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SUMMARY .

The thesis opens with an introduction in which the
phenomenon of "knock" in intermal combustion engines is reviewed.
Phe use of metallic anti-knock compounds is discussed and the
previous work on chromium compounds for this purpose is described.
There is some disagreement in the literature regarding the
efficacy of chromium compounds as anti-knock agents. Chromium
hexacarbonyl appears t0 be the most suitable chromium compound
for testing as a fuel additive. The various methods of
breparing the hexacarbonyl are reviewed.

The remainder of the thesis is divided into five
sections and two appendices.

Section 1 describes attempts to prepare chromium
hexacarbonyl by three different methods, various modifications of
the methods being tried in order to improve the yields. Chromium
hexacarbonyl is prepared by the method of Hieber & Romberg, the
maximum yield being 9. 5% (Claimed by Hieber & Romberg : 14%).

The method 1nvolves the absorption of carbon monoxide by a
violently agitated suspension of anhydrous chromic chloride in
presence of a Grignard reagent. The reaction is conducted at

O - 5°C. None of the modifications made in this method improve
the-yield. Chromium hexacarbonyl is also prepared by the "Iow
Pressure Method" of Owen, English, Cassidy and Dundon, the
maximum yield obtained being 3.4% (Claimed by Owen et. al. : 24%).
The method differs from that of Hieber & Romberg in that the
reaction is partly conducted at - 70°C. Otherwise the two

methods are similar in principle although the procedural details



vary considerably. This method is modified by omitting the
low temperature (- 70°C), stage of the preparation and by
excluding air from the reaction flask. Under these conditions
a yield of 10.6% is obtained. Continuous fast stirring, rigid
temperature control (0-5°C.), and the use of a finely powdered,
apparently amorphous form of anhydrous chromic chloride, are
found to contribute to optimum yield in both the above methods
of preparation. An attempt to prepare chromium hexacarbonyl
by the method used by Kocheshkov, Nesmeyanov, Rossinskaya &
Borissova for preparing molybdenum and tungsten hexacérbonyls
was unsuccessful. An attempt has been made to propound a
reaction mechanism for the formation of chromium hexacarbonyl
baged on the work of all the workers on the subject, including
the author. This assumes the formation of an unstable phenyl
chromium chloride (PhCrClp). The reaction mechanism has not
been proved but is believed to be the only one in accord with
all the known facts.

Section 11 deals with the stability of chromium
hexacarbonyl. Although chromium hexacarbonyl is very stable
chemically its solutions tend to decompose on standing,
depositing a gelatinous precipitate. Tests show that the
presence of light and oxygen is necessary for decomposition.
Attempts to find a suitable inhibitor of the decomposition are
described. Long chain monocarboxylic acids containing 1l or
more carbon atoms inhibit the formation of the insoluble

gelatinous precipitate when present in a higher molar concentra-

tion than the hexacarbonyl but U.V. Absorption Spectra tests



show that decomposition of the e¢hromium hexaearbonyl is not
\1nhibiﬁad} If mixed solutions of chromium hexacarbonyl and
stearic acid are exposed to light the chromium is retained

in solution in an active form for some time after the
decomposition of the hexacarbonyl. It is concluded that in
pfesence of a monocarboxylic acid inhibitor chromiﬁm hexacarbonyl
solutions decompose.on exposure to light forming a chromium
compound which is soluble in hydrocarbon solvents and is active
as a fuel "combustion modifier". This compound subsequently
decomposes slowly to another, soluble in hydrocarbon solvents
but ineffective as a combustion modifier. The nature of

theSe intermediate chromium compounds is unknown but the initial
intermediate appears to be formed by interaction between
equimolecular proportions of chromium hexacarbonyl and stearic
acid. A way has thus been found of preventing the deposition
of solid from chromium hexacarbonyl doped fuels exposed to air
and light. |

Section 111 describes the e ffect of chromium

hexacarbonyl on fuels. The assembly and testing of a Moore
type Spontaneous Ignition Temperature Apparatus is described,
the effect of several variables on S.I.Ts. being determined.

A series of tests establish the effect of chromium hexacarbonyl
tn spark-ignition engine fuels. SeI.Te tests indicate that
chromium hexacarbonyl possesses anti-oxidant properties since
it raises the S.I.T. of various fuels. Highest Useful
Compression Ratio (H.U.C.R.) tests on a Ricardo E6/S Variable

Compression Engine indicate that chromium hexacarbonyl is a

pro-knock .compound . The maximum pro-knock effect is



equivalent to a decrease of 5 in the octane number of,?oql
Petrol. The unusually low concentration of 0.02 8'11:,
chromium hexacarbonyl is sufficient to cause almost the

maximum effect. A series of tests‘establish the effect of
chromium hexacarbonyl on a Diesel engine fuel. A very small
concentration of hexacarbonyl raises the cetane number of a
Diesel fuel by approximately 3. Increase in‘additive‘
concentration does not increase the effect. Tests on benzene
indicate that chromium hexacarboﬁyl lowers the S.I.T. and
raises the HJ.U.C.R. (4.5 to 15.6) of the fuel. The results
of Section 111 are discussed in Sub-Section E (p.109). The
effeet of chromium hexacarbonyl on the H.U.C.R. of benzene is
attributed to the fact that it is inhibiting pre-ignition. The
rather anomalous behaviewr of chromium hexacarbonyl in the other
tests is explained on the basis of both of the current theories
on knock.

Section 1V deals with compounds of chromium other than
chromium hexacarbonyl. Reasons are given for confining the
combustion tests to the'hexacarbonyl. There are few petrol
soluble chromium compounds, and most of them are unstable. The
reason for the title of the thesis is discussed.

Section V studies the engine deposits caused by the
use of chromium hexacarbonyl as a fuel additive. A 10 cc.
model engine is used for the tests. When using fuel containing
over 1 g./l. chromium hexacarbonyl, green chromium sesquioxide

deposits appear in the combustion chamber. These deposits can

be reduced but not eliminated by incorporating small concentrationg




of ethylene dichloride or ethylene dibromide in the fuel.
Chromium hexacarbonyl does not cause excessive corrosion or
erosion effects on an engine.

Appendix 1 refers to the Ricardo E6/S Variable
Compression Engine. The engine and test equipment are
described and the method of determining H.U.C.Rs. is set forth.

Appendix 11 gives the boiling ranges and specifie

gravities of the heterogeneous fuels referred to in the thesis.
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INTRODUCTION .

"Tnock in Internal Combustion Engines™

Internal combustion engines operate by the‘éxplesien
of combustible mixtures which form the working fluid. In
thé "gpark ignition" engine combustion is initiated by an
electric spark which causes a flame front to move through the
mixture. This converté the inherent energy of the fuel te
heat energy which is in turn converted to mechanical work by
the engine. In the "compression ignition" or "Diesel" engine
air is heated to a suitable temperature by compression and the
fuel is injected into the hot air. The high temperature
causes the fuel to ignite spontaneously thus liberating heat
which the engine converts into mechanical work.

In certain circumstances the character of the
combustion changes, accompanied by a knocking sound. This
phenomenon is encountered in both spark ignition and compression
ignition engines although the causes are completely different.

Engine "knock" in a spark ignition Otto-cycle engine1
is a form of spontaneous ignition starting at one or more
Points in the cylﬂafr "end gas" or unburned charge zhead of the
flame front. The amount of charge entering into knocking
combustion may vary from an indistinguishably small portion to
at least three quarters of the whole and the intensity of the
knock may also vary considerably. The knock flame seems to

sweep through the remaining unburned charge with a velocity of

approximately 1000 feet per second - 2a value far greater than
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that of the normal flame but less than would be calculated

for a true detonation wave in similar air-fuel mixtures.

This very raplid combustion causes a rapid pressure rise which
ih turn results in the setting up of pressure waves which
induce the emission of sound waves from the engine. This
cauges dissipation of energy and a consequent loss of efficiency.
In asddition, severe knock may damage the engine by overheating
and excessive vibration. The tendency towards knock increases
with increased compression ratio in the engine, and this
prevents the compression ratio being raised beyond a certain
poinf. Since the efficiency of an engine rises with increased
compression ratio the existence of knock imposes a limit on
engine efficiency.

"Knock" as described above, could not possib%y ocecur
in the compression ignition engine since here spontaneous
ignition is not undesirable but necessary. In a Diesel engine
there is a time-lag between the commencement of the injection
of the fuel and its ignition. After the start of the ignition
the fuel ignites and burns as it enters the combustion chamber.
If the "ignition delay" is too prolonged a large proportion of
the charge will have entered the combustion chamber before
ignition occurs, the resultant combustion and pressure rise
will be very rapid, and this may cause vibration (audible as
"Diesel knock") and increased stresses in engine partss.

The incidence of knock in internal combustion engines
is influenced by a number of factors, the ignition characteristics

of the fuel veing one of the most important. In a spark
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ignition engine a fuel which readily ignities spontaneeusly ,f
ig legs suitable from the knock point of view than enewﬁiidh'
ig less liable to ignite. The reverse is true of the
compression ignition engine.

Metz1lic Anti-knock Compounds.

Originally the only way of improving the anti-knock
properties of fuels for spark-ignition engines was by blending
them in suitable proportions but in 1920 Midgleyé discovered
that the addition of Very small amounts of lead tetraethyl te
a fuel effected a great improvement in its anti~knock properties.
The amount of lead tetraethyl added need only be of the order
of one gram per litre of fuel. Sincee then numerous metallic
‘dopes" haVEs been added to petrol to improve its anti-kneck
characteristics but none has been found which can compete
with lead tetraethyl in efficiency, convenience and economyg.
The organomé%allic compounds of a great many metals possess anti-
knock properties but very few are superior to lead tetraethyl.
Iron pentacarbonyl and nickel carbonyl have anti-knock properties
comparable with those of lead tetraethyl but their employment
is not practicable dug.to the harmful effects of their combustion

L4
products on the engine .

The requirements of a good metallic anti-knock
additive are

(a) Solubility in petrol.
(b) Ability to effect a considerable improvement in the anti-

knock properties of a fuel at very low concentrations

(1 - 4 grams per litre).
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(e) Absence of appreciable corrosion, erosion, er'&é§§§iti&n
effects in the engine. e .

(d) Stability when in solution in hydrocarbon fuels.

The anti-knock property of an organometallié
compound ‘appears to depend principally on the metallicj;mom
although the radicle to which it is attached is alsoniﬁiortant.

In 1926, Sims and Mardles established that the
metal was the active constituent of an anti-knock compound
when they discovered that a colloidal dispersion of leéd in
petroleum produced an effect similar to that of lead fetraethyl.
It has been suggested recently9 that in some cases the radicle
attached to the metal has actually a pro-knock effect which
to some extent counteracts the effect of the metal itself.

The object of the research described in this thesis
was to study organometallic compounds of chromium with a view
to determining whether they possessed anti-knock properties.

Causes of Knock and Mode of Action of Anti-knock Compounds.

The causes of knock and the mode of action of anti-
knock compounds are not yet fully understood. Until recently
it was aimost universally accepted that knock was due to
preflame reactions of a homogeneous nature in the part‘of the
combustion chamber not yet reached by the flame front. These
reactions are believed to be propagated by substanceslcalled
"chain carriers", the molecules of which can acguire oxygen in

the elemental form and then part with it to a relatively

stable hydrocarbon molecule. This initiates the oxidation
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and decomposition of the hydrocarbon. The chain carfier is
subsequently regenerated by acquiring elemental oxygén;\zih
this way relatively few molecules of the chain carrier could
activate a very large number of hydrocarbon molecules causing
a very rapid increase in the reaction rate and e ventually
leading to spontaneous ignition and knock. Most workers
believe the chain carriers to be organic peroxides although
this has not been conclusively proved. According to this
theory metallic anti-knock compounds operate by destroying or
deactivating these chain carriers. This explains why such a
small concentration of anti-knock compound is effective in
delaying the onset of knock.
The above theory of the causes of knock and the mode
of action of anti-knock compounds has been supported by most
of the leading workers in this field including Egerton: énd Besetty
& Edgar who published comprehensive reviews of the subject in
19381{. As recently as 199, Cramer & Campbell11 published
a paper giving a slight variation of the chain reaction theory.
Sinece 1947, however, R.0. King has been publishing a
series of papers on "The Oxidation, Ignition, and Detonation
of Fuel Vapours and Gases"ia which throw considerable doubt on
the accepted theories on knock. King maintains that combustion
reactions in an engine cylinder are essentially of a heterogeneous
character. The conditions required for detonation are governed

by the temperature and pressure of the cylinder end gas and the

concentration in it of carbon nuclei. The almost simultaneous
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commencement of combustion at the surfaces of the cg:ben
particles in the end gas 1s the cause of detonétionis.v The
.carbon particles are formed by the pyrolysis of the fﬁgitde
ﬁhibricating oil.

King believes that metallic anti-knock compounds act
by the continuous deposition of a fine layer of active metal
on the combustion chamber walls. This metal catalyses the
preflame oxidation of some of the fuel to carbon dioxide and
steam both of which have strong anti-knock prOpertiesi?. In
the absence of metallic anti-knock compounds there would be a
greater tendency for the preflame reactions to yield intermediate
products such as carbon monoxide and aldehydes, neither of which
exhibit the anti-knock properties of carbon dioxide and steam.
King thus maintains that anti-knock compounds operate by
prbmoting rather than deterring oxidation.

Testing of Anti-knock Compounds.

(2) Engine Tests.

The efficacy of an anti~knock compound is detérmined
by studying its effect on the knocking characteristics of a éuit-
able fuel. It is not, however, easy to assess the exact
knocking tendency of a fuel. The same fuel does not behave
in exactly the same maﬁner in different engines in which the
fuel mixture may be exposed to somewhat different conditions.
Therefore, however carefully the fuel may be compared with a
standard fuel in a particular engine, its comparative behaviour

. 18
may be different in another engine .
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It has been found that the determination in a o
‘varlable compression engine of the compre331on ratio at which
xnock becomes auvdible {critical compression ratio) does notw
give very consistent results, partly because of the difficulties
of measurement of the audibility and partly also because of the
fact thét the moment when feeble knock first occurs is sensitive
to change of conditions. Co=-operative efforts, therefore,
have been made to standardise thé methods of rating the knock
tendency of fuels16 and a variable compression engine (known
as the C.F.R. engine from its development by the Co-operative
Fuel Research Committee) has been designed specially for knock
rating. The generator to which it is coupled absorbs the
load and controls the speed. A "bouncing pin"17 acts as an
indicator of the intensity of knock. When owing to the shock
of the knock the pin bounces from the diaphragm on which it
rests it causes an electric current to pass through a small
resistancé, the change of temperature of which is recorded by
a thermocouple connected to a millivoltmeter. |

Fuels are matched against one another to give the
same intensity of knock and are referredvto a standard séale
called the octane scale. This scale 1s based on the knocking
characteristics of two pure hydrocarbons, E:heptane which has
high knocking tendency and iso-octane (2,2,4-trimethylpentane)
which knocks only at very high compression ratios. Most fuels

come within the range of knock rating of these two hydrocarbons.

An octane number of 60 means that the fuel, when tested in the
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C.F.R. engine under standard co%%ions gives the same intensity
of knock as that given by a mixture of 60 volumes of ectane and
50 volumes of heptane.

A slightly different form of test engine was developed
by R:'Lca,:t'dcv’;8 who studied the variation in power output at fixed
speed‘as the compression ratio of the engine was raised. When
the compression ratio of an engine is raised the power output
rises until appreciable knock occurs, when it begins to fall.
There is thus a compression ratio corresponding to maximum
power, the value of which will depend on the knocking properties
of the fuel. This is known as the "Highest Useful Compression
Ratio" (H.U.C.R.). Ricardo has determined the H.U.C.R. of a
large number of fuels by this method. ‘

The higher the H.U.C.R. of a fuel, the better are its
anti~knock characteristics. By determining the H.U.C.R. of a
series of n-heptane - iso-octane mixtures it is possible to
relate H.U.C.R. to octane number. Octane numbers obtained
from H.U.C.R. determinations will not always be exactly the
same as those obtained by the official C.F.R. method but the
difference is unlikely to be very great. The H.U.C.R. ﬁethod
is completely satisfactory if it is only required to compare
the knocking properties of a series of fuels but if an absolute
octane number is required it is necessary to use the C.F.R.

method.

(b) Spontaneous Ignition Temperature Determinations.

In studying the éfficacy of a substance as an anti-

knock agent it is dissolved in retrol in a known concentration
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i)

and its effect on the knocking characteristics of thégf;éi°:
observed. This method has the disadvantage of being slew
and may also be harmful to the engine if anti-knock agents of
hitherto unknown properties are being used.

A fair indication of the knocking characteristics of
a petroleum can, however, be gained from its Spontaneous
Ignition Temperature (S.I.¢.) . whe Spontaneous Ignition
Temperature of a substance is the lowest temperature at which
the substance, surrounded by air at the same temperature, will
burst into flame without the application of any spark or other
local high temperature. The S.I.T. of a particular petroleum
is not absolute, its value depending considerably on the
conditions of the experiment and the dimensions of the apparatus
usedzf. It is impossible to draw any reliable conclusions
concerning anti-knock properties by use of this apparatus, but
it has inveriably been found that small proportions of efficient
anti-knock compounds raise the S.I.T. of petroleum, by about
100 centigrade degrees. Thus if a compound is found which
raises the S.I.T. of a petroleum by a considerable amount there
are good grounds for assuming that it will be an anti-knock
agent, and the extent of its utility in this direction can be
established in a test enginezl. An advantage of the S.I.T.
test is that very little fuel (c. 5 cc.) is required for each
test while at least a litre is required for an engine test.

Numerous types of S.I.T. apparatus have been devised,'

differing mainly in detail. The earliest published S.I.T.
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determinations were made by Holm in 1915?2_BW allowing dreps. .
of liquids to fall upon a heated porcelain surface the.
temperature of which was measured by a thérmocouple, the S.I.T.s
of a number of common liguid fuels were determined. Soon
after the publication of Holm’s work the value of such
determinations as a means of testing fuels for thelr suitablility
in engines was pointed out by Constam & Schlaep:f."er23 who
allowed drops of liquid fuels to fall into a platinum crucible
in a gas heated sand bath.

In 1917 Moorezﬁ developed an S.I.T. apparatus
consisting of a platinum crucible embedded in a steel bleck
heated by a gas burner. Dry, preheated air or oxygen was
delivered at a constant rate to the crucible, the preheating
being accomplished by a small coil in the steel block, thrbugh
WhiQh the air or oxygen passed. This type of apparatus has
been used extensively by subsequent workers although various
modifications have been madezs.

Various workers have developed more elaborate types
QfVS.I.T. apparatusaé, incorporating features for determining
ignition temperatures under increased pressures and for
detepmining the time lag before ignition. Since the test isv
by no‘means absolute it is doubtful if such refinements are of
any great advantage for the purposes of this research. The
only reliable method of assessing the'knocking charaeteristics

of a fuel is in a test engine and if only a qualitative indication

of knocking properties is regquired the Moore type of apparatus

ls sufficiently accurate.



A modified form of the Moore apparatus was thérsfore
usedvin this work. C - .

CHYemium Compounds as Anti-knock Additives.

There are very few published records of chromium
compounds being tested for anti-knock properties. This is
probably partly due to the difficulty of obtaining petrol
soluble chromium compounds. o

Tn 1926 Sims & Mardles tested the effect of what
they believed to be a mixture of chromium phenyls and chromium
phenyl bromides on the anti-knock properties of petroleum.
Theylmixed phenyl magnesium bromide (PhMgBr) with a suspension
of anhydrous chromic chloride (CrCls) in benzene, added the
mixture to an appropriate volume of petrol, allowed the mixture
t0 stand overnight and decanted off the clear petrol layer
which was then used in the test. They found that the metal
appeared to exhibit a reasonably good anti-knock effect. The
concentration of chromium in the "doped" petrol was believed to
be approximately 0.35 grams. per litre and an increase in H.U.C.R.
of 8.3 per cent relative to the undoped fuel was obtained.

This compared with an increase of 40 per cent in the H.U.C.R.
caused by 2.0 grams of lead per litre, the lead being in the
form of lead tetraethyl. There is, however, considerable doubt
as to the actual composition and concentration of the compounds
present in the petrol and the result obtained by Sims and

Mardles cannot be taken as absolute reliable.

In 1926 also, Charch, Mack & Boord®® investigated
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the effect of chromium pentaphenyl bromide (PhgCrBr) on the
knocking properties of petroleun. They were unable to find
a.suitabie'fuel in which the compound would dissolve rgadily
but obtained a solution of "less than 0.1% by weight". This
is equivélent,to approximately 0.07 grams‘chromium per litre.
This solution had no measurable effect on the knocking
characteristics of the fuels tested.

This result throws doubt on the observations of Sims
& Mﬁrdless They believgd they had prepared a mixture of
chromium phenyls and chromium phenyl bromides. Chromium phenyls
are, however, highly unstablezq’and would be unlikely to remain
undecomposed after standing overnight. - Chromium pentaphenyl
bromide is the most readily formed of the phenyl chromium
bromides and is the one most likely to have been present in the
mixture prepared by Sims & Mirdles. Since, however, Charch,
‘Mack & Boord failed to produce a solution of even 0.07 grans
chromium per litre in any convenient fuel when using chromium
pentaphenyl bromide, it seems doubtful if the petrol sample
treated by Sims & Mardles contained as much chromium as they
believed (0.35 grams per litre). It is possible that the anti-
knock effect observed by Sims & Mardles was due to the benzene
present in their mixture.

Tn 1927 Weerman® “determined the effect of chromium
~ hexacarbonyl (Cr(CO)s) on the S.I.T. of petrel. The carbonyl

caused a rise of 80 centigrade degrees in S.I.T. at a concentration

of 4.0 grams per litre compared with a rise of 105 centigrade
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degrees for 0.50 grams lead tetraethyl per litre.  This
indicated that the compound was likely to exhibit anti-knmock
properties.

No further mention of chromium pompounds being
tested for anti-knock properties is found in the literature
until 1948 when Ogilvie, Davis, Thomson, Grummitt & Winkler
published a study of the pro-knock activity of a large number
of substances in petrol, among them being chromium naphthenate
which gave a decrease of 4.2 octane numbers at a concentration
of 3.0 grams per litre. This result is in direct contradiction
to the obgservations of prévious workers.

In none of the cases mentioned above was any attempt
made to vary the concentration of chromium compounds in the
fuel being tested. An arbitrary concentration was taken and
the effect determined. The reason for this is that many of
the workers on this subject tested large numbers of possible
anti-knock compounds in a rather empirical way rather than
investigated thoroughly a single compound.

The published data on chromium compounds as anti-
knock additives for petroleum is therefore very contradictory
and a more detailed study of the subject seems justified.

OrYdanic Chromium Compounds.

One of the necessary properties of an anti-knock
compound is that it should be soluble in hydrocarbon solvents.
This prevents the use of the common inorganic compounds of

chromium which are unsoluble in non-polar solvents. Many

anti-knock compounds are organometallic in character and the
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literature on organometallic compounds of chromium was
therefore studied. |

Most of the work on these compounds has been performed.
by a German school of workers under Hein = . Hein and his co-
workers have prepared compounds of the phenyl chromium halide
type (eg. PhsCrBr,Ph,CrBr,PhaCrBr). These compounds are
rather unstable thermally and are sensitive to light and oxygen.
Petraphenyl chromium (PhyCr) and triphenyl chromium (PhgCr) have
also been prepared but they are evén more unstable than the
phenyl chromium halides. Alkyl chromium compounds are unknown
and appear to be too unstable to exist. ‘The stability of
organometallic compounds of chromium has been found to depend
to an extraordinary extent on the degree of saturation of the
carbon atom directly linked to the chromium?s,_stability,
decreasing with increasing saturation. Thus alkyl chromium
compoundé appear to be too unstable to exist although numerous
aryl compounds have been prepared. It has been found that
substitution in the benzene ring lessens the stability of the
aryl chromium halides.

Chromium Carbonyl.

The importance of the carbon atom directly linked
to the chromium having a high degree of uns&turation suggested
the possibility of chromium carbonyls being suitable and the
appropriate literature was studied. The only carbonyl of
chromium recorded in the literature is chromium hexacarbonyl

(Cr(co0)eJy a colourless crystalline compound which sublimes
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slowly at room temperatureaﬁ. It is very stable chemically,
being unaffected by concentrated hydrochloric or sulphurie
acid at room temperature. Chromium hexacaPbonyl melts at
149-150°C. on a sealed tube, 1s stable to bromine and iodine,
yields chromic chloride with chlorine, and decomposes with
fuming nitric acid. Chromium hexacarbonyl is sparingly
soluble in most organic solvents. Despite its chemical
stability its solutions are somewhat unstable to light.

The above properties indicated that chromium hexacarbonyl
might be a suitable medium for introducing chromium into a
hydrocarbon solvent and the various nethods of preparing the
compound were studied.

Preparation of Chromium Hexacarbonyl.

Unlike the carbonyls of nickel and iron chromium
hexacarbonyl cannot be obtained by reacting the metal with
carbon monomide under high pressure and temperature. Five
groups of workers have described methods of preparing the
compound .

