likely that a further study of this induction
period will show whether this 1s caused by traces of
impurities or whether it represents a period which
is required for bullding up the energy of the system

before reaction can occur.,
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