(a) Method of Job and Cassél;

The existence of chromium hexacarbonyl was first
established by two French workers, Job & Cassél?s, in 1927
when they obtained small quantitiesAof the compound during
a study of the reaction between carbon monoxide and phenyl
magnesium bromide (PhMgBr) activated by anhydrous chromie
chloride (CrCls). Job & Cassél later adapted this reaction

. ' ) 34
to obtain improved yields of carbonyl .
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The method consists of adding phenyl magnesium
bromide to a violently agitated suspension of anhydreéus:-".
chromic chloride in ether-benzene mixture in presence of
carbon monoxide. The reaction is exothermic and the
temperature is maintained at 0-5°C. by means of a suitable
cooling bath. The reaction is controlled by the rate of
addition of the Grignard. Under these conditions carbon
monoxide is sgbsorbed. The guantities used are S,

Anhydrous Chromic Chloride ... 10 g. (1/15 mole)

Benzene ... . 50 C.Co
Ether ... ' 50 CeCo
Grignard Solution ... 200 c.c. (1/3 mole)

Approximately 8 litres ( o. 1/3 mole) of carbon
monoxide are absorbed, the amount being in direct proportion
to the amount of Grignard reagent used.

When absorption ceases the reaction mixture is
hydrolised wifh ice and dilute sulphuric acid. The ether-
benzene layer is decanted, neutralised with sodium bicarbonate,
and dried over anhydrous magnesium sulphate. The ether is then
distilled off and the residual red liquid allowed to cool.

A mixture of chromium hexacarbonyl and organic products
crystallises out from this ligquid, and after filtering, the
éarbonyl is removed by vacuum distillation and collected in a
U-tube immersed in ice-salt mixture. The carbonyl is further
purified by recrystallisation from benzene and resublimation.

Job & Cassal obtained a yield of "about 2 grams" by this method
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and claimed that this represented a 22 per cent yield
reckoned on the chromium. A simple calculation, howewer, . -
reveals that thelir yield is eguivalent to about 14 per cent
of the theoretical.

Job & Cassal also descrihe a simplified method of
preparation involving the use of ethyl magnesium bromide
instead of the corresponding phenyl compound. When using
ethyl magnesium bromide the organic products of the reaction
are liquids and it is possible to separate the carbonyl from.”
the ether-benzene layer left after hydrolysis. This is done
by distilling off the ether and allowing the solution to cool.
Job & Cassal do not state what yields they obtained by this
method.

(b} Method of Windsor & Blanchard.

In 1934 two Americans, Windsor &:Blanchardsq attempted
to duplicate Job’s reaction. They failed to obtain any
product and assumed that the carbonyl was being carried over
with the ether during the removal of the ether from the ether-
benzene layer. They therefore chilled with solid carbon
dioxide and alcaohdl the ether-benzene layer remaining after
hydrolysis. Under these conditions chromium hexacarbonyl
crystallised from the solution and was purified as described
by Job & Cassal. The yields obtained were about 1% of the
theoretical. Windsor & Blanchard determined the vépour
bressure of chromium hexacarbonyl at different temperatures

and established that the vapour was monomolecular.

(¢} Method of Hieber and Romberg.
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In 1935 two German workers, Hieber & Rombergg?
published an adaptation of Job’s method using ethyl magnesium
bromide as the Grignard reagent. They simplified the
separation of the carbonyl by steam distilling the whole reaction
mixture after hydrolysis and concentrating the ethereal portion
of the digtillate by further distillation. The yield of
carbonyl obtained was very uncertain, the maximum being 4% of
the theoretical (based on chromium). "

() Method of Anissimov & Nesmeyanov.

88
In 1940 two Russian workers, Anissimov & Nesmeyanov

ﬁublished another variation of Job’s method. They mixed phenyl
magnesium bromide in ether with a stirred suspension of

anhydrous chromic chloride in ether and added the reaction
mixture to a rocking autoclave where they introduced carbon
monoxide at 115 atmospheres pressure. Anissimov & Nesmeyanov
claimed that temperature had little or no effect at this pressure
and so conducted the reaction at room temperature. The
subsequent treatment of the reaction mixture was the same as

that used by Hieber & Romberg. Yields of up to 22% of the

theoretical were claimed by this method.

The most recent method of synthesising the carbonyl
was published in 1947 by an American, Owen, and his co-workersas.
In this method pure anhydrous chromic chloride was suspended in
dry ether in a glass bomb liner with stirring and in an atmosphere

of nitrogen. The vessel was cooled to about -70°C. and a

solution of Phenyl magnesium bromide in ether was added slowly
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to the cold suspension. The liner was then removed from

the cooling bath and transferred to0 a2 bomb capable of being
rocked mechanically. Carbon monoxide was admitted and the
pressure ralsed to 50 atmospheres. As the temperature of the
bomb and its contents rose absorption of carﬁon monoxide took
place and this was allowed to proceed for about two hours,
during much of which time the bomb was at room temperature.
Thereafter the procedure followed that described by Hieber &
Romberg. Yields as high as 674 of the theoretical were
claimed. J

Owen et al. also published a low pressure method of

preparing chromium hexacarbonyl. A suspension of 12 grams

of anhydrous chromic chloride in ether was stirred at about
5000 r.p.m. and cooled to - 70°C. in a carbon dioxide-acetone
bath. Without interrupting the stirring 210 cc. of 2.7N.
phenyl magnesium bromide in ether was added over a'period of
one hour. The carbon diamide-acetone bath was then replaced
by an ice bath and carbon monoxide was introduced through the
gas inlet at a rate of 220 litres per hour. After about 10
minutes the mixture warmed up to - 10°C. at which temperature
the reaction began as evidénced by a change in colour. The
reaction was allowed to proceed 15-30 minutes longer, the
temperature being 0°C. during most of this period. Thereafter
the method followed that of Hieber & Romberg. Yields of up to
24% of the theoretical were obtained.  Lower stirring speeds,

lower rates of gas flow, and more concentrated solutions were

found to decrease the yield.
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When the work reported in this thesis was started

the existence of the recent American method of Owen &% al.

was not known to the author and the other methods were
therefore studied to decide which was most suitable for the
preparation of a supply of chromium hexacarbonyl. The method
described by Job & Cassal was rejected since both Windsor &
Blanchard and Hieber & Romberg had failed to obtain reasonable
yields when at%empting to duplicate the method. The method

of Hieber & Romberg was considered preferable to that of
Anissimov &‘Nesmeyanov since it was deemed that the increase
in yield from 14% to 22% claimed by the latter workers was
insufficient to justify'the increased risk and inconvenlence
of working with carbon monoxide at high pressures. It was
therefore decided to duplicate the method of Hieber &‘Romberg
and to atfempt to improve it.
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SECTION T, sosh e oewhnd of

s
ERRc

PREPARATION OF CHROMIUM HEXACARBONYL

5] T ?, oy ;',‘::‘

A. Preparation of Intermediates.

The following substances are required in the: -
preparation of chromium hexacarbonyl. |

1) Anhydrous chromic chloride (CrCls).

2) Pure dry carbon monoxide.

3) A Grignard reagent:- either ethyl magnesium
bromide (EtMgBr) or phenyl magnesium bromide
(PhMgBr) .

%) Pure dry ether and pure dry benzene.

The preparation of these intermediates is now described.

1)...Preparation of Anhydrous Chromic Chloride (Cr8ls)

The readily available commercial forms of chromic
chloride are mostly hydrates such as CrCls .§H,0. Several
firms supply "dry chromium chloride™ and this was obtained and
examined. It was found to be a basic salt of empirical
formula Cr(OH)gCly whereZ+ y = 3. None of these forms of
chromivm chloride can be dfied by heating since they undergo
auto-hydrolysis to hydrochloric acid and chromium sesquioxide.
Attempts to prepare the anhydrous chloride by passing a stream
of chlorine over chromium sesquioxide at 440°C. and'by heating
hydrated chromic chloride in a stream of dry hydrochloric acid
gas, failed to produce the substance in a pure state.

The method finally adopted was to heat metallie

chromium in a stream of dry chlorine*®.  For complete purity
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chromic chloride requires to be sublimed and the method of
preparation used was devised to effect the formation and

sublimation of the substance in one operation.

Procedure:- TFive to ten grams of finely powdered
chromium metal (99.5% pure) was weighed.and sprinkled along |
ﬁ the bottom of a silica tube (30 ins. long x 1 in. diam.) as

shown in Figure 1. The tube was filled with dry chlorine and
a steady flow of dry chlorine maintained through it. The
middle portion of the tube was then heated in an electric
furnace to over 1000°C. Under these conditions the chromium
combined with the chlorine and the chromic chloride thus
4 formed sublimed from the hot section of the silica tube and
4 condensed in the cooler sections outside the furnace as shown
in Figure 1. Some of the chromic chloride (about a tenth)
condensed in the form of a very fine powder which was carried
out of the tube and collected in a flask known as the sublimate
receiver. .

When the furnace had cooled the product was collected
and weighed, the product from the sublimate receiver being
stored separately. The product from the sublimate receiver was
a light pink-purple powder which showed no apparent sign of
erystalline form. The product from the silica tube consisted
of a mixture of deep violet lustrous flaky: crystals and
apparently amorphous violet powder. |

A considerable number of batches of anhydrous chromic

chloride were prepared by this method, a total of 500 g. being

obtained. The yields varied from 85 to 95%.
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Properties of anhydrous chromic chloride:
Colour:=- Varies from pale pink to deep viole®
according to crystalline form.
Solubility:- Insoluble in agueous or organic solvents,

\ though the presence of a trace of chromous
salt renders it soluble in aqueous solvents.
Unlike hydrated chromic chloride the sal?d
is non polar in character.

Sublimation .
Temperatures- 1065°C.

2) Preparation of Pure Dry Carbon Monoxide.

This was originally prepared by adding formic acid
to concentrated sulphuric acid and applying gentle heat, the
gas being subsequently stored over water in a 50 litre capacity
gas holder and dried before use by passing through anhydrous
calcium chloride. The carbon monoxide prepared in this way
was at least 99.95% pure as indicated by_ébsorption over
ammoniacal cuprous’chloride.

Latterly pure carbon monoxide was obtained direct
from a high pressure cylinder.

3) Preparation of Ethyl Magnesium Bromide (EtMgBr) and Fhenyl
Magnesium Brbmide (PhMgBr}).

The Grignards wereﬁ“prepared by adding ethyl bromide
(EtBr) or bromobenzene (PhBr) to a flask containing dry
Yagnesium and dry ether, the reaction being controlled by the

rate of addition of bromide and by a cooling bath surrounding

the flask. The reaction was conducted in an atmosphere of



nitrogen.

4) TPreparation of Pure Dry Ether and Pure™

'y “Benzeis.

Pure "Anaesthetic Ether" and "Analar Benzene" were

each dried by calcium chloride followed by sodium metal.

B. DPreparation of Chromium Hexacarbonyl by the Method Bf
Hieber & Romberg.

The method has already been outlined in the introduction
to this thesis (p.18 ). The apparatus had the form shown in
Pigure 2. Slight alterations to the apparatus were made
during the course of the work. These variations are detailed
below and will be referred to later.

| Apparatus A. The carbon monoxide came from a gas-
holder in which it was gtored over water. Several additional
U-tubes containing anhydrous calcium chloride were used to dry
the gas before it entered the reaction flask. The capacity
of the reaction flask was 1 litre. The importance of rigid
temperature control was not fully realised at the commencement
of the work and the thermometer was in the ice-bath and not
in the reaction flask itself.

Apparatus B. The carbon monoxide came from a high
pressure cylinder and one U-tube containing anhydrous calcium
chloride was sufficient to dry the gas. In other respects
the apparatus was as described in "Apparatus A". |

Apparatus C. This is shown in Figure }, A
thermometer was incorporated in the reaction flask which was

scaled up to 3 litres capacity. The carbon monoxide came

from a high Pressure cylinder.
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Procedure:-  The chromic chloride and ether
benzene mixture were added to the carefully dried reaction
flask, the apﬁaratus being then assembled as shown in Figure
Z. Carbon monoxide was allowed to flow through the apparatus
until the latter was considered to contain an atmmsphere
consisting almost entirely of the gas. The stirrer was now
started and its speed adjusted to give as intimate contact as
possible between the liguid and gas in the reaction flask.
Approximately 20 cc. of Grignard solution (this gquantity applies
t0 the 3-litre capacity flask used in Apparatus C. In Apparatuses
A and B the gquantity was about 5 cc.) was allowed to drop into
the reaction flask from the funnel. Very little carbon |
monoxide was absorbed for about 15 minutes, after which time
the reaction set in.

After the original addition the Grignard solution was
added in amounts of approximately five cc. at a time. After
each addition of Grignard the temperature of the reaction.
flask rose by about one centigrade degree. The freguency of
addition of Grignard was adjusted to maintain the temperature
within the required limits - usually O - 5°C. Throughout
the duration of the reaction the ice-water bath surrounding
the reaction flask was maintained at 0°C. by frequent additions
of ice. The violent stirring of the contents of the reaction
flask was continued until all the Grignard had been added and

thereafter until no further carbon monoxide was absorbed,

The contents of the reasction flask, a dark brown

liquid containing suspended solids, were then poured for
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hydrolysis into a mixture of ice and 25% sulphuric acidb :
During the hydrolysis a heavy yelloW‘fléculent-precipitate
appeared with each addition of the reaction mixture to the
acid-ice mixture. This precipitate, however, disappeared
on stirring until about half the reaction mixture had been
added to the acid. Thereafter the precipitate persisted.
When hydrolysis was complete the whole hydrolysis
mixture was steam distilled. The product which came over
first in the'steaﬁ distillate consisted mainly of ether and
contained no chromium hexacarbonyl. The bulk of the hexacarbonyl
did not distil until the ethereal layer in the distilland had
almost disappeared: i1t then came over fairly rapidly, the
white crystals almost blocking the condenser.- Soon after
this the water in the distilland boiled and thereafter no
further chromium hexacarbonyl distilled over.

- After the steam distillation the ether-benzene layer
of distillate was separated and the agueous layer extracted
several times with ether. The combined ethereal extract
was concentrated by distillation, the temperature not being
allowed to exceed 60°C. After the distillation the concentrate
was allowed to stand in an ice bath overnight to complete
crystallisation. The liquid was then filtered, the white
solid obtained being immediately put into a stoppered bottle.

The chromium hexacarbonyl thus obtained is associated
with strongly smelling organic products from which it must be
Separated by vacuum resublimation. The sublimation was

conducted at 100°C. and 20 cm. mercury pressure, the
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hexacarbonyl being condeﬁsed on a sufface maintained at 5 =
10°C..
Results:-

| Detalils of the various attempts to prepare chromium
hexacarbonyl are given in Table 1 overleaf.

In the first nine experimenté (using Apparatus B)

a study was made of the effects on the reaction of variation
in the quantity and exact composition of the Grignard employed.
Tt was found that if a large excess of ethyl bromide was used
in preparing the @rignard the onset of carbon monoxide absorption
was delayed and the subsequent reaction was unsuccessful.

It was very difficult to draw any definite conclusions from

the other results since even if the conditions were reproduced
as accurately as possible the resultant yields often differed
considerably:- viz.

Preparations (1), (2) and (6); and Preparations (8) and (9).
There did not appear to be any advantage in using excess
Grignard. Thus the yields in Preparations (9) and (11) are
actually slightly higher than in Preparation (3).

During these initial experiments it was realised
that the effect of small variations in temperature Was eveﬁ
more striking than had been originally supposed. It was
therefore decided that a closer control of temperature was
advisable and this was achieved by including a thermometer

within the reaction flask. Preparations (10 to (1L}) were all

carried out in Apparatus C. The results shown in Table 1



Prepa-
ration
Vo.

10

11

Appar—

atus

used.
(V<P

B

Grignard
Weight Weight
of 1 of Mg
EtBr (go) .
(£2) ¢

54 12
54 12
67 15
102 15
66 13.
54 12
67 15
57 12
57 12
162 36
216 43

Weight
of
CrCl*

(s.

10

10

10

10

10

10

10

10

10

30

40

)?

preparation of Chromium Hexacarbonyl by the Method of Hieber &

vol. ©r -ffolar

ether*

benzene

mixture
(cc.)e
220

220

220

220

220

220

220

220

220

420

560

ratio
of Mg

to Or.

331

3:1

10:1

10:1

8.7:1

8:1

10:1

3:1

8:1

8:1

8:1

Grams
CrC1l5

per 1.
of sus-
pension.

45

45

45

45

45

45

45

45

45

71

71

Temp.
of
reacn.

/flask

(°0.).

0 - =
Average
c. 4.5

0 - 4.5
Average
c. 4

Table I

Durat-
ion of
reacn*

Time for reacn*
to start (after
addition of

(minse)e Grignard)

90

170

(mins.)«

Yield
(g.).

Nil

0.019

1.20

Nil

Yieldl
10

based-

on Or.

Nil

0.14

3.6

Nil

2*9

5.6

1.1

3.0

9.5

7.5

3*3

COMMENTS .

Grignard added too rapidly. Temp, 1in reacn. flask rose.
Exothermic reacn. set in. No further CO absorbed and no
chromium hexacarbonyl obtained.

Reacn* apparently normal but subsequent hydrolysis seemed
to cause rise in temp, due to insufficient ice having
been added to the sulphuric acid. This may be
responsible for the low yield.

Slightly more Grignard used. Reacn. successful.

In previous Grignard preparations some unreacted Mg always
remained. Accordingly 50" excess halide was used in
preparing the Grignard. The reaction was much slower in
starting than usual and more Grignard was added* After
about 2 litres CO had been absorbed an exothermic reacn.
set in, a gas being given off and the reacn. mixture

boiling. This may have been due to over rapid addition
of Grignard.

l&"excess Ethr used in preparing Grignard. Reacn.
apparently normal though rather slow in starting. The

temp, rose rather higher than usual duBing hydrolysis.

Reacn. successful. No excess EtBr in Grignard. Mg to Cr
-ratio back to 8:1.
Grignard added too rapidly. The temp, of the reacn.
flask is believed to have risen above 5°C.
T i £ n f

Reacn. successful. ¢ RtBr was used in slight excess of
stoichiometric quantities to allow for the loss of the

compound as vapour. The Grignard was added more slowly
than in previous preparations.
Reacn. successful. More accurate temp, control achieved.
After each addition of Grignard to the reacn. flask a very
rapid absorption of CO occurred. No excessive heat was
developed during the hydrolysis.

* it T it f

h -



Table I

; (continued) L
Prepe~ | ApDDar= Brignard ) ~Vol. of | Molar | Greme | Iemp. Durat- e For reacns| Yleld Yield |"
ration | atus 'nggﬁfﬁ'fWSTiﬁf—dfof . ether- | ratio orcls of ion of |to stert (after| (g.)e o0 |1 COMMENTS .
No. used. of of Mg OrCls benzene | of Mg per 1. |reacn. |reacn. | addition of based e
(v.p EtBr (ge)e (ge)e mixture | to Cr.| of sus= f%ask (mine.).| Grignard) on Or.} - |
= (8e)e (cos)e pensione| (°Ce)e | (minsa). e
e y—TﬁIs reacn. was conducted on a very hot day, the temp. or
12 c 216 a8 40 560 8:1 71 0 -6 240 15 0.92 1.7 .|  the lab. being 31°C. It was especisally difficult to keep
Average < | the tempe. of the reacn flask low and the Grignard entering
Co 4.5 |0 it was also unusually warm. In sddition the stopper of
| the flask in which the Grignard was stored blew off
.. .| overnight exposing the solution to air. The temp. also
'vjtzrose too high during the hydrolysis. The sludge on the
| bottom of the reacn. flask after the completion of the
|- reacn. was much greater than was found in Preparations
] Nogs 10 and lle ‘ .
~ | Reachs falrly successful. The absorption of 00U after
13 c 216 43 40 560 8:1 71 0- 4 115 15 2.28 4.1 ' | each addition of Grignard was not quite so rapid as in
Average .| Preparations 10 and 1l The chromic chloride was ground
Ce 3 | by a coffee mill and nok by hand as previously. The
- “chloride was more finely and evenly ground but may have
__become _slightly hydrated and hydrolised in the process.
— || Chromic chloride agaln ground by coiffee mill. . The reachs
14 c 216 48 40 560 831 71 0 - 4,5 170 70 Nil Nil || mixture became very viscous and the stirrer could not work
Average - efficiently. The reason for the apparent increase in
Ce 345 | viscosity is not known. The reacn. took more than an hour
- | to start and even then absorption of CO was very slowe.
220ccs : :
15 B 54 12 10 ether = 8:1 45 - - - Nil Nil | Ether~chloroform mixture was used in place of ether-benzene
chlorow= w..| mixture without succese.
form. _ ‘ -
. | An thks reacn. the cooling bath was mgintained at =12"C.
16 B 54 12 10 220 8:1 45 c. =10°C.]| - - Nil Nil - he reacn. does not appear to proceed at temperatures
- | {below 0°C. Very little CO was absorbed and no chromium
. e hexacarbonyl was obtained. :
17 B 8¢ 12 10 220 8:1 45 ce =100C.| = - Nil Nil |
1" The vol. of CO absorbed was recorded by measuring the 1eveLr
18 A 54 12 10 220 8¢1 45 - 300 5 1.03 7% .| of the gasholder before and after the reacn.
“Vols of CO absorbed = 8.6 1. (corrected to N.T.P.)
. .= 0.38 mole. -
" _ EtMgBr present = 0.50 mole; OrClsz Present = 0.063 mole.
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indicate that it is important not to exceed 5°C. and it
seems possible that less than 3°C. may be rather low.
Despite the similarity of conditions in Preparations (10)
to (1)) there was considerable variation in the yields :
obtained. The low yield obtained in Preparation (12) can
be accounted for by assuming that the temperature in the
reaction flask reached too high a level. Similarly the
failure of Preparations (16) and (17) is probably due to
too low a temperature. This however does not explain the
anomalous result in Preparation (14).

An attempt to replace ether-benzene by ether-
chloroform as the suspension medium (Preparation (15)) was
unsuccessful, the yield of chromium hexacarbonyl being negligible.

Preparation (18) was performed to determine the

quantity of carbon monoxide absorbed.

C. Preparation of Chromium Hexacarbonyl by the Method of Owen,
English, Cassidy and Dundon.

A summary of Owen’s method has already beeh given
in the introduction to this thesis (p.18). Owen described two
methods of prefaring the carbonyl, one at atmospheric pressure
and the other at 50 atmospheres. An attempt was made to
duplicate and, if possible, improve the low pressure method.

A diagram.of the apparatus isshown in Figure 3.
Procedure:~- Tinely powdered anhydrous chromic chloride (12
grams) and pure dry ether (700 cc.) were added to the reaction

flask C, the apparatus then being assembled as shown in Figure

3. The stirrer was started and its speed adjusted to give
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maximum agitation and gas-liguid contact within the flask.

Freshly prepared 2.7N. phenyl magnesium bromide
was placed in the dropping funnel F and slowly added to the
reaction flask over a period of one hour. Each addition of
grignard (c. 5 cc.) was accompanied by a %emporary rise
in temperature of about 5 centigrade degrees indicating that
an exothermic reaction was taking place. When about half
the Grignard had been added the liguld in the flask became
so viscous that the stirrer slowed down and tended to stop.
Further additions of Grignard reduced the viscosity and
improved the efficiency of the stirring. When all the Grignard
had been added farbon monoxide was introduced, through the
gas inlet, at a high rate of flow and the cooling-bath was
replaced by an ice-water bath. The stirring was now
interrupted. No absorption of carbon monoxide took place
until the regction flask warmed to -10°C. at which temperature
the reaction began as indicated by a change in colour of the
reaction mixture. The absorption of carbon ndnoxide continued
for 20 to 30 minutes, during which time the colour of the
liguid in the regction flask changed from deep violet to blood
red and finally to dark brown. The temperature was at 0 - 3°C.
during most of this period.

At the finish of the reaction the contents of the
flask congisted of a dark brown liquid containing suspended

solids whose colour was masked by that of the ligquid. There
Wwas also a solid deposit at the bottom of the flask. This

appeared to consist partly of violet crystals of unreacted
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anhydrous chromic chloride. The contents of the flask were
poured for hydrolysis into a beaker containing ice,'and 3H cc.
of 6N. sulphuric acid was added. Before the hydrolysis no
chromium hexacarbonyl could be extracted from the reaction
mixture. The mixture was thoroughly stirred to ensure
adequate contact of the ethereal and aqueous portions. Yellow
and brown precipitates formed in the ethereal layer which
remained brown in colour.

The separation of the carbonyl from the hydrolysis
mixture was performed according to the method of Hieber &
Romberg (p.26). During the concentration by distillation o
the ethereal solution of carbonyl the temperature was not
allowed to exceed 45°C, as compared with 60°C. in the method of
Hieber & Romberg. The reason for the difference is the absence

of benzene from the reaction mixture in the method of Owen et 2l.

One disadvantage of Owen’s method was that the low
temperatures at which fhe reaction was performed led to increased
viscosity of the ethereal suspension with consequent difficulty
in stirring. The stirrer must keep the solid in the suspension
from settling and at the same time give good gas=-liquid contact
to encourage rapid absorption of the carbon monoxide. It was
found that a propellor type stirrer gave good agitation of the
suspension and prewented the solid from settling but did not
give good gas-liquid contact. A link stirrer gave good gas-
liquid contact but did not prevent the solid from settling.

Owen &t al. do not state what type of stirrer they used other
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than that it was metal and operated at 5000 r.p.m. The
stirrer finally devised was a combination of the link and
propellor types (see Figure 4 ) which was operated at 3000
r.p.m. and proved satisfactory in giving good gas-liguid
contact and in preventing settling of the solid on the
bottom of the reaction flask. It was made of brass because
it was found that glass stirrers broke under the high speed,
high viscosity conditions.

Results:- Seven attempts were made to prepare
chromium hexacarbonyl by Owen’s method, the details being given
below.

Preparation No. l......An ordinary brass link: stirrer was used
in this preparation. A considerable quantity of anhydrous
chromic chloride settled at the bottom of the flask and remained
unreacted at the conclusion of the experiment.

Yield of chromium hexacarbonyl = O 06 g. (0.36%)
Preparation No. 2......The stirrer shown in Figure 4 was used
in this and all subsequent preparations. During the addition
of the @rignard the stirrer stopped and about five minutes
elapsed'Before it could be restarted. By this time some of
the suspended solid had settled at the bottom of the flask in a
801id lump and the remainder was sticking to the sides. When
the stirrer was restarted it could neither wash the solid from
the sides of the flask nor break up the lumps. The solid,
bresumably a compound of the Grignard and the chromic chloride,
was thus rendered very unreactive and no absorption of carbon

monoxide took place.



FIGURE 4
BRASS STIRRER

LiNKS

PROPELLOR.
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Yield of chromium hexacarbonyl = Nil
Preparation No. 3.<....The only apparent fault in this
preparation was a temporary decrease in the speed of the stirrer
when about half the Grigmard had been added. Some unreacted
chromic chloride remained after the reaction but a considerable
quantity of carbon monoxide was absorbed.

Yield of chromium hexacarbonyl = 0.31 g. (1.9%)
Preparation No. 4e.....The stirrer stopped for about 30’seconds
during the addition of the Grignard and the reaction mixture
behaved as in Preparation No. 2.

Yield of chromium hexacarbonyl = Nil.

Preparation No. H......The stirring was extremely good through-
out the dddition of the Grignard but for no apparent reason

the suspended solid again adhered to the sides of the flask,
leaving the liquid clear. No absorption of carbon monoxide
took place at 0-5°C. and an attempt to obtain absorption by
increasing the temperature failed.

Yield of chfomium hexacarbonyl = Nil.

Preparation No. 6......The stirring remained extremely good
during the addition of the Grignard, which was added more
frequently and in smaller portions. A considerable quantity
of carbon monoxide was absorbed. _

Yield of chromium hexacarbonyl = 0.56 g. (3.4%)
Preparation No. 7......The apparently amorphous chromie'ohloride
from the sublimate receiver (see page 22) was used in this

Preparation. The finer particler.size of this form of the

chloride was expected to give greater reactivity and higher
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yields of hexacarbonyl. Unfortunately the solid coagulated
into lumps after a little of the Grignard had been added.
This took place despite good stirring and gradual addition of
the Giignard. It occurred more readily than with the crystalline
chromic chloride used in previous preparations. |
Yield of chromium hexacarbonyl = Nil.
In an attempt to improve on the yields obtained in the
preparations described above, various modifications were made
in Owen’s method, the details being given below.
Preparation No. 8......The Grignard used in this preparation
was ethyl magnesium bromide instead of phenyl magnesium bromide.
No rise of temperature was observed after each addition of the
reagent but an unusual phenomenon occurred when about three
quarters of the Grignard had been added: +the suspended solid
suddenly adhered to the walls of the flask, leaving a clear
solution. This was accompanied by a rise in temperature of
about ten centigrade degrees, indicating that an exothermi®
reaction of some sort must have occurred. The absorption of
carbon monoxide did not commence until the temperature of the
reaction flask rose t00°C; this compared with -10°C. when
using phenyl magnesium bromide. Some of the deposited solids
re-entered the liquid as a suspension and carbon monoxide was
absorbed for about 65 minutes. The quantity of carbon
monoxide absorbed was not very large compared to previous

preparations (eg. Preparation No. 6).

Yield of chromium hexacarbonyl = 0.050 g. (0.30%)
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Preparation No. 9......The carbon monoxide was introduced at
the beginning of the reaction, i.e. before the addition of
Grignard. Very slight absorption of carbon monoxide occurred
after each addition of Grignard, even at the low temperature of
-70°C. Absorption became rapid when the temperature of the
flask was allowed to rise to 0°C. and a considerable guantity
of the gas was absorbed.

Yield of chromium hexacarbonyl = 1l.15 g. (6.9%)
Preparation No.10......In previous preparations it had beén
observed that the suspended solid tended to coagulate when the
reaction was performed at -70°C. Some lumps of solid always
formed and it is likely that the solid would be less reactive
in this form. As appreciable absorption of carbon monoxide did
not begin until the temperature of the reactants rose to -10 -0°C.
it was decided to carry out the whole reaction at approximately
0°C. It was not found possible to add all the Grignard and
then introduce the carbon monoxide as this caused a very rapid
absorption of the latter accompanied by a sudden rise in
temperature. The carbon monoxide was therefore introduced
from the start of the experiment and the Grignard was added at
a sufficiently slow rate to maintain the temperature below 5°C.
The method was thus similar to that employed by Hieber & Romberg,
the differences being in the strength and composition of the
Grignard and the use of ether instead of ether-benzene mixture

as the suspension medium.

Yield of chromium hexacarbonyl = 0.78 g. (4.6%).

Preparation No. 11......This was a repetition of Preparation 10
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with the exception that the fine amorphous ehromic chloride
was used. . The coagulation observed when using this form
of chromic chloride at =70°C. did not occur at 0 - 5°C.

Yield of chromium hexacarbonyl = 1.77 g. (10.6%4)
Preparation No. 12......This preparation was carried outjin
order to establish whether commercial "dry chromium chloride"
(see p.21 ) could be used in place’ of the anhydrous variety.
The reaction was unsuccessful, no carbon monoxide being absorbed.

Yield of chromium hexacarbonyl = Nil.

Table II summarises the various attempts made to
prepare chromium‘hexacarbonyl by the method of Owen et. al.
(with and without modifications), the yields obtained being
given. For convenience, the following abreviations are used:-
A.G. After the addition of the Grignard.

B.G} Before the addition of the Grignard i.e. Prom the start
of the reaction.
C. Crystalline anhydrous chromic chloride.
A. Apparently amorphous anhydrous chromic chloride.
B. Commercial "pure dry chromium chloride" - Probably basiec.
Results. '

(a) The maximum yield of chromium hexacarbonyl
obtained by Owen’s method was 3.4% of the theoretical. (Yield
claimed by Owen et al. = 24%). )

(b) It is essential to maintain continuous fast
stirring during'the carbon monoxide absorption stage of the

Preparation.

(¢) Introduction of the carbon monoxide before the
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addition of the Grignard improves the yield considerably.
This is probably due to the resultant exclusion of air.

(d) The cooling of the chromic chloride suspension
to -70°C before the addition of the Grignard was found to be
of no advantage, better yields being obtained when the whole
reaction was carried out at approximately 0°C. |

(e) The apparently amorphous finely powdered
anhydrous chromic chloride is unsuitable for the preparation
of chromium hexacarbonyl when the reaction is conducted at -70°C
but gives better yields than the crystalline variety when the
reaction temperaturé is 0°C. '

(f) Thenyl magnesium bromide cannot be successfully
replaced by ethyl magnesium bromide when the Grignard is added
at -70°C.

(g) No yield of chromium hexacarbonyl is obtained if
the anhydrous chromic chloride is replaced by commercial "pure

dry chromium chloride".

D. ZXttempt to Prepare Chromium Hexacarbonyl by the Method of

Kocheshkov, Nesmeyanov, Nadj, Rossifiskaya, and Borissova.

Kocheshkov gg;gg.*‘ prepared molybdenum: and tungsten
hexacarbonyls by a modification of the method of Hieber &
Romberg in which they replaced the Grignard reagent with
powdered zinc. They stated that at the time of publication
of their paper they had not attempted to apply the method to

chromium hexacarbonyl. In view of the similarities between

previous methods of preparing chromium,molybdenum and tungsten
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hexacarbonyls this seemed rather strange. Nevertheless,

the author made several attempts to prepare chromium
hexacarbonyl by this method. The procedure followed that of
Hieber & Romberg (p. 2¢ ) with the exception that, instead of
adding small portions of Grignard to the reaction flask, an
equivalent gquantity of powdered zinc (Molar ratio Zn/Cr = 10/1)
was added in five portions. Ether benzene mixture was used as
the suspension medium and the reaction was conducted at 0-5°C.
The pressure of carbon monoxide in the reaction flask was
maintained slightly above atmospheric during the addition of
each portion of zine, in order to prewent air entering the
flask. ©No carbon monoxide was absorbed and no chromium
hexacarbonyl obtained.

Resul%.

The method of Kocheshkov et al., for preparing

molybdenum and tungsten hexacarbonyls from zinc and anhydrous
chromic chloride in ether-benzene suspension exposed 0 carbon

monoxide, is not applicable to chromium hexacarbonyl.

E. Discussion of Réaction Mechanism.

All the groups of workers who have published
literature on the preparation of chromium hexacarbonyl disagree
regarding the reaction mechanism. ,

1) Job & Cassal  studied the organic compounds
formed by the Grignard reagent, phenyi magnesium bromide in
presence of chromic chloride and carbon monoxide. By involved

Drocesses of fractional crystallisation and fractional

distillation they isolated the following compounds from the
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reaction product:-
(1) Chromium hexacarbonyl Cr(CO)e

(2) TPhenol Ph.OH |

(3) Diphenyl Ph.Ph

(%) Benzophenone Ph.CO.Ph

(5) Benghydrol Ph.CH(OH).Fh

(6) Triphenyl vinyl alcohol CPhg:C(OH).Ph

(7) Triphenyl carbinol CPhe.OH

(8) Benzaldehyde FPh.CHO

(9) Benzopinacol C(OH)Fhg .C(OH)Phe

(10) Benzoin Ph.CO.CH(OH).Ph

(11) Triphenyl methane CHPhg

(12) Benzil Ph.C0.CO.Ph

The presence of all these compounds except chromium

hexacarbonyl can be accounted for if the initial formation of
benzil and benzophenone is assumed. Job & Cassal quote a
large number of previously established reactions to support
- this. On this basis Job & Cassal suggest that the compound
originally formed when phenyl magnesium bromide, chromic chloride
and carbon monoxide react is a complex of the type shown below,
containing chromium, phenyl groups, and at least six carbonyl
groups . The structural formulae shown below are reproduced

exactly from the publication of Job & Cassal.

G, Hs ¢ Hs ¢Hs CO CO  GHs
co co co |co or co ¢
Cr Cr ¥ T Gl
co co CO |GHs CO CO  (H,
GEs . GEs |
o z
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These complexes could then decompose in different
ways, giving chromium hexacarbonyl, benzil, and bgnzophenane
as decomposition products.

Job & Cassal produce no direct evidence of the
existence of these intermediate?complexes.

2) Hieber & Romberg” studied methods of improving
and simplifying Job’s reaction. They fougd that ethyl
magnesium bromide could be used instead of phenyl magnesium
bromide without affecting the yield of carbonyl. They also
obtained molybdenum hexacarbonyl and tungsten hexacarbonyl
by a similar method and established that the three compounds
were isomorphous.

They believe that the Grignard first reduces the
chromium to a lower valency state and quote two equations
given by Hein when discussing his work on phenyl chromium
halides.

4 CrCly + 5 PhMgBr > PhaCrBr + 3 CrCly + 3 MgCly + 2 MgBrg
4 CrCl, +‘4 EhMgEr-a-Ph*chl + 3 CrCl + 2 MgCly + 2 MgBrg

Chromium in this lower valency state is more reactive
and may form organometallic compounds, presumably of the type
PhyCr, PhaCr or PhpCr. These compounds would react with
carbon monoxide forming a carbonyl of the organometalliec
compound. Such a carbonyl would have a formula of the type
BeCr(COJy where R is an alkyl or aryl group and X+ y = 6.
Finally the organometallic carbonyl would dispropoftionate
with the formation of the hexacarbonyl. Alternatively, the

Organometallic compound originally formed might be converted
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to a carbonyl directly by the replacement of alkyl or aryl
radicles with carbonyl groups:-

0 : Ph @ K4 b X X
9 Crx + IC;:O:-)gCr,?c.;O‘: + PaxPn
0 o Th . S0 o ' . '

In the above equation the symbols (o ), (%X ) and ( » ) represent
the electrons belonging to the chromium, phenyl and carbon
monoxide respectively. The incomplete carbonyl would then
have to disproportionate to form chromium hexacarbonyl.

, In support of their theory Hieber & Romberg point
out tha® disproportionation reactions of the type they assume
have been found to give the hexacarbonyl
2 Cr(CO)ahs + 3& > cr(co)s 00 s 61 + 1.5 Hy

where ’A? is a neutral molecule;

3 0r(C0)aRe + 60 > Cr(C0)e + 2 Or '+ 12R + 3 Hy

whére ’R? is an ofgﬁnic'resi&ue caﬁable'of undergoing
further reaction.

The poor yield is partly explained by the fact that
in the hydrolysis free carbon monoxide and hydrogen are given
off, presumably due to reactions of the type:-

2 0r(CO)als + 6H] => 20r' '+ fa + $00 + 3 H,

Thé organic compoundé fouﬁd by 5ob are said to be
due to the fact that the carbon monoxide combined w1th chromium
in compounds of the type RxCr(CO)y would be exceptlonally |
active if it were liberated by the decomposition of the complex.

This active carbon monoxide would then combine with other

organic residues.
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3) Kocheshkov, Nesmeyanov, Nadj, Rossinskaya
& Borissova?‘ repeated the experiments of Hieber & Romberg
using a zinc suspension instead of a Grignard reagent.
Molybdenum and tungsten hexacarbonyls were prepared in this
way, the yields actually being superior to those obtained
by Kocheshkov et. al. when using the Grignard. Anissimov &

Nesmeyanov applied the method to chromium using high pressures
and replacing ether=benzene by methyl or ethyl alcohol as a
suspension medium. They obtained very small yields of .
chromium hexacarbonyl in this way.

Kocheshkov et al. do not agree with the theories

of Hieber & Romberg or Job & Cassal. They believe that the
main function of the Grignard is to reduce the chromie chloride
to a lower halide which would then react with carbon monoxide
to give chromium hexacarbonyl and chromic chloride.

e.g« 3 CrCl + 12C0 > CrCls + 2 Cr(CO)e-

Kochleshkov éi_gi. do not claim to have fully elucidated the
mechanism of the reaction. .

4) Owen, English, Cassidy & Dundon?’ do not advance
any theory for the reaction mechanism but give their opinion
that none of the previous theories is correct. They base
this opinion on the fact that they have treated a mixture of
prhenyl chromium bromides with carbon monoxide under pressure
and failed to obtain any chromium hexacarbonyl. Compounds
of this type were assumed by Hieber & Romberg to be intermediates

in the formation of the hexacarbonyl. They also replaced the

chromic chloride used in previeus methods by chromous chloride
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prepared by reducing chromic chloride with hydrogen at

450°C. They obtained only very poor yields of chromium
hexacarbonyl by this method although Hieber & Romberg and
Kocheéhkov et al. had assumed that chlorides of chromium of
lower valency than chromic chloride were intermediates in the
formation of the hexacarbonyl.

Owen et al. also established that a compound formed

by the reaction of equimolecular proportions of Grignard and
chromic chloride appears to be an intermediate in the reaction.

Critieism of the Theories &n Reaction Mechanism.

1) Theory of Job & Cassal.

(i) No experimental evidence is produced to confirm
the constitution or even the existence of the hypothetical
complexes vital to the theory.

(ii) The maximum yield of chromium hexacarbonyl
obtainable from the decomposition of the complex intermediates
rostulated by Job & Cassal would correspond to 50% of the
chromium originally present. Owen et al., howevér, have
obtained conversion of over 60% of the chromium to the
hexacarbonyl. w

(iii) Owen et al. established that the first
intermediate formed was produced by the reaction of one mole
of Grignard with one mole of chromic chloride. The theory
of Job & Cassal does not explain this. B

| (iv) The theory does not explain the significant

effeet of increased pressure on the yield.
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2) Theory of Hieber & Romberg.

(i) This theory claims that phenyl chromium halides
of the type prepared by Hein and/or lower valency chlorides of

chromium are intermediates in the reaction. Owen et al.,

however, have attempted without success to react carbon
monoxide with the phenyl chromium haiides as prepared by Hein.
They also failed to obtain any absorption of carbon monoxide
when.using chromous chloride in place of chromic chloride.

(ii) The theory is based on the formation of
intermediate organometallic compounds of chromium; yet-tungsten;
which gives a higher yield of carbonyl by this method when
either chromium or molybdenum has the least tendency to form
organometallic compounds.

(iii) As in the theory of Job & Cassal there is an
absence of concrete proof of the preéenee of the intermediates
essential to the theory.

3) Theory of Kocheshkov et al.

This theory is much less precise than the previous
two and is, therefore, less liable to detailed criticism on
specific points.

(i) The complex organic products found by Job & Cassal
prove that there is more in the reaction than a simple
reduction and substitution.

(i1) Owen &t al. failed to obtain a good yield of
chrbmium hexacarbonyl when using chromous instead of chromic

chloride. This suggests that the Grignard does not function

simply to reduce the chromium to a lower valency state.
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(iii) The theory does not explain the intermediate
discovered by Owen when one mole of Grignard is allowed to
react with one mole of chromic chloride.

The reaction mechanism in the formation of chromium
hexacarbonyl is thus very uncertain and it seems unlikely
that any of the theories so far advanced is absolutely correct.
It is possible that several completely different reaction
mechanisms are involved, the mechanism depending on the
conditions of the experiment, but this seems unlikely in view
of the similarity between the various methods of preparation.

An explanation of the reaction mechanism should be
consistent with the following facts:-

1) The reaction is very sensitive to temperature when

conducted at atmospheric pressure, the narrow temperature range.
of 0 - 5°C being essential for optimum yield (Established by
Hieber W and confirmed by the author (p.27).

2) The mature of the solvent used for suspending the anhydrous

chromic chloride is of importance. Ether alone (Owen &t aT *e

Anigsgimov & Nesmeyanov?a), acetone and methyl and ethyl
alcohol (Anissimov & Nésmeyanov’si have been used with some
success but ether-chloroform appears to be ineffective (author
(p.28) ).

3) There is an intermediate product formed when one mole of
phenyl magnesium bromide and one mole of anhydrous chromie
chloride are allowed to react to completion. Ireatment of
this intermediate with carbon monoxide leads to good yields

of chromium hexacarbonyl but if more than one mole of Grignard
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is allowed to react to completion with one mole of chromie
chloride, the intermediate formed will not readily absord
carbon monoxide and very poor yields of the hexacarbonyl are
obtained. The intermediate is soluble in ether and is not
chromous chloride (CrClg), pentaphenyl chromium bromide
Gﬁh,CrBr), tetraphenyl chromium bromide (Ph,CrBr) or triphenyl
chromium bromide (PhsCrBr). (Owen E‘t_ﬂ.sg).

4) When preparing the carbonyl by Owen’s low pressure method
the intrdduction of carbon monexide from the beginning of the
reaction gives better yieldsg;than if it is not introduced
until after the addition of the Grignard (Author (p.35) ).

5) Continuous fast stirring is a vital factor in the low
pressure methods of preparing the carbonyl (Owen §E:§§.”
confirmed by the author (p.35) ).

6) The reaction product is liable to contain numerous organic
reaction product®s of the type described on p.38 of this thesis.
(Job & Cassal ).

7) The molar ratio of Grignard to chromic chloride must be
greater than 5:1 for optimum yield (Owen et al. )

8) The yield is not sensitive to small changes in the above
ratio provided it is greater than 5:1. (Owen §§;§1.°’;
confirmed by the author (p.27)(and Table I) ).

9) fThe yield is influenced by the pressure at which the
absorption of the carbon monoxide is conducted, higher yields
being obtained with increased pressure. (Owen EE_EE'Q’)

10) The maximum yield obtained corresponds to a conversion of
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. so
67% of the chromium to hexacarbonyl (Owen et al. ).

113 No chromium hexacarbonyl can be obtained from the
reaction mixture until it has been hydrolised by dilute
sulphuric acid. This is agreed by all workers on the subject.
12) The volume of carbon monoxide absorbed appears to depend
on the amount of Grignard used. Job & Cassal stated that
carbon monoxide was absorbed in equimolecular propor}ion to

the quantity of Grignard usedaa. Hieber & Romberg:a7 found
that the amount of carbon monoxide absorbed was roughly
proportional to the amount of Grignard used but did not agree
that the proportion was necessarily equimolecular. In a
confirmatory determination the author (Table I) found that the
molar ratio of carbon monoxide absorbed to Grignard present
was approximately 3/h.

13) The presence of ethyl bromide in the reaction mixture delays
the onset of carbon monoxide absorption in the method of Hieber
& Romberg. (Author (p. 27) ).

14) Tt is possible to obtain wery small yields of chromium
hexacarbonyl by reacting chromic chloride and carbon monoxide
under pressure in presence of zinc dust, the suspension medium
being methyl or ethyl alcohol. (Anissimov & Nesmeyanov ' ).

All these facts can be accounted for if the existence
of an unstable intermediate alkyl or aryl chromium halide of
formula RCrCl, is assumed. (R is an alkyl or aryl group, its
composition depending on the Grignard used). In the following

discussion the Grignard compound is taken to be prhenyl magnesium
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bromide (PhMgBr) but the proposed reaction mechanism could
be applied to any other suitable Grignard.
The initial reaction would then be between egquimoleculax

proportions of Grignard and chromic chloride R

2 PhMgBr + 2 CrCle —> 2 PhCrCly + MgBra + MgCle @
The existence of.such an intermediate wéuld explain the
sensitivity of the reaction to temperature (Fact 1). Presumably
temperatures above 5°C. would decompose it. The importance of
the solvent used for suspending the chromic chloride is also
explained. It is presumably essential that the intermediate
be soluble in the solvent (Fact 2). It also seems likely that
the intermediate discovgred by Owen EE_E}' (Fact 3) could only
be a compound of this type. The intérmediate (PhCrCIa) would
almost certainly be unstable to oxygen since similar compounds
prepared .by.Heinf‘a showed this instability. This would explain
the improvement in yields, obtained by the author when using |
Owen’s method, if air was excluded from the reaction mixture
by introducing carbon monoxide from the start of the reaction
(Fact 4). Reaction of the intermediate with further Grignard
reagent would probably lead to the formation of the type of
bhenyl chromium halides observed by Hein.*8 (Phs CrBr ,PhyCrBr,Phy
CrBr), This would explain the deleterious effect on the yield
of hexacarbonyl of reaction to completion between the
intermediate and further Grignard observed by Owen (Fact 3).
The importance of continuous fast stirring would be in the
prevention of the accumulation of local high concentrations of

Grignard (Fact 5).
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The intermediate phenyl chromium dichloride

(PnCrCls ) would then react with further Grignard in presence

of carbon monoxide to give a phenyl chromium cafbonyl of

the type PhgCr(CO)y where x+ y = 6. A typical reaction of

this sort would be:- |

PhCrCl, + 2 PhMgBr + 4 CO —> PhpCr(CO), + MgBre + MgCly + Pn (2

The free phenyl groups formed could react with each other and

with carbon monoxide to give benzophenone (Ph.CO.Fh) benzil

(Ph.CO.CC.Ph) and diphenyl (Ph.Ph). The benzophenone and

benzil could then react with additional Grignard in the manner

described by Job & Cassals5 (Fact 6). Side reactions of the

type studied by Hein.*8 would of course be liable to occur

throughout the carbon monoxide absorption stage of the

preparation and the predominance of these would contribute to

the low yields obtained by many workers.

5 PhMgBr + 4 CrCls =>Ph CrBr + 2 MgBr, + 3 Mglly + 3 CrClp @

In the final hydrolysis the phenyl chromium carbonyls (Phx Cr(CO)y,

X+ y = 6) would disproportionate to form chromium hexacarbonyl.

e.g. 3 PheCr(C0)s + 3H'->2 Cr(c0)e + Or***s 1.5H; + 6 Pn ®

The existence of compounds of the phenyl chromlum carbonyl type

is known, Hieber & Mzuhlbauer having prepared tripyridine

chromium tricarbonyl (CsHsN)s Cr (CO)s and dipyridine chromium

tetracarbonyl (CgHsN)s Cr (CO)y .  Moreover disproportionation

reactions of the type shown in Equation (4) have been found to

yield the carbonyi??

2(CeHeN)s Cr (CO)g + 3H' -><::e(cc>)6 +Cr " TH 60gHgN + l.5Hg

The:reaction mechanism suggested above would explain
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the fairly high molar ratio of Grignard to chromic chloride
$:1) necessary for optimum yield (Faet 7). For the reactions
gshown in Equations (1) and (2) a molar ratio of at least 3:1 |
would be essential. The existence of side reactions between
the Grignard and compounds such as benzil (Ph.C0.CO.Ph) would

consume additional Grignard:-

Ph Ph
Ph.CO.CO.Fh + 2 FhMgBr —> ?h—-é . Ph @
| | C')MgBr f!'}MgBr

Job & Cassalss have shown that such reactions almost certainly
do take place. When sufficient Grignard is present to conduct
reactions of the type shown in Equations (1), (2) and (5) the
addition of still further Grignard would be unlikely to affect
the yield of hexacarbonyl (Fact 8).

Reactions of the type shown in Equation (2) produce
phenyl chromium carbonyls of formulae Ph,Cr(CO)y where Z+ y = 6.
The composition of the phenyl chromium carbonyls is gl:.kely
to depend on pressure, the carbon monoxide content iﬁéreasing |
with increasing pressure. The higher the carbon monoxide
content of the complex the greater is the possible yield of
chromium hexacarbonyl when it disproportionates during the
hydrolysis (Fact 9). The formation of chromium hexacarbonyl
by the disproportionation of phenyl chromium carbonyls imposes
a limit on the yield, the limit depending on the composition of
the phenyl chromium carbonyl. If the compound were Phz;Cr(CO)

as it might well be at low pressures of carbon monoxide the

maximum possible conversion of chromium to hexacarbonyl would
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be approximately 16%; if the compound were PhCr(CO)s; the
theoretical maximum conversion of chromium to hexacarbonyl
would be approximately 84%. Since the maximum conversion
of chromium to hexacarbonyl obtained by Owen was 67% it
seems possible that the principal phenyl chromium carbonyl
present in this case would be PhaCr(CO0), (Maximum conversion
would correspond to 67%4) (Fact 10).

, The formation of phenyl chromium carbonyls also
explains why it is impossible to obtain any chromium hexacarbonyl
from the reaction mixture until after it has been hydrolised
(Fact 11). The hexacarbonyl is not formed until the phenyl
chromium carbonyl disproportionates during the hydrolysis.

If it is assumed that the composition of the phenyl
chromium carbonyl is determined by pressure rather than by
aveilability of Grigmard the amount of carbon monoxide absorbed
will depend on the amount of Grignard present (Fact 12). This
would only apply to concentrations of Grignard corresponding
to a molar ratio Grignard/Chromic Chloride of 5/1 or less.

If excess CGrignard were available the amount of carbon
monoxide absorbed would depend on the composition of the phenyl
chromium carbonyl complex. Thus if the complex were PhgCr(CO)
the molar ratio of CO absorbed/chromic chloride would be
approximately 1.5/1 allowing for the absorption of some carbon
monoxide by free phenyl groups. Similarly if the complex
were PhCr(CO)s the molar ratio would be approximately 7/1.

The carbon monoxide absorption quoted by Job & Cassal corresponds
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t0 a value for the ratio of 5.9/1 while Hieber & Romberg
found that the ratio averaged about 4.5/1 with a maximm of
6/1. The author obtained values varying from O to 6/1.

Owen et al., Kocheshkov et al., and Anissinov & Nesmeyanov did

not measure the quantity of carbon monoxide absorbed. The
theory thuls gives values for the ratio which are in accord
with the experimental results.

The delay in the onset of carbon monoxide absorption
caused by the presence of excess ethyl bromide when using ethyl
magnesium bromide as the Grignard can also be accounted for
by this theory. The unstable initial intermediate;, ethyl
chromium dichloride (EtCrCl; ) is presumably decomposed by the
ethyl bromide.

EtCrCl; + EtBr —>»CrClyBr + 2 Et.

o

The free ethyl radicles would presumably undergo further reaction.

Until the ethyl bromide has been destroyed as indicated above
the ethyl chromium dichloride cannot react with further'Grigﬁard
(Fact 13).

Finally, the reaction of Anissimov & Nesmeyaﬁov must
be considered (Fact 14). They obtained very small yields of
chromium hexacarbonyl by using zinc dust in place of a Grignard.
It is significant that they carried out the reaction in a
methyl or ethyl alcohol medium instead of the usual ethér or
ether-benzene medium. The author attempted to conduct their

reaction in an ether-benzene medium and failed to obtain any

yield of hexacarbonyl. It is possible that & different
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intermediate is formed in this case and that it is soluble
in alcohol but not in ether. It is also conceivably possible
that reactidns of the type shown below were“:taking place:-
2 CrCly + 2 Zn + 2 MeOH —»2 MeCrCl; + ZnCly + Zn(OH),
2 MeCrCl, + 3 Zn + 8 CO + 2 MeOH = 2 MegCr(00), + Zn(OH), +22nc1,
3 MeoCr(CO), + 3 HY —> 2 Cr(CO)s + cxtty 6 Ma + 1.5 H,
Only a very small proportion of the reactants would require to
react aé above since the final yields were very small.

The foregoing explanation of the reaction mechanism
in the formation of chromium hexacarbonyl is based on the
results of all the workers on this subject, including the author.
It is not claimed that the theory has been proved but it is
believed to be the only one which accords with all the known

facts on the subject.

F. Anslysis of Chromium Hexacarbonyl.

A sample of combined product from the varioué methods
of preparation was analysed for chromium content by the method
desceribed by Job & Cassa].s*. The carbonyl was decompeéed by'
fuming nitric acid and the resultant product ignited to
chromium sesquioxide (CrgOs). The analysis was done in
duplicate, the results being given below.

Found: Cr 23.5%, 23.3% : Cr(CO)e¢ requires Cr 23.6%.

The results of thé analyéis are in Agood agreement wii:h the
theoretical figure.

CONCLUSIONS - Section 1.

1) Chromium hexacarbonyl can be prepared by the

method of Hieber & Romberg and the method of Owen, English
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Cassidy & Dundon though the yields obtained by the author

were less than those quoted by the original workers.

Yield quoted by Yield obtained
Method of Preparation original workers. by author
Hieber & Romberg % 9.5%
Owen et al. % 3 4%

The essential difference ﬁetween the two methoés is:
that Owen et al. conduct a stage of the reaction at - 70°C
while Hieber & Romberg conduct the whole reaction at temperatures
over 0°C. The low temperatures used by Owen é@;gi. appear to
‘reduce rather than increase the yield. The author obtained a
yield of 10.6% when following a modification of Owen’s method
which eliminafed the low temperature stage. It is of interest

7
to note that Kocheskkov et al. obtained yields of less than

6% when attempting to duplicate Hieber’s method of preparing
the hexacarbonyls of chromium, molybdenum and tungsten.

2) In order to obtain satisfactory yields from
elther of the above methods of preparation the following
conditions must be achieved during the carbon monoxide absorptiom
stage of the preparation:-

1) .. Continuous fast stirring.

2) .. Rigid temperature control (0-5°C).

3) .. Exclusion of air from the reaction flask.

4) .. The chromic chloride must be of the anhydrous

variety and should preferably be in the form of

a fine amorphous powder.

3) The method of Kocheshkov et al. for the preparation
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of molybdenum and tungsten hexacarbonyls is not applicable to
chromium hexacarbonyl.

4) A reaction mechanism for the formation of chromium
hexacarbonyl which is in accord with the known facts can be
propounded 1f the existence of an intermediate compound . (PhCrCl, )
is assumed. It is proposed that chromium hexacarbonyl is formed
by reactions of the type shown below:

2 PhMgBr + 2 CrClg—>2 PhCrCl, + MgBrp + MgCls
PhCrCle + 2 PhMgBr + 4 CO —> PheCr(CO), + MgBry + MgCly + Ph
3 PhoCr(C0), + 3 HY wdrelygis 5 or(co), + crt**+ 1.5 Ha + 6 Ph.

- e mn s o = o ow on
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Section II
STABILITY OF CHROMIUM HEXACARBONYL.

A. Properties of Chromium Hexacarbonyl.

1) Crystalline Form:- The pure product is in the
form of colourless, orthorhombic crystals up to 1 cm. iﬁzlength.

2) Solubility:~ Chromium hexacarbonyl is slightly
- soluble in benzene, ether, alcohol, acetic acid, chloroform and
carbon tetrachloride but is insoluble in aqueous solvents.

3) Melting Point:- The compound sublimes slowly
&t room temperature and pressure (A small quantity left exposed
on a watch glass disappeared overnight). On heating the
crjstals in air they sublime more and more rapidly until at
210°C. they burst into flame and decompose violently, leaving
a residue of chromium sesquioxide. If heated in & sealed tube
chromium sesquioxide -melts at 149-150°C. under its own wvapour
Pressure at that temperature.

L.} Specific Gravity:- The specific gravity of
chromium hexacarbonyl at 18°C. is 1.77.

5) Heat:- The effect of heating in air has already
been described (Property 3). If heated in an inert atmosphere
in a Sealed tube chromium hexacarbonyl vapourises at 150°C and
at about 200°C. shows signs of decomposition. A% 230°C. it
forms a metallic mirror on the surface of the tube and carbon
monoxide can be recovered when the tube is opened.

6) Stability:-

(1) '

Water or dilute acids have no action on chromium

hexacarbonyl.
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(ii) Concentrated nitric acid causes decomposition only
after a considerable time.

(iii) Bromine and iodine have no action although they readily
decompose nickel carbonyl.

(iv) Fuming nitric acid (4.8° Baume) attacks the compound
forming chromium nitrate, carbon momekide and carbon
dioxide being evolved.

(v) When in solution the compound slowly decomposes if
exposed to light, a brown floculent precipitate béing

formed.

B. Decomposition of Chromium Hexacarbonyl Solutions.

Although chromium hexacarbonyl is very stable to
most chemical reagents, its solutions were found to decompose
on standing, a gelatinous precipitate, usuallj brown in colour,
being formed. The exact reason for this decom@osition'was
uncertain but light seemed to promote the reaction. If
chromium hexacarbonyl is to be a suitable petroleum additive i%
is importapt that its solutions be as stable as possibie. It
was therefore decided to study the decomposition of chromium
hexacarbonyl solutions with a view to delaying or preventing
decomposition. The composition of the gelatinous precipitate
formed when solutions of chromium hexacarbonyl decompose, is
not known. The precipitate varies from pale green to dark
red-brown depending on the conditions and tends to darken in

colour on further exposure to light. If the precipitate is

filtered and allowed to dry it appears as a dark brown amorphous

powder which, if strongly ignited, leaves a green residue of
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chromium sesquioxide thus proving chromium to be presentlin
the precipitated decomposition product(s).

A study was made of the factors influencing the
decomposition of chromium hexacarbonyl solutions.

1) Effect of Solvent.

Chromium hexacarbonyl was dissolved in 10 cc. of
various solvents at a concentration of 1 gram per litre, the
solutions being placed in corked test tubes and exposéd to
sunlight. The results are given in Table III. During this,
and all subsequent eprsure tests, the solutions were examined
every H minutes for the first 30 minutes, every 15 minutes for
the following 90 minutes, and thereafter at intervals of 60
minutes. Only those examinations which revealed any significaﬁt
change in the appearance of the solutions are recorded in the

Tables. The following abbreviations are used in the Tables -

ac. coe acid

cls. ces colourless "

col. oo colour ;

P.C. <o precipitation complefé‘
gel. “eee gelatinous. J

The results in Table III indicate that the nature of
the solvent does not appear to affect the course of the
decomposition although the'iate of decomposition may vary from
one solvent to another. ,df the solvents tested benzene,

chloroform, H-heptane, iso-octane and pool petrol appeared to

rermit decomposition at approximately equal rates, while with



The Decomposition

. Lol ' .
of Solutionfiief Chromium Bexacarbonyl in Various Solvents.

Table III

(Concentration of Solutions

= 1g./1¢)

ApPearance oF SoTutich EFTer FXposUre To SUnlights

Solvent Duration}of Exposure (minutes. '
0 5 10 20 30 60 - 120 180 240 3000
e Soln. clear
Benzene Clear, Clear, Pale straw |Straw cole. |Pptes cls. Ppte. P.Ce
colourless. |colourless.|colour. Small brown |becoming beconming - - o
Pptoe ' heaviers. darker in
' colour.
i - Soln. clear
Carbon Straw cole |[Straw cole ;Colour Colour Heavy cls. Ppte. P.Ce.
tetrachloride " " " No ppte. deepening deepening. |brown gel. |becoming
: , : but no Becoming Ppte. darker in
Ppte. cloudy » colours.
R B Soln. clear
Chloroform Very faint |Faint Brown gel, |Ppte. cls. Ppte P.Ce
" yellow yellow ppte. Soln. |hecoming becoming -
colour. colour. yellow, | neaviere. darker #&n
- colour. .
Bright & SoIln¥s col.
Diethyl Bright Yellow yellow cols |Ppte. No visible {diminishing{Ppte. Soln. clear P.Ce
ether " yellow colour Gel. pptes; |pecoming change. Ppte. now darkening cle.
colour, becoming col. masked |heaviers green-brown |in colour. |Brown gel.
brighters by soln. in colour. ' pte.
- o Soln., clear
n-Heptane " Clear, Pale straw |Brown gel. [Ppte. cls. PeCe - -
‘ colourless.| colour. prte. becoming Ppte.
E neaviers darkeriin
b . coloulre
iso=Octane T — —_— —
— " " 4] " " LJ "
' 1
. To pptes
Pool Gas 0il |Yellow, No visible | No visible | No visible fio visible | No visible |No vieible [No visible |but soln. Brown gel.
viscous. change. change. change. bhange changes changes change. becoming pPptee.
darker in
colours.
Pool Petrol Clear, Clear, Clear, Brown gel. Pptee Ppte. No visible P.Ce - —
yellow, yellow, yellow,. Pprte. pbecoming becoming change.
darker in :

neaviers.

colour,
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carbon tetrachloride and Pool Gas 0il the rate of decompesition
was considerably less. Ether solutions decomposed in a
slightly different way, the initial decompositon product
being soluble and imparting a bright yellow colour to the
solution. | |

In subseguent tests only hydrocarbon solvents were
used.

2) The Stability of a Chromium Hexacarbonyl Solution under

Totdl Exclusion of Light and Oxygen.

A stoppered ’Quickfit’ test tube completely full of
a saturated solution of chromium hexacarbonyl in n-heptane was
placed in a closed, light-tight container, and left for one
year. When re-examined, the solution was still clear and free
of precipitate, indicating thaf no decomposition had occurred
during the period. A similar result was obtained with a
solution of the hexacarbonyl in ether.

3) THE Stability of a Chromium Hexacarbonyl Solution under

Total Exclusion of Light but in Presence of Air.

The above conditions were achieved by slowly bubbling
air through an n-heptane solution of chromium hexacarbonyl in
complete darkness. Air was drawn through the solution by an
aspirator at a rate of 1 litre per hour. The rate of flow
of air was maintained at this low value because a high rate of
flow might have entrained appreciable quantities of chromium

hexacarbonyl and li-heptane.

After running the test continuously for seven days
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the solution was examined and found to be clear and free of
precipitate. That this was not due to the entrainment of
all the chromiuﬁ hexacarbonyl by the air was proved by exposing
to light the clear solution after the test. Decomposition
soon set in, a red-brown precipitate forming.

A solution of chromium hexacarbonyl is therefore
gtable in presence of oxygen provided that light is excluded.

4) THe Effect of the Presence or Absence of Oxygen on the

Stability of a Chromium Hexacarbonyl Solution Exposed to
Light.

T'wo cubic centimetres of a freshly prepared saturated
golution of chromium hexacarbonyl in ﬁ-heptane were added to
each of two test tubes fitted with ground glass necks and
stoppers. The dead space in one of the test tubes (A) was
filled with nitrogen and the stopper quickly inserted to
minimise any possible leak in of oxygen from the atmosphere.

No greagse was used in the ground glass joint because n-heptane
dissolved a yellow component from the grease giving a yellow
colouration to the solution. This colour might mask the
formation of a decomposition product. Sealing of the joint was
effected by sliding the stopper home with both ground glass
surfaceSdry and sealing the top of the joint with acetone
soluble varnish which resisted ﬁ-heptane successfully after it
had hardened. The dead space in the second test tube (B) was

filled with oxygen and sealed in a similar manner. Both test
tubes were then exposed to daylight and examined at intervals.

Details are given in Table IV.
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After ten weeks the stoppers were removed from the
two test tubes, the clear solution in test tube (A) being
thus exposed to the atmosphere. In a few hours a light
brown precipitate formed and gradually darkened. The liquid
containing the brown precipitate in test tube (B) was filtered,
the filtrate being then exposed to oxygen and light. No
further precipitation occurred in the solution thus indicating
that precipitation was already complete.

This test indicated that a solution of chromium
hexacarbonyl in @fheptane is unstable to light in presence of
oxygen but in absence of oxygen very little if any decomposition
occurs. The small green precipitate noticed when chromium
hexacarbonyl in é—heptane was exposed to light in presence of
nitrogen may have been due to traces of oxygen in the tube.

5) The Effect of Temperature on a Chromium Hexacarbonyl

Solution Exposed to Light and Air.

Five cubic centimetres of a saturated solution of
chromium hexacarbonyl in ﬁ}heptane were added to each of two
test tubes (C) and (D) which were then partially immersed in
two beakers containing respectively ice cold water (C) and
water at 28°C.(D). Thermometers in the two solutions recorded
the temperatures. The solutions were then exposed to air and
light and observed at suitable interwvals, the results being
given in Table V.

This test showed that the colour of the decomposition

product varied with the temperature, being green to grearbdbrown
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at 0 - 4°C. and brown to brown-red at 25 - 28°C.  The
rate of decomposition appeared to be slightly greater at

the higher temperature.
6) Edditional Observations.

(a) It was noticed that when a test tube was nearly
filled with a solution of chromium hexacarbonyl in éﬁheptane
and then tightly corked, the decomposition product on exposure
to light was a gelatinous precipitate - purple in colour.

This change in colour from that noticed in previous tests may
have been due to the limited amount of oxygen available. '

(b) When a solution of chromium hexacarbonyl was
left exposed to the atmosphere it was noticed that decomposition
invariably occurred at the surface of the liquid, the brown
gelatinous precipitate forming there and sinking when the
containing vessel was tapped. This confirmed the result of
Test 4 (p.80 )3 i.e. that oxygen was necessary for the
decomposition.
| A summary of the results in Tests 2 - 6 is given in
Table V1.

Conclusions.

The decomposition of chromium hexacarbonyl im
solution is not greatly affected by the nature of the solvent
although the rate of decomposition may be different in different
solvents.

Solutions of chromium hexacarbonyl in n-heptane are

stable at ordinary atmospheric temperatures in absence of light
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whether oxygen is present or not. In presence of light
chromium hexacarbonyl solutions decompose forming gelatinous
precipitates, the rate of decomposition depending on the
availability of oxygen. If no oxygen is available the rate
of decomposition is negligible while if unlimited oxygen is
available it is quite fast. (5 mins. - several hours for first
signs of decomposition dppending on the intensity and wave
length of the light.). The amount of oxygen available also
influences the nature of the decomposition product, the colour
varying from purple to green to brown with increasing oxygen.
The rate of decomposition of chromium hexacarbonyl solutions
exposed t0 air and light increases with inereasing temperature,
the decomposition product being a green gelatinous precipitate
at low temperatures (c¢. 0°C.) and a brown-red gelatinous

precipitate at higher temperatures (c. 25°C.).

C. Inhibition of Decomposition of Chromium Hexacarbonyl

Solutions.

One of the principal disadvantages of chromium
hexacarbonyl as a petroleum additive is the instability of its
solutions when exposed to light. Solutions of lead tetraethyl
in petroleum also decompose on standing, and various inhibitors
have been used in an attempt to diminish its rate of decompositiogff
These include natural cresylic acids, o -naphthol, 'g-_t_e__ri—
butylcatechol, N,N’-dimethyl-E-phenylenediémine, hexylresorcinol
and amyl-@-éresol. Solutions of chromium hexacarbonyl, of

concentration 1 gram per litre, in n-heptane each containing

approximately 10 grams per litre of one of the inhibitors were
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simultaneously exposed to light. A solution of chromium
hexacarbonyl containing no inhibitor was exposed at the same
time for purposes of comparison. The results are given in
Table V1l.

The inhibitor tests described in Table V11l indicate
that none of the substances tested is very suitable for
retarding the decomposition of chromium hexacarbonyl solutions.
Natural cresylic acids, gffggg.-butylcatechol, hexylresorcinol
and amyl-m-cresol appear to retard the decomposition slightly
and certainly have some e ffect since the character of the
decomposition products is altered. In the case of i'ffff"
butylecatechol a red colouration develops.

Quinine compounds have been used in inhibiting
decompositions of this sort and the following substances were
therefore tested as inhibitors:- quinine, quinine sulphate,
quinine citrate, quinine salicylate. These compounds were
not soluble in n-heptane to any appreciable extent and had no
peroébtible,effect on the decomposition of chromium
hexacéfbonyl.-'k s

Sdiuﬁi@ns of iron pentacarbonyl in hydrocarbon solvents
are also unstaﬁie %o‘light and various inhibitors have been
used to stabilisé'the'compound. These include #-naphthylamine-
aZOﬂxfnaphthol*s, stepric acid and oleic acid . These
compounds, together with palmitic acid were tested as inhibitors

in the decomposition of chromium hexacarbonyl solutions, the

results being shown in Table V11l.



Table VII

The Effeoct of Lead Tetraethyl Decomposition Inhibitors on

the Decomposition of Chromium Hexsacarbonyl Solutions.

gcbncn.
Conen.

of Chromium Hexacarbonyl

of Inhibitor

»/1.)
132.;1.)

—
=
—
-—

Appearance of solutlion af ter Exposure t0 Lighte

" coloure

Inhibitor Duration of Exposure (minutes).
0 15 30 60
Brown gel. [Ipte.
None. Clear, Pale straw |ppte. becoming
colourless.|colour. Hereafter heavier
referred to|and darker
as 'A', in colour.
. Dark brown
Katural Clear. Cloudy. amorphous Pptee
oresylic Very pale Pale yellow|ppte. Less |becoming
acids straw colour. than 'A' in|heavier.
(Sample 1). |colour bulk.
Natural FPale straw |Colourliess
cresylic coloure. goel. ppte. |Pptes
acids " Small cle. |Less than |becoming
(Sample 2). gel. ppte. | 'A'in bulke|heavier.
Colilourless
o{~Naphthol.| Clear, Colourless |gel. pptee. |Ppteas
colourless.{gel. ppte. [More than |becoming
'A'in bulk.|heavier.
Pink ocol,
mtert. Clear, Pink deepening.
utyl- colourless.|colour, Small brown "
catechol. amorphous
ppte.
dimethyl=~ Pale green |Dark brown |Gel. ppte.,
~phenylene | colour. cole and dark in col. o
iamine. gel. pptee. | Turbid soln.
Pale brown
Hexyl- Clear, Colourless | ppte. Less
resorcinol. | colourless.| gel. ppte. | than 'A' in "
bulks,
N AMY ] el Cloudye.
oresols” " Pale yellow " "




Table V1ll.

The Effect of Tron Pentacarbonyl Decomposition Inhibitors on the Decomposition of Chromi um

Concentration of Chromium Hexacarbonyl =

Hexacarbonyl Solutions.

Concentration of Inhlbitor

2:25/

1.
1.

Inhibitor Appearance of Solution after Exposure to Sunlight.
: Duration of Exposure (minutes).
0 5 10 30 60 240
None |C1lear, Clear, Pale yellow |Solution P.C.
colourless. pale yellow.|soln.light (c¢lear. | |  ===777
brown ppte. |Dark brown
gelatinous
precipitate -
A-naphthylaming Clear, Orange Dark brown
=~az0- -naphthel] orange colour ppte.Heavier
b coloured deepening. |and darker " P.C. | =
solution. .o " | than when no :
inhibitor
present.
" Ptearic acid Clear, Very pale Very pale Straw colour| Very pale No visible
colourless straw straw fading. No |blue coloured|change since
colour colour. ppte. solution. previous
No pptes No_ppte. observation.
Dleic acid " " " " " Very pale
. blue colour.
Slightly
_ cloudy.
Palmitic acid. " " " " " No visible
change.
Identical in

appearance ta
stearic acid
test.
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The results in Table V11l indicate that a-naphthylamine-

azo-x-naphthol is ineffective as an inhibitor but stearic,
oleic and palmitic acids appear to have the desired effect.
In view of the apparent efficacy of fatty acids as inhibitors
a series of saturated straight chain monocarboxylic acids of
varying chain lengths was tested, the results being shown in
Table 1X.

In previous tests the light used to promote |
decomposition was ordinary sunlight. This was quite suitabie
when negative results were being obtained but when the existence
of effective inhibitors had been established it was desirable to
have a source of light of constant intensity which would permit
comparisons between different series of tests. An ultra-
violet lamp using a mercury vapour arc was used in this and
all subsequent tests, the solutions being exposed at a distance
of 10 inches from the light source.

The results shown in Table 1X indicate that saturated
monocarboxylic acids do not inhibit the decomposition of
chromium hexacarbonyl solutions unless they contain at least
four carbon atoms. Thereafter, the efficacy of the inhibitor
appears to depend on the number of carbon atoms in the chain,
the stabilising property increasing with increased chain
length. If it is assumed that the start of decomposition is
indicated by the liquid becoming cloudy it is possible to graph
"Time required for start of decomposition" against "Number of

carbon atoms in inhibitor chain". This is shown in Figure 5.



Inhibitor.

None,

Formic
acid.

Acetic
acid.
n_

Fropionic
acid#

n-Butyric
acid*

n-Valeric
acid.

n-Caproic
acid#

n-Caprylic
acidi#

n-Lauric
acid#

n-Myristio
acid#

n-Falmltic
acid#

acid#

Straight Chain Monooarboxylio Acids as Inhibitors of Ithe Decomposition of Chromium Hexacarbonyl

(Concn, of Chromium Hexacarbonyl = 0,2g./1. H

No.' of V—*

atoms in
inhibitor.

18

14

16

18

Table IX

AJC- (Concn,

of Inhibitor =

Appearance of Solution aJ*ter Exposure to Bltra-violet Light.
Duration of exposure

0

Clear,

els#

5

Clear,
yellow.

Cloudy.
bellow
colour.

Cloudy.
Straw
colour.

Clear#
Straw
colour#

tt

Clear,
Very faint
straw
colour.

tt

tt

10
Yellow

col. Brown

gel. ppte.

tt

Cloudy.
Straw
colour.

tt

Clear.
Straw
colour.

tt

Clear,
Faint
straw
colour.

tt

tt

tt

20
Ppte.
heavier
and
darker,
Ppte.
becoming
pale
blue.

Pale blue
gel# ppte.

L
Very >
cloudy#
Pale Dblue
colour#
Clear#
Pale
greenish-
yellow col >

tt

Clear.

Very pale
greenish-
yellow col

tt

tt

40
'solution

clear,els.
Bfown gel.

rpte.
Solution

clear,els.

Pale Dblue

gel# ppte.

tt

A

Very
cloudy.
Pale blue
colour.

Clear.
Very pale
blue col#

tt

tt

(mmutes /»

BO

P.C.

P.C.

P.C.

Solution

clear,els.

Pale blue
gel.,

Cloudy.

Pale clue
colour.

Clear.
Very pale
blue col#

it

tt

ppte.

Solutions.
10g./1.)
240 360 720
P.C# —
Solution
Pale blue clear,els# P.C.
gel# ppte# Pale blue
gel# ppte.
Solution
Cloudy. Pale blue clear,els#
Pale blue gel. ppte. Pale blue
colour. gel. ppte_.
Clear# Cloudy. Cloudy.
Very pale Pale blue Pale blue
blue col. colour. colour.
Clear. Cloudy.
t Blue col. Very pale
fading. blue col.
Cloudy.
t ft Very pale
blue col.
Solution
. clear and
ft it almost
els.
ft it tt

tt

P.C#

Cloudy.
Pale blue
colour.

tt

T

Clear,els.
No
Cloudiness
or ppte.

ft

tt
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From Figure 5 it is clear that any saturated
monocarboxylic acid with a chain length of fourteen carbons
or more is likely to be a satisfactory inhibitor.

A series of empirical tests on other types of compound
revealed that some aleohols inhibited precipitation and a
number of acids and alcohols were therefore tested for inhibition
properties, the results being shown in Table X. Tests (2) and
(3) show that the presence of one double bond in the inhibitor
molecule does not appear to affect the inhibiting properties to
any great extent. A further test with a solution of oleic acid
in g-heptane~(no carbonyl present) showed that the solution
turned cloudy and yellow after exposure to ultra=-violet 1ight.
The apparent decomposition observed in Test (2) is therefore
probably due to the decomposition of the oleic acid itself.

Tests (4) and (5) indicate that a straight chain
dicarboxylic acid is much less effective than the corresponding
monocarboxylic acid.

Tests (6) to (10) show that aromatic carboxylic acids
are ineffective for inhibition purposes.

Tests (11) and (12) show that cyeclic structures are
ineffective for inhibition purposes.

Tests (I4) and (15) show that a branched chain compound
appears to be less effective than the corresponding straight
chain compound. '

Conclusions.

It has thus been established that long straight chain



Alcohols and Carboxylic Acids as Inhibitors in tk

Table X

(Concn. of Chromium Hexacarbonyl = 0.2ge/le) §

,f ecompos1tion of Chromium Hexacarbonyl Solutionse

(Solvent: = n-Heptane.)

32“! ‘
8 Ho. of C Concn. of’ V Appearance""f Solutions after Exposure TO U.Ve Light.
Test |Inhibitor Formule of inhibitor. |atoms in inhibitor | Duration of Exposure (minutes).
o inhibitor.| (g./1.)s 0 10 30 60 360 600
ST Brown gel. |Brown gel. =
1 |None - - - - Clear, pPpte. Brown|ppte. S0ln. P.Ce
. colourless.|solution. |clear, cls. - .
H{CHy )»COOH e Slightly Cloudy.
2 |Oleic acide |CH(CHg)nyCHz 18 10 1 " Clear, Clear, Clear, cloudy. Very pale
i colourlesse|colourless. [colourless. |Colourless.|yellow.
3 |Stearic CHB(CH2)16QOOH 18 10 " " " " Clear, Clear,
acid. colourless.|colourless.
. rown gel. |Brown gel.
4 | Adipic COOH (CHy ) 4 COOH 6 L. 10 " ppte. Brown|ppte. Soln. P.Co.
acid. (saturated) golution. [clear, cls. — -
5 |n-Caproic CHS(cHz),;coon 6 1 " Clear, Clear, Clear, Cloudy, Cloudy,
20id. colourlesss|colourless. [colourless.|colourless.|colourless.,
OCH White gel. [White gel.
6 | ol =Naphthoic 11 10 " pPpte. Soln.|ppte. Soln, P.C,
acide (saturated) cloudy. clear, cls. : — —
COCH , Brown gel. [Brown gel.
7 | Phthalic (:I 8 " " ppte. Brown|ppte. Soln. P.Co,
acid. COOH golution. |clear, cls. - —
S.Q.Dimetﬁ—
8 | 6xyphenyl- Meopcng.coon S+ 1+ 1 " " " " P.G.
acetic acid.| Me . —
3.4, Dinmeth— T White gel. |Green gole.
9 | oxybenzyl Meo«@cngony T 11 " " ppte. Soln.|ppte. Soln. P.Ce
alcohole Me 3 cloudy. clear, cls.
10 | Caprylic CHg (CH, ) gCOOH 8 1 " Olear, Clear, Clear, Clear, Clear,
acid. colourless.|colourless.|colourless.|colourless.|colourless,
#GH - UHZ\ GHZ Brown gef.
11 | &-Terpineol,| CHz~C __CH-0-OH 10 10 " Green gol. |ppte. Soln. P.C,
CHQL«-GHQ CHe PPt e clear, cls.
v ‘ rown gels [Brown gel.
12 | Lactose C19Hoo071 646 10 4 " pPprte. Bréwn|ppte. Soln. P.C,
(saturated) solution. |clear, cls. —_
CHgz «UHg .CHo Green gel.
13 | sec=Heptyl _ CHOH 7 10 " Yellow, ppte. Soln, P.Coe
alcohol. CHz .CHo o CHo ‘ cloudy. clear, cls. ’
14 | n=Hoptyl CH5(GH2)50H20H 7 10 " Clear, IClear, Clear, Clear, Clear,
alcohol, colourless. lcolourless. |colourless.|colourless. |colourless.
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monocarbonylic acids are effective as inhibitors for the
deposition of precipitate by chromium hexacarbonyl solutions.
No other types of compound have been proved effective although
there is some indication that long chain alcohols may possess

inhibition properties.

D. Mechanism of Inhibitlion.

1) Visual Examination of Precipitate Tests.

It has already been established (p. 61) that the
decomposition of chromium hexacarbonyl in solution takes place
only in presence of light and oxygen and it ig difficult to
understand what effect compounds of the long chain monocarboxylic
acid type could have on a decomposition of this sort. It was
decided to perform a series of tests with stearic acid to
establish the minimum molar ratio of inhibitor to chromium
hexacarbonyl consistent with successful inhibition. The results
of this test are shown in Table Xl.

Table X1 revealed that the critiéal concentration of
inhibitor was approximately equimolecular td-the concentration
of the chromium hexacarbonyl. In order to confirm this and to
brove that the critical inhibitor concentration was not constant
but dependant on the chromium hexacarbonyl concentration, a
further series of tests was performed using a concentration of
hexacarbonyl five times greater than that employed for the

Previous test. The results of this series of tests are given in
Table X11.

Tablg X1l confirms that the inhibitor becomes effective

when its molar concentratioh exceeds that of the



Table X1.

Stearic Acid aB an Inhibitor in the Decomposition of Chromium Hexacarbonyl Solutions.

The Effect of Varying the Molar Ratio

Concentration of Chromium Hexacarbonyl = 0.2g./1

Stearic acidZChromium Hexacarbonyl.

Solvent:~ n-Heptane.

Molar Ratio:~

Appearance of Solutions after exposure to Ultra-violet Iight.

Stearic Acid Duration of Exposure (minutes)
Cr(Co)e 0 5 10 60 WO
0 Clear, Brown gel. Brown gel. Brown gel. S
colourlegss | ppte. Solution | ppte.Solution |[ppte.Solution P.C.
cloudy. cloudy. clear, cls. -
1.0 " Clear, White gel. ‘
colourless ppte.Solution " P.cC.
cloudy.

l.1 " " Soln.clear. |Brown gel. Brown gel.
Very pale ppte.Solution | ppte.Solution
straw colour. |cloudy,brown. |clear,cls.

1.2 " " " Solution clear.

Pale straw
colour.
1 . 5 1" n " L]
2 n " Straw colour.|Soln. clear.
More pale than Straw colour
with lower fainter than
molar ratios.]| above.
3 1" " 1} "
Yellow-brown
colourdion
b ! ) " " diminishing
in intensity
6 " " " " *as the molar
ratios:~
8 " " " " Stearic acid
cr(CO )e
10 " " " " increases. No
i?pte. or
clouiine ss




MoTlar Ratio:=|'

The Effect of Varyin

T______m_JLn__

Conen. of Gr(C0)g

Stearic Acidv

Appearsnce o

vAromium

Hexacarbonyl Solutions.

a/Ce(CO

:- n-Heptane).

Sgire tO Uev. Lighte

; To (minutes).
criclle 0 15 - zg““ nmnese 75 180 1440
1 ] r‘-’-‘-‘—‘—j—.‘ 1'
0 Clear, Brown gel. p.ce | |
colourless. pte. Soln, * .“’“gv - T T
clear, cls. o
0.200 } Fﬁ ' |
: L\ -'1
0.500 " Solution Groen gel. |Brown gole Pu«Co e — —
clear, pale 5‘%37‘5615; ppte. Soln. .
green, chtu.v clear, clss
) ‘ -
0.750 . Solution Green gel. |Brown gel. P.C. _— —_—
" clear, pale | Pptes GSoln.|ppte. Soln.
ST - green. cloudy. clear, clse
\J
0.900 " , Solution Green gel. Brown gel. P.Ce
" " clear, pale Ppte. oSoln (ppte. Soln. -
green. cloudy. clear, cls.
1.000 Solution gzggg_ggli Brown gel. P.G.
" " " " clear, pale E%EEL oln.|pptes Soln.
green. cloudy. clear,y cls.
1.100 | . Solution Green gel. |Brown gel.
" " " " " clear, pale E%Egé Soln.|ppte. £cln,
greone. cloudy. clear, cls.
Soln. clear. 7
1.200 Ccl. slowly |Brown soln.
" " " " " " changing No ppte. or

from green
tc brown,

cloudiness.,
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nexacarbonyl. If it is assumed that the start of decomposition
ig indicated by the appearance of the precipitate it is
possible to graph "Time for start of decomposition" against
"Molar ratio Stearic acid/Cr(CO)g". This is shown in
Figuve 6. |
Although it has been established that the critiecal
threshold concentration of inhibitor is equimolecular with
the chromium hexacarbonyl the mechanism of the inhibition is
still not clear. If the inhibitor were preventing precipitation
by retaining the chromium in solution as chromium stearate it
would be expectéd that the critical value of the molar ratio
stearic acid/Cr(C0)s would be at least 3/1 since it is likely
that chromium would be at least trivalent in presence:of oxygen.
It is possible that the stearic acid is acting by
absorbing light of the wavelengths which camse decomposition.
The wavelengths of light causing decomposition must be in the
near ultra-violet. The light passes freely through ordinary
glass since all tests were carried out in glass test tubes.
A test in which chromium hexacarbonyl solutions were exposed
to an equal intensity of light in quartz and glass test tubes
showed no appreciable variation in the decomposition rate.
This established that the wavelengths causing decomposition
were not less than 3000 Angstrom Units since glass cuts out
a large proportion of the light at shorter wavelengths. It was

. also established that the light causing decomposition would not

Pass through brown glass since chromium hexacarbonyl solutiong
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stored in brown glass remained undecomposed after exposure
to sunlight or the ultra-violet lamp. This proved that

the wavelength was less than 6000A. Exposure to intense
light from a normal tungsten filament electric bulb caused
decomposition only after very long periods and this indicated
that the important wavelengths were not in the visible region
of the spectrum. The wavelengths causing decomposition are
therefore somewhere in the region 3000-4000A. and if stearic
acid is acting by absorbing light of the vital wavelengths it
would be expected to give a reasonably strong absorption of
light in the near ultra-violet.

It is also possible that the inhibitor acts by
forming an addition compound with the hexacarbonyl, the addition
complex being stable to light.

2) Ultra-Violet Absorption Tests.

In an attempt to establish the mechanism of
inhibition it was decided to study the ultra-violet absorption
spectra of chromium hexacarbonyl and stearic acid. Solutions
of the two'compounds were studied in a "Unicam Model SP 500
Quartz Spectrophotometer". The solvent used in the following
tests was iso-octane (2.2.4. trimethylpentane) since supplies
of this hydrocarbon were available in the speecially pure form
nécessary for spectroscopic work.

Figure 7 shows the absorption curves for M/50,000

chromium hexacarbonyl and M/5,000 stearic acid. A series of

empirical tests established these to be the most suitable
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concentrations for the test. Absorption of light by the
solvent has no effect on the graphs as it is cancelled by
a compensating system in the instrument. The abscissae of
this and subsequent graphs correspond to the wavelength of
light while the ordinates show "optical density".
Optical Density = logs, Io/Is
where I, = Intensity of incident lighf |
and I; = Intensity of light after passage through the
| solution.
The value of the optical density thus gives a measure of the
light absorbed by the substance. Figure T shows that chromium ‘
hexacarbonyl gives a strong absorption band at 2250 A. and a
weaker one at 2800 A. Stearic acid gives very little absorption
of ulfra-violet light in the range 2200-4000 A.

Figure 8 shows the effect on a M/50,000 solution of
chromium hexacarbonyl of exposure to ultra-violet light for
varying periods of time. (The source of iight was the mercury
vapour lamp already mentioned (p.6d). The ultra-violet light
to which the solutions are exposed in the spectrophotometer is
not of sufficient intensity to cause appreciable decomposition
of the solutions provided the absorption curve is determined
fairly rapidly. This was established by doing two successive
runs on the same solution. The two absorption curves were
almost exactly coincidentaJJ) As would have been expected from

previous stability tests the intensities of the two absorption

bands diminish rapidly indicating that the hexacarbonyl is

decomposing. The graphs in Figure 8 do not show the absorption
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at wavelengths greater than 3,200 A, since no new absorption
bands were éetected in this region énd the graphs were too
close together to be shown clearly. Figure 9 shows the
ultra-violet absorption curve of a mixture of M/50,000 chromium
hexacarbonyl and M/@0,000 stearic acid. The reason for
selecting the concentration M/40,000 for the s tearic acid is
that this corresponds to a molar ratio Stearic acid/Cr(CO)e of
1.25, which would be expected to be effective in inhibiting
decomposition without involving the presence of a large excess
of the stearic acid (v. Figure 6). The graph in Figure 9

ig almost identical with the graph on Figure 7 showing the
absorption curve for chromium hexacarbonyl alone. The very
slightly increased absorption can be attributed to the stearic
acid and the absence of any new absorption bands indicates
that if any new compound has been formed it must be a simple
addition compound of chromium hexacarbonyl and stearic acid

in equimolecular proportions.

Figure 10 shows the e ffect of exposure to ultra-
violet light on M/50,000 chromium hexacarbonyl in presence of
M/40,000 stearic acid. The very small absorption due to
stearic‘acid has been sub8racted from the curve so that the
absorption of the hexacarbonyl only is shown. A comparison
between the curves in Pigures 8 and 10 shows that the inhibitor
is delaying decomposition slightly but not to nearly the same
extent as would appear from the visual examination of exposed

inhibited solutions. Thus after exposing to ultra-violes
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light for one hour an inhibited solution of chromium hexacarbonyl
the absorption band at 2,250 A. is only about 6% of its original
intensity. There is, however, no precipitation in the solution
although this would occur in a few minutes in absence of the
inhibitor. |

The fact that the absorption band did not disappear
completely aftér the inhibited solution had been exposed for
one hour made it seem possible that a large excess of inhibitor
was necessary to prevent decomposition. A solution of M/50,000
chromium hexacarbonyl, M/5,000 stearic acid (Molar ratio stearic
acid/Cr(C0)s = 10/1), was exbosed to ultra-violet light for one
hour. After exposure the absorption band at 2250 A. was found
to be only about 6% of its original intensity thus showing
that the presence of a large excess of inhibitor did not further
reduce the rate of decomposition.

The ultra-violet absorption studies have shown that
long chain monocarboxylic acids do not really imhibit the
decomposition of chromium hexacarbonyl solutions although they
delay the decomposition to some extent. The inhibitors do,
however, retain the chromium in solution in some way. - The
exact form in which the chromium is retained in solution is
not clear from the ultra-violet absorption curves. The curves
show that the hexacarbonyl is decomposing and this obviates
the possibility of a stable addition complex being responsible

for the non appearance of a precipitate. The carbonyl can

hardly be decomposing to chromium stearate since theAcéncentration
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of stearic acid reguired to inhibit precipitation was
equimolecular with the chromium hexacarbonyl. If, therefore,
the existence of a chromium stearate is postulated it is
necessary to assume the stable existence of monovalent chromium.
This seems most unlikely.

The fact that a method of inhibiting precipitation
has been discovered would, howe#er, make it practicable to
use chromium hexacarbonyl as an additive to internal combustion
engine fuels. The presence of inhibitor would prevent the
formation of solid deposits in the fuel tank, and since there
is likely to be Very little exposure of the fuel to stirong
ultra=-violet light it seems probable that a lafge proportion
of the hexacarbonyl would remain undecomposed.

3) Spontaneous™Ignition Temperature Tests.

Chromium hexacarbonyl causes a considerable rise in
the S.I.T. of Pool Petrol: the details are given in Section III
of this thesis %88 ). The two series of tests completed so
far on the inhibition of the decomposition of chromium hexacarbonyl
solutions have given rather surprising results. Visual
examination of the precipitates formed on decomposition has
indicated that stearic acid was inhibiting precipitation.
Ultra-violet absorption studies have shown that though stearic
acid inhibits precipitation its effect on the rate of
decomposition is relatively slight. The conclusion arrived at
was that chromium hexacarbonyl, in presence of stearic acid, wag

decomposing on exposure to ultra-violet light but the decomposition

was to some unusual type of chromium compound. It would be of
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interest to see whether this compound produces the same

effect on the S.I.T. of Pool Petrol as does chromium hexacarbonyl
itself, and the S.I.T. tests described below were designed with

this end in view.

(1) S.I.T. of Pool Petrol = 42,.°C.
(ii) S.I.T. of Pool Petrol containing
(1i1) S.I.T7. of Pool Petrol containing
3g./1. stearic acid = 395°C.
(Iv) S.I.T. of Pool Petrol containing »
2g./1. Cr(C0)s, 3g./1. stearic acid = 503°C.

These tests show that stearic acid lowers the S.I.T. of Pool
Petrol but when both stearic acid and chromium héxacarbonyl are
present in the fuel the combined effect: is to cause a rise in
S.I.T. almost equal to that caused by chromium hexacarbonyl alone.

A solution of 2g./1.Cr(CO)s, 3g./l.stearic acid in
Pool Petrol was poured into a number-of test tubes, each of
which was exposed to ultra-violet light for a different period
of time. After exposure the S.I.T.’s of the solutions were
determined, the results being shown in Table X111l.

The results in Table X111 indicate that chromium is
rémaining in solution in an active form for about one hour of
exposure to intense ultra-violet light: thereafter the
activity of the chromium appears to diminish.

Visual precipitation studies showed no sign of a
precipitate even after 24 hours while ultra-violet absorption

curves showed almost complete decomposition in 10 minutes.

The latest results suggest that when chromium hexacarbonyl



Table X111.

The Effect of Exposure to U.V. light on the S.I.T. of Pool
Petrol containing 2 g./1. Cr(CO)g and 3 g./1. stearic acid.

Duration of : ~
Exposure. S.I.T.
(hours) (°c.)
Eil. 503
0.5 503
1 500 |
+ N
8 N 420 .

" 27
IR
e §
12 s > -~
- =
wi B v o - s g
i e b e -
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solutions are exposed to light in presence of stearic acid
there is a very rapid decomposition of the hexacarbonyl to
gome other chromium compound. This compound is soluble in
hydrocarbon solvents and is active as a combustion modifier.
This intermediate compound appears to be decomposing to
another, also soluble in hydrocarbon solvents but ineffective

as a combustion modifier.

Conclusions - Section II.

1) Solutions of chromium hexacarbonyl decompose on
exposure to light and oxygen, forming an insoluble decomposition
product, the exact nature of which depends on the conditions
of the decomposition.

2) The wavelength of light causing decomposition is
in the near ultra-violet.

3) The presence of monocarboxylic acids containing
four or more carbon atoms in a straight chain delays the
formation of the insoluble decomposition product. Monocarboxylic
acids containing more than thirteen carbon atoms in a straight
chain appear to inhibit precipitation completely.

4) In order to inhibit precipitation the concentration
of the acid must be greater than equimolecular to the chromium
hexacarbonyl.

5) In presence of a monocarboxylic acid of suitable
chain length chromium hexacarbonyl solutions decompose forming
an unknown chromium compound which is soluble in hydrocarbon

Solvents. Iike chromium hexacarbonyl this compound modifies
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the ignition characteristics of Pool Petrol. The original
decoﬁposition»product slowly decomposes to another unknown

compound, also soluble in hydrocarbon solvents but without

effect on the ignition characteristics of Pool Petrol.

6) Chromium hexacarbonyl can be used as a fuel
additive without fear of solid deposition on storage provided
that a long chain monocarboxylic acid is also dissolved in
the fuel. The ignition properties of thé fuel will not
be affected by short periods of exposure to light.
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SECTION 11l.

THE EFFECT OF CHROMIUM IEXACARBONYL ON FUTLS.

oo e b e e i

The engine tests described in this sectlion were
carried out in a "Ricardo E 6/S Variable Compression Engine"
(For description see Appendix) and the Spontaneous Egnition
Temperature (S.I.T.) tests were performed in a modified

24
version of the Moore Apparatus constructed by the author.

A. The Spontaneous Ignition Temperature Apparatus.

The S.I.T. of a substance is the lowest temperature
at which the substance, surrounded by air at the same temperature,
will burst into flame without the application of any spark
or other local high temperature. A brief review of Spontaneous
Ignition Temperatures has been given in the introduction to
this thesis (p.9 ). The S.I.T. is determined by allowing
a drop of the substance to be tested to fall into a pot
maintained at a known temperature and into which air is flowing
at a known rate. The apparatus shown in Figure 11 was
designed to comply with the above conditioné and consists ofs-
(A) Mild steel pot containing solder.

(B) Ignition pot with air preheating coil (Dimensions of pot :
3" x 1.1/2" D.).

(C) Polished stainless steel disc.
(D) Mild steel thermocouple sheath.
(E) Alundum tube wound with resistance wire. Current from
the mains is passed through the resistance wire thus heating

the pot. The voltage drop across this resistance ig

Varied by an external variable resistance in series thus
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enabling the rate of heating to be controlled.

(F) Insulated copper flex.

(G¢) Asbestos lagging to prevent temperature fluctuations.

() Copper plate casing of furnace.

(J) Circular "Sundengo" sheets forming top and bottom of
furnace.

(K) Asbestos sheets.

(L) Burette containing solution to be tested.

(M) Chromel-alumel thermocouple. Readings are taken on a
0+40 mv. millivoltmeter.

(K) Air line from flow-meter (0-40 1./hr.).

1) Assembly and Testing of Apparatis. |

(a) The thermocouple was calibrated and the relation
between thermocouple temperature and the temperature of the
ignition pot established. The two temperatures agreed to
within 5 centigrade degrees over the temperature range 20 - 600°C.
Since the method is only accurate to i 5°C. this was considered
satisfactory.

(b) In carrying out S.I.T. tests it is important
%o be able to control the rate of temperature rise. The settings
of the variable resistance corresponding to different rates of
temperature rise were determined and noted. The rate of
heating should not rise above 2.5 centigrade degrees/minuteie.

(¢) A burette was selected which gave a drop volume
of approximately 0.013 cc. with petrol. This was the drop

volume 19 ..
ume used by Weerman®*® in an apparatus of similar dimensions.
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(d) The flow meter was calibrated by the water
displacement method.
2) Manipulation of Apparatus.

In determining the S.I.T. of a liquid the heating is
switched on and the temperature allowed to rise to about 100
centigrade degrees less than the expected ignition temperature.
The external resistance is then adjusted to give a rate of
temperature rise of 2 centigrade degrees/minute. The resistance
is adjusted to maintain this rate throughout the test. The
rate of air flow is brought to the desired value and kept
constant during the test. |

One drop of the ligquid to be tested is then allowed
to fall from the burette (L) into the centre of the ignition pot
(B) and which is watched carefully to observe if ignition emwecurs.
This process is repeated every two minutes until ignition does
occur. Ignition is usually indicated by a flame leaping out
of the pot but under certain conditions there may only be a
faint "pop" and a small flame within the pot. When ignition
occurs the millivoltmeter reading is at once taken and recorded.
The furnace is then switched off and the unit allowed to cool
to at least 50°C. below the S.I.T. before a repeat determination
is carried out. Ignition tests performed while the unit is
cooling are unsatisfactory since previous ignitions have
overheated the pot to a higher temperature than that of the

surrounding bath. It is also inadvisable to add the drops of
test liquid more frequently than one every two minutes, since

each drop removes heat in evaporating and equilibrium must be
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re-established.

Since the rate of heating is 2 centigrade degrees/min.
and the f requency of drop additions is one every two minutes,
the accuracy of the test is to within 4°C. This can be
improved to 2°C. by repeating the experiment as before, except
that a drop of liguid is now added at a temperature 2°C. lower
than the previous ignition temperature. This is repeated
until ignition no longer occurs, the lowest temperature at which
ignition takes place being regarded as the S.I.T.. The test
is not absolutely reliable to more than % §°C.

3) Characteristics of Apparatus.

Various factors are known to affect the S.I.T. of
a subs’t:ance*8 but feW‘quantitative data are available. It
was therefore decided to test the effect of these variables on
certain substances. The substances selected were ﬁfheptane
and iso-octane which were known to have relatively low and high
S.I.T.s respectively and Pool Petrol as a typical commercial
fuel. The effects of the following variables were studied:-
(a) The nature of the metal of the contact disc "C" (¥.Figure 11)
(b) The rate of air flow.
(¢) The volume of the drop of test liquid.

(a) The Nature of the Contact Disec.

When a drop of the test liquid is allowed to fall into
the ignition pot it 'strikes a thin circular metal disc at the
bottom of the pot. The effect of this wvariable is very

inconclusive. Egerton and Gatesf’ found that the composition
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of the discs had a considerable effect on S.I.T.s while Mboresé
came to the opposite conclusion.

The effect of discs of various metals on the S.I.T.
of n-heptane was determined, the conditions of the discs after
a number of ignitions also being noted. The results are
shown in Table X1V.

Table X1V shows that the metal of the disc has little.
effect on the S.I.T. of f-heptane. Similar results were
obtained with iso-octane and Pool Petrol. A stainless steel
disc was selected as being most suitable from the corrosion
point of view.

(p) The Rate of Air Flow.

The effects of varying air flow on the S.I.T.s of
ﬁfhepfane, iso-octane and Pool Petrol were determined, the
results being shown graphically in Figures 12, 13 and 1. In
determining S.I.T.s at air flow rates under 8 1./hr. the
atmosphere in the pot was purged of residual combustible
material by inéreasing the air flow temporarily if a drop failed
to ignite.

A study of the graphs in Figures 12, 13 and 1l reveals
that as the rate of air flow is increased from zero to 35 1l./hr.
the S.I.T. first rises fairly quickly, then remains almost
constant over a range of air flow rates, and finally increases
again. Since it is principally changes in S.I.T. with which

this work is concerned it is obviously of advantage to work

in the temperature range corresponding to the straight region



Table X1V.

fhe Effect of Different Contact Dises on the S.I.T. of n-Heptane.

(Rate of Air Flow = 11 1./hr.

Drop Volume = 0.013 cc.)

Metal Disc S.I.B.(°C) Condition of
Disc after 10
Ignitions.,
Aluminium 27h Untarnished
Brass 272 Untarnished
Cast Steel 274 Tarnished
Copper 272 Tarnished
Mild Steel 274 Untarnished
NMonel Hetal 271 Untarnished
Stainless Steel 272 Untarnished
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of the graphs, for within this range small changes in air
flow will have no appreciable effect on S.I.T.s. A value
for the air flow of 11 1./hr. falls on the straight portion
of each curve and this was selected as the standard rate of
air flow and used in all subsequent S.I.T. determinations.

The magnitude of the time~lag between the addition
of the drop and its ignition has a considerable effect on
the S.I.T. but if the air flow is maintained at 11 1./hr the
time lag is always 2 = 4 seconds.

(¢) Phe Volume of Test Liquid Added.

The volume of the drop of test liquid added to the
pot has a considerable effect on the S.I.T. In tests
performed with n-heptane and iso-octane the effect on the
S.I.T. of variation in drop volume was determined for this
apparatus, the results being shown in Figures 15 and 16.

From Figures 15 and 16 it can be seen that as the
drop volume increases the S.I.T. falls to a minimum and is
then considerably increased. It is, therefore, important to
steandardise the drop volume used. A volume of 0.016 cc. gave
the lowest S.I.T. for both the substances tested so this was
adopted as the standard drop volume for the apparatus and a
burette was selected which delivered 0.016 cc. per drop.

When testing the effect on the S.I.T. of variation in air flow

and of changes in the contact disc metal, the drop volume

used was 0,013 cc. This was the volume used by Weerman in

a similar apparatus. It can be seen from Figures 15 and 16
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that the slight change in drop volume does not affeet the
reliability of the previous results since the correspondlng
change in S.I. T. is only one centigrade degree. In all
subsequent tests a drop volume of 0.016 cc. is used. The
drop volume depends on surface tension but the variation is
negligible for the fuels being used in this work.

k) Testing of Apparatus.

The efficacy of the apparatus in distinguishing

between fuels of varying ignition properties was established

by determining the S.I.T.s of a range of n-heptane - iSo-octane

nixtures. This is shown in Figure 17. Figure 17 shows that

the S.I.T. increases with increasing octane number (p.'7 )
although the relationship between the two factors is not a

"straight line" one.

It is of interest to compare the S.I.T.s obtained by

the author on the apparatus just described with the values

obtained by other workers. This is shown below

Worker S.I.T. of n-heptane
Author 272
Helmore w51
52
Tizard & Pye . 298
838
Egerton & Gates 430

The above results show that the S.I.T. of a substance

varies considerably depending on the method by which it is
determined.

B. Thg Effect of Chromium Hexacarbonyl on Spark-Ignition

Engine Fuels.
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1) Comparison Between the Effects of Chromium Hexacarbonyl

and Lead Tetraethyl on the S.I.T. of n-Heptane.

It has been obgserved by previous workerss* that
compounds which raise the S.I.T. of a fuel to a considerable
degree pessess anti-knock properties. If, therefore, the
effect of chromium hexacarbonyl is to raise the S.I.T. of
E-heptane there are grounds for assuming that it will be an
effective anti-knock additive for petroleum. The effects
of varying concentrations of chromium hexacarbonyl on the
S.I.T. of gfheptane were accordingly determined. Similar
tests were performed with lead tetraethyl for purposes of
compariéon.

In preparing a series of solutions bf'additive of
’varying concentration a concentrated solution of known strength
was first prepared and samples of this were suitably diluted
to give the required concentration. A 5 cc. micro-pipette
graduated at intervals of 0.02 cc. was used for this purpose.

The results of the S.I.T. tests are shown in Figure
18. It’will be noticed that the S.I.T. of "undoped" n-heptane
was 314°C. in these tests. This compares with a value of
272°C. previously obtained (p.82). The reason for the
discrepancy is that the intitial tests were performed on
purified éjheptane while the tests recorded in Figures 18 and
19 were performed on a commercial grade of the substance. Since
these tests are comparative rather than absolute the commercial

grade was considered to be quite satisfactory.
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The results show that as the concentration of either petroleum
additive is raised the S.I.T. also increases. This increase
is not, however, regular, there being a narrow range of
concentration within which a comparatively small increase in
concentration causes a comparatively large increase in S.I.T.
For lead tetraethyl this range is 0.2 - 0.3 g./1. (approx.)
while for chromium hexacarbonyl it is 2.6 - 2.8 g./1.  The
finai temperatures attained at concentrations of over 3 g./1.
do not differ greatly, though chromium hexacarbonyl is slightly
inferior to lead tetraethyl. Lead tetraethyl becomes effective
at a much lower concentration than does chromium hexacarbonyl.

. The anti-detonant property of an organometallic
compound depends principally on the metallic atom so it would
be of interest to compare the relative effects of lead and
chromium metals. This can be done by expressing the concegtration
of anti-detonant as the equivalent concentration of lead and
chromium respectively. This is shown in Figure 19. At
concentrations of metal greater than 0.7 g./1l. the effects of
chromium and lead on the S.I.T. of n-heptane are approximately
equé.l .

The above tests showed that chromium hexacarbonyl had
a very marked effect on the S.I.T. of E—heptane. At very low
concentrations the effect was considerably less than that
caused by lead tetraethyl but at concentrations of 3 g./1. and

over the effects of the two compounds were almost equal.

2) The Effects of Chromium Hexacarbonyl and Aniline on

the H.U.C.R. of Pool Petrol.

EEEEEE———
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The results obtained in the previous test made
it seem highly probable that chromium hexacarbonyl could
possess anti-knock properties and a series of engine tests
were carried out to evaluate the anti-knock effeet. In
these tests aniline was used as the standard anti-knock
additive since it was safer to handle and more readily
available than lead tetraethyl. The fuel used for the tests
was Pool Petrol since this was readily available in adequate
quantities. A bulk sample of the above fuel was obtained and
is hereafter referred to as Pool Petrol A (See Appendix I1).

The value of the H.U.C.R. gives a measure of the
knocking properties of the fuel being tested. Fuels with
poor knocking characteristics have a low H.U.C.R. while fuels
with good anti-knock properties have a high H.U.C.R. Thus
the H.U.C.R. of n-heptane is 3.75 while that of iso-octane
is 10.9655. For the purpose of this research the H.U.C.R.
of a fuel may be defined as the compression ratio corresponding
to maximum power when the fuel is tested in a Ricardo E6/S
Variable Compression Engine running at 2500 r.p.m., cooling
water temperature 155 i 5°F. and with ignition timing and
miiture strength adjusted to give maximum power (See Appendix 1).
Since under constant speed conditions the power is directly
proportional to the Brake Mean Effective Pressure (B.M.E.P.),
the compression ratio is graphed agéinst the corresponding

B.M.E.P. when drawing H.U.C.R. cumves.

(&) The effect of varying proportions of aniline
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on the H.U.C.R. of Pool Petrol A.

A number of 2 1. samples of Pool Petrol A (See
Appendix II) were prepared each containing a different
concentration of aniline. A series of H.U.C.R. tests were
performed on the fuels, the results being shown in Figure 20.
The compression ratio corresponding to the peak of each curve
in Pigure 20 is the H.U.C.R. of the fuel being tested. A
graph of H.U.C.R. against concentration of aniline for Pool
Petrol A is shown in Figure 21. This graph provides a standard
against which the efficacy of any other anti-knock compound
can be judged, provided that Pool Petrol A is used as the
"base fuel".

(b) The Effect of Varying Proportions of Chromium
Hexacarbonyl on the H.U.C.R. of Pool Petrol A.

Although the solubility of chromium hexacarbonyl
in Pool Petrol A at 20°C was approximately 3 g./l. it was
advisable to heat the petrol in a flask provided with a reflux
condenser when preparing solutions more concentrated than
0.1 g./1. In the absence of heat a considerable amount of
agitation was necessary to dissolve the hexacarbonyl.

Solutions of wvarying concentrations of chromium
hexacarbonyl in Pool Petrol A were prepared and tested for
H.U.C.R. in the Ricardo E6 engine under conditions exactly
similar to those during the "aniline doped" petrol tests.

Contrary to all expectations chromium hexacarbonyl was found

to reduce the H.U.C.R. of the petrol. It thus proved to be
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a pro-knock compound. The hexacarbonyl appeared to develop
its maximum pro-knock effect at a concentration remarkably
low even in the field of organometallic petroleum additives.
The results of the H.U.C.R. tests are given in Figure 22, and
a graph of"H.U.C.R. against Concentration of Chromium
Hexacarbonyl" is shown in Figure 23.

Figure 23 shows that at concentrations of 0.5 g./1.
and over the hexacarbonyl has lowered the H.U.C.R. of the petrol
by 0.56. A concentration of chromium hexacarbonyl as low as
0.02 g./1. lowers the H.U.C.R. to almost the same extent (0.48).
At very low concentrations the pro-knock effect is surprisingly
great. This is seen when a comparison is made with the anti-
knock potency of lead tetraethyl. Ricardo and Glydesq have
published & graph showing the effect of varying proportions
of ethyl fluid on the H.U.C.R. of a typical gasoline. This
graph is reproduced in Figure 24 with the units converted to
metric and the dope concentration expressed as lead tetraethyl
instead of ethyl fluid. The graph shows that to raise the
HJU.C.R. by 0.48 would require a concentration of 0.7 g./1.
lead tetraethyl. This compares with 0.02 g./1. chromium
hexacarbonyl required to give a similar lowering of H.U.C.R.
in Pool Petrol A. Xt must be stated that neither were the two
base fuels the same nor were the test engines identical.
However, the effectiveness of an anti-knock compound does not
vary to any large extent in different enginessq and the fuel

used by Ricardo & Glyde (Texas gasoline) was not undly different

a8 regards knocking characteristics from that employed by the

-—
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author (Pool Petrol A). The octane numbers of the two

fuels were approximately 70 and 75 respectively as calculated
from data supplied by Ricardo & Glyde58 for inter-relating
H.U.C.R. and octane number. At low concentrations, therefore,
chromium hexacarbonyl is approximately 35 times as potent as

lead tetraethyl but in the reverse direction. At concentrations
above 0.02 g./1. the relative effect of the hexacarbonyl is

less striking because it has almost reached the concentration
corresponding to maximum pro-knock effect.

Since the efficacy of the commoner ignition promoters
or pro-knock compounds is of the same order as that of lead
tetraethyl though in the opposite direction59 it is evident
that the pro-knock activity of chromium hexacarbonyl at low
;oncentrations ( 0.02 g./1.) is considerably greater than that
of other pro-knock agents.

The behavior of chromium hexacarbonyl in spark-ignition
engine fuels appears to be highly anomalous in that, although
it raises the S.I.T. of éjheptane considerably it has a pro-
knock effect when Pool Petrol A is tested in a variable-
compreséion engine.

3) The Effects of Chromium Hexacarbonyl and Aniline on the
S.I.T. of Pool Petrol A.

In order 10 establish whether the anomaly was due
solely to some peculiarity in the fuel it was decided to carry

out a series of S.I.T. tests on Pool Petrol A containing

Varying proportions of aniline and chromium hexacarbonyl.
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If the pro-knock effect were due to some characteristic of
the fuel it would be expected that the hexacarbonyl would
exhibit a pro-detonant effect during S.I.T. tests: i.e. it
would depress the S.I.T. of Pool Petrol A.

The results of the tests are shown in Figures 25 and
26. Figure 25 shows that the effect of aniline is to raise
the S.I.T. of the fuel. Since aniline is an established anti-
knock agent this is the expected result. A1l anti-knock
agents so far investigated have, as far as the author is aware,
raised the S.I.T. of hydrocarbon fuels. Figure 26 shows that
the presence of small proportions of chromium hexacarbonyl
raises the S.I.T. of Pool Petrol A to a considerable extent.
A comparison of Figures 25 and 26 shows that chromium
hexacarbonyl is approximafely 40 times as effective as aniline
(on a weight basis) in raising the S.I.T. of the petrol. The
S.I.T. tests thus confirm that chromium he xacarbonyl is
exhibiting an anti-detonant effect although engine tests on
the same fuel have already established that it exhibits a pro-
knock or pro-detonant effect.

%) The Effects of Chromium Hexacarbonyl on the S.I.T. and

H.U.C.R. of Refined Straight Run Spirit.

In an attempt to confirm the existence of the
anomaly referred to in the last paragraph it was d ecided to
test the effect of chromium hexacarbonyl on the S.I.T. and

H.U.C.R. of a differént base fuel. "Refined Straight Run

Spirit" was obtained from Messrs. Anglo-Iranian 0il Co.Ltd.
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and was stated to contain no petroleum additives and to
have an octane number of 59.5 (See Appendix IT).

The effect of varying concentrations of chromium
hexacarbonyl on the S.I.T. of Refined Straight Run Spirit is
shown in Figure 27. The graph is similar in form to that
obtained when using n-heptane as the base fuel (Figure 18)
and shows that chromium hexacarbonyl is exhibiting a marked
anti-detonant effedt at concentrations of 1 g./l. and over.
| The effect of 0.2 g./l. chromium hexacarbonyl on the
H.U.C.R. of Refined Straight Run Spirit is shown in Figure 28.
The presence of 0.2 g./l. chromium hexacarbonyl alters the
H.U.C.R. of Refined Straight Run Bpirit from 6.10 to 5.88, a
decrease'of 0.22. Tha.effect of chromniuffi _hexacarbonyl is® less
marked than in Pool Petrol A (Decrease in H.U.C.R. of Pool
Petrol A caused by 0.2 g./1. Cr(CO)e¢ = 0.53). The anomalous
behavior of chromium hexacarbonyl aé a fuel additive is thus
confirmed.

5) The Effects of Chromium Hexacarbonyl on the S.I.T. and

. H.U.C.R. of iso-Octane.

In further confirmation of the apparently contradictory
anti-detonant and pro-knock activity of chromium hexacarbonyl
it was decided to determine the effect of the compound on the
S.I.T. and H.U.C.R. of iso-octane. One of the objections to
S.I.T. tests as indfeations of the probable behavior of a fuel

in an engine is that the temperature is much lower than would

normally be experienced inside an engine combustion chamber.
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Since the 5.I.T. of undeped iso-octane is considerably
higher than those of Pool Petrol or Refined Straight Run
Spirit the effect of chromium hexacarbonyl on the S.I.T. at
this higher temperature might be more likely to correspond
to engine conditions.
The effect of chromium hexacarbonyl on’the S.I.T.
of igo-octane is shown in Figure 29. The graph is similar
in form to that obtained when using Pool Petrol A as the
base fuel (Figure 26) and shows that chromium hexacarbonyl
has a definite ant*detonant effect, reaching its maximum at
a concentration of 1 g./l1. Purther increase in the
concentration appears to have little effect on the S.I.T.
The magnitude of the rise in S.I.{. is,less than was noted for
the fuels tested previously. Thus with n-heptane, Refined
Straight Run Spirit, and Pool Petrol rises in S.I.T. of 180,
170, and 100 centigrade degrees respectively were obtained
while with iso-octane the rise was only 50 centigrade degrees.
The effect of 0.2 g./1l. chromium hexacarbonyl on
the H.U.C.R. of }§éfoctane is shown in Figure 30. The presence
of 0.2 g./1. chromium hexacarbonyl alters the H.U.C.R. from
10.5 to 10.2, a decrease of 0.3. The pro-knock effect
observed with Pool Petrol and Refined Straight Run Spirit is
therefore still evident and the anomalous S.I.T. behavior is
still to be explained.

6) The Aniline Coefficient of Chromium Hexacarbonyl.

One method by which the relative efficacy of anti-
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knock compounds can be studied is by comparison of their
aniline coefficientssg. The aniline coefficient of an anti-
knock agent may be defined as the reciprocal of the number of
moles of the substance giving the same effect as one mole of
aniline. For pro-knock compounds the aniline coefficient is
negative and may be defined as the reciprocal of the number
of moles of the substance required to counteract the effect
of one mole of aniline. Several workers have expressed the
efficacy of anti-knock agents in terms of aniline coefficients
‘and there appears to be reasonably good correlation between
the results obtained by different workers. To obtain
comparative results it appears to be necessary to use aniline
concentrations no greater than 30 g./1.

The method of determining the aniline coefficient of
chromium hexacarbonyl was to dope a supply of Pool Petrol with
chromium hexacarbonyl of known concentration, and to determine
the effect on the H.U.C.R. of adding varying concentrations of
aniline to the doped fuel. By graphing the effect of varying
concentrations of aniline on the doped fuel it is possible to
determine the concentration of aniline which would have been
required to bring the H.U.C.R. to the same value as that of the
undoped fuel. The supply of Pool Petrol A was exhausted and
it was necessary to use a different base fuel. This fuel is
hereafter referred to as Pool Petrol B (See Appendix IT). The
H.U.C.R. curves of Pool Petrol B and Pool Petrol B containing

0.1 g./1. chromium hexacarbonyl are shown in Figure 31. The



BME.P (Les /sqm)

THE EFFECT oF O

FIGURE 3]|.

Iq /€ CHROMIUM HEXACAR BONYL oN

THE HU.CR.oF

'p}/

oo PETROL (B)

98
o54
Y
| Poot PeTroL (B)
94 |
92
S8
614
% ol
‘\ Pool P=TROL (B)
CONTAINING -
94 Oy (CO) |
92
53 &0 62 64 &6 68

CompPRESSION RATIO




-93—

effect of chromium hexacarbonyl on the H.U.C.R. of Pool
Petrol B is similar to but slightly smaller than its effect
on Pool Petrol A. (See Figure 23). The amount of aniline
likely to be required to counteract the effect of the chromium
hexacarbonyl was estimated from Figures 21 and 23. From
Figure 23 it was learned that 0.1l g./l. of chromium hexacarbonyl
reduced the H.U.C.R. of Pool Petrol A by 0.52, while from
Figure 21 it was learned that the concentration of aniline
required to raise the H.U.C.R. of Pool Petrol A by 0.52 was
approximately 20 g./1. The required concentration of aniline
was therefore estimated as being in the neighbourhood of
20 g./1. and samples of Pool Petrol B already containing 0.1
g./1. chromium hexacarbonyl were doped with 15,25, and 40 g./1.
of aniline respectively. The H.U.C.R.s of these solutions
were then determined, the results being shown in Figure 32.
The effect of aniline on the H.U.C.R. of Pool Petrol B
containing 0.1l g./1l. chromium hexacarbonyl is shown in Figure
33. From Figure 33 it is possible to tell the concentration
of aniline required to raise the H.U.C.R. of the chromium
hexacarbonyl doped fuel to the value for the undoped fuel
(6.54, v. Figure 31). The concentration of aniline required
to counteract the effect of 0.1l g./l. chromium hexacarbonyl
is found to be 15.0 g./1.

If the aniline coefficient is independent of

concentration a variation in the concentration of hexacarbonyl

would require a proportional variation in the concentration of
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aniline to bring the H.U.C.R. to the value for undoped fuel.
This was verified by using concentrations one fifth of +those
previously employed : i.e. 0.02 g./l. chromium hexacarbonyl and
3 g./1. aniline. The results are shown in Figure 34. Figure
34 shows that 3.0 g. of aniline are required to counteract the
effect of 0.02 g. chromium hexacarbonyl.

Calculation of Aniline Coefficient.

15 g. Aniline is counteracted by 0.1 g. Cr(CO)e

93 g. Aniline (1 mole) " " 0.00282 moles Cr(CO)s
Aniline Coefficient of Cr (CO)g = =~ L _
‘ 0.00282
= - 350

A calculation based on 3 g. aniline counteracting 0.02 g.
chromium hexacarbonyl would give the same result. The wvalues
of aniline coefficients of some common anti-knock compounds as
quoted by Calingaertéf are shown below for purposes of comparison.

Benzene 0.085

Aniline 1.000

Tin Tetraethyl 4.0

Nickel carbonyl 35

Iron carbonyl 50

Lead tetraethyl 118

The value of = 3H0 shows that at low concentrations
the pro-knock potency of chromium hexacarbonyl is very high.
7) The Relationship between H.U.C.R. and Octane Numbef.

It has already been stated (p.8 ) that there is a

relationship between H.U.C.R. and octane number. In order that
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the results obtained previously may be expressed, if desired,

in terms of octane number it was decided to determine the
H.U.C.R.s of a number of fuels of known octane number in the
Ricardo E6/S Variable Compression Engine and to plot the
relationship between octane number and H.U.C.R. The fuels

used were Refined Straight Run Spirit which was known to have

an octane number of 59.5 and various blends of Eﬁg—octane and
n-heptane whose octane numbers were known from their composition.
The H.U.C.R. curves are shown in Figure 35 and the relationship
between H.U.C.R. and octane number is shown in Figure 36.

Klso shown in Figure 36 is a similar curve obtained by Ricardo
and Glvde in a Ricardo E6 Engineas. This curve is not
identical with the one obtained by the author but is in
reasonable agreement with ite.

From Figures 2% and 36 it is possible to express the
effect of chromium hexacarbonyl on the octane number of Pool
Petrol (A). This is shown in Figure 37. The meximum decrease
in octane number is given by all concentrations of hexacarbonyl
greater than 0.5 g./l. and is 5.3 octane numbers. The presence
of 0.02 g./1. chromium hexacarbonyl is sufficient to cause a

decrease of 4.6 octane numbers in the knock rating of the fuel.

C. The Effect of Chromium Hexacarbonyl on Compression-Ignition

D Py P

EoZine Puels.

Combustion in the Diesel engine has been briefly

discussed ir the introduction (pp.1é2).

1) Deductions from the Behaviwr of Chromium Hexacarbonyl in

Spark-Tenition Engine Fuels.
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In 198 Ogilvie, Davi§, Thomson, Grummit, & Win‘kler61
studied the pro-knock activity of a large number of substances
and came to the conclusion that they were of two main types:
(T) those which counteract the effect of organometallic anti-
knock compounds present, and (I1) those which in addition
have an effect on the base stock. Compounds of the first
type showed greatest effect in fuels already heavily doped
with lead tetraethyl. They were similarly effective in
counteracting the effect of iron carbonyl but had no effect
on aniline. Compounds of the second type effectively counter-
acted aniline and, when added to Diesel fuels showed a marked
improvement in the ignition properties of the fuel. It has
already been established (pp.90&9]) that chromium hexacarbonyl
acted as a pro-knock compound in Refined Straight Run Spirit
and iso-octane, neither of which fuels contained any anti-knock
additives. This indicates that chromium hexacarbonyl is
having an effect on the base fuel and so comes under the second
type of pro-knock compound in the classification of Ogilvie
et al. This is confirmed by the fact that chromium hexacarbonyl

counteracts the anti-knock effect of aniline. Ogilvie et al.,
however, found that compounds of the second type were effective
ignition promoters for Diesel fuels so it seems probable that
chromium hexacarbonyl‘ﬁould be useful in this respect.

The ignition quality of a Diesel fuel is usually
expressed in terms of its cetane number, just as octane numbers

are used to designate the anti-knock properties of gasoline.
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lhe cetane number of a fuel is determined by finding the
composition of the mixture of celane and of-methylnaphthalene
which exactly matches the ignition lag given by the fuel.

The percentage of cetane in the mixture is the cetane number
of the fuel. Cetene was originally used in place of cetane
but the superior quality of the latter in storage led to its
adoption in America as the sfandard fuel.  The cetene scale
is very similar to the cetane scale and is still used in some
European countriese.

There is a direct relationship between the octane
and cetane number scales. A graph showing this has Dbeen
published by Nygaard gﬁwgl.éa and is reproduced in Figure 38.
If it is assumed that the combustion-modifying effect of
- chromium hexacarbonyl on Diesel fuels is similar'to its effect
on petroi (A similar assumption was made by Nygaard ggwgl.sg)
it is possible to calculate from Figures 37 and 38 the
approximate efficacy of chromium hexacarbonyl as an ignition
promoter for Diesel fuels. The maximum improvement in ignition
properties Would appear to correspond to a rise of 3.2 cetane
numbers. A concentration of 0.02 g./l. would be expected to
give a rise of approximately 2.7 cetane numbers. Diesel fuel
additives are normally required to give a higher rise in cetane
number than ‘this63 and the use of chromium hexacarbonyl as a

practical Diesel fuel additive would seem to be strictly

limited. The probable cetane number improvement seems even

more inadequate when it is remembered that the exact cetane
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number of a fuel is not so critical from a practical point
of view as the exact octane number of a gasolineeﬁ.

| Such calculations as the above, based as they are
on the behavior of chromium hexacarbonyl in spark-ignition
engine fuels cannot be taken as a wholly reliable indication
of the behavior of the compound in Diegel fuels. It was
accordingly decided to determine the effect of chromium
hexacarbonyl on a Diesel fuel by performing a series of tests
in a suitable compression-ignition engine.

2) Method of Testing the Ignition Properties of Diesel Fuels.

The standard A.S.T.M. method for deter%ing cetane
number's,e"5 involves the use of the C.F.R. Diesel engine. This
was not available to the author and the engine used was the
CompressionsIgnition Version of the Ricardo E6/S Variable
Compression Engine. The author had not access to any of the
complicated electronic methods of recording ignition delay such
as that devised recently by Hulf, Rubach & Withers . The
Ricardo E6 Engine was however fitted with a "Dobbie McInnes
’Farnboro’ Electric Indicator" which recorded the pressure in
the combustion chamber at all points in the cycle. Most of
the modern text books on Engine Testing contain a description
of this indicator . .

The duration of the ignition-lag was determined

empirically from study of the indicator cards. The indicator

cards obtained from the Farnboro Indicator are on black paper

and a series of small holes indicate the position of the curve.
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The final indicator diagram is traced from the card.
Figure 39 shows a half size representation of an indicator
diagram obtained from a Ricardo E6 Engine with injection 39°
before "Top Dead Centre" (T.D.C.) and compression ratio 20.0.
A diagram @btained when motoring the engine is shown in the
same figure. The "motoring cycle diagram" is symmetrical
about the top dead centre line and this enables the exact
position of the top dead centre to be found. In determining
the position of T.D.C. for the working cycle it is necessary
to move a tracing of the curve over the motoring cycle diagram
until the initial portions of the curves coincide. Top dead
centre is then the same for both curves and the T.D.C. of the
working cycle can be obtained from that of the motoring cycle.

The ignition-lag or delay period may be defined as
the time which elapses between the commencement of injection
and the start of rapid combustionée. The ignition-lag is
frequently expressed in "degrees of crank angle" and'provided
the speed of the engine is maintained constant throughout the
tests this is directly proportional to time. It is not easy
to measure the delay period accurately from an indicator
diagram and a number of assumptions have to be made when so
doing.

(a) The exact point at which injection commences
is not known unless special instruments have been fitted for

this purpose. Even when it is possible (as here) to set the

injection pump to operate at any desired crank angle (say 39°
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before T.D.C.), the angle refers to the operation of the

pump rather than to the entry of the fuel into the combustion
chamber. In order to surmount this difficulty it was decided
to select suitable injection timing and engine speed and
maintain these constant throughout the experiments. It is
assumed that under these conditions the actual commencement of
injection will remain congstant relative to T.D.C. and ignition-
lags may be compared {though not determined absolutely) by
megsuring the crank angle between T.D.C. and the start of

repid combustion. The above assumption will only be valid

if the stroke of the injection pump remains reasonably constant
throughout the tests. The pump was set to give a "just
visible exhaust" and very little variation in setting was
required to maintain this condition throughout the tests.

This is confirmed by the relative constancy of the power
readings, the difference between the highest and lowest being
only 8% despite the effect of different fuels.

” (b) Unless the engine is provided with special
equipment it is difficult to determine the exact point at which
ignition occurs. It -is, for example, possible to tell from
Figure 39 that ignition occurs somewhere between two and five
degrees after T.D.C. This, however, is not sufficiently
accurate and it is necessary to fix a standard method of
determining the start of rapid combustion and to adhere to

that method throughout the tests. The exact method employed

is illustrated in Figure 40 which reproduces part of an
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indicator diagram at full size. The rapid rise of pressure
which occurs almost at the top of the curve always approximates
closely to a straight line on the indicator diagrams. A
collinear straight line is drawn (shown dotted in Figure 40)
and the point where the indicator curve leaves this line is
taken as the point of ignition or start of rapid combustion.
The actual ignition may occur slightly earlier in the cycle
but it is assumed that the difference between the true point
of ignition and the one determined by this method will remain
constant in all the tests. In view of the similariky in the
form of all the indicator diagrams obtained this seems highly
probable.

On account of the two factors described above the
ignition-lags referred to hereafter should be regarded as
relative rather than absolute.

3) Preliminary Tests on Pool Gas 0il. (See Appendix IT)

The Diesel fuel used in this and all subsequent
tests was Pool Gas 0il. A five gallon sample of this fuel
was taken at the start of the tests and used as the base fuel
in all subsequent experiments. The preliminary tests were
carried out to determine what compression ratio, engine speed,
and injection timing would give the most suitable type of
indicator diagram.

(e) Compression Ratio:- The engine speed was

naintained at 1500 r.p.m., the injection pump was adjusted to

give “just visible exhaust", and the injection timing was sesw
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at 39° before T.D.C. Under these conditions a series of
indicator cards was obtained from the engine at different
compression ratios. It was found that at compression ratios
above 20 the diagram did not have its characteristic shape,
being almost symmetrical about a line corresponding to a

few degrees after T.D.C. This made it very difficult to
establish from the card exactly when ignition occurred. It
wag also found that as the compression ratio was decreased
below 20 the points on the original indicator card were more
scattered and it was difficult to trace the exact position of
the curve. A compression ratio of 20.0 was therefore selected
and used in all subsequent tests.

(b) Engine Speed:- The compression ratio was set

at 20.0, the injection pump stroke was adjusted to give "just
visible exhaust", and the injection timing was set to 39°
before T.D.C. TUnder these conditions indicator cards were
obtaihed at engine speeds of 1000, 1250, 1500, 1750 and 2000
re.p.m. As the speed increased the ignition lag (expressed

in degrees crank angle) also increased. At 1750 and 2000 r.p.m.
however, the rate of pressure rise at the top of the curve

was more gradual and it was very difficult to tell exactly
where ignition took place. The speed selected was 1500 r.p.m.
gince this was the highest speed consistent with the production
of an indicator diagram of suitable shape.

(¢) Injection Timing:- The compression ratio was

et at 20.0, the injection pump was adjusted to give just
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visible exhaust, and the engine speed was maintained at

1500 r.p.m. The injection timing recommended by the
manufacturers of the engine was 39° before T.D.C. and this

was found to give a satisfactory indicator diagram. Advancing
of the injection was found to reduce the ignition-lag and
retarding was found to produce a smoother curve which made

it more difficult to estimate the point of ignition. The
timing of the injection pump selected for future tests was
therefore 39° before T.D.C.

As a result of the tests described above the
following conditions were maintained throughout all subsequent
testsi-

1) The stroke of the injection pump was adjusted till the
exhaust was "just visible".

2) The injection pump timing was set at 39° before T.D.C.

3) The compression ratio was fixed at{20éb.

4) The engine speed was maintained at 1500 r.p.m.

4) The Effect of Amyl Nitrate on the Ignition Properties of
Pool Gas 0il.

In order to assess the efficacy of chromium
hexacarbonyl as.an ignition promoter for Diesel fuels it was
decided to establish the effect of a well known ignition
promoter on the ignition-lag obtained with Pool Gas 0Oil.

The ignition promoter used was amyl nitrate and this was tested

at concentrations of 5.0 and 0.5 g./1. These two concentrations

represent the upper and lower limits normally used. The
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conditions of the tests were as described in the previous
paragraph and the results are given in Table XV.

The ignition-lags recorded in Table XV were measured
from the appropriate indicator diagrams by use of a graduated
transparent sheet supplied by the makers of the Farnboro
indicator. The top portions of the indicator diagrams for
tests 3 and 5 are shown in Figure 41. These tests gave the
maximum and minimum ignition-lags respectively. The other
diagrams were similar in form and lay between these two
extremes. It was therefore thought unnecessary to reproduce
them.

The results in Table XV show that the effect of amyl
nitrate on ignition-lag is readily detectable by the Ricardo
E6 provided with a Farnboro Indicator. Even at thé relatively
low concentration of 0.5 g./1. there was a reduction in ignition
lag of approximately 2°. From a graph obtained by Butterworth
and quoted by Ricardo & Glyde69 it is possible to correlate
ignition delay and cetane number. Since Butterworth performed
his tests on a Ricardo E6 Variable Compression Engine at 1500
r.p.m. and 19.75 compression ratio it seems justifiable to
apply his results to the author’s work (Performed on a Ricardo
E6 at 1500 r.p.m. and 20.0.C.R.). Butterworth found that a
change in ignition lag of one degree corresponded to a change
in ignition rating of approximately three cetane numbers. On

this basis the effect of 5.0 g./l. amyl nitrate would be to

cause a rise of approximately 11 in the cetane number of Pool



Table XV.

The Effect of Amyl Nitrate on the Ignition Iag Obtained with

Pool Gas Oil.

Test Concn. of Ignition-lag Average Effect of
o . Amyl nitrate |(Degrees crank)|Ignition- |Additive on
g./1. angle. lag. Ignition-
(Degrees) |lag (Degrees)
1 Nil 53
2 Nil 5.2
, 53 -===
3 Nil 5.
L Nil 5.1
.0 1.4
5 5 105 - 308
6 5.0 1.6
7 0.5 3.0
506 had 203
8 0.5 3.0




FIGURE 41.

The EFFECT oF AMYL NITRATE oM THE.

IamirioN LAG O8raineD wirn Poor GASOIL..

| | T\' |
4 - )
¥ : ! L PooL 6GAS O
Y /AR — ,
\n g \
v 1
S L
NNrin \

30 20 /0 TBC 10 20 30 40 SO
CRANK ANGLE (DEGREES)
/ \ * 1 PoorGAas O
K ' CONTAINING
W / I , \ ’ _5_%;%4 ﬂzrmnf/_é
NS .
N \
% R
> |
3 / ~
x
N /

30 20 0 TDC. 1© 20 30 40 SO

CrANK ANGLE (DEGREES)




-105—

Gas 0il while 0.5 g./l. of the compound would cause a rise

of approximately 7 cetane numbers. This result is in
reasonable agreement with one quoted by Nygaard 23_35.79 in
which 5.0 g./1. emyl nitrate was stated to cause a rise of
8.9 in the cetane number of a straight run Diesel fuel. This
confirms that the results obtained by the author from the
Ricardo E6 are of the same order as those obtained by other
workers.

5) THe Effect of Chromium Hexacarbonyl on the Ignition

Properties of Pool Gas 0il.

Samples of Pool Gas 0il containing 0.5, 0.2, and
0.05 g./1. chromium hexacarbonyl were tested in the Ricardo
E6 and their ignition-lags determined under the same conditions
as those used for previous tests. The results are shown in
Table XV1.

The indicator diagrams had approximately the same
form as those obtained with undoped Pool Gas Oil (¥. Figure 41)
and are not reproduced. The results in Table XV1 show that
chromium hexacarbonyl has only a very slight effect on the
ignition properties of Pool Gas 0Oil. Increase in concentration
does not appear to increase the effect: +this is similar to
the behaviwr of the compound in gasoline, where increases in
concentration over 0.02 g./1. had very little effect on the
knocking properties of the fuel. Chromium he xacarbonyl appears

to decrease the ignition-lag by approximately 1° crank angle,

which is equivalent to an increase of approximately 3 cetane



Table XV1.

The Effect of Chromium Hexacarbonyl on the Ignition-lag

Obtained with Pool Gas 0il.

Test | Concn. of | Igntion-lag Averagé Ignition-{ Effect of
No. cr(Cco) (degrees lag. (degrees |additive
(g./1. crank angle) |crank angle). on ignition-
' lag degreeﬂ
erank angle)F
9 Nil 5.3
He2 -——
10 Nil hel
11 0.5 ko6
405 - 007
12 0.5 4 ol
13 0.2 oy
l{-o} - 009
1 0.2 k.2
15 0.05 L.2
kol - 1.1
16 0.05 4.0
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numbers if it is assumed that the results obtained by
Butterworth are applicable. This is in good agreement with
the result reported earlier. From the behaviour of chromium
hexacarbonyl in spark-ignition engine fuels it was Haﬂube@(p.g’?)
that the effect of the substance on the ignition proper%ies

of a Diesel fuel would be to cause a rise of from 2.7 to 3.2
cetane numbers.

Chromium hexacarbonyl thus compares unfavourably
with amyl nitrate as an ignition promoter. The maximum effect
of the substance is to.cause a rise of approximately three in
the cetane number of a fuel. This effeect can, however, bec

produced by very low concentrations of the compound.

D. The Effect of Chromium Hexacarbonyl on an Aromatic Fuel.

Aromatic fuels such as benzene possess excellent
anti-knock properties in a spark-ignition engine. The
compression ratio at which they may be used is limited not by
detonation but by pre-ignition. The phenomenon of pre-ignition
1s quite distinct from that of detonation or knock. It
consists of the premature ignition of the charge by some hot
spot in the combustion chamber before the passing of the spark.
The hot spot is frequently at or near the plug. The charge
burns at a normal rate after pre-ignition, there beirg no
sudden increase in the rate of combustion as experienced after
detonation or knock. If pre-ignition is occurring only

8lightly earlier in the cycle than normal ignition it is
Possible to switch off the ignition and the engine will

continue to run normally. Usually, however, pre-ignition
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occurs 80 early in the cycle that an appreciable proportion
of the charge has been burned before the piston reaches
?.D.C. and there is consequently a considerable fall in engine
efficiency.

It was decided to test the effect of chromium
hexacarbonyl on the S.I.T. and H.U.C.R. of benzene.

1) The Effect of Chromium Hexacarbonyl on the S.I.T. of Benzene.

| The effect of wvarying concentrations of chromium
hexacarbonyl on the S.I.T. of benzene is shown in Figure 42.
The presence of chromium hexacarbonyl in benzene causes a
considerable lowering of the S.I.T. This 1s the opposite
effeet to that observed with all fuels previously tested but
it is consistent with the pro-knock properties of the hexacarbonyl
in engine tests. The S.I.T. of undoped benzene is unusually
high (665°C) and the fact that the tests on benzene were being
carried out at a higher temperature level might explain the
reversal of the S.I.T. effect. This would imply that chromium
hexacarbonyl had an anti-detonant effect at relatively low
temperatures and a pro-detonant effect at higher temperatures.
Since higher temperatures would be more likely to prevail'in an
engine combustion chamber this would explain the pro-knock

effect observed under engine conditions.

2) The Effect of Chromium Hexacarbonyl on the H.U.C.R. of Benzene.
' T™wo H.U.C.R. curves of "Analar" benzene are shown in

Figure 43. During the tests on benzene the cooling water

temperature was maintained at 110°F. The experiment was
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duplicated because of the irregular behavisnr of the benzene

at high comprgssion ratios. The curves in Figure 43 do not

have the smooth form usually associated with H.U.C.R. curves.

At compression ratios above 14 the power developed by the

engine varied considerably without any apparent reason and this
was assumed to be due to pre-ignition. This was confirmed by
switching off the spark-ignition. At compression ratios between
i .5 and 15 the engine continued to run without spark-ignition
thus proving that pre-ignition was taking place. At compression
ratios over 15 the engine ran very unsteadily without'spafk—
ignition and guickly lost power. This was taken to mean that
pre-ignition was occurring so ear;y in the cycle that smooth
running was no longer possible.

The H.U.C.R. curve of benzene containing 0.2 g./1.
chromium hexacarbonyl is shown in Figure }l.. The doped benzene
gave a mmooth curve without the irregularities obtained when
using the undoped fuel. The engine behaved in a more mormal
way, there being no sudden fluctuations of power at even the
highest compression ratios. After each power reading the spark-
ignition was switched off for a few seconds and in every case
the power fell off steadily and rapidly, indicating that little
or no pre-ignition was taking place. It has thus been
established that the presence of a relatively small concentration
of chromium hexacarbonyl in benzene effectively inhibits

pre-ignition of the fuel and raises the H.U.C.R. of the fuel

from about 14.5 (with pre-ignition) to 15.6.
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The H.U.C.g. of benzene was first determined by
Ricardo who, in 1925,_71 obtained a value of 6.9 in a Ricardo
E55 Variable Compression Engine. Ricardo stated that this
relatively low value was due to pre-ignition rather than the
onset of knock. In recent years improved sparking plug
design has delayed the onset of pre-ignition and recently
Downs & Pigneguy7areported a value of 14.64 for the H.U.C.R.
of benzene.

As far as the author is aware the H.U.C.R. value of
15.6 is higher than that obtained by any previous worker for
benzene or indeed any other fuel except acetone. This
improvement in H.U.C.R. has been abhieved despite the fact
that chromium hexacarbonyl has already been proved to be a
pro-knock agent and it can only be assumed that the hexacarbonyl
is acting as a pre-ignition inhibitor. If pre-ignition could
be inhibited without the use of a pro-knock agent it is
probable that the H.U.C.R. of benzene would be approximately
16.0. This is based on the assumption that the pro-knock
effect of chromium hexacarbonyl in benzene would be approximately

gimilar to its effect in other fuels.

E. Discussion of the Results of Section 111.

The results of Section 111 may be briefly summarised
as follows:-
Chromium hexacarbonyl raises the S.I.T. of Pool Petrol,

Refined Straight Run Spirit, n-heptane and iso-octane and

1oweré,the S.I.7. of benzene.
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Chromium hexacarbonyl lowers the H.U.C.R. of
Pool Petrol, Refined Straight Run Spirit, .and iso-octane and
raises the H.U.C.R. of benzene.

The effect of chromium hexacarbonyl on S.I.T.s &8
that of a typical anti-knock compound. The maximum S.I.T.
effect is obtained at concentrations of 1 g./1. or over in
each case. The effeet of chromium hexacarbonyl on the H.U.C.R.
of spark-ignition engine fuels is rather unusual. A
surprisingly low concentration of the compound (0.02 g./1.)
gives an appreciable pro-knock effect but a further inerease in
concentration has little or rno additional effect. This
behavigyr is different from that of established pro-knocks such
as amyl nitrate which regquire a concentration of at least
0.2 g./1. before they produce any detectable effect : as the
concentration of these pro-knock agents increases the pro-knock
effect also increases and this effect continues for concentrations
as high as 50 g./1. These differences between chromium
hexacarbonyl and the well known ignition promoters suggest
thet the mode of action of the hexacarbonyl is different from
that of other pro-knocks.

Any theory of the mode of action of chromium
hexacarbonyl as a fuel additive must explain the following
apparently anomalous facts:-

1) Chromium hexacarbonyl raises the S.I.T. of an average
hydrocarbon fuel but in engine tests it is found to lower

the H.U.C.R.

2) Chromium hexacarbonyl raises the S.I.T. of Pool Petrol,
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n-heptane, iso-octane, and Refined Straight Run Spirit
but lowers the S.I.T. of benzene.

3) 1In contrast to its behavior in other fuels the effect of
chromium hexacarbonyl is to raise the H.U.C.R. of benzene.

There is a gimple and reasonable explanation of
Fact 3. It has been established that the effect of chromium
hexacarbonyl in benzene is to inhibit or delay pre-ignition.
Although the hexacarbonyl raises the H.U.C.R. of benzene it is
not exerting a true anti-knock effect. The mode of action
of the hexacarbonyl in inhibiting pre-ignition is of interest.
In Section V of this thesis there is a description of the
effect on engine deposits of the presence of chromiumv
hexacarbonyl in a fuel. After rumning an engine for some time
with a fuel containing a fairly high concentration of chromium
hexacarbonyl deposits of green chromium sesquioxide were
observed around the exhaust valve and sparking plug. These
are the very points at which pre-ignition normally takes place73
{ ;. and it seems likely that the deposit is either hindering
the development of hot spots or preventing them from pre-
igniting the charge.

The other two facts referred to on page 110 are not
so easily explained, and any explanation would depend largely
on the particular theory of the cause of knock on which it was
based. A great many theories have been advanced to explain
the phenomenon of knock. Many of the older theories have

been discarded and until recently almost all workers on the

subject accepted the "Chain Reaction Theory" reviewed by
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Egerton‘!, and Beatty & Edgar?‘ in 1938. There are many
minor differences between workers regarding the details
of the theory but the basic ideas of all are similar,

In 197, however, R.O. King}’ commenced publication of a
series of papers which postulated a completely different
theory of knock.

The two theories are completely different and in
many respects contradictory and the author has not found it
possible to postulate any one theory of the mode of action of
chromium hexacarbonyl which is in accord with both theories.
The behaviar of the compound, can, however, be accounted for on
the basis of either theory, the two explanations being .
completely different. Both explanations are, therefore, given
in turn:-

1) The Mode of Action of Chromium Hexacarbonyl as a Fuel '

Additive Based on the Chain-Reaction Theory of Knock.

A brief summary of the Chain=-Reaction Theory has
already been given in the introduction to this thesis (p. 4 ).
Since chromium hexacarbonyl has an appreciable pro-knock
property at very low concentrations this can only be due to
some effect whereby it increases the rate of propagation of
chain reactions. It is easy to understand how the established
ignition promoters such as amyl nitrate could have this effect
since these compounds contain chemically active oxygenz%

which could initiate rgaction chains, either directly or via the

formation of peroxides. It is difficult to see how chromium



- 115 =

hexacarbohyl could act in this way as it does not seem
likely that oxygen could readily be evolved from the compound .
According to Egerton & Gates;u and to.Egertonvs himself
metals which form organometallic compounds are capable of
forming two oxides which are in equilibrium under the conditions
of temperature and pressure normally experienced in an engine
cylinder. It is suggested that the active anti-knock agent
is formed by the decomposition of the original compound and
the formation of a metallic oxide in an especially active
finely divided form. The higher oxide of the metal could be
reduced to the lower one, thereby oxldising an intermediate
organic product which would otherwise give rise to detonation.
On next meeting an oxygen molecule the now lower metallic oxide
is reconverted to the higher form. This oxide can then
deactivate another intermediate organic product (eg. a peroxide)
and again be regemerated by contact with oxygen. This process
caﬁ continue in such a way that a single metallic oxide
molecule can deactivate a great many “chain carrie;" molecules.
Chromium forms no fewer than four oxidesvé, chromium
monoxide (Cr0), chromium sesguioxide (20sz), chromium trioxide
(Cr0g ), and chromium peroxide (CrO.). It is possible that
the repeated conversion of one chromium oxide into another and
back to the original might be causing the pro-knock effect of
the compound. In view of the fact that chromium hexacarbonyl

has a pro-knock and not an anti-knock effect in an engine it

would be necessary to assume that the chromium transferred
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oxygen in such a way as to encourage the propagation of the
chain reaction rather than to interfere with it. The
chromiug oxidesvcould do this by themselves acting as chain
carriers. Alternatively, they might act by initiating é

77
chaln reaction in the manner suggested by Norrish .

0 + BCHy  ——e> RCH + Hg0

v

Oz + RCH —3>» O + RCHO

A 4

} HeO + RCH <€— O + RCHg

The active oxygeﬁ atom in Norrish’s scheme could be supplied
by the reduction of one oxide of chromium to a lower one.

eg.  Cr0y  => 207040 |
The anomalous behavisr of chromium hexacérbonyl as regards
H.U.C.R. and S.I.T. tests can be explained by assuming that
the conditions in the two types of test favour equilibrium
between different pairs of chromium oxides. The equilibrium
between one pair of oxides might occur at lower temperatures
and the properties of the oxides and the conditions of the
 test might be such that an anti-oxidant effect similar to that
of anti-knock compounds would be encountered. This would explain
the faet that chromium hexacarbonyl and anti-knock compounds
have similar effects on S.I.T.s. At the higher temperatures
and pressures prevailing in an engine combustion chamber the
equilibrium might be between a different pair of chromium

oxides (Only one oxide need by different). The second pair

of oxides might act in such a way as to produce a pro-knock
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effect.

The faet that chromium hexacarbonyl lowers the
S.I.T. of benzene although it raises the S.I.T. of other fuels
wowtld, on the basis of the above theory, be due to the higher
S.I.T. of benzene causing a change in the pair of chromium
oxides in equilibrium. |

The unusual behavisir of chromium hexacarbonyl in
engine fuels is thus attributed indirectly to the polyvalent
characteristics of chromium and the fact that no other metallic
compounds have been found to behave in the same way may be due
to the fact that few metals are capable of existing in so many
valency states. It is of interest to note that some nitrogen
'compounds ( e.g. amines) are anti-knock while others(e.g. nitrates
and nitrites) are pro-knocks. Nitrogen is also polyvalent.

The theory does not explain why such a low concentra-
tion (0.02 g./1.) is effective nor why further increase in
concentration has little additional effect. Anti-knock
compounds and other pro-knock compounds continue to give
increasing effect at concentrations a hundred times greater than
0.02 g./1. The reason may, of course, be simply that the
inherent pro-knock potency of chromium is very small but that
the metal is suffieiently active to exhibit that property
even at very low concentrations.

2) The Mode of Action of Chromium Hexacarbonyl ds™a Fael

Additive based on King’s Théory oI Knock.

A brief summary of King’s theory has already been
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given in the introduction to this thesis (p. 5.

The series of papers being published by King has
not yet dealt fully with the mode of action of pro-iknock
compounds, the only ones studied being those which counteract
the effeet of anti-knock compounds rather than those which
have an effect on undoped fuelva. The chemical composition
of chromium hexacarbonyl is, however, more akin to the
metallic anti-knock compounds such as iron péntacarbonyl
than to the typical ppq-knock compounds such as amyl nitrate.
It, therefore, seems {Qiikely that its mode of action is
similar, though opposite in effect, to that of organometallic
anti-knock compounds. -

King maintains that organometallic anti-knock
compounds act by the continusus deposition of a film of the
metal of the dope on the combustion chamber surface. This
film of metal catalyses the very rapid pre-flame oxidation
of some of the fuel hydrocarbons direect to steam and carbon
dioxide at temperatures above 500°C.

It has been shown?’ that steam considerably reduces
infiammability and that, 1f dilution of the end gas by steam
is sufficient, self ignition ahead of the flame cannot occur
and combustion will be completed in the normal course without
detonation. In the absence of an anti~knock agent hydrocarbons
tend to oxidise first to aldehydes and carbon monoxide, neither
of which possess the anti-knock properties of steam and carbon

dioxide. At temperatures under about 500°C. (The exact

temperature refers to n-pentane as fuel) the rapid formation
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of aldehydes and carbon monoxide leads to the more rapid
oxidation of the fuel than when dope is present. The
effect of anti-knock compounds is therefore to retard
oxidation at low températures and to promote it at higher
temperatures.

If it is assumed that the mode of action of chromium
hexacarbonyl is similar to that of anti-knock additives such
as lead tetraethyl and iron pentacarbonyl the compound would
act by the continuous deposition of a f&er of chromium on the
combustion chamber walls. Since chromium hexacarbonyl is a
pro-knock it can be assumed that chromium is a negative
6atalyst in the oxidation of hydrocarbons direct to steam and
carbon dioxide.

It is more difficult to explain the anomalous S.I.T.
results on the basis of King’s theory. King does not
specifically mention S.I.T. determinations in his criticisms
~of previous work but confines his comments to the related
subject of flow and bulb methods of studying the combustion
of fuel wvapours. The fact that anti-knock agents raise
SeI.Tes and thus appear to exert an anti-oxidant effect need
not confliet with King’s theory since S.I.T. determinations
are performed under conditions of temperature and pressure
vagstly different from those encountered in an engine combustion
chamber.

It has, however, been found that all anti-knock

compounds raise the S.I.T.s of hydrocarbon fuels and if King’s

conception of anti~knock action is correct his theory should -
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account for this. Hing studied the rate of oxidation of
doped and undoped pentane in a special type of reaction
chamberaq designed in order to ensure that the fuel-air
mixture being tested remained in the chamber for only a second
or sS0. Figure 45 is reproduced from King’s worksz. It shows
that in the lower temperature regions the e ffect of the anti-
knock dope was to lower the rate of oxidation (i.e. anti-
oxidant) while at temperatues over 500°C. the rate was
increased. King has shown that the relatively high oxidation
rate obtained with undoped pentane at lower temperatures
(330 - 500°C.) is due to the formation of aldehydes and carbon
monoxide. The part of the graph corresponding to this is
referred to by King as the "aldehyde hump". Xing has obtained
similar results with lead tetraethyl as‘the dope and gjhe;ane
as the fuel thus showing the effect to be general.

Since S.I.T. determinations are usually performed
at temperatures under 500°C., this will correspond to the
aldehyde hump and the anti-knock compounds will exert an
anti-oxlidant effect. This is consistent with the effect of
anti-knock compounds on S.I.T.s. The temperature of 500°C.
refers to ﬁ-pentane, and it must not be assumed that the reversal
of effect observed by King takes place at this temperature
for every fuel.

If the effect of chromium hexacarbonyl were that
of a negative catalyst exactly opposite in character to iron

pentacafbonyl it would be expected that the compound would

increase the aldehyde hump and therefore lower the S.I.T. of
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a fuel. Chromium hexacarbonyl, however, raises the S.I.T.

of many fuels. It is possible that chromium hexacarbonyl

is a negative catalyst over the entire temperature range.

This would imply that it reduced the aldehyde hump and also
reduced the rate of direct oxidation to steam and carbon
dioxide which occurs at higher teﬁperatures. The approximate
position of the curve for’pentane doped with chromium
hexacarbonyl would then be as shown by curve X in Figure 45.
(This curve is, of course, inserted by the author and is not
reproduced from King’s work). The reduction of the rate of
oxidation at lower temperatures would explain the raising

of S.I.T.s. caused by the hexacarbonyl and the reduction of
the oxidation rate at higher temperatures would account for the
.pro-knock effect since on King’s theory anti-knock agents
operate by promoting oxidation at high tempefatures.

The theory just described could account for the low
concentration of chromium hexacarbonyl necessary to produce
maximum pro-knock effect. Presumably a concentration of
0.02 g./1. was sufficient to give an almost overall thin film
of metallic chromium on the combustion chamber walls of the
Ricardo E6, and subsequent raising of the concentration would
merely increase the thickness of the film rather than its
active surface area. The low concentration of chromium
necessary to produce the film would imply that chromium was

more efficient in film formation than metals like iron or lead.
In view of the use of chromium for plating this is not

improbable. The relatively slight nature of the maximum
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pro-knock effect is presumably due to the relatively small
inherent catalytic property of the metal in this reaction.

The theory does not account for the effect of
chromium hexacarbonyl on the S.I.T. of benzene. If the
hexacarbonyl is exerting an anti-oxidant effect at all
temperatures it would be expected to raise the S.I.T. of
benzene. It is, of course, possible that under the'high
temperature of the benzene S.I.T. tests the chromium
hexacarbonyl is itself decomposing explosively thus igniting
the benzene. In view of the fact that chromium hexacarbonyl
alone explodes spontaneously at 210°C. in presence of air the
above explanation is by no means impossible. It is noteworthy
that a concentration as high as 6 g./1. chromium hexacarbonyl
was used in the benzene S.I.T. tests.

It is thus possible to account for the behavisur of
the hexacarbonyl on the basis of either the Chain-Reaction
Theory of Knock or the more recent theory of R.0. King. The
chain-reaction theory provides no explanation of the lqw
concentration of chromium hexacarbonyl required for maximum
pro-knock effect but King’s theory is less convineing in the

explanation of S.I.T. behavior.

Conclusions = Section 111.

1) Chromium hexacarbonyl raises the S.I.T. of most
hydrocarbon fuels thus exhibiting an anti-oxidant effect.

2) Chnromium hexacarbonyl lowers the H.U.C.R. of
most hydrocarbon fuels thus exhibiting a pro-knock effect.

The concentration of hexacarbonyl required to produce the pro-
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knock effeect is surprisingly small compared with that

required by other petroleum additives to produce comparable
effects. A concentration of 0.02 g./l. is sufficient to
produce almost the maximum pro-knock e ffect and further
increases in concentration cause very little alteration in

the magnitude of the effect. The maximum pro-~knock effect

is not very great, being equivalent to a reduction of 0.5

in the H.U.C.R. of Pool Petrol. (This is equivalent to a
decrease of 5 octane numbers in the knock rating of the fuel.).

At low concentrations the value of the aniline
coefficient of chromium hexacarbonyl is - 350. i.e. It requires
350 moles of aniline to counteract the effect of 1 mole of
chromium hexacarbonyl.

3) As would be expected from its behavieer in spark-
ignition engine fuels chromium hexacarbonyl acts as an
ignition promoter when added to Diesel fuels. It raises the
cetane number of Pool Gas 0il by approximately 3. This effect
is achieved at very low concentrations of the hexacarbonyl
and increase in concentration does not appreciably alter the
magnitude of the effect. The use of the compound as an
ignitioﬁ promoter is therefore limited to fuels in which a very
small increase in cetane number is required.

4) In contrast to its behavior in other hydrocarbons
chromium hexacarbonyl lowers the S.I.T. of benzene.

5) Chromium hexacarbonyl inhibits the pre-ignition

normally encountered when benzene is used as a spark-ignition
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engine fuel at high compression ratios. The H.U.C.R. of
benzene is raised by more than 1.0 units to the remarkably
high value of 15.6.

6) The anomalous anti and pro-oxidant effects of
chromium hexacarbonyl in S.i.T. and H.U.C.R. tests respectively
can be explained on the basis of either the classical chain-
reaction theory or the more recent theory propounded by R.O.
King. On the chain-reaction theory the unusual behaviemr
could ve due to the polyvalent character of chromium and on
King’s theory the explanation could be the existence of a
negative catalytic effect caused by a film of chromium metal.
Details are given in Section 111, Sub-Section E.
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SECTION™TYV.

COMPOUNDS OF CHROMIUM OTHER THAN CHROMTUNM HEXACARBONYL.
As the title of this thesis implies it was not

originally intended to confine the work to a study of chromium
hexacarbonyl. It was originally hoped that organo—-chromium
compounds generally could be studied. A review of the
relevant literature, however, revealed that organometallic
compounds of chromium were too unstable to be used as petroleum
additives.

The reasons for selecting chromium hexacarbonyl for
subsequent testing have already been outlined in the introduction
to this thesis (p.14). The only other stable compounds
containing a direet chromium-to-carbon linkage which are
mentioned in the literature are compounds such as chromium
tricarbonyl tripyridine which are really derivatives of chromium
hexacarbonyl. In view of the fact that the use of these
compounds would involve the preparation of chromium hexacarbonyl
as an intermediate with the consequent lowering of the final
yield, it was decided to perform the combustion tests on the
hexacarbanyl itself. Almost every worker on the subject of
organometallic petroleum additives agrees that the pro or anti-
knock effect of these compounds is dependent upon the metallic
atom rather than the radicle to which it is attached and it
Seemed pointless to prepare complicated derivatives of chromium

hexacarbonyl when the compound itself was likely to exhibit

similar properties as a fuel additive.
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This section is perhaps a convenient point for
explaining the reason for the exact title of the thesis.
There are two reasons for the use of the phrase “"compounds
containing a direct chromium-carbon linkage" rather than
"organo-chromium compounds". Firstly, metallic carbonyls are
not always regarded as true organic compounds although they
contain carbon, and secondly, the title excludes from the
scope of the work chromium salts of organic acids. This
type of compound has proved to be without effect on the knocking
properties of fuels. Even lead compounds of this sort are
ineffective, lead tetrastearate and lead 'betraaeetateaa having
no effect on the knocking characteristics of fuels. No
attempt was therefore made to investigate compounds of this
type.

Chramic cyanide (Cr(CN)s) is known to be insoluble
in most aqueous solvents and this suggested the possibility
that the chromium-carbon bond might have sufficient non-polar
characteristics to permit the compound to dissolve in non polar
solvents such as hydrocarbons. Chromic cyanide was accordingly
prepared by precipitation from concentrated solutions eof
potassium cyanide (KCN) and hydrated chromic chloride (CrCls.6H,0),
the potassium cyanide being in excess. The green blue chromic
cyanide was filtered and dried at 300°C. in an inert atmosphere.
The compound proved to be completely insoluble in non-polar

solvents so its use as a fuel additive was not possible.

Conclusions - Section 1Y.

Chromium hexacarbonyl is the most suitable chromium
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compound for testing as a fuel additive.
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SECTION Y.

ERGINEDEPOSTTS CAUSED BY THE USE OF CHHOMIOUN
HEXACARBONYL AS A FUEL ADDITIVE.
One of the principal objections to the use of

metallic anti-knock compounds has been their deleterious
effects on the engine. The effects concerned are deposition,
corrosion, and erosion. When lead tetraethyl was first used
as an anti-knock additive to petrol it was found that the
valves deteriorated after several hundred hours of rumning
due to the deposition of lead and lead oxides on the faces

of the valves. With iron carbonyl similar deposition effects
were encountered and in this case the valves were eroded and
the cylinder sides scored by iron and iron oxide particles.

To effset the effects of lead tetraethyl on the engine a mixture
-of ethylene dichloridg}éthylene dibromide was added to the
fuel in order to remove the lead as its relatively volatile
bromide or chloride. A large excess of halogen compounds may,
however, be harmful to the engine since liberated halogen acid
may cause corrosion.

Before using chromium hexacarbonyl doped fuels in
the Ricardo E6 engine it was considered advisable to test
whether the corrosion, erosion and deposition effects of the
compound were sufficiently serious to damage the engine. It
was therefore decided to carry out a series of tests on a

model engine working on the same principles as the larger

internal combustion engine. The engine selected for this
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purpose was the "C.I. Special" manufactured by Messrs. J.

& G. Jensen of Jersey. This engine is a four-stroke,

10 ¢sc., O.H.V. engine suitable for rumming on Pool Petrol.
It follows motor cycle practice, being made of the same or
similar materials. "Clearances" are sealed down in proportion
to the reduced size of the engine.

1) Enigine Tests to Determine the Extent of Corrosion, ErosTok

and Deposition Effects.

A series of tests were performed #n the "C.I. Special"
engine using pool petrol doped with varying concentrations of
chromium hexaecarbonyl. After each test the engine was
stripped and the cylinder head, valves, and cylinder walls
examined. It was found that at concentrations of chromium
hexacarbonyl under 0.5 g./1. there were no noticeable effects
-on the engine even after four hours rumning. At concentrations
of 1 g./1. and over small green deposits were observed on the
sparking plug and exhaust valve when the engine was run for
periods over 30 minutes. These deposits consisted of chromium
sesquioxide presumably formed by oxidation of the hexacarbonyl:-

4 Cr(CO0)s + 15 Og =» 2 CrgOs + 24 COg. '

A 500 ce. Pool Petrol sample contéining 3 g./1.
chromium hexacarbonyl (saturation concentration) was used in
an engine test. The engine was run at 2,500 r.p.m. under
light load. Under these conditions the C.I. Special consumed
the fuel in five hours. Examination of the engine after the

tests revealed fairly heavy deposits of chromium sesquioxide

on the valves, cylinder head and plug, the deposits on and
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around the exhaust valve being particularly heavy. The
valves, cylinder head, and sparking plug were weighed before
and after the test. 'Despite the fact that 1.5 g. chromium
hexacarbonyl (equivalent to approximately 1 g. Crg0s) had
beeﬁ burned in the engine the increase in weight due to
deposits was only 0.05 g. The deposits were by no means
wholly composed of chromium sesquioxide, considerable quantities
of soot being deposited in the path of the exhaust gases.

This test showed that at least 95% of the chromium was being
carried out of the engine in the exhaust. After cleaning

off the depbsits the valves, cylinder head, and plug were
re-weighed and found to have returned to their original weight.
There was no visible sign of damage to the engine.

The above results were taken as indicating that
chromium hexacarbonyl doped fuels could be used in a full size
@ngtneﬁ;ﬁﬁﬁh&&&?.appreciable risk of damage to the engine.

2) ZXttempts to Prevent Deposition of Sesquiexid®.

One of the difficulties in studying deposition was
to devise an accurate method of measuring the amount of
sesquioxide deposited. The weighing of the parts of the engine
on which deposition occurred was not wholly satisfactory since
much of the deposit consisted of carbon. The method adopted
was t0o weigh the exhaust valve before and after tests but
it was established from tests on undoped fuel that the weight

of carbon deposited varied considerably from one test to
another (¥. Table XV1l.)

Since chromic chloride and chromic bromide are




Table XV1l.

The Effect of Ethylene Dibromide on Engine Deposits.

Engine used coe

"C.I. Special”
Fuel used coe Pool Petrol

Vol. of fuel used per test = 100 cc.

Nature and Concn.
of Fuel Additive.

Increase in weight
of exhaust valwe

(g.)

Average increase

in weight of

exhaust valve.
(2.)

Nil.

1"
L]
"
"

0.0012
0.0012
0.0002
0.0006
0.0009
0.0000

0.0007

5 g./1. Cr(CO)e

0.0020
0.001y%
0.0024
0.0021

0.0020

5 g-/1. cr(CO)e
5 /1. CaHaBre

0.0012
0.0017
0.0004
0.0012

0.0011




- 129 -

relatively volatile (CrCls sublimes at 1065°C.) it was
decided to add ethylene dibromide and ethylene dichloride
to the doped fuel with a view to removing the chromium from
the engine in the form of chloride or bromide. Both compounds
were added in slight excess of the amount required to convert
all the chromium in the fuel to the halide. Visual
examination of deposits after the tests indicated that both
compounds reduced the deposits considerably although neither
compound eiiminated them. An attempt was made to perform
rough quantitative tests with ethylene dibromide, the results
being given in Table XV11l.

The results in Table XV1l indicate that &hylene
dibromide is almost certainly reducing deposition though it is
not possible to draw quantitative conclusions from the results.

Corclusions - Section V.

The presence of chromium hexacarbonyl in a fuél_
causes little appreciable deposition in the engine until the
concentration of hexacarbonyl is greater than 0.5 go/l. At
higher concentrations chromium hexacarbonyl causes appreciable
engine deposits after several hours running. These deposits
can be reduced but not eliminated by the addition of ethylene
dibromide or ethylene dichloride to the doped fuel. Chromium
hexacarbonyl does not appear to cause any excessive corrasion

or erosion effects on the engine.
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APPENDIX T.

THE RICARDO E6/S VARTABLE COMPRESSION ENGINE.

A brief description of the engine with reasonably
detailed drawings has been given by Ricardo & Glydeas. The
only more detailed description known to the author is the Report
supplied with each engine by the manufacturers (Messrs. Ricardo
& Co., Engineers (1927) Ltd.).

The engine can be run either as a petrol or a Diesel
unit by interchanging the cylinder head and by alternatively
fitting a magnetoor a fuel pump to a universal platform. The
engine is of the single cylinder, poppet valve, four-stroke
type, having a bore of 3 in. and a stroke of 4.3/8im. The
normal speed range of the engine is 1000'- 3000 re.pe.m. The
compression ratio in the petrol version can be varied between
k.5 and 20; in the Diesel version it is usually fixed at about
20.

In the petrol version the combustion chamber is
cylindrical in shape, the ends being formed by the flat surfaces
of the cylinder head and the piston. This gives a very compact
combustion chamber of good anti-knock qualities and also ensures
that the chamber retains the same general form as the compression
ratio ig varied. . The sparking plug is situated at the side
of the combustion chamber, between the valves. Thus maximum
flame travel is affected very little by change of compression

ratio. A similar hole on the other side of the combustion

chamber enables a pressure recording instrument to be fitted.
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In the Diesel version, a head having a Ricardo
Comet Mk 11 Compression Swirl combustion chamber is fitted.

The fuel is injected into the Comet chamber via a pintle type
nozzle, and the organised swirl of the air in the combustion
chamber ensures that there is maximum contact between the
fuel particles and the air and therefore maximum utilisation
of the air supplied.

The cylinder, which is cast iron, is fitted with a
hardened high~phosphorus cast iron liner. The ceylinder may
be raised or lowered relative to the crankshaft, thus enabling
the compression ratio to be varied while the engine is rumning.
The movement of the cylinder is measured by a micrometer and
the compression ratio can be obtained from a calibration
graph supplied by the makers.

The lubricating system is of the wet sump type, the
0il being circulated by an externally driven pump. An electric
0il heater is provided in the crank case for the purpose of
shortening the period required for the oil to reach the desired
temperature. An oil-water heat exchanger enables the
temperature of the oil to be controlled at any value desired.
A filter ensures that only clean oil is delivered to the
bearings.

The valves, one inlet and one exhaust, are operated
by an overhead camshaft driven from the crankshaft through
two pairs of bevel gears.

The magnete, in the petrol version, and the fuel

pump in the Diesel version, are driven from the end of the
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camshaft. The timing of ignition or injection can be
varied whilst the engine is running.

The carburettor is fitted with a variable main jet,
consisting of a taper needle valve which permits the mixture
strength to be varied between wide limits during operation.

In the petrol version an electric air heater is fitted which
permits air inlet temperatures 40°C. above room temperature
to be attained while the engine is rumning at 2500 r.p.m.
This extra heat is sufficient to enable most fuels to be
vapourised completely before passing into the engine, and
approximately represents the induction heating furnished by
the "hot spot" of a road vehicle engine.

In both petrol and Diesel versions liberal cooling
areas are provided in the cylinder head and barrel. The
circulation of water is by a centrifugal pump of large capacity
driven off the same motor that drives the oil pump. The high
rate of circulation ensures a uniform temperature distribution
in the head and this temperature can be controlled at any
desired value by adjustment of a cooler.

Description of Test Equipment.

The engine is coupled to a swinging field electric
dynamometer of sufficient capacity to absor&fﬁgximum power
produced by the engine at all normal speeds. Simple switch
gear enables the dynamometer to be operated as a motor to

start or motor the engine. The engine torque is measured

i by the usual counteracting weight and spring balance system;
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the balance is capable of being read to the nearest 0.01 1l¥.
The radius of the torque arm is 18-in. Five weights of §
1b. each are supplied. The spring balance is mounted on a
davit arm and reads up to 7 1lb. From these constants and
the'dimensions of the bore and stroke of the engine the

following equations exist:-

B.M.E.P. = 731 W 1lb./sq.in.
B.H.P. = W X R.P.M.
3500

where W = nett weight on torque arm in pounds.

A bank of resistance grids having a negligible
temperature coefficient of resistance absorbs the energy
developed by the dynamometer. A series of knife switches
enables the amount of resistance in the armature circuit to be
varied thus varying the load on the engine. Pwo rheostats,
one coarse and one fine, enable the field current to be altered
within fine limits thus providing a further control of the lbad.

The fuel measuring apparatus consists of a two
gallon tank for the main supply, a quart tank for fuel samples
and a flow-meter equipped with the necessary cocks {to enable
the change over from one fuel to another to be made rapidly.
The fuel flow is measured by noting the time taken for 50 or
100 ce. of fuel to be consumed by the engine.

A tachometer driven from the dynamometer shaft and

located in a position convenient to the observer is provided

for speed measurement.
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Method of Determining H.U.C.R.S.

In determining the H.U.C.R. of a fuel, a sample
of the fuel to be tested is added to the sample tank, the
main supply tank being‘filled with Pool Petrol. The oil
heater and o0il circulation pump are switched on about an hour
before the start of the test in order that the oil may be at
a suitable temperatufe during the test. At the start of the
test the fuel cocks are adjusted so that the engine will run
on fuel from the main supply tank. The engine is started and
the controls adjusted until the engine is rumning at 2500 r.p.m.
under full throttle. The engine is maintained at this speed
throughout the test by appropriate alteration of the load.

The engine is allowed to run until the oil and water temperatures
are 150°F. During all engine tests the‘cooling water
temperature was maintained at 155 i 5°C. and the olil temperature
at 150 ¥ 5ec.

When the oil and water temperatures have reached the
desired value the fuel cocks are changed so that the engine
draws fuel from the sample tank, the load is readjusted to
maintain the speed at 2500 r.p.m. and the compression ratio
is raised until knock becomes audible. The fuel flow is then
varied until the mixture strength giving maximum intensity of
detonation is obtained. At this mixture the compression ratio

is lowered to a wvalue just below that at which #etonation

is audible. A number of power readings are then taken at small

inerements of compression ratio. As the ratio is increased
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the power output and intensity of detonation increase. When
the detonation exceeds a certain intensity the power output
ceases to rise and, if the compression ratio is.raised beyond
this point, a fall in power will occur. The readings are
plotted as shown in Figure 20 and the H.U.C.R. is indicated
by the peak of the curve. At each point the ignition timing
is varied to obtain maximum power. This ignition timing

is obtained from a graph of compression ratio against ignition
advance supplied by the engine manufacturers.

Method of Determining Ignitiéﬁ-léggo

When using the compression ignition version of the
engine to obtain ignition-lags from indicator cards the .
‘cooling water temperature was maintained at 150 : 5°C. and the
0il temperature at 140 i 5°C. Details of the method are
given in the text of the thesis.
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APPENDIX 11.

BOTLING RANGES AND SPECIFIC GRAVITIES OF HETEROGENEOUS FUELS
REFERRED TO IN THESIS.

*Refined *Pool *Pool ’Pool
Straight’ Petrol Petrol Gas
Bun

(a)° (B)’ 0i1’
Spirit.

S.G. at 20°C. 0.7060 0.7321 0.7200  0.8400
I.B.P.(°C.) , 39 38 39 198
24 recovered at(°C). 41 W7 49 219
5 v oo 52 55 56 229
06 v om 58 63 63 240
206 v v 69 73 75 249
064 v v w79 81 - 85 258
10% n noom 89 89 % 266
506 v omo o 98 97 103 278
0% woom 105 105 110 290
ofF v v 12 1y 118 307
80% n noo 121 127 129 327
0% v v 132 L5 L3 352
F.B.P.(°C.) 160 178 170 . 375
Total Distillate 98% 98% 98% 98%
Resi&ue 1% 1% 1% 2#
Ioss | 1% 1% 1% 0%
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